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ABSTRACT

ENGINEERING ANALYSIS OF A PACKED-BED BIOFILTER FOR REMOVAL 
OF VOLATILE ORGANIC COMPOUND (VOC) EMISSIONS

by
Zarook M. Shareefdeen

This study dealt with removal of VOC emissions from airstreams using an evolving 

new technology which is known as biofiltration. The basis of this technology is 

biodegradation of VOCs in biofilms formed around porous solids which are placed in 

packed-bed reactors.

A detailed model describing steady state biofiltration of single and mixed VOCs 

was developed, and experimentally validated. The model takes into account 

biodegradation kinetics, the effect of oxygen, kinetic interactions among structurally 

similar compounds, and mass transfer from the gas phase to the biolayer. It was found 

that oxygen (a factor neglected in all previous studies) plays a very important role in 

biofiltration of VOCs, especially those which are hydrophilic. It was also found that the 

kinetics of biodegradation are complex, and that assumptions o f zero or first order kinetics 

made by other researchers are invalid, and can lead to significant errors in biofilter design. 

Sensitivity studies with the model have shown that some of the kinetic parameters, and the 

biofilm surface area per unit volume of biofilter bed are important in all cases. For 

hydrophilic solvent vapors, sensitivity studies indicate that oxygen availability in the 

biolayer is also extremely important.

The model was experimentally validated. In the case of single VOCs, methanol, 

benzene, and toluene were the model compounds. Methanol data were obtained from 

another study, while benzene and toluene data were generated during the course of this



study from a unit 75cm-high and 10cm in diameter. For benzene removal, the residence 

time was varied from 2.7 min to 4.7 min, and the concentration in the inlet air from 0.07 

gnr3 to 0.56 gnr3. During the experiments for toluene vapor removal, the residence time 

was varied from 2.7 min to 8.6 min, and the inlet concentration from 0.62 gnr3 to 2.81 

gnr3. Validation o f the model for the case o f mixed VOCs was done with experiments 

involving mixtures o f benzene and toluene. The unit was a three-stage glass column 

specifically designed during the course of this work. Each segment was 15.2cm in 

diameter and 30.5cm in height. Residence times varied from 0.9 min to 3.1 min, inlet 

benzene concentrations from 0.13 gnr3 to 0.37 gnr3, and inlet toluene concentrations from 

0.21 gnr3 to 0.52 gnr3. In all cases, there was excellent agreement between model 

predictions and experimentally obtained concentrations. The experimental columns were 

continuously operated for periods over six months for single VOCs, while for mixed 

VOCs the column operated continuously for a year and a half. Except at start-up, in no 

case were additional nutrients added to the columns, while the pressure drop never 

exceeded 0.25" water/m of biofilter bed. Peat and perlite mixtures (2:3 volume ratio 

before packing) were used in all columns as solid porous support for the biofilm.

Transient operation of biofilters involves, in addition to the mass transfer and 

reaction processes occurring at steady state, reversible adsorption of VOCs onto the 

packing material. This extra process was taken into account in developing a model which 

describes transient biofiltration of airstreams containing a single VOC. This model was 

experimentally validated with data for transient removal of toluene vapor. Good 

agreement was found between theory and experiments.

The experimentally validated models developed in this study, can be used in (at 

least preliminary) scale-up and design of industrial biofilters.
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CHAPTER 1

INTRODUCTION

Volatile organic compounds (VOCs) may be present in final products such as gasoline, but 

are primarily used as solvents and feed-stock chemicals in the pharmaceutical and chemical 

industry. They are also used in lacqueries and paint shops. Due to their volatility, VOCs 

are emitted in large amounts (75), and create not only nuisance problems (odors), but - 

most importantly- hazards to the ecosystem, and health effects to humans. Treatment of 

off-gases has been practiced for years, and is primarily based on washing in packed- 

columns, activated carbon adsorption, and incineration (21). O f these three methods, only 

incineration leads to destruction of the pollutants, but it is an expensive method due to the 

high temperatures required. In addition, incineration leads to NOx gas formation. 

Adsorption on activated carbon is an effective method, but it leads to solid waste 

formation since regeneration is too expensive (21). Even if regeneration is practiced, 

desorbed VOCs need treatment. Treatment is also needed for VOCs adsorbed in water 

during packed-bed column washing operations. Clearly, industry and even small 

operations such as dry cleaning, are faced with a serious problem regarding VOCs. The 

problem has become much more severe, as environmental regulations regarding VOC 

emissions have become much stricter in the recent years. The Clean Air Act Amendments 

of 1990 (CAAA) have made VOCs a priority for manufacturing operations in the US.

Because of CAAA, intense research efforts are underway, in both industrial and 

academic quarters, for finding new, efficient, and economical technologies to deal with the 

problem of VOC emissions. A number of these research efforts have focused on the use 

of biological means to purify contaminated airstreams. Biological treatment of industrial 

and municipal wastewaters has led to the development of well established and economical
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pollution control technologies. To a lesser extent, biodegradation has been also 

successfully employed in the remediation of contaminated soils. It is hoped that biological 

treatment will lead to development of cost effective technologies for purification of 

contaminated airstreams.

A biodegradation-based process for air pollution control which has attracted a lot 

of attention in the recent years is biofiltration. This process is expected to be effective at 

low VOC concentrations (49). Such low concentrations (ppm levels, i.e., mg/Kg-air) are 

characteristic for emissions. Biofiltration takes place in reactors known as biofilters. A 

biofilter is a reactor packed with a porous solid material (e.g., peat, perlite, compost, 

ceramic particles) on which a proper microbial population is immobilized forming a 

biolayer. The contaminated air passes through the reactor, and the pollutants are 

transported to the biolayer where they are biodegraded. There are different types of 

biofilters (IS, 47), and the term trickling biofilter or bioscrubber is used in cases where a 

recirculating water stream flows continuously through the biofilter bed. Classical 

biofilters, which are the topic of this work, do not have a continuous liquid phase. The 

required moisture is provided by saturating the airstream before it enters the unit, and/or 

by supplying liquid water occasionally, as required.

Although soil and compost beds have beer, used for years for odor control 

purposes, work on biofilters for elimination of industrial solvent emissions started a 

decade ago by Ottengraf and his co-workers in the Netherlands (22, 47, 52). Less than 

three years ago, Leson and Winer (39), after reviewing the existing literature, concluded 

that there has been little research on, and commercial use of, biofilters in the US when 

compared to Europe. This seems to be rapidly changing, and some studies performed in 

the US were published in the past two years. These studies are discussed in the next 

chapter of this dissertation.

An important step in development of biofiltration technology is to derive and 

experimentally validate mathematical models of the process, for predictive and the scale-
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up calculations. Only one model was found in the literature (52), and it is very simplistic. 

Biofiltration is a complex process, or at least more complex than biodegradation of liquid 

wastes, since it involves more than one phase; thus, kinetics alone are not enough to 

describe it, and one needs to take into account mass transfer problems associated with the 

transport of the pollutants from the gas (air) phase to the biolayer, as well as the transport 

(diffusion) of the pollutant within the biofilm. Furthermore, transient operation of 

biofilters is affected by the physical adsorption of VOCs onto the packing material, a 

phenomenon which has never been discussed, or modeled mathematically.

The present study was undertaken with the intent to develop, and experimentally 

validate detailed engineering models of biofiltration. A detailed model describing steady 

state and transient operation of a biofilter used in purification of airstreams containing 

vapor of a single VOC has been developed, numerically solved, and experimentally 

validated. Also, a detailed model describing steady state biofiltration of VOC mixtures has 

been developed, and experimentally validated for the case where airstreams contain vapors 

of two VOCs. As opposed to approaches taken by other researchers, this study took into 

account the availability of oxygen, and its potential limiting effects on the process. 

Furthermore, at the kinetic level, actual expressions (experimentally determined) were 

used instead of simplistic approaches where the kinetics are assumed to be zero-, or first- 

order at best. For mixtures, potential interactions among solvents were also considered, 

rather than assuming that each pollutant in a mixture is removed in the biofilter as if no 

other pollutant was present. Finally, adsorption/desorption was taken into account in 

developing the transient model.

Experimental validation of the models was based on data from biofiltration of 

methanol, benzene, toluene, and benzene/toluene mixtures. Methanol, a hydrophilic 

compound, is an important chemical feedstock and industrial solvent. Its global annual 

production is approaching 20 million metric tons (34). Losses of methanol vapors to the 

atmosphere during manufacture, use, and disposal have not been assessed but are likely to
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be substantial. Benzene and toluene, two rather hydrophobic compounds, are classified as 

priority environmental pollutants (25). This classification is based on their substantial 

toxicities, and on the carcinogenic potential of the benzene component (15). Benzene and 

toluene are substantive constituents o f gasolines (29), and also serve as industrial solvents 

and/or feedstocks for synthesis (63).

Since biodegradation kinetics are important in describing the biofiltration process, 

a considerable effort was placed in this study in deriving appropriate kinetic expressions. 

Dr. Young-Sook Oh performed shake-flask, suspended culture experiments in the 

laboratory of Professor Richard Bartha (Rutgers University, New Brunswick, NJ). These 

data were analyzed during the course of the work reported in this dissertation. Methanol 

degradation was studied with the use of a microbial consortium. Benzene and toluene, 

alone and in mixtures, were degraded by a microbial consortium and a pure culture of 

Pseudomonas pulida. In the case of benzene/toluene mixtures, special emphasis was 

placed on the potential interactions between the two structurally similar compounds. It 

should be mentioned that although the pathways of benzene, toluene, as well as xylene 

(BTX compounds) degradation are well known (31, 66), substrate interactions are not 

well understood, and make treatment of mixtures much less predictable (1, 4, 13, 35). 

The kinetic expressions derived from this part of the study, were subsequently used in 

describing biofiltration of these compounds by employing the same microbial cultures.

Analysis of methanol vapor biofiltration was based on data obtained by Dr. Oh in 

Professor Bartha's laboratory. All other biofiltration experiments were performed during 

the course of this dissertation. These experiments involved biofiltration of benzene vapor 

at steady state, biofiltration of toluene vapor both under steady state and transient 

conditions, and steady state biofiltration of benzene/toluene mixtures. In all cases, the 

packing material used was a mixture of peat and perlite particles. Experiments with 

methanol were performed in small scale biofilters (5cm diameter, 60cm high). 

Experiments with benzene and toluene (individually), were performed in intermediate scale
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biofilters (lOcm-diameter, 75cm high). Finally, experiments with benzene/toluene 

mixtures were performed in a pilot scale, three-stage unit (15cm-diameter, 100cm total 

height).



CHAPTER 2

LITERATURE REVIEW

2.1 Principles of Biofiltration

2.1.1 Introduction

Biofiltration technology is an adaptation of the process by which the atmosphere is 

cleaned naturally. Plants and soil adsorb VOCs from the atmosphere, and degrade them. 

Inefficient contact o f soils and plants with VOCs which are in the atmosphere, lead to 

relatively low reaction rates. Biofiltration provides maximal contact, and allows sufficient 

time for VOCs to react (10). Biofiltration, currently used on the commercial scale for 

odor control in waste treatment, and in food, flavors, and fragrances manufacturing, is 

promising also for control of solvent emissions (48).

Biological systems for elimination of volatile organics have been explored both on 

the experimental and mathematical modeling levels primarily in the Netherlands by the 

pioneering contributions of Ottengraf and his associates (47, 48, 51, 52, 74). Bohn (9), 

Pomeroy (59), and Bohn and Bohn (12) described the use of soil and compost beds for 

biological treatment of malodorous emissions, but land area requirements and lack of 

process control restrict the industrial use o f these systems. The first biofilter was patented 

in the US by Pomery in 1957, and this design consisted of a slotted pipe buried under a 

soil. It was effective in control o f odors from sewage treatment plants. This type of soil 

bed or "earth filter" is useful when the pollutants are very easily biodegradable, and when 

there is sufficient land area (18).
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Nowadays, there are basically three types of biofilters (47): classical biofilters, 

biological trickling filters, and bioscrubbers. In a classical biofilter (Figure 2.1), 

contaminated gas is forced to rise through a packed column. Materials used as column 

packing are humus earths, compost, peat, lava, woody heather, crushed oyster shells, 

treebark fractions, brush-wood, or mixtures of these materials (21, 27, 56, 80).

treated air

packing
material

contam inated air 
(humidified)

Figure 2.1 Schematic layout of a biofilter

Biological trickling filters (Figure 2.2), which are also known as "fixed-film 

scrubbers" (45, 55), "vapor phase bioreactors" (73), or even simply "biofilters" (73), 

utilize a continuous water phase which is recirculated through the bed. Bio-trickling filters 

employ solid (usually non-porous) support made of inorganic materials, such as plastic 

(20, 21, 22) or even ceramic monoliths (68). The water phase carries nutrients for the 

microorganisms, and is usually neutralized before recirculation, for pH-control purposes.

While classical, and trickling-bed biofilters employ immobilized organisms, 

bioscrubbers utilize dispersed (suspended) cultures. Bioscrubbers consist of two units: a 

usual scrubber in which VOCs are transported from the air to a water phase, and a 

classical bioreactor where the water exiting the scrubber is subjected to biological
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treatment. The two units are integrated into a single system as shown in Figure 2.3. 

There are only few studies on bioscurbbers (54, 55).

treated air

fresh water

packing
material pH control

■JJT
recirculation

contaminated air
drainage

Figure 2.2 Schematic layout o f a biotrickling filter

treated air

scrubber

fresh water

regeneration
tank

7F
drainage

contaminated air

Figure 2.3 Schematic layout of a bioscrubber
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2.1.2 Microorganisms

Biofiltration is based on the ability o f microorganisms to oxidize (degrade) VOCs. 

Primarily, bacterial species are used, and to a smaller extents molds and yeasts (49). 

Naturally occurring packing materials such as peat and compost, contain organisms 

capable o f biodegrading some VOCs. In most cases, the biofilter needs to be inoculated 

with a microbial culture. Activated sludge suspensions from sewage treatment plants can 

serve as inoculum (49) in cases o f easily biodegradable compounds. Poorly biodegradable 

compounds such as chlorinated hydrocarbons (e.g., dichloromethane, vinyl chloride), and 

aromatics (e.g., benzene, toluene), require inoculation with specially cultivated organisms 

(49, 51).

Some concern was expressed a few years ago regarding presence of microbes in 

airstreams exiting biofilter units after treatment. A study by Qttengraf and Konings (50), 

has shown that there is no significant difference between the concentration of 

microorganisms in airstreams exiting a biofilter, and that encountered in the open air.

2.1.3 Oxygen availability and External nutrient supply

Although biofiltration is an aerobic process, the problem of oxygen availability in the 

biolayer where biodegradation actually occurs, has not been discussed in any detail in the 

literature. Diks (20), in a study with biotrickling filters, mentions that the oxygen which is 

dissolved in the water phase may not be enough for the process, and that a continuous 

supply from the gas phase may be required. Bohn (11), mentions that oxygen supply to 

the biofilter bed should be of concern in designing biofilters.

Survival of microorganisms, and thus biofiltration, depends not only on oxygen 

and carbon sources (a role played by the VOCs), but also on other nutrients such as 

nitrogen and phosphorus sources. These additional nutrients are not needed when 

materials such as peat, compost, and bark are used as solid support for the organisms. 

These materials contain nutrients which can be supplied to the microorganisms. When
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trickling filters and bioscrubbers are used, additional nutrients are externally supplied 

through the water phase (20, 22).

2.1.4 Moisture and Temperature effects

In classical biofilters, the absence of a continuous water phase may create serious 

problems during operation. Water is required for biological activity, and is retained in the 

biolayer and the pore structure o f the packing material. It has been reported (80), that 

operation of a biofilter is optimal when 50% of the pores are filled with water. Weighing 

sensors have been used for automating water addition to commercial biofilters (80). Due 

to high air volumetric rates used during biofiltration, the bed can dry-out very quickly even 

when the ambient temperature remains constant. To avoid this problem, contaminated 

airstreams are humidified before they are supplied to the biofilter. In some cases 

prehumidification is not enough. This is due to the fact that biodegradation is an 

exothermic oxidative process. Temperature rises in the biofilter bed induce evaporation of 

water from the pores of the solid packing. Thus, at least periodic, addition of water 

appears to be necessary. This has been attempted by sprinkling water at the top of the 

biofilter bed. Sprinkling of water has been reported to potentially create two problems: 

formation of anaerobic zones (53), and creation of lumps of material leading to reduction 

in the contact surface between the gas and the biofilter material (75). Another approach 

to maintaining proper moisture contents in the biofilter, is the use o f steam for 

supersaturating the inlet gas streams. However, use of steam can lead to temperature rises 

such that biological activity is reduced (74). Good temperature control schemes need to 

be used when steam is employed. Leson et al. (38), have discussed the problem of 

temperature and moisture content in relation to a biofiltration demonstration project. 

Temperature rises, and material dry-out can also lead to channeling effects, something 

which leads to considerable reduction in removal rates (53), due to a decrease in the 

gas/solid interfacial area.
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Regarding temperatures o f operation for biofilter units, it has been reported that 

they should be between 5 and 50°C (11). Over certain temperature ranges, one could use 

an Arrhenius expression to describe the effect o f temperature on biodegradation, and 

consequently on biofiltration (80). For a case of styrene vapor removal, it has been 

observed that the removal rate increases by a factor of 2, when the temperature increases 

by 7°C (49).

2.1.5 Pressure drop

Experimental studies (17, 68) have shown that pressure drop in a biofilter is very low. 

Typical values are around 1 to 2" water/m-filter-bed (17, 68). Estimation of pressure drop 

in a biofilter can be made through the Ergun equation (47, 52). Pressure drop increases 

have been observed in cases where a sprinkling system is used for water addition (49). 

This is due to the fact that excess water at the top of the biofilter leads to clogging of the 

packing material.

2.1.6 pH-Control

When chlorinated solvents and nitroaromatic compounds are removed from airstreams by 

biofiltration, maintenance of proper pH levels in the unit is o f paramount importance. 

These units are o f the trickling bed configuration, and the water stream needs to be 

neutralized before it is recirculated through the reactor (20, 21, 22, 46). Neutralization 

products such as NaCl and CaCl2 have been reported to have inhibitory effects on the 

activity o f microbial cultures used in biofiltration (20,49).

In the case of simple solvents such ethanol, problems with the pH may arise only 

when acids are produced due to oxygen availability problems (38). In such cases, 

incomplete mineralization of the pollutant occurs, and the problem is not so much related 

with pH as with the proper supply of oxygen to the unit.
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2.2 Feasibility of VOC Removal in Biofilters 

A number of experimental studies have demonstrated that removal o f various VOCs in 

biofilters is feasible.

Ottengraf and Van den Oever (52), using a 5-stage classical biofilter have removed 

mixtures of toluene, butanol, ethylacetate, and butyl acetate from airstreams. Zilli et al. 

(80), also with a classical biofilter which was frequently sprayed with water, have studied 

phenol vapor removal from airstreams. Ergas et al. (27) have removed toluene, 

dichloroethane, and trichloroethene, also in classical biofilters. Regarding the study of 

Ergas et al., it should be noted that a classical biofilter was used despite the fact that 

chlorinated solvent vapors were removed. The pH-drop problem was resolved by adding 

crushed oyster shells, a source of calcium carbonate, in the packing material. Such 

solutions though, are not expected to work in the long run. Ebinger et al. (24), using a 

soil bed without external microbial inoculation, have removed propane from airstreams. 

Deshusses and Hamer (17), have removed mixtures of methyl-ethyl-ketone (MEK) and 

methyl-isobutyl-ketone (MH3K) in classical biofilters, with packing material consisting 

primarily of clay spheres. Van Lith (75) conducted pilot scale experiments with classical 

biofilters. He reported results from three sets of experiments: one with methylformiate, 

one with methanol/isobutanol mixtures, and one with a complex mixture consisting of 

styrene, vinylcyclohexene and butadiene. Paul and Roos (56), have reported that they 

were able to remove tetrahydrofiiran vapor in a commercial biofilter known as BIOBOX 

(Comprimo Co.), which was originally developed for onion odor control. They also claim 

that other VOCs such as toluene and ethylacetate could be removed in the same unit. 

Pilot demonstration studies for removal of styrene (72), and ethanol (38) using classical 

biofilters have been also reported.

Fewer studies exist regarding VOC removal in trickling-bed biofilters. All such 

studies have utilized inorganic solid support material for the microbial culture, and supply 

of various nutrients with the water stream. Utgikar et al. (73), have reported results from
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treatment o f landfill leachate offgases. Sorial et. al (68), have treated toluene vapor in a 

trickling bed having a monolithic channelized microbial support. Diks (20), and Diks and 

Ottengraf (21, 22) have removed dichioromethane in a trickling bed having plastic 

support. In these studies, the water stream was passed either co-currently, or counter- 

currently with the air-stream, but the results were the same in both cases. Ottengraf et al. 

(51), have studied the problem of chlorinated compound removal, as well as removal of 

other types o f xenobiotic compounds, in trickling-bed biofilters. Phipps and Ridgeway 

(58), have reported preliminary results from biofiltration of gasoline fractions containing 

toluene, benzene, p-xylene, octane, cyclohexane and trimethylpentane. They have used an 

elaborate, fully computerized, system for process monitoring and control.

Overcamp et al. (55), have reported a study on methanol removal in a bioscrubber.

2.3 Studies on Modeling of the Biofiltration Process

Regarding classical biofilters, there is only one model which has been published in the 

literature and is due to Ottegraf and van den Oever (52). It deals with steady state 

biofiltration, and is based on the assumption that VOCs are in equilibrium at the 

air/biolayer interface. Although the authors acknowledge that based on shake-flask 

experiments the biodegradation kinetics of single VOCs follow the Monod model (44), 

they only consider two limiting cases. At high concentrations they assume zero-order 

kinetics, while at low concentrations they assume first-order kinetics. In cases o f mixed 

VOCs, these authors propose to use the same model in an additive sense. Recent studies 

(13, 16, 17), have shown that degradation kinetics o f mixtures may be significantly 

different from the kinetics of single compound removal, and make the last assumption of 

Ottengraf and Van den Oever (52), invalid, at least for cases where structurally similar 

compounds are biofiltered simultaneously.
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The model of Ottengraf and Van den Oever has been used by other researchers 

(18, 27, 74), as well. The model assumes that oxygen is not exerting any limitation on the 

process, and that VOCs, once transported to the air/biolayer interface, diffuse into the 

biolayer and are biodegraded. Simple kinetics, especially zero-order, allow for distinction 

between diffusion- and reaction-limitation regimes. The notion o f effective biolayer 

thickness has been also introduced (52), implying that in some cases VOCs are depleted in 

a fraction of the biolayer which is called "effective biolayer". In a very recent study, 

Deshusses and Dunn (16), have used more complex kinetic expressions for describing 

biofiltration o f MEK and MIBK. They used modified Monod expressions for describing 

competitive kinetic interactions between the two solvents. This same study reports an 

effort to model transieni biofiltration of the two solvents.

Models for biological trickling filters have been proposed by Diks (20), Diks and 

Ottengraf (22), Smith et al. (67), Utgikar et al. (73), and Ockeloen et al. (45). Again in 

most cases, zero- or first-order kinetics are used, and oxygen limitations are neglected. 

The main difference between these models, and those used for classical biofilters is the fact 

that an extra phase (water), and thus an extra mass transfer resistance is considered. 

Ottengraf et al. (51), claim that zero-order kinetics can be used for xenobiotic compounds 

which are usually treated in trickling-bed filters. This is an assumption which has not yet 

been tested, but it is not likely that it will prove to be generally correct.

Overcamp et al. (54, 55) have reported simulation studies with simple models 

describing steady-state operation of bio-scrubbers.

2.4 Transient Operation of Biofilters

Biofiltration is a technology for treating VOC emissions. The emissions level is unlikely to 

be constant, thus biofilters are more likely to operate under unsteady state conditions. 

Furthermore, biofiltration can be applied to batch processes and thus, even if the emission
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level is constant, biofilters may be operating in an intermittent mode (e.g., in painting 

booth facilities). Hence, questions such as how well can a biofilter respond to variations 

in volumetric flow rate, concentration, and composition are of paramount importance for 

commercial application o f this technology (18). The fact that biofilters are most likely 

operating under varying load conditions was recognized early by Ottengraf et al. (53); the 

load is defined as the rate o f VOC mass supply per unit volume o f biofilter bed. There are 

very few published studies on the transient performance and response of biofilters. Togna 

and Frish (72), in a demonstration study for styrene vapor removal, observed that 

intermittent operation caused no problem in the performance of biofilters; biofilters 

inactive over the weekend period achieved normal removal rates within a few hours. Zilli 

et al. (80), observed that their biofilter could be inactive for a period of 10 days, and 

subsequently be restored to pre-interruption performance levels within a day. Finally, as 

reported earlier, Deshusses and Dunn (16), have studied transient biofiltration o f MEK 

and MIBK mixtures.

2.5 Economics of Biofiltration

Biofiltration is a new technology and for this reason, there are no reports on its cost, or 

even estimates of it. It is expected that it may have a substantial capital cost due to the 

large volumes of filter-bed required for 99% plus, removal of VOCs which are present at 

low concentrations. On the other hand, operating and maintenance costs are expected to 

be minimal.

Although VOCs, especially recalcitrant ones, are very much different from 

inorganic gases such as H^S, it is mentioned here that Ergas et al. (26), quote the 

following claim by Neff. H2S removal from offgases coming from a POTW (Publicly 

Owned Wastewater Treatment) facility in a biofilter, had a capital cost o f $97,300, and a 

yearly operating/maintenance cost o f $7,870 (1990 US dollars). The design was for
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treatment o f 10,000 cfm of air carrying H2S at a concentration of 20ppm. Exit 

concentrations were less than lppm. Bohn (10), also gives some costs for biofiltration, 

and his numbers seem to indicate that the cost o f biofiltration is two orders of magnitude 

less than the cost of incineration, and one order of magnitude less than the cost of 

activated carbon adsorption.



CHAPTER 3

OBJECTIVES

The key objective of this study was to derive and experimentally validate, detailed 

engineering models of the biofiltration process. These models should incorporate as many 

aspects o f the process as possible, and should be in a form which could be eventually used 

in design and. scale-up calculations. As the subject o f general process modeling is too 

complex, and since there was only one (very simplistic) model in the literature, it was 

decided to address the following problems in this study.

I. Biofiltration o f single VOCs under steady state conditions.

This objective was met by deriving a detailed model which considers reaction, mass 

transfer, and oxygen effects on the process. The model was validated with three solvents: 

methanol -a hydrophilic solvent- [experiments performed by Dr. Oh (46)]; benzene and 

toluene -two hydrophobic solvents- experiments performed as part of the present study.

II. Biofiltration o f mixed VOCs under steady state conditions.

This objective was met by deriving a detailed model which considers reaction, mass 

transfer, oxygen effects, as well as kinetic interactions among solvents (if such interactions 

do in fact exist). As model system for validation of the theory, a mixture of benzene and 

toluene was selected. Although this mixture can be viewed as simple since it involves only 

two components, in reality it is complex since it involves kinetic interactions between the 

two structurally similar pollutants. Experiments were performed with a pilot-scale 

biofilter which was operated continuously over a period of a year and a half.

17
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III. Biofiltration o f single VOCs under transient conditions.

No mathematical modeling study on biofiltration under transient conditions existed in the 

literature. Furthermore, a transient biofiltration model cannot be a simple extension of the 

steady state models, since transient biofiltration involves an extra process 

(adsorption/desorption), which is not present under steady-state conditions. For this 

reason, a detailed model was derived for the case where airstreams contain a single VOC. 

The model was solved, and experimentally validated with toluene as the model compound.

To meet the three objectives above, two more objectives had to be set.

IV  Accurate determination o f biodegradation kinetics.

Since biofiltration depends strongly on the kinetics o f biodegradation, it was felt that 

objectives I-III could not be met unless good, and accurate kinetic expressions were 

available. Dr. Oh performed kinetic experiments, and her data were analyzed as part of 

this dissertation. Seven sets of experiments with suspended cultures were analyzed: 

methanol degradation by a mixed culture which was used also in the biofiltration 

experiments; benzene, toluene, and benzene/toluene mixtures bio degradation (3 sets) by a 

pure strain o f Pseudomonas putida (PPOl); biodegradation of benzene, toluene, and 

benzene/toluene mixtures (3 sets) by a microbial consortium which was subsequently 

utilized in the biofiltration experiments performed during the course o f this dissertation.

V Determination o f the toluene adsorption isotherm.

As mentioned before, biofiltration under transient conditions involves 

adsorption/desorption of VOCs on the packing material. Since toluene was selected as the 

model compound for the transient experiments, independent experiments were performed 

for determining the toluene adsorption characteristics (adsorption isotherm) on the 

packing material used in the biofiltration experiments.



CHAPTER 4

EXPERIMENTAL APPROACH AND PROCEDURES

4.1 Materials and Apparatus

4.1.1 Chemicals and microorganisms

Benzene (B414-1, Certified, Fisher Scientific, Springfield, NJ) and toluene (T289-4, 

Certified, Fisher Scientific, Springfield, NJ) were used as VOCs to be treated. The 

chemicals used for media preparation were: sodium phosphate -dibasic-, Na2H P04 (S374- 

500 Fisher Scientific, Springfield, NJ); potassium phosphate -monobasic-, KH2P 0 4 

(P285-500 Fisher Scientific, Springfield, NJ); ammonium chloride, NH4C1 (A661-500 

Fisher Scientific, Springfield, NJ); magnesium sulfate, M gSO ^H jO  (M63-500 Fisher 

Scientific, Springfield, NJ); ferric ammonium citrate, FeNH4-citrate (172-500 Fisher 

Scientific, Springfield, NJ); and calcium chloride, CaCl2 (C77-500 Fisher Scientific, 

Springfield, NJ). The packing materials used were peat moss (Hyponex, Marysville, OH), 

and perlite (A. H. Hoffman Inc., Landisville, PA). The original bacterial consortium used 

in the biofiltration experiments was obtained from Dr. R. Bartha's Laboratory, Rutgers 

University, New Brunswick.

4.1.2 Medium preparation

The medium consisted of two solutions. Solution No. 1 was prepared by adding 4g of 

sodium phosphate -dibasic-, Na2HP04, 1.5g of potassium phosphate -monobasic-, 

KH2P 0 4, lg  of ammonium chloride, NH4Ci, and 0.2g of magnesium sulfate, 

M gS04-7H20 , in one liter of distilled water. Solution No. 2 was prepared by adding 0.05g
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of ferric ammonium citrate, FeNH4-citrate, and O.lg of calcium chloride, CaCl2, in 100 

ml of distilled water. The actual mineral medium was prepared by adding 1 % (by 

volume) of solution No. 2 into solution No. 1, after autoclaving both solutions 

separately.

4.1.3 Experimental set-up

The biofilter bed used in the pilot-scale experiments consisted of three equal glass 

segments connected in series. Each segment (Custom made..AQE Glass Inc., Vineland, 

NJ), had a diameter of 15.2 cm and a height o f 30.5 cm. The segments were connected 

through spacers (Custom made, ACE Glass Inc., Vineland, NJ), of a diameter equal to 

that of the column segments, and of height equal to 7.0 cm. The biofilter also involved a 

head-top (Custom made, ACE Glass Inc., Vineland, NJ), and a head-bottom (Custom 

made, ACE Glass Inc., Vineland, NJ). Individual parts were connected via quick release 

clamps (6517-27, ACE Glass Inc., Vineland, NJ), and by using krytox grease (8115-08, 

ACE Glass Inc., Vineland, NJ). Each spacer, the head-top, and the head-bottom had 

several ports allowing for sampling of the airstream, measurement o f pressure and 

temperature, as well as for supplying water whenever the packing looked dry. The 

packing material was a mixture of peat and perlite particles (2:3 volume ratio before 

mixing). At the bottom of each segment, a stainless steel screen 1.5 to 2mm mesh size 

(Custom made, ACE Glass Inc., Vineland, NJ), was placed as support for the packing 

material, and as distribution system for the airstream. The culture used was originally 

developed at Rutgers University, in the microbiology laboratory of Professor R. Bartha, 

and is a consortium of various species. A rotameter assembly (75-350, Gow-Mac 

Instrument Co., Bound Brook, NJ), was used to vary inlet solvent vapor concentrations 

independently, by directing a greater or smaller part of the airstream through the solvent 

tanks. The major portion of the air was passed through a water tank to partially humidify 

the airstream. After humidification, the main airstream was mixed with the airstreams
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carrying the solvent vapors, to create the contaminated airstream which was fed to the 

biofilter. The contaminated stream contacted only glass, teflon, and stainless steel 

structural elements. Total air flow rate was measured by a flow meter (Matheson Inc., 

Morris Plains, NJ). A schematic o f this experimental unit is shown in Figure 4.1.
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Figure 4.1 Schematic o f the experimental packed-bed pilot biofilter unit. 
Total biofilter consists of three segments and each segment is 30.5cm high, and 
15.2cm in diameter. The segments were connected through spacers of a 
diameter same as that of the biofilter column. SP refers to sampling ports. PIC 
refers to pressure indicator/controller.

The intermediate biofilter unit used for single VOC removal, was very much 

similar to, but a simpler version of the set-up described above. This unit consisted of a 

non-separated plexiglass column of diameter 10.2cm and height 76.2cm. The column had
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a number o f sampling ports along its length. This column was again packed with a 

mixture o f peat and perlite (2:3 volume ratio before mixing). The height o f the biofilter 

bed was 50.8cm for the experiments with benzene, and 68.6cm for the experiments with 

toluene vapor. A soap bubble flow meter (Hewlett-Packard, Paramus, NJ), was used for 

measuring the air flow rates. A schematic o f the intermediate experimental unit is shown 

in Figure 4.2.
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drain
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water
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assemblysolvent
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Figure 4.2 Schematic of the intermediate biofilter unit. The unit was 76.2cm high, and 
10.2cm in diameter. The valve at the bottom allows for draining of water, the valve at the 
top allows for addition of water when the bed gets dry, and both valves allow for pressure 
measurements. SP refers to sampling ports (at the inlet, outlet, and intermediate levels).
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4.2 Experimental Procedures

4.2.1 Preparation of the packing material

For all experiments a mixture o f peat/perlite (2:3 volume ratio) was used as packing 

material. The reason for selecting this packing material has been discussed elsewhere (46, 

64). Steam sterilized peat was used to avoid unintended variations in microbial activity. 

This was necessary because the peat moss contained considerable microbial activity even 

in the absence o f inoculum. For preparing a biofilter, sufficient dry support was weighed 

out to pack the column. For the experiments with benzene, biomass was developed by 

growing an inoculum of the consortium in a simple mineral medium containing benzene as 

the sole carbon and energy source. After a small amount o f biomass was grown in a 

shake-flask, it was transferred to a 10 liter sealed fermentor (New Brunswick Scientific 

Co., New Brunswick, NJ). The volume of the suspended culture was about 4L allowing 

for excess oxygen presence in the headspace. Thus, air-to-liquid ratio was kept high 

enough to avoid any oxygen limitations. Benzene was added in small quantities over a 

period of two weeks. The culture was finally harvested through centrifugation (5,000 

rpm, 25 min), and was resuspended in fresh mineral medium (NajHPC^ 4g, KH2P 0 4 

1.5g, NH4C1 lg, M gS04 7H20  0.2g, CaCl2 O.Olg, FeNH4-citrate 0.005g per liter J^O, 

pH=7.0), not containing benzene. For the biofiltration experiments with toluene, and 

benzene-toluene mixtures, the same procedure was used except for the use o f toluene, and 

benzene/toluene mixtures, respectively, instead of benzene, in preparing the biomass from 

an inoculum of the original culture. Sufficient suspension (about 30% by volume) was 

added to the dry packing material to fill the pore space partially with the liquid, leaving the 

other void space for air circulation. Water loss from the filters by evaporation, was 

replaced by addition of water as needed. Except when packing the biofilter, supplemental 

nutrients were never added to the bed.



24

4.2.2 Biofilter experiments

Benzene and toluene concentrations in airstreams were measured using a Hewlett- 

Packard Model 5890 (series II, Hewlett-Packard, Paramus, NJ) gas chromatograph 

equipped with a 6 'x l/5" stainless steel column packed with 5%SP-1200/ 5% Bentone 

34 on 100/120 Supelcoport packing (Supelco, Inc., Bellefonte, PA), and flame 

ionization detector. Operating conditions were: injector 120°C, oven 90°C, detector 

200°C, carrier gas (N ^ 20.4 ml/min. Under these conditions, the retention times of 

benzene and toluene were 1.6 and 3.0 min, respectively. Standard curves were 

prepared as follows. First, known volumes or precise amounts of a compound were 

injected into several serum bottles (160 ml) using a lOpl liquid syringe (14-824, Fisher, 

NJ). The bottles were closed with teflon-faced silicon septa and aluminum crimp caps. 

The solvent was allowed to evaporate completely at room temperature within the 

enclosed space. Subsequently, air samples were taken from the bottles with a gas-tight, 

0.5ml pressure-LOK® syringe (Precision Sampling Corp., Baton Rouge, Louisiana), 

and injected to the GC. During biofiltration experiments, the same type of gas-tight 

syringes were used for obtaining air samples from various ports of the columns. These 

samples were subjected to GC analysis, and concentrations were read from the 

calibration curves. GC calibration was repeated every two to three weeks.

During experiments, the flowrate (or residence time) of the airstream was varied, 

as well as the absolute and relative composition of the inlet airstream regarding benzene 

and toluene. Each experiment, under a given set o f conditions, lasted over a long period 

of time in order to reach a steady state. Under each set of conditions, experiments lasted 

for a period of three weeks for the pilot scale unit, and about 8 to 10 days for the 

intermediate columns. Although experiments were performed at the room temperature, 

occasional temperature extremes of 60 to 85°F were recorded, but could not be 

prevented. The pressure drop was measured by using a pressure meter (G-07350-70, Cole
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Parmer Instrument Company, Niles, Illinois). For both units, pressure drop was 

practically negligible as it never exceeded a value of 0.25" water/m-packing.

4.2.3 Adsorption experiments

Adsorption of toluene on the peat/perlite packing material was studied as follows. An 

amount of packing material was prepared exactly as described in section 4.2.1, except 

for the fact that instead of adding suspension, a quantity of sterile medium was added to 

the packing. Equal amounts (10 g) of packing material were placed in several serum 

bottles (160 ml). The bottles were closed with teflon-faced silicon septa and aluminum 

crimp caps. Using a 10pl liquid syringe (14-824, Fisher Scientific, Springfield, NJ), 

precise volumes of toluene were added to the bottles, and the solvent was allowed to 

evaporate and reach equilibrium within the enclosed space. Head-space samples were 

taken with a gas-tight 0.5ml pressure-LOK® syringe, and were subjected to GC 

analysis. Samples were taken on a daily basis, until the concentration of toluene in the 

air reached a constant value. Unchanging concentrations indicated that equilibrium had 

been reached, and these equilibrium toluene concentrations were used in deriving the 

adsorption isotherm. It was assumed that toluene does not adsorb on the walls of the 

serum bottles.



CHAPTER 5

KINETICS OF BIODEGRADATION

An important step in the development of more reliable and detailed biofiltration models 

is to obtain accurate kinetic expressions which describe the kinetics of biodegradation in 

the biofilm. Despite the fact that bacterial physiology and growth can change upon 

immobilization, Karel et al.(37) in a review paper, argue that the use of the same 

specific growth rate expression for freely suspended cells and microbial aggregates is 

the best assumption. This assumption was also made in the present study. In this 

chapter, the mathematical analysis of biodegradation data from closed-flask, suspended 

culture experiments is presented. The data were obtained from Dr. Oh's work (46). 

Biodegradation experiments involving methanol were performed by using a methanol 

utilizing consortium, aspects of the composition of which have been discussed 

elsewhere (46, 64). Experiments with benzene, toluene, and benzene/toluene mixtures 

were performed with a consortium, as well as with a pure culture of Pseudomonas 

putida (PPOl).

5.1 Modeling of Biodegradation Kinetics 

In general, biodegradation of N  volatile compounds each one of which can serve as 

primary carbon and/or energy source for the culture employed, can be described by the 

following mass balances written for a closed vessel,

26



27

db 2  nu
*  = . ^ j (CLj)b ’

dM .
 -  = — —fi.(C , )bV,,

dt Y. J L j ' L 
J

j = 1 N

j * 1  N

(5.1)

(5.2)

In determining kinetic constants o f a volatile compound, care should be taken to include 

the amount of VOCs in the head-space (51). Neglecting the amount which is present in 

the head space, may lead to unrealistic parameters (e.g., yield coefficients) when the 

volatility o f the compound is very high. The total mass balance for a VOC present in a 

closed shake-flask should be written as,

j = 1 N (5.3)

Assuming that each volatile compound is at all times distributed between the gas and 

liquid phase as dictated by thermodynamic equilibrium (Henry's law), i.e.,

Cgj = mjCLj, j = 1 N (5.4)

and that the volume of the liquid phase is unaffected by the sampling procedure, one can 

show that the process can be described by the following three equations,
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In the case of methanol, frequent sampling of the liquid phase during all experimental 

runs yielded data on methanol and biomass concentrations. For benzene and toluene, 

sampling o f the liquid phase for determination of the biomass concentration was less 

frequent than that of the gas phase for determination of Cgj. For this reason, the biomass 

data were first used, along with the corresponding gas phase concentration data, to 

determine the yield coefficients, Yj, through equation (5.7). Then, equation (5.6) was

employed for calculating biomass, b, from data at points in time where b was not

actually measured. The experimental and/or calculated b values for each run were 

semilogarithmically plotted as a function of time. Points corresponding to the initial stage 

of each experiment were regressed to a straight line with correlation coefficients exceeding

0.99. The slope of each one of these lines was taken as the specific growth rate (p.) o f the 

population, at the liquid phase concentration (C J of the biodegradable compound at the 

beginning of the particular experiment. The specific growth rate is defined as the rate of 

biomass production per unit amount of biomass. Then, the p versus Cy data were fitted 

either to the Monod (44) model (Equation 5.8) through linear regression, or to the

Andrews (2) (Haldane) inhibitory kinetic expression (Equation 5.9) using a non-linear

regression routine.
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5.2 Biodegradation Kinetics of Individual VOCs

5.2.1 Kinetics of methanol utilization

The values of the specific growth rate data (p) obtained from shake flask experiments 

with methanol were plotted versus the corresponding methanol concentration values as 

shown in Figure 5.1. The data indicated a drop in p at high methanol concentrations,

i.e., they suggested substrate inhibition kinetics. The data were regressed to the 

Andrews (or Haldane) kinetic model, and it was found that p* =  0.22 h 1 , K =  0.63 

kg nr3, and K, =  20 kg nr3. Based on these constants, the curve representing the 

specific growth rate has been generated and is plotted in Figure 5.1. As can be seen 

from the graph, there is excellent agreement with tire data. Differentiating expression 

(5.9) with respect to CL one can see that the derivative becomes zero at CL = (KKj)05 at

H ( h 1)
0.2

0.15

0.1

0.05

0
201550 10

Methanol concentration (Kg/m3)

Figure 5.1 Specific growth rate of biomass on methanol under no oxygen 
limitation. Data from suspended culture experiments were fitted to an Andrews 
(Haldane) inhibitory expression.
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which value, the specific growth rate becomes maximum (p ,^ ). The maximum specific 

growth rate is then given by

M"“  = l + 2(K /K ,r  (5I0>

Based on the experimental values, equation (5.10) yields p ,^  = 0.162 h 1 as can be 

also seen from Figure 5.1. The value of p ^  (or even p*) falls in the 0.075-0.5 h-1 

range of values reported for maximum specific growth rates of methanol utilizers (14).

5.2.2 Kinetics of benzene and toluene utilization

Experimental data were obtained with a pure culture (Pseudomonas putida strain) 

designated as PPOl, and the consortium. Both the pure culture and the consortium 

exhibited a qualitatively similar behavior towards each one of the compounds. Both 

cultures degraded benzene following Monod kinetics. Both cultures degraded toluene 

following Andrews (Haldane) inhibitory kinetics. Values of the kinetic constants and yield 

coefficients are given in Table 5.1. Figure 5.2 shows specific growth rate data along with 

the predicted curves based on the kinetic constants determined. In all cases, the data fell 

very close to the curves. For the case of toluene, where a non-linear regression routine 

was used for determining the constants, it should be mentioned that convergence to the 

reported values was obtained regardless of the values used as initial guesses. Although 

comparisons between kinetic constants is rather futile when experiments have been 

performed with different cultures, the values obtained in this study are compared to those 

reported by Chang et al. (13), since this is probably the only other study which led to 

determination of kinetic constants for benzene and toluene removal. It should be also 

mentioned that Chang et al. used two pure strains o f Pseudomonas in their experiments. 

Regarding the type of kinetics, between the results reported in this dissertation, and those
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obtained by Chang et al., there is agreement for benzene (Monod), but a difference 

regarding toluene as they found Monod-type kinetics. The maximum specific growth rate 

on benzene by strain PPOl is close to the upper limit o f the values reported by Chang et 

al. The consortium studied here has a much higher The maximum specific growth 

rate values on toluene (Table 5.1) are calculated as the maximum of the specific growth 

rate functions, and are considerably higher than those of Chang et al., for both cultures 

used here. Regarding yield coefficients, values found in this work are lower; for 

bioremediation, this is an advantage as the biomass disposal problem is less severe.

Table 5.1 Growth characteristics and parameters o f the bacterial consortium 
and strain PPOl on benzene and toluene.

Benzene Toluene
(Monod Kinetics) (Andrews Kinetics)

a l bD aI bU
Kinetic parameters M ^ ) 0.68 0.44 p * (h ‘ ) 1.50 1.56

Ks( mg/L) 12.22 3.36 K( m g/L) 11.03 15.07
k b t ( - ) 4.50 8.40 K ,(m g /L ) 78.94 44.43

Kre ( - ) 0.20 0.35

Maximum specific 0.68 0.44 0.86 0.72
growth rate ( h 1)
Yield coefficient (g/g) 0.71 0.65 0.71 0.64

“values for the consortium; bvalues for strain PPOl

5.2.3 Dependence of kinetics on oxygen

All kinetic experiments with individual, and mixed VOCs were carried out with excess 

oxygen. In order to account for any oxygen limitations that may be encountered in 

biofiltration experiments, equations (5.8) and (5.9) were modified based on the notion
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Figure 5.2 Specific growth rates of strain PPOl (V) and the consortium (□ ) on 
benzene (A) and toluene (B). Symbols represent values based on experimental data. 
Curves were generated by using the values of the kinetic constants shown in Table 
5.1.



o f interactive models (5). With a Monod-type kinetic dependence on oxygen, equations 

(5.8) and (5.9) were modified as,

|i CT r
M(cr ) = —m_L-------^2— , (5.11)k s + c l k 0 + c 0 

* ^
^ L C

“  <c l > = ------------(5 l2)c \  K0 +C 0 ’

l  ' k :
K + C T

I

The oxygen kinetic constant, Kq, was not experimentally determined in the present 

study. Williamson and McCarty (78) have measured a value of 0.30 g nr3 for 

Nitrosomonas and Nitrobacter cultures. Livingston (41) checked the available literature 

and concluded that Kq values fall in the range of 0.032-0.523 g nr3. A value of 0.26 g 

n r3, which is approximately the middle point of the aforementioned range, was used in 

all calculations made in this study. As will be discussed in Chapter 6 , even if the 

actual value of Kq is one order of magnitude smaller than 0.26, biofiltration rates 

remain practically unaltered.

5.3 Biodegradation Kinetics of Mixed VOCs 

Biodegradation of mixtures of two compounds involved in a cross-inhibitory (or 

competitive) interaction was described with the equations which are given in Section 5.1, 

along with specific growth rate expressions modified as follows.



Knowing the values o f all model parameters -except for the interaction constants Kjq, Kqj - 

from single compound degradation experiments, the two new constants were determined 

by fitting the biodegradation data, and Cgq versus time, to the solution of equations 

(5.5)-(5.7) along with expressions (5.13)-(5.14), through a non-linear algorithm for 

minimization of the square of the errors.

5.3.1 Utilization of benzene-toluene mixtures

As in the case o f individual compounds, both PPOl and the consortium exhibited a 

qualitatively similar behavior towards mixtures of benzene and toluene. In mixtures, 

benzene and toluene were utilized competitively. The interaction parameters were 

determined and are given in Table 5.1. For benzene, where the kinetics are similar, 

(Monod-type) values obtained in the present study deviate from those reported by Chang 

et al. (13). According to these authors, the interaction constants should be equal to 1 in 

the model formulation given by equations (5.13) and (5.14). In Figure 5.3(a), 

experimental data were plotted against the model predictions based on the assumption that 

there is no interaction at the kinetic level (values of interaction parameters KBT and KTB 

set as zero). The same experimental data as a function of time, along with model 

predictions (curves) based on the interaction constants reported in Table 5.1 are shown in 

Figure 5.3(b). Clearly the data cannot be described unless interaction between benzene and 

toluene is considered. Similarly, for another set of experimental conditions, (Figure 5.4), 

the model predictions and experimental data agree excellently when kinetic interactions 

are considered. This agreement was found in all experimental sets. The values o f the 

parameters show that the interaction is almost 50% less intense with the consortium as
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Figure 5.3 Comparison of model predictions and experimental data from a 
biodegradation experiment with a benzene/toluene mixture. Benzene (1 |iL) and toluene 
(1 |iL) were added. Curves in graph (a) have been prepared by assuming no kinetic 
interaction and in graph (b) by considering interaction effects. The values of model 
parameters are given in Table 5.1. It is clear that benzene data shown as O, follow 
curve [1], and toluene data shown as A, follow curve [2] only in the case of graph (b).
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compared to pure strain PPOl for both benzene and toluene. Furthermore, parameter 

values for PPOl and the consortium indicate that toluene inhibits the utilization of benzene 

much more than benzene inhibits the utilization o f toluene. Actually KBT is over 20 times 

higher than Kfg, indicating that utilization of benzene is severely inhibited in the presence 

of toluene.

C , (  m g/L)
40

30

100 12060 8020 400

Time (min)

Figure 5.4 Comparison of model predictions and experimental data from a 
biodegradation experiment with a benzene/toluene mixture. Benzene (1 pL) and 
toluene (2 |oL) were added. Benzene data shown as O, follow curve [1] and 
toluene data shown as A, follow curve [2]. Curves have been prepared by solving 
the model equations assuming that there are kinetic interactions.



CHAPTER 6

STEADY-STATE BIOFILTRATION OF SINGLE VOCs

In this chapter, a detailed model describing steady-state biofiltration of airstreams 

containing vapor of a single VOC, is introduced, analyzed, and experimentally validated. 

Validation is based on experimental data from methanol, benzene, and toluene 

biofiltration. Data on methanol were obtained from the work of Oh (46), while data on 

the hydrophobic solvents (benzene and toluene) were generated in the present study.

The model accounts for mass transfer o f the VOC and oxygen from the gas phase 

to the biolayer, as well as within the biolayer through a diffusional process. Reaction 

kinetics are based on expressions which incorporate potential limitations from both the 

VOC and oxygen.

6.1 Mathematical Model Development

The model proposed here has been derived based on the following assumptions:

1. Oxygen and the VOC which is to be biodegraded, are the only substances affecting the 

reaction rate.

2. Oxygen and the VOC are transported within the biolayer by a diffusional process.

3. Reaction in the biolayer follows an interactive model as described in Chapter 5.

Kinetics of biodegradation in the biolayer are the same with those when the same 

culture is used in suspension to biodegrade the same compound.

4. The biolayer is formed on the exterior surface of the particles, and its thickness (6*) is 

small when compared to the particle size; hence, planar geometry can be used. At least 

one of the rate-limiting substrates gets depleted before it reaches the biolayer/solid
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support interface. Thus, there is an effective biolayer thickness (8) in the sense of

Williamson and McCarty (77).

5. There is no boundary layer at the air/biolayer interface, and the concentration of

component j ( j : VOC, oxygen), Cj, in the gas phase is related to the concentration of

that component in the biolayer (at the air/biolayer interface), through the expression 

Sj = Cj/nij, where mj is the distribution coefficient for the component j /water system,

as also assumed by Ottengraf and Van den Oever (52).

A schematic representation of the biolayer under assumptions 4 and 5 is given in

Figure 6.1 Schematic of the biofilm model concept at a cross-section along the 
biofilter column.

6 . In the gas phase, there are no concentration variations in the radial direction of the 

column (plug flow).

7. The biofilm density, Xv , is constant throughout the column. Xv is the amount o f dry 

biomass per unit volume of biofilm.

Figure 6 .1.

Biolayerj

X — > 0 8 8*

1245
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8. After the initial stages of the process, biomass accumulation in the column is either 

negligible, or it occurs very slowly so that, at least over substantial periods o f time, 

one can assume that a steady state, or more specifically a quasi-steady state, is 

established in the unit.

Under the above assumptions, the process can be described by four mass balances, 

two on the pollutant, and two on oxygen as given below.

I. In the biolayer :

( 6 , )

(6 -2)

with corresponding boundaiy conditions

sf = —  at x = 0 (6.3)
m j

da,
—-  = 0 at x = 5 (6.4)
dx

Sq = -2 -  at x = 0 (6.5)
m0

■^2- = 0 at x =8  (6.6)
dx

with >i( s , , sQ) = |u(Sj) -  S"  (6.7)
K 0 +  S0

where n(sj) is the specific growth rate of the biomass used, on the VOC which is to be 

removed, under no oxygen limitation; |t(sj) can be either a Monod, or an Andrews 

expression as discussed in Chapter 5. The specific form of |x(sj), and the values o f the

kinetic constants associated with it should be revealed from independent shake-flask 

experiments as explained in Chapter 5.
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II. Along the column :

dc: 
u . —^  A 

g dh ° M .
(6.8)

(6.9)

with corresponding boundary conditions

c = cj ji

C0  — COi

at h = 0

at h = 0

(6 .10)

(6 .11)

For the case where the biodegradation kinetics o f the VOC under no oxygen limitation 

follow either Andrews or Monod kinetics, the equations can be written in dimensionless 

form as follows.

d s
d0 M 1

S:

1 +  Sj +ys? 1+S0

d2s,
d0

dc

f  = * ^ T T T T ^ 3 -1 +  S j + y S j  1 +  So

dz

dc0
dz

A
d0 e=o

= ri©
dsr
d0 0=0

dSj _ dso _
d0 d0

=  0

Sj -  e,Cj; sQ — e2c0

at 0 = 1

at 0 = 0

(6 .12)

(6.13)

(6.14)

(6.15)

(6.16) 

(6.17)
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C: =  C0 =  1 at z = 0 (6.18)

where

X =
C:

e, = — -— , e,  = —
1 K=m= K0m0

Equations (6.12) and (6.13) along with boundary conditions (6.16) and (6.17) yield

Because of equation (6.19), equations (6.14) and (6.15), along with boundary conditions 

(6.18) yield

From the foregoing analysis it becomes clear that the process can be described by 

equations (6.13) and (6.15) only, provided that expression (6.21) is substituted for Sj in

equation (6.13). Of the boundary conditions (6.16) through (6.18) one needs only those 

concerning s0 and cQ. Clearly, due to symmetry one could use equations (6.19) and

(6.20) to get expressions for s0 and c0 which could then be substituted into equations 

(6.12) and (6.14). In such case, the process is described by equations (6.12), (6.14), and

(6.19)

(6 .20)

Combining equations (6.19) and (6.20) one gets

(6 .21)



42

those boundary conditions among expressions (6.16) through (6.18) which concern Sj and 

Cj. Reduction in the number of model equations facilitates the numerical work needed for

solving the model.

6.2 On the Solution of the Model

The model proposed in the previous section contains a total o f 16 parameters. More 

specifically, up to 4 kinetic constants (p* or Kj, Ky, Kq), which can be determined as 

shown in Chapter 5; 2 yield coefficients (Yj, Yoj) ; two distribution coefficients (nij, mo); 

two diffusion coefficients (Dj, D 0); the biofilm density (Xv); the effective biolayer 

thickness (5); the biolayer surface area per unit volume of reactor (As); and three 

operating parameters (ug, c,;, coi), which can be easily measured in any specific experiment 

or application. In order to solve the model equations, one needs to determine, or estimate 

the 13 out of the 16 parameters.

6.2.1 Determination/Estimation of Model Parameters

6.2.1.1 Kinetic parameters

The kinetic parameters are characteristic o f the culture used, and the type of VOC treated. 

For the solvents studied here (methanol, benzene, and toluene), these parameters have 

been determined as discussed in Chapter 5.

6.2.1.2 Yield coefficients

The yield coefficients (Yj, Yoj), are again characteristic of the culture used, and the type of 

VOC treated. Their values can be found from the data obtained during the kinetic runs. 

The values o f the yield coefficient on the VOC (Yj) were experimentally obtained for the 

solvents studied in this dissertation. In fact, the values for YB and YT are given in Table
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5.1. The value of the yield coefficient on methanol (YM), was also determined from the 

kinetic runs discussed in Chapter 5. Its value was found to be 0.28 kg-dry biomass/kg- 

methanol-consumed. Values of yield coefficients on methanol reported in the literature (6, 

14) fall in the range of 0.30-0.54, hence the value determined in this study compares 

relatively well with them.

Since the kinetic runs reported in Chapter 5 were performed under excess oxygen

conditions, hence oxygen consumption was not measured, the values of the yield

coefficients on oxygen (Yoj), were estimated from the values o f Yj, as follows.

According to Shuler and Kargi (65), a typical cellular composition can be 

represented as CH18O05N02. Taking into account the fact that in the kinetic runs NH4C1 

was the nitrogen source, using the values of Yj (0.28 for methanol, 0.71 for benzene, 0.71 

for toluene), one can write the following equations

CH40  + 1.12 0 2+ 0.07 NH4C1 0.36 CH18O05N02 + 1.78 HjO +

0.64 C 02 + 0.07 HC1 (6.23)

C6H6 + 5.14 0 2+ 0.45 NH4C1 2.25 CH18O05NO2+ 1.65 H .0  +

3.75 C 02 + 0.45 HC1 (6.23a)

C7H8 + 5.97 0 2+ 0.53 NH4C1 -» 2.65 CH, 8O05N02+ 1.91 H.O +

4.35 C 02 + 0.53 HC1 (6.23b)

From equation (6.23) one can calculate the yield coefficient of biomass on oxygen when 

methanol is the carbon source, as .25 kg-dry-biomass/kg-02. Similarly, from

equations (6.23a) and (6.23b) one can calculate the yield on oxygen as Y0B = 0.336, YOT= 

0.341 when benzene and toluene, respectively, are the carbon sources.
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In order to check if the approach discussed above leads to reasonable estimates of 

Y0j, data from the literature on methanol (6), reporting experimentally measured values of 

both Ym and YOM were used as follows. YM values were used in balancing equation 

(6.23). Estimated YOM values were compared to the reported ones. The method proved 

very good, especially when applied to Pseudomonas axidMethylomonas species.

6.2.1.3 Biofilm density

Biofilm density, Xv, was not measured during this study. The construction of the 

experimental apparatus was such that it would allow for solid sampling only at the exit, in all 

experiments with single VOCs. Even if sampling was possible at various column locations, it 

could easily lead to disturbances in the air/solids contact pattern. Furthermore, the solids had 

a wide size distribution and were irregular in shape, something which would had made the 

biolayer volume determination almost impossible. In the literature, while there is a wealth of 

information about biofilm densities for three-phase (solid-liquid-gas) systems, e.g., Fan et al. 

(28, 29), Tang and Fan (69), Tang et al.(70), Livingston and Chase (42), there is no 

information regarding two-phase (solid-gas) systems, possibly because interest and research 

on biofiltration has started only recently. In the aforementioned studies, the biofilm densities 

reported range from 23 to 220 kg nr3, while it is also established that Xv decreases as the 

thickness of the biofilm increases. In the present study, some microscopic observations of 

particles at the end o f experiments with methanol (after columns had run for up to 12 

weeks), have indicated that the biolayer thickness was well in the sub-millimeter range. A 

value of Xv = 100 kg nr3 was used in the calculations. This value is at about the middle 

point of the reported values, and was used in the absence of a better estimate.

6.2.1.4 Distribution coefficients

As discussed in the preceding section, a value of 100 kg nr3 was used for the biofilm 

density. This value implies that 100 kg of dry biomass is present in 1 m3 of biofilm. Given
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the fact that wet biomass has the same density with water, a value o f Xv = 100 kg nr3 

implies that 90% of the biofilm is made of water. For this reason, the distribution 

coefficients o f VOCs, and oxygen, between air and biofilm were assumed to be equal to 

the corresponding distribution coefficients between air and water (assumption 5 for model 

derivation).

For methanol, vapor/liquid equilibrium data (1 atm, 25°C) for the methanol/water 

system from the literature (32) were used, and a value o f mM = 0.0035 was determined.

For benzene and toluene, values o f mB = 0.23, and mT = 0.27 were taken from the 

literature (43).

The solubility o f oxygen (1 atm, 25°C) in water is reported (6) as 1.26 mmol/1. 

Assuming a linear relationship between solubility and pressure, water when it is in 

equilibrium with air contains oxygen at 8 gm-3. Assuming ideal gas behavior, the oxygen 

concentration in the air is 275 g nv3. The distribution coefficient for the oxygen (in 

air)/water system, mw> was then determined as 275/8 = 34.4. The concentration of oxygen 

in the air at the reactor entrance, coi, was also taken as 275 g nv3 in all cases thus, any 

small changes in this value due to the VOC vapor presence in the air were disregarded.

6.2.1.5 Diffusion coefficients

The diffiisivities in water o f oxygen (Dow), benzene (DBW), and toluene (D^,), at 25°C were 

obtained from the literature (62), and are reported in Tables 6.2 and 6.5. The diflusivity of 

methanol in water at 15°C was also obtained from the same reference, and then converted 

to a value for 25°C through the Stokes-Einstein equation (8). The value o f DMW at 25°C is 

reported in Table 6.2.

Fan et al (29) have proposed an empirical equation for predicting the diffusivity of a 

substance in a biofilm, relative to the diffusivity o f that substance in water. The ratio of the 

two values, i.e., the relative diffusivity, depends on the biofilm density. For the value of Xv
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= 100 kg m-3, this correlation predicts a relative diffusivity of 0.195, and this value was 

used in all calculations made in the present work.

6.2.1.6 Effective biolayer thickness

I f  the actual biolayer thickness, <5*, and its variation along the column were known, the 

solution of equations (6.13), (6.15), and (6.21) would indicate if one of the substrates gets 

practically depleted before the biolayer/solid support interface and thus, the effective 

biolayer thickness would be revealed. Consequently, assumption 4 would not be needed 

in the model derivation. Since 8* was not known and could not be estimated, it was 

decided to use the notion of effective biolayer thickness in the sense of Williamson and 

McCarty (77), i.e., make assumption 4. This means that in solving the coupled boundary 

value problem a trial and error procedure was followed at each step, in order to determine 

the effective biolayer thickness, 8. The value of 8 was taken as the distance in the biolayer 

which would first lead to depletion of either oxygen or the VOC. A substrate was 

assumed to be depleted when its value dropped to about 1% of its corresponding value at 

the air/biolayer interface (i.e., 0 = 0).

6.2.1.7 Specific biofilm surface area

The only model parameter which could neither be measured, nor estimated from the 

literature, is the biolayer (or biofilm) surface area per unit volume of reactor (A^). For this 

reason the following approach was adopted. With each one of the VOCs tested 

experimentally, some column experiments were used as basis for model calibration; that is, 

the data were fitted to the model by varying the A^ value. A single value of Agj which 

minimized the sum o f the squares o f the error between experimental and model predicted 

gas phase concentration profiles in all sets used for model calibration, was taken as the 

value associated with the particular VOC. Subsequently, this A^ value, without any 

adjustment, was used in predicting biofiltration of that VOC under other experimental
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conditions. As will be discussed later, this approach could nicely predict experimental 

data not used in the model calibration.

1-i

6.3 Numerical Methodology 

Equations (6.13) and (6.15), along with the corresponding boundary conditions, constitute 

a coupled boundary value problem. A computer code was developed for solving this 

problem, and is given as Appendix A of this dissertation. The logic o f this code is as 

follows. Equation (6.13), at a given value of z, is solved by using a multiple shooting 

technique (subroutine BVPMS of the IMSL library). Once sQ (0) is evaluated at a given z, 

equation (6.15) is solved by a 4th-order Runge-Kutta method to produce cQ at a point 

z+Az at which, equation (6.13) is solved again. This procedure is repeated (100 times, Az 

= 0.01) up to the exit o f the reactor (z = 1). The VOC concentration profiles in the 

biolayer and along the column are calculated via the algebraic relations (6.21) and (6.20), 

respectively.

As mentioned in section 6.1 of this chapter, instead of equations (6.13) and (6.15), 

one could equivalently use equations (6.12) and (6.14). This requires a slight modification 

of the expressions appearing in the computer code.

It was found that when oxygen is depleted in the biolayer much faster than the 

VOC, it is better to use equations (6.13) and (6.15). This was the case with methanol. 

When the VOC is depleted before oxygen in the biolayer, it was found that it was better to 

solve equations (6.12) and (6.14). This was the case with both benzene and toluene.

It should be also mentioned that instead of using the multiple shooting technique, 

one could use the method of orthogonal collocation (30,76). This was the method used 

for solving the steady state biofiltration model for VOC mixtures. This problem is 

discussed in Chapter 7, and the computer code is given in Appendix B. This code could

..*1
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be used instead of the one given in Appendix A, for solving the model for one VOC, 

provided that all but one VOC inlet air concentrations are set equal to zero.

6.4 Biofiltration of Methanol

The data on biofiltration of methanol vapor which were analyzed in the present study, were 

obtained from the laboratory of Professor R. Bartha (Rutgers University). The experiments 

were performed by Dr. Y.-S. Oh (46), in glass columns 5cm in diameter, and 60cm in 

height. A mixture of 40% peat and 60% perlite was used as packing material. Biomass was 

immobilized on the solids, and in preparing the columns, the packing was moistened to fill 

50% of the available pore space. Columns exhibited an initial pressure drop of 0-1 mmHg 

nv1 which increased to a maximum of 10 mmHg m° after 8-12 weeks of use (64). Two 

types of column experiments were performed. In the first type, the VOC concentration was 

measured only at the inlet and outlet, and the column contained no other solid but peat and 

perlite. In the second type of experiments, concentrations of methanol were measured at the 

entrance, exit, and three equally spaced locations along the column length. Polyurethane 

foam plugs were used as spacers around sampling ports. For the data analysis, it was 

assumed that polyurethane is unfavorable for biofilm formation and thus, it is not considered 

as solid packing where biofiltration o f methanol takes place. Experimentally, it was 

observed that the columns reached steady-state conditions in 7-10 days after start-up. Only 

steady state data were used in the analysis presented here.

6.4.1 Removal rates at various flow rates and inlet concentrations

The steady state data were used in calculating removal rates. The removal rate is defined 

as the concentration difference between inlet and outlet, multiplied by the volumetric flow

.<rv
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rate of the air and divided by the volume of the reactor occupied by the solid packing 

material.

Table 6.1 Removal rates of methanol vapors at constant inlet concentration and 
varying air flow rates.

case u« vP Rexp E rror

m h*1 g n r 3 msx 10-6 g h '1 m^-packing %

1 6.42 6.56
Separated Column

782 93.3 86.1 -7.7
2 7.90 6.56 932 92.8 86.6 -6.7
3 8.52 6.11 932 92.8 85.8 -7.5
4 9.52 6.32 932 104.2 88.2 -15.4

5 6.42
Non-Separated Column 

6.33 706 112.8 86.7 -23.1
6 7.55 6.44 706 94.1 89.1 -5.3
7 9.38 6.45 706 100.8 90.7 - 10.0
8 12.75 6.57 706 65.1 92.4 41.9

In the first series of experiments with separated columns, the inlet methanol 

concentration (c^) was kept constant, while the superficial air velocity changed from one 

experiment to the other. The conditions for these experiments, along with the achieved 

removal rates, are shown in the first four entries of Table 6.1. These data were used in 

order to calibrate the model as explained in section 6.2.1.7. The value of H (reactor 

height) is given as Vp/S, where Vp (reported in Table 6.1) is the volume of the packing 

(reactor), and S is the cross sectional area of the column. Table 6.2 shows the values used 

for the model parameters. The value o f AgM giving the best fit for each of the four cases 

individually, is slightly different but very close to the value of 85.15 nr1 which was found by 

following approach described in section 6.2.1.7. This value is relatively low, but it is 

consistent with the substantial pressure drop of about 10 mmHg m 1. The results of this 

approach are presented in Figure 6.2. The curves (solid lines) shown in these diagrams 

represent model predictions or more specifically in this case, the best fit. The
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experimentally measured removal rates (based on exit concentrations) and those predicted 

by the model are shown in Table 6.1, and the agreement is good.

Table 6.2 Parameter values used for solving the model equations

Model Param eter Numerical Value Units

0.22 h->
K 0.63 kg nr3
K: 20.0 kg nr3

K0 0.26 x 103 kg nr3

y m 0.28 kg kg-1

Y0 0.25 kg kg-1
x . 100.0 kg nr3

0.0035 —
mo 34.4 —

1.30 x 109 m2s-'

Dow 2.41 x 10-9 m2s 1

Djv/D mW 0.195 —
Do/Dow 0.195 —

Coi 275.0 x 10-3 kg nr3
S 19.63 x 10" m2

^SM 85.15 m-1

The model predicts an almost linear methanol concentration profile along the 

column and thus, a practically constant removal rate for each section of a particular 

column. Removal rates for each one of the four sections of the separated columns have 

been calculated and are shown in Table 6.3. These data indicate a tendency for the removal 

rate to increase in the direction of flow. This could be due to lower surface area towards 

the bottom of the column resulting from compaction of the solids, or due to a lower
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biomass density resulting from a possibly larger actual biofilm thickness, 5* (as has been 

discussed earlier, results from the literature indicate that Xv decreases as 8* increases).
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Figure 6.2 Concentration profiles of methanol vapor in the air along a biofilter 
column at constant inlet concentrations and increasing superficial air velocities. 
Experimental data shown as A. The curves represent model predictions.

Table 6.3 Experimentally measured removal rates of methanol vapors in 
individual sections of a biofilter (see also Table 6.1)

U8 
m h-‘

Cm.
g h 1nH-packing

^«p,4

6.42 6.56 78.6 81.6 109.0 104.0
7.90 6.56 61.0 88.6 91.2 130.5
8.52 6.11 54.3 66.6 107.7 142.8
9.52 6.32 77.6 109.0 105.0 125.2
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The value of 85.15 nr1 for AgM was used for predicting other experimental sets of 

data. Such predictions for cases of non-separated columns are shown in Table 6.1 (cases 

5-8). The agreement between data and model predictions is very good in cases 6 and 7. In 

case 8, the agreement is very poor but as can be seen from the data, something in this 

column was significantly different from all others. Severe channeling is one possible 

explanation. In fact, the experimentally measured value could be matched with the model 

prediction if a lower value of AgM was used. Another possibility is that the biological 

activity of the organisms was damaged due to a high temperature in the laboratory during 

part o f the period of operation of this column.

One could think of comparing the performance of separated versus non-separated 

columns in order to determine which type of design is preferable. Operating conditions for 

cases 1 and 5 are practically the same, and the data seem to indicate that the non-separated 

column performs better. This could be possibly explained if some of the pores in the 

polyurethane plugs used in positions along the separated column get clogged either by 

microbes or water, thus leading to some channeling problems. In fact, the experimental 

value for the removal rate in case 5 can be predicted by the model if a higher AgM value is 

used. Cases 2 and 6 have very similar operating conditions, as do also cases 4 and 7. For 

these two pairs one can see that the removal rates are practically the same for separated 

and non-separated columns. A general conclusion cannot be reached but it seems that if a 

separated column is to be used, sieves rather than polyurethane plugs should be used.

In another series of experiments with separated columns, the value of ug was kept 

constant while the methanol inlet concentration varied from column to column. The 

columns were packed in the same fashion as in the experiments reported in Table 6.1, 

were operated over the same length of time and similar pressure drops were observed. 

Hence, the value of AgM = 85.15 nr1 should be valid. In fact, as can be seen from Table 6.4 

and Figure 6.3, the agreement between experimental data and model predictions is
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Table 6.4 Removal rates o f methanol vapors at constant air flow rate and varying 
inlet concentrations in separated columns1

Cm.
8 mJ

R„p 
g h 1

®p«l
■packing

E rro r
%

2.67 53.3 53.3 0.0
6.98 92.3 90.2 -2.3
8.72 101.6 93.7 -7.8

*For these experiments, ug = 9,48 m h'1 and Vp = 932 x 10-6 m3
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Figure 6.3 Concentration profiles of methanol vapor in the air along a biofilter 
column, at constant superficial air velocity of 9.48 m h'1, and increasing inlet 
concentrations, cMi Data shown as A. The curves represent model predictions.
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excellent not only regarding the overall removal rate, but for concentration values along 

the column as well. It is worth noticing that for low inlet methanol concentrations (top left 

of Figure 6.3) the data show, and the model predicts, a concentration profile along the 

column which drastically deviates from the practically linear profiles observed at higher c ^  

values; this point will be discussed again later.

6.4.2 The model, its assumptions and implications

The model proposed here is much more complex than the model o f Ottengraf and van den 

Oever (52). This complexity arises not only from the fact that the kinetic expressions are 

much more involved -first or zero order kinetics assumed by the aforementioned authors-, 

but also because oxygen and the VOC are considered. If  a complex model such as the one 

proposed here, is to be used in practical applications, its complexity needs to be justified. 

More specifically, one may wonder whether it could be simplified by considering only one 

of the two rate limiting substrates, either the VOC or oxygen. Since methanol was the first 

compound compared against the theory developed here, it was decided to investigate the 

foregoing question.

Williamson and McCarty (77) have derived two criteria for determining if 

biodegradation in a biofilm can be described by considering only the electron donor, or 

only the electron acceptor, i.e., methanol or oxygen, respectively, for the case considered 

here. These two criteria written for the methanol/oxygen system are as follows.

So( 0 ) < 2 ^ o Sm(0) (6.24)
u o

s° (e )< T 7 &  <6-25>

where v0 is the stoichiometric coefficient of oxygen in equation (6.23), i.e., v0 =1.12.
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Condition (6.24) involves the concentrations o f the rate-limiting substances in the 

biolayer at the air/biolayer interface and if satisfied, it implies that oxygen is flux limiting. 

Condition (6.25) involves concentrations o f the two substances throughout the biolayer; if 

satisfied at every position in the biolayer (from 0 = 0 to 0 = 1), it implies that oxygen is 

substrate (kinetic) limiting. If  both conditions (6.24) and (6.25) are satisfied, 

biodegradation can be described by considering oxygen only. If  both conditions are 

violated, consideration of methanol only is enough to describe the process. In any other 

case both substrates need to be considered.

Using equations (6.3), (6.5), and (6 20) one can show that condition (6.24) can be 

written as

\ _ ^MCMi < 
^ 0C0i

'  v oD M.m_o_ _ (6.26)
V ^ 0mM Y0 )  Coi

When the values of the model parameters are substituted for in condition (6.26), one gets

_ 1 -  0.00407cMi / • ( c l

cm > — —  > (c^ in 8 m > (6-27)21.59cm,

For the values of c^ used in the experiments, condition (6.27) is satisfied throughout the 

column except for the case of 2.67 g nr3. In the latter case, condition (6.27) is satisfied up 

to the point where cM drops to about 2% of its original value. These considerations may 

be used as an explanation for the practically linear concentration profiles along the 

columns, except for the case of 0^  = 2.67 g nr3 which shows a curvature towards the end 

of the column (Figure 6.3a). One can conclude then, that at low methanol levels in the 

inlet air, methanol becomes flux limiting. In fact, one can easily calculate that if c ^  is less 

than 0.046 g nv3 (which corresponds to about 40 ppm), methanol is flux limiting 

throughout the column.
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Using equation (6.21) and the values for the model parameters from Table 6.2, one 

can show that condition (6.25), when c^  is in g nr3, can be written as

1463.9sm -  664.5cMjcM + 30.75 -  0.125c* < 1 + (6 28)

Since at 0 = 0, s„ = s,cM = 0.4540,^0,*, one can conclude from simple calculations that 

condition (6.28) is never satisfied at the air/biolayer interface for any value of c^  used in 

the experiments, and for any cM. Furthermore, the numerical calculations have shown that 

in almost all cases considered here, condition (6.28) is satisfied in a small portion of the 

biolayer close to the biolayer/solid support interface. The exception occurs again at the 

upper part of the column which was operated at c^  = 2.67 g nr3. In the latter case, 

condition (6.28) was never satisfied implying that at very low methanol concentrations in 

the air, oxygen never becomes the kinetic-limiting substrate in any part of the biolayer.

From the foregoing discussion it can be concluded that criteria (6.24) and (6.25) 

were never simultaneously satisfied, except at a very small section close to the exit o f the 

column which was operated at c^  = 2.67 g nr3. Thus the model needed in fact to be 

written in terms of both methanol and oxygen. The process was oxygen-flux-limited and 

methanol-kinetic-limited, This can be seen from Figure 6.4 where typical concentration 

profiles (normalized with the concentration at the air/biolayer interface, i.e., at 0=0) have 

been plotted. The same conclusion could be reached in an alternate fashion as follows.

According to assumption 4, the effective biolayer thickness is equal to the biolayer 

thickness within which either methanol or oxygen gets depleted. This thickness was 

numerically calculated as explained in section 6.2.1.6. The numerical calculations for the 

case of methanol have shown the following. For c,^ = 8.72 gm-3, the value of 6 is almost 

constant along the column, and equal to about 27.5 pm; furthermore, oxygen was depleted 

before methanol, at any position in the column. For values between 6.11 and 6.98 gm 3, 8

•«n
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varied from about 28 pm at the entrance of the column, to about 36 |im at the exit; again, 

oxygen was depleted first, at all locations in the column. Finally for 0^ =  2.67 gm 3, the

S*

1.0

as .

o.«

0.4

0.8 1.00.4 0.60
0

Figure 6.4 Characteristic dimensionless concentration profiles in the 
biolayer. Specific conditions: uB = 6.42 m h 1, c^  = 6.56 g nv3, middle point 
of the column ( z = 0.5). Curves are for methanol (1) and oxygen (2).

value of 8 varied from about 31 pm at the entrance, to about 110 pm at the exit of the 

column; in this case, oxygen gets consumed first in the biolayer, except at positions very 

close to the exit where methanol gets depleted first. From these results, one can conclude 

that except for the case of 0^ =  2.67 gnr3, the value of 8 does not exceed 36 pm. Based 

on this value, one can calculate (J>2 = 0.18 and 4>2A, =260. One can argue that <j> is a 

measure of the Thiele modulus based on methanol, while <j)X0 5 is a measure of the Thiele 

modulus based on oxygen. Their corresponding values are 0.42 and 16.1; these values 

seem to indicate that the process is limited by the kinetics o f methanol and diffusion of 

oxygen. Similarly, when 0^ =  2.67 g nr3 and 8 can reach about 110 pm, the corresponding 

Thiele moduli are 1.28 and 49.2. The value of 1.28 seems to indicate that diffusion of 

methanol is important. In fact, the numerical calculations show that at the very end of the 

column, the biolayer methanol concentration profile is not as flat as the one shown in 

Figure 6.4. It should be also mentioned that the values of 8 reported above, well justify 

both parts of assumption 4.
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Regarding some of the assumptions made in developing the model, one can say the 

following. The assumption that a steady (or quasi-steady) state is reached can be 

defended as follows. The time scale o f events in the biolayer depends on the characteristic 

thickness, and the diffusivity o f the substrates (37). I f  8 is taken as the characteristic 

thickness, and the slower diffusing substrate (methanol) is considered, one can easily show 

that the time scale 82/D m is up to two orders of magnitude less than the residence time; 

hence, time variations in the biolayer can be neglected for long periods of time. The model 

also does not consider biomass accumulation in the column. Biomass accumulation would 

affect (in time) the values of Xv and A ^. Experimentally it was observed that after an 

initial period, concentration profiles did not change with time, thus implying that biomass 

accumulation is, if not zero, very small. One could describe this effect by introducing one 

more equation for the total mass balance in the reactor, and assuming a biomass rate of 

decay. This would introduce one more parameter which would have had to be fitted. Since 

in most of the cases it is predicted that oxygen cannot penetrate the biolayer for more than 

40 pm, it is reasonable to expect that cells die quickly due to oxygen deprivation. 

Although a large excess of nitrogen source was added to the column in the beginning of 

the experiments, death and lysis of cells can be also viewed as a possible source for 

nutrients other than carbon and oxygen, thus eliminating the need for them to be externally 

supplied. Even if biomass decay is not considered, the proposed model would be very 

accurate over long periods of time as can be seen from the following example. Consider 

the case of the non-separated column which resulted in the highest removal rate o f 112.8 g 

nr3 h ]. The void fraction was not measured, but it is estimated at about 40% in the 

beginning of the experiments. Over a period of 100 h one can calculate the volume of 

biomass formed as 22 cm3 (based on YM= 0.28 and Xv= 100 kg nv3), i.e., a change in the 

void fraction of about 8%. In view of the above, it is believed that the quasi-steady state 

assumption is quite reasonable.

..n
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6.4.3 An alternate representation of the results, and sensitivity 
studies with the model

In practical applications, a parameter used in determining the performance of a biofilter

is its elimination capacity (18, 52), symbolized by EC, and given -for a VOC j- by the

following equation.

(EC), = 1 ( 0 , - c „ )  = ^ - ( c ,  -  c , . ) = M (c ,  -  CjI) (6.29)

The EC is also known as the removal rate. If one specifies the exit 

concentration values so that the processed airstream meets the regulatory requirements, 

the model can be used for predicting the size of the required biofilter unit. Similarly, 

for given ug and Vp one could calculate, through the model, the EC. Relations (6.29) 

can be presented in various graph forms which could facilitate design calculations; e.g., 

from values of EC, F, c}i, and regulatory requirements defining Cje, one could easily 

calculate through equations (6.29) the size (VP) of the required biofilter. Some graphs 

are presented in the following parts of this section.

Figure 6.5 shows the removal rate as a function of the superficial air velocity 

ug. The form of the curve is characteristic of first-order processes. The only way in 

which a process having a complex kinetic dependence such as the one given by 

expression (6.7) reduces to a first-order type, is when it is diffusion or transport 

limited. Of the two substances, methanol has a solubility in water (or biofilm) which is 

orders o f magnitude higher than that of oxygen. Thus, diffusion limitation is due to 

oxygen. Another way of interpreting the diagram of Figure 6.5 is the following. At 

low ug values, the contact time is enough to allow for complete removal, i.e., c ^  =  0. 

From equation (6.29) then, one gets :

Su
EC = - ~ CMi (6.30)

’ p
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Equation (6.30) implies that at low ug values there is a linear relationship between 

removal rate and ug with a slope Sc^/Vp. At high values of ug, the contact time is not 

enough to allow for complete methanol removal; the model predicts and the data 

confirm that the removal rate is independent o f the contact time. One can then argue 

that at low values of contact time the process behaves as if it is practically o f order 

zero.

removal rate (g m^-packing h 1)
zoo

150

100

50

124 8 1060 2

superficial velocity (m3 n r2 h 1)

Figure 6.5 Methanol removal rate as a function of ug : Comparison between 
model predictions (curve) and experimental data for cMi = 6.5 gm-3; Vp = 932 
cm3 for data shown as X, and 706 cm3 for data shown as O.

Figure 6.6 shows the percent methanol removal, defined as 100(0,^ - 

as a function of inlet concentration for three values of the residence time. As expected, 

when the residence time increases the percent removal increases. For a residence time 

of three minutes the model predictions agree nicely with experimental data.
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Figure 6.6 Model predictions for methanol percent removal as a function of cMi 
for three values of x. Predictions are in excellent agreement with data from four 
932 cm3 columns operated at x = 3 min.

Figure 6.7 shows the percent removal as a function of space time for a 

particular value of methanol concentration in the inlet air. The agreement between 

experimental data and model predictions is very good. Hence, the model can predict 

the required space time (or biofilter size for a given flowrate) for complete removal.

A number of simulation studies were performed with the model in order to 

determine its sensitivity to the various model parameters. The rationale of these studies 

is the following. Suppose that one model parameter, say kinetic parameter K, is not 

exactly known. More, specifically assume that the value of K used in the calculations 

is twice the value of the real K. In this case one can define the ratio of the used value 

divided by the real one as relative K. In this example, relative K is equal to 2. The 

question is the following. Using a value of K which is twice the real one, what is the 

error made in estimating the removal rate. Again, one can calculate through the model 

two values for the removal rate: one based on the "wrong" K and one based on the 

"real" K. The ratio of these two values is defined as the relative removal rate (R').
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Figure 6.7 Methanol percent removal as a function of x: Comparison between 
model predictions (curve) and experimental data for cMi = 6.5 gm-3. Vp = 932 cm3 
for data shown as X, and 706 cm3 for data shown as O.

The first set o f studies dealt with the kinetic parameters and the results are 

shown in Figure 6.8. In this graph, the relative removal rate has been plotted versus 

the relative values of four kinetic parameters. As basis for these studies a methanol 

biofiltration experiment was used. For that experiment, VP = 932 cm3, when c ^  = 

6.56 gm 3, and ug =  7.90 mh *. The experimentally observed -hence real- value for the 

removal rate was about 93 g n r3-packing h 1. It should be mentioned that when 

comparisons are based on the same ug and Cj; values, the relative removal rate can be 

also viewed as the relative percent removal. From Figure 6.8 one can conclude that 

out of the four kinetic parameters, only two (p* and K) need accurate determination. 

Parameters Kj and Kq even if  they are not accurately known, will not lead to severe 

errors in predicting the removal rate. There is one more way in which this diagram 

could be interpreted. Consider biofiltration of a compound other than methanol. The 

diagram indicates that if the new compound has p* and K values similar to those of

.JTi
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methanol, and considerably similar or, different Kq and K1 values, this new compound 

will be removed in the biofilter at rates as those for methanol.

R' R'

1.1
1.1

0.9

0.7

0.9
0.5

0J0.8
1.713 15 190.5 0.7 0.9 11

relative value of kinetic parameters

Figure 6.8 Sensitivity analysis of the effect of kinetic parameters on the 
removal rate o f a single substance when Cjj = 6.5 g nr3 and t  = 3.6 min. The 
(1,1) point corresponds to methanol with an actual removal rate of about 86.6 
g m'3-packing h 1.

Figure 6.9 shows the relative removal rate (defined above) as a function of the 

relative oxygen concentration in the airstream. A value larger than 1 on the x-axis 

implies that the airstream contains oxygen at levels higher than the atmospheric air. 

Calculations have been performed for two inlet methanol concentrations. When c ^  = 

2.67 g n r3 the (1,1) point corresponds to an actual removal rate of 53.3 g n r3-packing 

h 1, while when c ^  =  6.98g n r3 the (1,1) point corresponds to an actual removal rate 

of about 90 g nv3-packing h_I. The diagram indicates that at low inlet methanol 

concentrations (curve a), enriching the airstream with oxygen does not lead to an 

improved removal rate. This is due to the fact that 100% removal is achieved in such 

cases. When c ^  is high (curve b), enriching the air with oxygen leads to improved
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rates. This is in agreement with the fact, discussed previously, that the process is in 

most cases limited by oxygen transfer. This graph also implies that, at least in some 

cases, one could keep the contact time (or biofilter size) at reasonable or desired values 

by enriching the air with oxygen in order to get complete removal of a pollutant.

R*
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Figure 6.9 Effect of oxygen on the removal rate of methanol when x = 3 min, and 
cMi = 2.67 g nr3 (curve a) or 6.98 g nr3 (curve b). The (1,1) point corresponds to 
removal rates discussed in the text.

Figure 6.10 shows results of sensitivity studies with the following three 

parameters : biofilm density (Xv), distribution coefficient (m), and the biolayer surface 

area (As). The notion of relative values here is exactly the same as that discussed 

earlier in conjunction with Figure 6 .8. The curves of Figure 6.10 imply the following: 

as expected, when the biolayer surface area per unit volume of the biofilter increases, 

the removal rate increases and levels off when 100% removal is achieved; what is more 

important is that the removal rate decreases drastically with As and it looks as if there
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is a linear relationship between the two quantities for values of R ’ less than 1. The 

biofilm density (Xv) is an important parameter only when its value is low. The graph 

indicates that if Xv is high (or at least above 100 kg nr3), knowledge of its actual value 

is not important for sizing a biofilter. From the curve for the effect of the distribution 

coefficient, one can conclude that the more volatile a substance is (high m or low 1/m 

values), the larger is the size of the biofilter required, assuming that the kinetics of the 

two substances compared are similar. Also from the same curve one could say that as 

the temperature increases (and m becomes higher), removal rates for methanol will 

drop, assuming that the effect of temperature on the kinetic parameters is not profound.
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Figure 6.10 Sensitivity analysis of the effect o f parameters m, Xv , and on the removal 
rate of a single substance when Cyt = 6.5 g nr3 and ug= 7.9 m h-1; R' = 1 corresponds to an 
actual rate of about 86.6 g nv3-packing h-1.
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6.5 Bioflltration of Benzene and Toluene

Once the proposed model was validated with data from experiments with methanol (data 

obtained from another source), experiments were performed with two hydrophobic 

solvents, benzene and toluene. Both substances are classified as primary pollutants by the 

US EPA. The objective o f this part o f the work was not only to demonstrate feasibility of 

benzene and toluene vapor biofiltration, but to also investigate if  the mathematical model 

proposed, can describe biofiltration of hydrophobic compounds as well. As described in 

section 4.2, the biofilter was packed with a mixture o f peat and perlite particles (volume 

ratio 2:3). The column (10cm in diameter, 75cm in height) was not completely filled with 

packing material. In the case of benzene, the length of the biofilter bed was 51cm, while 

for toluene the bed length was 69cm. Experiments with benzene at space times between 

2.7 and 4.7 min, and inlet concentrations between 0.07 and 0.56 gm-3 led to a maximum 

removal rate of 4.5 g-benzene nr3-packing h_1. The maximum observed removal rate for 

toluene was 24.8 g-toluene nr3-packing h-1. Experiments with toluene were performed 

with inlet concentrations and space times in the range of 0.62-2.81 gnv3 and 2.7-8.6 min, 

respectively. The specific conditions for each experiment, and the measured 

concentrations values are reported in Table 6.6 for benzene, and Table 6.7 for toluene.

Figure 6.11 shows a characteristic response of the biofilter during start-up. 

Initially, an amount o f the contaminant is adsorbed on the solid packing material, or simply 

dissolved in the water retained in the pores o f the solids. Eventually, after about eight 

days in the case shown in Figure 6.11, the unit reaches a steady state. The data analyzed 

in this section are from steady state conditions.

Experiments with benzene vapor were performed under different inlet benzene 

concentrations, cBi, and space times, t = VP/F . Each experiment was run for a period of 

at least two weeks. The values of the model parameters used in the calculations are listed
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Figure 6.11 Characteristic transient response of a biofilter during start-up; 
dimensionless concentrations at 0.35H, 0.8H, and at the exit of the biofilter 
(curves 1, 2, 3, respectively), as a function of time. Data from an experiment 
with benzene vapor fed at 0.434 gm*3, x = 4.5 min, Vp = 4119 cm3, H = 51 cm.

in Table 6.5. Equations (6.12) and (6.14), along with the corresponding boundary 

conditions, were used for determining the concentration profiles. The methodology used 

in numerical calculations has been discussed in earlier sections o f this chapter.

Table 6.6 shows the conditions for the experiments, and the measured exit 

concentration values of benzene. In the same table, the values of the observed removal 

rate, Rexp, which is defined as (cBi - c Be) /x  are also shown. The load is defined as

cBi /  t  . The model predicted values for the exit concentration and the removal rate are 

also shown in Table 6.6. The value of parameter AgB was determined as 23.3 n r1 by using 

two data sets, and was then used in predicting the values o f concentrations for the four 

other sets. One can easily see that the experimental and model predicted values o f c ^  and 

R are very close in almost all cases. Judging the performance of a biofilter on the basis of 

only the removal rate achieved, as is usually the case, may be misleading when the removal
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Table 6.5 Parameter values used for solving the model equations for the 
case o f hydrophobic solvents.

Param eter Value Units

Asb 23.3 m-]

A jt 40.0 m 1

COi 275.0xl0-3 kg m-3

DBW 1.04 x 10-9 m2 s'1
^OW 2.41 x 10-9 m2 s'1
Djw 1.03 x 10-9 m2 s'1

L>j/Djw 0.195

Kb 12.22 g m -3
K it 78.94 g m -3

Kob 0.26 g m*3

Kqt 0.26 gm -3
Kt 11.03 g m 3
mB 0.23 —

mo 34.4 —

mT 0.27 —

X. 100.0 kg m-3

y b 0.708 kg kg-1

Yob 0.336 kg kg-1

Yot 0.341 kg kg*1

y t 0.708 kg kg:1
0.68 h-1

Hr 1.50 h-1

rate is not compared to the load. It is better to compare the observed percent removal, as 

well as the removal rate, against the model predictions of the same quantities. Results 

reported in Table 6.6 indicate that complete removal of benzene vapor requires substantial 

space times.

The agreement between experimentally measured and model predicted 

concentration values is good not only at the exit of the biofilter bed as shown in Table 6,6,



69

Table 6.6 Steady state biofiltration of benzene vapors: Experimental data and model 
predictions.

X

(min)

CBI CBe,l CBe,2 E,
%

X
%

L R i E*
%

(g nr3) (gm 3--packing h '1)

4.1 0.28 0.19 0.16 -15.8 32.1 4.1 1.3 1.6 23.1

4.5 0.43 0.23 0.25 8.7 46.5 5.7 2.7 2.5 -7.4

4.7 0.56 0.21 0.31 47.6 62.5 7.1 4.5 3.1 -31.1

2.7 0.13 0.09 0.09 0.0 30.8 2.9 0.9 0.8 -11.1

2.7 0.12 0.08 0.09 -11.1 33.3 2.7 0.9 0.8 - 11.1

4.1 0.07 0.04 0.04 0.0 42.8 1.0 0.5 0.4 -20.0

x : residence time; cBi: inlet benzene concentration; c ^  j, Cg^ : exit benzene 
concentrations, experimental and predicted, respectively; Ej : percent error in 
exit concentration defined as (cBe2 -  cBel) / c BelxlOO; X : percent removal 
defined as (cBi -  cBe,)  / cBixlOO; Rj and Rj : removal rates based, respectively,
on experimental and model values; L: load; E2 : percent error in removal rate 
defined as (R 2 -R ^ /R jX lO O .

but along the length (or height) as well. This is demonstrated in Figure 6.12. The model 

also predicts the concentration profiles of oxygen and benzene in the biolayer at any 

position along the biofilter length. Figure 6.13 shows such profiles at the middle point of 

a column. This graph shows that benzene is depleted much faster than oxygen in the 

biolayer. This was found to be always the case with both benzene and toluene, and it is 

opposite to what was found in the case of methanol (see Figure 6.4). In the latter case, 

oxygen was depleted first and thus, it was determining the effective biolayer thickness. 

For the case shown in Figure 6.13, the effective biolayer thickness (0 = 1) is predicted to 

be 53pm, and is determined by the depletion of benzene.

The results from the experiments with toluene, along with model predictions are 

shown in Table 6.7. The model parameter values used for solving the model equations are 

shown in Table 6.5. In this case, the specific surface area, A ^, was found to be 40m'1.
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Figure 6.12 Benzene vapor concentration profile along the biofilter under 
steady state conditions : data and model predictions (curve). For this 
experiment, cBi = 0.28 gm'3, x = 4.1 min.
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Figure 6.13 Model predicted concentration profiles in the biolayer at h = 0.5H. 
Curves 1 and 2 are for benzene and oxygen, respectively. These profiles are for 
the case where cBi = 0.43 gm-3, and x = 4.5 min.

This value is higher than the one for benzene, but lower than the one for methanol. As can 

be seen from Table 6.7, the toluene percent removal was very high, leading to low 

measured exit concentration values. The likelihood of an experimental error in measuring
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such low concentrations is high. This may be explaining the high percentage error (E,) 

between experimental and model predicted exit concentrations. On the other hand, the 

percent error between experimentally observed, and model predicted removal rates 

(column E2 in Table 6.7) is very reasonable.

Table 6.7 Steady state biofiltration o f toluene vapors: Experimental data and model 
predictions.

X

(min)

Cjj ^Te.l °Te^ E,
%

X
%

L R i »2 e 2
%

0? rn 3) (gm 3-■packing h*1)

6.3 2.81 0.20 0.55 175.0 92.7 26.8 24.8 21.5 -13.3

4.2 0.92 0.19 0.29 52.6 79.7 13.1 10.4 9.0 -13.5

2.7 0.62 0.21 0.29 38.1 66.5 13.8 9.4 7.4 -21.3

8.6 0.68 0.00 0.05 — 100.0 4.8 4.8 4.4 -8.3

7.7 1.65 0.07 0.19 171.4 95.6 12.8 12.2 11.3 -7.4

c-j-i : inlet toluene concentration; Cje j, 2 : exit toluene concentrations, 
experimental and predicted, respectively; all other symbols as in Table 6.6

The results indicate that biofiltration of toluene is much easier when compared to 

benzene.

Except at the exit conditions, the agreement between model predicted and 

experimentally measured toluene concentrations is remarkably good as shown, for 

example, in Figure 6.14.

Concentration profiles of toluene and oxygen in the biolayer, are very much similar 

to those o f benzene and oxygen (Figure 6.13).

Data from biofilters are presented in many cases in the form of a diagram showing 

the removal rate as a function of the load. Usually, a line or a curve is passed through the
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Figure 6.14 Toluene vapor concentration profile along a biofilter column under 
steady state conditions when 0̂  = 2.81 g nr3, x = 6.3 min, Vp = 5150 cm'3. Data 
are compared to the model predictions (curve).

data points by simple interpolation or some type of prediction. It seems that this approach 

is incorrect. Since variation in the load can be due to either a change in space time, or in 

the inlet concentration, the data cannot fall on a single straight line, or curve, except if all 

were obtained under the same space time, or inlet concentration. If  both quantities were 

varied during the experiments, the data should fall in a region rather than a curve (or line), 

in the removal rate-load space. This is demonstrated in Figure 6.15 for benzene, and 

Figure 6.16 for toluene. The boundaries of the regions (curves 1 and 2 in the graphs) are 

predictions under same minimum and maximum space time values used in the experiments. 

With one exception for benzene, all data points fall in the regions predicted by theory.

Regarding the model parameter values, the highest uncertainty seems to be 

associated with the biofilm density (Xv), and the biofilm surface area per unit volume of 

packing (Asj). For this reason, a sensitivity study on these parameters was performed, 

similar to the studies reported in section 6.4.3 for methanol. As baseline for this 

investigation, the experiment reported as last entry in Table 6.7 was used. The results are
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Figure 6.15 Removal rate o f benzene as a function o f load. Data from experiments under 
various cBi and x values. The two curves represent model predictions for the minimum 
and maximum x values used in the experiments. For curve 1, x = 2.7 min; for curve 2, x = 
4.7 min.
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Figure 6.16 Removal rate of toluene as a function of load. Data from experiments under 
various Cj; and x values. The curves represent model predictions for the minimum and 
maximum x values used in the experiments. For curve 1, x = 2.7 min; for curve 2, x = 8.6 
min.
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Figure 6.17 Sensitivity of the model to the values of parameters A$ and 
Xv. Results of simulations compare the removal rate with a reference 
value when the parameters are changed relative to a reference value. The 
point of reference (1,1) corresponds to an actual biofiltration experiment 
with toluene for which Cjj = 1.65 g nr3, t  = 7.7 min, and the experimentally 
observed removal rate was 12.2 g nv3-packing h'1.

shown in Figure 6.17. As can be seen from this graph, for relative Xv values above 0.6,

i.e., actual Xv values above 60 kgnr3 the predicted removal rate would be practically the 

same for any Xv- If the real Xv was between 20 and 60 kgm*3 the error in the removal rate 

would be less than 10%. The value of seems to be very important as shown also in 

Figure 6.17. It appears that if the real A^ is larger than the one estimated (relative value 

larger than 1), the impact on the prediction of the removal rate is less than 10%. On the 

other hand, if the real value is less than the estimated one, the error in predicting removal 

rates can be veiy substantial. It is for this reason that a careful approach needs to used in 

estimating A^.

From the results reported in this section, it is clear that biofiltration can be 

successfully used for removing benzene and toluene vapors from airstreams. Benzene
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appears to be harder to remove than toluene, at least with the culture used in this study. 

Steady state biofiltration can be nicely described and predicted with the model introduced 

in this study. Comparing the results from methanol, benzene, and toluene, one can 

conclude that biofiltration of hydrophobic compounds appears to be less affected by 

oxygen limitation, when compared to treatment of hydrophilic compounds. Furthermore, 

removal rates achieved for hydrophilic compounds are at least one order o f magnitude 

higher than those achieved for hydrophobic ones.



CHAPTER 7

STEADY-STATE BIOFILTRATION OF VOC MIXTURES

In Chapter 6 of this dissertation, a detailed model describing biofiltration o f single VOC 

vapors from airstreams was introduced, analyzed, and experimentally validated with three 

different solvent vapors. Validation of the theory proved that its underlying principles are 

correct and thus, it was decided to generalize the theory for cases where mixed VOCs are 

present in airstreams. It was felt that such a generalization is necessary, since in practical 

applications, airstreams carry -usually- a variety o f  VOCs. Furthermore, as discussed in 

the literature review, there is only one model for mixtures, and assumes a simple additive 

approach. This approach is probably incorrect since, as also discussed in prior chapters, 

there is a growing evidence of kinetic interactions among compounds which are subjected 

to simultaneous biodegradation.

7.1 General Theory of Bioflltration of Mixed VOCs

The assumptions made in deriving the general model equations are as follows.

1. Supplemental nutrients, such as nitrogen and phosphorous sources are not exerting rate 

limitation on the process.

2 . All compounds exerting rate limitation on the biofiltration process are transported 

within the biolayer by a diffiisional process.

3. Biodegradation of VOCs occurs only aerobically.

4. Compounds affecting the biofiltration process are oxygen and the VOCs present in the 

untreated steam.

76
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5. No metabolites accumulate in the filter bed.

6. Biodegradation rates are functions of oxygen, and the VOCs. These rates are the same 

as in suspended cultures (free cells).

7. The biolayer is formed on the exterior surface of the particles, and its thickness (8*) is 

small when compared to the particle size; hence, planar geometry can be used. At least 

one of the rate-limiting substrates gets depleted before it reaches the biolayer/solid 

support interface. Thus, there is an effective biolayer thickness (5) in the sense of 

Williamson and McCarty (77).

8. There is no boundary layer at the air/biolayer interface, and the concentration of

component j ( j : VOC, oxygen), Cj, in the gas phase is related to the concentration of

that component in the biolayer (at the air/biolayer interface) through the expression 

Sj = Cj/mj, where mj is the distribution coefficient for the component j /water system.

9. The gas phase is in plug flow in the biofilter bed.

10. The biofilm density, Xv , is constant throughout the column.

11. The microbial consortium is stable, and its composition does not vary either in time, or 

in space. Hence, the specific biofilm area is the same for all VOCs.

12. There is no net biomass accumulation, except during the first stages of process 

start-up.

13. The diffiisivities of compounds in the biolayer, are equal to the diffusivities of the same 

compounds in water, multiplied by a correction factor, f(Xv), given by the correlation 

of Fan et al. (29).

For a case of n VOCs, the equations describing the process can be written as

follows, when the assumptions above are considered.

In the biolayer, at a position h along the biofilter column:
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d 2s. x  
f (X v )D jW ^ 2 = y  j ( so >si j — l ,. .. ,n (7.1)

f (X v )D ow^ -  = 2 ; ^ Ll1j(so ,s1,...,sn) (7.2)

with boundary conditions,

s = — , j =  l , . . . ,n  and s0 = - ^ -  at x =  0 (7.3)
nij mD

^o_ = ^ L  = 0, j =  1 n at x =  8 (7.4)
dx dx

Along the biofilter column, the following equations hold:

u.
dc: , N I ds:

J- = A5f (X v )D , 1 '
dh jW dx

lx =0

(7.5)

u , ^ A sf (X v )D 0W[ ^
x=0

(7.6)

with boundary conditions,

c0 =Coi and c ^ c ^ ,  j =  l , . . . ,n  at h =  0 (7.7)

Depending on the particular mixture, the only things which change in equations 

(7.1) through (7.4), are the specific forms of expressions Hj(s0 ,s, ,...,sn), j = l,...,n.

These kinetic expressions need to be known for the model equations to be solved.
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7.2 Bioffltration of a Mixture of Two VOCs Involved 
in a Competitive Kinetic Interaction

In order to test the theory for biofiltration of VOC mixtures, it was decided to perform

experiments with a mixture o f benzene and toluene. These solvents are of particular

interest since they are constituents of BTEX (benzene/toluene/ethyl-benzene/xylene)

mixtures, which are frequently encountered in industrial operations, and in contaminated

sites. Furthermore, this mixture was an obvious choice since, as discussed in Chapter 6,

experiments were performed with each one of the two solvents individually for validation

of the theory concerning biofiltration of single VOCs. Kinetic experiments, discussed in

Chapter 5, have shown that simultaneous biodegradation of benzene and toluene follows

inhibitory kinetics involving cross-inhibitoiy, competitive interaction. For this reason, the

general equations (7.1) through (7.7) had to be written specifically for such kinetics, and

for the mixture of interest.

7.2.1 Theory

The equations describing steady state biofiltration of benzene/toluene mixtures constitute a 

set o f six differential equations. Three of them, equations (7.8) through (7.10), along with 

boundary conditions (7.11) and (7.12), describe mass balances for benzene, toluene, and 

oxygen in the biolayer at any cross-section of the biofilter column. The remaining three 

differential equations, (7.13) through (7.15), along with boundary conditions (7.16), 

describe mass balances for benzene, toluene, and oxygen in the gas phase (air) along the 

biofilter length. These equations are as follows.

f(X v )D BW ——f- — v P b ( s b >s t > s o )  
dx Yb

(7.8)
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dx Yt
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(7.9)

f ( ^ V  )^ O W  J  2 ~  v r  M’b ( SB »ST ’ S0  ) H t ( SB > ST>So )dx Y,OB OT

s =-^S_- S = - ^ _ -a B > T 5mt m,
and sQ = —— at x = 0

dsB _ dsT _ dsQ _ q 
dx dx dx

at x = 5

dcB A sf(X v )D BWS
dh

dsB
dx x=0

dcT A sf(X v )D TOS f  ds.
dh dx x=0

dc0 Asf(X v )D owS [ dsQ
dh L dx Jx=0

c B = c Bi> c T = c Ti» a n d  c 0 = c oi at h = 0

The specific forms of the kinetic expressions p B(sB,sT,s0 ), and n T(s, 

which appear in equations (7.8) through (7.10), are given as,

M’S ( a B ■> ST ’ ®0 )  — (K b + sb + K  BTSt ) ( K „ + S o )

H t ( s e , s t , S o )  =  7 --------------------s / t S t S °  . ------------------

K y  +  Sy +  ■—  +  K TOSB |( K q  +  Sq )
k i t  J

(7.10)

(7.11)

(7.12)

(7.13)

(7.14)

(7.15)

(7.16)

, ST, Sq

(7.17)

(7.18)



Expression (7.17) involves four kinetic constants, while expression (7.18) involves five. 

The values o f these kinetic constants have been determined as discussed in Chapter S, and 

are listed in Table 7.1. The implication of expression (7.17) is that in the absence of 

toluene, and when oxygen is present at high, non-changing concentration levels, benzene 

is removed according to a Monod expression (44). Expression (7.18) implies that in the 

absence of benzene, and when oxygen does not affect the kinetics, toluene is removed 

according to an Andrews inhibitory expression (2). Parameters KBT and Kra indicate the 

interference of toluene and benzene, respectively, with the kinetics o f benzene and toluene 

removal, respectively.

By introducing the following dimensionless quantities,
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equations (7.8) through (7.18) can be written as,

Sq^  _  i 2 _____________ -a  -a__________

d62 1 (l + S a + a 1sr ) ( l+ s 0 )
(7.19)

,2&
7 e 2 “ Y2
d  Sj- , 2 ®T®0
 = <J>2----------------------

(l + Sj- + ySp + a 2SB)(l + s0 )
(7.20)

^ SQ _ l  A 2___________  , V A 2 ____
d02 11 (i + s b + o . s j ) ! ^ ^ )  ^7+^

SpSo
+ Sj- + ysj.2 + a 2Sg ) ( l  +  Sq )

(7.21)

Sg — CBCBj St — STCTJ S0 — Eq ^O at 0 0

dsB _ dSp _ dsQ _ 
~d0~_ d0 d0

= 0 at 0 = 1

(7.22)

(7.23)

dCg
dz = ,n

dsB
d0 e=o

(7.24)

dc
dz

T _ rio,
dSr
“d0" e=o

(7.25)

dc
dz~  = 'n°) 2

dso
d0 0=0

(7.26)

cB = cT = co = 1 at z = 0 (7.27)

Using equations (7.19) through (7.22), one can show that

Sq — 1̂ [ ̂ {3 (®) EbCb ] + X2 [Sj (©) 6t Ct]"*’®ÔC (7.28)

*c»
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Differentiating equation (7.28) with respect to 0, one gets

+ (7.29)
d6 1 d0 2 d9 V

Using equations (7.24) through (7.27), along with equation (7.29), one can show

that

c0 (z) = X,co 2 (cB(z) - 1) + -^ 2 ® 2 .(ct ( z ) - 1) +1 (7.30)
to,

Finally, equations (7.28) and (7.30), lead to

(®) — (®) 1̂ (e0© 2 — )^B (^) ^2
SqCO « 8-1 :(z)

-B r
A.,t0 j ,

X.,00 2 -i------------1
to,

(7 .3 1 )

Equations (7.30) and (7.31), allow for a reduction of the original 6-dimensional 

system of differential equations, to a system of dimension 4. This is done by keeping 

differential equations (7.19), (7.20), (7.24), and (7.25), along with those conditions in 

(7.22), (7.23), and (7.27) which refer to benzene and toluene only. In the differential 

equations which are kept, and in their boundary conditions, sQ should be substituted for by 

the right-hand side o f equation (7.31), and cQ by the right-hand side of equation (7.30). 

The physical meaning of this dimensional reduction is that stoichiometric relations among 

benzene, toluene, and oxygen are always valid while mathematically, it means that the 

solutions o f the original differential equations are always found on a hyperplane of
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dimension 4 in the 6-dimensional space. This dimensional reduction greatly facilitates the 

numerical work needed for solving the model equations.

7.2.2 Numerical Methodology

In order to solve equations (7.19), (7.20), (7.24), and (7.25), along with the appropriate 

boundary conditions, a computer code was generated and is given as Appendix B of this 

dissertation. The code is based on the use o f the method o f orthogonal collocation (30, 

76) (for the biolayer), and the Runge-Kutta algorithm (for the gas phase).

The principles of the numerical methodology are as follows. Equations (7.19) and 

(7.20), for the biolayer are first solved at the entrance conditions (z = 0), where the values 

of gas phase concentrations are known through equations (7.27). The biolayer 

concentration profiles allow for determination of their slope at 0 = 0. These slopes are 

used for solving equations (7.24) and (7.25), to produce the gas phase concentrations at a 

position Az from the entrance. At this position the biolayer equations are solved again and 

the procedure is repeated up to the point where a Az increment leads to the exit position 

from the biofilter. The step in height (Az) is equal to 0.01 thus, the procedure involves 

100 iterations. At every point, the equations in the biolayer are solved by trial and error in 

order to determine 5. The value of S is the position in the biolayer where either oxygen is 

depleted while benzene and/or toluene concentrations are still non-zero, or both benzene 

and toluene have been depleted while oxygen is still available.

7.2.3 Results and Discussion

Experiments with benzene/toluene mixtures were performed in a specially designed pilot- 

scale column. This column, as well as the experimental methodology, have been discussed 

in Chapter 4 of this thesis. During the experiments, the flowrate (or residence time) of the 

airstream was varied, as well as the absolute and relative composition of the inlet airstream 

regarding benzene and toluene. Each experiment, under a given set of conditions, lasted
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for at least three weeks in order to reach steady state conditions. Experimental data 

showing the behavior o f the pilot-scale unit during start-up under a given set of 

experimental conditions is shown in Figure 7.1.

0.8

0.0

0.4

0.2

9 12 16 18 213 00

1

0.8

0.0

0.4

0.2

0
2116 189 120 3 0

days days

Figure 7.1 Transient data from the start-up of the pilot-scale biofilter unit when cBi = 
0.367 gnv3, On = 0.225 gnr3, x = 3.1 min, Vp = 15,291 cm3. Concentration data for 
benzene (left), and toluene (right), from the exit of the first, second, and third segment 
of the unit (curves 1, 2, and 3, respectively). The concentrations have been made 
dimensionless by dividing actual values with their corresponding value at the inlet.

The experimental results were compared to the theoretical predictions obtained by 

solving the model equations. Model parameters which were not measured, were estimated 

as explained in Chapter 8, with one exception. In the case of mixtures no fitting approach 

was used in estimating the specific biolayer surface area (Ag). Since the pilot-scale 

column was in many ways similar to the intermediate-scale columns used in the 

experiments with either benzene, or toluene (see Chapter 6), it was decided to use the 

value of Ag determined for the intermediate columns. As discussed in Chapter 6, the value 

of Ag was different for the benzene case, and the toluene case. Because of assumption 11, 

stated in section 7 .1, the value of AgT was used as Ag for the mixture. The value o f AgT is 

larger than that of AgB, and the rationale for using the larger of the two was the following. 

Toluene is biodegraded easier than benzene. As a result, during the initial stages of
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toluene biofiltration, the consortium develops on the packing material more than when 

benzene is passed through the column; this is why AgT is larger than AgB. When a mixture 

of benzene and toluene is passed through the column, the consortium develops on the 

packing as in the case where it is exposed to the preferred substrate (toluene) only. If it is 

a stable consortium (and this is the assumption made), then benzene and toluene degraders 

are found at any point in the column where a biolayer has been formed, so the larger o f the 

Ag values should be valid. It should be mentioned that due to the inhibition exerted from 

benzene on toluene, the value of Ag may be lower than that of AgT. On the other hand, as 

discussed in Chapter 5, the influence of benzene on toluene is not so severe; for this 

reason, and since no better estimate was available, a value o f 40 m*1 was used as Ag for 

the case of the pilot column. The entire list of model parameter values used in solving the 

model equations, is given in Table 7 .1.

Table 7.2 lists experimental conditions, and experimentally obtained exit 

concentrations and removal rates for benzene and toluene. On the same table, the model 

predicted values for the same quantities are also shown along with the percent error 

between experimental and predicted values. The agreement between theory and 

experiments is very good, especially when one takes into account the complexity of the 

process. It should be mentioned that in some cases, the discrepancy between 

experimentally obtained and model predicted removal rates appears to be very substantial. 

Nonetheless, this is really an artifact due to the small removal rate values involved in the 

calculations. In fact, a close look at the experimentally obtained and model predicted exit 

concentration values will convince the reader that the model is really doing an almost 

perfect job in practically all cases.

Comparisons between experimental and model predicted values which are reported 

in Table 7.2 refer to the conditions at the exit of the unit. Comparisons can be also made 

for other locations along the unit where actual measurements were made.



87

Table 7.1 Parameter values used for solving the model equations for the 
case o f benzene-toluene mixtures.

Param eter Value Units

As 40.0 n r1

CO i 275.0  x  10-3 k g m -3

Daw 1.04 x  10*9 m2 s-1

D ow 2.41  x  10*9 m2 s*1

d tw 1.03 x  10-9 m 2 s-1

f(X v) 0.195 —

K b 12.22 g m -3

K bt 4 .50 —

K it 78.94 g m -3

Kob 0.26 g m -3

Kqt 0.26 g m 3

K t 11.03 g m -3

K jb 0.20 —

mB 0.23 —

mo 34.4 —

mT 0.27 —

S 1.82  X  10-2 m2

Xv 100.0 k g  m -3

Y B 0.708 kg kg*1

COo>

0.336 k g k g -1

Y ot 0.341 k g  k g -1

y t 0.708 k g  kg:1

0.68 h-1

P t 1.50 h-1
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Table 7.2 Steady state biofiltration of benzene-toluene mixtures: Experimental 
data and model predictions.

X

(min)

j cji Cje,l CJ'J E,

(%)

Ri 1*2 e 2

(%)“(gm-3) (S m-3-■pack.Ii'1)

0.9b B 0.162 0.146 0.136 -6.8 1.1 1.7 54.5
T 0.515 0.300 0.399 33.0 14.3 7.7 -46.2

1.0 B 0.130 0.108 0.105 -2.8 1.3 1.5 15.4
T 0.212 0.169 0.157 -7.1 2.6 3.3 26.9

1.3 B 0.205 0.164 0.160 -2.4 1.9 2.1 10.5
T 0.403 0.267 0.283 6.0 6.3 5.5 -12.7

1.4 B 0.165 0.130 0.125 -3.8 1.5 1.7 13.3
T 0.382 0.239 0.258 7.9 6.1 5.3 -13.1

1.5 B 0.194 0.149 0.143 -4.0 1.8 2.0 11.11
T 0.272 0.186 0.177 -4.8 3.4 3.7 8.8

2.0 B 0.150 0.119 0.099 -16.8 0.9 1.5 66.7
T 0.298 0.158 0.167 5.7 4.2 3.9 -7.1

3.1 B 0.367 0.186 0.194 4.3 3.5 3.3 -5.7
T 0.225 0.102 0.092 -9.8 2.4 2.6 8.3

“Concentrations in gm'3 can be converted to ppm (mg of compound kg'1 
air) if they are multiplied by a factor of 854.7; bVolume of packing 
material used for this set of data is 5,097 cm3, and for all other sets,
15,291 cm3; x : residence time; j : compounds, B-benzene and T-toluene;
Cjj: inlet benzene/toluene concentration; cje l, Cjc2 : exit benzene/toluene 
concentrations, experimental and predicted, respectively; E t : percent 
error in exit concentration defined as (c je2 -  cje , ) / c je lxl00; R, and Rj :
removal rates based, respectively, on experimental and model values; E2 : 
percent error in removal rate defined as (R 2 -  R ,) / R ,xl00.

Two such examples are shown in Figure 7.2. From the graphs, one can see that the 

agreement between theory and experimental data is excellent for benzene, and quite 

good for toluene. It should be mentioned that although the concentration profiles shown
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Figure 7.2 Concentration profiles of benzene (curves 1), and toluene (curves 2) along 
the biofilter are compared with experimental points at the entrance of the column and 
the exits of each one of its three sections. The experimental conditions for graph (a) 
are cBi = 0.367 gm-3, c^ = 0.225 gm'3, x = 3.1 min; for graph (b), cBi = 0.165 gm’3, c^
= 0.382 gm-3, x = 1.4 min; in all cases, VP = 15,291 cm3.

in Figure 7.2 look as being almost perfectly linear, computer simulations have shown that 

this is not the case for other values of inlet benzene and toluene concentrations.

Typical concentration profiles in the biolayer, predicted by the model, are shown in 

Figure 7.3. As in the case of individual benzene or toluene vapor biofiltration (see 

Chapter 6), it is predicted that the VOCs are depleted much before oxygen is. In the 

particular example shown in Figure 7.3, benzene and toluene are depleted at almost 

exactly the same location in the biolayer. Higher benzene and/or toluene concentrations in 

the air would result in a reversal of the order in which oxygen and VOCs are depleted in 

the biolayer. Such high concentrations though, are unlikely to happen for these particular 

solvents, at least in cases o f usual emissions.

The fact that oxygen concentration does not appear to drop a lot within the 

biolayer, does not necessarily imply that the oxygen factor is not important for the 

biofiltration of benzene/toluene mixtures. This was concluded from simulation studies on
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Figure 7.3 Model predicted concentration profiles in the biolayer at the middle 
point o f a biofilter operating under the conditions of the experiment shown in 
Figure 7.2a. Curves 1, 2, and 3 are for oxygen, benzene, and toluene, respectively.

the sensitivity of the model to parameters Ko and coi. The results o f these studies are 

shown in graphical form in Figure 7.4, and indicate that Kq, in particular, may have a 

considerable impact on the removal rate. In fact, it is predicted that if the value of Kq is 

an order of magnitude higher than the one valid for the culture used in the experiments 

reported here, the removal rate may be 15% less than what was obtained during the 

experiment used as a basis for the these calculations (reference point (1,1) in the graph). 

This suggests that microbial culture selection should not only be based on its ability to 

remove VOCs, but also on the affinity of the culture for oxygen.

One of important differences between the model proposed here, and the one used by 

some researchers as discussed in Chapter 2, is the fact that kinetic interactions are taken into 

account. In order to further investigate the impact o f cross-inhibition on the removal rate, 

computer simulation studies were performed for the sensitivity o f the model to the 

interaction constants KBT and KTB. The results of these studies are shown in Figure 7.5.
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Figure 7.4 Model sensitivity studies on the effect o f oxygen on the removal rate. Curves 
1A and IB are for benzene and toluene, respectively, and indicate the effect of kinetic 
constant K0. Curves 2A and 2B are for benzene and toluene, respectively, and indicate 
the effect of the inlet air oxygen concentration on the removal rate. R' is the relative 
removal rate with respect to the experimental conditions. Conditions are those of Figure 
7.2a, and the (1,1) point represents removal of 3.3 g-benzene and 2.6 g-toluene nr3- 
packing h*1.
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Figure 7.5 Sensitivity studies on the effect o f the kinetic interaction constants KBT (left) 
and Ktb (right), on the removal rate of benzene and toluene vapors. R' is the relative 
removal rate with respect to the experimental conditions as in Figure 7.2a.
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The results o f these studies indicate that the removal rate of benzene is much more 

sensitive to the presence of toluene, than the removal o f toluene is to the presence to 

benzene. An order o f magnitude increase in the interference parameter KBT can make an 

almost 30% difference (decrease) in the removal rate o f benzene. On the other hand, an 

order of magnitude increase in Kjg can make an almost 10% difference (decrease) in the 

removal rate of toluene. Clearly, these interaction parameters can have a significant 

impact on the removal rates and thus, they should not be neglected.

The results of the study reported in this chapter lead to the conclusion that the 

proposed model can very nicely describe biofiltration of benzene/toluene mixtures under 

various operating conditions. The fact that the model was validated in a relatively large 

scale unit, suggests that the proposed theory, and the equations associated with it, can be 

used with a good amount of confidence in designing actual units.



CHAPTER 8

TRANSIENT BIOFILTRATION OF SINGLE VOCs

In practice, a biofilter often experiences fluctuations in the inlet gas concentration of the 

VOCs, flow rate, discontinuity of the process due to shut down, etc. Hence, it is very 

important to have mathematical tools to study the response of biofilters to the variations 

of these parameters. As discussed in Chapter 2, some experimental studies (72, 80), have 

been performed to test the operational stability of biofilters. However except for the just 

published work o f Deshusses and Dunn (16), there is absolutely no study published in the 

literature on modeling the biofiltration process under transient conditions. In this chapter, 

a detailed model is developed for the case where a single VOC is treated via biofiltration 

under transient conditions. At the limit, i.e., when the transients decay, this model reduces 

to the steady-state one discussed in Chapter 6. The model equations have been solved, 

and the predictions tested against toluene biofiltration data under transient conditions. 

These data were obtained from the experiments with toluene discussed -but not used or 

analyzed- in Chapter 6.

8.1 Development of the Mathematical Model

In most cases, a model which describes a process under steady-state conditions can be 

easily extended to describe the same process under transient conditions by introducing 

accumulation terms. Biofiltration is an example of cases where such simple extensions are 

not possible. The first problem is that some amounts o f VOCs are physically adsorbed on 

the packing material. Under steady state conditions, the adsorption process is in 

equilibrium and thus, it does not need to be taken into consideration in the steady-state

93
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model derivation. Under transient conditions though, equilibrium conditions are not valid 

and the adsorption process needs to be explicitly accounted for in the model derivation. 

The second problem is even more complex, and has to deal with process start-up. During 

start-up of a biofilter unit, the formation of biolayers around solid particles has not been 

completed. Some biomass accumulation does occur, and this is why one experimentally 

measures a pressure drop at the very beginning of experiments performed immediately 

after column inoculation. During this period, as the actual biolayer is still in formation, its 

thickness varies. Bare parts of particle surface area get covered with biomass during this 

period, and such phenomena cannot easily be described.

The transient model proposed here would be really applicable only for transitions 

from one set of operating conditions to another, and cannot describe the very first start-up 

of a biofilter unit.

The assumptions made in deriving the model are as follows.

1. The biolayer is formed on the exterior surface of the particles. Biomass does not grow 

in the pores of the particles and thus, no reaction occurs in the pores.

2. The biolayer is not uniformly formed around particles. In actuality, there are patches 

o f biofilm on the solids, leaving the bare surface of the solids in direct contact with the 

airstream.

3. Adsorption of VOCs on the solid particles occurs only through the direct bare solid/air 

interface. Adsorption does not occur on the biofilm.

4. Oxygen does not get adsorbed on the solid particles.

5. The thickness of the biolayer is small relative to the main curvature of the solid particle 

and thus, planar geometry can be used.
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6. The extent of the biofilm patch is much larger than its depth. Hence, VOCs and 

oxygen transported into the biolayer through the side surfaces of the biofilm patch 

can be neglected, and diffusion/reaction in the biofilm can be considered in a single 

direction only.

7. Adsorption is a reversible process and its characteristics are determined through the

adsorption isotherms.

8. VOCs and oxygen at the biolayer/air interface are always in equilibrium which is

dictated by Henry’s law. The distribution coefficients are the same as if the biolayer 

was made of water only.

9. VOCs and/or oxygen are depleted in a fraction of the actual biolayer.

10. Diffusivities o f VOCs and oxygen in the biolayer are equal to the diffusivities of the 

same compounds in water, corrected by a factor depending on the biofilm density 

according to the expression of Fan et al. (28).

11. The biofilm density is constant.

12. There is no accumulation o f biomass in the filter bed thus, the specific biolayer surface 

area is constant.

13. Biodegradation rates depend on the concentrations o f VOCs and oxygen, and their 

functional forms can be determined from suspended culture experiments.

14. The airstream passes through the biofilter bed in plug flow.

As can be seen from Chapters 6 and 7, some of the assumptions above are also 

made in deriving the steady state models. Furthermore, it is because of assumptions 9 and 

12 that the model described here cannot be valid under start-up conditions o f a biofilter 

unit.

A schematic o f the model concept, especially as it relates to assumptions 1, 2, 3, 5, 

and 6, is shown in Figure 8.1.
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Figure 8.1 Model concept for description of biofiltration under transient 
conditions. Only part o f the surface area is covered with biolayer. VOCs 
transferred to the biofilm undergo degradation. VOCs are also reversibly 
adsorbed on the solid packing through the bare surface of the particles.

Considering an airstream carrying vapor of a single pollutant j, the model 

equations can be written as follows under the assumptions above.

I. Mass balances in the biofilm :
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with initial and boundary conditions,

t = 0, h = 0, x = 0 : Sj = uji.O
m ;

So =
CQi,0
m„

(8.3)

Ci.o(h) cO0(h)
t = 0 , 0 < h < ; H , x  = 0 :  S = - » ± J -  sp = (8.4)

J m  mnij mo

t = 0, 0 < x ^  8 : S j = s i0(x) s0 = s 00(x) (8.5)

0< t  < x h > u t x = 0 s = .c*£^  So= i° -° (h) (8.6a)
6  J n-1 rnnij m0

0< t < x 0 <h < ugt x = 0 Sj  =
cj ( h) „ _ c Q(h)

mj
So — (8.6b)

t > x h > 0 x =  0 Sj = c j ( h )  „ _ c o ( h )

nij So = (8.6)

t >0 h > 0 x = 8
5sj _
dx

=  0
dx

(8.7)

II. Mass balances in the gas phase

u % = - u . + d j „ f ( x v )o a ; |  j - k . ( i - a ) A ;  (c,-® ;)
(  d s \

dt Sh ' " jW KdX; x=0

(8.8)

dcQ dc0 n
U1 T ~ " U‘ a h  ow

(8.9)

with initial and boundary conditions,
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t = 0, h = 0 Cj = cji0 0 0 = ^ 0  (8.10)

t = 0 0 < h < H  c j = Cj0(h) c0 = cO0(h) (8.11)

t > 0  h = 0 Cj=Cji c0 =Coi (8.12)

III. Mass balance in the solid phase (particles)

(1- t ) ) pp^ L = k . ( 1” a )As(ci - cl) (813>

with initial condition

t = 0, h £ 0, cjp = Cjp 0 ( h )  (8.14)

When biodegradation o f pollutant j follows Andrews (2), kinetics under excess oxygen

conditions, and when under both substrate (VOC j), and oxygen limiting conditions the

reaction rate can be expressed through an interactive model (5), then the expression of 

| i j(Sj,s0 ), which appears in equations (8.1) and (8.2), is

( \
M SJ’S0 J = ------------

K: + S ,  + - !  
J J K

sf K oj 4-S
(8.15)

When the adsorption isotherm of pollutant j on the solid packing can be described 

by the Freundlich equation (57), one can write,
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cjP = k d(c*)n (8.16)

Usually, transients of the biofiltration process last very long (even days), while the 

space time ( t )  is in the order of minutes. For this reason, and without any loss of 

accuracy, one can omit equations (8 .6a) and (8.6b), and use equation (8.6) for any t > 0 

rather than for t > x only.

Equations (8.1), (8.2), (8.8), (8.9), and (8.13), along with their initial and 

boundary conditions constitute a system o f coupled partial differential equations in three 

directions (time, biolayer, bed height), the dynamical dimensionality o f which is 5. Solving 

a system of coupled PDEs is something which is very involved. For this reason, and as the 

proposed model is the first of its kind, it was decided to simplify it as discussed in the next 

section.

8.1.1 Simplification of the model

In cases where reaction and diffusion is involved, the notion of effectiveness factor 

(e), can be introduced as follows (40, 71).

amount of a reactant consumed after been transferred into the biofilm via diffusion
e =

amount of the reactant consumed under no diffusional limitations

(8.17)

Using definition (8.17), for the cases o f VOC j and oxygen, one can write,

(8.18)



e f(x - )D- [ l L)„ a

^hU.OL
I cd
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(8.19)

The importance of the effectiveness factors is that they permit omission of equations (8.1) 

and (8.2). Taking this into account, and after introducing the dimensionless quantities,

- _ ci —• _ Cj * - C o .  (l-u)PpCjp hCj — C: — CQ — C- — Z —
Cji Cji C0i uCji H

0 = * C = V  e = _fiL_ e = ——— y = —
5 H 1 2 m0K 0

e.aSAsXvH^ 
p =_J s- 2-  -

Y u  c uj g j>

P3 =
k a( l - a ) A ; H

P 2 =
_ e0a8AsXvH|i*

You8c0iu

cji

uCji
( l - v > )p Pk„

the model can be reduced to the following system of three differential equations, when 

Freundlich's isotherm is valid.

|f= 4 u.%-0|B(ci-c°)-fc(ci-ci‘) (s-2o)

< 8 2 1 >
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where

g ( Cj > Co )  =
6 l c j S 2C0

(l -t- e, Cj +efyc (l + e 2cG)
(8.23)

and

5j*=v(cJ (8.24)

The initial and boundary conditions for equations (8.20) through (8.22) are as follows, 

at £ = 0 and z = 0 : Cj = l cD = l cjp = cjp0(o) (8.25)

at C = 0 and 0 < z < 1 : c j = cj>0(z) cQ = c0>0(z) c jp = cjp0(z) (8.26)

£ > 0 a n d z  = 0 :  Cj = l c0 = 1 (8.27)

8.2 Numerical Methodology

By looking at equations (8.20) through (8.22), one could expect that they constitute a 

system of PDEs which should be easy to solve. One could for example, use a finite 

differences approach in the z-direction, and then solve the resulting system of ordinary 

differential equations through a Runge-Kutta algorithm, or any other ODE-solver available 

in software packages such as IMSL (International Mathematical Software Library). Codes 

based on this approach were generated, but failed to produce results. The reason was that 

expression (8.23) for the biodegradation kinetics makes the problem stiff from the
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numerical point of view. The problem was resolved by using ODESSA (Ordinary 

Differential Equation Solver with explicitly Simultaneous Sensitivity Analysis). ODESSA 

is a subroutine within the AUTO software package (23). A computer code was developed, 

and is offered as Appendix C of this dissertation. The code is based on finite differences in 

the z-direction, and integration of the resulting system of ODEs. I f  twenty points are used 

for discretizing z (from z = 0 to z = 1), ODESSA solves a system of sixty simultaneous 

differential equations. An indication of the stiffness of the problem is the fact that one 

needs to select within ODESSA the option for highest stiffness [MF = 21, this option 

requires supplying the Jacobian matrix of the ODE system; with 20 points in the z- 

direction, the Jacobian is a 60x60 matrix]. With this option, convergence was always 

obtained, even when the error tolerance was set to as low as 10'12.

8.3 Determination of Model Parameters

Kinetic parameters, distribution coefficients, yield coefficients, diffusivities, biofilm density 

can be either measured, or estimated as discussed in Chapters 5, 6 and 7. Parameters 

which appear only in the transient model, were either measured or estimated as follows.

The first problem is that the effective biolayer thickness, 5, and the effectiveness 

factors ej and eQ are not constant. The value of 5 varies along the biofilter column. The 

values of effectiveness factors depend on 8, as well as on the concentrations of oxygen and 

the VOC at any particular location. One can then use the following approach : use the 

steady state version of the problem (Chapter 6), and solve the equations for various inlet 

VOC concentrations in the range of interest; since these equations yield values for 

concentrations, as well as for 8, try to find a simple correlation between the gas phase 

concentration of the pollutant and the quantities of interest (8, ej, eQ). For the case of 

toluene, it was found that these correlations are simple linear expressions (see Table 8.1).
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This approach disregards the fact that 8 may be time dependent. However, this seems to 

be a reasonable assumption since, as discussed in Chapter 6 in conjunction with the study 

on methanol, the time scale of events in the biolayer is order o f magnitudes smaller than 

that in the gas phase.

The parameters involved in the adsorption isotherm (kd and n, in the case of 

Freundlich's isotherm), can be determined from independent kinetic experiments. For the 

case of toluene, experiments were performed using the methodology described in Chapter

4. The results of these experiments are shown in Figure 8.2. From this figure it appears 

as if there is a perfectly linear relationship between cjP and c*. In reality, when the data are

plotted on a logarithmic scale, as suggested by equation (8.16), they yield a value of n = 

1.04.

cjp,(g-toluene adsorbed g^-solid) x 105
4 0

3 0

20

10

208 12 

c*, (g-toluene n r3-air)
160 4

Figure 8.2 Adsorption isotherm of toluene on a peat/perlite mixture (2:3 
volume ratio). Symbols represent experimental points. The curve 
represents a fit o f the data to the Freundlich isotherm.

Porosity of the bed was taken from a reported value (52), as 0.3. The fraction of 

the external surface area of particles which is covered by biofilm (a) is extremely hard to
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estimate. In this study, the following crude assumption was made. Since before packing 

the column, an amount of thick suspension of volume V! was mixed with the packing 

material of volume V2, and Vj: V2 = 0.3, a value of a  = 0.3 was used. Having the value of 

a , one can estimate Ag as A s / a ,  where Ag is the value obtained from steady state data 

as explained in Chapter 6.

Regarding the mass transfer coefficient (k j, there is a correlation available in the 

literature for packed-beds (36). This correlation is a function o f the flow conditions, and 

characteristics of the particles (density, size etc.). The type of packing materials used in 

the present study had a wide size distribution. For this reason, an average particle size (2 

mm) was first assumed, and a value of ka was obtained. This value was used as an initial 

guess in the following procedure. Data from one experimental run were fitted to the 

solution of equations (8.20) through (8.22) by varying the value of ka. The objective was 

to not only get a good fit of the transient data, but to also converge ( at large times) to the 

steady state solution predicted by the steady-state model discussed in Chapter 6. This 

fitted value of ka was subsequently used unchanged, in predicting the transient data in all 

other experiments.

The entire list of model parameter values used in analyzing the transient toluene 

biofiltration data is given in Table 8.1.

8.4 Results and Discussion

As mentioned earlier, transient data from toluene biofiltraion experiments were 

used for validating the model. These are the same experiments which were discussed in 

Chapter 6 in conjunction with steady-state performance. Data from one experiment were 

originally used for determining the value of the mass transfer coefficient following the 

methodology described in the preceding section. This value is given in Table 8.1. The 

data from the exit of the column, and from a location along the bed at one third of the
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column height are shown in the Figure 8.3. In the same figure the curves which were 

generated through the fitting approach discussed earlier, are also shown. As can be seen

Table 8.1 Parameter values used for solving the transient 
model equations.

Parameter Value_____________Units
a ; 133.3 n r1

COi 275.0 x 10-3 kg nr3

E*OW 2.41 x 10-9 m2 s-1
Dtw 1.03 x 10-9 m2 s_1
f(Xv) 0.195 —

K 6.04 x 10-3 m h 1

K 2.25 x 10-5 g/g-particle
Kit 78.94 gm *3

Ko 0.26 g m -3
Kt 11.03 g m -3
mo 34.4 —

mT 0.27 —
n 1.04 —

v P 5.15 x 10-3 m3
Xv 100.0 kg nr3

Yot 0.341 kg kgr1
Yt 0.708 kg kg'1
a 0.3 —

8 1.5Cj+33.4 |im (Cj in g nr3)
er or eQ 0.03cj+0.2 in g nr3)

u 0.3 —

Pp 4.28 x 105 gm *3
Pt 1.50 h-1
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from the graph, the agreement between the data and model predictions at 1/3 of the 

column height (curve a) is very good, while at the exit o f the column the agreement is not 

great. This should not be surprising if one considers the fact that during the fitting 

approach, the objective was to not only minimize the error between data and predictions at 

all sampling points, but also get a fit which at large times predicts the same concentration 

along the column as the steady state model does. The steady state profile for the same 

experimental set is shown in Figure 6.14. As one can see from that graph, the agreement 

between predicted and experimentally measured toluene concentrations is very good at the 

1/3-height sampling point, but not very good at the exit. The same thing happens for the 

transient behavior shown in Figure 8.3.

Once the value of ka was determined from the experimental set shown in Figure 

8.3, it was kept constant; thus, the remaining figures in this chapter show curves 

representing model predictions based on the model parameter values shown in Table 8.1 

No fitting, or correction procedure was used.

0.6

0.4

Time (days)

Figure 8.3 Removal o f toluene vapor under F = 0.049 m3 h*1, and = 
2.81 gm-3. Transient behavior, to steady state conditions. Model 
predictions (curves) and experimental data (symbols) are given at two 
locations; (a) one-third height of the biofilter (b) exit of the biofilter.
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Figure 8.4 shows another data set, along with model predictions. The agreement 

seems to be reasonably good. It is unfortunate that more data were not obtained during 

the first day. It was not expected that concentrations would reach levels close to the 

steady state ones so fast. One should also see that there is some fluctuation in the data 

from day to day. keeping in mind that the temperature was not controlled, and humidity 

of the air not closely monitored, one should be expecting fluctuations.

CT  ^

•  a
« - a - __________ a___B

__________ £b)______________________

A *
4 A

j _____________i_____________i_____________i_____________i____________
0  1 2  3 4  S  6

Time (days)

Figure 8.4 Removal of toluene vapor under F = 0.116 m3 h-1, and c^ =
0.625 gm’3. Transient behavior, to steady state conditions. Model 
predictions (curves) and experimental data (symbols) are given at two 
locations; (a) one-third height of the biofilter (b) exit of the biofilter.

Figures 8.5 and 8.6 show data and model predictions from two sets o f consecutive 

experiments. In Figure 8.5 the first experiment is the same as the one shown in Figure 8.4. 

The concentration profiles predicted from the model under the conditions o f this 

experiment at day 5, were used as initial conditions for predicting the behavior after the 

flowrate was changed from 0.116 to 0.074 m3 fr1, and the inlet concentration from 0.625 

to 0.919 g-toluene nr3-air. The same approach was used for generating the curves of 

Figure 8.6. The agreement between data and predictions is good, especially in the sense
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that the model can capture the qualitative features o f the transient behavior. Given the 

fact that experiments lasted for days under operating conditions which were not perfectly

one-third height of the biofilter

oa

0£

exit of the biofilter

Time (days)

Figure 8.S Experimental data and model predictions for two consecutive experiments 
with toluene vapor. Conditions for the first experiment (curves a), were F = 0.116 m3h**, 
and On = 0.625 gnr3. Five days after this experiment started, the conditions were changed 
to F = 0.074 m3 h'1, and c^ = 0.919 gnr3 (curves b). Data and model predictions refer to 
one-third height (top curve), and exit of the biofilter bed.

o*
one-third height of the biofilter

exit of the biofilter

Time (days)

Figure 8.6 Experimental data and model predictions for two consecutive experiments 
with toluene vapor. Conditions for the first experiment (curves a), were F = 0.036 m3h-1, 
and Cj; = 0.684 gm-3. Five days after this experiment started, the conditions were changed 
to F = 0.04 m3 h 1, and c^ = 1.65 gm'3 (curves b). Data and model predictions refer to 
one-third height (top curve), and exit of the biofilter bed.
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controlled (fluctuations in flowrate, inlet concentration, temperature, humidity of the bed), 

one could say that the agreement between theory and experimental data is very reasonable.

It should be mentioned that the results presented in this chapter should be viewed 

as a preliminary effort to model the transient behavior o f biofiltration. Clearly, a number 

of simplifying assumptions were made in deriving the model, and two of the parameters (a  

and u), were estimated almost on an arbitrary basis. Finally, sampling should had been 

done more frequently. Nonetheless, a model which captures the transient features of the 

process has been developed, and can be used as a basis for designing more elaborate 

experiments in the future. The practical implication of both the data and the predictions, is 

that transients last for long time, and since variations in operating parameters are bound to 

happen, biofilter units should be expected to be operating under transient conditions at all 

times.



CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

Biofiltration is a very complex process. It involves reactions, mass transfer, physical 

adsorption/desorption, multiple phases (solids, air, biolayer), flow of air through macro- 

and possibly micro-pores, microbial consortia which may exhibit spatial and temporal 

variations in their compositions, etc. The work performed in this study was an attempt to 

systematically investigate some aspects of this complex process. Use o f simplifying 

assumptions is unavoidable, but in this study some assumptions made by other 

investigators were relaxed, and this relaxation revealed phenomena which are of 

importance for the design of actual units.

Regarding kinetics of biodegradation, it was found that usage o f simple first- or 

zero-order expressions is wrong. More often than not, kinetics are complex even with 

consortia which in general are thought of as having good capabilities of degrading 

pollutants. With single VOCs, Andrews inhibitory kinetics are common (methanol, 

toluene), and nothing simpler than Monod kinetics (benzene), should be used. In cases of 

mixtures, biodegradation rate expressions may be even more complex, as kinetic 

interactions such as competitive inhibition (benzene/toluene mixtures) arise. Although 

detailed kinetic studies may be impractical (if at all possible) in some cases, e.g., 

multicomponent gasoline emissions, some understanding of the kinetics is needed. 

Sensitivity studies performed in this dissertation have shown that errors (even up to 30%), 

can be made in expected removal rates when some of the kinetic parameters are wrongly 

estimated.

This is the first study which considered oxygen as a possible limiting factor for the 

process. The assumption that since there is plenty of oxygen in the air (relative to the 

VOCs presence), the same should also hold in the biolayer is incorrect. Differences in

110
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thermodynamic properties such as the distribution coefficient, can reverse the situation in 

the biofilm, i.e., oxygen presence is much less than that of the VOC. In fact, it was found 

here that with water soluble VOCs (e.g., methanol), oxygen is depleted in the biolayer 

before the VOC. This oxygen limitation should be expected to happen at relatively high 

VOC concentrations in airstreams, and in positions close to the entrance of the biofilter 

bed. These predictions are based on a mathematical model which described very well the 

macro quantities (e.g., measured gas phase concentrations). It would be o f interest to 

experimentally verify the predicted biofilm concentration profiles in future studies. If the 

predictions are correct, they would suggest some possible solutions to practical problems. 

For example, one could try to enhance degradation rates by reducing the oxygen limitation 

through the use of oxygen enriched air, or membrane-based biofilms for higher oxygen 

retention.

This study introduced a detailed model for single compounds. This is an 

improvement over the single existing model in the literature. It was validated with three 

compounds in experiments performed within this study (benzene, toluene), and with data 

obtained from another laboratory (methanol). The agreement between model predicted, 

and experimentally obtained concentration profiles was remarkably good. It is a model 

which could be used with confidence, as its predictions are based on a rational approach to 

parameter measurement/estimation, and does not involve any fitting approach once all 

parameters have been determined. This model was the basis for developing another one 

which is more realistic for practical applications, that is one which describes biofiltration 

o f VOC mixtures.

The general model for steady state biofiltration of VOC mixtures developed during 

this study, takes into account potential oxygen effects, as well as potential interactions 

among VOCs during their biodegradation. It was validated through experiments in a large 

(pilot-scale) column with benzene/toluene mixtures. These two components are involved 

in cross-inhibitory, competitive, interactions, and led to a proof (both experimentally and
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numerically) of the fact that biofiltration of mixtures is not the same as, and cannot be 

predicted from data, on single VOC removal. Thus, the additive approach proposed 

earlier in the literature, leads to errors in the design of biofilters.

Clearly, biofiltration is a process subject to frequent variations in the operating 

parameters. The model developed in this study can be used in cases where the fluctuations 

are not wide and thus, when quasi-steady state operation is expected. Further studies 

should involve more complex mixtures (e.g., BTEX), chlorinated solvent vapors, 

compounds degraded via cometabolism, etc.

Experimentally, the results of the present study show that biofilters seem to have a 

long life span. Continuous experiments were performed over a period of almost two 

years, without adding any supplemental nutrients, and without development o f any 

significant pressure-drop over the bed. These results suggest that this technology will 

have a negligible operating cost. Hence, future studies should consider factors for capital 

cost minimization; for example, design methodologies for removal rate increases which 

could result in decreases of biofilter size.

The final part of this study dealt with biofiltration under transient conditions. If 

biofiltration is complex to analyze under steady state conditions, it becomes even more 

complex under transient operation. Transient operation involves an extra process, namely 

adsorption on the solid packing. This extra process results in very lengthy transients. One 

should possibly consider using packing materials which do not adsorb VOCs of interest. 

This is a question which should be investigated in the future. Future experiments should 

be carefully planned; frequent sampling, and good control o f operating parameters should 

be applied. Unambiguous transient data will help provide a better understanding of the 

process, and may lead to new insights into the process. From the modeling view point, 

methodologies for solving coupled PDEs should be used, so that the simplifications made 

in this study are avoided. Nonetheless, this study produced the first detailed transient 

model which seems to be able to capture and predict the basic trends of experimental data.



113

It is believed that this study contributes significantly towards fundamental 

understanding of biofiltration, a technology which will play a significant future role in air 

pollution control.



APPENDIX A

COMPUTER CODE FOR SOLVING THE STEADY-STATE 
BIOFILTRATION MODEL FOR A SINGLE VOC
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(;*****************************•******»*«•»•**»•»•**■•«»•»«>•
c
c  P u r p o s e  : " S o l u t i o n  o f  t h e  S t e a d y - S t a t e  B i o f i t r a t i o n
c  M o d e l  f o r  a  S i n g l e  V O C*
c
c  M e t h o d  :  M u l t i p l e  S h o o t i n g  T e c h n i q u e
c
c  L a n g u a g e  : F O R TR A N
c
c  R e q u i r e m e n t  : I M S L  S u b r o u t i n e  P a c k a g e
c
c  B y  : Z a r o o k  S h a r e e f d e e n
c

I N T E G E R  L D Y , N E Q N S , N M A X
P AR AME TE R  ( N E Q N S - 2 , N M A X - 2 1 , L D Y - N E Q N S , N H M A X - 2 1 )

p a r a m e t e r  ( n - 2 0 )
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c o m m o n  / s u r /  s u r  
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c o m m o n  / a c g O /  a c g O l

o p e n ( 6 , f i l e - ' b m v m s w . o u t ' , s t a t u s - ' n e w ' )

c a l l  t o d a y

e g  -  1 . 0  
s u r  -  6 5 . 1 5

c

g a s

d e l z - l . / f l o a t ( n )  
z ”  0 . 0  
h e i g h t ( l ) - z  
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i n d e x  -  1 0 0 0

d o  1 0 0  i g a s - 2 , n + 1  
d e l  -  2 0 . 0  
w r i t e ( 6 , 5 5 )  z  

5 5  f o r m a t ( '  ' , ' H e i g h t  ■ ' , 5 x ,  f 7 . 2 )

c a l l  p r m  ( i n d e x , n k , a l , g , e l , e 2 , a n , w )  
i n d e x  -  2 0 0 0

W R I T E ( 6  1 )
F O R M A T ! '  L I Q U I D  P H A S E  C O N C .  AL ONG T H E  F I L M  O F  T H E  B I O L A Y E R * ) 
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W R I T E ( 6 , * )

BOUNDARY C O N D I T I O N S

X L E F T  -  1 . 0 e - 3
X R I G H T  -  1 . 0
T O L  -  1 . 0 E - 4
M A X I T  -  2 0
N I N I T  -  NMAX

I N I T I A L  S H O O T I N G  P O I N T S

DO 1 0  1 - 1 , N I N I T
X (  I ) » X L E F T + F L O A T ( I - l ) / F L O A T ( N I N I T - l ) * ( X R I G H T - X L E F T )  
Y ( l , I ) - 3 0 . 0  
Y ( 2 , I ) —  0 . 0 1  

1 0  C O N T I N U E

C A L L  I M S L  S U B R O U T I N E

C A L L  BVPMS ( F C N E Q N , F C N J A C , F C N B C , N E Q N S , X L E F T , X R I G H T , T O L ,  
& T O L ,  M A X I T , N I N I T ,  X , Y , L D Y ,  NMAX,  N F I N A L , X ,  Y , L D Y )

s o f  -  y ( 1 , n i n i t ) * 0 . 2 6  
c o b  ■ a l * w * ( c g - l ) + l
s m f  -  { ( s o f / 0 . 2 6 - e 2 * c o b ) / a l + e l * c g ) * 6 3 1 . 7 8  
u p l m l  ■■ e 2 * c o b / 1 0 0 * 0 . 2 6  
u p l m 2  -  e l * c g / 1 0 0 * 6 3 1 . 7 8  
a l c g  -  c g * a c g 0 1

d e l  -  d e l / l e - 6

i £  ( s o f . g e . 0 . 0 . a n d . s o f . l e . u p l m l ( t h e n  
g o  t o  5
e l s e i f  < s m f . g e . 0 . 0 . a n d . s m f . l e .  u p l m 2 )  t h e n  
g o  t o  5
e l s e i f  ( a l c g . l e . 0 . 5 . a n d . d e l . l e . 1 5 0 . 0 ) t h e n  
d e l  -  d e l  +  0 . 1  
g o  t o  6
e l s e i f  ( a l c g . g t . 0 . 5 . a n d . d e l . l e . 1 5 0 . 0 ) t h e n  
d e l  »  d e l  +  1 . 0  
g o  t o  6
e l s e i f  ( d e l . g t . 1 5 0 ) t h e n  
d e l  -  1 5 0 .  
g o  t o  6 
e l s e  
e n d i f

5  DO 4 I  -  1 , N I N I T
s o  »  y ( 1 , I ) * 0 . 2 6  
c o b  *■ a l * w * ( c g - l ) + l
s m  -  ( ( s o / 0 . 2 6 - e 2 * c o b ) / a l + e l * c g ) * 6 3 1 . 7 8  
w r i t e ( 6 , * )  X ( I ) , s m , s o  

4 C O N T I N U E
3 F O R M A T( '  ' , F 7 . 3 , 3 x , e l 0 . 6 , 3 x , f l 0 . 6 )

d e r i  -  y ( 2 , l ) / a l

C C A L C U L A T E  GAS P H A S E  C O N C E N R A T I O N
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c
C A L L  R K 4 ( F , z , c g , d e l z )  
h e i g h t <  i g a s  )*>z 
g a s ( i g a s , l ) - c g  

1 0 0  c o n t i n u e
c

w r i t e { 6 , 1 2 3 )
W R I T E ( 6 , 2 2  )

2 2  f o r m a t ( / / , 5 x , '  G a s  P h a s e  C o n c e n t .  P r o f i l e ' , / / )
W R I T E ( 6 , 1 3 )

1 3  F ORMAT ( '  '  , 8 x ,  ' H e i g h t  C o n c e n t r a t i o n ' , / )
d o  4 4  i g a s « l , n + l  
c o b  «  a l * w * ( g a s ( i g a s , 1 ) - l ) + l  
w r i t e ( 6 , 3 3 )  h e i g h t ( i g a s ) , g a s (  i g a s , 1 ) , c o b  

4 4  c o n t i n u e
3 3  f o r m a t r  '  ,  F I  4 .  6 ,  3 x ,  F 1 4 . 6 ,  3 x ,  f  1 4 . 6  )

c
c a l l  l s g  ( g a s ,  a l s g )  
w r i t e ( 6 , 6 6 )  a l s q  

6 6  f o r m a t s  s u m  o f  s q .  -  ' ,  4 x ,  £ 1 0 . 6 )
c

1 2 3  F O R M A T ( '  ___________________________________________________________________________________ ' , / )
s t o p
e n d

s u b r o u t i n e  t o d a y
E X T E R N A L  T D A T E
C A L L  T D A T E  ( I D A Y ,  MONTH,  I Y E A R )
w r i t e ( 6 , 1 2 3 )
W R I T E  ( 6 , 6 6 )  m o n t h , i d a y , i y e a r  

6 6  F o r m a t f  '  D a t e  o f  S i m u l a t i o n  :  ' , 1 2 , ' / ' , i 2 , ' / ' , 1 4 , / / )
1 2 3  F O R M A T ( '   ___________________________________________________________________ ' . / )

r e t u r n
e n d

c  p u r p o s e  : s o l v e  t h e  g a s  p h a s e  c o n c e n t r a t i o n  p r o f i l e
c  u s i n g  t h e  f o u r t h  o r d e r  r u n g e  k u t t a  m e t h o d
c c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * :

S U B R O U T I N E  R K 4 ( F , z , e g , H )
H 2 « 0 . 5 * H
S T A R T - z
F l - F ( z . c g )
F 2 - F ( z + H 2 , c g + H 2 * F l )
F 3 - F ( z + H 2 , c g + H 2 * F 2 )
F 4 - F ( z + H , c g + H * F 3 )
c g - c g + H * ( F l + 2 . * F 2 + 2 . * F 3 + F 4  ) / 6 .
z - z + K
R ET UR N
END

c  p u r p o s e  : g i v e  t h e  f u n c t i o n  f o r  RK m e t h o d ,  i n  t h e  g a s  p h a s e  
c  b a l a n c e

F U N C T I O N  F ( z , c g )
C O M M O N / g a s / d e  r  i , a n  
F -  a n * d e r i  
R E T UR N  
END

c  p u r p o s e  : c o m p a r e  t h e  m o d e l  p r e d i c i t o n s  w i t h  t h e  e x p .  a n d  
c  m i n i m i z e  t h e  e r r o r  t o  f i n d  t h e  b e s t  s u r f a c e  a r e a .
cc * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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s u b r o u t i n e  l s q  ( y c a l ,  a l s q )
R E A L  y c a l ( 2 1 , 1 ) , y e x p ( 4 )
d a t a  y e x p / . 8 6 0 , . 6 5 7 , . 4 4 8 , . 1 4 9 /
x 2 - y c a l ( 6 , 1 ) - y e x p ( 1 )
x 3 - y c a l < 1 1 , l ) - y e x p ( 2 )
x 4 » y c a l ( 1 6 , 1 ) - y e x p ( 3 )
x 5 - y c a l ( 2 1 , l ) ~ y e x p ( 4 )
a l s q « ( x 2 * * 2 + x 3 * * 2 + x 4 * * 2 + x 5 * * 2 )
r e t u r n
e n d

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

S U B R O U T I N E  F C N E Q N  ( N E Q N S , X , y , P , DYDX)
I N T E G E R  NEQNS
R E A L  X , Y ( N E Q N S ) , P , D Y D X ( N E Q N S )

c
COMMON / e g /  e g
COMMON / p r m /  a k , a l , g , e l , e 2 , w

C
c o b  -  a l * w * ( c g - i ) + l  
a l p  -  - e 2 * c o b + a l * e l * c g  
b e t l  -  a l * * 2 + a l * a l p + g * a l p * * 2  
b e t 2  *■ a l + 2 . * a l p * g  
b e t 3  -  a l * * 2 * a k

c
D Y D X ( 1 ) - Y ( 2 ) * p
DYDX(2 ) - ( b e t 3 * y ( 1 ) / ( b e t l + p * b e t 2 * Y ( 1 ) + p * Y (1 ) * * 2 * G ) ) *  

& ( a l p + p * y ( l ) ) / ( l . + p * y ( l ) ) * p
RETURN 
END

C
S U B R O U T I N E  F C N B C ( N E Q N S , Y L E F T , Y R I G H T , P , F )
I N T E G E R  N E Q N S
R E A L  Y L E F T ( N E Q N S ) , Y R I G H T ( N E Q N S ) , P , F ( N E Q N S )

c
COMMON / e g /  e g
COMMON / p r m /  a k , a l , g , e l , e 2 , w

c
c o b  -  a l * w * ( c g - l ) + l

c
F ( 1 ) - Y L E F T < 1 ) - c o b * E 2 * p  
F ( 2 ) - Y R I G H T ( 2 )
RETURN
END

C
S U B R O U T I N E  F C N J A C ( N E Q N S , X ,  Y , P , D Y P D Y )
I N T E G E R  NEQNS
R E A L  X , Y ( N E Q N S ) , P , D Y P D Y ( N E Q N S , N E Q N S )

COMMON / e g /  e g
COMMON / p r m /  a k , a l , g , e l , e 2 , w

C
c o b  -  a l * w * ( c g - 1 ) + l
a l p  «  - e 2 * c o b + a l * e l * c g
b e t l  -  a l * * 2 + a l * a l p + g * a l p * * 2
b e t 2  »  a l + 2 . * a l p * g
b e t 3  -  a l * * 2 * a k

C
x l  -  b e t l + p * b e t 2 * y ( 1 ) + p * g * y ( 1 ) **2  
x 2  » l . + y ( l ) * p  
x 3  ■ a l p + 2 . * y ( l ) * p  
x 4  -  p * b e t 2 + 2 . * g * y ( l ) * p



D Y P D Y ( 1 , 1 > - 0  
D Y P D Y ( l , 2 ) « 1 . 0 * p
D Y P D Y ( 2 , 1 ) - b e t 3 * ( x l * x 2 * x 3 - y ( 1 ) * ( p * y ( 1 ) + a l p ) * ( x l * p + x 2 * x 4 ) ) /  

& x l * * 2 / x 2 * * 2 * p
D Y P D Y ( 2 , 2 ) “ 0 . 0  
R E T U R N  
END

s u b r o u t i n e  p r m  ( i n d e x , a k , a l , g , e l , e 2 , a n , w )  
c o m m o n  / d e l /  d e l  
c o m m o n  / s u r /  s u r  
c o m m o n  / a c g O /  a c g O l

1 - m e t h a n o l
2 - o x y g e n

d e l  - d e l * l e - 6

b O -  1 0 0 e 3

X V -  b 0 / 1 0 0 0
f d -  l - 0 . 4 3 * x v * * 0

d f  1 - ■ 1 . 3 0 e - 9  * 3 6 0 0
d f  2 - ■ 2 . 4 1 e - 9  * 3 6 0 0
a y l -  0 . 2 8
a y 2 -  0 . 2 6
a k i i l -  2 0 . 0 0 2 * 1 0 0 0
a k s s l -  0 . 6 3 1 7 8 * 1 0 0 0
a m u l -  0 . 2 2 2 4 4
a k s s 2 -  0 . 2 6

A C G 0 1 - 6 . 5 6
a u g -  . 0 1 5 5
v v -  9 3 2 e - 6

a c g 0 2 -  2 7 5
a m m l  - 0 . 0 0 3 4
a m m 2  - 3 4 . 4
i f  ( i n d e x . e q . l 0 0 0 ) t h e n
C A L L  S V A R I ( s u r , b O , v v , d f l , d f 2 , a y l , a y 2 , A K I I I , A K S S 1 , 
a m u l , a k s s 2 , a c g 0 1 , a c g 0 2 , a u g ,  a m m l , a m m 2 , p h i ) 
e l s e  
e n d i f

a k - a m u l * d e l * * 2 * b 0 / d f l / a y l / a k s s l
a l - d f I * a y l * a k s s l / a y 2 / a k s s 2 / d f 2
g  - a k s s l / a k i i l
e l - a c g O l / a m r a l / a k s s l
e 2 - a c g 0 2 / a m m 2 / a k s s 2
a n » d f l * s u r * a k s s l * v v / d e l / a u g / a c g 0 1
w = a k s s 2 * d f 2 * a c g 0 1 / a k s s l / d f l / a c g 0 2

w r i  t e ( 6 , 1 2 3 )  
W R I T E ( 6 , 1 )  
F OR MAT  ( '  '
W R I T E ( 6 ( 2 )  
W R I T E ( 6 , 3 )  
F ORMAT  ( '  
F ORMAT  ( '  
W R I T E ( 6 , 4 )  
W R I T E ( 6 , 5 )

' ,  '  P a r a m e t e r s  U s e d  
a k ,  g  
e l ,  AN 
' ,  '  k  -  
' ,  '  E p s l  -  
a l , d e l * l e 6  
e 2 , w

/ )

'  , e l 4 . 3 , 3 x , ' g a m a  
' ,  f l 4 . 6 , 3 x , ' n

' , 3 x , f 7 . 3 )  
' , 3 x , £ 7 . 3 )
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4 FORMAT ( '
5 FORMAT ( '

1 2 3 F O R M A T ! '
r e t u r n
e n d

s u b r o u t i n e
& a m u l , a k s s 2 ,

l a m d a  »  '  , e l 4  . 3 ,  5 x ,  ' d e l t a  ( m i c . r u ) - ' ,  £ 1 0 . 6 , / )
E p s 2  -  ' , e l 4 . 3 , 3 x , ' o m e g a  -  ' , 3 x , e l 4 . 3 , / )

 ',/>

w r i t e ( 6 , 1 2 3 )
W R I T E ( 6 , 1 )

1 FORMAT ( '  ' , / / ,  '  V A R I A B L E S  I N  T H E  M O D E L ' , / / )
W R I T E ( 6 , 1 9 )  A u g  

1 9  f o r m a t  ( '  ' ,  ' G a s  F l o w  R a t e  ( m 3 / h r )  -  ' ,  e l 4 . 3 )
W R I T E ( 6 , 3 )  v v * l e 6

3 FORMAT ( '  ' ,  ' V o l u m e  o f  t h e  c o l u m n ( c m 3 )  -  ' ,  f l 4 . 3 )
W R I T E ! 6 , 4 )  s u r

4 FORMAT ( '  ' ,  ' B i o l a y e r  S u r . A r e a (  m 2 / m 3 )  »  f l 4 . 3 )
w r i t e ( 6 , 4 4 )  b O

4 4  f o r m a t  ( '  ' ,  ' B i o m a s s  C on e .  ( g / m 3 )  -  ' ,  e l 4 . 3 )
c  W R I T E ( 6 , 5 )  d e l * l e 3
c  5  FORMAT ( '  ' ,  ' F i l m  t h i c k n e s s  ( mm )  -  ' ,  £ 1 4 . 3 )

W R I T E < 6 , 2 )  A C G 0 1  
W R I T E ( 6 , 2 2 )  A C G 0 2

2 FORMAT ( ' ' ,  ' I n l e t  c o n c .  ( g / m 3 o f  a i r ) ( m ) - t f l 4 . 3 )
2 2 FORMAT ( ' ' ,  ' I n l e t  c o n c .  ( g / m 3 o f  a i r ) ( o ) n t ) f l 4 . 3 )

w r i  t e ( 6 , 3 1 ) a y l
3 1 f o r m a t  ( ' ' ,  ' Y i e l d  C o e f f i c i e n t ( m ) a $

t f l 4 . 3 )
w r i t e ( 6 , 3 2 ) a y 2

3 2 f o r m a t  ( ' ' ,  ' Y i e l d  C o e f f i c i e n t ( o ) a t t f l 4 . 3 )
W R I T E ! 6 , 5 1 ) d f l * l e 9 / 3 6 0 0
W R I T E ! 6 , 5 4 ) d f 2 * l e 9 / 3 6 0 0

5 1 f o r m a t  ( ' ’ , ' D i f f .  C o e f f i c i e n t ( m ) * l e 9 m t t f 1 4 . 3 )
5 4 f o r m a t  ( ' ' ,  ' D i f f .  C o e f f i c i e n t ( o ) * l e 9 m t t £ 1 4 . 3 )

W R I T E ( 6 , 5 6 ) a m m l
5 6 FORMAT ( ' ' ,  ' D i s t .  C o e f f . ( m ) m t t e l 4 . 3 )

W R I T E ! 6 , 5 6 6 )  a m m 2
5 6 6 FORMAT ( ' ' ,  ' D i s t .  C o e f f . ( 0 ) m r / e l 4 . 3 )

w r i t e ( 6 , 1 2  3 )
w r i t e ( 6 , * )  '  A n d r e w s  a n d  o t h e r  P a r a m e t e r s '
W R I T E ( 6 , 6 )  a k i i l , a k s s l , a m u l ,  a k s s 2  

6  f o r m a t ! '  ' , / ,  '  K i l  ( g / m 3 )  -  '  , e l 4 . 3 , 3 x , ' K s l  ( g / m 3 )  -  ' ,  f 7 . 3 ,
& / , '  S p .  G r o w t h  R a t e - 1  ( 1 / h r ) - ' , £ 1 4 . 3 , 3 x , / , '  ' ,
& ' a K d  ( g / m 3 ) -  ' ,  f 7 . 3 , / / )

1 2 3  F O R M A T ! '  ___________________________________________________________________________________ ' , / )
r e t u r n
e n d
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c
c  P u r p o s e  : " S o l u t i o n  o f  t h e  S t e a d y - S t a t e  B i o f i t r a t i o n
c  M o d e l  f o r  M i x e d  ( B i n a r y )  V O C s "

O r t h o g o n a l  c o l l o c a t i o n  

F O R T R A N

c
c  M e t h o d  
c
c  L a n g u a g e  
c
c  R e q u i r e m e n t s  :  1 )  I M S L  p a c k a g e
c  2 )  M o d i f i e d  v e r s i o n  o f  t h e  s u b r o u t i n e
c  p a c k a g e  g i v e n  i n  t h e  a p p e n d i x  A
c  o f  t h e  r e f .  ( 76)  >
c
c  B y  : Z a r o o k  S h a r e e f d e e n
c

I m p l i c i t  R e a l * 8  ( a - h , o - z )  
p a r a m e t e r  ( n  -  1 0 )
p a r a m e t e r  ( n g  -  2 0 )
R E AL  h e i g h t ( n g + l ) , g a s l ( n g + 1 ) ,  g a s 2 ( n g + l ) ,  g a s 3 ( n g + l )
r e a l * 8  a ( 0 : n + l , 0 : n + l ) , b ( 0 : n + 1 , 0 : n + 1 ) , v l ( n + 2 ) , v 2 ( n + 2 )
r e a l * 8  x o l d ( 2 * n ) , x i n t p ( n + 2 ) , y ( n + 2 )
r e a l * 8  x d a t ( n + l ) , y b ( n + 1 ) , y t ( n + 1 )
r e a l * 8  s ( n , n + l ) , e i g ( n , 2 ) , n r ( n )
r e a l * 8  r o o t ( n + 2 ) , d i f 1 ( n + 2 ) , d i f 2 ( n + 2 ) , d i f 3 ( n + 2 )

c
E X T E R N A L  T D A T E  
E X T E R N A L  f u n l , f u n 2

c
c o m m o n  / d e l /  d e l  
c o m m o n  / s u r /  s u r  
c o m m o n  / i n d e x /  i n d x

c
c o m m o n  / p r m l /  p h l 2 , p h 2 2 , a l l , a l 2 , w l , w 2 , g , s g l , s g 2 , b t ,

& e l , e 2 , e 3
c o m m o n  / p r m 2 /  a , b  
c o m m o n  / p r m 3 /  c g l , c g 2 , c g 3  
COMMON / g a s / d e r i l , d e r i 2 , a n

c
o p e n ( 6 , f i l e » ' b t c o l w . o u t ' , s t a t u s - ’ n e w ' )

c
c  f o r  o t h o g o n a l  c o l l a c a t i o n  m e t h o d . ,  
c

a l p h a - 0 . 0  
b e t a - 0 . 0

c
n O - 1
n l - 1
n t - n + n O + n l

c
c   c a l c u l a t e  t h e  c o l l o c a t i o n  p o i n t ---------

c a l l  j c o b i ( n t , n , n 0 , n l , a l p h a , b e t a , d i f l , d i f 2 , d i f 3 , r o o t )
c   c a l c u l a t e  t h e  d i s c r e t i z a t i o n  m a t r i c e s  a  & b ---------
c

d o  5 0  i - l , n t
c a l l  d f o p r ( n t , n , n O , n l , i , l , d i f l , d i f 2 , d i f 3 , r o o t , v l ) 
c a l l  d f o p r ( n t , n , n 0 , n l , i , 2 , d i f l , d i f 2 , d i f 3 , r o o t , v 2 ) 
d o  6 0  j - l , n t  
a ( i - l , j - l ) - v l ( j )

6 0  b ( i - 1 , j - 1 ) - v 2 ( j )
5 0  c o n t i n u e

c



DATE

i n d x  -  1 0 0  
C A L L  t o d a y

W R I T E  ( 6 , 6 7 )  n  
6 7  F o r m a t t  '  S o l u t i o n  o f  t h e  M o d e l  u s i n g  O r t h o g o n a l  

i  C o l l o c a t i o n  w i t h  t ' , i 3 , ' J  c o l .  p o i n t s ' , / )

s u r  -  4 0 . 0  
c g l  -  1 . 0  
c g 2  -  1 . 0  
c g 3  -  1 . 0

g a s

d e l z - 1 . / f l o a t ( n g )  
z -  0 . 0  
h e i g h t ( 1 ) - z  
g a s l ( 1 ) » c g l  
g a s 2 ( 1 ) - c g 2  
g a s 3 ( 1 ) » c g 3

d o  1 0 0  i g a s - 2 , n g + l  
w r i t e ( 6 , 5 5 )  z  

5 5  f o r m a t ( 3 x , ' H e i g h t  »  ’ , 5 x ,  £ 1 4 . 3 )

d e l  -  3 0 . 0

6  c a l l  p r m  ( p h l 2 , p h 2 2 , a l l , a l 2 , a n , w l , w 2 , g , s g l , s g 2 , b t ,
& e l , e 2 , e 3 )

i f  ( i g a s . e q . n g ) t h e n
i n d x  -  1 0 0 0
e l s e
i n d x  -  2 0 0  
e n d i  f

i n i t i a l  g u e s s  f o r  y

d o  1 0  i « l , 2 * n  
x o l d ( i ) - . l  

1 0  c o n t i n u e

i t m a x  »  1 0 0
i p r i n t  •  - 1
e p s l  «  l . e - 9
e p s 2  »  l . e - 9

* * *  i p r i n t - 1  a l l  i t e r a t i o n s  a r e  p r i n t e d  * * *
c a l l  n e w t o n ( i t m a x , 2 * n , i p r i n t , e p s l , e p s 2 , x o l d )

i n t e r p o l a t i o n  a t  d e s i r e d  v a l u e s

c a l l  i n t e r p  ( x o l d , n t , r o o t ,  d i f l , x d a t , y b , y t )

s b f  -  y b ( n + l )
s t f  -  y t ( n + l )
s o f  -  a l l * ( s b f - e l * c g l ) + a l 2 * ( s t f - e 2 * c g 2 ) + e 3 * c g 3
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u p l m l  -  e l * c g l * 0 . 0 1  
u p l m 2  -  e 2 * c g 2 * 0 . 0 1  
u p l m 3  -  e 3 * c g 3 * 0 . 0 1  
d e l  ~  d e l * l e 6

c
i f  ( s o f . g t . 0 . 0 . a n d . s o f . l e . u p l m 3 ) t h e n  
g o  t o  5
e l s e i f  ( ( s b f . g t . 0 . O . a n d . s b f . l e .  u p l m l ) . o r .

& ( s t f . g t . 0 . 0 . a n d . s t f . l e .  u p l m 2 ) . o r .
& ( s o f . g t . 0 . 0 . a n d . s o f . l e .  u p l m 3 } )  t h e n

g o  t o  5
e l s e i f ( d e l . l t . 1 5 0 ) t h e n  
d e l  -  d e l +  1 . 0  
g o  t o  6
e l s e i f ( d e l . g e . 1 5 0 ) t h e n
d e l  -  1 5 0
g o  t o  6
e l s e
e n d i f

c
5 i n d x  -  3 0 0 0

c a l l  i n t e r p  ( x o l d , n t , r o o t ,  d i f l , x d a t , y b , y t )  
c a l l  d e r i  ( x o l d ,  d e r i l ,  d e r i 2 )

c
C C A L C U L A T E  GAS P H A S E  C O N C E N R A T I O N  
C

C AL L  R K 4 ( F u n l , z , c g l , d e l z ) 
z  -  z - d e l z
C A L L  R K 4 ( f u n 2 , z , c g 2 , d e l z )  
h e i g h t ( i g a s ) - z
c g 3  -  a l l * w 2 * ( c g l - l ) + a l 2 * w 2 / w l * ( c g 2 - l ) + l  
g a s l ( i g a s ) - c g l  
g a s 2 ( i g a s ) - c g 2  
g a s 3 ( i g a s ) - c g 3  

1 0 0  c o n t i n u e
c

w r i  t e ( 6 , 1 2 3 )
W R I T E ( 6 , 2 2 )

2 2  f o r m a t ! / / , 5 x , '  G a s  P h a s e  C o n c e n t r a t i o n  P r o f i l e ' , / / )
W R I T E ( 6 , 1 3 )

1 3  FORMAT ( '  ' , 1 2 x ,  ' H e i g h t ' , l O x C g ( B ) ' , l O x , ' C g ( T ) ' , l O x , ' C g ( 0 ) ' / )
d o  4 4  i g a s » l , n g + l  

c  w r i t e ( 6 , 3 3 )  h e i g h t ( i g a s ) , ( 1 - g a s l ( i g a s ) ) ,  ( l - g a s 2 ( i g a s ) ) ,
c  & ( 1 -  g a s 3 ( i g a s ) )

w r i t e ( 6 , 3 3 )  h e i g h t ! i g a s ) , g a s l ( i g a s ) ,  g a s 2 ( i g a s ) ,  g a s 3 ( i g a s )
4 4  c o n t i n u e
3 3  f o r m a t ( 4 x , F l 4 . 6 , 2 x , F 1 4 . 6 , l x , f l 4 . 6 , l x , f l 4 .  6 )

c
c a l l  l s g  ( g a s l , g a s 2 , a l s q l , a l s q 2 , a l s q )  
w r i t e ( 6 , 5 6 )  a l s q l , a l s q 2 , a l s q

c
5 6  f o r m a t ! / / , '  ' , ' l s q l  »  ' ,  e l 4 . 3 , ' l s q 2  -  ' , e l 4 . 3 , / ,

£ ' 1 s q  -  ' , e l 4 . 3 , / / )
1 2 3  F O R M A T ! '  ___________________________________________________________________________________ '  , / )

S t o p
e n d

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

c  p u r p o s e  :  i n t e r p o l a t i n g  t h e  r e s u l t s  t h a t  y o u  g e t  f r o m  
c  n e w t o n  r a p h s o n  s u b r o u t i n e
c
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

s u b r o u t i n e  i n t e r p  ( x o l d , n t , r o o t ,  d i f l , x d a t , y b , y t )
I m p l i c i t  R e a l * 8  ( a - h , o - z )



o
o
o
o
o
o
n
o

p a r a m e t e r ( n - l O )
r e a l * 8  x o l d ( 2 * n ) , x i n t p ( n + 2 ) , y l ( n + 2 ) , y 2 ( n + 2 ) 
r e a l * 8  x d a t ( n + l ) ,  y b ( n + l ) ,  y t ( n + 1 ) , y o ( n + 1 ) 
r e a l * 8  r o o t ( n + 2 ) , d i f 1 ( n + 2 ) , d i f 2 ( n + 2 ) , d i f 3 ( n + 2 ) 
c o m m o n  / p r o l /  p h l 2 , p h 2 2 , a l l , a l 2 , w l , w 2 , g , s g l , s g 2 , b t ,

& -  e l , e 2 , e 3
c o m m o n  / p r m 3 /  c g l , c g 2 , c g 3  
c o m m o n  / i n d e x /  i n d x

c
i f  ( i n d x  . e q . 3 0 0 0 ) t h e n  
w r i t e ( 6 , 1 2 3 )
W R I T E ! 6 , 1 2 )

1 2  F ORMAT ( '  ' , 1 0 x ,  ' C o n c e n t r a t i o n  P r o f i l e s  i n  t h e  B i o f i l m  '
W R I T E ( 6 , 1 3 )

1 3  F ORMAT < 5 x , '  x  ' , l l x , ' S ( B ) ' , 1 4 x , ' S ( T ) ' , l l x , ' S ( 0 ) ' / / )  
e l s e
e n d i f

c
y l ( 1 ) - e l * c g l  
y 2 ( l ) - e 2 * c g 2

c
d o  1 5  i - l , n

1 5  y l ( i + 1 ) » x o l d ( i  ) 
y l ( n t ) - y l ( n t - 1 )

c
d o  1 6  i « l , n

1 6  y 2 ( i + 1 ) - x o l d ( i + n ) 
y 2 ( n t ) » y 2 ( n t - 1 )

c
d o  2 0  i = l , n + l  
d i s t - f l o a t ( i - 1 ) / n
c a l l  i n t r p ( n t , n t , d i s t , r o o t , d i f l , x i n t p )  
s b « 0 . 0  
s t - 0 . 0
d o  3 0  j « l , n t
s b  -  s b + x i n t p ( j ) * y l ( j )
s t  -  s t + x i n t p ( j ) * y 2 ( j )

3 0  c o n t i n u e
i f  ( i n d x . e g . 3 0 0 0 ) t h e n
s o  -  a l l * < s b - e l * c g l ) + a l 2 * ( s t - e 2 + c g 2 ) + e 3 * c g 3
w r i t e ( 6 , 4 0 )  d i s t , s b , s t , s o
e l s e
e n d i f

c  p l o t
x d a t l i ) - d i s t  
y b ( i ) - s b  
y t ( i ) - s t

c
2 0  c o n t i n u e
4 0  f o r m a t ( 5 x , f 7 . 2 , 5 x , E 1 4 . 6 , 5 x , E l 4 . 6 , 5 x , e l 4 . 6 )

1 2 3  FORMAT !  * ________________________________________________________________________ ' , / )
r e t u r n
e n d

p u r p o s e  : c o n s t r u c t  t h e  j a c o b i a n  m a t r i x  a n d  o n  t h e  l a s t  
c o l u m n  v e c t o r  - f

S U B R O U T I N E  CAL CN F OR E V A L U T I N G  T H E  AUGMENTED J A C O B I A N  MA T R I X  
J A C * D E L — F  S O L V I N G  DEL

S U B R O U T I N E  C A L C N ( d X O L D , D F , N )



i m p l i c i t  r e a l * 8  ( a - h , o - z )  
p a r a m e t e r ( m - 1 0 )
r e a l * 8  x o l d ( 2 * m ) , d x o l d ( 2 * m ) , d f ( 2 * m , 2 * m + l ) ,  s u m l ( 2 * m ) ,

6  s u m 2 ( 2 * r o )
r e a l * 8  a ( 0 : m + l , 0 : m + l ) , b ( 0 : m + l , 0 : m + l )
c o m m o n  / p r m l /  p h l 2 , p h 2 2 , a l l , a l 2 , w l , w 2 , g , s g l , s g 2 , b t ,

& e l , e 2 , e 3
c o m m o n  / p r m 2 /  a , b  
c o m m o n  / p r r a 3 /  c g l ,  c g 2 , c g 3

c o b  -  a l l * w 2 * ( c g l - 1 ) + a l 2 * w 2 / w l * ( c g 2 - l ) + l  
a l p  -  - a l l * e l * c g l - a l 2 * e 2 * c g 2 + e 3 * c o b

d o  1  i - l , 2 * n  
x o l d t  i ) « d x o l d ( i ) 
d o  1 j » l , ( 2 * n + l )  
d f ( i , j ) - 0 . 0

d o  3  i - l , 2 * n  
s u m l  ( i ) - 0 . 0  
s u m 2  ( i ) - 0 . 0

d o  1 0  i » l , n
d o  2 0  j - l , n
i f ( i . e q . j ) t h e n
p l - l . + x o l d ( i ) + s g l * x o l d ( i + n )
p 2 - l . + a l p + a l l * x o l d ( i ) + a l 2 * x o l d (  i + n )
p 3 - 2 * a l l * x o l d ( i ) + a l p + a l 2 * x o l d ( i + n )
p 4 “ p l * a i l + p 2
p 5 - a l l * x o l d ( i ) + a l 2 * x o l d ( i + n ) + a l p
d f  ( i  ,  j ) « b ( i , j ) - b ( i , n + l ) / a ( n + 1 , n + 1 ) * a ( n + l , j )

1 - p h i 2 +  ( p l * p 2 * p 3 - x o l d (  i  ) * p 5 * p 4  ) / p i . * * 2 / p 2 * * 2  
e l s e
d f  ( i ,  j ) - b ( i , j ) - b ( i , n + l ) / a ( n + l , n + l ) * a (  n + 1 , j ) 
e n d i f
s u m l (  i ) - s u m l ( i )  +  ( b ( i , j ) —b ( i , n + l ) / a ( n + l , n + l ) * a ( n + l , j ) ) * x o l d ( j ) 
c o n t i n u e
d f ( i , ( 2 * n + l ) ) - - ( s u m l ( i ) + b ( i , 0 ) * e l * c g l - b ( i , n + l ) *

, a  ( n + 1 , 0 ) * e l * c g l / a ( n + l , n + l ) -  
; p h l 2 * p 5 * x o l d ( i ) / p l / p 2 ) 

c o n t i n u e

d o  1 2  i - n + l , 2 * n  
d o  2 2  j « n + l , 2 * n  
i  f ( i . e q . j ) t h e n

q l - 1 . + x o l d ( i ) + g * ( x o l d ( i ) ) * * 2 + s g 2 * x o l d ( i - n ) 
q 2 - b t + a l p + a l l * x o l d ( i - n ) + a l 2 * x o l d (  i ) 
q 3 » a l l * x o l d ( i - n ) + a l p + 2 * a l 2 * x o l d (  i ) 
q 4 » q l * a l 2 + q 2 * ( 1 , + 2 * g * x o l d ( i ) )  
p 5 » a l l * x o l d ( i - n ) + a l 2 * x o l d ( i ) + a l p

d f  ( i ,  j ) « b ( i - n , j —n ) —b ( i - n , n + 1 ) / a ( n + l , n + l ) * a ( n + l , j - n )
- p h 2 2 * ( q l ' * q 2 * q 3 - x o l d ( i  ) * p 5 * q 4  ) / q l * * 2 / q 2 * * 2
e l s e
d f  ( i ,  j ) - b ( i - n , j - n ) - b ( i - n , n + 1 ) / a ( n + l , n + l ) * a ( n + l , j - n )  
e n d i f
s u r a 2 ( i ) - s u m 2 ( i ) + ( b ( i - n , j - n ) -

b ( i - n , n + 1  ) / a ( n + l , n + l ) * a ( n + l , j - n ) ) * x o l d (  j )
c o n t i n u e
d f  ( i ,  ( 2 * n + l ) ) —  ( s u m 2 ( i ) + b ( i - n , 0 ) * e 2 * c g 2 - b ( i - n , n + 1 ) *
a ( n + l , 0 ) * e 2 * c g 2 / a ( n + l , n + l ) -
p h 2 2 * p 5 * x o l d ( i ) / q l / q 2 )
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1 2  c o n t i n u e  
r e t u r n  
e n d

C * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

c  p u r p o s e  : n e w t o n  r a p h s o n  t o  s o l v e  t h e  a l g e b r i c  e q u a t i o n s  
c
c * * * * * * * * * * * * * * * * * * * * * » * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

s u b r o u t i n e  n e w t o n ( i t m a x , n , i p r i n t , e p s l , e p s 2 , x o l d )  
i m p l i c i t  r e a l * 8  ( a - h , o - z )  
p a r a m e t e r  ( m - 1 0 )
d i m e n s i o n  x o l d ! 2 * m ) , x i n c ( 2 * m ) , a ( 2 * m , 2 * m + l ) 

c  n e w t o n  r a p h s o n  i t e r a t i o n
c  w r i t e ( 6 , 2 0 0 ) i t m a x , i p r i n t , 2 * n , e p s l , e p s 2 , 2 * n , ( x o l d ( i ) , i - l , 2 * n )

w r i t e ( 6 , 1 2 3 )  
d o  9 i t e r - 1 , i t m a x  

c  c a l l  o n  c a l c n  t o  s e t  u p  t h e  a  m a t r i x
c a l l  c a l c n ( x o l d , a , m )  

c  c a l l  s i m u l  t o  c o m p u t e  j a c o b i a n  a n d  c o r r e c t i o n  i n  x i n c
n n - n + 1  
i n d i c - 1
d e t e r - s i m u l l  ( n , a , x i n c , e p s l , i n d i e , n n )  
i f  ( d e t e r . n e . 0 ) g o t o  3 

w r  i t e ( 6 , 2 0 1 )  
r e t u r n

c  c h e c k  f o r  c o n v e r g e n c e  a n d  u p d a t e  x o l d  v a l u e
3 i t c o n - 1

d o  5  i » l , n
i f ( d a b s ( x i n c ( i ) ) . g t . e p s 2 ) i t c o n - 0  

5 x o l d ( i ) - x o l d ( i ) + x i n c ( i )
i f ( i p r i n t . e q . l )  w r i t e ( 6 , 2 0 2 ) i t e r , d e t e r , n , ( x o l d ( i ) , i - l , n )  
i f ( i t c o n . e q . O )  g o t o  9 

c  w r i t e ( 6 , 2 0 3 ) i t e r , n , ( x o l d ( i ) , i « l , n )
w r i t e ! 6 , 2 2 0 3 ) i t e r  
r e t u r n  

9 c o n t i n u e
w r i t e ( 6 , 2 0 4 )
r e t u r n

c  f o r m a t s  f o r  i n p u t  a n d  o u t p u t  s t a t e m e n t s
2 0 0  f o r m a t ! '  i t m a x  »  ' , 1 8 , / '  i p r i n t  -  ' , i 8 / '  n  -  ' , i 8 /

fir'  e p s l  -  ' , l p e l 4 . 1 / '  e p s 2  -  ' , l p e l 4 . l / 1 0 x , ' x o l d ! 1 ) . . . x o l d ! ' ,  
& i 2 , ' ) ' / / ( l h  , l p 4 e l 6 . 6 ) )

2 0 1  f o r m a t ! 3 8 h 0 m a t r i x  i s  i l l - c o n d i t i o n e d  o r  s i n g u l a r )
2 0 2  f o r m a t ! '  i t e r  - * , i 8 /  l O h  d e t e r  ■ , e l 8 . 5 /

$  2 6 h  x o l d ( l ) . . . x o l d ! , i 2 , l h )  /  ( l h  , l p 4 e l 6 . 6 )  )
2 0 3  f o r m a t ! '  s u c c e s s f u l  c o n v e r g e n c e ' / '  i t e r  - ' , i 3 / 1 0 x ,

$ ' x o l d ! 1 ) . . . x o l d ! ' , i 2 , ' ) ' / /  ( l h  , l p 4 e l 6 . 6 )  )
2 2 0 3  f o r m a t ! '  s u c c e s s f u l  c o n v e r g e n c e ' / '  i t e r  - ' , 1 3 / )
2 0 4  f o r m a t ! '  n o  c o n v e r g e n c e '  )
1 2 3  F O R M A T ! '  ___________________________________________________________________________________'  , / )

e n d

s u b r o u t i n e  S V A R I  ( s u r , b 0 , v v , d f l , d f 2 , d f 3 , a y l , a y 2 , a y l 3 , a y 2 3 , A K S S l ,  
& a m u l , a k i i 2 , a k s s 2 , a m u 2 , a k s s l 2 , a k s s 2 1 , a k s s l 3 , a k s s 2 3 , a c g 0 1 ,
& a c g 0 2 , a c g 0 3 , a u g ,  a m m l , a m m 2 , a m m 3 , d e l )

I m p l i c i t  R e a l * 8  ( a - h , o - z )

w r i t e ( 6 , 1 2 3 )
W R I T E ( 6 , 1 )

1  F ORMAT ( '  ' , / / ,  '  V A R I A B L E S  I N  T H E  M O D E L ' , / / )
W R I T E ( 6 , 2 )

2  F OR MAT  ( 3 x , ' l  -  b e n z e n e ' , / , 3 x , ' 2  -  T o l u e n e ' , / , 3 x , ' 3  -  o x y g e n ' , / )  
W R I T E ( 6 , 1 9 )  A u g
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19

3

4 

44

5

1 8
21
22

3 1

3 2

3 3

34

51
5 4
5 5

5 6

5 6 6

5 6 7

1 2 3

£  *  ★ ★ ★ A

f o r m a t  ( '  
W R I T E ( 6 , 3 )  
F ORMAT { '  
W R I T E ( 6 , 4 )  
FORMAT ( '  
w r i t e ( 6 , 4 4  ) 
f o r m a t  ( '  
W R I T E ! 6 , 5 )  
FORMAT ( '  
W R I T E ! 6 , 1 8 )  
W R I T E ( 6 , 2 1 )  
W R I T E ! 6 , 2 2 )  
FORMAT ( '  
F ORMAT ( '  
FORMAT ( '  
w r i t e ( 6 , 3 1 )  
f o r m a t  ( '  
w r i t e ( 6 , 3 2 )  
f o r m a t  ( '  
w r i t e ( 6 , 3 3 )  
f o r m a t  ( '  
w r i t e ( 6 , 3 4 )  
f o r m a t  ( '  
W R I T E ( 6 , 5 1 )  
W R I T E ! 6 , 5 4 )  
W R I T E ( 6 , 5 5 )  
f o r m a t  ( '  
f o r m a t  ( '  
f o r m a t  ( '  
W R I T E ! 6 , 5 6 )  
F ORMAT ( '  
W R I T E ! 6 , 5 6 6  
F ORMAT ( '  
W R I T E ! 6 , 5 6 7  
F ORMAT ( '

G a s  F l o w  R a t e  ( m 3 / h r )  
v v * l e 6

' V o l u m e  o f  t h e  c o l u m n ( c m 3 )  
S U R

,  ' B i o l a y e r  S u r . A r e a (  m 2 / m 3 )  
bO
,  ' B i o m a s s  C o n e .  ( g / m 3 )  

d e l * l e 3  
,  ' F i l m  t h i c k n e s s  ( mm)

A C G 0 1  
A C G 0 2  
A C G 0 3
, ' I n l e t  c o n c .
, ' I n l e t  c o n c .
,  ' I n l e t  c o n c .  
a y l
,  ' Y i e l d  C o e f f i c i e n t  ( 1 )  
a y 2
, ' Y i e l d  C o e f f i c i e n t  ( 2 )  
a y l 3
, ' Y i e l d  C o e f f i c i e n t  ( 1 3 )  
a y 2 3
, ' Y i e l d  C o e f f i c i e n t  ( 2 3 )  
d f l * l e 9 / 3 6 0 0  
d f 2 * l e 9 / 3 6 0 0  
d f 2 * l e 9 / 3 6 0 0
,  ' D i f f .  C o e f f . ( 1 ) * l e 9  ( m 2 / s )  

C o e f f . ( 2 ) * l e 9  ( m 2 / s )  
C o e f f . ( 3 ) * l e 9  ( m 2 / s )

( g / m 3  o f  a i r ) ( l )  
( g / m 3  o f  a i r ) ( 2 )  
( g / m 3  o f  a i r ) ( 3 )

,  ' D i f f .  
,  ' D i f f .  
a m m l  
,  ' D i s t .  

a m m 2  
,  ' D i s t .  

a m m 3  
,  ' D i s t .

C o e f f .

C o e f f .

C o e f f .

( 1 )

( 2 )

( 3 ) m 9

e l 4 . 3 )  

f 1 4 . 3 )  

f 1 4 . 3 )  

e l 4 . 3 )  

f 1 4 . 3 )

f 1 4 . 3 )  
f 1 4 . 3 )  
f 1 4 . 3  )

f l 4 . 3 )

f 1 4 . 3  )

f 1 4 . 3 )

f l 4 . 3 )

£ 1 4 . 3 )  
f l 4 . 3 )  
f l 4 . 3 )

e l 4 . 3 )

e l 4 . 3 )

e l 4 . 3 )
w r i t e ( 6 , 1 2 3 )
w r i t e ( 6 , * )  '  A n d r e w s  a n d  o t h e r
w r i t e ( 6 , 6 )  a k s s l , a m u l ,  a k s s 2 , a k i i 2 , a m u 2 ,  
a k s s l 3 , a k s s 2 3

P a r a m e t e r s '  
a k s s l 2 , a k s s 2 1 ,

f o r m a t  ( '  ' , / ,

FORMAT( '
r e t u r n
e n d

s u b r o u t i n e  
EXTERNAL 
CALL TDATE

K s l  ( g / m 3 )  -  ' f e l 4 . 3 , 3 x , ' m u l  ( 1 / h r )  -  ' , f l 4 . 3 , / ,
K s 2  ( g / m 3 ) -  ' , e l 4 . 3 , 3 x , ' K i 2  ( g / m 3 )  -  ' , e l 4 . 3 , / ,
m u 2  ( 1 / h r )  -  ' , f l 4 . 3 , / ,
K s l 2 ( g / m 3 )  -  ' , e l 4 . 3 , 3 x , ' K s 2 1 ( g / m 3 )  -  ' , e l 4 . 3 , / ,
K o b  ( g / m 3 )  -  '  , e l 4 . 3 , 3 x , ' K o t  < g / m 3 )  -  ' , f l 4 . 3 )

 • ' , /)

MONT H,  I Y E A R )

66

t o d a y  
T D A T E  
( I D A Y ,  

w r i t e ( 6 , 1 2 3 )
W R I T E  ( 6 , 6 6 )  m o n t h , i d a y . i y e a r
F o r m a t ( 3 x ,  '  D a t e  : ' , i 2 , ’ / ' , i 2 , ' / ' , 1 4 , / / ,

'  M o d e l  P r e d i c t i o n s  f o r  B e n z e n e - T o l u e n e
'  b y  C o l l o c a t i o n  M e t h o d

1 2 3 F O R MA T ( 1
r e t u r n
e n d

M i x t u r e ' , / ,  
' , / ,

   ' / / )
 ' , /)

S u b r o u t i n e  f o r  e v a l u a t i n g  t h e  d e r i v a t i v e  
n e c e s s a r y  f o r  g a s  p h a s e  p r o f i l e s



129

c£**********************«************************************
s u b r o u t i n e  d e r i  ( x o l d ,  d e r i l ,  d e r i 2 )
I m p l i c i t  R e a l * 8  ( a - h , o - 2 ) 
p a r a m e t e r  ( n - 1 0 )
r e a l * 8  a ( 0 : n + l , 0 : n + l ) , b ( 0 : n + l , 0 : n + l J  
r e a l * 8  x o l d ( 2 * n )
c o m m o n  / p r r a l /  p h l 2 , p h 2 2 , a l l , a l 2 , w l , w 2 , g , s g l , s g 2 , b t ,

& e l , e 2 , e 3
c o m m o n  / p r m 2 /  a , b  
c o m m o n  / p r m 3 /  c g l , c g 2 , c g 3

c
s u m l  ■ 0 . 0  
s u m 2  ■ 0 . 0  
d o  1 0  j  - l , n
s u m l  -  s u m l + ( a ( 0 , j ) —a ( 0 , n + l ) * a ( n + l , j ) / a ( n + l , n + l ) ) * x o l d ( j ) 
s u m 2  -  s u m 2 + ( a ( 0 , j ) - a ( 0 , n + l ) * a ( n + l , j ) / a ( n + l , n + l j ) * x o l d ( j + n )  

1 0  c o n t i n u e
d e r i l  -  s u m l + ( a ( 0 , 0 ) - a ( 0 , n + 1 ) * a ( n + 1 , 0 ) / a ( n + 1 , n + 1 ) ) * e l * c g l  
d e r i 2  -  s u m 2 + ( a ( 0 , 0 J —a ( 0 , n + 1 j * a ( n + l , 0 ) / a ( n + l , n + 1 ) ) * e 2 * c g 2  

c  w r i t e { * , * )  d e r i l ,  d e r i 2
r e t u r n  
e n d

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

c  f o r  g a s  p h a s e
c  u s i n g  t h e  f o u r t h  o r d e r  r u n g e  k u t t a  m e t h o d
c c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * *  

S U B R O U T I N E  R K 4 ( F , Z , e g , H )
I m p l i c i t  R e a l * 8  ( a - h , o - z )
H 2 - 0 . 5 * H  
S T A R T - z  
F l - F ( z , e g )
F 2 - F ( z + H 2 , c g + H 2 * F l )
F 3 - F ( z + H 2 , c g 4 H 2 * F 2 )
F4«*F { Z 4 H , c g + H * F 3 )
c g - c g + H * ( F l + 2 . * F 2 + 2 . * F 3 + F 4 ) / 6 .
z - z + H
R E T UR N
END

Cc***********************************************************
c  p u r p o s e  : g i v e  t h e  f u n c t i o n  f o r  RK m e t h o d ,  i n  t h e  g a s  p h a s e  
c  b a l a n c e  ;  b e n z e n e
c c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

F U N C T I O N  F u n l ( z , c g l )
I m p l i c i t  R e a l * 8  ( a - h , o - z )
COMMON / g a s / d e r i l , d e r i 2 , a n
F u n l  »  a n * d e r i l
R E T URN
END

C
c * * * * * » * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

c  p u r p o s e  : g i v e  t h e  f u n c t i o n  f o r  RK m e t h o d ,  i n  t h e  g a s  p h a s e  
c  b a l a n c e  ;  T o l u e n e
c c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

F U N C T I O N  F u n 2 ( z , c g 2 )
I m p l i c i t  R e a l * 8  ( a - h , o - z )
COMMON / g a s / d e r i l , d e r i 2 , a n
c o m m o n  / p r m l /  p h l 2 , p h 2 2 , a l l , a l 2 , w l , w 2 , g , s g l , s g 2 , b t ,

& e l , e 2 , e 3
F u n 2  -  a n * w l * d e r i 2  
R E T UR N  
END
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s u b r o u t i n e  l s q  ( y c a l l , y c a l 2 ,  a l s q l , a l s q 2 , a l s q )
R E A L  y c a l l ( 2 1 ) , y e x p l ( 3 ) , y c a l 2 ( 2 1 ) ,  y e x p 2 ( 3 )
d a t a  y e x p l / , 9 3 9 , . 9 0 , . 8 6 9 /  
d a t a  y e x p 2 / . 8 0 0 , . 6 7 1 , . 5 8 3 /

c
x l - 3 . 3 / 5 * ( y c a l l ( 8 ) - y c a l l ( 7 ) ) + y c a l l ( 7 ) - y e x p l ( 1 )  
x 2 - l . 6 / 5 * ( y c a l l ( 1 5 ) - y c a l l ( 1 4 ) ) + y c a l l ( 1 4 ) - y e x p l  ( 2 )  
x 3 - y c a l l ( 2 1 ) - y e x p l ( 3 )  
a l s q l - ( x l * * 2 + x 2 * * 2 + x 3 * * 2 )

c
x l - 3 . 3 / 5 * ( y e a 1 2 ( 8 ) - y c a l 2 { 7 ) ) + y c a l 2 ( 7 ) - y e x p 2 ( 1 )  
x 2 - l . 6 / 5 * ( y c a l 2 ( 1 5 ) - y c a l 2 ( 1 4 ) ) + y c a l 2 ( 1 4 ) - y e x p 2 ( 2 )  
x 3 - y c a l 2 ( 2 1 ) - y e x p 2 ( 3 )  
a l s q 2 - ( x l * * 2 + x 2 * * 2 + x 3 * * 2 )

c
a l s q  -  a l s q l + a l s q 2

c
r e t u r n
e n d

s u b r o u t i n e  p r m  ( p h l 2 , p h 2 2 , a l l , a l 2 , a n , w l , w 2 , g , s g l , s g 2 , b t ,  
& e l , e 2 , e 3 )

I m p l i c i t  R e a l * 8  ( a - h , o - z )
c o m m o n  / d e l /  d e l
c o m m o n  / s u e /  s u r
c o m m o n  / i n d e x /  i n d x
c o m m o n  / c g O  /  a c g O l ,  a c g 0 2 , a c g 0 3

c
c  1 - b e n z e n e  
c  2 - t o l u e n e  
c  3 - o x y g e n  
c

d e l  -  d e l * l e - 6  
w r i t e ( 6 , 5 2 )  d e l * l e 6

c
bO «  1 0 0 e 3

c
XV -  b 0 / 1 0 0 0
f d  -  1 - 0 . 4 3 * x v * * 0 . 9 2 / ( 1 1 . 1 9 + 0 . 2 7 * x v * * 0 . 9 9 )

c
d f l  -  1 . 0 3 7 4 e - 9  * 3 6 0 0 . * f d  
d f 2  -  1 . 0 3 1 5 e - 9  * 3 6 0 0 . * f d
d f 3 -  2 . 4 1 e - 9  * 3 6 0 0 . * f d

c
a y l  -  0 . 7 0 8  
a y 2  -  0 . 7 0 8  
a y l 3  -  0 . 3 3 6
a y 2 3  -  0 . 3 4 1

c
a k s s l  -  1 2 . 2 2 0  
a m u l  -  0 . 6 7 6 5

c
a k i i 2  -  7 8 . 9 4 3 7  
a k s s 2  -  1 1 . 0 3 1 7  
a m u 2  -  1 . 5 0 3 6

c
a k s s l 2  -  4 . 5  
a k s s 2 1  -  0 . 2

c  •
a k s s l 3  -  0 . 2 6  
a k s s 2 3  •  0 . 2 6
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A C G O l  -  0 . 1 9 4  
A C G 0 2  -  0 . 2 7 2  
A C G 0 3  -  2 7 5 . 0  
a u g  -  1 0 . 0 e - 3 * 6 0  
v v  -  1 5 2 9 1 * l e - 6

a m m l  -  . 2 2 6 6  
a m m 2  ■  . 2 7  
a mm3  -  3 4 . 4

i f  ( i n d x . e q . l O O ) t h e n
C AL L  S V A R I ( s u r , b O , v v , d f 1 , d f 2 , d f 3 , a y l , a y 2 , a y l 3 ,  a y 2 3 , A K S S 1 , 

& a m u l , a k i i 2 , a k s s 2 , a m u 2 , a k s s l 2 , a k s s 2 1 , a k s s l 3 , a k s s 2 3 , a c g 0 1 ,
& a c g 0 2 , a c g 0 3 , a u g ,  a m m l , a m m 2 , a m m 3 , d e l ) 

e l s e  
e n d i f

p h l 2 » a m u l * d e l * * 2 * b 0 / d f l / a y l / a k s s l  
p h 2 2 - a m u 2 * d e l * * 2 * b 0 / d f 2 / a y 2 / a k s s 2  
a l l » d £ 1 * a y l * a k s s 1 / a y 1 3 / a k s s l 3 / d f 3 
a l 2 - d f 2 * a y 2 * a k s s 2 / a y 2 3 / a k s s l 3 / d f 3 
g  » a k s s 2 / a k i i 2  
e l » a c g 0 1 / a m m l / a k s s l  
e 2 » a c g 0 2 / a m m 2 / a k s s 2  
e 3 - a c g 0 3 / a m m 3 / a k s s l 3  
a n » d £ l * s u r * a k s s l * v v / d e l / a u g / a c g 0 1  
w l « a k s s 2 * d f 2 * a c g 0 1 / a k s s l / d f l / a c g 0 2  
w 2 » a k s s l 3 * d f 3 * a c g 0 1 / a k s s l / d f l / a c g 0 3  
s g l  -  a k s s l 2 * a k s s 2 / a k s s l  
s g 2  -  a k s s 2 1 * a k s s l / a k s s 2  
b t  -  a k s s 2 3 / a k s s l 3

i f  ( i n d x . e q . 1 0 0 0 ) t h e n  
w r i t e ( 6 , 1 2 3 )
W R X T E < 6 , 1 )
FORMAT ( '  '  P a r a m e t e r s  U s e d
W R I T E ( 6 , 2 )  p h l 2 , p h 2 2 , g  
W R X T E ( 6 , 3 )  e l ,  e 2 , e 3 , A N

2 F ORMAT ( 3 x , ' p h l * 2 - '  , e l 4 . 6 ,
& 3 x , ' p h 2  * 2 m ' , e l 4 . 6 , / ,
& 3 x , ' g a m a  

FORMAT ( 3 x , ' E p s l
m ' , f 1 4 . 6 )

3 - ' , f l 4 . 6 ,
& 3 x , ' E p s 2 m ' , f l 4 . 6 , / ,
& 3 x , ' E p s 3 m ' , f l 4 . 6 .
& 3 x ,  ' n  

W R X T E < 6 , 4 )  a l l , a l 2  
W R I T E R 6 , 5 )  w l , w 2

' , f 1 4 . 6 )

4 FORMAT ( 3 x , ' l a m d a l m ' , e l 4 . 6 ,
& 3 x , ' l a m d a 2 m ' , e l 4 . 6 )

W R I T E ( 6 , 5 1 )  s g l , s g 2 , b t
5 F ORMAT ( 3 x , ' o m e g a l  

3 x , ' o m e g a 2
- ' , e l 4 . 6 ,

& m ' , e l 4 . 6 )
5 1 F ORMAT ( 3 x , ' s i g m a l m ' , e l 4 . 6 .

& 3 x , ' s i g m a 2 m ' , e l 4 . 6 ,
& / , 3 x , ' b e t a  . m ' , £ 1 4 . 3 , / )

5 2 f o r m a t  ( 3 x , ' d e l . ( u m ) - ' ,  f  1 4  . 3 , ,
1 2 3 F O R MA T ( '

e l s e
e n d i f
r e t u r n
e n d

kE n d  o f  m a i n  p r o g i
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c *
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c *

P u r p o s e

M e t h o d

L a n g u a g e

R e q u i r e m e n t

By

" S o l u t i o n  o f  t h e  T r a n s i e n t  B i o f i t r a t i o n  
M o d e l  f o r  a  S i n g l e  V O C "

O D E S S A - O r d i n a r y  D i f f e r e n t i a l  E q u a t i o n  
S o l v e r  w i t h  e x p l i c i t  S e n s i t i v i t y  A n a l y s i s ;  
S t i f f  m o d e  w i t h  u s e r  s u p p l i e d  j a c o b i a n  
o p t i o n  i s  u s e d

FORTRAN

O D E S S A  p a c k a g e  w h i c h  i s  a  p a r t  o f  A U T O  
g i v e n  i n  r e f .  ( 2 3 )

z a r o o k  S h a r e e f d e e n

i m p l i c i t  d o u b l e  p r e c i s i o n ( a - h , o - z )  
p a r a m e t e r ( n t - 1 0 0 )  
p a r a m e t e r ( n h - 2 0 ) 
e x t e r n a l  f u n , d f u n , j f u n
d i m e n s i o n  p a r ( 7 ) , y ( 3 * n h , 8 ) , a t o l ( 3 * n h , 8 ) , r t o l ( 3 * n h , 8 ) ,  

1  r w o r k j  5 0 0 0 ) , i w o r k ( 1 0 0 ) , n e q ( 2 ) , i o p t ( 3 )
d i m e n s i o n  c g ( n t , n h + l ) ,  c o ( n t , n h + l ) ,  c p ( n t , n h + l ) ,

1  t i m e ( n t ) ,  h t ( n h + l )

c o m m o n  / e f l /  e f l  
c o m m o n  / d e l /  d e l  
c o m m o n  / d z  /  d z  
c o m m o n  / a c g O l /  a c g 0 1 , t a u

o p e n  ( 5 ,  f i l e  -  ' t r t o l . d a t ' ,  s t a t u s - ' o l d ' )
o p e n  ( 6 ,  f i l e  -  ' t r t o l a . o u t ' ,  s t a t u s - ' n e w ' )
o p e n  ( 7 ,  f i l e  -  ' t r t o l b . o u t ' ,  s t a t u s - ' n e w ' )

c o n d i t i o n s  o f  p d e s

n » 3 * n h  
n p a r - 7  
n e q ( 1 ) » n  
n e q ( 2 ) - n p a r  
n s v - n p a r + 1

i n i t i a l  c o n d i t i o n s  o f  t h e  p r o b l e m

d o  3 0  i h  -  
r e a d  ( 5 , * )  

3 0  c o n t i n u e

i s w  -  1 
l -  f o r  s t a r t u p

f o r  s t a r t - u p  o n l y

i f  ( i s w . e q . l ) t h e n  
d o  3 1  i h  -  2 , n h + l  

1 . 0 e - 2  
1 . 0 e - 2

l , n h + l
h t ( i h ) , c g ( l , i h ) , c o ( l , i h )

31

c g ( l , i h )  
c o d , i h )  
c o n t i n u e  
e l s e  
e n d i f
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f i l m  t h i c k n e s s  a n d  e f f e c t i v e n e s s  f a c t o r s  a r e  
e s t i m a t e d  f r o m  s t e a d y  s t a t e  m o d e l s  a n d  c o r r e l a t i o n s  
a r e  u s e d

a v c g  -  a c g O l
c a l l  p d e l e f  ( a v c g ,  d e l ,  e f l )
c a l l  p r m  ( 1 0 0 0 , a k l , a k 2 , g , e l , e 2 , b e t , r h o )

d o  3 2  i h  -  1 , n h + 1  
c p ( l , i h )  -  c g ( l , i h ) / r h o  

3 2  c o n t i n u e

d o  3 5  i h  ■ l , n h  
y ( i h , l )  
y< i h + n h , 1 )  
y (  i h + 2 * n h , l )

3 5  c o n t i n u e

c g ( 1 , i h + 1 ) 
c o t  1 , i h + 1 ) 
c p ( 1 , i h + 1 )

c
c
c

h t ( l )  -  0 . 0  
t i r a e ( l )  -  0 . 0  
d z  -  1 . 0 / f l o a t ( n h )

e r r o r  c o n t r o l

e r r * » l  . d - 1 2  
i t o l - 4  
d o  2 0  i » l , n  
d o  2 0  j « l , n s v  
r t o l ( i , j ) » e r r  

2 0  a t o l t i , j ) » e r r

p a r a m e t e r s  f o r  O d e s s a

i t a s k » l
i o p t ( 1 ) - 0
i o p t ( 2 ) - 0
i o p t ( 3  ) « 1
l r w - 5 0 0 0
l i w = 1 0 0
r a f - 2 1

6 9

d o  6 9  i t  - l , n t
c g ( i t , 1 )  -  1 . 0
c o t  i t , 1 j ■ 1 . 0
c p t i t . l )  -  c g ( i t , l ) / r h o
c o n t i n u e

p a r ( 1 )  
p a r ( 2 )  
p a r t  3 )  
p a r ( 4 )  
p a r ( 5 )  
p a r ( 6 )  
p a r ( 7 )

T
d e l t a
i s t a t e

e l
e 2
g
a k l
a k 2
b e t
r h o

t i m e t  1 )  
10 0 . 0  
1

d o  6 0  i t  -  2 , n t  

t o u t  -  t  + d e l t a
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t i m e ( i t )  -  t o u t
c

C AL L  O D E S S A ( f u n , d  f u n , N E Q , Y , P A S , T , T O U T , I T O L , S T O L , A T O L , 
1 I  T A S K , 1 S T A T E , I O P T , R W O R K , L R W, I W O R K , L I W , j  f u n , M F )

d o  6 5  i h  -  1 ,  n h  
e g  ( i t , i h + 1 )  -  y ( i h , 1 )  
c o  ( i t , i h + 1 )  ■ y ( i h + n h , l )  
c p  ( i t , i h + 1 )  •  y ( i h + 2 * n h , l )

6 5  c o n t i n u e
c
c  c h e c k i n g  i f  s t e a d y  s t a t e  i s  r e a c h e d  
c

d l  »  a b s  ( c g ( i t ,  n h + 1 ) - c g ( i t - 1 , n h + 1 ) )
d 2  -  a b s  ( c o ( i t ,  n h + 1 ) - c o ( i t - 1 , n h + 1 ) )
d 3  »  a b s  ( c p ( i t , n h + 1 ) - c p ( i t - 1 , n h + l ) >
i f ( d l . l e . 1 . O e - 4 . a n d . d 2 . l e . 1 . O e - 4 . a n d .  

s  d 3 . 1 e . l , 0 e - 4 )  t h e n  
g o  t o  4 6  
e l s e  
e n d i f

c
a v c g  ■■ c g (  i t , n h / 2 ) * a c g 0 1

c
c a l l  p d e l e f  ( a v c g ,  d e l ,  e f l )  
c a l l  p r m  ( 2 0 0 0 , a k l , a k 2 , g , e l , e 2 , b e t ,  r h o ) 
p a r ( 4 )  ■ a k l  
p a r ( 5 )  »  a k 2  
i f t i s t a t e . l t . 0 ) t h e n  
g o  t o  4 5  
e l s e  
e n d i f  

6 0  c o n t i n u e
c
c  o u t p u t  y o u r  r e s u l t s  
c

4 6  n t l a s t  -  i t
c a l l  p r i n t  ( e g , c o , c p , t i m e , h t , n t l a s t )  
c a l l  p r i n t x x x  ( e g , c o , c p , t i n e , h t , n t l a s t )  
w r i t e ( 7 , 4 7 )  t o u t * t a u * 2 4 ,  i t ,  n t

4 7  f o r m a t ( / / , 5 x , ' S t e a d y  s t a t e  h a s  r e a c h e d  i n ' , f l 0 . 3 ,
&'  h r s ' , / , 5 x , ' I t e r a t i o n s  -  ' , i l 0 , / , 5 x , ' M a x i m u m
& I t e r a t i o n s  »  ' , 1 1 0 , / / )

4 5  w r i t e ( 6 , * )  '  i s t a t e -  ' , i s t a t e  
s t o p  
e n d

c  p r i n t  c o n c e n t r a t i o n  c h a n g e s  a l o n g  t h e  c o l u m n  t i m e

s u b r o u t i n e  p r i n t ( e g , c o , c p , t i m e , h t , n t l a s t )  
i m p l i c i t  d o u b l e  p r e c i s i o n t a - h , o - z ) 
p a r a m e t e r ( n t » l 0 0 )  
p a r a m e t e  r ( n h « 2 0 )
d i m e n s i o n  c g ( n t , n h + l ) ,  c o ( n t . , n h + l ) ,  c p ( n t , n h + l ) ,

1 t i m e ( n t ) ,  h t ( n h + l )
w r i t e  ( 6 , 8 4 )

8 4  f o r m a t ( / / , 5 x , ' S o l u t i o n  o f  t h e  T r a n s i e n t  M o d e l ' , / / )  
d o  8 5  i t  -  1 ,  n t l a s t  
w r i t e  ( 6 , 8 6 )  t i m e ( i t )

8 6  f o r m a t  ( / ,  l O x ,  ' A t  T i m e  =  ' ,  f l 4 . 3 , / )
w r i t e  ( 6 , 8 9 )

8 9  f o r m a t ( / / , 8 x , ' h / H ' , 9 x , ' e g ' , 1 3 x , ' c o ' , 1 3 x , ' c p ' , / / )  
d o  9 5  i h  »  1 ,  n h + 1
w r i t e  ( 6 , 9 6 )  h t ( i h ) ,  c g ( i t , i h ) ,  c o ( i t , i h ) ,  c p ( i t , i h )
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9 6  f o r m a t  ( 5 x ,  f 7 . 3 , 3 x , f 1 0 . 4 , 5 x , f l O . 4 , 5 x , f l O . 4 )  
9 5  c o n t i n u e  
8 5  c o n t i n u e

r e t u r n
e n d

c  p r i n t  c o n c e n t r a t i o n  c h a n g e s  a t  t h e  e x i t  o f  t h e  c o l u m n  w i t h  t i m e  
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

s u b r o u t i n e  p r i n t x ( e g , c o , c p , t i m e , h t , n t l a s t )  
i m p l i c i t  d o u b l e  p r e c i s i o n ! a - h , o - z ) 
p a r a m e t e r ( n t » 1 0 0 ) 
p a r a m e t e r ( n h » 2 0 )
d i m e n s i o n  c g ( n t , n h + l ) ,  c o ( n t , n h + l ) ,  c p ( n t , n h + l ) ,

1 t i m e ( n t ) ,  h t ( n h + l )
c o m m o n  / a c g O l /  a c g 0 1 , t a u  
w r i t e  ( 7 , 8 4 )

8 4  f o r m a t j / / , 5 x , ' S o l u t i o n  o f  t h e  T r a n s i e n t  M o d e l ' , / / )  
w r i t e  ( 7 , 8 9 )

8 9  f o r m a t ( / / , 8 x ,  ' t i m e ' , 9 x , ' c g e ' , 1 3 x , ' c o e ' , 1 3 x , ' c p e ' , / / )  
d o  8 5  i t  -  1 ,  n t l a s t
w r i t e  ( 7 , 9 6 )  t i m e ( i t ) ,  c g ( i t , n h + l ) ,  c o ( i t , n h + l ) ,  c p ( i t , n h + l )

9 6  f o r m a t  ( 5 x ,  f 7 . 3 , 3 x , f 1 0 . 4 , 5 x , f l O . 4 , 5 x , f 1 0 . 4 )
9 7  f o r m a t  ( 5 x ,  e 7 . 3 , 3 x , e l 0 . 4 )
8 5  c o n t i n u e

c
r e t u r n
e n d

c  p r i n t  c o n c e n t r a t i o n  c h a n g e s  a t  t h e  s e l e c t e d  l o c a t i o n s  
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * *

s u b r o u t i n e  p r i n t x x x  ( e g , c o , c p , t i m e , h t , n t l a s t )  
i m p l i c i t  d o u b l e  p r e c i s i o n ( a - h , o - z )  
p a r a m e t e r ( n t - 1 0 0 ) 
p a r a r a e t e r ( n h - 2 0 )
d i m e n s i o n  c g ( n t , n h + l ) ,  c o ( n t , n h + l ) ,  c p ( n t , n h + l ) ,

1 t i m e ( n t ) ,  h t ( n h + l )
c o m m o n  / a c g O l /  a c g 0 1 , t a u  
w r i t e  ( 7 , 8 4 )

8 4  f o r m a t ( / / , 5 x , ' S o l u t i o n  o f  t h e  T r a n s i e n t  M o d e l ' , / / )  
w r i t e  ( 7 , 8 9 )

8 9  f o r m a t ( / / , 8 x , ' t  ( d ) ' , 7 x , ' c g - 0 . 3 3 3 ' , 7 x , ' c g - 0 . 6 6 6 ' , 8 x , ' c g e ' , / / )  
d o  8 5  i t  -  1 ,  n t l a s t  
d a y s  «  t i m e ( i t ) * t a u
c g 3 3 3  -  0 . 6 6 * ( c g ( i t , 8 ) - c g ( i t , 7 ) ) + c g ( i t , 7 )  
c g 6 6 6  -  0 . 3 2 * ( c g ( i t , 1 3 ) - c g ( i t , 1 2 ) ) + c g ( i t , 1 3 )  
w r i t e  ( 7 , 9 6 )  d a y s ,  c g 3 3 3 , c g 6 6 6 , c g ( i t , n h + l )

9 6  f o r m a t  ( 5 x ,  f 7 . 3 , 3 x , f 1 0 . 4 , 3 x , f 1 0 . 4 , 5 x , f l O . 4 )
9 7  f o r m a t  ( 5 x ,  e 7 . 3 , 3 x , e l O . 4 )
8 5  c o n t i n u e

c
r e t u r n
e n d

c  t h i s  s u b r o u t i n e  c o m p u t e s  t h e  v e c t o r f i e l d  
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

s u b r o u t i n e  f u n f n e q n , t , y , p a r , y d o t ) 
I M P L I C I T  D OUB L E  P R E C I S I O N  ( A - H , 0 - Z )  
d i m e n s i o n  y ( n e q n ) , y d o t ( n e q n ) , p a r ( 7 )  
c o m m o n  / p o r /  p o r  
c o m m o n  / d z  /  d z  
c o m m o n  / f p  /  a n
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c

n h  -  n e q n / 3  

d o  1 0  i  -  l , n h
y l  -  p a r { 1 ) * p a r ( 2 ) * y ( i ) * y ( i + n h ) 
y 2  -  1 . + p a r ( 1 ) * y ( i ) + p a r < 1 ) * * 2 + y ( i ) * * 2 * p a r ( 3 )  
y 3  -  l + p a r ( 2 ) * y ( i + n h )  
f u n l  -  y l / y 2 / y 3
f u n 2  -  y ( i ) - p a r ( 7 ) * ( y ( i + 2 * n h ) ) * * a n

i f  ( i . e q . l ) t h e n  
d e r i  -  ( y ( i ) - l ) / d z  
e l s e
d e r i  ■  ( y ( i }—y ( i —1 ) ) / d z  
e n d i f

y d o t ( i ) -  - d e r l / p o r - p a r ( 4 ) * f u n l - p a r ( 6 ) * f u n 2  
1 0  c o n t i n u e

d o  2 0  i  -  n h + 1 ,  2 * n h  
y l  -  p a r ( l ) * p a r ( 2 ) * y ( i - n h ) * y ( i )
y 2  -  1 . + p a r ( 1 ) * y ( i - n h ) + p a r { 1 ) * * 2 * y ( i - n h ) * * 2 * p a r ( 3 )  
y 3  -  l + p a r ( 2 ) * y ( i ) 
f u n l  -  y l / y 2 / y 3

c
i f  ( i . e q . ( n h + 1 ) ) t h e n  
d e r 2  »  ( y ( i ) - l ) / d z  
e l s e
d e r 2  -  ( y ( i ) —y ( i - 1 ) ) / d z  
e n d i f

c
y d o t ( i ) «  - d e r 2 / p o r - p a r ( 5 ) * f u n l  

2 0  c o n t i n u e
c

d o  3 0  i  *  2 * n h + l , 3 * n h  
f u n 2  «  y (  i - 2 * n h ) - p a r  ( 7 ) *  ( y (  i ) ) * * a n  
y d o t ( i ) »  p a r ( 6 ) * f u n 2  

3 0  c o n t i n u e
c

RETURN
END

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

c  t h i s  s u b r o u t i n e  c o m p u t e s  t h e  j a c o b i a n  
c  o f  t h e  v e c t o r f i e l d  
c *

c  

c

s u b r o u t i n e  j f u n ( n e q n , t , y , p a r , m l , m u , p d , n r p d )  
i m p l i c i t  d o u b l e  p r e c i s i o n  ( a - h , o - z )

d i m e n s i o n  y ( n e q n ) , p d ( n r p d , n e q n ) , p a r ( 7 )

c o m m o n  / p o r /  p o r  
c o m m o n  / d z  /  d z  
c o m m o n  / f p /  a n

c
n h  «  n e q n / 3

c
c
c  j a c o b i a n  o f  t h e  v e c t o r f i e l d  
c

d o  9  i - 1 , n e q n  
d o  9  j - l , n e q n  

9  p d <  i , j ) - 0 .
c
c  f o r  i - 1
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i  “ 1
y l  •  p a r f 1 ) * p a r ( 2 ) * y ( i ) * y ( i + n h )
y 2  -  1 . + p a r ( 1 ) * y ( i ) + p a r ( 1 ) * + 2 * y ( i ) * * 2 * p a r ( 3 )
y 3  ■ l + p a r ( 2 ) * y ( i + n h )
y 4  -  y l * y 3 * p a r ( 1 ) * ( 1 . + 2 . * p a r ( 1 ) * y ( i ) * p a r ( 3 ) )
d f y i  -  ( y l * y 2 * y 3 / y ( i ) - y 4 ) / y 2 * * 2 / y 3 * * 2
p d f  1 , 1 )  -  - l / p o r / d z - p a r ( 4 ) * d f y i - p a r ( 6 )

c
d f y n  ■ ( y l * y 2 * y 3 / y ( l + n h ) - y l * y 2 * p a r ( 2 ) ) / y 2 * * 2 / y 3 * * 2  
p d f l ,  n h + 1 ) -  - p a r ( 4 ) * d f y n
p d ( l , 2 * n h + l )  »  p a r ( 6 ) * p a r ( 7 ) * a n * ( y ( i + 2 * n h ) ) * * ( a n - l )

c
c  f o r  i  -  2 ,  n h  
c

d o  1 0  i  -  2 ,  n h  
p d  ( i ,  i - 1 )  -  1 / p o r / d z

c
y l  ■ p a r ( l ) * p a r ( 2 ) * y ( i ) * y ( i + n h )
y 2  -  1 . + p a r (  1 ) * y ( i ) + p a r ( 1 ) * * 2 * y ( i ) * * 2 * p a r ( 3 )
y 3  «  l + p a r ( 2 ) * y ( i + n h )
y 4 -  y l * y 3 * p a r ( l ) + { 1 . + 2 . * p a r ( l ) * y ( i ) * p a r (  3 ) )
d f y i  -  ( y l * y 2 * y 3 / y ( i ) - y 4 ) / y 2 * * 2 / y 3 * * 2

c
p d ( i , i )  -  - l / p o r / d z - p a r ( 4 ) * d f y i - p a r ( 6 )

c
d f y n  «  ( y l * y 2 * y 3 / y ( i + n h ) - y l * y 2 * p a r ( 2 ) ) / y 2 * * 2 / y 3 * * 2  
p d ( i ,  n h + i )  -  - p a r ( 4 ) * d f y n

c
p d ( i , 2 * n h + i )  »  p a r ( 6 ) * p a r ( 7 ) * a n * ( y ( i + 2 * n h ) ) * * ( a n - 1 ) 

1 0  c o n t i n u e
c
c  f o r  i  «  n h + 1
c  c o r r e c t  i  v a l u e  d o n t  c h a n g e . . . .  
c

i  »  1
y l  ■ p a r ( 1 ) * p a r ( 2 ) * y ( i ) * y ( i + n h )
y 2 -  1 . + p a r ( l ) * y ( i ) + p a r ( 1 ) * * 2 * y ( i ) * * 2 * p a r  ( 3 )
y 3  -  l + p a r ( 2 ) * y ( i + n h )
y 4  -  y l * y 3 * p a r ( 1 ) * ( 1 . + 2 . * p a r ( 1 ) * y ( i ) * p a r ( 3 ) )  
d f y i  -  C y l * y 2 * y 3 / y ( i ) - y 4 ) / y 2 * * 2 / y 3 * * 2  
p d f n h + 1 , 1 )  ■ - p a r ( 5 ) * d f y i

c
d f y n  -  ( y l * y 2 * y 3 / y ( l + n h ) - y l * y 2 * p a r ( 2 ) ) / y 2 * * 2 / y 3 * * 2  
p d ( n h + l ,  n h + 1 )  -  - l / p o r / d z - p a r ( 5 ) * d f y n

c
c
c  f o r  i  -  n h + 2  t o  2 * n h  
c

d o  2 0  i  -  n h + 2 ,  2 * n h  
p d  ( i ,  i - 1 )  -  1 / p o r / d z

c
y l  -  p a r ( l ) * p a r ( 2 ) * y ( i - n h ) * y ( i )
y 2  -  1 . + p a r ( 1 ) * y ( i - n h ) + p a r ( 1 ) * * 2 * y ( i - n h ) * * 2 * p a r  ( 3 )
y 3  -  l + p a r ( 2 ) * y ( i )
y 4  »  y l * y 3 * p a r ( 1 ) * ( 1 . + 2 . * p a r ( 1 ) * y ( i - n h ) * p a r ( 3 ) )
d f y i  -  ( y l * y 2 * y 3 / y ( i - n h ) - y 4 ) / y 2 * * 2 / y 3 * * 2

c
p d ( i , i - n h )  «  - p a r ( 5 ) * d f y i

c
d f y n  -  ( y l * y 2 * y 3 / y ( i ) - y l * y 2 * p a r ( 2 ) ) / y 2 * * 2 / y 3 * * 2  
p d ( i ,  i )  -  - 1 / p o r / d z - p a r ( 5 ) * d f y n  

2 0  c o n t i n u e

. 41
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c
c
c
c  f o r  i  -  2 * n h + l  t o  3 * n h
c

d o  3 0  i  •  2 * n h + l ,  3 * n h
p d  ( i .  i - 2 * n h )  -  p a r ( 6 )
p d  ( i , i )  -  - p a r ( 6 ) * p a r ( 7 ) * a n * ( y ( i ) ) *  * ( a n —1 )

3 0  c o n t i n u e
c

R E T UR N
END

c * * + * * + » * * * * * * * * * * * * * * * * * * * * * * * * * * * *  ** *** * * ** ** * * ** ** * *  
s u b r o u t i n e  d f u n ( n e q n , t , y , p a r , d f d p , j p a r ) £***«*#***************************************

c  p a r t i a l  d e r i v a t i v e s  w r t .  p a r a m e t e r s  o f  i n t e r e s t
c

i m p l i c i t  d o u b l e  p r e c i s i o n ( a - h , o - z )  
d i m e n s i o n  y ( n e q n ) , p a r ( 2 0 ) , d f d p ( 2 0 )  
r e t u r n  
e n d£.♦*****************************************************

 --------------------------------------------------------------------------------------
c  d u m m y  s u b r o u t i n e s
c ------------------------------------------------------------------------------------------------------------------------------------

s u b r o u t i n e  b e n d
r e t u r n
e n d
s u b r o u t i n e  f o p t
r e t u r n
e n d
s u b r o u t i n e  i e n d
r e t u r n
e n d

s u b r o u t i n e  p r m  ( i n d e x , a k l , a k 2 , g , e l , e 2 , b e t , r h o )
i m p l i c i t  d o u b l e  p r e c i s i o n  ( a - h , o - z )
c o m m o n  / p o r /  p o r
c o m m o n  / d e l /  d e l
c o m m o n  / e f l /  e f l
c o m m o n  / a c g O l /  a c g O l . t a u
c o m m o n  / f p /  a n

c
c  1 - c o m p o u n d  
c  2 - o x y g e n  
c

d e l  “  d e l * l e - 6
c

b O  -  1 0 0 e 3
c

x v  -  b 0 / 1 0 0 0
f d  -  1 - 0 . 4 3 * x v * * 0 . 9 2 / ( 1 1 . 1 9 + 0 . 2 7 * x v * * 0 . 9 9 )

c
c a l l  c o m p r o  ( f d ,  d f l ,  a y l ,  a y 2 ,  a k i i l ,

& a k s s l ,  a m u l , a m m l )
c

a m m 2  -  3 4 . 4
d f 2  -  2 . 4 1 e - 9  * 3 6 0 0 . * f d
a k s s 2  -  0 . 2 6

c
A C G 0 1  -  2 . 8 0 6
a u g  «  0 . 0 4 9
v v  ■ 5 1 5 0 e - 6
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c
c  i n  d a y s  
c

t a u  -  v v / a u g / 2  4 . 0
c

a c g 0 2  -  2 7 5
c

e f 2  -  e f l
a l p  -  0 . 3
p o r  -  0 . 3
a k a  -  0 . 3 0 2
r p  -  0 . 4 2 8 e 6

c
c  F r e u n d l i c h  I s o t h e r m ,  
c

a k d  -  2 . 2 5 4 e - 5  
a n  - 0 . 9 6

c
s u r  «  4 0 . 0 / a l p

c
i f  ( i n d e x ,  e q .  1 0 0 0 )  t h e n
C A L L  S V A R I ( s u r , b 0 , v v , d f 1 , d f 2 , a y l , a y 2 , A K I I 1 , A K S S l ,

& d e l , a m u l , a k s s 2 , a c g 0 1 , a c g 0 2 , a u g ,  a m m l , a m m 2 ,
& e f l ,  e f 2 ,  a l p ,  p o r ,  a k a ,  a n ,  r p ,  a k d )  

e l s e  
e n d i f

c
a k l » e f I * a l p * s u r * d e l * b 0 * v v * a m u l / a y l / a u g / a c g 0 1 / p o r
a k 2 » e f 2 * a l p * s u r * d e l * b 0 * v v * a r a u l / a y 2 / a u g / a c g 0 2 / p o r
g  - a k s s l / a k i i l
e l - a c g O l / a m m l / a k s s l
e 2 » a c g 0 2 / a m m 2 / a k s s 2

c
f a c t o r  -  0 . 0 2

c
b e t  -  a k a * ( l - a l p ) * s u r * v v / a u g / p o r * f a c t o r

c
r h o  «  a c g O l * ( a n - 1 ) * ( p o r / r p / a k d / ( 1 - p o r ) ) * * a n

c
i f  ( i n d e x ,  e q .  1 0 0 0 ) t h e n  
w r i t e ( 6 , 1 2 3 )
W R I T E ( 6 , 1 )

1 F O R MA T  ( l O x , ' P a r a m e t e r s  E s t i m a t e d  f r o m  t h e  D a t a  A b o v e ' ,  / )  
W R I T E ( 6 , 2 )  a k l ,  a k 2
W R I T E ( 6 , 3 )  e l ,  e 2

2  F O R MA T  ( '  ' ,  '  a k l  =  ' , e l 4 . 3 , 3 x , * a k 2  -  ' , 3 x , f 7 . 3 )
3 F O R MA T  ( '  ' ,  '  e p s l  »  ' , f l 4 . 6 , 3 x , ' e p s 2  -  ' , 3 x , f 7 . 3 )

W R I T E ( 6 ,  4 )  g . b e t
W R I T E ( 6 , 5 )  r h o

4 F O R MA T  ( '  ' ,  '  g  -  ' , e l 4 . 3 , 5 x , ' b e t  f l 0 . 6 , / )
5  F O R MA T  ( '  '  r h o  -  ' , e l 4 . 3 , 3 x , / )

w r i t e ( 6 , 1 2 3 )
e l s e
e n d i f

1 2 3  F O R M A T ( '  ___________________________________________________________________________________'  , / )
r e t u r n
e n d

s u b r o u t i n e  p d e l e f  ( a v c g ,  d e l ,  e f l )  
i m p l i c i t  d o u b l e  p r e c i s i o n  ( a - h , o - z )  
d e l  -  1 . 5 1 3 * a v c g + 3 3 . 3 5  
e f l  -  0 . 0 3 1 * a v c g + 0 . 1 9 0  
r e t u r n
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e n d

s u b r o u t i n e  c o m p m  ( f d ,  d f l ,  a y l ,  a y 2 ,  a k i i l ,  
a k s s l ,  a m u l . a m m l )
i m p l i c i t  d o u b l e  p r e c i s i o n  ( a - h , o - z )

d f l Mi 1 . 0 3 1 5 e - 9  * 3 6 0 0 . * f d
a y l m 0 . 7 1
a y 2 m 0 . 3 4 1
a k i i l m 7 8 . 9 4
a k s s l m 1 1 . 0 3
a m u l m 1 . 5 0
a m m l  ■ , 2 7

r e t u r n
e n d

S u b r o u t i n e  S V A R I ( s u r , b 0 , v v , d f  1 , d f 2 , a y l , a y 2 , A K I I 1 , A K S S 1 ,
& d e l , a m u l , a k s s 2 , a c g 0 1 , a c g 0 2 , a u g ,  a m m l , a m m 2 ,
& e f l ,  e f 2 ,  a l p ,  p o r ,  a k a ,  a n ,  r p ,  a k d )

w r i t e ( 6 , 1 2 3 )
W R I T E ( 6 , 1 )
FORMAT ( 5 x , / ,  '  I n p u t  d a t a  f o r  T r a n s i e n t  B i o f i l t e r  M o d e l ' , / )  
W R I T E ( 6 , 1 9 )  A u g
f o r m a t  ( '  ' ,  ' G a s  F l o w  R a t e  ( m 3 / h r )  -  ' ,  e l 4 . 3 )
WRITE ( 6 , 3 )  v v * l e 6
FORMAT ( ’ ' ,  ' V o l u m e  o f  t h e  c o l u m n ( c m 3 ) -  ' ,  f l 4 . 3 )
W R I T E ( 6 , 4 )  S U R
FORMAT ( '  ' ,  ' B i o l a y e r  S u r . A r e a <  m 2 / m 3 ) -  ' ,  f l 4 . 3 )
w r i t e ( 6 , 4 4 )  b O
f o r m a t  ( '  ' ,  ' B i o m a s s  C o n c .  ( g / r a 3 )  -  ' ,  e l 4 . 3 )
W R I T E ( 6 , 5 )  d e l * l e 3
FORMAT ( '  ' ,  ' F i l m  t h i c k n e s s  ( m m )  ■ ' ,  f l 4 . 3 )
WRITE( 6 , 2 )  A C G 0 1  
K R IT E f6 , 2 2 )  A C G 0 2
FORMAT ( '  ' ,  ' I n l e t  c o n c .  ( g / m 3  o f  a i r ) ( m )  -  ' ,  £ 1 4 . 3 )
FORMAT ( '  ' ,  ' I n l e t  c o n c .  ( g / m 3  o f  a i r ) ( o )  -  ' ,  f l 4 . 3 )
w r i t e ( 6 , 3 1 )  a y l
f o r m a t  ( '  ' ,  ' Y i e l d  C o e f f i c i e n t  ( 1 )  ■ ' ,  f l 4 . 3 )
w r i t e ( 6 , 3 2 )  a y 2
f o r m a t  ( '  ' ,  ' Y i e l d  C o e f f i c i e n t  ( o )  -  ' ,  f l 4 . 3 )
W R I T E ( 6 , 5 1 )  d f l * l e 9 / 3 6 0 0  
W R I T E ( 6 , 5 4 )  d f 2 * l e 9 / 3 6 0 0
f o r m a t  C  ' ,  ' D i f f .  C o e f f i c i e n t  ( l ) * l e 9  -  ' ,  f l 4 . 3 )
f o r m a t  ( '  ' ,  ' D i f f .  C o e f f i c i e n t  ( 0 ) * l e 9  «  ' ,  f l 4 . 3 )
W R I T E ! 6 , 5 6 )  a m m l

1
1 9

3

4 

4 4

5

2
22

31

3 2

5 1
5 4

5 6

5 6 6

5 6 7

5 6 8

5 6 9

5 7 0

5 7 1

5 7 2

C o e f f . ( 1 )

(o)
FORMAT ( '  ' ,  ' D i s t .
W R I T E ( 6 , 5 6 6 )  a m m 2  
FORMAT ( '  ' ,  ' D i s t .  c o e f f .
WRITE(6 , 5 6 7 )  e f l  
FORMAT ( '  ' ,  ' e f - f a c t o r  ( 1 )
WRITE!6 , 5 6 8 )  e f 2
FORMAT ( '  ' ,  ' e f - f a c t o r  ( 2 )
WRITE(6 , 5 6 9 )  p o r  
FORMAT ( '  ' ,  ' p o r o s i t y
WRITE( 6 , 5 7 0 )  a k a
FORMAT ( '  ' ,  ' m a s s  t r a n s f e r  c o e f .
W R IT E(6 , 5 7 1 )  a k d
FORMAT ( '  ' ,  ' a d s o r p t i o n  p a r a m e t e r  ( a k d )
WRITE(6 , 5 7 2 )  a n
f o r m a t  ( '  ' ,  ' a d s o r p t i o n  p a r a m e t e r  ( a n )
WRITEf6 , 5 7 3 )  r p / l e 6

e l 4 . 3 )  

e l 4 . 3 )  

e l 4 . 3 )  

e l 4 . 3 )  

e l 4 . 3 )  

e l 4 . 3 )  

e l 4 . 3 )  

e l 4 . 3 )
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5 7 3  FORMAT ( '  ' ,  ' p a r t i c l e  d e n s i t y  ( g / c m 3 )  -  e l 4 . 3 )
WRITE ( 6 , 5 7 4 )  a l p

5 7 4  FORMAT ( '  ' ,  ' % a r e a  c o v e r e d  b y  b i o m a s s  -  ' ,  e l 4 . 3 )
w r i t e ( 6 , 1 2 3 )
w r i t e ( 6 , * )  '  A n d r e w s  a n d  o t h e r  P a r a m e t e r s '
W R IT E (6 ,6 )  a k i i l , a k s s l , a m u l ,  a k s s 2  

6 f o r m a t e  ' , / ,  '  K i l  ( g / m 3 )  -  ' , e l 4 . 3 , 3 x , ' K s l  ( g / m 3 )  -  ' ,  f 7 . 3 ,
& / , '  S p .  G r o w t h  R a t e - 1  ( 1 / h r ) - ' , f l 4 . 3 , 3 x , / , '  ' ,
& ' a K d  ( g / m 3 )  -  ' ,  f 7 . 3 , / )

w r i t e ( 6 , 1 2 3 )
1 2 3  FORMAT( ' ____________________________________________________________________ ’ , / )

r e t u r n
e n d
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