Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen



The Van Houten library has removed some of the
personal information and all signatures from the
approval page and biographical sketches of theses
and dissertations in order to protect the identity of
NJIT graduates and faculty.



INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may
be from any type of computer printer.

The quality of this reproduction is dependent upon the quality of he
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in
reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly
to order.

University Microfiims International
A Bell & Howell Information Company

300 North Zeeb Road. Ann Arbor, Mi 48106-1346 USA
313/761-4700 800/521-0600



Order Number 9426998

Engineering analysis of a packed-bed biofilter for removal of
volatile organic compound (VOC) emissions

Shareefdeen, Zarook Mohamed, Ph.D.

New Jersey Institute of Technology, 1994

U-M-1

300 N. Zeeb Rd.
Ann Arbor, MI 48106



ABSTRACT

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

by
Zarook M. Shareefdeen

This study dealt with removal of VOC emissions from airstreams using an evolving
new technology which is known as biofiltration. The basis of this technology is
biodegradation of VOCs in biofilms formed around porous solids which are placed in
packed-bed reactors.

A detailed model describing steady state biofiltration of single and mixed VOCs
was developed, and experimentally validated. = The model takes into account
biodegradation kinetics, the effect of oxygen, kinetic interactions among structurally
similar compounds, and mass transfer from the gas phase to the biolayer. It was found
that oxygen (a factor neglected in all previous studies) plays a very important role in
biofiltration of VOCs, especially those which are hydrophilic. It was also found that the
kinetics of biodegradation are cbmplex, and that assumptions of zero or first order kinetics
made by other researchers are invalid, and can lead to significant errors in biofilter design.
Sensitivity studies with the model have shown that some of the kinetic parameters, and the
biofilm surface area per unit volume of biofilter bed are important in all cases. For
hydrophilic solvent vapors, sensitivity studies indicate that oxygen availability in the
biolayer is also extremely important.

The model was experimentally validated. In the case of single VOCs, methanol,
benzene, and toluene were the model compounds. Methanol data were obtained from

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



study from a unit 75cm-high and 10cm in diameter. For benzene removal, the residence
time was varied from 2.7 min to 4.7 min, and the concentration in the inlet air from 0.07
gm3 to 0.56 gm3. During the experiments for toluene vapor removal, the residence time
was varied from 2.7 min to 8.6 min, and the inlet concentration from 0.62 gm3 to 2.81
gm3. Validation of the model for the case of mixed VOCs was done with experiments
involving mixtures of benzene and toluene. The unit was a three-stage glass column
specifically designed during the course of this work. Each segment was 15.2¢m in
diameter and. 30.5cm in height. Residence times varied from 0.9 min to 3.1 min, inlet
benzene concentrations from 0.13 gm to 0.37 gm3, and inlet toluene concentrations from
021 gm?3 to 0.52 gm3. In all cases, there was excellent agreement between model
predictions and experimentally obtained concentrations. The experimental columns were
continuously operated for periods over six months for single VOCs, while for mixed
VOCs the column operated continuously for a year and a half. Except at start-up, in no
case were additional nutrients added to the columns, while the pressure drop never
exceeded 0.25" water/m of biofilter bed. Peat and perlite mixtures (2:3 volume ratio
before packing) were used in all columns as solid porous support for the biofilm.

Transient operation of biofilters involves, in addition to the mass transfer and
reaction processes occurring at steady state, reversible adsorption of VOCs onto the
packing material. This extra process was taken into account in developing a model which
describes transient biofiltration of airstreams containing a single VOC. This model was
experimentally validated with data for transient removal of toluene vapor. Good
agreement was found between theory and experiments.

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

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



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

by
Zarook M. Shareefdeen

A Dissertation
Submitted to the Faculty of
New Jersey Institute of Technology
in Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy

Department of Chemical Engineering,
Chemistry, and Environmental Science

May 1994



APPROVAL PAGE

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

Zarook M. Shareefdeen

Dr. Basil C. Baltzis, Dié@nﬁﬁﬁ‘/ﬁvisor " Date
Professor of Chemica! Engineering, NJIT
Dr. Gorddn A. Lewandowski, Committee Member / Daté

Professor of Chemical Engineering, NJIT

Dr. Piero M. Armenante, Committee Member T Sﬁte ‘
Professor of Chemical Engineering, NJIT

Dr. Dana E. Knox, Committee Member | bate
Associate Professor of Chemical Engineering, NJIT

Dr. Richard Bartha, Committee Member Date
Professor of Microbiology,

Department of Biochemistry and Microbiology,

Rutgers University (New Brunswick)



BIOGRAPHICAL SKETCH

Author: Zarook M. Shareefdeen

Undergraduate and Graduate Education:

o Doctor of Philosophy in Chemical Engineering
New Jersey Institute of Technology, Newark, New Jersey, 1994

o Master of Science in Chemical Engineering
King Fahd University of Petroleum and Minerals, Dhahran, Saudi-Arabia, 1989

¢ Bachelor of Science in Chemical Engineering
King Fahd University of Petroleum and Minerals, Dhahran, Saudi-Arabia, 1985
Major: Chemical Engineering

Publications and Presentations:

Baltzis, B. C., and Z. Shareefdeen, in preparation as a Chapter in Biological Treatment of

Hazardous Waste, G. A. Lewandowski and L. J. DeFilippi (Eds.), John Wiley & Sons
Inc., New York, 1994,

Oh, Y. S., Z. Shareefdeen, B. C. Baltzis, and R. Bartha, "Interactions between Benzene,
Toluene, p-Xylene (BTX) during Their Biodegradation." Biotechnol. Bioeng. (in press)

Shareefdeen, Z., and B. C. Baltzis, "Biological Removal of Hydrophobic Solvent Vapors

from Airstreams." accepted for presentation at the First International Symposium on
Bioprocess Engineering, Cuernavaca, Mexico (1994).

Baltzis, B. C., and Z. Shareefdeen, "Biofiltration of VOC Mixtures : Modeling and Pilot
Scale Experimental Verification." accepted for presentation at the 87th A&WMA
Meeting, paper no. 94-WP260.10P, Air & Waste Management Association, Cincinnati,

Ohio (1994).

Shaikh, A. A., A. Jamal, and Z. Shareefdeen, "Boundary Value Problems in Reactive Gas
Absorption." Chem. Eng. Journal, (in press).

iv



Shareefdeen, Z., B. C. Baltzis, Y. S. Oh, and R. Bartha, "Biofiltration of Methanol
Vapor." Biotechnol. Bioeng., 41, pp 512-524 (1993).

Baltzis, B. C., Z. Shareefdeen, and H. Androutsopoulou, "Solvent Emissions Control with
a Packed-Bed Biofilter: Steady-State and Transient Behavior." 1993 AIChE Annual
Meeting, St. Louis, MO (November 7-12, 1993).

Baltzis, B. C., and Z. Shareefdeen, "Modeling and Preliminary Design Criteria for Packed-
Bed Biofilters." pp. 1-16, in Proceedings of the 86th A&WMA Meeting, Paper No. 93-
TP-52A.03, Air & Waste Management Association, Denver, CO, (June 13-18, 1993).

Shareefdeen, Z., and B. C. Baltzis, "Engineering Modeling of Packed-Bed Biofilters." The
Second International Symposium on In situ and On-Site Bioreclamation, San-Diego,
CA (April 5-8, 1993).

Baltzis, B. C,, and Z. Shareefdeen, "Biofiltration of BTX Vapors : Data Modeling and
Numerical Studies on Optimal Column Design." 1992 AIChE Annual Meeting, Miami,
FL (November 1-6, 1992).

Baltzis, B. C., Z. Shareefdeen, R. Bartha and Y. S. Oh , "Microbial Scrubbing of Solvent
Emissions." 1991 AIChE Annual Meeting, Los Angels, CA (November 17-22, 1991).

Baltzis, B. C., and Z. Shareefdeen, "Mathematical Modeling of a Biological Filter for
Scrubbing Volatile Organic Carbon Emissions.", 7991 AIChE Annual Meeting, Los
Angels, CA (November 17-22, 1991).

Shaikh, A. A., and Z. Shareefdeen, "Some Remarks on the Effect of Flow Directions on
Steady State Multiplicity in Bubble Column Reactors." Chem. Eng. Sci., 45, no. 4, pp
1137-1339 (1990).

Shaikh, A. A., and Z. Shareefdeen, "Closed form Solutions for the Performance of Gas-
Liquid CSTRs with Second Order Reactions" Chem. Ing. Tech., 60, pp 46-48 (1988).



This dissertation is dedicated to
my wife Fareena,
nty mother Ayesha,
and
to the loving memory of my father
Mohammed Shareefdeen

vi



ACKNOWLEDGMENT

The author wishes to express his sincere gratitude to his advisor, Professor Basil
Baltzis for his guidance, encouragement, and moral support throughout this research.

The author is grateful to Professors Gordon A. Lewandowski, Piero Armenante,
Dana E. Knox, and Richard Bartha for serving as members of the committee.

The author appreciates the timely help and suggestions from his colleagues and
friends Dr. Sitaram Dikshitulu, Mr. Socrates Ioannides, Dr. Cheng-Ming Kung, Dr. Peter
Lenas, Dr. Young-Sook Oh, Dr. Nirupam Pal, and Mr. Kung-Wei Wang.

Mr. Clint Brockway, and Ms. Gwen San Augustin provided timely and expert
assistance with the experimental set-up and analytical instruments. Departmental support,
as well as financial support from the Hazardous Substance Management Research Center
(HSMRC: A NSF Industry/University Co-operative Research Center) through funded
research projects, are also greatly appreciated.

Finally, the author thanks his wife Fareena and all members of his family in Sri-
Lanka, for their patience, support, and constant encouragement without which this work

could not have been accomplished.

vii



TABLE OF CONTENTS

Chapter Page
1 INTRODUCTION ......ccoooiiiiirieniiniininieeirisresstssstssas e e s ets e s srassssassesassesssrnes 1
2 LITERATURE REVIEW........ccoociiiiiiimininieirisiennriie s e sssssessnesssaniaesiaens 6
2.1 Principles of Biofiltration...........c..ccoooviviniiiiiii 6
2.1.1 INtrodUCHION ......oocviiiiiriiiicirnt et e e st 6

2.1.2 MICTOOTBANMISINS. ..c.veeueerreeiienieitierniie i rreiaee st s ebeearenestaessaeeassesaeeas 9

2.1.3 Oxygen Availability and External Nutrient Supply..........ccccovriiinenin 9

2.1.4 Moisture and Temperature effects ..........c..c.coceevviiiniiniiinninninniieen 10

2.1.5 Pressure DIOP .....coovvieriiirreiiniiireeiee i eeitianice s rrae e s 11

2.1.6 PH-CONIOL......coviiiiiiiiiiiiii it 11

2.2 Feasibility of VOC Removal in Biofilters ............cccoccieininiinn, 12

2.3 Studies on Modeling of the Biofiltration Process ...........cccoeviviciinuiininnann, 13

2.4 Transient Operation of Biofilters ...........cccoeeviivniiiiniii 14

2.5 Economics of BiOfiltration.............cccccevieiencinionininiineie e 15

3 OBIECTIVES ....ocoiiiictienene ettt srrsen sttt e s s be s bbb 17
4 EXPERIMENTAL APPROACH AND PROCEDURES ............ccoocvvmmniiiiiniii 19
4.1 Materials and APParatus.........c.coovveireirerineinriieiineesiineinnresseisnncesessienanss 19
4.1.1 Chemicals and MiCrOOIZaNISMS. .........coecvvrriireririeeeeiveeenirresimesssnaeesn 19

4.1.2 Medium Preparation........coeeivereeeeeneeneonee et cersiesase s 19

4.1.3 Experimental Set-up...........cocoovveiiiiiiiiiiiiiii e 20

4.2 Experimental Procedures..........ccoovviviiiiiiiiiniiiniiiiiii e 23
4.2.1 Preparing the Packing Material................c..ccooiinn 23

viii



Chapter Page

4.2.2 Biofilter EXPEriMents............cccveiievimiceeeenieenieeiieeieerisiiessennessnesssnns 24
4.2.3 Adsorption EXperiments.........c..cocceeveereniarieninniiennnniine e 25

5 KINETICS OF BIODEGRADATION .........ccccovvimeiniiiiiiieninnsssrennen e 26
5.1 Modeling of Biodegradation Kinetics.........c...ccccoeiiiiniiiiiniiiiiiiiiniiien, 26
5.2 Biodegradation Kinetics of Individual VOCs ............ccocvninvniiniiininininne, 29
5.2.1 Kinetics of Methanol Utilization ..............cccooiniiiiiiiiinincniene, 29
5.2.2 Kinetics of Benzene and Toluene Utilization...........c.ccoovvieriiinirennnnne. 30
5.2.3 Dependence of Kinetics on OXygen ........cccooevininiiiiiniicenicnininceene, 31
5.3 Biodegradation Kinetics of Mixed VOCs...........c.coooevnmiiiiinniinn 33
5.3.1 Utilization of Benzene-Toluene Mixtures...........ccocoovreeennicinnciiinnnnn, 34

6 STEADY-STATE BIOFILTRATION OF SINGLE VOCs ........cccoooviviiniiininenn. 37
6.1 Mathematical Model Development ...........c..ccoovciiiiiiiiininiiinc, 37
6.2 On the Solution of the Model .............c..ccoiniiiiiniie 42
6.2.1 Determination/Estimation of Model Parameters................ccceceninnnn. 42
6.2.1.1 Kinetic Parameters..........c.c.cceecveeeviniininiinininiennnnnssnniees e 42
6.2.1.2 Yield Coefficients ...........cccooceeiveeerieicesceniceii e 42
6.2.1.3 Biofilm Density ........ccc.ocoveimrieirieriiiin e e 44
6.2.1.4 Distribution Coefficients.............ccooerrircineciiiiiiiies 44
6.2.1.5 Diffusion Coefficients ............ccccccoceevviiniininieni e, 45
6.2.1.6 Effective Biolayer Thickness...........ccccorvnvveeierinininennene e 46
6.2.1.7 Specific Biofilm Surface Area............ccccevvviiivieinnniinninnnnineennecns 46

6.3 Numerical Methodology.........cccooeeiiininiiniiie e 47
6.4 Biofiltration of Methanol ............ccccooeviiiiiniiinie i 48
6.4.1 Removal Rates at Various Flow Rates and Inlet Concentrations.......... 48

ix



Chapter Page

6.4.2 The Model, its Assumptions and Implications ............c..cccevninriennnne. 54
6.4.3 An Alternate Representation of the Resuits, and
Sensitivity Analysis of the Model.............cocoviiininiiin, 59
6.5 Biofiltration of Benzene and Toluene...........ccccoovimenneeinniiinnininiennen e 66
7 STEADY-STATE BIOFILTRATION OF VOC MIXTURES............cccoovvnrnninne 76
7.1 General Theory of Biofiltration of Mixed VOCs .........ccocovviiinnnniiiinnnnnn. 76
7.2 Biofiltration of a Mixture of Two VOCs Involved in a Competitive
Kinetic INteraction...........cocouieiiiiieiienieieniecicniiicncieiee e 79
220 T ¥ 117 o 2O TP P CTOPRP 79
7.2.2 Numerical Methodology..........cccoeciviecieiniiicciiecieeec 84
7.2.3 Results and DiSCUSSION ...........cooviveiiireiiiieeinnere e e 84
8 TRANSIENT BIOFILTRATION OF SINGLE VOCs.......c.cccccoeviciiovcicuvanrnnn. 93
8.1 Development of the Mathematical Model ..............coconiiiiiniinnii. 93
8.1.1 Simplification of the Model.............cccoviiiininiiiiie, 99
8.2 Numerical Methodology ...........ccccocvieiiicoimiiieiiccci e, 101
8.3 Determination of Model Parameters ............ccoovevviiininienineeciieennninn e, 102
8.4 Results and DISCUSSION ...........coovieiiieiiieenieieeerieereenires s eteniee st e s eiis 104
9 CONCLUSIONS AND RECOMMENDATIONS ........ccocoivmnmnninneieieinens 110
APPENDIX A Computer Code for Solving the Steady-State Biofiltration
Model for a Sinlge VOC.........ccecivveiiiienniiinicineniiins 114
APPENDIX B Computer Code for Solving the Steady-State Biofiltration
Model for a Mixture of Two VOCs.......ccccvvriniiininniciiiinnnnn 121
APPENDIX C Computer Code for Solving Biofiltration of a Single VOC
Under Transient Conditions..........ccccocvevvivrvmnrieeccnrieninieerensieen 132
REFERENCES .....oooioiiiee ittt ettt ete et eeataeateaeaass e sseeas st s bt stesnsesbeesabanbnan 143



LIST OF TABLES

Table Page
5.1 Growth characteristics and parameters of the bacterial consortium and

strain PPO1 on benzene and toluene...........cccccccovvmiiiiiciiiiiiciiicn e 31
6.1 Removal rates of methanol vapors at constant inlet concentration and

varying air flow Tates..........cc.covviiiriinireniienieni e 49
6.2 Parameter values used for solving the model equations.............cc.cccovvrninninens 50
6.3 Experimentally measured removal rates of methanol vapors in individual

sections of @ bIOfIter ...........oooeeviiiiiiii 51
6.4 Removal rates of methanol vapors at constant air flow rate and varying

inlet concentrations in separated cOlumnS ............c.ccoeceiniriniinicinniieniicnen. 53
6.5 Parameter values used for solving the model equations for the case of

hydrophobic SOIVENtS. ...........cociviviiciiiiiii 68
6.6 Steady state biofiltration of benzene vapors: Experimental data and model

PrEAICHIONS «...eeiiiereerireeriret ettt st 69
6.7 Steady state biofiltration of toluene vapors: Experimental data and model

PrEdiCLiONS ....c.uiiiiiiiiiiiiiie et e 71
7.1 Parameter values used for solving the model equations for the case of

benzene-toluene MIXIUIES ......cc.vvvierererirseeiiie et 87
7.2 Steady state biofiltration of benzene-toluene mixtures: Experimental data

and model PrediCtionS .........cooceviiiiiiiiiiriiin 88
8.1 Parameter values used for solving the transient model equations....................... 105



LIST OF FIGURES

xii

Figure Page
2.1 Schematic layout of a biofilter..........ccccvriiicii 7
2.2 Schematic layout of a biotrickling filter............c.cccccoooerviinivvimennniinnnennnnn, 8
2.3 Schematic layout of a bioSCIUbDET .........cccocveiiieiivciriit e 8
4.1 Schematic of the experimental packed-bed pilot biofilter unit...............c............ 21
4.2 Schematic of the experimental packed-bed intermediate biofilter unit................ 22
5.1 Specific growth rate of biomass on methanol under no oxygen limitation.......... 29
5.2 Specific growth rates of strain PPO1 and the consortium on benzene and

TOJUBNE oottt et ettt et s 32
5.3 Comparison of model predictions and experimental data from a

biodegradation experiment with a benzene/toluene mixture when 1 puL of

each solvent is added to the medium............ccoeeviiiiniiivcnin 35
5.4 Comparison of model predictions and experimental data from a

biodegradation experiment with a benzene/toluene mixture. In this

experiment, 1 pL of benzene and 2 pL of toluene were added to the

MEAIUM et e e etre e e s e e s e e e b re e srae s ae e eshes e e 36
6.1 Schematic of the biofilm model concept at a cross-section along the

bIOfilter COIUMN ........c..oiieiiiiiee ettt e 38
6.2 Concentration profiles of methanol vapor in the air along a biofilter column

at constant inlet concentrations and increasing superficial air velocities.......... 51
6.3 Concentration profiles of methanol vapor in the air along a biofilter column

at constant superficial air velocity and increasing inlet concentrations ............ 53
6.4 Characteristic dimensionless concentration profiles in the biolayer for a

case of methanol vapor removal. Specific conditions: u, = 6.42 m h?, ¢,

= 6.56 g m3, middle point of the column (2= 0.5).......cccccoeirvnnnnnnnnnn. 57
6.5 Methanol removal rate as a function of superficial velocity : Comparison

between model predictions (curve) and experimental data...................cc...... 60
6.6 Model predictions for methanol percent removal as a function of inlet

concentration for three values of space time ..............ccccvvvevecerinceeiicniennneen. 61
6.7 Methanol percent removal as a function of space time: Comparison

between model predictions (curve) and experimental data...............cccceveeennne. 62



Figure Page
6.8 Sensitivity analysis of the effect of kinetic parameters on the removal rate
of a single substance whenc; =6.5gm3and T=3.6 min..........ceocviinnnnn, 63

6.9 Effect of oxygen on the removal rate of methanol when t = 3 min., and ¢y
=2.67 gm3(curvea), or 6.98 gm3 (curve b)......ccccocevvvmrrrriiniiiiinin 64

6.10 Sensitivity analysis of the effect of parameters m, Xy, , and Ag on the
removal rate of a single substance when ¢; = 6.5 gm3 andu,=7.9mh?....65

6.11 Characteristic transient response of biofilters during start-up.
Dimensionless concentrations at 0.35H, 0.8H, and at the exit of the
biofilter (curves 1,2,3, respectively), as a function of time..............c.c.cecee. 67

6.12 Benzene vapor concentration profile along the biofilter under steady state
conditions : data and model predictions (curve). For this experiment, cg;

=028 8M3, T=4. 1 MIN. cooviiriieiiiiiiencte ettt 70
6.13 Model predicted concentration profiles for benzene and oxygen in the - y
biolayer at h=0.5H. .......cc..cceoiiiiiiiriiiiire e 70

6.14 Toluene vapor concentration profile along a biofilter column under steady
state conditions when cp; = 2.81 g m3, 1= 6.3 min, V, = 5150 cm™3.

Data are compared to the model predictions (curve)............ccooeveveiiicinnnnnn. 72
6.15 Removal rate of benzene as a function of load ..............cccooecviiniiiinniicn 73
6.16 Removal rate of toluene as a function of load ...........c.ocoevriiiiciinn 73
6.17 Sensitivity of the model to the values of parameters Agand Xy ....................c.. 74

7.1 Transient data from the start-up of a biofilter unit treating airstreams
containing a benzene/toluene MIXtUTe .........c..ccoceveiieecneninnceiee e 85

7.2 Concentration profiles of benzene (curves 1), and toluene (curves 2) along
the biofilter. The experimental conditions for graph (a) are cg; = 0.367
gm3, cp; = 0.225 gm3, T = 3.1 min; for graph (b), cg; = 0.165 gm3, c; =

0.382 gm?, 1= 1.5 min; in all cases, Vp, = 15,291 cm3. ..., 89
7.3 Model predicted concentration profiles in the biolayer at the middle point
of a biofilter operating under the conditions discussed in Figure 7.2a............ 90

7.4 Model sensitivity studies on the effect of oxygen on the removal rate of a
mixture of benzene and toluene ................ccccoviivininiiin 91

7.5 Sensitivity studies on the effect of the kinetic interaction constants Ky
(left graph) and K (right graph), on the removal rate of benzene and
LOIUBIIE VAPOTS. .. .ouiiieiiiiiieeerisiinrresaesmertereartnieneiineseeseaesraseessssrateneessinsreeees 91

8
X



Figure

8.1 Model concept for description of biofiltration under transient conditions.
Only part of the surface area is covered with biolayer. VOCs transferred
to the biofilm undergo degradation. VOCs are also reversibly adsorbed

on the solid packing through the bare surface of the particles.....................

8.2 Adsorption isotherm of toluene on a peat/perlite mixture (2:3 volume

Y5 (o) T OO OO T OU OO P PO UUROUPRRPRN

8.3. Removal of toluene vapor under F = 0.049 m3h*!, and cp; = 2.81 gm3.
Behavior from start-up to steady state conditions. Model predictions
(curves) and experimental data (symbols) are given at two locations:

(a) one-third height of the biofilter, and (b) exit of the biofilter. .................

8.4 Removal of toluene vapor under F = 0.049 m3h!, and cp; = 2.81 gm3,
Behavior from start-up to steady state conditions. Model predictions
(curves) and experimental data (symbols) are given at two locations:

(a) one-third height of the biofilter, and (b) exit of the biofilter. .................

8.5 Removal of toluene vapor under two sets of operating conditions.
At start- up, F=0.116 m*h-!, and c; = 0.625 gm? (curves a); when
steady-state was reached, the system was perturbed so that
F=0.074 m3h!, and cp; = 0.919 gm? (curves b). Transient and
steady state data are compared with model predictions (curves), at

one-third height and exit of the biofilter bed. ............c.cccccoiieniiiiiiininn,

8.6 Removal of toluene vapor under two sets of operating conditions.
At start-up, F = 0.036 m3 h'l, and c; = 0.684 gm-? (curves a); when
steady-state was reached, the system was perturbed so that
F =0.04 m*h!, and c; = 1.65 gm™3 (curves b). Transient and
steady state data are compared with model predictions (curves),

at one-third height and exit of the biofilterbed..............c.ccocovviiiirrinnnnn.

xiv

Page

... 106

.. 107

... 108



Ciio

LIST OF SYMBOLS

: biolayer surface area per unit volume of biofilter (m-!)

: total surface area available for biolayer formation and

adsorption per unit volume of biofilter (m!)

: biolayer surface area per unit volume of reactor, for VOC j (m)
: biomass concentration in a closed vessel (g m?)
: initial biomass concentration in a closed vessel (g m3)

: concentration of substance j in the air at a position h along the biofilter (g m3)
: equilibrium concentration of a pollutant j at the gas/solid interface (g m3)

: value of c;att=0 (g m3)

: value of ¢; at h = H (g m3)

:valueof c;ath=0 (g m?)

:value of ¢c;ath=0and t =0 (g m?)

. concentration of substance j on the solid particle

(g of pollutant j-adsorbed/g particle)

: concentration of substance j on the solid particle at t =0

(g of pollutant j-adsorbed/g particle)

: 0Xygen concentration in the air at a position h along the biofilter (g m™3)
. OXygen concentration in the air at the inlet of the biofilter (g m3)

: oxygen concentration at h=0 and t = 0 (g m™3)

: dimensionless concentration of a compound j in the air (Ej =c,fc ji)
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CHAPTER1

INTRODUCTION

Volatile organic compounds (VOCs) may be present in final products such as gasoline, but
are primarily used as solvents and feed-stock chemicals in the pharmaceutical and chemical
industry. They are also used in lacqueries and paint shops. Due to their volatility, VOCs
are emitted in large amounts (75), and create not only nuisance problems (odors), but -
most importantly- hazards to the ecosystem, and health effects to humanas. Treatment of
off-gases has been practiced for years, and is primarily based on washing in packed-
columns, activated carbon adsorption, and incineration (21). Of these three methods, only
incineration leads to destruction of the pollutants, but it is an expensive method due to the
high temperatures required. In addition, incineration leads to NOx gas formation.
Adsorption on activated carbon is an effective method, but it leads to solid waste
formation since regeneration is too expensive (21). Even if regeneration is practiced,
desorbed VOCs need treatment. Treatment is also needed for VOCs adsorbed in water
during packed-bed column washing operations. Clearly, industry and even small
operations such as dry cleaning, are faced with a serious problem regarding VOCs. The
problem has become much more severe, as environmental regulations regarding VOC
emissions have become much stricter in the recent years. The Clean Air Act Amendmenis
of 1990 (CAAA) have made VOCs a priority for manufacturing operations in the US.
Because of CAAA, intense research efforts are underway, in both industrial and
academic quarters, for finding new, efficient, and economical technologies to deal with the
problem of VOC emissions. A number of these research efforts have focused on the use
of biological means to purify contaminated airstreams. Biological treatment of industrial

and municipal wastewaters has led to the development of well established and economical



pollution control technologies. To a lesser extent, biodegradation has been also
successfully employed in the remediation of contaminated soils. It is hoped that biological
treatment will lead to development of cost effective technologies for purification of
contaminated airstreams.

A biodegradation-based process for air pollution control which has attracted a lot
of attention in the recent years is biofiltration. This process is expected to be effective at
low VOC concentrations (49). Such low concentrations (ppm levels, i.e., mg/Kg-air) are
characteristic for emissions. Biofiltration takes place in reactors known as biofilters. A
biofilter is a reactor packed with a porous solid material (e.g., peat, perlite, compost,
ceramic particles) on which a proper microbial population is immobilized forming a
biolayer. The contaminated air passes through the reactor, and the pollutants are
transported to the biolayer where they are biodegraded. There are different types of
biofilters (18, 47), and the term trickling biofilter or bioscrubber is used in cases where a
recirculating water stream flows continuously through the biofilter bed. Classical
biofilters, which are the topic of this work, do not have a continuous liquid phase. The
required moisture is provided by saturating the airstream before it enters the unit, and/or
by supplying liquid water occasionally, as required.

Although soil and compost beds have been used for years for odor control
purposes, work on biofilters for elimination of industrial solvent emissions started a
decade ago by Ottengraf and his co-workers in the Netherlands (22, 47, 52). Less than
three years ago, Leson and Winer (39), after reviewing the existing literature, concluded
that there has been little research on, and commercial use of, biofilters in the US when
compared to Europe. This seems to be rapidly changing, and some studies performed in
the US were published in the past two years. These studies are discussed in the next
chapter of this dissertation.

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

experimentally validate mathematical models of the process, for predictive and the scale-



up calculations. Only one model was found in the literature (52), and it is very simplistic.
Biofiltration is a complex process, or at least more complex than biodegradation of liquid
wastes, since it involves more than one phase; thus, kinetics alone are not enough to
describe it, and one needs to take into account mass transfer problems associated with the
transport of the pollutants from the gas (air) phase to the biolayer, as well as the transport
(diffusion) of the pollutant within the biofilm. Furthermore, transient operation of
biofilters is affected by the physical adsorption of VOCs onto the packing material, a
phenomenon which has never been discussed, or modeled mathematically.

The present study was undertaken with the intent to develop, and experimentally
validate detailed engineering models of biofiltration. A detailed model describing steady
state and transient operation of a biofilter used in purification of airstreams containing
vapor of a single VOC has been developed, numerically solved, and experimentally
validated. Also, a detailed model describing steady state biofiltration of VOC mixtures has
been developed, and experimentally validated for the case where airstreams contain vapors
of two VOCs. As opposed to approaches taken by other researchers, this study took into
account the availability of oxygen, and its potential limiting effects on the process.
Furthermore, at the kinetic level, actual expressions (experimentally determined) were
used instead of simplistic approaches where the kinetics are assumed to be zero-, or first-
order at best. For mixtures, potential interactions among solvents were also considered,
rather than assuming that each pollutant in a mixture is removed in the biofilter as if no
other pollutant was present. Finally, adsorption/desorption was taken into account in
developing the transient model.

Experimental validation of the models was based on data from biofiltration of
methanol, benzene, toluene, and benzene/toluene mixtures. Methanol, a hydrophilic
compound, is an important chemical feedstock and industrial solvent. Its global annual
production is approaching 20 million metric tons (34). Losses of methanol vapors to the

atmosphere during manufacture, use, and disposal have not been assessed but are likely to



be substantial. Benzene and toluene, two rather hydrophobic compounds, are classified as
priority environmental pollutants (25). This classification is based on their substantial
toxicities, and on the carcinogenic potential of the benzene component (15). Benzene and
toluene are substantive constituents of gasolines (29), and also serve as industrial solvents
and/or feedstocks for synthesis (63).

Since biodegradation kinetics are important in describing the biofiltration process,
a considerable effort was placed in this study in deriving appropriate kinetic expressions.
Dr. Young-Sook Oh performed shake-flask, suspended culture experiments in the
laboratory of Professor Richard Bartha (Rutgers University, New Brunswick, NJ). These
data were analyzed during the course of the work reported in this dissertation. Methanol
degradation was studied with the use of a microbial consortium. Benzene and toluene,
alone and in mixtures, were degraded by a microbial consortium and a pure culture of
Pseudomonas putida. 1In the case of benzene/toluene mixtures, special emphasis was
placed on the potential interactions between the two structurally similar compounds. It
should be mentioned that although the pathways of benzene, toluene, as well as xylene
(BTX compounds) degradation are well known (31, 66), substrate interactions are not
well understood, and make treatment of mixtures much less predictable (1, 4, 13, 35).
The kinetic expressions derived from this part of the study, were subsequently used in
describing biofiltration of these compounds by employing the same microbial cultures.

Analysis of methanol vapor biofiltration was based on data obtained by Dr. Oh in
Professor Bartha's laboratory. All other biofiltration experiments were performed during
the course of this dissertation. These experiments involved biofiltration of benzene vapor
at steady state, biofiltration of toluene vapor both under steady state and transient
conditions, and steady state biofiltration of benzene/toluene mixtures. In all cases, the
packing material used was a mixture of peat and perlite particles. Experiments with
methanol were performed in small scale biofilters (Scm diameter, 60cm high).

Experiments with benzene and toluene (individually), were performed in intermediate scale



biofilters (10cm-diameter, 75cm high).  Finally, experiments with benzene/toluene
mixtures were performed in a pilot scale, three-stage unit (15¢m-diameter, 100cm total

height).



CHAPTER 2

LITERATURE REVIEW

2.1 Principles of Biofiltration

2.1.1 Introduction

Biofiltration technology is an adaptation of the process by which the atmosphere is
cleaned naturally. Plants and soil adsorb VOCs from the atmosphere, and degrade them.
Inefficient contact of soils and plants with VOCs which are in the atmosphere, lead to
relatively low reaction rates. Biofiltration provides maximal contact, and allows sufficient
time for VOCs to react (10). Biofiltration, currently used on the commercial scale for
odor control in waste treatment, and in food, flavors, and fragrances manufacturing, is
promising also for control of solvent emissions (48).

Biological systems for elimination of volatile organics have been explored both on
the experimental and mathematical modeling levels primarily in the Netherlands by the
pioneering contributions of Ottengraf and his associates (47, 48, 51, 52, 74). Bohn (9),
Pomeroy (59), and Bohn and Bohn (12) described the use of soil and compost beds for
biological treatment of malodorous emissions, but land area requirements and lack of
process control restrict the industrial use of these systems. The first biofilter was patented
in the US by Pomery in 1957, and this design consisted of a slotted pipe buried under a
soil. It was effective in control of odors from sewage treatment plants. This type of soil
bed or "earth filter" is useful when the pollutants are very easily biodegradable, and when

there is sufficient land area (18).
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Nowadays, there are basically three types of biofilters (47): classical biofilters,
biological trickling filters, and bioscrubbers. In a classical biofilter (Figure 2.1),
contaminated gas is forced to rise through a packed column. Materials used as column
packing are humus earths, compost, peat, lava, woody heather, crushed oyster shells,

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

treated air

packing
material

contaminated air
(humidified)

Figure 2.1 Schematic layout of a biofilter

Biological trickling filters (Figure 2.2), which are also known as "fixed-film
scrubbers" (45, 55), "vapor phase bioreactors” (73), or even simply "biofilters" (73),
utilize a continuous water phase which is recirculated through the bed. Bio-trickling filters
employ solid (usually non-porous) support made of inorganic materials, such as plastic
(20, 21, 22) or even ceramic monoliths (68). The water phase carries nutrients for the
microorganisms, and is usually neutralized before recirculation, for pH-control purposes.

While classical, and trickling-bed biofilters employ immobilized organisms,
bioscrubbers utilize dispersed (suspended) cultures. Bioscrubbers consist of two units: a
usual scrubber in which VOCs are transported from the air to a water phase, and a

classical bioreactor where the water exiting the scrubber is subjected to biological



treatment. The two units are integrated into a single system as shown in Figure 2.3.

There are only few studies on bioscurbbers (54, 55).
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Figure 2.2 Schematic layout of a biotrickling filter
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Figure 2.3 Schematic layout of a bioscrubber



2.1.2 Microorganisms
Biofiltration is based on the ability of microorganisms to oxidize (degrade) VOCs.
Primarily, bacterial species are used, and to a smaller extents molds and yeasts (49).
Naturally occurring packing materials such as peat and compost, contain organisms
capable of biodegrading some VOCs. In most cases, the biofilter needs to be inoculated
with a microbial cuiture. Activated sludge suspensions from sewage treatment plants can
serve as inoculum (49) in cases of easily biodegradable compounds. Poorly biodegradable
compounds such as chlorinated hydrocarbons (e.g., dichloromethane, vinyl chloride), and
aromatics (e.g., benzene, toluene), require inoculation with specially cultivated organisms
(49, 51).

Some concern was expressed a few years ago regarding presence of microbes in
airstreams exiting biofilter units after treatment. A study by Ottengraf and Konings (50),
has shown that there is no significant difference between the concentration of

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

2.1.3 Oxygen availability and External nutrient supply

Although biofiltration is an aerobic process, the problem of oxygen availability in the
biolayer where biodegradation actually occurs, has not been discussed in any detail in the
literature. Diks (20), in a study with biotrickling filters, mentions that the oxygen which is
dissolved in the water phase may not be enough for the process, and that a continuous
supply from the gas phase may be required. Bohn (11), mentions that oxygen supply to
the biofilter bed should be of concern in designing biofilters.

Survival of microorganisms, and thus biofiltration, depends not only on oxygen
and carbon sources (a role played by the VOCs), but also on other nutrients such as
nitrogen and phosphorus sources. These additional nutrients are not needed when
materials such as peat, compost, and bark are used as solid support for the organisms.

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

through the water phase (20, 22).

2.1.4 Moisture and Temperature effects

In classical biofilters, the absence of a continuous water phase may create serious
problems during operation. Water is required for biological activity, and is retained in the
biolayer and the pore structure of the packing material. It has been reported (80), that
operation of a biofilter is optimal when 50% of the pores are filled with water. Weighing
sensors have been used for automating water addition to commercial biofilters (80). Due
to high air volumetric rates used during biofiltration, the bed can dry-out very quickly even
when the ambient temperature remains constant. To avoid this problem, contaminated
airstreams are humidified before they are supplied to the biofilter. In some cases
prehumidification is not enough. This is due to the fact that biodegradation is an
exothermic oxidative process. Temperature rises in the biofilter bed induce evaporation of
water from the pores of the solid packing. Thus, at least periodic, addition of water
appears to be necessary. This has been attempted by sprinkling water at the top of the
biofilter bed. Sprinkling of water has been reported to potentially create two problems:
formation of anaerobic zones (53), and creation of lumps of material leading to reduction
in the contact surface between the gas and the biofilter material (75). Another approach
to maintaining proper moisture contents in the biofilter, is the use of steam for
supersaturating the inlet gas streams. However, use of steam can lead to temperature rises
such that biological activity is reduced (74). Good temperature control schemes need to
be used when steam is employed. Leson et al. (38), have discussed the problem of
temperature and moisture content in relation to a biofiltration demonstration project.
Temperature rises, and material dry-out can also lead to channeling effects, something
which leads to considerable reduction in removal rates (53), due to a decrease in the

gas/solid interfacial area.
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Regarding temperatures of operation for biofilter units, it has been reported that
they should be between 5 and 500C (11). Over certain temperature ranges, one could use
an Arrhenius expression to describe the effect of temperature on biodegradation, and
consequently on biofiltration (80). For a case of styrene vapor removal, it has been
observed that the removal rate increases by a factor of 2, when the temperature increases

by 7°C (49).

2.1.5 Pressure drop

Experimental studies (17, 68) have shown that pressure drop in a biofilter is very low.
Typical values are around 1 to 2" water/m-filter-bed (17, 68). Estimation of pressure drop
in a biofilter can be made through the Ergun equation (47, 52). Pressure drop increases
have been observed in cases where a sprinkling system is used for water addition (49).‘
This is due to the fact that excess water at the top of the biofilter leads to clogging of the

packing material.

2.1.6 pH-Control
When chlorinated solvents and nitroaromatic compounds are removed from airstreams by
biofiltration, maintenance of proper pH levels in the unit is of paramount importance.
These units are of the trickling bed configuration, and the water stream needs to be
neutralized before it is recirculated through the reactor (20, 21, 22, 46). Neutralization
products such as NaCl and CaCl, have been reported to have inhibitory effects on the
activity of microbial cultures used in biofiltration (20, 49).

In the case of simple solvents such ethanol, problems with the pH may arise only
when acids are produced due to oxygen availability problems (38). In such cases,
incomplete mineralization of the pollutant occurs, and the problem is not so much related

with pH as with the proper supply of oxygen to the unit.
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2.2 Feasibility of VOC Removal in Biofilters
A number of experimental studies have demonstrated that removal of various VOCs in
biofilters is feasible.

Ottengraf and Van den Oever (52), using a 5-stage classical biofilter have removed
mixtures of toluene, butanol, ethylacetate, and butyl acetate from airstreams. Zilli et al.
(80), also with a classical biofilter which was frequently sprayed with water, have studied
phenol vapor removal from airstreams. Ergas et al. (27) have removed toluene,
dichloroethane, and trichloroethene, also in classical biofilters. Regarding the study of
Ergas et al, it should be noted that a classical biofilter was used despite the fact that
chlorinated solvent vapors were removed. The pH-drop problem was resolved by adding
crushed oyster shells, a source of calcium carbonate, in the packing material. Such
solutions though, are not expected to work in the long run. Ebinger et al. (24), using a
soil bed without external microbial inoculation, have removed propane from airstreams.
Deshusses and Hamer (17), have removed mixtures of methyl-ethyl-ketone (MEK) and
methyl-isobutyl-ketone (MIBK) in classical biofilters, with packing material consisting
primarily of clay spheres. Van Lith (75) conducted pilot scale experiments with classical
biofilters. He reported results from three sets of experiments: one with methylformiate,
one with methanol/isobutanol mixtures, and one with a complex mixture consisting of
styrene, vinylcyclohexene and butadiene. Paul and Roos (56), have reported that they
were able to remove tetrahydrofuran vapor in a commercial biofilter known as BIOBOX
(Comprimo Co.), which was originally developed for onion odor control. They also claim
that other VOCs such as toluene and ethylacetate could be removed in the same unit.
Pilot demonstration studies for removal of styrene (72), and ethanol (38) using classical
biofilters have been also reported.

Fewer studies exist regarding VOC removal in trickling-bed biofilters. All such
studies have utilized inorganic solid support material for the microbial culture, and supply

of various nutrients with the water stream. Utgikar et al. (73), have reported results from
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treatment of landfill leachate offgases. Sorial et. al (68), have treated toluene vapor in a
trickling bed having a monolithic channelized microbial support. Diks (20), and Diks and
Ottengraf (21, 22) have removed dichioromethane in a trickling bed having plastic
support. In these studies, the water stream was passed either co-currently, or counter-
currently with the air-stream, but the results were the same in both cases. Ottengraf et al.
(51), have studied the problem of chlorinated compound removal, as well as removal of
other types of xenobiotic compounds, in trickling-bed biofilters. Phipps and Ridgeway
(58), have reported preliminary results from biofiltration of gasoline fractions containing
toluene, benzene, p-xylene, octane, cyclohexane and trimethylpentane. They have used an
elaborate, fully computerized, system for process monitoring and control.

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

2.3 Studies on Modeling of the Biofiltration Process
Regarding classical biofilters, there is only one model which has been published in the
literature and is due to Ottegraf and van den Oever (52). It deals with steady state
biofiltration, and is based on the assumption that VOCs are in equilibrium at the
air/biolayer interface. Although the authors acknowledge that based on shake-flask
experiments the biodegradation kinetics of single VOCs follow the Monod model (44),
they only consider two limiting cases. At high concentrations they assume zero-order
kinetics, while at low concentrations they assume first-order kinetics. In cases of mixed
VOCs, these authors propose to use the same model in an additive sense. Recent studies
(13, 16, 17), have shown that degradation kinetics of mixtures may be significantly
different from the kinetics of single compound removal, and make the last assumption of
Ottengraf and Van den Oever (52), invalid, at least for cases where structurally similar

compounds are biofiltered simultaneously.
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The model of Ottengraf and Van den Oever has been used by other researchers
(18, 27, 74), as well. The model assumes that oxygen is not exerting any limitation on the
process, and that VOCs, once transported to the air/biolayer interface, diffuse into the
biolayer and are biodegraded. Simple kinetics, especially zero-order, allow for distinction
between diffusion- and reaction-limitation regimes. The notion of effective biolayer
thickness has been also introduced (52), implying that in some cases VOCs are depleted in
a fraction of the biolayer which is called "effective biolayer”. In a very recent study,
Deshusses and Dunn (16), have used more complex kinetic expressions for describing
biofiltration of MEK and MIBK. They used modified Monod expressions for describing
competitive kinetic interactions between the two solvents. This same study reports an
effort to model transient biofiltration of the two solvents.

Models for biological trickling filters have been proposed by Diks (20), Diks and
Ottengraf (22), Smith et al. (67), Utgikar et al. (73), and Ockeloen et al. (45). Again in
most cases, zero- or first-order kinetics are used, and oxygen limitations are neglected.
The main difference between these models, and those used for classical biofilters is the fact
that an extra phase (water), and thus an extra mass transfer resistance is considered.
Ottengraf et al. (51), claim that zero-order kinetics can be used for xenobiotic compounds
which are usually treated in trickling-bed filters. This is an assumption which has not yet
been tested, but it is not likely that it will prove to be generally correct.

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

describing steady-state operation of bio-scrubbers.

2.4 Transient Operation of Biofilters
Biofiltration is a technology for treating VOC emissions. The emissions level is unlikely to
be constant, thus biofilters are more likely to operate under unsteady state conditions.

Furthermore, biofiltration can be applied to batch processes and thus, even if the emission
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level is constant, biofilters may be operating in an intermittent mode (e.g., in painting
booth facilities). Hence, questions such as how well can a biofilter respond to variations
in volumetric flow rate, concentration, and composition are of paramount importance for
commercial application of this technology (18). The fact that biofilters are most likely
operating under varying load conditions was recognized early by Ottengraf et al. (53); the
load is defined as the rate of VOC mass supply per unit volume of biofilter bed. There are
very few published studies on the transient performance and response of biofilters. Togna
and Frish (72), in a demonstration study for styrene vapor removal, observed that
intermittent operation caused no problem in the performance of biofilters; biofilters
inactive over the weekend period achieved normal removal rates within a few hours. Zilli
et al. (80), observed that their biofilter could be inactive for a period of 10 days, and
subsequently be restored to pre-interruption performance levels within a day. Finally, as
reported earlier, Deshusses and Dunn (16), have studied transient biofiltration of MEK

and MIBK mixtures.

2.5 Economics of Biofiltration
Biofiltration is a new technology and for this reason, there are no reports on its cost, or
even estimates of it. It is expected that it may have a substantial capital cost due to the
large volumes of filter-bed required for 99% plus, removal of VOCs which are present at
low concentrations. On the other hand, operating and maintenance costs are expected to
be minimal.

Although VOCs, especially recalcitrant ones, are very much different from
inorganic gases such as H,S, it is mentioned here that Ergas et al. (26), quote the
following claim by Neff. H,S removal from offgases coming from a POTW (Publicly
Owned Wastewater Treatment) facility in a biofilter, had a capital cost of $97,300, and a

yearly operating/maintenance cost of $7,870 (1990 US dollars). The design was for
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treatment of 10,000 cfm of air carrying H,S at a concentration of 20ppm. Exit
concentrations were less than 1ppm. Bohn (10), also gives some costs for biofiltration,
and his numbers seem to indicate that the cost of biofiltration is two orders of magnitude
less than the cost of incineration, and one order of magnitude less than the cost of

activated carbon adsorption.



CHAPTER 3

OBJECTIVES

The key objective of this study was to derive and experimentally validate, detailed
engineering models of the biofiltration process. These models should incorporate as many
aspects of the process as possible, and should be in a form which could be eventually used
in design and scale-up calculations. As the subject of general process modeling is too
complex, and since there was only one (very simplistic) model in the literature, it was

decided to address the following problems in this study.

L. Biofiltration of single VOCs under steady state conditions.

This objective was met by deriving a detailed model which considers reaction, mass
transfer, and oxygen effects on the process. The model was validated with three solvents:
methanol -a hydrophilic solvent- [experiments performed by Dr. Oh (46)]; benzene and

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

1I. Biofiltration of mixed VOCs under steady state conditions.

This objective was met by deriving a detailed model which considers reaction, mass
transfer, oxygen effects, as well as kinetic interactions among solvents (if such interactions
do in fact exist). As model system for validation of the theory, a mixture of benzene and
toluene was selected. Although this mixture can be viewed as simple since it involves only
two components, in reality it is complex since it involves kinetic interactions between the
two structurally similar pollutants. Experiments were performed with a pilot-scale

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

17
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III. Biofiltration of single VOCs under transient conditions.

No mathematical modeling study on biofiltration under transient conditions existed in the
literature. Furthermore, a transient biofiltration model cannot be a simple extension of the
stecady state models, since transient biofiltration involves an extra process
(adsorption/desorption), which is not present under steady-state conditions. For this
reason, a detailed model was derived for the case where airstreams contain a single VOC.

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

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

1IV. Accurate determination of biodegradation kinetics.

Since biofiltration depends strongly on the kinetics of biodegradation, it was felt that
objectives I-III could not be met unless good, and accurate kinetic expressions were
available. Dr. Oh performed kinetic experiments, and her data were analyzed as part of
this dissertation. Seven sets of experiments with suspended cultures were analyzed:
methanol degradation by a mixed culture which was used also in the biofiltration
experiments; benzene, toluene, and benzene/toluene mixtures biodegradation (3 sets) by a
pure strain of Pseudomonas putida (PPO1); biodegradation of benzene, toluene, and
benzene/toluene mixtures (3 sets) by a microbial consortium which was subsequently

utilized in the biofiltration experiments performed during the course of this dissertation.

V. Determination of the toluene adsorption isotherm.

As mentioned before, biofiltration under transient conditions involves
adsorption/desorption of VOCs on the packing material. Since toluene was selected as the
model compound for the transient experiments, independent experiments were performed
for determining the toluene adsorption characteristics (adsorption isotherm) on the

packing material used in the biofiltration experiments.



CHAPTER 4

EXPERIMENTAL APPROACH AND PROCEDURES

4.1 Materials and Apparatus

4.1.1 Chemicals and microorganisms

Benzene (B414-1, Certified, Fisher Scientific, Springfield, NJ) and toluene (T289-4,
Certified, Fisher Scientific, Springfield, NJ) were used as VOCs to be treated. The
chemicals used for media preparation were: sodium phosphate -dibasic-, Na,HPO, (S374-
500 Fisher Scientific, Springfield, NJ); potassium phosphate -monobasic-, KH,PO,
(P285-500 Fisher Scientific, Springfield, NJ); ammonium chloride, NH,C] (A661-500
Fisher Scientific, Springfield, NJ); magnesium sulfate, MgSO,-7H,0 (M63-500 Fisher
Scientific, Springfield, NJ); ferric ammonium citrate, FeNH,-citrate (I72-500 Fisher
Scientific, Springfield, NJ); and calcium chloride, CaCl, (C77-500 Fisher Scientific,
Springfield, NJ). The packing materials used were peat moss (Hyponex, Marysville, OH),
and perlite (A. H. Hoffman Inc., Landisville, PA). The original bacterial consortium used
in the biofiltration experiments was obtained from Dr. R. Bartha's Laboratory, Rutgers

University, New Brunswick.

4.1.2 Medium preparation

The medium consisted of two solutions. Solution No. 1 was prepared by adding 4g of
sodium phosphate -dibasic-, Na,HPO,, 1.5g of potassium phosphate -monobasic-,
KH,PO,, 1g of ammonium chloride, NH,CI, and 0.2g of magnesium sulfate,

MgSO0,-7H,0, in one liter of distilled water. Solution No. 2 was prepared by adding 0.05g
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of ferric ammonium citrate, FeNH,-citrate, and 0.1g of calcium chloride, CaCl,, in 100
ml of distilled water. The actual mineral medium was prepared by adding 1% (by
volume) of solution No. 2 into solution No. 1, after autoclaving both solutions

separately.

4.1.3 Experimental set-up

The biofilter bed used in the pilot-scale experiments consisted of three equal glass
segments connected in series. Each segment (Custom made,.ACE Glass Inc., Vineland,
N7J), had a diameter of 15.2 cm and a height of 30.5 cm. The segments were connected
through spacers (Custom made, ACE Glass Inc., Vineland, NJ), of a diameter equal to
that of the column segments, and of height equal to 7.0 cm. The biofilter also involved a
head-top (Custom made, ACE Glass Inc., Vineland, NJ), and a head-bottom (Custom
made, ACE Glass Inc., Vineland, NJ). Individual parts were connected via quick release
clamps (6517-27, ACE Glass Inc., Vineland, NJ), and by using krytox grease (8115-08,
ACE Glass Inc., Vineland, NJ). Each spacer, the head-top, and the head-bottom had
several ports allowing for sampling of the airstream, measurement of pressure and
temperature, as well as for supplying water whenever the packing looked dry. The
packing material was a mixture of peat and perlite particles (2:3 volume ratio before
mixing). At the bottom of each segment, a stainless steel screen 1.5 to 2mm mesh size
(Custom made, ACE Glass Inc., Vineland, NJ), was placed as support for the packing
material, and as distribution system for the airstream. The culture used was originally
developed at Rutgers University, in the microbiology laboratory of Professor R. Bartha,
and is a consortium of various species. A rotameter assembly (75-350, Gow-Mac
Instrument Co., Bound Brook, NJ), was used to vary inlet solvent vapor concentrations
independently, by directing a greater or smaller part of the airstream through the solvent
tanks. The major portion of the air was passed through a water tank to partially humidify

the airstream. After humidification, the main airstream was mixed with the airstreams
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carrying the solvent vapors, to create the contaminated airstream which was fed to the
biofilter. The contaminated stream contacted only glass, teflon, and stainless steel
structural elements. Total air flow rate was measured by a flow meter (Matheson Inc.,

Morris Plains, NJ). A schematic of this experimental unit is shown in Figure 4.1.

Exhaust
Flowmeter
- 130.5 cm
Toluene : 1|
Rotameter [ e, 1
¥ k 130.5cm
Benzene : '

3  — | 3T0.5 cm
. ——-»DQJ b

Water %

Compressor

sieve Drain

<= teflonsupport
-£=—=3  sampling section

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

The intermediate biofilter unit used for single VOC removal, was very much
similar to, but a simpler version of the set-up described above. This unit consisted of a

non-separated plexiglass column of diameter 10.2cm and height 76.2cm. The column had
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a number of sampling ports along its length. This column was again packed with a
mixture of peat and perlite (2:3 volume ratio before mixing). The height of the biofilter
bed was 50.8cm for the experiments with benzene, and 68.6cm for the experiments with
toluene vapor. A soap bubble flow meter (Hewlett-Packard, Paramus, NJ), was used for
measuring the air flow rates. A schematic of the intermediate experimental unit is shown

in Figure 4.2.

exhaust

T flow meter

peat/perlite
packing

_‘= rotameter
== SP solvent

drain J’
water )
compressor

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

4.2.1 Preparation of the packing material

For all experiments a mixture of peat/perlite (2:3 volume ratio) was used as packing
material. The reason for selecting this packing material has been discussed elsewhere (46,
64). Steam sterilized peat was used to avoid unintended variations in microbial activity.
This was necessary because the peat moss contained considerable microbial activity even
in the absence of inoculum. For preparing a biofilter, sufficient dry support was weighed
out to pack the column. For the experiments with benzene, biomass was developed by
growing an inoculum of the consortium in a simple mineral medium containing benzene as
the sole carbon and energy source. After a small amount of biomass was grown in a
shake-flask, it was transferred to a 10 liter sealed fermentor (New Brunswick Scientific
Co., New Brunswick, NJ). The volume of the suspended culture was about 4L allowing
for excess oxygen presence in the headspace. Thus, air-to-liquid ratio was kept high
enough to avoid any oxygen limitations. Benzene was added in small quantities over a
period of two weeks. The culture was finally harvested through centrifugation (5,000
rpm, 25 min), and was resuspended in fresh mineral medium (Na,HPO, 4g, KH,PO,
1.5g, NH,CI 1g, MgSO,-7H,0 0.2g, CaCl, 0.01g, FeNH,-citrate 0.005g per liter H,O,
pH=7.0), not containing benzene. For the biofiltration experiments with toluene, and
benzene-toluene mixtures, the same procedure was used except for the use of toluene, and
benzene/toluene mixtures, respectively, instead of benzene, in preparing the biomass from
an inoculum of the original culture. Sufficient suspension (about 30% by volume) was
added to the dry packing material to fill the pore space partially with the liquid, leaving the
other void space for air circulation. Water loss from the filters by evaporation, was
replaced by addition of water as needed. Except when packing the biofilter, supplemental

nutrients were never added to the bed.
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4.2.2 Biofilter experiments

Benzene and toluene concentrations in airstreams were measured using a Hewlett-
Packard Model 5890 (series II, Hewlett-Packard, Paramus, NJ) gas chromatograph
equipped with a 6'x1/5" stainless steel column packed with 5%SP-1200/ 5% Bentone
34 on 100/120 Supelcoport packing (Supelco, Inc., Bellefonte, PA), and flame
ionization detector. Operating conditions were: injector 120°C, oven 90°C, detector
200°C, carrier gas (N,) 20.4 ml/min. Under these conditions, the retention times of
benzene and toluene were 1.6 and 3.0 min, respectively. Standard curves were
prepared as follows. First, known volumes or precise amounts of a compound were
injected into several serum bottles (160 ml) using a 10p1 liquid syringe (14-824, Fisher,
NJ). The bottles were closed with teflon-faced silicon septa and aluminum crimp caps.
The solvent was allowed to evaporate completely at room temperature within the
enclosed space. Subsequently, air samples were taken from the bottles with a gas-tight,
0.5ml pressure-LOK® syringe (Precision Sampling Corp., Baton Rouge, Louisiana),
and injected to the GC. During biofiltration experiments, the same type of gas-tight
syringes were used for obtaining air samples from various ports of the columns. These
samples were subjected to GC analysis, and concentrations were read from the
calibration curves. GC calibration was repeated every two to three weeks.

During experiments, the flowrate (or residence time) of the airstream was varied,
as well as the absolute and relative composition of the inlet airstream regarding benzene
and toluene. Each experiment, under a given set of conditions, lasted over a long period
of time in order to reach a steady state. Under each set of conditions, experiments lasted
for a period of three weeks for the pilot scale unit, and about 8 to 10 days for the
intermediate columns. Although experiments were performed at the room temperature,
occasional temperature extremes of 60 to 850F were recorded, but could not be

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

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

4.2.3 Adsorption experiments

Adsorption of toluene on the peat/perlite packing material was studied as follows. An
amount of packing material was prepared exactly as described in section 4.2.1, except
for the fact that instead of adding suspension, a quantity of sterile medium was added to
the packing. Equal amounts (10 g) of packing material were placed in several serum
bottles (160 ml). The bottles were closed with teflon-faced silicon septa and aluminum
crimp caps. Using a 10ul liquid syringe (14-824, Fisher Scientific, Springfield, NJ),
precise volumes of toluene were added to the bottles, and the solvent was allowed to
evaporate and reach equilibrium within the enclosed space. Head-space samples were
taken with a gas-tight 0.5ml pressure-LOK® syringe, and were subjected to GC
analysis. Samples were taken on a daily basis, until the concentration of toluene in the
air reached a constant value. Unchanging concentrations indicated that equilibrium had
been reached, and these equilibrium toluene concentrations were used in deriving the
adsorption isotherm. It was assumed that toluene does not adsorb on the walls of the

serum bottles.



CHAPTER S

KINETICS OF BIODEGRADATION

An important step in the development of more reliable and detailed biofiltration models
is to obtain accurate kinetic expressions which describe the kinetics of biodegradation in
the biofilm, Despite the fact that bacterial physiology and growth can change upon
immobilization, Karel et al.(37) in a review paper, argue that the use of the same
specific growth rate expression for freely suspended cells and microbial aggregates is
the best assumption. This assumption was also made in the present study. In this
chapter, the mathematical analysis of biodegradation data from closed-flask, suspended
culture experiments is presented. The data were obtained from Dr. Oh's work (46).
Biodegradation experiments involving methanol were performed by using a methanol
utilizing consortium, aspects of the composition of which have been discussed
elsewhere (46, 64). Experiments with benzene, toluene, and benzene/toluene mixtures
were performed with a consortium, as well as with a pure culture of Pseudomonas

putida (PPO1).

5.1 Modeling of Biodegradation Kinetics
In general, biodegradation of N volatile compounds each one of which can serve as
primary carbon and/or energy source for the culture employed, can be described by the

following mass balances written for a closed vessel,
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db_ N .
- zluj(c Lb, j=1...N (5.1)
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i

In determining kinetic constants of a volatile compound, care should be taken to include
the amount of VOCs in the head-space (51). Neglecting the amount which is present in
the head space, may lead to unrealistic parameters (e.g., yield coefficients) when the
volatility of the compound is very high. The total mass balance for a VOC present in a

closed shake-flask should be written as,

M, =V; Cp+V,Cpi j=1..N (5.3)

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

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

C.=m.C,. j=1,.N (5.4)

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

show that the process can be described by the following three equations,
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In the case of methanol, frequent sampling of the liquid phase during all experimental
runs yielded data on methanol and biomass concentrations. For benzene and toluene,
sampling of the liquid phase for determination of the biomass concentration was less
frequent than that of the gas phase for determination of C,. For this reason, the biomass
data were first used, along with the corresponding gas phase concentration data, to
determine the yield coefficients, Y}, through equation (5.7). Then, equation (5.6) was
employed for calculating biomass, b, from C; data at points in time where b was not
actually measured. The experimental and/or calculated b values for each run were
semilogarithmically plotted as a function of time. Points corresponding to the initial stage
of each experiment were regressed to a straight line with correlation coefficients exceeding
0.99. The slope of each one of these lines was taken as the specific growth rate (p) of the
population, at the liquid phase concentration (C) of the biodegradable compound at the
beginning of the particular experiment. The specific growth rate is defined as the rate of
biomass production per unit amount of biomass. Then, the p versus C,, data were fitted
either to the Monod (44) model (Equation 5.8) through linear regressicn, or to the
Andrews (2) (Haldane) inhibitory kinetic expression (Equation 5.9) using a non-linear

regression routine.

p C '
C =_____m_l-_'.., 58
B(Cp) = (5.8)
S L
X
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L
K +CL+K
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5.2 Biodegradation Kinetics of Individual VOCs

5.2.1 Kinetics of methanol utilization

The values of the specific growth rate data (1) obtained from shake flask experiments
with methanol were plotted versus the corresponding methanol concentration values as
shown in Figure 5.1. The data indicated a drop in p at high methanoi concentrations,
i.e., they suggested substrate inhibition kinetics. The data were regressed to the
Andrews (or Haldane) kinetic model, and it was found that p* = 0.22 h* , K = 0.63
kg m3, and K; = 20 kg m3. Based on these constants, the curve representing the
specific growth rate has been generated and is plotted in Figure 5.1. As can be seen

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

(5.9) with respect to C, one can see that the derivative becomes zero at C, = (KK,)" at

(h)

0.2

0.1

0.05

o 5 L3 L T
0 5 10 15 20

Methanol concentration (Kg/m?3)

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

growth rate is then given by

7]

= 5.10

[ 1+ 2(KK)® (5.10)
Based on the experimental values, equation (5.10) yields p_, = 0.162 h! as can be
also seen from Figure 5.1. The value of pn_,  (or even p*) falls in the 0.075-0.5 h!

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

5.2.2 Kinetics of benzene and toluene utilization

Experimental data were obtained with a pure culture (Pseudomonas putida strain)
designated as PPOI, and the consortium. Both the pure culture and the consortium
exhibited a qualitatively similar behavior towards each one of the compounds. Both
cultures degraded benzene following Monod kinetics. Both cultures degraded toluene
following Andrews (Haldane) inhibitory kinetics. Values of the kinetic constants and yield
coefficients are given in Table 5.1. Figure 5.2 shows specific growth rate data along with
the predicted curves based on the kinetic constants determined. In all cases, the data fell
very close to the curves. For the case of toluene, where a non-linear regression routine
was used for determining the constants, it should be mentioned that convergence to the
reported values was obtained regardless of the values used as initial guesses. Although
comparisons between kinetic constants is rather futile when experiments have been
performed with different cultures, the values obtained in this study are compared to those
reported by Chang et al. (13), since this is probably the only other study which led to
determination of kinetic constants for benzene and toluene removal. It should be also
mentioned that Chang et al. used two pure strains of Pseudontonas in their experiments.

Regarding the type of kinetics, between the results reported in this dissertation, and those
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obtained by Chang et al., there is agreement for benzene (Monod), but a difference
regarding toluene as they found Monod-type kinetics. The maximum specific growth rate
on benzene by strain PPO1 is close to the upper limit of the values reported by Chang et
al. The consortium studied here has a much higher p_,,,. The maximum specific growth
rate values on toluene (Table 5.1) are calculated as the maximum of the specific growth
rate functions, and are considerably higher than those of Chang et al., for both cultures
used here. Regarding yield coefficients, values found in this work are lower; for
bioremediation, this is an advantage as the biomass disposal problem is less severe.

Table 5.1 Growth characteristics and parameters of the bacterial consortium
and strain PPO1 on benzene and toluene.

Benzene Toluene
(Monod Kinetics) (Andrews Kinetics)
af oI 2 | il
Kinetic parameters H, (h1) 068 044 u'(ht) 1.50 1.56

K{(mg/L) 1222 336 K(mglL) 11.03 1507
Kgr(-) 450 840 K, (mglL) 7894 4443
Kp(-) 020 035

Maximum specific 0.68 044 0.86 0.72
growth rate ( h'!)
Yield coefficient (g/g) 0.71 065 0.71 0.64

2yalues for the consortium; bvalues for strain PPO1

S.2.3 Dependence of kinetics on oxygen
All kinetic experiments with individual, and mixed VOCs were carried out with excess
oxygen. In order to account for any oxygen limitations that may be encountered in

biofiltration experiments, equations (5.8) and (5.9) were modified based on the notion
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Figure 5.2 Specific growth rates of strain PPO1 (V) and the consortium (C) on
benzene (A) and toluene (B). Symbols represent values based on experimental data.
Curves were generated by using the values of the kinetic constants shown in Table
5.1.
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of interactive models (5). With a Monod-type kinetic dependence on oxygen, equations

(5.8) and (5.9) were modified as,

p C
n(c; ) =L S, (5.11)
K +C; K, +C,
*
p C
L C
C )= o__ 5.12
u(Cp) TR (5.12)
K +Cp +-L
Ky

The oxygen kinetic constant, K,, was not experimentally determined in the present
study. Williamson and McCarty (78) have measured a value of 0.30 g m3 for
Nitrosomonas and Nitrobacter cultures. Livingston (41) checked the available literature
and concluded that K, values fall in the range of 0.032-0.523 g m3. A value of 0.26 g
m3, which is approximately the middle point of the aforementioned range, was used in
all calculations made in this study. As will be discussed in Chapter 6, even if the
actual value of K, is one order of magnitude smaller than 0.26, biofiltration rates

remain practically unaltered.

5.3 Biodegradation Kinetics of Mixed VOCs
Biodegradation of mixtures of two compounds involved in a cross-inhibitory (or
competitive) interaction was described with the equations which are given in Section 5.1,

along with specific growth rate expressions modified as follows.

m
K.+C
§J

ijLj
.+K. C
Lj "jqL

r(C; )= N (5.13)
L

q
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hy(Crg)= . i%q (5.14)

Knowing the values of all model parameters -except for the interaction constants K, , K -
from single compound degradation experiments, the two new constants were determined
by fitting the biodegradation data, C, and C,, versus time, to the solution of equations
(5.5)-(5.7) along with expressions (5.13)-(5.14), through a non-linear algorithm for

minimization of the square of the errors.

5.3.1 Utilization of benzene-toluene mixtures

As in the case of individual compounds, both PPO1 and the consortium exhibited a
qualitatively similar behavior towards mixtures of benzene and toluene. In mixtures,
benzene and toluene were utilized competitively. -The interaction parameters were
determined and are given in Table 5.1. For benzene, where the kinetics are similar,
(Monod-type) values obtained in the present study deviate from those reported by Chang
et al. (13). According to these authors, the interaction constants should be equal to 1 in
the model formulation given by equations (5.13) and (5.14). In Figure 5.3(a),
experimental data were plotted against the model predictions based on the assumption that
there is no interaction at the kinetic level (values of interaction parameters Kg; and Kg
set as zero). The same experimental data as a function of time, along with model
predictions (curves) based on the interaction constants reported in Table 5.1 are shown in
Figure 5.3(b). Clearly the data cannot be described unless interaction between benzene and
toluene is considered. Similarly, for another set of experimental conditions, (Figure 5.4),
the model predictions and experimental data agree excellently when kinetic interactions
are considered. This agreement was found in all experimental sets. The values of the

parameters show that the interaction is almost 50% less intense with the consortium as
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Figure 5.3 Comparison of model predictions and experimental data from a
biodegradation experiment with a benzene/toluene mixture. Benzene (1 pL) and toluene
(1 pL) were added. Curves in graph (a) have been prepared by assuming no kinetic
interaction and in graph (b) by considering interaction effects. The values of model
parameters are given in Table 5.1. It is clear that benzene data shown as O, follow
curve [1], and toluene data shown as A, follow curve [2] only in the case of graph (b).
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compared to pure strain PPO1 for both benzene and toluene. Furthermore, parameter
values for PPO1 and the consortium indicate that toluene inhibits the utilization of benzene
much more than benzene inhibits the utilization of toluene. Actually Ky is over 20 times

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

of toluene.
C, (mg/L)
40
L Fa\
30 2]
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Figure 5.4 Comparison of model predictions and experimental data from a
biodegradation experiment with a benzene/toluene mixture. Benzene (1 pL) and
toluene (2 uL) were added. Benzene data shown as O, follow curve [1] and
toluene data shown as A, follow curve [2]. Curves have been prepared by solving
the model equations assuming that there are kinetic interactions.



CHAPTER 6

STEADY-STATE BIOFILTRATION OF SINGLE VOCs

In this chapter, a detailed model describing steady-state biofiltration of airstreams
containing vapor of a single VOC, is introduced, analyzed, and experimentally validated.
Validation is based on experimental data from methanol, benzene, and toluene
biofiltration. Data on methanol were obtained from the work of Oh (46), while data on
the hydrophobic solvents (benzene and toluene) were generated in the present study.

The model accounts for mass transfer of the VOC and oxygen from the gas phase
to the biolayer, as well as within the biolayer through a diffusional process. Reaction
kinetics are based on expressions which incorporate potential limitations from both the

VOC and oxygen.

6.1 Mathematical Model Development

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

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

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

3. Reaction in the biolayer follows an interactive model as described in Chapter 5.
Kinetics of biodegradation in the biolayer are the same with those when the same
culture is used in suspension to biodegrade the same compound.

4. The biolayer is formed on the exterior surface of the particles, and its thickness (8°) is
small when compared to the particle size; hence, planar geometry can be used. At least

one of the rate-limiting substrates gets depleted before it reaches the biolayer/solid
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support interface. Thus, there is an effective biolayer thickness (5) in the sense of
Williamson and McCarty (77).

5. There is no boundary layer at the air/biolayer interface, and the concentration of
component j (j : VOC, oxygen), ¢; , in the gas phase is related to the concentration of
that component in the biolayer (at the air/biolayer interface), through the expression
s, = c;/m,, where m, is the distribution coefficient for the component j /water system,
as also assumed by Ottengraf and Van den Oever (52).

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

Figure 6.1.

¢ Biolayer
s
J
x—> 0 3

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

6. Inthe gas phase, there are no concentration variations in the radial direction of the
column (plug flow).
7. The biofilm density, Xy , is constant throughout the column. X, is the amount of dry

biomass per unit volume of biofilm.
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8. Afier the initial stages of the process, biomass accumulation in the column is either
negligible, or it occurs very slowly so that, at least over substantial periods of time,
one can assume that a steady state, or more specifically a quasi-steady state, is
established in the unit.

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

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

1. In the biolayer :

d’s, X
D, dxzJ =—ﬁ'—u(sj,so) 6.1
d’s, X,
=——uls.,s 6.2
0 dx2 YOJ "1( b 0) ( )
with corresponding boundary conditions
C.
§; = —~ at x=0 (6.3)
m;
ds.
—L=0 at x=25 (6.4)
dx
Co
= —= at x=0 6.5)
My
%o 0 at x=90 (6.6)
dx
s
ith 5o ) = uls; ) —2— 6.7
with  p(s;,s0) u(SJ)KOHO (6.7)

where u(s ,-) is the specific growth rate of the biomass used, on the VOC which is to be
removed, under no oxygen limitation; u(sj) can be either a Monod, or an Andrews

expression as discussed in Chapter S. The specific form of u(sj), and the values of the

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

experiments as explained in Chapter 5.



II. Along the column :

dc.

J

™y

dc
Y

ds;
=AD&
x=0

ds
=400 53]

with corresponding boundary conditions

at h=0
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(6.8)

(6.9)

(6.10)

6.11)

For the case where the biodegradation kinetics of the VOC under no oxygen limitation

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

form as follows.

2 - —_
d’s; 5 So

2~ - =2 =
do 1+5,+ys 1+5,

2= - -
d’s, _ 42 5i So
do* 1+5,+v3 1+5, -

dc, [ds
— Tl —
dz do |,_,

o [t
dz do Jo.,

d do

§j = SIEJ; So =€,Cq

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)
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T =% =1 at z=0 (6.18)
where

S. 82 K.
s=ob, 0=k g-B3Xv o L, A g oo

K, ) D K)Y; K, K,
a o DiKY, sl b ADHR o

DK, Y, ! C; H uc; Coi
W= _IEE—D—O—C._‘"— sl = c'" 82 - COi

] b
KDicy K;m; Komg

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

5, =€,C, +

5o —€,Co

5 (6.19)

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

T -1

VY

+1 (6.20)

Combining equations (6.19) and (6.20) one gets

5, =§2—e,(—1-—1)—1(ez _8_1)50 (6.21)
(0]

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

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

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

concerning S, and C,. Clearly, due to symmetry one could use equations (6.19) and

(6.20) to get expressions for §, and T, which could then be substituted into equations

(6.12) and (6.14). In such case, the process is described by equations (6.12), (6.14), and
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those boundary conditions among expressions (6.16) through (6.18) which concern §; and

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

solving the model.

6.2 On the Solution of the Model
The model proposed in the previous section contains a total of 16 parameters. More
specifically, up to 4 kinetic constants (u* or ., K, Ky;, Ko), which can be determined as
shown in Chapter §; 2 yield coefficients (Y}, Y;); two distribution coefficients (m;, m);
two diffusion coefficients (D;, Do); the biofilm density (Xy); the effective biolayer
thickness (8); the biolayer surface area per unit volume of reactor (Ag); and three
operating parameters (us, C;;, Cg;), Which can be easily measured in any specific experiment
or application. In order to solve the model equations, one needs to determine, or estimate

the 13 out of the 16 parameters.

6.2.1 Determination/Estimation of Model Parameters

6.2.1.1 Kinetic parameters

The kinetic parameters are characteristic of the culture used, and the type of VOC treated.
For the solvents studied here (methanol, benzene, and toluene), these parameters have

been determined as discussed in Chapter S.

6.2.1.2 Yield coefficients

The yield coefficients (Y], Yoj), are again characteristic of the culture used, and the type of
VOC treated. Their values can be found from the data obtained during the kinetic runs.
The values of the yield coefficient on the VOC (Y;) were experimentally obtained for the

solvents studied in this dissertation. In fact, the values for Yy and Y are given in Table
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5.1. The value of the yield coefficient on methanol (Y,, ), was also determined from the
kinetic runs discussed in Chapter 5. Its value was found to be 0.28 kg-dry biomass’kg-
methanol-consumed. Values of yield coefficients on methanol reported in the literature (6,
14) fall in the range of 0.30-0.54, hence the value determined in this study compares
relatively well with them.

Since the kinetic runs reported in Chapter 5 were performed under excess oxygen
conditions, hence oxygen consumption was not measured, the values of the yield
coefficients on oxygen (Y ), were estimated from the values of Y;, as follows.

According to Shuler and Kargi (65), a typical cellular composition can be
represented as CH, ;O, N, ,. Taking into account the fact that in the kinetic runs NH,Cl
was the nitrogen source, using the values of Y; (0.28 for methanol, 0.71 for benzene, 0.71

for toluene), one can write the following equations

CH,O + 1.12 0,+ 0.07 NH,Cl < 0.36 CH,,0,,N,,+ 1.78 H,0 +
0.64 CO, +0.07 HCI (6.23)

CJH, +5.14 0,+ 0.45 NH,Cl = 225 CH,,0,N,,+ 1.65 H,O +
3.75 CO, + 0.45 HCI (6.23a)

C,H,+5.970,+0.53 NH,CI & 2.65 CH,,0,,N,,+ 1.91 H,O0+
4.35CO, + 0.53 HC (6.23b)

From equation (6.23) one can calculate the yield coefficient of biomass on oxygen when
methanol is the carbon source, as Y, = 0.25 kg-dry-biomass/kg-O,. Similarly, from
equations (6.23a) and (6.23b) one can calculate the yield on oxygen as Y5 = 0.336, Y=

0.341 when benzene and toluene, respectively, are the carbon sources.
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In order to check if the approach discussed above leads to reasonable estimates of
Y data from the literature on methanol (6), reporting experimentally measured values of
both Y,, and Y, were used as follows. Y,, values were used in balancing equation
(6.23). Estimated Y,,, values were compared to the reported ones. The method proved

very good, especially when applied to Pseudomonas and Methylomonas species.

6.2.1.3 Biofilm density

Biofilm density, X,, was not measured during this study. The construction of the
experimental apparatus was such that it would allow for solid sampling only at the exit, in ail
experiments with single VOCs. Even if sampling was possible at various column locations, it
could easily lead to disturbances in the air/solids contact pattern. Furthermore, the solids had
a wide size distribution and were irregular in shape, something which would had made the
biolayer volume determination almost impossible. In the literature, while there is a wealth of
information about biofilm densities for three-phase (solid-liquid-gas) systems, e.g., Fan et al.
(28, 29), Tang and Fan (69), Tang et al.(70), Livingston and Chase (42), there is no
information regarding two-phase (solid-gas) systems, possibly because interest and research
on biofiltration has started only recently. In the aforementioned studies, the biofilm densities
reported range from 23 to 220 kg m?3, while it is also established that X,, decreases as the
thickness of the biofilm increases. In the present study, some microscopic observations of
particles at the end of experiments with methanol (after columns had run for up to 12
weeks), have indicated that the biolayer thickness was well in the sub-millimeter range. A
value of X, = 100 kg m? was used in the calculations. This value is at about the middle

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

6.2.1.4 Distribution coefficients
As discussed in the preceding section, a value of 100 kg m? was used for the biofilm

density. This value implies that 100 kg of dry biomass is present in 1 m3 of biofilm. Given
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the fact that wet biomass has the same density with water, a value of X, = 100 kg m
implies that 90% of the biofilm is made of water. For this reason, the distribution
coefficients of VOCs, and oxygen, between air and biofilm were assumed to be equal to
the corresponding distribution coefficients between air and water (assumption 5 for model
derivation).

For methanol, vapor/liquid equilibrium data (1 atm, 25°C) for the methanol/water
system from the literature (32) were used, and a value of m,, = 0.0035 was determined.

For benzene and toluene, values of mg = 0.23, and m; = 0.27 were taken from the
literature (43).

The solubility of oxygen (1 atm, 25°C) in water is reported (6) as 1.26 mmol/l.
Assuming a linear relationship between solubility and pressure, water when it is in
equilibrium with air contains oxygen at 8 gm?. Assuming ideal gés behavior, the oxygen
concentration in the air is 275 g m?. The distribution coefficient for the oxygen (in
air)/water system, m,,» was then determined as 275/8 = 34.4. The concentration of oxygen
in the air at the reactor entrance, c,, was also taken as 275 g m? in all cases thus, any

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

6.2.1.5 Diffusion coefficients
The diffusivities in water of oxygen (D,,,), benzene (Dy,,), and toluene (D), at 25°C were
obtained from the literature (62), and are reported in Tables 6.2 and 6.5. The diffusivity of
methanol in water at 15°C was also obtained from the same reference, and then converted
to a value for 25°C through the Stokes-Einstein equation (8). The value of Dy, at 25°C is
reported in Table 6.2.

Fan et al (29) have proposed an empirical equation for predicting the diffusivity of a
substance in a biofilm, relative to the diffusivity of that substance in water. The ratio of the

two values, i.e., the relative diffusivity, depends on the biofilm density. For the value of X,
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= 100 kg m3, this correlation predicts a relative diffusivity of 0.195, and this value was

used in all calculations made in the present work.

6.2.1.6 Effective biolayer thickness

If the actual biolayer thickness, 8°, and its variation along the column were known, the
solution of equations (6.13), (6.15), and (6.21) would indicate if one of the substrates gets
practically depleted before the biolayer/solid support interface and thus, the effective
biolayer thickness would be revealed. Consequently, assumption 4 would not be needed
in the model derivation. Since & was not known and could noi be estimated, it was
decided to use the notion of effective biolayer thickness in the sense of Williamson and
McCarty (77), i.e., make assumption 4. This means that in solving the coupled boundary
value problem a trial and error procedure was followed at each step, in order to determine
the effective biolayer thickness, 8. The value of 8 was taken as the distance in the biolayer
which would first lead to depletion of either oxygen or the VOC. A substrate was
assumed to be depleted when its value dropped to about 1% of its corresponding value at

the air/biolayer interface (i.e., 8 = 0).

6.2.1.7 Specific biofilm surface area

The only model parameter which could neither be measured, nor estimated from the
literature, is the biolayer (or biofilm) surface area per unit volume of reactor (Ag;). For this
reason the following approach was adopted. With each one of the VOCs tested
experimentally, some column experiments were used as basis for model calibration; that is,
the data were fitted to the model by varying the Ag; value. A single value of Ag which
minimized the sum of the squares of the error between experimental and model predicted
gas phase concentration profiles in all sets used for model calibration, was taken as the A
value associated with the particular VOC. Subsequently, this A value, without any

)

adjustment, was used in predicting biofiltration of that VOC under other experimental
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conditions. As will be discussed later, this approach could nicely predict experimental
data not used in the model calibration.
H
6.3 Numerical Methodology
Equations (6.13) and (6.15), along with the corresponding boundary conditions, constitute
a coupled boundary value problem. A computer code was developed for solving this
problem, and is given as Appendix A of this dissertation. The logic of this code is as

follows. Equation (6.13), at a given value of z, is solved by using a multiple shooting
technique (subroutine BVPMS of the IMSL library). Once s, (8) is evaluated at a given z,

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

z+Az at which, equation (6.13) is solved again. This procedure is repeated (100 times, Az
= 0.01) up to the exit of the reactor (z = 1). The VOC concentration profiles in the
biolayer and along the column are calculated via the algebraic relations (6.21) and (6.20),
respectively.

As mentioned in section 6.1 of this chapter, instead of equations (6.13) and (6.15),
one could equivalently use equations (6.12) and (6.14). This requires a slight modification
of the expressions appearing in the computer code.

It was found that when oxygen is depleted in the biolayer much faster than the
VOC, it is better to use equations (6.13) and (6.15). This was the case with methanol.
When the VOC is depleted before oxygen in the biolayer, it was found that it was better to
solve equations (6.12) and (6.14). This was the case with both benzene and toluene.

It should be also mentioned that instead of using the multiple shooting technique,
one could use the method of orthogonal collocation (30,76). This was the method used
for solving the steady state biofiltration model for VOC mixtures. This problem is

discussed in Chapter 7, and the computer code is given in Appendix B. This code could
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be used instead of the one given in Appendix A, for solving the model for one VOC,

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

6.4 Biofiltration of Methanol
The data on biofiltration of methanol vapor which were analyzed in the present study, were
obtained from the laboratory of Professor R. Bartha (Rutgers University). The experiments
were performed by Dr. Y.-S. Oh (46), in glass columns Scm in diameter, and 60cm in
height. A mixture of 40% peat and 60% perlite was used as packing material. Biomass was
immobilized on the solids, and in preparing the columns, the packing was moistened to fill
50% of the available pore space. Columns exhibited an initial pressure drop of 0-1 mmHg
m! which increased to a maximum of 10 mmHg m" after 8-12 weeks of use (64). Two
types of column experiments were performed. In the first type, the VOC concentration was
measured only at the inlet and outlet, and the column contained no other solid but peat and
perlite. In the second type of experiments, éoncentrations of methanol were measured at the
entrance, exit, and three equally spaced locations along the column length. Polyurethane
foam plugs were used as spacers around sampling ports. For the data analysis, it was
assumed that polyurethane is unfavorable for biofilm formation and thus, it is not considered
as solid packing where biofiltration of methanol takes place. Experimentally, it was
observed that the columns reached steady-state conditions in 7-10 days after start-up. Only

steady state data were used in the analysis presented here.

6.4.1 Removal rates at various flow rates and inlet concentrations
The steady state data were used in calculating removal rates. The removal rate is defined

as the concentration difference between inlet and outlet, multiplied by the volumetric flow
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rate of the air and divided by the volume of the reactor occupied by the solid packing

material.

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

case v, Cv Vp R, R, . Error
m h? gm3 m3x 10 g h'! m3-packing %
Separated Column

1 6.42 6.56 782 933 86.1 -1.7

2 7.90 6.56 932 92.8 86.6 -6.7

3 8.52 6.11 932 92.8 85.8 -7.5

4 9.52 6.32 932 104.2 88.2 -15.4

Non-Separated Column

5 6.42 6.33 706 112.8 86.7 -23.1

6 7.55 6.44 706 94.1 89.1 -5.3

7 9.38 6.45 706 100.8 90.7 -10.0

8 12.75 6.57 706 65.1 92.4 41.9

In the first series of experiments with separated columns, the inlet methanol
concentration (c,,) was kept constant, while £he superficial air velocity changed from one
experiment to the other. The conditions for these experiments, along with the achieved
removal rates, are shown in the first four entries of Table 6.1. These data were used in
order to calibrate the model as explained in section 6.2.1.7. The value of H (reactor
height) is given as V,/S, where V,, (reported in Table 6.1) is the volume of the packing
(reactor), and S is the cross sectional area of the column. Table 6.2 shows the values used
for the model parameters. The value of A, giving the best fit for each of the four cases
individually, is slightly different but very close t(; the value of 85.15 m! which was found by
following approach described in section 6.2.1.7. This value is relatively low, but it is
consistent with the substantial pressure drop of about 10 mmHg m?. The results of this
approach are presented in Figure 6.2. The curves (solid lines) shown in these diagrams

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

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

Table 6.2 Parameter values used for solving the model equations

Model Parameter Numerical Value Units
u 0.22 h
K 0.63 kg m?
K 20.0 kg m?
K, 0.26 x 103 kg m?
Yy, 0.28 kg kg
Y, 0.25 kg kg!
X, 100.0 kg m?
m,, 0.0035 -
m, 344 --
D, 1.30 x 10° m?s!
Dow 2.41 x 10? m?s’!
D, /D, 0.195 --
Dy/Dow 0.195 -
Co; 275.0 x 10 kg m3
S 19.63 x 10+ m?
A, 85.15 m’!

The model predicts an almost linear methanol concentration profile along the
column and thus, a practically constant removal rate for each section of a particular
column. Removal rates for each one of the four sections of the separated columns have
been calculated and are shown in Table 6.3. These data indicate a tendency for the removal
rate to increase in the direction of flow. This could be due to lower surface area towards

the bottom of the column resulting from compaction of the solids, or due to a lower
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biomass density resulting from a possibly larger actual biofilm thickness, 6 (as has been

discussed earlier, results from the literature indicate that X, decreases as 6° increases).
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Figure 6.2 Concentration profiles of methanol vapor in the air along a biofilter
column at constant inlet concentrations and increasing superficial air velocities.
Experimental data shown as A. The curves represent model predictions.

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

u [ R R R

B exp,1 exp,2 exp exp,4
m h! gm> g h! m3-packing
6.42 6.56 78.6 81.6 109.0 104.0
7.90 6.56 61.0 88.6 91.2 130.5
8.52 6.11 54.3 66.6 107.7 142.8

9.52 6.32 77.6 109.0 105.0 125.2
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The value of 85.15 m for A;,, was used for predicting other experimental sets of
data. Such predictions for cases of non-separated columns are shown in Table 6.1 (cases
5-8). The agreement between data and model predictions is very good in cases 6 and 7. In
case 8, the agreement is very poor but as can be seen from the data, something in this
column was significantly different from all others. Severe channeling is one possible
explanation. In fact, the experimentally measured value could be matched with the model
prediction if a lower value of A, was used. Another possibility is that the biological
activity of the organisms was damaged due to a high temperature in the laboratory during
part of the period of operation of this column.

One could think of comparing the performance of separated versus non-separated
columns in order to determine which type of design is preferable. Operating conditions for
cases I and S are practically the same, and the data seem to indicate that the non-separated
column performs better. This could be possibly explained if some of the pores in the
polyurethane plugs used in positions along the separated column get clogged either by
microbes or water, thus leading to some channeling problems. In fact, the experimental
value for the removal rate in case 5 can be predicted by the model if a higher A, value is
used. Cases 2 and 6 have very similar operating conditions, as do also cases 4 and 7. For
these two pairs one can see that the removal rates are practically the same for separated
and non-separated columns. A general conclusion cannot be reached but it seems that if a
separated column is to be used, sieves rather than polyurethane plugs should be used.

In another series of experiments with separated columns, the value of u, was kept
constant while the methanol inlet concentration varied from column to column. The
columns were packed in the same fashion as in the experiments reported in Table 6.1,
were operated over the same length of time and similar pressure drops were observed.
Hence, the value of Ay, = 85.15 m should be valid. In fact, as can be seen from Table 6.4

and Figure 6.3, the agreement between experimental data and model predictions is



Table 6.4 Removal rates of methanol vapors at constant air flow rate and varying
inlet concentrations in separated columns!

Cni R, R Error
gms g h?' m> -packing %
2.67 533 533 0.0
6.98 92.3 90.2 -23
8.72 101.6 93.7 -7.8
1For these experiments, ug = 9.48 m h! and V= 932 x 106 m?
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Figure 6.3 Concentration profiles of methanol vapor in the air along a biofilter
column, at constant superficial air velocity of 9.48 m h'!, and increasing inlet
concentrations, ¢,y = Data shown as A. The curves represent model predictions.
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excellent not only regarding the overall removal rate, but for concentration values along
the column as well. It is worth noticing that for low inlet methanol concentrations (top left
of Figure 6.3) the data show, and the mode! predicts, a concentration profile along the
column which drastically deviates from the practically linear profiles observed at higher ¢,

values; this point will be discussed again later.

6.4.2 The model, its assumptions and implications
The model proposed here is much more complex than the model of Ottengraf and van den
Oever (52). This complexity arises not only from the fact that the kinetic expressions are
much more involved -first or zero order kinetics assumed by the aforementioned authors-,
but also because oxygen and the VOC are considered. If a complex model such as the one
proposed here, is to be used in practical applications, its complexity needs to be justified.
More specifically, one may wonder whether it could be simplified by considering only one
of the two rate limiting substrates, either the VOC or oxygen. Since methanol was the first
compound compared against the theory developed here, it was decided to investigate the
foregoing question.

Williamson and McCarty (77) have derived two criteria for determining if
biodegradation in a biofilm can be described by considering only the electron donor, or
only the electron acceptor, i.e., methanol or oxygen, respectively, for the case considered

here. These two criteria written for the methanol/oxygen system are as follows.

50(0) < DS:O Sm (O) (6.24)
- 5(6)
5,(8) < m-(e—) (6.25)

where v, is the stoichiometric coefficient of oxygen in equation (6.23), i.e., v, = 1.12.
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Condition (6.24) involves the concentrations of the rate-limiting substances in the
biolayer at the air/biolayer interface and if satisfied, it implies that oxygen is flux limiting.
Condition (6.25) involves concentrations of the two substances throughout the biolayer; if
satisfied at every position in the biolayer (from 6 = 0 to © = 1), it implies that oxygen is
substrate (kinetic) limiting. If both conditions (6.24) and (6.25) are satisfied,
biodegradation can be described by considering oxygen only. If both conditions are
violated, consideration of methanol only is enough to describe the process. In any other
case both substrates need to be considered.

Using equations (6.3), (6.5), and (6 20) one can show that condition (6.24) can be

written as
) Y, )
i- Xﬁ& < (VODMmO _ YM )CMI EM . (626)
YoCo;i Domy, o / Coi

When the values of the model parameters are substituted for in condition (6.26), one gets

_ _1-0.00407c,,
> Mi
™M TTo159¢,

(cy; in g m3) 6.27)

For the values of ¢, used in the experiments, condition (6.27) is satisfied throughout the
column except for the case of 2.67 g m3. In the latter case, condition (6.27) is satisfied up
to the point where ¢c,, drops to about 2% of its original value. These considerations may
be used as an explanation for the practically linear concentration profiles along the
columns, except for the case of ¢, = 2.67 g m? which shows a curvature towards the end
of the column (Figure 6.3a). One can conclude then, that at low methanol levels in the
inlet air, methanol becomes flux limiting. In fact, one can easily calculate that if c is less
than 0.046 g m?3 (which corresponds to about 40 ppm), methanol is flux limiting

throughout the column.
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Using equation (6.21) and the values for the model parameters from Table 6.2, one

can show that condition (6.25), when ¢, is in g m?, can be written as

1463.95,, — 664.5¢,,.G,, +30.75 - 0.125¢,, < ———M—
63.95,, — 664.5¢,,,C,, +30.75 - 0.125¢,,; 17 0.031552

(6.28)

Since at 8 = 0, §,, = ¢,C,, = 0.454c,C,,, one can conclude from simple calculations that
condition (6.28) is never satisfied at the air/biolayer interface for any value of c,; used in
the experiments, and for any T,,. Furthermore, the numerical calculations have shown that
in almost all cases considered here, condition (6.28) is satisfied in a small portion of the
biolayer close to the biolayer/solid support interface. The exception occurs again at the
upper part of the column which was operated at c,;, = 2.67 g m? In the latter case,
condition (6.28) was never satisfied implying that at very low methanol concentrations in
the air, oxygen never becomes the kinetic-limiting substrate in any part of the biolayer.
From the foregoing discussion it can be concluded that criteria (6.24) and (6.25)
were never simultaneously satisfied, except at a very small section close to the exit of the
column which was operated at c,;, = 2.67 g m?. Thus the model needed in fact to be
written in terms of both methanol and oxygen. The process was oxygen-flux-limited and
methanol-kinetic-limited. This can be seen from Figure 6.4 where typical concentration
profiles (normalized with the concentration at the air/biolayer interface, i.e., at 6=0) have
been plotted. The same conclusion could be reached in an alternate fashion as follows.
According to assumption 4, the effective biolayer thickness is equal to the biolayer
thickneSs within which either methanol or oxygen gets depleted. This thickness was
numerically calculated as explained in section 6.2.1.6. The numerical calculations for the
case of methanol have shown the following. For c ;= 8.72 gm?, the value of § is almost
constant along the column, and equal to about 27.5 um; furthermore, oxygen was depleted

before methanol, at any position in the column. For values between 6.11 and 6.98 gm?3, §
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varied from about 28 um at the entrance of the column, to about 36 um at the exit; again,

oxygen was depleted first, at all locations in the column. Finally for ¢, =2.67 gm?, the
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Figure 6.4 Characteristic dimensionless concentration profiles in the
biolayer. Specific conditions: u, = 6.42 mh!, ¢,; = 6.56 g m*, middle point
of the column ( z = 0.5). Curves are for methanol (1) and oxygen (2).

value of & varied from about 31 um at the entrance, to about 110 um at the exit of the
column; in this case, oxygen gets consumed first in the biolayer, except at positions very
close to the exit where methanol gets depleted first. From these results, one can conclude
that except for the case of ¢, = 2.67 gm?3, the value of 6 does not exceed 36 um. Based
on this value, one can calculate ¢> = 0.18 and ¢*A =260. One can argue that ¢ is a
measure of the Thiele modulus based on methanol, while $pA%5 is a measure of the Thiele
modulus based on oxygen. Their corresponding values are 0.42 and 16.1; these values
seem to indicate that the process is limited by the kinetics of methanol and diffusion of
oxygen. Similarly, when ¢,;;=2.67 g m* and & can reach about 110 pm, the corresponding
Thiele moduli are 1.28 and 49.2. The value of 1.28 seems to indicate that diffusion of
methanol is important. In fact, the numerical calculations show that at the very end of the
column, the biolayer methanol concentration profile is not as flat as the one shown in
Figure 6.4. It should be also mentioned that the values of & reported above, well justify

both parts of assumption 4.
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Regarding some of the assumptions made in developing the model, one can say the
following. The assumption that a steady (or quasi-steady) state is reached can be
defended as follows. The time scale of events in the biolayer depends on the characteristic
thickness, and the diffusivity of the substrates (37). If § is taken as the characteristic
thickness, and the slower diffusing substrate (methanol) is considered, one can easily show
that the time scale 82/D,, is up to two orders of magnitude less than the residence time;
hence, time variations in the biolayer can be neglected for long periods of time. The model
also does not consider biomass accumulation in the column. Biomass accumulation would
affect (in time) the values of X,, and A,,, Experimentally it was observed that after an
initial period, concentration profiles did not change with time, thus implying that biomass
accumulation is, if not zero, very small. One could describe this effect by introducing one
more equation for the total mass balance in the reactor, and assuming a biomass rate of
decay. This would introduce one more parameter which would have had to be fitted. Since
in most of the cases it is predicted that oxygen cannot penetrate the biolayer for more than
40 um, it is reasonable to expect that cells die quickly due to oxygen deprivation.
Although a large excess of nitrogen source was added to the column in the beginning of
the experiments, death and lysis of cells can be also viewed as a possible source for
nutrients other than carbon and oxygen, thus eliminating the need for them to be externally
supplied. Even if biomass decay is not considered, the proposed model would be very
accurate over long periods of time as can be seen from the following example. Consider
the case of the non-separated column which resulted in the highest removal rate of 112.8 g
m3 h'. The void fraction was not measured, but it is estimated at about 40% in the
beginning of the experiments. Over a period of 100 h one can calculate the volume of
biomass formed as 22 cm? (based on Y,,= 0.28 and X, = 100 kg m*), i.e,, a change in the
void fraction of about 8%. In view of the above, it is believed that the quasi-steady state

assumption is quite reasonable.
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6.4.3 An alternate representation of the results, and sensitivity
studies with the model

In practical applications, a parameter used in determining the performance of a biofilter
is its elimination capacity (18, 52), symbolized by EC, and given -for a VOC j- by the
following equation.
(EC), = 2(e, —¢,) = (e, ~6,.) = %’;S-(c,.i ~c,) (6.29)

The EC is also known as the removal rate. If one specifies the exit
concentration values so that the processed airstream meets the regulatory requirements,
the model can be used for predicting the size of the required biofilter unit. Similarly,
for given u, and V;, one could calculate, through the model, the EC. Relations (6.29)
can be presented in various graph forins which could facilitate design calculations; e.g.,
from values of EC, F, c;, and regulatory requirements defining c;,, one could easily
calculate through equations (6.29) the size (Vp) of the required biofilter. Some graphs
are presented in the following parts of this section.

Figure 6.5 shows the removal rate as a function of the superficial air velocity
u,. The form of the curve is characteristic of first-order processes. The only way in
which a process having a complex kinetic dependence such as the one given by
expression (6.7) reduces to a first-order type, is when it is diffusion of transport
limited. Of the two substances, methanol has a solubility in water (or biofilm) which is
orders of magnitude higher than that of oxygen. Thus, diffusion limitation is due to
oxygen. Another way of interpreting the diagram of Figure 6.5 is the following. At
low u, values, the contact time is enough to allow for complete removal, i.e., ¢y, = 0.

From equation (6.29) then, one gets :

Su,
EC= v (g 6.30)
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Equation (6.30) implies that at low u, values there is a linear relationship between
removal rate and u, with a slope Sc,;/Vy. At high values of u,, the contact time is not
enough to allow for complete methanol removal; the model predicts and the data
confirm that the removal rate is independent of the contact time. One can then argue
that at low values of contact time the process behaves as if it is practically of order

Ze10.
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Figure 6.5 Methanol removal rate as a function of u, : Comparison between
model predictions (curve) and experimental data for c; = 6.5 gm?; V, = 932
cm3 for data shown as X, and 706 cm? for data shown as O.

Figure 6.6 shows the percent methanol removal, defined as 100(Cpg; - Cpc)/Cpmis
as a function of inlet concentration for three values of the residence time. As expected,
when the residence time increases the percent removal increases. For a residence time

of three minutes the model predictions agree nicely with experimental data.
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Figure 6.6 Model predictions for methanol percent removal as a function of ¢,
for three values of 1. Predictions are in excellent agreement with data from four
932 cm® columns operated at T =3 min.

Figure 6.7 shows the percent removal as a function of space time for a
particular value of methanol concentration in the inlet air. The agreement between
experimental data and model predictions is very good. Hence, the model can predict
the required space time (or biofilter size for a given flowrate) for complete removal.

A number of simulation studies were performed with the model in order to
determine its sensitivity to the various model parameters. The rationale of these studies
is the following. Suppose that one model parameter, say kinetic parameter K, is not
exactly known. More, specifically assume that the value of K used in the calculations
is twice the value of the real K. In this case one can define the ratio of the used value
divided by the real one as relative K. In this example, relative K is equal to 2. The
question is the following. Using a value of K which is twice the real one, what is the
error made in estimating the removal rate. Again, one can calculate through the model
two values for the removal rate: one based on the "wrong" K and one based on the

"real" K. The ratio of these two values is defined as the relative removal rate (R").
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Figure 6.7 Methanol percent removal as a function of 1. Comparison between
model predictions (curve) and experimental data for ¢,; = 6.5 gm3. 'V, =932 em?
for data shown as X, and 706 cm? for data shown as O.

The first set of studies dealt with the kinetic parameters and the results are
shown in Figure 6.8. In this graph, the relative removal rate has been plotted versus
the relative values of four kinetic parameters. As basis for these studies a methanol
biofiltration experiment was used. For that experiment, Vp = 932 cm?, when cy; =
6.56 gm?, and u, = 7.90 mh!. The experimentally observed -hence real- value for the
removal rate was about 93 g m-3-packing h!. It should be mentioned that when
comparisons are based on the same u, and c; values, the relative removal rate can be
also viewed as the relative percent removal. From Figure 6.8 one can conclude that
out of the four kinetic parameters, only two (n* and K) need accurate determination.
Parameters K; and K, even if they are not accurately known, will not lead to severe
errors in predicting the removal rate. There is one more way in which this diagram
could be interpreted. Consider biofiltration of a compound other than methanol. The

diagram indicates that if the new compound has p* and K values similar to those of
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methanol, and considerably similar or, different K, and K, values, this new compound

will be removed in the biofilter at rates as those for methanol.

0.8 - 1 ] 1 L 1 '} I 1 0.3

0.1 03 0.5 0.7 09 11 13 15 L7 19

relative value of kinetic parameters

Figure 6.8 Sensitivity analysis of the effect of kinetic parameters on the
removal rate of a single substance when ¢;; = 6.5 g m™ and t = 3.6 min. The
(1,1) point corresponds to methanol with an actual removal rate of about 86.6
g m3-packing hl.

Figure 6.9 shows the relative removal rate (defined above) as a function of the
relative oxygen concentration in the airstream. A value larger than 1 on the x-axis
implies that the airstream contains oxygen at levels higher than the atmospheric air.
Calculations have been performed for two inlet methanol concentrations. When ¢,y =
2.67 g m3 the (1,1) point corresponds to an actual removal rate of 53.3 g m3-packing
h-, while when ¢,,;; = 6.98g m™ the (1,1) point corresponds to an actual removal rate
of about 90 g m-3-packing h!. The diagram indicates that at low inlet methanol
concentrations (curve a), enriching the airstream with oxygen does not lead to an
improved removal rate. This is due to the fact that 100% removal is achieved in such

cases. When c,; is high (curve b), enriching the air with oxygen leads to improved
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rates. This is in agreement with the fact, discussed previously, that the process is in
most cases limited by oxygen transfer. This graph also implies that, at least in some
cases, one could keep the contact time (or biofilter size) at reasonable or desired values

by enriching the air with oxygen in order to get complete removal of a pollutant.
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Figure 6.9 Effect of oxygen on the removal rate of methano!l when t = 3 min, and
Cy; = 2.67 g m3 (curve a) or 6.98 g m3 (curve b). The (1,1) point corresponds to
removal rates discussed in the text.

Figure 6.10 shows results of sensitivity studies with the following three
parameters : biofilm density (Xy), distribution coefficient (m), and the biolayer surface
area (Ag). The notion of relative values here is exactly the same as that discussed
earlier in conjunction with Figure 6.8. The curves of Figure 6.10 imply the following:
as expected, when the biolayer surface area per unit volume of the biofilter increases,
the removal rate increases and levels off when 100% removal is achieved; what is more

important is that the removal rate decreases drastically with Ag and it looks as if there
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is a linear relationship between the two quantities for values of R' less than 1. The
biofilm density (Xy) is an important parameter only when its value is low. The graph
indicates that if X, is high (or at least above 100 kg m-3), knowledge of its actual value
is not important for sizing a biofilter. From the curve for the effect of the distribution
coefficient, one can conclude that the more volatile a substance is (high m or low 1/m
values), the larger is the size of the biofilter required, assuming that the kinetics of the
two substances compared are similar. Also from the same curve- one could say that as
the temperature increases (and m becomes higher), removal rates for methanol will

drop, assuming that the effect of temperature on the kinetic parameters is not profound.
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Figure 6.10 Sensitivity analysis of the effect of parameters m, Xy , and A5 on the removal
rate of a single substance when ¢; = 6.5 g m3 and u,= 7.9 m h'l; R'= 1 corresponds to an
actual rate of about 86.6 g m3-packing h-t.
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6.5 Biofiltration of Benzene and Toluene

Once the proposed model was validated with data from experiments with methanol (data
obtained from another source), experiments were performed with two hydrophobic
solvents, benzene and toluene. Both substances are classified as primary pollutants by the
US EPA. The objective of this part of the work was not only to demonstrate feasibility of
benzene and toluene vapor biofiltration, but to also investigate if the mathematical model
proposed, can describe biofiltration of hydrophobic compounds as well. As described in
section 4.2, the biofilter was packed with a mixture of peat and perlite particles (volume
ratio 2:3). The column (10cm in diameter, 75cm in height) was not completely filled with
packing material. In the case of benzene, the length of the biofilter bed was S1cm, while
for toluene the bed length was 69cm. Experiments with benzene at space times between
2.7 and 4.7 min, and inlet concentrations between 0.07 and 0.56 gm-’ led to a maximum
removal rate of 4.5 g-benzene m3-packing h-'. The maximum observed removal rate for
toluene was 24.8 g-toluene m3-packing h'!. Experiments with toluene were performed
with inlet concentrations and space times in the range of 0.62-2.81 gm?3 and 2.7-8.6 min,
respectively.  The specific conditions for each experiment, and the measured
concentrations values are reported in Table 6.6 for benzene, and Table 6.7 for toluene.

Figure 6.11 shows a characteristic response of the biofilter during start-up.
Initially, an amount of the contaminant is adsorbed on the solid packing material, or simply
dissolved in the water retained in the pores of the solids. Eventually, after about eight
days in the case shown in Figure 6.11, the unit reaches a steady state. The data analyzed
in this section are from steady state conditions.

Experiments with benzene vapor were performed under different inlet benzene
concentrations, cg;, and space times, T = V, /F. Each experiment was run for a period of

at least two weeks. The values of the model parameters used in the calculations are listed
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Figure 6.11 Characteristic transient response of a biofilter during start-up;
dimensionless concentrations at 0.35H, 0.8H, and at the exit of the biofilter
(curves 1, 2, 3, respectively), as a function of time. Data from an experiment
with benzene vapor fed at 0.434 gm3, T =4.5 min, Vp =4119 cm3, H= 51 cm.

in Table 6.5. Equations (6.12) and (6.14), along with the corresponding boundary
conditions, were used for determining the concentration profiles. The methodology used
in numerical calculations has been discussed in earlier sections of this chapter.

Table 6.6 shows the conditions for the experiments, and the measured exit

concentration values of benzene. In the same table, the values of the observed removal

rate, R,,,, which is defined as (cg —¢p,)/ T are also shown. The load is defined as
cg; /T. The model predicted values for the exit concentration and the removal rate are
also shown in Table 6.6. The value of parameter Ay was determined as 23.3 m! by using
two data sets, and was then used in predicting the values of concentrations for the four
other sets. One can easily see that the experimental and model predicted values of cg, and
R are very close in almost all cases. Judging the performance of a biofilter on the basis of

only the removal rate achieved, as is usually the case, may be misleading when the removal
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Table 6.5 Parameter values used for solving the model equations for the
case of hydrophobic solvents.

Parameter Value Units
Agy 233 m!
Agp 40.0 m!
Coi 275.0x 103 kg m3

Dpw 1.04 x 10 m? s!
Dow 2.41x10° m? s
Doy 1.03 x 10? m?2 s
D;/Djw 0.195 -
Ky 12.22 g m3
Kir 78.94 g m3
Kos 0.26 gm?3
Kor 0.26 g m3
K; 11.03 gm3
mg 0.23 -
mg 344 -
my 0.27 -
X, 100.0 kg m3
Y 0.708 kg kg!
Yop 0.336 kg kg
Yor 0.341 kg kg!
Yo 0.708 kg kg!
Mg 0.68 bt
iy 1.50 h!

rate is not compared to the load. It is better to compare the observed percent removal, as
well as the removal rate, against the model predictions of the same quantities. Results
reported in Table 6.6 indicate that complete removal of benzene vapor requires substantial
space times.

The agreement between experimentally measured and model predicted

concentration values is good not only at the exit of the biofilter bed as shown in Table 6.6,
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Table 6.6 Steady state biofiltration of benzene vapors: Experimental data and model
predictions.

T Cp Cpe1 Che2 E, X L R, R, E,
% % %
(min) (g m3) (gm-3-packing h-1)

4.1 0.28 0.19 0.16 -158 321 4.1 1.3 1.6 231
4.5 0.43 0.23 0.25 8.7 46.5 5.7 2.7 25 -74
4.7 0.56 0.21 031 47.6 625 7.1 4.5 3.1 311
2.7 0.13 0.09 0.09 0.0 30.8 29 0.9 0.8 -11.1
2.7 0.12 0.08 009 -11.1 333 2.7 0.9 08 -11.1
4.1 0.07 0.04 0.04 0.0 42.8 1.0 0.5 04 -200

1 : residence time; cp; : inlet benzene concentration; ¢y, ,, Cg., : €xit benzene
concentrations, experimental and predicted, respectively; E, : percent error in
exit concentration defined as (cp.; —€p,, )/ Cp.;x100; X : percent removal

defined as (cg; — €y, )/ €5x100; R, and R, : removal rates based, respectively,

on experimental and model values; L: load; E, : percent error in removal rate
defined as (R, —R,)/R,x100.

but along the length (or height) as well. This is demonstrated in Figure 6.12. The model
also predicts the concentration profiles of oxygen and benzene in the biolayer at any
position along the biofilter length. Figure 6.13 shows such profiles at the middle point of
a column. This graph shows that benzene is depleted much faster than oxygen in the
biolayer. This was found to be always the case with both benzene and toluene, and it is
opposite to what was found in the case of methanol (see Figure 6.4). In the latter case,
oxygen was depleted first and thus, it was determining the effective biolayer thickness.
For the case shown in Figure 6.13, the effective biolayer thickness (6 = 1) is predicted to
be 53um, and is determined by the depletion of benzene.

The results from the experiments with toluene, along with model predictions are
shown in Table 6.7. The model parameter values used for solving the model equations are

shown in Table 6.5. In this case, the specific surface area, Agy, was found to be 40m-!.
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Figure 6.12 Benzene vapor concentration profile along the biofilter under
steady state conditions : data and model predictions (curve). For this
experiment, cg; = 0.28 gm3, T =4.1 min.
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Figure 6.13 Model predicted concentration profiles in the biolayer at h = 0.5H.
Curves 1 and 2 are for benzene and oxygen, respectively. These profiles are for
the case where cg; = 0.43 gm3, and T = 4.5 min.

This value is higher than the one for benzene, but lower than the one for methanol. As can
be seen from Table 6.7, the toluene percent removal was very high, leading to low

measured exit concentration values. The likelihood of an experimental error in measuring
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such low concentrations is high. This may be explaining the high percentage error (E,)
between experimental and model predicted exit concentrations. On the other hand, the
percent error between experimentally observed, and model predicted removal rates

(column E, in Table 6.7) is very reasonable.

Table 6.7 Steady state biofiltration of toluene vapors: Experimental data and model
predictions.

T €11 Cre1 Cre2 E, X L R, R, E,
% % %

(min) (g m-3) (gm-3-packing h-1)

6.3 281 020 055 1750 927 268 248 215 -133
42 092 016 029 52.6 79.7 13.1 104 9.0 -135
27 062 021 0.29 38.1 66.5 13.8 9.4 74 -213
86 068 0.00 0.05 -- 1000 438 4.8 44 -83
7.7 1.65 007 019 1714 956 12.8 122 113 -74

cr; . inlet toluene concentration; cy.,, ©p, : e€xit toluene concentrations,
experimental and predicted, respectively; all other symbols as in Table 6.6

The results indicate that biofiltration of toluene is much easier when compared to
benzene.

Except at the exit conditions, the agreement between model predicted and
experimentally measured toluene concentrations is remarkably good as shown, for
example, in Figure 6.14.

Concentration profiles of toluene and oxygen in the biolayer, are very much similar
to those of benzene and oxygen (Figure 6.13).

Data from biofilters are presented in many cases in the form of a diagram showing

the removal rate as a function of the load. Usually, a line or a curve is passed through the
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Figure 6.14 Toluene vapor concentration profile along a biofilter column under
steady state conditions when cr; = 2.81 g m3, 1= 6.3 min, Vp = 5150 cm3. Data
are compared to the model predictions (curve).

data points by simple interpolation or some type of prediction. It seems that this approach
is incorrect. Since variation in the load can be due to either a change in space time, or in
the inlet concentration, the data cannot fall on a single straight line, or curve, except if all
were obtained under the same space time, or inlet concentration. If both quantities were
varied during the experiments, the data should fall in a region rather than a curve (or line),
in the removal rate-load space. This is demonstrated in Figure 6.15 for benzene, and
Figure 6.16 for toluene. The boundaries of the regions (curves 1 and 2 in the graphs) are
predictions under same minimum and maximum space time values used in the experiments.
With one exception for benzene, all data points fall in the regions predicted by theory.
Regarding the model parameter values, the highest uncertainty seems to be
associated with the biofilm density (Xy), and the biofilm surface area per unit volume of
packing (Ag;). For this reason, a sensitivity study on these parameters was performed,
similar to the studies reported in section 6.4.3 for methanol. As baseline for this

investigation, the experiment reported as last entry in Table 6.7 was used. The results are
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Figure 6.15 Removal rate of benzene as a function of load. Data from experiments under
various cg; and T values. The two curves represent model predictions for the minimum
and maximum 7 values used in the experiments. For curve 1, 1= 2.7 min; for curve 2, 1=
4.7 min,
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Figure 6.16 Removal rate of toluene as a function of load. Data from experiments under
various cp; and T values. The curves represent model predictions for the minimum and
maximum 1 values used in the experiments. For curve 1, t=2.7 min; for curve 2, 1= 8.6
min.
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Figure 6.17 Sensitivity of the model to the values of parameters Ag and
Xy. Results of simulations compare the removal rate with a reference
value when the parameters are changed relative to a reference value. The
point of reference (1,1) corresponds to an actual biofiltration experiment
with toluene for which ¢;= 1.65 g m3, 1= 7.7 min, and the experimentally
observed removal rate was 12.2 g m3-packing h-!.

shown in Figure 6.17. As can be seen from this graph, for relative X, values above 0.6,
i.e,, actual Xy, values above 60 kgm the predicted removal rate would be practically the
same for any X, If the real X, was between 20 and 60 kgm-3 the error in the removal rate
would be less than 10%. The value of Ag; seems to be very important as shown also in
Figure 6.17. It appears that if the real Ag; is larger than the one estimated (relative value
larger than 1), the impact on the prediction of the removal rate is less than 10%. On the
other hand, if the real value is less than the estimated one, the error in predicting removal
rates can be very substantial. It is for this reason that a careful approach needs to used in
estimating Ag;.

From the results reported in this section, it is clear that biofiltration can be

successfully used for removing benzene and toluene vapors from airstreams. Benzene
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appears to be harder to remove than toluene, at least with the culture used in this study.
Steady state biofiltration can be nicely described and predicted with the model introduced
in this study. Comparing the results from methanol, benzene, and toluene, one can
conclude that biofiltration of hydrophobic compounds appears to be less affected by
oxygen limitation, when compared to treatment of hydrophilic compounds. Furthermore,
removal rates achieved for hydrophilic compounds are at least one order of magnitude

higher than those achieved for hydrophobic ones.



CHAPTER 7

STEADY-STATE BIOFILTRATICN OF VOC MIXTURES

In Chapter 6 of this dissertation, a detailed model describing biofiltration of single VOC
vapors from airstreams was introduced, analyzed, and experimentally validated with three
different solvent vapors. Validation of the theory proved that its underlying principles are
correct and thus, it was decided to generalize the theory for cases where mixed VOCs are
present in airstreams. It was felt that such a generalization is necessary, since in practical
applications, airstreams carry -usually- a variety of VOCs. Furthermore, as discussed in
the literature review, there is only one model for mixtures, and assumes a simple additive
approach. This approach is probably incorrect since, as also discussed in prior chapters,
there is a growing evidence of kinetic interactions among compounds which are subjected

to simultaneous biodegradation.

7.1 General Theory of Biofiltration of Mixed VOCs

The assumptions made in deriving the general model equations are as follows.

1. Supplemental nutrients, such as nitrogen and phosphorous sources are not exerting rate
limitation on the process.

2. All compounds exerting rate limitation on the biofiltration process are transported
within the biolayer by a diffusional process.

3. Biodegradation of VOCs occurs only aerobically.

4. Compounds affecting the biofiltration process are oxygen and the VOCs present in the

untreated steam.

76
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5. No metabolites accumulate in the filter bed.

6. Biodegradation rates are functions of oxygen, and the VOCs. These rates are the same
as in suspended cultures (free cells).

7. The biolayer is formed on the exterior surface of the particles, and its thickness (8°) is
small when compared to the particle size; hence, planar geometry can be used. At least
one of the rate-limiting substrates gets depleted before it reaches the biolayer/solid
support interface. Thus, there is an effective biolayer thickness (3) in the sense of
Williamson and McCarty (77).

8. There is no boundary layer at the air/biolayer interface, and the concentration of
component j (j : VOC, oxygen), ¢, in the gas phase is related to the concentration of
that component in the biolayer (at the air/biolayer interface) through the expression
5, =¢; / m;, where m; is the distribution coefficient for the component j /water system.

9. The gas phase is in plug flow in the biofilter bed.

10. The biofilm density, X, , is constant throughout the column.

11. The microbial consortium is stable, and its composition does not vary either in time, or
in space. Hence, the specific biofilm area is the same for all VOCs.

12. There is no net biomass accumulation, except during the first stages of process
start-up.

13. The diffusivities of compounds in the biolayer, are equal to the diffusivities of the same
compounds in water, multiplied by a correction factor, f{Xy), given by the correlation
of Fan et al. (29).

For a case of n VOCs, the equations describing the process can be written as
follows, when the assumptions above are considered.

In the biolayer, at a position h along the biofilter column:
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ds; X
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d’s = X
f(X, ) Doy —==D —¥pu, vees 7.2

with boundary conditions,

€ : Co
s, = —, j=1L..n and s,=—- at x=0 (7.3)
m, m,
ds;
95 _Si o, j=1,..,n at  x=25 (7.4)
dx dx

Along the biofilter column, the following equations hold:

dc; ds. .

ug—ahi=Asf(Xv)Djw[-a;’-]x=o; j=1,..,n (7.5)
dc ds

U, "hg = Asf(Xv)Dow [_E):—] y (7.6)

with boundary conditions,

j=1,..n at h=0 (7.7)

Depending on the particular mixture, the only things which change in equations

(7.1) through (7.4), are the specific forms of expressions uj(so,s,,...,sn), j = l,..,n

These kinetic expressions need to be known for the model equations to be solved.
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7.2 Biofiltration of a Mixture of Two VOCs Involved
in a Competitive Kinetic Interaction

In order to test the theory for biofiltration of VOC mixtures, it was decided to perform
experiments with a mixture of benzene and toluene. These solvents are of particular
interest since they are constituents of BTEX (benzene/toluene/ethyl-benzene/xylene)
mixtures, which are frequently encountered in industrial operations, and in contaminated
sites. Furthermore, this mixture was an obvious choice since, as discussed in Chapter 6,
experiments were performed with each one of the two solvents individually for validation
of the theory concerning biofiltration of single VOCs. Kinetic experiments, discussed in
Chapter 5, have shown that simultaneous biodegradation of benzene and toluene follows
inhibitory kinetics involving cross-inhibitory, competitive interaction. For this reason, the
general equations (7.1) through (7.7) had to be written specifically for such kinetics, and

for the mixture of interest.

7.2.1 Theory

The equations describing steady state biofiltration of benzene/toluene mixtures constitute a
set of six differential equations. Three of them, equations (7.8) through (7.10), along with
boundary conditions (7.11) and (7.12), describe mass balances for benzene, toluene, and
oxygen in the biolayer at any cross-section of the biofilter column. The remaining three
differential equations, (7.13) through (7.15), along with boundary conditions (7.16),
describe mass balances for benzene, toluene, and oxygen in the gas phase (air) along the

biofilter length. These equations are as follows.

ds, X
> ='—V—HB(SB’STrSO) (78)

f(Xv )DBW ‘ax—z' YB



d’s, X
f(XV)Dijd){—;r:?:-uT(SB,ST,SO)
d’s, X X
f(Xv )Dow '&22' = ?’i‘us(saasr:so ) +§.‘j“r(sa asraso)
cB cT cO —
= —; == d =— at x=0
Sp me Sy . an So m X
dsﬂzdsT=ds0=0 at x=5
dx dx dx
dcg _ Asf(xv )Dsws[dsg]
dh F dx ..,
de; Asf(XV)DTWS[dsT]
dh F dx | _,
dc, _ Asf(Xv)DowS dSo
dh F dx
Cy =Cpg» Cy =Cq;, and ¢, =c¢y at h=0
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(7.9)

(7.10)

(7.11)

(7.12)

(7.13)

(7.14)

(7.15)

(7.16)

The specific forms of the kinetic expressions pg(s,,sr,s,), and pr(sy,51,5)

which appear in equations (7.8) through (7.10), are given as,

_ “;saso
(KB +sg + Kpr8; )(K0 + 5S¢ )

UB(SBaST’So)

L ]
H 5180

P‘T(SB’STrSo):[ 2

K, +sT+kSL+KmsB)(Ko +5¢)

IT

(7.17)

(7.18)
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Expression (7.17) involves four kinetic constants, while expression (7.18) involves five.
The values of these kinetic constants have been determined as discussed in Chapter S, and
are listed in Table 7.1. The implication of expression (7.17) is that in the absence of
toluene, and when oxygen is present at high, non-changing concentration levels, benzene
is removed according to a Monod expression (44). Expression (7.18) implies that in the
absence of benzene, and when oxygen does not affect the kinetics, toluene is removed
according to an Andrews inhibitory expression (2). Parameters Ky and K,y indicate the
interference of toluene and benzene, respectively, with the kinetics of benzene and toluene

removal, respectively.

By introducing the following dimensionless quantities,

X h s s - s
e:__’ Z=— T =__.B_’ T =_T_.’ S =0
5 H: sB B ST T Q R
CB —_ c'r - co cBi
=B ==L, T »  Ep=
? Cai ' Cri ° Coi ? Kpmy
Cy Coi K Ky K
€T=KT . eo_Ko i y=—L = BT T
My oMy K Kp
G. = KKy o2 = X8’ $2 = prX,8’
2= > ] -
K, D, f(X,)K, Y, 7% D f(X,)K,Y,
A, = Dy KpYy A, = DK Y;
’ 2 =
YowKoDow YorKoDow
n= Asf(XV)DBwHKB o, = KDy Cyi _KoDowCp;i

= o, =
H 1 [ 2z
ugacBi KgDgyer KpDgwCoi



equations (7.8) through (7.18) can be written as,

d’s, _ 5.5,

2
do’ 0 (145, +0,5)(1+75,)

dz—sl' - ¢2 -§T§O
d0? (1475, +75,% +6,5 J(1+%,)

d’s, 5,5
=1,0 < +A,03
do? by (1+3, +0,5.)(1+5,) 2‘t”(
Sy =€5Cy; Sy =€4Cp; Sy =€4Cp at 6=0
ds, ds, ds,
=L -2 t 6=1
4o do do a
dc, [ ds,
dz ‘"[ do ]
@&, (45
d 'L dO oo
o o [E5]
d 21 dO Joso
Cy=t =%, =1 at z=0

Using equations (7.19) through (7.22), one can show that

50 =My [EB (9) —€pCp ] +A, [Er (9) —~€5Cyp ] +€4Co

1+5; +v5;° +02§B)(1+§o)
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(7.19)

(7.20)

(7.21)

(7.22)

(7.23)

(7.24)

(7.25)

(7.26)

(7.27)

(7.28)
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Differentiating equation (7.28) with respect to 6, one gets

ds, ds ds;
=N —2+A
d 'do *do

(7.29)

Using equations (7.24) through (7.27), along with equation (7.29), one can show

that

% (2) = 1,0, (G5 (2) 1)+ 22225, (2) -1) 1 (7.30)

Finally, equations (7.28) and (7.30), lead to

R D O N

1

—so[k,mz + 7‘;“’2 - 1] (7.31)

1

Equations (7.30) and (7.31), allow for a reduction of the original 6-dimensional
system of differential equations, to a system of dimension 4. This is done by keeping
differential equations (7.19), (7.20), (7.24), and (7.25), along with those conditions in
(7.22), (7.23), and (7.27) which refer to benzene and toluene only. In the differential
equatiéns which are kept, and in their boundary conditions, §, should be substituted for by
the right-hand side of equation (7.31), and T, by the right-hand side of equation (7.30).
The physical meaning of this dimensional reduction is that stoichiometric relations among
benzene, toluene, and oxygen are always valid while mathematically, it means that the

solutions of the original differential equations are always found on a hyperplane of
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dimension 4 in the 6-dimensional space. This dimensional reduction greatly facilitates the

numerical work needed for solving the model equations.

7.2.2 Numerical Methodology
In order to solve equations (7.19), (7.20), (7.24), and (7.25), along with the appropriate
boundary conditions, a computer code was generated and is given as Appendix B of this
dissertation. The code is based on the use of the method of orthogonal collocation (30,
76) (for the biolayer), and the Runge-Kutta algorithm (for the gas phase).

The principles of the numerical methodology are as follows. Equations (7.19) and
(7.20), for the biolayer are first solved at the entrance conditions (z = 0), where the values
of gas phase concentrations are known through equations (7.27). The biolayer
concentration profiles allow for determination of their slope at @ = 0. These slopes are
used for solving equations (7.24) and (7.25), to produce the gas phase concentrations at a
position Az from the entrance. At this position the biolayer equations are solved again and
the procedure is repeated up to the point where a Az increment leads to the exit position
from the biofilter. The step in height (Az) is equal to 0.01 thus, the procedure involves
100 iterations. At every point, the equations in the biolayer are solved by trial and error in
order to determine 8. The value of § is the position in the biolayer where either oxygen is
depleted while benzene and/or toluene concentrations are still non-zero, or both benzene

and toluene have been depleted while oxygen is still available.

7.2.3 Results and Discussion

Experiments with benzene/toluene mixtures were performed in a specjally designed pilot-
scale column. This column, as well as the experimental methodology, have been discussed
in Chapter 4 of this thesis. During the experiments, the flowrate (or residence time) of the
airstream was varied, as well as the absolute and relative composition of the inlet airstream

regarding benzene and toluene. Each experiment, under a given set of conditions, lasted
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for at [east three weeks in order to reach steady state conditions. Experimental data
showing the behavior of the pilot-scale unit during start-up under a given set of

experimental conditions is shown in Figure 7.1.

Cs Cr
1 1
0.8 1 0.8
Bl
[ X.] 0.6 1
0.4 2 0.4
2
0.2 0.2 3
3
0 Nt . v . 0 ittt o
0 3 [] 9 12 16 18 21 0 3 3 ] 12 16 18 21
days days

Figure 7.1 Transient data from the start-up of the pilot-scale biofilter unit when cg; =
0.367 gm3, c; = 0.225 gm3, v = 3.1 min, V, = 15,291 cm?. Concentration data for
benzene (left), and toluene (right), from the exit of the first, second, and third segment
of the unit (curves 1, 2, and 3, respectively). The concentrations have been made
dimensionless by dividing actual values with their corresponding value at the inlet.

The experimental results were compared to the theoretical predictions obtained by
solving the model equations. Model parameters which were not measured, were estimated
as explained in Chapter 8, with one exception. In the case of mixtures no fitting approach
was used in estimating the specific biolayer surface area (Ag). Since the pilot-scale
column was in many ways similar to the intermediate-scale columns used in the
experiments with either benzene, or toluene (see Chapter 6), it was decided to use the
value of Ag determined for the intermediate columns. As discussed in Chapter 6, the value
of Ag was different for the benzene case, and the toluene case. Because of assumption 11,
stated in section 7.1, the value of Ay was used as Ag for the mixture. The value of Agy is
larger than that of Agg, and the rationale for using the larger of the two was the following.

Toluene is biodegraded easier than benzene. As a result, during the initial stages of
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toluene biofiltration, the consortium develops on the packing material more than when
benzene is passed through the column; this is why Agy is larger than Agz. When a mixture
of benzene and toluene is passed through the column, the consortium develops on the
packing as in the case where it is exposed to the preferred substrate (toluene) only. Ifit is
a stable consortium (and this is the assumption made), then benzene and toluene degraders
are found at any point in the column where a biolayer has been formed, so the larger of the
Ag values should be valid. It should be mentioned that due to the inhibition exerted from
benzene on toluene, the value of Ay may be lower than that of Ag;. On the other hand, as
discussed in Chapter 5, the influence of benzene on toluene is not so severe; for this
reason, and since no better estimate was available, a value of 40 m! was used as Ag for
the case of the pilot column. The entire list of model parameter values used in solving the
model equations, is given in Table 7.1.

Table 7.2 lists experimental conditions, and experimentally obtained exit
concentrations and removal rates for benzene and toluene. On the same table, the model
predicted values for the same quantities are also shown along with the percent error
between experimental and predicted values. The agreement between theory and
experiments is very good, especially when one takes into account the complexity of the
process. It should be mentioned that in some cases, the discrepancy between
experimentally obtained and model predicted removal rates appears to be very substantial.
Nonetheless, this is really an artifact due to the small removal rate values involved in the
calculations. In fact, a close look at the experimentally obtained and model predicted exit
concentration values will convince the reader that the model is really doing an almost
perfect job in practically all cases.

Comparisons between experimental and model predicted values which are reported
in Table 7.2 refer to the conditions at the exit of the unit. Comparisons can be also made

for other locations along the unit where actual measurements were made.



Table 7.1 Parameter values used for solving the model equations for the

case of benzene-toluene mixtures.

Parameter Value Units
Ag 40.0 m!
Coj 275.0x 103 kg m3

Dgw 1.04 x 10° m? s
Dow 2.41x 107 m? s
Dy 1.03 x 10° m? sl
fXy) 0.195 -
Kg 12.22 gm3
Kgr 4.50 -
Kir 78.94 gm3
Kop 0.26 gm3
Kor 0.26 gm?
Kr 11.03 gm?3
K 0.20 --
mg 0.23 --
mg 344 -
my 0.27 -

S 1.82X 102 m?
X, 100.0 kg m?
Yp 0.708 kg kg!
Yos 0.336 kg kg1
Yor 0.341 kg kg!
Yr 0.708 kg kg!
Hg 0.68 ht
oy 1.50 ht
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Table 7.2 Steady state biofiltration of benzene-toluene mixtures: Experimental
data and model predictions.

T i Cy Cle,1 e E, R, R, E,
(min) *(gm-) (%) (gm3-packh?) (%)
09 B  0.162 0.146 0.136 -6.8 1.1 1.7 545

T 0515 0300 0399 33.0 143 7.7 -46.2
10 B 0130 0.108 0105 -2.8 1.3 1.5 15.4
T 0212 0169 0.157 -7.1 2.6 3.3 26.9
13 B 0205 0164 0160 -24 1.9 2.1 10.5
T 0403 0267 0283 6.0 6.3 55 -12.7
14 B 0165 0130 0125 -3.8 15 1.7 13.3
T 0382 0239 0258 79 6.1 53 -13.1
1.5 B 0194 0149 0143 -4.0 18 20 11.11
T 0272 0.18 0.177 -4.8 3.4 3.7 8.8
20 B 0150 0119 0099 -168 09 1.5 66.7
T 0298 0.158 0167 5.7 42 3.9 7.1
31 B 0367 018 0194 43 3.5 3.3 -5.7

0.225 0.102 0.092 -98 24 2.6 8.3

-

2Concentrations in gm3 can be converted to ppm (mg of compound kg
air) if they are multiplied by a factor of 854.7; bVolume of packing
material used for this set of data is 5,097 cm?, and for all other sets,
15,291 cm3; 7 : residence time; j : compounds, B-benzene and T-toluene;
c; - inlet benzene/toluene concentration; ¢, Cj, : exit benzene/toluene
concentrations, experimental and predicted, respectively; E, : percent

error in exit concentration defined as (¢, —¢;;)/c,,;x100; R, and R, :

removal rates based, respectively, on experimental and model values; E, :
percent error in removal rate defined as (R, ~R,)/ R ;x100.

Two such examples are shown in Figure 7.2. From the graphs, one can see that the
agreement between theory and experimental data is excellent for benzene, and quite

good for toluene. It should be mentioned that although the concentration profiles shown



89

cn ac'r (4 m's)
(a)
A
03 1)
A
0.2
2)
0.1
0 . T 1  Emaa— ™ T ~T T ~— 0'1
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
z Z

Figure 7.2 Concentration profiles of benzene (curves 1), and toluene (curves 2) along
the biofilter are compared with experimental points at the entrance of the column and
the exits of each one of its three sections. The experimental conditions for graph (a)

, are cg, = 0.367 gm3, c; = 0.225 gm3, © = 3.1 min; for graph (b), cp; = 0.165 gm3, cy;
= 0.382 gm3, 1= 1.4 min; in all cases, V, = 15,291 cm?.

in Figure 7.2 look as being almost perfectly linear, computer simulations have shown that
this is not the case for other values of inlet benzene and toluene concentrations.

Typical concentration profiles in the biolayer, predicted by the model, are shown in
Figure 7.3. As in the case of individual benzene or toluene vapor biofiltration (see
Chapter 6), it is predicted that the VOCs are depleted much before oxygen is. In the
particular example shown in Figure 7.3, benzene and toluene are depleted at almost
exactly the same location in the biolayer. Higher benzene and/or toluene concentrations in
the air would result in a reversal of the order in which oxygen and VOCs are depleted in
the biolayer. Such high concentrations though, are unlikely to happen for these particular
solvents; at least in cases of usual emissions.

The fact that oxygen concentration does not appear to drop a lot within the
biolayer, does not necessarily imply that the oxygen factor is not important for the

biofiltration of benzene/toluene mixtures. This was concluded from simulation studies on
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Figure 7.3 Model predicted concentration profiles in the biolayer at the middle
point of a biofilter operating under the conditions of the experiment shown in
Figure 7.2a. Curves 1, 2, and 3 are for oxygen, benzene, and toluene, respectively.

the sensitivity of the model to parameters K, and cg;. The results of these studies are
shown in graphical form in Figure 7.4, and indicate that Ko, in particular, may have a
considerable impact on the removal rate. In fact, it is predicted that if the value of K, is
an order of magnitude higher than the one valid for the culture used in the experiments
reported here, the removal rate may be 15% less than what was obtained during the
experiment used as a basis for the these calculations (reference point (1,1) in the graph).
This suggests that microbial culture selection should not only be based on its ability to
remove VOCs, but also on the affinity of the culture for oxygen.

One of important differences between the model proposed here, and the one used by
some researchers as discussed in Chapter 2, is the fact that kinetic interactions are taken into
account. In order to further investigate the impact of cross-inhibition on the removal rate,
computer simulation studies were performed for the sensitivity of the model to the

interaction constants Ky and K. The results of these studies are shown in Figure 7.5.
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Figure 7.4 Model sensitivity studies on the effect of oxygen on the removal rate. Curves
1A and 1B are for benzene and toluene, respectively, and indicate the effect of kinetic
constant K,. Curves 2A and 2B are for benzene and toluene, respectively, and indicate
the effect of the inlet air oxygen concentration on the removal rate. R' is the relative
removal rate with respect to the experimental conditions. Conditions are those of Figure
7.2a, and the (1,1) point represents removal of 3.3 g-benzene and 2.6 g-toluene m--
packing h-l.
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Figure 7.5 Sensitivity studies on the effect of the kinetic interaction constants Ky (left)
and Kqp (right), on the removal rate of benzene and toluene vapors. R'is the relative
removal rate with respect to the experimental conditions as in Figure 7.2a.
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The results of these studies indicate that the removal rate of benzene is much more
sensitive to the presence of toluene, than the removal of toluene is to the presence to
benzene. An order of magnitude increase in the interference parameter Kgy can make an
almost 30% difference (decrease) in the removal rate of benzene. On the other hand, an
order of magnitude increase in Ky can make an almost 10% difference (decrease) in the
removal rate of toluene. Clearly, these interaction parameters can have a significant
impact on the removal rates and thus, they should not be neglected.

The results of the study reported in this chapter lead to the conclusion that the
proposed model can very nicely describe biofiltration of benzene/toluene mixtures under
various operating conditions. The fact that the model was validated in a relatively large
scale unit, suggests that the proposed theory, and the equations associated with it, can be

used with a good amount of confidence in designing actual units.



CHAPTER 8

TRANSIENT BIOFILTRATION OF SINGLE VOCs

In practice, a biofilter often experiences fluctuations in the inlet gas concentration of the
VOCs, flow rate, discontinuity of the process due to shut down, etc. Hence, it is very
important to have mathematical tools to study the response of biofilters to the variations
of these parameters. As discussed in Chapter 2, some experimental studies (72, 80), have
been performed to test the operational stability of biofilters. However except for the just
published work of Deshusses and Dunn (16), there is absolutely no study published in the
literature on modeling the biofiltration process under transient conditions. In this chapter,
a detailed model is developed for the case where a single VOC is treated via biofiltration
under transient conditions. At the limit, i.e., when the transients decay, this model reduces
to the steady-state one discussed in Chapter 6. The model equations have been solved,
and the predictions tested against toluene biofiltration data under transient conditions.
These data were obtained from the experiments with toluene discussed -but not used or

analyzed- in Chapter 6.

8.1 Development of the Mathematical Model
In most cases, a model which describes a process under steady-state conditions can be
easily extended to describe the same process under transient conditions by introducing
accumulation terms. Biofiltration is an example of cases where such simple extensions are
not possible. The first problem is that some amounts of VOCs are physically adsorbed on
the packing material. Under steady state conditions, the adsorption process is in

equilibrium and thus, it does not need to be taken into consideration in the steady-state
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model derivation. Under transient conditions though, equilibrium conditions are not valid
and the adsorption process needs to be explicitly accounted for in the model derivation.
The second problem is even more complex, and has to deal with process start-up. During
start-up of a biofilter unit, the formation of biolayers around solid particles has not been
completed. Some biomass accumulation does occur, and this is why one experimentally
measures a pressure drop at the very beginning of experiments performed immediately
after column inoculation. During this period, as the actual biolayer is still in formation, its
thickness varies. Bare parts of particle surface area get covered with biomass during this
period, and such phenomena cannot easily be described.

The transient model proposed here would be really applicable only for transitions
from one set of operating conditions to another, and cannot describe the very first start-up
of a biofilter unit.

The assumptions made in deriving the model are as follows.

1. The biolayer is formed on the exterior surface of the particles. Biomass does not grow
in the pores of the particles and thus, no reaction occurs in the pores.

2. The biolayer is not uniformly formed around particles. In actuality, there are patches
of biofilm on the solids, leaving the bare surface of the solids in direct contact with the
airstream.

3. Adsorption of VOCs on the solid particles occurs only through the direct bare solid/air
interface. Adsorption does not occur on the biofilm.

4. Oxygen does not get adsorbed on the solid particles.

5. The thickness of the biolayer is small relative to the main curvature of the solid particle

and thus, planar geometry can be used.
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6. The extent of the biofilm patch is much larger than its depth. Hence, VOCs and
oxygen transported into the biolayer through the side surfaces of the biofilm patch
can be neglected, and diffusion/reaction in the biofilm can be considered in a single
direction only.

7. Adsorption is a reversible process and its characteristics are determined through the
adsorption isotherms.

8. VOCs and oxygen at the biolayer/air interface are always in equilibrium which is
dictated by Henry's Jaw. The distribution coefficients are the same as if the biolayer
was made of water only.

9. VOCs and/or oxygen are depleted in a fraction of the actual biolayer.

10. Diffusivities of VOCs and oxygen in the biolayer are equal to the diffusivities of the
same compounds in water, corrected by a factor depending on the biofilm density
according to the expression of Fan et al. (28).

11. The biofilm density is constant.

12. There is no accumulation of biomass in the filter bed thus, the specific biolayer surface
area is constant.

13. Biodegradation rates depend on the concentrations of VOCs and oxygen, and their
functional forms can be determined from suspended culture experiments.

14. The airstream passes through the biofilter bed in plug flow.

As can be seen from Chapters 6 and 7, some of the assumptions above are also
made in deriving the steady state models. Furthermore, it is because of assumptions 9 and
12 that the model described here cannot be valid under start-up conditions of a biofilter
unit,

A schematic of the model concept, especially as it relates to assumptions 1, 2, 3, 5,

and 6, is shown in Figure 8.1.
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Figure 8.1 Model concept for description of biofiltration under transient
conditions. Only part of the surface area is covered with biolayer. VOCs
transferred to the biofilm undergo degradation. VOCs are also reversibly
adsorbed on the solid packing through the bare surface of the particles.

Considering an airstream carrying vapor of a single pollutant j, the model
equations can be written as follows under the assumptions above.

I. Mass balances in the biofilm :

Os. d%s. X

—L':f(XV)D'W_—_J_——V_u'(SWSO) (81)
ot - S A

05, o*s, X

PBo _ f(x,)Dgy 220 - 2¥ (5.8 (8.2)
&t VIOV kY, °)



with initial and boundary conditions,

C.. Cn:
t=0,h=0,x=0: s]=—££ s°= 0i,0
m; m,
c.oth Cool(h
t=0,0<h<H,x=0: s; = "°() so_—_&(_).
m; m,
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II. Mass balances in the gas phase

aC- 5&:- . Os, . ®
Uaj':'“s‘éﬁ*'Din(XV)aAs(Sx_)') -k, (1-a)Ag (cj—-cj)
x=0
dc oc .« (Os
oo =, B2 Dt un; (32)

with initial and boundary conditions,
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(8.3)

(8.4)

(8.5)

(8.6a)

(8.6b)

(8.6)

8.7

(8.8)

(8.9)
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t=0, h=0 C; =Cjio Co = Coip (8.10)
t=0 O<hsH ¢;=c;o(h) co =cop(h) (8.11)
t>0 h=0 C;=Cy Co = Cgi (8.12)

III. Mass balance in the solid phase (particles)

(l—u)pp%ﬁck,(l-a)A;(c}.—c;) (8.13)

with initial condition

t=0,h20, c,=c,,(h) ' (8.14)

b T Vipo

When biodegradation of pollutant j follows Andrews (2), kinetics under excess oxygen
conditions, and when under both substrate (VOC j), and oxygen limiting conditions the

reaction rate can be expressed through an interactive model (5), then the expression of

1, (s;,50 ), which appears in equations (8.1) and (8.2), is

*
by (5;,80) = — e
AR A s} Kg+5o

i

(8.15)

When the adsorption isotherm of pollutant j on the solid packing can be described

by the Freundlich equation (57), one can write,
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c, =ky(c})" (8.16)

Usually, transients of the biofiltration process last very long (even days), while the
space time (1) is in the order of minutes. For this reason, and without any loss of
accuracy, one can omit equations (8.6a) and (8.6b), and use equation (8.6) for any t > 0
rather than for t > 1 only.

Equations (8.1), (8.2), (8.8), (8.9), and (8.13), along with their initial and
boundary conditions constitute a system of coupled partial differential equations in three
directions (time, biolayer, bed height), the dynamical dimensionality of whichis 5. Solving
a system of coupled PDEs is something which is very involved. For this reason, and as the
proposed model is the first of its kind, it was decided to simplify it as discussed in the next

section.

8.1.1 Simplification of the model
In cases where reaction and diffusion is involved, the notion of effectiveness factor

(e), can be introduced as follows (40, 71).

amount of a reactant consumed after been transferred into the biofilm via diffusion
amount of the reactant consumed under no diffusional limitations

(8.17)

Using definition (8.17), for the cases of VOC j and oxygen, one can write,

(8.18)
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f(xv)Dow(%j—)
e, = (8.19)

6%[”:‘(51’50 )]x=o

The importance of the effectiveness factors is that they permit omission of equations (8.1)

and (8.2). Taking this into account, and after introducing the dimensionless quantities,

T Y PO € )
j Cii Cii ° Coi » ue; H
u_t C: ) K.
ezl{— C:—g—- 31= £ 82= CO, 'Y:-——J-
o H m;K, moK, K,
e,08A X Hp' e,0BA X Hy'
ST Yuco B, = Y. u.c.,v
iTevii oYgvoi
B, = Y= —
> u,v c; | (1-v)ppk,

the model can be reduced to the following system of three differential equations, when

Freundlich's isotherm is valid.

Oc. oc, .
=gt (e, %) -Bi(5 -7 ) (8:20)
aaECO = —-‘I;Ug aaezo "Bzg(Ej’Eo) (8.21)

53-:2—" =8,(5,-¢ ) (8.22)
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where

g(e,%) =177 el:j‘ijefﬁf) N (8.23)
and

5 =u(s, )" (8.24)

The initial and boundary conditions for equations (8.20) through (8.22) are as follows.

at=0andz=0: ¢T;=1 S, =1 €, =C;,0(0) (8.25)
at{=0and0<z<1: C; = Ejbo(z) To = Eo.o(z) Cp, = Ejp'o(z) (8.26)
€z0andz=0: c =1 T =1 (8.27)

8.2 Numerical Methodology
By looking at equations (8.20) through (8.22), one could expect that they constitute a
system of PDEs which should be easy to solve. One could for example, use a finite
differences approach in the z-direction, and then solve the resulting system of ordinary
differential equations through a Runge-Kutta algorithm, or any other ODE-solver available
in software packages such as IMSL (International Mathematical Software Library). Codes
based on this approach were generated, but failed to produce results. The reason was that

expression (8.23) for the biodegradation kinetics makes the problem stiff from the
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numerical point of view. The problem was resolved by using ODESSA (Ordinary
Differential Equation Solver with explicitly Simultaneous Sensitivity Analysis). ODESSA
is a subroutine within the AUTO software package (23). A computer code was developed,
and is offered as Appendix C of this dissertation. The code is based on finite differences in
the z-direction, and integration of the resulting system of ODEs. If twenty points are used
for discretizing z (from z = 0 to z = 1), ODESSA solves a system of sixty simultaneous
differential equations. An indication of the stiffness of the problem is the fact that one
needs to select within ODESSA the option for highest stiffness [MF = 21, this option
requires supplying the Jacobian matrix of the ODE system; with 20 points in the z-
direction, the Jacobian is a 60x60 matrix]. With this option, convergence was always

obtained, even when the error tolerance was set to as low as 10-12,

8.3 Determination of Model Parameters

Kinetic parameters, distribution coefficients, yield coefficients, diffusivities, biofilm density
can be either measured, or estimated as discussed in Chapters 5, 6 and 7. Parameters
which appear only in the transient model, were either measured or estimated as follows.

The first problem is that the effective biolayer thickness, d, and the effectiveness
factors €; and eg are not constant. The value of  varies along the biofilter column. The
values of effectiveness factors depend on 8, as well as on the concentrations of oxygen and
the VOC at any particular location. One can then use the following approach : use the
steady state version of the problem (Chapter 6), and solve the equations for various inlet
VOC concentrations in the range of interest; since these equations yield values for
concentrations, as well as for 9, try to find a simple correlation between the gas phase
concentration of the pollutant and the quantities of interest (3, ¢;, €o). For the case of

toluene, it was found that these correlations are simple linear expressions (see Table 8.1).
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This approach disregards the fact that § may be time dependent. However, this seems to
be a reasonable assumption since, as discussed in Chapter 6 in conjunction with the study
on methanol, the time scale of events in the biolayer is order of magnitudes smaller than
that in the gas phase.

The parameters involved in the adsorption isotherm (k4 and n, in the case of
Freundlich's isotherm), can be determined from independent kinetic experiments. For the
case of toluene, experiments were performed using the methodology described in Chapter
4. The results of these experiments are shown in Figure 8.2. From this figure it appears
as if there is a perfectly linear relationship between c;p and c;. In reality, when the data are
plotted on a logarithmic scale, as suggested by equation (8.16), they yield a value of n =
1.04.

C;p, (g-toluene adsorbed g-solid) x 10-5

40
30}
20
A
10}
o S 1 1 - L /] L L i |
0 4 8 ) ¥4 » 20

c;, (g-toluene m3-air)
Figure 8.2 Adsorption isotherm of toluene on a peat/perlite mixture (2:3

volume ratio). Symbols represent experimental points. The curve
represents a fit of the data to the Freundlich isotherm.

Porosity of the bed was taken from a reported value (52), as 0.3. The fraction of

the external surface area of particles which is covered by biofilm (a) is extremely hard to
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estimate. In this study, the following crude assumption was made. Since before packing
the column, an amount of thick suspension of volume V, was mixed with the packing
material of volume V,, and V:V, = 0.3, a value of o. = 0.3 was used. Having the value of
o, One can estimate Aj as A /o, where A is the value obtained from steady state data
as explained in Chapter 6.

Regarding the mass transfer coefficient (k,), there is a correlation available in the
literature for packed-beds (36). This correlation is a function of the flow conditions, and
characteristics of the particles (density, size etc.). The type of packing materials used in
the present study had a wide size distribution. For this reason, an average particle size (2
mm) was first assumed, and a value of k, was obtained. This value was used as an initial
guess in the following procedure. Data from one experimental run were fitted to the
solution of equations (8.20) through (8.22) by varying the value of k,. The objective was
to not only get a good fit of the transient data, but to also converge ( at large times) to the
steady state solution predicted by the steady-state model discussed in Chapter 6. This
fitted value of k, was subsequently used unchanged, in predicting the transient data in all
other experiments.

The entire list of model parameter values used in analyzing the transient toluene

biofiltration data is given in Table 8.1.

8.4 Results and Discussion
As mentioned earlier, transient data from toluene biofiltraion experiments were
used for validating the model. These are the same experiments which were discussed in
Chapter 6 in conjunction with steady-state performance. Data from one experiment were
originally used for determining the value of the mass transfer coefficient following the
methodology described in the preceding section. This value is given in Table 8.1. The

data from the exit of the column, and from a location along the bed at one third of the
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column height are shown in the Figure 8.3. In the same figure the curves which were

generated through the fitting approach discussed earlier, are also shown. As can be seen

Table 8.1 Parameter values used for solving the transient

model equations.

Parameter Value Units

Ag 133.3 m-!

Coi 275.0x 103 kg m3
Dow 2.41x10° m? s
Diw 1.03 x 10° m? s
fXy) 0.195 -

k, 6.04 x 103 m h!

k, 2.25x 107 g/g-particle
Kir 78.94 gm3

Ko 0.26 gm’

K 11.03 gm?3

mg 344 -

my 0.27 --

n 1.04 -

Vp 5.15x 103 m3

X, 100.0 kg m3
Yor 0.341 kg kg!
Y, 0.708 kg kg!

o 0.3 --

) 1.5¢+33.4 um (c; in g m3)

er or €g 0.03¢+0.2 (¢;in g m3)

v 0.3 -

Pp 428 x 10° gm?
T 1.50 bl
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from the graph, the agreement between the data and model predictions at 1/3 of the
column height (curve a) is very good, while at the exit of the column the agreement is not
great. This should not be surprising if one considers the fact that during the fitting
approach, the objective was to not only minimize the error between data and predictions at
all sampling points, but also get a fit which at large times predicts the same concentration
along the column as the steady state mode! does. The steady state profile for the same
experimental set is shown in Figure 6.14. As one can see from that graph, the agreement
between predicted and experimentally measured toluene concentrations is very good at the
1/3-height sampling point, but not very good at the exit. The same thing happens for the
transient behavior shown in Figure 8.3.

Once the value of k, was determined from the experimental set shown in Figure
8.3, it was kept constant, thus, the remaining figures in this chapter show curves
representing model predictions based on the model parameter values shown in Table 8.1

No fitting, or correction procedure was used.

Cr
1}
0.8}
@)
[ [ [
(b) A
A r'S
2 3 4 5
Time (days)

Figure 8.3 Removal of toluene vapor under F = 0.049 m3 h', and ¢y =
2.81 gm3. Transient behavior, to steady state conditions. Model
predictions (curves) and experimental data (symbols) are given at two
locations; (a) one-third height of the biofilter (b) exit of the biofilter.
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Figure 8.4 shows another data set, along with model predictions. The agreement
seems to be reasonably good. It is unfortunate that more data were not obtained during
the first day. It was not expected that concentrations would reach levels close to the
steady state ones so fast. One should also see that there is some fluctuation in the data
from day to day. keeping in mind that the temperature was not controlled, and humidity

of the air not closely monitored, one should be expecting fluctuations.

cT
] e
® ®
os} 5 ® _a P
0.6+
(b)
0.4 A a a
A
02 A
0 2 3 4 5 6
Time (days)

Figure 8.4 Removal of toluene vapor under F = 0.116 m3 h'!, and c; =
0.625 gm?3. Transient behavior, to steady state conditions. Model
predictions (curves) and experimental data (symbols) are given at two
locations; (a) one-third height of the biofilter (b) exit of the biofilter.

Figures 8.5 and 8.6 show data and model predictions from two sets of consecutive
experiments. In Figure 8.5 the first experiment is the same as the one shown in Figure 8.4.
The concentration profiles predicted from the model under the conditions of this
experiment at day 5, were used as initial conditions for predicting the behavior after the
flowrate was changed from 0.116 to 0.074 m3 h-!, and the inlet concentration from 0.625
to 0.919 g-toluene m3-air. The same approach was used for generating the curves of

Figure 8.6. The agreement between data and predictions is good, especially in the sense
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that the model can capture the qualitative features of the transient behavior. Given the

fact that experiments lasted for days under operating conditions which were not perfectly

cp (gm?)
1
one-third height of the biofilter
- ]
\ (] o © e
(b)
‘
®
A A A
A A a
exit of the biofilter
1 N 1 L - | R | 1 L —e 'l
0 2 4 6 8 0 12
Time (days)

Figure 8.5 Experimental data and model predictions for two consecutive experiments
with toluene vapor. Conditions for the first experiment (curves a), were F = 0.116 m3hi,
and cq; = 0.625 gm3. Five days after this experiment started, the conditions were changed
to F = 0.074 m? h'!, and c; = 0.919 gm3 (curves b). Data and model predictions refer to
one-third height (top curve), and exit of the biofilter bed.

¢ (gm)
14}
12} e ©
)
1k
s} @ o
osl one-third height of the biofilter
04} @) exit of the biofilter
)
0z} e ® © f \‘—;
(8) a A
0 2 4 6 8 » )

Time (days)

Figure 8.6 Experimental data and model predictions for two consecutive experiments
with toluene vapor. Conditions for the first experiment (curves a), were F = 0.036 m3h},
and cp; = 0.684 gm3. Five days after this experiment started, the conditions were changed
to F = 0.04 m* hl, and c; = 1.65 gm3 (curves b). Data and model predictions refer to
one-third height (top curve), and exit of the biofilter bed.
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controlled (fluctuations in flowrate, inlet concentration, temperature, humidity of the bed),
one could say that the agreement between theory and experimental data is very reasonable.

It should be mentioned that the results presented in this chapter should be viewed
as a preliminary effort to model the transient behavior of biofiltration. Clearly, a number
of simplifying assumptions were made in deriving the model, and two of the parameters (o
and v), were estimated almost on an arbitrary basis. Finally, sampling should had been
done more frequently. Nonetheless, a model which captures the transient features of the
process has been developed, and can be used as a basis for designing more elaborate
experiments in the future. The practical implication of both the data and the predictions, is
that transients last for long time, and since variations in operating parameters are bound to
happen, biofilter units should be expected to be operating under transient conditions at all

times.



CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

Biofiltration is a very complex process. It involves reactions, mass transfer, physical
adsorption/desorption, muitiple phases (solids, air, biolayer), flow of air through macro-
and possibly micro-pores, microbial consortia which may exhibit spatial and temporal
variations in their compositions, etc. The work performed in this study was an attempt to
systematically investigate some aspects of this complex process. Use of simplifying
assumptions is unavoidable, but in this study some assumptions made by other
investigators were relaxed, and this relaxation revealed phenomena which are of
importance for the design of actual units.

Regarding kinetics of biodegradation, it was found that usage of simple first- or
zero-order expressions is wrong. More often than not, kinetics are complex even with
consortia which in general are thought of as having good capabilities of degrading
pollutants. With single VOCs, Andrews inhibitory kinetics are common (methanol,
toluene), and nothing simpler than Monod kinetics (benzene), should be used. In cases of
mixtures, biodegradation rate expressions may be even more complex, as kinetic
interactions such as competitive inhibition (benzene/toluene mixtures) arise. Although
detailed kinetic studies may be impractical (if at all possible) in some cases, e.g.,
multicomponent gasoline emissions, some understanding of the kinetics is needed.
Sensitivity studies performed in this dissertation have shown that errors (even up to 30%),
can be made in expected removal rates when some of the kinetic parameters are wrongly
estimated.

This is the first study which considered oxygen as a possible limiting factor for the
process. The assumption that since there is plenty of oxygen in the air (relative to the

VOCs presence), the same should also hold in the biolayer is incorrect. Differences in

110



111

thermodynamic properties such as the distribution coefficient, can reverse the situation in
the biofilm, i.e., oxygen presence is much less than that of the VOC. In fact, it was found
here that with water soluble VOCs (e.g., methanol), oxygen is depleted in the biolayer
before the VOC. This oxygen limitation should be expected to happen at relatively high
VOC concentrations in airstreams, and in positions close to the entrance of the biofilter
bed. These predictions are based on a mathematical model which described very well the
macro quantities (e.g., measured gas phase concentrations). It would be of interest to
experimentally verify the predicted biofilm concentration profiles in future studies. If the
predictions are correct, they would suggest some possible solutions to practical problems.
For example, one could try to enhance degradation rates by reducing the oxygen limitation
through the use of oxygen enriched air, or membrane-based biofilms for higher oxygen
retention.

This study introduced a detailed model for single compounds. This is an
improvement over the single existing model in the literature. It was validated with three
compounds in experiments performed within this study (benzene, toluene), and with data
obtained from another laboratory (methanol). The agreement between model predicted,
and experimentally obtained concentration profiles was remarkably good. It is a model
which could be used with confidence, as its predictions are based on a rational approach to
parameter measurement/estimation, and does not involve any fitting approach once all
parameters have been determined. This model was the basis for developing another one
which is more realistic for practical applications, that is one which describes biofiltration
of VOC mixtures.

The general model for steady state biofiltration of VOC mixtures developed during
this study, takes into account potential oxygen effects, as well as potential interactions
among VOCs during their biodegradation. It was validated through experiments in a large
(pilot-scale) column with benzene/toluene mixtures. These two components are involved

in cross-inhibitory, competitive, interactions, and led to a proof (both experimentally and
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numerically) of the fact that biofiltration of mixtures is not the same as, and cannot be
predicted from data, on single VOC removal. Thus, the additive approach proposed
earlier in the literature, leads to errors in the design of biofilters.

Clearly, biofiltration is a process subject to frequent variations in the operating
parameters. The model developed in this study can be used in cases where the fluctuations
are not wide and thus, when quasi-steady state operation is expected. Further studies
should involve more complex mixtures (e.g., BTEX), chlorinated solvent vapors,
compounds degraded via cometabolism, etc.

Experimentally, the results of the present study show that biofilters seem to have a
long life span. Continuous experiments were performed over a period of almost two
years, without adding any supplemental nutrients, and without development of any
significant pressure-drop over the bed. These results suggest that this technology will
have a negligible operating cost. Hence, future studies should consider factors for capital
cost minimization; for example, design methodologies.-for removal rate increases which
could result in decreases of biofilter size.

The final part of this study dealt with biofiltration under transient conditions. If
biofiltration is complex to analyze under steady state conditions, it becomes even more
complex under transient operation. Transient operation involves an extra process, namely
adsorption on the solid packing.. This extra process results in very lengthy transients. One
should possibly consider using packing materials which do not adsorb VOCs of interest.
This is a question which should be investigated in the future. Future experiments should
be carefully planned; frequent sampling, and good control of operating parameters should
be applied. Unambiguous transient data will help provide a better understanding of the
process, and may lead to new insights into the process. From the modeling view point,
methodologies for solving coupled PDEs should be used, so that the simplifications made
in this study are avoided. Nonetheless, this study produced the first detailed transient

model which seems to be able to capture and predict the basic trends of experimental data.
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It is believed that this study contributes significantly towards fundamental
understanding of biofiltration, a technology which will play a significant future role in air

pollution control.



APPENDIX A

COMPUTER CODPE FOR SOLVING THE STEADY-STATE
BIOFILTRATION MODEL FOR A SINGLE VOC
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ctﬁtﬁlﬁttti’t*ii*t‘t..ttt..ili.ﬁitﬁt'ht*ﬁﬁt.iiﬁiﬁii.ﬁﬁiﬁiht

c
c Purpose : "Solution of the Steady-State Biofitration
Model for a Single vOC®
Method : Multiple Shooting Technique

Language : FORTRAN

Requirement : IMSL Subroutine Package

zarook Shareefdeen

By
A NAR A AT AR AR N A AR R R A AR AR R AR AN AR R AR AN IR AR AN R AR AR AR A A Add

INTEGER LDY,NEQNS,NMAX
PARAMETER (NEQNS=2,NMAX=21,LDY~NEQNS, NHMAX=21)

c
c
[+
[~
c
c
c
c
[~
c
c

parameter {(n=20)
REAL height(n+1),gas(n+l,1)

INTEGER I,MAXIT,NFINAL,NINIT,NOUT
REAL FCNBC, FCNEQN, FCNJAC, FLOAT, TOL,

& X{NMAX},XLEFT,XRIGHT,Y(LDY,NMAX), H(NHMAX)
EXTERNAL BVPMS,FCNBC,FCNEQN, FCNJAC

EXTERNAL F
external tdate

COMMON /gas/deri,an

common /sur/ sur

COMMON /cg/ cg

COMMON /prm/ ak,al,g,el,e2,w
common /del/ del

common /acg0/ acgO0l

open{6,file=’bmvmsw,.out’,status='new’)
call today

cg = 1.0
sur = 85.15

oon

gas

delzsl./float(n)
z= 0.0
height(l)=2
gas(l,l)=cgqg

index = 1000

do 100 igas=2,n+l
del = 20.0
write(6,55) =2
55 format(’ ’,’Height = ’,5x, £7.2)

6 call prm (index,ak,al,qg,el,e2,an,w)
index = 2000

WRITE(6,1)
1 FORMAT(' LIQUID PHASE CONC. ALONG THE FILM OF THE BIOLAYER')

WRITE(6,*)



aan anon

[pXeXe!

Cc

WRITE(6,*)

WRITE(6,2)

FORMAT( ' ', X L ' meoh (ppm)
' *,' 02 (PPM) " //)

WRITE(6,*)

BOUNDARY CONDITIONS

XLEFT = 1.0e-3
XRIGHT = 1.0
TOL - 1.0E-4
MAXIT = 20
NINIT = NMAX

INITIAL SHOOTING POINTS

10

CALL

W o

DO 10 I=1,NINIT
X(I)=XLEFT+FLOAT(I~1)/FLOAT(NINIT~1)*{XRIGHT-XLEFT)
¥(1,1)=30.0 :

Y(2,1)=~0.01

CONTINUVE

IMSL SUBROUTINE

CALL BVPMS (FCNEQN,FCNJAC,FCNBC,NEQNS,XLEFT,XRIGHT, TOL,
TOL, MAXIT,NINIT,X,Y,LDY, NMAX, NFINAL,X, ¥, LDY)

sof = y(l,ninit)=0.26

cob = al*w*{cg-1)+1

smf = ((sof/0.26-e2*cob)/al+el*cg)*631.78
uplml = e2*cob/100%0.26

uplm2 = el%cg/100*631.78

alcg = cg*acg0l

del = del/le-6

if (sof.ge.0.0.and.sof.le. uplml)then

go to §

elseif (smf.ge.0.0.and.smf.le. uplm2}) then
go to 5

elseif (alcg.le.0.5.and.del.le.150.0)then
del = del + 0.1

go to 6

elseif (aleg.gt.0.5.and.del.le.150.0)then
del = del + 1.0

go to 6

elseif (del.gt.150)then

del = 150.

go to 6

else

endif

DO 4 I = 1,NINIT

s0 = y(1,1)%0,26

cob = al*wx(cg-1l)+1

sm = ((s0/0.26~e2*%*cob)/al+el*cg)*631.78
WRITE(6,*%) X(I),sm,s0

CONTINUE

FORMAT( ' *,F7.3,3x,e10.6,3x,£10.6)
deri = y(2,1)/al

C CALCULATE GAS PHASE CONCENRATION

’

4
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CALL RK4(F,z,cg,delz2)
height{igas)=z
gas(igas,l)=cg

100 continue

[
write(6,123)
WRITE(6,22)
22 format{//,5x,"' Gas Phase Concent. Profile’,//)
WRITE(6,13)
13 FORMAT (' ‘,8x, 'Height ! Concentration’,/)

do 44 igas=1,n+l

cob = al*w*(gas{igas,1)-1)+1

write(6,33) height(igas), gas(igas,l),cob
44 continue
33 format(’ ',F14.6,3x,F14.6,3x,£14.6)

call 1sq (gas, alsgq}
write(6,66) alsg
66 format(’ sum of sq. = !, 4x, £10.6)
c
123 FORMAT(' /)
stop
end
c**t********a*a**ttﬁt**tﬁtl*tt**it*t*t*****tﬁ*t***t*t****t*
subroutine today
EXTERNAL TDATE
CALL TDATE (IDAY, MONTH, IYEAR)

write(6,123)
WRITE (6,66) month,iday,iyear
66 Format( ’ Date of Simulation : t 12,070,142, /.14, //)
123 FORMAT(' /)
return
end
cﬁ*tiii***t**tttiiitt**it*titt*ttt*****it*tt**t*tt*tittiiit
c purpose : solve the gas phase concentration profile
c using the fourth order runge kutta method

CORRA R RN A AR R AR AR AN RAR KR NN R AR A A A A AR R A A RA R AN AN AN N AR R NANNAA AN

SUBROUTINE RK4(F,z,cqg,H)

H2=0.5*H

START=2z

Fl=FP(z,cq)

F2=F(z+H2,cg+H2*Fl)

Fi=F(z+H2,cg+H2*F2)

F4=F(z+H,cg+H*F3)

cgmcg+H*(F1l+2.#F2+2,*F3+F4)/6

Zm2+RE :

RETURN

END
CHRAA R R AR AN R AR A RN AR AN AR R R IR A AR AR AR AN R A AN AR AR R RN AARAN AR AR AN
c purpose : give the function for RK method, in the gas phase
c balance
CCRR IR R A ARR RN A AN R AR AR AR A AR R AR A AR AR AR ANAR AN AR AN RAR AN AR AR h

FUNCTION F(z,cqg)

COMMON/gas/deri,an

F=~ an*deri

RETURN

END
AR AR TR AN ANTRRRA R AR IR RN KRR AR AR AR A AR R RNARRRR A RN AR E AR A AR A ARk h
c purpose : compare the model predicitons with the exp. and
c minimize the error to find the best surface area.
cctt*ﬁ**t***it**t**k#tﬁ*ﬁﬂ**ﬁﬁﬁ**ﬁ**t*t****ﬁ**titttt*tt*wi*t
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subroutine 1lsq (ycal, alsq)
REAL ycal(21,1),yexp(4)
data yexp/.860,.657,.448,.149/
x2=ycal(6,1l)-yexp(l)
x3=ycal(ll,1l)~yexp(2)
x4mycal{16,1)~yexp(3)
xS=ycal(21,1)~yexp(4)
alsqgu{x2+*24x3* %24 x4 **k4x50 42 )
return

end
Cttitittit*t**ti**ﬁiﬁt**ﬁ**ﬁ**ti*tttiitti*i******ttt*ﬁttiﬁtt

SUBROUTINE FCNEQN (NEQNS,X,Y,P,DYDX)
INTEGER NEQNS
REAL X,Y(NEQNS),P,DYDX({NEQNS)

COMMON /cg/ cg
COMMON /prm/ ak,al,g,el,e2,w

cob = al*wr(cg-1i)+1

alp = -e2*cob+al*el*cg

betl = al*#*2+al*alp+gralp**2
bet2 = al+2.*alp*g

bet3 = al**2%ak

DYDX(1)=Y(2)*p

DYDX(2)=(bet3*y(1)/(betl+p*bet2*Y(1l)+p*Y(1l)*%24G))*
& (alp+p*y(1))/(1.+p*y(1))*p

RETURN

END

SUBROUTINE FCNBC(NEQNS,YLEFT,YRIGHT,P,F)}
INTEGER NEQNS
REAL YLEFT(NEQNS),YRIGHT(NEQNS),P,F(NEQNS)

COMMON /cg/ cg
COMMON /prm/ ak,al,g,el,e2,w

cob = al*wx(cg-l)+l

F(1)=YLEFT(l)~cob#*E2*p
F(2)=YRIGHT(2)

RETURN

END

SUBROUTINE PCNJAC(NEQNS,X,Y,P,DYPDY)
INTEGER NEQNS )
REAL X,Y(NEQNS),P,DYPDY(NEQNS,NEQNS)

COMMON /cg/ cg
COMMON /prm/ ak,al,g,el,e2,w

cob = al#*wwx(cg-1)+1

alp = -e2*cob+al*el*cg

betl = al**2+al*alp+g*ralp*#2
bet2 = al+2,*alp*g

betd = al#®2#ak

x1 = betl+p*bet2*y(1)+prg*y(l)«®2
x2 = 1.+y(1)*p

x3 = alp+2.*y(l)+*p

x4 = ptbet2+2.*g*y(1l)*p
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DYPDY(1,1)=0

DYPDY(1,2)w=1.0%p

DYPDY(2,1)mbet3*(x1*x2*x3-y{(1)*(p*y(l)+alp)*(xl*p+x2*xd))/
& R1**2/x2%%2%p

DYPDY(2,2)=0.0

RETURN

END

citiﬁﬁii*i*i*ii**iit**iiﬁﬁ.*iiﬁ*!tititii!ﬁitii**ti*itiiilii*ittt*tiﬂ
subroutine prm (index,ak,al,g,el,e2,an,w)
common /del/ del
common /sur/ sur
common sacg0/ acg0l

l1-methanol
2-oxygen

aonoonn

del = del*le-6

(2]

b0 = 100e3

XV = b0,/1000
fd = 1-0.43%xv**%0.92/(11.19+0.27*xv**0,99)

dfl = 1.30e-9 *3600.*£d
df2 = 2.41le-9 *3600.*fd
ayl 0.28

ay?2 0.26

akiil 20.002%1600
akssl 0.63178+*1000
amul 0.22244

akss2 0.26

ACGO1 6.56
aug = .0155
vv = 932e-6

acg02 = 275

amml = 0.0034

amm2 = 34.4

if (index.eqg.1000)then

CALL SVARI(sur,b0,vv,dfl,df2,ayl,ay2,AKIIl, AKSS],
& aTul,akssZ,achl,achZ,aug, amml,anm2,phi)

else

endif

ak=amul#*del**2+xb0,/dfl/ayl/akssl
al=dflrayl+rakssl/ay2/akss2/df2

g =akssl/akiil
el=acg0l/amml/akssl
e2=acg02/amm2/akss2
an=dfl*sur*akssl*vv/del/aug/acg0l
w=akss2*df2*acg0l/akssl/dfl/acg02

write(6,123)
WRITE(6,1)
1 FORMAT (* ', ' Parameters Used :’, /)
WRITE(6,2) ak, g
WRITE(6,3) el, AN
FORMAT (* ', ' k - *,el14.3,3x,'gama = ' ,3x,£7.3)

we

FORMAT (* ', ’' Epsl = ’,f14.6,3x,'n - ?,3x,£7.3)
WRITE(6,4) al,del*le6
WRITE(6,5) e2,w

119
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FORMAT (¢ ', ' lamda = ',e14.3,5x%,'delta (mic.m)=’, £10.6,/)
FORMAT (* ’, ' Eps2 = ',el4,3,3x,’'omega = ',3x,el14.3,/)
PORMAT( ' ')
return

end

G E2 222222222 2222 222 2 2222 R0 222 RS2 20 a2 222 ittt ]

&

31
32
51
54
56
566

[N -}

123

subroutine SVARI(sur,b0,vv,dfl,df2,ayl,ay2,AKIIl, AKSS],
amul,akss2,acg0l,acg02,aug, amml,amm2,phi}

write(6,123)

WRITE(6,1)

FORMAT (’ ',//, ' VARIABLES IN THE MODEL’,//)
WRITE(6,19) Aug

format (* *, 'Gas Flow Rate (m3/hr) = 7, eld,3)
WRITE(6,3) vv*leb

FORMAT {’ ¢, ‘Volume of the column{cm3) = ¢, £14.3)
WRITE{6,4) SUR

FORMAT (* *, 'Biolayer Sur.Area( m2/m3) = ', £14.3)

write(6,44) bo
format (* ‘, 'Biomass Conc. (g/m3)
WRITE(6,5) del*le3
FORMAT (' ', 'Film thickness (mm} - ', £f14.,3)
WRITE(6,2) ACGO1
WRITE(6,22) ACGO2 .
FORMAT (' ', ’'Inlet conc., (g/m3 of air)(m) = r, £14.3)
FORMAT (' ', 'Inlet conc. (g/m3 of air)(o) = *, £14.3)
write(6,31) ayl
format (* ', ’'Yield Coefficient (m) r, £14.3)
write(6,32) ay2
format (* 7, ’'Yield Coefficient (o) = 7, £14.3)
WRITE(6,51) dfl*1e9/3600
WRITE(6,54) df2*1e9,/3600
format (' ', 'Diff. Coefficient (m)*le9 - ¢, £14.3)
format (’ ', 'Diff. Coefficient (o)*le9 = ', £14.3)
WRITE(6,56) amml

1, el4.,3)

FORMAT (' ', 'Dist. Coeff. {m) = ', el4.3)
WRITE(6,566) amm2

FORMAT (' ', 'Dist. Coeff. (o) - ', el4.3)
write(6,123)

write(6,%*) ' Andrews and other Parameters’

WRITE(6,6) akiil,akssl,amul, akss2

format(’ ',/, ' Ril (g/m3) = ',el14.3,3x,’Ksl (g/m3) = *, £7.3,
/' Sp. Growth Rate~l (1/hr)=’,6£f14.3,3x,/," ',

‘akd (g/m3) = ', £7.3,//)

FORMAT(' 'Y/)
return

end
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APPENDIX B

COMPUTER CODE FOR SOLVING THE STEADY-STATE BICFILTRATION
MODEL FOR A MIXTURE OF TWO VOCs
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Purpose + "Solution of the Steady-State Biofitration
: Model for Mixed (Binary) vocs"

Method : Orthogonal collocation

Language : FORTRAN

2) Modified version of the subroutine
package given in the appendix A
of the ref. (76)'

¢
c

c

c

c

c

c

c Requirements : 1) IMSL package
c

c

c

c

c By : Zarook Shareefdeen
c
c

AR RRNARA AR AR AR RN AR AN AR R AR A ARk Ak Ak A Nk AR kk ok

Implicit Real*8 (a~h,o0~-2)

parameter (n = 10)

parameter (ng = 20)

REAL height{ng+l),gasl(ng+l), gas2(ng+l), gas3(ng+l)
real*8 a(0:n+l1,0:n+1),b(0:n+1,0:n+1),v1l(n+2),v2{n+2)
real*8 xold(2*n),xintp(n+2),y(n+2)

real*8 xdat(n+l),yb(n+l),yt(n+l)

real*8 s(n,n+l),eig(n,2),nr(n)

real*8 root(n+2),difl(n+2),dif2(n+2),dif3(n+2)

c
EXTERNAL TDATE
EXTERNAL funl, fun2
c
common /del/ del
common /sur/ sur
common /index/ indx
[
common /prml/ phl2,ph22,all,al2,wl,w2,9,s5g9l1,s592,bt,
& el,e2,e3
common /prm2/ a,b
common /prm3/ cgl,cg2,cg3
COMMON /gas/deril,deri2,an
c
open(6,file=’btcolw.out’,status=’new’)
[
¢ for othogonal collacation method..
c
alpha=0.0
beta=0.0
c
nO=1
nl=1
nt=n+n0+nl
[~
c -~--calculate the collocation point----
call jcobi(nt,n,n0,nl,alpha,beta,difl,dif2,dif3,root)
c —-—--calculate the discretization matrices a & b----
c

do 50 i=1,nt
call dfopr(nt,n,n0,nl,i,1,dif1,di£2,di£3,root,vl)
call dfopr{nt,n,nd,nl1,i,2,difl,dif2,dif3,root,v2)
do 60 j=1,nt
al(i-1,j-1)=vi(3j)

60 b(i-1,j~1)=v2(75)

50 continue
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C DATE

indx « 100
CALL today

WRITE (6,67) n
67 Format{ ’ Solution of the Model using Orthogonal
& Collocation ’,/,’ with (’,i3,'] col. points’,/)

sur =
cgl = 1.0
cgd = 1.0
cg3 = 1.0

gas

nono

delz=],/float(ng)
z= 0.0
height(l)=2
gasl(l)=cgl
gas2{1l)=cg2
gas3(1)=cg3

do 100 igas=2,ng+l
write(6,55) 2
55 format(3x,'Height = ’,5x, £14.3)

del = 30.0

6 call prm (phl2,ph22,all,al2,an,wl,w2,9,591,592,bt,
& el,e2,e3)

if (igas.eg.ng)then
indx = 1000

else

indx = 200

endif

initial guess for y

o000

do 10 i=1,2%n
x0ld(i)=.1
10 continue

itmax
iprint
epsl
eps2

[ S 2 O ]
-
.

c **% jprint=1 all iterations are printed #**»
call newton(itmax,2*n,iprint,epsl,eps2,xold)

c
c interpolation at desired values
c

call interp (xold,nt,root, difl,xdat,yb,yt)
c
Cc

sbf = yb(n+l)
stf = yt(n+l)
sof = all*(sbf-el*cgl)+al2*(stf-e2*cg2)+ed*cgl



uplml = el*cgl*0.01
uplm2 = e2*cg2+0.01
uplm3 = e3*cg3*0.01
del = del*leb

c
if (sof.gt.0.0.and.sof.le.uplm3)then
go to 5
elseif ((sbf.gt.0.0.and.sbf.le. uplml).or.
& (stf.gt.0.0.and.stf.le. uplm2).or.
& (sof.gt.0.0.and.sof.le. uplm3)}) then
go to 5
elseif(del.1lt,150)then
del = del+ 1.0
go to 6
elseif(del.ge.150)then
del = 150
go to 6
else
endif
c
5 indx = 3000
call interp (xold,nt,root, difl,xdat,yb,yt)
call deri (xold, deril, deri2)
c
C CALCULATE GAS PHASE CONCENRATION
[

CALL RK4(Funl,z,cgl,delz)
z = z-delz
CALL RK4(fun2,z,cg2,delz)
height(igas)=2
cg3 = all*w2*(cgl-1l)+al2*wZ/wl*(cg2-1)+1
gasl(igas)=cgl
gas2{igas)=cg2
gas3(igas)=cg3
100 continue

write(6,123)
WRITE(6,22)

22 format{//,5x,' Gas Phase Concentration ¥Profile’,//)

WRITE(6,13)

124

13 FORMAT (' ',12x, 'Height’,10x,’Cg(B)’,10x,°Cg(T)’,10x,’'Cg(0)"'/)

do 44 igas=1,ng+l

c write(6,33) height(igas),(l-gasl(igas)), (l-gas2{igas)),

c & (1- gas3(igas}))

write(6,33) height(igas), gasl(igas), gas2(igas), gas3(igas)

44 continue
33 format(4x,F14.6,2x,F14.6,1x,£14.6,1x,£14.6)

call 1sq (gasl,gas2,alsql,alsq2,alsq)
write{6,56) zlsql,alsqg2,alsqg
c
56 format(//,’' ',’'lsql = ', eld4.3,’1s5g2 = *,eld.3,/,
& 'lsq = ',eld.3,//)
123 FORMAT('

stop

end
(22 EL SRS EERESEESS RS RS2 R AR 22 R0 2R 2 )

c purpose : interpolating the results that you get from
c newton raphson subroutine

c
CRARARARAR AR AN A AR AR R A AR AR AR ARk kA kb bk Ak h ok k

subroutine interp (xold,nt,root, difl,xdat,yb,yt)
Inmplicit Real*8 (a-h,o0-2)

"/
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parameter(n=10)

real*8 xold(2+n),xintp{(n+2),yl(n+2),y2(n+2)

real#*8 xdat(n+l), yb(n+l), yt(n+l),yo(n+l)

real#*8 root(n+2),difl(n+2),dif2(n+2),dif3(n+2)

common /prml/ phl2,ph22,all,al2,wl,w2,q,891,s892,bt,
- el,e2,el

common /prm3/ cgl,cg2,cq3

common /index/ indx

if (indx.eq.3000)then
write(6,123)
WRITE(6,12)
12 FORMAT (' ',10x, ’'Concentration Profiles in the Biofilm ', /)
WRITE(6,13)
13 FORMAT (5x,’ x ',11x,'s(B)*,14x,'s(T)",11%,'s(0)"'//)
else
endif '

yl(l)=el=*cqgl
y2(1l)=e2*cg2

do 15 i=1l,n
15 yl{i+l)=x0ld(i)
yl{nt)=yl(nt-1)

do 16 i=1l,n
16 y2(i+l)=xo0ld(i+n)
y2(nt)=y2(nt-1)

do 20 i=1,n+l
digt=float(i-1)/n
call intrp(nt,nt,dist,root,difl,xintp)
sb=0.0
st=0.0
do 30 j=1,nt
sb = sb+xintp(j)*yl(j)
st = st+xintp(j)*y2(3)
30 continue
if (indx.eq.3000)then
so = all*(sb-el*cqgl)+al2*(st-e2*cg2)+e3d*cgl
write(6,40) dist,sb,st,so0
else
endif
¢ plot
xdat(i)=dist
yb{i)=sb
yt(i)est
c .
20 continue
40 format(5x,£7.2,5x,E14.6,5%,E14.6,5%,e14.6)
123 FORMAT( '’ /)
return

end
Ctt*ﬁiii*ﬂ*iiﬁ*ii*t******iit**i***tt***i*****it***ﬂi**t*****t

¢ purpose : construct the jacobian matrix and on the last
c column vector -f

c
COCNARARNRA AR AN AR R AN R R A AR AR AR AR AR R AR AR AR AR A ARk kR Ak ke

c SUBROUTINE CALCN FOR EVALUTING THE AUGMENTED JACOBIAN MATRIX
C JAC*DEL=-F SOLVING DEL
[

SUBROUTINE CALCN{dXOLD,DF,N)
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10

1 -2d

implicit real*8 (a-h,0-2z)
parameter{mw10)

real*8 xold{(2+*m),dxold{2*m),df(2*m,2*m+1), suml(2+*m),

sum2(2*m)
real*8 a(0:m+1,0:m+1),b(0:m+l,0:m+l)

common /prml/ phl2,ph22,all,al2,wl,w2,q9,sq9l,592,bt,

el,e2,e3
common /prm2/ a,b
common /prm3/ cgl, cg2,cg3

cob = all*w2*(cgl-l)+al2*w2/wl*{cg2~1l)+l1

alp = -all*el*cgl-al2*e2*cg2+e3*cob

do 1l i=1,2*n
x0ld(i)=dxold(i)
do 1 j=1,(2*n+1)
df(i,j)=0.0

do 3 i=1,2*n
suml (i)=0.0
sum2 (i)=0.0

do 10 i=l,n

do 20 j=1,n

if(i.eqg.j)then
pl=1l.+x0ld(i)+sgl*xold(i+n)
p2=1l.+alp+all*xold(i)+al2*xold(i+n)
p3=2*all*xold(i)+alp+al2+*xold(i+n)
pd=pl*all+p2
pS=all*xold(i)+al2*xold(i+n)+alp

df(i,j)=b(i,j)-b(i,n+l)/a(n+l,n+l)*a(n+l,;j)
-phl2+%(pl*p2*p3~x0ld(i)*p5*pd ) /pli*2,/p2*+2

else

df{i,j)=b(i,j)-b(i,n+l)/a{n+i,n+l)*a(n+l,3)

endif

126

suml(i)=sumi(i)+(b(i,Jj)-b(i,n+l)/a(n+l,n+l)*a(n+l,j))*xo0ld(j)

continue

df({i,(2*n+l))w—(suml(i)+b(i,0)*el*cgl-b(i,n+l)*

a(n+l,0)*el*cgl/a(n+l,n+l)-
phl2*p5*xo0ld(i)/pl/p2)
continue

do 12 i=n+l1,2*n
do 22 j=n+l,2*n
if({i.eq.j)then

gl=l.4+x0ld(i)+g*(x0ld{i))**2+s5g2*x0ld(i-n)

g2=bt+alp+all*xold{i-n)+al2*xo0ld(i)
g3=all*xold(i~n)+alp+2*al2*xo0ld(i)
gqd=gl*al2+qg2+(1.+2*g*x0ld(1i))
pS5=all*xold({i-n)+al2*xold(i)+alp

df(i,j)=b(i-n,j-n)-b(i-n,n+l)/a(n+l,n+l)*a(n+l,j-n)
-ph22*(gl*g2*q3~x0l1d(i)*p5*qd}/ql**2/q2**2

else

df(i,j)=b(i-n,j-n)-b(i-n,n+l)/a{n+l,n+l)*a(n+l,j-n)

endif
sum2(ijwsum2(i)+(b(i-n,j-n)-

b{i-n,n+l}/a{n+l,n+l)*a{n+l,j-n))*xo0ld(j)

continue

df(i,(2*n+l))=—~(sum2(i)+b(i-n,0)*e2*cg2-b(i-n,n+1}*

a(n+l,0)*e2*cg2/a(n+l,n+l)-
ph22*p5*xold(i)/ql/q2)
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continue
return
end

Ctii**ﬂi**tti*iitttttttt*tt*k*t*tti**iﬁt**t*t*t*tﬁttttiﬁtt*
c purpose : newton raphson to solve the algebric equations

[+

c*it***i*ti*tttﬁttti**ti*t**ti*ﬁi&ﬁ.*i*t*i*tt't*itttilitt*t

00

wo

c
200
201
202
203
2203

204
123

subroutine newton(itmax,n,iprint,epsl,eps2,xold)
implicit real*8 (a-h,o-2)
parameter (m=10)
dimension xold(2*m),xinc(2#m),a(2%m,2*m+1)
newton raphson iteration
write(6,200)itmax,iprint,2%n,epsl,eps2,2*n,(x0ld(i),i=1,2%*n)
write(6,123)
do 9 iter=l,itmax
call on calen to set up the a matrix
call calcen(xold,a,m)
call simul to compute jacobian and correction in xinc
nn=n+1
indic=1
deter=simull (n,a,xinc,epsl,indic,nn)
if (deter.ne.0)goto 3
write(6,201)
return
check for convergence and update xold value
itcon=l
do S5 i=l,n
if(dabs{xinc(i)).gt.eps2) itcon=0
xold(i)=xold(i)+xinc(i)
if(iprint.eq.l) write(6,202)iter,deter,n,(x0ld(i),i=1,n)
if(itcon.eq.0) goto 9
write(6,203)iter,n,(x0ld{(i),i=1,n)
write(6,2203)iter
return
continue
write(6,204)
return
formats for input and output statements
format(’ itmax = ’,i8,/' iprint =« ’/,i8/' n = ! {8/
&’ epsl = *,lpeld.l/’ eps2 - /,1peld.1/10x, 'x0ld(1l}...x0ld(",
&i2,7)"//(1h ,1péel6.6))
format(38hOmatrix is ill-conditioned or singular)
format{’ iter =’,i8/ 10h deter = ,el8.5/
$ 26h xcld{(1)...x0l1d(,i2,1h) s/ (1h ,1pdel6.6} )
format(’ successful convergence'’/’ iter =!, i3/10x,
$'x0ld(l)...x0ld(’,i2,*)'// (1h ,lpdel6.6) }
format(’ successful convergence'/’ iter m’,i3/)
format(’ no convergence’ )
FORMAT( * /)
end .
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subroutine SVAR! (sur,b0,vv,dfl,df2,df3,ayl,ay2,ayl3,ay23,AKSS51,
& amul,akii2,akss2,amu2,akssl2,akss2l,akssl3,akss23,acg01,
& acg02,acq03,aug, amml,amnm2,ammn3,del)

Implicit Real*8 (a-h,o0-2z) '

write(6,123)

WRITE(6,1)

FORMAT (’ ',//, ' VARIABLES IN THE MODEL’,//)

WRITE(6,2)

FORMAT (3x,'l - benzene'’,/,3x,'2 - Toluene’,/,3x,'3 - oxygen',/)
WRITE(6,19) Aug
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format (* ', *Gas Flow Rate (m3/hr) -, eld.3)
WRITE(6,3) vv*leéb
FORMAT (' ', 'Volume of the column(cm3) -, £14.3)

WRITE(6,4) SUR
FORMAT (' L
write(6,44) b0
format (* ', 'Biomass Conc.
WRITE({6,5) Gel*le3

‘Biolayer Sur.Area( m2/m3) =, £14.3)

(g/m3) - ', e14.3)

FORMAT {(* ', 'Film thickness (mm) = ', £14.3)
WRITE(6,18) ACGO1

WRITE(6,21} ACGO2

WRITE(6,22) ACGO3

FORMAT (* ', ’'Inlet conc. (g/m3 of air){l) = *, £14.3)
FORMAT (* ’, ’'Inlet conc. (g/m3 of air)(2) = ', £14.3)
FORMAT (’ ¢, ’Inlet conc. (g/m3 of air)(3) = ', £14,3)
write(6,31) ayl

format (/ ‘, ’Yield Coefficient (1) = ', £14.3)
write(6,32) ay2

format (* ', ‘Yield Coefficient (2) = ', £14.3)
write(6,33) ayl3

format (’ ', ‘Yield Coefficient (13) - ', £14.3)
write(6,34) ay23

format (' ', 'Yield Coefficient (23) = ', £f14.3)

WRITE(6,51) dfi1*1e9,/3600
WRITE(6,54) df2*1e9,/3600
WRITE(6,55) df2%1e9/3600
format (* ',

'Diff. Coeff.(l)*le9 (m2/s) = ¢, £14.3)

format (' ', 'Diff. Coeff.(2)*1le9 (m2/s) = ', £14.3)
format (* ’, 'Diff. Coeff.(3)*1le9 (m2/s) = ', £14.3}

WRITE(6,56) amml
FORMAT (' *, *Dist. Coeff.
WRITE(6,566) ammn2

FORMAT (' *, *Dist. Coeff.
WRITE(6,567) amm3

FORMAT (' *, 'Dist. Coeff,
write(6,123)
write(6,%) *

(1) ="', eld.3)
(2) = ', eld.3)
(3) - ', eld.3)

Andrews and other Parameters’

WRITE(6,6) akssl,amul, akss2,akii2,amu2, akssl2,akss2l,

akssl3,akss23

format (’ *,/,’ Ksl (g/m3) =
' Rs2 {(g/m3) =
* mu2 (i/hr) =
* Ksl2(g/m3) =
* Kob (g/m3) =

FORMAT( '

',e14.3,3x,'mul (l/hr) = ¢,£14.3,/,

'r,e14.3,3%,'Ki2 (g/m3) = ’,eld.3,/,

r,£14.3,/,

’,e14.3,3x,'Rs21{(g/m3) = ',el4.3,/,

’,e14,.3,3x,'Kot (g/m3) ~ ',£14.3)
/)

return
end

CRARFAANAA RS A AR AR RAN A AR RANR AR R AR R R AR AR AR AR AR AR AR ARk Rhod
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123

&
&
&

subroutine today
EXTERNAL TDATE

CALL TDATE (IDAY, MONTH, IYEAR)

write(6,123)
WRITE (6,66) month,iday,iyear
Format( 3x, ' Date :

iz, /.42, /1,14,//,

' Model Predictions for Benzene-Toluene Mixture’,/,

' by Collocation Method L
’ LT e T P P Y P Y P e L e L LS
FORMAT (' "4/
return
end

ChAddAdh kAt kAR AANRAAANR AR R AR R R A AR R AR R AR AR AR R AR AR ARk ke Aok

c
c

Subroutine for ewvaluating the derivative
necessary for gas phase profiles
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g*ﬁtﬁ*t**t*tttt.itiiitﬁt.ktitﬁt**tﬁ**i*ﬁ**&ttﬂ*ttii**ttitttt
subroutine deri (xold, deril, deri2)
Implicit Real*8 (a~h,o0-2)
parameter (n=10)
real+*8 a(0:n+l,0:n+1),b(0:n+1,0:n+1)
real*8 xold(2*n)
common /prml/ phl2,ph22,all,al2,wl,w2,9,s9l,s5g92,bt,
& el,e2,e3
common /prm2/ a,b
common /prm3/ cgl,cg2,cqg3

suml = 0.0

sum2 = 0.0

do 10 j =1,n

suml = suml+(a{0,j)-
sum2 = sum2+{a(0,j)-

10 continue
deril = suml+(a(0 +1)*a(n+l,0)/a(n+l,n+l))*el*cqgl

,0)-a(0,n
deri2 = sum2+(a(0,0)-a(0,n+l)*a(n+1,0)/a({n+l,n+l))*e2¢#cqg2
c write{*,*) deril, deri2

a(0,n+l)*a(n+l,j)/a(n+l,n+l))*xo0ld(j)
a(0,n+l)*a(n+l,3)/a(n+l,n+1) )*xo0ld(j+n)

return

end
C*ﬁkti*itttt*ittttiﬁitttﬁt*tt**t**t*ii***it******ttﬂtﬁt*tiﬁ
c for gas phase
c using the fourth order runge kutta method

CORR AR AR AR R AN KRR RANRRRARARA RN RARRA N R AR AR ARk Rk Ak Akt Ah

SUBROUTINE RR4(F,z,cq,H)
Implicit Real*8 (a-h,o-2)
H2=0.5*H
START=2z
Fl=F(2,cq)
F2=F(2+H2,cg+H2*F1l)
F3=F(2+H2,cg+H2#*F2)
F4uF(z+H,cg+H*F3)
cg=cg+H*(F1l+2.*F242.*F3+F4)/6.
ZmZ+H
RETURN
END

(o)

cttﬁn*tii*ﬁitit*ﬂt**ti*k*t****tﬁ****it*h*kti***t*tt*t*t**t**
¢ purpose : give the function for RK method, in the gas phase

c balance ; benzene
ccitt*it*tiﬁtt*ttt*t*tﬂﬂ***t*ttt*ﬁ*t*ittt*tﬁt**ti*ﬁk*ttiit*i
FUNCTION Funl(z,cgl)
Implicit Real*8 (a-~h,o0-2)
COMMON /gas/deril,deri2,an
Funl = an*deril
RETURN
END
(o)

C***n*iitt******tii#*titti*tit*iitii*i*tttt*iﬁ*****iﬁ**attti
¢ purpose : give the function for RK method, in the gas phase
c balance ; Toluene
cct***t***ﬂ***t*t*ttt*tﬁt**tﬁﬁ*t**i**it**ﬁt*iiii**ti*****lii

FUNCTION Fun2(z,cg2)

Implicit Real*8 (a-h,o-2)

COMMON /gas/deril,deri2,an

common /prml/ phl2,ph22,all,al2,wl,w2,q9,591,892,bt,

& el,e2,e3

Fun2 = an*wl*deri2

RETURN

END
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CRARRRAAN R R A A A A AR AR AR R RN AN A RAARRAAA AR AR AR A SRR AR AR AR R AR AN AR AR AR

subroutine 1lsq (ycall,ycal2, alsql,alsq2,alsq)
REAL ycall(2l),yexpl(3),ycal2(21), yexp2(3)
data yexpl/.939,.90,.869/

data yexp2/.800,.671,.583/

x1=3,3/5%(ycall(8)-ycall(7))+ycall(7)-yexpl(l)
x2=1,6/5*{ycall(15)-ycall(14))+ycall(14)-yexpl(2)
x3=ycall(2l)-yexpl(3)

alsgle(x1**24%x2%%24x3%%2)

x1=3,3/5*%(ycal2(8)-ycal2{7))+ycal2(7)-yexp2(l)
x2=1,6/5%(ycal2(15)-ycal2(14))+ycal2(l4)-yexp2(2)
x3=ycal2(21l)-yexp2(3)

alsyg2m{x1**24x2%%24x3%%2)

alsq = alsgl+alsqg2

return
end

CHRRARA R AR AR A AR AR A R R A AR AR A AR RN R RA AR R AR AR AR A AR KA R AR A AR Ak kb
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subroutine prm (phl2,ph22,all,al2,an,wl,w2,9,891,592,bt,

& el,e2,e3)
Implicit Real*8 (a-h,o0-2)
common /del/ del
common /sur/ sur
common /index/ indx
common /cg0 / acg0l, acg02,acg03
l-benzene
2-toluene
3-oxygen

del = del*le-6
write(6,52) del*leb

b0 = 100e3

xv = b0/1000
fd = 1-0.43*xv**0.92/(11.19+0.27*xv**0,99)

dfl = 1.0374e-9 *3600.*fd
df2 = 1.0315e-9 *3600.*fd
df3 = 2.41le-9 *3600.*fd

ayl = 0.708
ay2 -~ 0.708
ayl3 = 0,336
ay23 = 0.341

akssl = 12.220
amul = 0.6765

akii2 = 78.9437
akss2 = 11.0317
amu2 = 1.5036

akssl2 = 4.5
akss2l = 0.2

akssl3 = 0.26
akss23 = 0.26



131

c
ACGOl = 0.194
ACG02 = 0.272
ACGO3 = 275.0
aug = 10.0e-3*60
vv = 15291*1e-6
c
amml = ,2266
amm2 = ,27
amm3 = 34.4
c
if (indx.eq.100)then
CALL SVARI(sur,b0,vv,dfl,df2,d£3,ayl,ay2,ayl3,ay23,AKSS],
& amul,akii2,akss2,amu2,akssl2,akss2l,akssl3,akss23,acg0l,
& acg02,acg03,aug, amml,amm2,amm3d,del)
else
endif
c
phl2=amul*del**2*b0/dfl/ayl /akssl
ph22=amu2+del**2+b0/df2/ay2/akss2
all=dfl*ayl*akssl/ayl3/akssl3/df3
al2=df2*ay2*akss2/ay23/akss13/df3
g =akss2/akii2
el=acgll/amml/akssl
e2macg02/amm2/akss2
e3=acqg03/amm3/akssl3
an=dfl*gur*akssl*vv/del /aug/acg0l
wl=akss2*df2*acg0l/akssl/dfl/acg02
w2=akssl3+*df3*acg0l/akssl/dfl/acg03
sgl = akssl2*akss2/akssl
sg2 = akss2l*akssl/akss2
bt = akss23/akssl3
c
if (indx.eq.1000})then
write(6,123)
WRITE(6,1)
1 FORMAT (* ', ! Parameters Used :', /)
WRITE(6,2} phl2,ph22, g
WRITE(6,3) el, e2,e3,AN
2 FORMAT (3x,’phl“2 - r,el4.s,
& 3x,'ph2*2 - t,eld.6,/,
& 3x,’gama - *,E14.6)
3 FORMAT (3x,'Epsl - r,£14.6,
& 3x,’Eps2 - *,£14.6,/,
& 3x,'Eps3 - ', £14.6,
& 3x,’n - ', £14.6)
WRITE{(6,4) all,al2
WRITE{6,5) wl,w2
4 FORMAT (3x,’lamdal = r,el4.6,
& 3x,’lamdaz = r,e14.6)
WRITE(6,51) sgl,sg2,bt
5 FORMAT (3x,’omegal = ’r,el4.6,
& 3x,'omega2 = r,el4.6)
51 FORMAT (3x,’sigmal = r,el4.6,
& 3x,'sigma2 = r,eld.6,
& /+3x,’heta, = *,£14.3,/)
52 format (3x,'del.(um)= ', £14.3,/)
123 FORMAT(' r,/)
else
endif .
return

end
chhuaddiENd Of Main ProgramA W ANARAARAK KA AARARAR KA IR hd R R AN AR Rk kR Ak
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c‘ti*ﬁ*ﬁtliiﬁtﬁtttﬁ*ﬁtﬁiﬁﬂtﬁiﬁ*tttttt*tﬁ**ﬁiitﬁi.*‘ti*ﬂtiit

Purpose ¢ "Solution of the Transient Biofitration
Model for a Single vOC"

Method : ODESSA-Ordinary Differential Equation
Solver with explicit Sensitivity Analysis;
Stiff mode with user supplied jacobian
option is used

Language : FORTRAN

Requirement : ODESSA package which is a patt of AUTO
given in rvef. (23)

By ¢+ Zarook Shareefdeen

AR KRR AR R A RN AR AR R RN AN R AR R AR AN R R RARA R AR RA N AR AR AN A AW
implicit double precision{a-h,o0-z)
parameter(nt=100)
parameter{nh=20)
external fun,dfun,jfun
dimension par(7),y(3%*nh,8),atol(3*nh,8),rtol(3*nh,8),
1 rwork(5000),iwork(100),neq{2),iopt(3)
dimension cg(nt,nh+l), co(nt,nh+l), ep(nt,nh+l),
1 time(nt}, ht(nh+l)

common /efl/ efl
common /del/ del
common /dz / dz
common /acg0l/ acg0l,tau

open (5, file = ’‘trtol.dat’, status=‘old’)

open (6, file = ’'trtola.out’, status='new’)
open (7, file = 7trtolb.out’, status=’new’)

conditions of pdes

0o

n=3*nh
npars=7
neg(l)=n
neq(2)=npar
nsv=npar+l

initial conditions of the problenm

(e e el

do 30 ih = 1,nh+l
read (S,*) ht(ih),cg(l,ih),co(1,ih)
30 continue

(2}

isw = 1
1 = for startup

for start-up only

nnaon

if (isw.eq.l)then

do 31 ih = 2,ph+l

cg(l,ih) = 1.0e-2

co(l,ih) = 1.0e-2
31 continue

else

endif
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C
c

film thickness and effectiveness factors are
estimated from steady state models and correlations
are used

32

35

aveg = acgll
call pdelef ( avecg, del, efl)
call prm (1000,akl,ak2,g,el,e2,bet,rho)

do 32 ih = 1,nh+l
cp(l,ih) = ¢g(1,ih)/rho

continue
do 35 ih = 1,nh
y(ih,1) = cg(l,ih+1}

y{ih+nh,1) = co{l,ih+l)
y(ih+2*nh,1) = ep(1l,ih+l1)
continue

ht(1) = 0
time{(l) = 0
dz -1

.0
.0
.0

/float{nh)

error control

20

err=l.d-12
itol=4

do 20 i=1,n
do 20 j=1,nsv
rtol(i,j)=err
atol(i,j)=err

parameters for odessa

69

itaskwl
iopt(1)=0
iopt(2)=0
iopt(3)=1
1rw=5000
liwel100
mf=21

do 69 it =1,nt
cglit,1) = 1.0
co(it,1) = 1.0
cpl{it,l) = cg(it,1)/rho

continue
par(l) = el
par(2) = e2
pac{3) = g
par(4) = akl
par{5) = ak2
par(6) = bet
par(7) = rho

T = time(l)
delta = 100.0
istate -1

do 60 it = 2,nt

tout = t + delta

134
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time(it) = tout

CALL ODESSA(fun,dfun,NEQ,Y,PAR,T,TOUT, ITOL,RTOL,ATOL,
1 ITASK,ISTATE, IOPT,RWORK,LRW,IWORK,LIW,jfun,MF)
do 65 ih = 1, nh
cg (it,ih+l) =» y(ih,l)
co (it,ih+l) = y(ih+nh,l)
cp (it,ih+l) = y(ih+2#*nh,l) -

65 continue

checking if steady state is reached

aoo0o

dl = abs (cg(it, nh+l)-cg{it-1l, nh+l))
d2 = abs (co(it, nh+l})=co(it-1l, nh+l))
d3 = abs {(cp{it, nh+l)-cp(it-1, nh+l)}
if(dl.le.l.0e-4.and.d2.le.1.0e~4.and.
& d3.le.l.0e-4) then

go to 46

elce

endif

aveg = cg{it,nh/2)*acg0l

call pdelef {avcg, del, efl)
call prm (2000,akl,ak2,g9,el,e2,bet,cho)
par(4) = akl
par(5) = ak2
if(istate.lt.0)then
go to 45
else
endif
60 continue

output your results

aanao

46 ntlast = it
call print (cg,co,cp,time, ht,ntlast)
call printxxx (cg,co,cp,time,ht,ntlast)
write(7,47) tout*taur24, it, nt
47 format(//,5x,'Steady state has reached in’,£f10.3,
&' hrs’,/,5x,"'1terations = ’,i10,/,5x, 'Maximum
& Iterations = ’,110,//)
45 write(6,*) ' istatem= ', ,istate
stop
end
Ct*t***t*****t*t*****t*t*iitttititt*******tt*t&***t*t**ii!ﬁt***iiii*****

¢ print concentration changes along the column time
ctiii**itﬁtt**ii*tit*tﬂi*ttitt**ttik*i*i**tik*#*t*ﬁ**ﬁ*i*i*i*lt*iii*tit*
subroutine print(cg,co,cp,time,ht,ntlast)
implicit double precision(a~h,0-2)
parameter(nt=100)
parameter{nh=20)
dimension cg(nt,nh+1l), co(nt,nh+l), cp(nt,nh+l),
time(nt), ht(nh+l)
write (6,84)
84 format(//,5x,’Solution of the Transient Model’,//)
do 85 it = 1, ntlast
write (6,86) time(it)
86 format (/, 10x, 'At Time = ', £14.3,/)
write (6,89) .
89 format(//,8x,'h/H’,9%,’cg’,13x,'co’,13x,'cp'.//)
do 95 ih = 1, nh+l
write (6,96) ht(ih), cglit,ih), co(it,ih), cp(it,ih)
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96 format (S5x, £7.3,3x,£10.4,5x,£f10.4,5x,£10.4)
95 continue
85 continue

return

end
c***t**i*i*ittiﬁtﬁiiiii*ﬁ*‘i*iﬁtiﬁiii*tt*iktt*ttttiititii*t*tiitt**i**&i

c print concentration changes at the exit of the column with time
ct**ﬁﬂ*ti*t*i*iﬁtﬂtti**it***ttﬁ*ﬁi*ﬁliﬁi*i*****t'iti*ii*i**t*t*iiﬁ**t**t
subroutine printx{cg,co,cp,time, ht,ntlast)
implicit double precision(a-h,0-2)
parameter(nt=100)
parameter{nh=20)
dimension cg(nt,nh+l), co(nt,nh+l), cp(nt,nh+l},
1 time{nt), ht(nh+l)
common /acqg0l/ acg0l,tau
write (7,84) :
84 format(//,5x,'Solution of the Transient Model’,//)
write (7,89)
89 format(//,8x,’'time’,9x,’cge’,13x,'coe’,13x,’cpe’,//)
do 85 it = 1, ntlast
write (7,96) time(it), cglit,nh+l), co(it,nh+l), cp(it,nh+l)
96 format (5x, £7.3,3x,£10.4,5x,£f10.4,5x,£10.4)
97 format (5x, e7.3,3x,el0.4)
85 continue

return
end
Ctti**twi*tttitﬁti*tttttit*ittt*ﬁ*ﬁi*t**Qt*iiit*tﬁti*i**ﬁﬁtkﬁiﬁﬁﬁﬂit*i*t

c print concentration changes at the selected locations
c*kt*tk****iiitiﬁi*ii.itﬂt**tii**ﬂ*t*iit*ittt*ttttiti*ﬁttt*t*tii*iﬁi*i*ﬂ
subroutine printxxx (cg,co,cp,time,ht,ntlast)
implicit double precision{a-h,o0-2z)

parameter(nt=100)

parameter{nh=20)

dimension cg(nt,nh+l), co(nt,nh+l), cp(nt,nh+l},

1 time{nt), ht{(nh+l)

common sacg0l/ acg0l1,tau

write (7,84)
84 format{(//,5x,'Solution of the Transient Model’,//)

write (7,89)
89 format{(//,8x,'t (d)’,7x,'cg-0.333",7x,'cg-0.666*,8x,"'cge’,//)

do 85 it = 1, ntlast

days = time(it)rtau

cg333 = 0.66*%(cg(it,8)-cg({it,7))+cglit,?)

cg666 = 0.32*(cg(it,13)~cglit,12))+cg(it, 13}

write {(7,96) days, cg333,cg666,cg(it,nh+l)
96 format (S5x, £7.3,3x,£10.4,3x,£10.4,5x,£10.4)
97 format (5x, e7.3,3x,e10.4)
85 continue

return
end
C*********i*i**ittitt*t***itttii*i*t*ti*tit**i*ﬁti*tiiiti*iit*i*ti*itttt

¢ this subroutine computes the vectorfield
ci*titt*ttitﬁiﬁ**tit*****t*****i*iii*'**tﬁi*t*i*titi*intiiiitt**ti***ttt

subroutine fun(neqn,t,y,par,ydot)

IMPLICIT DOUBLE PRECISION (A~H,0-2)

dimension y(negn),ydot(neqn),par(7)

common /por/ por

common /dz / dz

common /fp / an
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nh = neagn/3
c
do 10 i = 1,nh
yl = par{l)*par(2)*y(i)*y(i+nh)
y2 = l.+par(l)*y(i)+par(l)**2+y(i)**2+par(3)
y3 = l+par(2)*y{i+nh)
funl = yl/y2/y3
fun2 = y(i)-par(7)*(y(i+2*nh))**an
c
if (i.eq.l)then
derl = (y(i}-1)/dz
else
derl = (y(i}-y(i-1))/dz
endif
c

ydot(i)= -derl/por-par(4)*funl-par{6)*fun2
10 continue

do 20 i = nh+l, 2*nh

vyl = par{l)#*par(2)*y(i-nh)*y(i)

y2 = l.+par(l)*y(i~nh)+par{l)**2*y(i-nh)**2*par(3)
y3 = l+par(2)*y(i)

funl = yl/y2/y3

if (i.eq.(nh+1l))then
der2 = (y(i)=1l)ydz

else

der2 = (y(i)-y(i-1))/dz
endif

ydot(i)= -der2/por-par(5)*funl
20 continue

c
do 30 i = 2*nh+l,3*nh
fun2 = y(i-2*nh)-par(7)*(y(i))**an
ydot(i)= par(6)+*fun2

30 continue

c
RETURN
END

C***t**iﬁ*'l(t**'ktﬁi*****i*tiiit*tiﬁi*ﬁttﬁ*****tiithttﬁiﬁ**t**ﬁtti*it**tti

c this subroutine computes the jacobian

c of the vectorfield
c***ii*tiﬁ****tﬁ*ﬁi**t*i*ﬁ**ﬁ****tﬁti*iiﬂit*tii*i**tttt*ii*ttﬁi**itiﬁ***

subroutine jfun(negn,t,y,par,ml,mu,pd,ncpd}
implicit dpuble precision (a-h,o-z)

<
dimension y(negn),pd(nrpd,neqn),par(7)
c
common /por/ por
common /dz / dz
common /fp/ an
c
nh = neqn/3
c
c
¢ jacobian of the vectorfield
c
do 9 i=1,neqgn
do 9 j=1l1,neqn
9 pd{i,j)=0. .
c

c for i = 1



c
(o4

for

10

for

i =1
par(l)*par(2})+y(i)*yli+nh)
y2 = l.+par(l)ry(i)+par(l)*#2+y(i)n*2%par(3)

(%3
—
[ ]

y3 = l+pac(2)*y(i+nh)
yd = ylay3*par(l)+~(l.+2.*par(1)*y(i)*par(3})
dfyi = (yl*y2#y3/y(i)-yd)/y2**2/y3**2

pd(1,1) = -1/por/dz-par(4)*dfyi-par(6)

dfyn = (yl*y2*y3/y(l+nh)~yl*y2+par(2))/y24*2/y3%%2
pd{l, nh+l) = -par(4)*dfyn
pd(l,2*nh+1l) =~ par(6)*par(7)*an*(y(i+2*nh))**(an-1)

i =2, nh

do 10 i = 2, nh
pd (i, i-l) = l/por/dz

yl = par{l)rpar(2)*y(i)*y(i+nh)

y2 = l.+par{l)*y(i)+par(l)*#2+y(i)**2*par(3)
y3 = l+par(2)*y(i+nh)

yd = ylry3*par(1)*{1.+2.*par(1)*y(i)*par(3))
dfyi = (yley2*y3/y(i)-yd)/y2**2/y3s*2

pd(i,i) = -1/pors/dz-par(4)*dfyi-par(6)

dfyn = (ylry2+y3/y({i+nh)~ylry2*par(2))/y2**2/y3*+*2
pd(i, nh+i) = -par(4)+*dfyn

pd(i,2*nh+i} = par(6)*par(7)*an*(y{i+2*nh))**(an-1)
continue

i = nh+l

¢ correct i value dont change....

c

nnooon

for

20

i = 1

yl = par{l)*par(2)*y(i)*y(i+nh)

y2 = l.+par(l)*y(i)+par{l)*+*2+xy(i)*e2%«par(3)
y3 = l+par(2)*y(i+nh)

yd = yl*y3#par(l)*(1l.+2.*par(1l)*y(i)*par(3))
dfyi = (yl*y2+*y3/y{i)-yd)/y2+*2/y3#*2
pd(nh+l,1) = -par(5)*dfyi

dfyn = (yl*y2#*y3/y(l+nh)-~yl*y2*par(2))/y2**2/y3*+*2
pd{nh+l, nh+l) = -1/por/dz-par(5)*dfyn
i = nh+2 to 2*nh

do 20 i = nh+2, 2#*nh
pd (i, i-1) = 1/por/dz

yl = par{l)*par(2)*y(i-nh)*y(i)

y2 = l.+par{l)*y(i-nh)+par(l)**2*y(i-nh)**2%par(3)
y3 = l+par{2)*y(i)

yd = yley3#par(l)*(1l.+2.*par(l)*y(i-nh)*par(3)}
dfyi w (yl*y2*y3/y(i-nh)-yd)/y2*=*2/y3%*2

pd(i,i-nh) = -par(5)*dfyi

dfyn = (yl*y2+*y3/y(i)-yl*y2*par(2))/y2k*2/y34%2
pd(i, i) = -1/por/dz-par(5)*dfyn
continue
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c
c
c for i = 2*nh+l to 3*nh
c
do 30 i = 2*ph+1, 3*nh
pd (i, i-2%*nh) = par(6)
pd (i,i) = -par(6)#*par(7)*an*(y(i))**(an-1)
30 continue
c
RETURN
END

Ctt**&*k**t*#iiitttﬁit*iit*ittﬁ**t*iit**tﬁ*ttt**ittﬁi*ﬁit*i*tt***t*
subroutine dfun{neqn,t,y,par,dfdp,jpar)
C*ikiit***tit*ﬁi*t***ii***ii*i******ii*t*tfiit
c partial derivatives wrt. parameters of interest
c
implicit double precision(a-h,o0-z)
dimension y(neqn),par(20),dfdp(20)
return

end
c***t**kk*t*iﬁﬁ*****t*****ﬁt*ﬁ****i***************tﬁi*tiﬁﬁ**ﬁﬁi*******

c_.. ——————————
c dummy subroutines
c __________ - -
subroutine bend
return
end
subroutine fopt
return
end
subroutine icnd
return

end
c*tktit**ii*titti***t************t***iik*i**ﬁi**t*******

subroutine prm (index,akl,ak2,g,el,e2,bet,rho)
implicit double precision (a-h,o0-2)

common /por/ por

common /del/ del

common /efl/ efl

common sacg0l/ acg0l,tau

common /fp/ an

c
¢ l-compound
¢ 2-oxygen
c

del = del*le~6
c

b0 = 100e3
c

XV = b0/1000

fd = 1-0.43%xv**0,92/(11,1940.27*xv%%0,99)
c

call compm (fd, dfl, ayl, ay2, akiil,

& akssl, amul,amml)

c

amm2 = 34.4

df2 = 2.41e~9 *3600.*fd

akss2 = 0.26
c

ACGO01l = 2.806
aug = 0,049
vv = 5150e-6



c
c
c

a0

in days

tau = vv/aug/24.0

acg02 = 275
ef2 = efl
alp = 0.3
por = 0.3
aka = 0.302
rp = 0.428e6

Freundlich Isotherm,

123

akd = 2,254e-5
an = 0.96

sur = 40.0/alp

if (index. eq. 1000} then

CALL SVARI(sur,b0,vv,dfl,df2,ayl,ay2,AKII1, AKSS],
del,amul,akss2,acg0l,acg02,aug, amml,amm2,

efl, ef2, alp, por, aka, an, rp, akd)

else

endif

akl=efl*alp*sur*del*b0O*vv*amul /ayl /aug/acg0l/por
ak2=ef2*alp*sur*del*b0*vv*amul /ay2/aug/acg02/por
g =akssl/akiil

el=acg0l/amml/akssl

e2=acg02/amm2/akss2

factor = 0.02
bet = aka*(l-alp)*sur*vv/aug/por*factor
rho = acg0l*(an-1)*{por/rp/akd/{1l-por))**an

if (index, eg. 1000)then

write{(6,123) ’

WRITE(6,1)

FORMAT (10x,'Parameters Estimated from the Data Above’, /)
WRITE(6,2) akl, ak2

WRITE(6,3) el, e2

FORMAT (' ', ' akl = ',eld.3,3x,’ak2 = *,3%,£7.3)
FORMAT (* ‘, * epsl = ',£f14.6,3x,’eps2 - *,3x,£7.3)
WRITE(6,4) g,bet

WRITE(6,5) rho

FORMAT (' ', ' @ = r,el4,3,5x,'bet =’, £10.6,/)

FORMAT (' ', ' rho = ',el4.3,3x%,/)

write(6,123)

else
endif
FORMAT( ’
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/)

return
end

ci*i*ttt***it**tt*iii*********t*k**t**i*ﬂ*i*i**i**iii**i*i****it*i

subroutine pdelef (avecg, del, efl)
implicit double precision (a-h,0-2)
del = 1.513%avecg+33.35

efl = 0.031*%avecg+0.190

return



end

Cﬁttktiniﬁﬁttﬁtﬁttt*tt***it*ﬁi*tﬁ**ﬁiﬂﬁﬂ*tiﬁtﬁttﬁﬁtiﬁitttﬁkt*ttﬁti

&

subroutine compm (£d4, dfl, ayl, ay2, akiil,
akssl, amul,amml)
implicit double precision (a-h,o0-z)

1.0315e~9 *3600.*£fd

dfl -

ayl = 0.71

ay2 = 0,341
akiil = 78.94
akssl = 11.03
amul = 1,50

amml = ,27

return
end

CR Ak kR kAR TR AR AR AR R AR R ART R RN R A AR AN AR A AR bk kb Ak A kAW

51
54

56
566
567
568
569
570
571
572

Subroutine SVARI{sur,b0,vv,dfl,df2,ayl,ay2, AKII1,f AKSS1,
del,amul,akss2,acg0l,acg02,aug, amml,amnm2,
efl, ef2, alp, por, aka, an, rp, akd)

write(6,123)
WRITE(6,1)

FORMAT (5x,/, ' Input data for Transient Biofilter Model’,/)

WRITE(6,19) Aug

format (* ', ’Gas Flow Rate (m3/hr) = ', el4.3)
WRITE(6,3) vv*leb
FORMAT (' ', ’'Volume of the column(cm3) = ', f14.3)

WRITE(6,4) SUR
FORMAT (* ', 'Biolayer Sur.Area( m2/m3) = ', £14.3)

write(6,44) b0

format (* ', 'Biomass Conc. (g/m3) = !, elq.3)
WRITE{6,5) del*le3
FORMAT (' ', 'Film thickness (mm) - ', £14.3)

WRITE{6,2) ACGOl
WRITE(6,22) ACGO2

FORMAT (' ', 'Inlet conc. (g/m3 of air)(m) = *, £14.3)
FORMAT (' ', 'Inlet conc. (g/m3 of air)(o) = *, £14.3)
write(6,31) ayl
format (* *, ‘Yield Coefficient (1) = ', £14,3)
write(6,32) ay2
format (* ¢, 'Yield Coefficient (o) = ', £14.3)

WRITE(6,51) dfixle9,/3600

WRITE(6,54) df2*1e9,/3600

format (* ¢, 'Diff. Coefficient (1l)xle9 - 7, £14.3)
format (' ¢, 'Diff. Coefficient (o)*le9 = ', £14.3)

WRITE(6,56) amml

FORMAT (' ', 'Dist. Coeff. (1) = !, eld.3)
WRITE(6,566) amm2

FORMAT (' ', *'Dist. Coeff. (o) - ', eld.3)
WRITE(6,567) efl

FORMAT (' ', 'ef-factor (1) = ', €14.3)
WRITE{6,568) ef2

FORMAT (* ', 'ef-factor (2) =, elqd.3)
WRITE(6,568) por

FORMAT (¢ ¢, ’porosity = ', eld.3)
WRITE(6,570) aka

FORMAT (' ’, 'mass transfer coef. - ', el4.3)

WRITE(6,571) akd
FORMAT (' ', 'adsorption parameter (akd) = ', eld.3)

WRITE(6,572) an
FORMAT (’ ', ’'adsorption parameter (an) = ', eld.3)

WRITE(6,573) rp/leb
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573 FORMAT (' ', ’'particle density (g/cm3) = ', el4.3)
WRITE(6,574) alp

574 FORMAT (' ', '% area covered by biomass - ', eld.3)
write(6,123)
write(6,*) ' Andrews and other Parameters’

WRITE(6,6) akiil,akssl,amul, akss2
6 format(' ',/, ' Kil (g/m3) = ',eld4.3,3x,'Ksl (g/m3) = ', £7.3,
& /.' Sp. Growth Rate-1 (l/hr)=',£14.3,3x,/,' ',
& ‘*akKd (g/m3) = ', £7.3,/)
write(6,123)
123  FORMAT(' * /)
return

end
C***i*ii**i****i**tt*tit*tt**t*tt**ti*ﬁﬁ*tittltitti***titiitittitﬁ
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