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Abstract:
The constitutive response of an aerobic/anaerobic composite annular biofilm reactor was modeled with
fundamental kinetic parameters obtained independently from a completely aerobic, reactor utilizing
glucose, a completely anaerobic reactor utilizing glucose, and a completely aerobic reactor utilizing
products formed in the anaerobic reactor. The model satisfactorily predicted the biofilm areal carbon
density dependence of the specific glucose removal rate, the specific suspended biomass production
rate, and the specific oxygen removal rate. Specific product formation rate and specific biofilm
accumulation rate were not predicted satisfactorily as a function of biofilm areal carbon density. 
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ABSTRACT

The constitutive response of an aerobic/anaerobic composite annular 
biofilm reactor was modeled with fundamental kinetic parameters obtained 
independently from a completely aerobic, reactor utilizing glucose, a 
completely anaerobic reactor utilizing glucose, and a completely aerobic 
reactor utilizing products formed in the anaerobic reactor. The model 
satisfactorily predicted the biofilm areal carbon density dependence of 
the specific glucose removal rate, the specific suspended biomass pro
duction rate, and the specific oxygen removal rate. Specific product 
formation rate and specific biofilm accumulation rate were not predicted 
satisfactorily as a function of biofilm areal carbon density.



INTRODUCTION

Background

A biofilm is an attached microbial mat which is composed of both 

cells and an adhesive polysaccharide material termed glycocalyx. In 

natural environments such as rivers and streams, the relative number of 

attached cells per square centimeter of biofilm is as much as 3 to 4 

orders of magnitude greater than the number of suspended cells per 

cubic centimeter of liquid. In a polluted stream, the attached bac

terial areal density is as much as 4 orders of magnitude greater than 

in an unpolluted stream (Costerton, jet al, 1978).

Therefore, due to the relatively enormous cell density, biofilm 

process rates are much greater than suspended cell process rates. The 

wastewater treatment industry has taken advantage of these high process 

rates through the use of fixed film reactors such as trickling filters 

(Eckenfelder, 1961) and rotating biological contactors (Bunch, 1976). 

Trickling filters and rotating biological contactors (RBC's) receive 

oxygen from air. In some cases, the effluent is recycled to reduce 

the likelihood of oxygen limitations within the biofilm. Recycling, 

then increases the amount of waste removed.

In previous studies using fixed film reactors (Eckenfelder, 1961; 

Antonie _et ad, 1971; Wu jit al, 1980; Yeun et al, 1981) , measurement of 

influent and effluent organic carbon was done on the basis of BOD, COD,
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or TOC. However, these analytical methods provided only a gross measure 

of the biological processes occurring. Only by accounting for the in

dividual components of the influent (and effluent) can a quantitative 

evaluation of fixed film processes be made.

Preliminary Studies

A more quantitative evaluation of fixed film processes was com

pleted as a preliminary study to aid in experimental design. (The 

tabular data is presented in Appendix E). Lactate was used as the sole 

carbon and energy source. After 100 hours, lactate consumption rate, 

increased to a plateau value approximately 75% of the feed rate (Figure 

1.1. In all figures error bars indicate one standard deviation.). 

However, lactate consumption rate increased again at approximately 120 h 

until all lactate in the reactor was consumed. Though several explan

ations are possible, the second phase of growth was probably due to 

lactate consumption within a developing anaerobic region of the biofilm.

Further evidence of a developing anaerobic region was observed in 

the progression of biofilm thickness (Figure 1.2). The rate of biofilm 

accumulation appeared to slow at approximately 120 h. This observation 

could be accounted for by anaerobic biofilm development because anaero

bic processes are typically less efficient than aerobic processes and 

would result in slower biofilm growth..

Anaerobic biofilm development was also the probable reason for



LACTATE

CONSUMED

(mg C • 5. )

O I (DO 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0
TIME (h)

Figure 1.1 Progression of lactate consumed by a
fixed film. Lactate was the sole carbon 
and energy source. Vertical dashed line 
indicates estimated time for initiation 
of anaerobic biofilm layer.
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Figure 1.2 Progression of biofilm thickness by a fixed film. Lactate was the only 
carbon source. Vertical dashed line indicates estimated time for 
initiation of anaerobic biofilm layer.
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detection of soluble organic products in the reactor effluent (Figure 

1.3).

The best evidence for the initiation of anaerobic biofilm develop

ment at about 120 h was the ratio of oxygen consumed to lactate con

sumed (Figure 1.4). At about 120 h this ratio dropped from 1.0 to 0.5.

A ratio of 1.0 indicates complete aerobic utilization of lactate based 

on the following theoretical stoichiometry:

C3H5O3 + 1.1 O2 + 0.3 NH3 1.3 CH1 g0 Q 5Nq 2 + 1.7 CO + 1.5 H3O

where 1.3 moles biomass per mole lactate represents a reasonable aerobic 

yield (Grady and Lim, 1980). The observed decrease in the oxygen con

sumption ratio indicates that lactate was being removed anaerobically 

and aerobically. '

From the experimental evidence presented above, there is strong 

indication for the following:

1) the biofilm initially developed aerobically during which time 
lactate was completely oxidized to CO2 and HgO;

2) anaerobic activity was significant after 120 h as indicated 
by production of soluble organic products as well as a re
duction in the overall stoichiometric oxygen consumption 
ratio;

3) biofilm accumulation was slower in the anaerobic layers than 
in the aerobic layers, as evidenced by the steeper slope 
during aerobic biofilm development (Figure 1.2).

Though oxygen limitations with resulting anaerobic activity have 

been observed before (Trulear, 1980; Harris and Hansford, 1976; Tomlin-



Eff luent  
Solu ble 
Product

(mg C I"1)

Time ( h)

Figure 1.3 Progression of effluent soluble product 
formed by the fixed film. Lactate was 
the sole carbon and energy source. Vertical 
dashed line indicates estimated time for 
initiation of anaerobic biofilm layer.



Oxygen
Consumpt ion
Rat io

(mg O2 mg C'1)

Time ( h)

Figure 1.4 Progression of the ratio of oxygen consumed to lactate consumed by a 
fixed film. Lactate was the sole carbon and energy source. The 
horizontal dashed line indicates ratio for completely aerobic lactate 
consumption. Vertical dashed line indicates estimated time for 
initiation of anaerobic activity.
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son and Snaddon, 1966), a composite system (aerobic/anaerobic) has not 

been analyzed so as to differentiate between aerobic and anaerobic 

biofilm development rates. The lactate experimental results indicate 

that such a discriminating analysis is necessary for a fundamental 

understanding of fixed film reactor processes.

An understanding of aerobic/anaerobic interactions and rates would 

benefit both wastewater treatment, where oxygen limitation may reduce 

efficiency of aerobic fixed film processes, and other industries such 

as the pharmaceutical and food industries which engineer specific mic

robial transformations of specific organic substrates.

This research was undertaken to identify fundamental kinetic para

meters for aerobic and anaerobic biofilm processes and then to apply 

these kinetic parameters to an aerobic/anaerobic composite biofilm 

system in order to predict the constitutive nature of biofilm develop

ment in the composite system.



THEORY

A biofilm exposed to oxygen and a stoichiometric excess of sub

strate will develop to the point at which oxygen becomes limiting in 

the lower layers of the biofilm, provided development is not first 

limited by shear stress at the biofilm surface. Despite the oxygen 

limitation, the biofilm continues to accumulate because the aerobic 

and anaerobic regions continue to metabolize substrate. As a result 

of anaerobic activity, soluble organic products are released and may 

be consumed within the aerobic region as they diffuse outward. There

fore, three processes presumably occur over two regions (Figure 2.1):

(1) aerobic substrate removal,

(2) anaerobic substrate removal and product formation, and

(3) aerobic removal of the products formed in the anaerobic 

film environment.

Hypothesis:

The development of an aerobic/anaerobic biofilm can be 

modeled with the fundamental kinetic parameters deter

mined from completely aerobic and completely anaerobic 

biofilm reactors.

To test this hypothesis, it is convenient to mathematically model 

the system as a continuous stirred tank fixed film reactor (CSTFFR) 

(Figure 2.2). Biofilm stoichiometries and reaction rates can be deter-
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THE TOTAL BIOFILM ACCUMULATES VIA

THREE IDENTIFIABLE PROCESSES

ANAEROBIC

AEROBIC

ANAEROBIC PRODUCTS
PRIMARY SUBSTRATE

OXYGEN
BULK LIQUID

Figure 2.1 Processes of development in an aerobic/anaerobic biofilm
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BIOMASS
PRODUCT
SUBSTRATE
OXYGEN

SUBSTRATE
OXYGEN OXYGEN

g  SUBSTRATE 
&  OXYGEN 

BIOMASS 
% PRODUCT

SUSPENDED° 
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Figure 2.2 A CSTFFR with wall growth
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mined by applying the principle of mass conservation. Reactions in the 

bulk liquid can be shown to be negligible. These stoichiometries and 

reaction rates are presented in Table 2.1 Notation is described in the 

Appendix A.

Organization of Material Balances

A material balance for any component, C, across a CSTFFR results 

in the following:

Net Rate of Net Rate of Net Rate of 
Accumulation = Transport + Transformation

or

V #  = F(C -C) + A [ R • 1=1 1
2.1

Dividing through by V yields:

dC
dt D(C.-C) + I Z

i=l
2.2

To obtain Equation 2.2 for each parameter in Table 2.1, it is 

convenient to use matrix notation (Aris, 1969). In matrix form, the 

element is a component of the vector — ; (Ci-C) is a component of

the vector T; is a component of the vector X • R



13

TABLE 2.1

Reaction Rates and Stoichiometries

Description Stoichiometry Process Rate

Biomass formed Y , p + Y6 . + Y a" s— »x. R + R6 + Ranx/p x/s x/s b px x x

Product formed Y # s— >p Rp/s  ̂ p

Biofilm detached Xb ~ ^ X2, Rd

Oxygen consumed Ye/p p + Ye/s S->Xb Re + Rep
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Table 2.1 continued

Rd biofilm detachment rate ML-V 1
Re oxygen removal rate because of glucose 

consumption M L - V 1
Rep oxygen removal rate because of anaerobic 

product consumption
ML-V 1

Rpx biofilm growth rate from product consumption ML-V 1
RanX anaerobic biofilm growth rate ML-V 1
ReX aerobic biofilm growth rate ML-V 1
S AR glucose concentration ML-3

*b biofilm carbon mass per unit of biofilm ML-3
*

=b biofilm areal carbon density ML-2

xJl reactor concentration of suspended biomass 
carbon

ML-3

Y . e/p the mass ratio of oxygen consumed to product 
consumed in the aerobic biofilm layer

-IMM

Ye/s the mass ratio of oxygen consumed to substrate 
consumed in the aerobic biofilm layer

-IMM

Yp/S product yield from glucose -IMM

Yx/p biomass yield from product -IMM

Yx/S biomass yield from glucose -IMM

Yx/s anaerobic biomass yield from glucose -IMM

Yx/s aerobic biomass yield from glucose -IMM
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where,

T = transport vector
k^a

(Si-S, P1-P, 0, Xjl -Xjl, (e±-e) + (e*-e)}.

X = stoichiometry matrix

-Y
-Ie

x/s
_Yan
x/s 0

-I
"Yp/s 0 0 0

0 0 ~Yx/p I 0 0 0

I I I 0 -I 0 0

0 0 0 0 I 0 0

0 0 0 0 0 -I -I

R - reaction rate vector

fRx- Rx"- v- V V v
The general mass balance equation is:

if ■ D T  + X 'R I 2.3

Equation 2.3 is expanded for the composite reactor in Table 2.2

to show all the material balances.
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TABLE 2.2

Equation 2.3 Expanded to Show all the Material 

Balances That Presumably Apply to the Composite AR

ds s . -  S -Re Ran R
d t i x - x  -  _JD

\ / s  Y“ s Yp /s

d£
d t

P1 - P R -  j x  

 ̂ ^ x /p

*
dxb = D • 0 + Ra + Ran + R -  Rd
d t

dx„Z Xi - X Rddt

de
d t

( e . - e )  + k j la (e * -e )  
1 D

— R — R e ep

C
l >
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Figure 2.3 Simplified biofilm geometry.
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Primary Substrate Removal

Removal of primary substrate from the bulk liquid by a biofilm 

involves transport of the substrate through the liquid phase to the 

biofilm followed by simultaneous diffusion and reaction within the 

biofilm.

By increasing the fluid velocity at the biofilm surface, the 

liquid phase transport of substrate can be made negligible (Maier at 

al, 1962; Kornegay and Andrews, 1967; Lamotta, 1976). Trulear (1980) 

has shown transport of substrate to the biofilm to be negligible at 

surface speeds greater than 14.2 cm s  ̂in the reactor used for these 

studies.

Biofilm processes of substrate diffusion and reaction can be an

alyzed after the method of Harremoes (1978). A simplified biofilm 

geometry is shown in Figure 2.3 in which the bulk substrate concentra

tion is assumed uniform up to the liquid-biofilm interface.

At steady state, the amount of substrate transported into the 

biofilm is equal to the amount of substrate removed:

N A R A 2.4s

where

N = substrate flux into the biofilm

R = observed substrate removal rate 
per unit area of biofilm
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A = wetted surface area. L2

For a zero-order reaction with respect to substrate concentration

r = k x. s
where, R = r Th s s

rg = observed substrate removal rate 
per unit volume of biofilm

k = zero order reaction rate coefficient

2.5

2.5a

ML 3t 1
-I

2S biofilm carbon mass per unit volume 
of biofilm.

ML-3

According to Pick’s Law of Diffusion:

. ds.

where,

-Ds dz

D = effective diffusion coefficient 
of substrate within the biofilm

s, = substrate concentration within 
the biofilm

z = distance into the biofilm.

2.6

L2t-1

ML

L

-3

The mass balance across a differential element of the biofilm yields:

rs
dN,
dz 2.7

Therefore,

rs
d2s.

S dz2
2.8
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By assigning the following dimensionless variables:

Sf a zT = —  and v = —  »

then substituting into Equations 2.5 and 2.8:

k Th^

where,

2.9

8 2 D s  s
k x. Th2D

1/2

The dimensionless term 8 is defined as "the penetration ratio" 

such that when 8 > I, the biofilm is fully penetrated and when 8 > I, 

the biofilm is partially penetrated.

For a fully penetrated biofilm, Equation 2.9 is solved for the 

following boundary conditions:

T = I at v = I

and

dt
dv 0 at v =1

(

T V2 2.10

For a partially penetrated biofilm, where substrate is depleted at
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v = v , equation 2.10 is solved for the following boundary conditions:

dt
dv 0; T 0 at v = va

and

where,

+ I

3 = v • a

2.11

The concentration distributions are shown in Figure 2.4. The term 

3 is the reciprocal of the Thiele modulus for a zero order reaction 

(Levenspiel, 1972) . Here, it has been used for analysis of biofilm 

diffusion and reaction kinetics.

The observed substrate removal rate, Rg is equal to the mass flux 

of substrate into the biofilm:

R = Ns z=0 z=0
2.12

Solving Equations 2.10 and 2.11 for the condition in Equation 2.12 

yields, for S > I, a fully penetrated biofilm:

Rg = k Xb Th , 2.13

for 3 < I, a partially penetrated biofilm:
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V =  z / T h

Partially Pene tra ted

/ 3 d

Bio f i lm

Biofilm concentration profiles calculated 
from equations 2.10 & 2.11. (Harramoes, 
1978).

Figure 2.4
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,1/2*s = (2 k SO - 2.14

Thus, for a fully penetrated biofilm, the substrate removal rate 

is zero order with respect to the bulk substrate concentration. The 

substrate removal rate is half-order with respect to the bulk substrate 

concentration in a partially penetrated film.

The depth of substrate penetration (from Equation 2.11) is:

2 D s X 1/2 __ s_ '
k x. 2.15

Combining equations 2.14 and 2.15 yields

R = k X1 Th S D c 2.16

where.

Th = the thickness of film actively consuming L 
substrate.

Oxygen Removal

Oxygen removal kinetics for substrate are developed in the same 

manner as was substrate removal kinetics. Assuming zero order kinetics: 

for a fully aerobic biofilm

for a partially aerobic biofilm

2.17

(2 De \  => 1/2, 2.18
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where,

kg = the zero-order reaction rate coefficient t
for - oxygen removal

= oxygen diffusion coefficient 

Re = oxygen removal rate.

L2t-1

ML 2t 1

The depth of penetration of oxygen is:

Therefore,

R = k x, Th • e e D e

2.19

2.20

Furthermore, R5(aerobic) is stoichiometrically proportional to

R so that:
6 ReR (aerobic) = —---

S e/s
where,

2.21

Y , = the mass ratio of oxygen consumed to
substrate consumed in the aerobic MM
layer.

Substrate removal in the anaerobic biofilm layer, then, is:

R (anaerobic) = k x, Th s an b an
where,

k = the anaerobic zero order reaction 
rate.coefficient t-I



25

such that

Th = the thickness of the active 
anaerobic layer.

Th - Th anaerobic layer.fully
penetrated by substrate

2.22

2 Dg s' 1/2 anaerobic layer
partially penetrated 
by substrate.

2.23

Soluble Product Production

A result of anaerobic metabolism of primary substrate is the form

ation of soluble products, usually short-chained fatty acids and 

alcohols (Brock, 1980) . Therefore, the rate of product formation is

assumed to be proportional to the anaerobic substrate removal rate:

Rp = Rg (anaerobic) 2.24

or

where,

Rp = the product formation rate

k = zero order reaction rate 
^ coefficient for product 

formation

Th = thickness of the active 
anaerobic biofilm layer.

2.25

ML 2t 1

-I

L

Soluble Product Utilization

The product utilization rate, .R
Pb*

is developed as was Rs *
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2.26

where,

where.

aerobic layer 
fully penetrated 
by product

Thep aerobic layer 
partially penetrated 
by product

2.27

1/2
2.28

kep the zero order reaction rate co-■ 
efficient for product utilization

Th = extent of penetration of product 
into the aerobic layer

p’ = the product concentration at the
aerobic/anaerobic interface;

Note that the rate of biofilm growth from product is

t -I

L'

ML-3

where,

Rpx R 1 Y ,  Pb x /p

Yxy = the yield of biomass from product.

2.29

MM

Biofilm Detachment

To explicitly model biofilm detachment rates would require an

accounting of the strength of the biofilm and shear stress at the bio
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film surface. Therefore, the biofilm detachment rate is modeled simply 

as a function of biofilm areal density:

R , = f (x th). 2.30Q C D

Analysis of Aerobic/Anaerobic Biofilm

The biofilm diffusion model which has been developed is discontin

uous at transitions between fully penetrated and partially penetrated 

biofilms. During development of an aerobic/anaerobic biofilm, three

discontinuities are encountered.

D the transition from a fully aerobic to an 
aerobic/anaerobic biofilm;

2) the transition from product partially pene
trating the aerobic layer to product fully 
penetrating the aerobic, layer;

3) the transition from substrate fully pene
trating the aerobic layer to substrate 
partially penetrating the anaerobic layer.

A reaction rate vector, R, as described earlier, was generated for the 

biofilm development phase that occurs between each transition from a 

fully penetrated biofilm to partially penetrated biofilm:
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Completely Aerobic Growth-

R I

x/s Y =be/s 

O 

O 

O

fc(=b

e %b 

O

2.31

Aerobic/anaerobic growth with product partially penetrating the 

aerobic layer and substrate fully penetrating the anaerobic layer
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x/s Ye/s =b The

an K__ Xu (Th-Thg)x/s an b

Y . kep x, Th x/p b ep
e/p

Y , k x, (Th-Th ) p/s p b e

f C (xb Th)

ke (Xb The)

k x, Th ep b ep

2.32

Aerobic/anaerobic growth with product fully penetrating the 

aerobic layer and substrate fully penetrating the anaerobic layer -

x/S C A
Y , e/s

an
^x/s k xL an b

k
*x/p

e/p

'b e

Y . k xL (Th-Th ) p/s p b e

k xL Th e b e

k x Th ep b e

2.33
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Aerobic/anaerobic growth with product fully penetrating the 

aerobic layer and substrate partially penetrating the anaerobic layer-

x/s JL- %  The
i/s

Y3/ k x„ Th x/s an b an

Y , ep x, Th x/p —— ^ b e
"e/p

Y , k x, Th p/s p b an

k x, Th e b e

k x, Th ep b e

2.34

These reaction rate vectors were included in Equation 2.3 and a 

system of material balances was obtained. All constants except for 

diffusion coefficients were obtained from the aerobic, anaerobic, and 

anaerobic products reactor. Biofilm development in the composite 

reactor was then predicted.



METHODS

Apparatus

The following is a description of the experimental apparatus used 

in this study.

AR and Control Systems

A continuous flow annular reactor, AR, was used in all experiments 

(Figure 3.1). The AR consisted of a rotating inner cylinder housed 

within a stationary outer cylinder, both of acrylic plastic. Each AR 

was equipped with four removable thin acrylic slides which formed an 

integral fit with the reactor outer wall and which allowed for periodic 

monitoring of biofilm mass and thickness. Wetted surfaces were sanded 

with extra fine grit sand paper to enhance attachment of biofilm. The 

AR's inner cylinder was rotated at 200 rpm and controlled by a fraction

al horsepower gear motor (Model no. NSH-I103 with Series 200 Speed 

Controller, Bodine Electric Co.).- Rotational speed was continuously 

monitored by an Apple Plus TI microprocessor and displayed on a cathode 

ray tube screen (Montgomery Wards, Model GGY 12310-A).

Constant volume was maintained by an overflow port. Complete 

mixing was accomplished by externally recycling the reactor contents 

at about 10 times the dilution water flow rate (Cole Palmer, Model 

WZ1R057 with Masterflex Controller). AR dimensions are listed in Table

3.1.
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REMOVABLE
SLIDE

EZZIE

Figure 3.1 Annular reactor.
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TABLE 3.1

Dimensions of the Annular Reactor

Inner cylinder
radius 5.1 cm
wetted height 18.0 ciru
wetted surface area 734 cm

Outer cylinder
inside radius 5.8 cm
wetted height 20 cm
wetted surface area 940 cm

Surface area of tubing 300 2cm

Aerators
wetted height 8 cm 2
wetted surface area 20 cm

Total wetted surface area 2000 2cm

Working volume 675 3cm

Wetted surface area of 2
removable slide 40 cm
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Four AR's were used. One was used to investigate aerobic utiliza

tion of primary substrate (Figure 3.2), one to investigate anaerobic 

utilization of primary substrate (Figure 3.2), one to investigate aero

bic utilization of anaerobic products (Figure 3.2), and one to invest

igate a composite of the previous three processes (Figure 3.2).

An external aerator constructed from acrylic plastic tubing (Figure 

3.3) was included in the recycle loop of the aerobic AR's. Laboratory 

compressed air entered the recycle loop just after the recycle pump and - 

exited at the top of the reactor. Silicone tubing was used in the 

recycle loop. Tygon tubing was used elsewhere.

Reaeration of the anaerobic reactor was prevented by covering the 

reactor openings with several layers of.Parafilmtm. The effluent from 

the anaerobic reactor was pumped at 50 ml min  ̂ (Cole Palmer Model 

WZ1R057 with Masterflex controller) through an inline sand filter 

(Figure 3.4) to the anaerobic products reactor.

Support Systems

Dilution water flowed to the aerobic and composite AR's from a 

constant head 117 liter plastic tank. Flow was regulated (Whitey 

valves, no. b-4JRI-PM) and monitored (Gilmont Flow Meters, Cat. No. 

F2300). The constant, head tank was supplied with distilled water 

(reverse osmosis), continuously aerated with laboratory compressed air 

and thermostatically maintained at 35 °C (Honeywell, Model T675A) with a 

1000W heater (Vicor, Model 16790-IL). The constant head was maintained



HEATER
NUTRIENTS GLUCOSETE M P

CONTROL

DE
AERATOR

DILUTIO N WATER

FLOW
METER

AERATORAERATDI
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A E R O B IC A N A E R O B IC  ANAEROBIC  C O M P O S ITE
P R O D U C T S

Figure 3.2 AR and support systems.
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Air Vent

Rubber
Stoppers To AR

Acrylic
Tube

Reactor Liquid 
From Recycle PumpLaboratory

Compressed
Air

Figure 3.3 External aerator assembly. The bubbles 
which entered the AR were vented 
through the top of the AR.
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Glass
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Acrylic
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Direction
Of
Flow

Figure 3.4 Inline sand filter between the

anaerobic and anaerobic products All's.
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by a float which activated a solenoid valve on the distilled water tap.

Dilution water for the anaerobic AR flowed from the constant head 

tank through a deaeration chamber and was then pumped to the AR (Cole 

Palmer, Model QZ1R057 with Masterflex Controller) at 60 ml min . The 

deaeration chamber was a 500 ml Pyrex graduated cylinder, sparged with 

nitrogen, and heated with a 100W heater (K-Mart). Working volume was 

600 ml.

Primary substrate and nutrients, were gravity fed separately into 

each AR through teflon tubing from 2 1 , 3 . 5 1 ,  41, or 9 I Marriot 

bottles at the desired flow rate. Flow rates were regulated with "Diai- 

A-Flow" valves (Sorenson Research Co., Cat. no. DAF-30) and monitored 

with flow meters (Gilmont, Model F2100).. Substrate and nutrient flows 

were diluted upon entering the AR.

The AR support systems are schematically shown in Figure 3.2.

Media

Media composition varied depending on its ultimate use. Media used 

for the batch induction period in the aerobic, anaerobic and composite 

AR's contained 100 mg glucose C I  ̂and is described completely in Table 

3.2. Batch media for the anaerobic products AR consisted of anaerobic 

AR effluent. Media used during continuous flow conditions in aerobic, 

anaerobic and composite AR's contained 11 mg C I  ̂glucose and is des

cribed completely in Table 3.3.
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TABLE 3.2

Media Used for the Batch Induction Period 
of the Aerobic, Anaerobic, and Composite AR's

Substance
Reactor

Concentration

(mg I

Glucose 250.

NH. Cl 4 90.

MgSO4 7 0W
n 25.

CaCl2 2.5

FeCl3 6 0
CM 0.5

Na2HPO4 2700.

KH2PO4 2700.

pH adjuted to 7.0 with NaOH

r ;*
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TABLE 3.3

Media Used During Continuous Flow Conditions 
in the Aerobic, Anaerobic, and Composite AR's

Substance
Diluted

Concentration

(mg I 1)

Glucose 27.5

NH,C14 9.1

MgSO^ 7 0
CM
ES 2.5

CaCl2 ■ 0.3

FeCl3 6 H2O 0.05

Na2HPO4 300.

KH2PO4 300.

pH adjusted to 7.0 with NaOH
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Inoculum

The inoculum was obtained from the Bozeman Sewage Treatment Plant 

aeration basin and, within one hour, was inoculated into the aerobic, 

anaerobic, and composite reactors. A portion of the inoculum was main

tained aerobically with glucose-free TSB (Baltimore Biological Lab

oratories) for later inoculation into the anaerobic products AR.

Experimental Protocol

Following is a description of cleaning, sterilization and start-up 

procedures.

Cleaning

All AR's were scrubbed with a chlorinated abrasive cleanser, rinsed 

with distilled water, and dried. All glassware was cleaned with chromic 

acid and rinsed with distilled water. Feed lines for substrate, nutri

ents, and dilution water were cleaned with 1:1 v/v sodium hypochlorite 

(Clorox) solution before each experiment. This solution was made with 

hot tap water, then allowed to slowly drain through the tubing (0.5 

ml min ) for at least one hour. Following chlorination, the tubing was 

washed continuously with distilled water until chlorine was undetectable 

in the effluent as measured by amperometric titration.

The sand of the inline filter was cleaned with chromic acid, then 

rinsed with distilled water.

Sterilization of Media
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All media was autoclaved at 121 °C for 35 minutes.

Start-up

The aerobic AR, the anaerobic AR, and the composite AR were filled 

with batch media. The anaerobic products AR was filled with anaerobic 

reactor effluent obtained after glucose was no longer detectable in the 

sand filter effluent.

Each AR was inoculated with 2 ml of inoculum at the beginning of 

the batch period. Continuous flow was initiated 12 hours later. Flow 

rates of dilution water, substrate, and nutrients were periodically 

monitored. Additional nutrients were added to the anaerobic products AR 

to avoid the possibility of nitrogen limitation. The inline sand filter 

was changed every 12 hours.

Analytical Techniques

Methods of sampling, of analysis, and of preservation are described

Sampling

All reactor samples, except for dissolved oxygen and biofilm thick

ness, were obtained from the AR's effluent overflow line. The influent 

was sampled from a mixing vessel which received the combined dilution 

water, substrate, and nutrient flows. The reactor was sampled directly 

for titrimetric dissolved oxygen analysis. An inline probe was used 

for dissolved oxygen measurements (Yellow Springs, Model 540).

Samples were collected in chromic acid cleaned glassware.
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Analytical Methods

All analytical methods are listed in Table 3.4. Preservation 

methods are listed in Table 3.5.



TABLE 3.4

Analytical Methods

Measurement Method of Analysis Reference

Glucose Colorimetric enzymatic analysis 
(Sigma Chemical Co.)

Appendix B

Total OrRnnlc 
Carbon

Ampule method
(Oceanography International)

Appendix B

Soluble Organic 
Carbon

Photo degradation 
(Rarnstead)

Appendix B

Microbial Cell 
Enumeration

Eplflourescence
Microscopy

Hobble ct al, 1977

Suspended Solids Gravimetric Standard Methods, 1980

Dissolved Oxygen Titrimetric Whitney, 1938

Dissolved Oxygen Galvanic Standards Methods, 1980

Thickness Ocular Micrometry Appendix B

Volatile Fatty 
Acids

Gas Chromatography Appendix B



45

TABLE 3.5

Preservation Methods

Analytical
Method

Sample
Preservation

Method

Glucose Freezing

TOC Immediate sealing in ampules

SOC Freezing

Microbial Cell 
Enumeration

1:1 dilution with 4% formalin 
and refrigeration

Suspended Solids Immediate analysis

Dissolved Oxygen Immediate analysis

Thickness Immediate analysis



RESULTS

Experimental Conditions

Bulk water temperature for all experiments was maintained at 30 

°C - 2°. AR influent concentrations are listed in Table 4.1. AR steady 

state concentrations are listed in Table 4.2. Raw data are listed in 

Appendix C.

Time Smoothing of Data

Measured data and calculations were time smoothed as needed with 

either a logistics equation or a polynomial. The logistics equation has 

the form:

da . , I a
5? ■k a - r 4.1

where

Si-S, X1, x* p, e^-e, Th, Xj-X1 , pu-p 
’ i

a = maximum value of a m
smoothing constant.

The integrated form of Equation 4.1 is:
kta e o

I _ -2. (i _ ekt) 
m

4.2

where

a = o initial value of a,



TABLE 4.1

AR Influent Conditions.

Reactor Dilution
Rate

Glucose Oxygen

D Si 6I
O f 1) (ms c I S (mg O 2 I

Product Biomass Glucose 
Loading Rate

pH

pI x/ F S1ZA

(mg C I"1) (mg C I S (mg C m 2Ii S

Aerobic 5.3 + 0.1 12.3 - 0.1 6.3 — — 222 - 2 7.1

Anaerobic 5.3 + 0.1 11.6 - 0.0 1.8 - 0.1 — — 208 - 0 7.0

Anaerobic 4.6 + 0.1 0 8.1- 0.6 0.1 - 0.8 7.0
Products

5.5 - 0.1 11.8 -  0.2 5.9 - 0.5 --  --  207 - 4Composite 7.1



TABLE 4.2

Steady S ta te  E xp e rim e n ta l R e s u lts .

Reactor Glucose Product Oxygen Reactor Reactor Biofilm Biofilm
Removed Removed Removed Product Biomass Areal

Density
Thickness

S1-S P1-P er e P X e
*

Xb Th

(mgC I l) (mgC I-1) (mg02 I 1) (mgC I *) (mgC I S  (mgC m 2) (pm)

Aerobic 12.3 — - 0.8 2.5 360 72

Anaerobic 11.2 - 1.9 6.2 2.3 470 173

Anaerobic
Products

- 4.8 - - 3.4 420 120

Composite 11.0 - 6.3 3.2 2.2 530 180



TABLE 4.2 continued

Net
Reactor Glucose

Removal
Rate

Product
Removal
Rate

Product
Formation
Rate

Oxygen
Removal
Rate

Biofilm pH
Detachment
Rate

RS

, -2 -(mgC m h

Rpb

I -2 -) (mgC m h

RP

I -2 -I) (mgC m h

F(e^-e)
Rd

I —2) (mgC m h- b

A

—2 —) CragO2 m h

Aerobic 222 - 14.4 147 45 7.1

Anaerobic 201 - 111 34 41 7.0

Anaerobic - 7.0 - 125 49 7.1
Products

Com posite 193 56 111 39
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A computer program, "Polyfit" (Honeywell), was used to time smooth 

data to a polynomial.

Glucose Removal

Glucose was almost completely removed from the aerobic and com

posite reactors in 40 h and from the anaerobic reactor in 50 h. After 

that point, reactor glucose concentration, s, fluctuated at about 0.7 

mg C I (Figure 4.1).

The material balance for glucose within the AR is:

ds
dt = D(s± s) 4.3

Reactor accumulation rate, — , was negligible when compared to the 

transport rate, D(s^ - s), (Table 4.3). Therefore Equation 4.1 re

duces to:

A (Si " a). +
?x/s ' Tp/s

The observed g lu cose  rem ova l r a te ,  ^  (s^

4.2.

4.4

s), is presented in Figure

Biofilm Development

Biofilm thickness, Th; biofilm areal carbon density, x^, and
*biofilm areal mass density, x^, were observed to attain some maximum 

and then decrease suggesting that sloughing occurred (Figures 4.3, 4.4,



- S i

AEROBIC

Glucose
Removed,

Sj - S  
(mg C l ' 1) ANAEROBIC

COMPOSITE

O 20 4 0 60 80 IOO 120
TIME (h)

Figure A.I Progression of glucose removed in the
aerobic, anaerobic, and composite AR's. 
(Time smoothed)
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TABLE 4.3

d sComparison of the Glucose Rate of Accumulation, to

the Substrate Transport, D(s^-s) in the Aerobic AR

t

(h)

ds
dt

(mg C I-1IT1)

D(s^-s)

(mg C I-V 1)

D(Si-S)
ds/dt

dimensionless

12 0.14 4.3 6.0

24 0.52 25 48

36 0.29 55 190

48 0.05 64 1400
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AEROBIC

Observed
Glucose
Removal
Rate,

F (S j-S ) ANAEROBIC

COMPOSITE

TIM E (h)

Figure 4.2 Progression of observed glucose removal
rate in the aerobic, anaerobic, and 
composite AR's. (Time smoothed)

L
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Biofilm
Thickness,
Th
(/im)

Figure

AEROBIC

ANAEROBIC

COMPOSITE 
(Time Smoothed)

O 20 40 60 80 IOO
TIM E (h)

.3 Progression of biofilm thickness in the
aerobic, anaerobic, and composite AR's.

L



55

Biofilm
Areol
Corbon
Density,

X b
(mg C m '2 )

AEROBIC

ANAEROBIC

COMPOSITE

O 20 40 60 60 IOO 120
TIM E (h)

Figure 4.4 Progression of biofilm areal carbon 
density in the aerobic, anaerobic, and 
composite AR's. (Time smoothed)
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and 4.5). With the exception of the composite reactor, thickness mea

surements were not used in calculations.

Continuous detachment of biomass from the biofilm was observed as 

suspended organic carbon (Figure 4.6) and suspended solids (Figure 

4.7).

The material balance for reactor biomass is expressed as:

r  = -D x 2 +  R d t 4.5

/2» d sBy neglecting (as was — , Table 4.3), the suspended biomass produc

tion rate is equal to the biofilm detachment rate:

F x.
=. R- 4.6

aThe biofilm detachment rate", — -—  , is presented in Figure 4.8.A
Using data from Figures 4.6 and 4.7, the carbon content in sus

pended solids was about 45% when suspended solids concentration was 

less than 8.0 mg I  ̂ (Figure 4.9). Above 8.0 mg I suspended solids 

were as low as approximately 12% carbon.

Biofilm carbon content was always about 45-50% with some fluctua

tion (Figure 4.10). Percent carbon in the anaerobic reactor biofilm
__2

dropped to 17% at high areal mass density (2100 mg m ) while percent
_2carbon in the composite reactor dropped to 17% at 1200 mg.m but in-

-2creased to 45% at 1700 mg m

; v.
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Biofilm
Mass
Density,
xm
(mg m-2)

2400
AEROBIC

2400 ANAEROBIC

2400 COMPOSITE
2000

0 20 40 60 80 100
TIME (h)

Figure 4.5 Progression of biofilm areal mass density 
in the aerobic, anaerobic, and composite 
AR1 s.



58

AEROBIC

Suspended

Biomass

Carbon,

ANAEROBIC 
-  (not time smoothed)

(mg C f" ')

COMPOSITE

TIM E (h )

Figure 4.6 Progression of suspended biomass carbon 
in the aerobic, anaerobic, and composite 
AR's. (Time smoothed)
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Effluent
Suspended
Solids,
X
(mg I ' 1)

Figure 4

AEROBIC

ANAEROBIC

COMPOSITE

O 20 40 60 80 IOO
TIME (h)

.7 Progression of suspended solids in the
aerobic, anaerobic, and composite AR's.
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COMPOSITE
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Figure 4.8 Progression of observed biofilm detachment
rate in the aerobic, anaerobic, and
composite AR's. (Time smoothed)
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Suspended

Biomass

Carbon,

H

(mg C-JT1)

AEROBIC

ANAEROBIC

COMPOSITE

O '------- '-------- '-------- '--------1—O 4 8 12 16 20
Suspended Solids, X 

(m g -JT')

Figure 4.9 Relationship of suspended biomass carbon 
to suspended solids in the aerobic, 
anaerobic, and composite AR's.
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Figure 4.10 Relationship of biofilm areal carbon density 
to biofilm areal mass density in the aerobic, 
anaerobic and composite AR's.
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Production Formation

Soluble product was observed in all three glucose reactors (Figure 

4.11). The aerobic reactor formed the least amount of product. The 

anaerobic reactor product concentration dropped to zero at about 50-60 

h which corresponded to a significant suspended biomass carbon increase 

(Figure 4.6) and suspended solids increase (Figure 4.7).

The effluent of the four reactors was analyzed by gas chromato

graphy for volatile short-chained fatty acids and ethanol. Only qual

itative determinations were made. In the aerobic, anaerobic products, 

and composite effluents only acetate was identified. In the anaerobic 

reactor acetate was the major component, although much smaller amounts 

of valeric, butyric, and propionic acids were identified. ■

The material balance for product formation is:

S r =  ° P + R p V ' 4.7

Neglecting (as with -̂ 7, Table 4.3),

V - v
F "oThe. product formation rate, is presented in Figure 4.12.

Oxygen Removal

The oxygen concentration in the aerobic reactor was maintained at 
-Ior above 5 mg O^ I .by the external aerator. Reactor oxygen concen-
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Product

Formed,

P

(mg C M )

AEROBIC

ANAEROBIC
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TIME (h)

Figure 4.11 Progression of product formed in the aerobic,
anaerobic, and composite AR's.
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AEROBIC

ANAEROBIC
Observed

Product

Formation 5 0

COMPOSITE

)  6 0  
T i m e  ( h)

Figure 4.12 Progression of the observed product form
ation rate in the aerobic, anaerobic, and
composite AR's.



66

tration in the composite AR declined from a influent concentration of 

6.3 mg C>2 I ■*" to about I mg I  ̂after 100 h (Figure 4.13). The

anaerobic oxygen concentration did not reach zero until after 20 h.

In order to observe oxygen removal rate in the aerobic reactor, 

continuous reaeration was stopped and the decay in reactor oxygen 

concentration was observed (Figure 4.14). Reactor oxygen concentra

tion was not monitored during continuous reaeration.

The material balance for reactor oxygen concentration is as fol

lows :

aerobic AR (external aerator off);

= D(B1 - e) + k^a (e*-e) 4.8

composite AR:

de
dt D(e^ - e) + k^a (e*-e) - Rq * 4.9

k.a = the AR reaeration coefficient. -I

Though —  (composite) can be neglected (as with , Table 4.3),

— ■ (aerobic) cannot since reactor oxygen decay is rapid (c a., 2 mg 

I  ̂ in 4 minutes. Figure 4.14).

The rate of accumulation, (aerobic) was determined as a function of 

time (Table A.11) by differentiating the polynomial used to fit the 

data in Figure 4.14.



C om posite AR

X A nae rob ic  AR

REACTOR 
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Figure 4.13 Progression of reactor oxygen concentration 
for the anaerobic and composite AR's.
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Oxygen 4 
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Figure 4.14 Progression of oxygen concentration in the 
aerobic AR after aerator was turned off 
at t=0. (Time smoothed)
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The reaeration coefficient, k^a, was determined separately (Appen 

dix F) and is equal to 1.16 h \

The observed oxygen removal rate, D(e^-e) for the composite re

actor is presented in Figure 4.15.

Product Reactor

Following are the results from the anaerobic products reactor.

Product Removal

Soluble product formed in the anaerobic reactor was utilized in 

the anaerobic products reactor (Figure 4.16).

The material balance for product in this reactor is

d£
dt D(P1-P)

Rpx A

can be neglected as was • (Table 4.3), so that

4.10

F(P1-P)
A 4.11

The observed product removal rate, ^(P1"?)» is presented in Figure 

4.17.

Biofilm Development

The biofilm areal carbon density and biofilm areal, mass density 

in the product reactor reached a maximum or plateau value after about
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Figure 4.15 Progression of oxygen removal rate in the 
composite reactor. (Time smoothed)
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Figure 4.16 Progression of product removed in the 
anaerobic products AR.
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Figure 4.17 Progression of the observed product removal 
rate in the anaerobic products AR.
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24 h although biofilm thickness continued to increase for another 70 h 

(Figure 4.18).

Suspended biomass carbon (Figure 4.19) and suspended solids 

(Figure 4.20) exhibit similar behavior.

The observed biomass detachment rate, ---—---- , is presented in

Figure 4.21.

Oxygen Removal

In order to observe the oxygen removal rate, continuous re

aeration was stopped. The following material balance now pertains:

4™ = -De + k a (e*-e) - R  A  * 4.12dt Z e V

The results of this oxygen transient experiment are presented in
cisFigure 4.22. The rate of accumulation, -^7, was determined as a func

tion of time (Table A.11) by differentiating the polynomial used to 

fit the data in Figure 4.22.
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Th = -0.02151 ̂ -h 3.7661'38.96 12 <t <.37.5

Thickness,

_ not time smoothed2400
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Density,

IOOO

_ Time Smoothed
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Figure 4.18 Progression of biofilm thickness, areal 
mass density and areal carbon density in 
the anaerobic products AR.
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Figure A.19 Progression of suspended biomass carbon 
formed in the anaerobic products AR.
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Figure 4.20 Progression of suspended biomass carbon 
formed in the anaerobic products AR.
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Figure 4.21 Progression of observed biofilm detachment 
rate in the anaerobic products AR.
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Figure 4.22 Progression of oxygen concentration in the 
anaerobic products AR after aerator was 
turned off at t=0. (Time smoothed)



DISCUSSION

Literature Review

The theory of substrate utilization and biofilm development is 

based on the concept of an active biofilm layer which is responsible for 

all substrate and nutrient removal (Maier, 1966; Kornegay and Andrews, 

1967; Tomlinson and Snaddon, 1966). The lactate consumption data pre

sented in the Introduction indicates that the "active" layer is composed 

of distinct aerobic and anaerobic regions, each active in substrate 

removal. Yet, typically, anaerobic removal of substrate is disregarded 

in modeling of biofilm processes (Harris and Hansford, 1967; Ohgaki, et_ 

al, 1978). A likely reason is that typical methods of measuring sub

strate, TOC, COD, and BOD, cannot be used to follow the fate of the 

original substrate. The result is that product formation is misinter

preted as inefficient substrate removal. If product formation does not 

occur, as has been theorized here for a totally aerobic biofilm, TOC, 

COD, and BOD analyses would measure the amount of substrate removed. 

However even in the totally aerobic AR used in this study, some product 

was formed.

Another consideration which has been neglected in other attempts to 

model biofilm processes is the incorporation into the model of anaerobic 

products utilization by the aerobic regions of the biofilm. One result 

of aerobic utilization of anaerobic products is a reduction in the
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consumption of primary substrate (Sanders, 1966). However, in the 

composite AR, anaerobic products were not utilized as will be shown 

later.

.Determination of Kinetic and Stoichiometric Coefficients

Kinetic and stoichiometric coefficients for the aerobic, anaerobic, 

and anaerobic products AR's were calculated from the material balances 

presented in the Theory and reiterated in the Results. These coeffi

cients are listed in Table 5.1 and their method of calculation is ex

plained in Appendix C. Except for rates of accumulation, , measured

values were used in calculations. Rates of accumulation in the bulk 

liquid were neglected (Table 4.3).

The coefficients in Table 5.1 were calculated with the following 

assumptions:

1. Substrate removal rate in the biofilm was zero order with 
respect to substrate concentration (LaMotta, 1976; 
Trulear 1980).

2. Aerobic substrate removal rate was stoichiometrically 
proportional to the oxygen removal rate.

3. Soluble products were formed in the anaerobic regions of 
the biofilm.

4. Soluble product formation in the aerobic reactor was 
negligible.

5. When soluble product was present in aerobic regions, it 
was consumed at a rate independent of other substrates 
present (Sanders, 1966). 6

6. Substrate consumption in the bulk liquid was negligible



TABLE 5.1

The Calculated Kinetic and Stoichiometric Coefficients 
used in Predicting the Response of the Composite AR.

Zero Order Rate 
Coefficient

(h-1)

k - 0.54 e

k • 0.14 an

k - 0.39 P

Oxygen
Consumption Yield 

(mg O2 mg C)

e/p

Glucose
Consumption Yield

Product
Consumption Yield

(mg C mg o'1) (mg C mg c-1)

Y6 x/s 0.24

C  - O-1'
an = 0.19 
x/s x/p 0.46

0.30 1.94
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(Table 5.2).

Application of Aerobic/Anaerobic Model

Using a first order integration subroutine (Honeywell CP-6 com

puter), the material balances for an aerobic/anaerobic reactor system 

(i.e., composite reactor) were integrated with time.

As a first approximation, anaerobic product consumption within 

aerobic regions was neglected. The computer generated data are listed ' 

in Appendix H.

In general, the computer model did not simulate the progression of 

biofilm development nor the progression of process rates- in the com

posite reactor (Table 5.3). However, this was insignificant since the 

progression of biofilm development is influenced by parameters whose 

measurement was beyond the scope of this study. Such parameters include 

the initial surface conditions where attachment is to occur (i.e., 

roughness, etc.), the physiological state of the first attached organ

isms (this influences lag time) and the shear stress at the surface of 

the developing biofilm (this influences transport, adsorption, and 

detachment rate).

Therefore, in order to neglect the effect of time, specific process 

rates (process rates on a per mass basis) were calculated and correlated 

to the biofilm areal density. Analyzed in this way, the model predicted
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TABLE 5.2

A comparison of Substrate Removal in the Bulk 
Liquid to Transport in the Aerobic Reactor

Time Substrate
Removal 
Rate

Bulk Liquid Comparison
Removal Rate Ratio

D(Si-S) D(Si-S)

Yx/s

h (mg C I 1L )̂ (mg C I 1L X) (dimensionless)

12 4.2 0

36 58.8 1.3 45

y K max s + s

where,

max 0.65 h-I 3.2 mg C I-I x/s 0.31 mg C mg c

(Gates et. al., 1968)



TABLE 5.3

Progression of Calculated Data Versus Experimental Data for the Composite Reactor. 
Parentheses Contain the Standard Deviation of Measured Values.

CO-p'
Reactor Reactor Reactor Attached

Reactor
Oxygen

Time Glucose Product Blomaaa Blomaaa Concentration

(h) (mg C f l) (mg C l 1) (mg C I " 1) (mg C I'2 ) (mg Oj I- 1 )

Composite Computer Composite Computer Composite Computer Composite Computer Composite Computer

12 11.5 11.6 0 0 1.0(0.6) 0 7 5 3.9 6.0

36 1.7 7.7 3.2(0.2) 0 2.1(0.2) 0.5 744(240) 120 1.5 3.0

60 1.4 1.9 3.1(0.3) 0.5 2.8(0.7) 1.8 218(25) 252 0.4 0.9

84 0.7 0.3 3.3(0.2) 0.8 1.6(0.8) 2.2 544(87) 285 1.6 0.8
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F Cs — s ̂rather well the specific substrate removal rate i ' as a function
*

* A x b
of biofilm areal density, , although deviation from the model was

significant at lower biofilm areal densities (Figure 5.1) (0^=0.69 
—5 2X 10 cm s-1; Grieves, 1972). - The model also predicted specific

F xrates of suspended biomass production, ___&, and oxygen utilization,
A

A Xb
F(e —e)i , as a function of biofilm areal density. Again, significant 

*A xb
deviations from the model were observed at lower biofilm areal dens-4 

ities (Figures 5.2 and 5.3).

The specific biofilm accumulation rate was not satisfactorily 

predicted (Figure 5.4). The biofilm accumulation rate is the net 

effect of biofilm growth and biofilm detachment. The biofilm detach

ment rate, which is dependent on the fluid shear stress at the biofilm 

surface, was approximated as a function of the biofilm areal density by 

fitting data from the aerobic and anaerobic reactors to a polynomial.

Choosing the polynomial of best fit proved subjective and resulted in a 
* -2poor fit at X^ <100 mg C m . However, data obtained from all the

reactors showed the detachment rate was approximately zero at <100

mg C m  I  This observation was then incorporated into the model. The

specific biofilm accumulation rate was then equal to ^x/s^e/s =

0.14 h  ̂above In x = 4.6(x = 100 mg c m )̂. Figure 5.4 shows ab b
linear relationship between the specific biofilm accumulation rate and
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Biofilm Areal Density, 
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Figure 5.1 Calculated and experimental relationship
of the specific substrate removal rate with 
biofilm areal density in the composite AR.
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Figure 5.2 Calculated and experimental relationship of 
the specific suspended biomass carbon pro
duction rate with biofilm areal density in 
the composite AR.
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Figure 5.3 Calculated and experimental relationship 
between specific oxygen removal rate and 
biofilm areal density in the composite AR.
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in the composite AR.
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the log of the biofilm areal density. This linearity is an artifact 

of the method used to determine . Therefore, it is unclear whether 

the model was predictive.

Net Product Formation

The. model predicted a significantly lower net specific product - 
F

formation rate, '— ^37, than was observed in the composite reactor (Figure
A

5.5). The reason for this stems from the model itself. The model

assumes that product formation does not begin until oxygen is depleted

within the biofilm. The mass .of the biofilm at this point was theor-
-2 *etically calculated to be about 220 mg C m . This high value of 

depressed the net specific product formation rate to well below what 

was observed.

The large net specific product formation rate in the composite 

reactor indicates that significant product formation may have occurred 

in both aerobic and anaerobic regions. This hypothesis is substan

tiated by the observation of product in the aerobic reactor.

Two possibilities explain product formation in a presumably aero

bic reactor:

1. leakage of metabolic intermediates, 

or

2. anaerobically respiring microenvironments within the 
aerobic biofilm.



TO 4

Net O 3

S p e c i f i c

P ro d u c t

F o r m a t i o n  
R a t e , O 2

F p  
A x*

( t f ' ) 0  1

O  L
O

Figure 5.5

Biofi lm A rea l  D e n s i ty  , ^

( mg C t t T 2 )
Calculated and experimental relationship of 
the specific product formation rate with 
biofilm areal density in the composite AR.
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Although the effluent product from the aerobic reactor was not 

identified, acetate was a predominant product from a similar AR operated 

in this laboratory (R. Bakke, pers. com.)* Also, acetate was identified 

as the predominant product from the anaerobic reactor. It appears from 

this observation that anaerobic microenvironments may have existed 

within the aerobic biofilm. This theory is further substantiated by 

White (1982) who was able to "identify" anaerobic microenvironments 

within an aerobic biofilm. This explanation was used to modify the 

model.

The other explanation of aerobic product formation is leakage of 

metabolic intermediates. The source of these intermediates were pre

sumably slightly different between aerobic and anaerobic regions. Both 

regions could contribute glycolytic intermediates while only aerobic 

regions could contribute TCA cycle intermediates. The enzymes for 

metabolism of these intermediates are constitutive and therefore the 

intermediates would be quickly utilized within the biofilm and would 

not accumulate. However, it is possible that various transport enzymes 

are "repressed" in the presence of glucose. Such is the case with 

citrate permeases in some Enterobacteracae (Brock, 1979; Koser, 1924) . 

Then, metobolic intermediates would accumulate, since they could not be 

transported into the cell.

Product Utilization
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An assumption of this study was that products formed in the anaero

bic layers of the biofilm were utilized aerobically. Examination of the. 

stoichiometry of the composite system revealed that product could not 

have been utilized.

The amount of glucose consumed aerobically is calculated to be:

(e, " e)
— ------- =. 5.6 mg C I

e/s

(where (e^-e)^ includes reaeration)

which leaves 6.2 mg C I  ̂for anaerobic consumption. According to the 

product yield as determined from the anaerobic reactor, approximately 

3.0 mg Cl'*" product would be formed. This value agrees with the ob

served quantity of product formed in the composite reactor. Product 

utilization within the biofilm would only depress the reactor concen

tration of product more. Therefore, it appears that although anaerobic - 

products were observed to be utilized in the absence of glucose (anaero

bic products AR), they were not utilized in the presence of glucose 

(composite AR). Monod (1949) observed a similar phenomenon in a batch 

microbial culture where glucose was preferentially utilized over lac

tose. Later, it was determined the presence of glucose in the system 

prevented the production of lactose metabolizing enzymes. It was likely 

that this phenomenon also occurred here.

Re-evaulation of the Model
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A problem with this model was its failure to predict the net spe

cific product formation rate as a function of biofilm areal density.

The ability to make this prediction would be important in modeling 

wastewater treatment fixed film reactors in as much as the goal of 

wastewater treatment is the removal of organic carbon. Product form

ation, of course, would lessen removal efficiency. Therefore, the model 

was modified to include product formation within the aerobic biofilm 

region.

Assuming zero-order reaction kinetics, the product formation

reaction coefficient, k^, was calculated to be zero. As a result, the

aerobic product formation rate is independent of biofilm areal density

and equal to a constant 27.7 mg C.m ^h  ̂ (or the y-intercept of R6 vs.
& (Figure A.4)). The anaerobic reactor product formation rate was 

-2 -Iabout 100 mg C m h at steady state.

Presuming that product formation in the aerobic biofilm was due to 

microanaerobic regions, the anaerobic product yield was assumed appli

cable to the aerobic system. The general substrate material balance 

then becomes:

F
A (Si s) R + 27.7 P_______

Y , p/s
5.1

The specific substrate removal rate, and specific product formation

rate were recalculated as a function of biofilm areal density (Figures
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5.6 and 5.7). The model is in better agreement with the experimental 

results because it now predicts both a higher specific product formation 

rate at low biofilm areal densities, and a higher specific substrate 

utilization rate at low biofilm areal densities.

Oxygen Penetration

The depth of oxygen penetration was somewhat dependent on the
-5oxygen diffusion constant. A typical literature value of 2.5 x 10

cm^ s  ̂was used (Harris and Hansford, 1976). At steady state, the

model predicted oxygen to penetrate 133 ym into the biofilm which

corresponds well with results of Sanders et. al. (1970) and Chen and

Bungay (1981) using a microprobe to observe oxygen profiles in biofilms.

Oxygen penetration can also be correlated with the net specific

product formation rates of the aerobic and anaerobic biofilm regions.

The net specific product formation rates for the aerobic and anaerobic
-I -Ireactors were 0.05 h and 0.20 h , respectively, at steady state. The 

composite reactor net specific product formation rate at steady state 

was about 0.11 h ^. If the biofilm was of uniform density and anaero

bic microenvironments were uniformly distributed throughout the aerobic 

biofilm, the, composite biofilm should have formed product proportionally 

to the respective aerobic and anaerobic thicknesses. Using this as

sumption, the following two equations can be solved for the aerobic

biofilm thickness:
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(1) Th Th

a a

(2) The (0.05) + Than (0.20) = Th3 (0.11) *

Assuming Tha equals the composite biofilm thickness at steady state, 

180pm, the aerobic biofilm thickness was calculated to be 108 pm. This 

value, though slightly lower than the calculation based on the oxygen 

diffusion model (-19%) , was still in fairly good agreement with Bungay 

et. al. (1970).

Sloughing

In an AR, the biofilm is usually idealized as a uniformly con

tinuous slime mat which, at steady state, will thicken at the same rate 

at which small particles are sheared from the biofilm, surface. Thus, 

the biofilm surface remains uniformly continuous. However in both the 

glucose and the lactate experiments, sloughing of large patches of 

biofilm was observed.

Referring back to the Introduction, Figure 1.2 indicates massive 

sloughing occurred at about 250 h. The result of this sloughing is seen 

in Figure 1.1 where lactate consumption decreased as a result of less 

biofilm available to remove lactate.

Massive sloughing removes the entire depth of biofilm (aerobic and 

anaerobic regions). The sloughed biofilm is initially, replaced by
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aerobic biofilm as is shown in Figure 1.4 by an increase in the oxygen 

consumption ratio. Re-establishment of the biofilm is also evidenced in 

the latter data of Figure 1.1 (increase in biofilm thickness), Figure 

1.2 (increase in lactate removed), and Figure 1.4 (decrease in the 

oxygen consumption ratio).

In glucose experiments (this study), sloughing of large patches 

became most pronounced after about 100 h in all reactors except an

aerobic products (Figures 4.3, 4.4, 4.5, 4.18).

The most apparent consistency between experiments was the large 

patches of biofilm sloughed at a biofilm thickness of about 180pm.

A plausible explanation is that initially obligately aerobic bacteria 

attach and proliferate. As the biofilm develops, the reactor wall 

becomes anaerobic. Then, obligate aerobes die and lyse causing re

lease of the biofilm from the reactor wall. Fluid shear stresses then 

tear the biofilm and pull it away from the wall.

Carbon Removal

Glucose removal in the composite AR was just greater than 91%.

However, carbon removal was only 57%. The carbon removal rate was 120 
- 2 - 1mg C m h Using the factor 1.07 mg COD per mg glucose, the COD.

_2 -I -2 -Iremoval rate was 320 mg COD m h (loading rate was 550 mg COD m h ) .
2Harris and Hansford (1976), using 0.45 m ■ flat plate bfofilm 

reactor and glucose as the sole carbon source were able to achieve about"
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60% soluble carbon removal (steady state) at considerably higher loading 
, _o -Irates (2500 mg COD m h ) but only 2% COD removal (steady state) at 

even higher loading rates (27,000 mg COD m ^h "*").

Based on the findings of this study it is probable that the eff

luent at lower loading rates in the Harris and Hansford study contained • 

little glucose. At the highest loading rates the system was likely 

surface area limited.

Applications'

Since carbon removal is the objective of wastewater treatment, TOC 

and COD measurements are valid to determine the overall treatment effi

ciency. On the other hand, this study indicates that the processes 

occurring are:

1. primary substrate removal (>90%) simultaneous with

2. soluble product formation (rv60% overall carbon removal) .

Thus, TOC and COD measurements would be misleading in understanding the 

processes occurring.

The results of this study should be of great interest to the 

environmental engineer. For example, in the analysis of the effective

ness of waste treatment facilities, if the conversion of a toxic waste 

to a non-toxic waste was desired, this study indicates that a compound- 

specific analysis would be the only meaningful method of determining the 

treatment system's waste removal efficiency. On the other, hand, if
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organic carbon must be removed, TOC or COD analyses would suffice. 

Furthermore, this study indicates that recycling of waste (a typical 

method of increasing carbon removal efficiency) might be inefficient 

because the microbial flora of the reactor might be so well adapted to 

the influent waste that the reactor could not consume its own products. 

Thus the environmental engineer might consider using a different reactor 

with a different microbial flora to remove the products of the first 

reactor. It is possible, then, that in present RBC treatment fac

ilities, where BBC's are operated in series, that the microbial flora 

between reactors is naturally differentiated anyway.

In the pharmaceutical industry where specific microbial trans

formations are demanded, a series of fixed film reactors could be en

gineered with the appropriate microbial culture to perform a specific 

pathway of microbial transformations which result in the desired pro

duct.

Suggestions For Further Model Development

The zero-order substrate removal model presented here was a sim

plified approach to biofilm modeling. One of its main limitations was 

in predicting the net specific product formation rate, a most important 

parameter from a wastewater treatment viewpoint. It is possible that a 

pseudo-Monod type model might have been appropriate. Atkinson (1974) 

has developed a model in which substrate removal within the biofilm is
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a function of the Monod maximum growth rate, saturation constant, and 

depth of biofilm. Harris and Hansford (1976) ,-proposed Monod double- 

saturation kinetics for substrate removal and oxygen uptake within the 

biofilm. Their model, however, required a numerical solution.

In any event, whatever technique is used to model biofilm pro

cesses, the results of this study indicate that the aerobic and an

aerobic regions of the biofilm differ enough kinetically and function

ally that a successful biofilm process model must account for both 

aerobic and anaerobic processes.



CONCLUSIONS

1. The effluent soluble carbon from the aerobic, anaerobic, and 

composite reactors was primarily product.

2. In the aerobic, anaerobic, and composite reactors, the soluble 

carbon removal efficiency was less than the glucose removal effi

ciency.

3. Massive sloughing of biofilm as measured by a drop in biofilm areal 

density and/or biofilm thickness consistently occurred at approx

imately ISOym biofilm thickness.
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APPENDIX A

Notation

variables (s^-s), .p, p^-p, x^-x^, x^, Th

maximum value of a

initial value of a

wetted surface area of AR

any reactor concentration

carbon

any initial reactor concentration 

AR dilution rate

effective diffusion coefficient of oxygen 
within the biofilm

effective diffusion coefficient of glucose

reactor oxygen concentration

saturation oxygen concentration

initial oxygen concentration

flow rate through AR

zero order reaction rate coefficient

time smoothing constant

zero order.reaction rate coefficient for 
anaerobic substrate .removal

zero order reaction coefficient for.aerobic 
substrate removal

■ L2

ML-I

ML 
. -I

-I

L2t-1

L2T"1
-3

ML-3

ML-3

L3L"1 
, -I

-I

-I

-I



Ill
k zero order reaction rate coefficient for t-1ep product utilization

V reaeration coefficient t"1
k zero order reaction rate coefficient for t'1P product formation.
n substrate flux into the biofilm ML-V 1

P reactor product concentration ML-3

P' the product concentration at the aerobic/ 
anaerobic interphase

-3ML

Pi influent product concentration ML-3
r • observed substrate removal rate per unit ML-V 1S volume of biofilm
R reaction rate vector ML-V 1

Rd biofilm detachment rate ML-V 1
Re oxygen removal rate because of glucose ML-V 1

consumption
R oxygen removal rate because of anaerobic ML-V 1ep product consumption

R1 reaction rate vector ML-V 1
Rp product formation rate ML-V 1

Rpb product removal rate for biomass production ML-V 1

V biofilm growth rate from product consumption ML-V 1
R observed substrate removal rate per unit area ML-V 1

of biofilm
RX biofilm growth rate from product ML-V 1
RanX anaerobic biofilm growth rate ML-V 1
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t

T

Th

Th

an

b
A

aerobic biofilm growth rate ML

reaction rate vector for a totally' aerobic ML
biofilm

reaction rate vector for fully penetrated ML
aerobic/anaerobic biofilm with product partially 
penetrating the aerobic biofilm

reaction rate vector for fully penetrated ML
aerobic/anaerobic biofilm with product fully 
penetrating the aerobic biofilm

reaction rate vector for partially penetrated ML
biofilm

AR glucose concentration ML

substrate concentration within the biofilm ML

influent glucose concentration ML

time t

transport vector ML

thickness of biofilm L

thickness of film actively consuming substrate L

thickness of the active anaerobic layer L

depth of penetration of oxygen , L

extent of penetration of product in aerobic layer L
3AR working volume L

reactor concentration of suspended solids ML

biofilm carbon mass per unit volume of biofilm ML 

biofilm areal carbon density ML

reactor concentration of suspended biomass carbon ML

V1

-V1
-V1

-V1

-V1
-3

-3

-3

-3
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*
Xm

X

L /e/s

x/s
..an
fx/s
Ce ,X/S
Z

influent concentration of suspended biomass ML
carbon

biofilm areal mass density 

stoichiometry matrix

the mass ratio of oxygen consumed to substrate ■ 
consumed in the aerobic layer

product yield from glucose

biomass yield from product

biomass yield- from glucose

anaerobic biomass yield from glucose

aerobic biomass yield from glucose

distance into the biofilm from biofilm surface

ML-2

MM-I

MM-I

MM 

MM 

MM 

MM 

MM 

L

-I

-I

-I

B - biofilm penetration ratio (dimension
less)

v biofilm thickness (dimension
less)

v biofilm thickness (dimension
less)

V biofilm active thicknessa (dimension
less)

T glucose concentration within biofilm (dimension
less)
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APPENDIX B

Description of Analytical Methods 

Measurement of Glucose

Glucose was determined by a modified enzymatic colorimetric method 

from Sigma Chemical Company, (St. Louis, MO/technical bulletin no. 510).

Pive hundred international units of Glucose Oxidase (Aspergillus 

niger) and 100 Purpurogallin units of Peroxidase (horseradish) and 

buffer salts were dissolved in 100 ml distilled water. Twenty milli

liters of distilled water was added to 50 mg of o-dianisidine dihydro

chloride to form the color reagent solution. From the color reagent 

solution, 1.6 ml was added to the enzyme solution to form the combined 

enzyme-color reagent solution (CECRS).

Five milliliters of CECRS was added to 1.5 ml of sample. This 

mixture was incubated 45 minutes at room temperature and then its ab

sorbance was read in glass cuvettes on a Bausch & Lomb Spectronic 70 at 

450 mm.

A new standard curve and blank were made for each set of samples

analyzed. The concentrations of glucose, in the standard curve were 5,
~ I10, 20, and 40 mg I . The blank consisted of 1.5 ml distilled water 

plus 5.0 ml CECRS.

Measurement of Total Organic Carbon
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Total organic carbon was determined with an Oceanography Inter

national Total Organic Carbon Analyzer, model 0524B-AA-303. A 2 ml 

sample, or an aliquot diluted to 2 ml, was added to a precombusted, 10 

ml glass ampule (Oceanography International). One ml of a saturated 

potassium persulfate solution and 0.25 ml of 6% phosphoric acid were 

added. Each ampule was purged with O^ for about 10 minutes prior to 

sealing with a propane/oxygen flame. The ampules were sealed in a 

pressure bomb and heated to 175 °C for about 10 hours for oxidation of 

the organic carbon to CO^- The ampules were then analyzed for their CO^ 

content. The results were standardized against KHP standards. Each 

sample was run in duplicate if possible.

Measure of Soluble Organic Carbon

Soluble organic carbon was analyzed using a Sybron/Barnstead 

Photochemtm Organic Carbon Analyzer, model E3500. Ten ml sample sizes 

were used.

Soluble carbon in the effluent was obtained by first filtering the 

sample through a pre-washed, tared 0.45 mm Nucleopore filter. Soluble 

carbon in the influent was obtained without filtering the sample. Sol

uble product, carbon was equal to total soluble carbon minus dilution 

water carbon.

The instrument was standardized against KHP using 0.10 NH^PO^ as

the acidifying reagent.
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Soluble Product Identification

Soluble product from the AR's was analyzed with a Varian, model 

3700 gas chromatograph coupled to a Spectra-Physics SP4100 computing 

integrator. The column was 6 ft x 4 mm I.D. glass packed with 15% SP- 

1220/1% H^PO^ on 100/120 mesh Chromosorb W AW. The temperature of the 

flame ionization detector was 250 °C and the injector temperature was
Q _170 C. The flow rate of helium was 30 ml min . A 2 I sample spiked 

with 50 mM hexanoic acid was used. .An initial column temperature of 105 

°C was held for 2 minutes and was followed by a temperature rise of 40° 

min  ̂until 145 °C, which was then held for 3 minutes.

Preparation of Biofilm for Measurements

Total Organic Carbon

A sample of biifilm from a known area of the AR's removable slide 
2(40 cm ) was suspended in 40 ml cell free distilled water. The sus

pension was then homogenized in a Sorvall tm omni-mixer (Dupont In

struments, model 17105) at a speed setting 6 for I to 2 minutes. To 

precombusted 10 ml glass ampules (Oceanography International) were added 

0.1 ml and 0.2 ml or 0.2 ml and 0.4 ml aliquots of the homogenized 

suspension. These were then diluted to 2 ml for TOC analysis.

Suspended Biomass Carbon

Suspended biomass carbon was equal to the total organic carbon

v-



minus the soluble organic carbon.

Attached Mass

The remainder of the biofilm suspension was dried in a pre-weighed 

aluminum weighing dish at 103 0C for at least 8 hours.
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APPEmiX C

TABLE A.I
Progression of Measurements from the Aerobic AR Study. 

Parentheses Contain the Standard Deviation Between Duplicate Measurements.

Influent Effluent Soluble
Time Glucose Glucose Product TOC

t S i S ps
(h) (mg C l -1) (mg C I 1) (mg C I'1) (mg C T 1)

0 27.7(0.1) 27.7 82.3 —

12 - 11.5(0.4) I.4(0.4) 13.3(0.1)

24 12.3(0.1) 7.6(0) 0.4(0.I) -

36 - I.2(0.I) 1.2(1.I) 5.6(0.I)

48 - 0 0.2(0.3) -

60 10.5(0.2) 0.7(0.I) 1.4(0.I) 5.5(0.3)

72 . - 1.2(0) 0(0.1) -

84 - 0.6(0) 1.2(0.I) 4.9(0.2)

96 - 0.8(0) I.8(0.I) -

108 _ I.8(0.2) 1.7(0.2) 4.1

Effluent
Biomass
Carbon

Suspended
Solids

Biofilm
Areal
Carbon
Density

Biofilm
Areal
Mass
Density

Biofilm
Thickness

* *
xI X Xb Xm Th

(mg C I"1) (mg I 1 ) (mg C m  2) -2(mg m ) (pm)

- 4.7(6.6) - -

0 1.1(1.5) 8.2(5.I) - -

- 0.3(0.4) - - -

2.3(1.I) 9.7(0.4) 279(39) 546 60(18)

- 6.8(1.I) - - -

2.5(0.4) 8.3(0.9) 273(43) 815 73(15)

- 14.1(1.1) - - -

2.2(0.2) 13.4(0.6) 370(31) 594 45(16)

- 4.8(1.4) - - -

0 4.4(0.6) 187(27) - <10
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TABLE A.2

Progression of Measurements from the Anaerobic AR Study.
Parentheses Contain the Standard Deviation Between Duplicate Measurements.

Time
Influent
Product Product

Influent
Biomass
Carbon

Effluent
Biomass
Carbon

t pI P xIi xI
00 mg C I 1 mg C I 1 mg C I 1 mg C I"1

0 - 9.4(0.2) - -

12 7.3(0.I) 4.3(0.4) 0 0

24 8.1(0.4) I.9(0.2) 0 2.5(0.7)

38 8.1(0.3) 3.7(0.2) - -

48 8.7(0.4) 4.4(0.4) 0.8(0.4) 4.7(1.2)

62 8.5(0.3) 3.1(1.3) - -

72 8.5(0.2) 3.5(0.3) 0.1(0.7) 2.9(0.4)

86 8.6(0.3) 4.0(0.5) - -

96 7.0(0.2) 2.5(0.2) 0 3.0(0.8)

Influent
Suspended
Solids

Effluent
Suspended
Solids

Biofilm
Areal
Carbon
Density

Biofilm
Areal
Mass
Density

Biofilm
Thickness

Xi X
*

Xb
*

Xm Th

mg I 1 mg I 1 -2mg C m -2mg m ym

0.2(0.3) 0.9(0.4) - - -

0.8(1.I) I.8(0.2) - - -

2.2(3.0) 3.1(0.3) 432(30) 1023 41(8)

0 6.2(6.8) - - -

0.3(0.4) 5.9(0.I) 426(40) 860 100(53)

5.8(4.2) 8.3(1.3) - - -

9.5(0.8) 13.3(1.0) 370(83) 907 110(31)

6.4(0.8) 9.4(0.3) - - -

5.7(0.4) 13.6(1.1) 423(85) 1100 128(14)
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TABLE A.3

Progression of Measurements from the Anaerobic Products AR Study. 
Parentheses Contain the Standard Deviation Between Duplicate Measurements.

Time
Influent
Product Product

Influent
Blomoaa
Carbon

Effluent
Biomass
Carbon

t

00
P1

mg C I-1

P

mg C I 1
xH

mg C I"1
xi

mg C I 1

0 - 9.4(0.2) - -

12 7.3(0.I) 4.3(0.4) 0 0

24 8.1(0.4) 1.9(0.2) 0 2.5(0.7)

38 8.1(0.3) 3.7(0.2) - -

48 8.7(0.4) 4.4(0.4) 0.8(0.4) 4.70.2)

62 - 8.5(0.3) 3.1(1.3) - -

72 8.5(0.2) 3.5(0.3) 0.1(0.7) 2.9(0.4)

86 8.6(0.3) 4.0(0.5) - -

96 7.0(0.2) 2.5(0.2) 0 3.0(0.8)

Influent
Suspended
Solids

Effluent
Suspended
Solids

Blofllm
Areal
Carbon
Density

BiofIlm 
Arenl 
Moss 
Density

Blofllm
Thickness

Xi X
*

Xb
*

Xm Th

mg I * . — I mg I mg C m 2 —2mg m lim

0.2(0.3) 0.9(0.4) - - -

0.8(1.I) 1.8(0.2) - - -

2.2(3.0) 3.1(0.3) 432(30) 1023 41(8)

0 6.2(6.8) - - -

0.3(0.4) 5.9(0.I) 426(40) 860 100(53)

5.8(4.2) 8.30.3) - - -

9.5(0.8) 13.3(1.0) 370(83) 907 110(31)

6.4(0.8) 9.4(0.3) - - -

5.7(0.4) 13.6(1.1) 423(85) 1100 128(14)
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TABLE A.4

Progression 
Parentheses Contain

of Measurements from the Composite AR Study.
the Standard Deviation Between Duplicate Measurements.

Time
Influent
Clucomc

Effluent
Glucomc

Soluble
Product TOC

Effluent
Blomnmm
Carbon

t

(h)

"i

("IR C I

m

(mg C I V

%

(mg C l * ) (mg C I *)

x i

(mg C l 1)

0 27.7(0.1) 28.3 54.6 - -

12 13.2(0.1) 0 1 3.4(0.I) 0

24 9.6(0.2) 0.4(0.4) - -

3f. 5.4(0) 3.0(0.2) 9.8(0.2) 0.5(0.3)

48 0.5(0) 0 - -

60 11.6(0) I . 1 ( 0 . I) 0 1 0.5(0.I) 8.5(0.2)

72 1.5(0) 2.5(0.2) - -

84 0 . 4 ( 0 . I) 6.2(0.2) 10.0(0.3) 2.3(0.4)

96 0 . 7 ( 0 . I) 4.7(0.4) - -

IOA 1.4(0) 4.5 12.3 5 . 5 ( 0 . I)

Suapendcd Influent Effluent

RlofIlm
Arenl
Carbon

Blofllm
Arcnl
Mnmm Blof I Im

Sollda Oxygen Oxygen Benilcy Denalty Thlcknemm

X 6 I
e Xb Xm Th

(mg I 1I (mg o 2 1 " 1) (mg O 2 I 1 ) (mg C m  2) (mg m 2 ) (Mm)

3 . 6 ( 1 . 1) I.9 ( 0 . I) 3.6(0.2) - - -

1.1 - I.8 ( 0 . I) 12(5) - -

I.3(1.2) - 0 . 5 ( 0 . I) - - -

2.4(0.7) - 0 146(8) 321 <10

1.2 - 0 - - -

7.7( 1 . I) - 0 350(104) 2062 83(34)

13.2(6.9) - 0 - - -

6 . 1 ( 0 . I) I.7 ( 0 . I) 0.3 492(29) 1044 186(65)

I.0(1.4) - 0 - - -

21.9(1.0) - 0 260(18) 550 -
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TABLE A.5

Calculated Rates from the Material Balances
for the Aerobic Reactor.

Time

Biofilm
Detachment

Rate

Biofilm
Growth
Rate

Substrate
Removal
Rate

Observed
Yield

Biofilm
Areal
Density

(h) Rd
(mg C m  *)

R X

(mg C m 2h *)
R S

(mg C m  “h *)
</,

(mg C m g C  )

*
Xb

(mg C m

12 0 1.8 14.4 0.13 8.2

36 41.5 55.2 200 0.28 279

60 45.1 45.4 177 0.26 273

84 39.7 37.9 179 0.21 370

108 0 0 157 0 189
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TABLE A.6

Calculated Rates from the Material Balances of
the Anaerobic Reactor

Time

Biofilm
Detachment

Rate

Blofllm
Crouch
Rate

Observed
Substrate
Consumption

Rate

Product
Formation
Rate

Biofilm
Areal
Density

Observed
Biomass
Yield

Observed
Product
Yield

(h) Rd R X
F(S1-S) RP

*
xb Y , p/s

(mg C m  2h *) (mg C m 2h I - 2 - 1) (mg C m  h S (mg C m 2h 1S (mg C m 2)I  (mg C mg C (mg C I

12 0 11.6 0 0 12(5) - 0

24 - - 35.9 0.7(0.7) - - 0.02

36 11.5 20.3 111(0) 53.8(3.6) 146(8) 0.18 0.48

48 - - 199(0) - - - -

60 - - 188(2) - 350(104) - -

72 - - 181(2) 44.8(3.6) - - 0.24

84 38.1 39.3 201(2) 111(3.6) 492(29) 0.20 0.55

96 - - 195(2) 84.3(7.2) - - 0.43

108 98.6 99 183(0) 80.7(1.8) 260(18) 0.54 0.44
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TABLE A.7

Calculated Rates from the Material Balances
for the Anaerobic Products Reactor.

Biofilm Biofilm Product Biofilm Observed
Detachment Growth Removal Areal Biomass

Time Rate Rate Rate Density Yield

(h) Rd Rpx Rps
*

xD Yx/p

(mg C m  2h *) (mg C m  2h *) (mg C m 2h (mg C m 2) (mg C mg

0 O 0 0 0 0

24 42.1 47.2 90 423 0.52

48 56.6 56.6 62.4 426 0.91

72 40.6 40.6 72.6 370 0.56

96 47.9 47.9 65.3 423 0.73
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APPENDIX D

Calculation, of Constants

Zero-order Reaction Rate Coefficient

Zero-order dependence of substrate, oxygen, and product on their 

respective process rates' was predicted in the Theory. The rate coe

fficients of those processes were calculated based on that prediction.

For example, the substrate removal rate (aerobic) is equal to 
e * . ekg (or kg xb Th)-(Equation 2.13) provided substrate fully penetrates

ethe biofilm.' To determine , Rg (aerobic) is graphed vs x^ (Figure 

A.I), where kg is the slope of that line. The data plotted were chosen 

in the range of a fully substrate-penetrated biofilm (as determined from 

the thickness prediction of Equation 2.15), as well as a fully oxygen- 

penetrated biofilm (as determined from the thickness prediction of 

Equation 2.19). Figure A.I shows that half-order kinetics for substrate 

removal could not be correlated in the aerobic AR due to a negative 

slope. -

The zero-order reaction rate coefficient for anaerobic substrate

removal was calculated in a similar way, except R^n was used in place of

Rg (anaerobic) (Figure A.2) where Rg (anaerobic) = Y^yg R^n . This was

done because R (anaerobic) could not be determined independent of R , s p
as will he shown.



Biofi lm A rea l  Density, (mg C - i r r 2 )

0 100 200 300

^  O rd e r  in s

Substra te
Removal

Z e r o  O r d e r  
in s*

(mg C m

Figure A.I The relationship of the substrate removal
rate to zero order and half order substrate 
removal kinetics.
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B io m a s s
G row th
R a te ,

(mg C m h")

10 0 2 0 0 2
Bio f i lm  Area l  D e n s i t y ,  x*b (mg C m" )

Figure A.2 Determination of kan
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The zero-order reaction rate coefficients for oxygen removal in the 

aerobic and anaerobic products AR's were calculated at steady state from 

the two oxygen transient experiments. Such that:

(Ke °r V  * I (v e>" -jr~ (ei"e> - it I'
then. (ke °r kep)

x, Th .
___b_____ ,
R or R e ep

During the transient experiment oxygen was expected to be depleted in 

the biofilm. So to obtain (or k^) independent of anaerobic sub

strate consumption, the maximum R (or R ) was used to calculate k r e ep e
(or k ). ep

Product removal and product formation zero-order reaction rate

coefficients were calculated in the same manner as ke and kan.s s.

Yield

The biomass yield in the aerobic reactor was calculated from the 

plot of R6 vs R (aerobic) (i.e., R6 = Y6 , R (aerobic) (Figure A.3)).X S  X X/ S S
The biomass yield as well as the product formation yield in an

aerobic reactor were assumed equal to the observed yields. The est

imation of these yields was necessary because the system of differential 

equations which described the anaerobic AR contained five unknowns and



B io m a s s

P r o d u c t io n

R a te ,
0 - 24

IOO 200
S u b s t r a t e  R em ova l  R a te ,  Rs(aerob ic )

(mg C m-2 I r 1)

Figure A.3 Calculation of biomass yield from glucose 
in the aerobic AR.
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only four equations (see Theory). Thus all attempts to linearize the 

substrate material balance, including:

D(s^-s)
Rx

I-JL Hfc + Vs EX Y anx/S
9

provided unreasonable values of and .

The yield of mass oxygen consumed per mass substrate consumed was 

calculated from RgZRg (aerobic) at steady state (or R^/R^) .



Aerobic

Product

Formation

Biof i lm A r e a l  D e n s i t y ,  x: 

( mg C- r r r 2 )
Figure A.4 Calculation of the product formation rate 

in the aerobic AR.
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APPENDIX E

TABLE A.8
Measured Data from Long Term Lactate Experiment Number 2.

Time
Dilution

Rate
Influent
Lactate

Effluent
Lactate

Influent
Dissolved
Oxygen

Effluent
Dissolved
Oxygen

Effluent
Product

Effluent
Biomass

Biofilm

(h) D Si S ei e P 'X£ Th
o r 1) (mg C I'1) (mg C I'1) (mg O2 I-1) (mg O2 r 1) (mg C I-1) (mg C I"1) (pm)

0 6.3 - - - 6.2(0) 20.4(.5)7.5 6.3 2.7(1) 2.7 7.4(. 3) 8.2(.I) 0 2.0(.7)12 6.3 6.1(1) 6.2 - 8.9(.6) 0 1.4(.9)24 6.3 — 6.5(.2) 7.3(2.6) 8.2(.6) 0 0.8 (. 5)32 6.3 8.8(1) 9.4 - - 0 0 V
48 6.3 10.I(.3) 10.2 10.3(.9) 8.4(.6) 0 _
72 6.4 10.K.4) 5.6(.4) 10.3(.4) 5.6(.4) - 9.6(.8) 21(23)83 6.3 3.9(.4) 11.5(.5) 4.K.3) - 8.9(.6) 8(15)97 6.4 2.5(.4) — 3.8(.2) - 12.6(.8) 26(18)125 6.5 ~ 2.5(.3) 8.3(.4) 4.9(.3) - 0 65(10)149 6.6 - - 10.2(.6) 3.4(.I) - 2.0(.9) 116(30)173 6.6 9.0(.4) I.4(.3) - 3.2(.I) - 5.3(.3) 120(54)200 6.7 - I.0(.2) 2.I(.7) - I.4(1.9) 158(87)224 6.7 11.5(.8) 0.6(.3) — 3.8(.I) - 2.5(1.6) 170(115)249 6.8 10.4(.9) ~ 8.9(.7) 3.3(.3) 1.9(.4) 0.0 189(150)272 6.6 - 1.1(0) 8.8(.4) 3.7(.4) 2.2(.2) •3(.3) 130(142)290 6.6 10.7(1.0) - 3.0(.I) 2.9(.3) 1.9(.l) 95(55)366 6.7 - 8.4 4.I(.5) 0.0 4.7(1.3) 165(73)481 7.0 - - 4.3(6) 6.0(. I) 265(80)573 7.2 - - - 4.9(. 7) 6.0(.6) 365(217)626 7.1 " - I.6(.2) 3.8(.2) 309(131)
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TABLE A.9
Measured Data from Long Term Lactate Experiment Number 3.

Time
Influent
Lactate

Effluent
Lactate

Influent
Dissolved
Oxygen

Effluent
Dissolved
Oxygen

Effluent
Product

Effluent
Biomass

Biofilm
Thickness

Biofilm 
Mass Per 
Unit Area

Si S ei e p X£ Th *
Xb

(h) (mg C I 1I (mg C r 1)

7HOGO3 (mg O2 r 1) (mg C l  )̂ (mg C I-1) (pm) (mg C cm 2)

0 0 896(3) - 7.2(0.8) 0 12.6(0) -

23 9.8(.2) 8.5(.4) 6.7(1.I) 2.0(0.2) 0.5(1.8) 2.I(.2) - -

93 8.5(.9) 1.3(.I) 6.8(0.8) 2.7(0.3) 0.6(.4) 3.2(0) 16(18) 0.227

138 9.3(.5) 0.7(0) 6.7(0.8) 2.7(0.3) I.5(.6) 2.4(0.2) 25(15) -

232 9.3(.5) 0.8(0) 6.8(0.6) 2.9(0.2) 0(. 3) 2.0 11(8) 0.381

321 - - - - - 4.6(1.I) 92(31) 0.554

367 - - - 3.7(0.3) - 6.8(0.8) 133(40) 0.884

415 - - - 3.2(0.2) - 2.5(0.7) 214(37) 0.603

489 - - - - - 5.3(1.7) 230(48) -

511 - - - - - 4.8(1.3) - -

531 - - - - - 4.5(0.7) - -

598 - - - 7.3(0.5) - 0.5(0.2) 426(104) 0.986

682 - - - 3.0(0.2) - 7.2(4.2) 512(278) -

835 - - 8.6(2.5) - 8.6(2.5) 563(162) 1.000
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APPENDIX F 

Reaeration Study 

TABLE A.10

Progression of Measurements from the Study 
to Determine k^a of the Composite AR

Time
(m)

Reactor
Oxygen

mg O2 I 1

Reaeration
Potential

Ca-C
mg O2 I 1

Reaeration
Potential
ln(cA-c)

0 1.10 7.3 1.99

17.7 2.30 6.1 1.81

21.7 2.42 6.0 1.79

32.5 3.09 5.3 1.67

36.0 3.62 4.8 1.56

47.0 4.50 3.9 1.36

52.3 4.80 3.6 1.28

58.2 5.20 3.2 1.16

69.2 5.90 2.3 0.92

79.3 6.28 2.1 0.75

96.0 7.11 1.3 0.25

141.3 8.25 0.2 -1.89
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Determination of k^a for the AR's.Figure A.5
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APPENDIX G

TABLE A.11
Progression of Measurements from the Oxygen 
Transient Studies done in the Aerobic and 
Anaerobic Products AR's at Steady State.

Time

Effluent
Aerobic
AR

Effluent
Anaerobic Products 

AR

(mg O2 I *) (mg O2 I b

0 5.0 4.2

15 5.0 4.2

30 5.0 3.9

60 4.8 3.8

90 4.6 3.5

120 4.4 3.3

150 4.2 2.7

180 3.9 2.4

210 3.8 1.9

240 3.6 1.6

270 3.4 1.2

300 3.4 1.0

360 3.3 0.9

420 3.2 0.5

480 3.1 0.3

Reaeration Rate, k^a = 1.16



APPENDIX H

Computer-Generated Data for the Model - Original Model
Calculated
Anaerobic Effluent Effluent

Effluent Biofilm Dissolved Effluent Biomass
Time Glucose Thickness Oxygen Product Carbon

(Based on
substrate remaining)

(h) (mg C l 1) (pm) (mg O2 I ^ (mg C I ^ (mg C I 1

0.000 11.80 170.6 6.200 0.000 0.000
5.000 11.73 142.9 6.150 0.000 0.000
10.00 11.67 127.9 6.099 0.000 0.000
15.00 11.54 113.1 5.998 0.000 0.000
20.00 11.27 97.61 5.794 0.000 0.000
25.00 10.73 80.45 5.386 0.000 0.000
30.00 9.663 60.47 4.567 0.000 0.000
35.00 7.955 44.08 3.264 0.000 .4268
40.00 6.593 39.93 2.226 0.000 .8189
45.00 5.480 37.07 1.377 0.000 1.181
49.99 4.528 34.93 .7918 .3289E-01 1.467
54.99 3.041 37.64 .8311 .3112 1.682
59.99 1.898 39.00 .8503 .5226 1.845
64.99 .9918 39.31 .8548 .6875 1.972
69.99 .3075 38.99 .8503 .8113 2.073
74.99 .3075 38.78 .8473 .8106 2.132
80.00 .3075 38.79 .8474 .8106 2.157
85.00 .3075 38.84 .8482 .8108 2.168
90.00 .3075 38.89 .8489 .8109 2.173
95.00 .3075 38.93 .8494 .8110 2.175
100.0 . 3075 38.95 .8497 .8111 2.176
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Original Model continued

Biofilm
Areal Biofilm

Total
Biofilm

Aerobic
Biofilm

Calculated
Anaerobic
Biofilm

Time Density Density Thickness Thickness Thickness
(Based on 
substrate
in bulk)

(h) (mg C m 2) (mg C cm 2) (ym) (ym) (ym)

0.000 1.000 1.000 1.000 454.6 282.1
5.000 2.006 1.106 1.813 430.4 267.4
10.00 4.025 1.229 3.275 406.7 253.0
15.00 8.075 1.374 5.878 381.5 237.9
20.00 16.20 1.554 10.43 352.6 221.1
25.00 32.50 1.793 18.13 316.5 200.9
30.00 65.21 2.138 30.50 266.9 174.6
35.00 116.9 2.397 48.78 213.1 149.6
40.00 158.0 2.175 72.68 184.7 143.0
45.00 191.6 1.928 99.43 154.3 138.4
49.99 217.4 1.745 124.6 123.0 132.3
54.99 237.0 1.638 144.7 130.0 111.9
59.99 252.4 1.590 158.7 133.5 89.71
64.99 264.8 1.579 167.7 134.3 65.08
69.99 275.1 1.590 173.0 133.5 36.11
74.99 281.3 1.597 176.1 133.0 36.03
80.00 284.0 1.597 177.8 133.0 36.03
85.00 285.3 1.595 178.8 133.1 36.05
90.00 285.8 1.594 179.3 133.3 36.07
95.00 286.0 1.592 179.6 133.3 36.08
100.0 286.1 1.591 179.8 133.4 36.09
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Original Model with Aerobic Product Formation

Time
Effluent
Glucose

Calculated
Anaerobic
Biofilm

Thickness

Effluent
Dissolved
Oxygen

Effluent
Product

Effluent
Biomass
Carbon

(h) (mg C I *)

(Based on 
substrate avail.)

(pm) z—
X
 

f—
II1—1C

N
OO

O (mg C I'1) (mg C l 1
0 . 0 0 0 11.80 159.1 6.200 0 . 0 0 0 0 . 0 0 0

5.000 8.069 142.9 6.150 1.576 0 . 0 0 0

10.00 8.003 127.9 6.099 1.576 0 . 0 0 0

15.00 7.870 113.1 5.998 1.576 0 . 0 0 0

20.00 7.604 97.61 5.794 1.576 0 . 0 0 0

25.00 7.070 80.45 5.386 1.576 0 . 0 0 0

30.00 5.998 60.47 4.567 1.576 0 . 0 0 0

35.00 4.290 44.08 3.264 1.576 .4268
40.00 2.928 39.93 2.226 1.576 .8189
45.00 1.815 37.07 1.377 1.576 1.181
49.99 .8634 34.93 .7918 1.609 1.467
54.99 .3075 37.64 .8311 1.887 1.682
59.99 .3075 39.00 .8503 2.099 1.845
64.99 .3075 39.31 .8548 2.263 1.972
69.99 .3075 38.99 .8503 2.387 2.073
74.99 .3075 38.78 .8473 2.387 2.132
80.00 .3075 38.79 .8474 2.387 2.157
85.00 .3075 38.84 .8482 2.387 2.168
90.00 .3075 38.89 .8489 2.387 2.173
95.00 . 3075 38.93 .8494 2.387 2.175
100.0 .3075 38.95 .8497 2.387 2. 176
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Original Model with Aerobic Product Formation continued

Calculated
Biofilm
Areal Biofilm

Total
Biofilm

Aerobic
Biofilm

Anaerobic
Biofilm

Time Density Density Thickness Thickness Thickness

(h)
_2(mg C m ) (mg C cm (ym) (ym)

(From bulk 
subs, cone)

(ym)

0.000 1.000 1.000 1.000 454.6 282.1
5.000 2.006 1.106 1.813 430.4 221.7
10.00 4.025 1.229 3.275 406.7 209.5
15.00 8.075 1.374 5.878 381.5 196.5
20.00 16.20 1.554 10.43 352.6 181.7
25.00 32.50 1.793 18.13 316.5 163.1
30.00 65.21 2.138 30.50 266.9 137.5
35.00 116.9 2.397 48.78 213.1 109.9
40.00 158.0 2.175 72.68 184.7 95.28
45.00 191.6 1.928 99.43 154.3 79.68
49.99 217.4 1.745 124.6 123.0 57.76
54.99 237.0 1.638 144.7 130.0 35.57
59.99 252.4 1.590 158.7 133.5 36.11
64.99 264.8 1.579 167.7 134.3 36.23
69.99 275.1 1.590 173.0 133.5 36.11
74.99 281.3 1.597 176.1 133.0 36.03
80.00 284.0 1.597 177.8 133.0 36.03
85.00 285.3 1.595 178.8 133.1 36.05
90.00 285.8 1.594 179.3 133.3 36.07
95.00 286.0 1.592 179.6 133.3 36.08
100.0 286.1 1.591 179.8 133.4 36.09
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APPENDIX I

Computer Program for the Model.

RCr»l_ Kl_A»KErK A F, KAX 
IHPUT DTrPIrPFrIO A - . TO 
F - 3 . <S I 2 
YES- . V 3
YEXQ-.2^
YAXS-.IV 
Y P S - . 4 3 
K L A * - -  I . 1 6  4  
KE - . QB 
K A X - . I 4 
KA F - .23 
E I «• A . 2 
S I - I I . B 
E S - A . 2 
T-O 
TH-I 
XP-O . O I 
S-SI 
P-O
XPTH-I 
E-ES 
X-O 
V-. AG 
FX-O 
RRS-=O
PSUM - — O • Ol 
RES-O
**»*****»*r*********DERIVITIVE. . . . . . . .D-FZV ...............
CONTI NUE 
XP-XPTHZTH 
IF<E.LE.0.7> r E- . 7 O 
IF(S.LE.0.3)rS-O.3
IHE- <<2*2.5E-3»3.A*E»/CXB*KE)>«.0.5.10000
DELTATH-TH-THEve-0* * 5 *3 b ^y a x e ^ * 10000 
00-<202-RE/YEB>/<1.27.XB >
IF(DELTATH.OE.OO> r DELTATH-OQ
IF<TH.LT. THE > r DELTATH-O 
RE-KEItXPTH
IFCTH.OT. THE), RE-BORT<2*2. SE-O = ̂XBVtsrw-,
RRB-KARSXPVtDELTATH ^ ‘
IF<RE.OE.127),RE-127 
THES-THE
I F ( TH . LT . THES > , THEB-TH
RES-REZYES+KAXSXBSDELTATHZYAXS+RRSZ n 
I F < REB . OE . 202 > , RE8-202 
REX-RESYEXSZYES+KAXSXBSDELTATH
iF77iB?S!??T?oS)TSS!?RD^L?toT>tRDlS**2“ -0^sl25>XI<™ “ -o^^=B
IF(XBTH.OT.400),RD-REX 
CONTINUE
DS-FS(SI-S)ZA-REG 
IDXBTH-REX-RD 
DR--FSRZA+RRS+27.7 
DX - — FSXZA-FRD
DE-FS < EI-E ) ZA-FKLASV* ( ES-E >ZA — RE 
DTH- . I2 S ( TH-<THSS2>ZlBO)
SSSSSSSSSSSSSSSSSSSSSSSSSSSRRINT. . . .

I F < RSUM . OT . RF ) , OO TO 5

. ASKE ) S I OOOO

Y R S -F 2 7.7Z YRS

CALL INTI <T ,D T ,IO > 
CALL INT(SrDS)
CALL INT(XPTHrDXBTH) 
CALL INT(RrDR)
CALL INT(XrDX)
CALL I NT (Er DE )
CALL INT(THrDTH)
OO TO 4
FORMAT ( IXr I 201 I .4) 
END

KSSSSINTEORATE.
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APPENDIX J

Chromatogram from VFA Analysis.

VOLATILE ACIDS VSR. *2 

' E 4 METHOD 4.

ANALYST: IX=I

42 13:41:58 Z-X ? (
RUH 989 INDEX 2

NAME

a c e t a t e
I-VAL
HE XANO I C S 

TOTALS

statistics
FILE ENTRY

ETHANOL
ACETATE
PRQPIOHATE
I-BUT
N-But
I-VAL
N-VAL
HEXANO I C A

CONC

I. 5865.642
INTERNAL 3TD 

1.543
REPORT INDEX

AVERAGE

0.1.6430.0.
0 .
8 . 021 
0

RT AREA BC RF
1.24 15012 Ol 5. 2
Z.T7 202b Ol I. 0285. 4 51844

68882

Gl 1.497

2

REL £>D % STD DEV VARIANCE
0.

8 09
0. 0.00001+0111#

0. 0. 194 0. 3 7541-01
0. 0.08001+01

6. 0 . 0.OOOOl+Ol0. 0.0000f+0i141.
0.
0 .

421 e. 03 0.88801-020. 0.00061+01
0. 0.00001+01



Appendix K

TABLE A.12

Time Smoothing Constants, k'

CD
H-

I CD Th A

Xb X P

Aerobic 0.19 0.19 0.17

Anaerobic 0.16 — 0.094 — —

Anaerobic
Products

— — 0.50 0.30 0.37

Composite 0.30 0.20 0.26 0.24 0.38
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