A percolation biofilm-growth model for biomass clogging in biofilters
Ozis, Fethiye

ProQuest Dissertations and Theses; 2005; ProQuest
pg. na

NOTE TO USERS

This reproduction is the best copy available.

®

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A PERCOLATION BIOFILM-GROWTH MODEL FOR

BIOMASS CLOGGING IN BIOFILTERS

by

Fethiye Ozis

A Dissertation Presented to the
FACULTY OF THE GRADUATE SCHOOL
UNIVERSITY OF SOUTHERN CALIFORNIA
In Partial Fulfillment of the
Requirements for the Degree
DOCTOR OF PHILOSOPHY
ENGINEERING
(ENVIRONMENTAL ENGINEERING)

August 2005

Copyright 2005 Fethiye Ozis

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3196869

INFORMATION TO USERS

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

In the unlikely event that the author did not send 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.

®

UMI

UMI Microform 3196869
Copyright 2006 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

For the past several years a number of people have been directly involved
with the development of my work. First, I would like to express my deepest gratitude
to my advisor, Dr. Joseph Devinny, for his guidance and encouragement throughout
my academic life. I have learned a great deal from him about how to be an ideal
researcher and a teacher. I would also like to express my appreciation to Dr.
Constantinos Siuotas and Dr. Yannis Yortsos, who provided me with their
constructive suggestions and valuable assistance on my dissertation whenever I
needed despite their overloaded agenda. Special thanks go to my colleagues and
friends at USC; Manisha Singh, Arash Bina, Jamie Sayre, Joshua Steele, Atosa
Vahdati, Mike Geller, Satya Sardar, Bhabesh Chakrabarti and Eric Hernandez for
their immeasurable assistance.

Last but certainly not least, I am deeply grateful to my husband, Ismail Ozis
for his endless understanding and generous patience during my graduate study. I will
never forget the walks that we took to the lab in middle of the night. Without his
unconditional optimism, it would have been impossible for me to accomplish my

Ph.D. degree.

il

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS Lottt ettt e ee e e eettetasieesssveananaessssssseannnnsasees ii
LIST OF FIGURES ..ottt e e e enensanassenenes Vi
LIST OF TABLES ..ottt et a s s s enenasasasasassesns X
AB ST R ACT .. oottt ettt ettt ere et sentaeeaeesanesensanannssasasssssnsnsasssnesess xi
1T INTRODUCTTION oottt s anans 13
1.1 BACKGROUND ..ottt et eeeeteeeseeeree et aeeesenaeaaeeennaeseenaserannaasennasesesenasssannnns 13
I.1.1 HISTOTY ittt ettt s e 13
1.1.2 BioTTHer MECHANISIIL. c.c.neeie e ee e e e eeerereeseereeesanaaasessssesenans 2
1.1.3 Biofilter Applications........c.ccoeviereriieccrenicinenteceneeeceesrener e 4
1.14 Fthanol ErmMISSIONS . ..cciuvvviiiiiieiieeeeeeteeemeneesieeeeesereneneeseneeassesesosesssssssasens 5
1.2 BIOFILTER OPERATING PARAMETERS ..eevutreiettttersirisireesrrereasnseresesstmmnsersseesmennnnnes 7
1.2.1 WALEL CONLEII ...veeeeeiveiei et et ettieeeeseeeeetrteesanssesessursnsesesessssannsesssesannnns 7
1.2.2 PH ettt st ba e v 12
1.2.3 Temperature ....... ettt b ettt b et e et er et s e st e e nneesnaes 14
1.2.4 INULLIEIIES <.ttt eeeeereiceeeeetteenasseseeeeseannssesesssserensnnasesessesemsnnnsesessmsonnnens 16
2 RESEARCH OBIECTIVES .. ettt 19
2.1 NUMERICAL MODEL FOR CLOGGING IN BIOFILTERS ...ivvvverreeeeereenrereeeereeernnnes 19
3 PERCOLATION THEORY CONCEPTS ..ot eeveeaneane 23
3.1 LITERATURE REVIEW ON PERCOLATION THEORY ..cccvvvivivireieneemeerenereeeenes 23
3.1.1 Effective Medium Approximation (EMA).......ccccoeevvvveveieneccenciennnen, 27
3.2 APPLICATIONS TO POROUS MEDIA AND BIOFILTERS cuvveitvriieeieniirereneerereneseseenens 29
3.2.1 Other Models fOr BiOfIIETS . ...ouvvviieeerieeeeeeeereeereeeeeeeeeseeeee e eeeeessees 34

3.3 CHARACTERIZATION OF BIOFILTER MEDIA IN NUMERICAL PERCOLATION
MODEL ... ciitititiieeeeeeettiiises e eevttnnesseesesesrasssssssserssntasssessesesasrtssseeesansasssssssessssnanansns 37
3.4 MODELING OF BIOFILTER USING PERCOLATION THEORY ..evvvvueeneneeeeeeeeeeeennn 39
3.4.1 Numerical Model for Population Balances..........ccoceevvevenveenvennennen. 39
342 Biofilm Growth MOAEIS .....eeeieeiieieee ettt eeeeeeeeeeereeeeseeeeenas 42
343 Sensitivity Testing of Numerical Model ..........cocooeveninnncniicnnnnens 49
3.5 THEORETICAL FINDINGS OF NUMERICAL MODEL....cccuuiviiieeiniceceisseeeereennes 51

3.5.1 Predicted Effects of Pore Size Distribution on Clogging Time

and Treatment EffICIENCY ....cc.viiviiiiiiiiiiiiiiiicicere et 51
3.5.2 Predicted Effects of Pore Size Distribution on Permeability............. 55
353 The Results from Cellular Automaton Model........cceeveveeerererererereeenns 56
1il

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.1 OBIECTIVE .occttieeeeeiieeeeeiitteeeeeetteseeeeseseeeesnssnseseesssesssesisrssssesnnssesssossssesessmsnens 60
4.2 CONTINUOUS FLOW BENCH-SCALE STUDIES ...cocoiviuiieiiiinireeeesireeeeeessneeesensanes 60
4.3 METHODS .. icevitteeeritrteseiainneeeseessseseseeseseessssssssessssssesssesesessssssrsssssssssnsesssssnees 62
4.3.1 Inoculum Preparation..........cccoueevereeireeriesieieecie e 62
43.2 Gas Concentration Determination.......ooovveeeriieieiieeeeeeeeeeeeeeeeeeeeersns 62
4.4 OPERATING CONDITIONS....ceteiiiiirieeeiiiteieeeenrreeereerereseessseessesssssesessssssessessanees 63
4.5 ANALYSIS .o icttieeeeeiiereeeseireeeeeeetteseeerastteaeesesrneeeeeseesesssssesessssssrneessssnssessossnens 63
45.1 POTOSIEY ittt rr e sae et erb e eneesanens 63
45.2 Pore Size Distribution from Particle Size Distribution...................... 64
453 HEAA LLOSS..uiiiciii ettt e e saveeeeaenesn 75
454 PH ettt b bbbt e neesanens 75
4.5.5 Removal efficiency and elimination capacity .........ccoceceervevverreerennenn. 76
4.5.6 Clogging and Channeling.........cccccoceeveerieeviirinneenineneecesceenee e 76
4.5.7 Swimming Pool Cleaner Tests........ccoccvvevrrrirreresenieeeieeeecrecereeere 78

5 LABORATORY BIOFILTRATION OF ETHANOL VAPOR .......coovvvvveeann.. 79
5.1 LAVA ROCK BIOFILTER .eiiiiieiieeieiieiitteeeeeseseeeenrerrereeeesesenersanssesesessossossssassansessens 79
5.1.1 Biofilter Performance........coooouvvuviveieiiiiieneieeeteeeeeeereeii e 79
5.1.2 HEAA LLOSS ..ottt e st e e e seaae s e seeeeeeeeeene 82
5.1.3 PH ettt et et be e e b taesrnen 83
5.1.4 Bacteria and Viral Enumeration...........ooceevvvveveeiioiiieiineeceeeeeevee e 84
5.2 SAND BIOFILTER ...ovtiiiiiiiiieeeeeeiitreeeecireee e eeivtaeeeeseeaeesennteeseeeeanseesessnssnsessnssenens 85
5.2.1 Biofilter Performance...........occovuiviveeimveiiciieie et eesnree e 85
522 TTEAA LLOSS v v eevvereeeerereeeeeeeeeeeeseseeteseseseeses e eeeeseeeeaeesenenenesesesensasesessenns 88
523 PH ettt re et enreeteenreens 89
5.2.4 Bacteria and Viral Enumeration............coccvvvverieeeiiniiiiniiiiinneereee e 90
5.3 MODEL SIMULATIONS FOR BIOFILTERS ......ccociiiitiieeeeereenerrererrereseseessnnnsnnnneeens 91
5.3.1 Model Simulations for Lava Rock Biofilter ........ccccovevvvvvirevnniieiennen 93
53.2 Model Simulations for Sand Biofilter......cc.ceevvvvieviniiiieeiieeeeeeee 98
5.4 CLOGGING AND CHANNELING TESTS .oiiiieeiiiieieeiiee ettt 100
5.5 SWIMMING POOL CLEANER TESTS ....uvtiiiieiiiieeeeeeeee et cenaeeeas 106
5.0 DISCUSSION ....ceiiecectieierieieeeeeeeeieereratrereeeesseseeseerbasaeseerssssssssstssnsestesssssssssnenses 111
iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 REMOVAL OF ULTRAFINE AND FINE PARTICULATE MATTER IN
GRANULAR FILTER WITH POSSIBLE APPLICATIONS TO

BIOFILTRATION ..ottt ee et ee et e e sssnssssnansnn 114
0.1 INTRODUGCTION ...ceteettitietetttneesettsesertassetsasesssentesssestassssstsiessssssesstsnesenmnnmeeenans 114
6.2 MATERIALS AND METHODS . cctvuuutieterereuumniieresesereamenseresesessarmsmesesseesnansssesesssees 117

6.2.1 ANALYSIS teiiriiiierie ettt st b e 119
6.3 RESULTS AND DISCUSSION c1uuittttiertriieettueretesesetesesssssessesstisseeemsnessnnnnossenens 126
6.4 APPLICATION OF THE MODEL ..ccoititiititieeeeeeeeereeeteeeeeeseaeerenenenessssssssssssnssssnsssnns 134

6.4.1 Heavy Duty Diesel TrucK.......cccocovvviiiininiininiiniiiicnneceneceeeenn 135

6.4.2 Caldecott TUNINEL ....cooeeeieeee ettt eee e et e e e eeetereeeeanas 136

T CONCLUSTON . oottt ettt et e e vt e et aeaesearareteera e esanasesennnansnansnsnsanen 138

REF E R EIN CE S .ottt an s nannasananansasasaesasassesasasaseaaneees 140

NOTATION oottt e s e easesasaaaesasareraressssesserereresesesserseseseseeresereseesenen 155

APPENDICES ..ottt ettt sttt e et et s s e s esssstreasesesee s et abbteseeessseananannnne 157

I: DERIVATIONS OF EQUATIONS FOR THE MODEL........cccoovveeevvierrrennnen. 157

1II: MATLAB PROGRAM FOR THE MODEL FOR SAND BIOFILTER............ 170

III: ETHANOL BENCH SCALE BIOFILTER RESULTS ..covvevieteeeeeeeeeeeeeeenen 188

IV: HORIBA INSTRUMENTS CAM SIZER TEST RESULTS FOR LAVA

ROCK AND SAND oottt ee e v vt sne s asanaenn 198

V: GRANULAR BED EXPERIMENTS FOR PARTICULATE MATTER

REMOV AL ..ottt et ests ettt et et e sesesssssrastataessesssssasrameteeteneeesaesesasasnnes 219

Vv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Figure 3-1: Evolution of pores in the biofilter process. 1) at time (t=0), all the
pores are open, and accessible to flow with initial biofilm layer
surrounding the particles, 2) Biofilm starts to grow on surfaces,
3) Some pores become filled, some become isolated, as
1EMAINING STAY OPCIL. w.ecvveruririieerieniieitettentereee e sre et stesseesteensaeteerneeanes 38

Figure 3-2: Schematic of calculation for pore distribution as the biofilm
THICKENS. ..ottt bb e 40

Figure 3-3: General case, where at any point in the biofilm, the rate of
consumption is proportional to contaminant concentration (first
order), therefore the result is an exponential decline in
concentration. The other cases represent area limited, and
volume limited biofilm growth models, respectively. ......cccccvervenrnnnn. 43

Figure 3-4: Pore configurations used in numerical model, top is flat plate pore
and the bottom is cylindrical POre........ccccoeeievcinrecnierceececie e 44

Figure 3-5: The description of the numerical domain used for the cellular
automaton approach, adapted from Song and Kinney (2002). The
dashed arrows represent the pollutant diffusion into biofilm
JAYETS. ettt ettt e e st e e era e e et e e et e e e e nr e e e enae s e ar e e e nnaeas 47

Figure 3-6: Model results for lognormal distributions with p =4 and p = 7,
for the case of biomass-limited growth in cylindrical pores. The
top plots [f(n)] show the pore size distribution in each case. The
plots on the second line show the decline in pore accessibility
[A(n)], and the third pair shows the increase in the number of
filled pores [(Xf)]. The number of pores that are not filled,
[(Xna)], but are inaccessible, rises sharply as clogging occurs............. 53

Figure 3-7: Available surface area and available biomass volume evolution
for two pore size distributions with equal pore volume. The top
plots show biomass surface areas for plate pore distributions [Sp,
solid line] and for plate pores of uniform size [Spu, dotted line].
The second pair shows the corresponding values of biomass
surface areas in cylindrical pores. The third pair of plots shows
biomass volumes for plate pore distributions [Bp, solid line] and
uniform plate pores [Bpu, dotted line]. The fourth set of plots
shows the corresponding values of biomass volumes in
cylindrical POTES. ....coviveiicriiiiiiieieetecet et 54
vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3-8: Effective Pore Size, rm change with time. On the left, the plots
showing biomass surface area limited case and on the right
biomass volume limited case. The top plots for parallel plate pore
distribution, and the bottom pair show the corresponding values
for cylindrical POTES. ....cocieiiieiiieiie et 55

Figure 3-9: Top, simulation for u = 4. Middle, Simulation for = 7. Bottom,
simulation for uniform pores. [Solid line]: surface area, m*/m>,
[dotted line]: biofilter elimination capacity, g/m>-h, [dashed line]:

biofilm ACtiVtY, ME/MIZN. ...oeoveoeeseeeeesee e eeeese e 57
Figure 3-10: Specific activity (mg/m*-h) of layers within the simulated

biofilm. Layers are 0.003mm thick. ......ccccooeveiiinniiiiiiiniiececceeene, 59
Figure 4-1: Schematic of experimental SEt Up ......cccccevevreerieeierrincirieereeeeie e, 61
Figure 4-2: Grain chord and Void chord definition..........c.cccoceeeeiiieiieriicinnieienees 66
Figure 4-3: The particle size versus cumulative fraction of particle size in

lava rock sample........ooeeiiiiiiiini e 71
Figure 4-4: The cumulative fraction versus pore radius in lava rock biofilter ......... 72

Figure 4-5: The pore fraction versus pore radius in lava rock biofilter; points
are calculated values, and line is the polynomial fit. ..............c.occu.e. 72

Figure 4-6: The particle size versus cumulative fraction of particle size in
SANA SAMPLE ...ttt s 73

Figure 4-7: The cumulative fraction versus pore radius in sand biofilter................. 74

Figure 4-8: The pore fraction versus pore radius in sand biofilter; points are
calculated values, and line is the polynomial fit. ..........cccceeveneeeiiennnns 74

Figure 4-9: Schematic of the test for identifying channeling in Lava Rock
BIOTIIET .t e 77

Figure 5-1: Inlet and outlet concentrations of ethanol for lava rock biofilter........... 80

Figure 5-2: Removal efficiency for the lava rock biofilter over the duration of

the eXPeriment.....c.cooviiiiiiiiiiiiie ettt 82
Figure 5-3: Headloss profile for the lava rock biofilter .............cccoccvveevinincnnnnnnns 83
vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5-4: pH profile over the operational time of lava rock biofilter.................... 84
Figure 5-5: Inlet and outlet concentrations of ethanol for sand biofilter .................. 86

Figure 5-6: Removal efficiency for the sand biofilter over the duration of the
EXPETIMEIIL ...evveeeiieirreerierenieesreeatesstessarasnesssesssseasssesssenessaeassessssesssaenns 87

Figure 5-7: Headloss profile for the sand biofilter over the duration of the
EXPEIIMEINL ...cviieriiiiriteetienteritesrteteetesatestteubesete et eeteereestesaeesaneaseessessanan 89

Figure 5-8: pH profile over the operational time of sand biofilter............................ 90

Figure 5-9: The simulated results for head loss, elimination capacity and the
removal efficiency of the lava rock biofilter..........cccccovevvivvininnnennnn. 97

Figure 5-10: The simulated results for head loss, elimination capacity and the
removal efficiency of the sand biofilter. ......c..ccoccevcvrnvivninninriniinnnne. 100

Figure 5-11: The top view of the biofilter, [black circle]: the media
circumference, [white dotted line]: biofilm coverage, [white
dashed line]: red particle SPOtS......ccccvrvvervirieriieesieeiereir et ee e 102

Figure 5-12: The photographs of cross-sections at 0.5 and 1 cm from the top
of the lava rock filter, [black circle]: the media circumference,
[white dotted line]: biofilm coverage, [white dashed line]: red
PATLICIE SPOLS...c..iiiiiitiiiiieiriet ettt ettt et 102

Figure 5-13: The photographs of cross-sections at 2, 3, 5 and 7 cm from the
top of the lava rock filter, [black circle]: the media
circumference, [white dotted line]: biofilm coverage, [white
dashed line]: red particle SPOtS.......cccoveirienieriienienie et 104

Figure 5-14: The photographs of cross-sections at 9, 11, 13 cm from the top
of the biofilter and at the bottom of the lava rock filter, [black
circle]: the media circumference (white particles on the bottom

were acrylic plastic left by cutting the column) .......c..coceeieirenirennnnnne. 105
Figure 5-15: The results of the pool cleaner tests .........coeeveerveveeneennneiienienene 107
viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5-16: [Left of the first arrow]: Head loss profile of the sand biofilter
before the application of enzyme, [between the arrows]: the head
loss profile observed for different concentrations of enzyme,
[Right of second arrow]: Head loss profile of the sand biofilter
over a period after the application of pool cleaner..........cccceeveeuennen.n. 109

Figure 5-17: Removal efficiency profile of the sand biofilter over a period
after application of pool cleaner............ccoccveeiiiiiiiiiiinniiiceecieeeen, 109

Figure 5-18: The inlet and outlet concentration of sand biofilter over a period
after application of pool cleaner...........ccocecvevirrerieeveciereeeee e, 110

Figure 6-1: Schematic of the experimental SEt-UpP .......ccccoeeveeciiiininniiiniriereenene. 118

Figure 6-2: Removal Efficiency vs. Aerodynamic Diameter for three flow
rates on 9 cm of dry 1ava rocK......coeeviiriiininieninenecceeeen 127

Figure 6-3: Removal Efficiency vs. Aerodynamic Diameter for three flow
rates on 18 cm of dry lava rock.......cccovvvviieeiiiecinnneee e, 128

Figure 6-4: Removal Efficiency vs. Aerodynamic Diameter for three flow
rates on 27 c¢cm of dry lava rock. (Experimental data shown as
points, model calculations lin€s) .......cc.cocueeererveccrieriieneneneneneeeennes 128

Figure 6-5 : Removal Efficiency vs. Aerodynamic Diameter for three flow
rates on 27 cm of dry sand. (Experimental data shown as points,
model calculations liNes).......cooeevieerieriiineerienieeniesienieeieetenr e 129

Figure 6-6: Removal Efficiency vs. Aerodynamic Diameter for 27 cm wet
and dry lava rock. Filled symbols are removal on wet media;
lines with empty symbols refer to dry media (repeating data of
FIGUIE 6-4)..cvieuiiiiiiiieniieiecte ettt ettt st resee e s s e s bens 131

Figure 6-7: Removal Efficiency vs. Aerodynamic Diameter for 27 cm wet
and dry sand. Filled symbols are removal on wet media; lines
with empty symbols refer to dry media (repeating data of Figure
0m5) ettt et st n e s nesae bt enea 132

Figure 6-8: Comparison of removal efficiencies of PSL. and Ammonium
Sulfate particles on 27 ¢cm of sand bed at 2.4 LPM. (Data for
ammonium sulfate are repeated from Figures 6-5 and 6-7.)............... 133

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

Table 1-1: Commercial applications of biofilters ......c..ccocceeviiiiciiiiiiniiinciiecieee, 4
Table 3-1: Percolation Model Parameter Values .........cccccccenieneeninineneniiencveeniennen. 43
Table 3-2: Cellular Automaton Model Parameter Values............ccoooeeerevienenrnnnee. 48
Table 3-3: Effect of substrate related parameters on model predictions................... 50
Table 3-4: Effect of Pore size distribution parameters on model predictions........... 50
Table 3-5: Results of Numerical Percolation-CA Model Calculations.................... 58
Table 5-1: Input parameters used in the model for lava rock biofilter...................... 94
Table 5-2: Input parameters used in the model for sand biofilter...........ccceevennnneen. 98
Table 5-3: The results for tests with pool cleaner...........cccovvvveniniininniiiinne, 106
Table 6-1: Operating Conditions of the Experiments ...........cccoeveeevieeienveneeeenne 119

Table 6-2: Pressure drop data measured during the experimental studies with
lava 1OCK MEdia. .. ccoieiriiieiieierteetciee ettt s 134

Table 6-3: Pressure drop data measured during the experimental studies with
SANA MEAIA ...veiveiiiiiiiie et a e s ra e s sbee s ra e ba e eneae s 134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

Biomass accumulation has been recognized as a limiting factor in the
operation of biofilters. As the biofilm thickens, portions at the base may no longer be
exposed to contaminants and oxygen. Smaller pores are filled with biomass so that
air no longer flows into them. As pores are blocked, air may be prevented from
reaching some pores even when they are not filled. Eventually blockage becomes
sufficiently widespread so that increasing head loss and decreasing removal
efficiency require that the system be shut down. Optimization necessitates a better
understanding of the mechanisms by which biofilter clogs. Percolation theory was
developed for application to similar problems in other fields such as oil recovery and
catalyst bed design. In this work, a numerical percolation model of the blockage
process was developed for application to biofilters. It allows comparison of pore
blockage histories for various pore size distributions, and predicts biomass
accumulation, head loss, and treatment efficiency as a function of time, as well as
total time until blockage prevents further operation.

A model was developed and applied to two theoretical biofilters having log-
normal pore size distribution with p= 4 and 7. It was also used to simulate two
bench-scale biofilters with experimentally determined pore size distributions.

This model accounts for biomass growth and its impact on head loss,
contaminant removal and channeling in the biofilter. It will be useful in biofilter

design, particularly in the choice of appropriate packing. A complete understanding

xi
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of the clogging process, and ultimately its control, would increase biofilter efficiency
and broaden the range of applications.

Finally, the removal efficiency of granular filters packed with lava rock and
sand was studied for collection of airborne particles 0.05 to 2.5um in diameter in
anticipation of the possibility that either inert granular filters or biofilters could be
used for treatment of fine particles. The effects of filter depth, packing wetness,
grain size and flow rate on collection efficiency were investigated. Packed-bed
granular filters were proved effective for removal of fine and ultrafine particles from

air.

xii
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1 INTRODUCTION
1.1 Background

1.1.1 History

Biological treatment has been proved successful for treating wastewater and
solid waste throughout the twentieth century. However, biological treatment for
waste air is relatively new. The earliest known biofilter systems were using soil as
media and constructed as open pits in 1950s (Pomeroy, 1957). Biofiltration was
initially employed to control mainly sewer odor emissions generated by wastewater
treatment plants (Kennes and Veiga, 2001).

In the 1970s, significant and stricter air quality regulations accelerated the
interest in biofilters, because of their advantages of low operating costs. Germany
and the Netherlands led the way in terms of biofilter technology advancement. The
development of biofiltration for control of Volatile Organic Carbons (VOCs) "and
air toxics took place in the 1980s (Leson and Winer, 1991). Since then, computer-

operated enclosed biofilter systems have been designed with the help of extensive

P'volatile organic compounds constitute substances such as alkanes (e.g. methane), alkenes
(e.g. ethylene), alkynes (e.g. acetylene), aromatics (e.g. benzene), alcohols (e.g. ethanol),
aldehydes (e.g. formaldehyde), ethers (e.g. ethyl ether), ketones (e.g. acetone), and
chlorinated substances (e.g. trichloroethane). Volatile organic compounds are often found in
mixtures, and can evaporate into the atmosphere under ambient temperature and pressure
conditions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



research on different biofilter media, bed configurations, waste gas mixtures,
microflora, and mathematical modeling of the process.

As biofilter technology is accepted by regulators as a cost-effective, reliable
means of controlling low-concentration biodegradable waste gases, more research

will be required to move the technology forward.

1.1.2  Biofilter Mechanism

Biofiltration uses microorganisms fixed to a porous medium to break down
pollutants present in an air stream. The microorganisms grow in a biofilm on the
surface of a medium or are suspended in the water phase surrounding the medium
particles.

The filter-bed media are mainly of two types. The first type includes natural
organic media such as compost, peat, wood bark and/or soil, the second type is an
inert synthetic medium like polypropylene rings, ceramics, extruded diatomaceous
earth and polyurethane foam. Granular activated carbon has also been used
successfully as biofilter medium (Webster et al. 1996). Sometimes, a combination of
two types has been employed (Ortiz et al. 1998). Ideal media should ensure large
surface attachment area, minimal backpressure and additional nutrient supply
(Devinny et al. 1999).

Generally, waste gases are de-dusted, heated, cooled or humidified as

necessary, then pulled into to the filter bed (Madl, 1998). In the filter bed, the moist

2
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filter medium provides physical and chemical conditions appropriate for transferring
the contaminant(s) from the air phase to the water phase; biodegradation of the
contaminant(s) in the water phase; and mass transfer of the biodegradation products
from the water phase to the air phase. The mechanism of the biofiltration process
includes a combination of adsorption, absorption and microbial degradation. A
portion of the contaminants from the waste air is adsorbed on the surface of the
media while the rest is absorbed by the thin film of liquid surrounding individual
grains. Aerobic microorganisms, generally bacteria and fungi, oxidize VOCs,
biodegradable gases, and vapors in processes identical to those naturally occurring in
soil. The digested pollutants become primarily water, carbon dioxide, mineral salts,
and microbial biomass. Ideally, the resultant air stream is clean, colorless, and
odorless (Madl, 1998; Janni et al. 2000).

The first biofilters were excavated pits filled with soil, with air distributed at
the bottom and treated as it rose through the media (Pomeroy, 1957). Since then,
biofilters have been built as conventional open single-bed systems, open multiple
story sysfems, or totally enclosed systems. Multiple- story systems save space as
having each layer as separate reactor and increasing detention time. Enclosed
systems operate slightly above or below atmospheric pressure and have been

designed in many shapes, including cylindrical and rectangular.
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1.1.3 Biofilter Applications

Biofiltration can be applied to those compounds that are biologically treatable
including alcohols, aldehydes, aromatic hydrocarbons, ketones, and inorganic
compounds like ammonia and hydrogen sulfide (Devinny et al. 1999). Experience
gained as a result of many years of work with the biofiltration in different industries

suggests that biofiltration is a viable option for the following industries (Table 1- 1).

Table 1-1: Commercial applications of biofilters

VOC Control Odor Abatement Both Odor& VOC

Chemical and Agricultural and meat Composting

petrochemical industry processing

Rubber Productions Rendering Soil Vapor Extraction

Automotive industry Slaughter houses Waste treatment

Qil and gas industry Sewage treatment Waste water treatment

Synthetic resins Tobacco, cocoa and sugar | Soil remediation

industry

Paints and coatings Gelatin and glue plants Groundwater
remediation

Pharmaceutical industry Flavor and fragrance Pulp & Paper Mills

Due to continuing expansion of urban areas into the surrounding countryside
where they encroach on land dedicated to waste treatment, industry, and agriculture,
the control of VOCs and odor is becoming a more pressing air quality problem (Ozis
et al. 2005). Biofilters can combat VOCs and odor in a safe, natural and sustainable
way. Biofilter systems work at room temperature without toxic chemicals. They are

safer than incineration or chemical scrubbing; they use less energy, do not produce
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hazardous end products, and can be characterized as a “natural” process (Ozis et al.
2005). The growing desire for sustainability is expected to give a further edge to
biofilter systems as an alternative for air pollution control in the existing regulatory

climate.

1.1.4 Ethanol Emissions

Ethanol is produced by fermenting and distilling starch and sugar crops such
as maize, sorghum, potatoes, wheat, and sugar-cane. Because ethanol is miscible in
all proportions with water and with most organic solvents, it has many industrial uses
as either solvent, antiseptic, or cleaner in making perfumes, paints, lacquers, inks,
household cleaning products, external pharmaceuticals like rubbing alcohol and
explosives.

Ethanol is the primary volatile organic compound (VOC) emitted during the
leavening process of bread baking. The yeast fermentation of 100 Ibs of sugar
produces 49 lbs ethanol, which is vaporized and emitted from the oven when the
temperature reaches the boiling point of ethanol (EPA 453/R-82-017).

Ethanol is also emitted in significant amounts from the manufacture of
beverages, breweries, candy, and confections, and from foundries (Arulneyam and
Swaminathan, 2000). Emission sources from chemical processes include heaters and
boilers; valves, flanges, pumps and compressors; storage and transfer of products and

intermediates; waste water handling; and emergency vents (EPA, Paper #42952).
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In addition, ethanol has been proposed as green burning fuel additive. In fact,
it is the only alternative currently available in large, economically priced quantities,
to meet oxygen standards for reformulated gasoline, if MTBE (Methyl Tertiary Butyl
Ether) is eliminated from gasoline. Potential consequences for this usage are
expected to add more emissions of ethanol to the atmosphere either when it is
produced or used.

Goldstein et al. (2002) observed ethanol to be ubiquitously present in the
continental boundary layer (Trinidad Head, California) at concentrations typically in
the range of 0-10 ppb. In this range, ethanol can be important for PAN formation and
ozone photochemistry.

Ethanol is probably one of the earliest toxicants to receive serious
toxicological evaluation and metabolic study (James, 1996). Lester and Greenberg
(1951) studied human inhalation of ethanol, and showed 62% of the ethanol from
inspired air (at concentrations ranging from 11-19 mg/L) is absorbed by the
respiratory system. Short term exposures to ethanol are known to induce irritation of
mucosal surfaces, central-nervous-system depression, headache, dizziness and
nausea (James, 1996). Although it is rare, accumulated experience in workers
exposed to ethanol have shown that ethanol inhalation can cause liver injury (James,
1996).

In 1991, National Institute for Occupational Safety and Health (NIOSH), and

in 1995, the American Conference of Governmental Industrial Hygienists, Inc.
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(ACGIH) and Occupational Safety & Health Administration (OSHA) have set the

permissible exposure limit for ethanol as 1000 ppm.

1.2 Biofilter Operating Parameters

The most important operating parameters that influence medium life time and
biofilter elimination capacity at the maximum extent include water content, pH, and
temperature (Devinny et al. 1999). Other factors having a smaller effect are nutrient
concentrations, surface load, contaminant load, oxygen concentration, and air flow
direction. In the scope of this research, the effects of water content, pH, temperature

and nutrients will be discussed.

1.2.1 Water Content

Water availat;ility is a major determinant of pollution degradation rates
(Bohn and Bohn, 1999), and neglecting the water content is identified as the most
common cause of poor biofilter operation (Devinny et al. 1999; Bohn and Bohn,
1999; Reyes et al. 1999; Striebig et al. 2001). Water content affects both the physics
and biology of the system (Gostomski et al. 1997). Water is essential for the
microorganisms’ survival and activity. The presence of water also affects the
partitioning of contaminants. Therefore, maintaining the proper water content is

crucial for successful biofilter operation. Excessive water content can cause a variety
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of problems. First of all, the air pressure drop increases as water displaces air in the
pore space, thereby restricting the air flow. Wet organic biofilter media tend to
consolidate, which further restricts air flow. Too much water slows the diffusion and
transfer of air contaminants, oxygen, and CO; across the water film surrounding the
microorganisms. The decrease in oxygen transfer may promote anaerobic zones in
the biofilter. In addition, if excessive water leads to free flowing conditions, nutrients
can be washed away from the biofilter media, becoming a high strength, low pH
leachate that requires further treatment (Striebig et al. 2001). On the other hand, low
water content may reduce the sorption of gaseous pollutants or the survival of
biological activity (Auria et al. 1998).

Three factors largely control the water content in a biofilter: the humidity of
the air stream, evaporation due to the heat generated by microbial oxidation; and the
redistribution of liquid water in the biofilter media due to water potential gradient.
Moist incoming air, warmer than the biofilter media, can add water as it cools and
condenses within the biofilter. The microbial oxidation of organic matter is an
exothermic reaction; the heat generated in the biofilter this way can promote water
evaporation. Temperature increases from biooxidation have been reported to range
from 2° C to 10 ° C (Morales et al. 1998). The third mechanism will not cause a
change in the overall water content, but will drive the water through the unsaturated
biofilter media and influence the effect of other water loss mechanisms. Gostomski

et al. (1997) concluded that among three mechanisms, microbial heat generation and
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the humidity of incoming air were the dominant mechanisms for water content
changes in biofilter.

The optimum moisture content for biofilters depends on the media
composition as well as the physical characteristics of the target pollutant(s). For
most organic media, optimal water content ranges from 40 to 60% on a weight basis
(Auria et al. 1998). For hydrophobic VOCs, moisture in the lower range is more
appropriate because of greater mass transfer resistance in the biofilm; however,
biofilters for hydrophilic VOCs have higher optimum moisture content (Reyes et al.
1999).

Moisture is best maintained by assuring proper humidification of incoming
air, continuous monitoring of water content throughout the media and periodic water
addition. Proper humidification, the most important step in the water maintenance,
can be done by employing spray chambers, steam injection systems, Venturi
scrubbers, or packed-bed towers. The placement of the blower is also important. If
the blower is located after the humidifier; compression of the air by the blower
increases temperature and consequently decreases the relative humidity in the air
(Striebig et al. 2001).

Monitoring of water content can be accomplished by determining overall
weight loss, spot checks, or electronically by using time domain reflectometry
(TDR). Changes in water content have traditionally been determined by overall

weight loss; however, Gostomski et al. (1997) have demonstrated that this method is
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unacceptable for biofiltration because the moisture content changes are time and
position dependent and are associated with many mechanisms that can happen
simultaneously; therefore, overall weight change has limited use for identifying
localized water content changes. The average moisture content in the bed can be
adequate while some sections of the bed are extremely dry. More thorough
monitoring of water content in the packed bed can be accomplished by removing
cores from the bed, which are weighed before and after drying at 105° C. Water
contents, calculated as the mass of the water divided by the total mass, can be
expressed on wet or dry weight basis. Wet weight is more common for organic
media, and dry weight basis is more used for inorganic media. Confusion about wet
and dry weight bases and the difference between inorganic and organic media
moisture contents could be resolved if moisture content is expressed by volumetric
units. Another way of water content monitoring is TDR, which determines the
volumetric water content of the biofilter media by measuring changes in the
propagation speed of an electromagnetic pulse in bed material. TDR probes can be
placed in biofilter media to provide on-line data without disturbing the process
(Striebig et al. 2001). TDR is the most promising method for measuring moisture
contents in biofilters, because it is well suited for in-situ measurements and
automated data collection, and has been used successfully in biofilter media

(Gostomski et al. 1997).
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Periodic water addition can be performed by an internal irrigation system.
Multiple layers of drip irrigation piping, or spray irrigation systems that add water in
the direction of the air stream improve the distribution of water.

Auria et al. (1998) described the influence of water content on ethanol
degradation in peat biofilter. The average elimination capacity for water contents
ranging from 49% to 70% was much higher than that for 35%. When the packing
media dried from 70% water content to 59%, they observed the effects of drying
were not readily reversible. Bohn and Bohn (1999) have stated that the success of
periodic water addition or rewetting is more dependent on water- media interactions
than the microbial community. Rewetting is different for hydrophilic (inorganic) and
hydrophobic (organic) media, because they have different air-water-solid contact
angles. Surfaces like soil or other inorganic media have low to zero contact angles
and wet easily. In biofilters that are inadvertently allowed to dry the drying front
advances until it reaches the outlet zone and the system fails. Restarting the system
may require replacement of the support medium, rather than simple rewetting

(Gostomski et al. 1997, Reyes et al. 1999).

1.2.2 pH
The pH of the medium, another crucial factor in biofilter success, is
important for both microorganisms’ survival and enzyme activity, in particular if the

enzymes are extracellular or membrane bound (Wu et al. 1999). Each species of
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microorganisms has a certain range of pH, in which they are the most active
(Devinny et al. 1999). For the majority of microorganisms, the optimum pH for
growth is between 6 and 8. Only a few species can grow at pH values of less than 2
or greater than 10 (Son and Striebig, 2000). Fungi as a group are more acid-tolerant;
they can predominate in the filter bed at pH 5 or even as low as 2 (Madigan et al.
1997; Marek et al. 2001). However, generally microorganisms do not tolerate pH
fluctuations of more than 2 or 3 pH units (Kennes and Veiga, 2001).

Wani et al. (1998), Cox et al. (1997), Webster et al. (1997) and Ergas et al.
(1994) reported pH reduction during biofilter operation. The biodegradation of
VOCs and other pollutants results in the formation of acidic metabolites such as
sulfuric acid or organic acids, all of which in turn may reduce the pH of the biofilter
during the process. Devinny and Hodge (1995) reported that accumulation of acidic
metabolic intermediates including acetaldehyde, acetic acid, and ethyl acetate during
degradation of ethanol in an overloaded bioﬁltér. This reduced the medium pH,
inhibiting some of the organisms present and interfering with degradation of
intermediates. The ultimate result was an acidified system (pH < 4) with poor
elimination capacity.

In contrast, biofiltration of styrene (Cox et al. 1997) and alkylbenzenes
(Kennes et al. 1996; Veiga and Kennes, 2001) have proven to be possible at low pH
values with 95% and above removal efficiency. Webster et al. (1997) reported that

compost-biofilter treating acetone, aklybenzenes and hydrogen sulphide could adopt
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very low pH values without having an adverse effect on performance. Marek et al.
(2001) concluded that the lower pH values of peat biofilter bed resulted in higher
removal of toluene from the mixture of pollutants.

Some biotransformation processes, on the other hand, may cause pH increase.
Chou and Shiu (1997) reported a gradual pH increase in a methylamine-degrading
biofilter due to accumulation of ammonia. When the pH was over 8.8, system upset
in the biofilter was observed.

Because biofilter performance is often pH sensitive, the majority of
researchers have tried to maintain a neutral pH in biofilters. Son and Striebig (2000)
have tabulated the pH values from the literature; the range is between 6.8 and 8.5.
The best approach for dealing with acids may depend on whether these are final
products or intermediates that will soon be converted to non-acidic end products
(Devinny et al. 1999). The pH is generally controlled by adding inorganic reagents
provided via humidifying or nutrient solution (KH,PO4, K;HPO4, NaOH, NaHCOs3),
with or without a buffer additive like crushed oyster shells, CaCO; present in the
packing media.

Wu et al. (1999) concluded that urea might be an attractive alternative as an
aqueous nutrient to control both the pH and the biomass accumulation in the filter
bed. Urea controls the pH through its buffering capacity and biomass accumulation
because ureases are genetically expressed when nitrogen is limiting. Once urea is

metabolized, NH," becomes available for those strains that are unable to decompose
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the added urea. Control of both the pH and the biomass accumulation in the filter bed
make the process more stable and dependable.

Several researchers have concluded that acidification is accelerated by low
moisture content in the biofilters (Cardenas-Gonzalez et al. 1999; Son and Striebig,

2000).

1.2.3 Temperature

Microbial activity, and therefore, biofilter removal efficiency are greatly
affected by temperature; the optimum biofilter temperature should be determined
according to the species present. If the temperature is too low, the metabolism will
be slow; some species may become inactive while others die. Most chemical reaction
rates approximately double when temperature increases by 10° C (Devinny et al.
1999); however, as temperature increases, each microbial species reaches a point
where necessary functions cease because of the heat. Klasson and Davison (2001)
studied temperature effects on a nitric oxide biofilter; when temperature was
increased to 50° C, the reactor stopped converting NO, leaving the effluent and the
influent gas compositions the same.

Sorial et al. (1997) studied the impact of temperature on removal of toluene
in a peat biofilter. The EBRT was 2 minutes and toluene loading was 50 ppm,, and
the performance was sensitive to temperature changes. With the increase of

temperature from 11.1 to 15.6° C, the original biofilter removal efficiency of 58%
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was increased to 77% first, and stabilized at 63%. Then, as the temperature gradually
increased to 21.1° C to 26.7° C, the performance of biofilter increased to 83%-87%,
and 96% respectively. Conversely, some authors have observed a less significant
influence of temperature on biofilter performance. Prado et al. (2002) performed
experiments on toluene removal in a perlite biofilter; biofilter performance basically
remained unchanged between 25 -33° C. Similarly, iDarlington et al. (2001) observed
that between 23 and 26° C, the temperature did not affect the performance of
biofilter degrading toluene, ethylbenzene and xylene, although the biological activity
started decreasing at 20° C. Cox et al. (2001) reported that two biofilters working
under a wide temperature range; one operating at 22° C and the other at 53° C had
similar ethanol removal efficiencies.

Unfortunately, control of temperature in biofilters is often limited to control
of the temperature of the incoming waste air, and in many cases this is not
economically feasible. The radial temperature gradients in biofiltration systems have
been observed previously by Deshusses et al. (1997) and Gostomski et al. (1997);
with the outside of the media is cooler and moister than the inside due to heat
exchange with the surroundings. Under these circumstances insulation of ducting,

and/or biofilter itself may ensure more stability.
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1.2.4 Nutrients

The nutrient content in the biofilter medium is necessary for growth, enzyme
activity, membrane transport and above all, for biodegradation of pollutants.
Inadequate amounts of nutrients inhibit the microbial activity and ultimately reduce
the elimination rates in biofilter. Carbon, oxygen, nitrogen, phosphorus and
hydrogen are among the basic elements required. Carbon and oxygen can be
obtained from the waste air. Organic media typically serve as nutrient reservoirs and
may supply adequate nutrients in available form. In contrast, inorganic and synthetic
media require addition of appropriate nutrients either in the form of an aqueous
solution or as slow release fertilizers.

Prado et al. (2002) tested several methodologies to supply nutrients to a
down-flow perlite biofilter treating toluene, and concluded that not only the water
content but also the nutrient content will remain high enough for at least one month
without any addition of aqueous nutrient solution. However, after start-up, the
periodic supply of a nutrient solution remains a prerequisite to maintain high
efficiency during the life of biofilters (Prado et al. 2002).

Togna and Singh (1994) observed a decrease in performance from 70% to
10%, after 200 days of operation of a peat moss biofilter treating isopentane. They
suggested nutrient limitation as one of the possible reasons for a decrease in

performance of their biofilter.
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Similarly, Morgenroth et al. (1996) studied removal of hexane in a compost
biofilter. After 33 days of operation, the hexane removal efficiency reached 85%, but
then decreased to 50% as operation continued. Two different nutrient solutions were
used. SOL #1 included 13.1 g/L KNOs and 13.8 g/l KH,PO4, and SOL #2 included
131.1 g/L of KNO3;, which was ten times the amount in SOL #1. One liter of SOL
#1 was added on 82™ day of operation. Removal efficiency increased to 60%, and
decreased again. After highly concentrated nutrient solution (SOL #2) is added, the
removal efficiency increased to > 99% and stayed steady for the following two
months for inlet concentrations of 200 ppm.

Nitrogen makes up about 15% of the dry cell weight and is a major
constituent of proteins and nucleic acids (Morgenroth et al.1996). Wu et al. (1999)
correlated lower nitrogen concentrations in the nutrient solution with the lower filter
bed elimination capacities. They also concluded that nutrient supplies have greater
effect on the bed performance than has microbial inoculation.

Gribbins and Loehr (1995) reported that toluene elimination rates increased
with increasing soluble nitrogen concentration in the compost-perlite biofilter media.

Pérez et al. (2002) studied the influence of sequential mineral nutrients
addition to a sugar cane bagasse biofilter degrading ethanol. They have first used
ammonium sulfate as the N-source, and then ammonium hydroxide. The results
clearly showed that both N-sources were able to restore biomass growth, and thus the

elimination capacity.
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The literature shows addition of nutrients during biofilter operation may be
necessary to maintain optimum removal over a long period of time regardless of the
media type. However, the supply of nutrients should be optimized somehow either at
low concentrations or at relatively low frequency in order to slow down biomass
accumulatiqn that might otherwise generate high pressure drops.

Prado et al. (2002) combined nutrient supply with a biomass control strategy,
using air sparging, without causing any adverse affect on biofilter performance when

compared to supplying nutrients alone.
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2 RESEARCH OBJECTIVES

2.1 Numerical Model for Clogging in Biofilters

Biofilters succeed because microorganisms present in the filter use the
contaminant as food, or substrate. The compound may serve as energy source or
building material, or both (Devinny et al. 1999). In a well-designed biofilter, a large
active biomass must be available to carry out rapid biodegradation (Barton et al.
1997). Although microorganisms strive to grow and reproduce, under many
circumstances almost half of the carbon from the compound end up being converted
into biomass (Devinny et al. 1999).

Previous experience has shown that the conditions most favorable for
successful biodegradation are equally contribute to excess biomass formation and
clogging (Hodge 1993; Van Lith et al. 1994; Weber and Hartmans 1994; Torkian et
al. 2002).

Biofilters operate as plug flow reactors; concentrations of compound decline
as the air passes through the biofilter leaving higher concentrations at the inlet
section (Devinny et al.1999). Therefore, characteristics of microbial flora change
accordingly. Microbial populations were found to be distributed such that higher
biomass densities existed nearer the inlet of the column, where growth continued till
clogging occurs or till nutrients become limiting (Devinny et al. 1999; Ergas et al.

1994; Medina et al. 1995)
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Biomass accumulation leads to change in bed characteristics in terms of
spatial distribution of microbial populations, reduction of interparticle void space and
compaction of natural packing materials, which further cause channeling and
increased pressure drobs (Spencer and Alix, 2003; Morgan-Sagastume et al. 2001).
Channeling let the contaminated air pass through the medium untreated at a higher
rate than biofilter design, therefore cause removal deficiency, and in some cases
fouling. Van Lith et al. (1994) and Weber and Hartmans (1994) reported waste gas
treatment using biotrickling filters is seriously hampered due to excessive biomass
formation. Torkian et al (2002) observed high microbial growth and consequent
excessive pressure drops because of high loading rates of Toluene and Xylene.

Consequently, the prevention or remediation of clogging in a biofilter
application is essential for its success. Investigations into this field have been
numerous in the literature. It is possible to imagine biofilters in which excess
biomass is removed by washing, chemical dissolution, or implementing short periods
of starvation by controlling limiting nutrient. Sorial et al. (1994) operated trickle bed
biofilters with different backwashing flow rates to control biofilm thickness.
Backwashing was first utilized at 100 liters at 6gpm for 2 hour period once a week.
As of day 45, backwashing was performed with 200 liters of water twice a week 6
gpm. The contaminant removal rate stayed constant at 99%. Alonso et al. (1997)
also removed the excess biomass via full media fluidization and backwashing of the

biofilter. Van Lith et al. (1994) have demonstrated the effect of salt introduction to
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control excessive biomass. It has been shown that increasing salt concentration leads
to growth rates of biomass being reduced more than decomposition rates of the
compounds of interest. Weber and Hartmans (1994) have employed nutrient
limitation with the ionic strength to prevent clogging. Cox and Deshusses (1997)
utilized protozoan predation to decrease biomass yield in toluene degrading
biotrickling filters. Protozoa have a tendency to grow in suspension and were easily
flushed out of the system via continuous purge of the scrubbing solution.

Each of the above described biofilm growth control processes, however,
requires expensive operating techniques and equipment or decreases the rate of
pollution degradation - a packed bed is a simple and inexpensive system. In the long
run, biomass clogging remains an important limiting factor in biofilter applications.
Perhaps the most significant disadvantage biofilters face in competition with other
air pollution control technologies is their large size. For a given discharge, reduction
in size implies increase in the pollutant load per unit volume, but biofilters treating
large amounts of contaminant experience correspondingly rapid growth of biofilm
that results in clogging. A complete understanding of the clogging process, and
ultimately its control, would increase biofilter efficiency and broaden the range of
applications.

This work concentrated on creating a numerical model, which applies

Percolation Theory to the clogging phenomenon in biofilters. Percolation theory has
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been well developed to understand similar problems in fields such as oil recovery
and catalyst bed design.

Whether the additional expense of more elaborate systems with specific
biofilm growth control will be justified depends on the attendant improvement in
efficiency and the associated reduction in biofilter size. This developed model may
be able to predict those improvements, and help guide development of new biofilter
designs.

The strategy of this research was to device experiments that included two
biofilters with different media and pore size characteristics, but degrading easily

biodegradable ethanol till clogging happens.

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3 PERCOLATION THEORY CONCEPTS

3.1 Literature Review on Percolation Theory

Percolation theory is a very powerful tool that has emerged to account for the
important role of connectivity in both macro and microstructures. Over the past two
decades the theory with its extensions (including Invasion, Gradient, Directed and
Correlated Percolation) served as a key to understanding and modeling a wide
variety of phenomena in disordered systems. Examples include earthquakes, and
fracture-fault patterns, single-or two phase flow in porous media, properties of
branched polymers and gels, hopping conductivity in semiconductors, percolation
aspects of antigen-antibody reactions in immunological systems (Sahimi, 1994) or
habitat fragmentation in ecosystems (Boswell et al. 1998).

Broadbent and Hammersley (1957) were the first to initiate the mathematical
study of a fluid spreading randomly through a medium, where “medium” and “fluid”
terms were abstract and could be interpreted according to context. In contrast to the
well-known diffusion process, in percolation process the underlying randomness was
ascribed to the multidimensional medium itself. To make the problem
mathematically tractable, the medium was generally taken to have a regular lattice
structure.

In the original formulation by Broadbent and Hammersley (1957), which is

also called Ordinary Percolation (OP), two different random mechanisms, site
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percolation and bond percolation, were considered. In the site percolation, each site
independently has a probability p of being open and probability (1-p) of being
closed, or blocked. The fluid flows along the bonds (subject to orientation) to open
sites only. On the other hand, in bond percolation, fluid flows along the open bonds
only (having a probability of p of being open, and again subject to orientation). In
both cases, the idea is to make probability statements about the set of sites reached
by the fluid. In many cases these two conformations can be converted to an
equivalent problem in the other formalism (Yortsos, 1997). However, not every site
problem can be converted to bond problem; in this sense the site problem is more
general. It was selected for use here.

OP theory states the existence of a finite percolation threshold (pc), where a
phase acquires (or losses) macroscopic connectivity for the first time (Yortsos,
1997). To be definite, take an example of 2-dimensional square lattice of size (LxL).
Assume that at random a fraction of sites is blocked (removed), so that remaining
fraction of open pores is p (0< p <l). As long as p<<p; although the occupied
fraction varies smoothly, the largest connected cluster of occupied sites stays as very
small-finite size, and there exists no connected path of occupied sites that traverses
the network from one end to the other. However, when open pore fraction reaches or
exceeds the percolation threshold (p.), a sample spanning (“infinite) connected

cluster first develops in sharp transition, and macroscopic flow takes place (Yortsos,

1997).
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The existence of a threshold is assured regardless of the particular lattice
used; however, the numerical values of the percolation thresholds are sensitive to the
lattice type (Yortsos, 1997). Higher coordination numbers (Z, number of bonds that
emanate from a site), lead to better connectivity, and lower percolation threshold
when defining first macroscopic flow to take place. The second fundamental
characteristic of the OP model is the dependence of the various quantities on the
distance from the critical point (p.), where scaling laws should be observed.

Advances of the original work by Broadbent and Hammersley (1957) came
with understanding its importance; studies by Morrow (1970), Melrose and Bradner
(1974), Chatzis (1977), and Dullien et al. (1979) have developed essential features of
percolation. Later, Lenormand and Bories (1980), Chandler et al. (1982), and
Wilkinson and Barsony (1984) captured the additional features of the invasion
process. In the Invasion Percolation (IP) model, the network is initially filled with
the fluid to be displaced. In contrast to OP, where growth of the new phase occurs
internally, IP describes constant rate invasion of the displacing fluid that is injected
into the medium from a side and displaces the defender at each time step by choosing
the site on the interface that has the smallest random number. Therefore it is an
inherently dynamic process (Sahimi, 1994; Yortsos, 1997). At the moment a cluster
reaches the exit face, a sample spanning cluster has formed. Wilkinson and Barsony
(1984) have shown that IP clusters and OP clusters are the same for both two and

three dimensional cases. Therefore, they belong to the same universality class,
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having many quantities and scaling ratios in common. However, from a fundamental
point of view, invasion percolation was viewed as more appropriate model to
describe immiscible displacements than the ordinary percolation model (Sahimi,
1994).

Both in OP and IP, percolation processes were viewed in random and
statistically homogenous media, where randomness determines the spatial
correlations; however in almost all practical applications there is a gradient
component, which changes the fraction of the accessible pores along the media.
Percolation in gradients can be treated either as Ordihary Percolation in a Gradient
(or simply Gradient Percolation, GP), or Invasion Percolation in a Gradient (IPG).

There exist other extensions of percolation theory including correlated and
directed percolation; however, here I would like to account for the ones that are
closer in spirit to what is going on in biofilters.

Percolation theory examines two- or three-dimensional arrays of elements
that may or may not be connected with adjacent elements. Investigators consider
how many clusters of connected elements are present as a function of the total
number of connections, and how large the clusters are likely to be. In particular, the
number of connections necessary to make it likely that a cluster will span the entire
array is determined. It has been used successfully for determining fluid flow
properties in natural porous media like oil reservoirs because a pore network is the

most representative model of a porous medium (Yortsos, 1997).
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The quantities that are significant for transport in porous media include
percolation probability and conductance. The percolation probability is the fraction
of sites occupied by the infinite cluster. When fraction of open pores, p is below the
threshold; probability is identically zero; however, when p. is exceeded probability
rises sharply to nonzero values (Yortsos, 1997). The conductance of the medium is
the ratio of total flow across the lattice to the applied potential difference. However,
the conductivity (flow permeability), which will be explained later on, is of more

fundamental interest to our context.

3.1.1 Effective Medium Approximation (EMA)

A powerful approach to transport properties in disordered systems is the
effective medium approximation (EMA), which tries to eliminate the difficulty of
incomplete knowledge and uncertainty in properties, by averaging the quantities
(Yortsos, 1997). It has been applied with considerable success to conduction in
mixtures, various alloy problems, and various other transport and optical properties
(Toledo et al. 1992).

Gupte and Tsamopoulos (1990) have used the effective medium approach to
determine transport coefficients in a model describing densification of porous
ceramic cylinders by chemical vapor infiltration of a gaseous precursor. Their

predicted values were close to the experimental observations.
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A version of the effective medium theory appropriate to isotropic random
networks was introduced by Kirkpatrick (1973). As long as very low values of
conductance do not dominate the system, most elements have a similar conductance;
the effective conductance (gm) of the network can be identified by solving the

following integral equation. The total derivation can be seen in Kirkpatrick (1973).

TG En"8 =0 (3.1
I prverrm el G

where G (g) is the conductance distribution, Z is the coordination number. The
potential across any conducting bond can be expressed as the superposition of a
uniform external field and a local fluctuating field, the space average of which over a
sufficiently large volume is zero. Therefore, all bonds in the network can be replaced
by bonds of the same conductance, gm, the value of which is calculated by requiring
that the average of the local fluctuations be zero. Potential difference corresponds to
pressure difference, and higher the pressures produce higher flows. Therefore,
conductance distribution is a function of open pores, and trivially related to the size
distribution. In this work, conductance was presumed proportional to the cube of the

pore radius.
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3.2 Applications to Porous Media and Biofilters

Percolation theory can define and work with both open and closed pore
clusters to model macroscopic flow existence or disappearance. For the transport in
porous media three major needs are served by Percolation Theory:

i. The determination of the distribution of phases in processes, where local
equilibrium criteria dictate the pore space occupancy
ii. The determination of transport coefficients such as conductivity

iii. The understanding of deep—bed filtration processes (Yortsos, 1997).

Application of percolation theory to two-phase immiscible flow requires
accounting for additional forces, the surface forces at fluid-fluid and fluid-solid
interfaces, or capillarity. Many processes pertinent to engineering operations involve
the physicochemical interactions of fluids with solid surfaces, where operation is
usually characterized by continuous reduction of the available surface area. Yortsos
and Sharma (1986) have used percolation theory to explain non-catalytic gas-solid
reactions, which result in reduced surface area as well as pore closure. They have
applied a special type of lattice, the Bethe lattice, which does not admit
reconnections between two points. Closed from expressions for plugging times were
develope‘d for Poisson, Gaussian, and Rayleigh pore size distributions for different

coordination numbers.
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In this work we followed the approach based on a network representation of
the porous medium. The population balances and elements developed by Yortsos and
Sharma (1986), which accounts for the effect of geometrical (e.g., pore size
distribution) and topological (e.g., connectivity, accessibility) aspects of the porous
media on the evolution in time of the above quantities, were combined with the
biological growth models, which simulate the clogging of pores.

Although clogging in porous media could result from non-biological sources
such as chemical reactions leading to the formation of a solid phase (Yortsos and
Shankar, 1984), noncatalytic gas-solid reactions (Yortsos and Sharma, 1986), or
mechanical clogging of pores due to particles in fluid flow (Kaiser, 1997; Datta and
Redner, 1998); some considered biological clogging (Cunningham et al. 1991; Dupin
and McCarty, 2000; Kim and Fogler, 2000; Thullner et al. 2002). These studies
focused on the interrelationship between porous media hydrodynamic properties
including porosity, permeability, and the accumulation rate as well as spatial
distribution of biofilm, and they observed significant reduction of hydraulic
conductivity of porous media due to biomass clogging.

The effect of biomass accumulation on the pressure drop studied by Morgan-
Sagastume et al. (2001, 2003) and modeled by using Ergun equation. It was observed
that the pressure drop decreased as flow channels developed in the medium.

Several models have been introduced to simulate the observed relationship

between biomass growth and the hydraulic properties of the porous media. The
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general assumption, though, was the homogeneous biofilm covered surfaces of the
bundles of parallel plate pores (Taylor et al. 1990; Vandevivere et al.1995; Clement
et al. 1996). It is worth noting that the limiting model of parallel bundles,
corresponding to coordination number (Z =), has a zero percolation threshold
(Yortsos, 1997). The discrepancy between model predictions and experimental
results of these studies concluded that using pore networks instead of pore bundles
would account for inter-pore connections better (Loehle and Johnson, 1994;
Vandevivere et al. 1995). Suchomel et al. (1998) introduced a pore network model
that was assuming the growth of biofilm on the walls of cylindrical pores successful
to reproduce experimental results. Kim and Fogler (2000) were mostly studying the
effect of shear forces and starvation. The study successfully reproduced experiments
with pore network simulations. Dupin and McCarty (2000) were able to show that
the morphology of microbial growth depends on the pH-value, and concluded that
their results could be explained by pore network model having biofilm growth in
aggregates.

Recent study by Thullner et al. (2002) also used pore network model, namely
a bond percolation model, as a tool to simulate hydraulic changes in porous media
resulting from biomass growth. The model was accounting for two dimensional
inter-pore connections, and different morphologies for biofilm growth. The growth
of the microorganisms was not only coupled to the concentration of a nutrient in the

pores but to the radius of the pores in order to be able to define growth in aggregates.
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The net change of biomass was including shear force detachment; however, it was
shown that that was not a dominant process under their case of constant head that
creates decreasing flow velocity in the pores. No diffusive processes were included
in the equations of the model to describe the transport of a solute within pore grid
because of its small influence on the results of the simulation. Their significant
finding was that the decrease in hydraulic conductivity was strongly under-predicted
by a biofilm scenario (whole coverage) for grain sizes below 1 mm. Whereas, the
reduction in hydraulic conductivity for a grain size lmm was only slightly over-
predicted by biofilm scenario. Therefore, they have concluded that for porous media
with grain sizes below 1 mm, a better assumption is that the biomass is growing in
colonies and not in a biofilm (Thullner et al. 2002).

To the best of our knowledge, application of network models to biofilter
media started with Schwarz et al. (2000), who introduced a pore network model to
understand the effects of biomass growth at the pore network level, and hence,
account for large scale heterogeneities in the biofilter media. The model has shown
that both biofilter removal efficiency and the pressure drop strongly dependant on
the beds’ evolving pore network structure (Schwarz et al. 2001). Additionally, the
model was used to describe biofilter operation parameters like biomass axial
gradient, surface area, and residence time distribution (Schwarz et al. 2001).

Nukunya et al. (2002) applied a version of the model developed by Schwarz

et al. (2000, 2001) to explain behavior of a bench-scale biofilter treating ethanol. In
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the model, the biofilter pore structure was described by a cubic lattice of cylindrical
pores of uniform length and varying diameters. One of the input parameters of the
model was the matrix dimensions representing the porous media; the computation
time needed for the model restricted the application of the model. While only a
small portion of the biofilter could be modeled, it was believed to be representative.
Although the first couple of days of operation, where the sharp increase in removal
efficiency is usually seen, were modeled quite closely, the model predictions
deviated from the experiments later on when the effect of clogging was more
significant. An important factor not included in the model was the death or
deactivation of biomass (Nukunya et al. 2002). Model predictions for pressure drop
were both later and smaller than actual values, which reflected inaccuracy of pore
size distribution used in the model (Nukunya et al. 2002). Later on, Nukunya et al.
(2005) has employed the same pore network structure but following an
experimentally determined pore size distribution. The model also assumed that at the
pore level biomass growth depends on the oxygen diffusion in the biofilm and on
oxygen-limited Monod type kinetics. The model seemed to better account for
biomass growth in the biofilter and its interaction with airflow distribution. The
simulation results were in reasonable agreement with the experimental data from a
bench-scale biofilter (Nukunya et al. 2005).

Percolation theory was first applied to define and characterize the biofilter

medium by Shariati (2000). Particular features of percolation theory for biofilters
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were common to previously investigated processes in which reduction of the surface
area available for two phase interaction led to decrease of the capacity for flow,
diffusion, and reaction, progressively lower rates of conversion efficiency, and
ultimately to pore clogging (Yortsos and Sharma,1986). Shariati et al. (2000) have
described initial efforts to determine conditions under which percolation theory is
applicable to biofiltration. The porous medium was represented with a connectivity
of 6, combining pore throats and pore bodies. Rate at which individual pores close
determined by the geometry of the pore (flat plates and cylinders) and the growth
kinetics, which were presumed proportional to existing biomass volume or surface
area (Shariati et al. 2000). As the process evolves, the pores will fall into three
classes: those that are filled, those that are open and accessible to flow, and those that
are open but inaccessible to flow. Shariati et al. (2000) determined these population
balances, and the plugging time of the pores. A Poisson distribution was used to
represent pore size distribution in porous media; the theoretical results for evolution
of accessible surface area, biomass volume, and permeability relative to their initial
values were shown. The decline of all these quantities as the plugging time is

approached was evident (Shariati et al. 2000).

3.2.1 Other Models for Biofilters
Although predictive mathematical models have been available for a wide

variety of biological systems, development and verification studies of models for
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biofilters remain sparse in the literature. Hence, they are not currently used to predict
biofilter behavior or to design biofilter systems. The goal of biofilter modeling was
to understand the physical processes involved in “black box” system of Biofilters.
The first biofilter model was developed by Ottengraf and Oever (1983), and was
fully described by Ottengraf (1987). The steady state homogenous biofilter model
employed a Michaelis-Menten expression for zero order biodegradation. Ottengraf’s
model has been experimentally verified in many studies and can be used to at least
estimate treatment rates for several compouhds. However, the model is simple and
has some limitations, including not accounting for oxygen limitation. Shareefdeen
and Baltzis (1994) extended the model conceptualization of Ottengraf and coworkers
by distinguishing among gas, solid, and liquid phases in biofilters. Their expression
included diffusion limitation by methanol, and biokinetic limitation by oxygen.
Deshusses et al. (1995) have developed a model to describe both steady-state and
transient-state dynamics of a biofilter to describe biodegradation of Methyl Ethyl
Ketone (MEK) and Methyl Iso Butane Ketone (MIBK), but did not account for
biomass growth. Subsequently, Hodge and Devinny (1995, 1997) introduced axial
dispersion coefficient in their first order, variable input concentration kinetics model
for biofilter treating ethanol. Chitwood et al. (2002) developed a steady-state
computational fluid dynamics model to study the effect .of flow heterogeneity on the
removal efficiency. The model predicted a reduction in removal with higher flow

heterogeneity. This model also did not account for the effects of biofilm growth.
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The models discussed above showed a good predictive capability for their
respective model compounds. However, they were limited by employing flat plate
structure for the biofilm. Traditional biofilter models also make use of effective
properties including average bed porosity and pore size, therefore; for the most part
they are incapable of accounting for the geometry and topology of the porous
medium, i.e., its pore size distribution and connectivity. Both of these are means to
understand non-uniform biomass growth, and the clogging that result in channeling
of flow.

Alonso et al. (1997, 1998) developed a model that accounts for biomass
growth in biofilters and biotrickling filters. The biofilter was described as a plug
flow reactor, and the pore space was considered to form of parallel tubular pores,
parallel slit-type pores, or uniformly packed solid spheres. This model accounts for
the importance of the changing biofilm surface and the thickness, which are
particularly important when biodegradation is controlled by diffusion in the biofilm.
However, they were unable to predict large-scale flow inhomogeneities, which are
often faced in biofilters.

Several models tried to predict biofilter performance by molecular aspects of
the treated compounds (Choi et al. 1996; Johnson and Deshusses, 1997; Govind and
Briggs, 1997; Devinny et al. 1997). These quantitative structure activity relationship
(QASR) models seek to describe elimination of particular chemicals based on their

chemical bond structure, partition coefficient, and diffusivity. However, reactor
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properties such as porosity, pore structure, and humidity are entirely neglected. By
recognizing the significance of pore size distribution and connectivity, network
models of porous medium are capable of describing unique characteristics of
biofilters.

This study uses Shariati’s percolation model, including continuous
mathematics, as a base and develops discrete forms of the formulation so that any
pore size distribution can be included in the model. Because the pore structures in
biofilters can be very different, depending on the support material used for biomass
growth, and because they can be determined exactly, this model will open the

possibility for more rational design of the biofilters.

3.3 Characterization of Biofilter Media in Numerical Percolation Model

The proposed study has applied percolation theory to biofilters by
considering the air-filled space in the packing to consist of nodes connected by
pores. A new biofilter is a single cluster of nodes, connected by open pores, that
spans the distance from the input to the output of the biofilter. As biofiltration
proceeds and biomass accumulates, the smaller pores are filled with biomass.
Further, some pores that have not been filled become isolated from the airflow

because the surrounding pores are filled (Figure 3-1).
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Figure 3-1: Evolution of pores in the biofilter process. 1) at time (t=0), all the pores are
open, and accessible to flow with initial biofilm layer surrounding the particles, 2) Biofilm
starts to grow on surfaces, 3) Some pores become filled, some become isolated, as remaining
stay open.

Blocked and isolated pores cannot carry air or contribute to treatment, so
pollutant removal efficiency declines and flow resistance increases. As biomass
growth proceeds, more of the biofilter becomes unavailable, and ultimately there is
no cluster of open pores spanning the biofilter medium—the biofilter is completely
clogged.

Understanding the process requires a means to calculate the number of filled

and isolated pores, i.e. population balances, and the surface area or volume of"

biofilm that remains available to contribute to treatment.
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3.4 Modeling of Biofilter Using Percolation Theory

3.4.1 Numerical Model for Population Balances

A model that closely followed models developed by Shariati et al. (2000) and
Yortsos and Sharma (1986) was created to numerically solve the equations of
percolation theory. It divides the pores in the biofilter medium into N size classes,
with a normalized pore-size distribution function, f (n), describing the fraction of
pores in each class. Biofilm growth was modeled in time steps chosen such that the
increment in biofilm thickness is equal to the increments in pore radius. Thus, at
each time step, pores in the smallest size class that are available to air flow are filled
with biomass. The size distribution of the remaining pores is adjusted to reflect the
accumulation of biomass. Throughout the calculation, pores may be open, filled, or
isolated. Isolated and filled pores are permanently removed from the calculation and
they make no further contribution to treatment (Figure 3-2).

The portion of the total number of pores that is available, A(n), is the same
for all size classes at a given time, but declines as time passes and pores are filled,

increasing the likelihood that an unfilled pore will be surrounded by filled pores.
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Figure 3-2: Schematic of calculation for pore distribution as the biofilm thickens.

p(n) is the number of pores with radius less than or equal to the biofilm
thickness—the number that would be filled if none had been made inaccessible.

Thus the fraction of pores available to contribute to the treatment process, Xa(n), is

X, (n)= A(n)Z, f(n)y=A4Am)  (3.2)

A(n) depends on the number of connections each pore has with others. For
the calculations done here, the coordination number (Z) was assumed to be six, as it
is for a cubic lattice of pores. The number of isolated pores as a function of p(n)

cannot be calculated directly, but has been determined through computer
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simulations. For this calculation, the function for A(n) was developed by using the

data in Kirkpatrick (1973).

A(n) can be defined in three sections of p(n):

p(n)y>p,; Am) =0
0.6< p(n)< p,; A(n)=-201.55p(n)’ +394.39 p(n)* ~258.36 p(n) +56.97 (3.3
p(n) £0.6; A(n) =1~ p(n)

Once pores are isolated, no more biofilm growth can occur within them. The
number of pores filled at each step is equal to the number that is available in size

class n. The total number of filled pores is the sum of f(n) multiplied by the fraction

of pores that was available at each step:

' A0) ' 3.4
X=X T ) (3

where the notation n' indicates that a sum over other values of n is being calculated

to determine values at step n.

Finally, the pores that are not available are all of those that are neither filled

nor available:

X,,(m)=1-X,m)~-X,(n) (3.5)
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One advantage of the percolation model is that the sub models for biomass
growth and pore clogging are essentially separate. Biofilm thickness is determined
as a function of time, while clogging is determined as a function of biofilm
thickness. Thus any model for biofilm growth that relates growth to time can be
coupled with the clogging model. This stlidy has employed two different biofilm

growth models.

3.4.2 Biofilm Growth Models
3.42.1 Surface Area Limited and Volume Limited Models

As the first trial, two assumptions for biomass growth were used for separate
calculations. In one case the growth rate was assumed to be proportional to the
available surface area of biomass, as would be appropriate for phase transfer
limitation, or if only the biomass very near the biomass-air interface were active
(Figure 3-3). Biofilm thickness increases linearly with time. In the second case,
biofilm growth was presumed to be proportional to the volume of biomass present,
as would be appropriate when there is no transfer limitation and all of the biomass is
equally active. In this case, biofilm thickness increases exponentially. It was also
necessary to assume a small initial “inoculum” of biomass, because an initial value

of zero would have produced no growth.
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Figure 3-3: General case, where at any point in the biofilm, the rate of consumption is
proportional to contaminant concentration (first order), therefore the result is an exponential
decline in concentration. The other cases represent area limited, and volume limited biofilm
growth models, respectively.

Typical values for growth constants in the case of ethanol degradation and

porous packing surface areas were taken from Deshusses and Cox (2000) and

Shareefdeen et al. (1993), Table 3-1.

Table 3-1: Percolation Model Parameter Values

Parameter Description Value Unit

r Pore radius 0.003-0.3 cm

K Ethanol degradation constant for 9.72x10” cm/s
surface limited case

Ky Ethanol degradation constant for 8.33x107 /s
volume limited case

Z Coordination number 6 -

Pe Percolation threshold 0.75 -

Two pore conformations were investigated. Pores were first modeled as

parallel plates with biofilm growing on both surfaces, so that the pore was filled
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when the biofilm thickness (r;) equaled one-half the separation between the plates
(ro). In the second case, pores were taken as cylinders with growth occurring on the
curved surfaces, so that the pores filled when the biofilm thickness (r;) equaled the

radius of the cylinder (Figure 3-4).

Mﬂmzi+

Figure 3-4: Pore configurations used in numerical model, top is flat plate pore and the
bottom is cylindrical pore

The two cases of pore conformation were combined with the two cases for
biofilm growth rate to create four models presented here. For surface-limited growth
on flat plate pores, growth was linear. This was also true for surface-limited growth
in cylindrical pores, because the decline in available surface that occurs as the pore

narrows is matched by the decline in amount of biofilm growth needed to increase
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film thickness. In the biomass volume-limited case, both pore conformations
produced exponential growth. For the details of the numerical calculations please see
appendices.

Comparisons of model characteristics were made for a series of lognormal

pore size distributions of the form:

v 1 m-w |
f(n)_noa/i}— exp 5 (3.6)

where p is the location parameter and ¢ is the shape parameter. In each case, the
distribution was truncated at n = 100 and renormalized so that the sum of f(n) = 1.
Biofilters are less prone to clogging when the pores are uniform in size. To
illustrate the effects of pore size distribution, a hypothetical biofilter was modeled in
which all of the pores were cylinders of the same radius, 0.3 cm. It was presumed
that the ends of the pores made no contribution. For this case, biofilm surface area
declines as the biofilm grows, because the air-filled radius of the pores declines, and
all of the pores are blocked simultaneously when the thickness of the biofilm equals
the radius of the pores. No isolation of pores occurs because no pores were filled
until the last instant. The derivations of the equations used in the model can be seen

in Appendix I.
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3.4.2.2 Cellular Automaton Model

Recent work by Song and Kinney (2002) has shown biomass growth and its
effect by introducing a model including cellular automata (CA) algorithm that was
previously developed by other groups (Noguera et al. 1999; Picioreanu et al. 1998,
2000; Pizarro et al. 2001). Song and Kinney (2002) assumed that the total biomass
can be divided into active and inactive fractions, and used CA algorithm to describe
the developing biofilm, including details of how film activity changes as a function
of depth in the biofilm.

In our work, the CA model was linked to the percolation model in a way that
allows modeling of growth and activity within the biofilm in conjunction with the
effects of changes in the pore size distribution and pore blockage. This model was
run for the same pore size distributions used previously, but for the cylindrical pores
case only and published in a conference proceeding (Ozis et al. 2004c).

The biofilm growth model described in this study follows closely on that
developed by Song and Kinney (2002). The biofilm was treated as a series of layers,
in which the active biomass is presumed to grow according to the Monod equation

and also dies at a rate proportional to the amount present:

8‘Xvact — lumc X __kdX

oo K +C

s
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where X, is active biomass density, u,, is the growth constant, K is the half
saturation constant, C is the concentration of the substrate and ky is the death rate
constant. Inactive biomass is formed at a rate proportional to the rate of death of the
active biomass. Net growth accumulates, and when total biomass in the existing

layers exceeds a chosen limit, a new layer is formed (Figure 3-5).

Cellular Automaton
+=0:1=1
*—— .
¥ apor +=1t,L=2
Phase
Biofilter t= ¥, L=Lf

Figure 3-5: The description of the numerical domain used for the cellular automaton
approach, adapted from Song and Kinney (2002). The dashed arrows represent the pollutant
diffusion into biofilm layers.

Contaminant diffuses into the biofilm from the surface, while degradation
consumes contaminant within the layers, so that concentrations are highest in the
surface layers and lower in deeper layers. The change in concentration in any layer

is given by:

2
8C:D6 c un,C X,

Ot od> K +C Y

(3.8)
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where D is the diffusion coefficient, d is depth in the biofilm, and Y is the biomass
yield.

Inactive biomass is created at a rate proportional to the rate of death of active
biomass. As the biofilm thickens, diffusive resistance prevents penetration of
contaminant to the deeper layers, so that the biomass growth rate falls below the
death rate. Only the outer layers of the biofilm make significant contributions to
treatment. The kinetic parameters, derived by Song and Kinney (2002) for toluene,

were used, and it was presumed that the incoming concentration of toluene was 25

ppm (Table 3-2).

Table 3-2: Cellular Automaton Model Parameter Values

Parameter Value Units

L 0.05 1/h

K 0.10 mg/L

Y 0.76 mg biomass/mg Toluene
k4 0.016 1/h

Cinitial 25 ppm
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3.4.3 Sensitivity Testing of Numerical Model

Sensitivity testing of mathematical model was performed on the version of
the model that utilized a log-normal pore size distribution. Two selected pore size
distribution parameters and three primarily microbiological variables were tested to
determine, which are most critical to model predictions.

Determination of the sensitivity to each will provide an estimate of model
reliability and show which parameters should be investigated further. The effect of a
single parameter was estimated from the results produced when only that parameter
was changed (= 10%) while others are kept constant.

The sensitivity analyses tested the impact of (1) R (maximum pore radius),
(2) pL (location parameter of pore size distribution), and the variables that are
functions of the substrate and cell physiology including (3) Ks (Monod half
saturation constant), (4) p (maximum growth rate), and (5) Dr (diffusion coefficient
of contaminant in biofilm) on time of clogging, initial elimination capacity, average
elimination capacity, maximum elimination capacity, initial surface area, and useful
life of the medium. Useful life was estimated by determining the time when the
elimination capacity was reduced to less than half of the average value.

Ten runs were performed. Simulations of biofilters with one parameter
changed by 10% were compared to the initial configuration. Percentage differences

in predicted results are tabulated in Table 3-3 and 3-4.
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Table 3-3: Effect of substrate related parameters on model predictions

Df+10% | Df-10% | u+10% u-10% | Ks+10% | Ks-10%
Time to Clogging(hrs) -3% 5% -10% 14% 1% -1%
Initial EC (g/m’/hr) 0.03% | -0.04% 11% -11% | -0.33% | 0.34%
Average EC (g/m’/hr) 5% -6% 5% 5% | -0.45% | 0.47%
Maximum EC (g/m’/hr) 2% -4% 7% -9% -1% 1%
Initial Surf Area (m*/m’) 0% 0% 0% 0% 0% 0%
Useful Life (hrs) -4% 5% -10% 14% 1% -1%

Table 3-4: Effect of Pore size distribution parameters on model predictions

ur+10% | up-10% | R+10% | R-10%
Time to Clogging(hrs) 0% 0% 10% -9%
Initial EC (g/m’/hr) -7% 11% -0.08% | 0.07%
Average EC (g/m’/hr) -5% 10% -10% 12%
Maximum EC (g/m’/hr) -7% 10% -10% 9%
Initial Surf Area (m*/m’) -7% 11% -9% 11%
Useful Life (hrs) 1% -3% 9% -9%

The sensitivity testing of the model also tells us how accurately we have to
know the data which are used in the model, and what can be changed to make better
biofilters. According to the results, Ks (Monod half saturation constant) has the least
impact on model predictions. This suggests that much of the removal in this biofilter
is being done at high local concentrations of ethanol, so that the Monod rate constant
is approximately equal to its maximum value. Dy (Diffusion coefficient of
contaminant in biofilm), over which the designer has little control, also has a small
effect on the results. All the biofilter characteristics other than initial surface area
have a high sensitivity to u (maximum growth rate), organisms that grow 10% faster
can increase initial Elimination Capacity (EC) by 11%, and increase the average EC

by 5%. None of these variables has an effect on initial surface area because they do
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not change the pore size distribution. On the other hand, x, (location parameter of
log-normal distribution) and R (maximum pore radius) have significant effects on
initial surface area and therefore on elimination capacity. The results seem to be
more sensitive to R, which is readily controlled by the biofilter designer. One
interesting thing to notice here is that x4, does not change the time to clogging, and
has a very little effect on the useful life of biofilter; therefore using lower y; can lead

better design of biofilter with higher elimination capacity.

3.5 Theoretical F indz’hgs of Numerical Model

3.5.1 Predicted Effects of Pore Size Distribution on Clogging Time and

Treatment Efficiency

Results for the surface area limited and volume limited biofilm growth
models, for f(n), X,, X¢, and Xn, were plotted for two distributions withc=1and p
=4 or 7 (Figure 3-6). Calculations compared hypothetical packing materials with
differing pore size distributions, but with the same total pore volume, as is likely to
be the choice faced by biofilter designers. The distributions with more small pores
had a higher total surface area and so the available surface area at time t= 0 was
larger than in the uniform pore case (Figure 3-7).

In the first distribution, with more pores in the small size classes, some pores

were filled or isolated earlier, and X, began to decline earlier, while X; rose
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gradually. X, remained near zero for much of the time, but rose sharply near the
end. When the process was complete, all the pores had been moved from the
accessible class to become filled or isolated (A, = 0, X¢ = 0.71 and X,, = 0.29). For
the case in which p = 7, the fraction of available pores remained near one for a
longer time and the clogging process was more abrupt.

Overall, the time available before final clogging was about twice as long for
the pore size distribution with pu = 7.

It was presumed that biofilm growth, and therefore the amount of
contaminant removed from the airflow, varied either with biofilm surface area or
biofilm volume (Ozis et al. 2002). The variation of these quantities with time
therefore indicates variation in biofilter performance (Figure 3- 7). As might be
expected, the general trend is that at as the pore distribution becomes more uniform,
the surface area and biomass volume curves more closely approximate the curves of
the case in which the pores are all the same size.

Where p = 4, the higher initial surface area had a marked effect on the
surface-limited treatment model. Initial treatment rates were twice as high in the
parallel plate model, and four times higher in the cylindrical pore model than for the
uniform case. Correspondingly, however, clogging occurred more rapidly, with the
biofilter being blocked in about half of the time at u =4 than at p =7. For p =7, the
performance of the non-uniform case was only moderately different from that of the
uniform-pore case. The same effect, while less pronounced, was seen in the results
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for the biomass volume limited case.

The same initial biofilm thickness was

assumed as an inoculum, but the greater initial surface area in the p = 4 case meant

there was more biofilm and subsequent growth was more rapid. Again, clogging

occurred sooner where | was 4.
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Figure 3-6: Model results for lognormal distributions with u =4 and u =7, for the case of
biomass-limited growth in cylindrical pores. The top plots [f(n)] show the pore size
distribution in each case. The plots on the second line show the decline in pore accessibility
[A(n)], and the third pair shows the increase in the number of filled pores [(Xf)]. The
number of pores that are not filled, [(Xna)], but are inaccessible, rises sharply as clogging

occurs.
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Figure 3-7: Available surface area and available biomass volume evolution for two pore
size distributions with equal pore volume. The top plots show biomass surface areas for
plate pore distributions [Sp, solid line] and for plate pores of uniform size [Spu, dotted line].
The second pair shows the corresponding values of biomass surface areas in cylindrical
pores. The third pair of plots shows biomass volumes for plate pore distributions [Bp, solid
line] and uniform plate pores [Bpu, dotted line]. The fourth set of plots shows the
corresponding values of biomass volumes in cylindrical pores.
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3.5.2 Predicted Effects of Pore Size Distribution on Permeability

By applying Effective Medium Approximation (EMA), and solving the
integral equation stated in Kirkpatrick (1973), the effective pore radius (ry) that
reproduced the overall effective permeability was calculated.

Figure 3-8 shows that és the time progresses the biofilm grows and the
effective pore radius (rm) becomes smaller. It is notable that r,, points to zero at the

same time treatment effectiveness reaches zero (Ozis et al. 2002).
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Figure 3-8: Effective Pore Size, rm change with time. On the left, the plots showing
biomass surface area limited case and on the right biomass volume limited case. The top
plots for parallel plate pore distribution, and the bottom pair show the corresponding values
for cylindrical pores.
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3.5.3 The Results from Cellular Automaton Model

Three cases were examined using the combined percolation and cellular
automaton models (Ozis et al. 2003). In the first, the pores were presumed to be
uniform cylindrical pores of radius 0.3 cm. In the second, the pore distribution was
assumed with a location parameter u = 7. In the third, p was taken as 4. The cases
thus represent examples of successively less uniform pores of smaller average
diameter, but with fixed volume and increasing total surface area. Growth
parameters and contaminant concentrations were chosen such that the biofilm
expanded rapidly, and clogging occurred in a short time, in order to provide
conveniently short time periods for calculation. Most parameters, however, were
those determined by Song and Kinney (2002) for Toluene.

For the uniform pore size case, it was presumed that the total pore volume
was 50% of the biofilter volume. This implies an active surface area of 313 m® of
surface area per m® of biofilter packing. This number was multiplied by relative
surface area values coming from numerical percolation model.

In each case, the specific activity of the biofilm, measured in grams of
toluene consumed per m” per hour, rose sharply in the first two hundred hours, and
then reached a steady-state value (Figure 3-9). At this point, only the surface of the
biofilm was active, and continued growth was matched by continued inactivation of
deeper layer so that the net effect was to just increase the number of underlying

layers of inactive biomass. The overall elimination capacity, which was the product
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of the biofilm specific activity and the available area of biofilm, also initially rose

rapidly, in response to the increase in activity. Once the biofilm had reached its

steady-state specific activity, elimination capacity declined gradually as the

reduction in pore size and clogging reduced available surface area.

— Area ———— EC —_—— ACtWIt}"
1500 : . .
1000 b h=4
A00 -
D 1 1
800 1000 1200
= 1500
2 1000t H -
o
w500 i
3
3 - _
T D P o ettt [m==tcea= PRy 1
0 200 400 600 goo 1000 1200
1800 .
1000 | uniform pores| |
500 F -

0 PALd L L Poomeenn kesz=czzo L L
0 200 40 60 aa 1000 1200
Time hrs

Figure 3-9: Top, simulation for p = 4. Middle, Simulation for p = 7. Bottom, simulation

for uniform pores. [Solid line]: surface area, m*/m’, [dotted line]: biofilter elimination
capacity, g/m’-h, [dashed line]: biofilm activity, mg/m’-h.
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The simulated biofilters with smaller pores provided higher initial elimination

capacities, but correspondingly clogged more rapidly (Table 3-5).

Table 3-5: Results of Numerical Percolation-CA Model Calculations

Pore Initial Surface Maximum Time to

Distribution Area, m*/m’ Elimination Clogging, d
Capacity, g/m3/h

Uniform pores 313 35 44

p=7 516 90 40

u=4 1236 200 29

The biofilm growth model calculated the specific activity of the biofilm. It
also determined the activity of each layer within biofilm as a function of depth
(Figure 3- 10). Essentially all of the contaminant degradation occurred in the outer
70 layers of the biofilm, corresponding to the outer 210 microns of the biofilm. Thus
overall activity rates rose as the first 70 layers accumulated, but were essentially
constant thereafter.

This suggests that an appropriate biofilm thickness for an ideal biofilter is
210 microns, which is comparable with the values reported previously (Cox et al.
1997; Ottengraf and Diks, 1992). At the steady state activity of 190 mg/m*-h, p = 4
biofilter would have an elimination capacity of 200 g/m’-h, or more than two times
the peak elimination capacity of the u = 7 biofilter. However, p = 4 biofilter clogged
in just 29 days, and for most of that period provided elimination capacities well

below the maximum.
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Figure 3-10: Specific activity (mg/m’-h) of layers within the simulated biofilm. Layers

are 0.003mm thick.

A better comparison might be between p = 7 biofilter and uniform pore
biofilter, which ran for 40 and 44 days respectively before clogging and maintained a
somewhat more constant treatment rate.

biofilter was about two times higher than the maximum in uniform pore case (Ozis et

al. 2003).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The elimination capacity of the p = 4

59



4 MATERIALS AND METHODS

4.1 Objective

The numerical clogging model developed by this work was tested by
comparison with bench scale biofilter experiments. A main objective of this
experimental study was analysis of the clogging of biofilters; to this end, biofilters

were tested on heavy loads of highly biodegradable ethanol.

4.2 Continuous Flow Bench-Scale Studies

Two acrylic plastic column biofilters, each with 7cm inner diameter and
25cm length, were used in parallel to evaluate ethanol degradation (Figure 4-1). Sand
and lava rock, with median grain sizes of 2.2 and 4.7 mm, were selected as support
media. In order for a biofilter to operate at its best, the filter material must meet the
following requirements. (1) Provide optimum environmental conditions for the
resident microbial population in order to achieve and maintain high degradation
rates, (2) filter paiticle size distribution and pore structure should provide large
reactive surfaces and low pressure drops, (3) compaction should be kept to a
minimum, reducing the need for maintenance and replacement of the filter material.

The particle shape and size distribution of the media were analyzed by
Camsizer® Digital Image Processing Particle Size Analyzer (Horiba Instruments Inc,

Irvine, CA).
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Figure 4-1: Schematic of experimental set up

The air flow rate was 1.5 liters per minute (LPM), producing an EBRT of 20
seconds. The contaminated vapor was generated by passing air through a cylinder
where liquid ethanol was injected by a syringe pump. Air was moisturized by
passing it through a flask, where distilled water was nebulized by a fogger (Artistic
Delights, Milpitas, CA). The nebulizer supplied the packed beds with a total of
approximately 6 ml/h humidified air. These two airflows were metered separately,
and then mixed to produce the desired concentration of influent to each biofilter. The
head loss across the biofilter bed was measured by a U-tube water manometer. The
air samples were taken twice a day in the first two weeks and then daily using
disposable syringes (1 ml). Four replicates were taken per sampling port.
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4.3 Methods

4.3.1 Inoculum Preparation

Preparation of the inoculum began with mixing 10 ml raw sludge (pH = 6.2)
and 300 pl ethanol with 1 liter of nutrient solution including 1.0 g/L. KH,PO,, 1.0
g/L K,HPO,, 1.0 g/L KNO3, 1.0 g/L NaCl, 0.2 g/L MgSO, and 0.02 g/L CaCl,; and
0.5 ml of trace elements solution. The trace elements solution contained 12.2 g/L
FeCl,.4H,0, 4.09 g/L MnCl,.4H,0, 0.927 g/L CoClL,.6H20, 2.37 g/L. ZnCl, 0.616 g
CuCl,.2H,0, 0.579 g/L. NaMo004.2H;0, 0.16 g/L H;BO;, 0.148 g/L K1, 0.067 g/L
NiCl,.6H;0 and 6.5 g/ EDTANa;.4H,O (Nukunya, 2004). Ethanol addition
continued on every 4™ day while increasing the amount to 1000 ul in two
consecutive steps. The mixture was kept for 4 weeks and aerated continuously. The
pH gradually increased to 7.1 just before the acclimated inoculum ‘was transferred to
the biofilters. The packing grains were first flooded with the nutrient solution and
then with inoculum and then drained. The biofilters were flooded with fresh nutrient

solution once a week during the experiments.

4.3.2 Gas Concentration Determination

Analysis of gas concentrations was performed by gas chromatography. An
SRI Model 8610 Gas Chromatograph equipped with a flame ionization detector
(FID) and interfaced with a Hyundia 386 computer with SRI’s Peaksimple II data
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system-integrator was used. A stainless steel column, 10 cm. long x 1 mm I.D. with
no internal packing material, was used for sample analysis. Response from the FID
was immediate after the sample injection, which allows for large number of analyses
in a short period. Each determination was the average of four replicates. The carrier
gas had 10:1 ratio of air to hydrogen at total flow rate of 20 ml/min. The detection
limit for the GC was evaluated by having serial dilutions of ethanol in nitrogen gas;

the detection limit of the instrument was determined as 10 ppb.

4.4 Operating Conditions

The flow rates through the biofilters were 1.5 LPM, to yield an empty bed
detention time (EBRT) of 20 sec in the biofilter. Ethanol was supplied continuously
at a rate of 0.06 ml/h to yield an inlet gas phase concentration of approximately 100
ppmy. The temperature was room temperature, and relative humidity was kept close

to 100%.

4.5 Analysis

4.5.1 Porosity
The initial porosity of the biofilters was estimated by following the procedure

given by Hodge (1993). It was done as following:
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e Determine volume of sample with a graduated cylinder (50 ml).

¢ Determine weight of sample and graduated cylinder.

e Add water to sample and graduated cylinder, periodically tapping
cylinder to dislodge air bubbles, until sample is completely saturated.

e Determine weight of sample, graduated cylinder and water.

% Porosity = Void Space Volume/ Volume of Sample 4.1)

_ (Weight of sample + Cylinder + Water) — (Weight of sample + cylinder)
Density of water [Volume of sample

(4.2)

According to this procedure the initial porosity was 51% for the lava rock and

39% for sand.

4.5.2 Pore Size Distribution from Particle Size Distribution

Typically, support particles are not uniform in size. Hence, when they are
packed within a biofilter they result in a non-uniform pore size distribution (PSD). In
modeling flow through porous media, it is essential that a realistic porous medium
model is used to properly account for the interaction between the solid matrix and the
fluid within the pore space. Knowledge of the pore size distribution of a biofilter bed,

therefore, is crucial to analyze its performance.
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However, there is no straightforward experimental technique that can provide
the pore structure characteristics for packed-bed reactors (Nukunya et al. 2005). A
number of studies reported methods to generate PSD based on experimental particle
size measurements. Nolan and Kavanagh (1994) produced a computer algorithm to
investigate PSD of random spheres whose size distribution obeyed the log-normal
distribution. They concluded that as the standard deviation of the particle size
increased the PSD became broader and less ordered. A probabilistic approach that
determines PSD in packed spheres was employed by Ronault and Assouline (1998).
The approach was applied to power-function, Gaussian and log-normal distributions
of spheres that were assumed to have tetrahedral symmetry. Their results revealed
that, in case of bell-shaped particle size distributions, the type of PSD is similar to
particle size distribution; however, there is no mathematical similarity between the
two. Chan and Ng (1988) have studied the PSD of computer-generated random
packing of spheres by applying tetrahedral tessellation and statistical analysis. It was
shown that the pores linked by a common constriction were rather close in size, while
constrictions of fhe same pore tend to have more different sizes.

The approach we employed for generating the PSD is based on a model
developed for cohesionless soils and similar granular materials by Aberg (1992,
1996). Nukunya (2004, 2005) was the first to use the Aberg’s method developed for

cohesionless soils and similar granular materials to predict the pore size distribution
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as a function of grain size distribution for a biofilter. This study followed the same

procedure to determine pore size distribution in experimental biofilters.

452.1 Theory

Aberg (1992) has developed a theory describing the packing of irregularly
shaped grains. Each particle is assumed to have an intersection with an imaginary
straight line. Then, AB is called grain chord, and a void chord lies in between two

adjacent grain chords.

e

Figure 4-2: Grain chord and Void chord definition

Aberg (1992) states the average length of the grain chord is proven to be

g=4v/s (4.3)
where v is volume of the particle, and s is the geometric surface area. Assuming that
the particle just passes through a square mesh with apertures of size x, Aberg sets

g=4dax (4.4)
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It is assumed that the cross-sectional area of the line passing through each
grain forms a square and the area is dA. There are Ng grain chords and Nv void
chords and if the total length of the line is L, and the porosity of the material is €, then
Total volume of grains is

Vg=(l-eyLdA  (4.5)
and the total volume of the voids is

Vv=¢L dA (4.6)

The total number of grain chords is taken as:

(1-¢)L ¢ dy
N,_ = 4.7
S = B

The number of total grain chords mapping particles of size between x and

x+dx is dNg. The probability that a void chord is in between a particle of this size and
the maximum size is equal to

p= ijv_gy (4.8)

g

The total number of such void chords is 2pdN.

By assuming the average length of void chord (i) is proportional to the grain
chord, one can say

i=cg=cdax (4.9)
where c is a coefficient that depends on the shape of the grains.
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Then, the total volume void chords
N &
dV, =2pdN ,cgdA = ZC—N—dVg (4.10)
g
The void volume, dV,, that corresponds to the void chords of lengths i = cx/2
to c(x+dx)/2 is
B ¥y
dV, =2e—V,dy  (411)
0
where y, takes values between zero and one, is the ordinate of the gradation
curve corresponding to the grain size x, and V; is the total solid volume of the

material.
1
B =[—X (412
’ yj x(y)

By is given by above equation when y = 0 (Aberg, 1996).

Integration of dV, from y = 0 to y = 1 gives to total void volume, Vv of the
material, whereas integration between y =y, to y = 1 gives the void volume that
corresponds to the void chords with lengths between i, = cxb/2 and i100= ¢x100/2, X}
is the grain size corresponding to yy.

Consequently, the ordinates, z, of the cumulative distribution curve for the

void volume are given by

z, =1—-§£ (4.13)
0
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where

gy
A,,—y{;@dy Vs jx(y) (4.14)

Y

Ay is given by above equation by taking y, = 0 (Aberg, 1996).

The void ratio is defined as the ratio of void volume to grain volume;

v,
d=-r (415
)

g

which can be rewritten as

A
o= otk (4.16)
v, B,

and ¢ can be calculated from this equation for a specific material.

In short, from the porosity of the bed and therefore the volume of the grains,
the model estimates the total number of grain chords. It is assumed that the average
length of void chord is proportional to a grain size x, and the void volume
corresponding to a number of void chords that depend on the grain length in a definite
interval were calculated. The calculations provide a cumulative distribution curve of

void volume.
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4.5.2.2 Lava Rock Biofilter Pore Size Distribution

The Camsizer® was employed by Horiba Instruments (Irvine, CA) to
determine the particle size distribution of the lava rock particles. The Camsizer® is
equipped with two cameras that capture images as the dry samples are fed into the
observation zone of the instrument. Approximately 1 liter of lava rock particles was
analyzed three times and the average of the particle size and their corresponding
average fractions in the sample were used in calculations (Horiba Report can be seen
in Appendix V). The maximum particle size was 6.7 mm (Figure 4- 3). The initial
porosity of the lava rock biofilter was estimated as 51% by following the procedure
described by Hodge (1993).

The relationship between the particle size and the cumulative fraction was
obtained by fitting it to a fifth degree polynomial. The equation was:
X = 242.8315y°-625.241y4+580.0602y°-232.6478y*+40.5798y-+1.234 “4.17)

Where x = particle size (mm), and y = fraction
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Figure 4-3: The particle size versus cumulative fraction of particle size in lava rock sample

The pore size distribution of the lava rock bed was calculated using the
approach defined by Aberg (1996) and published in Ozis et al. (2004c). First, the
cumulative pore fraction as a function of the pore size was obtained (Figure 4-4).
From this, the graph of the pore fraction versus pore size was generated (Figure 4-5).
A third order polynomial was fitted to the graph for pore sizes between 0.08 and
0.196 cm. The equation representing the relationship between the pore radius (cm)

and its fraction (f) in the lava rock bed is,

r<008— f=0

0.08<r<0.196 > f =731.421r" -379.281> +60.0751-2.72 (4.18)
r>019%—->£f=0
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Figure 4-4: The cumulative fraction versus pore radius in lava rock biofilter
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Figure 4-5: The pore fraction versus pore radius in lava rock biofilter; points are calculated

values, and line is the polynomial fit.
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4.5.2.3 Sand Biofilter Pore Size Distribution

The same procedure was applied to sand media. The maximum particle size
was 3.68 mm (Figure 4-6). The relationship between the particle size and the
cumulative fraction was obtained by fitting it to a fifth degree polynomial. The
equation was:
x = 122.22y°-319.19y"+304.84y>-127.34y*+22.298y+0.6031 4.19)

Where x = particle size (mm), and y = fraction)
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Figure 4-6: The particle size versus cumulative fraction of particle size in sand sample
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First the graph of cumulative pore fraction was generated (Figure 4-7), then a
third order polynomial was fitted to the graph of pore fraction versus pore size for
pore sizes between 0.022 and 0.044 cm (Figure 4-8). The equation representing the

relationship between the pore radius (cm) and its fraction (f) in the sand medium is:

r<0.022 > f=0
0.022<r<0.044 - f =-119080r" +9028.8r* -191.52r +1.1339  (4.20)
r>0.044 - f=0

The functions were directly included into the corresponding version of the

model where pore size distribution was defined.

4.5.3 Head Loss
Head loss data were gathered when testing for removal was done during the
useful life of the biofilters. Head loss readings were done by having U-tube water

manometer, which compares pressure difference right before and after the medium.

454 pH

During the experiments, the leachate collected from the bottom of the
biofilter and its pH was measured by pH indicator papers for the range of 0-14 and 6-

7 (VWR Scientific) regularly.
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4.5.5 Removal efficiency and elimination capacity

Removal efficiency and elimination capacity are general terms to describe the
performance of biofilters. Removal efficiency (RE) is the fraction of the contaminant

removed by the biofilter, expressed as a percentage:

RE = Inlet Concentration - Outlet Concentration

- x100% 4.21)
Inlet Concentration

Elimination capacity (EC) is expressed as the mass of contaminant degraded per unit

volume of the filter material per unit time.

_ (Inlet Concentration - Outlet Concentration)
Filter Bed Volume

EC

x Flow Rate (4.22)

4.5.6 Clogging and Channeling

As time progresses, the growing biomass were expected to clog the pores and
create higher pressure drops across the filter bed. It was also expected to lead to
channeling, letting contaminated air by-pass the medium untreated.

After operation was ceased, the lava rock biofilter was tested with air
carrying red-dyed microspheres with nominal mean diameter 0.17 um (Bangs
Laboratories, Fishers, IN) to identify the clusters of open and closed pores. Highly

concentrated aqueous microsphere solutions (about 5 mg of particles in 1 mL of
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deionized water) were nebulized using room air at 20 psi (Figure 4-9). The
generated aerosols passed through a 2-L cylindrical chamber where they were mixed
with room air at 20 LPM (relative humidity: 20-30%) to reduce their size back to the

original value. The particles then pulled through the lava rock biofilter at a flow rate

of 1.5 LPM.
Dilution Air
—> H.EPA L ., Dilution Air
Filter Fshandt
MNebulizer Lava Rock
Biofiter
Pump

Figure 4-9: Schematic of the test for identifying channeling in Lava Rock Biofilter

The medium was kept in the refrigerator overnight. Then, the media was
pushed out of the cylinder at certain distances, and each interval cross-section was

photographed to identify the pattern of channeling.
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4.5.7 Swimming Pool Cleaner Tests

After clogging observed in sand biofilter, a set of experiments with pool
cleaner, natural enzyme product biodegrading organic contaminants, were
performed. Pool cleaner was presumed to be effective on exopolysaccharides (EPS)
by degrading the excess amounts. Therefore, it would be possible to restore the
biofiltration process.

Distilled water having certain concentration of pool cleaner flooded the
biofilter for a period of time (3 or 30 min). After each treatment, the biofilter flooded
with distilled water only for one minute and drained slowly by gravity. Head loss
was measured after 24 hours of each application. This procedure was repeated by
increasing the concentration by a factor of ten till the observed reduction in head loss

was satisfactory.
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5 LABORATORY BIOFILTRATION OF ETHANOL VAPOR

This chapter presents the results of laboratory studies investigating the
applicability of the clogging model. Experiments were performed using two bench-
scale biofilters operating in parallel for the removal of ethanol vapors. Two different
packing materials with different grain sizes, lava rock and sand, were chosen as
media to evaluate model’s simulations for overall performance and duration of
operation before the air is impeded due to biofilm clogging. All the experimental

data for ethanol biofilters can be seen in Appendix III.

5.1 Lava rock Biofilter

5.1.1 Biofilter Performance
The inlet and outlet concentrations of lava rock biofilter during the experimental

period are shown in Figure 5-1. The average inlet concentration of ethanol was 67

pPpmy,.
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Figure 5-1: Inlet and outlet concentrations of ethanol for lava rock biofilter

At the beginning of the experiment, the removal efficiency changed rapidly
between negative and positive values because of absorption of ethanol into the water
or media (Figure 5-2). This change was not attributed to the microbial acclimation
for two reasons: (1) ethanol is a readily biodegradable compound, and (2) the
inoculum preparation was expected to already have experienced extensive selection
for ethanol degraders. After the initial period, the biofilter performance gradually
improved and then, more effective and steady removal was observed (81% on
average). Although there were a few problems with drying and inlet concentration
instability, the operation was smooth till day 113, when the inlet concentration

started to increase because of a moisture problem and jumped to 851 ppm, on day
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118. The higher ethanol concentrations were correlated with the low moisture levels
in the air. Ethanol concentrations in the air phase increased because ethanol was
released as the water phase evaporated. On day 119, the inlet concentration was very
low because of syringe pump maladjustment, and this reduced the removal
efficiency. Between day 136 and 214, the average inlet concentration of ethanol in
the lava rock biofilter was lower than the long-term average concentration (37 ppmy),
and that corresponded to a decrease in removal efficiency. After the concentration
was stabilized at the original value, a modest recovery in removal efficiency was
observed starting from day 214. The period between day 240 and 260 showed the
same pattern of decreased removal efficiencies due to low inlet concentrations. After
day 260 the removal declined significantly, and was between 15 to 20% in the last

four days of the operation. The process was terminated on day 303.
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Figure 5-2: Removal efficiency for the lava rock biofilter over the duration of the
experiment

5.1.2 Head Loss

Headloss was measured with a U-tube water monometer. When the
operation just started 2 mm of water head loss was observed (Figure 5-3). It stayed
as 2 mm till day 22, and then started increasing slowly. The increment was very
small until day 144, then the increases became significant, and on day 215 the head
loss was measured as 40 mm of water. After that there was a problem in the
manometer and it was not possible to see any pressure difference. Although the
tubing and connection hoses were cleaned, and replaced, and the whole system
checked for the leaks, the cause could not be identified. This may represent

channeling; however because the removal efficiency was still good, this was not
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identified as the cause before the biofilter was taken down and analyzed for

channeling later.
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Figure 5-3: Headloss profile for the lava rock biofilter

513 pH

The pH profile of the lava rock biofilter was almost unchanged during the
operational period (Figure 5-4). On day 40, and 43 the pH was observed as 7.5, and
stabilized back to 7 on day 84. Another episode of higher pH observation was seen
between day 116 and 120 of the operation, when the pH was 7.6 and 7.4
respectively. After that the pH was neutral, and stayed as neutral till the end of the

operation.
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Figure 5-4: pH profile over the operational time of lava rock biofilter

5.1.4 Bacteria and Viral Enumeration

Bacteria and viruses were enumerated by SYBR Green 1 staining and
epifluorescence microscopy following the Noble and Fuhrman Method Noble (Noble
and Fuhrman 1998).

Leachate samples from biofilters were taken to investigate the organisms
being removed from the biofilters. The SYBR Green I counting procedure for viruses
and bacteria included first placing the anodisc filter over a pre-wetted 0.8 um
millipore filter in the glass filter unit. Then, a vacuum was applied to moisten and
stick the anodisc filter in place completely flat and smooth without any air bubbles

beneath. After that the filter was placed on 100 ul drop of SBYR on the bottom of a

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



plastic petri dish. The anodisc filters were laid sample side up on the drops of the
staining solution for 15 minutes in a dark drawer. Any water on the back of the
anodisc filters was blotted with a paper tissue so that the filter was uniformly dry and
looked opaque when held up to the light for examination. After the filter was
transferred on a glass slide with 30 pl drop of antifade mounting solution; it was
viewed with blue excitation. Most of this work was done by Josh Steele, graduate
student in biology who was cooperating with the project.

Counts showed 5.15 (+/- 1.7) x 10° bacteria and 6.85 (+/- 0.1) x 107 viruses
per ml leachate from the lava rock biofilter. Therefore, the virus to bacteria ratio was

14.79 (Steele et al. 2004).

5.2 Sand Biofilter

5.2.1 Biofilter Performance
The inlet and outlet concentrations of sand biofilter during the experimental

period are shown in Figure 5-5. The average inlet concentration of ethanol was 100

ppmiy.
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Figure 5-5: Inlet and outlet concentrations of ethanol for sand biofilter

The sand biofilter performed very poorly during the start-up period.
Improvement in performance was seen after approximately 6 days, and then the

removal efficiency increased rapidly (Figure 5- 6).

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100%

80% - 1 M
60% -
40% -

20% A #
O% T T T T T T T T

1WS 15 24 33 44 56 68 81 93 105 119 132 153 173 187 207
>

Removal Efficiency (%)

-20% 1

-40%

Operation Time (days)

Figure 5-6: Removal efficiency for the sand biofilter over the duration of the experiment

After the initial phase, the sand biofilter seemed to work appropriately. On
days 10 and 17 there was a little drying problem observed at the top of the biofilter
due to the nebulizer malfunction, and nutrient solution addition helped to restore
normal conditions. On day 20 of operation drying was very serious, and almost half
of the biofilter depth was observed as dry. The removal efficiency was as low as 8%
on that day. Again, nutrient solution was added. After the problem was fixed,
ethanol was adequately treated and removal efficiency was stable at around 85%.
This improvement may have occurred because microbial density increased and a
mature microbial population developed. There were periods when stabilizing the

inlet ethanol concentration was troublesome, from day 88 to 97 and from day 106 to
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day 120 of operation. On day 118, the inlet concentration increased abruptly to 656
ppm, and the syringe pump rate had to be readjusted. The next day the inlet
concentration was really low because of the low pumping rate.

After approximately 100 days of operation the removal efficiency of the sand
biofilter started to show a downward trend. This might have been caused by the
partial clogging in the biofilter; however, the other parts available to air flow were
still contributing to the overall treatment. On day 150, 26% removal efficiency was
observed again due to the low inlet concentration of ethanol (12 ppm,). The average
removal during the last 50 days declined to 70%. The operation was terminated on

day 208 because of high headloss.

5.2.2 Head Loss

The initial headloss was 2 mm, and stayed the same through day 25 of
operation. Then, every 10 days period on average the headloss increased by 2 mm
and reached at 8 mm on day 60 (Figure 5-7). After day 110, the headloss showed
steady increase and did not stay constant over long periods of days like before. On
day 177 the headloss was measured as 50 mm and from there on the increases were
more abrupt. It reached 80 mm in two weeks. On the last day of operation, the
headloss reached its maximum (110 mm), and the experiments were terminated after

this point.
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Figure 5-7: Headloss profile for the sand biofilter over the duration of the experiment

52.3 pH

The pH of the ethanol biofilters was one of the most significant signs that
assure the successful operation. Ethanol due to its degradation pattern can create very
low pH and that can interrupt the operation (Devinny and Hodge, 1995). There was a
sensitive relationship between the moisture level, pH and the removal efficiency in
the biofilter. Acidity was regularly checked, and adjusted to neutral by regular
addition of nutrient solution including phosphate buffer. There were periods when
low pH (pH=3 on day 116 of operation, and pH= 4 on day 120) was observed.

During those periods nutrient solution was added more frequently and sometimes
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phosphate buffer solution was applied to the sand biofilter. After day 123 of

operation, pH was stabilized between 6 -7 (Figure 5-8).
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Figure 5-8: pH profile over the operational time of sand biofilter

5.2.4 Bacteria and Viral Enumeration
The bacteria count for the sand biofilter léachate was 9.14 (+/- .18) x 10’
bacteria per ml, and the viral count was 3.99 (+/- 0.9) x 10% per ml (Steele et al.

2004). The virus to bacteria ratio was 3.37 in the sand biofilter.
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5.3 Model Simulations for Biofilters

The biofilter pore structure was described by a pore network of cylindrical
pores with varying diameters following an experimental pore size distribution. The
numerical program combines percolation theory that is used to predict pore
characteristics and surface area with biofilm growth cellular automaton (CA)
algorithm, which determines the change in the biofilm thickness with time.

First, the initial pore size distribution that was experimentally determined and
assigned to the whole network of pores. This was followed by the calculations of
concentration and various characteristics including active, inactive and total biomass
density in each discrete grid forming biomass. Biofilm growth was simulated by
relocating excess microbial component to the next availéble grid (Song and Kinney,
2002). While CA algorithm predicted the spatial heterogeneity of biofilm in the
network, the percolation part calculated fluid flow properties, changes in the pore
sizes, and the cluster of the connected pores that were either filled or isolated, which
therefore cannot contribute to the overall treatment process. Percolation model,
where the effective medium approximation included, was also used to determine
effective pore radius, and therefore the head loss profile along the biofilter with time.
The program written in MATLAB can be seen in the Appendix II.

Ethanol was chosen as the model contaminant to be biodegraded in our
experimental assessments because it was readily biodegradable, studied commonly
and had many relevant parameters available in the literature.
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Although there are variations in cellular composition with different types of
organisms, according to Shuler and Kargi (2001) a typical cellular composition can
be represented as C H; 3O osNo,. Therefore, the simplified biological conversion of
ethanol can be written as

C,H0 + 24750, + 0.INH, — 0.5CH, ;0,,N,, + 2.7TH,0 +1.5C0O, (5.1)

The degradation of ethanol was presumed to follow Monod kinetics
(Nukunya et al. 2005). In the laboratory, ethanol biodegradation took place under
aerobic conditions. The oxygen concentration in most waste gases is several orders
of magnitude higher than the contaminant concentration. However, because of the
low solubility of oxygen, the process may be limited by mass transfer of oxygen into
the biofilm and/or diffusion in the biofilm (Kennes and Veiga, 2001). To determine
whether oxygen was limiting, the criteria derived by Williamson and McCarty
(1976) and used by Shareefdeen et al. (1993) and Nukunya et al. (2005) were

employed. Oxygen will be limiting if the following two conditions are satisfied:

g < LoDuMW, M”OS (5.2)
? 04D, MW, “
X, < Kso X, 5.3)

Seth

where vo and vey, are the stoichiometric coefficients for oxygen and ethanol in the

ethanol degradation reaction, Do and Dey, are the diffusion coefficients, MW and
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MWgy, are the corresponding molecular weights, Kso and Ksew are the half-saturation
constants, and Sp and Se, are the experimental substrate concentrations. Xo and Xew
are the oxygen and ethanol concentrations in the biofilm, respectively.

When parameters describing experimental conditions were used in eq 5.2, it
was determined that the concentration of ethanol in the air phase should be greater
than 2.85x10°®. This relationship was satisfied within our system up to the point
where concentration of ethanol dropped to about 2% of its original value, which is
the case in our experimental biofilters.

Williamson and McCarty (1976) have related all these by suggesting

Seth — X eth UethD Omth

So =X, v, D, MW,

(5.4)

Eq 5.3 was found to be satisfied by using eq 5.4 and assuming that X can be equal
to oxygen solubility in the water at maximum. Therefore, oxygen was limiting; the
biodegradation equations used in the model were described by considering oxygen

only as suggested by Shareefdeen et al. (1993).

5.3.1 Model Simulations for Lava Rock Biofilter

The model was run for the oxygen limited kinetics for ethanol removal. The
whole depth of the biofilter was modeled in five consecutive vertical segments to
account for the depth of the filter. Because it was observed that the top parts of the

biofilter were showing heavy growth of biofilm while deeper parts were available
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and contributing to the overall treatment. The input parameters used in the

simulations for lava rock biofilter were tabulated in Table 5-1.

Table 5-1: Input parameters used in the model for lava rock biofilter

estimated

known

Parameter Units Value
Xinitiat (initial biofilm density) mg/L 30,000
Xt (maximum biomass density) mg/L 45,000

p (maximum growth rate) 1/h 0.03

Y, (yield coefficient) mg biomass/ mg Oxygen: 0.1

C, (oxygen concentration) mg/L 3.4
ti(initial biofilm thickness) m 20x10°
kq(biomass decay rate) 1/h 0.016

P (inactive biomass formation) mg/mg 0.17

C. (ethanol concentration) mg/L 0.126x107
H, (Henry’s law constant, oxygen)  Dimensionless 29.5

H. (Henry’s law constant, ethanol)  Dimensionless 0.00025
D, (oxygen diffusion constant) m?/s 2.41x10?
D, (ethanol diffusion constant) m*/s 0.99x10°
K., (half-saturation constant) mg/L 0.26

V (total volume of biofilter) L 1

Vb (packed bed volume) L 0.6

€ (clean bed porosity) Dimensionless 0.51

R (maximum pore radius) m 2.03x10°

Two parameters including k4 (biomass decay rate) and B (inactive biomass

formation from active biomass) were taken from Song and Kinney (2002). The

others were estimated by optimizing the model simulations for the experimental data.

The typical biomass densities reported in literature for biofilters range from 23 to

220 kg m™ (Shareefdeen et al. 1993). Therefore, the values (30 and 45 g/L) used in

this simulation were comparable. Schwarz et al. (2001) reported typical range for

maximum growth rates observed in biofilters range from 0.0036 to 36 h™". The value

u=0.03 h"' was used in the calculations for lava rock biofilter in the absence of a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

94



better estimate for simulations. When considering ethanol as substrate, theoretical
biomass yields based on energetic relationships have been reported to reach 0.3 g
biomass/g ethanol and 0.15 g biomass/ g oxygen (Nukunya et al. 2005). However,
yield coefficients are not constants, since they are dependent on the substrate
loading, biological parameters (X, p), and chemical parameters including pO,, C/N
ratio and P content of the medium (Crueger and.Crueger, 1990; Christen et al. 2002).
Two studies Pérez et al. (2002) and Christen et al. (2002) reported two different yield
coefficients for ethanol degradation in biofilters; the range was from 0.04 to 0.41 g
biomass/ g oxygen consumed. The value used in this work, 0.1 g biomass/ g oxygen,
is at about the middle point of the reported values and reasonable with respect to low
growth rate used. Consumption of substrate by microorganisms for functions other
than the production of new biomass (called maintenance metabolism) explains the
lower growth rate constants associated with lower yield coefficients (Abbott et al.
1974). Initial biofilm thickness is usually assumed to be formed by a few layers of
microorganisms ranging from 1- 10 pm (Schwarz et al. 2001), this work assumed a
single layer to start with and therthickness of the layer was 20x10® m, comparable to
the values reported in the literature (Shareefdeen et al. 1993; Song and Kinney, 2002;
Nukunya et al. 2005; Schwarz et al. 2001). The oxygen concentration in the biofilm
estimated as 3.4 mg/L, lower than the values used previously for oxygen solubility at
room temperatures (Shareefdeen et al. 1993; Nukunya et al. 2005). Although the

biofilter was operated in room temperature ranging between 23-26° C, the
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temperature within the biofilm could have been several degrees higher, due to
biological activity, thus resulting in decreased oxygen availability to the biofilm
layers. Additionally, Plessis et al. (1998) suggested that less metabolic heat is lost
from the biofilm in an aerosol biofilter, where the nebulizer supplied the bed with the
moisture like in our case, due to heat transfer properties, resulting in lower oxygen
solubility in the biofilm. It is recognized that the oxygen concentration of 3.4 mg/L
used in the model simulations is likely lower than the actual concentrations. An
explanation for this could not be firmly established. It is interesting to speculate
whether this may reflect some factor retarding the transfer of oxygen to the biofilm.

The cumulative effects of the segments were compared to the bench scale
lava rock biofilter experimental results. The model simulations for head loss,
elimination capacity and the removal efficiency of the sand biofilter treating ethanol
approximated the experimental data (Figure 5-9).

The model predicted that the head loss stays at the initial value of 2 mm till
day 202, and very slowly increased to 4 mm on day 326, after that it became 10mm

on day 347 which was followed by sudden infinite increase as clogging occurred.
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Figure 5-9: The simulated results for head loss, elimination capacity and the removal
efficiency of the lava rock biofilter

In the early phase of the biofilter operation, exponential increase in removal
of ethanol was observed. The model simulation clearly demonstrated the initial
increase in removal efficiency and elimination capacity. The model was also able to
simulate the gradual decline in removal efficiency and elimination capacity followed
by clogging. The model predicted the clogging of the filter about 70 days after it

occurred in the experiment.
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5.3.2 Model simulations for Sand Biofilter

The model with five vertical segments and oxygen limitation for ethanol

biodegradation was also run for the sand biofilter. The input parameters used in the

simulations were summarized in Table 5-2.

Table 5-2: Input parameters used in the model for sand biofiiter

estimated

known

Parameter Units Value
Xiniria (initial biofilm density) mg/L 25,000
Xser (maximum biomass density) mg/L 30,000

1 (maximum growth rate) 1/h 0.02

Y, (yield coefficient) mg biomass/ mg Oxygen 0.1

C, (oxygen concentration) mg/L 34
ri(initial biofilm thickness) m 6.75x10°
kq(biomass decay rate) 1/h 0.016

B (inactive biomass formation) mg/mg 0.17

C. (ethanol concentration) mg/L 0.188x107
H, (Henry’s law constant, oxygen)  Dimensionless 29.5

H. (Henry’s law constant, ethanol)  Dimensionless 0.00025
D, (oxygen diffusion constant) m?/s 2.41x10°
D, (ethanol diffusion constant) m*/s 0.99x10
K., (half-saturation constant) mg/L 0.26

V (total volume of biofilter) L 1

Vs (packed bed volume) L 0.6

€ (clean bed porosity) Dimensionless 0.39

R (maximum pore radius) m 6.75x10™

Two biofilters were operated under the same conditions; therefore the values

related with the process were selected as the same. The sand biofilter had smaller

pore size distribution; hence, the typical biomass densities used in sand biofilter

simulations were less than the lava rock simulations. However, they were still

comparable with those in the literature (Shareefdeen et al. 1993).
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The value for the maximum growth rate constant was used as 0.02 h™', which
lies in the range reported in the literature. Initial biofilm thickness was assumed as
6.75x10"® m as comparable to the pore size characteristics of the sand biofilter. The
oxygen concentrations in the biofilm as well as the yield coefficient were used as the
same for lava rock biofilter model.

The cumulative effects of the five segments were compared to the bench
scale biofilter results. The simulated results for head loss, elimination capacity and
the removal efficiency of the sand biofilter treating ethanol approximated the
experimental data (Figure 5-10).

The model predicted that the head loss stays at the initial value of 2 mm till
day 161, and very slowly increased to Smm on day 196, after that a sudden increase
to 10mm on day 199, followed by an infinite increase at the time of clogging.

Initially, exponential removal of ethanol was observed. The model simulation
clearly demonstrated the initial increase in removal efficiency and elimination
capacity, and shift to steady state after 50 days. The model also successfully
simulated the gradual decline in removal efficiency and elimination capacity
followed by clogging. The model predicted clogging about 6 days after it occurred in

the experimental biofilter.
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Figure 5-10: The simulated results for head loss, elimination capacity and the removal
efficiency of the sand biofilter.

5.4 Clogging and Channeling Tests

After the red-dyed microsphere particles were run through the media for 5
hours, the lava rock biofilter was placed in the refrigerator overnight. The bottom of
the filter was cut off, and the biofilter was inverted. A piston was used to push the

media out of the acrylic cylinder in stages marked on the photographs as 0, 2, 4, 6, 8,
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10, 12, 13, 14, 14.5 that is showing the distance from the bottom of the media, those
numbers corresponded to bottom, 13, 11,9, 7, 5, 3, 2, 1, and 0.5 cm from the top of
the filter. At each stage, the protruding portion of the media was removed to reveal a
cross-section of the pack. This was done by scraping away the media with a ruler.
While this caused some minor disruption of the revealed cross—section, it is believed
that the photographs are accurately representative of conditions in the media.

The image for top of the filter that was photographed before the media was
turned over, and is shown here in mirror image to demonstrate alignment with the
deeper sections (Figure 5- 11). The top of the filter was heavily clogged and showed
only two spots for red particle deposition. Those two spots were probably the only
spots for air to flow into the media; the biofilm has developed along these pathways
down into the media. Air carrying red particles flowed the same way and the
particles were deposited to appear in the cross sections, that was why red particles

were observed in the areas where biofilm growth was obvious.
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Figure 5-11: The top view of the biofilter, [black circle]: the media circumference, [white
dotted line]: biofilm coverage, [white dashed line]: red particle spots

Figure 5-12: The photographs of cross-sections at 0.5 and 1 cm from the top of the lava
rock filter, [black circle]: the media circumference, [white dotted line]: biofilm coverage,
[white dashed line]: red particle spots
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At 0.5 and 1 cm from the top, the coverage of heavy biofilm was 100%, and
there was a third extra spot adjacent to the side of the acrylic cylinder (Figure 5-12).

At 2 c¢m from the top of the filter which was also mostly covered by heavy
biofilm, the center spot for red particles became more significant with very brilliant
color (Figure 5-13). At 3 cm from the top of the filter, dense glue-like biofilm was
observed on 75% of the cross-section. At 5 cm (10 on the photograph), half of the
cross-section was covered by heavy biofilm where red particles were observed in
scattered small areas. At the cross-section that is 7 cm from the top of the filter,
partial coverage—about one-third by brownish heavy biofilm was observed. Red
particles were again observed at two spots within the area where the biofilm grown.
At the top 3 cm of the filter the biofilm coverage was throughout the cross-section,

however; further down showed partial coverage.
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Figure 5-13: The photographs of cross-sections at 2, 3, 5 and 7 cm from the top of the lava
rock filter, [black circle]: the media circumference, [white dotted line]: biofilm coverage,
[white dashed line]: red particle spots

The cross-sections taken at 9, 11, 13 ¢cm from the top and the bottom of the
media (6, 4, 2, and 0 on the photograph) showed neither visual brownish biofilm nor
red particles (Figure 5-14). However, the lava rock particles were slimy. This 6 cm-
deep section at the bottom of the filter was probably the only part of the filter that

was removing significant amounts of ethanol when treatment was ceased. The red
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particles were not observed in this section, possibly because all of them were

captured in the overlying sections of the filter.

Figure 5-14: The photographs of cross-sections at 9, 11, 13 cm from the top of the biofilter
and at the bottom of the lava rock filter, [black circle]: the media circumference (white
particles on the bottom were acrylic plastic left by cutting the column)

The clogging and channeling tests demonstrated heavy clogging on the top 3
cm of the biofilter. Observation of red-dyed particles in certain areas including the

center and two other spots adjacent to the side wall of the cylinder proved that there
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was channeling in the filter. The channels could be seen extending through the first 9

cm of the biofilter. Below this, the biofilm was apparently much more uniform.

3.5 Swimming Pool Cleaner Tests

Tests were performed to see if a swimming pool cleaning product containing
biofilm-destroying enzymes would be effective at degrading the excess
exopolysaccharides (EPS), and restoring the biofiltration process in a clogged
biofilter.

The tests were numbered from 1 to 9, with 1 referring to the control test
having no pool cleaner. Test 2 started with the recommended dosage of enzyme for
pool cleaning and increased stepwise. The concentration of cleaner, the holding time
for flooding, inlet and outlet concentrations of ethanol, the removal efficiency and
head loss results were shown in the Table 5- 3. (The density of the pool cleaner as it
comes from the manufacturer is 1 g/ml.)

Table 5-3: The results for tests with pool cleaner

Test # IC)(:)(l)llcSI::::;:;n Duration Inlet Outlet RE HL
(mg/L) (min) (ppm) | (ppm) | (%) | (mm)
1 Control - 0 3 70.70 21.64 69% 88
2 4 3 61.43 14.21 77% 90
3 40 3 31.95 10.41 67% 87
4 400 3 30.16 11.16 63% 90
5 4x10° 3 50.61 10.74 79% 88
6 4x10* 3 45.14 9.11 80% 70
7 4x10° 3 35.21 9.36 73% 50
8 4x10* 30 76.92 10.37 87% 60
9 4x10° 30 43.60 9.07 79% 50
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The control experiment was performed by flooding the biofilter with nutrient
solution first for 3 minutes, and draining, then flooding again with distilled water
only. The head loss was measured 24 hours after application. Tests 6 and 7 were
repeated to test for the effects of duration of exposure. It seems that longer duration
of flooding did not play a significant role on effectiveness of the enzyme, although it
had some effect on condition 6 by further reducing the head loss from 70 to 60 mm
of water (Figure 5 -15). While removal efficiency was somewhat steady between 60

and 80%, 43% decrease in head loss was observed when 4x10°> mg/L pool cleaner

was applied.
95 100%
90 + 90%
85 1 - 80%
g 807 + 70%
: 7] - 60%
[ - 50% @
£ 65 -
E 60 - - 40%
i‘ 55 - - 30%
50 - 20%
45 - + 10%
40 T T T T T T T 0%
1 2 3 4 5 6 7 8 9
—s— HL ——RE

Figure 5-15: The results of the pool cleaner tests
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After the last application of enzyme, the biofilter was operated like before,
and analyzed for operation once a week by recording removal efficiency and head
loss data.

It was planned to repeat the procedure for biodegradation tests when the head
loss reached 80 mm again. According to the previous run, the head loss was 40 mm
on day 164 of operation and increased to 80 mm in 28 days. After use of the pool
cleaner, head loss increase was less rapid (Figure 5- 16). The headloss was observed
as 60mm 24hr after the last application of the enzyme, and decreased to 40mm in
two weeks; this decrease was probably due to the slow drainage of the excess
degraded EPS or to continued activity of enzyme that that was not entirely removed.
Then the head loss remained at 40 mm for 75 days after the cleaner application and
removal efficiency was almost stable at 85% (Figure 5-17) for the inlet concentration

profile over this period (Figure 5-18).
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Figure 5-16: [Left of the first arrow]: Head loss profile of the sand biofilter before the
application of enzyme, [between the arrows]: the head loss profile observed for different
concentrations of enzyme, [Right of second arrow]: Head loss profile of the sand biofilter
over a period after the application of pool cleaner
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Figure 5-17: Removal efficiency profile of the sand biofilter over a period after application
of pool cleaner
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Figure 5-18: The inlet and outlet concentration of sand biofilter over a period after
application of pool cleaner.

A final test was performed jusf to see the effect of enzyme on the sand
biofilter with 40 mm head loss. 4x10* mg/L of pool cleaner solution was used to
flood the biofilter for 3 minutes, and then distilled water was used for 1 min. The
head loss declined from 40 mm to 30 mm the next day and to 20 mm in two weeks.

Thesé experiments must be considered preliminary. Because the
concentration of the pool cleaner was increased in steps, subsequent applications
were not truly controlled demonstrations of how the cleaner might work in a single
application on a biofilter. However, the results indicate that the process shows
promise. It is of particular note that the removal efficiency was not reduced by the
treatment. Other proposed clogging remedies, such as nutrient deprivation, heat
treatment, or hypochlorite, all reduce treatment efficiency for a time (Nukunya 2004;

Van Lith et al. 1994; Weber and Hartmans, 1994).
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5.6 Discussion

The size and shape of the filter material determines the surface area to
volume ratio. Smaller particles have higher surface area to volume ratios that
promote increased adsorption of pollutants on the filter material and promote
increased dissolution and absorption of pollutants into the water phase (Hodge et al.
1991). This was evident in the elimination profile of the sand biofilter. The removal
efficiency of sand biofilter was much more sensitive to the inlet concentrations of
ethanol and moisture content in the media, while lava rock biofilter performed more
smoothly. Small particle sizes, on the other hand, decreases the permeability of the
material, leading to increases in head losses and energy requirements (Ottengraf,
1986). The results from sand biofilter experiments suggested that smaller particles
are more susceptible to biomass clogging than the larger lava rock particles.

Buffer capacity of the material must be sufficient to maintain pH values
within a range that is optimum for microbial degradation efficiency. The pH may
have been reduced due to the accumulation of carbon dioxide and/or acidic
intermediates resulting from biodegradation of ethanol in the water phase. The
experiments showed that the sand biofilter had deficient alkalinity concentrations as
compared to lava rock biofilter, so required addition of chemical buffers more often.

The virus to bacteria ratio in the sand biofilter (3.37) was one fourth of the
ratio observed for lava rock biofilter (14.79). This is an interesting distinction that
could suggest a greater number of lysis events within the lava rock biofilter
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community. Alternatively, this could merely reflect the inability of the virus
particles to stick to the packing material in the more loosely packed lava rock. The
relatively high virus to bacteria ratio suggests a dynamic interplay between bacteria
and viruses in the biofilter community (Steele et al. 2004).

Preliminary tests have been performed on the clogging model for two
packing materials with ethanol as the contaminant showed that five-segment
approximation for the biofilter depth was effective to describe the process. Initial
conditions of exponential increase followed by gradual decrease in the removal
efficiency that is typical for biofilter applications were modeled satisfactorily. A
complete understanding of the clogging process, and ultimately its control, would
increase biofilter efficiency and broaden the range of applications. It is possible to
imagine biofilters in which excess biomass is removed by washing, chemical
dissolution, or mechanical removal. Each of these processes, however, requires
expensive operating techniques or equipment on top of an inexpensive and simple
packed bed system. This model may be able to predict the attendant improvement in
efficiency and associated reduction in biofilter size for the additional expense of
more elaborate biofilm control systems, and help guide development of new biofilter
designs with appropriate packing.

The channeling tests showed that although top of the filter was heavily
clogged, the air was channeled deeper into the media, where ethanol was treated

effectively by the active part of the biofilter.
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The pool cleaner tested showed that further testing of the enzyme is a
promising avenue. It can be speculated that application of pool cleaner helps

controlling the biomass overgrowth and prevent clogging.
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6 REMOVAL OF ULTRAFINE AND FINE PARTICULATE
MATTER IN GRANULAR FILTER WITH POSSIBLE

APPLICATIONS TO BIOFILTRATION

6.1 Introduction

Several epiderﬁiological studies have shown airborne particulate matter (PM)
to increase mortality and morbidity rates in exposed populations (Dockery et
al.1993; Pope at al. 1995). Atmospheric ultraﬁne particles (100< d, (particle
diameter)< 150 nm) have recently received significant attention as toxicological
investigations have indicated their potential for causing adverse respiratory health
effects (Oberdorster et al.1992; Oberdorster et al. 1995; Donaldson and MacNee,
1998). Epidemiological studies conducted by Peters et al. (1997a-b) have
demonstrated a stronger association between health effects and exposure to ultrafine
particles than for fine or coarse particles. A study by Pekannen et al. (1997) found
associations between the incidence of asthma in children and fine and ultrafine
particles. Laboratory studies by Ferin et al. (1991) indicated that, for deposition of a
given mass of PM in the lung, toxicity increases as the particle size decreases. Li et
al. (2002) demonstrated that when epithelial cells from human airways were exposed
to the different size categories of atmosphevric PM, based on an equal mass basis,

ultrafine PM caused a greater response. More recent studies in Southern California
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(Li et al. 2003) derﬁonstrated increased biological potency of the spatially
inhomogeneous urban ultrafine particles, which was related to their high content of
oxidant organic chemicals and their ability to damage mitochondria. These
emerging findings from both the toxicological and epidemiological studies suggest
further development and application of control technologies to reduce the emission
rates of ultrafine PM.

Granular bed filtration has been extensively examined by many researchers
for treatment of air containing large particles. Some studies have employed granular
bed filters either for aerosol size distribution measurements or for analyzing the
effect of electrostatic charges on filtration of particles (Boulaud, 1991; Shapiro et al.
1988; Fo et al. 2000). Results from these studies have shown that the presence of
electrostatic charges can alter significantly the filtering behavior of the granular bed,
but the relationship between charge and removal efficiency was not linear (Fo et al.
2000). Shapiro et al. (1988) has reviewed the state of the art of aerosol filtration by
granular filters (by covering approximately 130 references) in the presence of
electrostatic forces. Different types of electrostatic interactions were described,
namely charging of aerosol particles, charging of filter granules and application of an
external electrostatic field to the filter bed. This work does not employ electrical
charging. Instead it investigates removal efficiency for electrically neutral particles

by uncharged granular filters.
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The removal efficiency of granular filters packed with lava rock and sand
was studied for collection of airborne particles 0.05 to 2.5um in diameter in
anticipation of the possibility that either inert granular filters or biofilters could be
used for treatment of fine particles. The effects of filter depth, packing wetness,
grain size and flow rate on collection efficiency were investigated. Two packing
grain sizes (0.3 cm and 0.15 cm) were tested for flow rates of 1.2, 2.4 and 3.6 liters
per minute (LPM), corresponding to empty bed residence times (EBRT, equal to the
bulk volume of the packing divided by the air flow rate) in the granular media of 60,
30 and 20s, respectively.

If granular filters are to be used for removal of particles from air, some
mechanism must also be devised for cleaning or disposing of the filters. This might
be accomplished by physical or chemical methods, but this work also anticipates the
possibility of using biofilters, in which the granular packing is covered with a
biofilm that degrades captured contaminants. Experiments used wet and dry media
and grain sizes appropriate for biological treatment systems (Ozis et al. 2004a).
However, no experiments involving biodegradation were done, and the removal

efficiencies measured are applicable to a variety of conceivable filter designs.
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6.2 Materials and Methods

The ultrafine airborne PM used in the experiments was polydisperse
ammonium sulfate aerosols generated by a nebulizer (HOPE, B & B Medical
Technologies, Inc., Orangevale, CA, Figure 6-1). Aqueous ammonium sulfate
solutions (about 1 mg of ammonium sulfate in 1 mL of deionized water) were
nebulized using room air at 20 psi. The generated aerosol passed through a 1-L
chamber with ten Polonium-210 ionizing units (Staticmaster, NRD Inc., Grand
Island, NY) to reduce particle charge to the Boltzmann equilibrium. The neutralized
aerosol was mixed with room air (relative humidity: 20-30%) in a 35 L chamber and
passed through the granular bed being tested.

For particles 0.05 to 0.8 um in diameter, removal efficiency was determined
by measuring their number concentration upstream and downstream of the filter with
a Scanning Mobility Particle Sizer (SMPS, Model 3936, TSI Inc., St. Paul, MN).
The SMPS sampled 0.3 liters per minute (LPM) of the total flow rates of 1.2, 2.4 and
3.6 LPM through the filter. The granular filter bed flow rate was monitored
continuously throughout the experiments using a calibrated in-line direct-reading
flow meter (Model A-32457-44, Cole-Parmer Instrument Company, Vernon Hills,
IL). When wet packing was tested, a diffusion dryer was placed directly upstream of
the particle analyzers to remove water vapor and dry the particles to restore them to

their original size distribution.
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Figure 6-1: Schematic of the experimental set-up

In addition to the SMPS, the DataRAM (RAM-1, MIE Inc., Billerica, MA)
was used to evaluate collection efficiency for particles in the 0.5 to 2.5 pm range,
using laboratory-generated monodisperse polystyrene latex (PSL) particles (Bangs
Laboratories Inc., Fishers, IN). The DataRAM was used for larger particles, while
the SMPS was used for small particles, in order to optimize accuracy (Ozis et al.
2004a).

An acrylic plastic column filter, 7 cm inner diameter and 37 cm length,

contained the packed bed. One packing was lava rock (Black Cinder, Sunburst Rock
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Inc, Irwindale, CA), with a 0.3 cm median grain diameter after sieving. The second
was quartz sand with a 0.15 cm median grain size. A single column was used, and
experiments were run sequentially. Packing was added in three successive steps,

producing packed beds 9, 18, and 27 cm deep (Table 6-1).

Table 6-1: Operating Conditions of the Experiments

Flowrate EBRT® Filter Media | Filter Bed Configuration
(LPM) (sec)
1.2 60 Wet’/Dry 9¢m, 18¢m, 27cm
24 30 Wet"/Dry 9cm, 18cm, 27cm
3.6 20 Wet"/Dry 9c¢m, 18cm, 27cm
a Empty Bed Residence Time

b Wet media was only tested for full bed scenario.

6.2.1 Analysis
The density of the ammonium sulfate particles was 1.77 g cm™ and that of the
PSL particles was 1.05 g cm>. The aerodynamic diameters were calculated by
multiplying each size by the square root of the particle density. In this work the
terms “size” and “aerodynamic diameter” were used interchangeably (Ozis et al.
2004a).
The removal efficiency for the granular filter was determined by measuring
inlet and outlet aerosol mass or number concentrations. For each particle size,

removal efficiency was calculated from the inlet and outlet measurements:
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RE (%) — (Cinlet — Coutlet ) X 100 (6 1)

inlet

where RE is the removal efficiency; Ciyet is the inlet aerosol concentration; Coyget 1S
the outlet aerosol concentration.

Yoshida and Tien (1985) have developed an empirical equation describing
the probability of particle adhesion for particles contacting surfaces at high gas
velocities. They found that when the Stokes number exceeds 0.01, the collection
efficiency decreases as particle “bounce off” rates become significant. For this
work, the case in which the rebound probability is highest is for the lava rock media
(porosity 47%, grain size 0.3 cm), the highest flow rate (3.6 LPM), and the largest
particle size (2.5 pm). The Stokes number in this case, S, can be calculated with eq

6.2:

d*U
_Pe % 00004  (6.2)
YuDg

where pj, is the particle density, d, is the particle diameter, U is the approach velocity,
4 is the air viscosity, and Dg is the grain size. This value for the Stokes number is
far below those at which particles are expected to bounce off of the packing surface.
Therefore, removal efficiency calculations in this study presume that all contacts
between the airborne particles and the filter grains result in permanent deposition of
the particles.
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The collection efficiency (1- P, where P is the penetration) for a given aerosol

can be expressed in terms of the dimensionless single grain collector efficiency

(Tardos et al. 1978; D’ Ottavio and Goren, 1983; Boulaud et al. 1989), 7;.

_ frequency of deposition on a filtering element j
’ nU 4,

(6.3)

where n is the local aerosol concentration, and 4; is the cross-sectional area of the
particle normal to the direction of flow.
For a bed depth of L, of uniform packing porosity €, and filtering elements of

volume V, penetration can be written as (Boulaud et al. 1989):
-lnP=(1-g)LZ77j AJ./ZVJ. (6.4)
J J

Experimental results obtained for neutral filters were insensitive to granule
shape (Tardos et al. 1978), so the bed was assumed to consist of identical spheres of

diameter Dg, and eq 6.4 becomes:

-InP=3/2(1-¢) Ln/D, (6.5)

where 77 is single grain collection efficiency. If eq 6.5 is rewritten:
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P=exp(-3(1-&)Ln/2D;)  (6.6)

Thus the penetration through the granular bed is related to the single-grain
collection efficiency by geometric parameters only, namely porosity, bed depth, and
grain size.

The main mechanisms responsible for removing aerosols on a single grain—
impaction, sedimentation, interception, and diffusion—and the theoretical
calculations of collection efficiencies for those mechanisms were summarized by
Boulaud (1991), Mann and Goren (1984) , Shapiro et al.(1988) , Yoshida and Tien
(1985), Gal et al.(1985), Alonso and Alguacil (2002).

The equations of Boulaud (1991) were used in this study to calculate
collection efficiencies. Equations were derived for the single grain collector
efficiency for each removal mechanism and the overall collection efficiency of the

bed was presumed to be their sum:

n=m;+0s+n-+n,  (6.7)
where the subscripts I, S, I, and D refer to impaction, sedimentation, interception
and diffusion, respectively (Ozis et al. 2004a).

Impaction removal efficiency (m;) was correlated with effective Stokes

number (Sep) by Gal et al. (1985) and Otani et al. (1989):
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3
= Seﬂ
1.4x107% +52,

m (6.8)

where Ses is based on Ergun’s equation and relates the single collector efficiency to

the inertial parameters of the particles:

o (1, L75Re

1+ === IS (6.9
& +150(1—e) (6.9)

where R, is the Reynolds number of flow around the grain, and
2
S=1rxU/ID, ,ama©=D>xp xC,/18u (6.10)

where t is the particle relaxation time, pp is the density of the particles, Cp is the
Cunningham slip correction factor, and p is the air viscosity.
Some particles are removed when they settle under the effects of gravity, and

contact the packing surface below. The equation for sedimentation efficiency is

(Boulaud, 1991):

ns =0.0375(G.)”° +021(G. )" (6.11)

where G: =Vs/U, the particle sedimentation velocity divided by the approach

velocity.
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Interception is a geometric mechanism that occurs when the trajectory of a
particle of diameter Dp moves within a distance of less than half of Dp from a grain

diameter Dg. The interception parameter, R, is:
R=D,/D, (6.12)
and the single-grain collection efficiency (nr) is:

. =H(ER>  (6.13)

where H(g) is a hydrodynamic factor and is a function of the bed porosity (Boulaud,

1991).

H(g)=63e2*  (6.14)

For smaller sizes of aerosol particles Brownian motion becomes more
significant as a mechanism of removal. Otani et al. (1989) have developed an

equation for the diffusional efficiency of a single grain:
- JUR,) p f2(R,)
77D _B(Re)Sc Re (6'15)

where Sc is the Schmidt number (v/Di where v is the kinematic viscosity of air, and

Di is the Stokes-Einstein diffusion coefficient), and:
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2 R’
R)=-Z= . e \
fiR) 3 6(R +2.0x10°)
for R, <30: B(R)=8 and f,(R)=-2/3
for30<R <100: B(R)=40 and f,(R)=-1.15 (6.16)

Over the particle size range of interest, 0.05 pm to 2.5 pum, the contribution of
these mechanisms changes. Diffusion is dominant for small particles, which are
moved easily by Brownian motion. For larger particles, Brownian motion is less
significant, but settling velociﬁes are larger, so sedimentation dominates. Diffusion
and sedimentation removal are equal at about 1.2 um under the conditions of this
study. Interception is negligible throughout the range. Impaction is negligible for
the small particles because of their low mass, but it accounts for about 10% of
removal for particles of 2.5 um (Ozis et al. 2004a).

It is valuable to note that the diffusion collection efficiency depends on the
Reynolds number for flow through the packing. In turn, the means that treatment
success increases with air velocity, and therefore decreases with the cross-sectional
area of the granular filter. Biofilter designers are accustomed to accepting reactor
volume as the primary determinant of removal efficiency for a given contaminant
and packing conditions, with the appropriate combination of reactor depth and cross-
sectional area determined by secondary factors such as the ability of the packing to
resist crushing under its own weight or the allowable reactor footprint. For the

interception of fine particles, however, two granular beds of the same volume (and
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EBRT) but different cross-sectional areas are predicted to have different removal
efficiencies.

The effect is not strong—in some cases doubling the diameter of a cylindrical
bed can decrease removal efficiency by 20%—but it will in sometimes dictate that
multiple reactors should be operated in series rather than in parallel. Ultimately,
design will involve a tradeoff between the higher efficiencies resulting from higher

flow rates and the associated higher head losses (Ozis et al. 2004a).

6.3 Results and Discussion

The experimentally determined particle removal efficiencies for the filters
using lava rock packing (0.3 cm median) showed that particle collection increases
with increasing depth of the filter media for depths from 9 to 27 cm (Figures 6.2 to
6.4). As expected, greater time of exposure allowed for more particle removal by
either diffusion or sedimentation (Ozis et al. 2004a).

For all flow rates, the relationship between removal efficiency and particle
size was similar, with a minimum for particles with diameters between 0.5 pm and
0.7 pm (Figures 6-2 to 6-4). The observation that particle removal decreases as flow
rate increases for larger particles is consistent with the conclusion that impaction was
not a significant removal mechanism. Lower flow rates (hence higher residence

times in the filter bed) result in higher removal efficiency for the entire range studied
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that is again consistent with the conclusion that diffusion and sedimentation
dominate removal and the effect of impaction is smaller. Removal efficiency
increases with decreasing particle size for particles smaller than 0.5 pm and
increases with size for particles larger than 0.7 pm. This supports the hypothesis that
the dominant removal mechanism for the smaller size range is diffusion, that a
combination of diffusion and sedimentation are seen in the middle size range (neither
of which is fully effective), and that sedimentation dominates for the higher particle

size range (Ozis et al. 2004a). All the experimental data can be seen in Appendix V.
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Figure 6-2: Removal Efficiency vs. Aerodynamic Diameter for three flow rates on 9 cm of
dry lava rock
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Figure 6-4: Removal Efficiency vs. Aerodynamic Diameter for three flow rates on 27 cm
of dry lava rock. (Experimental data shown as points, model calculations lines)
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Excepting a few results for small particles in the 3.6 LPM case, the removal
efficiencies measured in the sand-filled bed (0.15 cm grains, Figure 6-5) were higher
than those in the comparable lava rock experiment (0.3 cm grains, Figure 6-4). This
presumably occurred because the sand medium has smaller pores and the distances
over which the particles diffused or settled before contacting the packing grains were
shorter (Ozis et al. 2004a).

Theoretical and experimental data showed similar trends: removal efficiency
curves were U-shape, with removals lower for the middle size range and higher for
the smallest and largest particles (Figures 6- 4 and 6- 5). In the case of lava rock
media, theoretical calculations predicted somewhat lower removal values than the

experimental results (Ozis et al. 2004a).
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Figure 6-5 : Removal Efficiency vs. Aerodynamic Diameter for three flow rates on 27 cm
of dry sand. (Experimental data shown as points, model calculations lines)
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Particles, especially in the middle size range, were removed more effectively
than calculations indicated for all flow rates. This presumable reflects the'effects of
additional factors like electrostatic forces that were not included in the theoretical
calculations. Moreover, the estimation of total filtration efficiency for a granular
filter using theoretical models of single bodies must be viewed cautiously because
the current theoretical description of the effect of neighboring collectors on particle
trajectories is inadequate (Shapiro et al. 1988). This may also account for the error in
the estimation of removal efficiencies on lava rock. On the other hand, in the case of
sand media, theoretical calculations approximated experimental removals more
closely. The greatest divergence between theoretical and experimental data occurred
in the middle size range; again, factors not included in the model may have had some
effect.

The comparison of removal efficiencies between dry and wet media at
different flow rates for 27 cm of media (Figure 6-6 and 6-7) shows that dry media
removal efficiencies for ultrafine particles were higher than those observed for wet
media. At least two factors may have contributed to this difference. Added water
forms a film on the media granules that reduces the size of the larger pores and fills
the smallest pores. This decreases the total porosity and the actual contact time and
surface area available for contact by particle diffusion. It also raises the relative
humidity for air in the pores to a value very close to 100%. Hydrophilic particles

may act as condensation nuclei, gaining a film of water from the humid atmosphere
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that effectively increases their size and thus reduces their diffusion rates (Ozis et al.
2004a). However, the removal efficiency for the larger particles was not much
affected by water on the medium. Because the dominant mechanism of removal is
sedimentation rather than diffusion, any effects of reduction in pore volume could be
countered by accumulation of a water film on the particles, because it would increase
their mass and thus their sedimentation velocities. Additionally, the decreased pore
volume and the resulting higher interstitial velocities may also enhance particle
impaction, which is just beginning to have some effects at the largest particle sizes.

This phenomenon has also been suggested by Raynor and Leith (2000).
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Figure 6-6: Removal Efficiency vs. Aerodynamic Diameter for 27 cm wet and dry lava
rock. Filled symbols are removal on wet media; lines with empty symbols refer to dry media
(repeating data of Figure 6-4).
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Figure 6-7: Removal Efficiency vs. Aerodynamic Diameter for 27 ¢cm wet and dry sand.
Filled symbols are removal on wet media; lines with empty symbols refer to dry media
(repeating data of Figure 6-5)

Finally, an additional experiment was run to provide a head-to-head
comparison of the polystyrene latex beads and the ammonium sulfate particles in the
size range of 0.1 to 0.4 pm. The polystyrene latex particles are hydrophobic, and
are expected to be unaffected by condensation on the particles. The hydrophilic
ammonium sulfate particles will increase in size as humidity promotes condensation.
When tested under identical conditions, removal efficiencies for PSL beads were
essentially unaffected by the addition of water to the media (Figure 6-8). But the
removal efficiencies for small ammonium sulfate particles were clearly higher on dry

media than on wet. Thus we conclude that condensation on the particles and the
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associate reduction in diffusion rates is the important factor in reducing removal
efficiencies in wet media. Effects are important for ultrafine particles, but not for

fine particles (Ozis et al. 2004a).
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Figure 6-8: Comparison of removal efficiencies of PSL and Ammonium Sulfate particles
on 27 cm of sand bed at 2.4 LPM. (Data for ammonium sulfate are repeated from Figures 6-
5 and 6-7.)

The pressure differences across the filter packing were measured with
pressure gauges. The pressuie drops measured during experimental studies were
very low, well within the range of values typically seen for economically viable

biofilters (Table 6-2 and 6-3).
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Table 6-2: Pressure drop data measured during the experimental studies with lava

rock media
Pressure Drop (mm of water)
9 cmdeep bed | 18 cm deep bed 27 cm deep bed
Flowrate (LPM) Dry Dry Dry Wet
1.2 0.127 0.381 0.508 0.127
2.4 0.254 0.508 0.762 0.381
3.6 0.381 0.635 1.016 0.508

Table 6-3: Pressure drop data measured during the experimental studies with sand

media
Pressure Drop (mm of water)
27 cm deep bed
Flowrate (LPM) Dry Wet
1.2 1.397 1.016
2.4 2.286 1.778
3.6 5.08 2.032

6.4 Application of the Model

The data were in fair agreement with predictions of previously developed
model for collection efficiencies in granular bed filters. This model allows
conceptual design of granular filters that can be effectively applied to major sources
of particulate matter (Ozis et al. 2004b). A granular filter that could remove 91% of
heavy-duty diesel truck emissions (2000 — 5000 LPM) could be small enough for use
on-board. The size of a granular filter for emissions from Caldecott Tunnel located

in Berkeley, California was also determined. The calculations are certainly
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preliminary and approximate, but allow a general assessment of the feasibility of
granular beds for removing particulates in real-world applications.

In use, granular filters will gradually fill with particles, limiting their useful
lifetime. The time to clogging for the hypothesized filters was shown to be

acceptable for practical use.

6.4.1 Heavy Duty Diesel Truck

Heavy-duty diesel vehicles are substantial contributors of particulate matter,
and as health effects of fine PM have become more apparent; EPA is developing
stricter regulations (EPA, 2000).

Diesel particles are a complex mixture of elemental carbon, a variety of
hydrocarbons, sulfur compounds and other species (Burtscher, 2001). The particulate
emissions from vehicles can be easily affected by vehicle class and weight, driving
cycle, vehicle use patterns, fuel type, engine exhaust after treatment, vehicle age, and
the terrain traveled (Holmen and Ayala, 2002). Zhi et al.(2002) have studied the
characteristics of the diesel exhaust particulate for S195 diesel engine (at a speed of
2000 rpm, and engine load range of 0 - 0.7 MPa) and found average particle exhaust
concentrations of 200 mg/m’ in cooled exhaust. However, for the purpose of this
paper we have assumed steady state conditions of operation, so that PM emissions
were insensitive to the vehicle weight (Clark and Gajendranand, 2003). The fine

particle size distribution of heavy-duty diesel truck emissions has been determined
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by EPA’s On-road Diesel Emissions Characterization by sampling directly from the
plume (Brown, 2001).

Assuming 3500 LPM average flow rate for the exhaust, a granular filter that
can remove 91% of particulate matter emissions from a heavy duty diesel truck
specified by the study conditions of Zhi et al.(2002), could be a cylinder 115 ¢cm long
and 100 cm in diameter (or three cylinders 115 cm long and 70 ¢cm in diameter). The
design EBRT is 16 seconds. The total volume of particles (m®) per cubic centimeter
of air is 1.59x10-13. Assuming 40% initial porosity in quartz sand packing (0.15 cm
average grain size), that clogging occurs when the initial porosity is reduced by half,
and 10 hours of operation per day, the time-to-clogging for this granular filter was
calculated as 564 days (Ozis et al. 2004b).

While this filter is large, it is still within range of practical use on a typical
diesel tractor, where it could be placed behind the cab, or on top, behind the
aerodynamic fairing. Cleaning or replacement of the media would be required about

once every 18 months, but this seems a workable maintenance schedule.

6.4.2 Caldecott Tunnel

Caldecott tunnel, which has three bores, runs in the east-west direction
through the Berkeley hills and connects Oakland and Berkeley with inland
communities in Contra Costa County (Miguel et al. 1998). Each bore is

approximately 1.1 km long, 8 m wide and 10 m high.

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The tunnel has been the object of several studies because it has bores
reserved for heavy-duty and light-duty traffic. These bores are divided by concrete
walls, and air is not mixed between them. Allen et al. (2001) has sampled particulate
matter mass concentration in the tunnel during the passage of 37,500 vehicles in four
sampling events, each of which ran for 3 hours. They reported 102 pg/m’ as the
average PM 1.9 mass concentration in Bore 1, where the heavy-duty vehicle
contribution is much greater than that for light-duty vehicles. The bores are fitted
with CO sensors and a fiber optic system for tracking traffic flow and triggering the
ventilation system when toxic gases build up. For the calculation here it was
presumed that the ventilation system replaced the air in the tunnel 10 times per hour,
so that the total flow rate of the air is 9500 m’/min. The mass concentration of
particulates was presumed to be 1452 g/day.

Assuming 40% porosity in 0.15 cm quartz sand grains, the granular filter that
can remove 90% of the total particulates is 125 cm long and 50 m in diameter. The
EBRT is 15 seconds, and the clogging time is 373 days. Such a system could be
designed, for example, as 25 stacked tanks 1.25 m deep and 10 m in diameter, or in
some other configuration convenient for land availability at the site. The installation

would again be very large but within the range of practicality (Ozis et al. 2004b).
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7 CONCLUSION

Important transport, topological and biological reaction processes observed in
biofilters were combined to form a set of differential equations that provided a
description of constituent concentration, change in the pore characteristics, and
biofilm growth. The differential equations were solved numerically, and given initial
conditions, the model predicted removal efficiency, elimination capacity and head
loss profiles throughout the useful life of the biofilters. Both theoretical and
experimental biofilters were modeled for different substrates. Experimental biofilters
were modeled under oxygen-limitation kinetics. The applicability of the model was
evidenced by its ability to model two different types of biofilters having different
pore sizes.

Results from bench scale studies suggest that the use of biofiltration for
control of ethanol emissions is feasible as a control alternative. The loading rate was
30 g/m’/hr, selected to be lower than the values reported in literature to avoid
accumulation of acidic intermediates (Pérez et al. 2002; Christen et al. 2002; Hodge,
1993). Biofilters can reduce ethanol emissions in a safe, natural and sustainable way.
Biofilter systems work at room temperature without toxic chemicals. They are safer
than incineration or chemical scrubbing; they use less energy, do not produce
hazardous end products, and characterized as a “natural” process (Ozis et al. 2005).

Packed-bed granular filters proved effective, for practical filter sizes and flow

rates, for removal of fine and ultrafine particles from air. The grain sizes used and
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the observation that operation with wet grains was effective are consistent with the
eventual development of biological treatment systems for airborne particles
composed of biodegradable materials. A biofilter of this kind could simultaneously
remove biotransformable compounds such as unburned hydrocarbons and nitrogen
oxides. A recent study by Higuchi et al. (2004) showed that it is possible to reach
100% PM removal for the size range of 0.03-0.5 pm in a compost-woodchip biofilter
where MEK was supplied as organic compound.

Granular filters utilizing other means of removing accumulated particles from
the filter bed might also be used. However, for the ultrafine particles, removal
efficiencies may be somewhat reduced in a wet bed because of the increase in
particle size resulting from condensation.

This work also demonstrated the conceptual feasibility of granular filters for
the on-road emissions of a truck and for emissions of a fleet of diesel vehicles in a
tunnel. Such filters would be large, but not impossibly large, and the time-to-
clogging would be acceptable. Additional work is needed to identify the best

mechanism for cleaning or replacing the media.
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NOTATION

pe: percolation threshold, %

Z: coordination number, unitless

f(n): pore-size distribution

A(n): the fraction of the total number of pores that is available, %

p(n): the fractionof pores with radius less than or equal to the biofilm thickness, %
Xa(n): the fraction of pores available to contribute to the treatment process, %
Xi(n): the fraction of filled pores that don’t contribute to the treatment process, %
n': a sum over other values of n

n: step number

Xna(n): the fraction of pores that are neither filled nor available, %

r: pore radius, cm

r;: biofilm thickness, cm

K: ethanol degradation constant for surface limited case, cm sec™!

K,: ethanol degradation constant for volume limited case, sec’

p : the location parameter of log-normal distribution

o : the shape parameter of log-normal distribution

Xact: active biomass density, gm™

Um : the growth constant, h™!

K : the half saturation constant, gm'3

C : concentration of the substrate, ppm
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kq : the death rate constant, h’!

D: the diffusion coefficient, m* hr'!
Y: biomass yield, mg biomass/mg substrate

R: maximum pore radius, cm
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APPENDICES

I: DERIVATIONS OF EQUATIONS FOR THE MODEL
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Flat Plate Pores, Surface Area Limited Growth

Half of the separation between the plates is r,, the thickness of the biomass is r;, and
the half the thickness of the air apace is r.

Growth of biomass is assumed to be proportional to surface area of the biomass,

which is the same with the surface of the pore in this case.

dv, _ kbC A= KA
dt Ps
Where:

P, = biomass density, g biomass/cm’

Vg = volume of biomass on one plate, cm’

k = reaction constant, cm/s

b = stoichiometric coefficient, g biomass/ g contaminant
C = concentration of contaminant in liquid phase, g/cm’
A = surface area of one plate, cm? and

_kbC
Ps

K

Since biomass only grows outwards from the surface, so:

LW&=KLW
dt

where L and W are length and width of the pore.
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This shows that as the biofilm grows, the available surface area doesn’t change.
Flat Plate Pores, Biomass Volume Limited Growth

The basic equation:

dav
dtB =5 Vs
where:
K, = k,bC
Ps

. . -1
and Ky is the reaction rate constant, s
But biomass can only grow outwards so:

w9 -k, L,
dt

or
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L= K, ¥,
dt Vi
Inr, =Kt

r,=Ce & att=0, and r=rio (initial value of r;)

r,=r,e""
1 7,
t =—In(LL)
KV io

As growth proceeds, the volume of biomass increases and the rate increases.

Cylindrical Pores, Surface Area Limited Growth
The basic equation is:

dv, B
dt 5

where Ap = is the surface area of the biofilm( at radius r)

i(Lizrf - L7Z7‘2)= KL27mr
dt

Only the inner radius of the biofilm changes, so:

—2r£ =2Kr

dt
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noting,

d __dr

dt dt

dr _

dt

so, ri=Kt

and ¢ = s
K

As the growth proceeds, the available surface declines, but so does the amount of

biomass needed to increase the thickness of the film.

Cylindrical Pores, Biomass Volume Limited Growth

The basic equation is:

dv,
dt

=KV,

InV, =Kt
v, =Ce™
Ve =2allr® —(r-1)*]
V, =2a[2rr —r7]
27l[2rr, -1, = Ce™'

at t=0; r=rio ¥ 27L[2rr, —1,']1=C
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2alf2rr, — 1= 27l[2rr, —r, le*"

1 2rr, =1
t=—In| ———
K 14 2rrio - rio
The volume of the biofilm is proportional to the difference between the square of the

original radius of the pore and the square of the remaining open radius.

Calculation of Available Surface Area:

Parallel plate pores:

For parallel plate pores, it is assumed that each has a total fixed surface area of
Ap,(independent of the pore size r;, which is the half the distance between the plates).
The total available surface area is:

S,(m)=A A(n)

This can be related to the maximum possible surface area in the biofilter, occurring

~ at t=0 (a trivial case, because the area doesn’t change with r;):

s, (m=—22__ 4

A,,Zf(n')

for the special case of uniform pores, all the pores remain open and with the same
surface area until the biofilter fills with biomass.

Sp=1 forn<Nand Sp;=0 orn 2 N
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Cylindrical Pores:

For cylindrical pores, the biofilm surface is a cylinder with the same length L as the
pore but with radius reduced by the thickness of the biofilm:

pore surface area = 27l [r(n) -7, ]

so the total surface area for available pores is:

8. (n) = 20 _ Zzzu:[r(n) r1f ()

[1= p(M] sz

relative to the maximum surface area, which occur at the beginning of the process

when the thickness of the biofilm is negligible and all of the pores are available, at

t=0,
e IR I NN 3 CORATICD
Src (n) — [ ( )] n'=n+l _ 1 (n) n'=n+1N
Soranreny PN S g

For the special case of uniform pore radius r*,
N
Se =27L(r* =)D f(0) = 22 (r *~1,)]
n'=0

for the case of uniform pores, the area relative to the maximum area at t=0 is:
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2L * =) )

S, (M) = r*

reu

2m * Lif(n')

Calculation of Available Biomass:

Parallel plate pores

For parallel plate pores, the volume of the available biomass is equal to the available
surface area multiplied by the thickness of the biofilm:

B,(n)=An)4,r,

relative to the amount of biomass that would be present if all the pores were
completely filled:

Am4,r, _ A(myr,

Brp(n)= N TN
ZA,,r(n')f (n) Zr(n')f (n')

for the special case of parallel plate uniform pores of separation 2r*, all pores are

available
N

Bpu (n) = Zf(n')Apri = Aprl
n'=0

Relative to initial total porosity of the biofilter:
A ¥ v,
B (m)=F————=—

,ZApr*f(n') re
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Cylindrical Pores

For cylindrical pores, the biomass occupies annular layer on the inside of the pores

between the radius r(n’) of the pore and r(n’)-r;

7 %é}ﬂanm . S CORIADAVICD
A &

=0 zan;{zr(n')r, -1 1f(n")

Relative to the initial total porosity of the biofilter:

)y P )V CO R R M s

B = [l — P(”)] n'=n+1 [1 - p(}'l)] nmntl
rc N N
”LZ["(”')]Zf (n') Z[r(n')]2 f(n)

in the special case of uniform pores of radius r*, all the pores are available:

N
B, =al) [2r*r —r’1f() = a[2r *r, - 1,"]
n'=0

relative to the initial total porosity of the biofilter:
_ Rr*rn-r’] _[2r*r -]

B N 2
e

reu
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Effective Conductance, Permeability and Head loss Calculation

Effective permeability is given as k ~ Pry” by Yortsos (1997).

Headloss is calculated using the effective medium approximation. In this approach, a
value of pore conductance is chosen such that local variations on conductance

average to zero. Kirkpatrick (1973) has shown that this condition reduces to

G En "8 Jd
I (g)[g+(z/2_1)gm o

Where g is the conductance of a single pore, z is the connectivity of the pores, and G

() is the frequency distribution of pores of conductivity g. For each pore, the

headloss AP = g0, where Q is the airflow through the pore, g, is the equivalent

conductance, proportional; to the overall conductance of the medium. Thi sis

equivalent to:

iG(nv)l: 'gm —g(n') :} =0

n'=0 g(n ) + (2/2 - 1)gm

the sum may be divided into a portions for which g(n’) is zero (pores filled or

inaccessible) and portion for which g(n’) is nonzero (accessible pores).

[I—A(n)]l: 5, -] }’[1 :4(”) > G(n.)[ £, = &) } 0

[0+(z/2-1)g,,] pm)].5 gn')+(z/2-1g,

[-A(m] At < [ g, =801 }0
@2-D -] gn)+(z/2-Dg,

but G(n’)dn = f(n’)dn, so
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[1-dm] A N 8n —8"')
! m =0
(z/2-1) [1 - p(m)] =Z+1 st ){ gn')+(z/2-Dg, ]

an alternate formulation is possible in terms of the frequency distribution of available

pores, fa(n’):

o f(n+ny
1 =

[1-p(m)]f, (n') = f(n'+n)

or  [I-pm)]if,(n'-n)=f(n")

[ A A(m) % g, — g(n—n)
1- " m =0
e e DI A ")[g<n'—n>+<z/2—1>gm}

[1- 4(n)] g, —gn-n) |
z/2-1) +A("),,Z,,+1f (= [ (n'~n)+(z/2—1)g,,,}0

using the presumption that conductance is proportional; to the cube of pore radius:

g=k’

[L-AM], A . k)’ ~krm) |
(z/2- B [1- p(n)] ;Hf ){k[r(n')f+(z/2—1)krm3]_o

this equation canbe solved numerically to determine the root ry

[-4m] _Am < ry ~[r@)r’
' =0
(z/2-1) [1—p(n)]n§,1 ! [[r(n')]3 +(z/2—-1)rm3}
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Permeability
Darcy’s law

_k,AP
HL

q

where: q is fluid flow velocity, k, is the initial permeability and AP is the pressure
difference between two positions separated by L, and p is the fluid dynamic
viscosity.

From Yortsos (1997)

k~PB I

Initially if one can measure the headloss, the experimental permeability can be

determined, that is proportional to effective radius (rm):

__ M9 5
e

k,(exp)

Therefore: S = r,i )

Further permeability values can be calculated by

. ,Br,f _ koz(exp) r,,f
v, (th)

Headloss
By using above equation head loss could be back calculated by using Darcy’s

equation, therefore head loss:
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where p is the fluid dynamic viscosity (Pa.s), L is the height of the biofilter media,

AP is the head loss (Pa), q is the flow velocity (m/s).

Calculation of Pore Size Distribution for Accessible Pores:
The pore size distribution for the accessible pores is a distribution with the same
shape as f,, but normalized so that the sum is equal to 1.

R

2./

[, =f.(r+r)=2
PWAR)

This can be multiplied by a factor equal o 1:

3.70) XS0 WLONLC
L) =fr+r)= “ = fu(r+7)— " _ 1fx(r;ri)
DS 2 SO £y P

further
for+r)=Am) f(r+r1)
SO

f(r+r)

1.0 =4
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II: MATLAB PROGRAM FOR THE MODEL FOR SAND

BIOFILTER
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PERCOLATION MODEL:

clear all;
close all;

global sub
sub = zeros(100,1);
global time
time = zeros(100,1);
global STARTVALUE
global changeTime
Cg=100;
H=29.5;
STARTVALUE(1) = Cg/H;
for part=1:5

part

sandfitting_oxygen % call for CELLULAR AUTOMATON PART

R =0.135/2; % cm, maximum pore radius comes from Horiba analysis

N=100;
rc = R/N;
r=rc:rc:R; % pore radius, cm

ri=rc:rc:R;

inp= 0.39; % initial porosity, measured
pc =0.75;

K=9.72*10"9; % cm/sec
Kv=28.33*10"-7; % 1/sec

z=6;

% create arrays

p=linspace(0,0,100); Xb=linspace(0,0,100); Xa=linspace(1,1,100);
Xnab=linspace(0,0,100); Xna=linspace(0,0,100);An=linspace(1,1,100);
fr= linspace (0,0,100);Src=linspace (0,0,100);Brc= linspace (0,0,100);

rm = linspace(0,0,100);tcs = linspace (0,0,100);DeltaP=linspace(0,0,100);
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% normalize the fr

for n=1:100
if(n<36)
fr(n) = 0;
elseif (n >= 36)&(n < 66)
fr(n) = (-119080*r(n)*3 + 9028.8*r(n)"2 - 191.52*r(n) + 1.1339);
elseif (n >= 67)
fr(n)=0;
end

end

loopfr=0;
for i=1:100

loopfr = (loopfr + fi(i));
end

c=1/loopfr;

fr(1)= 0;

p(D)= fr(1);
An(1)= 1- p(1);

forn=2:100
if(n<36)
fr(n) = 0;
elseif (n >= 36)&(n < 66)
fr(n) = c*(-119080*r(n)"3 + 9028.8*r(n)"2 - 191.52*r(n) + 1.1339);
elseif (n >= 67)
fr(n)=0;
end

p(n) = p(n-1)+ fr(n);

%An= accessibility function

if (p(n) > pe)
An(n) = 0;
elseif (p(n) > 0.6) & (p(n) <= pc)
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An(n)= ( (-201.5478*p(n)"3) + (394.3989*p(n)"2)-
(258.3581*p(n))+56.9690);
elseif (p(n)<= 0.6)
An(n) = 1- p(n);
end
end

%INITIAL VALUES WHEN n=1
Xb(1)= (An(1)/(1-p(1))*f(1);
Xa(1)= An(1);

Xnab(1)= ((1- An(1))* fr(1));

Xna (1) = 1- Xa(1)- Xb(1);

loopcc=0;
for i =1:100,

loopcce = loopce+ (fr(i)*r(i)*r(i));
end

%cc= uniform pores' surface area /distributed pores' surface area
cc= R"2/(loopcc);

% for first Src
loopSrcl = 0;
fori=2:100
loopSrcl = loopSrcl + ((r(i)- ri(1))*fr(i));
end

loopSrc2 = 0;
fori=1:100

loopSrc2 = (loopSrc2 + (r(i)*fr(i)));
end
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Src (1) = cc*(An(1)/(1-p(1)) *(loopSrc1/loopSrc2));
tes(1)=ri(1)/K;

% for first Brc
loopBre1=0;
fori=2:100
loopBrel = loopBrel + (2 * r(i)* ri(1) - ri(1)"2 )* fr (i);
end

loopBre2=0;
fori=1:100

loopBrc2 = loopBre2 + r(i)"2*fr(i);
end

Bre(1)= An(1)/(1-p(1))*(loopBrc1/loopBrc2);

% for first rm

Ax=An(1);

px=p(1);

n=1;

rmroot = integral_sandfitting(r,n,c,R,N,Ax,px);
rm(1) = rmroot;

% FOR FIRST HEAD LOSS

length = 0.15/5; % depth of the filter, meter

vis= 0.0000185; % dynamic viscosity of air , Ns/m”2
Vs=0.0065; % superficial Velocity, m/s

ko= (vis*Vs)/((19.61/5)/length); %einitial-experimental permeability
permeability beta= ko/(rm(1)/100)"2;

k(1)=permeability beta* (rm(1)/100)"2; %permeability

DeltaP(1)= (length*vis*Vs/k(1))*(1/9.80665); % mm of water
porosity(1)= inp;
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% BIGLOOP !
for n=2:100,

Xb(n)= Xb(n-1) + (An(n)/(1-p(n)))*fr(n);
Xa(n)=An(n);

Xnab(n)= p(n)- Xb(n);

Xna(n)= 1- Xa(n)- Xb(n);

% Surface Area for CYLINDERS

loopl = 0;

fori=n+1:100,

loopl = loop1 + (x(i)- ri(n))*fr(i);
end

Src(n) = cc * (An(n)/(1-p(n))*(loop1/loopSrc2));
% Biomass for CYLINDERS

loop3=0;
for i= n+1 : 100,

loop3 = loop3 + (2 * r(i)* ri (n)- ri(n)"2)* fr (i);
end
Bre(n)= (An(n)/(1-p(n)))*(loop3/loopBrc2);

% call integral part for rm calculation

Ax=An(n);

px=p(n);

rmroot = integral sandfitting(r,n,c,R,N,Ax,px);
rm(n) = rmroot;

tes(n)=ri(n)/K;

% HEAD LOSS

k(n)=permeability beta* (rm(n)/100)"2;
DeltaP(n)= (length*vis*Vs/k(n))*(1/9.80665);
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% calculate porosity of the bed
loopalfa2=0;
for i =n+1 :100,
loopalfa2= loopalfa2 + (r(i)-ri(n))"2*fr(i);
end
alfa(n) = An(n)/(1-p(n))*(loopalfa2/loopBrc2);
% alfa is available pore volume/total Pore volume
porosity(n)= alfa(n)*inp; % porosity = initial porosity*alfa

end %end of big loop

uni=100*inp*2/R; % surface area/volume ratio

for i=1:100
“EC(i) = sub(i)*Src(i)*uni;
end
fori=1:100
if (part ==1)
initial = Cg/H;
else
initial = STARTVALUE();
end

STARTVALUE() = initial - (((sub(i)*Src(i)*uni)/1000)*0.0011);
end
changeTime(1:100) = time(1:100);

for i=1:100
if (part==1)
firstEC(i)= EC(1);
firstHL(i)= DeltaP(i);
firsttime(i)= time(i);

elseif (part==2)
secondEC(i)= EC(i);
secondHL(i)= DeltaP(i);
secondtime(i)= time(i);

elseif (part==3)
thirdEC(i)= EC(i);
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thirdHL(i)= DeltaP(i);
thirdtime(i)= time(i);

elseif (part==4)
fourthEC(i)= EC(i);
fourthHL(i)= DeltaP(i);
fourthtime(i)= time(i);

elseif (part==5)
fifthEC(i)= EC(i);
fifthHL(i)= DeltaP(i);
fifthtime(i)= time(i);
end
end

end % end for part 1 to 5 loop

for i=1:100
totalHL(i)= firstHL(i)+secondHL(i)+thirdHL(i)+fourthHL(i)+fifthHL(i);
total EC(i)= firstEC(i)+secondEC(i)+thirdEC(i)+fourthEC(i) + fifthEC(i);
end

% data from experimental biofilter

X=[ 588 688 7.75 8.08 883 9.00 9.75 996 10.71
11.75 12.71 13.71 14.67 15.67 16.63 16.96 17.67 18.67 19.63
20.58 22.54 23.54 23.63 24.54 25.54 26.50 27.50 28.42 28.96
29.42 30.42 3233 33.33 3429 3529 3629 37.29 39.25 40.25
41.21 4225 4321 44.17 46.17 47.13 48.13 49.13 50.13 51.13
53.13 54.21 55.08 56.08 57.08 58.08 60.08 61.08 62.08 64.17
65.13 66.46 67.08 68.08 69.29 70.08 71.13 74.04 75.04 76.13
77.08 78.04 79.08 81.08 82.08 83.08 84.04 85.04 88.08 89.08
90.08 91.04 92.04 93.04 95.04 96.04 97.04 98.00 99.00 100.00
101.96 102.96 103.96 104.96 105.96 108.96 109.96 110.96 111.96 113.04
115.88116.83 117.88 118.88 119.88 120.83 122.83 123.92 124.92 125.83
126.88 129.88 130.88 131.92 136.88 137.88 142.79 143.88 144.92 145.88
149.88 150.92 151.92 152.88 156.96 157.96 158.96 160.00 163.96 164.92
165.92 170.92 171.88 172.88 173.92 174.96 177.88 178.88 180.13 180.88
181.83 185.00 185.83 186.88 187.83 188.92 191.75 194.13 194.88 195.67
198.75 199.63 204.67 206.58 207.58 208.63];
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EC_Y=[3.175.73

11.59
23.90
26.38
23.31
24.19

26.22
20.22
25.79
20.90
26.42

25.67 26.78

25.91
27.92
26.83
23.62
20.55
7.68
24.61
24.97
21.63

RE_Y=[0.11
0.40
0.82
0.90
0.80
0.83
0.88
0.88
0.95
0.92
0.81
0.70
0.26
0.84
0.85
0.74

HL_Y=[2

ool St BE N \O B o8

W W
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26.44
27.95
24.44
26.63
24.95
23.49
19.83
22.96
23.30

0.20
0.89
0.69
0.88
0.71
0.90
0.91
0.90
0.95
0.83
0.91
0.85
0.80

0.68
0.78
0.79

2
2
2
4
7
8
1
1

3
3

24.72
26.96
26.28
26.09
25.88
24.05
22.62
25.62
24.87
24.80
19.12
21.89
26.28
23.32
25.64
21.74

0.84
0.92
0.90
0.89
0.88
0.82
0.77
0.87
0.85
0.85
0.65
0.75
0.90
0.80
0.87
0.74

——0 = L PN

W W

21.51
24.72
25.70
23.91
25.09
26.43
24.80
26.70
26.90
25.87
8.11

23.27
24.20
19.66
23.63
9.12

0.73
0.84
0.88
0.82
0.86
0.90
0.85
0.91
0.92
0.88
0.28
0.79
0.83
0.67
0.81
0.31

——00 ~] W DN

L W

— — O N s

L W

22.37
19.64
25.59
25.09
19.69
26.13
25.62
24.03
26.92
23.77
23.33
20.77
23.17
23.70
21.72

0.76
0.67
0.87
0.86
0.67
0.89
0.87
0.82
0.92
0.81
0.80
0.71
0.79
0.81
0.74

—= O 3 W BN N

(VS 2 O¥)

24.47
14.23
25.92
21.79
24.71
23.42
22.42
26.17
20.56
26.97
25.39
24.30
23.37
19.30
18.15

0.83
0.49
0.88
0.74
0.84
0.80
0.76
0.89
0.70
0.92
0.87
0.83
0.80
0.66
0.62

e\~ W R NN

W W

26.65
19.15
17.12
25.66
24.96
26.52
24.07
25.58
24.85
26.99
23.89
21.63
22.45
16.87
24.06

0.91
0.65
0.58
0.88
0.85
0.90
0.82
0.87
0.85
0.92
0.82
0.74
0.77
0.58
0.82

— = \O S R NN

W W

19.78
22.30
2542
21.45
25.37
26.31
24.36
26.72
25.05
26.80
24.51
23.49
24.26
19.93
14.97

0.67
0.76
0.87
0.73
0.87
0.90
0.83
0.91
0.85
0.91
0.84
0.80
0.83
0.68
0.51

o NN

13
13

18.80
2.34

26.25
23.00
23.74
26.75
24.67
27.94
22.86
28.36
25.43
23.17
21.58
19.34
20.16

0.64
0.08
0.90
0.78
0.81
0.91
0.84
0.95
0.78
0.97
0.87
0.79
0.74
0.66
0.69

~ BN

10
13
13

o NN

13
15
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15 15 15 15 15 16 16 16 16 16 16
16 16 17 17 17 17 17 17 17 17 17
20 20 20 20 20 22 24 26 30 30 30
30 30 30 30 31 33 36 36 42 47 47
48 48 48 50 50 50 50 54 60 68 68
70 70 80 80 80 80 80 80 84 94

103 110}
% plot the figures
figure(1)

plot(firsttime(1:end)*0.01667*0.0001/24,

firstHL,'g',secondtime(1:end)*0.01667*0.0001/24, secondHL.,'m'...
,thirdtime(1:end)*0.01667*0.0001/24, thirdHL,

'k',fourthtime(1:end)*0.01667*0.0001/24, fourthHL,'y'...
[fifthtime(1:end)*0.01667*0.0001/24, fifthHL,'b',

fifthtime(1:end)*0.01667*0.0001/24, totalHL,'r")

xlabel('time,days")

ylabel('HL, mm of water")

figure(3)

plot(time(1:end)*0.01667*0.00001/24, porosity, 'b")
xlabel('time, days")

ylabel('porosity")

figure(4)

plot(firsttime(1 :end)*0.01667*0.0001/24, firstEC/1000*0.479, 'b:',
secondtime(1:end)*0.01667*0.0001/24, secondEC/1000*0.479,'m--',
thirdtime(1:end)*0.01667*0.0001/24,thirdEC/1000*0.479,'k-.,
fourthtime(1:end)*0.01667*0.0001/24,
fourthEC/1000*0.479,'yd',fifthtime(1:end)*0.01667*0.0001/24,fifthEC/1000*0.479,’
g-o', fifthtime(1:end)*0.01667*0.0001/24, totalEC/5000*0.479,'r-")

xlabel('time, days")

ylabel('total EC, g/m"3.hr")

legend('first part','second part','third part','fourth part','fifth part','overall")

figure(5)
plot(fifthtime(1:end)*0.01667*0.00001/24, totalEC/5000/29.31*0.479)

xlabel('time, days')
ylabel('Overall Removal Efficiency")
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figure(6)

plot(fifthtime(1:end)*0.01667%0.0001/24, totalEC/5000*0.479, 'k-', X, EC Y, 'ko")
xlabel('time, days")

ylabel('EC, g/m”3/hr")

legend('model','experimental')

figure(7)

plot(fifthtime(1:end)*0.01667*0.0001/24, totalHL,'k-',.X,HL_Y,'ko")
xlabel('time, days")

ylabel('Head Loss, mm of water')

legend("'model','experimental’)

figure(8)

plot(fifthtime(1:end)*0.01667*0.0001/24, (totalEC/5000*0.479)/29.31,'b-",X,
RE_Y,'bo") % 590 works fine for 200 days

xlabel('time, days")

ylabel('Removal Efficiency")

legend(‘model','experimental')

EFFECTIVE PORE RADIUS CALCULATION PART:

function [rmroot] = integral_sandfitting(r,n,c,R,N,Ax,px)
rm=0;
z=0;

% routine starts here

int=0;

intx=0;

igraph=0;

intsub=0;

for i=1:10
rm=1*R/10;

for j=n+1:N
if r(j)<(0.02214)
x=0;
intx=intx+ fx*(rm"3-r(G)"3)/(r(j)"3+(z/2-1)*rm"3);
elseif r(j)>=(0.02214) & r(j) <=(0.04059)
fx=c*(-119080*r(G)"3 + 9028.8*r(j)"2-191.52*r(j) + 1.1339);
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intx=intx+ x*(rm”3-r(j)*3)/(r()"3+(z/2-1)*rm"3);
elseif r(j) > (0.04059)
fx=0;
intx=intx+ x*(m"3-r(G)*3)/(r(j)"3+(z/2-1)*rm"3);
end
end
int= (1-Ax)/ (z/2 -1)+ Ax*intx/(1-px);
igraph=igraph+1;
rg(igraph)=rm;
intg(igraph)=int;
intx=0;
end

start=0;
for i=1:10
if (intg(i)<0)
start=rg(i);
end
end

for i=1:10
=start+(i-1)*R/100;

for j=n+1:N
if r(j)<(0.02214)
x=0;
intx=intx+ fx*(m"3-r(G)*3)/(r(G)"3+(z/2-1)*rm"3);
elseif r(j)>=(0.02214) & 1(j) <= (0.04059)
fx=c*(-119080*r(j)"3 + 9028.8*r(j)"2-191.52*r(j) + 1.1339);
intx=intx+ fx*(rm"3-r(j)"3)/(r()"3+(z/2-1)*rm"3);
elseif r(j) > (0.04059)
x=0;
intx=intx+ fx*(rm"3-r(j)"3)/(r(G)"3+(z/2-1)*rm"3);
end
end

int=(1-Ax)/(z/2 -1)+Ax*intx/(1-px);
igraph=igraph+1;
rg(igraph)=rm;
intg(igraph)=int;
intx=0;
end
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start2=0;
for i=11:20
if intg(i)<0
start2= rg(i);
end
end

for i=1:10
rm= start2+(i-1)*R/1000;
for j=nt+1:N
if 1(j)<(0.02214)
fx=0;
intx=intx+ fx*(rm"3-r(G)*3)/(t(G)"3+(z/2-1)*rm"3);
elseif r(j)>=(0.02214) & r(j) <=(0.04059)
fx=c*(-119080*r(j)*3 + 9028.8*r(j)"2-191.52*r(j) + 1.1339);
intx=intx+ fx*(rm"3-r(G)Y*3)/(x(G)"3+(2/2-1)*rm"3);
elseif r(j) > (0.04059)
x=0;
intx=intx+ fx*(rm"3-r(G)*3)/(r(G)"3+(z/2-1)*rm"3);
end
end
int= (1-Ax)/ (z/2 -1)+ Ax*intx/(1-px);
igraph=igraph+1;
rg(igraph)=rm;
intg(igraph)=int;
intx=0;
end

index=1;
for i=21:30
if intg(i)<0
index=i;
end
end

rmroot = rg(index);
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CELLULAR AUTOMATON PART:

if (part > 1)

clear ClI cut a Xinact Xactpast Xset ind t ri changeIndex S tt indValue L epsilon
exceeded cutoff Xtotal Xexcess Xactpresent;

clear indl ind2 t1 t2 ril ri2 tFinal steps rm k permeability beta DeltaP;
end

sub = zeros(100,1);
time = zeros(100,1);

N =100;

R =0.135/200; %om
rc = R/N;

W=rc;

deltaX = W;

cut =0;

a=0.0001;

deltaT = 0.01667*a; %hour

m = 0.02; % per hour

Ks=0.26; %gm-3

kd=0.016; %l1/h

beta=0.17; %mg/mg

Df=2.41e-9*3600; % m2/hr,

Yact =0.1; %yield coefficient on oxygen mg biomass/ mg of oxygen consumed
Xinact(1) =0;

Xactpast(1) = 25000; % mg biomass/L

Xset = 30000; % mg biomass/L

ind=1;

t=[]

i=[];
ri(l)=W;
changelndex = 1;
S(1)=0;

tt(1) = 0;
indValue = 0;
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Cl=[STARTVALUE(1) STARTVALUE(1) ;STARTVALUE(1)
STARTVALUE(1) ; STARTVALUE(1) STARTVALUE(1)];
L=1;

while (L <N+2)

epsilon = 0;
exceeded = 0;
cutoff = 0;
a=1;

while (exceeded == 0 & cutoff == 0)
for layerInd = 1:L
epsilon = 0;
layerl = layerInd;
layer2 = layerInd +1;
layer3 = layerInd +2;
Cl(layer2, 1)= Cl(layer2, 2) + (deltaT * Df * (Cl(layer3, 2) - 2*Cl(layer2, 2)

+ Cl(layerl, 2)) / deltaX"2) - (deltaT * m * Cl(layer2, 2) *
Xactpast(layerInd) / (Ks + Cl(layer2, 2)) * Yact));

epsilon = epsilon + (Cl(layer2, 1) - Cl(layer2, 2))"2;

Xactpresent(layerInd) = Xactpast(layerInd) * (1 + ((m*Cl(layer2, 2))/(Ks +
Cl(layer2, 2)))*deltaT*a - kd*deltaT*a);
end % for

Xinact(1:L) = Xinact(1:L) + deltaT*beta*kd*Xactpast(1:L)*a;
Xtotal(1:L) = Xactpresent(1:L) + Xinact(1:L);

epsilon = sqrt(epsilon/(L));

if (epsilon < le-3)
a=10000;

else
a=1;
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end
fori=1:L-1
if (Xtotal(i) > Xset)

Xexcess = Xtotal(i) - Xset;
Xactpresent(i) = Xactpresent(i) - (Xexcess*(Xactpresent(i)/Xtotal(i)));
Xinact(i) = Xinact(i) - (Xexcess*(Xinact(i)/Xtotal(i)));

Xactpresent(i+1) = Xactpresent(i+1) +
(Xexcess*(Xactpresent(i)/Xtotal(i)));
Xinact(i+1) = Xinact(i+1) + (Xexcess*(Xinact(i)/Xtotal(i)));

Xtotal(i:i+1) = Xactpresent(i:i+1) + Xinact(i:i+1);
end

end

if (Xtotal(L) > Xset)
exceeded = 1;

Xexcess = Xtotal(L) - Xset;
Xactpresent(L) = Xactpresent(L) - (Xexcess*(Xactpresent(L)/Xtotal(L)));
Xinact(L) = Xinact(L) - (Xexcess*(Xinact(L)/Xtotal(L)));

if(L<1)
Xactpast(L+1) = Xset;
Xinact(L+1) =0;
Xactpresent(L+1) = Xset;
else

Xactpresent(L+1) = Xexcess*(Xactpresent(L)/Xtotal(L));
Xinact(L+1) = Xexcess*(Xinact(L)/Xtotal(L));
Xtotal(L:L+1) = Xactpresent(L:L+1) + Xinact(L:L+1);
end
end

t(ind) = indValue;
ri(ind) = L*W;
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ind=ind + 1;
indValue = indValue + 1 + a;

Xactpast = Xactpresent;
CI(:,2) = CI(;,1);
CI(1,:) = CI(2,2);

if (L ==N+1)
break
end

end %while loop

deltaS(1,2) = 0;

fori=1:L-1
deltaS(i,1) = m*CI(i, 2)/(Ks + CI(i, 2))*(Xactpresent(i)/Yact)*deltaX*1000;
deltaS(i+1,2) = deltaS(i,2) + m*CI(i, 2)/(Ks + CI(i,
2))*(Xactpresent(i)/ Yact)*deltaX*1000; % mg/m"2/hr
end

if (L>1)
S(L) = deltaS(L,2);
tt(L) = t(ind-1);
end

if (part >1)
while(tt(L) > changeTime(changeIndex) & (changelndex < 99))
changelndex = changelndex + 1;
end
end

Cl = [C]; STARTVALUE(changeIlndex) STARTVALUE(changelndex)];
value = CI(L+2,1:2);

CI(L+2,1:2) = STARTVALUE(changelndex);

L=L+1;

if (L > 5 & (abs(S(end) - S(end-1)) < 0.5 & S(end) > 10))
cut=cut+1;

end

186

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



if (cut==1)
ind1 = size(S,2);
ril = ri(end);

tl = t(end);
end
if (cut > 5)

ind2 = size(S,2);
ri2 =ri(end);
t2 = t(end);
break;

end

end % big while loop

ClI(L+1,1:2) = value;
L=L-2;
Xtotal(L+1) = Xactpresent(L+1) + Xinact(L+1);

tInc = tt(end) - tt(end - 1);

slope = (ri2 - ril )/(12 - t1);

tFinal = (R -ril + slope*t1)/slope;
steps = fix(tFinal/tInc);

for i = ind2+1:100
S(i) = S(end);
tt(i) = tt(i-1) + tinc;
end

time(1)=0;
sub(1)=0;

fori=2:100
time(i) = tt(i);
sub(i) = S(i);
end
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III: ETHANOL BENCH SCALE BIOFILTER RESULTS

188

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LAVA ROCK BIOFILTER TEST RESULTS:

Inlet Outlet HL
Date Days (ppm) {(ppm) RE (%) (mm) pH
6/8/2004 S T A R T
6/9/2004 0.9 74.036 49.403 33% 2 7
6/9/2004 1.2 64.586 64.892 0% 2
6/10/2004 1.9 120.030 62.192 48% 2
6/10/2004 2.2 114.658 77.793 32% 2
6/11/2004 2.9 112.181 66.534 41% 2
6/11/2004 3.1 75.051 129.438 -72% 2
6/12/2004 3.8 92.447 68.817 26% 2
6/13/2004 4.8 133.780 98.153 27% 2
6/14/2004 5.9 74.105 96.080 -30% 2
6/15/2004 6.9 121.714 77.292 36% 2
6/16/2004 7.8 212.980 54.663 74% 2
6/16/2004 8.1 103.177 33.204 68% 2
6/17/2004 8.8 85.433 21.723 75% 2
6/17/2004 9.0 64.183 10.868 83% 2
6/18/2004 9.8 77.877 10.534 86% 2
6/18/2004 10.0 91.905 10.450 89% 2
6/19/2004 10.7 79.922 15.836 80% 2
6/20/2004 11.8 107.519 15.794 85% 2
6/21/2004 12.7 91.696 10.367 89% 2
6/22/2004 13.7 104.054 9.323 91% 2
6/23/2004 14.7 107.394 8.905 92% 2
6/24/2004 15.7 75.539 9.365 88% 2
6/25/2004 16.6 138.331 9.239 93% 2
6/25/2004 17.0 126.015 9.573 92% 2
6/26/2004 17.7 109.523 11.035 90% 2
6/27/2004 18.7 263.540 10.951 96% 2
6/28/2004 19.6 159.749 9.281 94% 2
6/29/2004 206 118.332 9.866 92% 2
71172004 22,5 88.982 9.323 90% 3
7/2/12004 235 45.645 11.202 75% 3
7/2/2004 236 66.187 9.072 86% 3
7/3/2004 245 74.286 9.072 88% 3
7/4/2004 255 54.622 9.198 83% 3
7/5/2004 26.5 87.771 8.864 90% 3
7/6/2004 27.5 75.539 11.703 85% 3
7712004 28.4 73.284 29.655 60% 3
7/8/2004 29.0 101.424 9.072 91% 3
7/9/2004 29.4 97.165 9.198 91% 4
7/10/2004 30.4 84.348 18.557 78% 4
7/112/2004 32.3 75.079 9.010 88% 4
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Iniet Outlet HL

Date Days (ppm) {(ppm) RE (%) (mm) pH
7/13/2004 33.3 99.127 15.860 84% 4
7/14/2004 34.3 61.385 8.989 85% 4 7
7/115/2004 35.3 85.809 9.323 89% 4
7/16/2004 36.3 66.855 9.156 86% 5
7/117/2004 37.3 40.134 10.951 73% 5
7/19/2004 39.3 74.495 16.086 78% 5 7.5
7/20/2004 40.3 62.471 15.878 75% 5
7/21/2004 41.2 31.868 16.212 49% 5
7/22/2004 42.3 29.488 9.740 67% 5
7/23/12004 43.2 20.512 8.905 57% 5 7.5
7/24/2004 442 39.425 10.492 73% 5
7/26/2004 46.2 38.089 9.072 76% 5
7/27/2004 47 1 81.718 9.114 89% 7
7/28/2004 48.1 25.104 9.239 63% 7
7/29/2004 491 39.216 9.031 77% 8
7/30/2004 50.1 47.065 9.991 79% 8
7/31/2004 51.1 65.393 10.659 84% 8
8/2/2004 53.1 42.973 10.283 76% 8
8/3/2004 54.2 62.346 9.031 86% 8
8/4/2004 55.1 61.177 9.615 84% 8
8/5/2004 56.1 38.172 9.406 75% 8
8/6/2004 57.1 93.491 9.031 90% 8
8/7/2004 58.1 66.228 13.707 79% 8
8/9/2004 60.1 51.532 8.947 83% 8
8/10/2004 61.1 85.976 19.134 78% 9
8/11/2004 62.1 70.236 11.870 83% 9
8/13/2004 64.2 58.672 17.464 70% 9
8/14/2004 65.1 63.389 13.957 78% 9
8/15/2004 66.5 39.717 11.202 72% 10
8/16/2004 67.1 89.107 16.379 82% 10
8/17/2004 68.1 90.736 8.738 90% 10
8/18/2004 69.3 35.625 8.530 76% 10
8/16/2004 701 62.638 9.156 85% 10
8/20/2004 711 62.471 9.323 85% 10
8/23/2004 74.0 49.194 8.905 82% 10
8/24/2004 75.0 47.775 8.655 82% 11
8/25/2004 76.1 35.291 8.947 75% 11
8/26/2004 771 55.498 9.907 82% 11
8/27/2004 78.0 55.081 9.114 83% 11
8/28/2004 79.1 59.214 9.072 85% 11
8/30/2004 81.1 28.319 8.738 69% 11
8/31/2004 82.1 60.843 8.655 86% 11
9/1/2004 83.1 49.319 9.740 80% 11
9/2/2004 84.0 43.892 15.210 65% 12 7
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Inlet Outlet HL
Date Days (ppm) (ppm) RE (%) (mm) pH

9/3/2004 85.0 81.175 15.293 81% 12

9/6/2004 88.1 91.070 9.198 90% 12

9/7/2004 89.1 93.032 8.822 91% 12

9/8/2004 90.1 174.403 10.742 94% 12

9/9/2004 91.0 78.879 8.780 89% 12
9/10/2004 92.0 176.741 18.717 89% 12
9/11/2004 93.0 70.696 13.748 81% 12
9/13/2004 95.0 88.356 10.116 89% 12
9/14/2004 96.0 61.928 17.255 72% 12
9/15/2004 97.0 116.913 21.764 81% 12
9/16/2004 98.0 70.362 11.369 84% 12
9/17/2004 99.0 79.338 21.430 73% 12
9/18/2004 100.0 32.703 9.239 72% 12
9/20/2004 102.0 30.490 9.824 68% 12
9/21/2004 103.0 35.792 8.989 75% 12
9/22/2004 104.0 76.040 9.281 88% 12
9/23/2004 105.0 109.982 11.202 90% 12
9/24/2004 106.0 74.328 11.202 85% 12
9/27/2004 109.0 137.621 15.001 89% 12
9/28/2004 110.0 34.874 14.208 59% 13
9/29/2004 111.0 98.835 8.822 91% 13
9/30/2004 112.0 92.280 10.742 88% 13
10/1/2004 113.0 294.435 15.043 95% 13
10/4/2004 115.9 418.224 16.546 96% 13
10/5/2004 116.8 40.719 9.198 77% 13 7.6
10/6/2004 117.9 39.341 9.281 76% 13
10/7/2004 118.9 851.507 9.239 99% 13 7.5
10/8/2004 119.9 10.951 9.114 17% 13
10/9/2004 120.8 65.059 9.824 85% 13 7.5
10/11/2004 122.8 55.373 9.323 83% 13
10/12/2004 123.9 60.843 13.623 78% 13
10/13/2004 124.9 39.842 8.905 78% 13
10/14/2004 125.8 59.006 11.118 81% 13
10/15/2004 126.9 86.310 15.418 82% 13
10/18/2004 129.9 72.825 9.657 87% 13
10/19/2004 130.9 110.734 8.989 92% 13 7
10/20/2004 131.9 43.182 10.575 76% 15 7
10/25/2004 136.9 55.457 14.291 74% 15
10/26/2004 137.9 37.379 10.241 73% 15
11/1/2004 142.8 68.191 16.295 76% 15
11/2/2004 143.9 49.987 14.750 70% 15
11/3/2004 144.9 39.091 13.790 65% 17
11/4/2004 145.9 38.089 18.550 51% 17
11/8/2004 149.9 61.093 11.410 81% 17 7
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Inlet Outlet HL
Date Days (ppm) (ppm) RE (%) (mm) pH

11/9/2004 150.9 31.534 12.120 62% 17
11/10/2004  151.9 23.852 8.738 63% 17
11/11/2004 152.9 32.619 5.469 83% 17
11/15/2004 157.0 26.482 9.198 65% 17 7
11/16/2004 158.0 22.766 9.156 60% 17
11/17/2004 159.0 36.544 9.156 75% 20
11/18/2004 160.0 26.106 9.448 64% 20
11/22/2004 164.0 58.045 9.866 83% 20
11/23/2004 164.9 60.592 11.202 82% 20
11/124/2004 165.9 40.552 10.659 74% 20
11/29/2004 170.9 52.492 15.585 70% 23
11/30/2004 171.9 33.955 17.464 49% 23
12/1/2004 172.9 32.745 9.281 72% 25
12/2/2004 173.9 50.280 12.454 75% 25
12/3/2004 175.0 36.210 8.738 76% 25
12/6/2004 177.9 55.999 12.037 79% 25
12/7/2004 178.9 33.204 9.365 72% 25 7
12/8/2004 180.1 40.761 9.198 77% 27
12/9/2004 180.9 59.590 10.534 82% 27
12/10/2004 181.8 35.041 11.202 68% 27
12/13/2004 185.0 21.556 9.198 57% 27
12/14/2004 185.8 42,765 9.031 79% 27
12/15/2004 186.9 50.154 9.699 81% 30
12/16/2004 187.8 28.361 9.532 66% 30
12/17/2004 188.9 21.389 9.323 56% 30
12/20/2004 191.8 62.805 8.780 86% 32
12/22/2004 194.1 13.373 9.031 32% 32
12/23/2004 194.9 27.776 11.494 59% 32
12/24/2004 195.7 21.263 10.450 51% 32
12/27/2004 198.8 42.264 9.156 78% 32
12/28/2004 199.6 16.838 9.448 44% 32
1/1/2005 204.7 26.524 10.033 62% 32
1/3/2005 206.6 22.432 9.573 57% 34
1/4/2005 207.6 22.224 9.490 57% 34
1/6/2005 209.6 31.033 10.033 68% 36
1/7/2005 2106 21.597 10.033 54% 36
1/8/2005 211.6 18.842 10.784 43% 38
1/10/2005 213.6 11.661 9.281 20% 38
1/11/2005 214.6 46.313 15.084 67% 40
1/12/2005 215.6 34.081 14.166 58% 40
1/13/2005 216.6 25104 8.947 64%
1/14/2005 217.6 17.923 9.198 49%
1/17/2005 220.5 24.269 10.909 55%
1/18/2005 221.6 48.651 15.210 69%
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Inlet Outlet HL
Date Days (ppm) (ppm) RE (%) (mm) pH
1/19/2005 222.6 46.522 26.607 43%
1/20/2005 223.6 56.041 21.681 61%
1/21/2005 224.6 67.105 16.754 75%
1/24/2005 2276 40.427 11.160 72%
1/26/2005 229.6 49.737 10.534 79%
1/27/2005 230.7 50.655 9.573 81%
1/28/2005 231.6 21.848 9.406 57%
1/31/2005 2346 52.993 8.822 83%
2/2/2005 2356 42723 9.323 78%
2/3/2005 236.6 103.135 11.703 89%
2/4/2005 237.6 20.721 10.116 51% 7
2/7/2005 240.6 90.276 10.116 89%
2/8/2005 2416 58.421 9.281 84%
2/10/2005 2427 32.661 9.532 71%
2/11/2005 2437 32.411 9.072 72%
2/14/2005 246.6 34.248 10.492 69%
2/15/2005 2476 42.305 10.158 76%
2/16/2005 248.6 27.275 9.198 66%
2/18/2005 250.6 28.319 9.198 68%
2/21/2005 253.6 43.683 10.408 76%
2/23/2005 2556 45,896 15.043 67%
2/24/2005 256.6 37.880 11.786 69%
2/25/2005 257.5 90.402 11.243 88%
2/28/2005 260.6 64.224 9.072 86%
3/1/2005 261.7 47.190 9.031 81%
3/2/2005 262.6 36.293 9.949 73%
3/4/2005 264.6 48.860 20.595 58%
3/7/2005 267.6 49.528 12.538 75% 7
3/8/2005 268.7 37.003 17.589 52%
3/9/2005 269.7 44.852 16.128 64%
3/10/2005 270.6 37.755 16.462 56%
3/14/2005 2747 54.705 20.094 63%
3/17/2005 277.7 54.121 19.218 64%
3/21/2005 2816 37.003 17.589 52% 7
3/23/2005 283.7 52.284 16.629 68%
3/25/2005 285.7 39.926 23.393 41%
3/28/2005 288.7 39.717 17.422 56% 7
3/30/2005 290.7 33.830 12.997 62%
4/1/2005 2928 15.502 9.991 36%
4/4/2005 295.7 19.176 12.579 34% 7
4/5/2005 296.7 24102 18.842 22%
4/6/2005 297.7 24.228 19.134 21%
4/7/2005 298.7 29.154 23.184 20%
4/11/2005 302.8 34.707 29.488 15% 7
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SAND BIOFILTER TEST RESULTS:

Inlet Outlet RE HL
Date Days (ppm) (ppm) (%) (mm) pH
6/8/2004 S T A R T
6/9/2004 0.9 85.31 71.57 16% 2 7.5
6/9/2004 1.2 149.98 72.53 52% 2
6/10/2004 1.9 104.78 119.46 -14% 2
6/10/2004 2.2 97.50 79.39 19% 2
6/11/2004 2.9 105.61 93.31 12% 2
6/11/2004 3.1 71.04 87.69 -23% 2
6/12/2004 3.8 93.03 70.32 24% 2
6/13/2004 48 79.21 91.07 -15% 2
6/14/2004 5.9 84.51 75.39 1% 2
6/15/2004 6.9 74.16 59.67 20% 2
6/16/2004 7.8 84.31 13.21 84% 2
6/16/2004 8.1 37.67 10.03 73% 2
6/17/2004 8.8 75.37 9.53 87% 2
6/17/2004 9.0 39.38 9.32 76% 2
6/18/2004 9.8 100.38 16.59 83% 2
6/18/2004 10.0 122.34 11.12 91% 2
6/19/2004 10.7 82.34 26.77 67% 2
6/20/2004 11.8 105.39 37.80 64% 2
6/21/2004 12.7 76.12 46.02 40% 2
6/22/2004 13.7 89.36 9.41 89% 2
6/23/2004 14.7 111.57 8.95 92% 2
6/24/2004 15.7 119.71 18.76 84% 2
6/25/2004 16.6 123.84 36.21 71% 2
6/25/2004 17.0 157.45 51.96 67% 2
6/26/2004 17.7 67.23 34.58 49% 2
6/27/2004 18.7 371.26 128.64 65% 2
6/28/2004 19.6 184.84 4418 76% 2
6/29/2004 20.6 118.21 108.75 8% 2
7/1/2004 225 91.70 16.92 82% 2
7/2/2004 235 124.80 38.69 69% 2
7/2/2004 236 87.31 9.03 90% 2
713/2004 245 75.96 9.36 88% 2
71412004 25.5 69.53 9.28 87% 4
7/5/2004 26.5 91.82 11.66 87% 4
7/6/2004 275 78.75 9.11 88% 4 7.5
717/2004 28.4 52.62 21.89 58% 4
7/8/2004 29.0 81.17 10.78 87% 4
7/9/2004 294 94.20 9.82 90% 4
7/10/2004 304 93.87 9.39 90% 4
7/12/2004 323 74.08 8.89 88% 4
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Inlet Outlet RE HL
Date Days (ppm) (ppm) (%) (mm) pH
7/13/2004 33.3 92.36 10.16 89% 4
7/14/2004 343 48.32 8.91 82% 4 75
7/15/2004 35.3 73.62 11.41 85% 4
7/16/2004 36.3 61.22 8.82 86% 5
7/17/2004 37.3 50.20 12.87 74% 5
7/19/2004 39.3 81.84 10.20 88% 5 75
7/20/2004 40.3 60.76 16.30 73% 5
7/21/2004 412 40.97 8.82 78% 5
7/22/2004 423 4961 10.16 80% 5
7/23/2004 432 40.51 11.62 71% 5 7.5
7/24/2004 442 76.04 8.91 88% 5
7/26/2004 46.2 76.08 10.95 86% 5
7/27/2004 47.1 99.34 10.95 89% 7
7/28/2004 48.1 34.12 11.20 67% 7
7/29/2004 49.1 78.21 12.29 84% 7
7/30/2004 50.1 68.98 10.24 85% 7
7/31/2004 51.1 67.81 9.11 87% 7
8/2/2004 53.1 58.55 11.12 81% 7
8/3/2004 54.2 85.43 14.92 83% 7
8/4/2004 55.1 93.16 9.20 90% 7
8/5/2004 56.1 57.59 10.32 82% 7
8/6/2004 57.1 94.91 9.32 90% 7
8/7/2004 58.1 56.79 12.12 79% 7
8/9/2004 60.1 83.30 9.03 89% 7
8/10/2004 61.1 83.30 16.75 80% 8
8/11/2004 62.1 97.58 9.28 90% 8
8/13/2004 64.2 100.17 10.24 90% 8
8/14/2004 65.1 112.36 9.82 91% 9
8/15/2004 66.5 77.50 9.62 88% 9
8/16/2004 67.1 139.00 11.99 91% 9
8/17/2004 68.1 61.55 14.04 77% 9
8/18/2004 69.3 74.62 11.49 85% 10
8/19/2004 70.1 110.53 13.25 88% 10
8/20/2004 71.1 76.12 9.57 87% 10
8/23/2004 74.0 71.11 16.71 76% 13
8/24/2004 75.0 97.00 17.34 82% 13
8/25/2004 76.1 68.82 11.62 83% 13
8/26/2004 77.1 89.69 14.21 84% 13
8/27/2004 78.0 85.14 9.87 88% 13
8/28/2004 79.1 114.12 11.16 90% 13
8/30/2004 81.1 78.38 9.87 87% 13
8/31/2004 82.1 112.15 9.99 91% 13
9/1/2004 83.1 67.65 11.29 83% 13
9/2/2004 84.0 74.70 13.46 82% 13 6.5
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Inlet Outlet RE HL
Date Days (ppm) (ppm) (%) (mm) pH
9/3/2004 85.0 101.84 10.91 89% 13
9/6/2004 88.1 74.95 9.53 87% 13
9/7/2004 89.1 145.80 12.87 91% 13
9/8/2004 90.1 215.90 10.07 95% 13
9/9/2004 91.0 210.93 10.03 95% 13
9/10/2004 92.0 216.24 10.03 95% 13
9/11/2004 93.0 100.59 15.25 85% 13
9/13/2004 95.0 166.97 13.71 92% 13
9/14/2004 96.0 85.93 17.09 80% 13
9/15/2004 97.0 153.53 12.54 92% 13
9/16/2004 98.0 72.87 21.76 70% 13
9/17/2004 99.0 81.59 12.41 85% 15
9/18/2004 100.0 67.23 9.78 85% 15
9/20/2004 102.0 46.15 10.16 78% 15
9/21/2004 103.0 112.24 9.49 92% 15
9/22/2004 104.0 69.69 11.58 83% 15
9/23/2004 105.0 73.37 11.29 85% 15
9/24/2004 106.0 135.66 15.92 88% 16
9/27/2004 109.0 188.81 17.97 90% 16
9/28/2004 110.0 75.83 14.33 81% 16
9/29/2004 111.0 215.86 17.21 92% 16
9/30/2004 112.0 174.40 13.83 92% 16
10/1/2004 113.0 289.09 24.73 91% 16
10/4/2004 115.9 455.05 14.71 97% 16
10/5/2004 116.8 132.86 25.81 81% 16 3
10/6/2004 117.9 112.61 10.28 91% 17 4
10/7/2004 118.9 656.83 228.39 65% 17 5
10/8/2004 119.9 12.08 8.74 28% 17
10/9/2004 120.8 70.65 8.78 88% 17 5.5
10/11/2004 122.8 81.51 16.63 80% 17 45
10/12/2004 123.9 68.23 9.11 87% 17 45
10/13/2004 124.9 48.40 8.95 82% 17 6.5
10/14/2004 125.8 67.44 11.03 84% 17 7
10/15/2004 126.9 95.33 12.62 87% 17 4
10/18/2004 129.9 69.86 20.89 70% 20 4
10/19/2004 130.9 69.61 10.37 85% 20 5.5
10/20/2004 131.9 47.02 11.91 75% 20 7
10/25/2004 136.9 74.04 15.25 79% 20 7
10/26/2004 137.9 64.02 9.24 86% 20 6
11/1/2004 142.8 71.95 20.97 71% 22 6.5
11/2/2004 143.9 72.20 12.33 83% 24 6
11/3/2004 144.9 47 .23 12.37 74% 26 8.5
11/4/2004 145.9 72.41 14.37 80% 30 7
11/8/2004 149.9 100.71 21.10 79% 30 7
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Inlet Outlet RE HL
Date Days (ppm) (ppm) (%) (mm) pH
11/9/2004 150.9 12.58 9.28 26% 30
11/10/2004 151.9 53.66 10.66 80% 30
11/11/2004 152.9 87.73 9.07 90% 30
11/15/2004 157.0 69.23 12.08 83% 30
11/16/2004 158.0 100.71 21.10 79% 30
11/17/2004 159.0 100.71 21.10 79% 31
11/18/2004 160.0 53.41 10.83 80% 33
11/22/2004 164.0 77.25 18.09 77% 36
11/23/2004 164.9 73.28 12.62 83% 36
11//24/2004 165.9 61.80 16.30 74% 42
11/29/2004 170.9 107.06 1717 84% 47
11/30/2004 171.9 70.90 22.93 68% 47
12/1/2004 172.9 86.23 17.63 80% 48
12/2/2004 173.9 53.91 17.76 67% 48
12/3/2004 175.0 55.33 10.45 81% 48
12/6/2004 177.9 74.91 14.33 81% 50
12/7/2004 178.9 61.64 21.05 66% 50
12/8/2004 180.1 77.83 33.04 58% 50
12/9/2004 180.9 118.79 38.01 68% 50
12/10/2004 181.8 31.33 10.66 66% 54
12/13/2004 185.0 59.05 8.74 85% 60
12/14/2004 185.8 72.12 15.63 78% 68
12/15/2004 186.9 90.15 11.29 87% 68
12/16/2004 187.8 55.83 10.83 81% 70
12/17/2004 188.9 35.54 17.05 52% 70
12/20/2004 191.8 108.02 27.99 74% 80
12/22/2004 194.1 32.49 12.37 62% 80
12/23/2004 194.9 61.18 10.95 82% 80
12/24/2004 195.7 52.24 25.56 51% 80
12/27/2004 198.8 76.29 23.81 69% 80
12/28/2004 199.6 49.78 13.04 74% 80
1/1/2005 204.7 66.85 13.71 79% 84
1/3/2005 206.6 53.54 13.83 74% 94
1/4/2005 207.6 27.36 18.84 31% 103 7
1/5/2004 208.6 28.82 20.60 29% 110
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HORIBA

Tovember 1%, 2003

Br. Fethiye Oziz
UNIVERSITY OF SOUTHERN CALIFORNEL
Envivewnentst Soginesring

3630 8. Vennent Ave ; Kap. 210

Los Angsles, CA G085

REF: QUARTZ 5AND & LAYVA ROCK SAMPLES
MODEL:  CAMSMZER :
Dhear Dy Oty

Flaass find enclosad tha resmlts of our analyees fom i ramplss fhizt vou reosntly vbmitted We zan,
thes on the HORIBA Caravizer. :

tue sanples 1an very sastly. During the messurapsent we wied the mm¥e measuremens model. which
shiows 3 distibution that will elosaly vorrelate 4o steving. Shape ealenlations for sphericity and aspect
xato have beaw reported for sack size elass. Al data and zample images have been anclosed for yous
evis. : :

Whex veviewing the dafz shizess, 4t Iz Halpful to kuow soma of the terms and abbreviations waed by the
Lamsizer sofivare. The softwime uoer 190 terninelogy: 0= mumber;, 1 =longth, 3= ares. 3 = velume,
For sxsniwple; 33 1z the cupnilstive disotbution {pereant pazsingz} bazed or volume. P35 e proportion
of particles iy the Facton (percest retained), Bated onvolume,  SPHTT 1 sphariesty based ot volume,
Lod iy aspeet Tatte bazed on volume: PDOE paticle detestions bazed on munber, ete. 4 definitions Het
with velevan 180 terminclogy Has heen sttached 1o this repot:

Thus proved o be an.excellent applicaton for the Cansiizer: The sxperimentsl method employed it
described on the following page. In addition, T Have iicluded a4 ovarlay of three {3} mums for sack sample
ta display repaatabuliey

HAfer reviewing the dsta, shonld you have sy questions, please feal Gee 2o all.

Smeeraly;

Ay p Hou
Laboestory Superisor

Eznclosusas

o By, Michael €. Pohi/HORIBA
Andy Gusewardens HORIBA
Broee Banmear HORIBA
Tem ContaPara Venturss
File No. $7T61-BWS

AWORLD SHEAD (N ANBLYIER TECHNOLOGY
BORIBA INSTRUMENTE INCOPORATED, 17871 Armstiong Ave., buine, DAZ254
{TRl) HEO0-S4ETERR TR B4 E-2R0-0H2
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HORIBA

ovansher 15 2003

Dy, Fetluye Qzis

820 5. Vermment Ave.. Kap 210
Loy Angeles, C& S00ES

MODEL:  CAMSIZER

BT

b

UNIVERSITY OF SGI?‘IF!ERN CALIFORNIA
REF: QUARTZ 53ND & LAVA ROCK SAMPLES ‘
Povear-upihis Canssizer vad st the sefware,

Tapitt all mensiwement pacameters; wie the basie samers auly with e Gl staindess steel fead

zhute. Use acoveraze sreanf 1.0%.

The samples were prepared and iested on the Camsizerby the following method:

Frags the messure ivon to begin the messurement. Messwre the sntive sample. - Once fimished. vaview

thie dats and repeat ths measurament a1 eressay.

SUMMARY OF DRY DATA
Mledian Sire (microns)
SANMPLE 1D -RUN #] RUN 82 RUN =3 ~ AVERAGE
Gz Sxad 2237 2236 2227 1227
Lava Rock 4842 4773 +78% 4785

File 5751-BWS

AW
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CAMSIZER CHARACTERISTICS:

Particle size distribution:

Xarea Particle diameter calculated by the area of particle
X by area « = \/ﬂ
T

Xe min Breadth, particle diameter which is the shortest chord of
the measured set of max. chords of a particle (for results
close to screening)

XFe max Length, particle diameter which is the longest Feret
diameter of the measured set of Feret diameter (for
results close to microscopy)

XFe min Length, particle diameter which is the shortest Feret
diameter of the measured set of Feret diameter

Qs(x) Cumulative distribution, based on volume:
volume proportion of particles smaller than x in proportion
to the total volume

1-Q3(x) Cumulative distribution of residue 1-Qs(x), based on
volume

p3(X1,X 2) |Fractions ps (Xx1,X2) = volume proportion of particles in the
range (xX1,X2): p5(X;,X,) = Q5(X;) -~ Qs(x,)

qs(x) Density distribution g;(x) based on volume, first
derivative of Q3(x)

dQ;(x)
q;(x) dx

Qo(x) Cumulative distribution Qo(x), based on number of
particles:
number of particles smaller than x in proportion to the
total number of particles

1-Qo(x) Cumulative distribution of residue 1-Qo(x), based on
number of particles

Po(x1,x2) |Fractions po(Xxi,X2) - number of particles in the range
(XIIXZ):

Po(X1,X5) = Qo(X3) — Qo(X,)
Go(x) Density distribution qo(x), based on number of particles,

first derivative of Qo(x)
_dQ,(x)
qo(X) = “dx
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Characteristics:

Q3(x) Qs value, whereat a given particle diameter x is
reached, based on volume
x (Q3) X, whereat which a given Qs value is reached, based on
volume
SPAN3 Span value, based on volume:
X - X
span, - Q) =x(Qs:)
X(Qs)
Here the first index indicates that the values are based
on volume.
In the program the first index has been left off, since
for SPANs; and SPAN, the same Q(x) values are used.
Us nonuniformity, based on volume
U, = Xeo
’ X10
X10! X value for Q, = 10 %; Xeo: X value for Q, = 60 %
Qo (%) Qo value, whereat a given particle diameter x is
reached, based on humber
X (Qo) X, whereat a given Qg value is reached, based on
number
SPANg Span value, based on number of particles
X -X
span, - <(Q0a)=X(Q)
X(Qo,z)
Here the first index indicates that values are based on the
number of particles.
In the program the first index was left off as for
SPAN; and SPAN, the same Q values are used.
Uo Nonuniformity, based on number of particles
U, = 28
X10
X10: X value for Q, = 10 %
Xgo: X value for Q, = 60 %
MA Mean aperture Xs50 = dsg = Dsg  Mean diameter
Cv Coefficient of Variation
SGN Size guide number xso = dsg = Dsg Mean diameter
)} from sieve analysis
Uniformity index
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Indirect determination of the specific surfaces S, and Sy:

Sv s - surface of all particles
‘ ¥ volume of all particles
Sm surface of all particles

= for a given specific
mass of all particles 9 P

m

density

RRSB - characteristics:

N . {Slope of the RRSB line

D' x value, whereat the line reaches a value of 0.632

correlation |Correlation between the RRSB line and Q(x) in the range
between Q; and Q.

Shape characteristics:

XFe Feret diameter xg.

Distance between two tangents placed perpendicular

to the measuring direction. For a convex particle the
mean Feret diameter (mean value of all directions) is
equal to the diameter of a circle with the same
circumference.

(Set of diameter by scanning particles in a defined number of directions.)

I
I
!
| I
| |
|

|

X Fe

<
max (Xge) |The longest Feret diameter out of the measured set of
Feret diameters.
min (xge) |The shortest Feret diameter out of the measured set of
Feret diameters.

215

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Xma

Martin diameter Xxua
Length of the area bisector in the measuring direction

(\ area bisector
|

I |

i |

| X Ma |

Xc

max. chord x. in measuring direction

(Set of diameter by scanning particles in a defined number of directions.)

L

| Xc

min (Xc)

The shortest chord out of the measuréd set of max.
chords x.. A breath/width which is very close to sieving.

SPHT

47A
U2
U - measured circumference of a particle
A - measured area covered by a particle
For an ideal sphere SPHT is expected to be as 1.
Otherwise it is smaller than 1.

Sphericity SPHT =

Symm g3

Symm,; = %(1 + min[:—lﬁ
2

r1 und r, are distances from the centre of area to the
borders in the measuring direction. For unsymmetrical
particles Symm is < 1.

r
If the centre of area is outside the particle i.e. ;1— <0
2
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Symm is < 0.5

Xva =T +1

Symm is minimum value of measured set of symmetry
values.

b/lo,3 min(x)
b/lys = ———£

2 max(Xe, )
min (X.) and max (xge) out of the measured set of x. and
Xre Values
b/l rec 0,3
( ) (b/l)rec03 = min( & J
' XFe

min quotient of perpendicular x. and xg out of the measured set of x.

and Xg. values.

B/Lo,3 min(Xe, )

B/Los =——5
2 max(Xg, )
min (Xre) and max (Xge) out of the measured set of Xge
values
B/L
( / )rec0,3 (B/L)rec0’3 _ mln(Ej
Fe2
min quotient of perpendicular Xg; and g, out of the measured
set of Xg. values.

Xp= Xmean |The Feret diameter, the Martin diameter, the max.
chord and the sphericity for the various size classes
are determined by calculating a mean value, based
on the number of particles within a size class:

_ 1

X== ; X;

As the objects within a class can be distributed
unevenly, the mean

equivalent diameter of circles equal in area, xp,
should be used as

reference value for class-related information.

PDy, PD3 Number of particle detections, measure of the
statistical reliability of the shape characteristics. The
larger PD the more reliable is the value of Xge, Xma, Xc
and SPHT.

Sigma(v)o |Standard deviation of the ratio

n
Sigma(v) = /%Z(l -v,)?
i=1
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mMax(Xe,, X, )
MiN(Xee, X, )
in which the measuring directions of the Feret

diameter and the maximal chord are perpendicular
to each other.

with the ratio v, = of the particle no. i,

Qo (SPHT)= NSPo
Q3 (SPHT)= NSP;3

Proportion of non-spherical particles, whose
sphericity is smaller than a given threshold; based
on number of particles or on volume

Qoss; Symm;
b/1, (/1) (zec)
B/L, (B/L) (rec)

Proportion of particles or volume, whose symmetry, or
various b/l-ratios is smaller than a given threshold

MWo,2/3(X)

Mean value of a chosen characteristic, weighted; x;,= ¥ x
qr(X) AX

Sigma(x) |Standard deviation of a chosen x

Konvg Convexity = (square root) ratio of real particle area and

Konv convex area of particle (as if a band was put around the

3 .

particle)

rD relative Density, mass of sample divided by the volume
of the sample measured with the CAMSIZER®

SGN SIZE GUIDE NUMBER, Calculated diameter of the
“average particle”, expressed in millimeters and multiplied
with 100 (for example: d50 = 0.123 mm => SGN = 12.3)

Ul UNIFORMITY INDEX, ratio of the size of "SMALL
PARTICLES” to "LARGE PARTICLES” in the sample,
expressed in percentage;
Ul is the ratio, times 100, of the two extreme sizes in the
range of particles at the 95% level and the 10% level. UI
=100 means that the particles have the same size,
perfectly uniform; Ul = 50 means that the small particles
are half the size of the large particles in the sample

cv COEFFICIENT OF VARIATION (of SGN or UI)
the coefficient of variation is the standard deviation (SD)
of SGN or UI devided by the average; it is dimensionless

MA | Dsp value
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V: GRANULAR BED EXPERIMENTS FOR PARTICULATE

MATTER REMOVAL
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LAVA ROCK BED EXPERIMENTS:

Dry-Lava rock

Wet-Lava rock

9cm
bed RE RE RE
dp'  o*=12 qg=24 q=36
0.05 80% 58% 44%
0.1 75% 46% 39%
0.15 56% 42% 33%
0.2 54% 40% 31%
0.25 56% 39% 34%
0.5 55% 34% 38%
0.7 52% 27% 31%
1 50% 30% 27%
1.8 52% 37% 46%
2.5 71% 35% 50%
18 cm
bed RE RE RE
dp g=1.2 q=2.4 q=3.6
0.05 83% 68% 66%
0.1 78% 57% 52%
0.15 76% 49% 45%
0.2 70% 45% 43%
0.25 68% 41% 40%
0.5 68% 43% 48%
0.7 64% 46% 40%
1 66% 45% 44%
1.8 71% 48% 48%
2.5 83% 55% 59%
27 cm
bed RE RE RE
dp g=1.2 =24 q=3.6
0.05 85% 84% 83%
0.1 81% 81% 81%
0.15 7% 78% 75%
0.2 78% 78% 76%
0.25 74% 77% 75%
0.5 76% 53% 45%
0.7 78% 59% 49%
0.83 83% 61% 53%
1 86% 60% 47%
1.8 90% 59% 52%
2.5 94% 57% 58%

27 cm
bed RE RE RE
dp g=1.2 g=2.4 q=3.6
0.05 66% 59% 55%
0.1 66% 51% 54%
0.15 73% 59% 49%
0.2 81% 66% 63%
0.25 89% 75% 68%
0.7 79% 74% 70%
1 79% 75% 73%
1.8 87% 86% 83%
25 7% 91% 87%
1- Particle diameter (um)
2- Flow rate (liters per minute)
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SAND BED EXPERIMENTS:
Dry sand 27 cm bed

1.2 LPM 2.4 LPM 3.6 LPM
dp RE RE RE
0.05 99% 98% 95%
0.1 97% 86% 78%
0.15 94% 87% 76%
0.2 92% 84% 71%
0.25 89% 81% 68%
0.3 87% 80% 67%
0.35 87% 77% 65%
0.4 85% 78% 65%
0.5 83% 72% 67%
07 87% 68% 64%
0.83 90% 76% 65%
1 92% 68% 66%
1.8 93% 74% 71%
2.5 97% 7% 75%
Wet sand 27 cm bed
1.2 LPM 24LPM 36LPM
dp RE RE RE
0.05 63% 64% 70%
0.1 68% 68% 65%
0.15 74% 68% 70%
0.2 77% 1% 68%
0.25 78% 75% 73%
0.3 80% 78% 76%
0.4 86% 82% 79%
0.5 66% 69% 67%
0.7 69% 66% 65%
0.83 82% 73% 71%
1 72% 66% 68%
1.8 85% 77% 72%
2.5 98% 81% 79%
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