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ABSTRACT 

A mathematical model was developed and experimental work completed to 

examine the removal of volatile organic compounds from air using single and multiple 

tube membrane bioreactors. Both bench-sale and a small pilot-scale reactor's 

performance were reasonably predicted by the mathematical model. Both model 

predictions and experimental work indicated the liquid suspension does not significantly 

contribute to the removal of contaminants from air. Experimental results indicate that 

membrane bioreactor performance is not detrimentally affected by phosphorous or 

nitrogen limitation after an initial period with adequate nutrient supply. Stopping the 

liquid flow in the reactor module also did not lead to a declination in performance. VOC 

removal in a polyporous membrane reactor remained constant under diurnal loading 

conditions when compared with continuously operated bioreactors. A heated bioreactor 

also was found to remove contaminant at the same rate as a reactor operated at ambient 

temperature while measured heat transfer coefficients for several module configurations 

ranged from 2.9-17.4 W m'^ K"\ Bioreactors operated in series provided additional 

removal of contaminant from the air. 
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CHAPTER 1 
INTRODUCTION AND PURPOSE 

1.1 PROBLEM IDENTIFICATION: 

Contamination of air with volatile organic compounds (VOCs) is a prevalent, 

pressing problem in the United States as well as in developing and industrializing nations. 

Concern about VOCs in the atmosphere stems from their abihty to increase ground level 

ozone as well as some VOCs inherent toxicity or irritant effects. Low-cost, effective 

treatment strategies for air pollution are needed to remove these troublesome 

contaminants from the air. Those treatment methods ideally should not simply transfer 

the air contamination to another phase but should degrade the compounds into harmless 

components. Treatment strategies that employ microorganisms may meet these desires 

and requirements. 

A novel approach for separating and biodegrading VOCs is the hollow fiber 

membrane reactor. Hollow fiber membrane reactors consist of tubular membranes that 

separate contaminated air from microorganisms that grow on the exterior of the tube (and 

within a liquid suspension surrounding those tubes). Of particular interest are membrane 

modules that are of low cost (such as silicone rubber) and are very permeable both to 

volatile organic compounds commonly found as air contaminants (such as toluene) and to 

oxygen. The research conducted and reported in this dissertation was directed toward 

development of larger silicone tube membrane bioreactors than are currently in existence 

and to determine the performance of these reactor systems under operating conditions 

anticipated in the field. 



1.2 RESEARCH APPROACH: 

The biological treatment systems used in this work were composed of glass or 

polyvinyl chloride (PVC) modules containing silicone tubes through which contaminated 

air is passed. Several systems were constructed including single, dual, and multiple tube 

systems. Abiotic studies were performed to measure the mass transfer of toluene across 

reactor membranes without the presence of microorganisms. Biotic studies were 

performed under a variety of operating conditions to determine the performance of the 

membrane bioreactor systems. 

A computer model of the processes occurring within a single silicone tube 

membrane bioreactor was developed. The model was calibrated for the single tubing 

system and validated using further experimental data from the single silicone tube 

system, a dual tube bioreactor, and a semi-pilot-scale multiple tube configuration. The 

model was then used in a predictive manner. 

1.3 GOALS AND OBJECTIVES: 

The proposed research combines information from the literature and on-going 

bench-scale work in contaminant removal from air using membrane bioreactors at the 

University of Missouri-RoUa, RoUa, MO (Ergas et al, 1999; Fitch et al, 2000). The 

overall goal of the work is to demonstrate and evaluate the use of single and multiple 

silicone tube membrane bioreactors for the removal of a common VOC (toluene) from 

waste gas streams under a variety of operating conditions and to further the 

understanding of the system operation.   Multiple tube silicone membrane bioreactors are 

a low cost venture with a potential high rate of return for many types of industry that 



produce waste air streams. Determination of ways to optimize the mechanisms of 

removal through modeling will allow for better design and operation of full-scale 

membrane bioreactors. 

The objectives of the research included the following: 

(1) Investigate the scale-up of silicone membrane bioreactors from single, 

through dual and to multiple tubes by monitoring air contaminant removal and 

developing loading curves for each type of reactor system. 

(2) Manufacture a semi-pilot-scale multiple tube reactor system for air treatment. 

(3) Construct, calibrate, and validate a computer model to predict removal in 

single and multiple tube silicone membrane bioreactors. 

(4) Use the model to optimize design of silicone tubing membrane bioreactors 

and apply the model to other similar systems, i.e. benzene removal using latex tubing 

bioreactors. 

(5) Examine the operation of single and multiple tube bioreactors under a variety 

of operating conditions that reflect potential operating or desired operating conditions 

including: 

(a) Stagnant liquid conditions in the module. 

(b) Nutrient limitation in the liquid suspension. 

(c) Heated Hquid conditions. 

(d) In-series operation of membrane bioreactors. 

(e) Diumal operation. 

(6) Measure overall heat transfer coefficients for three membrane module 

configurations. 



1.4 SIGNIFICANCE: 

Membrane and conventional biofiltration strategies are unique among air 

contaminant remediation technologies. Biofiltration allows the complete decomposition 

of VOCs to CO2 and H2O with virtually no additional energy expenditure and without 

simply transferring the chemical to another waste form.   While membrane biofiltration 

has shown much potential in the laboratory there is no single accepted method to predict 

the removal of contaminants. This information and the modeling procedures developed 

could lead to a better understanding of the fate, within the biofilm and the reactor 

volume, of numerous contaminants and contaminant classes in membrane biofiltration. 

This understanding may lead to improved design of membrane biofiltration systems and 

to a greater acceptance from regulatory bodies and the general public. The goals and 

objectives of this research are directly tied to further developing and enhancing the 

performance of a low-cost, low-impact, remediation technology for organic contaminants 

contained within industrial waste gas streams. 



CHAPTER 2 
LITERATURE REVIEW 

2.1 BACKGROUND: 

2.1.1 Environmental Regulation: Adequate methods for the treatment of VOC- 

contaminated gas streams are needed, as more than 20,000 tons of VOCs were discharged 

to the atmosphere in 1997 (EPA, 1998). Legislation affecting the control of this VOC 

release includes the Clean Air Act and its amendments of 1970 (USC, 1970) and 1990 

and the Emergency Planning and Community Right-to-Know Act (EPCRA) of 1986 as 

promulgated in 40 CFR. Under the 1990 Clean Air Act Amendments, a 90% reduction in 

the production of 189 listed air toxics was required by the year 2000 and a 15% reduction 

in ground level ozone in the country's most polluted areas (Zahodiakin, 1995). EPCRA 

requires data compilation and reporting of chemical releases to the environment via the 

Toxic Release Inventory (EPA, 2002). 

2.1.2 Air Pollution Control Technology: When source reduction measures such as 

substitution, reduction, and recycling have been unsuccessful in removing contaminants 

from the air stream, industry has typically employed chemico-physico techniques to 

control emissions (Devinny et al, 1999). The more commonly cited conventional 

treatment techniques are condensation, incineration, absorption/stripping, and adsorption 

(Devinny et al, 1999; van Groenestijn and Hesselink, 1994; Daubert et al, 1999) or 

combinations of these techniques (Hounsell, 1995; Patkar and Reinhold, 1993). Each of 

these techniques has some drawbacks - condensation requires concentrated waste streams 

(Devinny et al, 1999), thermal incineration has proven to be costly because of the fuel 

requirements to treat dilute air streams (Yeom and Dauguhs, 2000), while adsorption and 



absorption processes may only convert the air pollutant to another form or phase, i.e. air 

contaminant to water contaminant. Some selection criteria for air pollution control 

schemes include recycle potential, stream composition, stream flow, flammabiUty, 

temperature, cost, corrosion, contaminants, halogenated composition, contaminants such 

as particulates, energy expenditure, location and complexity (Hounsell, 1995). 

In contrast, biological treatment typically results in total destruction of the 

compounds rather than physical transfer of the contaminant to another medium and has 

the potential for low cost implementation (Parvatiyar et al, 1996). Biological methods for 

treating contaminated air are usually divided into four categories: biofilters, biotrickling 

filters, bioscrubbers, and membrane bioreactors (Waweru et al, 2000). Two of the main 

differences between the bioreactor types include the state of the microorganisms and the 

state of the water phase. Table 2-1 shows the classifications of bioreactors for waste gas 

purification (Devinny et al, 1999). A comparison of air pollution control treatment 

technologies is shown in Figure 2-1; the niche that has been identified for biofilters is for 

low concentration air flows which will not sustain combustion without supplemental fuel. 

Table 2-1. Classifications of bioreactors. 

Reactor Type Microorganisms Water Phase 
Biofilter Fixed Stationary 
Biotrickling filter Fixed Flowing 
Bioscrubber Suspended Flowing 
Membrane Bioreactor' Fixed/Suspended' Stationary/Flowing' 
'Added by author of current d iocument 
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Figure 2-1. Comparison of various air pollution control technologies (reproduced from 
Devinny et al, 1999). Biological methods of treatment typically are employed at low 
influent concentrations. 

2.1.3 Biofiltration History: Biofiltration has a relatively short history world wide and 

has yet to be fully exploited in the United States. Anit and Artuz (2000) provide a brief 

timeline of biofiltration events: 

1923 - biological methods proposed to treat odorous emissions; 

1955 - biological methods applied to treat odorous emissions at low concentrations in 

Germany; 

1960s - biofiltration used for treatment of gaseous pollutants both in Germany and US; 

1970s - biofiltration used with high success in Germany; 

1980s - biofiltration used for the treatment of toxic emissions and volatile organic 

compounds from industry; 



1990s - more than 500 biofilters operating both in Gennany and the Netherlands and 

biofiltration spreading widely in the U.S. 

Biofilter technology has prohferated primarily in Europe because of high energy 

costs and sophisticated odor regulations making biofiltration a viable economic 

alternative for waste air treatment (Reynolds and Grafton, 1999). Conversely, 

biofiltration has not gained acceptance in the United States because of low energy prices 

and a lack of regulatory acceptance (particularly regulations requiring minimum percent 

removal levels at all times), leaving thermal and catalytic oxidation as more attractive air 

treatment alternatives. Biofilters originated were first used in Orange County, CA in the 

1960s with failures of biofilters due to poor design and construction significantly 

impacting the biofilters' abihty to penetrate the United States market (Reynolds and 

Grafton, 1999). 

In general, biofiltration has been found most suitable for low concentrations of 

contaminants in large air volumes (1000 - 50,000 m^ h"^) (Devinny et al, 1999). The 

most successful remediation has been with low molecular weight contaminants and 

highly water-soluble organics with simple bond structures. EUmination capacities have 

been shown to range from 10 - 300 g m'^ h"' (eUmination capacity is defined as the mass 

rate of removal divided by the volume of the reactor).   The most promising industries for 

application of biofiltration include the surface coating, site remediation, municipal 

composting, and pulp, paper, and wood products industries (Devinny et al, 1999). Other 

industries with potential for the use of biofilters include pubHcly owned treatment works, 

printing faciUties, bakeries, and metal manufacturing facilities where high flow rates and 

low concentrations of alcohols and ketones exist. (Reynolds and Grafton, 1999). 
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2.1.4 Advantages of Biofiltration over Conventional Treatment: Advantages of 

biofiltration processes over conventional treatment strategies include low investment and 

operating costs, minimal maintenance, reliable operational stability, and high removal 

efficiency for VOC concentrations less than 1000 ppm. Furthermore, biofiltration offers 

the added advantage of being a benign treatment technology characterized by low overall 

energy requirements, no secondary pollutant discharge, absence of chemical reagents and 

no cross media contamination (Eszenyiova et al, 2001) 

2.1.5 Biofiltration Costs: Biofiltration is frequently touted as a more cost effective 

option for treating high quantities of low contaminant level air streams. In an exergy 

analysis [a type of energy cost analysis] that formed the basis of a life cycle comparison 

and employed thermodynamic principles, a comparison of carbon adsorption, 

biofiltration, catalytic and thermal oxidation showed that biofiltration was found to be the 

lowest cost option (Dewulf et al, 2001) 

Costs of biofiltration vary between units and manufacturers. Purchase costs of the 

portable Dessau-Sorpin process range from $1000 for a unit treating 2 m gas min', to 

$15,000 for a capacity of 20 m^ min"' with operating costs varying from $0.5 to $5 per 

1000 m^ of air treated (Enviro-Access, 2001). The purchase cost for a biofiltration unit, 

with life span of 6 months to seven years depending upon the filter media, is between 

$300 - 600 m"^ min'\ The main operating cost is for an energy input of the order of 4 kW 

for every 10,000 m^ hr'' of air treatment, equivalent to about $0.03 per 1000 m^ of treated 

gas (Air Science Technologies, 2001). Devinny et al (1999) indicates costs range from 

$1000 - $3500 m"^ of filter bed for small units and $300 - $1000 m'^ of filter bed for large 

units. 
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2.2 CONVENTIONAL BIOFILTRATION: 

As background reading for general information about biofiltration, numerous 

journal articles were reviewed. The following is by no means an exhaustive recitation of 

conventional biofiltration studies, as hundreds were found during a standard computer 

based hterature search using OVED®. However, this information provides a general 

"feel" for what biofilter information is present in the current literature. 

2.2.1 Peat Packing: Two of the most common packing materials for conventional 

biofilters are peat and compost or natural materials of the same consistency. These 

natural materials have shown their ability to host microorganisms capable of efficient 

VOC degradation. Xylene was removed using a peat-containing biofilter operated at 0.4 

m^ h'^ with inlet loads up to 60 g m"^ h"' (Elmrini et al, 2000). Removal efficiencies 

decreased at higher gas flow rates and higher pollutant inlet loads. In two bench-scale 

peat biofilters, xylene was found to be more efficiently degraded than toluene at high 

loading rates (Marek et al, 2001). The best removal was found when the biofilters were 

first fed toluene only, and thereafter xylene was added. Higher pH values of the peat led 

to better removal of both pollutants. In another reactor, 120 g VOC m"^ peat h"^ were 

removed from a mixture of chlorinated and aromatic compounds (Malhautier et al, 2001). 

Removals of dichlorobenzene after air stripping from water followed by biofiltration 

varied from 0-79% with the lower portions of the efficiency range at low inlet 

concentrations (Roberge et al, 2001). A maximum elimination capacity of 242 g m"^ h"^ 

for toluene and 63 g m"^ h"' for styrene were found in two separate bench-scale biofilters 

packed with peat and glass beads (ZiUi et al, 2001). 
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Removal rates of 120 g VOC m"^ h"^ were found at an organic load of 220 g m"^ 

peat h'* (Aizpuru et al, 2000). Competition between substrates in the complex mixture of 

aromatics and chlorinated compounds was suggested. Compost biofilters have been 

shown to be capable of eUminating either n-butane or benzene vapor from air streams 

with high efficiency (>90%) at concentrations up to 200 ppm (Allen, 1996). In the case 

of n-butane elimination, a long acclimation period was required to sufficiently populate 

the biofilter with n-butane degrading microorganisms. The maximum elimination 

capacity obtained for n-butane on conditioned compost was found to be 25 g m' h'. 

Under pseudo-steady state conditions, a maximum elimination capacity of 70 g m" h" 

was obtained for an inlet load of 190 g m'^ h"^ (Bibeau, 1997). 

Conventional biofilters have been used extensively for the treatment of odors. 

Biofilters have been shown to be effective at treating essentially all of the odors 

associated with composting, including ammonia and a wide range of volatile organic 

compounds, including sulfur compounds and amines (Richard, 2001). Five separate 

biofilters (biochips, coconut fibers, chopped bark and wood, bioContact filter pellets, and 

biocompost) were used to treat odors and microbial bioaersol emissions from a piggery 

(Martens et al, 2001). Significant differences were found between the filter materials 

with the biochip test material providing the best odor removal. Biofilters were found to 

reduce the concentration and offensiveness of odors produced by a rendering plant (Luo 

and Lindsey, 2000). Even gas distribution was found to be the most important factor 

affecting odor removal efficiency by the biofilters. A biofilter made up of wood chips, 

bark mulch leaf compost, and oyster shells provided 99% removal of hydrogen sulfide 

(Cooper et al, 2001). 
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2.2.2 Other Packing: Other natural packing materials have also been employed in 

conventional biofilters with good success. Porous ceramics, calcinated cristobalite, 

calcinated and formed obsidian, and granulated and calcinated soil were compared for 

their ammonia and H2S removal capabilities. The amount of NH3 removed per unit 

volume of packing material was greatest for porous ceramics and poorest for calcinated 

cristobalite (Hirai et al, 2001a) while ceramic and obsidian were best for H2S removal 

(Hirai et al, 2001b). Nitrogen dioxide was removed from a contaminated air stream using 

Thiobacillus denitrifiers inmiobilized on an activated alumina bed (Krishna et al, 2000). 

99% removal efficiency was achieved with an influent gas concentration of 2735 ppm. 

Rockwool mats were successfully used to treat restaurant air emissions (Andersson, 

2000). Rockwool mats showed decreased pressure drops and improved gas flow 

compared to loose rock wool. 

Perlite (a natural volcanic glass), biofoam, and compost were compared for their 

ability to remove nitric oxide from gas streams (Lee et al, 2000). The perlite and biofoam 

offer longer term thermal stability while the compost performed better under short 

residence times. In a study where alkylbenzene vapors were removed using a 

conventional biofilter containing periite, the maximum elimination capacity was higher 

during long term operation than short term operation, suggesting biofilter studies shoizld 

be run for longer periods (Veiga and Kennes, 2001). Elimination capacity was found to 

decrease when water content dropped below 35-40% but original performance was 

recovered in less than 24 h when water content was restored. 

Periite and granular activated carbon were used in a lab-scale four-stage 

bioreactor (Paca and Koutsky, 2000). Short vapor contact times caused slight decreases 
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in removal efficiencies at the same overall loading rates. Activated carbon was shown to 

result in higher elimination capacities, lower pressure drops, pH more favorable for the 

inoculum, and could successfully treat higher styrene concentrations than the perlite. A 

low pH system, using lava rock, gravel, and a commercially prepared support material 

was found to be effective for simultaneous treatment of H2S and VOCs (Chang et al, 

2000). 

2.2.3 Novel Arrangements: Fungi, as well as bacteria, are being used successfully to 

treat contaminated air streams. A fungus was able to degrade several VOCs, with the 

exception of benzene and xylene (Woertz and Kinney, 2000). VOC degradation was 

inhibited when the pH was less than 3 and when nitrogen was not supplemented to the 

culture. In contrast, five fungal strains able to grow with toluene as their sole carbon and 

energy source showed the propensity to grow at low water activities, in acidic conditions, 

and with the ability to grow on aromatic hydrocarbons; making fungi a promising 

biofilter inoculant when harsh environmental conditions and near zero net growth is 

preferred (Prenafeta-Boldu et al, 2001). A combination of both fungi and bacteria may 

also be advantageous for contaminant removal. Biofilters based on bacteria were found 

to have improved toluene removal efficiencies after fungal invasion (van Groenestijn et 

al, 2001). High volumetric toluene elimination capacities of 80 -125 g m'^ h"' were 

found; at low pH, fungi appeared to be preferentially selected over bacteria. In addition 

to VOCs, other compounds have been removed from contaminated air using a fungus. 

Fungal bioreactors removed NO from contaminated airstreams when an external carbon 

and energy source was provided (Woertz et al, 2001). The fungal bioreactor achieved a 
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maximum NO removal efficiency of 93%, however, the fungi may have been inhibited 

by the presence of high NH4"^concentrations. 

In addition to the use of novel organisms, novel arrangements and combinations 

of biofiltration and other techniques have been demonstrated and validated. In a study by 

Webster et al (2000) organic vapors from a spray booth were concentrated on granular 

activated carbon (GAC) and later regenerated using microwave heating to supply an 

organic-loaded biofilter a constant supply of contaminated air. In this system, 87% of 

contaminant removal occurred in the first 0.5 ft of bed and a 6 g m"^ h'^ elimination 

capacity was measured. Perlite biofilters arranged in series were used to remove styrene 

and their start-up characteristics were studied (Weigner et al, 2001). 18 days after start- 

up, nearly 85% of styrene was removed at an organic loading of 170 g m" h' . A 

modified conventional biofilter (horizontal flow with baffles) was found to have a higher 

elimination capacity for ammonia (0.16 - 0.66 g NH3 kg"' dry matter) than a vertical flow 

biofilter (Lee et al, 2001). Bacteria have even been isolated that degrade the very 

compounds that are used to destroy them. A highly solvent tolerant bacterial consortium 

was successfully used for the biofiltration of high concentration isopropanol vapor within 

a packed bed reactor (Bustard et al, 2001). 

2.2.4 Biotrickling Filters: The trickle bed air biofilter or biotrickling filter usually 

employs synthetic, inorganic media and receives liquid nutrient and buffer through a 

nozzle system positioned on top of it. Due to better control of pressure drop across the 

bed, pH and nutrient feed, trickle bed biofilters have more consistent operation than 

natural media biofilters and do not suffer the aging effects of natural media (Chang et al, 

2001). 
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Numerous studies have shown the effective operation of biotrickling filters. The 

total maximum loads of a two-stage system using cyhndrical ceramic particles were 1150 

g m"^ d"' for H2S-S, 879 g m'^ d'^ in a gas mixture (Ruokojarvi et al, 2001). In this 

biofilter, a decrease in retention time from 2 to 1 min had very little effect on removal 

efficiency. A porous ceramic biofilter was used to remove odor generated by composting 

facilities (predominantly ammonia and hydrogen sulfide) (Park et al, 2001). Despite 

changes in weather and moisture levels of composting materials, more than 95% of odor 

was removed with an acchmation period of 30 days. 

Various polyurethane foam materials were used in a biotrickling filter to remove 

paint spray emissions (Martinez et al, 2000). Increased sorption capacities of a 

combination activated carbon/polyurethane foam material was demonstrated. 

Polyurethane foam media was used to remove toluene with removals over 99% (Moe and 

Irvine, 2001b). Stable operation was observed with nutrient addition with favorable head 

loss when compared to other media. A trickle-bed air filter with a coal column for 

leveling of influent concentrations effectively treated VOCs emitted during the 

production of polyurethane and epoxy (Chang et al, 2001). 

A biotrickling filter removed both o-dichlorobenzene and ethanol from a 

contaminated air stream (Bhattacharya and Baltzis, 2000). Biomass removal every four 

months improved operation with VOC removal occurring in both the biofilm and the 

liquid. More than 90% and 80% removal efficiencies in a trickle-bed air filter were 

achieved for n,n-dimethylacetamide loadings below 20.2 and 34.5 g m'^ h"' (Lu et al, 

2001a) while 85 and 90% removal efficiencies were achieved for ethylacetate loadings 

below 490 and 810 g m"^ h"\ respectively, in a trickle bed air filter (Lu et al, 2001c). 
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2.2.5 Bioscnibbers: In a unique arrangement, large amounts of a xenobiotic substrate 

were transferred from a gas phase to a hydrophobic organic phase, and then allowed to 

partition to cells (Yeom and Daugulis, 2000). In this scheme, the mass transfer rate was 

much higher than the biodegradation rate. In another bioscrubber, complete degradation 

of phenol at a feed concentration of 8 g L'^ was obtained (Leonard et al, 1998). 

2.2.6 Disadvantages: Although conventional biofiltration offers advantages over other 

pollution control technologies, such as low capital and operating costs and minimal 

secondary pollution problems, there are some disadvantages. They include the 

requirement of large cross sectional areas because of required low gas velocities (2 ft s" ), 

long acclimatization periods (10-15 days), sensitivity of the microorganisms to change in 

load (type and concentration of VOC) and lack of full scale data on industrial 

applications (Patkar and Reinhold, 1993). 

One conmion problem with biofilters treating certain contaminants is acid 

formation (TRG Biofilter, 2001). For example, common species of microorganisms can 

readily oxidize H2S to sulfuric acid effectively removing the highly odorous and toxic 

compound from the air. However, the acid accumulates, lowering the pH of the biofilter, 

ultimately inhibiting microbial activity, causing channeling and compacting as the 

packing material is degraded, causing the biofilter to fail. Technology development by 

TRG Biofilter (2001) suggests that a two-stage biofilter will solve the problem of 

acidification. The first stage will hold an inert, readily drained, acid resistant support 

medium and will operate at low pH to remove H2S while the second stage will use 

compost at pH 7 to remove any remaining volatile organics. 
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Release of bioaerosols has also been a concern, especially for those systems 

treating indoor air. However, several studies have indicated that the environmental risk 

of bioaerosol release from immobiUzed technology is minimal and the systems can be 

considered safe when placed close to populated areas (Chung et al, 2001; Mallany et al, 

2000) 

2.2.7 Pressure Drop: Another problem encountered with conventional biofilter units 

has been pressure drop across the reactor (Devinny et al, 1999). A large area of research 

concerning biofilters is devoted to controlling the pressure drop across the biofilter bed, 

associated with excess biomass accumulation. Biomass accumulation, which is usually 

greater at the inlet sections of biofilters, leads to a change in bed characteristics, such as 

the reduction of the interparticle void space and the compaction of natural packing 

materials, which subsequently causes channeling and increased pressure drops. This 

translates into higher operating and maintenance costs that become significant for long- 

term biofilter operations. The highest pressure drops in beds were caused by layers of 

biomass with high exopolysacchride or exopolymeric substance (EPS) concentration that 

retained a very high amount of moisture, which increased the biomass specific volume 

and significantly decreased the bed porosity at the top levels of the first sections of a 

biofilter (Morgan-Sagastume et al, 2001). Weber and Hartmans (1996) found that by 

applying regular NaOH washes, clogging of trickle-bed reactors could be prevented while 

still maintaining high removal rates of toluene (Weber and Hartmans, 1996). 

*A pressure transducer was used to monitor pressure drops in a reactor employing 

foam packing material; pressure drop within the reactor was chosen as a control 

parameter for clogging of the reactor with biomass (Thalasso et al, 2001). During the 
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course of a study comparing operation of a biofilter and bioscrubber, the use of pressure 

drop monitoring was proposed as a tool to control and optimize the running conditions of 

biological systems of air treatment (Le Cloirec et al, 2001). An expression correlating 

biofilm density and biofilm thickness, as determined from on-line pressure drop 

measurements, was proposed for an upflow fixed-bed bioreactor (Deront et al, 1998). 

Fungi immobilized on an inert carrier with mites had lower pressure drops than a 

similar system without mites while the carrier material was found to be an important 

factor that impacted removal efficiency (van Heiningen et al, 2000). A model of biomass 

accumulation and plugging suggests selection of material with relatively uniform, large 

pores may be more effective for biofiltration (Schwarz et al, 2000). Reduction of surplus 

biomass by stirring and trickling water caused a prolonged service Ufe and prevented 

clogging of the trickle bed and associated pressure drop increase. The reduction in 

biomass and intermittent percolation of mineral medium resulted in high volumetric 

degradation rates of about 100 g of toluene m"^ h'^ at a load of 150 g of toluene m"^ h"^ 

(Laurenzis et al, 1998). Such a high removal rate with a tiickle-bed reactor was not 

reported before. 

2.2.8 Summary of Issues with Conventional BioHlters: Numerous issues regarding 

conventional biofilters and their operation have been discussed while other issues have 

not been acknowledged in this document. In summary, general considerations include 

(Devinny et al, 1999): 

- the waste gas stream to be treated 

- the biofilter media 

- waste gas stream air flow 
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- contaminant and concentration 

- interfering contaminants such as dust and grease 

- and influent gas temperature must be considered. 

- media inorganic nutrient content and organic content, additives, 

- media water content, pH, porosity, 

- media mechanical properties, service time, cost and odor 

- pressure drop across the filter 

2.3 MEMBRANE BIOREACTORS: 

2.3.1 Background: In membrane bioreactors, the gaseous pollutants are transferred 

from the gas to the Uquid phase (where they are degraded) via a membrane. A conceptual 

diagram of the membrane bioreactor is shown in Figure 2-2. Two categories of 

membrane materials are available for treating contaminants, hydrophobic microporous 

and dense phase membranes while two types of biomass may be used: fixed film cultures 

(biofilms) and suspended growth cultures (Burgess et al, 2001). 

Hydrophobic microporous membranes consist of a polymer matrix, e.g. 

polypropylene, polysulfone, or Teflon®, and contain pores with a diameter in the range of 

0.01-1 micrometer. Since the membrane material is hydrophobic, the pores are filled 

with gas. Water does not enter the pores unless a critical pressure at the liquid side is 

exceeded (Reij et al, 1998). Microporous material is generally made into hollow fibers, 

although spiral wound and plate and frame modules have also been used (Reij et al, 

1998). 

Dense material is available as tubes with a wall thickness of at least several 

hundred micrometers (Reij et al, 1998). Composite membranes are a combination of the 
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two types (dense and microporous) and consist of a thin, selective top layer (1-30 

microns) of dense material, supported by a highly porous support layer (e.g. non-woven 

polyester or a microfiltration membrane (Reij et al, 1998)). 

Air In ^Membranes 

Air Out 

Air Out 

Membrane Cross-Section 

Figure 2-2. Conceptual diagram of a tubular membrane bioreactor (Neemann, 1998). 
Contaminated air enters the interior of the tube, diffuses across the membrane into the 
biofilm where it is degraded by microorganisms. 

Mass transfer and kinetics of a contaminant within the membrane bioreactor 

module can be described as a sequence of events. Those events are: 

- bulk mixing of the contaminant in the air entering the bioreactor, 

- boundary layer transport, 

- sorption and diffusion into the membrane, 

- exit from the membrane and dissolution and diffusion into the biofilm, 

- diffusion through and degradation within the biofilm, 

- boundary layer transport into the liquid phase, and 

- subsequent mixing and degradation within the suspension. 
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The resistance to mass transfer through the membrane is a major issue in 

membrane bioreactors, especially dense phase membranes. To affect mass transfer, a 

compound must transfer across a gas phase resistance then sorb into the polymer and 

diffuse through to the other side. The concentration difference between the gas phase and 

the liquid phase provides the driving force for diffusive transport across the membrane. 

The driving force depends strongly on the air-water partition coefficient (H) of the 

diffusing volatile (Reij et al, 1998). Low values of the partition coefficient impUcate a 

high water solubility, and consequently more efficient gas/liquid mass-transfer 

(Hartmans, 1992b). This mass transfer compares poorly with conventional biofilters, in 

which there is no membrane resistance. 

The intrinsic permeability of a material in a dense phase membrane is a function 

of its solubility and diffusivity in that material (Brookes and Livingston, 1995). As a 

consequence, components can be selectively extracted from or retained in the gas phase 

by a proper choice of the membrane material (Reij et al, 1998). The high permeability of 

silicone rubber (polydimethylsiloxane) to certain VOCs and oxygen and its 

hydrophobicity (Favre et al, 1993) makes the material attractive for use in membrane 

bioreactors. 

At the interface of the membrane and the liquid phase/biofilm, two phenomena 

affect mass transfer - solubility of the compound in the liquid phase as compared to the 

solubility in the membrane, and diffusion of the contaminant through the stagnant liquid 

layer. Maximizing mass transfer per unit membrane surface area will, therefore, be a 

prime design consideration (Pressman et al, 1999). 
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For a biofilm-free surface, the resistance to mass transfer is determined by fluid 

velocity, and models for this mass transfer exist (Yang and Cussler, 1986). However, the 

presence of a biofilm presents an even larger stagnant layer and the diffusion coefficient 

in a biofilm may be substantially lower than in water (Beyenal et al, 1997; Characklis and 

Marshall, 1990; Holden et al, 1997). Thus in the absence of biological activity (a dead 

biofilm), a decreased rate of mass transfer might be expected due to the presence of the 

biofilm. Countering this greater resistance to mass transfer is degradation in the biofilm, 

potentially increasing the concentration gradient as compared to a biofilm-free surface. 

2.3.2 Advantages and Disadvantages of Membrane Bioreactors: Because of the 

separation of the biofilm from the air stream, many hmitations associated with 

conventional biofilters can be overcome in a membrane biofilter. The main advantage of 

membrane bioreactors is that separation between the air and liquid phase. The separation 

allows for ease of nutrient amendment, constant humidification, and pH adjustment if 

required (Fitch et al, 2000). Another potential advantage of membrane biofiltration is the 

abiUty to pass very concentrated or dilute pollutant gas streams through the bioreactor 

without damage to or death of the bacterial consortia. With proper membrane material 

selection mass transfer to the liquid phase could potentially be controlled or manipulated. 

Other advantages of membrane biofiltration over conventional biofiltration 

include no clogging, no channeling, and a minimal required level of operator expertise 

(Fitch, 2000). Membrane bioreactors also offer some advantages over biotrickling filters 

and bioscrubbers. The gas-liquid interface that can be created in hollow fiber reactors is 

larger than in other types of gas-liquid contactors (Reij et al, 1998). In hollow fiber 

membrane reactors the specific area can be as high as 10,000 m m' (Yang and Cussler, 
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1987). Under fixed operating conditions with a given gas flow rate, and under the same 

conditions, results illustrate that the membrane bioreactor is able to achieve volumetric 

mass transfer fluxes almost 3 times higher than those of a direct bioscrubbing system 

(Freitas do Santos et al, 1995d). Moreover, membrane reactors do not contain moving 

parts, are easy to scale up, and the flows of gas and liquid can be varied independently, 

without the problems of flooding, loading, or foaming commonly encountered in bubble 

colunms (Reij et al, 1998). 

A disadvantage to the use of membrane biofiltration has been the cost of the 

membranes, such as those used in the oxygenation of blood (e.g. Spectrum Microgon) or 

purification of pharmaceuticals (e.g. Koch Membrane Systems) and the associated cost of 

construction (Reij et al, 1998). However, dense phase membranes, such as siHcone or 

latex, are relatively inexpensive (Cole Farmer Instrument Company) and might be 

configured in a similar manner to their higher cost relatives. Further potential 

disadvantages of membrane bioreactors include possible clogging of the liquid channels 

due to excessive biomass growth (Reij and Hartmans, 1996) and their long-term 

operational stability has yet to be demonstrated (Reij et al, 1998). 

2.3.3 Membrane Bioreactors Treating Gas Contaminants: Relatively few studies 

and few researchers have focused on membrane bioreactors for waste gas treatment. 

Although membrane technology has been studied fairly extensively and used in water 

treatment (Clapp et al, 1994; Aziz et al, 1995), it still remains a novel gas treatment 

altemative (Ergas, 2002). Membrane reactors have been used for laboratory-scale 

treatment of several VOCs and gases, however, no reports of pilot- or full-scale operation 
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were found. Additionally, membrane bioreactors apparently have not been exploited for 

odor reduction. 

2.3.3.1 Dense Membranes: As stated by De Bo (2000), Bauerle et al (1986) developed 

a membrane bioreactor with tubular nonporous silicone rubber (polydimethylsiloxane) 

membranes for waste gas treatment. The performance of the bioreactor increased at 

higher gas residence times (up to 10 s) and organic loadings (up to 250 g substrate m'^ d" 

*). The removal of p-xylene and n-butanol was excellent while the ehmination of the 

chlorinated compound was less successful as there was a pH-decrease and a lack of dense 

biomass growth. By controlling the pH of the liquid phase and by increasing the gas 

residence time to 14 s, elimination efficiencies up to 70% could be obtained. 

A dense phase latex membrane bioreactor was found to remove 70-80% of an 

influent benzene in a contaminated air stream (150 ppm) (Neemann, 1998). In a 

continuation of the work with aromatics, an abiotic removal of 13% for toluene was 

measured, while a 100% removal was achieved with a biofilm for an influent gas 

concentration of 72 ppm (Cole, 2001). In the most recent study located, Attaway et al 

(2001) examined the removal of BTEX from air using a dual tube silicone reactor. The 

reactor tubing was wrapped in a spiral fashion and provided benzene, toluene, ethyl 

benzene and xylene (BTEX) removal rates of 30 fxg h'^ cm"^ with removal efficiencies of 

75% - 99%. 

One dense material, siUcone rubber, or polydimethylsiloxane (PDMS) is of 

particular interest for use in membrane reactors. Silicone rubber is known to be very 

permeable to oxygen (Cote et al, 1989) and also very permeable to volatile organic 

compounds. The structure of silicone is shown in Figure 2-3. PDMS tends to coil up and 
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exhibit molecular conformation as a helix with the methyl groups facing outwards. 

Distortion of the helix causes exposure of the oxygen groups which impart the lubricating 

properties and gives the silky feel (Elkay Silicones, 2002). Silicone tubing is 

manufactured by a four-step extrusion process that includes mill blending, extrusion feed, 

profile forming and vulcanization (Heide, 1999). Sihcone exhibits good performance 

properties including biocampatibility, temperature resistance, chemical resistance, and 

high tear and tensile strength (Heide, 1999). 

CH3 
I 

-0-Si- 

CH3     " 

Figure 2-3. Repeating structural unit of silicone also known as poly(dimethyl)siloxane, 
the primary membrane material used throughout this work (AUcock and Lampe, 1981). 

Silicone rubber shows very high diffusivity for gases, apparently connected with 

high internal mobility due to the presence of the -Si-O-Si- configuration in the chains of 

its molecules. The diffusion coefficient of the lower hydrocarbons in this rubber are 

about 10-20 times as high as in natural rubber and this makes it the rubber providing the 

highest known diffusivity (Van Amerongen, 1967). Solid rubber does not behave at all 

like a porous material as regards diffusion. Only molecules or particles of molecular 

dimensions can penetrate the rubber after forming a true solution. In forming such a 

solution, rubber behaves exactly Uke any organic amorphous, freely-deformable 

compound, in other words, like an ordinary organic liquid (Van Amerongen, 1967). 
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Diffusion through rabber involves not only Brownian motion of the penetrant 

molecules but also a micro-Brownian motion of segments of rubber molecules. It must 

be assumed that in rubber, as a result of thermal energy fluctuations, holes covering a 

whole spectrum of volumes and involving segments of several rubber molecules are 

continuously formed and destroyed. These holes are, therefore, not fixed in space, but on 

the average with time and at constant temperature there is a definite size distribution. 

The rate of diffusion will depend on the concentration of the holes that are of sufficient 

size to receive the diffusing molecules. If a Boltzmann distribution (the skewed 

probability curve associated with the kinetic energy distribution of particles (University 

of Idaho, 2002)) is assumed, the concentration of holes at any given moment will 

decrease exponentially with their size and this would cause a decrease in rate of diffusion 

when the diffusing molecules become larger (Van Amerongen, 1967). 

The larger the diffusing molecules, the larger the difference between the rates of 

diffusion in various rubbers, and cyclization and branching of the diffusing molecules 

cause a considerable decrease in diffusion coefficients (Van Amerongen, 1967). The 

easier a gas is condensed, the higher the solubility. The process of solution of a gas 

involves condensation of the gas and mixing of the condensed gas with the rubber. The 

degree of solubility of a given gas in a rubber depends on their compatibility, i.e. on a 

specific interaction between the gas and the rubber molecules (Van Amerongen, 1967). 

Permeability of a rubber membrane typically is measured by placing the membrane 

between a reservoir containing gas at given constant pressure, for instance one 

atmosphere, and an initially evacuated reservoir, and measuring the relatively small 

pressure increase of the latter manometrically (Van Amerongen, 1967).   . 



28 

2.3.3.2 Microporous Membranes: Several researchers have examined removal of gas- 

phase contaminants in microporous membranes including propene (Reij, 1996), toluene 

and dichloromethane (Hartmans, 1992a, 1992b), trichloroethylene (Pressman, 2000), 

trichloroethylene (Parvatiyar, 1996a, 1996b), benzene (Neemann, 1998), and toluene 

(Ergas, 1999). Mass transfer in hollow fibers has been previously studied and is well 

summarized in Pressman (1995) with specific explanations of mass transfer formulae 

found in Wickramasinghe and Semmens (1992) and Yang and Cussler (1986), while 

oxygen transfer in such membranes is described in Beeton et al (1994), Beeton (1991), 

and Cote et al (1989). 

Others have examined VOC removal using these modules. During abiotic testing 

of a polysulfone module, less than 1% of the toluene was transferred to the liquid phase, 

showing that in the absence of bioactivity, negUgible amounts of toluene would be 

removed from the air due to its dissolution in the membrane and aqueous phases 

(Parvatiyar et al, 1996b). In a membrane bioreactor designed to treat trichloroethylene, 

higher air flow rates (or lower gas residence times) led to lower removal efficiencies 

(Parvatiyar et al, 1996a). 

Trichloroethylene (TCE) was degraded in a hollow fiber membrane module 

(HFMM) with a maximum trichloroethylene removal of 30% while toluene was 

continuously supplied (Dolasa and Ergas, 2000). Removal of TCE from contaminated air 

was accomplished with air on the shell side and water flow in the lumen (Pressman et al, 

2000). 92 - 96% of TCE was cometaboUzed in the HFMM reactor loop. Short shell 

residence times, 1.6 to 5.0 minutes, gave adequate removal and demonstrated the quick 

throughput of TCE contaminated air (Pressman et al, 2000). 
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In other research, the effectiveness of a hollow fiber membrane bioreactor was 

investigated for biological nitrification; ammonia-containing gas was sent through the 

lumen and a nutrient/biomass solution was circulated in the shell (Keskiner and Ergas, 

2000). After three weeks of operation, a gas phase ammonia removal efficiency of 83% 

was achieved. Toluene was degraded in a HFMM with removals ranging from 28-72% 

with a maximum removal of 42 g m"^ min"' (Ergas et al, 1999). 

Propene transfer from air to a suspension of propene-utiUzing Xanthobacter Py2 

cells in the membrane bioreactor was controlled by mass transfer in the liquid phase (Reij 

et al, 1995). The propene flux into the biofilm was 1x10"^ mol m"^ s"^ at a propene 

concentration of 9.3x10"^ mol m'^. However, the activities observed in the reactor were 

less than 10% of the theoretical maximum consumption capacities of the biomass present 

in the reactor, demonstrating that mass transfer was hmited by diffusion. In a reactor 

operated with liquid flow through the interior of the membrane clogging of the fibers by 

excess biomass was observed (Reij and Hartmans, 1994b). Maximum removal rates were 

70-110 g propene m"^ h'^ in another HFMM (Reij and Hartmans, 1996). A gas residence 

time of 80 s was required to remove 95% of an initial propene concentration of 0.84 g m' 

^. Clogging of individual fibers occurred as the biofilter aged when slow liquid flow rates 

were used. In the fast liquid flow reactor, none of the fibers were clogged with biomass 

and most fibers appeared to contain an evenly distributed biofilm. Higher conversion 

rates were found if the residence time of the gas in the membrane module was increased. 

In an 8 cm^ bioreactor with a flat PTFE membrane, 52-97% elimination of toluene 

was achieved with an influent of 75 mg toluene m"^ with a residence time of 4 - 24 

seconds (Hartmans et al, 1990). The mass transfer coefficient calculated, (10"^ m s'*). 
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was more than 4 times that of a trickle bed reactor. In another study, dichloromethane 

ehmination was found to be 99% at a residence time of 9.6 s (Hartmans et al, 1992b). 

Several commercially available hydrophobic membrane materials (Teflon, Goretex, 

polyvinylidene fluoride, and polypropylene) were evaluated in a membrane bioreactor. 

The Accurel polypropylene membrane was determined to be the best choice for toluene 

and dichloromethane removal from air in a laboratory scale membrane bioreactor 

(Hartmans et al, 1992a). 

2.4 LOAD CHANGES DURING BIOREACTOR OPERATIONS: 

2.4.1 Introduction: Of the limited pubUcations that exist, the majority of membrane 

biofilter research studies reported in the current literature have focused on VOC removal 

by bioreactors operating at a steady-state, or constant influent concentration (Ergas and 

McGrath, 1997; Neemann, 1999; Reij et al, 1997). Only one study (Parvatiyar et al, 

1996b) was found that specifically examined the effect of load changes within membrane 

bioreactors. A limited number of studies with conventional biofiltration units have 

specifically examined the effects of step changes, transient and/or spike loading. 

Generally, after a spike loading or step loading has been appUed, an efficiency decline 

occurs. Recovery time of the biofilters after increased loading has been mixed, with most 

researchers reporting rapid improvement and others reporting more lengthy recovery 

times. Some studies subjecting conventional biofilters to decreased loads or starvation 

periods have also been completed. Generally, researchers have found that biofilter 

recovery time is proportional to the length of the starvation period. The following very 

briefly recounts the information found within the Uterature concerning increased and 

decreased loads applied to biofilters. 
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2.4.2 Increased Loading: Mohseni and Allen (1997) examined the removal of alpha- 

pinene under continuous and unsteady state conditions using bench-scale biofiltration 

units operating with loading rates of 5-35 g a-pinene m"^ h"^ An immediate decrease in 

removal efficiency was observed after step loads of a-pinene were applied, with recovery 

taking place after 24 hours. Biofilters removing hydrogen sulfide, methyl mercaptan, 

dimethyl sulphide, and dimethyl disulfide required approximately 30-40 hours to respond 

to step changes in loading (Wani et al, 2001). After step changes in concentration, about 

2-5 hours were needed to reach new stationary conditions, while pollutant pulses gave 

reduced MEK and MIBK biodegradation rates in the upper part of a biofilter (Deshusses 

et al, 1996). For step changes, two biofilters in another study, one of hog fuel (a waste 

product of the forest industry) and one of compost, did not show any breakthrough for the 

five step changes applied, however, a contaminant spike of hydrogen sulfide caused an 

immediate increase in the outlet concentration (Wani et al, 1998). Three full-scale 

operational biofilters removing hydrogen sulfide maintained their ability to remove 99% 

of hydrogen sulfide during diumal peak fluctuations in hydrogen sulfide concentration 

(Schowengerdt et al, 1999). 

A biofilter with an inorganic filter bed designed for odor control at a wastewater 

treatment plant removed 99% of monitored gases and was found to react rapidly to 

sudden increases in loading (Patria et al, 2001) while a biofilter removing acetone 

showed recovery within 8 h after step changes in load (Tawil and Hamer, 2000). In a 

polysulfone membrane bioreactor removing toluene, step changes in load resulted in 

immediate efficiency dechnes with full recovery taking place after several weeks 

(Parvatiyar et al, 1996b). 
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2.4.3 Decreased Loading: In a study by Mohseni and Allen (1997), a 70 h period of 

starvation led to little removal of a-pinene, however, the biofilters regained their 

efficiency after 24 h of operation. In other biofilters, the re-acclimation times to reach 

full removal capacity after short periods of starvation were also short, ranging between 15 

and 120 h. Extended periods of starvation resulted in longer re-acclimation periods in a 

study by Wani et al (1998). After a five-day stoppage, prompt and efficient treatment 

was readily reestabUshed for MIBK and MEK elimination (Deshusses et al, 1996). 

Broadly speaking, the longer the period of starvation, the longer it takes the filter to get 

back to steady-state (Gerrard et al 1997). 

In an attempt to limit detrimental excess biomass growth at the inlet of a biofilter 

the results on performance of changing the direction of the feed flow to a silicate pellet- 

containing biofilter was investigated (Song and Kinney, 2001). The bioreactor operated 

with a three day switching frequency had the highest removal capacity with a maximum 

elimination capacity of greater than 120 g toluene m'^ h"\ recovered from switching after 

approximately 24 h, and provided the most stable performance. A seven-day switching 

frequency was found, however, to deprive the heterotrophic organisms of carbon for too 

long to maintain their viability. Biofilter communities removing methanol and a-pinene 

at increased temperatures were also able to quickly recover from a shut-down period of 

up to two weeks (Allen et al, 2000). Three lab-scale biofilters with mixtures of 

chaff/compost, diatomaceous earth/compost, and granular activated carbon/compost used 

for removing toluene responded effectively to shut down and granulated activated carbon 

added to the filter bed was found to improve the biofilter performance (Tang et al, 1995) 

2.5 SUMMARY OF PILOT- AND FULL-SCALE OPERATIONS: 
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Although numerous studies have examined the performance of pilot- and full- 

scale conventional biofilters and biotrickling filters, no study has reported the operational 

results of pilot- or full-scale membrane bioreactors. Many pilot- and full-scale biofilters 

and biotrickling filters are reported to provide both good removal on a mass basis and 

good efficiency of removal on a percentage basis. The results of some representative 

studies are summarized in the following paragraphs and an extensive table of results of 

pilot studies is shown in Devinny et al (1999). 

A mobile pilot-scale biofiiter operated for 119 days gave 96-98% removal 

efficiency for BTEX, ethanol, and styrene compounds at loading rates of 15.4 - 74.9 g m" 

^ h"' (Eszenyiova et al, 2001). A pilot scale unit at a Ford assembly plant captured and 

degraded all hydrophyllic solvents, such as butanol, while for toluene a 74 - 91% removal 

without powdered activated carbon (PAC) and 86-93% removal with the addition of 

PAC was accomplished (Kim et al, 2000). A compost composite biofiiter pilot plant, 

designed to treat 470 m^ air hr'*, was constructed to treat the effluent from bakery ovens 

(Hodges, 2001b). During the first loading period, ethanol eUmination rates ranged from 

171 - 236 g m'^ h"^ with ethanol loads ranging from 418 to 498 g m'^ h'^ Average 

ethanol removal efficiency was 41%. For the second loading period, ehmination rates 

ranged from 92 to 166 g m'^ h"^ with loads ranging from 106-266 g m"^ h''. Average 

removal efficiency for the second sampUng was 78%. A compost/bark biofiiter removed 

more than 70% of VOCs and approximately 85% of ethanol from an off-gas containing 

up to 3.5 g m"^ of organic compounds from a casting operation (Hodges, 2001a). Typical 

eUmination rates of 145 g m'^ h'* were found under these conditions while the 

chlorofluorocarbons present in the off-gas were not removed. 
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Eighteen pilot-scale biofilters were used to compare the effects of varying the 

ratio of compost and wood chips and moisture content on odor, ammonia, and hydrogen 

sulfide emissions from a swine facility (Nicolai and Janni, 2001). Moisture content was 

the critical factor for odor, anraionia and hydrogen sulfide removal with the ratio of 

compost to wood chips important for controlling pressure drop; a 20-30% compost 

percentage recommended for the best treatment of air contaminants from the swine 

faciUty. Bark/soil biofilters with new media and lower air loading rates generally 

performed better with low air loading rates giving the best removal rates (Luo, 2001). A 

biotrickling filter was examined for its ability to remove odors from a wastewater 

treatment plant during high H2S loading conditions (Wu et al, 2001). Reducing the gas 

residence time from 30 s to 5 s had little impact on removal efficiency when influent 

concentrations were less than 20 ppm. Shock loadings decreased performance, however, 

recovery was relatively fast. 
■a 

A pilot-scale biofilter utilizing peat attained an elimination capacity of 165 g m' 

h"^ for toluene, 66 g m'^ h'^ for xylene and 115 g m"^ h'^ for a mixture of toluene and 

xylene (Jorio et al, 1998). The performance was found to be dependent on the 

temperature of the filter media and the pressure drop across the bed.   In a pilot-scale peat 

biofilter, toluene removal efficiencies approached 99% at an influent load of 0.71 kg 

COD m"^ d'^ with adequate moisture contributing to the consistent long-term performance 

of the biofilter (Sorial et al, 1997). In a pilot-scale reactor containing peat, >99% of 

influent H2S and methanethiol were removed from exhaust gas of a waste treatment 

facility (Cho et al, 1992). 
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An open bed biofilter was used to treat discharge air from a total phase extraction 

system at a former petroleum bulk storage terminal (Matrix Environmental Technologies, 

2001). The biofilter operated between 90% and 100% efficiency through most of the 

data collection period  A pilot and full-scale compost, peat, and wood chip biofilter was 

used to treat acrylic resin precursors (Hsu et al, 2000). Odor was reduced up to 99% with 

flow rates of 120 m^ min"^ in the full-scale plant. A deep bed dairy biofilter and a 

naturally ventilated swine finishing bam manure pit biofilter case studies were described 

by Janni and Nicolai (2000). Long term performance of the biofilter at the dairy bam 

ranged from 57 - 95% odor reduction, 75-100% hydrogen sulfide and 60 -100% ammonia 

reduction with performance apparently related to moisture content of the bed; reductions 

at the swine finishing biofilter were found to be similar. 

"Package" plants or proprietary designs have also apparently exhibited good 

removals of organic compounds. A pilot study involving four biofilters, loaded with 

proprietary mixes of BIOMEX and BIOSORBENS were used to treat waste gas from a 

PCB and vinyl resins industry. The inorganic media, BIOSORBENS, was reported to 

require much less volume to treat the same contaminant load (Shareefdon and Cantwell, 

2000). Long term performance of BIOREACTOR plants currently in full-scale operation 

have been described (Popov, 2000). 

2.6 CONVENTIONAL BIOFILTER DESIGN INFORMATION: 

Because of extensive study and operation of pilot- and full-scale units, some 

design generalizations can be made conceming conventional biofiltration units. The 

design parameters include (Anit and Artuz, 2000): (1) space constraints - a small 

biofiltration unit can handle gas flows of approximately 0.85 m^ min"' in as little space as 
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2.3 m^; (2) chemical constituents and concentrations - biofilters perform best when 

treating hydrophyUic compounds with concentrations (mixing ratios) <1000 ppm; (3) 

residence time - most biofilters are designed with residence times of 30 s to 1 min; (4) 

humidity - humidification is required and >95% is usually desired; (5) pH control - 

buffering may be required as the result of biological activity that can yield organic acids; 

(6) media selection - natural and/or man-made; (7) pressure drop; and (8) maintenance 

frequency - weekly in the beginning reducing to bi-weekly or monthly. 

Devinny et al (1999) echoes some of the same considerations in the design of a 

full-scale conventional biofilter including whether to choose a closed or open bed system, 

series or parallel operation, the filter bed medium, the air distribution systems, pre- 

processing of the waste gas, temperature of operation, moisture content, 

compaction/nutrient loading, computer control and analytical systems, and electrical 

requirements (Devinny et al, 1999). 

2.7 DESIGN OF THE MEMBRANE BIOREACTOR: 

No journal articles or texts were located that specifically discussed design 

parameters for membrane bioreactors with the exception of Ergas et al (1999) who 

presented a model that may be used to design polyporous hydrophobic membrane 

bioreactors. However, many parameters are alluded to and discussed individually in 

research articles that would affect design of a pilot-scale or full-scale membrane 

bioreactor unit. The design parameters for a membrane bioreactor unit are discussed in 

the modeling chapter, however, are mentioned here in summary. The design of a pilot- or 

full-scale dense phase membrane biofilter would have to consider at least the influent 

VOC concentration and the VOC itself, air flow rate, temperature of the influent air. 
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number of tubes and their resulting membrane surface area, the total reactor volume, 

organisms used for inoculation, type and dimensions (O.D., I.D. thickness) of the dense 

phase material, its composition (latex or silicone), and the membrane's resulting 

permeability for the VOC of interest, and the liquid recirculation rate desired if any. 

As a comparison of reactor systems, the "footprint" or floor space requirement of 

the current semi-pilot scale reactor was compared to the hypothetical design of a packed 

bed tower and a conventional biofilter. For the design of the conventional biofilter 

empirical information is required from lab-scale or similar tests (Devinny et al, 1999). 

Scale-up is then based primarily on the empty bed residence time encountered in that 

initial reactor system. A biofilter removing BTEX compounds was found to give a 70% 

removal of BTEX compounds at an empty bed residence time of 1.8 minutes (0.03 h) 

(Devinny et al, 1999, p. 227). Using this empty bed residence time value and the known 

airflow (19.8 m^ h"') into the semi-pilot-scale reactor used during the present study, the 

bed volume was calculated using Equation 2-1. 

Vf = EBRT*Q= (0.03 h)(19.8m^h-^) = 0.6 m^ (2-1) 

EBRT = empty bed residence time (h) 
Q = volumetric airflow (m^ h') 
Vf = volume of bed (m'') 

Countercurrent packed bed tower design equations may be found in appropriate 

references (Hesketh, 1996; Davis, 2000). Countercurrent packed tower capacities may be 

found by fixing the desired pressure drop, using the physical properties and flow rates of 
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the liquid and gas streams involved and using generalized pressure drop correlations 

(Hesketh, 1996). Equation 2-2 is one such pressure drop correlation (Hesketh, 1996) 

X = 
LMi f ^ \ 0.5 

GM, 
(2-2) 

K^iJ 

where 

L = liquid flow rate (g mole cm'^ h'^) 
G = gas flow rate (g mole cm'^ h'') 
Ml = molecular weight of liquid 
Mg = molecular weight of gas 

Equation 2-3 calculates the corrected gas flow rate (Hesketh, 1996): 

G= ^P.P> g^^i 

MlFy/^it 

0.5 

(2-3) 

where 

-2 u-h G = gas flow rate (g mole cm' h') 
Y = ordinate of pressure drop graph 
F = packing factor 
'F = pH2o/pi 
\y.\ = viscosity of liquid (g cm'^ sec"*) 
a = 0.2 when F>90 and 0.1 when F<90 

Equation 2-4 calculates the tower diameter (Hesketh, 1996): 

QPT Dj.=l.25 
G{213+t) 

0.5 

(2-4) 

DT = tower diameter (m) 
Q = gas volumetric flow rate (m"^ h"^) 
PT = tower pressure (atm) 
T = temperature (°C) 
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For the conditions in the laboratory, 20 °C, 1 atm pressure, Table 2-1 compares the 

"footprint" or diameter of various cylindrical reactor systems. 

Table 2-1 Comparison of reactor systems. 
Media Diameter 

(cm) 
Membrane 
Bioreactor 

Silicone 
Tubing 25 

Conventional 
Biofilter 

Wood 
Compost 87 

Countercurrent 
Packed Tower 

Plastic 
Pall Rings 7 

Countercurrent 
Packed Tower 

Ceramic 
Raschig rings 11 

The footprint of the conventional biofilter is the largest while the countercurrent 

packed towers are the smallest. The membrane bioreactor falls between the two 

extremes. Therefore, if space was a predominant concern, the packed towers and 

membrane bioreactors might offer the best solutions for contaminant removal. The 

results shown in Table 2-1 also suggest mass transfer (and thus removal from the gas 

stream) occurs most efficiently within the packed tower reactors. However, the packed 

towers do not offer the benefit of immediate destruction or biodegradation of the 

contaminant. In the packed tower design, the contaminant is transferred to the liquid 

phase but then must be sent to a wastewater treatment plant or similar facility. The 

membrane bioreactor and the conventional biofilter offer the advantage of destruction 

immediately after mass transfer into a liquid phase. 

2.8 BACTERIAL DEGRADATION PATHWAYS: 

It is expected that toluene was used by the organisms within the bioreactors as 

both a carbon source for cell building and maintenance and as an electron donor. 
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Through the cataboUc process of toluene degradation, ATP is formed to be used in cell 

maintenance and cell building. The basic process of cell metabolism and ATP formation 

is covered in Brock and Madigan (1991). An overall oxidation-reduction equation is 

shown in Equation 2-5 (Gottschalk, 1986). 

X,^+Ax —"X„,+ A,,<j (2-2) 

ADP + Pj ATP + HjO 

where 

Xred = electron donor (toluene) 
Aox = electron acceptor 
Xox = oxidized compound 
Ared = reduced compound 
Pi = inorganic phosphate 
ADP = adenosine cHphospate 
ATP = adenosine triphosphate 

There are several pathways by which toluene is aerobically degraded. One 

bacterial degradation pathway for toluene is the benzoate pathway that leads to the 

formation of catechol. Catechol may then be degraded by two alternate pathways, the 

ortho-cleavage (3-oxoadipate) and the meta-cleavage pathway. The degradation of 

toluene through both of these pathways is shown in Figures 2-4 and 2-5 (Gottschalk, 

1986). Each figure shows the names of the compounds formed and their carbon (C) atom 

numbers. The chemical structures of the end products, acetaldehyde, pyruvate, succinate, 

and acetyl coenzyme A are shown in Figures (2-6). Another source (UMN, 2002) 

indicates alternate degradation pathways for toluene, depending upon the bacteria 
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present. Those pathways are shown in Figures (2-7) - (2-9). Each step in the process of 

degradation is catalyzed by a specific enzyme. 

Toluene (7C) 

; 
Benzyl alcohol (7C) 

i 
Benzaldehyde (7C) 

i 
Benzoate (7C) 

i 
Catechol (6C) 

I     -*  O2 

C«,cw-muconate (6C) 

i 
Muconolactone (6C) 

i 
4-oxoadipate enol lactone (6C) 

; 

3-oxoadipate (6C) 

Acetyl(2C)-SCoA Succinate (4C) 

Figure 2-4. Ortho-cleavage or 3-oxoadipate (catechol) pathway, an aerobic toluene 
degradation pathway. 
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Toluene (7C) 

i 
Benzyl alcohol (7C) 

I 
Benzaldehyde (7C) 

Benzoate (7C) 

Catechol (6C) 

I     ^  O2 

2-hydroxymuconic semialdehyde (6C) 
H2O *  I ■> HCOOH 

2-oxopent-4-enoate (5C) 

f HoO 

4-hydroxy-2-oxovalerate (5C) 

Pyravate (3C) Acetaldehyde (2Q 

Figure 2-5. Meta-cleavage (catechol) pathway for toluene, an aerobic toluene 
degradation pathway. 

O COOH ';;' g^Q CH2-C00H 
CH3CH «bH3 tH^-COOH CoA-SteH3 

Figure 2-6. Structure of acetaldehyde (Whitten and Gailey, 1981), pyravate, succinate, 
and acetyl coenzyme A (Gottschalk, 1986), products of bacterial degradation. 
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Toluene 

I 
Benzyl alcohol 

I 
Benzaldehyde 

Benzoate 

I 
cis-l,6-dihydroxy-2,4-cyclohexadiene-l-caiboxylic acid 

i 
Catechol 

I 
2-hydroxymuconic semialdehyde 

I 
cis-2-hydroxy-penta-2,4-dienoate 

I 
4-hydroxy-2-oxovaleratB 

y        X 
Pyruvate Acetaldehyde 

Figure 2-7. The aerobic toluene degradation pathway initiated by Pseudomonas putida. 
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Toluene 
Burkholderia cepacia 

i 
2-hydroxy-toluene 

Toluene 
Pseudomonas picketti 

i 
3 -hydroxy-toluene 

I 
3-methyl catechol 

I 
cis, cis-2-hydroxy -6-oxohepta-2,4-dienoate 

i 
cis-2-hydroxypenta - 2,4 -dienoate 

I 
4-hydroxy-2-oxo-valerate 

Toluene 
Pseudomonas putida 

i Toluene cis-dihydrodiol 

Pyruvate Acetaldehyde 

Figure 2-8. The aerobic toluene degradation pathway initiated by Burkholderia cepacia, 
Pseudomonas picketti, and Pseudomonas putida. 
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Toluene 

4-hydroxy-toluene 

4-hydroxy-benzaldehyde 

4-hydroxy-benzoate 

i 
3,4-clihydroxybeiizoate 

3-carboxy-cis,cis-muconate 2-hydroxy-4-carboxymuconate semialdehyde 

Figure 2-9. The aerobic toluene degradation pathway initiated by Pseudomonas 
mendocina. 

The anaerobic metabohsm of toluene is shown in Figure 2-10. The metaboUc 

sequence proceeds through benzyl succinate to the benzoate anaerobic pathway, which is 

detailed elsewhere (University of Minnesota, 2002). Anaerobes may use either nitrate, 

sulfate, or organic substrates as electron acceptors. 



Toluene Anaerobic Pathway 
Thauera aromatic a 

Azoarcus sp. strain T. 

Toluene 

Benzyl succinate 

Benzylsuccinyl-CoA 

i 
E-phenylitaconyl-CoA 

Benzoyl-CoA 

Benzoate Anaerobic Pathway 
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Figure 2-10. The anaerobic metabolism of toluene, (University of Minnesota, 2002) 

Because biomass growth is apparently controlled by limiting nutrients, nutrient 

limitation within a membrane bioreactor might be expected to cause either a limitation in 

biomass growth or cause a decline in removal efficiency. To explore the hypothesis that 

nutrient hmitation might hinder biofilter performance, several studies were examined. 

Kinney et al (1998) (in Moe and Irvine, 2001a) operated a laboratory biofilter packed 

with ceramic pellets using NH4CI as a nitrogen source that experienced efficiency 

decUnes after depletion of the anmionia nitrogen. Efficiency decUne could be either 
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related to a change in organism degradation kinetics or related to the organisms that 

actually develop under the nutrient Umited conditions. The proliferation of organisms in a 

particular environment will depend on the specific nutrients available and the nutrient 

concentration. Depending on the limiting nutrient, different enzymes within the cell may 

hmit growth, and the microorganisms may exhibit different saturation coefficients 

(Characklis and Marshall, 1990, p 240). In one specific instance, nutrient Umitation 

resulted in a gradual decrease in elimination capacity of a dimethyl sulfide-removing 

biofilter (Smet et al, 1999). In another instance, a compost that released nitrogen slowly 

was found to be desirable to keep removal of contaminants elevated (Hwang et al, 2000) 

2.10 CURRENT STUDY CONTAMINANTS: 

Toluene was selected for study because it is a common air pollutant generated 

from the refining of crude oil; up to a billion pounds a year are never isolated from the 

crude oil and are added directly to gasoUne (EPA, 1994b). Toluene is also used in the 

manufacture of benzene, coatings, strippers, adhesives, cosmetics, perfumes, anti-freeze 

(EPA, 1994b). Toluene at concentrations found in indoor workplaces can be associated 

with irritation to the eyes, nose, and skin and may affect the liver, kidneys and central 

nervous system (NIOSH, 1997). Toluene is listed as an "A4 category - not classifiable as 

a human carcinogen", and has an OSHA Permissible Exposure limit of 200 ppm 

(ACGIH, 2000; OSHA, 2002). Toluene is an aromatic hydrocarbon, has the chemical 

formula C7H8, and is shown in Figure 2-11 (Whitten and Gailey, 1981). 
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CH3 

\" 

Figure 2-11. Chemical structure of toluene, the primary contaminant examined during 
this work. 

1-butanol was selected for part of this study because benzene, the contaminant 

originally chosen for study in a polysulfone module by Zhang (2000), was found to be 

absorbed into the polysulfone. 1-butanol was not anticipated to be absorbed, as predicted 

by chemical structure of the polysulfone polymer (AUcock and Lampe, 1981). 

Additionally, 1-butanol is an industrial contaminant of interest with 1.3 billion pounds 

produced in 1992 (USEPA, 1994a) with some health effects possible at levels found 

within work environments (NIOSH, 1997). As an indoor air contaminant, 1-butanol has 

a Threshold Limit Value (TLV-Ceiling) of 50 ppm and an Occupational Safety and 

Health Administration Permissible Exposure Limit of 100 ppm. 1-butanol is produced 

from the anaerobic batch fermentation of com starch to glucose then butanol, followed by 

distillation for recovery of the butanol (Illinois Com Growers Association, 2001). 1- 

butanol has the chemical stracture CH3CH2CH2CH2-OH (Whitten and Gailey, 1981). 

A very limited number of studies have addressed the use of conventional biofilters 

for treating elevated temperature gas streams. In a conventional biofilter, heated gas 

streams would come into direct contact with the biofilm while in a membrane bioreactor, 

the tube material might offer some resistance to heat transfer, potentially protecting the 

biofilm. A biotrickling filter removed 220 g ethanol m"^ h"^ at both 22 °C and 53 °C (Cox 

et al, 2001), a compost biofilter removed 110 g toluene m"^ h"^ at 45 - 55 °C (Matteau and 
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Ramsay, 1997), and another compost biofilter removed 90 - 95% of nitric oxide with an 

influent concentration 500 ppm at 55 °C (Lee et al, 2001). Greater than 95% removal 

was seen for alpha-pinene (15 ppm) and methanol (110 ppm) at 55 °C by 

Dhamwichukom et al, (2001). 

In other elevated temperature studies, removal rates for alpha-pinene and 

methanol were found to be 60 g m"^ h'^ and 100 g m"^ h"\ respectively (Allen et al, 2000). 

Kong et al (2001) showed that high removal levels of alpha-pinene (540 ppm) in a 

trickling filter are possible at thermophilic temperatures as high as 55 °C. The removal 

rate and acclimation time were found to be dependent upon the temperature (higher rates 

of alpha pinene removal were seen with higher temperatures). The effects of operating 

temperature were examined for a jacketed trickle-bed biofilter packed with porous foam 

for treatment of NO (Klasson and Davison, 2001). Removal of NO was 100% with an 

empty bed residence time of 2 minutes and there was no apparent temperature effects 

over the interval studied. Some researchers have mathematically modeled these 

contaminant removal processes (Karamanev et al, 1999; Ahmed, 1997) in conventional 

biofilter units while others have demonstrated the use of extremophiles in novel, multi- 

phase bioreactor technologies (Wright et al, 2000). Another study examined membrane 

biofiltration at elevated temperatures; NOx removal efficiency was maintained at 70% 

regardless of gas composition or temperature changes (20-55 °C) (Min et al, 2002). 

Heat transfer information for dense phase membranes is also limited. The 

majority of heat transfer coefficients conmionly cited are associated with heat transfer 

from the suspension in fluidized beds (Golriz, 1996; Tia et al, 1996), however, a few 
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coefficients were found for membrane distillation processes (Martinez-Diez and 

Vazquez-Gonzalez, 2000; Garcia-Payo et al, 2000; Gryta et al, 1997). 
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CHAPTERS 
METHODS AND MATERIALS 

3.1 OVERVIEW: 

Several bioreactor designs, measurement techniques, and analytical methods were 

used to meet the goals and objectives of this project. The bioreactor designs used 

included a small microporous membrane (polypropylene) module bioreactor, single 

silicone tube bench-scale membrane bioreactors, a larger dual silicone tube bench-scale 

bioreactor, and a multiple silicone tube semi-pilot-scale bioreactor. Measurement 

techniques included: 

- growth of microbial batch cultures with subsequent headspace analysis using 

gas chromatography to determine microbial kinetic rates; 

- gas and liquid inlet and outlet sampling of abiotically and biotically operated 

bioreactors; and 

- microorganism identification using microbial plating, gram staining, and 16S 

rDNA analysis. 

Pressure drop, pH, dissolved oxygen, optical density, temperature, and water loss were 

also periodically monitored for the reactors. Other techniques used included ion 

chromatography for analysis of liquids and temperature measurements to determine heat 

transfer coefficients. 

3.2 BIOREACTORS: 

3.2.1 Butanol Reactors: The butanol removal study focused on three separate phases: 

continuous, steady-state operation of the bioreactor (Phase I) performed by a masters 

student. Bo Zhang (2000); start-up with immediate placement onto an 8-h "on" and 16-h 
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"off" condition with a weekend "off" condition, added later (Phase II); and start-up into a 

continuous operation followed by an 8-h "on" and 16-h "off" condition (Phase HI). 

The bioreactor operated during Phases I and 11 incorporated a Koch Membrane 

Systems microporous polysulfone membrane module (part # 0.3-75-PM500-PB). The 

module contained 42 fibers with internal diameter of 75 ^m and a pore size diameter of 

0.05 Jim. The module was 17.78 cm in length, 2.54 cm in diameter, and had a lumen 

volume of 39.5 mL. The bioreactor operated during Phase HI was also a Koch Membrane 

Systems microporous polysulfone membrane module (part # 0.2-106-PM500-PB), but 

contained 17 fibers with internal diameter of 106 |a,m and a pore size diameter of 0.05 

^im. The module was 17.78 cm in length and 2.54 cm in diameter. 

The gas phase schematic of the bioreactor is shown in Figure 3-1. Air supplied by 

an aquarium air pump (Renaissance 300; 115 V, 4 W, 60 Hz) was split with both flows 

passing through rotameters; a small amount of the air flowed through the headspace of a 

flask containing 1-butanol. The split of air was controlled to deliver the desired 

concentration of 1-butanol. After rejoining, the air stream passed into the bioreactor, 

through a moisture trap and was vented. The air flow was downward, allowing any 

liquid which passed into the gas phase to easily flow out of the system. Sampling ports 

for gas extraction were placed in-line. Sampling ports were brass tees with one side 

sealed with a Teflon®/silicone rubber septum. Stainless steel tubing, brass Swagelok® 

fittings, neoprene rubber stoppers and Teflon®-Uned siUcone rubber septa were used for 

all VOC-containing gases to minimize any losses. A Toastmaster 24-h timer and 

manually operated valve were used to control entry of 1-butanol-contaminated air during 

Phase II; a solenoid valve replaced the manual valve during Phase HI. 
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Figure 3-1. Gas phase schematic of the butanol membrane bioreactor. 

The bioreactor Uquid phase schematic is shown in Figure 3-2. Liquid flow 

through the reactor was from bottom to top, countercurrent to the gas flow. The choice of 

flow direction allowed any gas bubbles in the hquid to be purged up and out of the 

reactor. A peristaltic pump (Cole Farmer Instrument Company, Model 7553-85) with 

Masterflex speed controller (Cole Farmer Instrument Company, Model 7553-71, 50/60 

Hz, 115 V, 3 Amp) circulated the nutrient solution and a bubble-catching system was 

added to minimize disturbance of the biofilm. This bubble catcher was a glass 

Erlenmeyer flask with a liquid drip inlet, submerged outlet, and an opening vented to the 
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atmosphere to allow any excess liquid or any gas bubbles to be removed from the system. 

The liquid side had a total liquid volume of approximately 600 mL of nutrient solution 

determined by adding the liquid volume of the reactor module, the bubble catcher and 

tubing. Flexible Tygon® tubing and Teflon®-lined silicone rubber septa were used 

throughout the liquid phase configuration. 

f   Pump ) 

Sample 
Port 

Reactor 

Sample 
Port 

Flow Meter 

* 

(Pump  j 

Bubble 
Catcher 

To Sink 

Figure 3-2. Liquid phase schematic of the butanol membrane bioreactor. 
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3.2.2 Toluene Reactors: Three cylindrical bench-scale bioreactors were used to remove 

toluene from contaminated air. The first was a short, single silicone rubber tube 

membrane bioreactor, the second, a long, single silicone rubber tube membrane 

bioreactor, while the third was a larger, dual silicone rubber tube membrane bioreactor. 

A semi-pilot-scale bioreactor with 25 silicone rubber tubes was also constructed and 

operated. All toluene-removing bioreactors employed 3/8" I.D., 1/2" O.D., 1/16" wall 

thickness silicone tubing membrane(s) (Cole-Parmer Incorporated, catalog number 

06411-12). The bioreactor general information is summarized in Table 3-1. 

Table 3-1. Summary of reactor configurations. 
Reactor #1 Reactor #2 Reactor #3 Reactor #4 

Name Short, single tube Long, single tube Dual tube Semi-pilot-scale 
Tube number 1 1 2 25 
Module (outer shell) material Glass Glass Clear PVC PVC 
Module volume (cm^) 965 1390 1990 78,500 
Module length (cm) 30.5 60.9 77.5 155 
Module I.D. (cm) 5.08 4.13 5.08 — 
Module O.D. (cm) 6.35 5.39 5.72 25.4 
Tube O.D. (cm) 1.27 1.27 1.27 1.27 
Tube I.D. (cm) 0.953 0.953 0.953 0.953 
Tube length (cm) 18.6 53.3 66.0 130 
Total lumen volimie (cm^) 13.3 39.9 94.1 2310 
Total tube outer surface (cm ) 74.2 213 527 12,900 
Airflow (mL min"') 760 760 1370 Variable 
Gas residence time (s) 1 3.1 4.1 Variable 
Liquid flow rate (mL min"') 10 10 15 2000 

The short, single tube module consisted of a glass Kimax process beaded pipe, 

30.5 cm in length, 5.08 cm internal diameter, 6.35 cm external diameter with two 

neoprene rubber stoppers cored to accommodate 0.3 cm (1/8") stainless steel tubing 

carrying the gas phase and 0.6 cm (1/4") Tygon® tubing containing the liquid phase with 

a reactor volume of 965 cm^. The silicone tube was 18.6 cm in length with a lumen 

volume of 13.3 cm and an external silicone tube surface area of 74.2 cm . The air flow 



56 

in the reactor was 760 mL min'^ yielding a gas residence time of 1.0 s. The liquid flow 

rate was 10 mL min"\ 

The long single tube module was a glass pipe, 4.13 cm internal diameter, 5.39 cm 

external diameter, length of 60.9 cm, lumen volume of 39.9 mL and reactor volume of 

1390 cm^. The silicone tube was 53.3 cm in length and had an external tube surface area 

of 213 cm^. The reactor had an air flow of 760 mL min"' with a gas residence time of 3.1 

s and a water flow rate of 10 mL min'\ 

The large, dual tube module was a 77.5 cm in length, 5.72 cm outer diameter clear 

polyvinyl chloride (PVC) pipe, with two plastic end caps, and a reactor volume of 1990 

cm^. Each silicone tube had an external tube surface area of 263.5 cm^, for a total surface 

area of 527 cm^, with a total lumen volume of 94.11 mL. The reactor had an air flow of 

1370 mL min'' and a gas residence time of 4.1 s. 

The semi-pilot-scale reactor consisted of a PVC cylindrical reactor module 155 

cm in length, 25.4 cm in diameter, and a module volume of 78,500 cm^. The module 

contained 25 silicone tubes, each of length 130 cm with a total lumen volume of 2310 

cm^, and external tube area of 12,900 cm^. When air flow through the reactor was 313 L 

min'^ the gas residence time was 0.4 s. 

The gas and liquid side configurations of the toluene bioreactors were essentially 

the same as the configurations of the butanol bioreactor, as shown in Figures 3-1 and 3-2. 

A modification was made during experiments involving bioreactor operation at elevated 

temperatures and is shown in Figure 3-3. The modification involved placement of a hot 

plate on the liquid side. 
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Hood 

Bypass 
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Flow Meter 

Figure 3-3. Bioreactor schematic during elevated temperature operation. 

The Uquid side of the short single tube, long single tube, and dual tube 

bioreactors, had total liquid volumes of approximately 794,948,1108 cm^, respectively, 

of nutrient solution. The pilot scale bioreactor had a liquid side volume of 63,536 cm . 

Digital photos of the short, single tube reactor and the large, dual tube bioreactor are 

shown in Figure 3-4. 
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(a) (b) 

Figure 3-3. Short, single tube bioreactor (a), and large, dual tube bioreactor (b), both 
bench scale units. 

3.3 BACTERIAL INOCULUM: 

Bacterial cultures were initially started by Jeff Neemann (1998) and subsequently 

maintained by Bo Zhang, Steve Sauer, and Scott Cole. According to Neemann (1998), 

bacterial cultures were initially grown within an aerated, continuously-stirred tank reactor 

(CSTR) equipped with a constant hquid feed containing the contaminant of interest. The 

CSTR was seeded with return activated sludge obtained from the RoUa, MO Southeast 

wastewater treatment plant, operated with a six-day hydraulic retention time, and 

supplied with a nutrient solution adapted from American Type Culture Collection® 

(ATCC) Culture Medium 1981 M-R2A (Neemann, 1998), which is shown in Table 3-2. 

The carbon sources initially supplied to the CSTR included 500 mg L"^ glucose, 15 mg 

L"' benzene, and 15 mg L"' toluene. During the academic years 2000 - 2001, the cultures 
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were maintained as semi-batch, with nutrient solution added as necessary and toluene and 

butanol supplied at a concentration of 10 mg L"' as the carbon source. 

Table 3-2. Nutrient solution composition, ATCC Culture Medium 1981 M-R2A 
(from Neemann, 1998). 

Nutrient Concentration (mg L'') 

NH4CI 800 

KH2PO4 250 
Na2HP04 326 
KNO3 505 

CaCl2 •2H2O 15 

MgS04 16.1 
FeS04 •7H2O 7 

Na2Mo04 •2H2O 10 
MnCl2 5 
H3BO3 0.5 
ZnS04 1.05 
C0CI2 •6H2O 0.5 

NiClz •6H2O 0.45 

CuCl2»2H20 0.3 

3.4 BIOKINETIC PARAMETERS: 

Kinetic parameters for biodegradation were determined from batch degradation 

assays. 50-mL batch cultures were grown with inoculant from either the biofilm or 

suspension of the bioreactor of interest and grown with varying concentrations (5 - ~ 50 

mg L'^) of toluene or butanol. Biokinetic parameters, the maximum specific utilization 

rate (k) and half-saturation constant (Ks), were determined from these subcultures by 

fitting values to multiple batch degradation assays. Toluene degradation rates were 

determined as a function of substrate concentration using an averaging of time course 

data. A pulse of toluene was added to a subculture and the headspace concentration was 

monitored over time. Toluene and biomass concentrations were determined using gas 

chromatography and volatile suspended solids (VSS) analyses (APHA 1995), 
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respectively. The resulting concentration vs. time data were fit using numeric 

differentiation to find the substrate utilization rate, which was divided by the VSS to give 

a specific utilization rate for each time datum. VSS was assumed constant over the 

course of these short batch assays (Neemann, 1999; Zhang, 2000). The resulting specific 

utilization rate against substrate concentration plot was fit to Monod-like kinetics using 

nonlinear least squares regression using Excel's "solver". Example spreadsheet headings, 

to show the method of calculation are shown in Figure 3-5. 

Parameter Time        Time(hr)   Lconc    VSS       dt       Gas Cone Gc   dsliquid     Vliquiddsliquid        dsgas Vgasdsgas ds total dsWliqurd 
Explanation Given      Given    Given   T1-T0     Hx Lconc       S1-S0     0,05L* (S1-S0)       S1-S0       0.210 L*(S1-S0)      Vdsliquid + Vdsgas      dstotaW.OSL 

Units     (mg/L)    (mg)     (hr) (mg/L) (mg/L) (mg) (mg/L) (mg) (mg) (mg/L) 

Savg kS/(ks+S)        [kS/ks+S]-ds/Xdt       Difference Squared 
(SI +S0)llquicl/2 + (SI +S0)gas/2 

(mg/L) (1/hr) (1/hr) 

Figure 3-5. Example spreadsheet headings used for determination of Monod-like kinetic 
constants. 

3.5 ABIOTIC MASS TRANSFER: 

Mass transfer and mass closure were determined abiotically under recirculating 

conditions. Gas inlet, gas outlet, and liquid outlet concentrations were monitored 

periodically to determine progress to an apparent steady-state; parameters were measured 

after steady state conditions were attained. Overall mass transfer coefficients were 

calculated using equations for the mass balance over the gas loop (Reij et al, 1995) and 

are analogous to heat transfer coefficient calculations found in Kakac and Liu (1998). 

The formulae are shown in Equations (3-1) - (3-3): 

0 = Mass In - Mass Out - Flux Through Membrane (3-1) 

ds/dt X 
VSS/0.05 L 

ds/Xdt (-)ds/Xdt 

ng/Lhr) (mg/L) (1/hr) (1/hr) 
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0 = (Qair Cin) - (Qair Com) " Kov A (Caii/H - Cuquid)lm (3-2) 

where: 

Qair = Airflow rate 

Cin = Concentration of airflow in 

Cout = Concentration of airflow out 

Cuquid = Concentration in the liquid 

H = Dimensionless Henry's Law Constant for toluene (0.275, Sawyer et al, 1994) 

A = Area 

Kov = Overall mass transfer coefficient 

and the log mean concentration difference, 

tr^     ra     {^ \ (^gm ' ■"   ~ ^liquid,inlet y ~ ^^g ' "  ~ ^liquid,outlet ^ /"I -3\ 
(Cair/H - Ciiquid)lm - / zi _ r WWr     /H-T ^        ^      '^ 

"''^'-goj ' " ^liquidMlet)     "'V^-goj ' "        ^liquid,outlet f 

Mass closures were calculated using Equation (3-4) where mass flow (mg min"') is equal 

to the flow rate (L min"^) multiplied by the concentration (mg L"^): 

„ ^,     _,, Mass Flow Out    ,__„ (3-4) 
% MassClosure= JclOO% 

Mass Flow In 

3.6 BIOFILTRATION: 

After characterizing abiotic mass transfer in the reactor, the reactors were 

operated as biofilters. Toluene-degrading bacteria from batch cultures were used to seed 

the reactors by injection through the liquid inlet sampHng port. Gas and liquid inlet and 

outlet toluene or 1-butanol concentrations were monitored to determine removal 

efficiencies. As a minimum, triplicate gas and liquid samples were taken from each 

respective sampling port or headspace vial and the results averaged. 
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3.7 GASEOUS AND LIQUID STANDARD PREPARATION: 

All gaseous toluene standards for use during gas chromatography were prepared 

with distilled deionized water and certified HPLC grade toluene. Toluene analyses by gas 

chromatography (G.C.) used external cahbration standards.   Gaseous standards were 

made by adding 11.1 |iL of toluene to 1 L of deionized water, contained within a 1 L 

capped volumetric flask to make a concentration of 10 mg U' after equihbrium with the 

head space at 20°C; the H constant for toluene being 0.0066 atm m^ mor\ dimensionless 

H of 0.275 (Sawyer et al, 1994). Measured amounts of the 10 mg L"^ standard, 

determined using Equation 3-5 (Whitten and Gailey, 1981), were then added to 260-mL 

bottles containing appropriate amounts of deionized water to give the desired equihbrium 

air concentrations in the headspace. 

MiVi=M2V2 (3-5) 

Where 

Ml = Molarity of first solution (moles L'^) 
M2 = Molarity of second solution (moles L'^) 
Vi = Volume of first solution (L) 
V2 = Volume of second solution (L) 

1-butanol standards were prepared in a similar manner with ACS grade butanol. 

1-butanol analyses by gas chromatography (G.C.) also used external calibration 

standards.   Gaseous standards were made by adding measured amounts of 1-butanol to 

50 mL of deionized water contained within 260-mL bottles capped with a Mini-nert® 

valve to give the desired concentrations at equilibrium at 20°C. The 1-butanol Henry's 

Constant was found to be 9.16 atm cm^ mor\ a dimensionless H of 0.0004 at 20 °C(Kim, 
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2000). Standards were allowed to equilibrate for at least one hour on a Lab-Line orbital 

shaker at 80-100 rpm. 

External calibration standards were used for each sampling event. Therefore 

external calibration standards were prepared daily and used for the GC that same day. 

Frequent standard preparation was required because of the toluene's volatility and the 

propensity for the toluene to escape the bottles overnight. An example GC calibration 

curve is shown in Figure 3-6. The regression line equation for this curve was y = 

0.000174x4-1.765. 

0 1000000       2000000       3000000 

Peak Area (Counts) 

4000000       5000000 

Figure 3-6. An example calibration curve used to determination headspace concentration 
of toluene based upon gas chromatograph peak area. 

3.8 SAMPLE COLLECTION AND ANALYSIS: 

3.8.1 Liquid and Gaseous Sample Collection and Analysis: Gaseous samples were 

collected through sampling ports using a 1-mL gas-tight sampHng syringe while liquid 

samples were collected using a 10-mL sampling syringe. After collection, 10 mL liquid 

samples were expelled into a 22-mL vial containing 20 ixL of 5N H2SO4 to acidify the 
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sample, capped, and then placed on an orbital shaker for a minimum of ten minutes at 80 

rpm and allowed to reach equilibrium. 

Headspace (gas above the liquid) samples were analyzed using a Hewlett Packard 

5890 Series II Gas Chromatagraph with Flame lonization Detector. A J&W Scientific 15 

m, 0.53 nrni ID, and a 3.0 jxm film thickness DB-1 capillary colunrn was used during 

analysis. Nitrogen flow was 40 mL min"^ at an isothermal 90 °C. Toluene standards 

were observed to elute at 0.368 minutes using this method. Butanol standards and 

samples were analyzed in the same manner, with elution at 0.3 min. 

3.8.2 Calculations: Gas concentrations were determined from liquid concentrations 

using the dimensionless Henry's Law coefficient. The formula is shown in Equation (3- 

6), where C is the concentration, usually expressed as mg L"\ The dimensionless H for 

toluene was found to be 0.275 at 20 °C(Sawyer et al, 1994). 

^air phase — -HUiiquid phase W'^J 

Gas or vapor concentrations in the headspace and the influent and effluent gas streams of 

the bioreactors were generally expressed in parts per million (ppm), a volume to volume 

ratio. Equation (3-7) was used to convert to a mass per volume unit where Cmg^ is the 

head space concentration in mg L'\ Cppm is the head space concentration in ppm, 1000 a 

conversion factor, and 24.45 the molar volume of gas at 77 °F, 760 nmi Hg (Caravanos, 

1991). 

C     *MW 
C   ^=^^'"" (3-7) 

"""-   24.45*1000 
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Comparison of gas inlet and gas outlet samples were completed by calculating 95% 

confidence limits around the average of the three measurements for the gas inlet 

concentration and for the gas out let concentration of toluene. The confidence limit 

calculation was based upon the student's "t" distribution and is shown subsequently. 

Calculation of removal per area of membrane surface was completed using 

Equation (3-8) where air flow rate is in L min"', amount of contaminant removed in mg 

L"^ of air, and membrane area in m^. 

^       Air Flow Rate * Amount Removed (3-8) 
Flux=  

Membrane Area 

Calculation of removal per unit module volume (elimination capacity) used 

Equation (3-9), where air flow rate is in L min"\ amount of contaminant removed in mg 

L"* of air, module volume in m^. Appropriate conversions of 60 min h"^ and 1000 mg g"' 

are then applied to obtain the more standard measurement unit of g m' h". 

Air Flow Rate* Amount Removed (3-9) 
E. C = '  

Module Volume 

3.8.3 Method Detection Limit: The GC headspace analysis method detection limit for 

toluene was determined to be <0.05 mg U' as measured in the liquid. The method 

detection limit was determined by preparing liquid standards of varying concentrations, 

sampling the headspace 10 times for each respective concentration, and calculating a 

95% confidence limit. The lowest value where confidence intervals overlap would be the 
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method limit of detection. Figure 3-7 shows the information graphically; confidence 

intervals were too small to warrant showing. The confidence limit information is also 

shown in Table (3-3). 
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Figure 3-7. Graphical representation of the headspace limit method of detection test for 
the chemical toluene. 

Table 3-3. Tabular representation of method limit of detection data . 
Liquid Toluene Concentration 

(mgU^) 
Average 
(Counts) 

LCL95 
(Counts) 

UCL95 
(Counts) 

0.00 4818 2,773 6,864 
0.05 21497 20,309 22,486 
0.10 41451 39,587 43,315 
0.25 139744 136,425 143,063 
0.50 261277 257,043 265,510 
1.00 453224 450,529 455,919 

3.9 HEAT TRANSFER COEFFICIENT MEASUREMENT: 

A diagram of the bench-scale heat transfer apparatus used during temperature 

measurements is shown in Figure 3-8. The membrane reactor units used during heat 
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transfer experiments were constructed similarly to bench-scale bioreactors used during 

previous research (Fitch et al, 2000). Temperature differentials and the effect of varying 

gas and Uquid flow rates through the system were determined abiotically at steady state. 

Trials were completed using both dense phase (silicone and latex rubber) and polyporous 

polysulfone membrane units, both insulated and uninsulated. Insulated units were 

jacketed around the membrane module only with several layers (3/4" thickness) of 

polyester insulating material. All membrane module configurations resembled shell and 

tube heat exchangers. 

To sink 

Water flow 

HQgh temperature air flow 

Heat source 

1 "^Temperature probes 

M 
e 
m 
b 
r 
a 
n 
e 

(Blowerj 

Cylindrical glass pipe, 2" diameter, 12" length 

l^zTemperaturc probes 

To room air 

Figure 3-8. Schematic of the heat transfer measurement experimental configuration. 
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Gas inlet, gas outlet, liquid inlet and liquid outlet temperatures were monitored 

periodically to determine progress to an apparent steady-state; parameters were measured 

in duplicate after steady state conditions were attained. Additionally, one temperature 

reading for each module was recorded by placing the thermocouple at the outer 

membrane surface. Temperatures were measured using dual wire thermocouples 

attached to an Omega DP460; the difference in resistance between the two wires was 

recorded as a digital temperature readout on the Omega DP460. As a control, before 

measurements were taken, the output of all four thermocouples was monitored at room 

temperature; measurements were within one-tenth °C of one another. Air was supplied 

by an aquarium air pump for low flow conditions while bench air, with a pressure relief 

hose to limit pressure to near ambient, was used to supply higher air flows. 

Heat flux and heat transfer coefficients were calculated using the model 

relationships shown in Equations (3-10) - (3-12) (Kakac and Liu, 1998) 

Q = mCp(Thi-Th2) (3-10) 

Q = UAATta (3-11) 

Ar,„ =fik_Zk)_&k_Jk) (3-12) 
In 

\^h2        ^cl . 

Q = the total heat transfer rate (J s'\ W) 

A = outside (liquid side) surface area of the tube (m^) 

U = overall heat transfer coefficient (W m'^ K'*) 
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ATim = log-mean temperature differential (K), 

Thi = influent air temperature (K) 

Th2 = effluent air temperature (K) 

Tci = influent liquid temperature (K) 

Tc2 = effluent liquid temperature (K) 

m = mass flow rate (kg s"^) 

Cp = heat capacity of the respective fluid (J kg'^ K"^). 

3.10 OTHER ANALYTICAL METHODS: 

3.10.1 pH: pH readings were taken using an IQ Scientific Instruments pH meter and 

probe. A two point calibration was performed using pH buffers of 4.00 and 7.00 (Fisher 

Scientific, Fair Lawn, NJ). pH meters use a glass electrode to measure the hydrogen ion 

potential of solutions. The principles of operation of the pH meter are detailed in Sawyer 

etal(1994). 

3.10.2 Water Loss: Water loss was measured periodically by replacing missing fluids 

within the reactors or the bubble catchers. Water was measured in a graduated cyUnder 

before addition to the reactors' Uquid phase. 

3.10.3 Dissolved Oxygen: Dissolved oxygen measurements were taken by either 

inserting the Coming Incorporated Dissolved Oxygen Meter Probe into the reactor or 

extracting a small volume of liquid into a beaker and then reading the oxygen 

concentration. A two point calibration was performed using 100% (saturated air above 

water) and 0% oxygen (Coming Incorporated, Coming, NY). The principles of operation 

of the dissolved oxygen meter are detailed in Sawyer et al (1994). 
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3.10.4 Pressure Drop:   Pressure drop across the membrane module was periodically 

monitored using a U-tube manometer filled with water (Neemann, 1998). When 

measurements were taken, the manometer was attached to the influent and effluent 

sampling ports and the difference in water heights manually read with a ruler at the time 

of measurement. 

3.10.5 Optical Density: Optical density was measured using a Hach DR/2010 

Spectrophotometer with the results used to determine cell density. 25-mL samples were 

placed in glass cuvettes and the absorbance read at 600 nm (Rogers and Reardon, 2000). 

A typical calibration curve for VSS as a function of Aeoo is shown in Figure 3-9. The 

principle of operation of the spectrophotometer is detailed in Sawyer et al (1994). 

0.15       0.2       0.25 

Absorbance 

Figure 3-9. Aeoo absorbance calibration curve for determination of microorganism 
concentration in solution, measured using volatile suspended solids analysis. 

3.10.6 Colony Plating^solation/Gram Staining:  Morphological characteristics such 

as size, color and form of bacterial colonies isolated on nutrient agar were examined 

visually, while gram staining was accomplished according to methods found in Gerhardt 
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et al (1994). Additionally, two anaerobic growth tests were completed. For the 

anaerobic tests, mineral salts agar plates were prepared, streaked with biofilm, and 

allowed to grow at room temperature anaerobically (sealed in a Gas-Pak bag) 

(Westenberg, 2002; Mihalcik, 2002). 

3.10.7 Biofilm Density and Thickness: Biofilm thickness of the silicone tube 

bioreactors was measured using a Vernier caliper (Scienceware, Part # 134150000). 

After operational shut-down, the tubes were removed and the diameter of th^ 

biofilm/tube structure measured and recorded. Biofilm was then scraped from the tubes 

and the diameter of the tube measured and recorded. The differences in diamter provided 

the thickness of the biofilm. Biofilm density was calculated by rneasuring the volatile 

suspended soHds content of biofilm samples scraped from the tubing of a disassembled 

reactor (APHA, 1995) and dividing by the biofilm volume. 

3.10.8 Ion Chromatography:   Ion chromatography was accomplished using a Dionex 

Ion Chromatograph and Dionex Ion Pac AS9-HC-4mm column with assistance from 

Keith Lx)ftin. Liquid standards (~1,10,100 mg L"^) were prepared for NaCl, NaBr, 

NaNOs, Na2HP04, Na2S04, NaNOa by measuring known amounts of dry chemical and 

diluting to 1 L. Samples of the bioreactor suspension were filtered using a 0.2 |j,m 

nitrocellulose filter, and diluted 1:25 before analysis. Principles of ion chromatography 

are detailed in Sawyer et al (1994). 

3.10.9 16S rDNA:   In addition to classical isolation and characterization of bacterial 

species, biofilm 16S rDNA was extracted and amplified by polymerase chain reaction 

(PCR) and the sequence of this gene determined for each isolate using methods described 

by Mormile (2002). DNA was extracted from biofilm samples using a MoBio 
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Laboratories UltraClean Soil DNA isolation kit. The extracted rDNA was then amplified 

using PCR with universal primers. The DNA was visualized on an agarose gel, cut from 

the gel, and purified using a GeneClean procedure. Cloning was accomplished using the 

Invitrogen TA Cloning kit and competent cells. Plasmids were then extracted and 

purified using the Qiagen Mini Plasmid Kit. The resulting samples were sent for DNA 

sequencing at MWG Biotech. 

3.10.10: Water Flow Rate: Water flow rates were measured using a graduated cylinder 

and a stop watch. The volume of water (mL) collected during a measured time period (s) 

was recorded and results converted to mL min ^ 

3.10.11: Air Flow Rate:   Air flow rates were measured using a bubble tube and a stop 

watch. The volume of air (mL) traversed by a soap bubble during a measured time 

period (s) was recorded and results converted to mL min'^ Larger air flow rates were 

measured using a wet test meter. The principle of operation for the wet test meter is the 

displacement of water by air. 

3.10.12: Metabolite Determination: Detection of metabolites from bacterial action was 

accomplished using headspace and Hquid sample analysis on the GC.   10-mL samples of 

liquid from the semi-pilot scale reactor were placed in 22-mL vials, capped, allowed to 

equilibrate and headspace analysis completed. DI water was amended with toluene to 

form a 1 mg L"' solution, 10 mL placed in 22-mL vials, capped, allowed to equHbrate, 

and headspace analysis completed. Liquid from the semi-pilot-scale reactor was filtered 

using a 0.2 |i.m nitrocellulose filter to remove biomass. 1 |JL of liquid was then injected 

onto the column. 1 |iL of nutrient solution amended with 1 mg L'^ toluene was also 

injected onto the GC column as a control. Headspace and liquid analysis was 
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accomplished using the DB-1 column, inlet 250 °C, detector 300 °C, oven at 100 °C for 

two minutes, ramp of 10 °C min'\ followed by two minutes at 200 °C. Both headspace 

and liquid samples were run in triplicate. Amended solution results for headspace and 

liquid samples were then compared to determine the presence of metabolites. 

3.10.13: Toluene Degradation, Presence/Absence of Oxygen: Three headspace vials, 

sequentially evacuated and filled with nitrogen (Mormile, 2002) were prepared to provide 

an anaerobic environment. 10 mL aliquots of liquid suspension from the dual tube 

reactor were carefully extracted with a syringe to avoid introduction of oxygen, and then 

dispensed into the capped/sealed headspace vials. 10 mL aliquots of liquid suspension 

were also placed into three air-filled headspace vials. GC headspace analysis was 

accomplished for both sets of vials over time, recording the concentraion of toluene. To 

validate the results of the first experiment, a dupUcate experiment was accomplished six 

days later. 

3.11 STATISTICS: 

3.11.1 95% Confidence Interval Calculation: 95% confidence intervals were 

calculated using Equation 3-13 (Moore and McCabe, 1993). 

-*te 

(3-13) 

where: 

X = sample mean 

s = standard deviation 

t* = t statistic for 95% confidence for df 

df = n-1, degrees of freedom 
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n = sample size 

95% - confidence intervals were used to determine differences between experimental 

outcomes and to determine differences between inlet and outlet sample values. For each 

set of injections, a 95% - confidence interval was calculated for the gas inlet readings and 

another for the gas outlet readings. An example of inlet and outlet readings and their 

confidence limits is shown in Figure 3-10; confidence intervals were calculated for each 

set of injections but are not shown in the text. 

c 
O 

0) c 
0) 
3 

160 
140 
120 

^ 100 
Q.    80 
^    60 

40 
20 

0 

Influent 

Effluent 

20 22 24 26 

Day of Operation 

28 Influent Concentration 

Effluent Concentration 

Figure 3-10. Illustration of confidence intervals for gas influent and effluent sampUng 
points. Higher values for each location on the x axis are the gas inlet concentrations 
while the lower values are the gas outlet concentrations. 

3.11.2 Measurement Error for Calculated Values: The measurement error of a 

calculated value may be determined as shown in Equations (3-14) - (3-18). Figure (3-11) 

shows the plotting of example points from experimentation. 

For the example numbers, where e represents the experimental error and X,Y, and 

Z are real numbers. 

X±ei (3-14) 
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Y±e, (3-15) 

Z±e3 (3-16) 

the following is used to determine the resultant error when addition or subtraction 

is required for X, Y, and Z (Harris, 1999): 

e, = 4el^el+el ^^'^'^^ 

and the following is used to determine the resultant error when multiplication 

and/or division is required for X, Y, and Z (Harris, 1999): 

%e^ = ^(%ei)' +{%ej- +{%ej 
As an example, the measurement of the influent toluene concentration into a 

reactor is: 

727±82mgL"' 

The measured effluent toluene concentration was 

275±89mgL"' 

The actual removal would be determined as follows: 

727 - 275 = 452 mg U' 

(3-18) 

e, =Ve'+e2  =V82' +89^=121 mgL"' 

and reported as 

452±121mgL-' 
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Figure 3-11. Error associated with calculated results of contaminated removal. 

3.12 OTHER DEFINITIONS: 

Several definitions are frequently used in the biofilter literature and are listed 

below based on Devinny et al (1999). 

Gas residence time =_!!™£5. 
Q 

(3-19) 

Surface loading = Vair^in (3-20) 

Removal efFiciency=100% ^^   ^°"' 
(3-21) 

EC= 
(Cin-C,JQ 

V. reactor 

(3-22) 

where: 

Viumen = Total lumcn volume (m^) 

Vreactor = Rcactor total volume (m^) 

Q = Air flow rate (L min'^) 
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C = Concentration of contaminant in air stream (mg L'^) 

A = Surface area of the membrane (m^) 

EC = Elimination capacity 
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CHAPTER 4 
MODEL DEVELOPMENT 

4.1 BACKGROUND: 

Numerous models have been presented to describe biofilms in conventional 

biofilters (Metris et al, 2001; Mysliwiec et al, 2001; Karamanev et al, 1999; Malhautier et 

al, 2000) and biotrickling filters (Baltzis et al, 1997; Mpanias and Baltzis, 1998), in 

hollow fiber membrane reactors (Aziz et al, 1995; Ergas et al, 1999), and within biofilms 

(Bae and Rittmann, 1995; Bekins et al, 1998). However, no models have been proposed 

that specifically modeled interactions or predicted removal in dense phase materials (such 

as silicone) contained within bioreactors used to treat VOC-contaminated air. Therefore, 

the model presented subsequently was developed. The value of modeling a process such 

as combined mass transfer and biodegradation in the silicone tubing membrane module is 

two-fold. First, a well-developed model presents insight into the limiting factors in 

reactor operation. Second, the model, if verified, may be used as a predictive tool [for 

design] which can save significant experimental time (Fitch, 1996). 

The model presented here builds upon modeling efforts previously completed 

within the University of Missouri-RoUa Environmental Engineering Laboratory 

(Neemann, 1998). A dual substrate model, with toluene and oxygen as the limiting 

substrates, is proposed for analysis of single and multiple silicone tube membrane 

bioreactor systems. The model incorporates information and ideas from Ergas et al 

(1999), Neemann (1998), and Harris and Hansford (1976). During experiments to 

validate the dual substrate model, it was determined that toluene was degraded both 

aerobically and anaerobically. Therefore, the dual substrate model was simplified to 

apply to the specific experimental conditions used here. 
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The model development chapter, Chapter 4, is organized as follows to show how 

the model works. How the model predicts in a variety of circumstances is described in 

Chapters. 

4.2 Geometry of the system. 

4.3 Mass transfer and resistance to mass transfer. 

4.4 Parameter values. 

4.5 Chemical stoichiometry. 

4.6 Model assumptions. 

4.7 Modeling of each section. 

4.8 Numeric approximation. 

4.9 Second derivative determination. 

4.10 Single substrate limitation and the biofilm concentration profile equation. 

4.11 Main premise of the model. 

4.12 ApplicabiUty of a numeric solving technique using Excel . 

4.13 Solving the single tube model. 

4.14 Multiple tube model considerations. 

4.15 Input parameters for sensitivity analysis. 

4.16 Sensitivity analysis. 

4.17 Actual removal versus predicted removal in the single tube system. 

4.18 Limitations of the model. 

4.2 GEOMETRY: 

For clarity, a picture of the single tube bioreactor being modeled is shown in 

Figure 4-1. Contained within the glass module is a single silicone tube. Contaminated 
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air flows downward through the interior (lumen) of the silicone tube. A biofilm grows on 

the exterior of the silicone tube (membrane). Oxygen and toluene diffuse through the 

silicone membrane and into the biofilm where the toluene is broken down (metabolized), 

primarily to carbon dioxide and water, or is used for cell growth. Gaseous by-products of 

cellular metaboHsm, such as carbon dioxide, diffuse back through the membrane into the 

air stream. A nutrient solution, containing suspended biomass that also degrades toluene, 

flows between the silicone tube and the glass module, countercurrent to the air stream. 

The single silicone tube membrane module can be envisioned as a tube within a tube 

while the multiple tube modules may be compared to a shell and tube heat exchanger. 

Figure 4-1. Picture of the single dilicone tube bioreactor. Inner tube seen as dark 
cylinder in middle of module. 

A top view schematic of the single tube model system is shown in Figure 4-2, 

The toluene and oxygen are transferred from the air in the interior of the silicone tube, 

through the tube, into the biofilm, and then into the liquid. 
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Figure 4-2. Top view schematic of single tube biofiltration module. 

The module is analyzed using the cylindrical coordinate system as shown in 

Figure 4-3. In the cylindrical coordinate system, z represents the vertical axis (referred to 

as the axial direction), r the radial axis (referred to as the radial direction) and 6 the 

angular or third direction. To analyze the complex geometry, the cylindrical tube-within- 

a-tube is sliced horizontally into "n" slices, numbered from i = 1 to n where the position 

"0" is located at the contaminated air influent and the end of the "n*" section is located at 

the air effluent. The cylinder is also sliced radially into "m" slices, numbered from j = 1 

to m, with the position j = 0 at very interior of the silicone tube and j = m at the edge of 

reactor module. Therefore within the cyUndrical coordinates, a toluene concentration of 

interest exists at a point P(i,j). 
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c e 
Figure 4- 3. Cylindrical coordinate system. 

Several radii are important for understanding and analyzing the geometry of the 

system and are shown in Figure 4-4 where: 

ri = Inner radius of the silicone tube 
ro = Outer radius of the silicone tube 
rb = Outer radius of the biofilm 
rm = Outer radius of the module 

m I i 
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b               r 

Bulk 
Air 

Mem- 
brane 

Biofiim Bulk 
Liquid 

Figure 4-4. Important radii within the reactor system. 

4.3 MASS TRANSFER AND RESISTANCE TO MASS TRANSFER: 

4.3.1 Mass Transfer Coefficient DeHnitions: The radial cut-away illustration (Figure 

4-5) shows the locations where mass transfer of substrate (toluene) occurs. The mass 

transfer coefficients associated with the thin films and the membrane are defined below. 
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The same names of mass transfer coefficients must be considered for both toluene and 

oxygen but will be of different values. 

kg = Mass transfer coefficient of the gas phase (cm s'^) 
km = Mass transfer coefficient of the membrane (cm s'^) 
ki = Mass transfer coefficient of the liquid phase (cm s"') 
Kov = Overall mass transfer coefficient of the module (cm s"^) 

m 

liulk 
Air 

Thin 
Film 

Mem- 
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Biofilm ihin 
Film 
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IJquid 

Figure 4-5 . Cut-away schematic showing locations of mass transfer. 

4.3.2 Overall Resistance to Mass Transfer: The overall resistance to mass transfer of 

toluene, shown in Equation 4-1, may be modeled as the sum of three mass transfer 

resistances (Zhang and Cussler, 1985) and is modified for toluene, using Equation 4-2a, 

and for oxygen using Equation 4-2b, to fit a silicone membrane system with air flowing 

through the lumen and liquid in the shell (Freitos dos Santos et al,1995; Cot6 et al, 1989): 

1   _J_   J_   J_ (4-1) 

^OV      K      ^m      ^? 

1   _1 ^ r.dnjrjr.)) ^ rjr, (4-2a) 

K^y    k, DJ kH 

1   _1 ^  r,{\n{rjrj)^rjr, 

Koy    k, PH Hk^ 

(4-2b) 
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where: 

kg = Mass transfer coefficient in the gas phase (cm s'^) 
km = Mass transfer coefficient in the membrane (cm s"*) 
ki = Mass transfer coefficient in the liquid phase (cm s"*) 
Kov = Overall mass transfer coefficient in the module (cm s"^) 
Dm = Diffusion coefficient of substrate in silicone membrane (cm^ s'') 
S = Solubility of substrate in silicone membrane (dimensionless) 
H = Henry's Law coefficient (dimensionless) 
Ti = Inner radius of the silicone tube (cm) 
ro = Outer radius of the siUcone tube (cm) 
P = Permeability within the membrane (cm^ s"^) 

The permeabihty of the membrane is the product of the diffusion coefficient and the 

solubility within the membrane; P = Dm*S. Because the permeability will be adjusted 

later during model fitting, it will be subsequently referred to as the "effective 

permeability". 

The same type of mass transfer resistance equation must be developed for oxygen, 

as well as toluene. As shown as part of Equation 4-2b, for the oxygen transfer across a 

silicone membrane the membrane mass transfer coefficient can be represented by 

Equation 4-3 (Cot6 et al, 1989) 

PH (4-3) 

rM-) 

where P is the permeability of oxygen (mol m"' s"^ Pa"^) through the membrane and H is 

the Henry's Law coefficient (Pa m^ mol"^). A unit conversion (100 cm:l m) must also be 

made to account for the radii being defined in cm and the other parameters being listed in 

meters. 
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Throughout the literature, the mass transfer boundary layer resistance on the gas 

or vapor side of the membrane is considered small with respect to the diffiisional 

resistance in the membrane, and only the liquid side boundary layer is considered. 

However, for membranes with high selectivity and flux, ignoring the possibility of a gas 

(vapor) side boundary layer can be an erroneous assumption. (Pellegrino and Sikdar, 

1998). Although Cote et al (1989) ignored the gas phase resistance, it is taken into 

account in Equations 4-2a and 4-2b. 

4.3.3 Individual Mass Transfer Coefficients: Each of the other individual mass 

transfer coefficients may be modeled. The gas phase mass transfer coefficient of was 

modeled as Equation 4-4 (Yang and Cussler, 1986): 

Mi Sherwood Number=—^—=1.64 
D„ 

where: 

kg = Mass transfer coefficient in the gas phase (cm s'*) 
di   = Fiber inner diameter (cm) 
1    = Fiber length (cm) 
V   = Air velocity (cm s'^) 
Da = Diffusion coefficient of substrate in air (cm^ s"') 

The liquid phase resistance of Equation 4-5 was presented by Zhang and Cussler, 

(1985) and Knudsen and Katz (1956). 

Sherwood Number =^=0.22Re°'Sc'''' =0.22 ^ 
vO.6/ \0.33 

pDw 

(4-5) 

where: 

ki   = Mass transfer coefficient in the liquid phase (cm s'^) 
do = Fiber outer diameter (cm) 
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Re = Reynolds number (dimensionless) 
Sc = Schmidt number (dimensionless) 

1 _-!>, 

2 „-U 

\i   = Shear viscosity (g cm" s') 
p   = Density of water (g cm"^) 
Vw = Water velocity (cm s"') 
Dw = Diffusion coefficient of substrate in water (cm^ s"') 

Other liquid resistance relationships were detailed extensively in Pressman (1995). 

The membrane mass transfer coefficient of Equation 4-6 (as described previously 

when discussing the membrane resistance) is shown again in Equation 4-6, 

k.=- 
D S 

where: 
r,(mjr,)) 

2 „-K 

(4-6) 

km = Mass transfer coefficient in the membrane (cm s") 
Dm = Diffusion coefficient of substrate in silicone membrane (cm^ s"') 
S   = Solubility of substrate in silicone membrane (dimensionless) 
rj   = Inner radius of the silicone tube (cm) 
ro   = Outer radius of the silicone tube (cm) 
P   = Permeability = DmS 

4.3.4 Variable Naming in the Reactor System: A cut-away view, formed by slicing 

the tube vertically shows the different portions of the reactor system. Such a cut-away 

view is shown in Figure 4-6, where the following variables represent the toluene 

concentrations: 
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Figure 4-6. Variable naming along a radial cut-away view of the reactor. 
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GB = Bulk gas concentration (mg L"') 
GM = Gas concentration at the membrane inner surface (mg L'^) 
MM = Concentration in membrane at the gas/membrane interface (mg L'^) 
MB = Concentration in membrane at the membrane/biofilm interface (mg L"^) 
LB = Concentration in liquid at biofilm/membrane interface (mg L'^) 
LE = Concentration in liquid at biofilm edge (mg L"^) 
Ls = Concentration in bulk suspension (mg L"') 

The same variables would be defined for the concentration of oxygen at the various 

locations within the reactor module. 

4.4 PARAMETER VALUES: 

Parameters needed to determine concentration profiles across the bioreactor are 

shown in Table 4-1. Parameters were either found within the literature or were measured 

experimentally in the single silicone tube system. 

Table 4-1. Parameter values used for initial single tube model solution 
Parameter Value Source 
Ks(Biofilm - Toluene) 1.0 mgL ^T" Measured/Modeled 
■I^SCSuspension - Toluene) 1.0 mgL ̂ r Measured 
^(Biofilm - Toluene) 0.198 h T" Measured/Modeled 

^ Suspension - Toluene) 0.1 h T" Measured 
KpCBiofilm - Oxygen) 0.000025 mg cm' Harris and Hansford (1976) 
■"MJCSuspension - Oxygen) 0.000025 mg cm' Harris and Hansford (1976) 

(Oxygen in Silicone) 1.63*10"" molm'^s'' 
Pa -1 

Cote' et al (1989) 

"(Toluene in Silicone) ■ 

DmS  
8.2*10''cm^s'' 
0.001 - 0.003 cm^ s'^ 

Nijhuis et al (1991) 
Adjusted  

H (Oxygen) 73,800 Pa m^ mor' Cote et al (1989) 
D, (Toluene in Biofilm) 0.8*DToluene in Water Cm' 

S'^ 

7" Characklis (1990, p 117) 

D, '(Oxygen in Biofilm) 1.2*10''cm^s'' Khlebnikovetal(1998) 
also Beyenal et al (1997) 

D, (Oxygen in Water) 2.26*10''cm^s'' Casey et al (2000) 
D, (Oxygen in Air) 0.219 cm^ s'' Richard (2002) 
D, '(Toluene in Water) 9*10'Vm^s'' Schwarsenbach (1993) in Holden et al (1997) 
D, (Toluene in Air) 0.0849 cm^ s'' Lugg(1968) 

^Air 0.769 L min' 
0.01 L min' 

Measured 
VLiquid Measured 
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-X-Biofilm 10 -130 mg cm"'* 
23,800 mg U^ 

Frietos dos Santos and Livingston (1995) 
Measured 

-^Suspension 29mgL-' Measured 
H(Toluene20 C) 0.275 Sawyer etal (1994) 
H(Oxvgen20 C) 73,800 Pa m^ mol'' Cote et al (1989) 

M< water 20 C) 0.01002gcm' s' Metcalf and Eddy (1991) 

|^20°C 0.000182gcm-' s' Kakac and Liu (1998) 

Pair20 C 0.001205 g cm' Weast(1977) 

P(water 20 C) 998.2 kg m"' Metcalf and Eddy (1991) 
Az 0.5 cm Chosen 

Ar 0.01 cm Chosen 
Length 18.5 cm Measured 
Ti 0.47625 cm Cole Farmer 
To 0.635 cm Cole Farmer 
Tb 0.875 cm Measured 
Cross sectional Aiiquid 17.86 cm^ Measured/calculated 
Cross sectional Aair 0.71 cm^ Measured/calculated 

Determination of the air velocity and water velocity is also required for modeling and is 

shown in Equation 4-7, 

Q (4-7) 
V=- 

where: 

V = Velocity (cm s"^) 
A = Cross sectional lumen total area (cm^) 
Q = Flow rate (cm^ s"') 

4.5 CHEMICAL STOICHIOMETRY: 

Although the stoichiometric ratio of oxygen used for toluene consumption does 

not appear to apply in this study it may be important in the dual substrate model applied 

to other bioreactors where a carbon substrate is aerobically degraded. A ratio of 0.3 

oxygen to glucose is applied in the degradation model described by Harris and Hansford 

(1976).   If the cells are using toluene strictly for maintenance and its required generation 

of ATF, Equation (4-8) likely represents the ratio of oxygen to toluene consumed (Metris 
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et al, 2001). In this equation, 288 g of oxygen (MW 16) are consumed during 

consumption of one mole of toluene (MW 92.14), for a ratio of 3.125 g oxygen: 1 g C7H8. 

C7H8 + 9 O2 —► 7 CO2 + 4 H2O (4-8) 

If, however, the cells are strictly storing materials, the other oxygen ratio may be 

approached. Bacterial cells may store energy as glycogen, polyphosphate, or poly-^- 

hydroxybutyrate (PHB) in granules within the cell. PHB is a typical prokaryotic storage 

material and is widespread in bacilli, chemolithotrophic and phototrophic bacteria and 

psuedomonads (Gottschalk, 1986). The synthesis of poly-P-hydroxybutyrate (in 

Azotobacter beijerinckii and Rhodospirillum rubrum) begins with acetyl coenzyme A and 

is shown in Figure 4-7 (Gottschalk, 1986). The structure of poly-P-hydroxybutyric acid 

is shown in Figure 4-8. At some future time, the poly-P-hydroxybutyrate formed may be 

used to generate ATP. 

2CH3-CO-SC0A 
NADH + H* NAD* 

HSCoA 11 

CH3-CO-CH2-CO-SC0A    ;^      CH3-CH-CH2-CO-SC0A 
NADFH+H* OH 

11 HJP NADF 

HjO 

'OH 
CH3-CH-CH2-CO-SC0A   Z   CH3-CH=CH-CO-SCoA 

Polyhydroxybutyrate 

Figure 4-7. Formation of polyhydroxybutyrate, a bacterial food storage compound, from 
acetylcoenzymeA. 
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HO-CH-H2C-C-[-0-CH-CH2-C-]„-0-CH-CH2-COOH 

Figure 4-8. Structure of poly-|3-hydroxybutyric acid. 

If storage only is the case, Equation (4-9) may likely represent the oxygen to 

toluene ratio (as diagramed in Figure 2-4). This equation gives a ratio of 104 g oxygen 

consumed for each mole toluene consumed, or 1.13 g oxygen: 1 g toluene, creating an 

acetyl group and succinate. 

C7H8 + (1/2)H20 + (13/4)02      ► C2H3O + C4H6O4 + CO2   (4-9) 

The true ratio of oxygen per toluene consumed most likely lies somewhere 

between the two extremes, 1.13 and 3.125 g oxygen/g toluene. It may also differ 

between biofilms and bioreactors, as the fraction of contaminant converted to biomass 

depends upon conditions within the biofilter including starving, stress, and the presence 

of predators (Devinny et al, 1999). If a carbon dioxide balance was completed, by taking 

carbon dioxide measurements at the inlet and the outlet, perhaps a better estimate of the 

actual ratio of oxygen consumed to toluene consumed could be acquired. 

4.6 MODEL ASSUMPTIONS: 

To allow a first run of the model to be solved, numerous assumptions must be 

made. They include the following: 

1.   Steady-state operation (5S/6t = 0), no changes in substrate input with time. 
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2. No accumulation of toluene or oxygen within the silicone membrane. Effective 

permeability of both oxygen and toluene remains constant throughout the silicone 

tube and additionally, the effective permeability of the sihcone is independent of 

concentration. 

3. No advection in the biofilm (Vr, VQ, VZ, = 0); transport in the biofilm is due only 

to diffusion. 

4. No net diffusion of the substrate in the z and 9 directions, radial gradients 

expected to be greater than axial gradients (Characklis, 1990 p.514; KueUn et al, 

1997). 

5. Dual substrate Monod-like kinetics describe both toluene degradation and oxygen 

use (Harris and Hansford, 1976; Casey et al (2000)); rate limiting substrates are 

organic carbon and/or oxygen. 

6. Steady-state biofilm growth and decay (Metris et al, 2001; Diks et al, 1994). 

7. Axial gradients are small between Uquid sections (measured in this study and in 

Neemann (1999) and Casey et al (2000)). 

8. When flow is present on the liquid side, the liquid suspension is completely 

mixed, essentially reducing the liquid resistance to zero. Recirculation velocity 

has been found to have no effect on compound removal efficiency once a biofilm 

was estabUshed (Min et al, 2002). 

9. Oxygen consumption in the biofilm is stoicheometrically related to toluene 

consumption (Harris and Hansford, 1975). 
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10. Kinetic parameters such as the half saturation constant, maximum specific 

utiUzation rate, substrate and oxygen saturation coefficients and mass transfer 

coefficients remain constant (Harris and Hansford, 1975). 

11. The toluene-contaminated air is completely mixed inside the silicone tube. 

12. The biofilm density is constant throughout the biofilm and the suspension density 

is constant throughout the completely mixed volume. The biomass has a constant 

density within the biofilm, which can be assumed at a macroscale, even if at a 

microscale there is strong evidence of high biofilm heterogeneity (Morgan- 

Sagastume et al, 2001). 

13. The dimensions of the silicone tube remain constant, i.e. there is no swelling of 

the membrane. 

14. A constant, immediately developed velocity profile is present within the lumen of 

each bioreactor tube(s). Thus, the air-side mass transfer boundary layer is the 

same thickness throughout the lumen. 

15. As is customary, the mass transfer rate expressions in the model ignore 

biodegradation in the liquid film (Pressman et al, 1999). 

16. All, or a large portion of the biofilm, is responsible for the degradation of toluene. 

17. Biofilm sloughing and endogenous respiration do not affect the operation of the 

bioreactor. 

4.7 MODELING EACH SECTION: 

4.7.1 Air Phase: 

Each disc-shaped section of height (Az) and radius (r) is modeled by performing a 

mass balance over each area within the disc including the air side, membrane, biofilm. 
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liquid resistance and the suspension. A pictorial representation of the mass flow from the 

gas towards the membrane in shown in Figure 4-9(a) while the axial segments are shown 

in Figure 4-9 (b). Recalling that the numbering of individual discs, illustrated in Figure 

4-9, runs from i =1 to n. The gas is assumed to be completely mixed within each axial 

element. 

(a) 

QairCfBi-l 

(b) 

i = l,z=0 
i=2,z=Az 
i = 3,z=2Az 

Mass flow towards the membrane 
1^"^'^ 

QairGl air^^Bi 
i=ti,z=iiAz=Leiigai(a]dafieactcr) 

Figure 4-9. Pictorial representation of the bulk gas mixing and flux of contaminant 
towards the membrane (Fitch, 2002). 

Equations (4-10) - (4-13) describe mathematically what is occurring on the air 

side. A separate, yet identical set of equations would be needed for both oxygen and 

toluene. 

In - Out = 0       (No accumulation within the air phase cell) 

Qair(G(Bi-l)) " Qair(GBi) - Aikg(G(Bi-l) " G(Mi-l))= 0 

Ai = 2nriAz 

r 
Qmr(GBi-l-(^Bi) 

- Gsi-x = G. mi-l 

(4-10) 

(4-lla) 

(4-lib) 

(4-12) 
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To simplify all further calculations, the gas phase concentration was described in terms of 

a liquid phase concentration. 

v^gas — -tlL^iiquid (4-13) 

4.7.2 Membrane Section: A pictorial representation of mass flow across the membrane 

is shown in Figure 4-10. 

G, Mi-l 

LBI- 

Masj Flow In 
Membrane -►Mass Flow Out 

Figure 4-10. Mass flow into, across, and out of the membrane (Fitch, 2002). 

The sorption into, transport across and desorption from the membrane is taken 

into account with the membrane mass transfer coefficient modeled previously, Equation 

4-6. Therefore, the flux into and the flux out of the membrane will be equal as there is no 

accumulation within the membrane at steady state. This statement is represented 

mathematically in Equations (4-14) - (4-17). A separate, yet identical set of equations 

would be needed for both oxygen and toluene. 

In - Out = 0   (No accumulation within the membrane) 

Aikg(G(Bi-i) - G(Mi-i)) - Aokni(G(Mi-i) - LB^-I)) = 0 

Ao = 2IIroAz 
Ai = 2IlriAz 

(4-14) 

(4-15) 

(4-16) 
(4-17) 
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4.7.3 Combined Gas and Membrane Resistances: Because of the number of 

unknowns, the gas and membrane resistances were combined to yield a combined 

gas/membrane resistance, subsequently yielding a combined mass transfer coefficient 

(Kgas and membrane). By Combining the resistauccs. Equation (4-18) results: 

Qair(G(Bi-l)) " QairCGfii) " AoKgas and membrane(G(Bi-l) " L(Bi-l))= 0 (4-18) 

4.7.4 Biofilm Section: The biofilm sections or discs are modeled using the continuity 

equation of mass in cylindrical coordinates (Equation 4-19, Bird et al, 1960). The 

objective is to plot the substrate and oxygen profile within the biofilm at each successive 

ring radius. The same set of equations is used to determine both the toluene and oxygen 

profiles, with S replaced by O when determining the oxygen profile. 

dS_ 

dt 

dS 1 dS dS v.^+v,-^+v,^ 
dr rd0     'dz 

= D, 
1 a 
r dr 

2c<\ ds\ j_a^ a^ 
+ R, 

(4-19) 

where in this case, 

5 = substrate (toluene) concentration 

r= radial position 

t= time 

z= axial location 

V = velocity in each respective direction 

6 = angular direction as discussed previously 

Ds = diffusion coefficient within the biofilm for toluene 

Rs = reaction rate 
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With Vr, Ve, Vz, 5^8/89^ 5^S/5z^ and 6S/6t = 0, the continuity equation reduces to 

Equation (4-20) 

D< 
ri_a_r 35^"! 
rdr[   dr 

+/?,=0 
(4-20) 

Taking the derivative (6/6r) using the product rule (Stewart, 1995, p. 115) the expression 

becomes Equation (4-21). With Rs actually being used here as a removal term instead of 

a generation rate, that is, positive values = removal. Equation (4-22) results. 

D. 

D. 

■ a^ ds_ 

d^S    dS_ 

+ R,=0 

■R=0 

(4-21) 

(4-22) 

The only known reaction occurring in the biofilm is that of substrate (toluene) 

consumption by microorganisms contained within the biofilm. That reaction is expressed 

in Equations (4-23) - (4-25) and the reaction equations take into account both the toluene 

concentration and oxygen concentration (Sinclair and Ryder, 1975). The term dual 

limitation refers to a type of multiple-substrate limitation in which the electron-donor and 

electron-acceptor substrates together limit the overall cell-growth rate. A theoretical 

basis for the multiplicative model may be found from a special case of enzyme-substrate 

reactions in which two substrates react together at the active site of one enzyme to 

produce a single product. Since both substrates bind the single enzyme to form an 

intermediate, the rate of product formation is affected by both concentrations in a 

multiplicative manner (Bae and Rittmann, 1996). 
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R = 
fiX V 

yKs+S^ 

O 
yKa+0^ 

(4-23) 

In Equation 4-23, |i' is the maximum specific growth rate of the organisms, X is the 

biofilm density, Y is the yield coefficient of the organisms on toluene, S the 

concentration of toluene and O the concentration of oxygen. Using the substitution, 

where k is the maximum specific substrate utilization rate, shown in Equation (4-24) 

(Metcalf and Eddy, 1991, p 699), 

k = M (4-24) 

Equation (4-25) is then developed. 

D.      ^^S    dS_ 
-kX 

V 

yK,+S 

o 
yKo+O^ 

=0 
(4-25) 

4.7.5 Liquid Phase: The liquid phase diagram is shown in Figure 4-11. Mathematical 

expressions for the transfer of substrate from the biofilm to the bulk liquid are shown in 

Equations 4-26 and 4-27. Because the thin film is stationary, Q = 0. The mass flow from 

the last cell of the biofilm is then set equal to the concentration gradient multiplied by the 

area. 

Mass flow from biofilm 

Si-l 

Mass flow towards suspension 



Figure 4-11. Diagram of liquid resistance and mass flow into the suspension. 

V      D d^s ds_ 

r=rb 
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= A3ki(L(Ei-i) - L(si.i)) (4-26) 

A3 = 27trbAz (4-27) 

Where ki is the Uquid mass transfer coefficient, LE is the concentration at the outer edge 

of the biofilm and Ls the concentration in the liquid, and V is the volume of the last 

biofilm cell. 

4.7.6 Suspension: The liquid suspension is treated the same as the biofilm, and its 

analysis again begins with the continuity equation (Bird et al, 1960), shown in Equation 

(4-28). The same set of equations is used to determine both the toluene and oxygen 

profiles, with S replaced by O when determining the oxygen profile. 

dS_ 

dt 
K^+K 

]_ds_    as' 
rd0^ ' dz 

= D. 
(id( ds\  1 a'5  d^s^ 

- + 
{rdA   drj   r^de^    dz' 

+ R, 
(4-28) 

With Vr, Ve, 5^8/56^ 5^S/5z^ and 5S/5t = 0 but with movement in the axial direction of 

the Uquid phase, and again the removal term being negative. Equation (4-29) results. 

D, 
i_a_ 
r dr 

dS \\ 

ij '     'dz 

(4-29) 

Taking the derivative using the product rule again (Stewart, 1995, p. 115) and using 

relationships as shown previously. Equations (4-30) - (4-34) are created. When flow is 

equal to zero, so is the velocity on the liquid side and Equation (4-30) reduces to the same 

Equation as shown for the substrate concentration in the biofilm. Equation (4-22). In 
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virtually all of the measurements taken on the reactor systems, the liquid-phase substrate 

concentration was constant from inlet to outlet (5S/5z = 0), further reducing the equation 

in complexity. 

D. (4-30) 

R = 
fiX V 

yK^+Sj 

O 
yKo+0^ 

k=— (Metcalf and Eddy, 1991, p 699) 

(4-31) 

(4-32) 

R=kX 
V 

KKS+S 

o 
y^o+O^ 

(4-33) 

D, d^S    dS_ 
-kX 

V 

yK,+S^ 

O 
Ko+0 

(4-34) 

4.8 THE NUMERIC APPROXIMATION; 

Because of the complexity of the system geometry and the complexity of the dual 

substrate expression itself, there is no analytical solution to the described system of 

equations. Therefore, numeric differentiation was applied to determine the substrate 

concentration within the biofilm. Using numeric differentiation, Equation (4-35) 

becomes Equation (4-36) as derivatives are replaced by deltas. 

D. ■ ^^s ds_ 
-kX 

V 

yK,+S 

o 
vKa+0_ 

=0 (4-35) 
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D. A^S    AS 
r—-+— 

Ar^    Ar 
kX 

o 
yKs+Sj{Ko+0 

= 0 (4-36) 

Equations (4-37) - (4-40) simplify Equation (4-36), 

A'S   AS 
r—7+— 

Ar'    Ar Dc 
■kX 

O 
^K^-hSAKo+O 

(4-37) 

AS 

Ar 

r 
=—kX 

O 
^Ks+SJI^Ko+0 

-r- 
A'S 

Ar' 

AS = rAr 
^kX^ 

\^s 

V 

vKs+S 

o 
vKo+0. 

^   A^^ 
Ar' 

(4-38) 

(4-39) 

Sj_,-Sj = rAr 
'kx' 

yDs 

V 

vKs+S. 

O 

vKo+0, 

A^^ 

Ar' 
(4-40) 

and solving for the toluene concentration profile, the equation becomes Equation (4-41). 

This applies for each numerical element (cell) of the biofilm, which has a coordinate of i 

(axial) and j (radial), as shown in Figure 4-12? 

Sj_, = rAr 
^kx' 

K^s 

V 

vKs+S. 

o ^   A'S^ 

vKo+Oy Ar' 
+ 5, 

(4-41) 



101 

^Mi-l 
LBI- i-l 

Biofilm 
cells 

Figure 4-12. Illustration of numerical elements of biofilm solution (Fitch, 2002). 

For the oxygen concentration profile, the equation becomes Equation (4-42) where F is 
the ratio of the mg oxygen consumed for each mg of toluene consumed (Section 4.5) 

Oj_i = r^r 
kFX 

y^s 

Y 

^Kg+Sy 

o ^   A^O^ 

vKo+Oy Ar^ 
+0j (4-42) 

4.9 SECOND DERIVATIVE DETERMINATION: 

4.9.1 Shape and Size of the Second Derivative: The model itself presents a problem - 

estimation of a function from its second derivative. Seven methods were examined for 

estimating the second derivative, 5^S/5r^. An estimation was required since the function 

is unknown and the second derivative must be used to numerically estimate that function. 

An eighth method was discussed (Fitch, 2002), that of estimating a substrate 

concentration profile function, such as Ce ^ however, that too, appeared not to be 

appropriate. 

An example of a function with exponential decay was used to understand 

conceptually what is happening to the function, its first derivative, and its second 

derivative. Graphs were made of an assumed function (S = Be'*") representing the 

concentration profile across the biofilm, where S represents the concentration in the 

biofilm at radius location r and B and k are constants. The graphical representation of the 
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approximated function and its first and second derivatives are shown in Figures (4-13) 

(4-15). 
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Figure 4-13. Approximated shape of and example substrate concentration profile across 
the biofilm. 
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Figure 4-14. Shape of an example first derivative of the approximated function. 
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Figure 4-15. Shape of an example second derivative of the approximated function. 

4.9.2 Methods for Estimating the Second Derivative: 

Method 1. The first method for estimating the second derivative was from Harris and 

Hansford (1976) and is shown in Equations (4-43) - (4-45). The second derivative is 

estimated to be equal to the rate of removal. However, when this value is placed back 

into Equation (4-46), the main equation for determining the substrate concentration 

profile across the biofilm, the value within the parentheses becomes zero, indicating no 

substrate concentration change across the biofilm. This result is not believed to be 

correct. 

D 
AS 
Ar 

-K.=D 
AS 

x=r su Ar 

(4-43) 
jt=r+Ar 

Ar^    D 

K=kX ̂
   s   ^ 

V^s+Sy 

(4-44) 

(4-45) 
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Sj_, = rAr ̂
kx' 

V^5 Ks+S. 
+S, (4-46) 

Method 2. The second method examined for estimating the second derivative is shown in 

Equation (4-47); the second derivative is set equal to zero. Using this second derivative 

estimate in the substrate concentration profile model yielded a very steep concentration 

profile within the biofilm, and a gross underestimation of toluene removal by the reactor. 

A'5 

Ar' 
=0 (4-47) 

Method 3. The third method used to estimate the second derivative is shown in 

Equations (4-48)-(4-50). This method involved approximating the second derivative by 

assuming zero order kinetics and hnearizing the diffusion equation. When used in the 

substrate concentration profile model, negative values for the substrate concentration 

across the biofilm were obtained. The small value of the diffusion coefficient forces TSJD 

to be a very large number. 

D 
AS 
Ar 

— r  - 
Ar 

A'S -^SU 

Ar' D 

rsu = ■ kX 

*=r+Ar (4-48) 

(4-49) 

(4-50) 
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Method 4. The fourth method used to estimate the second derivative is shown in 

Equations (4-51)-(4-53). This approximated the second derivative by assuming first 

order kinetics within the biofilm, beginning with the linear approximation of the diffusion 

equation. When used in the substrate concentration profile model, negative values for the 

substrate concentration were again generated. The small value of the diffusion 

coefficient forces rsu/D to be a very large number. 

_A5 
D— 

^r 
— r  =D— 

Ar ;c=r+Ar 

^r'    D 

(4-51) 

(4-52) 

r.=^ (4-53) ■ su -p- 

Method 5. The fifth method used to estimate the second derivative involved use of the 

five point Lagrangian approximation as shown in Equation (4-54). This numeric 

approximation method involves use of first derivatives at previous points to estimate the 

new second derivative, i.e. to estimate the second derivative at point 6, the first five 

derivatives and the step size (delta) must be known. The first five values were estimated 

from the substrate concentration profile generated with A^S/Ar^. When used in the 

substrate concentration profile model, extremely large values for the substrate 

concentration were found, again, indicating this was not a Ukely candidate for the 

estimation of the second derivative. 
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A'5 

Ar 2      l6 12Ar 
3^-16^.36^-48^+25.^' 

Ar Ar Ar Ar Ar 
(4-54) 

Method 6. An analytical solution to the continuity of mass equation in cylindrical 

coordinates was attempted by assuming the substrate utilization rate was zero order and 

the biofilm thickness known. The full algebraic derivation is detailed elsewhere in the 

author's laboratory notebook but begins with Equation (4-55) and ends with Equation (4- 

57).   When used in the substrate concentration profile model, negative concentration 

profiles across the biofilm were obtained. 

D. 
r dr 

-Rs=kX (4-55) 

5 = 
r^^ 

v^y 
kXr^ 

D. 
+ Q In r+Cj 

d^S_kX _2 
.2   ~^^      ^l'^ 

(4-56) 

(4-57) 
dr'    2D 

Method 7. The seventh method, which was ultimately chosen for estimation of the 

second derivative, involved subtracting a constant from Equation (4-44), thus giving 

Equation (4-58). The constant chosen (0.5 mg L"^ cm"^) allowed the second derivative to 

remain close to zero but still to be non-zero. With this equation in the model, reasonable 

results for removal and biofilm thickness were obtained. Values for the second derivative 

are generated that fall within the mid-range of values indicated by Method 6. Substrate 

concentrations generated when Equation (4-58) is used in the substrate concentration 

profile model are of a reasonable value and are such that biofilm thickness and removals 

are adequately predicted. 
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^±±=!J>L-C (4-58) 
Ar'    D 

4.10 SINGLE SUBSTRATE LIMITATION: 

The previously listed dual substrate limitation equations involve the oxygen 

concentration throughout the biofilm and the suspension. However, during experimental 

examination of the bioreactor systems, it was found that the removal in the biofilm and 

suspension is apparently not related to the oxygen concentration.  This lack of oxygen 

dependence for toluene degradation was evaluated by performing a brief but critical 

experiment. The experiment was undertaken after review of oxygen readings within the 

Uquid suspension indicated highly variable oxygen levels present at various times, 

without any apparent increases/decreases of toluene removal. 

To determine if oxygen affected the rate of toluene degradation, a batch 

experiment comparing degradation of toluene within the Uquid suspension in the 

presence of oxygen and in the absence or oxygen was completed. The experimental 

method is described in Chapter 3.10.13.  Degradation of toluene, using GC headspace 

analysis, was monitored over a period of several hours. Results of both experiments are 

shown in Figure 4-16. If oxygen was in fact a limiting reactant, there should be no 

degradation of toluene within the purged (oxygen free) headspace vials. 
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Figure 4-16. Degradation of toluene in purged (anaerobic) and unpurged (aerobic) vials. 
Degradation rates are similar suggesting oxygen does not influence degradation. 

Instead of no degradation, all vials for a given day gave similar rates of removal 

of toluene. A further experiment (detailed in Chapter 3) examined whether anaerobic 

organisms were present within the biofilm. Anaerobic growth (15 colonies Plate 1,6 

colonies Plate 2) was detected in two separate experiments, confirming the presence of 

anaerobic toluene degraders. 

The lack of oxygen at the edge of the thick biofilms seen in this study and the 

presence of anaerobes is not unwarranted. Numerous studies have indicated that in many 

biofilter systems, oxygen is depleted before the VOC; however, oxygen depletion is 

generally considered rate-limiting in such cases. In conventional biofilters, effective 

biofilm thickness will be determined by oxygen rather than VOC availability (Devinny et 

al, 1999). Baltzis et al (2001) found that oxygen rather than the VOC is depleted first and 

determined the effective biofilm thickness in the segment of a biotrickling filter closest to 

the inlet of the contaminated air stream. At the 39th day of their experiment, only one- 
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third of the biofilm was suppUed with oxygen (Debus, 1995). Oxygen was found to be 

depleted 400 microns into an 810 micron biofilm treating xylene-contaminated water 

(Debus et al, 1994). In the case of styrene degradation, Cox et al (1997) observed a 

biofilm thickness around 260 microns but experimental results and model calculations 

indicated an effective biofilm thickness of about 80 microns. In conventional biofilter 

biofilms, the active layer is generally an oxic layer, typically 50-200 micrometers in 

thickness, which corresponds directly to the depth of oxygen penetration into the biofilm 

(Rishell and Hamer, 2000). The bacteria within these biofilms were speculated to be 

either obligate aerobes or facultative anaerobes. When steady-state is achieved in a 

HFMM, biomass immobilized on the outer surface of the hollow fibers would consist of 

aerobic cells near the membrane surface, and anaerobic cells at the outer periphery of the 

biofilm (Parvatiyar et al, 1996a). 

Because of the apparent lack of importance of oxygen in the biofilters studied in 

the work reported here, a simpler set of equations (single substrate limitation) was 

actually used to solve for the toluene concentration through the biofilm. Thus the 

numerical equation used for the toluene concentration across the biofilm was: 

Sj_, = rAr 
'kX^ 

y^s 

^   A^S^ 
^Ks+S. Ar' 

+ S, (4-59) 

4.11 BOUNDARY CONDITIONS AND NUMERICAL SOLUTION: 

The model is designed to predict the effluent toluene concentration in the gas 

phase (the concentration exiting the each axial cell), and boundary conditions must be 

applied to provide additional equations to actually solve for the effluent toluene 

concentration in the gas stream. Also required are additional assumptions to make the 
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model solvable. The first of those assumptions is complete mixing within the liquid 

suspension, not just that the liquid side is mixed, but that there is no liquid film 

resistance, so that the boundary condition shown in Equation (4-60) applies; that is, the 

toluene concentration at the edge of the biofilm is equal to the concentration in the 

completely mixed suspension. 

Atr = rb:     LEi-i = Lsi-i (4-60) 

By applying this boundary condition, the substrate concentration profile within 

the biofilm may be calculated, moving from the outer edge of the biofilm inwards toward 

the silicone tube. The suspension concentration must be experimentally measured or 

assumed; the outermost biofilm element's concentration is thus evaluated and the biofilm 

profile determined by solving for the next (inward) radial position substrate concentration 

(Sj.i) after the current cell (Sj) has been determined. The substrate concentration profile 

across the biofilm is thus determined for each radial position and then for each discrete 

ring along the z axis. 

Although the concentration profile has been evaluated, the concentration at the 

inner edge (boundary condition) is not known. This inner boundary condition and the 

fundamental premise of the model is that the inner biofilm concentration is such that the 

flux equals the removal in each axial element, Equation (4-61). 

m 

icair\^Bi-\ ~^Bi)~ "-combined gas and membrane"^^ Bi-l ~^Bi-l) ~    2Ll^ jha j' ^su*^ suspension V^""l/ 
' ^ V '        > V ■' j = l 

removal in the gas mass flow; Z.g,_i solved u using the mod el > ^ ' 
axial element ^g radation in biofilm and suspension 

The mass flow across the siUcone membrane at any "i**"' axial element, the middle term in 

the above equation, must be equal to (or within a certain percentage of) the amount of 

substrate removed in the biofilm and suspension of that "i*" element, the term on the 
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right hand side of Equation (4-61). The numerical model, which is solved using a 

spreadsheet, is designed such that the difference between the mass flow (flux x area) 

across the membrane, which is the amount of contaminant removed from the gas, and the 

removal (degradation of substrate in the biofilm and suspension) in each axial element 

may be examined as a function of possible biofilm thickness. The smallest difference 

between these determines the numerical solution used for that axial element (i.e. the 

number of elements m and thus the thickness of the biofilm). 

Having determined the thickness of the biofilm and its associated removal, the 

substrate concentration profile across the biofilm is thus known. The removals are 

summed across the biofilm for each separate axial element i, as shown in Equation (4- 

62), where v is the volume of the radial element, (ntj^ - 7trj.i^)Az. The substrate removal 

in the liquid suspension must also be accounted for and is shown in Equation (4-63), 

where rsu is the substrate utilization rate for the suspension, and v is the volume of the 

suspension Az(7ir^moduie - T^r^tubingandbiofiim) associatcd with axial element "i". 

m 

Removal associated with the biofilm=2] ^ j ^su j (4-62) 

Removal associated with the liquid suspension = r^^ y^p^^oo (4-63) 

A thicker biofilm (with more radial elements) would result in more degradation, a lower 

concentration at the membrane-biofilm interface, and thus a greater mass flow across the 

membrane. This numerical solution process is repeated down the length of the z axis, 

until the end (i = n) is reached. 

4.12 NUMERIC TECHNIQUE USING EXCEL®: 
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Because there is no analytical solution to Equation 4-59, a numeric solution to that 

equation was developed as described above. A software technique was required to solve 

the set of equations describing bioreactor activity numerically. Excel® was chosen based 

upon the experience of others, and the ability to readily examine the values in each 

numerical cell (Aziz et al, 1995; Pressman, 1995; Neemann, 1998). 

To determine whether the numeric method was rigorous enough for the proposed 

modeUng effort, the effect of changes in the biofilm cell size, Ar, on model results was 

examined. Specifically, the size of Ar was decreased and the model results compared 

with respect to toluene removal from the gas phase, the percentage difference in mass 

flow across the membrane and toluene removal, and the biofilm thickness. The results of 

that evaluation are shown in Table 4-2. The difference between the value of the mass 

flow across the membrane (Equation 4-61 center element) and toluene removal 

((Equation 4-61 right hand side) was strongly dependent upon the cell size, and there was 

some variation of both the toluene removal and biofilm thickness with decreasing Ar. 

The numeric technique solved using Excel® appears to be suitable for the modeling task 

so long as Ar is 0.02 cm or less. 

Table 4-2 . Changes in model outcomes with a decrease in Ar. 
Ar 

(cm) 
Removal 
(mgL-') 

% Difference Mass Flow/Removal 
(%) 

Biofilm Thickness 
(cm) 

0.2 1.19 15 0.20 
0.1 1.20 15 0.20 
0.07 1.27 9.3 0.21 
0.05 1.20 14 0.20 
0.02 1.34 2.2 0.22 
0.01 1.38 0.43 0.22 
0.009 1.37 0.19 0.22 
0.007 1.35 0.13 0.21 
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4.13 SOLVING THE MODEL: 

Several steps are used when running the model. They include the following and 

are flow charted in Figure 4-17: 

1. The parameter values are entered into the model spreadsheet including the 

number of tubes, air flow, inner and outer tube diameters, kinetic coefficients, 

diffusion coefficients, air density and air viscosity; appropriate values must be 

provided for all parameters listed in Table 4-1. 

2. The tube length is partitioned into axial elements (Az) of 1 cm or less. 

3. The liquid concentration is entered and is used as the concentration at the edge of 

the outermost biofilm cell in the first axial element (boundary condition, Eq. 4- 

60). 

4. The removal in the outermost cell is calculated and added to the outer most cell 

concentration to determine the concentration in the next radial cell (solving 

Equation 4-59). 

5. The process of calculating removal and concentration in adjacent radial cells is 

repeated, giving 40 possible biofilm thicknesses (between 1 and 40 biofilm cells), 

each with a differing concentration. 

6. The mass flow is calculated for each possible biofilm thickness: the influent gas 

concentration to the axial element and the innermost radial biofilm cell 

concentration in that axial element determine the calculated value. 

7. The biofilm thickness providing closest agreement (<5% difference) between 

mass flow and removal is determined manually and is chosen as the biofilm 

thickness of that axial element. 
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8. The removal in the biofilm and suspension is subtracted from the axial cell's 

influent concentration to provide the effluent concentration of that axial cell. 

9. Steps 4 - 8 are repeated until the end of the tube is reached. The effluent gas 

concentration from the last axial element is the model's prediction for the 

biofilter's effluent gas concentration. 



115 

Enter 
parameter 
values 

Partition 
Tube 
Lengtii 

Enter 
Liquid 
Concentration 

Calculate 
Radial Cell 
Concentrations 

Calculate 
Difference of 
Mass Flow and 
Removal 

Check 
Next 
Thickiess 

No 

Yes 

Choose as 
Biofilm 
Thicloiess 

No 

Yes 

Quit 

Figure 4-17. Flow chart describing model solution procedures. 
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4.14 MULTIPLE TUBE MODEL CONSIDERATIONS: 

Up until this point, only the single tube model has been considered, however, 

some of the bioreactors used during this study had several tubes. A multiple tube model 

was developed by assuming each tube acted as a single tube. To determine the liquid 

suspension associated with each tube in the case of the multiple tube model, the reactor 

volume was equally divided amongst the individual tubes, and the individual tube 

solution was used for the resulting effective diameter, de. 

The calculations to determine the amount of hquid suspension associated with 

each silicone tube are shown in Equations (4-47) - (4-49). First the entire cross-sectional 

area of the reactor was calculated. Then the diameter associated with each individual 

tube, de, was iteratively increased until the sum of the cross sectional areas associated 

with the individual tubes equaled that of the entire cross sectional area of the reactor 

module Equation (4-66); values are recorded in Appendix E. 

j-r j 2 

Cross sectional Area of Reactor Module =  (4-64) 

TTJ     2 

Cross sectional Area Associated With Each Tube = —— (4-65) 
4 

^ Individual tube cross sectional areas=Cross sectional area of the reactor module (4-66) 

4.15 INPUT PARAMETERS FOR SENSITIVITY ANALYSIS: 

4.15.1 General Parameters: The proposed model has a large number of input 

parameters. Although most parameter values were directly measured for the system, 

some were taken from the Uterature. Literature and measured values are presented and 
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the effect on model results of changing those values was determined (i.e.a sensitivity 

analysis was perfonned). Initial input parameters are shown in Table 4-3. 

Table 4-3. Input paramel ers for sensitivity analysis. 
Parameter Value Source 
Ks(Biofilm - Toluene) 1.0 mgL' Measured/Fitted (Section 6.3.3) 

Ks(Suspension - Toluene) 1.0 mgL"' Measured 

k(Biofilm - Toluene) 0.198 h' Measured/Fitted (Section 6.3.3) 

k(Suspension - Toluene) 0.1 h"' Measured 

PfFoluene in Silicone) = L^m^ 0.003 cm^ s' Adjusted 

D(Toluene in Biofilm) 0.8*DToluene in Water CTD.'^ S"' Characklis(1990,pll7) 

Dfloluene in Water) 9*10-^ cm^s-' 
Schwarsenbach (1993) 
in Holden et al (1997) 

DfToluene in Air) 0.0849 cm^ s"' Lugg (1968) 

QAir 0.769 Lmin' Measured 

Xfiiofilm 23,800 mg U' Measured' 

-^Suspension 29 mg U' Measured' 

H(Toluene20 C) 0.275 Sawyer etal (1994) 

Az 0.5 cm Chosen 

Ar 0.01 cm Chosen 
Length 18.5 cm Measured 
fi 0.47625 cm Cole Farmer 

To 0.635 cm Cole Farmer 
'Measured using volatile suspended soUds analysis 

Input parameters for the single tube model runs were selected in the following 

manner: 

- The maximum specific utilization rate (k) and the half saturation constant (Ks) 

for the suspension were determined based on the batch kinetic experiments detailed in 

Chapter 6. 

- Diffusion coefficients and the Henry's Law coefficient were taken directly from 

literature values. Diffusion coefficients and Henry's Law coefficients for contaminants 

are anticipated to be very similar to those in water; the water content of biofilms ranges 

from 98.1 - 99% (Characklis and Marshall, 1990, p. 109). 

- The tube radii were suppUed by the tubing manufacturer. 
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- The biofilm density, suspension density, air flow, and reactor length were 

measured directly in the single tube reactor system. 

- The values chosen for Ar and Az were deemed reasonable choices based upon 

previous work (Neemann, 1998) and the value of Ar was examined as described 

previously in Section 6.2. 

- The effective permeability was adjusted after numerous model runs using both 

literature values and directly measured values for silicone effective permeability to 

toluene showed gross underestimates of removal. The difference in effective 

permeability values is potentially related to the radius of the tubing. In the reactors 

studied, tubing was stretched to varying degrees, potentially changing the intrinsic 

properties of the material or perhaps just changing the radii. 

4.15.2 Determination of Effective Permeability of Toluene in Silicone Rubber 

(Abiotic Experiments): Because initial model runs using literature values for 

permeabiHty predicted removals far lower than those observed, the effective permeability 

of the silicone tubing was examined further. Variation in literature values for 

permeability in silicone varied by an order of magnitude and also provided justification 

for further examination of toluene effective permeability in silicone.. The examination 

began with a repetition of the series resistance model shown in Equation (4-67). This 

equation assumes no biofilm (abiotic mass transfer). 

1   ^1  , r,{\n{rjr,)) ^rjr, ^^_^^^ 

Kov    k, DJ k^H 
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For any one airflow, tubing thickness, reactor configuration, and silicone rubber tubing, 

the equation may be reduced to the form as shown in Equation (4-68), where Kov is the 

experimentally determined overall mass transfer coefficient for the system, ki is the liquid 

phase mass transfer coefficient and C is the constant representing the resistance to mass 

transfer in the membrane and the air phase. 

^   =—+C (4-68) 

The liquid phase mass transfer coefficient is known to be a function of liquid flow 

rate, with increased Uquid flow rates contributing to higher mass transfer rates due to the 

reduction in the thickness of the liquid thin film boundary layer. That liquid film mass 

transfer coefficient and the relationship with flow rate (Q) may be represented by 

Equation (4-69) with A being a constant. The overall mass transfer resistance is thus 

written as shown in Equation (4-70). Equation (4-70) is, conveniently, the equation of a 

line in the form y = mx + b. Therefore, by examining a plot of experimentally 

determined 1/Kov versus Q under abiotic operating conditions, the constants A and n 

may be determined by fitting a Une to the data. The constant C may then be determined. 

C is represented by Equation (4-71) and the effective permeabihty (P=S*D) may then be 

determined since all other variables are known or calculated; kg found in Equation 4-4. 

k^=AQ" (4-69) 

1 1 

Kov    AQ" 
■+C (4-70) 
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r, In y 
C= \IIL^+^^ (4-71) 

P k^H 

A "best fit" of data obtained from an abiotic experiment using a 50 cm long silicone tube 

with an inner diameter of 0.9525 cm (3/8 inch) and outer diameter of 1.27 cm (1/2 inch) 

and an air flow rate of 651 mL min"^ of toluene-contaminated air yielded an effective 

permeabiUty coefficient of 0.0005 cm^ s'\ 

A best fit of data obtained from an abiotic experiment using a 15 cm long latex 

rubber tube with inner diameter of 0.9525 cm (3/8 inch) and outer diameter of 1.27 cm 

(1/2 inch) and an air flow rate of 207 mL min"' of benzene-contaminated air yielded an 

effective permeabiUty coefficient of 0.0004 cm^ s"V The data used for this calculation 

was taken from Neemann (1998). It must be noted that effective permeabiUty data 

should only be used as an approximation because of differences in the composition of 

siUcone from different manufacturers (Casey et al, 2000). Tabular data is shown in 

Appendix A. 

4.15.3 Determination of Maximum Specific Utilization Rate Witbiin the Biofllm: 

The selection of the most reasonable value for k and Ks of the biofilm proved to be the 

most difficult task for the first run of the model. Kinetic tests completed in the 

Environmental Research Center showed a wide range of possibilities of k (from 0.02 to 

0.42 h"^) under different bioreactor conditions. The kinetic tests were done by measuring 

the headspace concentration of toluene in batch cultures over time and the data fit with 

the Monod expression as detailed in Chapter 3 and Chapter 6. 

Modeling results were unsatisfactory with a biofilm utilization rate of 0.02 h' as 

measured during biofilm culture tests, so a better method for estimating the biofilm 
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Utilization rate was sought. Because the biofilm was taken from the reactor and put 

directly into a suspension bottle without mixing, the sample was essentially a "blob" of 

biomass that perhaps presented some diffusional limitation to mass transfer.  In other 

words, the toluene had to diffuse into the interior of the mass before being degraded, 

yielding an apparent decrease in the maximum specific utilization rate as compared to a 

completely mixed suspension. 

In an attempt to examine the toluene profile through the biofilm sphere, the 

biomass "blob" was modeled as a spherical particle with radius "i" to determine the true 

maximum specific utiUzation rate constant. A numeric method using Excel® was again 

employed to calculate the substrate concentration profile through the biofilm. Headspace 

measurements of toluene with time, for each culture bottle, served as the experimental 

data used in the model. A graphical representation of the sphere is shown in Figure 4-18. 

Sphere Center 

Figure 4-18. Graphical representation of the spherical particle and the associated 
substrate concentrations and radii used to model the specific substrate utilization rate of 
toluene in the biofilm. 
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The spherical biofilm modeling steps included the following: 

1. The total volume of the sphere approximation of the biomass blob was 

determined for each culture bottle by dividing the mass of biofilm (determined 

from VSS measurement) by the biomass density (determined from the biofilm 

density measurements). 

2. The radius of the imaginary sphere was then determined using the biomass 

volume. 

(4^)n:^= Biomass Volume (4-72) 

3. The surface area of the imaginary sphere was then determined from the radius 

found in Equation (4-72), using Equation (4-73). 

4OT^= Surf ace Area Sphere (4-73) 

4. The diffusional flux associated with a change in radius of the sphere was 

calculated using a numeric approximation of Pick's First Law of Diffusion 

(Characklis and Marshall, 1990) as shown in Equation (4-74). AS/At is the 

observed initial substrate utilization rate as measured for each culture bottle 

which is represented as Robs, V is the total volume of the sphere, A the surface 

area of the sphere, D the diffusion coefficient of toluene in biofilm, S the toluene 

concentration in the hquid, and r the sphere radius. Solving for Si, the 

concentration of toluene in the i* biofilm layer, yields Equation (4-77). 
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AS_VAS_V 
Ar    AAt     A   "'' 

(4-74) 

D 

(\ 
■R obs (4-75) 

_^r(V 
DKA 

(4-76) 

Ar 
5,-1=  s,  A     obs 

(4-77) 

5.   The substrate utilization rate is then calculated for the numeric biofilm layer as 

shown in Equation (4-78), where k is the maximum specific utilization rate, X 

the biomass density, S the toluene concentration and Ks the half saturation 

constant. 

^™ = 
i^5 (4-78) 

6.   The removal in the cell is calculated by multiplying the substrate utilization rate 

by the volume of the cell as shown in Equation (4-79). 

R = Removalin the cell = r^^ -n(r/ -rj!j) (4-79) 

7.   The next biofilm layer's substrate concentration is determined by hnearizing the 

substrate change as shown in Equation (4-80) and solving for Si.i in Equations 

(4-81)-(4-84). 

Ar 
-r  =D x^r su 

AS 

Ar x-r-l^ (4-80) 
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Ar' D 

Sr -5M = D 

s, -1=5, 
D 

.) 

D^= r,„ (4-81) 

(4-82) 

(4-83) 

(4-84) 

8. The removals in each cell of the imaginary sphere are then summed according to 

Equation (4-85) and the total observed VAS/At calculated. The difference 

between the calculated removal, VAS/At, and the observed removal, VRobs, was 

then squared and Excel® Solver used to minimize the sum of the differences. 

tv,'-,.,=F^ (4-85) 
r=0 '^f 

9. Results using Solver® were unacceptable - multiple minima were observed 

yielding a variety of possible half saturation constants and maximum specific 

utilization rates. Therefore, a manual examination of the residual sum of squares 

(RSS) was accompUshed. Results of that examination are shown in Figure 4-19. 

The multiple minima are shown in the 3-D plot, however, the smallest RSS 

appears to be located at a maximum utilization rate of 0.198 h'^ and half 

saturation constant of 1 mg L'\ These two values were therefore used in all runs 

of the model. 

L 
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Figure 4-19. Representation of residual sum of squares minima associated with various 
combinations of Ks and k. 

4.16 SENSITIVITY ANALYSIS: 

The sensitivity analysis was performed by varying the parameter of interest over 

several orders of magnitude while holding all other parameter values constant. 

Parameters were varied across a range of values representative of those found in the 

Uterature or determined during experimental measurements. The effect on toluene 
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removal from the air and the effect on calculated biofilm thickness were both examined 

during the sensitivity analysis. Changes in removal and biofilm thickness are shown with 

each of the parameter changes and discussed subsequently. 

4.16.1 Toluene Diffusion Coefficient in Air: The effect of manipulating the toluene 

diffusion coefficient in air was first examined. The diffusion coefficient in air is 

contained within the formula, Equation 4-86, for the gas phase mass transfer coefficient 

and therefore is anticipated to affect the mass transfer of toluene across the thin film. 

Sherwood Number= =1.64 
D„ 

' a V ' 
(4-86) 

Diffusion coefficient values found within the literature for toluene and benzene in 

air are shown in Table (4-4). Results of sensitivity analysis are shown for the toluene 

removal from air and the biofilm thickness in Figures 4-20 and 4-21. As the diffusion 

coefficient in air increases, so does the predicted biofilm thickness and the toluene 

removal from air. The change in removal was relatively minor: a 100-fold increase in 

diffusion coefficient results in a modeled increase in absolute removal of no more than 

8%. 

Table 4-4. Diffusion coefficients in air for toluene and benzene. 
Substance Value 

(cm^ s-^) 
Value 

(cm^ s"^) 
Toluene in air 0.0849/25 °C (Lugg, 1968) 
Toluene in air 0.088/30 °C (University of Alabama, 2002) 
Benzene in air 0.095/25 °C (University of California, 2002) 
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Figure 4-20. The effect of the toluene diffusion coefficient in air on toluene removal. 
Higher diffusion coefficients resulted in higher predicted removal of toluene from air. 

3000 

g 2500 

^—^ 2000 
CO 

1 1500 

g 1000 

.2 

500 

0 

10-: 10-4 10-3 10-2 10-1 IQO IQl 

Toluene Diffusion Coefficient in Air (cm2 s'l) 

Figure 4-21. The effect of the toluene diffusion coefficient in air on the biofilm 
thickness. Higher diffusion coefficients resulted in an increase of predicted biofilm 
thickness. 

4.16.2 Toluene Diffusion Coefficient in Water:   The effect on removal and biofilm 

thickness of the toluene diffusion coefficient in water was examined. Toluene diffusion 

coefficients from the Uterature are shown in Table 4-5. Also shown are the diffusion 

coefficients of the structurally similar compound, benzene. Results of the sensitivity 
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analysis are shown in Figure 4-22. The diffusion coefficient was found to have no effect 

on the biofilm thickness nor on the toluene removal from the air. No effect was seen due 

to the method used for estimating the second derivative. As can be seen in Equations (4- 

87) and (4-89), in the anticipated range of diffusion coefficients, the effect of the 

diffusion coefficient on the substrate concentration profile (and consequently the removal 

in a volume of biofilm) canceled out. Effectively the method use to evaluate the second 

derivative results in the model having a kinetic rate-limited rather than mass transfer- 

limited biofilm. This result contrasts with Ergas et al (1999) where the sensitivity 

analysis of the model indicated that the removal was a strong function of the liquid phase 

biomass density and biofilm diffusion coefficient. 

Sj_, = rAr 
^kX^ 

y^s 

^   A^S^ 

Ks+Sy Ar' 
+ 5, (4-87) 

A^S _kX 

Ar^~D, KKS+S, 
-c (4-88) 

Sj_, = rAr(c)+Sj (4-89) 

Table 4-5. Diffusion Coefficient Values for Toluene and Benzene 
Substance Value 

(cm^ s"^) 
Reference 
(cm^ s'*) 

Toluene in Water 9.4*10"*' (State of Iowa, 2002) 
Toluene in Water 8.6*10-" (Texas Natural Resources Commission, 2002) 
Toluene in Water 9*10" (Schwarsenbach, 1993) in (Holden et al, 1997) 
Benzene in Water 1.1*10' (UCSB,2002) 
Benzene in Water 8.91*10" (AWWA, 1990) in (Neemann, 199) 

Toluene in Biofilm 1.3*10-' (Holden etal, 1997) 
VOCs in Biofilm 0.8*Dw (Characklis and Marshall, 199) 
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Figure 4-22. Predicted toluene removal from air with changes in the diffusion 
coefficient. Diffusion coefficients in water had no effect on toluene removal from air. 

4.16.3 Silicone Permeability: Results of an extensive literature search for chemical 

permeabihties and solubilities yielded rather disappointing results. Information from the 

literature as well as experimentally determined values for the permeability of toluene and 

benzene are shown in Table 4-6; a large range was found. Some additional diffusivities 

and solubiUties of organics in polymers were also found in Stem and Shiah, (1981); Cao 

and Henson, (2002); Du Plessis et al, (2001); Barson and Dong, (1990); Favre et al, 

(1994); Johansson and Leufven, (1997); and Choy et al, (1984). To determine the effect 

of the range of permeabilites, the changes in toluene removal from air and biofilm 

thickness were examined with changes in the effective permeability of the silicone rubber 

tubing. Results of that analysis are shown in Figures 4-23 and 4-24. The effective 

permeability was found to greatly affect both the predicted removal of toluene from the 

air as well as biofilm thickness. The model indicates that as biofilm thickness increases, 

so does the removal within the bioreactor. This increase is, however, not unanticipated. 
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Mass flow across the membrane being equal to removal within the biofilm and the 

suspension is the main premise of the entire model; the effective permeability and the 

mass transfer across the membrane determines the biofilm thickness and the associated 

removal! 

Table 4-6. Permeabilities of selected VOCs in silicone at room temperature 
Substance Value 

(cm^ s'') 
Reference 

Toluene in silicone 8.2*10" Nijhuis et al (1991) in (Reij et al, 1998) 
Toluene in silicone 4.7*10 Abiotic Single Tube, Experimental 
Toluene in silicone 4.32*10-' (Ji et al, 1994)  " 

Abiotic Single Tube, Experimental (Neemann, 1998)' Benzene in latex 3.9*10 
Information found in Appendix A 

< 
£ 

5 o 
E 

a. 
10-5 10-4 10-3 10-2 10-1 

Toluene Permeability in Silicone (cm^ s-^) 

100 

Figure 4-23. Predicted toluene removal from air with changes in silicone effective 
permeability. Increases in silicone effective permeability to toluene resulted in higher 
predicted removals of toluene from air. 
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Figure 4-24. Predicted biofilm thickness with changes in siUcone effective permeability. 
Increases in silicone effective permeability to toluene resulted in higher predicted biofilm 
thicknesses. 

4.16.4 Maximum Specific Utilization Rate (k): Maximum specific utilization rates 

found in the hterature are shown in Table 4-7.   Rates found in the Uterature ranged from 

0.01 - 0.45 h'\ Experimental values for the maximum specific utilization rate measured 

during this study ranged from 0.01 - 0.42 h'\ all falling with the reported literature 

values. 

Table 4-7. Tabular comparison of literature values of kinel ic coefficients. 
Microorganism Study Ks 

(mgL-^) 
k 

Pseudomonas Mirpuri et al, (1997) 3.98 ~ 

Mixed Culture Arcangeli and Arvin, (1994) 0.17 -1.7 0.05 - 0.08 
Pseudomonas Woo, (1999) 3.0 0.16 
Various Ottengraf and van den Oerver, (1983) ~ 0.025 
Various Young-Sook et al, (1994) ~ 0.4 
Various Reported in Bekins et al, (1998) 0.044 -17.4 0.01-0.45 

The sensitivity analysis results for changes in k are shown in Figures 4-25 and 4- 

26. Biofilm utiUzation rates were found to greatly influence the predicted thickness of 

the biofilm, however, did not significantly change the predicted toluene removal. The 

small variations in removal shown in Figure 4-25 are the result of step size changes (the 
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value of Ar and n) necessary when ranning the model. Again, the result of a thinner 

biofilm is not unanticipated because as the maximum specific utilization rate increases, 

toluene utilization will also increase, therefore, the same removal will be seen within a 

smaller biofilm volume. 
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Figure 4-25. Changes in predicted toluene removal with changes in biofilm maximum 
specific utilization rate (k). Predicted removal was not influenced by maximum specific 
utilization rate increases. 
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Figure 4-26. Predicted changes in biofilm thickness with biofilm maximum specific 
utilization rate (k) changes. Predicted biofilm thicknesses decreased as maximum 
specific biofilm utilization rates increased. 
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4.16.5 Half Saturation Constant: Half saturation constants found in the literature are 

shown in Table 4-7 and range from 0.17-17.4 mg L"\ Experimental values for the half 

saturation constant for toluene measured during this study ranged from 0.14-14.3 mg L", 

most falling within the reported literature values. Figures 4-27 and 4-28 show the effect 

of changing the value of the half saturation constant. Increases in the half saturation 

constant decrease the predicted removal rate, therefore, less toluene is removed in the 

same biofilm volume. Again, small changes in the removal percentage are a result in step 

size changes in the model at the higher values of the half saturation coefficient. 
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Figure 4-27. Predicted changes in toluene removal from air with changes in Ks. No 
influence in predicted removal was seen with increases in Ks. 
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Figure 4-28.    Predicted changes in biofilm thickness with changes in Ks. 
Predicted biofilm thickness were found to increases with increases of Ks. 

4.16.6 Biofilm Density and Thiclcness: Biofilm densities have been shown to range 

from 10,000 to 105,000 mg L'^ (Characklis and Marshall, 1990). The biofilm densities 

measured during these experiments ranged from 5,350 - 23,800 mg L'^ The densities 

measured are shown in Table 4-8 and were collected after disassembly of the bioreactor 

systems. The low biofilm density found in the long, single tube was most Ukely related 

to system problems. Throughout parts of the experiment, the biofilm split and sloughed 

and did not reattach. The reasons for the biofilm splitting remain unexplained. 

Of related interest is the biofilm thickness. Biofilm thicknesses may range from 

10 microns to 30,000 microns (Characklis and Marshall 1990); the low end representing 

contaminating biofilms, such as those on medical equipment and high end represents 

bacterial mats present in fresh and seawater. Biofilm thicknesses measured during this 

study were near 2000 microns, however, by visual observation alone, the biofilm 

thickness varied greatly down the length of the silicone tube. Results of the sensitivity 

analysis are shown in Figures 4-29 and 4-30. 
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Table 4-8. Measured biofilm densities. 
Reactor Measured Biofilm Density 

(mgU') 
Long, single tube 5,350 
Short, single tube 23,800 
Dual tube 22,876 
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Figure 4-29.   Predicted percent removal from air with changes in biofilm density.   As 
biofilm density increased, predicted removal also increased. 
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Figure 4-30. Changes in predicted biofilm thickness with changes in biofilm density. As 
biofilm density increased, predicted biofilm thickness decreased. 

4.16.7 Kinetics of tlie Suspension: Measurement of kinetic parameters are shown in 

Table 4-9 and is detailed in Chapter 6. Sensitivity analysis indicated that neither the 

maximum specific utilization rate, liquid cell density, nor the half saturation constant of 

the suspension showed any significant effect on removal or the predicted biofilm 

thickness within the range of anticipated values. The lack of effect is actually a 

significant prediction - previously it was unknown the exact contribution to removal 

being made from the liquid suspension. 

Table 4-9. Measured values of kinetic parameters 
Reactor Flow Condition Form Ks 

(mgL-*) 
k 

Single tube Recirculating Biofilm 12.0 0.21 
Single tube Recirculating Suspension 1.5 0.01 
Single tube Stagnant Biofilm 7.0 0.08 
Single tube Stagnant Suspension 5.2 
Single tube Recirculating/Heat Suspension 1.3 

0.04 
0.07 

Single tube Recirculating/Heat Biofilm 0.79 0.09 
Dual tube Recirculating Biofilm 1.6 0.12 
Dual tube Recirculating Suspension 7.0 
Dual tube Stagnant Biofilm 14.3 

0.16 
0.42 

Dual tube Stagnant Suspension 4.5 
Single tube Stagnant Biofilm 5.0 

0.11 
0.11 

Single tube Stagnant Biofilm 5.6 
Single tube Stagnant Biofilm 10.5 

0.25 
0.15 

Pilot' Recirculating Non-Growth 5.0 0.1 
Single tube Recirculating Non-Growth 0.14 0.02 

"'Estimated from data - no curve fit possible due to minimal data. 
^Section of biofilm placed in a headspace vial and substrate utiUzation measured. 

4.16.8 Biomass Removal Experiment: To examine whether the predicted effect (or 

lack of effect) from the suspension was real, the suspension biomass was removed from 



137 

the dual tube reactor. After the dual tube reactor hquid suspension concentration and 

removal from the gas phase were measured, the liquid suspension was drained and 

replaced with fresh nutrient solution doped to the same concentration of toluene (0.1 mg 

L'^). Removal of toluene from the gas phase was then again measured. Figure 4-31 

shows the removal with and without the presence of biomass within the suspension; no 

differences in removal were noted. If the liquid suspension was, in fact, responsible for 

any significant removal of toluene, an immediate decrease in removal of toluene from the 

air would have been anticipated. This result of lack of contribution from the suspension 

to removal is similar to results found by Attaway (2001) for a filter treating BTEX in air. 

In a spirally wound silicone tube reactor, the results of specific activity testing at the 

system's termination indicated that the unattached organisms recycling through the 

system had less activity against BTEX than the attached biofilm organisms; the 

unattached organisms were probably in a starvation or death phase due to lack of 

substrate (Attaway, 2001) 
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Figure 4-31. Removal of toluene with and without biomass in the Hquid suspension. 
Removal of toluene was similar, suggesting Uquid biomass contributes very little to 
toluene removal in the bioreactor. 

4.16.9 Toluene Concentration, Edge of Biofilm: Although the toluene concentration at 

the edge of the biofilm is a measured parameter and considered non-adjustable in the 

model, examining the changes in removal and in the biofilm thickness with changes in 

the liquid concentration is of interest. Figures 4-32 and 4-33 show the predicted changes 

in toluene removal from air and the change in biofilm thickness with the changes in 

toluene concentration in the bulk hquid. Both the removal and the biofilm thickness 

decrease as the toluene concentration increases. This is expected because more toluene is 

appearing in the liquid, meaning that less is being degraded in the biofilm. 
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Figure 4-32.   Changes in the toluene removal from air with changes in the toluene 
concentration within the Uquid phase. 
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Figure 4-33.   Changes in the predicted biofilm thickness with changes in the toluene 
concentration within the liquid phase. 

In summary, the sensitivity analysis of the model indicated that predicted toluene 

removal from air was influenced the most by changes in the effective permeability values 

of silicone for toluene. Other parameters had far less influence on predicted removal 

over their range of most likely values. Again, the major influence of the effective 

permeability would be anticipated based upon the way the model is designed; the mass 

flow across the membrane determines the thickness of the biofilm and the associated 

removal under any one set of conditions. Associated with the sensitivity analysis is the 

result of related experimentation. The measured concentration of toluene within the 

liquid suspension also influences the predicted removal, as this sets the boundary 

condition for the biofilm. Additionally, the suspension biomass was found to have 

virtually no influence on the removal seen within the bioreactor. Examination of the 

substrate concentration profile through the biofilm and the lack of complete removal of 

toluene indicates the system is kinetically limited. The reasons for the kinetic limitation 

are not clear, however, may be related to the decrease in pH seen within all reactor 
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systems or may be the result of a build-up of an inhibiting metabolite. Potential 

limitations of hollow-fiber reactors include diffusion of toxic metabolites away from the 

cells (Beeton et al, 1991). 

A separate experiment was performed in an attempt to determine the cause of the 

kinetic limitation. Vapor and liquid samples were analyzed using the gas chromatograph 

to search for metabolites, based on the idea that an inhibitory metaboUte might be 

building up in the biofilm or solution. Nutrient solution spiked with toluene served as the 

control for the liquid experiment while the headspace vapor of DI water spiked with 

toluene served as the control for the vapor samples. Results of the assays were 

inconclusive. The very small peaks observed from liquid samples taken from the semi- 

pilot-scale reactor were very similar to peaks observed for the control. However, 

consistent peaks were not seen in each liquid sample. Peaks observed in the headspace 

samples were virtually identical to those seen within the controls, suggesting that if 

inhibiting substances were present in the liquid they are of such low concentration or of 

such low volatility that they avoided detection. 

The low toluene concentrations at the membrane indicate the system (rather than 

just the biofilm) is mass transfer Umited, suffering from a large mass transfer resistance 

associated with the thick siUcone membrane. This finding is similar to the findings of 

other researchers. The mass transfer resistance of composites and dense membranes is 

nearly all in the membrane (De Bo et al, 2000), and for compounds with low values of 

solubility the membrane resistance term is dominant (Brookes and Livingston, 1995). 

4.16.10 Other Values for the Dual Substrate Model:      Although    the    values    for 

parameters associated with oxygen were not actually used in the model after it was 



141 

determined that there existed only a single substrate limitation, they are presented here 

for reference purposes in Tables (4-10) - (4-12). 

Table 4-10. Oxygen half saturation coefficients. 
Value Reference 

0.014,0.033,0.073 (Hao et al, 1983) 
0.025 (Sinclair and Ryder in Harris and Hansford, 1976) 
0.048 (Sun et al, 1998) 

4.5 (Munch et al, 1996) 

Table 4-11. Oxygen diffusion coefficients in various media. 
Parameter Value Reference 

Air 0.291 (Richard, 2002) 
Biofilm (2.107)(10') 

(1.97-2.09)(10"^) 
(2.11)(10-5) 

(Beyenal et al, 1997) 

Biofilm (1.2)(10-=) (Khlebnikov et al, 1998) 
Water (2.26)(10-^) (Casey et al, 2000) 
Water (2.1)(10-^) (University of California, 2002) 

Table 4-12. Oxygen permeabiHties in silicone. 
Value Reference 

(500)(10"')cm^s' aim' (VanAmerongen, 1967) 
(7961)(10"") cm^ s"' (cm Hg)"' (Cole-Parmer, 2002) 

(1.63)(10-'Volm-'s-'Pa"' (Cote' et al, 1989)' 

4.17      MODEL   CALIBRATION:   ACTUAL   REMOVAL   VS.   PREDICTED 
REMOVAL IN THE SINGLE TUBE SYSTEM: 

To determine whether the single siHcone tube prediction model can perform under 

a variety of operating conditions, the model was applied to the dual tube system and the 

semi-pilot scale system. Using or applying the single tube model to larger systems was 

accomplished in an attempt to validate the model and extend the model's design 

application. 
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Input parameters from the literature and from measurements were used with the 

single tube model. The only parameter adjusted was the silicone tubing effective 

permeability to toluene. The adjustment in effective permeability was made only after 

model runs indicated that measured values and literature values for effective permeability 

resulted in gross underestimation of toluene removal from air as described in Section 

6.3.2. Therefore, the effective permeability parameter was fit to a single datum from the 

single tube system. The effective permeability was adjusted from 0.0005 cm s' to 0.003 

cm^ s"\ Realizing that fitting a parameter to data is unacceptable without a proper 

explanation or reasoning, a search for the difference in effective permeability data was 

undertaken. Several plausible explanations for the difference in effective permeability of 

silicone exist. First, the manufacturer of the siHcone tubing used in the single tube 

system is unknown. It is unknown whether the tubing was supplied by Cole Farmer or 

from Fisher Scientific, or perhaps from another source.  Differences in the 

manufacturing process of tubing (for example, density) are anticipated to cause 

differences in permeability. Most rubbers contain considerable amounts of fillers which 

may exert a considerable effect on diffusivity, solubihty, and permeability (Van 

Amerongen, 1967).  With a filler concentration above about 50% by volume the 

permeabihty increases sharply, corresponding to the appearance of discontinuities in the 

rubber phase (Van Amerongen, 1967). Additionally, in the single tube reactor as well as 

the dual and semi-pilot-scale reactor, the tubing was tightly clamped to the air supply 

tubing and at least slightly stretched between ends of the reactor. This stretching may 

have resulted in a thinner membrane, showing up as a perceived increase in effective 

permeability. Further, the stretching itself may have changed the intrinsic properties of 
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the silicone membrane, affecting the solubiUty or diffusivity of the toluene within the 

silicone. 

4.17.1 Abiotic Results: To detennine whether the model was perfonning as desired, the 

semi-pilot-scale model was run abiotically (the maximum specific utilization rate was set 

to zero in the biofilm and in the suspension). Air flow, liquid phase concentration, and 

gas phase concentration data were used from semi-pilot-scale abiotic tests. The only 

modification made to the model to perform this run was to use the overall Kov found 

during the semi-pilot-scale test. The overall mass transfer coefficient, Kov, must be used 

to account for the liquid phase resistance, in addition to the gas and membrane resistances 

that are present. Experimental abiotic testing showed a toluene removal of 1.75 mg L' 

(as liquid) while the model predicted a removal of 1.74 mg L"^ 

4.17.2 Modeling Results - Actual Versus Predicted: Model results for the single tube 

system are shown in Figure 4-34. Two experimental runs were predicted well by the 

model. The third point was not far off the predicted removal Une. 
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Actual Removal (mg L'^) 

Figure 4-34.   Actual vs. predicted removal of the single tube bioreactor.   Actual 
and predicted removals were very close. 
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4.18 LIMITATIONS: 

There are several limitations to the model, especially in terms of its predictive 

capabilities. Probably the main limitation is the requirement that the concentration of contaminant in the 

liquid suspension be known to begin prediction of removal or prediction of the biofilm thickness. The 

model suspension concentration of substrate cannot be assumed to be zero, which will be fiither explored in 

Chapter 5. Therefore, an accurate measurement or appropriate estimate of the liquid suspension 

concentration of substrate must be obtained. Another limitation of the model is its number of assumptions. 

Of particular concern is the assumption of concentration independence of the membrane effective 

permeability. Unlike most gases, the diffusion coefficient of many easily condensable vapors in rubber is 

concentration dependent (Van Amerongen, 1967). When deriving diffusion coefficients from absorption- 

time curves it should be borne in mind that time-dependent relaxation processes caused by swelling of the 

polymer by the penetrant could be very disturbing. It would render D not only concentration dependent but 

also time-dependent (Van Amerongen, 1967). Another apparent limitation is the microorganisms; 

for any one system, the organisms or community of organisms may differ sUghtly, 

potentially affecting the kinetic parameters used within the model. Finally, the 

measurement error associated with each parameter will contribute to differences in actual 

removals seen during experimentation versus toluene removals predicted by the model. 
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CHAPTER 5 
EXPERIMENTAL RESULTS 

5.1 OVERVIEW: 

Several experiments were undertaken to determine the effect of changes in operation 

of bioreactors. The experimental conditions were developed to represent possible 

operating conditions of bioreactors in the field. Parameters such as kinetic coefficients 

were also measured. The following is an overview of the experimental studies: 

5.2 Characterization of kinetic parameters for cultures from various membrane 
biofilter configurations. 

5.3 Determination whether stopping the liquid flow in the reactor affected removal 
or other parameters. 

5.4 Restriction of nutrients to a bioreactor to find if such restriction is detrimental to 
removal efficiency. 

5.5 Operation of various sizes and configurations of membrane biofilters, including 

scale-up. 

5.6 In-series reactor operation. 

5.7 Comparison of reactor systems. 

5.8 Heat transfer studies and increased temperature operation. 

5.9 Diurnal loading. 

5.2 KINETIC EXPERIMENTS: 

5.2.1 Kinetic Coefficient Determination: The kinetic studies examined the substrate 

utilization rates of the bacteria or, more appropriately, the utilization rates of the 

consortia existing in both the biofilm and the suspension of each reactor system. 

Accurate substrate utilization rates were necessary as a model parameter input for 

prediction of contaminant removal. 
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Maximum specific substrate utilization rates (k) and the half saturation constants 

(Ks) were determined for both the butanol and toluene bioreactors used throughout the 

various phases of this research. Butanol-consuming microorganim kinetics of a 

continuous flow stirred-tank reactor (CFSTR) culture were determined by Zhang (2000). 

Ks was estimated as 8.9 mg U^ while k was determined to be 0.18 h"\ 

A summary of the toluene-degrading microorganism kinetic coefficients 

measured during the current toluene studies is shown in Table 5-1. As presented in the 

Methods and Materials Section, the degradation of toluene in the headspace of batch 

cultures was monitored over time. Degradation curves were fit with Monod-like kinetics 

and the values of k and Ks determined. Very generally, Ks of the biofilms grown in 

cultures were higher than those of the bioreactor suspensions. It is known that the same 

organisms may have a high Ks in one culture medium and a low Ks in another 

(Characklis and Marshall, 1990). Maximum utilization rates of suspended cultures 

grown from biofilm samples were also generally higher than those of suspended cultures 

derived from the biofilter suspension. For comparison purposes, a summary of some 

toluene degradation kinetic constants found within the current Hterature are shown in 

Table 5-2. All but one value measured during the current study fall within the range of 

coefficients reported for toluene-degrading microorganisms in the hterature. 

Table 5-1. Tabular comparison of suspension and biofilm kinetic coefficients. 

Reactor Flow 
Condition 

Form Ks 
(mgU^) 

k 
(h-^) 

k/Ks 

Single tube Recirculating Biofilm 12.0 0.21 0.0175 
Single tube' Recirculating Suspension 1.5 0.01 0.0067 
Single tube Stagnant Biofilm 7.0 0.08 0.0114 
Single tube Stagnant Suspension 5.2 0.04 0.0077 
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Single tube Recirculating 
/Heat 

Suspension 1.3 0.07 0.0538 

Single tube Recirculating 
/Heat 

Biofilm 0.79 0.09 0.1139 

Dual tube Recirculating Biofilm 1.6 0.12 0.075 
Dual tube Recirculating Suspension 7.0 0.16 0.0229 
Dual tube Stagnant Biofilm 14.3 0.42 0.0294 
Dual tube Stagnant Suspension 4.5 0.11 0.0244 
Single tube Stagnant Biofilm 5.0 0.11 0.0220 
Single tube Stagnant Biofilm 5.6 0.25 0.0446 
Single tube Stagnant Biofilm 10.5 0.15 0.0143 
Pilot' Recirculating Non- 

Growth 
5.0 0.1 0.0200 

Single tube"' Recirculating Non- 
Growth 

0.14 0.02 0.1429 

Overall 
range 

Various Suspension 1.3-7.0 0.01-0.16 — 

Overall 
range 

Various Biofilm 0.79 -14.3 0.08-0.42 — 

'Estimated from data - no curve fit possible due to minimal data. 
^Section of biofilm placed in a headspace vial and substrate utilization measured. 

Table 5-2. Tabular comparison of literature values of kinetic coefficients. 
Microorganism Study Ks 

(mgU^) 
k 

Pseudomonas Mirpuri et al, 1997 3.98 ~ . 

Mixed Culture Arcangeli and Arvin, 1994 0.17-1.7 0.05 - 0.08 
Pseudomonas Woo, 1999 3.0 0.16 
Various Reported in Bekins el al, 1998 0.044 -17.4 0.01 - 0.45 
Mixed, Suspension This report 1.3-7.0 0.01 -0.16 
Mixed, Biofilm This report 0.79 -14.3 0.08-0.42 

5.2.2 Comparison of Monod Curve Fits: After several kinetic studies were completed, 

it was evident the shape of the curves fitted to the data were distinctly different from one 

another. A comparison of the curves generated are shown in Figures 5-1 and 5-2. 

Differences in curve shapes may be related to microorganism's physiology due to the 

variety of biofilm and suspension conditions present. Curve shape (kinetic) differences 

may also be related to differences between actual communities as they developed within 

the bioreactors. Although inoculated with bacteria from the same culture, the actual mix 
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of bacteria present may be different in each bioreactor (or each culture grown), possibly 

resulting in the different kinetic coefficients. Of note, the use of a mixed population for 

inoculation often proves to be more successful than the use of single strains alone 

(Bustard et al, 2001) and inoculation with microbes using the substrate has been found to 

assist in more rapid acclimation of the biofilter (Devinny et al, 1999).   Inoculation with 

pure strains shortened the start-up period for a conventional biofilter, while the results 

from short term operation showed that pure cultures and mixed cultures did not vary 

greatly (Veiga and Kennes, 2001). 

The individual kinetic study results are shown in Appendix B. Shapes of 

utilization curves for the various cultures are somewhat different and possibly suggest 

differences in the consortia present. Scatter in many of the graphs is high despite the use 

of an average of three readings of concentration for each time. 
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Figure 5-1. Comparison of substrate utilization curves for biofilms. Substrate utilization 
rates were found to be different in the separate reactors, suggesting the presence of 
different microorganism communitites with the separate biofilms. 
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Figure 5-2. Comparison of substrate utilization curves for suspensions. Substrate 
utilization rates were found to be different in the separate reactors, suggesting the 
presence of different microorganism communitites with the separate liquid suspensions. 

5.2.3 Colony Isolation and Identification: As discussed in the Methods and Materials 

Section, the biofilm of the long, single silicone tube bioreactor was cultured and plated 

(grown on toluene) in an attempt to determine information about the different 

microorganisms present. Three different colony morphologies were observed. These 

three isolates were grown in suspensions and their kinetic parameters determined. A 

comparison of the Monod kinetic behavior for the three different bacteria found on plates 

and the original biofilm is shown in Figure 5-3. From the graph, which shows the fitted 

rate for each culture, it is evident that Bacteria 2 had the highest maximum specific 

utilization rate. Also interesting is the lower maximum utihzation rate of the biofilm as a 

whole. The lower value may illustrate the competition between the three organisms 

contained with the same culture for the substrate, some other form of competitive or 

inhibitory interaction or possibly the presence of inactive biomass in the biofilm. When 
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all three colony types isolated from the stagnant flow single tube bioreactor were gram 

stained; all three stained positive. Attempts at identifying the organisms using DNA 

analysis and an Analytical Profile Index (API) were inconclusive. 
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Figure 5-3. Comparison of Monod kinetics for three colonies of bacteria found within 
the single tube stagnant flow biofilm. Differences in substrate utilization rates, along 
with colony morphologies, suggest the bacteria were three separate types. 

5.2.4 Biofilm "Chunk" Kinetics: The kinetic coefficients determined within batch 

cultures may or may not represent the actual coefficients of the biofilms and suspension 

contained within the bioreactors. Microorganisms growing attached to solid supports 

often exhibit marked differences in physiology from their suspended counterparts (Irvine 

et al (1997) in Moe and Irvine (2001c)). The character of cell walls often changes, some 

enzyme systems are modified, and pH, substrate, and oxygen gradients are generated. 

In an effort to determine the impact on kinetic coefficients associated with 

suspended cells within a culture bottle versus those contained within the biofilm, eight 
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pieces of biofilm were removed from the long, single silicone tube bioreactor. Toluene 

was added and the concentration within the headspace vials monitored with gentle 

agitation to prevent the chunks of biofilm from breaking apart, resulting in Figure 5-4. 

When compared with other coefficients generated during experiments with suspended 

cells, the maximum specific utilization rate was lower than most others measured. 

Additionally, the half saturation coefficient was lower than other measured values. There 

may be a variety of reasons for the lower coefficients, however, the most likely 

explanation is that only a small portion of the biofilm is actually metabolically active. 

Zhang and Bishop (1994) found that lower layers of a biofilm might only have 5-11% of 

cells that are metabolically active while upper layers (i.e. in contact with the substrate) in 

a biofilm might be 72-86% active cells. In two different biofilm models used to predict 

substrate utilization within a bioreactor, an inactive as well as an active layer was 

assumed in the biofilm (Harris and Hansford, 1976; Baltzis et al, 2001). If a large portion 

of the biofilm chunks were inactive, a lower k, when compared to growing cultures, 

would indeed be anticipated. The very low Ks value indicates that over virtually the 

entire range of concentration, zero order kinetics were exhibited. Another explanation 

may be diffusional limitations experienced by the biofilm chunk. A model of a spherical 

biofilm particle, to further explore this potential is presented in Chapter 4. Results of that 

model were a k of 0.198 h"^ and a Ks of 1 mg L"^ a large variation from values shown in 

Figure 5-4. 



- -*S«p?l!|i?tT 

152 

^ 0.14 
JC 

0) 0.12 «< 
(0 oc 0.1 c 
o 
'0 0.08 
N 
= 0.06 
3 
4) 0.04 

0:02 
n 
3 

CO 0 

♦ 

♦ 

.%„   ♦ 
♦ 

!♦...•». 
r—      -.♦   ^ *      . « ♦ ♦ 
t\*           ♦%       ♦♦♦♦ 

♦             ♦ 
♦ 

1  1— 

'♦ ♦ ♦ 
1 

20 40 60 80 100 

Substrate Concentration (mg L'^) 

120 
♦   Data 

 Mode 

Figure 5-4. Kinetic coefficient determination for a chunk of biofilm removed from the 
long, single tube bioreactor, Ks = 0.14 mg L"\ k = 0.02 h*. The maximum utilization 
rate was determined to be much lower than those determined for free suspensions. 

5.2.5 Abiotic Characterization of Mass Transfer: During the course of the research 

reported here, four silicone tubing and one polysulfone reactors were operated. Each 

reactor was characterized for abiotic mass transfer before inoculating with 

microorganisms. Abiotic data was collected by passing contaminated air through the 

lumen and circulating tap water through the Uquid side of the module. Abiotic data is 

shown in Appendix D. In all cases, abiotic removal was lower than removal observed 

with a fully developed biofilm present when reactors were operated at the same influent 

loading. 

5.3 STAGNANT LIQUID EXPERIMENTS: 

5.3.1 Overview: Membrane bioreactors used for the treatment of contaminatied air have 

usually been operated with a recirculating Uquid to enhance mass transfer (Ergas et al, 

1999; Pressman et al, 2000); convection is usually associated with improved mass 

transfer coefficients and improved mass transfer rates from reduction pf the thickness of 
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the thin Uquid film. However, there would be at least some benefit to operating a 

membrane bioreactor with no liquid circulation or under stagnant liquid conditions. If no 

liquid circulation is required, pumps are not necessary and thus energy costs might be 

reduced. Therefore, a stagnant liquid condition in two membrane bioreactors was 

investigated. Both bioreactors, the short, single silicone rubber tube bioreactor and the 

dual silicone tube reactor, were first operated with recirculating liquid flow. The liquid 

flow was then stopped, toluene removal monitored over time, and subsequently compared 

to the removal seen during the liquid recirculation condition. 

5.3.2 Single Silicone Tube Bioreactor, Recirculating Liquid Conditions: A single 

silicone tube bioreactor, previously operated by Scott Cole, was restarted by resuming a 

constant feed of toluene. The bioreactor was fed toluene for approximately 30 days. 

Towards the end of the 30-day period, gas inlet and outlet sampling was begun. Six days 

of sampling gave an average toluene removal of 93 ppm (LCL 77 ppm, UCL109 ppm). 

During this sampling period, the bioreactor had an average influent concentration of 986 

ppm and an average effluent concentration of 893 ppm. The influent and effluent air 

sampling data is shown in Figure 5-5. A loading (on membrane area basis) and removal 

curve is shown in Figure 5-6. As seen in this graph, removal was approximately 32 mg 

m'^ min ^ at an influent load of 390 mg m'^ h ^ Removal averaged 9% over the 

operational period. For comparison, Attaway (2000) found the removal was 99% and 

then dropped to 87% at an influent concentration of 1200 ppm BTEX in a silicone tube 

membrane reactor removing toluene. The removal rate in Attaway (2000) averaged 5 mg 

m'^ minV The disparity in removal percentages between this study and Attaway (2000) 
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may result from differences in air flows, membrane surface area and/or biofilm 

composition. 
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Figure 5-5. Toluene removal in the single silicone tube bioreactor under recirculating 
liquid conditions. Six days of sampling gave an average toluene removal of 93 ppm 
(LCL 77 ppm, UCL 109 ppm). 
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Figure 5-6. Loading and removal in the single silicone tube reactor. 

5.3.3 Dual Silicone Tube Bioreactor, Recirculating Liquid Conditions: Toluene 

removal in the dual sihcone tube bioreactor with recirculating liquid is shown in Figure 

5-7. Sampling over days 30 - 70 showed an average removal of 396 ppm (LCL 299 
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ppm, UCL 493 ppm). The last seven operational days were chosen as their influent 

concentration was relatively steady, i.e. neither increasing nor declining. The bioreactor 

had an average toluene influent concentration of 721 ppm and an average effluent 

concentration of 325 ppm during the sampling period. The loading curve for this reactor 

is shown in Figure 5-8. Removal was approximately 42 mg m"^ h'* at an influent 

concentration of 80 mg m"^ h"\ Removal over the entire operational period of 

recirculating conditions averaged 42%. 

During the study, the hquid recirculation tubing detached from the reactor causing 

a partial draining of the system. Biofilm slid down the tubing or slumped. Check valves 

or other backflow prevention devices might have prevented this. Noticeable bacterial 

regrowth on the tubing began within 48 hours, but also noticed several days later was a 

black growth, apparently underneath the bacterial biofilm. The black growth was 

speculated to be a fungus (Mihalcik, 2002). Upon later draining of the system, the 

biofilm did not slump where the black substance was present, suggesting the fungus may 

be instrumental in firm attachment of the biofilm to the tubing. 
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Figure 5-7. Influent and effluent toluene concentrations in the dual tube bioreactor with 
recirculating liquid. Sampling over days 30 - 70 showed an average removal of 396 ppm 
(LCL 299 ppm, UCL 493 ppm). 
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Figure 5-8. Loading curve for the dual silicone rubber bioreactor under recirculating 
liquid conditions. Two lowest influent load points from initial days of reactor operation. 

5.3.4 Single Silicone Tube Bioreactor, Stagnant Liquid Conditions: After operation 

with recirculating liquid, as described in Section 5.3.2, the liquid flow of the single 
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silicone tube bioreactor was turned off and the influent and effluent toluene 

concentrations monitored over time. Sampling over the operational period showed an 

average removal of 102 ppm (LCL 89 ppm, UCL 114 ppm). The bioreactor had an 

average influent concentration of 921 ppm and an average effluent concentration of 820 

ppm during the sampling period. The influent and effluent data is shown in Figure 5-9. 

The loading curve is shown in Figure 5-10. Removal was approximately 41 mg m' h" at 

an influent concentration of 400 mg m"^ h'\ Removal over the entire operational period 

of stagnant liquid conditions averaged 12%. 

2000 

ra 
i=    1500 
o u 
c 
o o 
a> 
c 
o 
3 

1.1000 
a. 

500 

0 

-00- 
o 

00 

, A.'.* w 
CD 

TP- 

CD 
»8 

13 33 53 73 

Day of Operation 

• Inlet Concentration 

0 Outlet Concentratior 

Figure 5-9. Influent and effluent concentrations of the single silicone tube bioreactor 
under stagnant liquid conditions. SampUng over the operational period showed an 
average removal of 102 ppm (LCL 89 ppm, UCL 114 ppm). 
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Figure 5-10. Removal and loading of the single silicone tube bioreactor under stagnant 
liquid conditions. No significant differences were found in removal betwwen the 
recirculating and the stagnant liquid reactors. 

5.3.5 Dual Silicone Tube Bioreactor, Stagnant Liquid Conditions: 

In the dual tube bioreactor, sampling over the operational period with stagnant 

liquid showed an average removal of 319 ppm (LCL 286 ppm, UCL 352 ppm). The 

bioreactor had an average influent concentration of 665 ppm and an average effluent 

concentration of 346 ppm during the sampUng period. The influent and effluent toluene 

concentration data is shown in Figure 5-11. The loading curve is shown in Figure 5-12. 

Removal was approximately 40 mg m'^ h"^ at an influent concentration of 80 mg m' h". 

Removal averaged 47% over the entire operational period of stagnant liquid, or non- 

recirculating conditions. 
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Figure 5-11. Removal of toluene in the dual silicone tube bioreactor under stagnant 
liquid conditions. Sampling over the operational period with stagnant liquid showed an 

average removal of 319 ppm (LCL 286 ppm, UCL 352 ppm). 
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Figure 5-12. Loading curve of the dual silicone tube bioreactor under no liquid flow 
conditions. No significant differences were found in removal between the recirculating 

and the stagnant liquid reactors. 
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5.3.6 Discussion: The single silicone tube bioreactor operated with recirculating liquid 

flow provided toluene removal of 93 ppm (LCL 77 ppm; UCL 109 ppm) while the same 

reactor under stagnant flow conditions provided a removal of 102 ppm (LCL 89 ppm; 

UCL 114 ppm). The dual silicone tube bioreactor with recirculating liquid flow provided 

a removal of 396 ppm (LCL 299 ppm, UCL 493 ppm) while the dual silicone tube 

bioreactor with stagnant flow provided a removal of 319 ppm (LCL 286 ppm, UCL 352 

ppm). In both the single and dual silicone bioreactors, stopping the liquid flow had no 

apparent effect on the removal efficiency for toluene; there was no difference at the 95% 

confidence level. 

Liquid flow apparently does not have any substantial impact on the toluene 

removal in operational bioreactors (at least those with a thick biofilm present) at the 

liquid flow rates that were studied. If liquid flow improved mass transfer from the 

biofilm into the suspension (by lowering the liquid mass transfer resistance/shrinking the 

thickness of the liquid boundary layer), stopping the flow should have resulted in at least 

a moderate efficiency decline. The results support other findings in this study that 

indicate the suspension does not contribute substantially to toluene degradation within the 

bioreactors. 

5.4 NUTRIENT LIMITATION STUDIES: 

5.4.1 Overview: Microorganisms require essential nutrients in order to function and 

produce new cells. Most often these nutrients and growth factors are not present in the 

waste gas and have to be supplied externally to a biofilter (Waweru et al, 2000). Nutrient 

limitation is considered as a major factor limiting biofilter efficiency with nitrogen being 

an essential nutrient for microbial growth; other macronutrients needed include 
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phosphorous, sulfur, potassium, magnesium, calcium, sodium and iron (Lim et al, 2001). 

Indeed, excessive biomass accumulation in a trickle bed air filter was found to be 

controlled by limiting the amount of inorganic nutrients available for growth (Weber and 

Hartmans, 1996). The absence of phosphorous led other researchers to postulate that 

nutrient Umitation might have contributed to effective biomass control (Sorial et al, 

2001). 

To explore whether nutrient limitations might have an effect on bioreactor 

performance, a single silicone tube and a dual silicone tube bioreactor were operated with 

a full nutrient solution complete in N and P as well as other nutrients as listed in ATCC 

Culture Medium 1981 M-R2A. After operation with complete nutrient solutions, the 

bioreactors were again operated - one devoid of nitrogen and the second devoid of 

phosphorous, and their removals compared. 

5.4.2 Single Silicone Tube Bioreactor, Full Nutrient Solution:   Gaseous influent and 

effluent sampling over the days of the operational period with full nutrient solution 

showed an average removal of 146 ppm (LCL95100 ppm, UCL95191 ppm). The 

bioreactor had an average influent concentration of 1483 ppm and an average effluent 

concentration of 1337 ppm during the sampHng period when influent concentrations were 

closest to 1500 ppm (n = 13). The influent concentration of this bioreactor changed 

throughout the study, therefore only the 13 data points were used for comparison with the 

nutrient limited conditions. The influent and effluent data for the entire operational 

period is shown in Figure 5-13. 
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Figure 5-13. Removal in the single silicone tube bioreactor with full nutrient solution. 
Gaseous influent and effluent sampling over the days of the operational period with full 
nutrient solution showed an average removal of 146 ppm (LCL95100 ppm, UCL95191 
ppm). 

-2u-l Removal was approximately 19 mg m"^ h"^ at an influent load of 200 mg m'^ h*' with the 

loading curve shown in Figure 5-14. Toluene removal averaged 9.8%. 
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Figure 5-14. Loading curve for the single silicone tube bioreactor with full nutrient 
solution. 
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5.4.3 Single Silicone Tube Bioreactor, Devoid of Nitrogen: Sampling over the 

operational period with the single sihcone tube bioreactor devoid of nitrogen showed an 

average removal of 124 ppm (LCL 107 ppm, UCL 141 ppm). The bioreactor had an 

average influent concentration of 1479 ppm and an average effluent concentration of 

1355 ppm during the sampling period. The influent and effluent data is shown in Figure 

5-15. Removal was approximately 13 mg m'^ h"^ at an influent concentration of 200 mg 

m"^ h'\ Removal averaged 8.3%. The loading curve comparing full and nitrogen limited 

conditions is shown in Figure 5-16. 
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Figure 5-15. Removal in the single tube bioreactor under nitrogen hmitation. Sampling 
over the operational period with the single silicone tube bioreactor devoid of nitrogen 
showed an average removal of 124 ppm (LCL 107 ppm, UCL 141 ppm). 
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Figure 5-16. Loading curve of the single tube bioreactor under full and nitrogen limited 
conditions. No significant differences in removal were found between the ful nutrient 
and limited nutrient reactors. 

5.4.4 Dual Silicone Tube Bioreactor, Full Nutrient Solution: The last seven sampUng 

events during full nutrient operation, as shown in Figure 5-17, showed an average 

removal of 396 ppm (LCL 299 ppm, UCL 493 ppm) in the dual tube bioreactor. Again, 

the last seven data points were chosen as their influent concentration was relatively 

steady. The bioreactor had an average influent concentration of 721 ppm and an average 

effluent concentration of 325 ppm during the sampling period. The influent and effluent 

data for the dual tube reactor is shown in Figure 5-17. Removal was approximately 42 

mg m"^ h'^ at an influent concentration of 80 mg m"^ h"\ The loading curve is shown in 

Figure 5-18. 
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Figure 5-17. Removal in the dual tube bioreactor with full nutrient solution. The last 
seven sampling events during full nutrient operation showed an average removal of 396 
ppm (LCL 299 ppm, UCL 493 ppm) in the dual tube bioreactor. 
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Figure 5-18. Loading curve of the dual tube bioreactor with full nutrient solution. 

5.4.5 Dual Silicone Tube Bioreactor, Devoid of Phosphorous:   Sampling over the 

operational period showed an average removal of 342 ppm (LCL 312 ppm, UCL 373 

ppm). The bioreactor had an average influent concentration of 692 ppm and an average 

effluent concentration of 349 ppm during the sampUng period. The influent and effluent 
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data is shown in Figure 5-19. Removal was approximately 20 mg m'^ h"' at an influent 

concentration of 40 mg m'^ h"\ A comparison of the loading curves for the full nutrient 

condition and the no-phosphorous condition is shown in Figure 5-20. 
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Figure 5-19. Toluene removal in the dual tube reactor under phosphorous limitation. 
Sampling over the operational period showed an average removal of 342 ppm (LCL 312 
ppm, UCL 373 ppm). 
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Figure 5-20. Loading curve of the dual tube reactor under phosphorous Umitation. No 
significant differences in removal were found between the ful nutrient and hmited 
nutrient reactors. 

5.4.6 Discussion: The single siHcone tube bioreactor operated with full nutrient solution 

provided toluene removal of 146 ppm (LCL 100 ppm; UCL 1.91 ppm) while the same 

reactor under nitrogen limited conditions provided a removal of 124 ppm (LCL 107 ppm; 

UCL 141 ppm). The dual siUcone tube bioreactor with full nutrient solution provided a 

removal of 396 ppm (LCL 299 ppm, UCL 493 ppm) while the dual silicone tube 

bioreactor with nutrient solution devoid of phosphorous provided a removal of 342 ppm 

(LCL 312 ppm, UCL 373 ppm). In both the single and dual tube bioreactors, depleting 

the nutrients N and P had no apparent effect on the removal efficiency for toluene in the 

operational bioreactors. 

Several studies have indicated nutrient deprivation may impact removal or control 

biomass growth (BCinney et al (1998) (in Moe and Irvine, 2001a); Smet et al, 1999). 

Although not anticipated from the aforementioned studies, the lack of efficiency decline 

in the present study fits well with resuhs from at least one other study. Cherry and 

Thompson (1997) indicated it should not be necessary to add nutrients perpetually to 
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maintain activity in a bioreactor once the proper population of microorganisms has been 

obtained. The lack of decline in efficiency suggests that nutrients are potentially cycling 

within the biofilm through diffusion. There remains the question whether nutrient 

Umitation would be a serious detriment over a long period of operation (Moe and Irvine, 

1991), however, this short study suggests that at least for short periods, nutrient 

deprivation will not greatly impact removal in the silicone tube bioreactor systems. 

5.5 REACTOR OPERATION AND SCALE-UP: 

5.5.1 Semi-Pilot-Scale Reactor: Because no report of a pilot-scale membrane 

bioreactor was found in the literature, a semi-pilot-scale unit was built and operated for a 

150 day period. A loading curve is shown for that semi-pilot-scale reactor in Figure 5- 

21. Figure 5-22 shows the removal on the basis of loading per cubic meter of bioreactor 

volume, the proposed conventional method for reporting biofilter performance (Devinny 

et al, 1999). Toluene removals from the air ranged from 10-100%, and varied with 

influent concentration; higher loads gave smaller percentage removals with the lower 

loads giving 100% removal in some cases. The first days of operation generally gave 

lower removals, most likely related to lack of complete biofilm formation at that time. 

As a note, when examining removal data, it appears to the author that using loading 

curves is most appropriate and least confusing. Loading curves take into account the 

airflow, influent concentrations, and reactor surface area and volume. 
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Figure 5-21. Removal per membrane area in the semi-pilot-scale reactor. The first 
fifteen days showed lower removals because of incomplete biofilm growth. 
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Figure 5-22. Removal per volume in the semi-pilot-scale reactor. 

5.5.2 Discussion: As a comparison with conventional biofilters, the semi-pilot scale 

reactor offers comparable removals in terms of loading. Elimination capacities for BTEX 

compounds ranged from 8-60 g m'^ h'* while removals for VOCs ranged from 5-229 g m" 

^ h"* (Devinny et al, 1999). The semi-pilot scale reactor in the present study showed 

removals of <1 - 220 g m"^ h'\ Increased removal with increased loading is most likely 

related to a greater concentration gradient across the membrane because of increased air 
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contaminant concentration (providing a larger driving force) and/or an increase in 

substrate utilization by the microorganisms associated with the higher concentration. The 

lack of apparent scaling is most likely related to differences in microorganisms 

communites present, differences in silicone tubing radii caused by stretching of the 

tubing or perhaps even differences in the age of the tubing itself. 

5.6 IN SERIES REACTOR OPERATION: 

5.6.1 Removal in reactors: To determine whether two bioreactors in series would 

perform adequately, the dual tube bioreactor was placed in series with a newly 

constructed single tube bioreactor. Results of the in-series operation are shown in Figure 

5-23. Removal while operated in series in the dual tube bioreactor was approximately 

twice that of the single tube bioreactor on a per area basis. Differences in removal of the 

individual units may be related to how the reactors were constructed. In the dual tube 

reactor, tubes were stretched while in the new single tube reactor, the tube was not tightly 

stretched. Also in the new single tube reactor some splitting of the biofilm was noted, so 

there was not 100% coverage of the tube at all time of operation. However, the single 

tube did provide further removal of toluene when placed in series with the dual tube 

reactor; two bioreactors in series provided more removal than one bioreactor alone. 

5.6.2 Discussion: Of note is the difference of removal seen in the dual tube bioreactor 

during its first few months of operation and the removal seen during the in-series 

experiment. Removal in the dual tube biofilter alone was 20 mg m'^ min'* while during 

the in-series experiment removal was 10 mg m"^ min"^ (both experiments at a loading rate 

of 40 mg m"^ min'^), a very apparent decrease.   At the time the experiment was 

completed, the dual tube bioreactor biofilm was approximately 7 months old. Aging of 
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the biofilm or the sihcone tube may have contributed to the differences in removal over 

time for the dual tube reactor. Shifting in biofilm communities may have also 

contributed to the differences in removal seen at the various times. 

50 100 

Influent Load (mg min'^ m'^ 

Figure 5-23. Removal in the in-series reactors. 
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5.7 COMPARISON OF TOLUENE REACTOR SYSTEMS: 

An overall comparison of reactor systems examined during the present study is 

shown in Figure 5-24. There are distinct differences in removals seen between the 

reactor systems. Exact comparison is difficult as reactors were not operated with exactly 

the same dimensionless parameters, and the reactors also may not have exactly the same 

bacteria or bacterial communities present. Additionally, the single bioreactor was an 

older biofilm (possibly impacting the kinetics) and the manufacturer of the silicone 

tubing is believed to have been different than the manufacturer of the tubing used in the 

semi-pilot-scale and the dual tube reactors (possibly impacting the effective permeability 

of the sihcone).  The airflow patterns, and the method of introduction of air into each 

reactor may have also contributed to differences in removal; velocity profiles may or may 
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not have been fully developed. Each of these factors may contribute to the differences in 

removal and are more thoroughly discussed in the modeling results section. 

The reactors may be further compared by examining parameters periodically measured 

during the study, with complete data shown in Appendix D. More measurements would 

have been completed, however, each time measurements were taken, the biofilm and 

bioreactor system was disturbed causing some sloughing of biofilm. Probably the most 

notable trends seen in the measurement are the frequently changing dissolved oxygen 

concentrations within the liquid phase ranging from 0-4.91 mg L'\ the limited pressure 

drop across the reactors ranging from O-'^ie inches of water, the limited need for nutrient 

solution replacement, and the distinct drop in pH over the period of operation, i.e. 6.15 

dropping to 3.3 in the dual tube reactor. The differences in oxygen readings are most 

likely attributed to disturbance of the liquid suspension during meaurement and the 

accidental introduction of air. 

pH drop during reactor operation is very large. This drop in pH may be related to 

bacterial metabohsm changes or to accumulation of metabolic wastes within the system 

(Bleckmann, 2003). The pH recorded during the course of experimentation was 

measured in the Uquid and perhaps does not reflect the pH that actually exists within the 

biofilm matrix. The bacteria themselves may be at least partially shielded from the low 

pH due to the, presence of large quantities of exopolymeric substances (EPS). Perhaps 

the biofilm is stratified with the most acid tolerant bacteria positioned towards the liquid 

with the less tolerant tube side. Unfortunately, the exact reason for the drop in pH cannot 

be explained without further knowledge and analysis. 
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5.8 HEAT TRANSFER STUDIES AND INCREASED TEMPERATURE 
OPERATION: 

5.8.1 Introduction:  Membrane bioreactors may have the potential to effectively treat 

elevated temperature contaminated gas streams. High temperature contaminated gas 

streams may exist in virtually any industry where dryers, ovens, or heaters are used or 

where combustion occurs. More conmionly known industries that have high temperature 

gas stream emissions include wood products manufacturing (NCASI, 1999), the power 

generation, metal-castings and automobile manufacturing industries. 

To determine heat transfer coefficients in membrane modules, several 

configurations of the temperature measurement apparatus described in the Methods and 

Materials Section were used. Three membrane materials were examined: silicone, latex, 

and polysulfone. Heat transfer coefficients were calculated for each membrane module 

under two air flow rates (high and low) and several liquid flow rates. Each membrane 

module was examined under insulated and uninsulated conditions. A measurement of the 

membrane surface temperature was also taken. 

5.8.2 Heat Transfer Coefficients:   A tabular comparison of the modules used is shown 

in Table 5-3 while the measurement ranges are shown in Table 5-4. The comparative 

information is shown graphically in Figure 5-25. The results indicate that the polysulfone 

module had lower heat transfer coefficients than the silicone and latex modules. The 

lower values are most likely related to the differences in reactor sizes, membrane surface 

area, and module configurations. The latex and silicone modules had heat transfer 

coefficients very similar to one another, again, possibly related to their very similar sizes, 

reactor configuration and membrane surface areas. 
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Table 5-3. Membrane units used during heat transfer experiments. 
Membrane 
Unit 

Liquid Flow Rates 
(mL min'') 

Air Flow Rates 
(L min"') 

Unit Length 
(mm) 

Fiber O.D. 
(mm) 

Membrane 
Area 
(m') 

Silicone 
Rubber 

5.9 - 83.9 1.18,3.69 240 12.7 0.009574 

Latex 
Rubber 

2.6-88.8 1.26,5.37 240 12.7 0.009574 

Polysulfone 8.0-89.1 0.98,2.60 177.8 3.9 0.018517 

Table 5-4. Range of heat transfer coefficients (U), reported in W m"^ K'^ and surface 
temperature (K) at the exterior membrane surface. 

Material Insulated 
High Flow^ 

Insulated 
Low Flow^ 

Uninsulated 
High Flow' 

Uninsulated 
Low Flow^ 

Influent Air/Membrane 
Surface Temp (K) 

Silicone 13.2 -17.4 8.9 -12.1 13.8-15.2 7.7 - 9.2 365.2/299.5 
Latex 13.6-14.1 9.6 -12.9 14.1 - 15.4 9.1-11.3 370.0/309.9 
Polysulfone 12.6 -16.7 2.9 - 3.9 10.7-11.3 6.7 - 6.8 363.6/294.5 

High Air Flow (L min ) - Silicone 3.7; Latex 5.4; Polysulfone 2.6. 
^Low Air Flow (L min"^) - Silicone 1.2; Latex L3; Polysulfone LO. 
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Figure 5-25. Summary comparison of heat transfer coefficients for uninsulated and 
insulated modules at high and low air flow rates; a. high airflow, uninslated; b. high 
airflow insulated; c. low airflow, uninsulated; d. low airflow insulated. U represents the 

2-vr-i heat transfer coefficient. Heat transfer coefficients ranged from 2.9-17.4 W m' K 

Graphs of each measurement/experiment are shown in Appendix C. Error bars 

are shown on some graphs indicating 95% confidence intervals using the Student's t 

distribution. Lower airflow rates tended to give lower heat transfer coefficients as 

predicted by heat transfer theory. Little change in U was seen across the range of liquid 

flow rates investigated. 

In an attempt to characterize the relative contributions of convective heat transfer, 

a model of heat transfer resistance for the single tube reactor configuration was adapted 

(Kakac and Liu, 1998, p. 286). The overall heat transfer coefficient for a shell and tube 

heat exchanger (and thus the reactor module) is shown in Equation 5-10: 
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1 =±+i+Z^M:.M (5-10) 
u,  K   h,d, 

where 

Uc = Overall heat transfer coefficient 
ho = Heat transfer coefficient of the liquid side 
hi = Heater transfer coefficient of air side 
di= Inner diameter of tube 
do = Outer diameter of tube 
ro = Outer radius of tube 
ri = Inner radius of tube 
k = Thermal conductivity of the tube material 

There is extensive documentation of convection correlations (e.g. Kakae 

and Liu, 1998). The only forced convection equation that represents 

simultaneously developing laminar flow and temperature in smooth ducts is 

shown in Equation (5-11), however, it is not vaHd for the diameter and length 

configuration of the single tube modules, therefore, the Nusselt number of 4.36 

was used; representative of fully developed flow in a smooth duct (Kakac and 

Liu, 1998, p. 77 and 84). Neither equation nor singular value is an ideal 

assumption. 

iVM = (0.664)f^^^T"pr-''^ (5-11) 

where: 

Nu = Nusselt number (dimmensionless) 
Re = Reynolds number (dimensionless) 
Pr = Prandtl number = kinematic viscosity/thermal diffusivity (dimensionless) 
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d = Diameter of tube (m) 
L = Length of tube (m) 

The convective heat transfer coefficient can be represented by Equation (5-12) 

(Clark, 1996, p.341). 

h=- (5-12) 

Using values shown in Table 5-5, and Equation 5-12, convective transfer appears 

to dominate Equation 5-10. However, to make certain this was the case, more exacting 

measurements over the air flow regimes actually used would be necessary to develop the 

exact Nusselt number correlations and subsequently the convective heat transfer 

coefficient. Additionally, determination of the thermal conductivity of the exact silicone 

rubber in use might yield more information about relative contributions of to heat transfer 

resistance. 

able 5-5. Input parameters i ̂ or Equation 5-10. 
Parameter Unit Value 
Uc W m-^ k-' 15 
k W m"' K-' 0.0257 
di m 0.009525 
Nu ~ 4.36 

Several difficulties were experienced during the measurement of heat transfer 

coefficients. High temperature air was extremely difficult to generate with the equipment 

available. Low air flow rates were particularly troublesome; although very high 

temperature air was generated in the heater, temperatures declined very rapidly after 

exiting the heater. Attempts to insulate influent portions of the apparatus did not yield 

any better results. The apparatus also was very small, and the short distance between 
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influent and effluent measurement ports potentially influenced results. At higher airflow 

rates, the heating device's rheostat was ultra sensitive to movement, making exacting 

temperature control difficult. Additionally, the apparatus was not enclosed in a 

temperature controlled box or placed in a very stable temperature room, therefore, there 

is the possibility that room temperatures may have slightly influenced results, since 

readings were taken on different days. Because of these difficulties related to the 

construction of the heat transfer measurement apparatus, only qualitative statements are 

warranted concerning the various membrane materials and module configurations. 

Measured values of U in this study (2.9 -17.4 W m"^ K"') are lower than those 

found in the literature, but consistent with convective heat transfer. The film heat transfer 

coefficient for a low-temperature distillation unit employing hydrophobic membranes 

was 29 W m"^ K"^ (Aremu, 1990), 5000 W m"^ K"^ in a microporous membrane 

distillation process (Schofield, 1989), and 1.75 x lO'' W m'^ K"^ for rubber to air (Sae-Oui 

et al, 1999). The great differences in the values cited, as well as the difference with those 

measured during this study, are most likely related to the variety of use and measurement 

conditions of the various membranes. In this case, the air phase seems to dominate the 

resistance to heat transfer. 

5.8.3 Bioreactor Operation: To establish a baseline for comparison with higher 

temperature operation, the small single siUcone tube bioreactor was first operated at 

ambient temperature (~ 23 °C) for a period of two weeks. During the period of ambient 

temperature operation influent toluene concentrations averaged 986 ppm, effluent 893 

ppm and toluene removal averaged 93 ppm (LCL95 77 ppm; UCL95109 ppm), with an 

average mass removal of 17 g m"^ h"^ (total reactor volume basis). Later, the same 
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bioreactor was operated with the Uquid flow heated. The hquid temperatures in the 

center of the reactor liquid volume was 37.5 °C, an increase of approximately 15 °C 

above ambient temperature operation. During the 36-day operational period of the heated 

bioreactor, influent toluene concentrations averaged 1020 ppm, effluent 909 ppm, and 

toluene removal averaged 111 ppm (LCL95 90 ppm; UCL95133 ppm) with an average 

mass removal of 20 g m"^ h'^ (total external reactor volume basis). A graphical 

presentation of the influent and effluent data and the loading curves are shown in Figures 

5-26 - 5-28. 
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Figure 5-26. Influent and effluent concentrations of the heated bioreactor. Gas inlet (•) 
and gas outlet concentrations (o) are shown for each respective day. During the 36-day 
operational period of the heated bioreactor, influent toluene concentrations averaged 
1020 ppm, effluent 909 ppm, and toluene removal averaged HI ppm (LCL95 90 ppm; 
UCL95133 ppm). 
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Figure 5-28. Volumetric loading versus removal in the heated bioreactor. No significant 
differences were found in removal between the ambient temperature and the heated 
reactor systems. 

Operation of the heated bioreactor was generally unremarkable and was 

indistinguishable from operation of the bioreactor during ambient temperature operation 

with one exception. At day 19, a definite color change (beige to pink) of the suspension 

and biofilm was observed. Over the next several days, the biofilm and microorganisms 

attached to the glass reactor interior also turned pink. The color change was most likely 
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indicative of a shift in relative numbers of microorganisms. Later, small amounts of 

algae were seen growing on the interior of the reactor, again indicating that the 

approximately 15°C increase in temperature resulted in a different microbial community. 

Kinetic data from both the biofilm and suspension were collected to explain the 

anticipated differences in bioreactor performance under ambient and elevated 

temperature conditions. Biokinetic parameters are shown in Table 5-6. 

Table 5-6. Biokinetic parameters for ambient and elevated temperature operation. 
Ambient Temperature Elevated Temperature 

Suspension Ks (mg L'^) 1.5 1.3 
Suspension k (h") 0.01 0.07 
Biofilm Ks (mg U') 12.0 0.8 
Biofilm k (h"') 0.2 0.09 

Although the measured kinetic values for the ambient and heated bioreactor suspension 

were very similar, the biofilm kinetic parameters changed markedly. The change may be 

related to the change in population, suggested by the color shift during operation. In a 

thermophyUic study of alpha-pinene removal, analysis of the microbial community using 

DNA fingerprinting indicated that there were distinct communities present at the different 

temperatures of operation (Allen et al, 2000). 

Although anticipated to provide higher removal rates at elevated temperatures, the 

bioreactor provided only a small apparent improvement in average removal, and that 

improvement was not actually statistically significant. An improvement in performance 

was expected based on reports that biological reaction rates approximately double when 

the temperature rises 10 °C (Devinny et al, 1999). Expectations for improvement were 

also warranted based upon other studies; toluene removal in a conventional biofilter 

increased 37% after a 10 °C increase in feed temperature, and the same unit had a 10% 
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increase in removal when ambient temperatures were increased 10 °C (Ahmed, 1997). In 

support of the lack of improvement, Cox and Deshusses (2000) found elimination 

capacities for ethanol were similar for both an ambient temperature biotrickling filter (22 

°C) and one at high temperature (53 °C) while removals were similar at different 

temperatures in a bioreactor removing NOx (Min et al, 2002). 

The lack of improvement in removal might be explained by both physical - 

chemical and biological factors. The slightly higher temperature in the reactor may have 

created an unfavorable physico-chemical environment. As the Henry's Law coefficient 

rises with temperature for most gases, less of the compound may be dissolved in the 

water and sorption may also be reduced (Devinny et al, 1999). The limited increase in 

removal might also be related to the apparent shift in microorganism populations. 

Additionally, the experimental design may have influenced the result. Although the 

interior of the reactor only achieved a temperature of 37.5 °C, the liquid in the hot plate 

was at 72 °C. Thus it is possible that some, if not all, of the mesophilic bacterial 

suspension passing through the flask was negatively affected. 

5.9 DIURNAL LOADING STUDIES: 

5.9.1 Significance of Transient Loading Studies: Examination of VOC removal under 

non-steady state or transient loading conditions is of interest because biofilters operating 

in industry are generally exposed to a spectrum of changing conditions, particularly when 

assigned to the treatment of waste air from discontinuous processes. Within the paint 

coating industry, which may have highly varying emissions over time, effluent streams 

containing mixtures of ketones, alcohols and xylene with concentration surges of up to 

20,000 ppm have been reported (Bustard et al, 2001). Additionally, shift work may be 
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used and the bioreactor will not have a steady flow of contaminant. For example, a 

worker may begin the work shift by turning on the paint booth exhaust ventilation system 

(the contaminated gas supply to the bioreactor), complete an 8-h work shift painting 

vehicles (VOCs are generated and delivered to the bioreactor), and turn off the ventilation 

system at the end of the work shift (VOC supply to the bioreactor is halted or reduced). 

Therefore, a starvation period would occur after a period of relatively steady carbon 

supply. It seems pertinent to obtain reliable data on the transient behavior of membrane 

bioreactors under the conditions encountered in field operation, in order to ascertain 

whether a bioreactor could respond effectively to sudden changes in operating conditions, 

shutdowns and restarts, and contaminant spike loadings. 

The main objective of this study was to examine the removal of a contaminant 

from a contaminated gas stream, using a polysulfone microporous membrane module, 

under "shift work" conditions. 1-butanol was selected for study because benzene, the 

contaminant originally chosen for study (Zhang, 2000), was found to be absorbed by the 

polysulfone module. Toluene, the contaminant used for other experiments in the present 

study was anticipated to also absorb into the membrane and was not used. The 1-butanol 

removal efficiency under the periodic carbon supply conditions was compared to 1- 

butanol removal under constant contaminant concentration conditions. The study had 

three separate phases of operation: continuous, steady-state operation of the bioreactor 

(Zhang, 2000); start-up with inmiediate placement onto an 8-h "on" and 16-h "off 

condition with a weekend "off" condition added later; and start-up into a continuous 

operation followed by 8-h "on" and 16-h "off" condition. 
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5.9.2 Phase I - Bioreactor Continuous Loading: 

5.9.2.1 Biolcinetic Parameters: Monod-like biokinetic parameters were determined for 

the biofilter cultures degrading 1-butanol by Zhang (2000). Non-linear least squares 

regression produced a maximum specific utilization rate, k, of 4.3 d" and a half 

saturation constant, Ks, of 8.9 mg L"\ 

5.9.2.2 Abiotic Mass Transfer: For the various combinations of gas and liquid flow 

rates examined (Zhang, 2000), mass closure ranged from 93-135% and overall removal 

of 1-butanol from the gas stream into the liquid stream ranged from 58-96%. As 

expected from models and similar reactors (Ergas 1999; Aziz 1995) the degree of abiotic 

removal was dominated by the Uquid velocity. Abiotic mass transfer and mass closure 

served as a control for the experiment. 

5.9.2.3 Continuous Loading: The bioreactor was operated under a continuous loading 

condition for 30 days (Zhang, 2000). Daily removal percentages are shown in Figure 5- 

29. 1-butanol removal generally improved over time. Influent concentrations were 

changed until greater than 99% removal at an influent concentration 
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Figure 5-29. Removal of 1-butanol under continuous loading conditions, Phase I; data 
from Zhang (2000). Gas flow rate of 220 mL min"', liquid flow 5-40 mL min* and 
influent concentration averaging 200 ppm. Removals increased as the biofilm developed. 

of 200 ppm (73 g m"^ h"') was achieved. Only three conventional biofilter studies 

concerning butanol removal have been described in the Uterature (Baltzis et al, 1997; 

Heinze and Friedrich, 1997; Tang et al, 1995); no study has reported 1-butanol removal 

in membrane biofiltration units. Baltzis et al (1997) modeled removal from the gas phase 

and emphasized the importance of adequate oxygen for the degradation of butanol while 

Heinze and Friedrich (1997) correlated the volumetric respiration rate with the 

volumetric degradation rate of n-butanol by the stoichiometry of n-butanol oxidation. A 

peat and perhte biofilter removing ethanol and butanol under shock loadings never failed 

(Tang et al, 1995). 

During this portion of the study, no degradation intermediates were detected 

during headspace analysis of the air or liquid phases. Inlet liquid concentrations in this 
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countercurrent flow apparatus were typically <1 mg L'^ while the liquid outlet 

concentrations were typically at 2 mg L'\ indicating that some degradation was occurring 

in the Hquid suspension in the bubble catcher, in addition to the degradation occurring in 

the attached membrane biofilm. 

5.9.3 Phase II - Bioreactor Diurnal Loading: Beginning in September 2000, the 

polysulfone membrane module was seeded with a 1-butanol degrading culture, and 

placed immediately onto a diurnal loading schedule of 8 h "on" and 16 h "off, 7 days a 

week. At Day 22, the gas flow and contaminant feed to the bioreactor was manually 

turned off on weekends, in addition to being turned off at night. Figure 5-30 shows end- 

of-day removal percentages over the course of operation. End-of day percentages were 

used to analyze the data as they were usually the lowest removal efficiency noted through 

the 8-h day. Anomalously high removal efficiencies seen on Days 16,17,25, and 63 and 

low readings remain unexplained. However, they are most hkely due to mechanical 

failures in the system; influent concentrations tended to vary due to the type of pumps 

used and the evaporation rate of 1-butanol. Removal efficiency averaged 29%. 
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Figure 5-30. End of day 1-butanol removal (% basis), diurnal loading conditions. 
Removal efficiency averaged 29%. 

^ 500 
i. 450 
•^ 400 
c 
o 
C 

350 
E  300 
c 
s 
s o 
o c 
S 
3 
m 

250 
200 
150 
100 
50 

• 
• 

% f 
• • 

• 

o o -^°°        ••*• ••••••• 
• 

•            o • • 5 
° O 

« °°°°-Oo 

1      1     1 '-r- r        1          1         1 1         1         1          1          1          1 

Time (24-h clock) 

Day 6 

Time (24-h clock) 

Day 8 

Time (24-h clock) 

Day 11 

Figure 5-31. Improvement in hourly 1-butanol removal after bioreactor start-up. Gas 
inlet (•) and gas outlet concentrations (o) are shown for each respective day. 
Improvements were most likely related to increased biofilm growth. 
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The improvement in bioreactor operation over the initial start-up period is seen in 

Figure 5-31. As seen in most bioreactor studies, time is required for the microorganisms 

to acclimate to influent concentrations and to multiply to a viable population number. 

After approximately Day 8, hourly removal patterns were fairly stable and resembled the 

pattern seen on Day 11. 

Greater removal efficiencies were seen immediately after bioreactor start-up each 

day as compared to the end of the day. To further examine what was occurring, influent 

and effluent measurements were taken approximately every fifteen minutes directly 

following start-up. Removal percentage stabilized after approximately one hour and the 

removal over a typical day is shown in Figure 5-32. Higher removal efficiencies after 

start-up each day might be explained by consumption of 1-butanol in the biofilm and 

Hquid phase while the normal air feed was turned off, thus increasing the concentration 

gradient at start up, driving diffusion of the 1-butanol into the liquid phase. In a 

conventional biofilter, the collection efficiency was found to rise for a short period after 

the feed was resumed afl:er shutdown (Gerrard et al 1997). The higher removal 

percentage was most probably due to adsorption in the bed. Paca and Koutsky (1994 in 

Marek et al, 2000) found a brief increase in efficiency for both xylene and toluene after 

restarting a biofilter after a 2 h and 24 h period of starvation. Additionally, influent 

concentrations in the current study were slightly higher in the morning, due to the 

apparatus configuration; with airflow turned off the 1-butanol was able to saturate the air 

in the container through which the air flow passed at start-up. 
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Figure 5-32. A typical 8-h day (Day 13) of 1-butanol under diurnal loading conditions, 
Phase n. Gas inlet (•) and gas outlet concentrations (o) are shown throughout the day. 
Removal at start-up was greater than end-of-day removal. 

5.9.4 Discussion: The apparent lower removal efficiency during Phase H, 29% (HI 

ppm) as compared to >99% (200 ppm) removal efficiencies found during continuous 

operation in Phase I, was first thought to be related to changes in the biofilm or 

suspension biomass. Several studies have shown that starvation results in metabolic and 

enzymatic changes of the microorganisms (Cunha, 1994; Papageorgakopoulou and 

Plakoutsi, 1996; Neubauer et al, 1995; Cunha et al, 1994). 

A good explanation of microorganism growth under unsteady-state conditions is 

provided by Moe and Irvine (2001c). Imposed conditions on bioreactors can cause two 

types of adaptation in a mixed culture. The first is a change in relative abundance of 

species present within a mixed microbial community. The second is a shift in 

physiological state of the microbes. Physiological state refers to organism 

macromolecular composition. When grown under steady ambient conditions, microbes 

undergo balanced growth, a condition under which the physiological state remains 
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constant, i.e. the mass fraction and synthesis rate of macromolecules, such as DNA, 

RNA, and proteins remains unchanged from one generation to the next. 

The physiological state achieved depends on the ambient growth conditions 

imposed (Moe and Irvine, 2001c). Changes in physiological state occur when microbial 

consortia are subjected to unsteady-state conditions and growth becomes unbalanced. 

During unbalanced growth, physiological state is not constant because intracellular 

macromolecules are changing and continue to change because they are synthesized at 

different relative rates. Because the protein synthesizing system determines the rate at 

which catabolic enzymes are synthesized, physiological state impacts the exhibited 

substrate removal rate. In fact, physiological adaptation can be considered the primary 

determinant of short-term transient responses because changes in selection and 

enrichment of the various species within a microbial conmiunity generally occur more 

slowly than changes in physiological state (Moe and Irvine (2001c). Nutrient depletion 

in the range of a few hours is expected to result in an increase in uptake efficiency and 

range of substrates utilized rather than a decrease in biofilm activity (Moe and Irvine 

(2001c)). 

After taking into consideration the events that could be occurring in the biofilm 

and the suspension, the amount removed was compared on a reactor basis which accounts 

for the airflow through the biofilter, the volume of the reactor, and the influent 

concentration. When the amount removed was compared on a reactor volume basis, both 

Phase I and Phase II had essentially the same removal (Phase 1,73 g m"^ h'\ Phase n, 74 
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5.9.5  Phase III - Bioreactor Diurnal Loading After Steady-State Continuous 

Operation: Because it was originally believed (after Phase H) that the microorganisms 

were experiencing starvation and physiological changes because of inomediate placement 

onto the "on" and "off feeding schedule, a third part of the study was undertaken. The 

bioreactor was again seeded with the 1-butanol degrading culture isolated from activated 

sludge, and was operated continuously for 90 days. At the end of the 9G-day period, 

measurements indicated an apparent steady state had been achieved. The bioreactor was 

then placed on a 7-day-a-week, 8-h on, 16-h off schedule. 

A typical day of operation during Phase IE is shown in Figure 5-33. Influent 

concentrations were near 700 ppm and end-of-day removal averaged 38% (269 ppm, 145 

g m'^ h"') over a 30 day period of operation. When compared to Phase H, there was an 

increase in the amount of 1-butanol removed per hour during Phase HI. 

800 

600 

2 400 

g 200 
o 
H  0 

• : • , 

0 0 o 

I  900  1000  1100  1200  1300  1400  1500  1600  1700  1800  1900 

A Time 
(24-h clock) 

Figure 5-33. A typical day of n-butanol removal. Phase IE. Gas inlet (•) and gas outlet 
concentrations (o) are shown throughout the day. Removal efficiency was constant 
throughout the day. 

The improvement in removal efficiency when first placed under continuous load, 

allowed to achieve a steady-state condition, and then subsequently moved to a diurnal 
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schedule might be explained by an overall higher quantity of biomass in the suspension 

and/or a higher density or thickness of biofilm. Although not specifically measured, 

visual observation of the liquid in the bubble catcher indicated a higher quantity of 

biomass present (optical density) when compared to Phase n operation. Also, more 

biofilm coverage of the membranes was noted. During Phase HI, virtually 100% of the 

membrane surfaces appeared to be coated with biofilm while during Phase n, there was 

only 75% coverage, at best. Another possible explanation is that the bioreactor was 

operated at a higher influent concentration during Phase HI than during Phase H. The 

higher influent concentration in the gas phase provided a higher concentration of 

substrate to the microorganisms in the biofilm for subsequent degradation. 

5.9.6 Discussion: This study is the first report of the effect of diurnal variation on 

biofilter operation. The polysulfone membrane module as part of a countercurrent, 

continuous flow bioreactor achieved greater than 99% (200 ppm, 73 g m'^ h"') removal of 

1-butanol from a contaminated air stream. When the bioreactor was restarted and 

immediately placed upon a diurnal operating schedule, end-of-day removal of 1-butanol 

averaged 29% (ill ppm, 74 g m'^ h"'). A third restart of the reactor, using continuous 

stead-state operation, a higher inlet concentration of 1-butanol, and then placement on the 

diurnal schedule, resulted in an end of day average removal of 38% (269 ppm, 145 g m 

h'^). The results suggest that biofilters operated on a diurnal schedule do not suffer 

performance decHnes compared to those operated with continuous feed supply. 

5.10 SUMMARY OF OPERATIONAL RESULTS: 

During the course of study described in this chapter, a number of membrane 

biofilters of differing size were operated. Broadly stated, toluene removal was 

■3 



195 

comparable to BTEX removal seen in conventional biofilters (8-60 g m'^ h'^) (Devinny et 

al, 1999). However, removal did not scale from small to large reactor configurations, 

most likely related to differences in biological communities present within different 

reactor systems, tubing radii due to stretching, or tubing effective permeability. 

The issues that were examined were: 

• Kinetic parameters - the best fits of Monod kinetics to batch data were comparable to 

literature values with k ranging from 0.01-0.16 h'^ and Ks ranging from 0.08-0.42 h"^ 

• Stagnant liquid conditions - stopping the circulating hquid flow in the reactors did not 

adversely affect toluene removal. Reactors might thus be operated with reduced 

power requirements for pumping. 

• Nutrient limitation - Depleting the liquid nutrient solution of phosphorous and 

nitrogen did not adversely affect the operation of reactors with developed biofilms. 

• Reactors operated in series provided more removal than those operated singly. 

Reactors might thus be operated together to improve removal of contaminants. 

• Heat transfer - increased temperature operation did not improve bioreactor 

performance; removals were the same for unheated and heated reactor systems. Heat 

transfer coefficients were found to range from 2.9-17.4 W m'^ K^ 

• Diurnal loading - no significant differences in 1-butanol removal were found when 

reactors were operated under diurnal loading conditions. The short periods of 

starvation did not adversely affect operation. 
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CHAPTER 6 
MODELING RESULTS 

6.1 OVERVIEW: 

The model equations developed and the actual model demonstration runs perfonned 

during this study were completed to determine what is actually occurring within the 

different areas of the bioreactor system (such as the biofilm) and to assist in the design 

process of larger membrane bioreactor systems. To accompHsh these goals, a specific 

analysis process was undertaken. Actual vs. predicted removals in several reactor 

systems were evaluated, and results discussed with regards to what is known about the 

bioreactor systems and what is not known. The following are the specific areas covered 

by the modeling results chapter: 

6.2 Examination of actual removal compared to predicted removal in several 

bioreactor systems and under a variety of operating conditions. 

6.3 Overall discussion of modeling results with specific emphasis on the initial 

model assumptions. 

6.4 Discussion of experimental results with regard to the model presented. 

6.5 Overall model performance. 

Certain points concerning the model development are critical to understanding the 

model outcomes and bear repeating here. The single tube model was developed to 

predict the removal of a chemical contaminant (in this study toluene) from a waste gas 

stream. The main premise of the model, as presented in Chapter 4, is to predict the 

removal in any one axial segment along the length of the reactor by matching the mass 

flow across the membrane to the removal of that contaminant as a result of microbial 
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activity in the biofilm and the suspension. By predicting the removal in each axial 

segment sequentially down the vertical axis, a final effluent gas concentration may be 

determined. The model involves using a measured liquid concentration of substrate to 

represent the substrate concentration at the edge of the biofilm, calculation of the biofilm 

concentration profile from the liquid side inwards towards the membrane with a 

subsequent calculation of the mass flow across the membrane and then comparison of 

that mass flow with substrate removal/degradation. Only the single Monod kinetics 

equation was used, instead of the dual Monod equation, because oxygen was deteraoined 

not to be a rate limiting substrate for the bioreactor systems used during this study. 

6.2 EXAMINATION OF ACTUAL VS. PREDICTED REMOVAL: 

After the model had been calibrated and vaUdated, several model runs were 

completed to show the relative effect of parameter changes related to design. These 

model runs were similar to those accomplished during the sensitivity analysis (Chapter 

4). The word "relative" is used as the liquid concentration value, necessary to perform 

the predictions, does vary during different model runs. That is, one must assume a liquid 

concentration of substrate in the liquid suspension to start the model run. The parameters 

changed during these model runs were associated with possible design changes and 

different configurations. For example, the effect of changes in tubing size, number of 

tubes, air flow, and changes in the Henry's Law coefficient were examined. The analysis 

was completed to determine if the model can be appUed to different situations and to 

determine what affect design changes make on the system. The following model runs 

were made using the dual tube model, rather than the single tube model. 
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6.2.1 Changes in the Henry's Law Coefficient and Permeability: Changes in the 

Henry's Law coefficient might be anticipated if new chemical compounds are used in the 

experimental bioreactor system. A brief listing of Henry's Law coefficients is shown in 

Table 6-1. Additionally, Henry's Law has a strong temperature dependence; organics are 

less volatile at lower temperatures (Sawyer et al, 1994). Model predictions with changes 

in the Henry's Law coefficient are shown in Figures 6-1 and 6-2. Increases in the Henry's 

Law constants led to decreases in predicted biofilm thicknesses and decreases in 

contaminant removal from the air; the contaminant is less Ukely to partition into the 

Uquid phase. Although the graph is not shown, decreases in permeabiUty that might be 

associated with changes in contaminants suppUed to the bioreactor were also shown to 

decrease predicted removal in the system. Again, decreases in permeability increase the 

resistance to mass transfer. 

Table 6-1. Some selected chemicals and their Henry's Law constants^ 
Chemical 

Vinyl Chloride 
Toluene 

Napthalene 
Phenol 

H Constant 
(Dimensionless) 

100 
0.275 
0.019 

(1-9)(10") 

Temperature 
(°C) 
20 
20 
20 
20 

'Adapted from Sawyer et al (1994), page 266-268. Henry's Law constants divided by 
the universal gas constant multiplied by the temperature (RT) at 20 °C to determine the 
dimensionless values. 
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Figure 6-1. Predicted contaminant removal with changes in the Henry's Law coefficient. 
As Henry's Law Constants increase, removal of toluene from the air decreased. 
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Figure 6-2. Predicted biofilm thicknesses with changes in the Henry's Law constant. As 
Henry's Law Constants increased, predicted biofilm thicknesses decreased. 

6.2.2 Changes in Air Flow: The effect of changes in air flow was also examined for the 

dual tube system, keeping all other parameters constant. Increases in air flow led to 

decreases in the predicted removal of toluene from the air, as shown in Figure 6-3. This 

change could be anticipated when the equation for removal in each cell. Equation (6-1), is 
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examined. As air flow increases, that value (Q) begins to dominate the equation, leading 

the value for Com closer to Cm. Predicted biofilm thicknesses remained between 300-400 

microns for the values of air flow used in the model. 
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Figure 6-3. Predicted toluene removal from air with changes in air flow. As air flow 
through the reactor increased, removal of contaminant from air decreased. 

6.2.3 Changes in Number of Tubes: To determine whether increasing the number of 

tubes and, therefore, the surface area available for mass transfer and biofilm growth, 

would affect the toluene removal or the biofilm thickness, the dual tube model was run 

and the number of tubes increased from 1-7. To complete this model run, again all 

constants remained unchanged except for the number of tubes contained within the 
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module volume. As seen in Figure 6-4, predicted removal increased as the number of 

tubes increased. 
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Figure 6-4. Predicted removal from air with changes in the number of tubes within a 
particular reactor volume for the same flow rate of air, and same toluene load. Increases 
in tube number resulted in increases in removal. 

6.2.4 Changes in Tube Diameters and Thickness: The effect of changing the tube 

inner and outer diameters was examined. When the outer diameter of the tube was kept 

constant, and the thickness of the tube increased by decreasing the inner diameter of the 

tubes, removal decreased, which is explained by increases in the mass transfer resistance 

caused by the increase in tube thickness. When the outer tube diameter was decreased, 

the removal increased as shown in Figure 6-5. The increase in removal was seen due to 

the associated decreased mass transfer resistance of the membrane with the decrease in 

thickness. Tube thicknesses used were estimates of possible silicone tube thicknesses, 

however, it is unknown how thin a silicone tube might be manufactured. 

Predicted removal of toluene was increased by decreases in the Henry's Law 

Constant, decreases in air flow, and decreases in the tubing thickness. Based upon this 
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optimization analysis, the silicone tubing membrane bioreactor system appears to be best 

suited for compounds with lower Henry's Law constants, those with a high permeability 

in silicone, and those that are easily degraded by microorganisms. Additionally, the 

removal may be maximized by increasing the number of tubes present, using the thinnest, 

structurally sound tubes possible, and minimizing the liquid suspension present. 
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Figure 6-5. Predicted removal with changes in outer diameter of the tubing. As the outer 
diameter of the tube increased, effectively increasing tube thickness, predicted removal of 
toluene from air decreased. 

6.2.5 Actual vs. Predicted Results During Model Runs:   The single tube and dual 

tube model trials are shown in Figures 6-6 and 6-7 and the semi-pilot-scale reactor 

experimental runs are shown in Figure 6-8. The effective permeability values used in the 

modeling exercise appear to be of importance to model predictions and were 0.003 cm 

s"^ for the single tube reactor and 0.002 cm^ s'* for the dual and semi-pilot scale reactors. 

In both cases, the model both underpredicted and overpredicted, depending upon the 

experimental run. Figure 6-9 shows model runs with data from a silicone tubing reactor 
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removing benzene from air (Neemann, 1998). Foir this data set, virtually all experimental 

data points were overpredicted by the model. A summary comparison of all the reactor 

systems is shown in Figure 6-10. Actual values from the modeling exercises are reported 

in Appendix E. A representative model run and a pictorial representation of 

concentrations in the biofilm and the liquid suspension are also shown in Appendix E. 

0.5 1 1.5 2 

Actual Removal (mg L'^) 

Figure 6-6. Actual vs. predicted removal in the single tube bioreactor. Actual removals 
matched closely the predicted removals. 

^. 8 

Figure 6-7. Actual vs. predicted removal in the dual tube bioreactor. Removals were 
both underpredicted and overpredicted in certain instances. 
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Figure 6-8. Actual vs. predicted removal in the semi-pilot-scale bioreactor. Removals 
were overpredicted by the model in several cases. 
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Figure 6-9. Predicted and actual results using Neemann (1999) data from removal of 
benzene in a silicone tubing bioreactor. Benzene removals were overpredicted by the 
model. 
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Figure 6-10. Comparison of actual and predicted removals in several biofilm systems. 

6.2.6 Substrate Concentration Profile: Model-determined toluene concentration 

profiles through the biofilm for three reactor systems are shown in Figure 6-11. The 

figure is representative of the profiles seen during many model runs. The toluene 

concentration profiles through the biofilm were found to be very flat, increasing only 

sUghtly from liquid suspension to the edge of the silicone membrane tube. The flat 

toluene concentration profile, and in many cases the lack of complete degradation, 

implies a kinetic limitation within the biofilm. Thus, the reactor is limited by mass 

transfer across the membrane, and the biofilm is kinetically limited - diffusion is more 

rapid than the removal. 

Figure 6-12 shows a concentration profile along the z axis of the bioreactor. The 

concentration profile was developed from the dual tube model. Predicted biofilm 

thickness is larger at the inlet than at the outlet of the reactor. The predicted biofilm 

thickness might also be interpreted as the active or effective biofilm thickness. The 

thicker biofilm at the inlet is most likely related to the larger toluene concentration 

present at the inlet, causing concentrations at the membrane to be higher, the result of 
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more mass being transferred across the membrane. Concentration profiles across the 

entire reactor are shown in Figure 6-13. 
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Figure 6-11. Predicted substrate concentration profile across the biofilm Dashed line 
indicates the tubing edge and bold Unes indicate the liquid concentration for each 
respective bioreactor. Biofilm concentration profiles were flat across the biofilm. 
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Figure 6-12. Predicted biofilm thickness along the z axis of the semi-pilot-scale 
biofilter. Predicted biofilm thickness is greatest at the influent end of the reactor 
and least at the effluent. 
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Figure 6-13. Toluene concentration profiles as calculated by the model for the semi- 
pilot-scale reactor, 5 Aug 02. 

6.2.7 Overall Discussion of Actual vs. Predicted Results: The difference between the 

actual removals and the predicted removals were plotted against the airflow rates, the 

influent toluene concentrations and the load (Q*C). With the exception of one datum, a 

possible relationship between the magnitude of the model's underprediction and the 

influent concentration is suggested as shown in Figure 6-14. As the concentration 

increased, the magnitude of the difference between actual values observed and those 

predicted by the model increased. Perhaps the increase in toluene concentration is 

leading to an increase in the effective permeability of the silicone tube. Similar plots for 

the dual tube, single tube and Neemann's data (data and plots not shown) do not indicate 
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any clearer relationship. Additionally, when the dual tube data (Figure 6-7) is examined 

on a time basis, the data from 2001 is underpredicted by the model while the data from 

2002 is overpredicted. To explore why the model overpredicts in some cases and 

underpredicts in others would take further experimentation with better control of influent 

concentrations, flow rates, and monitoring toluene removal over time. Ideally one could 

measure the influent/effluent gas concentrations and influent/effluent liquid 

concentrations over time while changing other parameters such as air flow rates and 

influent concentrations very precisely. 

Figure 6-14. The difference between actual and predicted removal from the air 
phase for the semi-pilot-scale reactor, reported as equivalent Uquid concentration, 
plotted against the influent toluene concentration to the bioreactor. Larger 
differences actual and predcited removals were seen with higher influent 
concentrations, with the exception of one data point. 

Intuitively, removals in all operational reactors would be the same when 

compared on a surface area basis (mg L'^ cm^). However, Figures 5-24a and 5-24b do 

not show this constant relationship. To determine what other factor might be contributing 
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to the differences in removal, numerous concentration versus removal plots were 

generated for operational reactors and are shown in Appendix G.  The removal versus 

influent concentration graphs indicate removal generally increases with increasing 

influent concentration. However, removals between reactor systems are not consistent. 

Modeling results are shown in Figure 6-15. Figure 6-15 was generated by 

examining all model runs and plotting influent concentration versus predicted toluene 

removal (mg L"^) per silicone tubing unit area (cm^). To develop the figure, at each axial 

segment, the influent concentration to that segment was recorded as was the removal in 

that segment (mg U* air/cm^ of siUcone surface area). Figure 6-15 suggests a 

relationship between influent concentration and removal for each bioreactor. In fact, 

predicted removals per unit surface area for each type of reactor are similar - as one 

would intuitively predict. Overall, more toluene is removed per cm at higher 

concentrations delivered to an axial segment than at lower concentrations. 
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Figure 6-15. Influent concentration versus removal per unit area. Increased 
concentrations show increased removals. 
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However for the semi-pilot scale reactor there appears to be a range of values for 

each influent concentration. Several influent concentrations for the pilot scale reactor 

were examined and the results shown in Table 6-2 in an attempt to determine the cause. 

Higher airflows within the pilot scale reactor gave the lower removals. 

^ : I—, 

Influent 
Concentration 

(mgU^) 

Date Airflow 

(Lmin"^) 

Removal 

1              0 
(mg L" cm') 

Length from top 
of tube 

(cm) 
5 1 Aug 02 4 0.02 10 

5 8 Aug02 14 0.007 79 
10 5 Aug 02 7.7 0.03 73 

10 6 Aug 02 20 0.01 20 
20 5 Aug 02 7.7 0.05 10 
20 2 Aug 02 18 0.02 71 

The difference between predictions in the semi-pilot scale reactor suggests some 

other factor used in the model may have an influence. In particular, the liquid 

concentration used as the input parameter to the model may be suspect. Perhaps in some 

of the cases the pilot scale system had not reached equilibrium when the liquid 

concentration reading was taken. To determine whether the liquid concentration would 

make a difference, model results were examined. The original sensitivity analysis 

completed for the model showed that variations in liquid toluene concentrations over a 

possible range of 0.1 - 2 mg L'^ could make a difference of about 25% in removal. This 

does not explain all of the variability seen in Figure 6-15, however, could explain some 

of the variation seen in the semi-pilot-scale reactor values. 

Based upon the preceding analysis using both model and operational results, 

influent concentration does appear to influence removal. The greater the influent 

concentration, the greater the removal per unit surface area of silicon tubing. The most 

likely explanation for the removal differences seen during reactor operation are variations 
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in kinetics of each reactor system. Although each reactor system was inoculated with the 

same bacterial consortia, perhaps actual kinetic coefficients of the biofilm differed 

between the reactor systems.   Actual measurement of kinetic coefficients in situ were not 

accomplished, therefore, the actual variability in kinetic coefficients between reactor 

systems is unknown. Of great importance, in each case examined, the model provided 

predictions of removal that matched well with removals actually observed for those 

reactor systems. The ability to accurately predict removal was the main goal of the 

modeling accomplished. 

A calculation was completed to determine the impact upon toluene removal from 

inadvertent stretching of the siUcone tubes during mounting in the reactor. In the case of 

the dual tube silicone membrane bioreactor, tubes were stretched approximately 4 inches 

during mounting. The stretching was discovered only after the bioreactor was 

disassembled. A representative diagram is shown in Figure 6-16. 

L,— y2"-J 

L- V2"-Ji 

18" 

Unstretched tube    Stretched tube 

Figure 6-16. Diagram of stretched and unstretched tubes. 

When tubes are stretched, the silicone volume remains constant, however, the inner and 

outer radii of the tubes, and therefore the thickness of the silicone membrane itself will be 
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changed. The initial conversion of tube length in inches to centimeters is shown in 

Equation (6-2) while the stretched tube conversion is shown in Equation (6-3). 

1 = (18 inches)*(2.54 cm inch"^) = 45.72 cm (6-2) 

1 = (22 inches)*(2.54 cm inch'^) = 55.88 cm (6-3) 

The volume of the unstretched and stretched silicone tube is shown and calculated in 

Equations (6-4-6-6). 

V = 7i(ro^-ri2)l (6-4) 

Where 
V = volume of silicone 
To = outer radius of tube 
ri = inner radius of tube 
1 = length of tube 

V = 7i*(0.635^ - 0.47625^)*45.72 = 25.3 cm^ (6-5) 

To actually calculate the outer radius and the thickness after tube stretching, the inner 

radius is assumed to be constant and Equation (5) solved for the value of the outer radius 

ro which is determined to be 0.60922 cm. 

V = 7i*(ro^ - 0.476252)*55.88 = 25.3 cm^ (6-6) 

The new values of the outer radius were then used in the dual tube model developed for 

prediction of toluene removal. The results of model runs using the unstretched and 

stretched tubes are shown in Table 6-3. Stretching, with the associated reduction in 

tubing thickness, contributes to a small increase in removal of toluene from the air. 

Table 6-3. Model predictions of unstretched and stretched tube removal of toluene. 
Predicted Toluene Removal    |       Predicted Toluene Removal       | 
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Model Run, 2 Aug 02 Model Run, 5 Aug 02 
(mgL-i) 

Unstretched 3.97 4.15 
Stretched 4.37 4.43 
% Difference 10.1 6.71 

6.3 OVERALL SUMMARY DISCUSSION OF MODEL RESULTS: 

The possible reasons for the model underpredicting or overpredicting removal are 

numerous. Any one or any combination of the assumptions used for the model may not 

be valid in all instances or at any one point in time. A number of the assumptions and 

their potential impact on results will be discussed individually: 

6.3.1 Steady State.    The first assumption of the model was operation at steady state, in 

other words, no changes in concentration with time, (8S/5t = 0). In the systems operated 

during the study, influent concentrations were known to vary considerably without any 

adjustments to the system. Therefore, at any one sampling point in time, the influent 

concentration may have been changing or may have shown a higher concentration than 

moments before. However, liquid concentrations would not necessarily change 

instantaneously in response to those influent toluene concentrations. Therefore, the 

liquid concentration input into the model may not have corresponded exactly with the 

true influent concentration. This incongruity might account for the over prediction of 

removal in some cases and under prediction in others; the liquid concentration is the 

model boundary condition that sets the substrate concentration profile within the biofilm. 

6.3.2 Permeability is concentration independent. The second assumption, that 

permeability is independent of concentration, may be false. Differences in permeabilities 

might be anticipated as the permeability of silicone may change with filler content and 
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may also change with concentration of the penneating compound. Swelling of rabber 

can cause an increase in rate of diffusion not only of the sweUing agent itself, but also of 

any other molecule (Van Amerongen, 1967). A contrasting opinion is expressed by Sun 

and Chen (1994); who suggest that toluene and xylene tend to cluster in 

polydimethylsiloxane (PDMS) so that the mobiUty of each toluene or xylene molecule is 

reduced, and consequently the diffusion coefficient of each solvent in PDMS decreases 

with vapor activity or sorbed concentration. Support for changes in permeability with 

time is also found in Van Amerongen (1967). Oxidation of rubber generally has a 

considerable decreasing effect on diffusivity and permeability, not only for oxygen but 

for all foreign molecules (Van Amerongen, 1967). An experimental observation in the 

work reported here indicated that changes in the tubing may, in fact, be occurring. When 

high concentrations of toluene were passed through the reactor (usually accidentally 

while trying to adjust influent concentrations) the reactor tubing stretched. Tubing went 

from taut, straight tubes to loose tubes that actually slumped enough to touch one another. 

After resuming a more normal concentration of several hundred ppm, the tubing shrunk 

again to its original size. 

For the case of multi-component gas streams, when applying the model to other 

circumstances, changes in permeability might again have to be considered. Generally, 

the presence of one component in the membrane will affect the sorption and diffusion 

properties of the other components in the membrane through interactions such as 

plasticizing effects on the membrane, clustering of one or more penetrants, hydrogen 

bonding effects, and mutual interaction between the penetrants and the membrane (Smart 

et al, 1998). 
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6.3.3 CSTR behavior. The eighth assumption, that the liquid suspension is completely 

mixed, is also most likely not trae at the flow rates used in these studies. Flow rates for 

the bench scale reactors were in the range of 10 mL min"\ making velocities in the liquid 

very low. Diffusion from the biofilm into the liquid likely dominated the reactors, rather 

than convection. For example, Reynolds numbers for the Hquid flows used during the 

experiments were very low (<100), indicating a laminar flow. Laminar flow would 

suggest a thick liquid film.. By assuming a completely mixed reactor with a liquid 

concentration equal to that at the effluent liquid side of the reactors, true concentrations at 

the biofilm/liquid interface may have been either underestimated or overestimated. 

6.3.4 Constant kinetic parameters. The eleventh assumption, that kinetic parameters 

remain constant for each reactor system and over time, may also be false. Additionally, 

the wide range of kinetic parameters found during experimental testing suggests the 

possibility that any of the actual kinetic parameters may be different from the input 

values actually used. 

Several research studies have indicated that cells may be actively growing and 

reproducing in one area of the biofilm while being either in a maintenance state or 

completely inactive in other parts of the biofilm. Reij et al (1993) examined protein 

content of biofilms at day 6 and at day 13 and found cells were less active at day 13 than 

at day 6, indicating growth at the membrane and cell death at the liquid side had 

occurred. Zhang and Bishop (1994a) found that at bottom layers of a biofilm only 1/4 to 

1/7 of living bacteria were metaboHcally active; other living biomass could be dormant 

cells, and about 2/3 of the total biomass was inert while the Uving bacteria [exposed to 

oxygen] may essentially all be metabolically active. In another study, active biomass 
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represented only 8% of total biomass of the biofilm (Auria et al, 2000). Biofilms were 

found to switch from a highly active log growth phase to a low activity stationary 

(maintenance) phase as nutrients are depleted (Mysliwiec et al, 2001). Measuring the 

carbon balance of a silicone membrane system, Freitos dos Santos et al (1995) found 

evidence of steady-state growth and decay, not simply growth. Under steady state 

conditions, the biomass is in a "maintenance state"; the microorganisms use the pollutants 

as an energy source to be able to survive and to grow at a rate which compensates for the 

death of cells (Dirk-Faitakis and Allen, 2000). With mature biofilms where growth is 

minimal, the vast majority of component bacteria are in a non-dividing state (stationary 

phase) where growth, but not activity, has ceased (Rishell and Hamer 2000). 

6.3.3 Constant biomass density. Assumption thirteen concerns the biomass density 

being constant throughout the system. This assumption is, undoubtedly, false. However, 

it must be made, at least initially to allow modeling of the systems. 23iang and Bishop 

(1994b) showed direct experimental evidence indicating the stratified structure of 

biofilms, which conflicts with the a priori assumption of many biofilm models, i.e. a 

uniform distribution of the particular components (Zhang and Bishop, 1994b). Density 

may also be dependent on the bacterial species present; it has been suggested that 

biofilm density could increase with C/N ratio (Freitas dos Santos and Livingston, 1995a). 

Surface-averaged biomass density has been shown to depended on liquid flow velocity at 

which the biofilms were grown (Beyenal et al, 1998). Higher velocities gave denser 

biofilms. 

6.3.3 Bionim activity. Assumption eighteen is that all or a significant part of the biofilm 

are active. Perhaps there is only a small, very dense, fraction of the biofilm removing the 
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toluene. To appropriately determine what is happening within each small area of the 

biofilm, extensive probing, sectioning, and monitoring of the biofilm would be necessary. 

An experimental observation supports the possibiUty of biofilm density changes and 

variation. After major sloughing events - such as when liquid drained from the reactor, 

the biofilm did not reattach to the tubing as readily. It also was visually very much less 

dense than the originally formed biofilm. 

6.3.3 Even air flow.   Assumption sixteen also may not be true in all cases. For each of 

the different systems modeled, the airflow entered the reactor in a different manner. In 

the single tube reactors, air flow entered directly into the tube, in the dual tube reactor, 

airflow was split and then entered directly into each tube and in the semi-pilot-scale 

reactor, air essentially entered a plenum before entering the tubes. Perhaps the airflow 

was turbulent in some of these cases or perhaps the airflow did not even enter certain 

tubes equally. 

6.4 DISCUSSION OF EXPERIMENTAL RESULTS AS RELATED TO THE 
MODEL: 

To Hnk experimental results as described in Chapter 6 to the modeling results the 

following discussion is included. 

6.4.1 High Temperature Operation: Experimental results indicated that there was no 

improvement in toluene removal when the reactor liquid was heated. Prior to the 

experiment, it was hypothesized that there would be an improvement in removal, as the 

reaction rate of microorganisms doubles for each 10 °C increase in temperature 

(Characklis and Marshall, 1990). Additionally, depending on the type of rubber and gas, 

the diffusion coefficient increases by a factor of 1.2 to about 3 for every 10 °C 
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temperature rise in the region between about 10 - 60 °C (Van Amerongen, 1967).  The 

apparent difference between what was observed and what was hypothesized before the 

experiment might be due to the decrease in solubility of most gases in rubber associated 

with increasing temperature. As the solubility of many gases decreases on increase of 

temperature, it often occurs that this effect predominates over the increase in diffusivity 

with increasing temperature so that the permeability decreases as temperature increases 

(Van Amerongen, 1967). Increases in the Henry's Law coefficient with increased 

temperature may also have contributed to the lack of effect. 

6.4.2 Nutrient Limitation:  As will be presented later, lack of nutrients apparently had 

no effect on the removal of toluene within operational membrane bioreactors. Had 

nutrient limitation affected the operation of the bioreactors, the proposed model would 

not explicitly account for such effect, but those changes could be modeled by the 

inclusion of changes in the biofilm and suspension kinetic parameters. Since there was 

no change in removal with nutrient Umitation, kinetics of the system may not have 

changed substantially, suggesting that nutrients are cycling within the biofilm or are 

otherwise available for use by the microorganisms. 

6.4.3 Stagnant Liquid Conditions: As will be shown subsequently, stopping the flow 

to the membrane bioreactors had no effect on toluene removal efficiency. Stagnant flow 

conditions could be modeled by applying the continuity of mass equation in cylindrical 

coordinates. Equation (6-7), to the suspension, in addition to the biofilm. 

dS_ 

dt 
-+ =A ii. 

r dr 

2c\ 35^ i_rs_ rs 
'dryr'd0''^dz' 

+ R, 
(6-7) 
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For one model run, such a stagnant profile was included, yielding the results shown in 

Figure 6-17. The results of this steady-state model run show that, as in the biofilm, the 

substrate concentration profile is fairly flat. The results of the profile may only be used 

as an estimate of the concentration profile, as no experimental Hquid concentration 

measurement was actually taken at the very edge of the reactor module. Therefore, the 

liquid concentration value from the outlet was used as the concentration at the edge of the 

biofilm, and the removal associated with the liquid volume was set equal to that seen 

during one flow experiment. The profile was then generated. 
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Figure 6-17. Predcited concentration gradient within the liquid suspension.  Liquid 
concentrations are highest near the biofilm and lowest at the reactor module edge. 

6.4.4 In Series Operation: As will be seen in a subsequent chapter, reactors placed "in- 

series" with one another are able to remove additional toluene than a single reactor. To 

determine how closely the model could predict removal for the in-series system, two 

model runs were accompUshed. The results of the model runs versus the actual removal 

seen within the bioreactors are shown in Figure 6-18. Actual and predicted removals 

were very close. 
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Figure 6-18. Comparison of actual and predicted removals for in the in-series reactor 
configuration. Little difference was seen between actual and predicted removals. 

6.4.5 Estimation of Oxygen and Toluene Concentration Profiles: To represent a case 

where the dual substrate model applies instead of the sigle substrate model, toluene and 

oxygen profiles determined from the dual substrate model were plotted for the biofilm. 

Using a toluene concentration profile obtained during a dual tube reactor run, Figure 6-19 

was generated and shows a predicted oxgyen and toluene profile across the biofilm. The 

figure shows that oxygen may be depleted before the toluene within the biofilm. In this 

case, oxygen is depleted faster than toluene because more oxygen is required per gram of 

toluene, as explained in Section 4.5, when toluene is degraded aerobically. The diagram 

must be interpreted with care, as in the case of the toluene, the second derivative was 

estimated, therefore influencing the shape of the oxygen concentration profile. However, 

it is a representation of what the profile might potentially resemble if the dual substrate 

model did apply, and may nonetheless predict oxygen profiles in the biofilm. 
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Figure 6-19. Predicted oxygen and toluene concentration profile across the biofilm. In 
this example, oxygen is shown to be depleted before toluene. 

6.5 OVERALL MODEL PERFORMANCE: 

The model performs reasonably well at predicting effluent toluene concentrations in 

single and multiple tube membrane bioreactors. Over-prediction in design is a more 

serious issue for environmental releases than underprediction and the model tends to 

underpredict more often then overpredict. The underpredictions and overpredictions may 

be related to the ability to input precise and accurate parameter values into the model, or 

may be related to the model assumptions. With the plethora of input parameters, error, 

and the propagation of that error, must be considered as a possible cause of the 

discrepancy between predicted and actual removals. 

However, it would appear that model performance is probably related to changes 

in the permeabiUty of the membrane material with concentration. Instead of supplying 

only a constant value for a chemical's permeability in the membrane material, a set of 
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differential equations relating the change in permeability with concentration might be 

used and result in improved prediction. 
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CHAPTER? 
CONCLUSIONS 

7.1 CONCLUSIONS: 

The purpose of this research was to study the operation of membrane bioreactors 

(most using silicone rubber tubing) used to treat toluene-contaminated air under a variety 

of operating conditions. The experiments described in the previous chapters focused on 

scale-up of the bioreactor systems, stagnant flow conditions, nutrient Umitation, and 

diurnal loading. A polyporous membrane system was used to remove butanol from the 

air and heat transfer coefficients were calculated for three membrane system 

configurations. A computer model was developed to compare with the experimental 

data, to explain what is happening within the system, to predict future performance of the 

system and optimize design. Studies were completed by running systems abiotically to 

measure mass transfer coefficients and then inoculated with a culture of toluene- 

degrading bacteria. Readings were taken every weekday to measure inlet and outlet 

concentrations of toluene. 

To property conclude the study, a restatement of the objectives and a 

determination of whether they were met is also in order. The objectives of the research 

included the following: 

(1) Investigate the scale-up of silicone membrane bioreactors from single, 

through dual and to multiple tubes by monitoring air contaminant removal and 

developing loading curves for each type of reactor system. 

(2) Manufacture a semi-pilot-scale multiple tube reactor system for air treatment. 

(3) Construct, caUbrate, and validate a computer model to predict removal in 

single and multiple tube silicone membrane bioreactors. 
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(4) Use the model to optimize design of silicone tubing membrane bioreactors 

and apply the model to other similar systems, i.e. benzene removal using silicone tubing 

bioreactors. 

(5) Examine the operation of single and multiple silicone tube bioreactors under a 

variety of operating conditions that reflect potential operating or desired operating 

conditions including: 

(a) Stagnant liquid conditions in the module. 

(b) Nutrient limitation in the liquid suspension. 

(c) Heated liquid conditions. 

(d) In-series operation of membrane bioreactors. 

(e) Diurnal operation. 

(6) Measure overall heat transfer coefficients for three membrane module 

configurations. 

Each objective was obtained and the major conclusions for those experiments and future 

reconunendations are summarized below. 

Lab-scale and semi-pilot scale multiple tube bioreactors were successfully 

built and operated, however, the same removal for identical loads was not observed, 

indicating that removal does not scale within the reactor systems as shown in Section 6.7. 

The differences in toluene removal between reactors at similar toluene loadings may be 

related to differences in permeabiUty of the silicone tubing or differences in the thickness 

of tubing, from differences in reactor consti\iction. Differences in removal may also be 

related to differences in microorganisms or in microorganism communities contained 

within the various reactors. 
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The model developed to describe performance and predict future performance of 

membrane bioreactors under a variety of conditions was calibrated and validated for the 

conditions studied. In many instances the model tended to underestimate the removal of 

air contaminants. Underestimation was apparently related to changes in permeabiUty of 

the silicone tubing with contaminant concentration, or possibly due to lack of a steady- 

state condition of the influent toluene concentration. If the assumption of the entire 

biofilm being active is correct, the presence or absence of oxygen appears to have no 

effect on the removal of toluene, and the presence of anaerobic toluene-degrading 

bacteria was verified. Therefore, the single substrate model applies, rather than the dual 

substrate model originally constructed for this work. 

Based on the model runs and the experimental results, removal in the reactor is 

limited by mass transfer through the membrane; the way to maximize membrane reactor 

performance is to increase the number of tubes present, using the thinnest, structurally 

sound tubes possible, minimize the liquid suspension present, and mounting the tubes so 

they may be uniformly coated with a biofilm. For example, tubes might be mounted 

straight and taut, as in the semi-pilot-scale reactor, so biofilm may grow on the tube but 

not attached to the biofilm on an adjacent tube. 

The Hquid suspension appears to be of very httle importance to the removal of 

toluene from the air phase. The circulation of the Uquid suspension also appears to have 

no effect on the system's removal of toluene. Non-recirculating liquid systems showed 

the same removal as the recirculating systems. The vast majority of toluene degradation 

appears to take place within the biofilm. 
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Nutrient limitation of nitrogen and phosphorous in the liquid nutrient suspension 

appears to have no effect on toluene removal from air for operational membrane 

bioreactors over the relatively short operational periods monitored. This result implies 

that sufficient nutrients are contained within and are being recycled or reused within the 

biofilm once it is developed. 

A reactor with a heated liquid suspension did not show improved removal for 

toluene. Heat transfer coefficients measured for three reactor configurations ranged from 

2.9 to 17.4 W m'^ K'\ The polysulfone module had overall lower heat transfer 

coefficients than the latex and silicone tubing reactor modules, most likely due to its 

increased membrane surface area.   On the other hand, reactors operated in-series 

provided more removal than one reactor alone. This indicates more surface area may not 

only be obtained by placing more tubes in one reactor volume, but may be obtained by 

using more reactors linked together in series. 

Diurnal loading of a polyporous membrane module removing butanol from the air 

had no overall detrimental effect on performance of the system. Removal of butanol 

from the air was slightly greater after periods of shut down, most likely related to 

depletion of n-butanol in the biofilm and liquid suspension by microorganism activity. 

7.2 RECOMMENDATIONS FOR FUTURE RESEARCH: 

Numerous questions remain unanswered and new questions were raised both 

during the research and as a result of the research. The questions emanate from two 

areas; the science of membrane bioreactors and the technology development of 

membrane bioreactors. For the systems studied here, at least these questions remain: 



227 

(1) Why does the biofilm appear to stop increasing in size and what portions of the 
biofilm are actually active - either growing or carrying out maintenance metabohsm? 

(2) What are the true densities and kinetic rate constants throughout the biofilm? 
Associated with the kinetic question, is there a section of the biofilm where the dual 
substrate model applies and where it does not? 

(3) Why is the biofilm apparently kinetically hmited and how can that kinetic limitation 
be overcome? Is there an inhibiting substance present that is causing the limitation or 
would buffering of the liquid suspension or periodic replacement of the liquid suspension 
improve the removal in the biofilm and the suspension? 

(4) What are the true substrate and oxygen concentration profiles in the biofilm? 

(5) What are the true mass transfer correlations for each reactor system design over the 
full range of possible liquid and gas flow rates? 

(6) Would a change to co-current, instead of counter-current flow improve the 
performance? 

(7) Could on-line measurement of both the influent and effluent gas streams of the 
reactor more effectively show the immediate response of the bioreactor to changes in 
influent concentrations? 

With respect to technology development and optimization of the bioreactor systems the 
following questions need to be answered: 

(1) What is the long term performance of these membrane bioreactor systems? Most 
current data shows only information from relatively short studies (days and weeks) rather 
than long studies of months or years. Over years of operation, biofilm changes, such as 
shifting populations, as well as tubing permeability changes might be anticipated, perhaps 
decreasing removal. 

(2) How do large-scale systems perform under "real world" conditions where multiple 
VOCs may be present and influent contaminant concentrations fluctuate? 

(3) How thin can a sihcone tube be manufactured to have structural integrity while 
reducing the mass transfer resistance to a minimum? Could composite membranes 
improve removal? 

(4) What is the smallest diameter of tubing that can be placed in a reactor module, so as 
to fill the module without causing significant pressure drop across the reactor? 

(5) Would innoculation with a selected organism improve performance? 
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Each of these questions provide ample opportunity for future research. 

7.3 OPERATIONAL RECOMMENDATIONS: 

(1) PVC demonstrated its utiUty as a bioreactor module casing and is more rugged than 
glass. Clear PVC was also shown to be useful as it allowed the viewing of biofilm 
growth, however, it was unavailable in very large diameters and was moderately 
expensive in comparison to regular opaque PVC piping at the time of study. 

(2) External standards prepared in bottles and headspace analysis vials used during 
degradation analyses should be allowed to equilibrate for one to two hours to avoid 
improper headspace and liquid readings. 

(3) Because of the more appropriate use of the Student's t distribution and the highly 
variable influent air concentrations, six to ten readings are reconmiended for GC analysis 
during each sampling event. 

(4) Toluene standards should be made daily (and the GC should be cahbrated daily) - 
headspace bottles may leak overnight, even when inverted. 

(5) A fungus (or dark-colored bacteria) appears to be of importance in the more 
permanent attachment of the biofilm to the silicone membrane. 

(6) Check valves should be installed on future membrane bioreactor modules to prevent 
backflow and dumping of the system. 

(7) Toluene concentrations varied in the influent most hkely due to minute variations in 
the pumping rate and differences in the evaporation rate of toluene. In an attempt to 
contirol changes in influent concenti-ations, a serious source or error and frusti-ation, mass 
flow conti-oUers should be used. Alternatively, bench air should be used - the slight 
pressure associated with bench air yields more consistent airflow and concentrations in 
the small diameter tubing. 
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Appendix A 
Permeability Experiments 

Data for the abiotic permeability experiments using a long single silicone tube 

module to remove toluene is shown in Table A-1 and Figure A-1. Data for abiotic 

experiments using a short single latex tube module to remove benzene (Neemann, 1998) 

is shown in Table A-2 and Figure A-2. Formulae used for calculation of values are found 

in Equations (3-2) and (5-3) - (5-5). Mass closures were good, ranging from 79 - 99% 

for the toluene data and 85 - 96% for the benzene reactor. 

Table A-1. Liquid flow data for abiotic toluene permeabiUty experiment 
A          8.85197 

C2        311.4625 
n          15.04775 

Q 

mL min'^ 

Q 1/Kov 
scm'^ 

Calculated 

s om"^ 

Difference 

Squared 
32.77 

421.35 
597.609 

0.546167 
7.0225 
9.96015 

1.32E+03 
5.46E+02 
7.74E+01 

1.32E+03 
3.11E+02 
3.11E+02 

2.51 E-05 
54805.76 
54807.13 
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Figure A-1. Liquid flow data for abiotic toluene penneability experiment. As liquid flow 
rates increased, overall resistance to mass transfer decreased. 

Table A-2. Liquid flow data for abiotic benzene experiments. 

A              700 
C2        368.4583 
n          0.453811 

1/Kov Calculated Difference 

Q Q scm'^ scm"^ Squared 

mL min'^ cm^ s-1 
4.6 0.076667 4.57E+02 3.68E+02 7772.542 

20.8 0.346667 2.77E+02 3.68E+02 8363.161 
9.5 0.158333 3.72E+02 3.68E+02 10.81376 
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Figure A-2. Flow data for abiotic benzene experiments. As liquid flow rates increased, 
overall resistance to mass transfer decreased. 
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Appendix B 
Kinetic Study Charts 

The following figures show individual batch analyses of toluene degraders. The 
data was fit as described in Chapter 3. The data and fits are available in a file format 
recorded on a CD-ROM that is on deposit with Dr. Mark Fitch. 
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Figure B-1. Kinetic coefficients for single tube stagnant suspension, Ks = 5.2 mg L', 
k = 0.04h"\ 
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Figure B-2. Kinetic coefficients for single tube stagnant suspension, Ks = 7.0 mg U , 
k = 0.08h\ 
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Figure B-3. Kinetic coefficients for single tube recirculating biofilm, Ks = 12.0 mg L", k 
= 0.21h\ 
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Figure B-4. Kinetic coefficients for single tube recirculating suspension, Ks = 1.5 mg L" 
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Figure B-5. Kinetic coefficients for the dual tube stagnant biofilm, Ks = 14.3 mg L', k= 
0.42 h" 
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Figure B-6. Kinetic coefficients for the dual tube stagnant suspension, Ks = 4.5 mg L", k 
= 0.11 h'\ 
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Figure B-7. Kinetic coefficients for the dual tube recirculating biofiim, Ks = 1.6 mg L", 
k = 0.12h-\ 
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Figure B-8. Kinetic coefficients for the dual tube recirculating suspension, Ks = 7.0 mg 
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Figure B-9. Kinetic coefficients for the single tube heated biofilm, Ks = 0.79 mg 
L\k = 0.09h^ 
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Appendix C 
Heat Transfer Charts 

The data was measured as described in Chapter 3 and results sununarized in 

Chapter 6. All raw and processed data is available in a file format recorded on a CD- 

ROM that is on deposit with Dr. Mark Fitch. In each chart, the error bars are 95% 

confidence intervals. 
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Appendix D 
Periodic Monitoring Data 

Table D-1. Periodically measured parameters for the separate reactors 
Date 

5 Aug 02 
24 Apr 02 
3 Apr 02 

28 Feb 02 
29 Jan 02 
7 Jan 02 
6 Dec 01 

21 Nov 01 
9 Nov 01 
25 Oct 01 

24 Apr 02 

3 Apr 02 
24 Apr 02 
3 Apr 02 
28 Feb 02 
29 Jan 02 
6 Dec 01 
9 Nov 01 
6 Dec 01 

21 Nov 01 
9 Nov 01 
18 Oct 01 
11 Oct 01 
5 Oct 01 

27 Sep 01 
20 Sep 01 
14 Sep 01 
6 Sep 01 

30 Aug 01 

Reactor 

Pilot-Scale 
Pilot-Scale 
Pilot-Scale 
Dual Tube 
Dual Tube 
Dual Tube 
Dual Tube 
Dual Tube 
Dual Tube 
Dual Tube 

Long Single Tube 
Nutrient Limited 
Long Single Tube 
Nutrient Limited 

Dual Tube/Nutrient Limited 
Dual Tube/Nutrient Limited 

Long Single Tube 
Long Single Tube 
Long Single Tube 
Long Single Tube 

Heated Single Tube 
Heated Single Tube 
Heated Single Tube 

Small/Stagnant 
Small/Stagnant 
Small/Stagnant 
Small/Stagnant 
Small/Stagnant 
Small/Stagnant 
Small/Stagnant 

Small/Flow 

DO 
(mgU 

0 
0 

1.11 
0.55 
0.6 

0.71 
1.41 
1.95 
2.58 
0.17 

1.28 

0.28 

1.77 
2.49 
3.11 
4.91 
1.95 
1.65 
1.85 
0.21 
0.13 
0.27 
0.1 

2.0 
1.43 

pH 

5.7 
6.9 
6.7 
3.3 
6.2 
6.6 
5.4 
5.8 
6.30 
6.15 

6.6 

6.5 
4.2 
4.6 
5.2 
7.3 
4.2 
7.53 
6.2 
6.2 
6.56 
5.63 
5.83 
4.97 
5.39 
5.32 
5.46 
5.94 
5.32 

Water Added 
(mL) 

1400 
1000 

10 

15 
11 

62 

82 
43 
50 
30 
50 

21 

0 

OD 

0.137 
0.128 
0.203 
0.328 
0.245 
0.215 
0.216 
0.184 
0.210 
0.154 

0.082 

0.153 
0.227 
0.393 
0.224 
0.317 
0.080 
0.060 
0.199 
0.153 
0.088 
0.130 
0.167 
0.221 
0.147 
0.245 
0.238 
0.284 
0.192 

Pressure Drop 
(Inches) 

0 

V* 

% 

% 
Vi 

VA 

Vi 
/16 

'16 

Vi 
Vi 

VA 

Vi 
Vi 
'16 

Vi 
Vi 
Vi 
Vi 
'16 

Table D-2. Abiotic operating data. 
Reactor 

Short single silicone tube 
Long single silicone tube 

Dual silicone tube 
Semi-pilot-scale silicone tube 

Polysulfone 
"(Cole, 2001) 

Abiotic Removal 
(%) 
12" 

38 
10 
30 
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Modeling Run Results 
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Table E-1. Summary of model run results. 
Model Run Axial 

Size 
(cm) 

Radial 
Size 

(cm) 

Axial Gas Phase 
Concentration 

Range 
(mgL-') 

Removal Range 

(mg s"') 

Biofilm Thickness 
Range 

(cm) 

Single Tube 
21 Aug 01 0.5 0.01 5.85-6.41 (1.64-1.96)*10"* 0.11-0.13 

Single Tube 
22 Aug 01 0.5 0.01 5.19-5.67 (1.48-1.64)* 10-* 0.10-0.11 

Single Tube 
4 Sep 01 0.5 0.02 13.32-14.63 (4.21-4.60)*10"' 0.26-0.28 

Dual Tube 
1 Aug 02 1 0.01 6.91-11.26 (0.34-0.55)* 10-" 0.07-0.11 

Dual Tube 
2 Aug 02 1 0.01 6.86-10.83 (0.34-0.56)* 10-* 0.07-0.11 

Dual Tube 
5 Aug 02 1 0.01 6.34-10.49 (0.32-0.52)*10-'' 0.07-0.11 

Dual Tube 
10 Nov 01 1 0.01 2.12-3.28 (0.86-1.28)*10-*- 0.02-0.03 

Dual Tube. 
26 Nov 01 1 0.01 4.93-7.67 (2.38-3.37)*10-^ 0.05-0.07 

Dual Tube 
29 Nov 01 1 0.01 5.36-8.57 (2.47-4.02)*10-* 0.05-0.08 

Dual Tube 
6 Dec 01 1 0.01 7.52-12.54 (4.41-6.26)*10"* 0.11-0.15 

Pilot 
1 Aug 02 1 0.01 0.19-6.07 (0.51-2.84)*10'' 0.05-0.21 

Pilot 
2 Aug 02 1 0.02 15.25-27.63 (8.94-13.77)*10"* 0.38-0.48 

Pilot 
5 Aug 02 1 0.01 5.09-22.08 (3.38-10.79)*10"' 0.17-0.38 

Pilot 
6 Aug 02 1 0.01 6.23-10.86 (3.51-5.59)*10-^ 0.31-0.39 

Pilot 
7 Aug 02 I 0.02 28.18-42.63 (16.57-21.12)*10-^ 0.40-0.46 

Pilot 
8 Aug 02 1 0.01 3.19-7.99 (3.90-4.14)*10"'' 0.33-0.34 

In-Series Dual 
11 Jun02 1 0.01 3.90-5.81 (1.55-2.06)*10"' 0.03-0.04 

In-Series Dual 
14 Jun 02 1 0.01 3.88-5.79 (1.55-2.06)*10-^ 0.03-0.04 

In-Series Single 
11 Jun 02 1 0.01 3.74-4.31 (0.67-1.02)* 10-* 0.02-0.03 

In-Series Single 
14 Jun 02 1 0.01 3.57-3.91 (0.67-1.02)* 10" 0.02-0.03 

Neemann Single 
30 Dec 97 0.5 0.02 0.40-2.17 (1.35-1.54)*10-" 0.30-0.32 

Neemann Single 
2 Jan 98 0.5 0.01 0.34-1.83 (1.04-1.34)* 10" 0.25-0.28 

Neemann Single 
10 Jan 98 0.5 0.01 1.12-1.37 (0.83-0.91)*10"* 0.21-0.22 
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Neemann Single 
21 Jan 98 0.5 0.01 1.30-1.59 (0.93-1.09)*10'' 0.18-0.20 

Neemann Single 
25 Jan 98 0.5 0.01 1.34-1.64 (0.96-1.15)*10"'' 0.21-0.23 

Neemann Single 
28 Jan 98 0.5 0.01 0.91-1.12 (0.68-0.75)*10'' 0.19-0.20 

Neemann Single 
5 Feb 98 0.5 0.02 1.45-1.83 (1.17-1.35)* 10"* 0.28-0.30 

Table E-2. Calculated radius and diameter for dual tube reactor. 
Units Value 

Outer Module Diameter cm 5.08 
Outer Diameter of Eacli Tube cm 1.27 

Total Module Cross Sec Area cm^ 20.27 
Diameter for Each tube cm 3.592 

Calculated Cross Sec Area cm^ 20.27 
R associated with each tube cm 1.796 

Table E-3. Calculated radius and diameter for pilot scale reactor, 
Units Value 

Outer Module Diameter cm 25.4 
Outer Diameter of Each Tube cm 1.27 

Total Module Cross Sec Area cm^ 506.7 
Diameter for Each tube cm 5.08 

Calculated Cross Sec Area cm^ 506.7 
R associated with each tube cm 2.54 
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Figure E-1. Toluene concentration profile across the reactor. 
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Appendix G 
Concentration Plots 

Removal vs. Concentration at a Given Q. The following graphs indicate removal increases with 
increasing influent concentration. Removals observed in different reactor systems are reported and did not 
show a consistent trend. 
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