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Abstract 

Methane-utilizing bacteria, methanotrophs, have application as biocatalysts in the com- 
modity chemical production, waste treatment and environmental remediation industries. 
Methanotrophs have the ability to oxidize many chemical compounds into more desired 
products, such as the production of propylene oxide. Methanotrophs can also degrade 
toxic compounds such as trichloroethylene. However, there are many physical, chemical 
and biological problems associated with the continuous oxidation of chemicals. These in- 
clude, low mass transfer of methane, oxygen and propylene; toxicity of substrates and 
degradation products, and competition between the growth substrate, i.e., methane and 
chemical feed stock, e.g., propylene for the biocatalyst. To supervise methanotrophic bio- 
processes, an intelligent control system must accommodate any biological limitations, e.g., 
toxicity, and mitigate the impact of the physical and chemical limitations, e.g., mass trans- 
fer of methane and the solubility of propylene. The intelligent control system must have the 
capability to assess the current conditions and metabolic state of the bacteria; recognize 
and diagnose instrument faults; and select and maintain sets of parameters that will result 
in high production and growth. 

1 INTRODUCTION 
Methanotrophs are microorganisms that derive the carbon and energy required for growth from 
the metabolism of methane [6], [8], [ll], 1191. The ability to oxidize and grow on methane is due 
to methane monooxygenase (MMO), a large multicomponent enzyme [17]. The broad substrate 
specificity of MMO allows the use of methanotrophs for such diverse applications as commod- 
ity chemical production, waste treatment and environmental remediation. Potential uses for 
methanotrophs in the commodity chemical industry include the production of methanol, alkene 
epoxides [21] such as propylene oxide and polyhydroxybutyrate (PHB) [14], [13]. Propylene 
oxide is used in the preparation of polyethers (used to form polyurethanes) or propylene- 
and dipropylene glycols [20]. PHB, a storage polymer synthesized by methanotrophs under 
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Figure 1. Methanotroph (OB3b) Substrate Competition. 

conditions of nitrogen limitation, can be applied to the production of biodegradable plastics 

The cultivation of methanotrophs in a continuous stirred tank reactor for commodity chem- 
ical production presents a number of interesting control challenges. The main challenge is due 
to the fact that microbial activity cannot be controlled directly. Microbial activity can be 
influenced by manipulating and controlling the physical and chemical environment of the mi- 
croorganism. In a continuous process of methanotrophic bioconversion, the process must be 
supervised in such a manner as to allow the gowth of bacteria and regeneration of catalyst 
(MMO) and electron donor (NADH$),all the, while meeting process goals of modified chem- 
icals. There are physical as well as physiological limits to any bioprocess, only some of which 
can be mitigated or improved upon by closely coupled control systems. 

[51. 

2 CONTROL ISSUES 
2.1 Providing Methane, Oxygen, Nitrogen and Carbon Dioxide 

Because growth on methane requires introduction of a gaseous carbon substrate, bacterial 
growth may be limited by the rate at which methane is transferred from the gas phase into 
the liquid culture medium. Intelligent control will allow close integration of the growth and 
catalysis requirements of the process with the addition of methane to the system. Continuous 
control of methane introduction and mixing speed will allow these to be varied in order to 
sustain maximum transfer efficiency for methane regardless of feed rates, temperature, and 
amount of biomass. Minimizing methane in the gas outlet while still introducing it into the 
liquid medium implies that methane concentrations within the bioreactor fluid will be at or 
near growth-limiting concentrations. 

In addition to methane, oxygen is required as an electron acceptor for the energy yielding 
reactions of aerobic respiration and for the oxidation of methane to methanol by MM0[12], see 
Figure 1. Oxygen can be supplied as a component of air or as a separate controllable gas stream. 
There exists an optimal balance. Too low a dissolved 0 2  level will result in decreased growth 
and chemical oxidation rates. Too high an 0 2  level which results from continuous sparging 
with pure 0 2  can result in dissolved 0 2  concentrations that are toxic. Using intelligent control, 
the 0 2  supply can achieve this balanced within the requirements of the process. 

Methanotrophic bacteria have an apparent requirement for C02 [18] that may or may not 
be satisfied by atmospheric COa, in the early stages of growth, or COa produced by carbon 
metabolism [21]. It has been shown that, supplementing batch cultures with C02 supplied as 
a gas or bicarbonate during the lag phase significantly shortens this phase of growth[21]. 
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2.2 Substrate Competition/MMO Substrate Specificity 

The oxidation of the broad range of compounds by methanotrophs occurs by co-metabolism. 
That is, these compounds are oxidized by the fortuitous action of M M O  and do not support 
the cell’s carbon or energy requirements. When cultivated on methane, there is competition 
between methane and the material being oxidized, i.e., propylene, for the active site of MMO. 
To sustain a continuous treatment process, the microorganisms’ carbon and energy require- 
ments must be continually met, but excess growth substrate cannot interfere with the reaction 
of interest. Overall, the requirements or productivity standards for an economic bioprocess 
must be balanced with the growth requirements of the microorganism. With this in mind, we 
propose a balanced cost function which mathmatically state the competition: 

p = f Pbiomass 

where, 

Pbi07Ras3 

Pmethane 

f 
Optical Density 

methane 

2.3 

The activity of MMO requires an electron donor (reducing power or reducing equivalents) 
which is provided by reduced NADH:. During growth on methane, the NADH$ is regener- 
ated [6], [13], [l]; however, during the co-oxidation substrates NADH; is not. Thus, during 
co-oxidation there is a finite transformation capacity in the absence of a supplemental energy 

For cometabolic reactions mediated by M M O ,  formate or methanol can be used as an 
energy source. However, methanol is toxic to the microorganism and can significantly affect 
microbial activity if concentrations exceed inhibitory levels. 

Reducing power in the form of intracellular H2 can be generated when the cells are growing 
using atmospheric N2 as a nitrogen source [22], [13], [15]. Unfortunately, growth using at- 
mospheric nitrogen is an energy intensive process generally resulting in significantly decreased 
growth rates [lo], Growth of M. trichosporium OB3b on N2 is also apparently 0 2  sensitive; no 
growth is observed when cells are inoculated directly into nitrate-free medium [16]. In order 
to prevent sensitivity to 0 2 ,  intelligent control may allow improved yields by more closely 
coupling the 0 2  levels with what is required by the microorganism. Control systems may also 
improve the cycling between growth on nitrate to keep cell numbers high, and growth on N2, 
which would generate intracellular H2 for co-metabolism. 

Providing Reducing Power and Oxygen for Catalysis and Growth 

supply. 

2.4 

The inhibition of growth by accumulated products such as methanol [15] or propylene oxide 
[13] is a control issue for commodity chemical production. In addition to substrate and product 
toxicity, aeration in the absence of a suitable substrate may produce a MMO-oxygen activated 

Eliminate, or Minimize, Inhibitor Effects 
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Table I 
Physical, chemical, and biological characteristics of methane, propylene, propylene oxide, 

trichloroethylene, and trichloroethylene oxide. 

Compound 
Propylene Wichlo roet hylene 

Characteristic Methane Propylene Oxide Trichloroethylene Oxide 
Phase Gas Gas Liquid Liquid Liquid 
Volatile Yes Yes Yes Yes Yes 
Water Solubility Low Low Medium Low Medium 
Bacterial Toxicity No No Yes Yes Yes 
Human Toxicity No No Yes Yes Yes 

T r 
l-l 1 

Figure 2. Control system block diagram. 

species that is toxic to the cells [l]. Note that the mode of inhibition has not been identified 
as of yet. 

Propylene also competes with methane for the active site on MMO.  Propylene, a gas, is 
sparingly soluble while propylene oxide is moderately soluble in water Table I(Tab1e 3). The 
low solubility of the substrate is a physical limitation that can affect bioconversion rates, while 
the accumulation of propylene oxide in the bioreactor fluid presents a control problem because 
of the toxicity of this compound to the microorganisms. 

3 CONTROLLER CONCEPT 
3.1 Intelligent Control of the Continuous Cultivation of Methanotrophs 
A hierarchical control system is being developed and applied to the cultivation of Methylosinus 
trichosporium OB3b in a continuous stirred tank reactor, see Figure 2. The top level consists of 
an expert controller integrated with a stochastic learning algorithm. Furthermore, the expert 
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controller will be based on a supervisory shell that will be developed using expert knowledge 
and the history of the reactor operation to determine the set points that will be required 
to meet a production criteria. This supervisory shell will analyze the data, determine the 
current state of the system, and recommend and implement the set points required to optimize 
reactor performance based on Equation 1. The second level will be a diagnostic system that 
uses expert knowledge to determine the operational status of the sensors and actuators, to 
monitor liquid delivery rates, and to recalibrate the pumps when deviations from desired flow 
rates occur. When detected, equipment malfunctions will be logged to a data file and the 
operator notified by the diagnostic system. This subsystem watches over the bioreactor fitted 
with a variety of sensors, stirrer, and aeration, gas sparging, temperature control, liquid feed, 
and pH control systems. The hardware is interfaced with a computer based control system 
comprised of a number of lower level control modules. This lowest level of the hierarchy will 
be implemented as a number of integrated set point controls and data acquisition modules. 
The unified control system will determine the optimum conditions for the cultivation of the 
methanotroph, Methylosinus trichosporium OB3b. Growth on nitrate or N2 as the source of 
nitrogen, as well as the use of N2 reduction with nitrogenase to produce intracellular H2 and 
hydrogenase to regenerate reducing power (NADH$) ,  will be evaluated. 

3.2 Intelligent Control of the Methanotrophic Conversion of Propylene to Propylene 
Oxide 

The supervisory control system developed for the cultivation of methanotrophs will be modified 
to allow the production of propylene oxide. This modification has already been planned for as 
an integral part of the cost function in Equation 1. For the biological conversion of propylene 
to propylene oxide, the supervisory control system must balance the physiological requirements 
for the maintenance of significant levels of M M O  and the process requirements for efficient 
production. The major physiological considerations for controlling a continuous process for the 
conversion of propylene to propylene oxide are: 1) the oxidation of propylene is a co-metabolic 
process; and 2) the product, propylene oxide, is toxic to the microorganism. The main physico- 
chemical limitations of this process are the low solubility of the gaseous substrate and the 
moderate solubility of the product. To maximize productivity of the bioreactor, propylene 
must be efficiently transferred from the gas phase into the liquid phase and the product must 
be continually removed to maintain concentrations below inhibitory levels. 

One control scenario that may minimize the competition between methane and propylene 
for the active site of MMO is to alternate introduction of these gases into the bioreactor. In this 
system, the supervisory control system will evaluate the cycling of these gases as a means to 
improve the overall productivity of the bioreactor and to achieve biotransformation capacities 
that are attainable in non-competitive batch transformation [14]. The periodicity with which 
the gases are added may be best determined using a stochastic learning procedure. A second 
strategy for improving yields is cycling the operating temperature of the bioreactor between 
the temperature required to remove propylene oxide from solution and that required for op- 
timal growth of the microorganism. Operating a bioreactor at an elevated temperature was 
used to minimize the accumulation and, thus, toxicity of propylene oxide in a bioprocess [13]. 
The Supervisory Control System will use expert knowledge to evaluate methods to replenish 
reducing power continually by manipulating the Ha-generating nitrogenase or by the addition 
of methane, methanol, formate, or other energy-yielding compound. 



FINAL Proceedings of the Sixteenth Symposium on Energy Engineering Sciences - PH 
-TEMPERATURE - FEED RATE 

LIQUID 

STIRRER - - RPM 

- 0 2  - INORGANIC 
CARBON 

METHANE ___) -METHANE - BlOMASS - PROPYLENE 
PROFYLENE - 

OXIDE 

CONTROL ACTIONS CONTROL INPUT 

6 

Figure 3. Reactor sensing and detection techniques. 

4 A CLOSER LOOK INTO THE CONTROL SYSTEM 
4.1 Supervisory Control System 

The initial goal of the Supervisory Control System will be optimization of the productivity of 
the bioreactor, Le., the production of biomass. The amount of biomass will be assessed on-line 
via optical density using an on-line biomass sensor that works like a spectrophotometer. The 
Supervisory Control Program includes the identification of state using expert knowledge, a sto- 
chastic learning procedure to determine optimum operating parameters, and control strategy 
based on expert knowledge. The system will also include a means to supervise direct control, 
communicate with an operator, and interface with the Diagnostics Program. 

4.2 Diagnostics Program 

Hardware performance will be monitored; any failures detected will be recorded by the equip- 
ment diagnostics program. The diagnostics program will read sensor and set-point data and 
determine whether the data are consistent with the desired system operation. The Diagnostic 
System will record changes in set points and allow the operator to log messages manually. 
The Diagnostics Program will be integrated with the supervisory control system, to allow for 
corrective actions to take place. 

4.3 Details of the Lower Level and Feedback Control Systems 

The lower level control system is an integrated system of sensors, actuators, and data acquisi- 
tion modules that monitor and provide set point control of the nutritional and environmental 
state of the bioreactor. This system will be used to control 0 2 ,  C02, methane, and N2 concen- 
trations. While 0 2 ,  C02, and N2 requirements are likely to be met by air, provisions have been 
made for supplementing these gases through separate, controllable gas mass flow controllers. 
Methane will be supplied as a separate, controllable gas stream. System state observations will 
be accomplished by on-line and off-line techniques, shown in Figure 3. On-line sensors will be 
used to assess dissolved 0 2  and C02 within the bioreactor fluid, while inlet and outlet con- 
centrations of N2, methane, 0 2 ,  and C02 will be determined by on-line gas chromatography. 
On-line biomass estimations will be made by an optical density probe. 
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Nutrient salts solution will be used to provide phosphate, sulfate, iron (Fe), nickel (Ni) and 
molybdenum (Mo). Nutrient feed rates will be controlled by a self-calibrating pumping system 
interfaced with the pH control system. The pH of the culture medium will be maintained 
automatically with a pH control system using an acid and a base pumping system; the phos- 
phate provided within the nutrient feed will buffer the system. Temperature will be maintained 
through a close loop controller, using an internal temperature probe for on-line measurement 
of fluid temperature and an external heating blanket for maintaining the temperature at the 
set point. 

5 SUMMARY 
In summary, an intelligent control system for the production of propylene oxide by methan- 
otrophic bacteria can only control microbial growth and metabolism indirectly by manipulating 
and controlling the physical and chemical conditions. Thus, the control system must: control 
the rate and improve the efficiency in which the gaseous substrates methane and oxygen is 
introduced into the liquid phase and utilized by the bacteria; closely couple growth with com- 
modity chemical to maintain biocatalytic efficiency; select the sets of conditions, e.g., pH, 
temperature, nutrient concentration that will result in optimal growth and commodity chemi- 
cal production. The intelligent control system must have the capability to assess the current 
conditions and metabolic state of the bacteria; recognize and diagnose instrument faults; and 
select and maintain sets of parameters that will result in high production and growth. 
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