
ABSTRACT  

MARTIN, JERRY HUGHES. A New Method to Evaluate Hydrogen Sulfide Removal from 

Biogas.  (Under the direction of Jay Cheng.) 

Hydrogen sulfide in biogas fuel increases the speed at which the system utilizing the biogas 

corrodes. This corrosion may be prevented by separating and removing hydrogen sulfide from 

the biogas.  There are multiple technologies available to remove hydrogen sulfide (such as the 

gas-gas membrane tested in this thesis); however, evaluating the effectiveness of hydrogen 

sulfide removal in an inexpensive manner is difficult to do.  

A device was constructed capable of a virtually simultaneous high precision volumetric flow 

and concentration measurements on moving biogas.  The volumetric flow was measured by 

sampling the pressure from the center of two different points along a rigid tube and correlating 

pressure sensor voltage to the maximum velocity measured with a velocity probe. The hydrogen 

sulfide and methane concentrations were measured using chemical gas sensors.    

A mass balance was completed around a reverse selective membrane system with the 

calculated difference between flows based on known input and measured output concentrations 

coming within 15% of each other.  Though the volumetric flow measurements were in doubt, 

this device was able to determine that using a 20 cm
2
 polyamide membrane under low pressures 

suitable for a digester (2 PSI) will increase methane concentration in biogas from 60% to 62% 

but is not effective at removing hydrogen sulfide.   

This device was primarily designed for determining the feasibility of adapting a membrane 

system to a farm scale biogas generation process. This device was able to determine that using a 

polyamide membrane under low pressures suitable for a digester (2 PSI) will increase methane 

concentration in biogas from 60% to 62% but is not effective at removing 1000 ppm of hydrogen 

sulfide.   

Keywords: Agricultural Waste, Anaerobic Digestion, Animal Wastes, Bioenergy, 

Biogas, Energy Recovery, Hydrogen Sulfide, Membrane, Methane, Methane Production, 

Selective Permeability 
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CHAPTER 1 
 

Introduction 

This research addresses three economic needs of North Carolina. The first is 

treating wastes from the economically important swine industry, the second is for 

alternative fuel sources that are inexpensive, and the third is for preserving capital 

investments in energy conversion technologies from damage caused by sulfide 

corrosion.  

The importance of the swine industry can be highlighted using 2004 North 

Carolina agricultural commodities statistics. During that year the North Carolina swine 

industry generated two billion dollars which accounted for over one quarter of the total 

revenue brought in by sale of North Carolina agricultural 

commodities (NCDACS, 2004). To get this revenue North Carolina housed ten million 

swine that excreted an estimated seven million tons of waste. Traditionally, this waste 

was handled using treatment system that included an open lagoon; however, a recently 

enacted law in North Carolina (NC law # 2007-523) has prohibited new lagoon 

construction. This law will force farmers to explore and improve already existing 

alternatives to treatment systems involving open lagoons. One of the alternatives being 

considered is anaerobic digestion technologies.  

Anaerobically digesting swine manure is a waste management alternative with a 

benefit of the generation of biogas fuel. Using biogas in place of natural gas will help a 

farmer avoid having to buy as much gas on the open market. This protects farmers from 

the escalation of and volatility in natural gas prices (Wiser and Bolinger, 2007).  

Most energy generation systems built to utilize biogas are constructed from 

metals or plastics that are vulnerable to sulfide damage. The damage to these systems 

begins to occur when hydrogen sulfide in biogas exceeds 100 ppm. This damage 

increases maintenance requirements and decreases system lifespan. Hydrogen sulfide 
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must be removed so having a good, inexpensive analytical test to determine the 

concentration and flow of hydrogen sulfide in the biogas will speed the development of 

better methods for reducing sulfide in biogas. This research addresses the sulfide 

problem by introducing a means to quickly test the effectiveness of methods that reduce 

the concentration of hydrogen sulfide in biogas. Having better methods for reducing 

biogas corrosion is likely to become more important in the coming years, especially in 

systems that use metals such as copper, zinc, nickel, tin, platinum, and their alloys since 

the supply of ore for these metals are limited (Gordon, Bertram and Graedel, 2006).  

The goal of this thesis is to present an analytical technique for evaluating how 

well technologies work for removing hydrogen sulfide from biogas. This technique is 

applied to a selective gas-gas membrane system that works by pushing hydrogen sulfide 

through a membrane, but not methane.  

The next chapter of this thesis is intended to present a thorough background of 

corrosion caused by biogas and current alternatives for removing hydrogen sulfide. The 

third chapter contains a detailed description of the development of a new analytical 

technique for detecting the flow and concentration of the gases in biogas. The final 

chapter is an analysis on a system that has the potential to effectively reduce the 

corrosiveness of the biogas.  
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CHAPTER 2 

A Literature Review of Hydrogen Sulfide in Biogas  

2.1 Introduction 

Converting wastes into biogas is a way to recover energy from the waste, to 

reduce odors, to increase nutrient availability, and to reduce pathogen content (Garrison 

and Richard, 2005; Goodrich and Schmidt, 2002). While converting waste to biogas is 

desirable, one of the reasons it is not common is because of the poor quality of biogas 

and the high maintenance requirement of biogas using systems (Stowell 

and Henry, 2003). Removing hydrogen sulfide from the biogas or sulfur from any point 

in the biogas generation process would take care of both of these issues.  

2.1.1 Composition of Biogas  

Table 2.1 shows the concentration of hydrogen sulfide in biogas, as well as the 

concentrations of other major component gases, carbon dioxide and methane. Landfill 

biogas does not have as much hydrogen sulfide in it because the organic materials 

decompose several years while manures are digested fresh (KiHyun et al., 2005).  

Table 2.1: Composition of Various Forms of Biogas 

 

Substrate (by 

volume)  H2S (ppm) CO2 (%) CH4 (%) Source  
     

Swine Waste  600 - 4000  40  60  

 (Pagilla, Kim 

and Cheunbarn, 2000)  

Cattle Manure  600 - 7000  40  60   (Bothi, 2007)  

Landfill Wastes  0 - 2000  30 - 50  50 - 70   (Shin et al., 2002)  

 

     

Biogas from manure is generated biologically by anaerobic digestion of the 

complex organic molecules. Under anaerobic conditions microorganisms break down 

the organic debris until the carbon in the debris is in either its most reduced or its most 
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oxidized state (Kotelnikova, 2002). Roughly sixty percent of the carbon is reduced and 

volatilizes as methane while the rest of the carbon volatilizes as carbon 

dioxide (Angenent et al., 2004).  

As many as 138 different microorganisms contribute to the production of biogas 

from swine manure with the majority of them being strict anaerobes (Iannotti, et 

al., 1982). As presented in Figure 2.1, these microorganisms can be broadly classified 

into two physiologically distinct groups. The first group breaks down the complex 

organics into simpler organic molecules (hydrolytic and fermentor organisms). The 

second group uses the simple organic molecules, particularly acetate and hydrogen, to 

make methane (methanogenic organisms) (Cappenberg, 1975; Tchobanoglous, et al, 

2002).  

While manure is being digested, very small bursts of hydrogen sulfide will 

bubble out (Ni et al., 2001; Arogo et al., 2000) and accumulate as a small portion of 

biogas. Hydrogen sulfide is produced during hydrolysis when certain organisms break 

down the essential amino acid methionine (Ravanel et al., 1998; Zhu, et al., 1999). In 

the methanogenic stage hydrogen sulfide production continues because a different group 

of sulfate reducing organisms can use fatty acids, particularly acetate, as a substrate 

(Tchobanoglous, et al., 2002).  
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Figure 2.1: Breakdown of Organics into Biogas 
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Sulfate reducers are a nuisance because they grow faster than methanogenic 

organisms using the same substrates  (Oremland and Polcin, 1982). This was shown 

when acetate and sulfate were used to culture a sulfate reducer Desulfobacter postgatei 

and a methanogen Methanosarcina barkeri with similar maximum growth rates, μmax. 

The half saturation coefficient, KS, for Desulfobacter postgatei was 0.2 mM which was 

fifteen times less than Methanosarcina barkeri’s KS which was 3 mM (Schönheit, 

Kristjansson and Thauer, 1982). Acetate concentration in swine manure is around 51 

mM  (Hansen, Angelidaki and Ahring, 1999) so the growth rate, μ, can be calculated as 

a percentage of μmax using the basic growth model in equation 2.1. μ for methanogens is 

94% μmax while μ for the sulfate reducers is 99.6% μmax. In a batch process μ for the 

methanogens drops off quickly as acetate is consumed. 

 As sulfate is reduced hydrogen sulfide is formed, which is another problem 

because the hydrogen sulfide byproduct is inhibitory to all organisms involved in 

anaerobic digestion (Cypionka, 1986), especially the methanogens (Hulshoff  

et al., 1998, Chen et al., 2008).  

SK

S

S 


 max

  (2.1) 

When conversion techniques other than anaerobic digestion are used, hydrogen 

sulfide is still a problem. A gas similar to biogas called syngas can be produced from 

manure by gasification or pyrolysis using a thermochemical reactor (Chang, 2004). 

Thermochemical reactors use more energy than anaerobic digesters, however, they are 

more compact and convert the waste much faster  (Cantrell et al., 2007). During 

thermochemical conversion, syngas is created by heating up the manure in either 

completely or partially anoxic conditions. When heated the manure reduces to a 
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combination of hydrogen gas and carbon monoxide. This gas can be reformed into 

methane and carbon dioxide by passing it through high temperature steam. In 

thermochemical reactions free energy changes tend to favor sulfate reduction over 

methane formation. Table 2.2 shows the free energies associated with different sulfate 

reductions.  

Table 2.2: Stoichiometry for Sulfate Reduction and Methanogenisis 

Reaction  Δ G (kJ/mol) 
  

  

Sulfate-reducing reactions   

4H2 + SO4
2- + H+ → HS- + 4H 2O  -38.1  

Acetate- + SO 4
2- → HS - +2HCO3-  -47.6  

Propionate- + SO4
2- → HS- + Acetate- + HCO 3

- + H+ -37.7  

  
  

  

Methanogenic reactions   

4H2 + HCO3
- + H+ → CH 4 + 3H2O  -33.9  

Acetate- + H 2O → CH4 + HCO3
-  -31.0  

  

  

adapted from  Lens et al. (1998) 

2.2 The Issue with Hydrogen Sulfide  

Hydrogen sulfide in biogas is one of the main reasons that the benefits currently 

do not outweigh the cost of an anaerobic digester (Garrison and Richard, 2005; Stowell 

and Henry, 2003). There are a few cases, such as one dairy waste digester reported 

by Goodrich and Schmidt (2002), that had few problems in terms of hydrogen sulfide 

damage, but in most cases the damage from the sulfide in the biogas causes equipment 

and maintenance costs to increase (Li, 1984; Lusk, 1998). Picken and Hassaan (1983) 

explicitly mention engine problems caused by hydrogen sulfide in biogas when it is 

burned as a fuel.  
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Biogas from anaerobic digestion is mostly methane. If biogas were pure methane 

it would be an excellent choice for a fuel. Methane has a simple structure and is highly 

stable, which allows for ease of storage and handling. As an engine fuel it has the 

advantages of complete combustion, no dilution of lubricants, better exhaustion 

performance, and good anti-knock properties (Jiang, et al., 1989). Biogas, however, is 

only sixty percent methane. The remaining forty percent is mostly acid gases (primarily 

carbon dioxide) with hydrogen sulfide causing the most problems. When real biogas is 

burned as a fuel engines tend to wear out quickly. Picken and Hassaan (1983) have 

shown that the first part of a biogas engine to wear out is the cylinder liner at the upper 

position of the piston ring (see figure 2.2). Excessive wear in cylinder liners at this 

position is caused by the corrosion phenomena (Sudarshan 

and Bhaduri, 1983; Goode, 1989).  

  
Figure 2.2: Location in Cylinder Liner Where Corrosion Forms 

 

2.2.1 The Corrosion Phenomena  

Corrosion is the degradation of a metal as it is converted from a desired to an 

undesired form. All metals corrode at certain electrochemical and thermodynamic 

conditions. These conditions depend on the pH, chemical potential, and temperature of 

the solution. When corrosion occurs, metal ions dissolve into a solution releasing 

Corrosion 

Cylinder Liner 

Piston 
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electrons into the metal that is left. These electrons are conducted through the metal to a 

location where the solution, metal, and possibly atmosphere meet. There the electron is 

accepted by any oxidizing agent present. In this research the common oxidizing agents 

that form stable corrosion compounds with the metal are oxygen and sulfur. As more 

metal ions dissolve and are oxidized the parts that are metal will become damaged by 

being eaten away or by converting into a material resembling the metal’s 

ore (Hamilton, 1985). (See equations 2.2, 2.3, and 2.4) Figure 2.3 shows where droplets 

of solution formed on the surface of the metal.  

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Corrosion in Metal Showing Where Droplets of Electrolyte Formed 

Anode Region 

 

(Where Electrolyte 

Droplet Formed) 

Cathode 
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Cathode 
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Corrosion occurs during normal methane combustion. Assuming standard 

conditions, combustion of 1 liter of methane (see equation 2.5) has the potential to 

produce 1.4 ml of liquid water and 0.9 liters of carbon dioxide. (In industry standard 

units 100 ft
3
 of methane has the potential to produce 1.0 gallons of liquid water and 

91 ft
3
 of carbon dioxide.) The water produced is an electrolyte and the oxygen is the 

oxidizing agent needed for corrosion. The carbon dioxide speeds up the corrosion by 

making the electrolytic solution more acid which, in turn, speeds up the dissolution of 

the metal into ions.  

 

                      (2.5) 

 

Hydrogen sulfide is oxidized into sulfur dioxide which dissolves as sulfuric acid. 

Sulfuric acid, even in trace amounts, can make a solution extremely acidic. Extremely 

acidic electrolytes dissolve metals rapidly and speed up the corrosion process. This is 

particularly true in high temperatures, such as is the case with the afore mentioned 

cylinder liner.  

Even if there is no oxygen present, biogas can corrode metal. Hydrogen sulfide 

can become its own electrolyte and absorb directly onto the metal to form corrosion. 

(Brown, 2004). If the hydrogen sulfide concentration is very low, the corrosion will be 

slow but will still occur due to the presence of carbon dioxide. People in the pipeline 

industry refer to this type of corrosion as sweet corrosion which is recognized by very 

deep pits (Smith, 1993). The mechanism for this reaction is given in equations 2.6-2.8 

(López, Pérez and Simison, 2003). If the concentration of hydrogen sulfide in the gas is 

greater than 100 ppm, people in the pipeline industry refer to the corrosion as sour 

corrosion which is recognized by pits as shown in figure 2.4 (Smith, 1993). This 

mechanism is given in equation 2.9.  



11 

 

 
 

                                                      
 

 
 

Figure 2.4: Pitted Anoxic Corrosion 

 

The presence of hydrogen sulfide causes metals to become more active. 

Describing a metal as active is one of three ways to describe the resistance of a metal to 

corrosion given a certain set of thermodynamic conditions. The other two are immune 

and passive. Immune metals, for example gold,  have natural nobility but are too 

expensive for making systems that handle biogas. Passive metals are typically used in 

biogas applications. These metals have an oxidized coating that slows corrosion. Active 

metals have no resistance to corrosion and will dissolve on contact with an electrolyte. 

Anything that makes a metal more active will make it corrode faster.  

The potential - pH diagram, also known as a Pourbaix diagram, is a graphical 

way to show the effect of hydrogen sulfide on the corrosion of metal parts. Figure 2.5 is 

a potential - pH diagram for a biogas - iron corrosion system at standard conditions. 

Though metal systems for using biogas are never made of pure iron, the pure iron 

system has similar thermodynamics, more simplicity, and more empirical data to back it 

up than the carbon-iron (steel) or carbon-chromium-iron (stainless steel) typically used 

Pitted Corrosion 
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in the construct biogas burning systems. The derivation of this diagram is in appendix 

C.1.  

Point one in figure 2.5 describes the pH and potential a water droplet would have 

in standard conditions for a pure methane-iron system. Adding air to the system shifts 

the pH and potential of the water droplet from point one to point two.  The speed of 

corrosion increases as air is added, but this effect is counteracted because the iron will 

become passive, or form a protective oxide coating.  The difference between the water 

droplet in the iron-methane system and the iron-biogas system is shown by shifting from 

point one to point four. This shift causes a slight increase in the speed of corrosion.  The 

practical scenario for utilizing biogas is a shift from point one to point three, where the 

biogas is used and oxygen is present.  In this scenario the corrosion is fast and the oxide 

coating is not as stable, which causes pits form and drastically reduces the useful life of 

the metal.  
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label Oxygen H2S  Theoretical Condition  
    

1  absent  absent  Stored biogas with no H2S  

2  present absent  Burning biogas with no H2S 

3  present present (1000 ppm) Burned biogas H2S  

4  absent  present (1000 ppm) Stored biogas H2S  
    

 

Figure 2.5: Corrosion Phenomena in the Methane/Biogas-Iron System  

 

 

2.3 Methods for Eliminating Hydrogen Sulfide  

 

The main problem with hydrogen sulfide is that it speeds up corrosion. 

Corrosion of metals occurs naturally in devices that burn methane. Trace amounts of 

hydrogen sulfide in the gas makes the corrosion worse. For this reason it is hard to use 

Normal Fe-CH4 System 

add air 

add H2S 

Fe-CH4 System + 

air + H2S 
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biogas to displace natural gas without first removing the hydrogen sulfide. There are 

several methods currently available for removing the sulfide gas.  

2.3.1 Altering Anaerobic Digestion/Energy Cogeneration Process  

Codigestion  

Codigestion refers to digesting multiple substrates in a digester simultaneously. 

The main benefit of codigestion is the ability of neutralizing two different types of waste 

in one digester (Pesta, 2006). There is evidence to suggest adding food wastes to dairy 

waste digesters has reduced the concentration of hydrogen sulfide (Bothi, 2007). The 

major problem is that both materials must be available at the same site in the right 

quantities, which is a rare occurrence. If this is not the case transportation costs may be 

involved.  

Digester Additions  

Iron chlorides, phosphates, and oxides can be added directly to the digester to 

bind with the sulfides in the digester and make them insoluble. The addition of iron III 

phosphate has been observed to reduce hydrogen sulfide concentration (McFarland 

and Jewell, 1989). This solution involves costs of the additions.  

Multiple Phase Digestion  

Typically, multiple phase digestion improves the speed of degradation and the 

stability of the process. This is done by having one chamber of a digester for the 

complex organics to be broken down (the hydrolysis phase of digestion) and a second 

chamber for the simpler organics to be broken down (the methanogenesis phase). The 

biogas from the first phase is treated and released. This gas contains about 90% carbon 

dioxide and most of the trace gases, including most of the hydrogen sulfide found in 

biogas (Pesta, 2006). A two phase digester as reported by Pagilla, et al. (2000) 
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experimentally verified this result holds true for swine waste biogas by generating 

biogas with 300 ppm hydrogen sulfide.  

Buffering the pH  

Buffering pH in the reactor is one way to control the contents of biogas being 

released. Different pH levels may destroy enzymes or alter the chemical equilibriums of 

bioreactions within the digestion process (Pesta, 2006). Increasing the reactor pH from 

6.7 to 8.9 will decrease the sulfide production from 2900 ppm to 100 ppm (McFarland 

and Jewell, 1989). However, increasing the pH increases the concentration of free 

ammonia which is inhibitory to methanogenesis.  

Frequently Changing Engine Oil  

Frequently changing the oil in an engine is a simple way to control corrosion. 

Changing the oil takes advantage of the mechanism built into an engine to limit the 

corrosion of the metal parts (Bothi, 2007). The disadvantages of this method are that it 

is labor intensive and costly.  

2.3.2 Removing Sulfur from Feed and Washwater  

The sulfur enters in the farm through the protein in the feed. Removing protein 

from the feed is not a practical solution because farmers tend to optimize feeds for 

product yields and animal health. In certain regions sulfates can be eliminated from the 

animal drinking water. Another approach is to prevent any material with a high sulfate 

concentration from getting into the digester. Using high sulfur content wash waters has 

been observed to raise the hydrogen sulfide levels in biogas considerably (Bothi, 2007).  
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2.3.3 Direct Treatment of Biogas  

Sorptive Media  

Sorptive media are materials placed in the path of the biogas that react with the 

corrosive gasses within the biogas. Most sorptive media use some form of metal oxide, 

of which the most common is iron sponge. The iron sponge reaction is given in equation 

2.10 - 2.11. Other metals that may be used are zinc and sodium.  

 
 

Other media that can sorb hydrogen sulfide include zeolites and activated 

carbon. Coating these media with alkaline solutions has been done to neutralize 

hydrogen sulfide gas. The primary disadvantage of absorptive media is that the media 

needs to be replaced or recharged after a certain period of time. 

Wet Treatments  

Wet treatments are generally not preferred for treating gas going into an engine 

because water must be removed after the treatment. Wet treatments include treatments 

using metal oxide, chelated iron, quinone, vanadium, nitrite, alkaline salts, amine 

solutions, and solvents. These treatments typically have a high initial costs and 

maintenance costs. The most economical of these treatments is probably chelated iron. 

These treatments are usually found in natural gas refineries as opposed to farms because 

of the high equipment costs. Some of these treatments involve a high cost, non-

regenerable reactant.  

Biological Treatments  

Biological treatment of hydrogen sulfide typically involves passing the biogas 

through biologically active media. These treatments may include open bed soil filters, 

biofilters, fixed film bioscrubbers, suspended growth bioscrubbers and fluidized bed 
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bioreactors. These filters rely on the biological oxidation of the hydrogen sulfide in the 

biogas and are ideal for treating the swine waste gas before it is released into the 

environment (Nicolai and Janni, 1997). However, biological media works best when 

wet, so moisture has to be removed before burning biogas in an energy generation 

process.  

2.4 Conclusion  

Converting swine wastes into fuel as a means to recover its energy content has 

promise, but the sulfur must be removed at some point in the biogas generation process. 

Removing sulfur from feed or wastes is difficult so removing the sulfide straight from 

the biogas may be the best method of dealing with the problem. A good method to test 

for the removal of sulfide will be useful as the technology of converting swine wastes 

into biogas continues to be developed.  
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CHAPTER 3  

A New Method for Detecting Hydrogen Sulfide 

Concentration in Biogas 

 3.1 Introduction  

The effectiveness of hydrogen sulfide removal in biogas is determined by 

measuring the volumetric flow of hydrogen sulfide. To measure the volumetric flow of 

hydrogen sulfide in biogas, the bulk volumetric flow of the biogas and concentration of 

hydrogen sulfide in the gas are detected virtually simultaneously using an electronic 

system. An electronic sampling system allows a large number of samples to be taken 

and complex filtering algorithms to be used to reduce the noise and to improve the 

accuracy of the measurement. These measurements can be recorded so the nature and 

transient behavior of the movement of hydrogen sulfide can be determined.  

3.1.1 Detecting Concentrations of Methane  

The first commercially available methane sensors were produced in the 1920’s 

to detect explosive gases in mines. These gases would cause a slight deflection in 

voltage across two electrodes that could be detected and amplified with electronic 

hardware available during that time. In the 1960’s the methane gas sensor developed 

rapidly in response to many explosions occurring after the popularization of bottled 

LPG gases (Ihokura and Watson, 1994).  

Today, one of the best sensors available to detect methane is a tin oxide, 

sometimes referred to as a stannic oxide, sensor. These sensors are constructed by 

embedding a heating element and two electrodes into a tin oxide plate. Unlike most 

electrolytic cells, all of the electrodes are chemically inert. Tin oxide is an n-type 

semiconducting material which means there are free electrons in the material. A 

reducing gas reacts with oxygen within the tin oxide and consumes it.  This reaction 
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reduces the free electron mobility which causes the resistance of the material to 

increase. The change in resistance is proportional to the log concentration of the gas 

present (Watson et. al., 1993).  

Most combustible gases like carbon monoxide, hydrogen, or methane are 

reducing gasses that will increase the resistance of the material. Selectivity (or the 

ability to detect the correct gas) of the sensor is modified by changing the temperature 

of the tin oxide plate. Higher temperatures will cause carbon monoxide and hydrogen to 

react quickly at the surface, while the more chemically stable methane can penetrate 

deeper into the sensor to react. These quick reactions at the surface of the sensing plate 

will prevent the tin oxide sensor from being as sensitive to hydrogen and carbon 

monoxide (Watson et al., 1993). This mechanism prevents the sensor from detecting 

hydrogen sulfide as well (M.Gaidi and Labeau, 2000).  

3.1.2 Detecting Concentrations of Hydrogen Sulfide  

Most hydrogen sulfide sensors available today use a potentiostat circuit. 

Potentiostats have been around since Alessandra Volta pioneered the electrochemical 

series in the late 1700’s. A breakthrough was reached when Hickling developed the first 

automatic potentiostat using vacuum tube based thyratrons and other electronics 

available in the early 1940’s (Hickling, 1942). Since the development of the 

miniaturized electronics, hydrogen sulfide sensors relying on transistor based 

technology have been developed to detect hazardous concentrations of hydrogen 

sulfide (Moseley, 1997). These sensors are primarily used in the natural gas, petroleum, 

wastewater, and pulp and paper industries.  

3.2 Materials  

The entire apparatus was mounted on a 2.3 m by 1.2 m  (8’ x 4’) sheet of 

plywood which was strapped to a wheeled cart. Biogas for this experiment was 

simulated using a pressurized gas cylinder which was fastened to the plywood. The 
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gas was sixty percent methane, 1000 ppm hydrogen sulfide and balanced with carbon 

dioxide. A stainless steel regulator regulated the pressure of the gas.  

3.2.1 Gas Sensors  

Hydrogen Sulfide Sensor  

 
 

Figure 3.1: Hydrogen Sulfide Sensor 

 

The three terminal 4HS/LM Cititech sensor head (shown in figure 3.1) detected 

the hydrogen sulfide. Inside the sensor head the three terminals were attached to a 

sensing, counter, and reference electrode suspended in a liquid electrolyte. The 

electrolyte was immobilized within the sensor head by a diffusion barrier that allowed 

hydrogen sulfide to pass. Externally the three electrodes were attached to a potentiostat 

circuit as shown in figure 3.2.  

 
 

Figure 3.2: Diagram of the Potentiostat  
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The potentiostat works by using a voltage to drive a normally corrosion prone 

electrode into immunity and measuring the current required to maintain that immunity.  

The hydrogen sulfide causes a reaction to occur at the anode (reference electrode) that 

under most circumstances would corrode the anode and release electrons (See equation 

3.1) flowing toward the cathode (sensing electrode) where a counter reaction would 

occur (see equation 3.2).  In a potentiostat the movement of electrons is stopped by an 

op amp in an open loop configuration that forces a specified voltage difference between 

the anode and the counter electrode. Theoretically, no current passes through the anode 

(reference electrode) which prevents the anode from corroding.  The op amp draws 

current from the solution through a third electrode (counter electrode). This current 

causes a voltage difference proportional to the hydrogen sulfide concentration in the 

electrolyte between the sensing and the counter electrode. Since the counter electrode is 

not an anode prone to corrosion, this signal is stable. 

 The small voltage difference generated in the potentiostat is measured with a 10 

ohm voltage divider and a high gain three stage junction field effect transistor (JFET) 

amplifier circuit. This circuit measures hydrogen sulfide up to 100 ppm and the 

maximum overload is 500 ppm. This signal is about 0.15 uA/ppm with a sensitivity of 

0.1 ppm. In less than five seconds this sensor will react to the presence of hydrogen 

sulfide. 

 
 

Methane Sensor  

A MQ-5 Hanwei sensor head, as shown in figure 3.3, was used to detect 

methane. The resistance of this sensor varied with the log concentration of methane. A 

voltage divider converted the resistance into a voltage (see figure 3.4). A voltage 

follower transformed the impedance of the signal from the voltage divider to prevent 
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loading when the signal went to the data logger. In less than 10 seconds these sensors 

can measure from 1-10% methane. 

 
 

Figure 3.3: Methane Sensor  

 

 
Figure 3.4: Circuit to Drive Methane Sensor 

 

 

3.2.2 Volumetric Flow Sensors  

The gas sensors used in this experiment were developed to detect hazardous 

concentrations of gas. Because both types of sensors were designed for use in the 

atmosphere, they rely on the presence of atmospheric oxygen to work. Thus it is 

necessary to dilute biogas with air for concentration sensors to work. For safety reasons, 

the dilution ratio used in this experiment was less than one part biogas to forty parts air. 

One part biogas to ten parts air was avoided because at that ratio the flash point of the 

biogas - air mixture dropped low enough for the gasses to explode.  
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Figure 3.5: Volumetric Flow Sensing System  

 

The system shown in figure 3.5 was designed to measure the volumetric flow of 

the diluted biogas. This system was designed to handle corrosive biogas and measure 

small changes in the diluted flow. Going from left to right at the top of figure 3.5,  

dilution air was supplied from a shop vacuum cleaner configured as a blower. A ball 
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 valve was used to regulate the airflow going into two rigid, smooth walled, two meter 

(six foot) fiberglass tubes with a diameter of 2.54 cm (1 in).  The tubes had a distance 

roughly eleven times the diameter before and three times the diameter after each 

measuring point.  This was so the flow would to take on the characteristics of a slow, 

incompressible Poiseuille flow with a parabolic velocity profile at each of the sampling 

points.    

The biogas was released into the middle of these tubes between the two 

sampling points. One pitot tube was placed at a sampling point before to location the 

biogas was injected into the tube and another was placed at a sampling point after the 

biogas was injected. The pitot tubes were oriented vertically and pointed into the middle 

of the flow.  The height of the pitot tube was adjusted until the signal was maximized 

from an attached Setra model 264 differential pressure sensor (middle of figure 3.5.) 

The deflection of a stainless steel membrane within the sensor was used to measure the 

difference in pressure between the two points.  

The pressure difference (ΔP) was directly proportional to the volumetric flow 

(Q).  This relation is evident in the Poiseuille equation (equation 3.3) which relates 

pressure change through a tube to dynamic viscosity (µ) of the fluid, the effective length 

between the pitot tubes (L), and effective radius of the tube (r) for a laminar flow.  This 

equation could not be used directly to calibrate the apparatus because of how apparatus 

was built.  There was a severe constriction of the tube at the location where biogas was 

injected. This constriction aided in the mixing of the gasses, but it caused too much of a 

pressure drop at that point for the Poiseuille equation to be useful.   The Poiseuille 

equation is still useful to show that there is a relation between the pressure difference 

and the volumetric flow and more importantly that the pressure difference can be used 

to measure the volumetric flow.  

 

(

(3.3) 
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The voltage signal from the pressure sensor was recorded on a data logging circuit. A 

specialized circuit (bottom of figure 3.5) was built to measure the pressure sensor voltage 

with a sensitivity in the millivolt range and all the electrical noise attenuated. Table 3.1 lists 

the features that were needed to attenuate the noise. This table is fully explained in section 

C.2 in the Appendix.   

Figure 3.6 is the quiescent output of the flow measuring circuit with the ability to 

attenuate the normally 20 mV thermal noise to less than 1 mV before sending the signal to 

the data logger.  As evident in figure 3.6 there was no biasing circuitry built into this 

system so the average quiescent voltage is not exactly zero volts.  

Table 3.1: Summary of Features of Flow Circuit  

   

Feature  Reason Used  Issue Addressed  
   

JFET op-amps  extreme input impedance  flow sensor loading  
   

switching power supply  well regulated supply  variation in loading  
   

analog and digital supply 

separation  

no power supply 

crossover  noise from processor  
   

reference point supplied 

by the software  

no reference point 

crossover  floating ground  
   

shielded sensor cable  grounds EM noise  electromagnetic signals  
   

twisted pair sensor cable  cancels cable inductance  crosstalk  
   

solid copper sensor cable  low impedance  loading effect of cable  
   

100 samples per ten 

second averaging filter  

high frequency filter with 

no distortion  

thermal noise that cannot be 

eliminated from circuit  
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Figure 3.6: The Low Electrical Noise in the Pressure Sensing Circuit 

 

The processor used for data logging was a rabbit 2000 on a wildcat BL2000 

motherboard manufactured by Rabbit Semiconductor. The software was programmed in 

Dynamic C++ using ANSI C programming conventions. The code to run the device is 

given in appendix D. The main purpose of the software was to take measurements from 

the three types of sensor circuits tied to the A/D channels, which were the flow circuit 

and the two gas sensor circuits. The software also managed the voltage of the reference 

point on the flow sensors. The electrical system is shown in figure 3.7.  
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Figure 3.7: Signal Conditioning Circuitry  

 

3.3 Methods  

 

Each of the sensors were tested for interference from other gasses (cross-

sensitivity). The hydrogen sulfide sensor was tested for cross sensitivity using an 

injection of methane gas. The methane sensor was tested using hydrogen sulfide 

prepared by reacting sulfur and steel wool with heat and then adding hydrochloric acid.  

The sensors were tested for carbon dioxide using a vinegar and baking soda reaction. 

The cross sensitivity was negligible in both types of gas sensors.  

3.4 Results  

The voltage signal from the Setra pressure sensors was converted into a 

maximum velocity signal using a calibration curve.  The calibration curve was 

generated using data recorded by the pressure measurement circuit while measuring a 

series of step increases in flow.  At each of the flow steps the maximum velocity (or 
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the center velocity) of the air leaving the tube was recorded with a Seirra Instruments 

610 Flo-meter (air velocity meter) with an Accu-Flo
TM

 self-heated platinum 

resistance temperature deflector.  The signal from the Setra sensors is plotted against 

time in figure 3.8 with the maximum velocity measured from the Seirra air velocity 

meter recorded at each step.  

 

 
 

Figure 3.8: Graph Comparing the Voltage of the Pressure Sensor Circuit to Maximum 

Velocity Over a Series of Flow Step Increases 

 

Most of the flow measurements were laminar. The effects of turbulence were 

evident at 239 cm/sec on both the curve in figure 3.8 and on the Seirra air velocity 

meter.  For the flows not affected by turbulence (laminar flows) a characteristic equation 

relating the maximum velocity to the voltage from the pressure sensors was developed 

(see figure 3.9.)  
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Figure 3.9: The Linear Relationship between the Maximum Velocity and Pressure 

Sensor Voltage 

 

The laminar range of maximum velocities measured by the pressure sensors was 

from 40 to 160 cm/sec and the resolution was less than 0.1 cm/sec. The resolution was 

based on the standard deviation from the mean flow signal.  

The maximum air velocity measured in the laminar flow was converted to an 

average air velocity by dividing the maximum by two. The laminar flow was verified by 

observing turbulence on both the pressure sensors and air velocity meter.  The flow was 

further verified by cross checking with a WE Anderson prandtl tube and Alnor 560 

monometer. (The data for these measurements are in appendix F.) The average velocity 

was converted into a volumetric flow rate by multiplying by the cross-sectional area of 

the tube. 

For the concentration sensors, a similar calibration curve was developed. Before 

these sensors would work they had to remain powered for twenty-four hours to reach 

chemical equilibrium. The valve on the cylinder with the simulated biogas was opened 

releasing a step input of biogas into the airflow within the tubes. This gas deflected the 
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voltage of the Setra pressure sensors.  Figure 3.10 shows such a deflection occurring 

between twenty and one hundred seconds.  

 

Figure 3.10: The Signal Given When the Flow Changes from a Steady Flow of Air to a 

Diluted Flow 

 

The slight change in volumetric flow when the step input of biogas was diluted 

in the flow through the tube was measured.  Because the initial concentrations of 

hydrogen sulfide and methane in the biogas were known, it was possible to calculate the 

concentration of the biogas in the diluted flow. The deflection of the voltage in the gas 

sensing circuit when a forty five second pulse of biogas was added (see figure 3.11) was 

used relate the voltages of the gas sensing circuit to the concentration of the component 

gas concentrations in the biogas.  This was repeated using different flow rates of the 

simulated biogas  (see figure 3.12).  
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Figure 3.11: The Voltage Signals from the Gas Sensors when a Forty-Five Second Pulse 

of Biogas was added to the Diluted Flow 

  

 
 

Figure 3.12: The Concentration versus the Flow Sensor Voltages 
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Using a linear regression for the hydrogen sulfide sensor and a normal regression 

for the methane sensor it was possible to produce a characteristic equation relating the 

voltage signals coming from the gas sensors to the concentrations of the component 

gases. (See figure 3.13) 

 The hydrogen sulfide sensors were rated between 0 and 100 ppm and the 

methane sensor was between 0% and 10%. The resolution of the concentration sensors 

were limited by the resolution of the flow sensors and the 12-bit analog to digital sensor.  

The gas sensors operated between 0 and 5V and had a resolution of 2.44 x 10
-4

 V.            

 
 

Figure 3.13: The Concentration Regressed on the Flow Sensor Voltage  
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3.5 Conclusion  

A new inexpensive instrument built from off the shelf components was 

developed to measure both the flow and concentration of methane and hydrogen sulfide 

in biogas. This system used the properties of a Poiseuille flow to measure the flow of 

the gas. A maximum velocity was measured and converted into a volumetric flow.  This 

system used the electro-chemical properties of liquid and solid-state solutions to 

measure the concentration of hydrogen sulfide and methane in the flow.  

Using electronic sensors to detect the quality of biogas opens up the possibility 

of using on-line monitoring and closed loop control of digesters to improve of biogas 

quality. The limitation of the device is the sensors require oxygen to work. Before 

biogas can be burned, it must be diluted with oxygen so this system may find a practical 

niche in that situation.   This instrument is best suited for its primary purpose which is to 

test the effectiveness of systems that remove hydrogen sulfide from biogas.  
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CHAPTER 4  

Testing Biogas Passed Through a Gas-Gas Membrane 

System for Hydrogen Sulfide Removal  

4.1 Introduction  

Higher fuel costs are driving research into selective gas-gas membranes. Gas-gas 

membranes are already being used to improve sour natural gas; so there may be 

potential for membranes to improve biogas. Biogas quality can be improved by 

separating biogas and removing the acid gases – of which the most detrimental to biogas 

quality is hydrogen sulfide (as shown in table 4.1). Most hydrogen sulfide removal 

technologies require a high energy phase change, a complex mechanism, or a large 

mechanical footprint which is not required by a gas-gas membrane system. One such 

gas-gas membrane system was tested for its ability to remove hydrogen sulfide using a 

new, experimental sensor system developed specifically for testing hydrogen sulfide 

removal.  

Table 4.1: Metrics for Biogas Quality Based on the Hydrogen Sulfide Concentration  

  

Concentration of Hydrogen Sulfide Usefulness of biogas  
  

4000 ppm  Typical Biogas  

600 ppm  High Quality Biogas  

below 100 ppm  Safe for Natural Gas lines  

below 4 ppm  Can be Sold Commercially 
  

  

Information from Hao, Rice and Stern (2002)  

Selective gas-gas membrane research started in 1866 when Graham reported a 

rubber polymeric membrane increased the concentration of oxygen in air from 21% to 

41%. Based on this work, he proposed the absorption - diffusion - dissolution model for 

membrane transport (Ghosal and Freeman, 1994), which is similar to the transport 

model described in this research.  
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This research is one of the few attempts to study gas-gas membrane technology 

as a means to remove hydrogen sulfide from animal manure biogas since a 1988 study 

where twelve membranes were tested. None of the membranes were effective for 

removing hydrogen sulfide (Kayhanian and Hills, 1988). These membranes were made 

of only a single material.  The technology has since advanced to include composite 

membranes. Composite membranes use different combinations of materials with various 

sorption and sieving properties. These materials include: cellulose acetate  (Stern 

et al., 1998), polyimide  (Hao, Rice and Stern, 2002; Quinn and Laciak, 1997; Hillock, 

2005; Harasimowicz et al., 2007), polypropylene  (Kreulen et al., 1992), polysulfone 

 (Stern et al., 1998; Harasimowicz et al., 2007), zeolite  (Zhu et al., 2005), and tri-

bromodi-phenylopolycarbonate (Harasimowicz et al., 2007).  

4.2 Theory  

4.2.1 Selectivity Mechanisms  

Membranes use two different mechanisms to select one gas over another: 

diffusivity and sorption.  

A diffusivity difference between two gases means the gas with a smaller 

molecular size passes through a porous structure faster than the gas with large molecular 

size. The relative size of the molecule can be empirically estimated by measuring 

critical volume. A list of critical volumes is given in table 4.2. Diffusivity may be 

affected by the shape of a molecule (see figure 4.1). An asymmetric molecule like 

hydrogen sulfide can pass rapidly through a membrane by a series of diffusion jumps 

along its long axis (Faure et al., 2007).  



36 

 

 
 

              Figure 4.1: The Molecular Shapes of Component Gases in Biogas 

 

A sorption difference between two gases means one gas will dissolve into 

and form again on the other side of a membrane faster than the other. The ability of 

a gas to sorb through a membrane is related to critical temperature (the temperature 

at the triple point). A gas with a lower critical temperature will sorb quickly 

through a membrane because it can condense on the face of the membrane quickly. 

The critical temperatures of different gases are given in table 4.2 (Lin 

and Freeman, 2005).  

Table 4.2: Properties of Component Gases used to Select one Gas Over the Other 

   

Penetrant Critical Volume ( ) Critical Temperature (°K) 
   

H2 65.1 33.24 
   

N2 89.8 126.20 
   

CH4 99.2 191.05 
   

CO2 93.9 304.21 
   

H2S 98.5 373.53 
   

   

Between hydrogen sulfide and methane, there is not as much difference between 

critical volumes as there is between the critical temperatures. Because of the critical 

temperature difference it is better to separate biogas using a membrane designed for 

sorption. Hydrogen sulfide – which is the unwanted gas – sorbs faster than methane 

through a membrane, therefore a membrane separating biogas by sorption has to be in a 

Hydrogen Sulfide 
Carbon Dioxide 

Methane 
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reverse selective configuration. In a reverse selective configuration the hydrogen sulfide 

is squeezed out of the biogas through the membrane leaving the methane behind in the 

retentate.  

In order to sorb, the gases must dissolve into the surface of the membrane. When 

acid gases like hydrogen sulfide dissolve into a membrane, the membrane absorbs the 

gas and swells up. This swelling is referred to as plasticization (Hillock, 2005).  

After plasticization, the concentration of a gas on the surface of the membrane 

can be modeled using Henry’s law. (Other isotherms may be used for this step, but 

Henry’s Law is the simplest and the one most commonly used in literature.) Henry’s 

law is given in equation 4.1. C
H2S

 is the concentration of hydrogen sulfide at the surface 

of the membrane, KH
H2S

 is Henry’s constant for hydrogen sulfide, and p
H2S

 is the partial 

pressure of hydrogen sulfide in the biogas.  

 

(4.1) 

 

To quantify separation performance (throughput) of the membrane the model 

includes diffusivity. Diffusion is described by Fick’s law which is given in equation 4.2. 

In this equation J
H2S

 is diffusion flux of hydrogen sulfide through the membrane, D
H2S

 is 

the diffusion coefficient for hydrogen sulfide, x is the length or thickness of the 

membrane, and ∂C/∂x is the concentration gradient across the membrane.  

 

(4.2) 

 

Integrating diffusion across length of the membrane (equation 4.3) gives the 

empirical form of the equation. CH
H2S

 is the concentration of hydrogen sulfide on the 

high pressure side of the membrane, while CL
H2S

 is the concentration of hydrogen 



38 

 

sulfide on the low pressure side of the membrane. l is the thickness (length) of the 

membrane.  

 

(4.3) 

 

Putting dissolution and diffusion steps in series yields equation 4.4 where pH
H2S

 

is the partial pressure of hydrogen sulfide on the high pressure side of the membrane 

and pL
H2S

 is the partial pressure of hydrogen sulfide on the low pressure side of the 

membrane.  

 

(4.4) 

 

Permeability is defined as the diffusion coefficient times Henry’s constant for a 

particular gas crossing the membrane. (Barrer, 1927)  (See equation 4.5)  Permeability is 

defined with a capital P.  

 

(4.5) 

 

Volumetric flow of the gas equals the flux of the gas times the area of the 

membrane. Equation 4.6 is for volumetric flow across the membrane with A as the area 

of the membrane.  

 

(4.6) 

 

Rearranging the terms in equation 4.6 yields permeability in all measurable 

quantities.  
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(4.7) 

 

The unit for permeability is a barrer. Assuming standard temperature and 

pressure conditions a barrer is defined in equation 4.8.  

 

(4.8) 

 

Permeability is generally simplified if the membrane is a asymmetric or 

composite membrane such as the one in this experiment. The thickness term (l) is 

dropped from equation 4.7 defining a gas permeation unit (GPU)  (see equation 4.9).  

 

(4.9) 

 

If the membrane is working properly, different gases will have different 

permeabilities. The ratio of permeabilities for two different gases is the membranes 

selectivity (α). Selectivity is given in equation 4.10).  

 

(4.10) 

 

One of the challenges in membrane selection is to get a membrane that has both 

high permeability (production) for the target gas and high selectivity (efficiency).  

4.3 Materials  

The membrane in this experiment works by passing acid gas molecules, like 
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hydrogen sulfide, and retaining methane. It is an asymmetric membrane with the 

selective layer composed of a polyamide-polyether block copolymer on top of a macro 

porous layer. Polyamide-polyether copolymers are an ideal material because it remains a 

rubber at temperatures as low as 0°C and as high as 150°C (Blume and Pinnau, 1990).  

Simulated biogas that contained 1000 ppm hydrogen sulfide, 60% methane, 

balanced with carbon dioxide was supplied from a pressurized tank through a stainless 

steel regulator into custom made membrane holder that resembled the holder used by 

Kayhanian and Hills (1988). The membrane holder was made of two 15 x 15 x 0.6 cm ( 

6” x 6” x 1/4”) steel plates with two couplings welded into each plate. Small c-clamps 

clamped the steel plates together at each of the four corners. Two rubber sheets were 

made into gaskets for the membrane. An exploded view of the holder assembly with the 

membrane is given in figure 4.2.  

 
Figure 4.2: An Exploded View of the Membrane Holder with the Membrane in it  

 

The membrane cell, which held the pressurized gas behind the membrane, was 

fastened to the holder and made from a 2.5 x 2.5 x 2.5 cm (1”x1”x1”) T-fitting and a 

coupling. Rubber stoppers were inserted into pressurized end of the cell and into the 

Membrane 
Rubber Gasket 

Steel Plates 
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pipe facing the membrane. A polyethylene tube was threaded from the pressurized 

stopper, through the stopper close to the membrane and back through the stopper close 

to the membrane. The tube was cut and twisted in a manner that forced the biogas across 

the membrane. The volume of the space behind the membrane was reduced as much as 

possible to minimize transient effects caused by air being flushed out when it was 

pressurized with biogas.  

All parts of the membrane cell were made of polyethylene, 

polytetrafloroethylene, rubber, stainless steel, or were coated with fiberglass resin to 

prevent the absorption or accumulation of hydrogen sulfide. 

 
(a) Low Pressure Side 

 
(b) High Pressure Side 
 

Figure 4.3: Pressurized Chamber Mounted on the Membrane Holder 

 

 

 

Tubing that Forces Air 

to Sweep the Biogas 

from the Membrane 

can 
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Two types of chemical sensors and the signal conditioning circuitry described in 

chapter three were used to detect hydrogen sulfide and methane concentrations. These 

sensors were mounted, as shown in figure 4.4, in a way that directed the gas stream directly 

into the sensors.  

 
 

Figure 4.4: Gas Sensors Mounted on the Apparatus  

 

Figure 4.5 is a close-up of the different mechanisms attached to the membrane 

holder. On the left side of the figure is the cylinder containing biogas and the regulator. 

Under the square plates of the holder is the pressurized chamber shown in figure 4.3. On 

the right of the holder is a pin valve used for restricting the release of biogas from the 

retentate. The setting of the pin value is determined by the number of turns from its 

closed position. Two fiberglass tubes capture and dilute the biogas released from the 

permeate and the retentate side of the membrane with air. These tubes are long and rigid 

with smooth walls to promote a laminar velocity profile. Inside each fiberglass tube two 

pitot tubes are mounted for the purpose of detecting the change in pressure as the gas 

moved down the tubes. Air is driven through the fiberglass tubes using a blower from a 

shop vacuum cleaner. The air flow is controlled by adjusting two ball valves on a Y-

connector. Cups with the bottom cut out of them are attached to the outlet of the  
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fiberglass tubes to both hold the gas sensors and deflect wind. Pieces of surveyor’s tape 

are draped over the cups as a safety feature to verify the air was flowing.  

 

 
 

Figure 4.5: Close-up of Mechanisms Attached to Membrane Holder  
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Figure 4.6: Complete Apparatus  

 

4.4 Methods  

There were conflicts between the quality of the results and safety of the 

experiment. A dilution ratio between forty and one hundred parts air to biogas had to be 

used to prevent the temperature of the air/biogas mixture’s flash point from dropping 

low enough to explode. Because of the dilution, specialized conditioning circuitry was 

designed and special data processing methods used for high precision measurement of 

the volumetric flows.  

Because hydrogen sulfide is toxic and the apparatus was too large to fit under a 

hood, the experiment had to be performed outdoors and attended constantly. 

Temperature was impossible to control, so thermal drift had to be compensated for in 

very small voltage signals. This was done by subtracting the linear time dependent trend 

in the quiescent flow voltage signal observed before the biogas was pressurized from the 

entire signal including the portion after the biogas was pressurized.  

The measurement system for the apparatus was fully automated. When the 

software driving the apparatus was started, data was continuously recorded. Each gas 
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concentration measurement was recorded once per second. Each flow measurement was 

recorded one hundred times a second and then averaged for that second to eliminate 

noise.  

After the voltages were recorded, post processing was done using spreadsheet 

software. The first filter rejected voltage spikes five standard deviations from the mean 

over a twenty second sliding window. The final filter was an averaging twenty second 

sliding window used to smooth out the curves.  

When the post processing was complete the voltage values from each of the 

sensors were converted into a volumetric flows and concentrations using known 

calibration coefficients.  

The correct operation of the apparatus was verified by calculating the input 

concentration based on the output volumetric flows and concentrations and comparing 

them to known input concentrations. If the input concentration of the biogas matched 

the actual concentration of the simulated biogas the system was considered functional. 

Figure 4.7 is a diagram of all of the different flows and concentrations in this system 

used for computing the input concentration.  

 

Figure 4.7: Diagram Showing Flows Through the Membrane  

Gas Sensor 

Locations 

Flow Sensor Locations 

Flow Sensor Locations 
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The boundary for the mass balance is around both the membrane. One flow 

comes in and two flows go out.  The flow coming in is from the cylinder filled with 

biogas.  The two flows going out go out either through the membrane -- permeate flow -

- or by it (through the pin valve) -- retentate flow.  

Individual gases (such as hydrogen sulfide) in this system are assumed to behave 

as an ideal gas. The mass of the component gases in the system are proportional (using 

the atomic number n) to the number of moles. The number of moles (m) in the gas in the 

system is proportional (k) to concentration (C). From the ideal gas relation the moles of 

gas present can be related to the pressure (p), volume (V), ideal gas constant (R), and 

Temperature (T) as shown in equation 4.11. 

 

(4.11) 

 

When the simulated biogas first encounters the membrane, the membrane 

absorbs the acid gases. When the membrane has been exposed for 2.6 minutes to the 

biogas, it swells, or plasticizes. After the membrane saturates, there is no accumulation.  

Because all gases are assumed ideal and because there is no accumulation, 

equation 4.12 can be written to show that the number of moles (N) of gas that enter the 

system at any given moment of time (t) leave the system through either the permeate 

(perm) stream or the retentate (ret) stream.  

 

(4.12) 
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Using equation 4.12 for bulk flow and setting the concentration terms to unity in 

equation 4.11 equation 4.13 can be derived. This equation reduces to 4.14 to show that 

there is a balance between the flow in and the flow out.  

 

(4.13) 

 

(4.14) 

 

The instantaneous change in volume terms can be converted into flow terms. 

(see equation 4.15)  

 

(4.15) 

 

Equation 4.16 is the general form of the mass balance.  

 

(4.16) 

 

As mentioned earlier, there is no accumulation or mass generation in the system. 

This systems mass balance can be reduced to equation 4.17.  

 

(4.17) 

 

Flow in and flow out can be derived by plugging in values based on the ideal gas 

assumption. (See equations 4.18 and 4.19)  
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(4.18) 

 

 

 

(4.19)  

 

Plugging 4.18 and 4.19 into each other yields equation 4.20 which is used to 

verify the balance of the system.  

 

(4.20)  

 

Variables k, R and T cancel out in equation 4.20 and yields equation 4.21.  

 

(4.21)  

 

Substituting flow for instantaneous change in volume yields equation 4.22.  

 

(4.22) 

 

Substituting equation 4.16 into 4.22 yields the equation 4.23 which can be 

reduced to equation 4.24. Equation 4.24 is used to calculate the input concentrations that 

validate the operation of this device.  
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(4.23) 

 

(4.24) 

 

A different mass balance around the dilution tubes can be used for the 

determination of Qret, Cret, Qperm, and Cperm. These flows in – as shown in figure 4.7 – 

are diluted by atmospheric air (Q1 and Q2) which has no methane or hydrogen sulfide. 

The hydrogen sulfide and methane that leave these tubes is the same that enters these 

tubes from the two biogas flows, hence equations 4.25 and 4.26.  

 

(4.25) 

 

(4.26) 

 

Q3 , C3 , Q4 , and C4 are all quantities measurable by the sensors on the apparatus. 

Qperm and Qret is equal to the difference between the measured volumetric flow at time t0 

when no biogas is flowing and the flow at time t1 when the system pressurized and the 

biogas has reached equilibrium. This shift in equilibrium is expressed in equations 4.27 

and 4.28, which are used to calculate Qperm and Qret.  

 

(4.27) 

 

(4.28)  

 

A variation of equations 4.27 and 4.28 can combined with compensation for the 

thermal drift. At time t0 there is a time dependent slope in the flow signal caused by a 

temperature change of the flow sensors. The flow signal can be corrected at time t1 by 
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 subtracting the time dependent part as well as the time independent part of the 

flow signal. As shown in figure 4.8 the determination of equations 4.27 and 4.28 and the 

removal of thermal drift can be accomplished in a single step by subtracting the linear 

drift from the raw voltage signal from the sensor before it is converted into a volumetric 

flow.  

 
 

Figure 4.8: Thermal Correction Curve Superimposed on the Raw Voltage Curve from 

Flow Sensor  

 

 

 

4.5 Data/Results  

The membrane was tested at a pressure of 2 PSI, which is a low pressure ideal 

for an anaerobic digester. Hydrogen sulfide was observed on the retentate side of the 

membrane 2.6 minutes before being observed on the permeate side when the system was 

first pressurized (while the membrane was saturating).  

The input concentrations calculated from the sensor readings obtained using the 

method in chapter 3.  The equations used were 4.24, 4.25, and 4.26 and the results are 
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shown in figure 4.9.  The input concentration values are close to the known input 

concentrations of 1000 ppm hydrogen sulfide and 60% methane.  

 

 

Figure 4.9: Calculation of the Input Concentrations Based on the Output Concentrations 

over Time 
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Using equations 4.24 through 4.28 a mass balance was solved for. The results of all of 

the variables are given in table 4.3. 

Table 4.3: Results of Final Mass Balance 

    

Variable Value Units Standard 

Deviation 

Measured Values 
 

Q1(0) 8600 cm
3
/sec 68 

Q2(0) 51,000 cm
3
/sec 230 

*Q3 - Q1 96 cm
3
/sec 14 

*Q4 - Q2 990 cm
3
/sec 137 

*CH2S,3 0.48 ppm 0.13 

*CH2S,4 23 ppm 8.6 

*CCH4,3 0.0036 % 0.00018 

*CCH4,4 0.012 % 0.0032 

Calculated Values 
 

CH2S,perm 43 ppm  

CH2S,ret 1184 ppm  

CCH4,perm 32 %  

CCH4,ret 62 %  

Calculated Values for Comparison 

 

QH2S,in 1.08 cm
3
/sec  

QH2S,out 1.18 cm
3
/sec  

QCH4,in 650 cm
3
/sec  

QCH4,out 640 cm
3
/sec  

CH2S,in 1070 ppm  

CCH4,in 58 %  

    

Known Values  

CH2S,in 1000 ppm  

CCH4,in 60 %  

    

*Averaged over 6 minutes, ΔP = 2 PSI, A = 5.1 cm
2
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The measurements for flow, particularly the flow leaving the membrane, were in 

doubt.  The signal for the volumetric flow leaving the membrane was 96 cm
3
/sec with a 

standard deviation close to the signal at 14 cm
3
/sec. These signals may be too much in 

doubt to draw any firm conclusions as of yet based on this data.   

In this device the flow had to be diverted into the holder to prevent biogas from 

collecting behind the membrane. This diversion interfered with the pressure 

measurement. Reducing the amount of diversion necessary should improve the flow 

signal and open up the possibility of using the pressure measurement to directly 

calculate volumetric flow.  The way to make this change in a future version of this 

device would be to bring the tubes as close as possible to the membrane.  

Another improvement to this device would be to include a set of null pressure 

sensors.  These null pressure sensors should be capped so no flow is measured.  The 

voltage signal from the pressure sensors would be subtracted from the voltage signal on 

the null sensors.  This would correct for thermal drift and would possibly eliminate 

some common mode noise that would create an even better flow signal.  

4.6 Conclusion  

A mass balance was completed around a reverse selective membrane system 

with the calculated difference between flows based on known input and measured 

output concentrations coming within 15% of each other.  Though the volumetric flow 

measurements were in doubt, this device was able to determine that using a 20 cm
2
 

polyamide membrane under low pressures suitable for a digester (2 PSI) will increase 

methane concentration in biogas from 60% to 62% but is not effective at removing 

hydrogen sulfide.  The membrane requires more pressure than what is acceptable in an 

anaerobic digester. A blower or compressor may be required to use a membrane.  

Measurements in this experiment could be improved by using a set of null  
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pressure and gas sensors located near the other sensors, but not exposed to the gas 

flows, to generate a quiescent signal for subtracting out thermal drift and common mode 

noise. This experiment could further be improved by planning for a smooth flow around 

the membrane. 

This research is by no means complete, but it is a start into the possibility of a 

small and simple membrane to improve the quality of biogas and a monitoring system to 

verify the membrane is working properly.  
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APPENDIX A  

History of Biogas  

During the early 1600’s, Jan Baptist van Helmont discovered that fermenting 

organic matter produced a flammable gas. Alessandro Volta discovered this gas was 

comprised of mostly methane; and he correlated the amount of methane produced to the 

amount of organic matter fermented. In the late 1800’s Gayon, one of Pasteur’s 

students, discovered animal manure fermented best at 35∘C (95∘F). As the field of 

microbiology developed researchers identified both the anaerobic bacteria involved and 

the best conditions for producing methane by fermentation (Lusk, 1998).  

There is evidence to suggest that biogas was being utilized to heat bath water as 

early as 1000 BC by the Assyrians and later by the Persians. One of the earliest 

digestion plants was built at in Bombay, India in 1859. In 1895 biogas from sewage was 

used to fuel street lamps in Exeter, England (Lusk, 1998).  

Anaerobic digesters became common during the energy crisis brought on by 

World War II. Since then the technology has continued to grow worldwide 

 (Lusk, 1998). The technology has been difficult to adapt in the United States because it 

was developed for small farms and households as opposed to larger farms.  

In the United States one of the earliest anaerobic systems for handling swine 

waste was built in 1972 in Mt. Pleasant, Iowa. It was constructed because of the need to 

control odors that were drifting into a nearby town (Lusk, 1998). Following the 

construction of this digester anaerobic digestion technologies like two stage digestion, 

plug flow reactors, and codigestion were further developed in the United States.  
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APPENDIX B 

Biogas Safety 

Extreme caution is urged when working with biogas. Risks when dealing with 

biogas include explosion, asphyxiation, or hydrogen sulfide poisoning. When dealing 

with raw manure, infection is a concern (Osbern and Crapo, 1981).  

B.1 Explosion  

Biogas diluted between 10% and 30% with air is an explosion hazard. In 2003 

several explosions on Canadian swine farms were thought to have been caused by 

biogas exploding (Choinière, 2004).  

B.2 Asphyxiation  

Asphyxiation from biogas is a concern in an enclosed space where manure is 

stored.  Osbern and Crapo (1981) report one case of a farmer, his son, and a sheriff who 

died from asphyxiation created by swine manure gas in an enclosed space.  
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B.3 Hydrogen Sulfide Poisoning  

Table B.1 shows the possible health effects due to hydrogen sulfide poisoning.  

Table B.1: Health Effects of Hydrogen Sulfide Exposure 

  

Parts per million (ppm) Possible Health Effects 
  

0.01-0.3 Odor is detectable 
  

1-10 

Moderate to strong odor 

Nausea 

Tears 

Headaches 

Sleep loss 
  

10-150 

irritation of the eyes 

irritation of the lungs 
  

150-750 

severe health effects 

death becomes more likely 
  

>750 death may occur in minutes 
  

  

 

B.4 Infection from Swine Wastes  

Salmonellosis, Q fever, Newcastle disease, histoplasmosis, cryptosporidiosis, 

and gardiasis may be transmitted by swine waste (D. P. Chynoweth and Owens, 1998).  
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APPENDIX C  

Extended Explanation for Diagrams  

C.1 The Derivation of the Potential - pH Diagram  

For the diagram given in figure 2.5 the stability region for condensation droplet 

in an ideal biogas - iron system is located around points 1, 2, 3, and 4. Each point in the 

diagram represents a solution with E0 on the y-axis representing the electrical potential 

between an uninsulated iron electrode and a standard hydrogen electrode and the x-axis 

represents the pH of the solution. Hydrogen sulfide primarily affects the pH so points 1 

and 2 are labeled to show a system with no hydrogen sulfide and points 3 and 4 show a 

system with 1000 ppm hydrogen sulfide. The amount of oxygen available in the system 

primarily affects the potential. Points 1 and 4 are in an anoxic environment and points 2 

and three are in a oxygen saturated environment.  

The values for these points are derived from the Nernst equation given in C.2. 

E0
0 is the standard equilibrium potential in volts. n is the number of electrons transferred 

in the half reaction. μ0 is the Gibbs free energy of formation in joules per mole. M is the 

concentration of a species in the reaction in moles. v is the number of moles involved in 

the half reaction with a positive sign indicating a product and negative for a reactant. 

The reaction is the same as equation 2.2.1 using iron as the metal. The derivation for the 

rest of this diagram is adapted from the derivation in Pourbaix’s Atlas of 

Electrochemical Equilibria in Aqueous Solutions(1966).  

 

(C.1) 

 

(C.2) 
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The dotted black lines in the graph show the stability region of water. Between these 

lines water is stable in it liquid form. Above the lines oxygen gas is more stable than water. 

Below these lines hydrogen gas is more stable. The solid black lines are the equilibrium lines 

for iron oxidation given Pourbaix conditions. Pourbaix conditions are the same as standard 

conditions except the concentration of any dissolved substances other than hydrogen and 

oxygen derivatives are arbitrarily selected to be 10-6 M. The solid red lines are equilibrium 

lines for the various forms of iron sulfide given Pourbaix conditions. The kinetics of iron 

corrosion was determined empirically and is given by the green lines in the diagram. The 

kinetics considered are rapid degradation (> 1 mm/year) and slow degradation (< 0.3 

mm/year.) (Pourbaix, 1966)  

C.2 The Volumetric Flow Signal Conditioning Circuit  

A very specialized circuit had to be built to handle the pressure measurement 

with the features listed in table 3.1. The flow measurement needed accuracy in the 

millivolt range so the circuit had to be completely isolated and all electrical noise had to 

be attenuated. A high quality switching power supply was used to regulate the voltage. 

This power supply was separated from the computer power supply to attenuate electrical 

noise that came from the millions of transistor state changes in the processor core that 

occur during software execution. The sensors were further isolated by using a reference 

point supplied by the software through a D-A converter instead of a ground reference. 

This prevented the reference voltage from deflecting when a stray current passed from 

other parts of the circuit through the non-ideal resistance in the wire grounding the 

circuit. (This voltage deflection phenomenon is called a floating ground and is often 

heard as a buzz in a low quality speaker system.) The sensor signal was further 

protected from noise by using a shielded, twisted pair, 22 gage, solid copper wire that 

transported the electrical signal from the sensor to the processor board. This prevented 

cross talk, em noise, and wire resistance from affecting the circuit. To eliminate any 

noise left over, 100 samples were taken and averaged over ten milliseconds to filter out 
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 high frequency noise. The noise output from this circuit is shown in figure 3.6 similar 

to the way it would appear in an oscilloscope. The normally 20 mV thermal noise was in 

the circuit was attenuated to less than 1 mV.  
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APPENDIX D 

 Software 

/******************************************************   

Membrane_Filtration_of_Biogas_Testing_Software.c   

  This software designed to record data from a   

  gas-gas membrane separation  apparatus.   

  The processor is a rabbit 2000 on a Wildcat BL2000   

  motherboard manufactured by z-world. The architecture is   

  the same as an 8086 based processor.   

  This software is programmed in Dynamic C++ and uses   

  ANSI C style programming.   

  Three pairs of sensors are tied to the A/D board.  

  One of these is a differential pressure sensor, 

  one senses the concentration  of hydrogen sulfide,  

  and the other senses the concentration of methane.   

  The pressure sensor is a Setra Model 264.  It works by   

converting the deflection of a stainless steel membrane to a   

voltage. The effective range of the sensor is 0-1" of water.   

It is powered by 12V and its output is 0-12V.   

   A citi-tech 4HS/LM sensor head is used for sensing the H2S.   

 The 4HS head is a three terminal sensor attached to a   

 potentiostat circuit. The three terminals are attached to a   

 sensing, counter, and reference electrode. The potentiostat   

drives the voltage difference between the reference and   

counter electrode to 0V.  To do this potentiostat must draw   

current from the counter to the sensing electrode. The amount 

of current it draws is proportional to the concentration of  

H2S. A three stage amplifier with an input impedance of   

10 Ohm is place between the sensing and counter electrodes.   

 An MQ-5 sensor put out by Hanwei is used to detect methane.   

The sensor is a tin oxide based sensor that varies in  

Resistance as the partial pressure of methane increases.  

The circuit is a voltage divider using a 5V source.  

The load resistance is 470 Ohm.   

Copyright 2008 Jerry Martin   

North Carolina State University   

Biological and Agriculture Engineering Dept.   

******************************************************/   
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// CONSTANTS   

   // time between samples (milliseconds)   

#define SAMPLE_TIME 500   

   //calibration constants   

#define PRESSURE_SENSOR_CIRCUIT_GAIN 11.6   

#define VOLTAGE_TO_FLOW_CONVERSION_X 147.4   

#define VOLTAGE_TO_FLOW_CONVERSION_Y 78.85   

//A/D channel that matches each sensor   

#define H2S_PERMEATE 2   

#define H2S_RETENTATE 3   

#define CH4_PERMEATE 7   

#define CH4_RETENTATE 4   

#define PRESSURE_PERMEATE 0   

#define PRESSURE_RETENTATE 1   

// boolean values   

#define YES 1   

#define NO  0   

// FUNCTION PROTOTYPES   

   // prints time   

void Print_Time();   

   // reads sensor and returns data   

float Read_Sensor(int sensor);   

   //samples the flow sensor   

void Sample_Flow_Sensor(int adchannel);   

   //samples the gas sensor   

float Sample_Gas_Sensor(int adchannel);   

void main()   

{   

   // variable declarations   

   unsigned long  t0 , t1;    // seconds initial, current   

   float seconds, time_increment;   

    

// initializations   

   brdInit();    //initialize board   

   t0  =  MS_TIMER;    // zero counter   

   time_increment = SAMPLE_TIME / 1000;  

                  // calculate sample time in seconds   

   //print labels   

   Print_Time();   

   printf("time, H2SP, H2S R, CH4P, CH4R, FlowP, Flow R\n");   

// main program loop   

   while (1)   

   {   
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    costate{}   

      costate   

      {   

         //time samples   

 seconds += 1;    //increment second counter   

         waitfor( IntervalMs(SAMPLE_TIME) );   

           // wait for sample time   

 

         // Display the results from the gas sensor  

         //measurements   

     Print_Time(); //print time of measurement   

         printf( ",%f," , Read_Sensor( H2S_PERMEATE ) );   

         printf( "%f,"  , Read_Sensor( H2S_RETENTATE ) );   

         printf( "%f,"  , Read_Sensor( CH4_PERMEATE ) );   

     printf( "%f,"  , Read_Sensor( CH4_RETENTATE ) );   

     // Read_Sensor(PRESSURE_PERMEATE);   

     Read_Sensor(PRESSURE_RETENTATE);   

     printf("\n");   

      }    //end of costate   

   }    // end while()   

}    // end  main()   

void Print_Time()   

{   

   /* This function prints time */   

   unsigned 

long  the_time;    // time variable (seconds since 1980)   

   struct  tm  thetm;     // struct for time   

   the_time  =  read_rtc();     //Read the real time clock   

   //converts the_time to seconds and fills the time structure   

   mktm( &thetm, the_time);   

   // prints the time   

printf("%02d/%02d/%04d %02d:%02d:%02d",   

         thetm.tm_mon, thetm.tm_mday, 1900+thetm.tm_year,   

         thetm.tm_hour, thetm.tm_min, thetm.tm_sec);   

}   

float Read_Sensor( int sensor )   

{   

   if( sensor == CH4_RETENTATE or sensor == CH4_PERMEATE )   

   {   

         return Sample_Flow_Sensor( sensor );   

   }else   

   {   

         return Sample_Gas_Sensor( sensor );   
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   }   

}   

void Sample_Flow_Sensor( int adchannel )   

{   

   // variable declarations   

   auto int timeout_iteration,  i;   

   auto float output_voltage,  reference_voltage;   

   auto float voltage_step_size;   

   //  initializations   

   reference_voltage = 5; //    start reference at 5V   

   voltage_step_size = 0.25; // start volt step size at 0.25V   

   timeout_iteration = 0; // start at 0th iteration   

   // begin loop to lock in the reference voltage at   

   // a value just below the output voltage   

   // timeout at 100 iterations (in case of severe noise)   

   while ( timeout_iteration < 100 )   

   {   

      // set reference voltage   

      anaOutVolts( adchannel , reference_voltage );   

      // get average of 5 output volt smpls from the pressure 

      // circuit   

      output_voltage = 0;   

      for( i = 0 ; i < 5 ; i++ )   

         {output_voltage += anaInVolts( channel );}   

      output_voltage = output_voltage / 5;   

      // if the output drops to 3.5 V during the sample time   

      // (if the output voltage is less than the 

      // reference voltage)   

      if ( output_voltage  <  3.5 )   

      {   

         // step the reference voltage down   

         reference_voltage -= voltage_step_size;   

         // if reference voltage  is negative something  

         //went wrong, break loop 

          if (reference_voltage < 0)   

            {timeout_iteration = 101;}   

      }else   

      {   

        // increment voltage up   

        reference_voltage += voltage_step_size;   

         

        // half the voltage step size   

        voltage_step_size = voltage_step_size / 2;   
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        //timeout if voltage increment becomes small   

        if (voltage_step_size < 0.001)   

            {timeout_iteration = 101;}   

      }   

      // increment timeout_iteration   

      timeout_iteration += 1;   

   }   

   //zero statistics variables   

   output_voltage_average = 0;   

   voltvar = 0;   

   output_voltage_sum = 0;    

//sample output voltage 100 times and average     

for( i = 0 ; i < 100 ; i++ )   

   {   

   //may need to take break out of the following line   

      output_voltage += (anaInVolts( adchannel )   

                         /  PRESSURE_SENSOR_CIRCUIT_GAIN);   

   } 

   output_voltage = ( output_voltage  /  100 );   

   printf( "%f ft^3/min" ,   

     ( reference_voltage + output_voltage ) _ 

* VOLTAGE_TO_FLOW_CONVERSION_X  + _ 

VOLTAGE_TO_FLOW_CONVERSION_Y );   

} 

float Sample_Gas_Sensor(int adchannel)   

{   

  // variable declarations   

  int i; float sensor_output;   

  // variable initializations   

  sensor_output = 0;   

  // insert small delay to improve accuracy   

  for( i=0; i<50 ; i++ ){}   

  //  average 50 samples of gas flow data   

  for(i=0;i<50;i++)   

  {   

     sensor_output += anaInVolts(adchannel);   

  }   

  sensor_output = sensor_output / 50;   

  return sensor_output; }  
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APPENDIX E 

Another Membrane Configuration? 

Much of what was reported in this thesis was discovered through trial and error. 

In the trial before the experiment reported in the final chapter, it was discovered that the 

apparatus leaked hydrogen sulfide, but not methane.  

The gas was first pressurized at 5 PSI with the retentate valve three eights of a 

turn open. At regularly spaced intervals the valve was turned. This choked the flow and 

forced the gas across the membrane. 

 The calculated input concentration of the methane equaled the true input 

concentration of the methane in the biogas when the gas was allowed to run freely past 

the membrane. This was verified in a duplicate run of the experiment.  

When most of the flow passed by the membrane, the estimated input 

concentration of the biogas came out close to the known concentration. When the flow 

was forced across the membrane the results were unexpected. The balance on the 

methane stayed normal, yet some of the hydrogen sulfide was lost.  

It is known that polymeric membranes absorb hydrogen sulfide. In this case the 

gas may have absorbed into the surface of the membrane, and desorbed out every 

surface of the membrane, including the surface of the membrane left hanging out of the 

apparatus. Further evidence to support this conclusion were the occurrence of slight 

deformations under the gaskets along the entire face of the membrane. It was also 

observed that the entire membrane bound itself to the gasket after the gas desorbed, but 

could be unbound by exposing it to the gas again.  
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Figure E.1: Membrane Hanging Out Side of Holder  

 

The loss of hydrogen sulfide through the sides of the apparatus was accidental in 

nature, however, this may be a different way to use a reverse selective membrane. In the 

first step of selective diffusion, the membrane absorbs hydrogen sulfide. Since the 

membrane absorbs across the entire face, it can also desorb across the entire face, 

including the parts of the face that are external to the apparatus. Methane does not 

absorb; it must diffuse across the membrane. It has a very long route if it were to diffuse 

through the sides of the holder, so it must go through the membrane. The porous support 

structure in the membrane has the pores oriented with the flow, so the gas cannot pass 

through it sideways. By setting up the membrane with the sides hanging out, the area 

term in the permeability equation is increased drastically for hydrogen sulfide, but not 

for methane.  
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The area of the membrane outside of the holder was estimated at 38 cm
2
 (6 in

2
.)  

The area available for desorbtion is twice this because hydrogen sulfide can desorb out 

of either side of the membrane. Theoretically the hydrogen sulfide lost in this manner 

would be in a twelve parts lost to one part kept ratio. When the valve was fully closed 

the hydrogen sulfide was lost close to a nine parts lost to one part kept ratio.  

Taking advantage of this, a reverse selective membrane could be engineered into 

a low pressure forward selective membrane by hanging the sides out of such a holder 

and allowing the soluble gases to desorb outside of any pipes holding biogas. The waste 

flow would contain little methane and could be captured and removed. This 

configuration would be ideal for a biogas system because very little of the methane 

would be lost.  

This apparatus in this experiment was not designed to measure flow leaking 

from the side of the membrane. Whether or not a sideways configured membrane really 

works needs to be verified experimentally with a different apparatus.  
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APPENDIX F 

Verification of Maximum Velocity Measurement 

A modified setup was used to verify the measurement of maximum flow velocity. In 

this setup a five foot long , one inch diameter pipe was fastened to the end of the one of 

the tubes.  A two port, six inch, W E Anderson (Dwyer Instruments Inc.)  pitot-static 

(prandtl) tube purchased from Cole-Palmer was placed in the center of the flow and 

pointed upstream.  An Alnor model 560 meter was used to measure the dynamic 

pressure.  To verify the prandtl tube was in the middle of flow, the height of the tube 

was adjusted until the pressure signal was maximized. 

 

 

Figure F.1 The Setup Used to Verify the Flow Measurement 

 

  The pressure was converted into a velocity according to the instructions included 

with the pitot-static tube (see Dwyer Instruments Inc. Bulletin no. H-11, 1992).  This 

velocity was graphed in figure F.2 along with measurements from the Sierra 610 

velocity meter used in the experiment and against the voltage from the pressure sensors.  

The two maximum velocity measurements were in agreement. 

Pitot-Static 

Tube 

Pressure Measurement 

Extension of 

Apparatus 
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Figure F.2:  Comparing the Velocity Measurement in the Experiment to a Second 

Velocity Measurement Technique 

 

 As another check the Reynolds number was calculated. The maximum velocity 

measured was converted into and effective (mean) velocity by dividing it in half.   To 

calculate the Reynolds number the effective flow was multiplied by the characteristic 

length (the diameter of the pipe, L) and divided by the kinematic viscosity of air (ν) as 

shown in equation F.1. The results were graphed in figure F.3. 
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Figure F.3:  Figure Showing the Transition from Laminar to Transitional to Turbulent 

Flow   
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