Microbial Production of Hydrogen from Sugar-rich Wastewater:

Design and Operating Principles for Bioreactors Based on pilot-scale experience

H. R. Diz

1. Introduction

There can be little doubt that we face an energy crisis as we reach the end of the fossil fuel era.  Whether it comes in twenty years or fifty, there will be an end to affordable petroleum as a vehicular fuel.  One of many possibilities being explored today is the use of hydrogen for use in fuel cells or for combustion.  New methods of hydrogen generation must be developed.  One method may be the use of microorganisms to convert waste organic matter into hydrogen gas.  There are many sources of waste organic matter that could serve as a substrate for this microbial process.  They include agricultural residues, food-processing wastewaters and other organic wastes such as sewage and manures.  

2. Biohydrogen Production

Microbiologists have known for many years of organisms that generate hydrogen as a metabolic by-product in strict anaerobic conditions.  Two reviews of this body of knowledge are Kosaric and Lyng [1] and Nandi and Sengupta [2].  Among the various organisms mentioned, the heterotrophic facultative anaerobes are of interest in this study, particularly those in the group known as the enteric bacteria.  Within this group are the mixed-acid fermenters, whose most well known member is Escherichia coli. Hydrogen production is strictly an anaerobic process and will not proceed unless the oxidation-reduction potential (ORP) of the bulk solution is below about -200 mV (the actual ORP required for the couple 2H+ ( H2 is -413 mV). While fermenting glucose, these bacteria split the glucose molecule forming two moles of pyruvate (equation 1); an acetyl group is stripped from each pyruvate fragment leaving formic acid (equation 2), which is then cleaved into equal amounts of carbon dioxide and hydrogen as shown in simplified form below (equation 3).



Glucose   →
2 Pyruvate



(1)

 

2 Pyruvate  →  2 Acetic acid + 2 HCOOH

(2)

2 HCOOH   (  2 H2  +  2 CO2


(3)

 Thus, one mole of glucose produces two moles of hydrogen gas.  Also produced during the process are acetic and butyric acids, and minor amounts of propanoic acid and ethanol.  Other enteric bacteria (the 2, 3 butanediol fermenters) use a different enzyme pathway which causes additional CO2 generation resulting in a 6:1 ratio of carbon dioxide to hydrogen production [3], while non-enteric bacteria such as various Clostridium species use yet other mechanisms that theoretically produce 4 moles H2 per mole of hexose depending on the organic acid produced.  In any case, the practical production of hydrogen appears to be about 2 moles of H2 per mole of hexose.

The theoretical oxygen demand of glucose in the feed solution and that of the acetic acid produced (assuming that the organic acid(s) produced is entirely acetic acid) is given by equations (4) and (5) respectively, suggesting a reduction in oxygen demand of 33%.  Theoretical oxygen demand is often measured by means of the chemical oxygen demand (COD) test.


Glucose  +  6 O2   →   6 CO2 +  6 H2O


(4)


2 Acetic acid  +  4 O2   →   4 CO2 +  4 H2O


(5)

The energy content of the acetic and other organic acids produced by hydrogen fermentation may still be available for capture in a useful fuel.  There exist photosynthetic bacteria that are capable of producing hydrogen when supplied a feedstock of organic acids.  Also, certain methanogens can use acetate as a feedstock for methane production [3].

3. Biohydrogen Production Challenges and Goals

The primary obstacle to sustained production of useful quantities of hydrogen gas by these microbes has been the eventual stoppage of hydrogen production, frequently coinciding with the appearance of methane in the biogas.  This occurs when non-gas producing microbes and/or methanogenic bacteria invade the reactor environment.  

The goal of system design for large-scale sustained hydrogen production is to use reactor configurations and operational factors that discourage the growth of undesirable organisms indefinitely while encouraging the growth of hydrogen-producing microbes.  Important metabolic differences exist among various groups of microbes, and these may be exploited.  Each of the major categories of organisms will be discussed.

Methanogens:  Most methanogenic organisms (which are exclusively members of the kingdom Archea) consume hydrogen or acetate and use it to reduce CO2 to methane [3]. Thus, they are the most undesirable organisms in a hydrogen-producing bioreactor.  Some methanogens can grow on acetate and other organic molecules, but these are typically in less abundance.  Methanogens are strict anaerobes while the enteric bacteria are facultative and grow well aerobically.  Thus, an occasional exposure to oxygen will retard the growth of methanogens.  More importantly, methanogens are not tolerant of low pH conditions while some enteric bacteria tolerate acidic conditions well.  It is well known among anaerobic digester designers and operators that pH must be controlled above pH 6.5 in order to maintain methane production.

Fungi including yeast:  Most filamentous fungi are aerobes, and thus are not an issue in the anaerobic environment necessary for hydrogen production.  Yeast are facultative organisms and are the primary agent used in the production of alcohol during wine and beer production.  These organisms function best at low temperatures, namely below about 29º C [3].  During ethanol production, CO2 is the only gas produced.  Thus, they can be viewed as competitors for substrate and space.   High temperature and anti-fungal compounds may therefore be used to control the growth of fungal organisms.

Non-hydrogen producing anaerobic bacteria:  There are many other anaerobic bacteria, some strict anaerobes and some facultative anaerobes, which produce no gas at all in the course of their metabolism, or produce CO2 and/or other non-fuel gases.  All of these are competitors for substrate and space, and their presence would lower the productivity of a hydrogen bioreactor system.  Their growth must be discouraged.

Preferred hydrogen-producing microbial characteristics:  It must be kept in mind that these systems are most likely to be “open” systems, i.e., that the bioreactor cannot be maintained in a perfectly isolated state with a pure monoculture and still operate with wastes as feedstocks, consume a minimal amount of energy to operate, and function as a continuous-flow system.  With this in mind, and in light of the factors described above for the major categories of undesirable organisms, the following microbial characteristics are considered desirable for the optimal functioning of a dark (non-photosynthetic) fermentation hydrogen bioreactor.  

a. Facultative anaerobe – these organisms will be fast-growing in the presence of oxygen, and will be able to remove oxygen from the influent flow, thus contributing to a low redox potential; also, they will not be harmed by exposure to air during transfers of inoculum, and occasional opening of the normally enclosed bioreactor when maintenance of the system is required.

b. Mixed-acid fermenters – these organisms produce a higher percentage of hydrogen to carbon dioxide, i.e., 50%, compared to other metabolic categories such as the 2, 3 butanediol fermenters.  The clostridial species are know to produce a higher yield of hydrogen per glucose molecule, but they are generally strict anaerobes.

c. Acidophilic – in order to prevent the growth of methanogens, the reactor must be operated in the pH range of 4.0 to 4.5.  Our preferred organisms would not only be able to survive in this pH range, but should have optimal growth in this range.

d. Mesophilic – in order to prevent the growth of yeast and other fungi, the bioreactor should operate in the temperature range of 40º to 45º C.  This is slightly higher than the body temperature of most warm-blooded animals, and so enteric bacteria, most of which have evolved to live in the intestines of mammals and birds, have optimal growth temperatures in or near this range.

e. Anti-biotic resistance – it is possible that non-hydrogen producing anaerobes can be controlled by the continuous or intermittent introduction into the bioreactor of an inexpensive broad-spectrum anti-biotic to which our preferred organism is resistant.  Anti-biotic resistance is common among hydrogen-producing enteric bacteria and many strains are available for selective culturing.  This factor was not investigated in the current study.

f. Photosynthetic bacteria – a promising category of hydrogen producing organisms are the purple non-sulfur bacteria.  In the presence of light and when supplied with organic acids, these organisms produce hydrogen and carbon dioxide [4].  It appears that the nitrogen-fixing nitrogenase enzymes produced by the organisms are able to act as hydrogenases, converting hydrogen ions to hydrogen atoms.  These bacteria could thus be utilized in a second stage reactor to capture energy stored in organic acids produced during dark fermentation of many types of feedstock.

4. Hydrogen Fermenter (First Stage) Design Recommendations

The following design and operational factors will contribute to a more efficient system when using dark hydrogen fermentation.

a. Hydraulic residence time (HRT) and estimation of reactor volume – the selection of a reactor volume will be a function of the influent flow rate and the HRT to achieve a substrate concentration (COD) decrease of 33% reflecting the conversion of sugars to organic acids.  The determination of the reactor volume for this process would be the same as that used routinely by environmental engineers designing any biological treatment system.  A simple feed stock such as fruit juice bottling wastewater containing simple sugars may require an HRT of as little as 4 to 6 hrs based on our own lab studies (data not reported here).

b. Factors controlling gas production rate – the gas production rate will be a function of the mass loading rate of biodegradable organic matter in the influent feedstock, and its characteristics.  A feedstock consisting of simple sugars will yield about 2 moles of hydrogen per mole of sugar consumed, which is equivalent to 1 kg of hydrogen per 45 kg of sugar.  More complex feedstocks would have unique conversion efficiencies as a function of the success of pretreatment to release simpler biodegradable substrates suitable for consumption by hydrogen-producing organisms. 

c. Retention of biomass – since most anaerobic bacteria do not settle well, retention of biomass in the bioreactor will depend on the development of a biofilm on the interior surfaces of the reactor.  In order to maximize the interior surface area for biofilm development, a packed-bed reactor design should be employed.  The most convenient packing media may be various plastic objects such as those used in biological towers or mass-transfer scrubbing reactors.  The selection of packing media must balance the trade-off between maximizing surface area while minimizing hydraulic resistance (head loss) for both the flow of water and gas.  Media should be selected that does not have small interior spaces within which gas bubbles could develop and become entrapped.  The media will most preferably have a specific gravity of about 1.0 so that it neither requires a restraining structure to keep it submerged, nor does it unnecessarily add to the weight of the bioreactor creating excessive foundation and other structural requirements.

d. Upflow recirculation of bioreactor contents – a recirculation system should withdraw liquid from the upper zone of the bioreactor and inject it against the bottom of the reactor, at a rate such that unattached particles are kept in suspension.  This will provide for good mixing, bringing influent rich in nutrients in contact with actively growing bacteria, thus preventing diffusion-limited conditions from developing in the bottom of the reactor where organic particles may otherwise accumulate.  The upward flow will aid the rise of gas bubbles, sweeping them toward the headspace of the reactor where they will be removed from the system (see the section below on headspace and gas handling).  The mixing of the reactor will also help in maintaining uniform temperature and pH.

e. pH control – a pH control system must be employed to prevent the pH of the reactor contents from drifting too low as organic acids are produced.  Our lab studies have shown that optimal hydrogen production will occur at a pH of around 5.0, but that the pH should be maintained in the 4.0 to 4.5 range and will drift lower over time if not maintained by the addition of a caustic such as sodium or potassium hydroxide.  

f. Temperature control – in order to optimize growth conditions for the preferred organisms and discourage the growth of yeast, the reactor contents should be maintained within a temperature range of 40º to 45º C, depending on the organism(s) selected for culturing.  Control may be maintained either through an internal heating coil or a heat blanket, depending on the size and configuration of the tank being used as the bioreactor.  Automated control is desirable since even a small deviation in temperature can lead to upset.

g. Prevention of air entering bioreactor – as with most continuous flow systems, the effluent flow rate must exactly match the influent flow rate.  This is most conveniently accomplished by a gravity overflow configuration (but could be controlled via two pumps, one for influent and one for effluent with a liquid-level control cut-off switch).  To prevent air from entering the headspace, the overflow must incorporate either a stand-pipe with a water trap or some other backflow prevention device.  Additionally, the headspace of the bioreactor must be gas-tight.  If these conditions are met, the ORP of the liquid will decrease to below -200 mV, which is necessary for H2 production.  ORP should be measured to monitor this condition.

h. Headspace – there must be adequate headspace provided within the bioreactor to allow the liquid level to rise and fall with the production and removal of gas under slight negative pressure.  The effluent overflow stand-pipe mentioned above must be designed with this fluctuation in mind.  It is desirable that a slight negative pressure be maintained within the bioreactor.  This slight vacuum will essentially degas the liquid, enhancing the extraction of both CO2 and H2 from the water.  Since the conversion of formic acid to H2 and CO2 is reversible, the continuous removal of the products of the reaction will help to shift the reaction in a favorable direction, making it easier for the bacteria to carry on their metabolism.  (This is a supposition that has not been confirmed experimentally.)

i. Gas handling and storage – a method for withdrawing gas from the headspace of the reactor must be provided which includes a pump and vacuum switch with an appropriate deadband so that the pump does not flutter on and off around the set point.  The capacity of the pump should be commensurate with the anticipated gas production rate.  The gas handling system should include a gas flow meter to measure total biogas flow (including CO2), and if the gas is to be purified (scrubbed), another gas flow meter should be installed after scrubbing to measure the flow rate of the essentially pure hydrogen.  For a small system, the gas scrubber could consist of a tank of sodium or potassium hydroxide through which the gas is bubbled.  Such a scrubbing tank would effectively remove both CO2 and hydrogen sulfide (H2S) so long as the pH remained high (above about 10) since CO2 would be converted to soluble carbonate and H2S would become the soluble sulfide ion (HS- or S=).  For larger flow rates, a more sophisticated scrubber or separation device would be necessary, such as a pressure swing or vacuum swing absorption unit.  Final storage or disposition of the gas would be dependent on the site-specific intentions and the volume of production.  Small volumes could be pumped into either low- or high-pressure tanks, introduced into metal hydride storage devices, or, perhaps one day in the future, pumped into a hydrogen gas pipeline system.  

j. Safety considerations – hydrogen is a flammable gas and must be respected.  However, it ignites less readily and disperses more quickly than does gasoline, and thus is less dangerous than gasoline in many ways.  Hydrogen gas is very light, and will rise and dissipate rapidly.  The lower explosive limit (LEL) for hydrogen is 4%, but studies on hydrogen safety indicated that it is difficult to ignite hydrogen by means of electrical switches and motors [5].  Additional safety measures would include the use of sealed motor pumps and/or low voltage devices that would not be potential ignition sources.  All gas connections should be leak proof and pressure checked.  If the system is enclosed an interior space, a hydrogen sensor should be installed to activate an alarm and a ventilation system.  The ventilation system should be mounted on the outside of the building and would force air through the building and out the roof vents.  

5. Pilot-scale study

Following a series of lab-scale studies (reported elsewhere), in the Spring, 2006, a pilot-scale system was designed and constructed at the Welch’s grape juice bottling facility in northwestern Pennsylvania, and used sugar-rich wastewater from the bottling operations as a feedstock for the microbial process.  The goal of the pilot plant project was to determine if the design and operational factors described above would be effective in maintaining a hydrogen-producing culture when exposed to the uncontrollable variability of real-world industrial conditions.

The bioreactor held approximately 1,000 L (250 gal) of liquid and was packed with 1” Flex-i-rings( (Koch-Glitsch) to provide surface area for biofilm development.  Figure 1 presents a schematic diagram that incorporates most of the features described above.  

The Welch’s bottling plant produces about 400,000 gallons of wastewater per day.  The wastewater typically had a COD of 3,000 to 4,000 mg/L, but was highly variable from time to time.  The water is the result of flushing of lines and cleaning operations, and was not always suitable for introduction to the system as a feedstock.  It was observed that the pH in a pit where several wastewater lines came together varied from about 4.0 to 12.0 (Figure 2).  It was decided that pH could be used as an indication of the suitability of the water.  A pH controller was installed to activate the influent pump so that only water with a pH below 7.0 was pumped into the system.  The pumping rate, when activated, was about 2 L min-1 (~ 0.5 gpm).  Therefore, the COD varied considerably from time to time as did the pumping duration.  Additionally, the wastewater contained sediment and debris, but did not contain sanitary waste.  As a result, the intake strainer frequently became clogged, interrupting flow.  Also, the plant was occasionally shut down for extended periods for holidays.  Consequently, the hydraulic residence time varied continuously, and no attempt was made to quantify the conversion efficiency of substrate to products.

The system was inoculated with a culture taken from lab bioreactors in mid-May, and loaded with wastewater spiked with Concord grape juice.  The reactor was operated in batch mode for about two weeks until gas production commenced.  Gas samples were collected frequently and analyzed for the presence of carbon dioxide, hydrogen, and methane.  The gas had no odor of sulfide or ammonia.  Carbon dioxide was measured by the change in volume of the sample before and after scrubbing with sodium hydroxide.  Hydrogen and methane were quantified by gas chromatography using a thermal conductivity detector followed in-line by a flame ionization detector (FID), which is very sensitive to methane but cannot detect hydrogen.  It was observed that the carbon dioxide fraction was typically 
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Figure 1.  Schematic diagram of single stage bioreactor system utilizing dark fermentation for hydrogen production from sugar-rich wastewater.


[image: image2]Figure 2.  An example time series of the pH variability of the Welch’s wastewater. 

around 50%.  No methane was detected during the first several weeks of operation (Figure 3).  The system was shut down for reconfiguration in July, and when restarted, methane quickly became a major constituent of the biogas.  Over the course of about six weeks, the methane fraction peaked and then slowly decreased to trace levels, but was never below the FID detection level (about 100 ppm).  
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Figure 3.  Relative proportions of methane and hydrogen in bioreactor gas after removal of carbon dioxide over a six month period.

Methane reappeared on other occasions when equipment malfunctions or plant shut-downs led to interruption of flow for extended periods.

It was also observed that gas production was related to oxidation-reduction potential (ORP).  The influent flow contained dissolved oxygen and possibly other oxidants.  So long as the ORP of the bioreactor liquid contents was below about -200 mV, gas production was seen to occur, as illustrated in Figure 4.


[image: image4]
Figure 4.  Biogas production as a function of ORP. Arrows indicate the appropriate axis for each of the two data series.

Note that the rate of gas flow indicated in the figure was a function of the setting of the gas pump, and not directly indicative of the microbial gas production rate.  The gas pump was activated when headspace pressure reached the set point of the pressure switch.  Once activated, the pump drew down the headspace pressure until reaching the setting limit which then cycled the pump off until pressure increased again.

6. Second Stage Processing

Two alternatives exist for a second stage processing of the effluent from the first-stage hydrogen fermenter.  They are methane production and hydrogen production by photosynthetic purple bacteria.  The former is a more established technology and would convert organic acids in the effluent to methane.  The later, i.e., the use of purple non-sulfur bacteria has been the subject of much academic study and is described in great detail by Akkerman et al [4].  This project did not attempt to evaluate the practicality of the use of purple non-sulfur bacteria at the pilot-scale.

7. Conclusions

It was concluded that the design and operational factors were successful in controlling the microbial culture in the pilot plant within acceptable limits.  Although methane did appear in the biogas, it did not persist, and was in each case eventually replaced with hydrogen.  It was also concluded that the variability and relatively low concentration of sugars in the Welch’s wastewater made that site unlikely to be acceptable for a full-scale version of the experimental system.  An acceptable wastewater feedstock would preferably be of more consistent nature and have a higher concentration of carbohydrates, i.e., on the order of tens of thousands of mg/L COD.

While microbiologists have known for many decades that many microorganisms produce hydrogen gas, most of the recent work has been done under controlled conditions in laboratories.  We must now move to a larger scale of application in which pure cultures and autoclaved growth media will not be practical.  Both the cost of production and the energy investment must be minimized if we are to find manufacturing technologies that are economically feasible to provide low-cost alternatives to present day fossil-fuels.  Hopefully, this work is a small step in that direction.
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