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ABSTRACT

DEVELOPMENT AND EVALUATION OF A DUAL-SUBSTRATE MODEL FOR
A VAPOR-PHASE BIOREACTOR

Christopher Francis Wend, 1994

To design, scale-up, and understand:the processes of a vapor-bh_ase bioreactor -
(VPBR), a phenomenologically-based mathematical model is developed to describe .

the VPBR. The numerical solution can then be used to evaluate bench-scale VP-
BRs in preparation for pilot-scale VPBRs. To appropriately evaluate the model, the
mass-transfer coefficients must be known for the operating conditions of the VPBR.
To assess the mass-transfer coefficients within the VPBR, a non-reactive tracer was
introduced .into the VPBR and the mass-balance closed. From these studies, a cor-
rected Onda correlation was developed. Use of the. corrected Onda correlation allowed
for the calculation and prediction of an enhancement factor for the liquid-side mass-
“transfer coefficient that was then used in the model. Model results were within-10 %

of those from the bench-scale VPBRs.




CHAPTER 1

INTRODUCTION

_Ma.ny industrial processes produce gas streams that are contaminated with volatile
oxjganic compounds (VOCs). In a.dditiqn, remediation technologies such as soil vapor
extractiqn- (SVE), and air sparging of pumped groundwater, produce lean contam-
inated gas stre:ams. These gas streams are })eing regulated more tightly with each
version of the National Afnbient Air Quality Standards (NAAQS) and it may come
to the point where release of VOCs will be strictly prohibited.

| A big problem currently faced across the nation is leaking underground storage
tanks (LUSTj that contain petroleum 'hydrocarbons such as gaéoline and diesel fuel.
As Qf February, 1993, there were 217,000 confirmed releases from underground storage
tanks (USTs) awaiting cleanup, 75,000 confirmed cleanups, and 165,000 cleanups
initiated, but not completed, in the United States (UST Workshop 1993) .

The treatment technologies available for remedia.ting these sites include pump and
treat and SVE. Remediation activity ‘a.t approximately 7% of these sites will produce a
contaminated vapor stream. In addition, the EPA is pushing alternative 'technolog’ies,
such as SVE, in the éleanup of LUSTs (US';[1 Workshop 1993). This trend should |

increase the production of contaminated gas streams.

To treat a gas stream for volatile organic compounds (VOCs), traditional tech-




nologies employ either a phase change for the VOGCs, or techniques such as thermal
or ca,tal'ytic oxidation in vapor incinerators. Vapor incinerators present high capital
costs along with annual operation and maintenance costs .needed for the process. In
the case of a phase change, the VOC is nc;t destroyed and must subsequently be dis-
posed of in accordance with regulations. This meth;Jd results in conta.minat;ed end
products that vs.lill be increasingly more difficult to treat, or diépose of, due to tighter
regulations. .

To offer an alternative treatment technology, researchers have introduced biofilters
and more receqtly vapor phase bioreactors (VPBR). A VPBR is a gas absorption
column with an active biofilm .att.a.ched to an inert artificial packing. The biofilm acts
as a heterogeneous catalyst that mineralizes the V OCs in question. The activity of
the biofilm is the key to the performance of the VPBR. Constant gas and liquid feeds
are proyiaed, and the VPBR may be operated in cocurrent or counter-current flow
conﬁgura.tioﬁs. The liquid flow rate is kept small to minimize mass-transfe; resistance,

and recycle of liquid may be practiced, all but eliminating a liquid effluent stream.

Goals and Objectives

The main goal of this work was to develop a phenoxﬁenologically—based mathemat-
ical model to describe the steady-state operation of a VPBR. The numerical solution
of the mathematical model could then be used to understand the processes within

the VPBR and to aid in scale-up for pilot-scale VPBRs. Once the model was derived




from a conceptual model, there were a number of input parameters that needed to
be determined within a reasonable amiount of accuracy. The parameters that are

incorporated in the model may be grouped into four general categories. These are

(1) physical constants (e.g. column dimensions, diffusivity, packing characteristics,

and geometry)
(2) mass-transfer ;:oefﬁcients and Henry’s Law constant
(3) biofilm physical constants (e.g. density, thickness, effect on diffusivity)
(4) biofilm kinetic constants.

The physical constants in (1) are well documented in literature such as Perry’s

Chemical Engineering Handbook, 6" ed., and the dimensions of tl}e reactor and pack-

ing can be measured or supplied by the manufacturer. The biofilm constants in (3)

and (4) have a range'of values in the literature that can be used to estimate the

values in the VPBR. For the mass transfer coefficients, it was determined that Onda

correlations were the mmost robust in air stripping of VOCs (Lamarche and Droste

1989, Roberts, et al 1985), but had not been evéluated in biofilm reactor systems

i perf01:ming gas absorption. In addition, the effect of biofilm reaction on the liquid-
side mass-transfer coefficients was unknown. To adequately predict the enharllcement
factor that would predict the ‘grue liquid-side mass-transfer coefficient with reaction

F

present, knowledge of the pure physical mass-transfer coefficients was necessary.




Four objectives were set forth for obtaining the goal of developing a model to

describe a VPBR. These were:
(1) Develop a p._llenoinenologically-based mathematical modei.
(2) Dévelop a computer mode! to solve the model in item (1).
' (3) Evaluate model results against bench-scale data.

(4) Evaluate overall phyéical mass-transfer coefficients.

Experimental Approach

To determine the actual physical overall mass-transfer coefficients, three exper-
iments were conducted to arrive a,i;_ an observed pure physical overall mass-transfer

coefficient for a VPBR with a biofilm present. These experiments are described below.

. (1) The reactor organisms were;plated on minimal media without an electron donor,
and incubated in the presence of various VOCs that were-similar to toluene in-
MW, solubility, and Henry’s law constant. The VOC that produced no growth

was then selected as the non-reactive tracer for the study.

(2) The Henry’s Law constant for the nonreactive tracer chosen from the above

item was then ‘expe‘rimenta,lly determined using reactor effluent.

(3) Tracer studies in the VPBR were then conducted to estimate an observed overall

mass-transfer coeflicient.




CHAPTER 2
BACKGROUND

Gas Absorption

Gas absorption is the process where one or more chemical species transfers from
the gds phase across a gas—liquid. interface and into the liquid phase. If there is no
subsequent reaction in the li.quicl phase, then the absorption .process is said to be
pure physical absorption. Pure physical absorption into .a quiescent liquid occu‘rs
'-cilrough diffusion alone. If the ].iquid is agitated, then advection a]ls'o.' plays a role
i? transferring the chemical species into the liquid. Most industrial and la.boratorSI
proc.esses f_all into this category. To model this process, several theories have been put
fortia. The easiest to visualize and .use is the film model. The film model imagines a
uniform stagnant film of thi.ckness § at the surface of the liquid in contact with the
gas. The assumptions that there is a stagnant layer, and‘that it is uniformly thick,
are both poor. However, pl‘ediétions using t'his model are usually quite close to the
predictions made by moré sophisticated models such as the still surface and sm.‘face

renewal models.

The film model leads f,o the following mathematical model.

g o Do =) 0




b = = | 2)

In equation (1), R is the average rate of transfer of gas per upit area, S* is the
concentration of dissolved gas corresponding to the partial pressure of the gas at the\
_interface between the gas and liquid, S° is the average concentration of the dissolved
gas in the bulk of the liquid, and Ds is the diffusivity of the gas in the liquid. In
equation (2), kL is the physical mass-transfer coefficient for the liquid side. The film
.thickness, 6, accounts for th.e system hydrodynamic properties such as liquid flow,
geometry, and other physical properties.

When there is:gas absorption with a simultaneous chemical reaction in the liquid
phase, then the overall rate of absorption can be g\reater than with- physical gas
absorption alone. To account for-this enhanced absorption rate, researchers have

introduced the concept of an enhancement facf_or, or reaction factor, defined as

E=-E>1 ' (3)

Where k} =mass-transfer coefficient with reaction and k; =mass-transfer coefficient
for pure physical absorption.
Two industrially important processes where gas absorption with reaction leads to

an enhanced overall absorption rate are;
(1) absorption of hydrogen sulfide gas into solutions of amines.

(2) absorption of carbon dioxide into alkaline solutions of carbonates or amines.




In both of these situatioﬁs, the kinetics of t.he reactions are simple, fairly well un-
derstood, and occur fast enough to proceed in the film layer next to the gas-liquid
in‘terfa,ce. In this case, the calculation of an enhancement factor for the liquid-side
mass-transfer coefficient may be made (Danckwerts 1970). For ﬁrst—'order reaction
kinetics and a fast reaction rate, it can be shown that the enhancement factor for £
is

Nor
7 - ks 1 (4)
.L B .

where F is the enhancement fa‘ct.or for kj, the physical mass-transfer coeflicient,
and k; is the first-order reaction-rate co.nsta.nt. As can be seen from (4), adequate
knowledge of kr, is necessary for the 'est‘im.a,tion of E.

Gas absorption in a pa'cked column is a standard way of increasing the gas-liquid
interfacial contact area by forcing gas and liquid through an artificial, uniform, inert
packing material. The packing may be dumped (1"a.ndom) packing, where uniform
'pieces of packing material are dumped into a vertical cylinder, or strucfured packiné,
where the packing is made into large pieces and fit into the column as large structural”
units. The gas and liquid phases are then forced through the column in either a
cocurrer.lt or counter-current configuration. In cocurrent configuration, the gas and
liquid phases flow in the same direction (typically down) through the column. In

counter-current configuration the gas flow is opposite to the flow of the liquid.




Mass-Transfer Correlations

To predict &, and ke (the mass transfer coefficient for gas-side mass transfer) for
an application, it is necessary to include t111'1:;ulent mixing, eddy mixing, diffu-sion,
and other phenomena that inﬂueﬁce the procéss of physical mass transfer. These
phenomena are not easy to predict. Hence, mass transfer correlations ha\}e been
“developed to overcome these difficulties.

In the quest to find a méthod of determining physical mass-transfer coefficients,
ﬁany correlations have been ;1e§eloped. Some of the more i)opular correlgtions in-

clude:
(1) Sherwood-Holloway (1940)
(2) Shulman (1955)
(3) Onda (1968)

These correlations are semi-empirical in nature. That is, they are empirically fit with
bench-scale data, but the model that is fit usually includes dimensionless groups thép
describe the properties and/or the configuration of fhe systexh. Fc;r instance, these
correlations take into account the viscosity, dens.ity, and velqcities of the fluids and
chemicai species involved as well as the Il)hysica,l properties of the i)acking materials
used in the columns. Other properties may be included, or excluded, according to

how the particular researcher developed the correlation..




Onda correlations were chosen on the basis that they were robust with respect
to a wide range of flow regimes and they were developed for random packings (e.g.
Raschig rings). Studies by Robex-‘ts, et al, 1985, and Lamarche, et al, 1989, both show |
Onda to be a very robust correlation for air striﬁping. Onda also predicts individual
local mass-transfer coeﬂicien;cs along with an effective gas-liquid interfacial area which

are useful in other mass transfer calculations (e.g. enhancement factor). -

Onda Correlations

~ Onda predicts the individual local mass-transfer coefficients for both the gas and
liquid phases. An effective wetted surface area is predicted separately to assess the
gas-liquid interface available for pure mass transfer to occur in the reactor. The

correlations are given below.

2
L \* -
kr = 0.0051( M) ( AL )
Qi prDyL

o a 0.7 , i
kg = za;DG( M) ( ke ) (a,dy) (6)

NIE
(A0

(ard,y)™ (ﬁ—,) (5)

atphG pcDa
_ 0.\ 0.1 —0.05 0.2
ay = a;]1 — exp[—1.45 — (Rer) " (F'rr) (Wer) ] (7)
L

Where

area
volume

a, = Wetted specific surface area [=]

area

a; = Total specific surface area [=] 22

mass
area time

Ly = Liquid massflux [=]
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mass
area time

Gy = Gas mass ﬂu;( [:]

rL = ViSCOSit’y Of liquld [=] len;?;zl?:'me

He = Viscosity of gas [=] -5

mass_ .
volume

pr = Density of liquid' [=

mass
volume

pe = Density of gas [=

. . . . M 2

Dy = Liquid diffusion coefficient [=] [ethg:':_
2
De. = Gas diffusion coeflicient [=] ——’e[;f,jfj

d, = Average size of packing [=] length

g = QGravitational Constant [=] ——ﬁ’;féf
o. = Surface tension of packing material [=] ,effg'ii

or = Surface tension of liquid [=] -Ll;lzct;

.RéL = a—l‘;’ﬁ = Liquid-phase Reynolds number (dimensionless) ‘

2 N . - . “e

Frp = '%flfz—‘;—‘- = Liquid-phase Froude number (dimensionless)
2 e s : : .

Wer = ﬁf’; =" Liquid-phase Weber number (dimensionless)

In the model development in Chapter 3, two-resistance theory is employed to account
for the overall mass transfer resistance between the gas and liquid phases. In addition,

‘the use of overall mass-transfer coefficients is employed to simplify the calculations.
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This apprbach is standard (Sherwood 1937, Treybal 1980, Sherwood 1975) when the
gas is lean and volatile. The overall mass-transfer coefficients are calculated using the

following equations.

mee ®)

—

i ___v‘_ + 1 ’ (9)
K, - I\,]]ngg kr, - ) . » '

Where Ky is Henry’s Law constant, V, is the molar volume of the gas phase, and V;
is the molar volume of the; liquid phase. ’

Since the VOCs in this study were quite volatile, the liquid side-is the controlling
phase. The overall liquid—sidé mass-transfer coefficient (kz) is then independent of
gas flow rate (.Roberts, et al, 1985). In addition, Onda is within 30% of predicting

kg (Thom and Byers, 1993). Using the overall mass-transfer data, kg, for the tracer

study may be calculated.

Biofilm Correlations
Wilson and Geankoplis, 1966, proposed a correlation for mass transfer between
water and solid spheres at low Reynolds numbers . This correlation is shown in

equation (10).

i

{ KL \ 78 dp.LM ) -3 '
kr, = 1.09L e 10
e = 1050 (12 (%2 (10)

The input pé.rameters are the same as described before, and kr; is the mass transfer

time

coefficient from bulk liquid to biofilm <1—e’—lﬁﬂ)
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Biofilms

The study of biofilms is a relatively new subject in the scientific community.
The first study occurred in 1943 and further research was slow until the early 1970s
(Characklis and Marshall, 1990). Research of biofilms represents a new way of study-
ing bacteria in that the ba.ct-eria.. are studied in their natural state, biofilms, in;s.tea,d
of planktonic batch cultures.

Biofilms are created by bacteria when they attach to a sull'face. The bacteria secrete
an extracellular polyfner that surrounds the cells and eneybles the cells to atta.'ch fo
each other and to surfaces. It is thought that the i)ioﬁl'm mode of growth serves many
purposes such as protection a.gaihst dehydration and predators. Biofilms also provide
resistance to diffusi;)n of chemical species. This is an advantage when the chemical
species may harm the organisms. Thicknesses vary from less than one layer of cells
(monolayer) to- >300mm in microbial mats. - |

The entire stricture of the b'ioﬁlm' is quite porous and is generally >95% water.
Biofilms are characterized by structural, chemical, and ecological heterogeneity. In
addition, there are usually large amounts of particulates and larger organisms in a
biofilm.

Since the bacteria in a biofilm are actively reproducing and respiring, there is a re- .
action rate associated with the substances that the bacteria are consuming. Biofilm ki-
netics are usually described with expressions like Monod or Haldane kinetics. Monod

kinetics are the most widely used biofilm kinetic expression, and represents a mixture
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of zero and first-order kinetics.

w(s) = i (75 o

Where

'S = limiting substrate concentration [=] 24
. . m

Umez = mMmaximum specific cell growth rate [=] ai—y '

K, = limiting substrate half-saturation coefficient [=] 7%%

.Dual Monod kinetics are used in this study to account for the depletion of two

substrates by the biofilm (12).

. S . @)
S,0) = nl( ~ ) ( g )' ‘ 2
w(S,0) = p K,+S/)\h,+0 ' -
Where .
S = electron-donor concentration [=] %

O = electron-acceptor concentration [=] T];z%

limez = maximum specific cell growth rate [=] ﬁy

K, = electron-donor half-saturation coefficient [=] ;ﬁ%

K, = electron-acceptor half-saturation coefficient [=] kg
The kinetic constants are usually determined using batch or chemostat techniques.

These techniques are well documented in the literature (Characklis and Marshall,‘

1990).
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Biofilm Modeling

Biofilm behavior is a cumulative response to biological, chemigal, and physical fac-
tors in the environment. To understand ti]ese processes more thoroughly, and tp 'a,id in
the stﬁdy of the factors responsible for a biofilm’s response, phenomenologically-based
mathematical models are often develdped. These moﬂels are useful i11v'determining
which factors control the behavior of the biofilm.

Often, knowledge of the fate of certain chemicals within the biofilm is wanted.
Thus, models have been produced that describe the utilization of chemical species
within a biofilm.

There have been many models proposed to model the diffusion and reaction of
chemical species within a biofilm (eg Rittman and McCarty 1981, Skowlund 1990).
Most biofilm modeling has been done with biofilm-liquid phases only. These models
'seek to incorporate physical properties such as diffusion, reaction, biofilm density,
and biofilm reaction rate as some of the quantifiable properties in'a. biofilm. One-
dimensional models have done quite well in describilj g substrate and électron-acceptor

depletion within biofilms.
Biofilters

A form of bioreactor that has been extensively used in the treatment of gas streams

that produce odor and, more recently, that contain VOCs, is the biofilter. A biofilter
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usually consists of several compa,.rtments filled with organic soils and materials which
support.-a' biofilm and ’prov.ide an adsorptive surfape. The problem with these types
*. of reactors is tﬁat 1;hey can take -ﬁp a large ;,mount'of space and they do not have
a very quantifiable surface area or adsorptive characteristics. Researchers have been
able to model biofilters usmg a gas/biofilm model'(Ba_ltzlis,. 1993).
The accurate knowledge of an artificial, inert, siibstratum’s physical characteristics,

‘and the presence of a liquid phase, are the attractive features of a VPBR.

.Vapor-phase Bioreactors

Va,por-ph.a,se‘Biorea,ctors (VPBRé) are a blend éf traditional gas absorption ih a
packed column With the reaction from a biofilm. The organisms cilosen for a VPBR
biofilm are enviror;mental isollcmtes, or qonsortié, that have the ability to degrade the
volatile organic compound(s) the;t will be applied- to th.e' column.

‘ Use of a manufactured packing allbws for a more complete assessment of the su'rfaée
area aﬂd'ﬂow characteristics inside the VPBR. There are a large number (-)f c'orre-
- lations for mass .transfef ‘coefﬁcients in gas absorbers usiné manufactured packing.
Since .the‘ 'VPBR is a gas absorber, knovyledge (;f the mass trgnsfer_ coefficients within
the VPBR is essential for modeliﬁg and scale-up.

In VPBRs, the liquid ﬂd;)v rates are quite low compa;ed to traditional gas absorber
liquid flow rates. The presenf:é of a bioﬁlm..reducés the arr.lount of c,hanneiing and

increases the wetted surface area. This sponge effect also increa,ses the thickness of -
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the liquid—bioﬁlm. phase.

VPBRs are also known as biological trickling fillers by Diks, 1992, and bioscrub-
bers by Overcamp, et al, 1991. Both Overcamp,et al, and Diks employed liquid
recirculation as an operating configuration. This led to é.n assumption that there was

a comstant concentration of the chemical species in the liquid phase.
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CHAPTER 3

MODEL DEVELOPMENT

The development of a mathematical model for a physical system began with a
conceptual model of the processes involved. The three phases present in a VPBR are
the biofilm, liquid, and gas phases. Figure | shows a microscale conceptual model of

the three phases in a flat plate geometry configuration.

Substratum Bioflim Liquid Gas

Figure I: Microscale Conceptual Model.

The flux at the interface of the biofllm is then used to determine the amount of
removal of contaminant from a differential macroscale slice in a VPBR. Figure 2 shows

a macroscale conceptual model of a VPBR.
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Liquid In Gas Out

VOCs

Liquid Out Gas + VOCs In

Figure 2: Macroscale Conceptual Model.

Microscale Model Equations

Development of the microscale model equations begins by looking at a control

volume as shown in Figure 3.

Substratum

Figure 3: Microscale Mass Balance.
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In the biofilm, it is assumed that dual Monod kinetics describe the reaction rate
with the electron-donor and the electron-acceptor. Dual Monod kinetics may be

described as,

H(S,0) = om (I\’Si 5) (I\’oi 0>" | (13)

where the reaction rates are

u(S, 0)py

ry = ————— : 14)
Y4 (14)
and
T, = —-—’M(S’,O)pf ’ (15) |
Ya:/a ’ :

where p; is the biofilm concentration, Y,,q is the yield of biomass from substrate
(electron-donor), and Y/, is the yield of biomass from oxygen (electron-acceptor).
Taking a mass balance of the electron-donor, electron-acceptor, and a single species

of bacteria over the. control volume shown in Figure 3, and assuming Fick’s law holds,

yields,
ds dS UmpPf S 0] ‘
0,9 = ] el (=) () A (16)
A iac d¢|, " Yeqq \Ks+ S/ \K.+0
dO . dO Lmpf ( S ) < 0 ) '
a "~ - DlL A ’ ~r , A . 17
D' dc <+A( dC C + /:t:‘/a -[‘\5 + b ]\o + 0 C ( )

Assuming Dy and D, are constant and taking limits

as|  _ ds . o
D, lim (‘i‘ crac % <) ~ lim “’“”f< & )(K ) (18)

A¢—0 AC AC—=0 Yo \N,+ 5 o+ O




by o [Bhenc ZEL) s 5 30y g
* AL=0 Al . T A0 Y \K,4+ S5/ \K,+0/"

yields the following 2"¢-order, non-linear, non-homogéneous, coupled system of ordi-

nary differential equations.

a2 _ ,umpf< S )( 0 ) ' ‘

Do = Vo \I+5) K40 - e
4?0 _ EmpPf S )( o )

Pa ¢z Yy, (I\’s +S/)\K,+0 (21)

With the following boundary conditions.

- dS
EZ(O) =0 (22)
dS :
Ddd—C(L\f) = Krpd (Sbulk - SL,) . o (23)
do ' '
At =0 . 24
(0 =0 (24)
dO . =
Da'd_C'(Lf) = I\LBa. (Obulk _' OLJ) (25)

| Where
S =electroﬁ-donor concentration [=]n%%
O = electron-acceptor concentration [=] %%
- ¢ = spatial dimension in biofilm [=]m -

L; = biofilm thickness [=]m




D; = electron-donor diffusivity in biofilm [=] %Z

D, = electron-acceptor diffusivity in biofilm [=] %Z

Umez = maximum specific cell growth rate [=] 7155

= biofilm density [=] i

m?

kg biomass
kg “kg donor

Y4 = yield of cells/electron donor [=] £

kg biomass
kg acceptor

Y./a = yield of cells/electron acceptor [=]

Ky,4 = electron-donor mass-transfer coeflicient [=] i

" Ky, = electron-acceptor mass-transfer coeflicient =] =
K4 = electron-donor half-saturation coefficient (=] &
K, = electron-acceptor half-saturation coefficient [=] X

Boundary conditions (22) and (24) represent zero flux conditions at the substratum

while (23) and (25) are matching flux conditions at the biofilm-liquid interface.

Introducing the dimensionless variables, ]\’.sd = Sb =, Ko = 5%, Xa = 570,
X, = Obolk and 6 = ZC_’ yields the following dimensionless form of the microscale
equations.

Xy pmps Ly ( Xq )( Xo ) (26)
Codsr T YeaDa \Neq + Xo K+ Xo

X im L2 ‘\, ‘Yﬂ

dAa:ﬂ’P1f<’ d>( ) (27)

dé? }’a:/aDa -[\sd. + }\d ]\sa + }\a
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With the following boundary conditions.

Fo=0 e
%_d(l) = ﬁgf_f (1 - Xa,,) | -(ég)
Doy _ g -
oy - Beli i)

For a discussion of the solution method, see Appendix A.

Macroscale Model Equations

The solution of the microscale model equations gives the flux of the electron-donor
and electron-acceptor into the bioﬁlm. as a function of liquid concentrations of the
electron-donor and electron-acceptor. This information can be used with an effective L
surface area to scale uf) the flux to a macroscale flux in é difTerential slice taken

through the VPBR.

Counter-Current Flow

Figure (4) shows a conceptualization of the macroscale mass balance over the

VPBR configured for counter-current.flow configuration. The mass balance yields

. ]” :I',’ . ' .
palt + At) = yolt) — SSEHe ( Ya_ _ md) At (32)
- vy Kyq
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Va(H)
xa(t + A/)

rd(/ + A<)

ya(t + AZ)
Vd(t +

Figure 4. Macroscale Mass Balance (Counter-Current Flow).

ld(i + At)+ (JtL- xd) At - “"LfhAt = xAY) (33)
Y XAM J Vi
Vat + At) = vy, (t) At (34)
X,(f + A) + - X,,) Ai - = X,(I) (35)
Uy VA Ha /

Dividing by At and taking the limits as At -> 0 yields the macroscale model equa-

tions.

<hu
dt

dxd
dt

dya
dt

HGdd A M W\

. (36)
Vg \Xd KiidJ
v N NBddjVi 37)
Kiidx u
K GadKHa (14 Va X (38)

Vg KHol
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dz, I\’Laa< Ya NpaeasV; -
& - o\ T I\’Ha> L (39)
Where,
Npa = D; E4(1)) S 0
= D1 L RENCUR
and
Npa = D %.(L,). o - (41)
-8 ¢ dé ‘ '
The Boundary conditions for counter-current flow are given below.
ya(0) = Yao ' (42)
zq(H) =0 ‘ (43)
Ya(0) = Yao - (44)
zo(H) =0 - , (45).
Introducing the dimensionless variables, Yy = 2, X, = = y"lo , Yo = b
X, = -””—“ﬁfiﬂ, and z = —It;, yields the f{ollowi‘ng‘ dimensionless form of the macroscale
equations.
d¥y - , ;
d d = ¥id (}\d — )"d) (46)
2 , : ,
dXy '
¢ _ agq (Xa — Ya) + a3¢NBa (47)

dz
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d,
‘ dz = g (‘Xa - Y;)
an ' . xr .
' dz = 2, ()‘w - Ya) + a'SaNBa.
Where,
dXy
lng =
Npa = Du—=(Ly)
and
"Na. = dXq
N, = D, 7 (Ls)-
" The boundary conditions are given below.
Y,(0) =1
Xa(l)=0
Ya(0) =1
CX,(1)=0

(48)

(49)

(50)

(51)

(54)

(55)

In the analysis of this coupled, non-linear, non-homogeneous, system of ordinary

differential equations it is sometimes convenient to express the equations in vector-

matrix formulation. This formulation is shown below.

(56)
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Zu, -) |l m
| 0
| 57)
\ . Ly 0
0]
OIZdNEd (58)
OlZaNBa .
— olid Olid 0
—ol2d o02d 0 0 (59)
0 0 -Qfla Q'O
0 0 —Q'2a tt'2n

Cocurrent Flow

The mass balance over the differential slice of the reactor under cocurrent flow

conditions is shown conceptually in figure (5).

Xa(H) Va(H)
xa(t + At) ya(t + At)

Xd(t + A/)  Vd(t + Ni.)

Figure 5: Macroscale Mass Balance (Cocurrent Flow).

The difference between cocurrent and counter-current is in the boundary conditions

and a sign change in the macroscale equations. The resulting system of equations can



[S]
-1

then be written as

o ) ) .
S@) = AT+ (60)
1 1
- 1 0
=] (61)
1 0
0 ‘
~ | o3¢NBa ‘
7 = 310 Bd , (62)
Q'3(1,-]\7811.
aid —Ogd 0 0 _
_ -—az_d Qod 0 0
A= 0 0 " Q1g T ®1a (63)
0 . 0 Qg Qg

Nomenclature

The following list describes the input parameters for the macroscale model equa-

_tions.
Kgaa H
. Vg
Kga = gas-phase mass-transfer coefficient for electron donor [=] ﬁy
a, = effective gas-liquid interfacial area [=] —Z—: |

H = height of column packing [=] m

v, = gas velocity [=] 7
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j\’L(](I, UH ‘
Qg = ———— (65)
v Vi
K14 = liquid-phase mass-transfer coefficient for electron donor [=] ﬁ'&
a, = effective gas-liquid interfacial area [=] —:—L;

H = height of column packing [=]m

v = liquid velocity [=] 7

 KnaasHVDy
agg = —ae At (66)
v Yo MWy
H = height of column packing [=]m
Y3, = influent gas-phase electron-donor concent..ration (= %
a; = effective surface area of biofilm [=] Z—z
Kyq = Henry’s Law coefficient for electron.donor [=] %
MW, = molecular weight of electron donor [= e
Dy = electron-donor diffusivity in biofilm [=] :’[—”(7%
o . m?
V; = liquid molar volume [=] -
v = liquid velocity [=] 7%
KgaaywH
Oy, = —oa (67)

v g
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K. = gas-phase mass-transfer .coefﬁcient for electron acceptor [=] 7
a, = effective gas-liquid interfacial area [=] -Z%j—
H = height of column packing [=] m
‘v, = gas velocity [=] e
e (68)
v
K1, = liquid-phase mass-transfer coefficient for elgctron acceptor [=] T
a, = effective gas-liquid iﬁ-terfacia.l area [=] %—;
| H = height .of column packing [=] m-
v = liquid velocity [=] 7%
s, = IR (69)

H = height of column packing [=]|m

— 3 ] i v > 3 —
Y;. = influent gas-phase electron-acceptor concentration [=] ——-P——;"zzf:: ] ;Zz

- . . 2
ay = effective surface area of biofilm [=] 25

Kp. = Henry’s Law coefficient for electron acceptor [=] _mole fracgas

mole fracliquid

MW, = molecular weight of electron acceptor [=] e

D, = electron-acceptor diffusivity in biofilm [=] %;




Vi

(Y

= liquid molar volume [=]

= liquid velocity [=] E%

m3

mole

30
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Assumptioﬁs

In the above model equz';mtions, certain assumptions wére made to facilitate the

development. These assumptions are listed below. ‘

(1) Plug flow - the VPBRs were operated without liquid recirculation, alldwing the

©

reactors to be modeled as plug flow reactors instead of as continuously-stirred

tank reactors (CSTRs).

Isothermal - the temperature in the laboratory was kept constant, and the gas

stream. was humidified removing the possibility that evaporation could cause a

~ temperature change.

3)

(4)

(5)

(6)

Steady-state - residence times for the gas and liquid phases are on. the order of -

minutes and hours while the growth rate of the biofilm is on the order of days

and weeks.

t

Cpnsfant b_ioﬁlm.thickness > 500um - observations of operating VPBRS show"

biofilms 1-2mm thick (Vaughn, 1993). The model predicts an active thickness

less than 500um.

Constant biofilm density - the conditions with thick biofilms and an effective

thickness less than the total thickness allows for this é‘%pp‘roximation.

Henry’s Law holds - the low solubility of the compounds studied as well as the

operating conditions are in the realm where Henry’s law holds.
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(7) Dual Monod kinetics - Characklis and Marshall, 1990, Bailey and Ollis, 1986.

(8) Flat plate geometry for biofilm - effective biofilm thickness less than 500um

with the packing diameter of 6.35 mm.
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CHAPTER 4

METHODS AND MATERIALS

The VPBR

Figure 6 shows a schematic of the experimental set-up of the VPBR. This set-up

Liquid In Gas Out
A —— e

Gas-Phase Electron-Donor In

X

— (P— VPBK

Mixer

/

Humidifier Electron-Acceptor In Liquid Out

Figure 6: Bench-Scale VPBR Schematic.

was used in all the bench-scale reactors for this and previous studies. The VPBR is

shown with a counter-current flow configuration.
Performance data for a VPBR degrading p-xylene using the environmental isolate

P. putida strain idaho came from previous work (Vaughn, 1993). Table I shows the
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dimensions of the reactors used in this work and those used by Vaughn.

Table 1: VPBR Dimensions and Materials

Packing Column Column Column Packing
Height (m) | Diameter (m) | Area (m?) | Volume (m?) Type
0.61 0.0625 0.0032 0.0019 D.E. pellets
0.61 0.1016 0.0081 0.0049 | raschig ring

Table 2 shows the properties of the packing materials used in both this study and

that of Vaughn, 1993.

Table 2: Pa.c1<i11g propertics

Packing Size | Specific | Void
. Type mm | Area (%) Space %
diatomaceous earth pellets | 6.35 444 | 375
ceramic raschig ring 6.35 710 62

The diatomaceous earth pellets were used by Vaughn to. develop s'ome‘prelimina.ry
performance data using P. putida strain Idaho degrading p-xylene (Table 3). The
data from those experiments has been us-ed to evaluate the model solutions. The
VPBR used for some additional performance data was filled with ceramic raschig
rings and employed an environmental isolate P. putida strain 54G degrading toluene.

Removal efliciency data for this study was obtained from bench-scale V PBRS de-
grading toluene. The method of sampling consisted of collecting a 25040 gas sample
in a gas-tight syringe from the influent gas stream and injecting the sample into a
Hewlett Packard 5890 series I gas chromatograph to dete1:mine the influent gas con-
centration. Thi's process was repeated for the effluent gas stream to determine ;che

effluent gas phase concentration and hence the removal efficiency of the VPBR could
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Table 3: VPBR Efficiency for p-Xylene

Influent Liquid Gas Removal -

Concentration | Flow Rate | Flow Rate | Efficiency
ppm — P %
154 5 3000 80
160 S 4000 76
153 5 5000 66
139 5 6000 48
142 10 4000 62
142 10 6000 57
1700 5 400 26
1452 5 600 11

be determined. Most runs consisted of triplicate samples to improve the error analysis

of the results.

Identification of Nonreactive Tracer

To assess the pure physical mass-transfer in a VPBR with a biofilm presenﬁ, it .
was necessary to find a non-reactive tra.cer.. In the context of a VPBR, non-reactive
means that the o;gg.nism(s) present were unable to change the tracer in any way. .

To find a‘ non-reactive tracer, several compounds were chosen on the basis that
molecular weight, solubility, and Henry’s Law constant were to be as similar as pos-
sible to the electron-donor (toluene or p-xylene) that was being mineralized in the
VPBR. The compounds chosen are listed in Ta.i)]e 4.

‘To test the chemicals for non-reactivity, sampks of the biofilm were taken from
an operating VPBR. The VPBR. from which the samples were obtained contained

P. putida strain 54G using toluene as the electron-donor. .The biofilm was then
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Table 4: Chemicals and Thei‘r Properties Chosen To Be Tested for Non-Reactivity
With-the Biofilm in a VPBR. (T" = 298.15°/A", P = 0.84atm)

Chemical Molecular Weight | Solubility | Henry’s Law constant
Name ‘ qnfole ) ;(3_3 %
Benzene 78 - {1769 356
Toluene 92 - 515 444
p-Xylene 106 200 415
Chlorobenzene o113 500 259
1,1,1 Trichloroethane 133 826 _ 107

homogenized, plated on minimal media plates, and grown in the presence'of vapor
from each of the chemicals listed in Table 4. The toluene represented a positive control
for the experiment. in addition, a negative control was run v’vhich consisted of placing
threé plates in a cor;tainer with no electron-donor present. .Only chlorobenzene was

unable to support organism growth.

Determination of the Henry Constant

To accurately close the 'm'a‘s~s balance on chlorobenzene in the VPBR, knowledge
of Henry’é Law constant for chlorobenzene was necessary. To determine the Henry’s
Law constant, nine 26m! vials were each filled with 15ml of reactor eﬁiuent. The
vials were then sealed with teflon coated septa. 0.5ul, 1ul, and 5ul of chlorobenzene
were then injected through the septa and the vials were allowed to equilibrate at
T =. 995° K. Gas samples were then tested on a Hewlett Packard 5890 (HP5890)
series 11 gas'chromatograPh fitted with Supelco Sul;er—Q packed column and a flame

jonization detector (FID). The concentration of the head space could then be di-
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rectly determined. With knowledge of the head space volume, the concentration of
chlorobenzene in the liquid phase was determined. Henry’s Law constant was calcu-

lated as the slope of a line representing gas vs. liquid phase concentrations.

Tracer Studies

The VPBR -with 54G was fitted with a continuous chlorobenzene vapor source.
Tﬁe VPBR was then operated at various gas and liquid fow rates, similar to those
used in previous experiments using toluene.

The VPBR had been in operation for four months and a well developed biofilm
(1 — 2mm thick) was present on the packing. This provided an excellent wetted
surface that was much different than the packing alone.

For each experimental run, the VPBR was allowed three days z;.t constant gas g.nd
liquid flow rates to reach steady-state. By comparison, gas a.nd‘]iquid phase residence
times. were on the order of one to ﬁfteen minu.tes. The liquid effluent concentration
was measured using a potassium carbonate extraction method. .G;a,s phase influent
and effluent concentration measurements were made using a HP5890 series IT gas
chromatograph as desc.:ri.bed above.

Five ul of the liquid effluent from the VPBR was injected into a sealed vial contain-
ing 6ml of a 35% by weight pofua:ssitlm ca,rbona.te. solution and allowed .to equilibrate.
‘250,ui of head space gas was then injected into a gas- chromatograph to measure the

concentration. From a calibration curve, the liquid-phase concentration was deter-
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mined.

Frorﬁ the removal rates of the non-reactive tracer, observed overall mass-transfer:
coefficients were calculated. To make the ca:lc1.1‘1'a.ti.ons it was assumed that Henry’s
Law holds and that the gas stream was a lean gas stream. With th.ese two assump-
tions, a logarithmic mean driving force can be calculated. The following equations

describe the algebra involved in calculating an observed overall mass transfer coeffi-

cient.

Gn(Y1 = Y2) = VIKLaH(X™ = X)ave (70)

Gn(Yi = Y3) = V,KgaH(Y = Y™)40e (71)

where (X* — X)gpe and (¥ — Y™*)ave are the logarithmic mean driving forces in the

reactor defined as

rox r ‘X* - ‘X,) - IX,* B ‘X

(X* = X)ave = ( :.xu(.\’), )2 (72)
177- [(A'-t_'_x ),2:|

. S"— _ },*“ }/ }/* } .
()/ -Y )ave = ( )() ——)( *) )2 (73)

l,ﬂ [ )/ ) ‘) }

and

G = gas-phase loadmg rate [=] ﬁoff:y

" H = height of packing [=]m

Vi = liquid molar volume [=] 2=
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m3 i
mole

V, = gas molar volume [=]

P = total pressure [=]atm

Kg = Overall gas-phase mass-transfer coefficient [=] 7+
K; = Overall liquid-phase mass-transfer coefficient [=] ﬁy
a = gas-liquid interfacial surface area [=] %’;—;

subséript 1 i1s the bottom of the column

éubscript 2 is the top of the column

Numerical Methods

°

Both the microscale equations (26) through (31) and the macroscale equations (46)
through (55) are non-linear and hence-cannot be solved analytically. Therefore, the
equations must be solved with numerical methods. All numerical solutions were com-

" puted on a HP9000 workstation using MATLAB as the programming environment.

. Microscale Solution Method

Existence and uniqueness of the microscale equations (26) through (31) are shown
in full detail in appendix A. The solution method used is an invariant group trans-

formation (Na and Na, 1970) which transforms the boundary.—vé.lue problem posed in
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equations (26) throu.gh (31) to an in'itia,l-va.]ue problem (see Appendix A). The initial-
value problem can then be solved using.a 5”—01‘der Runge-Kutta-Fehlberg (RKF)
methoa for a range of substrate concentrations. The flux at the biofilm interface as a
function of bulk substrate C(l)'ncentra.’tions can then be determined. This relationship
-is parabolic on a log-log plot. Fitting a 2"?-order po]ypomial to the log-log plot of
electron-acceptor concentration vs.é]ectron—doﬁor flux yields a rela.fions]ﬁp between
flux at the interface of both electron-acceptor and electron-donor with the liquid con_j
“centrations of the electron-acceptor and the el‘ectron—dmlm'r. This relationship is used
to calculate the flux of electron—a.ccéptor and electron-dopor for use in the solution

of the macroscale equations. To arrive at-this relationship, combine (26) and (27) to

get
2V 7 s 2 "' .
d* Xy _ Dy} o/d d*X, (74)
ds? D,Yya) dé?
Now integrate with respect to 6.
d* X, DyYoyd P’ X, o T
= (Dasg,n / pra (75)
to obtain
dXs  (DiVesa) [dX -
atd , 76
7; (Da}';,/a) [ s T C (76)
Applying boundary conditions (28) and (30) yields,
dXq DyYysa\ dX, ‘
= 77
dé (Da};/n) db h ()
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Equation (77) demonstrates that the flux of the electron-donor is proportional to the
flux of the electron-acceptor anywhere in the biofilm. To relate the flux to the sub-

strate concentration, the following relationship is noticed from the numerical solution

of (26) through (31).

logl° = “10SOAa]2 + 6l0SI0%a + C (78)

Figure 7 shows a typical curve fit of the results. This allows the flux of the electron-

log (Electron-Acceptor

Figure 7: Curvefit of Biofilm Flux

donor to be written as a function of the electron-acceptor concentration as follows.

wd. _ |Qa(loglDray2+fdoglDxa + g (79)
ds

Combining (77) and (79) results in a relationship that can allow the determination

of NBd and Nsa in the macroscale equations.

The flux rate reaches a maximum at saturation of the electron-acceptor and then

tapers off as the electron-acceptor becomes super-saturated. This condition is reached
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when the electron-donor and electron-acceptor are sj;artiﬁg to both become available
in large quantities. As this situation develops, the removal rate of ‘the bioﬁl_m cannot
keep up with the rising concentration in the bulk liquid and the biofilm becomes fully
penetrated with both substrates, which corresf)onds to the flux dropping off. This sit-
uation is hypothetical since the electron-acceptor concentrations in the model always
drop as the electron-donor concentration increases. This is due to the diff'ex.‘ences in

solubility of the two substrates.

Macroscale Solution Method

Existence and un.iqueness of solutions for the macroscale equations (46) through
(55) can be found in appendix B. An examination of the abiotic system of equations
(Ngg and N, = 0) yields the fact that there are two zero eigenvalues for the linear
system and that the corresponding equilibrium points are unstable. By solving the
problem backwards, these equilibrium points become stable and then‘a Runge-Kutta-
Fe;hlberg (RKF) scheme will follow the solution curves throughout the domain. This
also works for the biotic model. |

The counter-current system requires that a shooting method be employed if the
RKF method is to be used. The required guesses are made on the effluent gas-
phase concentration and range between the influent gas-phase concentration and zero
- concentration. In the cocurrent cbnﬁguration, the system is an initial-value problem

~ and only requires one pass with the solver.
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Biofilm Parameters

The biotic mo&el of the VPBR depends upon the biofilm kinetic parameters for both

the electron-donor and the electron-acceptor. The electron-donor in the bench-scale

data was either p-xylene or toluene. In all this work the organisms are aerobic and

hence, use oxygen as the electron-acceptor. A range of values for the various kinetic

parameters may be found in the literature (Characklis and Marshall, 1990, Atkinson

~ and Mavituna, 1991, Oh, et al, 1993, Vaughn, 1993). A seér;:h for extreme values

was made as well as a search for those which are closest to the organisms used in the
bench-scale experiments. This search was restricted to aerobes degrading compounds
ranging from glucose to the VOCs in question. Tables (5) and (6) show the results of

this search.
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Table 5: Extreme Ranges of Biofilm Parameters

Parameter (units) | Low Value | High Value “Description
p; (%) 20 200 biofilm density
Pmaz ( diy) 4.8 42 maximum growth rate
Ky (%) 0.001 0.015 half-saturation coefficient
electron-donor
K, (;kl%) 0.00001 0..00025 " | half-saturation coefficient
electron-acceptor
Y./ (ﬁ%%s; 0.1 0.75 yield from donor
kg cells . . :
Yi/a (m) 0.03125 0.2344 yield from acceptor
Ly (m) 0.00001 0.1 biofilm thickness
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Table 6: Biofilm Parameters Used in Model

Parameter (units) | Value ° Description/Source
ps (7%93—) 100 biofilm density/Biofilms 1990
ez (d%ly) 36 maximum growth rate/Oh, et al’ 1993
K, (X%) 0.003 half-saturation coefficient
electron-donor/Oh, et al 1993
K, (;’;—%) .0.00001 - half-saturation coefficient
' electron-acceptor/Atkinson 1991
Y;/'d (k—kg%) - 0.44 yield from donor/Vaughn (1993)
Ya/a (E%%) 0.1457 | yield from acceptor/Stoichiometry
L; (m) 0.0005

biofilm thickness/observed average

4
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CHAPTER 5
RESULTS

The model results depend heavily on the results from the lab and bench-scale work

Therefore, the Henry’s Law work and the mass-transfer results will be presented first

Then the model evaluation will be presented.

Non-reactive Tracer

The only chemical that showed no growth in Table 4 was chlorobenzene. The
negative control (no electron-donor present) showed no growth and the positive con-

trol (electron-donor present) did show growth. This strengthened the experimental

results. Thus, chlorobenzené was selected as the non-reactive tracer

Henry’s -Law Constant

Table (7) shows the results of the Henry’s Law Study. The Henry’s Law constant
for chlorobenzene was found to be 0.0022 “tmm + 0.0006 at T = 295° K, P =

0.84 atm. The published value for chlombenzene is 0. 00393"'”" m? “-(CRC Handbook of
Chemistry and Physics 62" ed.). Therefore, the value of Henry’s Law in the lab is

approximately 54% of the published value. In the dimensionless form of the model
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Table 7: Henry’s Law Constant for Chlorobenzéne

Gas Concentration

Liquid Concentration

Observed Constant

3

0.00047 0.21 0.0023
0.00072 0.34 0.0021
0.00103 0.51 0.0020
0.00133 0.55 0.0024
. 0.00129 0.55 0.0024
0.00590 2.79 0.0021
0.00632 3.14 0.0020
0.00503 2.82 0.0018

using the 99% confidence interval this translates to a Henry’s Law constant of 141

mole fraction gas phase 41
mole fraction liguid phase

The gas and liquid flow rates were varied through a small range to obtain the data

shown in Table 8. The observed overall mass-transfer coefficients with biofilm present

. Tracer Study

Table 8: Experimental Data

Liquid | Gas | Gas-phase Concentration (ppm)
Flow. | Flow '
Rate | Rate | Influent Effluent
() | ()
3 500 | 8543 7249
) - 500 | 378+32 320426
10 500 | 408412 351£12
14 500 | 379431 | 276416
3 1000 | 21248 18548
7 600 | 40+£3 35+1
7 | 900 88+4 81+2
15 900 101+£2 92+1

on the packing material are presented in Tables 9 and 10. The overall mass transfer
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coefficients without a biofilm present are shown in Tables 11 and 12. In Tables 9

through 12, the low and high values represent the 99% confidence interval on the

data.

Table 9: Observed Overall Liquid-Phase Mass-Transfer Coefficients With Biofilm

Gas flow rate | Liquid flow rate | mean Kra | low Kpa | high Kra | Onda Kra
500 -3 1.0 0.6 2.0 2.9
500 5 2.4 1.4 4.6 4.4
500 10 3.0 1.7 5.7 6.6
500 14 6.9 4 13 8.4
1000 3 1.0 0.6 2.0 2.9

Table 10: Observed Overall Gas-Phase Mass-Transfer Coefficients With Biofilm

Gas flow rate | Liquid flow rate | mean Kga | low Kga | high Kga | Onda Kga
500 3 14.4 11.7 20.9 33.1
500 5 32.5 26.3 47.3 47.4
500 10 41.2 33.4 59.9 76.4
500 14 94.7" 76.7 137.7 96.8
1000 3 14.4 11.7 20.9 36.1 -

Table 11: Observed Overall Liquid-Phase Mass-Transfer Coeflicients Without Biofilm

Gas flow rate | Liquid flow rate | mean Kra | low Kpa | high Kra | Onda Kpa
600 7 3.1 1.8 5.9 5.5
900 7 3.3 1.9 6.3 5.8
900 15 3.1 1.8 5.9 8.6

In gas absorption of VOCs that are volatile, the gas-side resistance to mass transfer

is negligible. In addition, the Onda correlations for the gas side are accurate to within

+20% of the actual value at the gas flow rates used so that an assumption that

Onda predicts kg and a,, accurately may be made (Roberts, et al 1985). With this

»
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Table 12: Observed Overall Gas-Phase Mass-Transfer Coefficients Without Biofilm .

Gas flow rate | Liquid flow rate | mean Kga | low Kga | high Kga | Onda Kga
ml ml
min min -d}t_u dtlz—y ‘ ﬁy ﬁy
600 7 42.5 34.4 80.8 63.0
900 7 45.8 26.6 87.0 67.2
900 15 42.7 24.8 81.1 112.5

assumption it is possible to calculate k1 using equations (8) and (9). Table 13 lists

a comparison of observed local liquid-side mass-transfer coefficients obtained from

bench—scale'VPBRs with biofilm to those predicted by Onda.

Table 13: Liquid-Phase Ma,és-Transfer Coeflicients With Biofilm vs. Onda

Gas flow rate | Liquid flow rate | mean ky, | low &z | high k; | Onda k[,
500 3 0.10 0.08 0.15 0.33
500 5 0.18 0.14 0.28 0.38
500 10 0.19 0.15 0.30 0.50
1000 3 0.10 "0.08 0.14 0.31

Table 14: Liquid-Phase Mass-Transfer Coefficients With No Biofilm vs. Onda

. Gas flow rate | Liquid flow rate | mean kr | low kg, | high kr | Onda &,
600 7 0.22 0.17 0.52 0.44
900 7 0.23 0.13 0.52 0.44

In Table 13 the actual &k, in the bench-scale reactors with biofilm present is 0.36 &

0.2 times the &, predicted By Onda correlations while Table 14 shows that the actual

" kr, in the bench-scale reactors without biofilm present is 0.52 + 0.04 times the k.

predicted by Onda correlations.
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Abiotic Model

The model equations without any reaction are called the abiotic model. This is due
to the fact that the reaction comes from the biotic part of the column, the biofilm,
which is not active in the abiotic case. The abiotic model equations may be found in

equations (56) through (59) wherey = 0.

Analytical solution
The equations (56) through (59) with y — 0 are easily solved using standard
ordinary differential equation solution methods (Guterman and Nitecki, 1988). The

solution for counter current flow is,

[ e(ad-a\d}
% DZdE(QId_aZd)
b [ e(Q2 -ald)*
' ?iédie(i»jd-a 2 QZQIEd_e(aId-aZd)
X(z) =

I________2_a____ ! ¢(02 —qi1a):
|»|1$Ze(a|<>_Q ) I-Szae(OIa-QZa)

| . e(a20-0la2

I-Aai%e(aia- Q20) "T" déaa‘_e(“la-aZO)

For the case of cocurrent flow the analytical solution is,



o1

These solutions are important in the evaluation of the numerical procedure. The
next section will address the accuracy of the numerical solution method as compared

to the analytical solutions.

Numerical solution

The numerical solution was calculated on the dimensionless fdrrﬁula’bion of the
abiotic model to predict the dimensionless concentrations of the electron-donor and
electron-acceptor in the gas and liquid phases throughout the column. In the following
graphs, the numerical solution is compared tzo the analytical solutions given in (80)
and (81) in order to assess the effectiveness of the numerical method on the model.

In Figure 8, dimensionless concentration profiles of both the electron-donor and the

electron-acceptor throughout the column in liquid and gas phases are shown using an.

influent gas-phase chlorobenzene concentration of approximately 300 ppm, gas flow

ml
min °

rate of 500_77%, and a liquid ﬂc;w rate of 3

The absolute values of the difference between the analytical solutions and the
numerical solutions are shown in Figure 9 and represent the errors in calculating each
phase and spvecies represented in the abiotic model.Similar regults are presented for
the co-currept model in Figures-10 and 11, showing model prediction and accuracy
respectivély. Increased acc.uracy may bé attained by reducing the step size in the

solver. However, this is at the expense of increased computer time in solving the

model.
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0.9999
0.9999

0.9998,

Figure 8: Dimensionless Abiotic Concentration Profiles (Counter Current Flow). The
horizontal axis represents the dimensionless height in the column and the vertical
axis represents the dimensionless substrate concentration. Graph A is the gas-phase
electron-donor concentration in the column, B shows the liquid-phase electron-donor
concentration, C the gas-phase electron-acceptor concentration, and D the liquid-
phase electron-acceptor concentration.
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1.2965
1.2964
1.2964
1.2963
1.2963
1.2962,

Figure 9: Difference Between Analytical and Numerical Solutions (Counter Current
Flow). The horizontal axis represents the dimensionless height in the column and the
vertical axis represents the dimensionless difference between the true and approximate
solution. Graph A is for the gas-phase electron-donor, B the liquid-phase electron-
donor, C the gas-phase electron-acceptor, and D the liquid-phase electron-acceptor.



0.9999
0.9999

0.9998.

Figure 10: Dimensionless Abiotic Concentration Profiles (Cocurrent Flow). The
horizontal axis represents the dimensionless height in the column and the vertical
axis represents the dimensionless substrate concentration. Graph A is the gas-phase
electron-donor concentration in the column, B shows the liquid-phase electron-donor
concentration, C the gas-phase electron-acceptor concentration, and D the liquid-
phase electron-acceptor concentration.
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Figure 11: Difference Between Analytical and Numerical Solutions (Cocurrent Flow).
The horizontal axis represents the dimensionless height in the column and the vertical
axis represents the dimensionless difference between the true and approximate solu-
tion. Graph A is for the gas-phase electron-donor, B the liquid-phase electron-donor,
C the gas-phase electron-acceptor, and D the liquid-phase electron-acceptor.
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Abiotic model evaluation of tracer study

The tracer study also provided abiotic removal rates in the column with both a
nonreactive biofilm pl;esent and without a biofilm on the packing. These results were
compared against the abiotic model using Onda correlations that were corrected using
the tracer study results so that the abiotic model could be us.ed for estimation of an
enhancement fz;,ctor in the reactive VPBR. Table 15 shows the results of the model

compared with bench-scale data using the bench-scale results.

Table 15: Comparison of Abiotic Performance With Abiotic Model

Liquid Flow | Gas Flow | Bench-Scale Model
Rate (2L) | Rate (:2) | Removal % | Removal %

' 3 /500 4.7 5.1

5 500 - 9.0 7.9

10 500 . 14.0 14.4

3 1000 ‘ 24 . 2.6

7 600 10.3 ‘ 10.4

7 900 8.6 | 7.1

Microscale Model Results

. The microscale solution also yields typical biofilm concentration profiles when the
electron-acceptor is limiting anc} when it is not limiting. Thé parameter values used
were influent gas-phase concentrations of 1500 ppm and 150 ppm respectively. Figure
12 shows the dimensionless concentration profiles in the biofilm when the electron-
acceptor is not limiting. The profiles of the electron-donor and electron-acceptor

coincide due to the dimensionless variables.

T
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Dimensionless Biofilm Thickness

Figure 12: Concentration Profiles With No Electron-Acceptor Limitation

Dimensionless Biofilm Thickness

Figure 13: Gradient Profiles With No Electron-Acceptor Limitation
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electron-donor

electron-acceptor

Dimensionless Biofilm Thickness

Figure 14: Concentration Profiles With Electron-Acceptor Limitation

electron-acceptor

electron-donor

Dimensionless Biofilm Thickness

Figure 15: Gradient Profiles With Electron-Acceptor Limitation
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In Figure 14 the electron-donor concentration is high enough that the available
electron-acceptor is depleted in ‘the biofilm resulting in a biofilm that is fully pene-

trated by the electron-donor and poorly penetrated by the electron-acceptor.

Performance Data

Before the tracer studies were started, the bench-scale VPBR degrading toluene
had a mature biofilm (i.e. > 1000 gm) throughout the column. Several performance

runs were collected and the results presented in Table 16.

Table 16: Bench-Scale Performance Data
Influent Liquid Flow | Gas Flow " VPBR Gas
Concentration (ppm) | Rate (ZL) | Rate (2L} | Phase Removal (%)

min min

' 136 3 700 92
335 3 700 89

391.5 3 1000 : 79

767 3 1000 38

Observed Enhancement Factor

An Enhancement Factor is defined to be the ratio of the observed rate of gas
absorption into the liquid with reaction present to the rate of gas absorption into the
liquid if there was no reaction present (Danckwerts, 1970). .

From the bench-scale data in Tables 3 and 16, this enhancement factor can be

calculated by first calculating the overall absorption rate of the electron donor into
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the liquid of a VPBR with reaction present using bench-scale data. Then, using
the abiotic model to prediét the a,bso.rption rate in a VPBR without reaction, the
absorption rates with no reaction can bé calculated for the gohditions under which the
bench-scale data were collected. The ratio of these two values will yield an observed

enhancement factor. Tables 17, 18, and 19 show the results of this calculation.

Table 17: Observed Enhancement Factor (Liquid Flow Rate 3 -2) (Data from this

study)

Enhancement

Gas Flow Influent Observed Abiotic

Rate (2L) | Concentration (ppm) | Removal (%) | Removal (%) Factor
700 136 92 2.8 33
700 335 89 2.8 32
1000 391 79 - 2.0 40
1000 767 38 2.0 19

Table 18: Observed Enhancement Factor (

Liquid Flow Rate 5 miiil)(]:‘)ata, from Vaughn

(1993))
Gas Flow Influent Observed Abiotic -Enhancement
Rate (-2L) | Concentration (ppm) | Removal (%) | Removal (%) Factor
3000 154 80 0.9 90
4000 160 76 0.7 113
5000 153 - 66 0.5 123
6000 139 48 0.5 109
400 1700 26 9 2.8
600 1452 11 . 6 1.8

Table 19: Observed Enhancement Factor (Liquid Flow Rate 10

Vaughn (1993))

ml)(Data from

1~ Observed

Gas Flow | Influent Abiotic Enhancement
Rate (-2L) | Concentration (ppm) | Removal (%) | Removal (%) Factor
4000 142 62 1.2 50
6000 142 57 0.8 69
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Model Vs. Bench-scale

" The biotic model was solved using the “best” estimate of the input parameters.
The next two sections show the difference in the model results by first assuming pure
physical mass transfer with a reaction in the bulk liquid and then assuming that
the reaction from the biofilm is sufficiently near to the gas-liquid interface that an

enhancement of the liquid-side mass-transfer coefficient occurs.

Onda

In Table 20, the results of the model with pur'e physical mass-transfer coefficients
are shovs;'n. The pure physical mass-transfer coefficients determined in the tracer study
were used in the calculation of the results presented. The ressults are only slightly
better than the abiotic model. These results do show similar removal rates to t'he

simulations done by Overcamp, et al, 1992, and Ockeloen, et al, 1992.

Enhancement factor

In the case where the overall reaction is first-order and there is complete reaction
within the liquid phase, where the bulk liquid concentration is equal to zero, the

absorption rate with reaction can be shown to be

R = §*\/Dsky = ki"S* " (82)




62

Table 20: Model and Experimental Results

Gas | Liquid Influent Removal Efficiency (%)

Flow | Flow | Concentration | Experimental No Enhancement
Ra,}:e ' Ra.};e (ppm) Enhancement

(2| 2b) | | |
3000 ) 154 80 ' 5.4 74
4000 5 160 76 4.1 69
5000 5 153 66 3.2 - 65
6000 5 139 48 - 2.7 61
400 5 1700 26 13.3 31
600 5 1452 11 9.6 22
4000 | 10 142 62 : 6.9 76
6000 10 142 57 4.7 68
700 3 136 92 : 13.8 ' 80
700 3 335 89 . 13.8 80
1000 3 392 79 10 73
1000 3 767 ' 38 9.9 ' 34

The equation for the absorption rate without reaction but no bulk liquid-phase con-

centration 1s
R = kS* (83)

Taking the ratio of the absorption rates and using (4) produces

kp* :
=L _E : (84)
kL -

= =

This shows how the enhancement factors calculated in Tables 17, 18, and 19 can be
used as a coefficient for &z in the mpdel and that under certain circumstances, E
could be estimated using equation (4).

Using the enhancement factor in the model yields results that are more representa-

tive of the bench-scale data. Table 20 shows the model results using an enhancement

factor.
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CHAPTER 6
DISCUSSION

Henry’s Law

The Henry’s Law constant for chlorobenzene was found to be approximately 54% of
the published value. IThis difference is possibly due to the presence of some biomass
in the effluent and the dissolved chemical species used in the miner@l salts medium
that supported the biofilm. This result points to the need for laboratory studies, on
operating VPBRs, to confirm the Henry’s Law constant for the chemical species that

are to be absorbed. -
Tracer

The tracer study was valuable in assessing the efficacy of the Onda corrgla.tions.
Onda correlations for ky, were approximately 2.78 times the observed £z, in VPBR;S
packed with 0.25 inch ceramic Raschig rings and no biofilm present. This discrepancy
appears to be due to the low liquid ﬂovslr rates. With biofilm present, the k1, calculated
;z&}ith Onda was approximately 2 times the observed k..

The diﬂ'erenqe from the observed values apd IO.nde'L, for both biofilm aﬁd no biofilm,

is most probably due to the fact that the VPBRs are operated at a very low liquid
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flow rate which is well outside the liquid flow range at which Onda was correlated
(Onda, et .al, 1968). Onda correlations were correlated to liquid Reynold’s nuﬁbers
between 1 and 1000 (Onda, et al, 1968). The Reynold’s number for this study was
0.05. Since Onda is an empirical correlation, it is quite possible that it has trouble
extrapolating that far outside its empirical fit.

The difference betweer; the bic;ﬁlm and no biofilm values is probably due to a num-
ber of factors including wetted packing area, and different surface tension character-

istics. These discrepancies appear to be reduced as the liquid flow rate is increased

but further study is needed.

Mass Trarisfer Coeflicients

In the calculation of the local mass-transfer coefficients, the gas-liquid interfacial

surface area predicted by Onda was assumed to be correct for the liquid flow rates

“of 5 and 10;22—51._ Onda predicted a,, = 11 Z—z for the gas-liquid interfacial surface

area while the surface area available for biofilm is 710 g—; This indicates plenty of
channeling, which is quite possible at the extremely low liquid flow rates under which

the VPBRs were operated. This prediction is supported by laminar flow theory which

would predict a liquid film thickness of ~ 100um. Using the liquid hold up correlation

by Buchanan in Perry’s Chemical Engineering Handbook 6th Edition, the liquid layer
thickness is estimated to be & 2000um. k, observed would predict a diffusion layer

of 200-700 pm. Hence the bench-scale coefficients are within reason.
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Model Without Reaction

The tracer study prox‘rided data on the removal of a VOC in a gas absorption
column with a nonreactive, mature biofilm present. This gave a good starting point
for model evaluation. By using the bench-scale dg,ta to calculate a mass transfer
f:oeﬂ'icient, the model With(;ut reaction could then be used to predict tfle bench-scale
column performance. The model was found to be within & 10% of the bench-scale
removal rates of the nonreactive tracer. This result gives confidence in the numerical

scheme and the macroscale model equations.

Model With Reaction

Table 3 shows the removal efficiency, from the gas phase, of thg p-xylene degrading
VPBRs (Vaughn, 1993). In addition, Table 16 supplied some additional bench-scale
data with toluene degradation for use in evaluatiﬁg the model.

When the model with reaction was solved using the 'plure physical mass-transfer
coefficients, the removal rates were as much as 85% in error with the observed removal
rates. When an enhancement factor was calculated from the bench-scale reactors and
used in the model, the results were considerably closer. 'I‘he model was \;vithin +10%
of the bench-scale results when there was no indication of electron-acceptor limitation
in the reactors. .Under the conditions, of severe electron-acceptor limitations, the

model was up to 50% in difference with the data. Here, it should be noted that there
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was littlé data available under these conditions and more data needs to be collected to
assess VPBR performance under extreme electron-acceptor limited conditions. Also,
a gas chromatograph using a FID injecting gas samples was found t6 be accurate to
only £10%. With this in mind, the model wz.aJs well within expected accuracy.

The fact that there is a liquid—bioﬁlm phase everywhere in the VPBR would indi-
cate that the increased efficiency was due to an increase in effective interfacial surface
area. However, when the model was run with the dry surface area instead of the
surface area predicted by Onda and without ;n enhancement factor, the results were
approximately twice the results found in Table 20 for no enhancement factor. There-
fore, the increased surface area was not sufficient to account for the increased rgmoval:
rate of the VPBR.

In a VPBR, mass transfer of the influent elect1'on-.donor and electron-acceptor

occurs at several levels. These are

(1) Macroscale transport of the electron-donor and electron-acceptor into, and

through, the reactor in the gas phase.
(2) Mass transfer across the gas-liquid interface.

(3) Transfer into and through the biofilm with catalytic reaction present that is

dependent upon the presence of both electron-donor and electron-acceptor.

Each one of these steps has its own transport characteristics and hydrodynamic prop-
erties that use certain assumptions and parameters that are experimentally deter-

mined.
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Item (1) determines the total amount of the electron-donor ‘and electron-acceptor
that are being applied to the VPBR.

Item (2) presents plenty of weaknesses. This is primarily due to the semi-empirical
nature of the mass-transfer correlations, as well as the unknown quantities involved
with calculating an enhancement factor.

Item (3) comes i_nto play when one considers that the electroﬁ—acceptor in this study
is oxygen with a solubility of approximately 7ppm at T = 29501( and P = 0.84atm.
The electron-donor is either toiuene or p-xylene with solubilities. of 515 ppm and
200 ppmn, respectively. As a result, it is easy to apply too much electron-doner to the
VPBR and effectively shut down the reaction.

One method of determining when the VPBR will be electron-acceptor limited is to
comparé the ratio-of Thiele moduli for the two substrates. Based on the solubility of
oxygen, it is possible to dgtermine a limit for the electron-donor concentration that
would force electron—acc;eptor limitation. This method assumes that mass transfer of
both the electron-donor and the electron-acceptor across the gas-liquid interface is
of equivalent magnitude, there is no externe;l mass-transfer fesistance at the biofilm,

and zero-order kinetics. The ratio is expressed as

2 D Yz S ’ .
¢_; — dlzfdod -1 ) - (85)
¢d D, )/m/aSa ‘
Using S, = 75%, and the parameter values used in the model, it can be shown that the

maximum electron-donor liquid-phase concentration is approximately Sq = 7.8 52.

This corresponds to a gas phase concentration of approximately 300 ppm using the
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experimental Henry’s Lav;r constant. -This is a value that can be used for design
purposes since none of the bench-scale VPBRs showed signs of oxygen limitation for
concentrations at or below this valﬁe.

Mass transfer and reaction of the electron-acceptor were not measured in this
study. This is primarily dug to the sensitivity of the equipment needed to close a
mass balance on oxygen in a VPBR.

The low liquid flow rates used in the VPBRs has rna,'de it difﬁqﬁlt for the Onda
correlations to be completely reliable in- predicting k. In fact, the Onda correlations
were shown to be high by a factor of 2 for the situation without biofilm, while the
values predicted by Onda for k; were approximat’ely 3 times the bench-scale values
in the case with biofilm and no reaction.

It was assumed that kg-and a,, were adequately predicted by Onda. When there
is a lot of reaction present, it is reasonable to speculate thz;,t a., as predicted by
Onda, may be low. This is bgca,use there will be very few places along the biofilm
surface that will remain saturated with electron-donor for any period of time. Hence,
_even dead zones to the fluid flow will not be in equilibrium and could contribute to
the mass transfer across the gas-liquid interface. It should be noted, however, that '
the inaccuracies of the pure mass-transfer coefficients did not explain the removal
rates observed in the bench-scale VPBRs. Tlhis has led to the promotion of the

enhancement factor in the VPBR.
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The enhancement factor represents an irﬁportant value whose predif:tion from a
correlation will have to be developed in future studies. However, when the inﬂuent.
electron-donor concentrations are under 300 ppm, the kinetics of the biofilm approach
first order. Using equation (26), assume that K >> S and K, < O and an estimate

for k; in equation (4) can be made. Let

. KmazPf
ki = :
YK, (86)

Under this condition, an estimate may be made for the enhancement factor using

| equation (4) and the information in Tables 5 and 6. Table 21 shows the values for

k, calculated for the maximum, minimum, and average kinetic parameters. The

Table 21: Estimates of &,
Minimum | Model Maximum

ky ky ky

8,530 | 2,730,000 | 84,000,000

diffusivity of p-xylene at T = 295° K is 6.89e-5 mzk-iay' Table 22 shows a comparison

of the calculated and observed enhancement factors for the case where the electron-

donor is p-xylene.

Table 22: Predicted vs. Observed Enhancement Factors
Predicted | Predicted | . Predicted Mean Observed
Minimum E.F. | Model E.F. Ma,ximumrE.F. E.F.

7.7 ‘ 137 ' 761 109




70

Item. (3) presents difficulties due to lil'hited k_nowiedge of the bioﬁlm kinetic and
physical properfies. However, solutions of the model using t:,he extreme ranges of
biofilm parameters shown in Table 5 showed very l'ittl(’a difference in the removal rate
of the VPBR,S.' This is because the enhancement factor used was. constant and not
sensitive to the changes in the kinetics. But, the kinetic parameters do influence
the amount of dissolv‘ed electron-donor and electron—acceptof present in the liquid
effluent. Also, if the model had an enhancement facfor funcf;ion that could respond
to the changes in biofilm reaction rates, then the model would be sgnsitive to biofilm
kinetic parameters.

The model results without an enhancement factor are consistent with those re-
ported by Overcamp, et al, 1992, and Ockeloen, et al, 1992, for the VOCs used. In
the studies by Overcamp, et .al, and Ockeloen, et al, the reactor was operated in
recirculation mode which saturated the liquid phése _a.nd shut down aﬁy enhancement
factor. Wit:,hout an enhancement phenomenon present the only mass-transfer process
is pufe physical mass 'tra;nsfer. The _performance ﬁnder these conditions is an order

of magnitude smaller than the VPBRs in this study.
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CHAPTER 7
CONCLUSIONS

A pheno,menblogi'ca,lly—based mathematical model has béen presented that coupleg
the rﬁicroscale substrate removal rate in a biofilm with a macroscale representation
of a'gas absorptién column. The removal rate accounts for'both the electrén—don‘or
and electron-acceptor conéumption using dual Monod kine;tics.

A stable numérical scheme'wés coded into a computer program to solve the modél.
The results were used to evaluate the model against bench-scale VPBRs and Vi’BRs
using nqn-rea(étive tracers: | |

The non-reactive tracer stu(iies provided for a corrected Ond@ correlation that
accounts for .the presence ‘of biofilm on .t-he paéking and the low liquid flow rates.
The corrected Onda correlations were found to .pred.ict removal rates for non-reactive
VPBRs. However, they did not account for the removal rates observed in the Bench— o
_ scale VPBRs. To _adequétely predict the bench-scale results, an enhancement fact?or
was introduced to predicf the mass transfer due to the presence of the reactive biofilm
near, the gas—liquidl interface.

- Unde1.~ conditions where the reaction rate is first-order wi’th respéct to the elec?rOn—
donor, thé enhancement:, factor can be predicted usiné biofilm kinetic parameters and

corrected mass transfer correlations.
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Recommendations

A comparison has been made between bench-scale VPBRs and a phenoménologically—
based mathematical model. When adequate knowledge of the pure physical mass-
transfer coefficients, biofilm parameters, and the enhancement factor for the liquid
side mass-transfer coefficient is available, the model was found to predict VPBR per-
formance to within 10% of the bench-scale VPBRs. |

.When the proper balance of electron-donor and electron-acceptor concentrations
are maintai'ne(i, the VPBRs show good removal of VOCs from a gas stream. Since
the 'react'ion drives the enhancement factor, control of electron-acceptor limitation is
imperative for proper reactor performance. The model and bench-scale results both
show that under high influent electron-donor concentrations, the react(;r performance
suffers. This situation can be estimated by setting the ratio of Thiele moduli of
the electron—donor and electron-acceptor equal to one and solving for the maximum
electron-donor concentration based on saturation of the electron-acceptor concentra-
tion.

In \}PBRS, the biofilm acts like a \\;etting agent and reduces the amount of chan-
nelling. This sponge effect also increases the thickness of the liquid-biofilm phase.
When the biofilm is not substrate limited by the electron acceptor, the reaction rate
approaches first-order in electroﬁ-dqnor. Under these conditions, an enhancement fac-

tor can be calculated to account for the increased removal efficiency of the bench-scale

VPBRs.
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In the implementation of a VPBR, it appears that a low liquid flow rate will
keep the biofilm close tQ the gas-liquid interface and the enhancement factor will be
maximized. Operation modes such as recirculation shbuld be avoided since problems
such as changes in pH could reduce the reaction rate of the biofilm, reducing the
efficiency of the reactor. If liquid effluent is a problem, it might be best to treat any
liquid effluent separately in a CSTR. S(;ries- operation of several VPB‘R,S should be
sufficient to-meet a large portion of effluent emission standards. A final polishing of
any remaining gas phgse VOGs could be accomplishec] with traditional technqlogies.'
VPBRs will plug if given optimum operating conditions. Hence, it is imperative in
the design phase ’;o allow for fluidization of the column for periodic removal of excess
biomass.

Other numerical schemes will have to be investigated to determine if a more effi-
cient. solution method can be obtained. Collocation and Galerkin schemes would be
an obvious ﬁfst choice. The solution can then be compared with the results from the
RKF implementation to determine their accuracy in resolving some of the steep con-

- centration profiles which are encountered in the influent liquid-phase concentrations.
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NOMENCLATURE




)

a; = Effective surface area of biofilm [=] Z_i
a; = Total specific surface area [=] Sares
aw = Wetted specific surface area [=] -2

d, = Average size of packing [=] Zength

g = Gravitational Constant [=] %fz—zh
k; = First-order reaction-rate constant
ke = Gas-side mass-transfer coefficient with reaction

kr, = Liquid-side mass-transfer coefficient without reaction

ki = Liquid-side mass-transfer coeflicient with reaction .
vy = Gas velocity [=] 7=

v; = Liquid velocity [=]%

z = % = Dimensionless (macroscale)

D, = Electron-acceptor diffusivity in biofilm [=] %

Dy = Electron-donor diffusivity in biofilm [=] %25

. . . 2
Dg = Gas diffusion coefficient [=] ‘ength”

time

time

Dp, = Liquid diffusion coefficient [=] le2eth” th?

Ds = Diffusivity of the gas in the liquid [=] length?

time
E = Enhancement Factor (dimensionless)

L

2 . < N . .
Fr; = -Ii,fgz—;‘ = Liquid-phase Iroude number (dimensionless)

mass
area time

Gy = Gas mass flux [=]

H = Height of column packing [=] m

m

Kg, = Overall gas-phase mass-transfer coefficient for electron acceptor [=] 15

Kgy = Overall gas-phase mass-transfer coefficient for electron donor = &

Kyo. = Henry’s Law coefficient for electron acceptor [=] -Zefracgas

mole fracliquid
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Kyq = Henry’s Law coefficient for electron donor [=] _mole fracgas

.mole fracliquid

K, = Overall electron-acceptor mass-transfer coefficient [=]‘me
Krq = Overall electron-donor mass-transfer coefficient [=] p P
K, = Electron-acceptor ha,lf-s.atura.tion _coefﬁcient =] ;’i—%

K, = Electron-donor half-saturation coefﬁcient (=] n%%

K, = —O-% = Dimensionless

Ky = 3%‘-‘;: = Dimensionless

L; = Biofilm thickness [=|m

Ly =, Liquid mass flux [=]

mass
area time

. MW, = Molecular weight of electron acceptor =] =L

gmole
MW, = Molecular weight of electron donor [=] =%
’ gmole
O = Electron-acceptor concentration [=] X%
m
R = Average rate of transfer of gas per unit area
R .= Average rate of transfer of gas per unit area with reaction

Rep, = a—Ltfff; = Liquid-phase Reynolds number (dimensionless)

S = electron-donor concentration [=] 7—’;%
§° = Average concentration of the dissolved gas in the bulk of the liquid

S* = Concentration of dissolved gas corresponding to the partial pressure of
the gas at the interface between the gas and liquid

Wer = % = Liquid-phase Weber number (dimensionless)
X, = Oboulk = Dimensiqnless (microscale)

X, = "”—‘Lfff“ = Dimensionless (macroscale)

Xq = S:iug' = Di’mensionless (microscale)

Xq = ﬂ%‘f“ = Dimensionless (macroscale)

Y, = Y= — Dimensionless (macroscale)

Yao




7

Y; = X = Dimensionless (macroscale)
o
Ys. = Influent gas-phase electron-acceptor concentration [=] meles acceptor

moles total gas

_moles donor

Y, = ‘Influent gas-phase electron-donor concentration [=] -2zescen 9as

Yofe = Yield of ’cells/’electl“on acceptor [=] Kabiomass

kg acceptor

Yz/a = Yield of cells/electron donor [=] %";ﬂﬁ:—s

KgpouwH
O1g = ugw

— KpaawH
Qg = u!w

_ KuaosHViDs
'0530. - v Yaoc MW,

KggawH
Qg = T

| KpgawH
azdz——l‘-‘ﬁﬂ“—.

__ Kgaa HV,Dy
Q3d = Ty, MW,

§ = Film thickness = m
é = f— = Dimensionless
I

¢ = spatial dimension in biofilm [=]m

mass
length time

pe = Viscosity of gas [=]

mass
gth time

= Viscosity of liquid [=] len
Pmar = MaXimum SpeCiﬁclceH_ growth rate [=] 3

pf = Bloﬁlm density [= ]—k'q'

pe = Den31ty of gas [=] 2=
pL = Density of liquid [=] 52
o. = Surface tension of packing material [=] fength

or = Surface tension of liquid [= ]l—-—,efgzi '

V, = gas molar volume [=] ;-

V; = liquid molar volume [=] - Tole
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APPENDIX A

MICROSCALE SOLUTION METHOD

The following development is an extension of the methods dfeveloped by Na and

Na (1970) and Fink (1973) for solving nonlinear diffusion equations with catalysis.

This method does not directly solve for a particular concentration, but is suited for

solving a range of concentrations within a.reasonable amount of time and accuracy.

The main difference in this work from that of Na and Fink is the application of dual

Monod kinetics. A formulation for dual substrate kinetics using Haldane or substrate .

inhibition kinetics for the electron-donor and Monod kinetics for the electron-acceptor

will also be developed.

Using dimensionless equations (26) through (31), introduce the variables K°

3‘%;, and K® = 315—“; to get the formulation given next.

d?Xy _ ¢2 I\,dXd < X, )
dé2 — TP\RKRd4+ X)) \K*+ X,

With boundary conditions,

dXq
do

(0) = 0

X, ¢2< Xy )( KX, )
FTERERV CED ¢V CE . ¢

(87)

(88)

(89)
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CB400) = w = X)) . (0

‘ dj:;“(o)' =0 ' o (91)

e (1) = e (1 - X.(1) (92)

Where,

¢ = g‘";d—:,;;f(—; (93)

# = i%’f}f (94)

g = ngd \ (95)

b= o (%)

To solve this system it is necessary to introduce tWQ transformation parameters
Ag and A, which will transform this boundary-value problem into an initial-value

problem.

Let Xy = AgXj and X, = A, X and set Xj(0) = 1 and X;(0) = 1, so that
As = X4(0) and A, = X,(0). This transforms equations (87) through (92) into the

following forfn.

EX; L K*X; X; .
- (]x’d*+X; Ko+ X; (o7)
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d2X; . X5 K> X;
& (I\’d* + X3) \ K>+ X;) (98)

With boundary conditions,

X3(0) = 1 - (%9)
d;? (0) = 0 ~ (100)
A1) = e A 0) oo
X*(0) = 1 - (102)
SHUBE L am
ALY = (- 4K () (104)

 Where K% = £ and K** = 4~
To solve, pick a range of values for ¥* and K** and solve equations (97) and (98)

with initial conditions (99), (100), (102), and (103). To solve this numerically, let

"X )

5

X3
)

QL

(105) -

8y
fl
~
Q¥

ﬁ
LQ..
ol
SR
L
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Then equations (97) and (98) may be written as a system of first-order differential

~

equations.
- 25 -
¢2 ( ]\’d‘:z:l ) ( T3 )
d 1\ Kd*tz; ) \Ko*+z3 .
2 (@) = | (106)
dé -
T4 : -
¢2 ( I\’d":z:l ) ( T3 )
L 2 A I\"d‘+:c1 j I\"“‘+a:3 B

0 0
110 1
z 0 =10 (107)
0 1
Once the solution'is computed, il is possible to de.t'ermine' Aq and A,.
Ag = — 2 O (108)
wd —_— o f - , } dX‘ ) ) 3
- Xo()+ 5 (D)
. 1 _ ,
As = = axz - (109)

Now the original solution to the problem may be obtained with Xy = AdX,;i‘ and
Xo = AX3.

By applying a range of parameters, the concentration and gradient profiles can be
obtained for the entire range of possible electron—(ionor and electron-acceptor concen-
trations. This information is then used in the macroscale equationsl

The case where inhibition kinetics are used fo.r the electron-donor is similar to the
above development.‘The difference is in the formulation with the inhibition constant

K;.
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The dimensionless microscale equations are written as,

d? Xy HmPy Xy X ‘
D = == = | ( 2 > 110;
¢ dé? Ya:/rl I\’sd + Xd + %2- I(sa + Xa l ( ) )
d* X, 7y X4 X
D ile = Enbi| | (7==5)
48 " Yoo \ K Xo+ 38 ) Moo+ Xe (1)

With boundary conditions (28) through (31).

Introducing the variables K¢ = g, K* = Zfo and Ky = f# yields the

following formulation.

EXy KXy Xa -
it - 112
iz = (Kd + Xy + 54 X3 (I\’“ + Xa) _ , (112)
dea, 2 Xd I{a.Xa_ . ’
e (Kd + Xg+ ’ﬁzxg) (A’a + Xa> (113)

Where the boundary conditions are listed in equations (89) through (92).

Using the tra,nsformation.variables Ay and A, yields,

?X; 2 KX X:
= = a : 114
> - N (Kd*+X;+—gfL}\‘.',X;2 Ko+ X ()
2Xx ) X; Ko X '
—L = » > 2 115
& =% (Kd*+X;; + —Li,’:.;,Xf) (Ka*_+ X;;) - (119)

With initial conditions (99), (100), (102), and (103). The rest of the solution

method follows as before.
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"APPENDIX B

. EXISTENCE AND UNIQUENESS

The theory of existence and uniqueness for systems of 1%-order ordinary differential
equati.ons is well established (Sénchez, 1968). This theory will be applied to the model
equations over their physical domains to demonstrate existence and uniqueness of
solutions. Existence and uniqueness of solutions must be demonstrated, if possible,
to er.lsure that the numerical solution of the differential équ;itions is possible.

The theorem states that given the equation

d . . |

—(Z) = f(&,t

2@ = 1@, (116)
that is defined in some domain B C R**! and that f and g—;,i = 1,...,n are

~ defined and continuous in B. Then for every point (&, t,) € B, there exists a unique
solution'# = @(t) of (116) satisfying ¢(t,) = 7, and defined in some neighborhood
of (£, 1,).

The domain B for the dimensionless microscale model equations is

B = {(z1,...,35):0 < & < L,i=1,...,5} . (117) .

4

where z5 = 6 in equation (106). The right hand side of equation (106) may be
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written as

trabd f X1 A X1 A

yXla-pa XA".d+"1/ V/V50+X3/
X
I(£) corl 2 X XZ X X (118)
yx/aPa \K,d+XI) xa a+x 3/

o3

to match the notation in the existence-uniqueness theorem, /(x) is defined on J3
since the denominator in the dual Monod kinetic expression is never zero over B.

Furthermore, /(x) is continuous on B since

lim /(x) = /xr) VX0 GB. (119)
It now remains to be shown that is defined and continuouson B fori = 1,..., 4.

The necessary partial derivatives are shown next.

ol |
Yxlap P \{Ksp+><|v X.]O+XS

d
(@)=

yilap a A|d+/\| )(A a+X3

Om
@ b (121
0

PmPj ! X K.a
yXlap P VA,Sd+X] J ;(A"S) +3A3)2

@@= .. v (122)

yxrapa XV, dEXiy S((a aat+Xs)h
|

1@ -

(123)
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A similar approach is available for the macroscale equations. The domain for the

dimensionless form of the macroscale equations is
B = {(xi,... .t5):0 < T2 < I, z=1,..,5} (124)

where X = z in equation (56). By using the approximation to the biofilm flux

found in equation (78), the right hand side of (58) can be written as

Oadiota*10810 "Y<d 2 + 610Sio A« + c]

V = (125)
Qf3a ( (7/n ] Q[a(loglo A'a)2 + Hogl0 Ara + ¢]
where

BI = {(xi,...,x5):0< Xi < I, z=1,...,5} (126)

The right hand side of (56) may now be written as

QIiZ(AN — Yd)

+ oadiot"”810N)" +10810N +Y

1(z) (127)
Qla (Aa —ya)
*2. (AW - %, + loH '°810 + 610Sio %. + ]
/(x) and are defined and continuous on Bl and hence there exists a unique

solution to (56) using the approximation in (127).
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APPENDIX C

"COMPUTER CODE

The ordinary differential equation solver used is a slightly modified version of the
solver written for MATLAB. o

function [tout, yout] = ode45bo (FunFcn,t0,tfinal,y0,alphal,
alphaio,alpha2,alpha2o,alpha3,alpha30,YO,YOo,
KH,KHo,H,MW,MWo,betai,Lf,tol,trace)

%, The Fehlberg coefficients:

alpha = [1/4 3/8 12/13 1 1/2]’;
beta = [ [ 1 0 0 0 0 0]/4
L 3 9 o o 0 o0l]/32
[ 1932 -7200 7296 0 0 0]/2197
- [ 8341 -32832 29440 -845 0 0]1/4104
[-6080 41040 -28352 9295 -5643 01/20520 17;
gamma = [ [902880 0 3953664 3855735 -1371249 2770207 /7618050
. [ -2090 0 22528 21970 -15048 -27360]1/752400 1°’;
pow = 1/5; .

if nargin < 6, trace = 0; end
if nargin < 5, tol = 1.e-6; end

Y Initialization

t = t0;

hmax = (tfinal - t)/5;

hmin = (tfinal - t)/1e100;

‘h = (tfinal - t)/100;

y = y0(:);

£ = yxzeros(1,6);

tout = ©;

yout = y.’; '

tau = tol * max(norm(y, ’inf’);.1);

if trace
cle, t, h, ¥y
endv
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% The main loop :
while (t < tfinal) & (h >= hmin)
if t + h > tfinal, h = tfinal - t; end

% Compute the slopes :

£(:,1) = feval(FunFecn,t,y,alphal,alphalo,alphaZ,
alpha2o,a1pha3,a1pha30,YO,YOo,KH,KHo,H,
MW,MWo,betal,Lf);

for j = 1:5 ' '

£(:,j+1) = feval(FunFcn, t+alpha(j)*h, y+hxfxbeta(:,3),
alphai,alphalo,alphaQ,alphaQo,alpha3,alpha30,...
Y0,YOo,KH,KHo ,H,MW,MWo ,betal,Lf); '

end i

%, Estimate ‘the error and the-acceptable error
delta = norm(h*fxgamma(:,2),’inf’);
tau = tol*max(norm(y,’inf’),1.0);

% Update the solution only if the error is acceptable
if delta <= tau ‘
t =1t + h;
y = y + hxfxgamma(:,1);
tout = [tout; tl;
yout = [yout; -y.’];
end
if trace
home, t, h, ¥
end-

% Update the step size

if delta "= 0.0 - .

h = min(hmax, 0.8%h*(tau/delta) pow);
end : ‘

end;

if (t < tfinal)
disp(’SINGULARITY LIKELY.’)
t )

end

The microscale code employs the transformation methods in appendix A A sample

" of this code is given next.

kL o kot o b T T o e b e e T T e o oo
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b : pA
A fluxave.m diat. earth pellets %
A carbon/oxygen balance - %

% b

2%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%i
e e o el o o o o e o o e o o e oo o o e T T e e e 2 e

A %
% Onda correlation is included %
% ' %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

Y U Tt T T T s T Ll o o o e e e A T e T e o

t !
’ Set up parameters - A
b y

L T o e T T L o e R e o e kT e T e

clear;

" %VOLg = input(’input VOLg ’);
VOLg = 4000; -

gas = VOLg;
a = 641.3; %, dry surface area/vol (m"2/m"3)
%a = (1.1)*a; % increase due to biofilm
KH = 200; %, Henry’s law constant xyl (mol/mol)
KHo = 52142.86; % Henry’s law oxygen (mol frac/mol frac)
H=10.6; % column height (meters) :
- Y0 = 0.00015; % gas conc. at bottom of tower (nol frac.)
%Y0 = input(’input YO (0.000###) ’); :
Y0o = 0.209500; ..
X1 = 0; - % liquid conc. at top (mol frac)
Xio = 0; % 1liq. 02 conc. at top (mol frac)
VoLl = 5;

%VOL1l = input(’input VOL1 ’);

liquid = VOL1; _
VOLg*24%60/1000000; % (m~3/day)

VoLg =

VOL1 = VOL1%24%60/1000000; % (m~3/day)

r = 1.25; % radius (inches)
A = pi*r~2; % area (inches"2)

Vg = VOLg*10000/(A*2.5472); % gas.velocity (m/day)




V1 = VOL1*10000/(A%2.5472); %

- D1

L L s L o s o sk ok e s o e Tk T e o e oo e e 2o o e e

90

liquid velocity (m/day)

% %
% - calculate Kla & Kga for carbon source with Onda A
A : %
L L s s ot o o o o o T T T e o o e o e e e 2 e e
Vgs = Vg/86400; % Vg (m/sec)
Vls = V1/86400; : : % V1 (m/sec)
mvoll=1.8053e-5; % molar vol. liquid
mvolg=2.91e-2; : % molar vol. gas
rhog = 1.185; %, gas demsity 25C (kg/m"3)
rhol = 997.08; ' % liquid density 25C (kg/m"3)
mug = 1.83e-5; % gas viscosity (kg/m-sec)
mul = 0.8937e-3; % liquid viscosity (kg/m-sec)
g = 9.81; % grav. acc. (m/s”2)
dp = 0.00635; Y% diam. of packing (m)
Gm = rhog*Vgs; . % gas mass loading rate (kg/m"~2-s)
Lm = rhol*Vls; % liquid mass loading rate (kg/m"~2-s)
q = (-0.74)/(dp~0.7); '
sigma = 0.072; ' %, .surface tension (kg/s"2)
sigmac = 0.0281; . Y crit. sur. ten. (kg/s"2)
Re = Lm/(a*mul); % Reynolds number
Fr = Lm~2*a/(rhol"2%g) ; Y Froude number
We = Lm~2/(rhol*sigma*a); % Weber number
temp = 1.45*(sigmac/sigma)‘0.75*Re‘(0.1)*We”(0.2)/Fr‘(0.05);
aw = (1-exp(-temp))=*a; %wet area/vol

= 6.89e-5; | % diff.of xyl. in liq.(m"2/day)
Dg = 0.72576; Y diff.of tol. in gas(m‘2/day)
Dls = D1/86400; Y diff of xyl. in liq (m"2/sec)
Dgs = Dg/86400; . Y, diff of tol. in gas (m"2/sec)

.Kltemp = 0.0051*(Lm/ (awkmul) )~ (2/3)/ ((mul/ (rhol*D1s))~0.5);
K1l = Kltemp*(a*dp)‘o.4/(rhol/(mu1*g))“(1/3);

Kgtemp = 2% (Gm/ (a*mug)) " (0.7)* (mug/ (rhog*Dgs)) " (1/3);
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Kgtemp/ (a*dp) ~2*a*Dgs;

Kg =
K1 = K1%86400; % m/day
Kg = Kg*86400; % m/day

icoefl = input(’input coefl for KGB ’);

%coef2 =
;oefi = 1;
coef2 = 1;

input (’input coef2 for KLB  ’);

KGB=(1/Kg+(1/K1)*(KH*mvoll/mvoig))”(-1);

KLB=KGB*KH*mvoll/mvolg;

KGB =
KLB

coef1*KGB;
coef2*KLB;.

" alphal
alpha?2

(KGB*awxH) /Vg;
(KLB*aw*H) /V1;

| %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%-

% | ‘ | A
% biofilm'Parameters carbon source %
oo pA
et T T e s T e T s e s T o o o s Yo e o T o T o T s T T s T o e o T o o e

K1f = 1.09%Lm*(mul/(rhol*Dls)) "~ (-2/3)*(dp*Lm/mul) ~(-2/3)*86400;

%K1f = K1;
’ rhof = 100;
mumax = 14.4;

De = (0.8)%*D1;
%Lf = input(’input Lf

Lf = 0.00%;

V1f = V1;

VOL1f = VOLI1;

af = (1)*a;

Yaf = a;

MW = 106; ,

%Ks = input(’input Ks
Ks = 0.003;

%ki = input(’input Ki
ki = 1e10;

Y = 0.44;

% biofilm density (kg/m~3)
% maximum growth rate (1/day)
% diffusivity in biofilm
’); % £ilm thickness (m)-

% V1 in biofilm
% VOL1 in biofilm

% eff. surface area of biofilm

% molecular weight
’); % Monod constant

OF

% yield (kg bio/kg sub)
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phi = (mumax*rhof*Lf"~2/(Ks*DexY))"0.5;
psi = K1f+Lf/De;
Ksp =.Ks*1000*mvoll/MW;

kappa = Ksp*KH/YO;
Ki = ki*(1000*mvoll/MW) "2xKH/YO;

T e e o e oo o e T s T T e T e e o e o o e T s o 2

% o h

% calculate Klao & Kgao for oxygen with Onda %

b A
o o o o o o o T T e o e o e o o e e e o o e
Vgs = Vg/86400; % Vg (m/sec)

V1s = V1/86400; % V1 (m/sec)

mvoll=1.8053e-5; % molar vol. liquid
mvolg=2.91e-2; % molar vol. gas

rhog = 1.185; % gas density 25C (kg/m”3)
rhol = 997.08; % liquid density 25C (kg/m"3)
mug = 1.83e-5; % gas viscosity (kg/m-sec)
mul = 0.8937e-3; % liquid viscosity (kg/m-séc)
g = 9.81; . % grav. acc. (m/s"2)

dp = 0.00635; % diam. of packing (m)

Gm = rhog+*Vgs; Y gas mass loading rate (kg/m"2-s)
Lm = rhol*Vls; - % liquid mass loading rate (kg/m~2-s)
q = (-0.74)/(dp"0.7);

sigma = 0.072; % ‘surface tension (kg/s"2)
sigmac = 0.0281; % crit. sur. ten. (kg/s"2)
Re = Lm/(a*mul); % Reynolds number

Fr = Lm~2*a/(rhol"2%g); % Froude number

We =Lm~2/(rhol*sigma*a); % Weber number

temp = 1.45f(sigmac/Sigma)“O.75*Re“(0.1)*We“(0.2)/Fr“(0.05);

aw = (1-exp(-temp))*a; %wet area/vol

Dlo = 1.728e-4; % diff.of 02 in 1liq. (m"2/day)
Dgo = 1.77984; : "% diff.of 02 in gas(m~2/day)
Dlos = D10/86400; % diff of 02 in ligq (m~2/sec)

Dgos = Dgo/86400; Y% diff of 02 in gas (m"2/sec)
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Kltemp = 0.0bSif(Lm/(aw*mul))“(2/3)/((mul/(rhol*Dlos))*O.5);
Klo = Kltemp*(a*dp)~0.4/(rhol/ (mul*g))~(1/3);

Kgtemp = 2%(Gm/(a*mug))~(0.7)* (mug/(rhog*Dgos)) " (1/3);
Kgo = Kgtemp/(a*dp) ~2*a*Dgos; '

Klo
Kgo

Klo*86400; % m/day
Kgo*86400; % m/day

%coef3 = input(’input coef3 for KGBo Yy,

Y%coef4 = input(’input coef4 for KLBo ’);
coef3d = 1; °
coefd = 1;

KGBo= (1/Kgo+(1/Klo)* (KHo*mvoll/mvolg)) ™ (-1);
KLBo=KGBo*KHo*mvoll/mvolg;

KGBo
KLBo

coef3*KGBo;
coef4*xKLBo;

alphalo = (KGBo¥awxH) / Vg;
alpha2o0 = (KLBo*awxH) ./ V1;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%2%%%%%%%%%%%%%%%%%

% . _ /A
% biofilm parameters ~ oxygen b
/ /

ﬁ%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Z%%%%%%%%2%%%%%%%%%%%%%%%
K1fo = 1.09%Lm*(mul/ (rhol*Dlos))"(-2/3)*(dp*Lm/mul) " (-2/3)*86400;
YK1fo = Klo;" ' ' :

rhof = 100; " % biofilm density (kg/m"3)
mumax = 14.4; % maximum growth rate (1/day)
Deo = (0.8)*Dlo; % diffusivity in biofilm

YLf = input(’input Lf ’); % film thickness (m)

Lf = 0.001;

V1if = Vi; % V1 in biofilm

VOL1f = VOL1; % VOL1 in biofilm

af = a; Y eff. surface area of biofilm
MWo = 32; ' % molecular weight

%Kso = input(’input Kso ’); 7 Monod constant
Kso = 1le-6;
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%Kso = 0.0001;

Yo = 0.14575; % yield (kg bio/kg o)
. phio = (mumax*rhof*Lf" 2/(Kso*Deo*Yo)) 0.5;
' psio = Klfo*Lf/Deo;

Kspo = Kso*1000*mvoll/MWo;
kappao = Kspo*KHo/Y0o;"

%%%%%%%%%%%%%%%%%%%%%%%%%2%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

h
A
/

%

calculate effectiveness factor %

A AR AR AR A AN AR A AR AR

YA

cl=clock;

Ki = ki;
kappa = Ks;

phi2=phi“2;

i=0;

cl = zeros(3,3);
dcl = cl

rl = cl;

phi2o=phio~2;

clo = zeros(3,3);

dclo = clo;

rlo = clo;

% ki = be2;

% ki=input(’input k1 (le4=>So=2.5e-6)
ki1 = be4;

k12 = lelxkll;
% k12 = ki1;
dht = k11;
1= O,
for 1li=1:
for k1 = k11 dhi:k12-dhi;
1=1+1;
kol = 1eb;
% ko = 5e3;

ko2 = lelxkol;
% ko2 = kol;

DF




dh
S

- for ji=

for ko

(o]
N~ ol
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.

ol;

11
ko1:dho:ko2~-dho;

3=i+1;

i=i+1;

p=-1; ) - % geometry factor

t0=0; - : % left boundary position

tf=1; % right boundary position

x0=[0 1 0 1]’; % initial conditions at left boundary
tol=1e-8; % convergence tolerance

tr=0; ' % watch data

[t,x]=o0de452d(’thiele2d’,t0,tf,x0,k1,ko,phi2,phi2o,kappa, .
kappao,Ki,p,tol,tr);

c=x(1ength(x),2); . % boundary value at tf:
dc=x(length(x),1); % der. boundary value at tf

A1=1/(c+dc/psi);
c=c*Al;
dc=dc*Al;
K=k1*Al;
K1(j,1)=K;
a1(j,1)=A1;

_ c1(1:1:1ength(x),i) = Alxx(:,2);

dc1(1:1:1length(x),i) = Al*x(:,1);
ri(i:1:length(t),i) = t;

coix(length(x),4); % boundary value at tf
dco=x(length(x),3); % der. boundary value at tf

Alo=1/(co+dco/psio);
co=cox*Alo;
dco=dco*Alo;
Ko=ko*Alo;
Kio(j,1)=Ko;
alo(j,l)=Alo;

clo(1:1:1length(x),i) = Aloxx(:,4);
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dclo(1l:1:length(x),i) = Alo*x(:,3);

rlo(i:1:length(t),i) = t;

Dc(j,1) = dc;
Dco(j,1) = dco;

C(j,1) = c;
Co(j,1) = co;
Cs(j,1) = c1(1,1);

Cso(j,1) = clo(1,1i);

% phi sub f

phif (j,1)=((phi2*K)/ (1+K+kappa/ (K*Ki))*(1/(Ko+1)))"0.5;

% eta sub 0 .

etao(j,1)=dc.*((Ko+1)*(p+2)* (1+K+kappa/(K*Ki))/(phi2*K)) ;

phifo(j,1)=((phi2o*Ko)/(1+K+kappa/ (K¥Ki))*(1/(Ko+1)))"0.5;
etaoo(j,1)=dco.f((Ko+1)*(p+2)*(1+K+kappa/(K*Ki))/(phi20*Ko));

Yko = (2)*ko;

end;
kol = lelxkol;
ko2 = lelxko2;
dho = 1lel*dho;
end;

So = ((1/Ks)*K1).~(-1);
Soo = ((1/Kso)*K1o)."(-1);
%kl = (2)*ki; ‘

~ end;

- save fluxave;
ki1l = leixkll;
ki2 = lelxkl2;
dhi = leix*dhi;
end;

ecl = etime(clock,cl);
save fluxave;

end;

quit;

end;
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function xdot=thiele2d(t,x,k1,ko,bl,bo,kappa,Ki,p);

xdot (1)=b1xki*(x(2)/(x(2)+ki+(x(2) ~2)*kappa/ (k1*¥Ki))) *x(4)/(x(4) +ko) ;
xdot(2)=x(1); .

xdot (3) =bokko* (x(2) / (x (2) +k1+(x(2) "2)*kappa/ (k1¥Ki)) ) *x(4) / (x(4)+ko) ;
xdot (4)=x(3);

end

Once the microscale code is completed; the program curvfit.m provides the coefficients
for the flux in the macroscale code. : :

Yplot curve fit for no inhibition
P

x=[-7.5:0.1:-3];

v=polyfit(logl0(Soo0),log10(Dc),2);

y=polyval(v,x);

plot (1og10(S00(2:9,9)),10g10(Dc(2:9,9)),7+7,%,y), - -
xlabel(’a’),...
ylabel(’b’)

end;

L]

~ The macroscale code prompts for an estimated enhancement factor that must be
determined and supplied by the user. '

%%%%%%%%%%%%%%%%%%%%Z%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% /A
% a2kl.m diat. earth pellets %
% carbon/oxygen balance ; : %
Y : 0

e e L L e e e o o o T o e e et o o e e e
e e e e e o e T T Tt T T T o ek o e o T o T e T T oo

% . yA
Y . Onda correlation is included A
% y
L Ll L Lttt e oo o e o o o e o o T T e o oo e o T o

L e e e s o o b o sk o o o T e o o o e o o e e oo e e

A ]
% Set up parameters ‘ - A
p y

e e e o e ok e o oo o o o e e e e o e o e e e 2 T
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clear;

VOLg = input(’input VOLg ’);

%VOLg = 400;

gas = VOLg;

a = 641.3; % dry surface area/vol (m"2/m"3)

%a = (1.1)x*a; % increase due to biofilm

KH = 200; .% Henry’s law constant xyl (mol/mol)

KHo = 52142.86; % Henry’s law oxygen (mol frac/mol frac)
H=0.6; % column height (meters)

%Y0 = 0.0015; % gas conc. at bottom of tower (mol frac.)

YO = input(’input YO (0.000###) °);
Y0o = 0.209500;

X1 = 0; % liquid conc. at top (mol frac)
Xio = 0; % liq. 02 conc. at top (mol frac)
%VOL1 = 5;

VOL1 = input(’input VOL1 ’);

liquid = VOL1; _ :
VOLg = VOLg*24+%60/1000000; % (m~3/day)

VOLl = VOL1*24*60/1000090; % (m~3/day)

r = 1.25; _ % radius (inches)

A = pi*xr~2; . . % area (inches"2)

Vg = VOLg*10000/ (A*2.5472); % gas velocity (m/day)

V1 = VOL1%10000/(A*2.5472); Y liquid velocity (m/day)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
h ‘ A

h " calculate Kla & Kga for carbon source with Onda h
h . , h
YAt e o e ok o ok o e o T e e o e
Vgs = Vg/86400; % Vg (m/sec)

Vls = V1/86400; ' % V1 (m/sec)

mvoll=1.8053e-5; | % molar vol. lig m~3/mole
mvolg=2.91e-2; % molar vol. gas m"3/mole

rhog = 1.185; _ Y, gas density 25C (kg/m"3)
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rhol = 997.08; % liquid density 25C (kg/m"3)

mug = 1.83e-5; ‘ % gas viscosity (kg/m-sec)

mul = 0.8937e-3; % liquid viscosity (kg/m-sec)

g = 9.81; % grav. acc. (m/s"2)

dp = 0.00635; % diam. of packing (m)

Gm = rhog*Vgs; % gas mass loading rate (kg/m"2-s)
Lm = rhol*Vls; % liquid mass loading rate (kg/m"2-s)
q = (-0.74)/(dp"0.7);

sigma = 0.072; % surface tension (kg/s"2)
%sigmac = 0.0281; % crit. sur. ten. (kg/s"2)
sigmac=sigma; ‘ : .

Re = Lm/(a*mul); ; " % Reynolds number

Fr = Lm~2*a/(rhol"2%g); . % Froude number

We = Lm~2/(rhol*sigma%a); % Weber number

temp = 1.45*(§igmac/sigma)70.75*Re“(0.1)*We‘(0.2)/Fr“(O.05);

aw = (1-exp(-temp))*a; \ Ywet area/vol
Yaw = 2¥aw; ' ‘
D1 = 6.89e-5; % diff.of xyl. in liq.(m~2/day)

Dg = 0.72576; : % diff.of tol. in gas(m~2/day)
Dls = D1/86400; % diff of xyl. in liq (m"2/sec)
Dgs = Dg/86400; % diff of tol. in gas (m"2/sec)

Kltemp = 0.0051* (Lm/ (aw*mul)) " (2/3)/ ((mul/ (rhol*D1s))~0.5);
K1 = Kltemp*(a*dp)~0.4/(rhol/(mul*g))~(1/3);

Kgtemp = 2% (Gm/ (a*mug) )~ (0.7) * (mug/ (rhog*Dgs)) ~(1/3) ;
Kg = Kgtemp/(axdp) ~2%axDgs;

K1 = K1%86400; % m/day
Kg = Kg*86400; , % m/day
coefl = input(’input coefl for Kg ’);
coef2 = input(’input coef2 for K1  ’);
K1 = coef2x*Kl;

Kg = coefl*Kg;

Ycoefl = 1;

Ycoef2

1;
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KGB=(1/Kg+(1/K1)* (KH*nvoll/mvolg))~(-1);
KLB=KGB*KH*mvoll/mvolg;

Y% KGB
“KLB

coef1%KGB;
coef2*KLB;

(KGB*aw*H) /Vg;
(KLB*aw*H) /V1;

alphal
alpha2

T ot o o oo T o o o o o o o e e e e e o o T o o o T s 2

% : A
% biofilm parameters carbon source A
% ' ' /

O e L KA b b b A%
K1f = 1.09*%Lm*(mul/(rhol*D1ls)) " (-2/3)*(dp*Lm/mul) " (-2/3)*86400;

%K1f = KLB;

%K1f = (1.3)+KLB;

rhof = 20; % biofilm density (kg/m"3)
mumax = 36; % maximum growth rate (1/day)
De = (0.8)*D1; % diffusivity in biofilm

WLE = input(’input'Lf_ "y % film thickness (i)
Lf = 0.0005;

V1f = 0.5%V1; , % V1 in biofilm
%V1if = V1;

VOL1f = VOL1; % VOL1 in biofilm

af = (1)*a; ' Y eff. surface area of biofilm
Yaf = a; '

MW = 106; % molecular weight

%Ks = input(’input Ks ’); -’% Monod constant

Ks = 0.015; -

YKi = input(’input Ki ’);

ki = 1e10; '

Y = 0.64; % yield (kg bio/kg sub)
phi = (mumax*rhof*Lf~2/(Ks*De*Y))~0.5;

psi = K1f*Lf/De;

Ksp = Ks*1000*mvoll/MW;

kappa = Ksp*KH/YO;
Ki = ki*(1000*%mvoll/MW) ~2*KH/YO;

L e e ke e s o e o e o o oo e e T e e oo
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A ' b

% calculate Klao & Kgao for oxygen'with Onda %
VA | %

Il T Tt T Tt T o oo oo o e T T T T T T T T T T Tt o o o o e Tl T e Tl T T e T he o T
Dlo = 1.728e-4; Y diff.of 02 in liq.(m"~2/day)
Dgo = 1.77984; : % diff.of 02 in gas(m~2/day)
Dlos = D10/86400; . % diff of 02 in liq (m~2/sec)
Dgos = Dgo/86400; ’ % diff of 02 in gas (m~2/sec)

Kltemp = 0.00Sl*(Lm/(aw*mul))“(2/3)/((mul/(rhol*Dlos))“6.5);
Klo = Kltemp*(a*dp)~0.4/(rhol/(mul*g)) " (1/3);

Kgtemp = 2%(Gm/(a*mug))~(0.7)*(mug/ (rhog*Dgos)) ~(1/3);
Kgo =.themp/(a*dp)“2*a*Dgos;‘

= K1o*86400; % m/day
Kgo = Kgo*86400; % m/day

" coef3 = input (’input coef3 for Kgo  ’);

= input(’input coef4 for Klo ’);
Klo coef4*Klo;
coef3*Kgo;

-
(02}
[o]
i

Y%coef3
Ycoefd

1;
1;

KGBo=(1/Kgo+ (1/K1o)* (KHo*mvoll/mvolg))~ (-1);
KLBo=KGBo*KHo*nvoll/mvolg; :

%KGBo = coef3*KGBo;

YKLBo = coef4*KLBo;

alphaio = (KGBoxaw*H) / ﬁg;

alpha2o = (KLBo*awxH) / V1;
’%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%2%%%
% : A
% ~ biofilm parameters oxygen %
% , ¥
%%%%%%%%%%%%%%%%%%%%%%%%Z%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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Klfo = 1.09*Lm*(mu1/(rhol*Dlos))“(-2/3)*(dp*Lm/mu1)“(-273)*86400;

%K1fo = 1*KLBo; .
rhof = 20; . % biofilm demsity (kg/m~3)

mumax = 36; % maximum growth rate (1/day)
Deo = (0.8)*Dlo; ’ % diffusivity in biofilm

%Lf = input(’inmput Lf ’); % film thickness (m)

Lf = 0.0005; ’

V1if = 0.5%V1; % V1 in biofilm

%1t =V1;

VOL1f = VOL1; % VOL1 in biofilm -

af = a; % eff. surface area of biofilm
MWo = 32; *% molecular weight

YKso = input(’input Kso ’); % Monod constant

Kso = 2.5e-5; ' ' '

YKso = 0.0001; _

Yo = 0.2857; , % yield (kg bio/kg o)

phio = (mumax*rhof*Lf"2/(Kso*Deo*Y0))"0.5;

psio = Klfo*Lf/Deo;

Kspo = Kso*1000*mvoll/MWo;
kappao = Kspo*KHo/Y0Oo;

1000%H*KH*af*mvoll*De/ (YO*V1E*MW) ;
alpha3o = 1000*H*KHo*af*mvoll*Deo/ (YOo*V1f*MWo) ;

%alpha3 = 0;
%alpha3o = 0;

betal = Y*De/(Yo*Deo);

w=1;

while w==1;

clear t y;

%Y1 = input(’input y(1) ’);
%Yio = input(’input yo(1) ’);

Y1=Y0;
"Yio = YOo;

X1 = 0;

X1o = 0;

x0(1) = Y1/Y0;
x0(2) = (X1*KH)/YO;
x0(3) = Yio/YOo;
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' x0(4) = (XLlo*KHo)/Y0o;

x0 = xOf;
tol = 1e-10;
trace = 0;
t0 = 0;
tf = 0.1;

y=[x0 x0 x0 x0];

“Wt,yl = ode45bo(’biox2’,t0,tf,x0,alphal,alphalo,alpha2,alphalo,...
% alpha3,alphaSo,YO,Ybo,KH,KHo,H,MW,MWo,betal,Lf,tol,trace);

%itis = y(length(y),1)
%itiso = y(length(y),3)
%w = input(’input w (1 to continue) 7);

w=20;

end;

clear t y; :
%gl = input(’input guess for y(1)>1 ’);
gl = YO;

glo = Y0o;

%gl = le-4;

'x0(1) = (0.3)*gl1/Y0;
x0(2) = 0; '

x0(3) = (0.99)*glo/Y0o0;
x0(4) = 0;

%x0(1) = 0.44238;
%x0(2) = 0.000063324;
%x0(3) = 0.9905;

Yx0(4) = 0.891;

x0 = x0°; '

[t,yl = oded45bo(’biox1’,t0,tf,x0,alphat,alphalo,alpha2,alphaZo, .
alpha3,alpha30,Y0,YOo,KH,KHo,H,MW,MWo,beﬁal,Lf,tol,trace);

save a2kl;

ti=t;

z = Hxt;

t = flipud(t);

t = ones(size(t))-t;
xt(:,1) = y(:,1)%Y0;




xt(:,2)
xt(:,3)
xt(:,4)

y(:,2)*YO/KH;
y(:,3)*Y0o0;
y(:,4)*Y0o/KHo;

xt flipﬁd(xt);

t5 = ones(size(t1))-flipud(tl);

£flipud(y);

= (55392*%MW/(1000))*xt(:,2);
= (55392*MWo/(1000) ) *xt(:,4);
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% s [=] kg/m"3
% so [=] kg/m~3

%%%%%%%%%%%%%%%%%%%%%%7%7%7%%%%%%%%%%%%%%%%%%%77%%%7%777%%%%7%%

rvol
area
P
T

Hx(A*(2.54)" 2)/10000
a*rvol; ‘
0.84;

293.15;

concout

loadout gas/iOOO*concout; )

xt (1,1)*P*MW/ (T*8.206e- 5)
gas/1000*concin;

concin
loadin

rem = loadin-loadout;

loadini = loadin*60/area;
flux rem*60/area;

perf = rem/loadin;
perfl =

save aZ2kl;
end;

%haquit;

h
%
h
%

xt (Length (xt) , 1) *P*MW/ (T*8.

h

reactor packlng volume (m~3)
reactor packing surface area (m~2)

press. (atm)

temp. (atm) _

206e-5) ; % (mg/l)
% (mg/min)
% (mg/l)
h

(mg/min)

loading flux (mg/ (hr*m~2))
removal flux (mg/(hr*m~2))

(((1-perf)~(-1))~(1/t£)*0.3 = 0.3)/(((1~ perf) (-1))"(1/t£)*0.3);
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end;

function xdot=biox1i(t,x,alphal,alphalo,alpha2,alpha2o,alpha3,...
alpha3o,Y0,Y0o,KH,KHo ,H,MW,MWo,betal,Lf); '

o = (YO*553924MW/ (1000+KH)) *x(2); - % s [=] kg/m"3
so = (Y0o*55392+MWo/ (1000*KHo) ) *x(4) ; % so [=] kg/m"3

if s <= 1e-20;
s = 1e-20;;
end;

if so <= 1e-20;
so = 1le-20;
end; - ,
ds = 10" ((-0.123%(1ogl0(s0))"2)-(0.7289%10og10(s0))+0.2262);
dso = betal*(s/so)*ds; % calculate 02 grad.

%if dso == 18;

Y% dso = 18;
%end;
ds = (1000*H*KH*s/ (55392+%MW*Y0*Lf) )*ds; % make dimensionless

dso = (1000%H*KHo*so/(55392%MWo*Y0o*Lf))*dso; 7 make dimensionless

x(25

= (1000*KHxs)/(55392%YO*MW) ;
'x(4) = (1000%KHo*s0)/(55392%Y00*MWo) ;
xdotéi) = alphal*(x(1)-x(2));
’ xdot (2) =.alpha2*(x(l)-x(Z))—alphaB*ds;
xdot(3) = alphatox(x(8)-x(4));
xdot(4) = alpha2o*(x(3)—x(4))—alphaBo*dso;
xdot = xdot’;

end;
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