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Abstract

Trichloroethylene (TCE) as a suspected human carcinogen is one of the most

common pollutants found in contaminated groundwater. Biofilm reactors have

been extensively used in the bioremediation of hazardous organic compounds such

as TCE. The biological background of TCE biodegradation is cometabolism. Lim

itations in the successful removal of TCE include competitive inhibition of primary

substrate, TCE product toxicity, and oxygen limitation. In this study, an effective

packed-bed bioreactor system was developed for the treatment of aqueous phase

TCE by the toluene dioxygenases system of Pseudomonas putida Fl. The reactor

was a glass chromatography column 60 cm long and 2.5 cm in diameter. Glass

beads (4 mm in diameter) were used to pack the column and support growth of

the biofilm. The reactor was operated as a trickling filter with a recycled efflu

ent to maintain low toluene concentrations throughout the column. The aqueous

influent contained a minimal salts medium, toluene and TCE in various concen

tration range. Oxygen supply was directly connected to the column. The gas

stream was also recirculated back into the column to prevent the loss of TCE

in the vapor phase. Operational conditions that were tested included influent

toluene concentration, influent TCE concentration, influent flow rate, and recy

cle rate. TCE removal efficiencies ranged from 94.5% to 60% with TCE influent

concentrations of 0.31 to 1.06 ppm, and influent toluene concentrations of 30 to
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53 ppm, respectively.

Modeling of biofilm kinetics is the first step for bioreactor design and process

optimization. Although numerous biofilm models have been developed in vari

ous situations, very few models are reported for TCE cometabolism, probably

due to its biological complexity and computational difficulties. In this study, a

relatively comprehensive steady-state biofilm model was proposed for TCE coox-

idation by Pseudomonas putida F1 using toluene as a primary substrate. This

model coupled diffusion process with substrates competitive inhibition reaction

in the biofilm. The Model assumed that TCE degradation was carried out by

active biomass only, which was balanced by cell growth and TCE transformation

product toxicity effect. Finally, the effective biofilm thickness was calculated. Fi

nite element method was used for the implementation of numerical solutions of

non-linear ordinary differential equations. TCE and toluene fluxes under different

toluene and TCE bulk concentrations were investigated. The influence of mass

transfer, TCE product toxicity on TCE degradation were analyzed. Combining

TCE cometabolic biofilm model with dispersion, convection, mass transfer be

tween biofilm phase and liquid phase, and physical equilibrium between gas phase

and liquid phase, a bioreactor model was developed for the system of interest.

At low TCE influent concentration, model calculation results match experimental

data fairly well. Comparing with the experiments, model prediction errors were
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below 30%. The inverse of TCE removal efficiency was found to be a function

of the inverse of transformation capacity in a form of second order polynomial.

This enabled the model to predict TCE removal efficiency at high TCE con

centration when transformation product toxicity was significant. Similar results

were obtained from model simulation by varying influent flow rates, influent TCE

concentrations, influent toluene concentrations, and recycle rates as from the ex

periments, quantitatively or qualitatively. This bioreactor model can be used to

design a bioreactor and to optimize operation for TCE cometabolism.
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Table of Symbols

A: Group constant

Ar'. Cross section area of the column (cm^)

Ag-. Specific area of particle (cm~^)

bd- Cell decay constant (1/day)

bg-. Decay by shear loss (1/day)

b': Overall decay constant (1/day)

Ci: Concentration in liquid phase (mg/L)

Cio: Concentration at time zero (mg/L)

Chi'- Concentration in the bulk liquid (mg/L)

Liquid concentrations in the inlet of the reactor (mg/L)

Effluent concentration (mg/L)

Cbi'^: Influent concentration (mg/L)

Cgf. Cas phase concentration (mg/L)

Cpi. Concentration in the biofilm (mg/L)

Cpi\x=o' Concentrations at the interface of liquid film and biofilm (mg/L)

Cgi'. Concentrations at the surface of biofilm (mg/L)

C*: Cas-Liquid interfacial concentration (mg/L)

do- Sauter mean diameter (cm)

Di'. Diffusion coefficient in the liquid phase (cm^/day)
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Dfi\ Diffusivity of in the biofilm (cm^/day)

dp-. Particle diameter (cm)

Ei'. Dispersion coefficient (cm^/day)

fa- Active biomass fraction in the biofilm

F; A defined function

Ff-. Liquid flow rate (ml/min)

Hi'. Henry's law constant

Ji'. Flux to the biofilm (mg/cm^/day)

Toluene or TCE flux at sublayer i (mg/cm^/day)

Toluene or TCE flux at sublayer i + 1 (mg/cm^/day)

A;,: Reaction rate constant (mg substrate/mg cell/day)

Ki'. Substrate saturation parameter (mg/L)

Koi'. Gas phase mass transfer coefficient (cm/day)

kii". Liquid phase mass transfer coefficient (cm/day)

le'. Element length (cm)

Li- Liquid film thickness (cm)

Lj\ Effective biofilm thickness (cm)

Lj.: Length of the reactor (cm)

Mb'. Molecular weight of solvent

R'. Recycle ratio



t: Time (minute)

U: Standard biofilm depth (cm)

ta- Geometric average of ti and t2

T: Absolute temperature (K)

Tc- TCE transformation capacity (mg TCE/mg cell)

u: Superficial velocity (cm/min)

v: Gas velocity (cm/min)

Va". Molar volume of solute as liquid at its boiling point

V^\ Vapor phase volume (ml)

V': Liquid phase volume (ml)

x: Coordinate in the biofilm (cm)

X: Biomass concentration (mg/L)

Xf-. Biofilm density (mg/cm^)

Xq: Initial biomass concentration (mg/L)

Y: Toluene yield coefficient (mg cell/mg toluene)

z: Reactor coordinate (cm)

Dimensionless Group

Pci. Peclet number

Rem'. Reynolds number
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Sc- Schmidt number

Shi". Sherwood number

Greek letters

at: Liquid-Biofilm mass transfer number

a: Fitting parameter

0: Fitting parameter

0i: Liquid-Gas mass transfer number

51. Subunit biofilm thickness (cm)

e: Porosity of the bed

r}\ Dimensionless biofilm coordinate

r]ei: Effectiveness factor

7i: Gas phase mass transfer number

^ig-. specific growth rate (hr~^)

//: Absolute viscosity of solution (cp)

(j)i: Linear base function

tjjb' Association parameter

p: Solution density (g/cm^)

a: Shear stress

Oq: Gas hold-up
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9l: Liquid hold-up

Os'- Standard biofilm time for toluene (min)

C: Dimensionless reactor coordinate

i = 1: for toluene, and i = 2: for TCE
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Chapter 1

Introduction

1.1 General Description

Trichloroethylene is widely used as a solvent and degreasing agent[40]. Spillage

and improper disposal caused it become one of the most common chlorinated com

pounds in the contaminated groundwater[81]. It is a suspected human carcinogen[18].

Its presence in drinking water supplies is a potential hazard. Treatment of TCE

and other chlorinated compounds include physical process and biological pro

cess. Biological treatment has great advantages over many conventional physical-

chemical techniques. Physical techniques, for example adsorption and stripping[37],

only transfer contaminants from one phase to another. Extra cost will be required

for contaminants destruction in the subsequent treatment step. In a biologi-



cal process, the polluted groundwater is pumped into a bioreactor where con

taminants are degraded through the metabolism of microorganisms. No report

has been found that microorganisms can use TCE as a growth substrate under

aerobic conditions. TCE degradation is under the mechanism of cometabolism

that TCE is oxidized by non-specific oxygenases in the presence of an induc

ing growth substrate and oxygen. These enzymes are called inducible enzymes,

such as methane monoxygenase[74], propane monooxygenase[79], and toluene

dioxygenases[80]. They are produced only when the corresponding growth sub

strate exists in the environment. Limitations in the successful biotransformation

of TCE include product toxicity[l][63][65], competitive inhibition between TCE

and primary substrate [43], and dissolved oxygen limitation [13]. The objective of

this research is to develop a packed bed bioreactor system to degrade TCE in

liquid phase, test different operating conditions. The primary goal is to develop a

mathematical model for process optimization and future design. The application

of this bioreactor system could be extended to the treatment of groundwater con

taminated with other chlorinated aliphatic compounds. The information gained

can be applied to the design and improvement of packed bed biofilm reactor sys

tems for the above-ground treatment of TCE and other problematic enviromental

contaminants.



1.2 Research Objectives

This research involved a development and an investigation of the feasibility

of a biofilm reactor system for the treatment of groundwater contaminated with

TCE. On the basis of cometabolic theory, Pseudomonas putida F1 was used as

the biocatalyst to degrade TCE with toluene as a primary substrate. The specific

objectives include;

1. To develop a packed bed biofilm reactor system that can be effectively used

for aqueous phase TCE removal.

2. To understand the effects of cometabolism on the biodegradation of TCE

and toluene in batch and fixed-film cultures.

3. To evaluate the kinetic parameters of TCE and toluene degradation by batch

reaction.

4. To study TCE removal in the bioreactor under various operating conditions.

5. To develop a mathematical model, based on the information obtained above,

to simulate TCE and toluene biodegradation in the biofilm and in the packed

bed reactor and to solve the system of equations by finite element method.



Chapter 2

Background and Literature

Review

2.1 Trichloroethylene

Trichloroethylene is a nonflammable volatile organic compound. It is used

mainly as a solvent for metal degreasing, solvent extraction, dissolving and clean

ing in industries and household products like typewrite correction fluid, paint

removers, and spot removers. Its physical properties are summarized in Ta

ble 2.1[12]. Careless disposal, spillage, and leakage make TCE among the most

common pollutants in the contaminated groundwater in United States[17]. Great

concern has been established because of its toxicity and possible carcinogenic



Table 2.1: Physical Characteristics of Trichloroethylene[12]

Chemical formula CHChCCL

Molecular weight 131

Density at 20°C 1.4642

Solubility at 25°C 1100 mg/L

Odor chloroform-like

Color colorless

Boiling point 87°C

Volatility Puapor=77 mm Hg at 25°C

Henry's Law 0.5 (C air/C water)

Flammability nonflammable

properties[76]. Chemical stability and poor biodegradability leads to its persist

over years[23][78]. Proposed drinking water standard for TCE is 5 /zg/L[75]. How

ever, contamination levels in mg/L range can be found near polluted sources[31][42].

2.2 TCE Treatment Techniques

TCE remediation technologies have been developed for years. Air stripping and

granulated-active carbon(GAC) adsorption have been proved as the most effec-



tive methods for removing volatile organic compounds (VOCs) from contaminated

groundwater[37]. 99% removal of TCE can be achieved by air stripping[23]. TCE

concentration was reduced to below 5 /ig/L by adsorption[37]. However, they are

both mass transfer operations. Contaminants are only transferred from one media

to another without complete destruction. In addition, regeneration of the used

carbon often make the adsorption process more expensive. Biological treatment

is an alternative way which overcomes disadvantages in the conventional process.

Contaminants are usually converted to CO2, H2O and other non-toxic products.

TCE can be transformed under both anaerobic and aerobic environments. Studies

demonstrated that the main mechanism of anaerobic TCE degradation is reductive

dehalogenation[45]. Anaerobically, vinyl chloride can be formed as one of the main

products, and this organic compound is identified as mutagen and carcinogen[39].

The other disadvantage of anaerobic treatment is that the reaction rate is very

slow [8] [9]. Biotransformation of TCE under aerobic conditions does not result in

the formation of toxic compounds[82]. However, TCE can not be used as a growth

substrate in the aerobic process. It can only be transformed under the mechanism

of cometabolism in which non-specific oxygenases of microorganisms catalyze the

oxidation of TCE in the presence of primary substrate. These microorganisms

include methanotrophs[74], toluene oxidizers[62][80], propane oxidizers[79], phe

nol utilizers[28][29], and ammonia oxidizers[77]. Many studies have been given on



in-situ bioremediation for restoring aquifers contaminated by liquid fuels and halo-

genated organics using indigenous microorganisms in the environment. Growth

substrate, oxygen, and other nutrients need to be added to stimulate the growth

of microbial populations[34]. Some times in-situ bioremediations are difficult to

control. They mostly depend on the subsurface and the hydrogeology conditions

of site. When in-situ biodegradation is not possible, pump-and-treat system be

comes another promising choice. During this process, contaminated groundwater

is pumped into a bioreactor, with the action of microorganisms, the contaminants

are destroyed [38] [44]. Also great efforts have been made for simulating degrada

tion and performing fundamental researches in bioreactor system in recent years.

2.3 Cometabolism of TCE by Pseudomonas putida

F1

Cometabolism is the transformation of a nongrowth substrate at the expense

of a growth substrate or other transformable compound[16] for microorganisms.

A growth substrate is defined as an electron donor that provides reducing power

and energy, or carbon for cell growth and maintenance. In a cometabolic reaction,

the cometabolic enzyme is induced by the growth substrate, which simultaneously

catalyzes the transformation of the nongrowth substrate. Pseudomonas putida Fl



was used as biocatalyst carrier in this study. Wackett and Gibson[80] demon

strated that initial TCE removal rate by Pseudomonas putida F1 was significant

greater than by methanotroph Methylosinus trichosporium 0B3b. In addition,

maximum TCE degradation activity of methanotrophs is due to the expression

of methane monooxygenase (MMO) in a soluble form under conditions of copper

starvation[20][49][70]. It can be predicted that removal efficiency would be limited

when copper in a concentration greater than 0.25 pM exists in the groundwater

system[72]. The biological background of Pseudomonas putida El has been well

documented. The ability of this microorganism to mineralize TCE is through

cooxidation when toluene serves as a growth substrate[80]. The enzyme respon

sible for TCE metabolism is toluene dioxygenase[47]. It is a three-component

enzyme system induced in the presence of toluene[85]. The component proteins

are flavoprotein, ferredoxin, and iron sulfur protein. They transfer electrons from

NADH to the terminal component that catalyzes the formation of cis-toluene di-

hydrodiol from toluene (Figure 2.1). It has been confirmed that todCiC2BA genes

encode for the production of toluene dioxygenase for TCE degradation. Toluene

dioxygenase has a broad substrate specificity. Its oxidation mechanism of TCE

is dioxygen insertion[35](Figure 2.2). The major products of TCE oxidation are

formic acid and glyoxylic acid. TCE remediation by Pseudomonas putida F1

also suffers from intermediates toxicity[80]. TCE oxidization results in cytotox-
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icity and loss of toluene dioxygenase activity[35]. Heald and Jenkins[26] showed

that TCE oxidation toxicity is mediated by toluene dioxygenase. TCE product

toxicity decreases the transformation capacity of bioreactor system and becomes

a major problem in the bioremediation process.

2.4 Bioreactor Design

Due to the complexity of TCE cometabolism, bioreactor system design seems

to be quite different from conventional reactors. Usually growth phase and trans

formation phase are separated to avoid growth substrate competitive inhibition.

Alvarez-Cohen and McCarty[l] first proposed a two-stage dispersed-growth sys

tem for the treatment of TCE. After being well grown on methane in a CSTR,

cells were transferred to a plug flow reactor for TCE transformation. Two-stage

biological treatment system have been used successfully when competitive in

hibition between primary substrate and secondary substrate is involved[24] [43].

Tschantz[73] extended their work by using multi-stage bioreactor for TCE degra

dation by Methylosinus trichosporium 0B3b. Most recent work for dual chlori

nated compounds degradation was reported by Chang and Alvarez-Cohen[13].

Biofilm reactors have been received great attention in TCE and other VOCs

biodegradation in recent years, mainly because of their high cell concentration,

resistant to shock loading of inhibitory compounds, especially well performance in

10



the degradation of recalcitrant organic compounds[20][36][48][64]. In TCE degra

dation, cell growth and TCE transformation phase are separated by using sequenc

ing biofilm reactor[21][60], in which TCE is degraded in the absence of growth sub

strate, and enzyme activity which lost due to TCE product toxicity was recovered

in the growth mode alternatively. However, TCE removal efficiency decreased

with time[21], usually TCE degradation ability can not be completely regener

ated. Similar results were obtained by Shimomura[63] for TCE degradation in a

fluidized-bed reactor. This is not a stable operation. Oxygen is necessary in the

oxidation of TCE. It acts as a co-substrate as well as a terminal electron accep

tor for cellar respiration[33]. Insufficient oxygen may decrease the rate of TCE

degradation. Chang and Alvarez-Cohen[13] used a sealed chamber with pres

surized pure oxygen to increase dissolved oxygen level in the influent. Directly

introducing air into the reactor will cause stripping problem[70]. Strand[69] devel

oped a sparged biofilm reactor where gas was recycled and pumped upward into

the reactor. Supplying sufficient oxygen is a big issue in the in-situ groundwater

treatment [29] [30].

11



2.5 Mathematical Modeling

2.5.1 Reaction Kinetics

TCE removal kinetics in the absence of growth substrate can be described by

Michaelis-Menten kinetics for single substrate. Alvarez-Cohen and McCarty[l]

proposed the concept of transformation capacity to modify the active cell loss by

product toxicity, which yields the following rate equation:

klX, - ̂(Co - C)\C
Kc + C * '

where Co and C are TCE concentrations (mg/L) at initial time to and at time

t (day); Xq (mg/L) is the initial active biomass concentration; k (mg TCE/mg

cell/day) is TCE reaction rate constant, (mg/L) is the TCE substrate satura

tion parameter, and is the transformation capacity (mg TCE/mg cell). This

model has been applied successfully in later studies[13][65]. Competitive inhibition

Michaelis-Menten kinetics was employed in the steady-state continuous system

with simultaneous conversion of toluene and TCE by Landa et al[32]. Model cal

culation results fit the experimental data very well. Chang and Alvarez-Cohen[14]

developed a kinetic model for the cometabolic biodegradation of chlorinated com

pounds, in which NADP limitation was also considered besides competitive in

hibition and product toxicity. This is the most comprehensive model so far for

TCE degradation. Cometabolic kinetics under different conditions was evaluated

12



by Criddle[15].

2.5.2 Biofilm Model and Bioreactor Model

Steady-state biofilm model was first developed by Rittmann and McCarty[55].

Biofilm with no net growth or decay over time is defined as a steady-state biofilm.

The model predicts substrate flux and biofilm thickness under given condition

in steady state. Biofilm kinetics determines three substrate utilization condi

tions: deep, shallow, and fully penetrated biofilm[71]. For deep biofilm, the rate

of degradation is fast that substrate concentration at the attachment surface is

merely zero. In contrast, for fully penetrated biofilm, the reaction rate is too

slow to establish a concentration gradient within the biofilm. Biofilm with reac

tion rate between deep biofilm and fully penetrated one is the shallow biofilm.

This becomes the fundamental biofilm model for other model development, such

as multi-species biofilm model[57], dual limitation biofilm model[58], and steady-

state biofilm model with biofilm growth[66]. Models of chlorinated compound

degradation in the biofilm are also based on the cometabolic theory. Those sec

ondary substrates can not support a stable biofilm. A primary substrate must

be provided as a carbon and energy source for the biofilm activity [10] [11]. A few

theoretical model have been developed to predict cometabolic degradation of TCE

in the biofilm. Model developed by Anderson and McCarty[2] was the only one to

13



in-cooperate TCE transformation product toxicity into the biofilm kinetics with

methane as the primary growth substrate. Difficulties in the successful biofilm

modeling of TCE cometabolism may because of the complex biological process in

the oxidation of TCE. The characteristics of TCE cometabolic biofilm process and

unsteady bioreactor operation make the bioreactor modeling difficult. Very few

bioreactor models have been developed when one considers all facts of competi

tive inhibition, product toxicity in the biofilm, and convection, dispersion, mass

transfer in a packed bed biofilm reactor for TCE remediation.

2.6 Finite Element Method

The finite element method is a procedure for constructing approximate solu

tion to initial-boundary value partial differential equation (PDE) system in engi

neering and mathematical physics [5] [6] [7]. Its solution is implemented through a

discrete approximate equation called weak statement, which combines the calcu

lus and vector field theory, and the concepts of extremization, orthogonality and

completeness for computing. A general approximate solution for a given partial

differential equation L{q) = 0 with specified boundary conditions can be written

as:

N

q{x) w q^{x) = Y, ai(t)i{x) (2.2)
t=i
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for a steady-state problem, and as

q{x, t) « q^{x, t) = 5^ ai{t)4)i{x) (2.3)
N

i=l

for an unsteady-state problem, where 1 < i < N, N is the number of terms for

approximation, ̂i(x) are set of trial functions that span the physical domain, they

can be linear, quadratic, or cubic piecewise polynomials. The unknown expansion

coefficient set Oj or ai{t) is the nodal solution. The measure of the error caused

by numerical approximate solution is then given by:

L(e^) = L{q) - L{q^) (2.4)

Weak statement enables the approximation error vanishing over the entire domain:

WS^ = [ uJi{x)L{q^)dT = 0 (2.5)
Jn

where SI is the physical domain, and uJi{x) is a set of weight functions. In Galerkin

weak statement, the weight functions uJi{x) are equated to the trial functions (j)i{x)

term by term:

GWS^ = [ <t>i{x)L{q^)dT = 0 (2.6)
Jci

Galerkin weak statement is optimal as it requires the error in q'^ to be orthogonal

to every number of the trial space defined to support q^. Specific boundary con

ditions are automatically incorporated into the weak statement. Solution domain

is discretized into finite elements. In one element domain, the solution can be

15



interpolated in terms of the basis function as:

Qe{x,t) = {Nkf{Q{t)}e (2.7)

where Nk is the finite element basis of the associated trial function (/>i, A: = 1,2,3

for linear, quadratic, and cubic function, respectively, and {Q{t)}e is the nodal

solution. Non-overlapping assembling of each finite element domain leads to the

mathematical statement of finite element approximate solution:

Q''{x,t) = Ue{Nkf{Q{t)}e (2.8)

In steady state, solution is only a function of space, no time is concerned. Applying

Galerkin weak statement to each element and assembling them yields the global

matrix statement:

[Matrix]{Q} - {b{data)} = {0} (2.9)

where [Matrix] and {b{data)} are global matrices in which {b{data)} is the user-

supplied data in a form of column matrix. For an unsteady-state case, the solution

is also a function of time:

[JACOB/AiV]({g"+i} - {Q"}) + At{RESIDUALy = {0} (2.10)

This equation can be solved by Newton algorithm and linear algebra operations.

Error estimation is accomplished in the form of norm suitable for the selected

trial and test spaces, which is bounded by some measure by the given informa-

tion(data).
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Chapter 3

Material and Methods

3.1 Cell Preparation for Growth Curve Study

50 ml MSB media (Section 3.4) in a 250 ml flask was inoculated with a loop

of Pseudomonas putida F1 frozen cells stored in a -80°C freezer. Toluene was

used as a carbon source and supplied in a vapor phase through a suspended glass

ball fixed in the rubber stopper (Figure 3.1). About 60 to 100 pure toluene

was added inside. By shaking, toluene vaporized through a hole in the ball and

dissolved in the media. After one day shaking at a rate of 108 rpm, a light yellow-

green color was developed in the solution in the bottom of the flask. This first

culture was transferred into another fresh growth media and grew in the same

condition until O.D (600 nm) reached to 0.95 A.U. Cells were centrifuged at lOK
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Figure 3.1: Diagram of Cell Cultivation in a Flask

rpm for ten minutes and resuspended in fresh media adjusting O.D to about 1.0

A.U. This second culture was then ready for growth curve study. At time zero, the

concentrated cells were inoculated to 50 ml media. Repeated tests were conducted

with starting O.D 0.0491 A.U. and 0.0585 A.U., respectively. 1 ml samples were

taken at every one hour interval.

3.2 Batch Test for Toluene and/or TCE

Degradation

Batch experiments were performed in a series of 25 ml Mininert vials with

Teflon sealed cap. Second culture was used. The preparing procedure for active

18



cells was the same as for the growth study, except O.D was at about 1.0 for the

whole experiments. Specific amounts of prepared cell solution were added into

vials. Vials with cell solution were kept in an ice container. Fifteen minutes were

necessary to warm it up before use. Toluene and/or TCE saturated water were

introduced into the vials through a open-close valve on the cap by a gas tight

syringe right before starting the experiment. The volumes of toluene and/or TCE

saturated water to be transferred depended on toluene and/or TCE concentration

for the testing. The finial liquid volume was fixed at 5 ml at different initial toluene

and TCE concentrations to keep the vapor phase volume/liquid phase volume to

4:1. Vials were shaken at a rate of 180 rpm. Head space samples were taken at

different intervals to monitor toluene and TCE degradation rate.

3.3 Analytical Method

3.3.1 Cell Mass Determination

Cell concentration was estimated by optical density (O.D) at a wavelength

of 600 nm on a Beckman DU -70 spectrophotometer (La Jolla, Ca.). Biomass

concentration in the unit of mg per liter was then determined by reading in the

calibration curve of O.D vs biomass concentration, which was made by standard

method in Appendix A.
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3.3.2 Toluene and TCE Measurement

Toluene and TCE concentrations were determined by taking a gas phase sample

and measuring in a Shimadzu GC 9AM gas chromatograph (Shimadzu Analytical

Instruments Co., Kyoto, Japan) equipped a 60 m long, 0.75 mm I.D. glass capillary

column (Supelco). TCE was detected by an electron capture detector (ECD), and

toluene was detected by a flame ionization detector (FID). Helium was the carrier

gas, and nitrogen was the makeup gas. Samples passing through the column

reached ECD first then FID. Operation conditions for GC were: flow rate of

helium 7 ml/min, nitrogen 50 ml/min, hydrogen 35 ml/min, and air 425 ml/min;

temperature for oven 150°C, injection 250°C, and detector 250°C. 25 /il gas phase

sample was taken for GC analysis. In the column experiments, 0.4 ml influent

and effluent liquid samples were transferred into a 2 ml Teflon sealed cap vial

by a 0.5 ml gas tight syringe. Vials were shaken rigorously for about 3 minutes

by hand before headspace sample. Calibration curves for toluene and TCE were

made every day. Total concentration was determined by comparing measured GC

area with the calibration curve.

3.3.3 Gas Phase Oxygen Measurement

Oxygen in the gas phase from the column was also measured by GC analysis.

By comparing area of air peak from sample to standard curve air peak with 21%
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oxygen, the oxygen amount in the particular position of the column could be

estimated.

3.4 Minimal Salts Medium

Minimal salts medium used in the experiments was made up of solution B

and C. It is a modified mineral salt buffer[67]. The compositions of B and C

are listed in Tables 3.1 and 3.2. Method for making solution B was detailed in

Appendix B. Solutions B and C were filter sterilized, and solution B was stored in

a refrigerator at 4 - 10°C. In preparing of 1.0 liter MSB, 20 ml solution B and 5 ml

solution C were added into 1 liter phosphate buffer solution composed of 2.15 g/L

KH2PO4 and 5.30 g/L K2HPO4 with pH 7.2, which was autoclaved in advanced. In

batch degradation studies, toluene saturated water and/or TCE saturated water

was transferred into vials by gas tight syringe to bring toluene and TCE to a

designed concentration. In column system, the synthetic wastewater was made up

continuously, in which MSB was 50% diluted by deionized water. Water saturated

toluene and TCE were mixed with MSB to the top of the reactor. Concentrations

were controlled by an HPLC pump for toluene feeding and a syringe pump for

TCE feeding.
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Table 3.1: Composition of Minimal Salts Media

Chemical formula Concentration (g/L)

Solution B

Nitrilo triacetic acid 10

MgS04.7H20 14.45

CaCl2.2H20 3.33

(NH4)6M07024.4H20 0.00925

FeS04.7H20 0.099

Metals 44 (Table 3.2) 50 ml

Solution C

(NH4)2S04 60 g/300 ml dH20
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Table 3.2: Composition of Metals 44 Solution

Chemical formula Concentration (mg/100 ml)

EDTA 250

ZnS04.7H20 109.5

MnS04.H20 154

FeS04.7H20 500

CUSO4.5H2O 39.20

Co(N03)2.6H20 24.80

Na2B4O7.10H2O 17.70
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Chapter 4

Batch Experimental Results

A number of studies have been done by batch scale experiments for TCE

degradation[14][26][52], either using methanotrophic, or phenol, or toluene oxi

dizing bacteria. These studies provide the fundamental knowledge of competitive

inhibition, TCE transformation product toxicity, or reducing power limitation

in the TCE cometabolism[14], not only qualitatively, but also quantitatively in

kinetics. Different bacteria have different biochemical characteristics. To under

stand more about Pseudomonas putida Fl, Some basic experiments for toluene

and TCE degradation in batch scale were conducted.
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4.1 Growth Characteristic of Pseudomonas putida

F1

The growth of Pseudomonas putida Fl was measured by the increase of O.D

in the flask. O.D vs time is plotted in Figure 4.1. O.D. can be converted into

cell density by the calibration curve prepared before (Appendix A). Like other

batch culture, lag phase occurred after inoculation. Cells experienced adjusting

themselves to the new environment. In three hours, cells started to grow very fast.

This was the exponential phase which continued to 8 hours in this experiment.

O.D was in the range of 0.6. During this period, the growth rate can be described

by following equation:

dX ^

dt

where X is the cell concentration (mg/L), and Pg is the maximum specific growth

rate (hr~'). The determined value is 0.43 hr~L Time for doubling the population

is 1.6 hr.

4.2 Toluene Degradation

Five initial toluene concentrations were investigated: 10 ppm, 20 ppm, 30 ppm,

40 ppm, and 50 ppm. Triple tests were addressed. The results of total toluene
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Figure 4.1: Growth Curve of Pseudomonas putida F1

concentration changing with time using 10 ppm, 30 ppm, and 50 ppm initial

concentrations are shown in Figure 4.2. As a primary substrate, toluene was

degraded rapidly. For approximately same biomass concentration, the toluene

degradation rate kept the same in high concentration ranges.

4.3 Cometabolism of TCE and Toluene

TOE degradation character of Pseudomonas putida F1 in the presence of toluene

was tested. Enzymes were fully induced for growing cells in a MSB media using

toluene as the carbon source. Two sets of TCE degradation experiments were con-
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Figure 4.2: Toluene Degradation: using initial 10, 30, 50 ppm concentrations

ducted: high toluene concentration and low toluene concentration. Initial TCE

concentration was fixed at 1 ppm. With an initial mixture of 40 ppm toluene

and 1 ppm TCE, toluene was removed in 20 minutes (Figure 4.3). As they

share a same enzyme system, there exists a competitive inhibition, with both

toluene and TCE competing for the common active site of the enzyme. Due to

much higher concentration of toluene than TCE and larger toluene degradation

rate, TCE concentration remained almost unchanged until most of the toluene

has been removed. The rate of TCE oxidation increased at toluene concentration

below 10 ppm, and then TCE was degraded continuously. However, the degra

dation rate was not constant; it decreased with time. This phenomena has been
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explained as TCE associated intermediate products toxicity[l]. At this time, no

more enzyme was generated as of no toluene in the environment, and the toxicity

of TCE transformation products inactivated the enzyme system responsible for

TCE degradation. Another experiment was also performed with initial mixture

of 10 ppm toluene and 1 ppm TCE (Figure 4.4). Slow TCE degradation lag

phase was not observed under this condition, because toluene concentration was

not high enough to show the significant competitive inhibition. But decreasing in

TCE removal rate after toluene has been consumed still happened.

4.4 TCE Degradation by Resting Cell

Based on the theory of cometabolism, TCE transformation is catalyzed by

the same enzyme system for toluene oxidation. If there is no toluene in the

environment, TCE degradation will not be competitively inhibited by toluene.

And initial TCE reaction rate will reach to maximum. Cells harvested from

growth in a toluene media are called resting cell[l]. They have transformation

ability of TCE in the absence of toluene. Results of TCE degradation with initial

TCE concentrations at 0.5 ppm, 1 ppm, and 2 ppm are shown in Figure 4.5. In

contrast with Figure 4.3, no lag phase occurred. This indicates that competitive

inhibition was avoided. This has been found applications in engineering design, in

which growth period and degradation period were separated[13] [43] [73] to enhance
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TCE removal efficiency. Most of TCE was degraded within ten minutes, and the

reaction rate decreased with time. TCE can not be removed completely due to

lack of active enzyme system. There is a transformation limit for resting cells. As

for the biofilm reactor system, an enzyme recover phase is necessary to regenerate

new active enzyme[21][60].

4.5 Experimental Verification of TCE Toxicity

The finite TCE transformation limit is also called transformation capacity Tc-

It is defined as amount of TCE has been transformed per amount of resting cell.
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Figure 4.6: TCE Degradation with and without Adding Succinate

In order to prove that a transformation limit is caused by toxic effect of TCE

degradation but not by insufficient of energy source or NADH, an experiment

was conducted by comparing TCE degradation with and without adding sodium

succinate which is a carbon and energy source for the growth of cell. The initial

sodium succinate concentration was 50 mg/L, and initial TCE concentration was

about 10 mg/L. The results plotted in Figure 4.6 show that TCE degradation

was not improved by addition of sodium succinate. The source of finite TCE

transformation is TCE related toxicity. If cells have already been toxified, they

are still alive. However, they are incapable of TCE degradation. Figure 4.7

illustrates TCE degradation as a result of toxicity. Initial TCE concentration was
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2.66 ppm in the vial. TCE concentration dropped quickly in the first 10 minutes.

Toxicity decreased reaction rate. In attempt to recover TCE oxidation activity,

toluene was introduced in 15 minutes, which brought toluene concentration to

about 20 ppm at this point. Toluene could still be removed, but no significant

TCE degradation happened. This shows the fact that small amount of toluene in a

short period can not make cell regain TCE degradation activity. Shimomura et al

(1997) [63] also reported this result from their TCE degradation in a fluidized-bed

bioreactor.
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Chapter 5

Toluene and TCE Degradation

Kinetics

General competitive enzyme reaction model[4] was employed for the cometabolism

of TCE and toluene. The rate of toluene or TCE degradation is then given by

the following expression:

dCi kjXCi

dt Q+m + ̂)

where i,j — 1,2, if i = 1, then j = 2, and i = 2, j = 1-, X is the cell concen

tration; Cj, and Cj are concentrations of toluene or TCE, respectively; Ki, Kj

are substrate saturation constants; ki, kj are rate constants of toluene or TCE. In

batch condition, toluene and TCE participate in both gas phase and liquid phase.

In this case, all concentrations in the right hand side of Equation 5.1 stand for
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concentrations in the liquid phase. With rigorous shaking, no mass transfer resis

tance is assumed. Correction in the left hand side of Equation 5.1 should be made

by multiplying a factor of 1 -f HiV^/V'' to account for substances partitioned in

the vapor phase. Hi is Henry's law constant. and y' are the gas phase volume

and liquid phase volume. Biomass growth is corrected by growth on toluene and

toxicity of TCE:

dX_ dC, 1 dC^
-dt -

where Y is the yield coefficient (mg cell/mg toluene), Tc is the transformation

capacity of TCE (mg TCE/mg cell), and is the cell decay rate (1/day), Ci is

toluene concentration (mg/L), C2 is TCE concentration (mg/L) in the solution.

This model also predicts TCE degradation in the absence of toluene. In this

situation, the net rate of cell growth is negative. TCE degradation stops when

cells are completely inactivated.

5.1 Determination of Yield Coefficient Y

Yield coefficient of toluene was measured by batch experiment. The definition

is given by:
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Figure 5.1: Determination of Yield Coefficient of Toluene

By setting a series of different initial toluene concentrations in the vials, shaking

until all toluene was consumed, and measuring the final increase of biomass, a

straight line can be obtained in Figure 5.1, where the slope is toluene yield

coefficient. The value is 0.4872 mg dried cell/mg toluene.

5.2 Determination of Ki and ki for Toluene

Equation 5.1 is simplified to Michaelis-Menten kinetics for a single compound

toluene degradation. Constant toluene degradation rate when toluene concentra

tion was large (Figure 5.2) indicates that in this range where Ci >> Ki, the
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kinetics follows zero order reaction. In a short time comparing with the doubling

time of Pseudomonas putida Fl, biomass was assumed to be constant. Thus the

plot of toluene concentration vs time in that range is a straight line (Figure 5.2).

The slope divided by cell mass and gas phase partition correction factor is the rate

constant of toluene. The estimated value is: ki = 8.4385 ±0.8640 (mg toluene/mg

cell/day). When toluene concentration is small, the integrated Michaelis-Menten

equation form is used:

kiX
(5.4)
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where t refers to time and C\ refers to liquid phase toluene concentration. Sub

script zero is the time for concentration starting to integrate. By plotting left

hand side over right hand side of Equation 5.4, the substrate saturation con

stant of toluene is evaluated. A sample plotting is shown in Figure 5.3. The

data were selected from toluene degradation at 20 ppm initial concentration. Ki

estimated from other concentrations are listed in Table 5.1. The average value is:

Ki = 1.1060 ± 0.6465 (mg/L). Comparing to ki, Ki value is more scattered.
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Table 5.1: Estimated Ki at Different Initial Toluene Concentration

Toluene Concentration (ppm) 10 20 30 40 50

Ki (mg/L) 0.6588 2.1194 0.6733 1.3917 0.6867

5.3 Determination of Ko and ko for TCE

In the absence of toluene, TCE degradation also follows single compound en

zyme kinetics. Different from toluene degradation, active cell mass will change

with time because of the toxic effect of TCE degradation product. This brings

more non-linearity in Equation 5.1 in the estimation of kinetic parameters of

TCE degradation. Therefore, initial rate method was used to avoid toxicity affec

tion. All cells were assumed to be active in the beginning. By setting initial TCE

concentrations at 0.2 ppm, 0.5 ppm, 1 ppm, 1.5 ppm, and 2 ppm, respectively,

and measuring the TCE concentration changing with time, a plot of the inverse

of initial reaction rate vs the inverse of initial TCE concentration should result in

a straight line (Figure 5.4):

1 K2 1
-cons

dC2

^ 1
k

(5.5)
2X C2 k2X

where cons is the correction factor for TCE partitioning between gas phase and

liquid phase. With the known initial cell mass, rate constant was determined

from the intercept, and saturation parameter was calculated from the slope. The

40



20

1 8

16

14

g 12f-

^ 10

a

6

4

cons=1 +H2-VgA/l

C3

0

0

0
1 /(cons*dC/dt) 1
1 /(cons*dC/dt)2

■

4  6

1/C
1 o

Figure 5.4: Determination of K2 and of TCE

values are: k2 = 1.5783±0.0457 (mg TCE/mg cell/day), and K2 = 0.7330±0.0254

(mg/L). Two different symbols in Figure 5.4 refer to two experimental data sets.

5.4 Determination of Transformation Capacity

Tc

The inactivation of TCE degradation enzyme is not only caused by toxicity of

TCE transformation product, but also by self-decay. That means enzyme which

is induced by toluene will lose activity by time. Hence, resting cells at different

physical conditions have different transformation capacity. This was proved by

41



a  □ test1
o  o test2
<3 <3 tests

3.5

2.5

2

1.5

0.5

10 20 SO .40
Time (min)

50 60 T-O

Figure 5.5; 5 ppm TCE Degradation

the following repeated injection of TCE to resting cells experiments. Initial TCE

concentration were set at 0.5 ppm, 1.0 ppm, 1.5 ppm, 2 ppm, and 5 ppm. TCE

concentrations in different vials were monitored at different time. Once TCE was

undetectable, second time TCE injection was performed to reach to the original

concentration. 5 ppm initial TCE couldn't be degraded completely (Figure 5.5),

while 0.5 ppm initial TCE concentration vial was injected three times (Figure 5.6).

Figure 5.6 shows that TCE degradation rate was significantly decreased after

third injection. Enzyme was inactivated. This could be contributed from both

toxicity and natural decay. Although TCE degradation lasted longer than 5 ppm

initial TCE concentration whose degradation almost stopped at about 40 minutes.
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total amount of TCE had been transformed was much smaller than 5 ppm initial

TCE concentration. This indicates that natural decay also plays a very important

role in enzyme inactivation. Two injections were done for 1 ppm (Figure 5.7), 1.5

ppm, and 2 ppm (Figure 5.8) initial TCE concentration. In a short period of time,

the lost of transformation activity mainly comes from toxicity. Transformation

capacity was estimated from the repeating TCE injection experiments with initial

TCE concentrations at 0.5 ppm, 1.0 ppm, 1.5 ppm, and 2.0 ppm:

AC2
Z (5 =

AX
.6)

The apparent values of Tc in the repeating injection experiment for each different

initial TCE concentrations are in Table 5.2. The average value was: Tc = 0.0047
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Table 5.2; Estimated Tc"'''' at Different Initial TCE Concentration by Repeating

Injection

TCE Concentration (ppm) 0.5 1.0 1.5 2.0

Total TCE(mg) Transformed 0.0071 0.00875 0.01065 0.01185

Apparent Tc (mg TCE/mg cell) 0.00355 0.00438 0.00533 0.00593

(mg TCE/mg cell). The maximum value obtained in this study is 0.02 mg

TCE/mg cell (Chapter 4, Section 4.5).

5.5 Parameters' Correction

Comparing with other people's work (H. Chang and L. Cohen, 1995) [14], two

major differences are toluene reaction rate constant and TCE half-saturation pa

rameter. The rate constant of toluene for Pseudomonas putida F1 is much greater

than other toluene oxidizer[14], and TCE half-saturation parameter is smaller.

Kinetic model calculations by using these fitting parameters showed that some

disagreement of TCE degradation existed between experimental data (Figure 4.3)

and calculation results. Because of the uncertainty in the estimation of K2 and

k2 by using initial rate method, it seems that K2 was underestimated and should

be corrected. Divided Equation 5.1 yields the following form, where toluene is
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set to 1 and TCE is set to 2:

dC2 _ k2 K,1 + H^^C2
dC, K2hl + H2^Ci (5.7)

and integrating the above equation gives;

IT1C2 — AlnCi + —^4 (^-S)
C\o

where ̂  is a group coefficient defined in the right hand side of Equation 5.7,

C20 and Cio are the initial TCE and toluene concentrations starting to integrate.

This is the concentration constrain between TCE and toluene. If the model is

good enough to describe cometabolism of TCE and toluene, then the plot of TCE

concentration with toluene concentration in the log-log scale should end up with a

straight line. Data from Figure 4.4 before toluene was consumed was reorganized

in Figure 5.9. It is a linear relationship in the log-log plot. The slope is the

coefficient A. The A value from that experiment is 0.1157. Substituting Ki,

and k2 into the expression of A equating to 0.1157, K2 was re-estimated with a

value of 1.524 mg/L. All parameters obtained here and some comparison values

reported in literature are summarized in Table 5.3 and Table 5.4, respectively.
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Table 5.3: Kinetic Parameters of Toluene and TCE Degradation

Parameter Estimated Value Unit

K, 1.1060±0.6465 mg/L

h 8.4385±0.8640 mg/mg/day

K2 1.5240±0.0441 mg/L

^2 1.5783±0.0457 mg/mg/day

Y 0.4872 mg/mg

Tc 0.0047 mg/mg
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Table 5.4: Values of Kinetic Parameters Reported in Literature (M.C. refers to

mixture culture)

Strain K, K2 ^2 Ref.

(mg/L) (mg/mg/L) (mg/L) (mg/mg/day)

P. G4 (chemostat) 2.3 9.27 0.79 0.95 [32]

M.C. (batch) 1.02 0.44 8.64 0.17 [14]

M.C. (biofilm) 0.027 1.53 0.097 0.377 [3]

P. F1 (batch) 0.68 [80]

P. Fl (biofilm) 13.8 16.4 0.0362 [54]

P. F1 (batch) 1.11 8.44 1.52 1.58 this work
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5.6 Comparing of Model Calculation with

Experimental Data

In batch system when cell decay term is much smaller than TCE toxic term, then

b term can be neglected, and Equation 5.2 is converted into following expression:

X = Xo + y(Cio - Ci) - ̂{C2o - C2) (5.9)
c

Combining with Equation 5.1, this system can be solved simultaneously. Finite

difference method was used for integration. The code was written in Matlab syntax

(Appendix D). Final model calculations are compared with the experimental data

from both TCE and toluene cometabolism and TCE degradation by resting cell.

Figure 5.10 is toluene degradation curve with average initial concentrations

of 17.4 ppm and 37 ppm. Scattered symbols are experimental data, and lines

are model calculations. They match quite well. Toluene degradation rate kept

constant until its total concentration in the vial below 10 ppm. The relationship

of toluene reaction rate calculated from kinetic model and toluene concentration

is plotted in Figure 5.11. It is a typical Monod type curve.

TCE transformation by resting cells with initial concentrations of 1 ppm, 4.7

ppm, and 10 ppm are shown in Figure 5.12. Good agreement was achieved for 1

ppm TCE degradation in the period of testing. TCE reaction rate in the experi

ments was found by taking the first derivative of TCE concentration with respect
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Degradation by Resting Cells

to time. This calculation was performed by using the data display and analysis

software package, KaleidaGraph (Synergy Software). Unlike the toluene degrada

tion rate which did not change as a function of time when toluene concentration

was large (see Figure 5.2), the rate of TCE oxidation monotonically decreased with

time (Figure 5.13 and Figure 5.14). Two reasons cause this effect: one is the

decreasing of TCE concentration, the other is the toxicity of TCE transformation

product to the cells. Although O.D was almost constant in the time of interest,

the amount of active cell decreased. Active cell mass was calculated by the model.

The higher was TCE concentration,the faster active cell mass dropped. In about
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20 minutes, about 17.5% cell was inactivated for 1 ppm TCE, while 59% cell was

inactivated for 5 ppm TCE.

Three ranges can be classified in the cometabolism system (Figure 5.15):

inhibition range when toluene concentration is high and TCE degradation is in

hibited; fast degradation range where toluene concentration was under 10 ppm

with volume ratio of gas phase to liquid phase 4 and most of TCE is removed ;

decay range in which enzyme decays due to TCE transformation product toxicity

and enzyme natural decay, TCE degradation rate decreases. TCE degradation

rate has a maximum value at a certain time (Figure 5.16). Toluene degradation

rate was much faster than TCE degradation rate. Concentration profile and re

action rate for average initial 8 ppm toluene and 1 ppm TCE were also shown in

Figure 5.17 and Figure 5.18. From the fact that although cells were unable to

further degrade TCE because of TCE toxic effect, they still had the ability to use

toluene if TCE concentration was not high enough to kill the cells, cell mass for

toluene and TCE degradation in Equation 5.1 should be different. The following

expression could be used for quantifying toluene degradation biomass:

X = Xo-f y(Cio-Ci) (5.10)

While biomass from Equation 5.9 is the active cell participating in TCE degrada

tion. Under this batch conditions of TCE and toluene cometabolism, calculation

results from both kinetics before and after modification were very close, because
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the initial cell concentration was high, and TCE concentration was not high

enough to cause a large mount loss of active cells in the presence of toluene.
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Chapter 6

Bioreactor System Development

Numerous bioreactor systems have been studied for continuous biotransforma-

tion of chlorinated organic compounds. There are mainly two kinds of reactor

systems: one is a suspended cell system with the growth phase and degradation

phase spatially separated. They include two-stage[l][13] bioreactors or multi-

stage[73] bioreactors. Because of the elimination of competitive inhibition by

primary substrate, TCE was degraded successfully. The other is a biofilm reactor

in which cells are immobilized either on the surface of packing material[21] or

in gel beads[63]. They are operated in sequence to avoid competitive inhibition,

in the process where growth and degradation are separated by time. Thus two

periods are required alternatively: one for the growth of biomass and inducement

of enzyme, the other for the oxidation of chlorinated compounds in the absence
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of growth substrate. High degradation rate and removal efficiency were achieved

at the beginning due to high biomass concentration in the biofilm. However,

product toxicity made the removal efficiency decrease gradually and sometimes

caused reactor shutdown[63]. This is an unsteady operation. Oxygen as the final

electron acceptor is very important in the entire biochemical reaction. Sufficient

oxygen has to be supplied to satisfy oxidization reaction. Air directly pumped

into the reactor caused a stripping problem[70], as many chlorinated compounds

are volatile organics. A packed bed, developed by Strand et al[69], with biomass

growth on glass beads was operated in a submerged mode, where recycled oxygen

was directly pumped into the reactor. The report has found that the biomass

didn't attached very well[53]. This kind of reactor operation may be subjected to

loss of biomass as a result of high shear stress. To take advantage of the biofilm

reactor as well as to minimize competitive inhibition, toxicity, and oxygen limi

tation, an effective biofilm reactor system was developed for TCE treatment by

Pseudomonas putida Fl.

6.1 Bioreactor System

A 2.5 cm in diameter, 60 cm long glass chromatography column with PTFE end

fittings (Kontes, Inc.) was used for the column experiments. 4 mm diameter glass

beads were packed in the column, which provided the physical support for the
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growth of the biofilm. The operating system diagram is shown in Figure 6.1. All

valves, tubings, and fittings are PTFE or stainless steel to prevent the loss of TCE.

A ceramic piston pump (model Q, Fluid Metering, Inc.) pumped the minimum

salt buffer in the feed reservoir to the reactor through a line where it mixed

with TCE and toluene saturated water coming from two different high pressure

pumps (Model 222C HPLC Pump, Scientific System, Inc., for toluene supply;

ISCO Model 384 High Pressure Pump, Instrumentation Specialties Co., for TCE

supply), forming the influent stream. Liquid flowed down in the reactor. Some

of the effluent was pumped back to the reactor by another ceramic piston pump

(model QD, Fluid Metering, Inc.) through blending with an influent aqueous

line. The recycled effluent diluted the influent solution. Not only did the toluene

concentration to the reactor fall well below inhibition level, but TCE was also

diluted, which consequently lowered the toxic effect. Thus, the whole reactor ran

under no competitive inhibition. The reactor was operated in a trickling manner,

where oxygen was introduced into the column whenever needed in a very small

amount. Oxygen was supplied by an oxygen tank. Gas flowed concurrently with

the liquid stream from the top to the bottom of the reactor. Due to the direct

contact of gas with liquid phase, oxygen could be transferred to the liquid phase

continuously. Oxygen limitation for both toluene and TCE oxidation was avoided.

As for the flow of the liquid, some gas went out together with the liquid, causing
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some degree of vacuum at the top part of the reactor. A de-gassing tube was used

for the separation of gas-liquid mixture. Upon the separation of gas from liquid,

gas was recycled back to the reactor automatically through a gas storage column

(290 ml volume) (originally it was thought to store oxygen by daily replenishment).

This operation approach also served a good attachment of biomass to the surface

of packing material. An 8 ml 10 N KOH solution was placed in the gas storage

column for catching CO2 from bio-oxidation. This solution was replaced every

three to five days. Influent and effluent aqueous samples were taken from sample

ports for GC analysis. Gas phase samples could be taken from sample ports along

the reactor. The liquid effluent was introduced into a waste collection carboy. A

pump was used to keep the flow rate the same as that of the influent.

6.2 Abiotic Experiment

One of the bed properties can be examined by an abiotic toluene and TGE

breakthrough experiment. A clean bed was used, and each item was sterilized

by autoclaving or by a 70% ethanol solution. Total influent flow rate was set

at 3 ml/min. The liquid recycle rate was about 27.5 ml/min. Influent toluene

concentration was about 28 ppm, and influent TGE concentration was about 0.72

ppm. Effluent samples were taken continuously. TGE and toluene breakthrough

curves are plotted in Figure 6.2. Both TGE and toluene came out from the
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column in 5 minutes. Because of the dilute effect of the reactor and gas storage

column, effluents reached their influent values at 1 hour for toluene, and 1.66

hours for TCE.

6.3 Growth of Biofilm

The reactor was seeded with concentrated 20 ml of exponentially growing Pseu-

domonas putida F1 collected from a 250 ml flask after shaking incubation. The

flow rate of feed from the media reservoir was set at 0.5 ml/min, while toluene

saturated water was pumped at 0.2 ml/min, which made the influent toluene con

centration of 147 ppm (loading rate at 0.1483 g/day) during the biofilm growth

phase. TCE was not fed in this stage. Biomass was diluted at the beginning.

Once it attached to the beads, it started to grow. In the first two days, recycle

rate was kept at 14.5 ml/min. It was increased later to make less accumulation

of cells on the top part of the reactor. Recycling enabled the cells to be rela

tively evenly distributed in the column, and also the high flow rate and dilution

of the influent allowed toluene to reach the bottom part of the column. This

made the growth of biofilm occur not only at the top part of the column, but

also in the whole column, reducing the biomass gradient. Unlike in submerged

operation, cells might be washed out after inoculation; the trickling bed offered

a good condition for cell attachment. The growth of the cells could be observed
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after 24 hours of inoculation, when a brown white color appeared. Effluent O.D.

was monitored. No toluene was detected in the effluent. Because of the growth of

bacteria, O.D. increased. But after it got to a steady state with detachment equi

librium with attachment and growth, O.D. remained almost unchanged. Biofilm

was well formed in two weeks.

6.4 Measuring of Liquid Hold-up and Gas

Recycle Rate

Bioreactor parameters such as liquid hold-up and gas recycle rate can be corre

lated by liquid flow rate in the reactor given by following power law expression[53]:

Ff
Parameter = (6.1)

A.f

Where Ar is the cross section area of the column (cm^), Ff is the liquid flow rate

(ml/min), and a and /? are fitting coefflcients. These coefficients were determined

through experimental measurements with biofilm grown in the reactor.

6.4.1 Liquid Hold-up

Liquid hold-up is a function of both influent flow rate and recycle rate. F in

Equation 6.1 here is the total liquid flow rate in the bioreactor. By changing the
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Figure 6.3; Liquid Hold-up Changes with Total Flow Rate

total liquid flow rate, and stopping feeding and recycling, fluid from the effluent

was collected by a graduated cylinder to measure the liquid hold-up. Figure 6.3

shows the experimental data and fitting curve. The correlated form for liquid

hold-up is:

Ft'  n m /cnlO.loes 2^9l = 1.4287(-^ *0.01/60)
A.r

6.4.2 Gas Recycle Rate

The driving force of gas flow is the flow of liquid. Gas flow only depends on

how much liquid comes out from the reactor. It is a function of total influent flow

rate only. The liquid recycle doesn't affect its value. A gas bubble flow meter
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was connected between the de-gassing tube and the gas storage column. Once the

experiment had started, the volume through which the gas bubble passed and the

time were recorded. Gas recycle rates were then calculated at a certain range of

influent liquid flow rate. The correlation is obtained:

Tg = 2.9879F/'^®^^ (6.3)

The experimental data and fitting curve are shown in Figure 6.4.
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Chapter 7

Column Analysis

Some properties of the bioreactor were investigated. Toluene degradation ac

tivity, biomass growth, and oxygen distribution will be discussed in this chapter.

7.1 Toluene Degradation in the Column

Toluene as a primary substrate is very important in cell growth and enzyme pro

duction for the cometabolism of TCE. According to the kinetics studies, toluene is

an easily degraded compound by Pseudomonas putida Fl. Its concentration and

distribution in the column have a tremendous influence on biofilm growth and

TCE removal efficiency of the column. Gas samples from sample ports were taken

to measure toluene concentration along the column. However, except for the first

stage with no beads around in that space, no toluene was detected in the rest of
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the stages. This doesn't mean that all toluene was used up in the first 1 /4 part of

the column. One explanation might be that the fluid was not evenly distributed

in the radial direction; there existed short cuts in the column. In fact, it could

be seen that liquid flowed un-uniformly. And because the reaction catalyzed by

cells was so fast, toluene had already been transformed before it diffused to the

sample port. If the influent toluene concentration was adjusted and measured

instantly without overnight stabilization, a toluene concentration profile could be

obtained. In this case, the growth of biomass could not catch up with the sudden

change of toluene concentration. Figure 7.1 shows the change of the gas phase and

liquid phase toluene concentrations along the column. Liquid phase concentra

tions were calculated by Henry's law assuming quick equilibrium achieved in each

local position. Again, these concentration profiles might not ideal. The operation

conditions were: MSB flow rate: 3 ml/min; recycle rate: 27.5 ml/min. Toluene

was fed in three different flow rates: 0.4 ml/min, 0.7 ml/min, 1.0 ml/min, ending

up with three different influent feed concentrations: 61 mg/L, 97 mg/L, and 129

mg/L. Actual toluene concentrations that went into the reactor after the dilu

tion by recycling were: 6.7 mg/L, 11.6 mg/L, and 16.3 mg/L. The partition of

toluene to the gas phase made liquid phase concentration even smaller. Figure 7.1

shows that toluene concentration was greatly reduced in the column. Due to a

fast removal rate, measured values in the 2nd, 3rd, and 4th stage were still less
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than actual concentrations. In the last stage, the gas phase equilibrium with the

effluent liquid, the sample value should be close to actual concentration.

7.2 Oxygen Distribution in the Column

Oxygen distribution was also checked in some sets of experiments. Regarding

the above toluene degradation tests, corresponding gas phase oxygen concentra

tion profiles are shown in Figure 7.2. Oxygen dropped from an average of 53%

(volume percentage) from the top of the column to 28% (volume percentage) at

the bottom of the column. Compared with 21% oxygen in the atmosphere, it was

sufficient for the degradation. The flow of the liquid fluid led to the recirculation

of gas phase; oxygen was continuously transferred from gas phase to the liquid

thin film. The transfer of oxygen from liquid phase to biofilm phase was through

the mechanism of molecular diffusion. A higher dissolved oxygen level must be

achieved in the liquid phase due to pure oxygen feeding. This kind of reactor

can be viewed as having no oxygen limitation for aqueous phase biodegradation,

which is a common problem in groundwater treatment. Occasionally, when gas

didn't recycle well, there was not enough oxygen to meet the oxygen demanded

in the reactor, and effluent toluene concentration would increase immediately.
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Figure 7.2: Oxygen Distribution in the Column at Different Toluene Loading

7.3 Biomass Activity Test and Biomass

Distribution

Batch toluene degradation experiment was performed to test the reaction ac

tivity of the cells from the column. Three beads were taken out from stage No.l

and N0.3. They were put into two 25 ml vials with MSB media inside. Vortex

vials until biofilm was completely stripped from the surface of beads and broke

into tiny pieces. 291 /il toluene saturated water was then injected into the vial.

Final solution volume was 5 ml with initial toluene concentration at about 30

ppm. Vials were shaken at 180 rpm, and headspace was sampled continuously to
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monitor toluene degradation. Results are plotted in Figure 7.3. The triangles

were toluene degradation by exponential growing free cell. It took much more

time for cells from the biofilm to degrade 30 ppm toluene than the active growing

cell in the vials. Cell concentrations in each vial were: 400 mg/L for active free

cell; 480 mg/L for cells from stage 1; and 240 mg/L for cells from stage 3. This

illustrates the fact that within the biofilm not all cells are living cells; some are

just dead body and exopolymeric substances (EPS). Three beads were also taken

from each stage to analyze biomass distribution in the column. This experiment

was done in 20 days after back wash of the column. Dried cell mass per bead

vs. bed position was shown in Figure 7.4. Because of the toluene concentration

gradient, cells grew more at the top part of the reactor, then decreased down the

column.
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Chapter 8

TCE Cometabolism in a Packed

Bed Biofilm Reactor

After the growth of biofilm, different operational variables were tested to ex

amine the performance of the bioreactor. They include: the influence of influent

toluene concentration, influent TCE concentration, influent flow rate, and recycle

rate to the TCE degradation.

8.1 Dynamic TCE Breakthrough Curve

Once biofilm had been fully developed, TCE was introduced into the column

by a syringe pump. Influent toluene was maintained at about 28 mg/L. Total

influent flow rate was 3.2 mg/L, and recycle rate was set at 27.5 ml/min. In-
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fluent and effluent were sampled; and their concentrations changing over time

were plotted in Figure 8.1. Different from the abiotic experiment (Figure 6.2), a

very small amount of toluene was detected; most of toluene was degraded by the

biofilm. Besides dilution and adsorption effects, effluent TCE concentration in

creased very slowly. The level was much lower than abiotic experimental results in

the first several hours. The difference was the amount that was consumed by the

biodegradation. In this experiment, TCE came out of the reactor in 15 minutes,

and toluene showed up in 6.17 hours. The average influent TCE concentration

was 1.8 ppm.
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8.2 Toluene Concentration Affects TCE

Degradation

Toluene concentration was increased as a step function by adjusting the flow

rate of the HPLC pump. Effluent TCE concentration was measured to see its re

sponse to the changing of toluene concentration in the column. Average influent

TCE concentration was about 2.22 ppm, and the influent flow rate was about 3.2

ml/min. Three average influent toluene concentrations were tested 5 ppm,

~ 29 ppm, and ~ 54.4 ppm. If influent toluene concentration was less than 10

ppm, only 13.7% TCE has been degraded. Increasing influent toluene leads to the

decreasing of effluent TCE concentration. TCE removal efficiency increased to

31.4% of influent toluene at about 29 ppm. Under this condition, actual toluene

concentration at the top of the reactor was 3.5 ppm after dilution by recycle

stream. However, TCE removal was not significantly enhanced (about 34.4% re

moval) by further increasing of influent toluene concentration in this experiment

(Figure 8.2). At this high toluene concentration, suddenly stopping toluene feed

ing resulted in the decreasing of effluent TCE concentration (Figure 8.3), which

enabled the whole enzyme system for TCE degradation. But because of enzyme

decay and product toxicity, effluent TCE concentration backed up promptly. In 6

hours, it reached to its influent value with zero degradation. Further examination
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of how toluene concentrations affect TCE degradation was done by varying influ

ent toluene concentrations on the daily bases (Figure 8.4). Two sets of influent

TCE concentrations were explored with one 1.86 ppm and the other 1.06 ppm

on the average. The influent flow rate was kept the same as 2.8 ml/min. In the

first series, the decreasing of effluent TCE concentration was very obvious when

influent toluene concentration was increased. Removal efficiency dropped to 32%

when toluene concentration was 69.44 ppm. In the second round where influent

TCE concentration was kept at about 1.06 ppm, it had the same trend. Low

toluene concentrations resulted in small TCE degradation. At influent toluene
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concentration of 53 ppm, 60% TCE removal efficiency was achieved. Again, 68

ppm toluene caused efficiency to drop to 26.9%. This experiment shows that a

certain level of toluene supply is necessary to maintain stable TCE degradation

in the cometabolism.

8.3 TCE Concentration Affects Its Degradation

At a total influent rate of 3.02 to 3.3 ml/min and toluene loading of 0.1483

g/day, influent TCE concentration was increased daily. 94.5% TCE was removed

at low influent TCE concentration (about 0.31 mg/L). Effiuent TCE concentration

increased with the increasing of influent TCE concentration (Figure 8.5). Removal

efficiency went down to 13.7% at high influent concentration (about 7.2 ppm). In

the low range of TCE concentration, it showed a linear relation of influent and

effiuent TCE concentration. Similar results were obtained by Strandberg et al

(1989) [70]. Decreasing of removal efficiency at high influent TCE concentration

implies product toxicity that destroyed the enzyme system. Measured gas phase

TCE and oxygen concentration profile in the reactor for influent TCE concen

tration of 0.75 mg/L is plotted in Figure 8.6. The removal efficiency was 63%.
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1
8.4 Recycle Rate Affects TCE Degradation

Liquid recycle affects toluene concentrations and toluene distribution in the

column. If the influent toluene concentration is high, then most of the cells will

grow in the upper part of the column. The accumulation of cells may cause

column flooding. With more cells, more toluene will be consumed. No toluene

will be supplied to the rest of the column, leaving that part very low in regards to

loading of biomass. For the cometabolism of TCE, the degradation efficiency will

be low, too, because toluene competitive inhibition dominates the upper part of

the column, while in the bottom part, only a very small amount of active cells are

present. All these make the column low in efficiency. Recycling part of the effluent

back to the reactor results in dilution of the influent toluene concentration. Also,

a high recycle rate enhances toluene transport from the top to the bottom of the

column to keep up with toluene reaction rate. Thus, cells can be more uniformly

distributed in the column. Figure 8.7 shows the effect of recycle rate on TCE

degradation. Five recycle rates were tested: 12 ml/min, 27.5 ml/min, 44 ml/min,

60 ml/min, and 76 ml/min. A recycle rate greater than 27.5 ml/min didn't help

much for TCE degradation in this experiment. Other operational conditions were:

average influent toluene concentration: 29.82 mg/L; influent TCE concentration:

1.57 mg/L; total influent flow rate: 3.21 ml/min.
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8.5 Flow Rate Affects TCE Degradation

Flow rate affects retention time in the column, thus affecting TCE degradation.

Usually, the longer the retention time, the more TCE will be removed. Different

from a conventional packed bed reactor where liquid is filled up in the whole

column, liquid hold-up is much smaller, thus retention time was shorter. Sample

estimation of retention time is given as follows. For total influent flow rate at 3.4

ml/min with 27.5 ml/min recycle rate, liquid hold-up calculated from Equation 6.2

is 0.04265. If the volume of the reactor is 280 ml, then total liquid in the reactor

will be 11.9 ml. Residence time is gained by dividing liquid volume over influent

flow rate. The value under this flow condition is 3.5 minutes. Three different flow

rates were tested at the same toluene loading: 1.82 ml/min, 3.49 ml/min, and 4.67

ml/min. For each fixed flow rate, TCE concentration was adjusted day by day.

Results are shown in Figures 8.8 and 8.9. The corresponding retention times

are: 6.40 min, 3.43 min, and 2.61 min. Although increasing flow rate will increase

liquid hold-up, compared to the increasing of flow rate, it contributed much less

to make retention time change. Therefore, the lower flow rate got high TCE

removal efficiency. The same results were obtained by Parvatiyar[50] in gas phase

TCE transformation. For the total flow rate of 1.9 ml/min with influent TCE

concentrations of 0.53 mg/L and 2.02 mg/L, the gas phase TCE concentration

profile in the column is plotted in Figure 8.10. Removal efficiencies were 76%
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and 43%, respectively.

8.6 Oxygen Affects TCE and Toluene

Degradation

Oxygen as a final electron acceptor takes part in the regeneration of reducing

power of NADH, which is necessary in the oxidation reaction. In the beginning of

the experiment, no TCE was introduced into the column, and the oxygen supply

was cut off. Originally the design of the storage column was to store oxygen. Ac

cording to a calculation based on the theoretical value of Yo/toi of 2.7 mg 02/mg
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toluene (Appendix C), it should last about 10.5 hours for degradation of 0.1483

g/day toluene. Because there was still some oxygen left in the reactor and in the

storage column, effluent toluene concentration kept at zero for the first several

hours. At about 4 hours, toluene flowed out from the column. This indicates

that the oxygen concentration in the column was not 100%. Some CO2 from

metabolism existed. Effluent toluene concentration increased continuously until

it reached its influent value at about 34.3 ppm. The reaction rate decreased as

oxygen getting small. This was the process of oxygen limitation. At about 25

hours, TCE feeding started. Effluent TCE concentration went up very quickly.

Four hours later, it equaled to influent concentration. This matches the abiotic

TCE experiment. A little more time needed may have been caused by cell ad

sorption. Oxygen feeding was restarted again. It can be seen from Figure 8.11

that both effluent toluene and TCE concentration decreased immediately.

8.7 Summary of the Column Experiments

The entire column experiment with the measurements of TCE influent and ef

fluent liquid phase samples was summarized in Figure 8.12. During the operation,

because of the growth of the biomass, the column was clogged several times, so

back wash was employed to get rid of some extra cells. New biofilm grew back very

quickly by the introducing of toluene. This reactor is effective for aerobic volatile
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compound aqueous phase biological treatment. It can maintain a steady-state

operation for TCE degradation. Toluene competitive inhibition was minimized,

and oxygen limitation, which is a common problem in the groundwater treatment,

was eliminated. TCE degradation is a reaction-controlled process. And product

toxicity is the main reason for low removal efficiency at high TCE concentration.

What remains to be improved for the reactor is to increase the retention time.

Glass beads were used as model supporting material for the experiments. Packing

material with larger surface area needs to be used for immobilization of microor

ganisms. Shortcut happened during the operation, and flowing was not uniformly

in the radial direction, thus affecting removal efficiency. A good distributor or

redistributor within the column will enhance mass transfer and increase column

efficiency greatly.
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Chapter 9

Biofilm Model

Cells can be immobilized in a bioreactor. They grow in a form of biofilm at

tached to the surface of a supporting material. Due to high biomass concentrations

and immobilization, biofilm reactors are easier to operate than a conventional sus

pended cell reactor. Usually high efficiency can be achieved in a small volume in a

high volumetric flow without worrying about wash out problem. These advantages

make biofilm reactors have wide applications in waste water treatment [20] [36], es

pecially in the degradation of recalcitrant organic compounds. In order to design

a biofilm reactor and optimize the operation process, an understanding of the

mechanism of the biological and physical process in the biofilm is very important.

Rittmann and McCarty (1980) [55] first proposed a steady-state biofilm model for

a single compound biotransformation in the biofilm. They coupled the process
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of molecular diffusion and biochemical reaction with the steady-state growth of

biofilm. The growth of the biofilm was characterized by the thickness of the

biofilm, through utilizing the substrate. Other biofilm models were developed

based on their work [57] [58] [66] for multispecies, dual substrates, and steady-state

biofilm with biofilm growth. There are very few reports for biofilm modeling of

TCE cometabolism. Anderson and McCarty (1994) [2] studied treatment of TCE

by methanotrophic biofilms. In their work, transformation capacity was first in

troduced in the biofilm modeling, which was used widely in the suspended resting

cell system. And biomass was corrected as an active biomass for TCE degradation.

However, the model did not predict experimental data very well.

Pseudomonas putida El uses toluene as a primary substrate for growth. At the

time it degrades toluene, TCE can be cometabolically oxidized by dioxygenases,

which has a broad substrate inspecificity. Unlike Methanotrophic bacteria[2][63],

the expression of enzyme is not limited by the existance of copper in the ground

water. Thus, using Pseudomonas putida El biofilm in the treatment of contami

nated ground water is promising.

The object of this study is to develop a biofilm model for TCE cometabolism in

the Pseudomonas biofilm; quantitatively describe the biological process including

competitive inhibition, TCE toxicity effects, and the growth of the biofilm. The

model could be used in the engineering design of a biofilm reactor and process
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optimization.

9.1 Model Development

The biofilm model developed here is based on the steady-state biofilm kinetics.

In the system of interest, two compounds are related to the kinetics of biofilm:

toluene and TCE. Toluene is the primary substrate which supports the growth of

biofilm, while TCE is the secondary substrate. As the enzyme degrades toluene,

it cometabolically transforms TCE. Because of the toxicity of the TCE transfor

mation product, its presence in the biofilm will cause the loss of active cells for

TCE degradation. This toxic effect is quantified by Tc, transformation capacity,

defined as the maximum mass of compound that can be degraded per mass of cell

(Alvarez-Cohen, 1991) [1]. Principle assumptions made for the model are:

• The biofilm is composed of living cells and dead cells. Toluene determines

the growth of the biofilm. So it is characterized by its effective thickness

value, which is the point where the gradients of TCE and toluene go to zero.

The effective thickness is much smaller than actual thickness.

• Cells that only access to toluene have the activity to degrade TCE. The tox

icity of TCE affects these active biomass amounts, which also affects its own

degradation, while the inactivated cells are still capable of toluene degra-
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dation. Thus biofilm is divided into several sublayers, and each sublayer is

treated as a completely mixing unit. Active cell mass balance is then made

under the influence of TCE toxicity to correct for TCE degradation in each

subunit.

• The overall biofilm density is assumed constant.

• Oxygen is not a limiting factor for biodegradation.

• The thickness of the biofilm is much smaller than the main dimension of

supporting material, thus, rectangular geometry is used.

The system is then determined by bulk concentrations of toluene, TCE, and

their biological kinetic parameters. The conceptual bases of the biofilm model are

mass transfer and bioreaction. The schematic biofilm model is shown in Figure 9.1.

First substrates were transferred from bulk fluid to the surface of biofilm. Due to

mass transfer resistance of liquid film around the particle, a concentration gradient

established in the layer of depth L. The flux across the diffusion layer is calculated

by Pick's first law:

J, = (9.1)

where i = 1,2 for toluene and TCE. is the bulk concentration, Csi is surface

concentration. Di is the diffusion coefficient of substrate in the fluid. The approx-
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Figure 9.1: Biofilm discretization and toluene TCE concentration profiles

imate relationship of Wilke and Change is used to estimate diifusivities of toluene

and TCE in the dilute solution[27]:

D = 7Ax 10
flVa0.6

(9.2)

where ipi, is the association parameter, it equals to 2.6 for water; is the molec

ular weight of solvent (18 for water); T is the absolute temperature in K; n is the

absolute viscosity of solution in cp; K is the molar volume of solute as liquid at

its boiling point. It can be estimated from the atomic volume of their atoms. The
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correlation for fixed bed is employed to calculate the liquid film thickness[59]:

Di T) \0-75 Q 0.67
L = (9.3)

5.7u ^ ^

in which u is the fiuid superficial velocity in the reactor; Sc is Schmit number:

and Rem is Renolds number:

5. = ̂  0-^)

_ 2edpP ^
" (1 - £)m

where p is the absolute viscosity of liquid; p is the density of solution; e is the

actual porosity of bed; and dp is the diameter of spherical particles.

Molecular diffusion is the main mechanism of substrate transport within the

biofilm. It follows Kick's second law:

_ p /r,

"rfT -

where Cpi and Dji are the substrate concentration and diffusion coefficient in the

biofilm, respectively. The value of the substrate diffusion coefficient equates to

the diffusivity in water corrected by a factor depending on the biofilm density

(Fan et al, 1990)[19]:

11 in I no-TV 0.99 W-'/A  11.19+ 0.27Xm
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Under the action of microorganisms, substrates are degraded. Toluene and TCE

reactions at any point of biofilm are assumed to follow a typical enzyme competi

tive inhibition model. At a steady state, the concentration profile doesn't change

with time. Mass balance for toluene and TCE in the biofilm yields two sets of

coupled ordinary differential equations:

= o f981
Cpi+ /ir,(i +

for toluene, and

^ 0 (g 9)
dx^ Cp2 + K2{l + ̂)

for TCE. Where Dji and Df2 are toluene and TCE diffusivities in the biofilm;

Cpi and Cp2 are toluene and TCE concentrations in the biofilm; fa is the cor

rection factor of active biomass for TCE degradation. These secondary ordinary

differential equations are subjected to the following boundary conditions: at the

interface of liquid film and biofilm where x = 0,

dC

~  — Cp\\x=Q) (9.10)

and

dC
^  'r=0 = ̂L2(C'fc2 — Cp2|i=o) (9-11)

dx ^

where ku and ki2 are mass transfer coefficients for toluene and TCE. They are

determined by the ratio of diffusivity D to the liquid film thickness L:

ku = ̂  (9.12)
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Cbi and Cb2 are concentrations of toluene and TCE in the bulk fluid phase. At

X = Lf, the surface of packing material,

^ = 0 (9.13)
ax

where i = 1,2 for toluene and TCE; Ly is the effective thickness of the biofilm,

which is a function of toluene concentration only. Its value is determined by total

biofilm growth balance;

YJi = b'XfLf (9.14)

where Y is the yield coefficient of toluene, Ji is the total flux of toluene into the

biofilm, b' is the overall biofilm decay constant which consists of natural decay

{bd) and shear loss (bs):

b = bg + bd (9.15)

In the computation, bd is set to 0.12 1/day[14]. Shear loss term is estimated by

the following expression (Rittmann, 1982) [56]:

bg = 8.42 X IQ-V-^® (9.16)

where bg is in the unit of 1/day; a is the shear stress:

_ mfiujl - ef
d/eM,(7.46 x 10^) ^ '

where Ag is the specific area of particle.
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In order to calculate the active biomass distribution within the biofilm, the

biofilm was divided into several sublayers (see Figure 9.1). Active biomass for

TCE degradation in each subunit is balanced by growth from toluene, toxic effect

from TCE, and biofilm decay and shear loss:

(Ji' - - {J2' - = fJSlXfb' (9.18)
C

where i refers to the zth node; thickness of the sublayer is 51-, fa is the active

biomass factor in that sublayer.

9.2 Non-Dimensionalization of Model Equations

Model equations were non-dimensionalized. The following dimensionless groups

were introduced[46]:

ry. — OiL n — ££L
'^bi —

Ji = Jiti/{DiKi)

z = 1,2 for toluene and TCE. U is the standard biofilm depth dimension of toluene

and TCE:
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and ta is their geometric average, defined here as:

ta = (9.20)

The mass balance equations are then transformed into following dimensionless

forms:

for toluene, and

dr]^ ti Cpi + 1 + Cp2

d^Cp2 ^ faCp2
dr]^ t2 Cpi + 1 + Cp2

for TCE. The boundary conditions are: at t] = Lf,

= 0 (9.21)

= 0 (9.22)

drj

at 77 = 0,

= 0 (9.23)

^ = -5/ii(a-Cpi|,=o) (9.24)
where

Shi = (9.25)
J^fi

are Sherwood number for toluene and TCE. Total flux of toluene is calculated

from:

The effective biofilm thickness is found by:

Lj = Ji/i^DfA (9.27)
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where 6s is the standard biofilm time for toluene:

Os = b'/{Yk,) (9.28)

The original form of active cell mass balance for TCE degradation was used during

the computation.

9.3 Effectiveness Factor

Effectiveness factor r/e is defined as the ratio of actual flux in the biofilm to

the flux that would occur if the entire biofilm were fully penetrated at surface

concentration:

Ve = (9.29)
LfTflx^O

For toluene and TCE, they are expressed as:

Vei = _ (9.30)
l+Cpi |,,=o+Cp2b=o •"

and

1'^ = r (5-")
l+Cpl |,=0+Cp2|t,=0 /

The effectiveness factor tells whether the process is controlled by mass transfer or

by biochemical reaction. Concerning TCE, the effectiveness factor also involves

TCE toxicity.
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9.4 Solving Procedure

Because the effective biofilm thickness is unknown, the whole biofilm system is

solved by iteration method. A biofilm thickness is guessed first; from the bulk

concentrations, the 2nd order nonlinear ODE's are solved. The new biofilm thick

ness is then calculated out from steady-state biofilm growth mass balance. Active

biomass has to be corrected at this time. The new value of biofilm thickness is

compared with the old one until their difference is smaller than the tolerance. The

flow diagram is shown in Figure 9.2.

9.5 Numerical Implementation by Finite Element

Method

The finite element method is a procedure for constructing an approximate so

lution to the initial boundary value partial differential equation (PDE) system

in engineering and mathematical physics (Baker, 1996) [5] [6] [7]. The fundamen

tal axiom of finite element theory is to construct an approximate solution. Any

solution is a function of space and time which is distributed smoothly over the

problem domain and boundaries. Finite element theory requires selecting a set

of functions that exhibits properties which appropriate, and then use it as the

"trial space" for supporting the approximation. It formalizes the ingredients of
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Pick a bulk concentxation

cGuess a biofilm thickness Lf

Solve the 2nci order nonlinear ODEs

Calculate a new biofilm thickness

Correct the active biomass for TCE transformation

ILfnew-Lfoldl < tol

no

yes

end

Figure 9.2: Solving Procedure for the Biofilm System

approximate solution construction in terms of trial space, test space, and rending

the resultant error minimal in the appropriate measure, called a "norm". Dis

cretization of a weak statement is the operational step that creates an algebraic

statement amenable for computing, which combines the calculus and vector field
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theory, and concepts of extremization, orthogonality and completeness. Defining

Q = f{QuQ2), where qi = Cpi, 92 = and

q{rj) aq^ = q^ = Ueqeiv)

The Galerkin weak statement for the biofilm phase equation is:

GWS'^ = [ <piL{q^)dT = 0 (9.32)
JQ

Written for each component:

r  rftn ^ i ^GWSCPl" = / 4>i( + r - N —)'i^ = 0 (9-33)
drF l,Cp, +1+Cp2

and

=  + (9,34)

where (^j are set of trial functions that span the physical domain. A function is

defined to simplify the operation of reaction term:

^ = c;." +1 + c/
F is a function of Cp\ and C^2, and can be interpolated. With integration by parts

and substituting with boundary conditions, Equations 9.33 and 9.34 become:

GWSCPl^ = Se{[A2ll]{CP\)e-Shl[ONE]{CBl] + Shl[ONE]{CP\]\^=o

+^{F}e^[A3000]{CFl}e) = {0} (9.36)
n
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and

GWSCP2'^ = Se{[A211]{CP2}e - Sh2[ONE]{CB2} + Sh2[ONE]{CP2}\r,^c

* F}/[A3000]{CP2}e) = {0}
t2

(9.37)

Linear bases were used. [A211] and [A3000] are the computational matrices. They

are listed in Appendix E.3. The [OA^E'Js are matrices with zero entries except 1

for the corresponding boundary. Due to the nonlinearity, the biofilm equations

are solved by Newton algorithm. The corresponding Jacobian form is given by

the following expression:

(9.38)

p'  N p+1

JCFICPI JCPICP2
i

6CP\
\  zrr — A

FCPl

JCP2CPI JCP2CP2 SCP2
<. 4

FCP2
k  4

where

JCPICPI = [A211] + ̂{F}^[A3000] - 5^{CP1}^[A3000] + Shl[ONE]

JCPICP2 = -5^{CP1}/[A3000][F2J^
(9.39)

(9.40)

and

JCP2CP2 = [A211]+^{/„ * F}^[A3000]-5^{CF2}^[A3000][/a * F'^\^+Sh2[0NE]
^2 l2

JCP2CPI = -^{CF2}/[A3000]|"/a * F^J,

(9.41)

(9.42)
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Sample formations of Jacobians are demonstrated in Appendix E.2. The template

is in Appendix F.l. The code is written in Matlab syntax (Appendix F.2 and

F.3). The element assembling code was written by Mike Taylor (Appendix F.4).

Notations used in the finite element method for the biofilm model are explained

in Appendix E.1.1.

9.6 Computational Results

Other biological parameters were found from batch experiments in this study.

They are listed in Table 9.1. Several different studies showed that biofilm den

sity lies in the range of 20-168 kgm~^[3][21][60] for Methanotroph or toluene and

phenol oxidizers. A value of 60 kgm~^ was assumed for the biofilm density in

the calculations. The concept of transformation capacity (Tc) was used for TCE

degradation by a resting cell system. Batch study gave different values. It is not a

fixed number, depending on cell condition. Adding formate to the system results

in the enhancement of TCE degradation rate and transformation capacity [43] [22].

The maximum value obtained here is 0.02 mg TCE/mg cell. For a fully devel

oped biofilm system with continuous exposure to toluene, TCE associated toxicity

might be much less (Woo, 1998)[83]. In this model simulation, Tc = 0.5,1,5,10

were tested respectively to see different levels of toxicity. Bulk concentrations of

toluene and TCE were set at 4 ppm and 1 ppm.
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Table 9.1: Parameters Used in the Biofilm Model Calculation

Parameters Value Unit

toluene rate constant: A;i 8.4385 mg/mg/day

TOE rate constant: k2 1.5783 mg/mg/day

toluene saturation parameter: Ki 1.106 mg/L

TCE saturation parameter: K2 1.524 mg/L

toluene yield coefficient: Y 0.4872 mg cell/mg toluene

toluene diffusivity in water: Di 0.8899 cm^/day

TCE diffusivity in water: D2 0.78 cm^/day

toluene diffusivity in biofilm: Dfi 0.2452 cm^/day

TCE diffusivity in biofilm: Df2 0.2150 cm^/day

toluene liquid film thickness: Li 0.0020 cm

TCE liquid film thickness: L2 0.0019 cm

biofilm density: Xf 60 mg biomass/cm^

total decay constant: b' 0.68 1/day
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In the numerical simulation, accuracy and convergence of the finite element

approximate solution improved as the mesh was refined. 50 nodes with a

progressional ratio of 1.05 was determined to produce a smooth solution. Toluene

and TCE concentration and active biomass distribution in the biofilm are plotted

in Figures 9.3 and 9.4. Under this toluene concentration, the effective biofilm

thickness was about 65 //m. TCE related toxicity didn't affect this value. The

same toluene consumptions were achieved in all cases (Figure 9.5). However,

TCE degradation in the biofilm was quite different. Small Tc means high toxicity

which gives less TCE degradation, and the flux of TCE into the biofilm is small

(Figure 9.6). Increasing Tc increases TCE removal capacity of the biofilm. Results

with Tc = b and % = 10 are almost the same. Under this condition of 1 ppm

bulk TCE concentration, Tc =5 mg/mg cell can be viewed as no product toxicity.

This conclusion agreed with what Anderson (1994)[2] assumed in their research.

The active biomass results are also consistent with the calculation results of TCE

concentration profile. Active biomass greater than one near the surface of biofilm

could be explained as that the original biomass density was set small. Computer

simulation results show that when Tc is small, transformation product toxicity is

significant. It can not be neglected in the process of design.

Toluene as a primary growth substrate is very important to maintain the

activity of enzymes. Arcangeli and Arvin (1997) [3] developed a biofilm model
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for TCE degradation by toluene-oxidizing bacteria. Although no information

was provided about TCE toxicity, TCE cooxidation activity was corrected by

multiplying a toluene concentration related term in the form of Stoi/{Stoi + Ks)

in the TCE reaction equation. In this research, the active TCE degradation cells

were not only correlated by the accessment of toluene, but also by the toxicity of

TCE transformation products in every discretized biofilm subunit. Computational

results with bulk toluene concentrations set at 1 ppm, 3 ppm, and 5 ppm are

shown in Figures 9.7, 9.8, 9.9 and 9.10. Increasing toluene concentration

increases the depth of effective biofilm thickness, and also increases the amount

of active biomass. The increasing of toluene flux to the biofilm was more than

the increasing of TCE flux (Figure 9.11). The degradation of TCE in the biofilm

was improved. Further increasing of toluene from 5 ppm, to 7 ppm and 10 ppm

(Figure 9.12) didn't improve TCE degradation significantly, especially near the

surface of the biofilm; TCE degradations were almost the same for these three

toluene concentrations. This indicates toluene competitive inhibition to the TCE

cometabolism. The calculation was carried out by using Tc = 0.5 mg TCE/mg

cell.

TCE concentrations were also investigated in toluene and TCE degradation in

the biofilm. In the simulation, bulk toluene concentration was fixed at 5 ppm, and

TCE concentrations were set at 0.5 ppm, 1 ppm, and 1.5 ppm, respectively. TCE
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concentration has a great effect on active biomass in the biofilm and its degrada

tion (Figures 9.13 and 9.14). TCE removal efficiency dropped from 50% to 40%

in the biofilm with bulk TCE concentration raised from 0.5 to 1.5 ppm. Because

the tested TCE concentration range is relatively small compared to toluene con

centration, toluene degradation rate was not affected significantly (Figure 9.15).

It can be predicted that further increasing of the TCE concentration will result

in the decreasing of toluene flux. The flux ratio of toluene to TCE was decreased

(Figure 9.17) due to the increasing of TCE flux (Figure 9.16). The effective

thicknesses of biofilm were: 80 //m, 77 /xm, and 75 ;um, respectively. It can be

seen that the influence of TCE concentration to the effective thickness of biofilm

is not as significant as toluene.

Mass transfer also plays an important role in the biodegradation. Since there

is always a liquid film around the biofilm, mass transfer resistance causes a concen

tration gradient across this liquid film. Flow conditions in the bioreactor decides

the mass transfer resistance. Three different levels of liquid film were examined:

with one calculated from reactor operation condition (L = [0.0020 0.0019] cm for

toluene and TCE), the others 50% smaller of L, and 100% smaller of L. Bulk

concentrations were set to 5 ppm toluene and 1 ppm TCE. The thinner the liquid

film, the higher substrate concentration was achieved at the interface of liquid

film and biofilm (Figure 9.18), and more substrates would come into the biofilm
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(Figures 9.19 and 9.20). The active biomeiss is a function of both toluene and

TCE concentration. As the increasing flux of toluene was bigger than the increas

ing flux of TCE (Figure 9.21), the active biomass still increased as mass transfer

resistance decreased (Figure 9.22). The effective thickness of biofilm increased

from 77 /zm, 87 /zm, to 96 /zm.
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Chapter 10

Bioreactor Model

Mass transfer and biochemical reaction co-existing in the biofilm reactor makes

the biotransformation process very complicated. The characteristics of the flow of

bulk fluid affects the performance of the bioreactor also. Modeling of the bioreac

tor is essential for the further understanding of fundamental chemical and microbi

ological processes of TCE degradation. The entire process for the biodegradation

of TCE and toluene is described in Figure 10.1. Microorganisms grow on the

surface of packing material in a form of biofilm. As the fluid passes through the

column, TCE and toluene are transferred from bulk fluid through a liquid film to

the biofilm, where they undergo biodegradation. A bioreactor model was devel

oped based on the steady-state biofilm model with TCE transformation product

toxicity discussed in the previous chapter. Combined with dispersion, convection.
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mass transfer between biofilm phase and liquid phase, and physical equilibrium

between between gas phase and liquid phase, the model could be applied to inter

polate experimental data, predict results, optimize the whole process, and reactor

design in the future.



10.1 Model Development

The principle assumptions made in the biofilm reactor model are as follows:

• Reactor operates under isothermal conditions.

• Substrates are uniformly distributed in the radial cross-section of the reactor

in both gas phase and liquid phase.

• Plug flow is assumed in the gas phase.

• Concentration of suspended biomass is neglected compared to the attached

biomass.

• Solution is diluted, so Henry's law can be applied.

Besides the equations in the biofilm, mass balances of toluene and TOE in the

liquid phase and gas phase should also be made. In liquid phase, the terms needed

to be considered include convection, axial dispersion, mass transfer between liquid

phase and biofilm phase, and mass transfer between liquid phase and gas phase:

~  - 9LkGia{Cbi - Q*) = 0 (10.1)

where i = 1,2 refers to toluene and TCE, 6i is the liquid holdup, a is the total

surface area per unit volume of packed bed, u is the superficial velocity of influent

fluid, R is the recycle ratio, ka is the mass transfer coefficient of toluene or
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TCE between liquid phase and gas phase, kn is the liquid phase mass transfer

coefficient. C* is the gas-liquid interfacial concentration of toluene or TCE, Ei is

the dispersion coefficient which can be estimated from Hiby's relation[59]:

E = 0.67L> + 0.6dou[l + 6.7(^)°-^] (10.2)
UqU

where do is the Sauter mean diameter and D is the molecular diffusion coefficient.

Assuming most mass transfer resistance comes from the liquid film, the gas phase

mass transfer coefficient could be considered to be the same as liquid mass transfer

coefficient ku", and ku can be calculated out by:

kLi = Y (10-3)

where Di is the diffusion coefficient, and L is the thickness of the liquid film which

can be estimated from the method described in the previous chapter. The evalu

ation of liquid hold-up is from chapter 6.4. The above second order differential

equations are subjected to the following boundary conditions: at 2 = 0,

^LEi^ = U{1 + R){Cm - Cti^ (10.4)
and at z = Lr,

dCfji
= 0 (10.5)

dz

where Lr is the length of the reactor, Cbi '^ is concentration of toluene or TCE in the

inlet of the reactor, which is a function of both influent and effluent concentrations:

- —iVr—
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in which is the influent toluene or TCE concentration, and Cbi^^ is the effluent

toluene or TCE concentration.

At steady-state, gas toluene and TCE concentrations in the storage column

don't change. They equal equilibrium concentrations in the effluent. Thus, mass

balances of toluene and TCE in the gas phase along the reactor are:

-^v + eokoiaiCbi - CC) = 0 (10.7)
az

with initial condition at z = 0:

Cgi = Cgi'^ (10.8)

where i = 1,2 for toluene and TCE, v is the gas superficial velocity.

10.2 Dimensionless Form of Model Equation

In order to facilitate mathematical operations, model equations needed to be

non-dimensionalized. Dimensionless variables were introduced:

Chi Cgi >
^bi — pci' — Ki ^ ^ ~ Lr

Mass balance equations are then transformed into the following expression: in

liquid phase,

1  (fCbi , j^^dCbi ^ ̂ ^ ^9i\ _
- (1 + R)^ - aiiCbi - Cpi) - PiiCbi - -et) = 0 (10.9)

Pci dC ^ ' dC Hi
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where Hi is the Henry's law constant for toluene or TCE. Pti, ai, and j^i are

dimensionless groups. They are defined as:

Pci = (Peclet number)

Oii = (Liquid-Biofilm mass transfer number)

A = (Liquid-Gas mass transfer number)

The boundary conditions are changed to: at C = 0,

dCbi

dC
= Pei{l + R){Cti-Cu'') (10.10)

and C = T

dCu

dC
= 0 (10.11)

Dimensionless form in the gas phase will be:

f .7.(C?.-|) = 0 (10.12)

where 7i is the gas phase mass transfer number, defined as

ry. = LrS£i/_l_
"  V ' kaa

where Oq is the gas holdup in the column. The initial condition is:

Cm
_  gi

(10.13)
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10.3 Solving Procedure

After being non-dimensionalized, the convection, dispersion, and mass transfer

equations for both toluene and TCE in the liquid phase down the reactor were

arranged in such a way (Equation 10.9) that Peclet numbers are not so big to

cause numerical oscillation [6]. Finite element method was also used for solving the

bulk fluid equations coupled with biofilm equations. Due to the unknown value

of concentrations in the interface of liquid phase and biofilm phase, the system

was solved by iteration. Figure 10.2 illustrates the solving procedure. Biofilm

surface concentrations of TCE and toluene were set as initial guess values to solve

bulk concentration profiles in the reactor, then go to the inner loop for computing

concentration profiles in the biofilm phase. With those new values of biofilm

surface concentrations, the bulk fluid equations were resolved. This process was

repeated until new values and old values of bulk concentrations were within the

computational tolerance.

10.4 Finite Element Method

Assuming q is the state variable, a weak statement for equations in the bulk fluid

can be written in following expression:

GH'V = //i[-;j^^ + ̂  + a(5"-T|,=„)+/?(5''-|)]dT = 0 (10.14)
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Figure 10.2: Solving Procedure for Concentrations in the Bioreactor

where Q is the state variable for toluene or TCE concentration in the gas phase;

(j)i are sets of trial functions that span the physical domain. Integrating the above

equation, a weak statement written in element matrices for each component turns
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out to be:

GWSCBi = —[A2l\]{CBi],-^{\ + R)[0NE]{CBi)-[0NE]{CBi'^]
■I €-1

-R[ONE]{CBf^] + (1 + R)[A2Q\]{CBi]e + ai[A2m\{CBi]e

-ai[A200]{CPz}e|r,=o + f5i[A2m]{CBi],

A [A2m]{CGi]
Hi

e = {0} (10.15)

where i = 1,2, for toluene and TCE; [A201] and [A200] are element library matri

ces (Appendix E.3). In order to deal with equations in the gas phase, which have

no second order term, finite difference was introduced[5][7]. Taking Taylor series

for CG and using trapezoidal rule with 6 = 0.5 gives the following expression:

{CG)^^, = {CG)^ + -^{AC djCG),^, djCG),
2 ^ dC dC ) (10.16)

where j is the node point. Substituting mass balance equation in the gas phase

into equation 10.16 in corresponding node and rearranging it yields:

/  \
I  0 0

{CGi]e = {0}

/  \
0  0

{CGi}e+7i^
0 0

-1 1 1  1 y 1  1

(10.17)

where /g is the length of the element. Thus a weak statement form for gas phase

is:

FCGi = [A2Q\F]{CGi]e - ̂ i\A2mF]{CBi}, + ^[A200F]{CGz}e = {0}
Hi

(10.18)
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where i = 1,2 refer to toluene and TCE. Matrices [A201F] and [A200F] are shown

in Appendix E.3. Since two components in the liquid and gas phase do not interact

with each other, Equations 10.15 and 10.18 can be solved separately by Newton's

algorithm:

CBiCBi JCBiCGi 5CBi FCBi
(10.19)

■1 p+i

JCBiCBi JCBiCGi
<

6CBi FCBi

JCCiCBi JCCiCCi SCCi
k  j

FCCi

where

1JCBiCBi = —[A211] + (1 + i?)[A201] + ai[A200] + /?i[A200] + (1 + R)[ONE]
1 Gi

(10.20)

(10.21)

(10.22)

(10.23)

The template is in Appendix G.l, and the code for solving the whole system

is in Appendix G.2, G.3, and G.4. Detailed explanations of the notations used

in the finite element method for this bioreactor model are in Appendix E.1.2.

JCBiCGi = —§-[A200]
Hi

JCCiCBi = -7i[A200F]

JCCiCCi = [A201F] + -^[A200F]
Hi

10.5 Sample Model Calculation Results

Conditions set for the sample run were: influent TCE and toluene concentrations

at 0.2130 mg/L and 33.66 mg/L, respectively. The influent flow rate was 3.02
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ml/min and recycle rate was 27.5 ml/min, which made the recycle ratio equate

to 9.1. When examining the solution quality, small mesh size was inadequate

to get a smooth solution. Numerical oscillation was observed near the inlet of

the reactor where the effluent gas stream met the liquid stream. Asymptotic

convergence should be achieved on a sufficiently refined mesh Q''[6]. Thus, thirty

nodes were selected for the reactor in the z direction with progressional ratio 1.1

to meet the accuracy requirement. Thirty nodes were also chosen in the biofilm

with progression 1.2 in the x direction. Numerical oscillation and stability were

greatly improved by using non-uniform mesh both in the biofilm and in the reactor.

Smooth solutions were obtained. The results are shown in Figures 10.3 - 10.9.

Since influent TCE concentration was very low, no toxicity effect was assumed

in the model simulation (Tc = 10 mg TCE/mg cell) [2]. The concentration pro

files of toluene and TCE within the reactor are similar; that both are decreasing

along the reactor indicates biodegradation (Figures 10.3 and 10.4). Small picks

of gas phase concentration near the inlet of the reactor resulted from the gas re-

circulation and fast equilibrium achieved with the liquid phase stream introduced

to the column, which was the influent after dilution by the partially recycled ef

fluent. Model predicted removal efficiency for TCE and toluene are 88.12% and

93.28%. However, the experimental measurement data were 92.86 and 100 per

cent degradation of toluene. The error may come from some parameters chosen
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in the model computation. Toluene concentrations determined the growth of the

biofilm. Hence, there was an effective biofilm thickness distribution along the

reactor as the model assumed (Figure 10.5). The values are much smaller than

could be visualized during the experimental period. The depth of the biofilm

and the active biomass within the biofilm determined TCE consumption in the

biofilm. As shown by the concentration profiles in the biofilm, the biofilm is deep

to toluene (Figure 10.6), where concentration goes to zero, and shallow to TCE

(Figure 10.7), in which TCE could only partially penetrated. No TCE degra

dation existed at the point where no toluene was present. The flux of toluene

was much larger than that of TCE (Figure 10.8). They all decreased down to

the reactor because of the reduction of concentration gradient. In contrast, the

effectiveness factor of TCE is much higher than that of toluene (Figure 10.9).

This indicates that in the biodegradation, toluene is diffusion control, while TCE

is reaction control. Due to recycling, the entire toluene and TCE concentrations

in the reactor were reduced. And the partition of components to the gas phase

also lower the concentration levels in the liquid phase. This unique reactor design

eliminates the toluene competitive inhibition to the TCE degradation, which is

quite common in conventional reactor operations.

138



0.012

0.01 =.

0.008

o 0.006

°Q 0.004

0.002

0.2 0.-4 0.6 0.8

Oimensionless Reactor Distance

Figure 10.5: Biofilm Thickness Distribution in the Reactor

3.5

2.5

55 2

<3
Si 1 .5

V  \

\  \

0.5

z=0
2=0.48
2=1 .O

0.002 0.004 0.006 0.008

Biofilm Coordinate (cm)
0.01

Figure 10.6: Toluene Concentrations in the Biofilm

139



0.035

0.03

0.025

■£ 0.02
\  \

s \

<5 0.015

0.01

z=0
- - z=0.-48
—  z=1.0

0.005
0.002 0.004 0.006 0.008

Biofilm Coordinate (cm)
0.01

Figure 10.7: TCE Concentrations in the Biofilm

io"
toluene
TCE

10"

i

^ 10-=

10
0.2 0.4 0.6 0.8

Normalized Reactor Distance

Figure 10.8: Toluene and TCE Flux in the Reactor

140



1

0.9

0.8

o.r

TO 0.6

lo.S
0.4

£
0.3

0.2

0.1

O

toluene
—  TCE

0.2 0.4 0.6 0.8

Normalized Reactor Distance

Figure 10.9: Toluene and TCE Effectiveness Factor

10.6 Model Sensitivity Analysis

Model sensitivity analysis was carried out by changing different parameters in

the model. TCE degradation information can be found when sometimes experi

ments can hardly reach. Input parameters for the computations are listed in Table

9.1. Other input conditions include: influent flow rate Qf. 3.3 ml/min; influent

TCE concentration: 0.75 mg/L; influent toluene concentration: 30.19 mg/L; and

recycle rate: 27.5 ml/min. TCE and toluene removal efficiencies were chosen for

the final evaluations. The target parameters are: toluene yield coefficient Y; TCE

transformation capacity Tc, specific area for mass transfer; reactor length; TCE
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saturation parameter 1^2; and recycle ratio.

10.6.1 Toluene Yield CoefRcient

TCE saturation parameter was set to 4 mg/L, and TCE transformation capac

ity was set to 0.05 mg TCE/mg cell in the following model simulation. Toluene

yield coefficient represents growth efficiency by toluene. However, toluene removal

was not changed significantly. In the development of the biofilm model, constant

biofilm density was assumed. The increasing of cell yield goes to two parts: one to

the increasing of active biomass for TCE degradation, the other to the increasing

of the depth of the biofilm. The larger the toluene yield coeflBcient, the more

active cells can be obtained, and the more TCE degradation will be gotten. The

calculation results verify the point (Figure 10.10). Different from TCE degrada

tion within the biofilm, toluene concentration was always zero at the depth of

effective thickness. That's probably the reason why toluene removal efficiency

didn't increase much with the changing of its yield coefficient.

10.6.2 TCE Transformation Capacity Tc

TCE transformation product has been reported to be toxic to the cells and

enzymes[26][35][83]. This makes TCE become a recalcitrant compound in the

environment. Alvarez-Cohen and McCarty[l] proposed the concept of transfor-
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mation capacity (Tc) to quantify the cell inactivation by TCE transformation

products for the resting cell. It can be predicted that this effect also exists in

the system when toluene and TCE are both present, and can be more serious if

TCE concentration is high. Five Tc values were examined: 0.05, 0.1, 1, 5, 10 mg

TCE/mg cell. The results are plotted in Figure 10.11. At this toluene and TCE

concentration range, toxicity can be ignored if Tc is greater than 0.5: the removal

efficiency stays in the maximum amount. TCE removal efficiency will decrease

if Tc is below 0.5. The importance of TCE transformation toxicity in the TCE

degradation will be discussed in more detail in the next section. Toluene removal

was not affected. This matches the experiments. Even cells were inactivated, and
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no TCE could be degraded; they were still alive[84]. Once toluene is present in

the environment, reaction take place immediately.

10.6.3 Specific Area of Mass Transfer and Reactor Length

Calculations of physical configuration are for the purpose of design. When all

biological parameters are fixed, the reactor length and packing material have to be

calculated out to achieve certain removal efficiency at a particular contaminated

water loading rate. As shown in Figure 10.12, smaller particles have more spe

cific area that provides more space for the growth of biomass and mass transfer,

enhancing both TCE and toluene degradation. Hence, packing media with large
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specific area but small resistance for fluid flow should be selected in reality. High

removal efficiency can also be reached by increasing the length of the reactor in

the event of increasing retention time in the reactor (Figure 10.13). If no toluene

can be detected in the effluent, the limiting factors for TCE degradation are not

the physical configurations any more.

10.6.4 TCE Saturation Parameter K2

Saturation parameter K2 characterizes TCE affinity to the enzyme system which

was competitively inhibited by toluene. K2 was found to be 1.524 mg/L in this

study. Although physical conditions within biofilm are not the same as suspended
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solution where mass transfer conditions are much better, batch experiments are

the best approximation. The values are quite different from all reported, ranging

from 0.173 mg/L[3] to 8.64 mg/L[14]. The calculation results are shown in Figure

10.14. There is almost no influence of K2 on toluene degradation, while it is very

sensitive to TCE transformation. TCE removal efficiency dropped as K2 value

increased. This explains the competitive inhibition during the cometabolism.

10.6.5 Recycle Ratio

Recycle ratio is another operational condition that has to be considered. Re

cycling part of the effluent to the reactor dilutes toluene concentration in the in-
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fluent. This is particularly important in the cometabolism system. Thus toluene

concentration can be controlled below the competitive inhibition level for TCE

degradation. Model computation showed that increasing the recycle ratio will im

prove the removal efficiency (Figure 10.15). Furthermore, larger recycling results

in a high interstitial fluid velocity in the reactor, which enhances mass transfer

from the bulk fluid to the biofilm. However, removal efficiency will not increase

significantly when the recycle ratio gets to a certain value. In this case, complete

mixing may be achieved in the reactor.
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10.7 Comparison of Model with Experimental

Results

Finally, model computation results were compared with the experimental data.

Although many studies have been conducted experimentally in the TCE biodegra-

dation either by methanotrophic bacteria, toluene oxidizer, or mixed culture, due

to the complexity of the cometabolic and toxic system, no report which quantita

tively describes the whole biological process in the aqueous phase biofilm reactor

has been found. Parameters used in the model computation were calculated from

Appendix G.6.
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10.7.1 Influent Flow Rate Affects TCE Degradation

Influent flow affects TCE degradation by affecting fluid retention time in the re

actor. Since the column was not operated in submerged mode, the liquid hold-up

is relatively small. Thus, the retention time is also small compared with conven

tional packed bed reactors. Three influent flow rates were investigated with the

same toluene loading rate at about 0.103 mg/min. Removal efficiencies in the low

influent TCE concentration range were plotted in Figure 10.16. As observed in

the experiments, increasing the influent flow rate lowered TCE removal efficiency.

Since the interested TCE concentration range was small, the toxicity was not that

significant. Tc=0.05 mg TCE/mg cell was used in the model computation. Using
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actual influent flow rates, influent toluene concentrations, and influent TCE con

centrations in the column experiments as model input, TCE removal efficiencies

were predicted. Fairly good agreement was achieved between the model predic

tions and the experimental results (Figure 10.17). Model prediction errors were

below 30%.

10.7.2 TCE Loading Rate Affects TCE Degradation

Influent TCE concentrations in the range of 0.2 to 3 mg/L were selected. Trans

formation product toxicity is very important when TCE concentration is high. As
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Anderson and McCarty(1994)[2] pointed out, Tc=10 mg/L could be considered as

no TCE toxic effect on its degradation. Model prediction results didn't match

with the experimental data. Low Tc value has to be used. However, it was hard

to get the program converged. There are some possible explanations. Due to the

physical nature of the biofilm process in the cometabolism of TCE and the effect of

its toxicity, the flux of TCE to the biofilm is not continuous if TCE concentration

in the bulk fluid is high. Once all the biomass was inactivated by the TCE trans

formation product, no TCE concentration gradient would exist within the biofilm.

Further degradation of toluene induces new enzymes, recovering the degradation

of TCE, and TCE is transported to the biofilm again. The process repeats. This

also happened in the biofilm model calculation. At high TCE concentration, if

the Tc value is small, in the step of correction of active biomass fa's, they will turn

out to be negative values (zero was set in the program in case of this). And in

the next iteration, toluene transformation reproduces the active cells. This causes

the program to never be converged. The problem was fixed by calculating TCE

removal efficiency at different high values of transformation capacity at different

influent TCE concentrations under the same other operational conditions. Plot

ting of the inverse of removal efficiency vs the inverse of Tc results exactly a series

of second order polynomials (Figure 10.18). Each set of coefficients corresponds

to a certain set of conditions. A simple algebraic relation was obtained between
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TOE removal efficiency and transformation capacity Tc'.

Rm = (10.24)aT^ + bTc + c

where a, b, and c are fitting parameters. By extrapolating data, TCE removal

efficiency can be found in the low range of Tc values (Figure 10.19). Removal effi

ciency vs. influent TCE concentration at different Tc were plotted in Figure 10.20.

The shapes of the curves are completely different at low Tc from high Tc. In batch

studies, the maximum transformation capacity was 0.02 mg TCE/mg cell in the

system of the resting cell. This may be underestimated when toluene is present in

the environment. Computation results from Tc set to 0.02 (lower limit), 0.035, and

0.05 (upper limit), were compared with the experimental results (Figure 10.21).
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They match fairly well.

10.7.3 Toluene Affects TCE Degradation

Toluene as a primary substrate for Pseudomonas putid F1 not only provides

the carbon source but also acts as an inducer of enzyme for TCE degradation.

Because both TCE and toluene share the same enzyme, the competitive inhibition

by toluene causes a negative effect on TCE degradation (Section 4.3, Figure 4.3).

Toluene loading rate for a fixed TCE loading is very important in order to get

a high TCE removal efficiency in a continuous system. The objective is always

to achieve better TCE degradation with little or no toluene competition. Influ-
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ent toluene concentrations varying from 10 mg/L to 70 mg/L were tested at the

same TCE loading rate of 1.0551 mg/L TCE concentration (influent flow rate was

fixed at 2.8 ml/min). The same method as in the last section was used. Removal

Efficiencies at Tc=0.02 mg/L were extrapolated from the correlations in which

Tc varies from 0.1 to 1 mg TCE/mg cell at different toluene loading. Results are

given in Figure 10.22. Computer generating data shows that the TCE toxic effect

was more serious at low toluene loading than at high toluene loading. Plotting

of TCE removal efficiency vs. influent toluene concentration (Figure 10.23) illus

trates that TCE removal efficiency will not be improved if toluene concentration is

higher than 30 mg/L in the influent, and gradually decreases when toluene concen

tration excess 40 mg/L, if TCE product toxicity is neglected (Tc=10). This is the

effect of competitive inhibition and can be viewed more clearly in Figure 10.24,

which is an enlarged part of Figure 10.22 with influent toluene concentrations

at 40, 50, 60, and 70 mg/L. However, unlike the batch reaction, TCE removal

efficiency didn't drop tremendously at a high level of toluene in the column reac

tion. This could be contributed from the recycled stream dilution effect and the

partition of volatile compounds to the gas phase that lowered component concen

trations in the liquid phase. Actual toluene concentration entering the column was

much smaller than toluene concentration in the influent. The relationship between

influent toluene concentration and concentration of toluene entering the column
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under the recycle ratio 9.82 is plotted in Figure 10.25. In the figure, 100% toluene

was assumed being degraded as observed in the experiments. In this case, even

70 mg/L toluene in the influent would result in only 6 mg/L toluene transferred

into the top of the reactor. In the model calculation, 10% error was obtained in

toluene degradation. Only 90% toluene was degraded. Thus, the corresponding

concentration of toluene entering the column was higher than that in the experi

ments. Evidence from batch experiments (Chapter 4, Section 4.3) demonstrated

that total toluene concentration below 10 ppm didn't show significant competitive

inhibition in the TCE degradation at a volume ratio of headspace to liquid 4:1.
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Figure 10.25: Toluene Concentration Entering the Reactor at Its Corresponding

Influent Toluene Concentration under Recycle Ratio 9.82

Under reactor experimental flow and packing condition, the ratio of gas hold-up to

liquid hold-up in the column was close to 4:1. After partitioning to the gas phase,

toluene concentration in the liquid phase would be even smaller than 6 mg/L.

Unlike the batch conditions, as the liquid flowed down the reactor, toluene was

degraded. Toluene concentration dropped quickly. The effect of competitive inhi

bition became much less. Therefore, the physical condition at each point along the

reactor was different. In addition, due to TCE transformation product toxicity,

more toluene is required to maintain cell activity and achieve the same removal

efficiency[41]. These all could be used to explain the reason why TCE removal
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efficiency increases with the increase of toluene concentration in this study. A

transition point was observed in Figure 10.23, which separated the curve into two

parts for Tc = 0.02 mg TCE/mg cell. One is toluene concentration below 40 mg/L

in which the slope seems high, and the other is above 40 mg/L with a smaller

slope. The first one may be explained as the overcoming of TCE toxicity, which

dominated TCE degradation, and in the second one as the increasing of toluene

inhibition effect. Model predictions are also compared with the experimental data

(Figure 10.26). Removal efficiency at high toluene concentration drops in the ex

periments might come from non-ideal behavior in the reactor, such as short cut

flow, poor gas recirculation in the reactor, instant shortage of oxygen, and so on.
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Chapter 11

Conclusions

The biodegradation of TCE by toluene dioxygenase system of Pseudomonas

putida F1 was investigated in this work. Based on the understanding of cometabolism

and toxicity from batch experiments, an effective biofilm reactor system was de

veloped for the removal of TCE in aqueous phase. A relatively comprehensive

steady-state biofilm model was proposed for TCE cooxidation by Pseudomonas

putida El using toluene as a primary substrate. Combining this biofilm model

with dispersion, convection, and mass transfer between different phases, a biore-

actor model was established, which can be applied for future design and system

optimization.

Conclusions from the Batch Studies and Kinetic Calculations
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1. Toluene as a primary substrate can be degraded very quickly without any

resistance by Pseudomonas putida Fl. The reaction kinetics follows the

Monod equation.

2. Three regions can be classified for TCE degradation in the presence of a

high initial concentration of toluene: competitive inhibition region, where

no TCE is degraded; fast degradation region, in which TCE concentration

drops rapidly; and decay region, where toluene is completely consumed and

enzyme starts to decay, and the TCE degradation rate decreases with time.

3. At the headspace volume and liquid volume ratio to 4, competitive inhibition

of toluene to TCE transformation was not significant if the total toluene

concentration below was 10 ppm. A maximum TCE degradation rate can

be achieved at the point where total toluene concentration is below 1 ppm.

4. Transformation product toxicity is the limiting factor for TCE removal by

resting cells. Computer simulation showed that the active biomass decreased

with time.

5. A set of kinetic parameter values were obtained for Pseudomonas putida Fl.

Conclusions from Column Experiments

1. The biofilm reactor system could maintain a stable TCE degradation by
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continuous feeding of toluene. Partially recycled effluent diluted the influent

toluene. The column was operated without significant toluene competitive

inhibition. Oxygen limitation was eliminated by direct contact of gas phase

to liquid phase, and the flow of both liquid phase and gas phase enhanced

mass transfer.

2. TCE removal efficiency was below 20% if influent toluene concentration

was less than 10 mg/L at 1.86 ~ 2.22 mg/L influent TCE concentration.

Increasing toluene increased TCE degradation. However, if toluene concen

tration was over 50 mg/L, the increasing of TCE removal efficiency was

not significant in the step increasing of toluene concentration experiment.

Steady-state degradation showed that TCE removal efficiency decreased at

68 ppm influent toluene concentration.

3. TCE removal is a function of influent TCE concentration. Low removal

efficiency was observed at high TCE loading. The relationship of influent

and effluent TCE concentrations were linear.

4. Increasing of recycle rate increased mass transfer and toluene could result in

more uniform distribution in the column. However, TCE removal efficiency

won't increase at certain levels of recycle rate.

5. The influence of influent flow rate on TCE degradation occurred through
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the retention time. Small influent flow gave high removal efficiency.

6. TCE removal efficiencies ranged from 94.5% to 60% with TCE influent con

centrations of 0.31 to 1.06 ppm, and influent toluene concentrations of 30 to

53 ppm, respectively. The performance of this bioreactor could be greatly

improved if uniform flow, longer retention time, and large specific reaction

and mass transfer area could be achieved.

Conclusions from Biofilm Model

1. TCE associated toxicity affects active biomass in the biofilm. It reduces

TCE flux into the biofilm, thus decreasing TCE degradation. Higher TCE

concentration results in smaller amounts of active cells.

2. Toluene determines the effective thickness of the biofilm. Increasing bulk

toluene concentration increases the flux of TCE into the biofilm. However,

further increasing the toluene concentration above 5 ppm doesn't improve

TCE degradation much due to competitive inhibition.

3. Mass transfer affects both toluene and TCE degradation in the biofilm. The

thinner the liquid film around the biofilm, the more toluene and TCE will

be transported into the biofilm for degradation.

4. The biofilm model has a limit when transformation capacity is small. This
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may result from the properties of physical process in the enzyme deactivation

and regeneration for TCE degradation in the presence of toluene within the

biofilm.

Conclusions from Bioreactor Model

1. The model matches with experimental data fairly well when TCE concen

tration is low. Compared with the experiments, the model prediction errors

were below 30%.

2. The inverse of TCE removal efficiency is predicted as a function of the in

verse of TCE transformation capacity in a form of second order polynomial.

Thus, TCE degradation can be estimated by extrapolation at high TCE

concentration. Close agreement was achieved between the model prediction

and experimental data.

3. The competitive inhibition was moderated by TCE product toxicity effect.

More toluene will be needed to overcome enzyme inactivation by TCE re

lated toxicity for TCE removal in the system. Model calculation values were

higher than experimental data at high influent toluene concentrations, which

might be caused by non-ideal behavior of the reactor operations.

4. Model calculation by changing the recycle rate and influent flow rate is

consistent with the experimental results.
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5. Increasing specific mass transfer-reaction area and reactor length increase

the degradation of both toluene and TCE. The model can be used for reactor

design to achieve certain removal efficiency.

6. Model sensitivity analysis was conducted. Increasing the toluene yield co

efficient increased the removal of TCE. Tc — 10 mg TCE/mg cell, can be

viewed as no toxicity. The lower value of Tc gives less TCE degradation.

High TCE saturation parameter results in low removal efficiency.
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Appendix A

Calibration Curve of O.D vs

Biomass

Cells grown at exponential phase were centrifuged and washed by phosphate

buffer. The settled down biomass was resuspended in MSB media and diluted

in series at different O.D with final volume of 20 ml in glass tubes. Samples

were prepared duplicately. 0.1 /il pore size cellulose nitrate filter in 47 mm di-

ameter(Micro Filtration System) was used for filtration. Before the experiment,

pretreatment of filter was needed. The filters were placed on a membrane filter

apparatus and vacuum was applied. The filters were then washed several times

with about 20 ml deionized water, dried in oven at 103°C ~ 105°C for an hour,

placed in the desiccator to cool down, and weighted. This procedure was repeated

for the measurement of cell mass in the samples. The cell mass concentration was

calculated by the following expression:

' sampley
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Figure A.l: Calibration Curve of O.D vs Dried Mass

Where A is the total weight of filter plus cell mass (mg), B is the weight of filter

(mg), W is mg total dried cell mass. The calibration curve is plotted in Figure

A.l. The slope is 399.68. This procedure is from the Standard Methods[25].
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Appendix B

Procedure for Making Solution B

1. Nitrilo triacetic acid (NTA) is dissolved in 1500 ml of H2O with the addition

of 75 g KOH per 100 g of NTA.

2. MgS04 is dissolved in a separate volume (1500 ml) of dH20; CaCl is dis

solved in a separate volume (1500 ml) of dH20. The MgS04 solution is then

added to the NTA solution (No.l above)slowly to avoid any clouding of the

mixture. Once these solutions are mixed, begin the gradual addition of the

CaCl solution. Again do not allow the mixture to become cloudy as this re

sult in an insoluble precipitate. Prepare a 1500 ml solution of (NH4)6Mo7024

and FeS04. Add this solution to the mixture already prepared. At this stage

of mixing, precipitate is not to be worried about. The mixture turns a pale

yellow color.

3. Now add 500 ml of Metals 44 (this solution should be a very distinctive aqua

marine blue). This addition will result a deeper yellow color development of
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the bulk mixture.

4. Bring the total volume to 10 liters with dH20. Now titrate the bulk solution

to pH 6.8 using 10 N NaOH solution. This must be done very slowly and do

not exceed pH 7.0, as this will result in an insoluble precipitate. As NaOH

is added, precipitate will be seen. Stir the solution continuously until the

precipitate is gone, then continue with the NaOH additions.
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Appendix C

Calculation of Oxygen
Demanding in the Column

Theoretical value of oxygen conversion coefficient is: Yo/toi = 2.7 mg 02/mg

toluene[83]. If the flow rate of toluene saturated water is 0.2 ml/min, the

mass flow rate will be:

Ftoi = 0.2 ml/min x 515 mg/L = 0.103 mg/min

where 515 mg/L is the solubility of toluene in water at room temperature.

Oxygen required for complete toluene oxidation is:

F02I = 0.103 mg/L X 2.7 mg/mg -= 0.2781 mg/min

Under 1 atmosphere, gas behavior follows ideal gas law {PV = nRT), then

the volumetric flow rate of oxygen can be found by:

Vb^i = 0.278/16 X 0.082 x 298/1 = 0.425 ml/min
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For oxygen dissolved in media, assuming that the total feed flow rate is 3.5

ml/min, and the saturated dissolved oxygen under room temperature is 7

mg/L, then oxygen needed for saturation will be:

Fo22 = 3.5 X 7 X 10"^ = 0.0245 mg/min

Converted to volumetric flow rate by using ideal gas law again, ¥0^2 = 0.0374

ml/min. Thus total oxygen input needs to be:

V02 = 0.425 + 0.0374 = 0.462 ml/min

The volume of oxygen storage column is 290 ml. Time lasted for toluene

biodegradation under this condition is:

T = 290/0.462 = 10.46 hr
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Appendix D

Code for Kinetic Calculation

•/,****** Kinetics of TCE amd Toluene Cometabolism ******

clear all

*/, parameter input

Htol=0.27; '/iHenry's Law constant for toluene
Htce=0.36; '/.Henry's Law constant for TCE
Vl=5; '/.liquid phase volume (ml)
Vg=20; '/.gas phase vol^lme (ml)
A=l/(l+Htol*Vg/Vl):
B=l/(l+Htce*Vg/Vl);

Ks=1.106; '/.toluene half-saturated constauit (mg/L)
Kc=1.524; '/.TCE half-saturated constant (mg/L)
ks=8.439/(24*60); '/.toluene rate constant (mg tol/mg cell/day)
kc=l .578/(24*60); '/.TCE rate constant (mg TCE/mg cell/day)
Y=0.4872; '/.toluene yield coefficient (mg cell/mg toluene)
Tc=0.0047; '/.TCE trainsformation capacity (mg TCE/mg cell)

'/. initial conditions

s0=[0*A 4.7*B]; '/.initial liquid phase concentration (mg/L)
x0=400; '/.cell concentration (mg/L)

'/. time discretization
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n=1471;

delt = 0.04;

x=zeros(n,4);

r=zeros(n,2);

rn=zeros(n,2);

*/, initial conditions

x(l,l) = sO(l);x(l,2)=s0(2);x(l,3)=xO;x(l,4)=xO;
r(l,l) = A*ks*x(l,l)*x(l,3)/(Ks*(l+x(l,2)/Kc)+x(l,l));
r(l,2) = B*kc*x(l,2)*x(l,3)/(Kc*(l+x(l,l)/Ks)+x(l,2));
rn(l,l) = r(l,l)/x(l,3);
rn(l,2) = r(l,2)/x(l,4);

t=zeros(n,1);
t(l)=0;

y, finite difference method to solve the ode system

for i = 2:n

t(i) = t(i-l) + delt;

r(i,l)=A*ks*x(i-l,l)*x(i-l,3)/(Ks*(l+x(i-l,2)/Kc)+x(i-l,1));
r(i,2)=B*kc*x(i-l,2)*x(i-l,4)/(Kc*(l+x(i-l,l)/Ks)+x(i-l,2));
x(i,l) = x(i-l,l) - r(i,l) * delt;
x(i,2) = x(i-l,2) - r(i,2) * delt;
x(i,3) = xO + Y * (sO(l) - x(i,l));
x(i,4) = xO + Y * (sO(l) - x(i,l)) - (s0(2) - x(i,2))/Tc;
rn(i,l) = r(i,l)/x(i,3);
rn(i,2) = r(i,2)/x(i,4);

end

r = r/x(l,3);

r(:,l) = r(:,l)/A; r(:,2) = r(:,2)/B;
rn(:,l) = rn(:,l)/A; rn(:,2) = rn(:,2)/B;

x(: , l)=x( : , 1)/A; '/.trsoisfer back to total concentration
x(:,2)=x(:,2)/B;

[t x] ;
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figured)

subplot(2,1.1)
plot(t,x(:,1))
xlabelCtime (min)')

ylabeK'Toluene conc. (mg/L)')
title ('Toluene Concentration Chainges with Time ')
axis([0 max(t) 0 10]);

hold on

subplot(2,1.2)
plot(t,x(:,2))
xlabelCtime (min)')

ylabel('TCE conc. (mg/L)')
title ('TCE Concentration Changes with Time')
axis([0 max(t) 0 10]);
hold on

figured)
subplot(2,1.2)
plot(t,x(:,4))
xlabelCtime (min)')

ylabel('Biomass conc. (mg/L)')
title ('Biomass Concentration Changes with Time')
2Lxis([0 max(t) 0 420]);

hold on

figured)
subplot(2,1.1)
plot(t,r(:,2))
xlabelCtime (min)')

ylabelCTCE rx (mg tol/mg initial cell/min)')
title ('Toluene eind TCE Reaction Rate Changes with Time')
hold on

figure(4)
plot(x(:,2),rn(:,2))
xlabelCTCE conc. (mg/L)')
ylabel('-l/x*dC/dt, (mg tol/mg cell/min)')
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titleC'Specific TCE Reaction Rate Changes with ...
TOE Concentration')

figure(5)
plot(x(:,1),rn(:,1))
xlabeK'toluene conc. (mg/L)')
ylabel('-l/x*dS/dt, (mg tol/mg cell/min)')
title('Specific Toluene Reaction Rate Changes with
Toluene Concentration')

hold on
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Appendix E

Finite Element Method Related

Issues

E.l Notations Used in the Finite Element Meth

ods

E.l.l Notations in the Biofilm Model

CPi: Dimensionless node concentration of toluene or TCE in the biofilm

F: A defined function of toluene and TCE concentrations in the biofilm

FCPi; Function form of weak statement of CPi

GWS^: Galerkin weak statement

GWSCPi^: Galerkin weak statement for toluene or TCE equation in the biofilm

JCPiCPi: The first derivative of GWSCPi with respect to CPi

JCP1CP2: The first derivative of GWSCPI with respect to CP2

JCP2CP1: The first derivative of GWSCP2 with respect to CPI

rj: Dimensionless biofilm distance
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(JCPi: The difference between present iteration and previous iteration by Newton

method

Set of trial functions

i=l: for toluene, and i=2; for TCE

E.1.2 Notations in the Bioreactor Model

CBi: Dimensionless concentration of toluene or TCE in the bulk liquid phase

CGi: Dimensionless concentration of toluene or TCE in the gas phase

FCBi: Function form of weak statement in liquid phase for toluene or TCE

FCGi: Function form of weak statement in gas phase for toluene or TCE

GWSCBi: Galerkin weak statement for toluene or TCE equation in the bulk liquid

phase

JCBiCBi: The first derivative of GWSCBi with respect to CBi

JCBiCGi: The first derivative of GWSCBi with respect to CGi

JCGiCBi: The first derivative of GWSCGi with respect to CBi

JCGiCGi: The first derivative of GWSCGi with respect to CGi

le- Element length in the z direction

q: State variable for liquid phase equations

Q: State variable for gas phase equations

5CBi,(5CGi: The difference between present iteration and previous iteration by

Newton method
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0i; Set of trial functions

C: Dimensionless bioreactor distance

i=l: for toluene, and i=2: for TCE

E.2 Sample Operation of Jacobian Form in the
Biofilm Model

In forming jacobian form of Equations 9.36 and 9.37 in the biofilm, first derivatives

should be taken with respect to each component. The following examples are

illustrations in the formation of JCPICPI and JCP1CP2 in Equation 9.38:

dGWSCPl
JCPICPI =

d{CPl}

d{Cf){F
d{CPl}

Since F is a function of CPl, last term in Equation E.l turns out to be:

=  [A2U] + Shl[0NE]+ ^ (E-1)

(^){F}/[>130001 + (E.2)

According to the definition of F in Equation 9.35, the derivative of F with respect

to CPl will be:

a{F} 1
(E

a{cpi} (CPl +1 + CP2)2
.3)
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which equates to the negative of F square. Substituting Equation E.3 into E.2,

and then to Equation E.l gives the following form of JCPlCPl:

JCPICPI = [A2l\\ + -{F}^[A3000] - - {CP 1}^[>13000] + Sh\[ONE\

(E.4)

where [PJ is a diagonal matrix. F is also a function of CP2. Thus, the first

derivative of GWSCPl with respect to CP2 will be:

a(({f){p}/[^3ooo]{cpi})
JCPICP2 =

d{CP2}

=  (-){CP1}^[A3000]-
T/' ' ̂ ^a{CP2}

= -(^){CPl}^[>13000][p2j (E.5)
^1

E.3 Finite Element Library Matrices

[A3000L] =

0.2500

0.0833

0.0833

0.0833

0.0833

0.0833

0.0833

0.2500

[A3001L] =

-0.3333

-0.1667

-0.1667

-0.3333

0.3333

0.1667

0.1667

0.3333

CA3011L] =

0.5000 -0.5000
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0.5000 -0.5000

-0.5000 0.5000

-0.5000 0.5000

[A3000F] =

0  0

0  0

0.2500 0.2500

0.2500 0.2500

[A3001F] =

0  0

0  0

-0.5000 0.5000

-0.5000 0.5000

NOTE: Matrices [A211], [A201], [A200], [A201F], [A200F] in the text
correspond to matrices CA3011L], [A3001L], [A3000L], [A3001F],
[A3000F], respectively, in the computation.
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Appendix F

Code for Solving Biofilm Model

F.l Template for Solving Biofilm Concentrations

•/. Template for Solving Biofilm Equations

RESIDUALS

CPl 2#

CPl

CP2

CP2

)(
tc/ts)(

3#

-SH1)(

SH1)(

2#

)(

ts/tc)(

3#

-SH2)(

SH2)(

)(0:-l)(A211)(CPl)
F )(0; 1)(A3000)(CP1)

)(0; 0)(0NE)(CB1)

)(0; 0)(ONE)(CPl)

)(0:-l)(A211)(CP2)
F*fa)(0;l)(A3000)(CP2)

)(0; 0)(GNE)(CB2)
)(0; 0)(0NE)(CP2)
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JACOBIANS

CPl CPl 2#

(  )( )( )(0;-l)(A211)( )
+  (tc/ts)( )( F )(0; 1)(A3000)( )

+ (-tc/ts)( )(CP1)(0; l)(A3000)(F-2)

CPl CPl 3#

( SHI )( )( )(0: 0)(0NE)( )

CPl CP2 2#

(-tc/ts)( )(CP1)(0; 1)(A3000)(F~2)

CPl CBl 3#

( -SH1)( )( )(0; 0)(0NE)( )

CP2 CP2 2#

(  )( )( )(0;-l)(A211)( )
+  (ts/tc)( )(F*fa)(0;l)(A3000)( )
+ (-ts/tc)( )(CP2)(0; 1)(A3000)(F-2*fa)

CP2 CP2 3#

( SH2 )( )( )(0; 0)(0NE)( )

CP2 CPl 2#

(-ts/tc)( )(CP2)(0; 1)(A3000)(F-2*fa)

CP2 CB2 3#

( -SH2)( )( )(0; 0)(0NE)( )
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F.2 Main Program for Biofilm Equations

*/,#############################################################•/.

•/. •/.

y, Code written for calculating the thickness of biofilm and '/,
y, flux for toluene and TOE degradation ** non-uniform mesh ** */.
y. y.
•/,#############################################################•/,

clear all

y, biofilm kinetic parameters for substrate

k = [8.4385 1.5783]; */, reaction constant, mg/mg/day
Ks = [1.106 1.524]; '/, saturation parameter, mg/L
D = [0.8899 0.78]; */, diffusivity in aqueous phase cm"2/day
Df = [0.2452 0.2150]; */. Df in the biofilm cm"2/day
L = [0.0020 0.0019]; '/, liquid film thickness cm
kL = D./L; y, mass treinsfer coefficient cm/day
Y = 0.4872; */, yield coefficientY = 0.771;
Tc = 0.5; y, TOE transformation capacity
bm = 0.68; '/, cell decay constant 1/day
Xf = 60; y, biofilm density mg biomass/cm"3

y. Dimensionless parameters

theta = [bm/(Y*k(l)) Tc*bm/k(2)] ; */, standaird biofilm time

tau = (Ks.*Df./(k.*Xf)/1000).~0.5;

y, standard biofilm depth dimension
taubar = (tau(l)*tau(2))~0.5; */, geometric average
DDf = Df./D;
sh = kL. *taubar./Df; */, Sherwood nmber

a = tau(2)/tau(l);

b = 1/a;

y. Bulk concentration for substrates

Cb =[5 1]; y, toluene, TCE conc. mg/L
CB = Cb./Ks; */, converted to dimensionless form

CBlbar = CB(1);
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CB2bar = CB(2):

'/.Initial guess for biofilm thickness eind effective biomass

tlf = 0.0085; '/, unit in cm

TLF = tlf/taubeor; '/, dimensionless form

'/, discretization in space

nnodesx = 50;

*/, setup the initial conditions

CPl = zeros(nnodesx,1);

CP2 = zeros(nnodesx,1);

QP = [CP1;CP2];
sum = zeros(2,1);
yl = zeros (nnodesx, 1); */. for integration
y2 = zeros(nnodesx,1);
DJ = zeros(2,1);

J = zeros(nnodesx,2);

fa = ones(nnodesx,1);

*/, set max iteration count for Newton algorithm

maxits = 50; */, max iterations

eps = lE-4; '/, convergence criteria for Newton algorithm

7, load the matrix library
load femlib

7. begin iteration

TLFnew = TLF;

TLFold = 0;

ki = 0;

while abs(TLFnew - TLFold) > eps

ki = ki +1

alphaa = 0.6;
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TLFnext = alphaa * TLFnew + (1 - alphaa) » TLFold;
TLFold = TLFnext;

X = ratlistCO,TLFold,nnodesx-1,1.05);

for m = l:maxits

*/, [resCP,jacCP] = resjacCP(QP,x)
resjacCPtest4
dQP = jacCP\(-l*(resCP)); 7, Newton algorithm
QP = QP + dQP;

jiteration = m V.display iteration count
dQmax = maxCabs (dQP)); 7, convergence criteria
if dQmaix < eps 7# test convergence against tolerance
breaik

end

end

CPl = QP(1:nnodesx,1);
CP2 = QP((nnodesx+l):2*nnodesx,1);
CPG =[CP1(1) CP2(1)];
CPP = [CPl CP2];

7. integration by using trapezoidal rule

yl = tau(2)/taubar*CPl./(l+CPl+CP2);
y2 = fa .* tau(l)/taubar.*CP2./(l+CP2+CPl);
sum(l) = trapz(x,yl);
sum(2) = trapz(x,y2);

7i calculate the substrates flux

DJ = sum.*DDf';

7. J = kL .* (CB - CPO) .*Ks/1000 ;

7t DJ = J.*tau./(D.*Ks);

7. calculate the new biofilm thickness

TLFnew = DJ(l)/(taubar/tau(l)*DDf(l)*theta(l));
TLFnew;

TLF = TLFnew * taubar;

XX = ratlistCO,TLF,nnodesx-1,1.05);
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*/, correct for the active biomass for TCE degradation

JJ = DJ'.*D.*Ks./tau/1000;

= kL .* (CB - CPO).*Ks/1000;

for i=2:nnodesx

deltcih = xx(i) - xx(i-l);

J(i,:) = Df.*(CPP(i-l,:) - CPP(i,;))/deltah/1000;

fa(i-l) = ((J(i-l,l)-J(i.l))*Y-l/Tc*(J(i-l,2)-J(i,2))) ...

/(bm*Xf *deltcih);

if fa(i-l) <= 0

fa(i-l) = 0.0005;

else

end

end

fa(nnodesx)=fa(nnodesx-l);

fad) = fa(2);

fa

J

J(l,:) = J(2,:);
end

*/, calculate the effectiveness factor

etal = sumd) * taubar/tau(2)/(TLFnew*CPl(l)/(l+CP2(l)+CPl(l)))

eta2 = suin(2) * taubar/tau(l)/(TLFnew*CP2(l)/(l+CP2(l)+CPl(l)))

*/, convert dimensionless terms to physical domain

CPl = CPl * Ks(l)

CP2 = CP2 * Ks(2)

TLF

fa

X = ratlist(0,TLF>nnodesx-l,1-05);

figure(1)
'/.plot(x,CPl, 'ro')
'/.hold on

'/.plot(x,CP2, 'r*')
plot(x.CPl.'.')
hold on
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plot(x,CP2.'.')
xlabeK'Biofilm Coordinate (cm)')

ylabelC'Toluene eind ICE Concentration (mg/L)')
y.titleClnfluene of Mass Transfer on Toluene aind ...

TCE Concentrations in the Biofilm')

yiegendCr.toluene concentration.g.TCE concentration)
hold on

axis square

figure(2)
plotCx, fa,'.')
hold on

y,plot(x, fa)
xlabeK'Biofilm Coordinate (cm)')

ylabeK'Active Biomass Ratio Xa/Xm')
'/.title('Influence of Mass Transfer on Active Biomass

Distribution in the Biofilm')

axis square

figureO)
plot(x,J(:,1),'.')
y,plot(x, J(: ,1))
xlabeK'Biofilm Coordinate (cm)')

ylabeK'Toluene Flux (mg/cm"2/day)')
y.titleClnfluene of Mass Transfer on Toluene ...

Flux in the Biofilm')

'/.legend(r.toluene concentration.g.TCE concentration)
hold on

axis square

figure(4)
plot(x.J(:.2).'. ')
'/.plot(x. J(: .2))
xlabeK'Biofilm Coordinate (cm)')

ylabelCTCE Flux (mg/cm-2/day)')
'/.title ('Influene of Mass Trainsfer on TCE Flux ...

in the Biofilm')

'/.legend(r.toluene concentration.g.TCE concentration)
hold on
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2LX1S square

figure(5)
plot(x.J(:,l)./J(:,2),'.')
xlabel('Biofilm Coordinate (cm)')

ylabel('Toluene/TCE Flux Ratio (mg tol/mg tee)')
'/.titleClnfluene of Mass Treinsfer on Toluene auid ...

ICE Flux in the Biofilm')

•/.legend(r,toluene concentration,g,ICE concentration)
hold on

axis square

F.3 Residuals and Jacbians for Concentrations

in the Biofilm

'/.Calculation of residuals of state variable CPs for TCE '/.

'/.and toluene biodegradation in a packed bed reactor '/,

'/.function [resCP, jacCP] = resjacCPnew(QP,x);

global nnodex

'/. res - residuals

'/. QP - state variables [CPl CP2]

'/. X - grid data in biofilm
'/. j - index in the z direction
'/. i - index in the x direction

'/. CPl, CP2 - conc. in the x direction at any z position
'/. are 1 x i vector

'/. divide QP into CPl and CP2

CPl = QP(1:nnodesx,1);

CP2 = QP(nnodesx+l;2*nnodesx,1);
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7, interpolate the reaction terms

F = l./(CPl + 1 + CP2);

7t calculate the residuals

CPl.sp = assld ([],[],[] ,-l,A3011L,x);
CPl_sp = CPl_sp + assld (a,[],F',l,A3000L,x);
CPl_sp = CPl_sp*CPl; 7. domain terms

CPl.spd.l) = CPl_sp(l,l) + sh(l)*CPl(l) - sh(l)*CBlbar;
7. add boundairy terms
'/, CBlbar = CBl(k,j) in main algorithm

CP2_sp = assld ([],[],[] .-l,A3011L,x);
CP2_sp = CP2_sp + assld (b, □ •(F-*fa)',1.A3000L,x);
CP2_sp = CP2_sp*CP2; 7. domain terms

CP2_sp(l,l) = CP2_sp(l,l) + sh(2)*CP2(l) - sh(2)*CB2bar;
7. add boundary terms
7. CB2bar = CB2(k,j) in main algorithm

resCP = [CPl_sp;CP2_sp];

7i calculate the jacobians

JCPICPI = assld (C],n,[].-l,A3011L,x);
JCPICPI = JCPICPI + assld (a, [] ,FM,A3000L,x);
JCPICPI = JCPICPI + assld (-a.[],CPl',l,A3000L,x) * diag(F."2);

7. domain terms

JCPlCPKl.l) = JCPlCPKl.l) +sh(l);
7. add boundary terms

JCP1CP2 = assld (-a, [] ,CPlM,A3000L,x) * diag(F.~2);

JCP2CP2 = assld ([],[],□,-1 ,A3011L,x);
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JCP2CP2 = JCP2CP2 + assld (b, [],(F.*fa)',l,A3000L,x);
JCP2CP2 = JCP2CP2 + assld (-b,[],CP2',1,A3000L,x) * diag(F."2.*fa);

y, domain terms

JCP2CP2(1,1) = JCP2CP2(1,1) +sh(2);
y, add boundary terms

JCP2CP1 = assld ("b, □ ,CP2' ,l,A3000L,x) * diag(F."2.*fa);

y, assembling of the jacobiauis

jacCP = [JCPICPI JCP1CP2;JCP2CP1 JCP2CP2];

F.4 Code for Element Assembling
function gmat=assld(gscalar.escalar,hyp,mexp.lmat,mesh);
y, usage: assldCgscalaur.escalar,hyp,mexp.lmat,mesh)
y.
y. Assembles Id finite element matrices. Assumes that each basis that went
y, into the element library matrix is of the same degree. Returns the
y, assembled global matirx.
y.
y, gscalax - global scalar data (default unity)
y, escalax - element data (row matrix, default unity)
y, hyp - hypermatrix contraction data (row matrix, default unity)
y, mexp - mesh measure exponent
y, Imat - element library matrix
y, mesh - nodal values of the mesh (row matrix)
y.
y. Any of the first three arguments may be omitted by supplying an
y, empty matrix ([]) in their place. Ones will be inserted for any
y, legally omitted arguments .

nnodes = size (mesh,2); */, number of nodes in the mesh
enodes = size (Imat ,2) ; '/, num of columns in Imat is num of nodes per element
emat = zeros (enodes); '/, allocate space for element matrix
nelements = (nnodes-l)/(enodes-l); */, number of elements
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y. Allocate memory for global matrix (full matirx is stored)
gmat = zeros(nnodes,nnodes); '/, creates nnodes by nnodes matirx of zeros

y. provide for empty arguments
if length(gscalar)==0;

gscalar = 1;
end;

if length(escaleir)==0;
escalar = ones (1 .nelements); */, row of ones

end;

if length(hyp)==0
hyp = ones (1,nnodes); */, row of ones

end;

y, initialize left eind right node addresses for current element
mleft = 1;

mright = enodes;

y, Main loop
for i=l:nelements;

ehyp = hyp (mleft: mright) ; */, get part of hyp for current element
le = mesh(mright) - mesh(mleft); */, length of the element

y, contract library hypermatrix; use mesh measure, element scalar and
y, global scalar to form element matrix
emat = hmult(ehyp.lmat) * le"mexp * escalar(i) * gscalao:;

y, assemble element matrix into global matrix
gmat(mleft:mright,mleft:mright) = gmat(mleft:mright,mleft:mright) + emat;

y, update left eind right node addresses for the next element
mleft = mleft + enodes - 1;

mright = mright + enodes -1;

end;
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Appendix G

Code for Solving Bioreactor
Model

G.l Template for Bulk Fluid Equations

RESIDUALS

CBl 2#

(1/Pel)( )( )(0 -1)(A211)(CBl)

+  (1+R) ( )( )(0 0)(A201)(CB1)

+  (alphl)( )( )(0 1)(A200)(CB1)

+  (-alphl)( )( )(0 l)(A200)(CPl)|x=0

+  (betal)( )( )(0 1)(A200)(CB1)

+(-betal/Hl)( )( )(0 1)(A200)(CG1)

CBl 3#

(1+R)( )(  )(0; 0)(ONE)(CBl)

+  (-)( )(  )(0; 0)(ONE)(CBlin)

+  (-R)( )(  )(0; 0)(ONE)(CBlout)

CB2 2#

(1/Pe2)( )( )(0,-1)(A211)(CB2)
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+  (1+R) ( )(  )(0;
+  (alph2)( )(  )(0;
+  (-alph2)( )(  )(0;
+  (beta2)( )(  )(0;
+(-beta2/H2)( )(  )(0;

0)(A201)(CB2)

1) (A200)(CB2)

1)(A200)(CP2)|x=0

1)(A200)(CB2)

1)(A200)(CG2)

CB2 3#

(1+R)( )( )(0; 0)(0NE)(CB2)

(-)( )( )(0; 0)(ONE)(CB2in)

(-R)( )( )(0; 0)(ONE)(CB2out)

CGI 2#

(  )( )( )(0;
+  (-gainl)( )( )(0;
+ (gainl/Hl)( )( )(0:

0)(A201F)(CG1)

1)(A200F)(CB1)

1)(A200F)(CGI)

CGI 2#

(  )( )( )(0;
+  (-gam2)( )( )(0;
+(gam2/H2)( )( )(0;

0)(A201F)(CG2)

1)(A200F)(CB2)

1)(A200F)(CG2)

JACOBIANS

CBl CBl 2#

+

+

+

(1/Pel)( )(

(1+R)( )(
(alphl)( )(
(betal)( )(

)(0;-l)(A211)

)(0: 0)(A201)

)(0: 1)(A200)

)(0; 1)(A200)

CBl CBl 3#
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(1+R)( )( )(0; 0)(0NE)( )

CBl CPl 2#

(-alphlX )( )(0; 1)(A200)( )

CBl CGI 2#

(-betal/Hl)( )( )(0: 1)(A200)( )

CB2 CB2 2#

(1/Pe2)( )( )(0;-l)(A211)

+  (1+R)( )( )(0; 0)(A201)
+  (alph2)( )( )(0; 1)(A200)
+  (beta2)( )( )(0; 1)(A200)

CB2 CB2 3#

(1+R)( )( )(0; 0)(0NE)( )

CB2 CP2 2#

(-alph2)( )( )(0; 1)(A200)( )

CB2 CG2 2#

(-beta2/H2)( )( )(0; 1)(A200)( )

CGI CGI 2#

(  )( )( )(0; 0)(A201F)( )
+(gaml/Hl)( )( )(0; 1)(A200F)( )
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CGI CBl 2#

("gamDC )( )(0; 1) (A200F) ( )

CG2 CG2 2#

(  )( )( )(0; 0)(A201F)( )
+(gam2/H2)( )( )(0; 1)(A200F)( )

CG2 CB2 2#

(-gam2)( )( )(0; 1)(A200F)( )

G.2 Main Program for Bioreactor Model

'/.This code is written for solving a set of differential */,
y.equations in biofilm phase, liquid phase eind gas phase '/,
'/.for biodegradation of ICE eind toluene in a fixed film '/.
y.packed bed reactor. '/.

clear all

'/. Condition input

Qr = 27.5; '/. recycle rate; ml/min
Qi = 3.02; '/. total flow rate; ml/min

Cbin = [33.66 0.2130]; '/. influent toluene euid TCE conc. mg/L
Tc = 10;

tin = 0.0065; '/. initial guess of biofilm cm

nnodesx = 30;
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nnodesz = 30;

parameters 7, pareimeters estimation
uuuvm,

alpha = alpha * thetaL;
beta = alpha;
gamma = geunma * thetaG;

CBin = Cbin./Ks; 7. dimensinless influent concentration

7.discreti2ation in space

z = ratlist(0,1 ,nnodesz-l, 1.1); 7. grid in bulk fluid

7. load the matrix library
load femlib

7. load the matrix library for finite difference method
load mylib

7. set max iteration count for Newton algorithm

maxits = 50; 7i max iterations

eps = lE-4; 7. convergence criteria for Newton algorithm
epsl = lE-3;

7.7.7.7.

dim 7. matrix dimension set-up

7.7.7.7.

7. begin iterations

dQlmax = max(abs(Qnew(:,1) - Qold(:,l)));
dQ2max = max(abs(Qnew(:,2) - Qold(:,2)));

1 = 0;

while max([dQlmax dQ2max]) > eps
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1 = 1 + 1

Qold = Qnew;

QCPold = QCPnew;

for i = 1:2

CBIN = CBin(i); '/. solve in liquid & air phase
pel = pe(i);
alphal = alpha(i);
HI = H(i);

betal = beta(i);
gammal = gamma(i);
CPbar = QCPold((i-l)*nnodesz+l:i*nnodesz,:);

Q = Qold(:,i);

for m = limaxits

•/, [res.jac] = resjacCBCG(Q,z)
resjacCBCG218
dQ = jac\(-l*(res)) ; */, Newton algorithm
Q — Q + dQ;

Q(nnodesz+l) = Q(nnodesz)*Hl;'/, undo dQ for Dirichlet node
iteration = m '/, display iteration count
dQmax = max(abs(dQ)); '/, convergence criteria
if dQmax < eps */, test convergence against tolerance
breai

end

end

Qnew(:,i) = Q; '/, store new value for Q
end

Qnewl = Qnewd;nnodesz, 1);
Qnew2 = Qnew(l:nnodesz,2);
QCPoldl = QCPold(1innodesz ;
QCPold2 = QCPold((nnodesz+1):2*nnodesz,:);

for j = Irnnodesz '/, solve in biofilm

QP = [QCPoldl(j,:)';QCPold2(j.:)'];
CBlbar = Qnewl(j);
CB2bar = Qnew2(j);
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biofilmcp2 */, call for biofilm calculation
vmimx

QCPnewKj,:) = QP(1:nnodesx, 1)';
QCPnew2(j,:) = QP((nnodesx+l):2*nnodesx,1)';

faf(j,:) = fa';
Jf (j,:) =
Jf(nnodesz+j,:) = J(:,2)';
xr(j,:) = xx;

end

QCPnewd :nnodesz, 1 :nnodesx) = QCPnewl;
QCPnew((nnodesz+l):2*nnodesz,1:nnodesx) = QCPnew2;

dQlmax = max(abs(Qnew(:,1) " Qold(;,l)));
dQ2mcix = meix(abs(Qnew(: ,2) - Qold(:,2)));

end

'/, Convert dimensionless term to physical domain

Qnewl = Qnewd:nnodesz, 1) * Ksd);

Qnew2 = QnewCl:nnodesz,2) * Ks(2);
QCPnewl = QCPnewl * KsCl);

QCPnew2 = QCPnew2 * Ks(2);

CGI = Qnew(nnodesz+l:2*nnodesz,l);

CG2 = Qnew(nnodesz+l:2*nnodesz,2);
CGI = CGI * KsCl);

CG2 = CG2 * Ks(2);

TLFF = TLFF * taubax;

QCPnewl

QCPnew2

CB = [Qnewl Qnew2]
CG =[CG1 CG2]

TLFF
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eta

y, Remove efficiency

effl = (Cbin(l) - Qnewl(nnodesz))/Cbin(l)

eff2 = (Cbin(2) - Qnew2(nnodesz))/Cbin(2)

save out2 TLFF CB CG QCPnewl QCPnew2 JJ eta faf Jf xr z effl

eff2 Qi Qr Cbin Tc Ks Y As

G.3 Residuals and Jacobians for Bulk Fluid Equa
tions

7, Calculation of residuals and jacobieins of state variable 7,
7  CBs and CGs in the bulk liquid phase eind air phase for 7o
7t toluene, TOE and oxygen. 7.
7. October 7, 1997 %

y.function [res, jac] = resjacCBCG(Q,z)

global nnodesz

'/, res -residuals

7. Q -state variables [CB CG]
7 z -grid data in axial direction

7 divide Q into CB and CG

CB = Q(1:nnodesz,1);

CG = Q(nnodesz+l:2*nnodesz,1);

7 calculation of residuals

CB.res = assld (1/pel,[], [],-l,A3011L,z);
CB.res = CB_res + assld (1+R,[],[],0,A3001L,z);
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CB_res = CB_res + assld (alphal,[],[],l,A3000L,z);
CB.res = CB.res + assld (betal,[],[],1.ASOOOL.z);

CB.res = CB.res * CB + assld (-alphal,[],[],1,A3000L,z) * CPbar(:,l);
CB_res = CB_res + assld (-betal/Hl,[],[],1,A3000L,z) * CG;

y, domain terms

CB_res(l,l) = CB_res(l,l) + (1+R)*CB(1) - CBIN;
y, add boundary terms

CB_res(l,l) = CB_res(l,l) - R * CB(nnodesz);

CG.res = assld (□,[],□ ,0,A3001F,z);
CG_res = CG_res + assld (gammal/Hl,[],[],1,A3000F,z);
CG.res =CG_res * CG + assld(-gammal,[],[] ,l,A3000F,z) * CB;
y, finite difference

res = [CB_res;CG_res];

y, calculation of jacobians

JCBCB = assld (1/pel,[],[],-l,A3011L,z);
JCBCB = JCBCB + assld (1+R,[],[],0,A3001L,z);
JCBCB = JCBCB + assld (alphal,[],[], 1 ,A3000L,z);
JCBCB = JCBCB + assld (betal,[],[],l,A3000L,z);

y.JCBCB(l,l) = JCBCBd.l) + 1;
JCBCB(1,1) = JCBCBd.l) + 1 + R;
y,JCBCB(nnodesz.nnodesz) = JCBCB(nnodesz.nnodesz) - R;

JCBCG = assld (-betal/Hl,[],[], 1 ,A3000L,z);

JCGCG = assld ([],□.□ .0.A3001F.z);
JCGCG = JCGCG + assld (gammal/Hl,□,[], 1 ,A3000F,z);

JCGCG(1,1) = lElO;

JCGCB = assld(-gammal,[],[], 1 ,A3000F,z) ;

jac = [JCBCB JCBCG;JCGCB JCGCG];
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G.4 Subroutine for Solving the Biofilm Equa
tions

•/,############################################################

;/. 7.
7, Code written for calculating the thickness of biofilm eind 7.
7i flux for toluene auid TOE degradation 7»
•/. 7.
7.############################################################

7. setup the initial conditions

7tCPl = zeros(nnodesx, 1);
7.CP2 = zeros (nnodesx, 1) ;
7.QP = [CP1;CP2];

if j == 1 & 1 == 1
TLF = tin/taubaur; 7. initial guess of the biofilm thickness
elseif j == 1
TLF = TLFF(l);

else

TLF = TLFF(j-l);
end

J = zeros(nnodesx,2);
fa = ones(nnodesx,1);

7. begin iteration

TLFnew = TLF;

TLFold = 0;

ki = 0;

while abs(TLFnew - TLFold) > epsl

ki = ki +1

alphaa = 0.6;
TLFnext = alphaa * TLFnew + (1 - alphaa) * TLFold;

218



TLFold = TLFnext;

X = ratlist(0,TLFold,nnodesx-1,1.2);

for m = l:maxits

'/, [resCP,jacCP] = resjacCP(QP,x)
resjacCPtest4
dQP = jacCP\(-l*(resCP)); */, Newton algorithm
QP = QP + dQP;

jiteration = m; '/.display iteration count
dQmax = max(abs(dQP)); '/, convergence criteria
if dQmax < eps '/, test convergence against tolereuice
breads

end

end

CPl = QP(1:nnodesx,1) ;

CP2 = QP((nnodesx+l):2*nnodesx,l);
CPO =[CP1(1) CP2(1)];
CPP = [CPl CP2];

'/, integration by using trapezoidal rule

yl = tau(2)/taubar*CPl./(l+CPl+CP2);
y2 = fa.*tau(l)/taubar.*CP2./(l+CP2+CPl);
sum(l) = trapz(x,yl);
sum(2) = trapz(x,y2);

*/, calculate the substrates flux

DJ = sum.*DDf';

*/, update the bs
*/, tlf = TLFold * taubar; */, cm

•/. if tlf > 0.003

•/, bs = 0.0842 * (sigmma/(l+443.2*(tlf-0.003)))~0.58;
*/• else

bs = 0.0842 * sigmma~0.58;
*/, end

'/. bprime= bm + bs;
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*/, theta = [bprime/(Y*k(l)) Tc*bprime/k(2)]; '/. steindaxd biofilm time

*/, calculate the new biofilm thickness

TLFnew = DJ(l)/(taubar/tau(l)*DDf(l)*theta(l));
TLFnew

TLFnon = TLFnew * taubar;

XX = ratlist(0,TLFnon,nnodesx-1,1.2);

'/, correct for the active biomass for TCE degradation

JJ(j,:) = DJ'.*D.*Ks./tau/1000;

for i=2:nnodesx

deltah = xx(i) - xx(i-l);

J(i,:) = Df.*(CPP(i-l,:) - CPP(i,:))/deltah/1000;
fa(i-l) = ((J(i-l,l)-J(i.l))*Y-l/Tc*(J(i-l,2)-J(i,2)))/(bprime*Xf*deltah);
if fa(i-l) < 0

fa(i-l) = 0;

else

end

end

fa(nnodesx)=fa(nnodesx-l);
fad) = fa(2);
J(l,:) = J(2,:);
fa;

end

*/, calculate the effectiveness factor

eta(j,l) = sum(l) * taubar/tau(2)/(TLFnew*CPl(l)/(l+CP2(l)+CPl(l)));
eta(j,2) = sum(2) * taubar/tau(l)/(TLFnew*CP2(l)/(l+CP2(l)+CPl(l)));
•/,JJ(j,:) = DJ'.*D.*Ks./tau/1000;

= J(l,:);

TLFF(j)=TLFnew

XX = ratlist(0,TLFnew*taubar,nnodesx-1,1.2);
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G.5 Matrices Dimension Set-up

7, setup the initial conditions

Qold = ones(2*nnodesz,2); 7, initial guess value
QCPold = ones(2*nnodesz,nnodesx);

Qnew = lE-2 * Qold;

QCPnew = 0 * QCPold;

QCPnewl = zeros(nnodesz,nnodesx);
QCPnew2 = zeros(nnodesz,nnodesx);

TLFF = zeros(nnodesz,1);

sum = zeros( 2,1);
DJ = zeros(2,1);

eta = zeros(nnodesz,2);

JJ = zeros(nnodesz,2);
Jf = zeros(2*nnodesz,nnodesx) ; 7. flux in the biofilm

faf= zeros (nnodesz, nnodesx); 7# active biomass ratio
xr = zeros(nnodesz,nnodesx);

G.6 Parameter Evaluation

7. 7.
7. PARAMETER FILE Oct. 18, 1997 7.
7. 7.

7. biofilm kinetic parameters for substrate
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k = [8.4385 1.5783]; */, reaction constant, mg/mg/day
Ks = [1.106 1.524]; '/, saturation pareuneter, mg/L
Y = 0.4872; */, yield coefficient
Tc = 0.05; */, TCE transformation capacity
bm = 0.12; '/, cell decay consteint 1/day
Xf = 60; */, biofilm density mg biomass/cm~3

*/, Physical pareimeters of toluene auid TCE

D = [0.8899 0.78]; '/, diffusivitiesin aqueous phase cm"2/day
H = [0.3687 0.2656]; */, Henry's law constant
vis = 864; *!, viscosity of water g/cm/day
ro = 1; '/, density of water g/cm***3

Df = (1-0.43*Xf-0.93/(11.19+0.27*Xf~0.99))*D;
*/, diffusivity in biofilm cm**2/day

*/, Reactor parameters

Vr = 270; */, total reactor volumn ml

Lr = 55; 7, reactor length cm
Dr = 2.5; reactor diameter cm

d = 0.4; 7, beads diameter cm

7. Estimation peirameters

A = pi/4*Dr"2; 7# reactor cross section area cm**2
As = 11; 7. spesific mass treuisfer area /cm
R = Qr/Qi; 7i recycle ratio
u = Qi/A*60*24; 7. superficial velocity cm/day
DE = 0.67*D+0.65*d*(l+R)*u*(l+6.7*(D/(d*(l+R)*u)).~0.5);

7. dispersion coefficient cm**2/day

% Parameters auid gas flow, liquid hold-up estimation

cl = 1.4287; 7. fitting parameters from experiments
c2 = 0.4065;

thetaL = cl * (Qi*(l+R)/A*0.01/60)~c2; 7. liquid hold-up
al = 2.9879;

a2 = 0.3674;
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Qg = al * Qi~a2 * 60 *24; */, Gas recycle rate ml/day
thetaP = 0.6; */, beads holp-up
thetaG = 1 - thetaL - theteiF; */, Gas hold-up
V = Qg/A; */, gas superficial velocity cm/day

Sc = vis. / (ro*D); */, Schmit number

Re = 2*thetaL*d*u*(l+R)*ro/((l-thetaL-thetaG)*vis);

'/, Reno Ids number

L = D*Re~0.75.*Sc.~0.67/(5.7*u*(l+R));

y, Liquid film thickness cm
kL = D./L;

y, Dimensionless parameters

y.theta = [bm/(Y*k(l)) Tc*bm/k(2)] ; */, standard biofilm time
tau = (Ks.*Df./(k.*Xf)/1000)."0.5;

y, standard biofilm depth dimension
taubar = (tau(l)*tau(2))"0.5; */, geometric average
DDf = Df./D;

sh = kL.*taubar./Df; */, Sherwood number

a = tau(2)/tau(l);

b = 1/a;

y, Reactor dimensionless group

pe = Lr*u./(thetaL*DE) ; */, Peclet number
alpha = Lr*kL*As/u; '/, mass tratnsfer number for L-B
beta = alpha; */, for L-G; ~ area is the same
gamma = Lr*kL*As/v; '/, gas phase mass transfer number

y. Shear stress Re < = 10 (yes)

sigmma = 100*vis*u*(l+R)*(l-thetaL-thetaG)"3...

/(d~2*thetaL~3*As*7.46*10~9);
bs = 0.0842 * sigmma"0.58;
bprime = bm + bs;

theta = [bprime/(Y*k(l)) Tc*bprime/k(2)] ;

prmout
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