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Abstract

The two-tank accelerator/aerator modification of activated sludge significantly increases the biodegradation
of hydrocarbons requiring initial monooxygenation reactions, such as phenol and 2,4-dichlorophenol (DCP).
The small accelerator tank has a controlled low dissolved oxygen (DO) concentration that can enrich the
biomass in NADH + H+. It also has a very high specific growth rate (lacc) that up-regulates the biomass’s
content of themonooxygenase enzyme. Here, we develop and test the ACCELmodel, which quantifies all key
phenomena taking place when the accelerator/aerator system is used to enhance biodegradation of hydro-
carbons requiring initial monooxygenations. Monooxygenation kinetics follow a multiplicative relationship
in which the organic substrates (phenol or DCP) and DO have separate Monod terms, while the biomass’s
content ofNADH + H+has afirst-order term.Themonooxygenase enzymehas different affinities (K values)
for phenol and DCP. The biomass’s NADH + H+ content is based on a proportioning of NAD(H)
according to the relative rates of NADH + H+ sources and sinks. Biomass synthesis occurs simultaneously
throughutilization of acetate, phenol, andDCP, but eachhas its own true yield. TheACCELmodel accurately
simulates all trends for one-tank and two-tank experiments in which acetate, phenol, and DCP are biode-
graded together. In particular, DCP removal is affected most by DOacc and the retention-time ratio, Hacc/
Htotal. Adding an accelerator tank dramatically increases DCP removal, and the best DCP removal occurs for
0.2 < DOacc < 0.5 mg/l and 0.08 < Hacc/Htotal < 0.2. The rates of phenol and DCP utilization follow the
multiplicative relationshipwith amaximum specific rate coefficient proportional tolacc. Finally,lacc increases
rapidly for Hacc/Htotal < 0.25, acetate removal in the accelerator fuels the high lacc, and the biomass’s
NADH + H+ content increases very dramatically for DOacc < 0.25 mg/l.

Introduction

For many hydrocarbons, the rate-limiting reaction
in their biodegradation is an initial monooxygen-
ation (Gottschalk 1986; Rittmann et al. 1994;
Rittmann&McCarty 2001; Sáez&Rittmann 1993).
Two examples are the initial monooxygenations of
phenol (C6H5OH) to catechol (C6H4(OH)2) and
2,4-dichlorophenol (C6H3Cl2OH) to 3-chlorocate-
chol (C6H3Cl(OH)2):

C6H5OHþNADHþHþ þO2 þM

! C6H4ðOHÞ2 þNADþ þH2OþM

C6H3Cl2OHþ2NADHþ2HþþO2þM

!C6H3ClðOHÞ2þ2NADþþHClþH2OþM

in which NAD+ and NADH + H+ are the oxi-
dized and reduced forms of nicotinamide adenine
dinucleotide, and M is the monooxygenase
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enzyme, which is not consumed. In a reactor, the
rate of monooxygenation is controlled by the
concentration of M, which depends on the con-
centration of the active biomass and the specific
content of the monooxygenase enzyme in the
biomass. In addition, the concentration of one or
more of its co-substrates can control the mo-
nooxygenation rate: the hydrocarbon (e.g.,
C6H5OH or C6H3Cl2OH), molecular oxygen (O2),
and intracellular NADH + H+.

Dahlen & Rittmann (2002a, b) modified the
activated sludge process to increase the rate of
slow monooxygenation reactions, such as for 2,4-
dichlorophenol (DCP). The modification is the
two-tank accelerator/aerator process, which is il-
lustrated schematically in Figure 1. Influent
wastewater and recycled sludge enter a small
accelerator tank that accelerates monooxygenation
kinetics by increasing the cells’ intracellular levels
of NADH + H+ and M. The accelerator tank’s
small volume, high BOD loading, and carefully
poised dissolved oxygen (DO) concentration bring
about these increases in critical intracellular com-
ponents. The DO concentration is set low enough
to enrich the biomass in NADH + H+, but not
so low that it stops the monooxygenation reaction.
In addition, the plug-flow nature introduced by the
accelerator tank allows the concentration of the
target hydrocarbon (e.g., DCP) to be higher in
the accelerator tank than in the aerator, which
further accelerates its monooxygenation kinetics in
the accelerator tank. Mixed liquor then flows to
the aerator tank, which has a normal DO con-
centration for a suspended growth system (>2 mg/
l) and is used to ensure complete BOD removal,
biomass synthesis, and a proper solids retention
time (SRT) (Rittmann & McCarty 2001; Grady
et al. 1999).

Dahlen & Rittmann (2002a, b) demonstrated
that the two-tank configuration significantly in-
creased the overall removal rates for phenol and
2,4-dichlorophenol (DCP), and they evaluated
why the overall rates increased. For the more
slowly degraded DCP, the average percentage re-
moval increased from 74% to 93%, even though
the detention time of the two-tank system was
smaller than that of the one-tank system, because
the specific rate of DCP utilization was doubled.
The effects of the accelerator tank were systematic
and clearly explained why the two-tank system
gave improved performance.

(1) Biomass in the accelerator tank was signifi-
cantly enriched in NADH + H+ when its
DO concentration was below 0.25 mg/l, and
the NADH + H+ concentration had a direct
effect on the monooxygenation kinetics.

(2) The main source of NADH + H+ in the
accelerator was oxidation of acetate, a rap-
idly degraded electron-donor substrate, dem-
onstrating the value of having a rapidly
biodegraded primary substrate.

(3) The specific growth rate (l) was high in the
accelerator tank, and the rate coefficients for
both monooxygenation reactions were directly
proportional to the specific growth rate, sup-
porting that the accelerator tank caused an
up-regulation of the biomass’s M content.

(4) Monooxygenation rate coefficients in the aer-
ator tank also were much larger than in a
one-tank system, even though the specific
growth rates were nearly the same; thus, ele-
vated levels of monooxygenase carried over
from the accelerator tank to the aerator tank.

(5) The high concentration of DCP in the accel-
erator tank also was significant for accelerat-
ing the monooxygenation reactions there.Our
purpose here is to develop and test a mathe-
matical model that represents all the phenom-
ena that we observed with the two-tank
system (Dahlen & Rittmann 2002a b), as well
as in companion studies with a chemostat
(Dahlen & Rittmann 2000). We present the
ACCEL model, which describes two tanks in
series, each with its own conditions, such as
l and DO concentration. The ACCEL model
also describes active biomass and its utiliza-
tion of and growth on three organic sub-
strates: acetate, a rapidly biodegraded
substrate that does not require monooxygen-
ation; phenol, a relatively rapidly degraded
aromatic hydrocarbon that requires monoox-
ygenation; and DCP, a slowly biodegraded
aromatic hydrocarbon that requires monoox-
ygenation. The ACCEL model simulates the
biomass’s NADH + H+ level according to
the DO concentration and its specific mo-
nooxygenation rate coefficients (representing
regulation of M) according to l in the accel-
erator tank. We test the ACCEL model to
determine how well it captures all the trends
found in the experiments of Dahlen & Ritt-
mann (2002a).
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ACCEL-model development

The ACCEL model builds directly on the experi-
mental findings and detailed mechanistic analyses
of Dahlen & Rittmann (2000 2002a, b). It syn-
thesizes all the findings into one comprehensive
model.

Rates of substrate utilization

The utilization kinetics for phenol and DCP are
controlled by their initial monooxygenation reac-
tions. The rate of substrate utilization is affected
by the amount of monooxygenase enzyme avail-
able, which is directly related to the cell growth
rate and differing affinities for specific substrates.
Our experimental results demonstrated that, as the
growth rate in the tank increased or decreased, the
intracellular concentration M changed in a linearly
proportional fashion; hence, the specific growth
rate must be incorporated as a product in the
overall rate expression. In addition, we demon-
strated that the enzyme’s affinity when processing
different substrates had a direct impact on the rate
of substrate utilization; as expected, the affinity for
phenol was greater than the affinity for DCP
(Dahlen & Rittmann 2002a b). All factors con-
trolling monooxygenation rates are shown in
Equations (1) and (2).

rd;l ¼ l� kd;l � ½X�

�

NADHþHþ� �

[X]

� �

KN;PH þ
NADH + H

þ� �

½x�

� �

� ½Sa�
K
0
a þ ½Sa�

 !

� ½Sd;l�
K
0
d;l þ ½Sd;l�

 !

ð1Þ

r2 ¼l� k2 � ½X�

�

NADHþHþ� �

[X]

� �

KN;DCP þ
NADH + H

þ� �

½x�

� �

� ½Sa�
K
0
a þ ½Sa�

 !

� ½S2�
K
0
2 þ ½S2�

 !

ð2Þ

in which rd,1 is the volumetric rate of phenol uti-
lization (gCOD/l*day), r2 is the volumetric rate of
DCP utilization (gCOD(S)/l*day), l is the specific
growth rate (1/day), kd,1 is biomass-specific con-
stant for phenol monooxygenation (gCOD/gVSS),
k2 is biomass-specific constant for DCP monoox-
ygenation (gCOD/gVSS), [NADH + H+] is the
reduced-NAD concentration of the biomass
(lmolNADH + H+/l), KN,PH and KN,DCP are
the oxygenase molecule’s affinity for phenol and
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Figure 1. Schematic of the two-tank accelerator/aerator system to accelerate detoxification requiring initial monooxygenation reac-

tions (Dahlen & Rittmann 2002a).
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DCP (lmol/l), respectively, [Sa] is the DO con-
centration (mgDO/l), [S1] is the phenol concen-
tration (mgCOD/l), [S2] is the DCP concentration
(mgCOD(S)/l), and Ká, K1, and K2 are the half-
maximum-rate concentrations (mgCOD/l) for DO,
phenol, and DCP, respectively. In Equations (1)
and (2), the monooxygenation rates are controlled
by the concentrations of the monooxygenase en-
zyme (proportional to l) and to the concentrations
of the hydrocarbon ([Sd,1] or [S2]), DO ([Sa]), and
intracellular NADH + H+, each with multipli-
cative Monod kinetics, since all are co-substrates
for the monooxygenase.

The maximum specific rates of phenol and
DCP utilization were determined experimentally
(Dahlen & Rittmann 2000 2002a) by plotting the
rate of substrate utilization versus the product of
all other terms on the right-hand side of Equa-
tions (1) and (2) divided by the biomass con-
centration to yield the constants, kd,1 and k2. The
slope of the rate of phenol utilization versus the
product of the primary donor terms in Equation
(1) yields kd,1 equal to 6.7 gCOD/gVSS, as shown
in Figure 2. In a similar fashion, the rate of DCP
utilization versus the product term in Equation
(2) yields k2 equal to 4.7 gCOD/gVSS, as shown
in Figure 3.

The rate equations for phenol and DCP uti-
lization incorporate the effects of biomass growth
rate, l, on the monooxygenase level and the
Monod term for NADH + H+ affinity for the
monooxygenase enzyme. The cell growth rates in
the accelerator tank were substantially higher
than the growth rate in the aerator tank where
they were nearly constant. The specific growth
rates are calculated from mass balances on the
biomass flowing into and out of each tank as
shown in Equations (3) and (4). Within specific
equations that pertain to reactions within the
accelerator or the aerator, the subscript ‘a’ refers
to the accelerator tank and ‘r’ refers to the aer-
ator tank.

la ¼
ð1þ rÞ �Q�Xa½t� �Qr �Ras

Va �Xa½t�
ð3Þ

lr ¼
1þ rð Þ �Q

½X�aer � Vr
� ½X�aer � ½X�acc
� �

ð4Þ

in which, r is the unitless recycle ratio, which is
equal to the recycle flow rate divided by the

influent flow rate, Q(l/d), Ras is the biomass
concentration in the recycle line (mgVSS/l), V
is the volume in the accelerator or aerator tank
(l).

The rate expression for acetate utilization, rd,2(a
or r), used in the ACCEL model is shown in
Equation (5).

rd;2 ¼ qd;2 �X� Sd;2
Kd;2 þ Sd;2

ð5Þ

Sd,2 is the acetate concentration (mgCOD/l), and
X is the concentration of active biomass (mgVSS/
l). Since acetate utilization does not require a
monooxygenation step, terms involving
[NADH + H+], [Sa], and l are not necessary,
and Equation (5) is a single-Monod expression in
which rd,2 is the volumetric rate of acetate utiliza-
tion (gCOD/l*day). Because we did not measure
the acetate kinetic parameters, we assume that
qd,2, the maximum specific rate of acetate
utilization, is equal to 3.8 gCOD/gVSS*day and
Kd,2, the half maximum-rate concentration for
acetate, is equal to 0.01 mgCOD/l (Pavlostathis
& Giraldo-Gomez 1991; Vavilin & Lokshina
1996).

Biomass synthesis and decay

Active biomass is synthesized in proportion to the
simultaneous utilizations of acetate, phenol, and
DCP, each with its own true yield (mgVSS/
mgCOD) (Dahlen & Rittmann 2000 2002b): YPH

for phenol, YDCP for DCP, and YAc for acetate.
Active biomass also decays with a first-order en-
dogenous-decay coefficient of b (day)1) (Rittmann
& McCarty 2001; Dahlen & Rittmann 2000). Ac-
tive biomass is not divided into specialized
degraders, but utilizes all three substrate together
(Dahlen & Rittmann 2000). Therefore, the net
growth rate for active biomass in the accelerator
tank, rx,a (mgVSS/l*day), is

rX;a ¼ Xa½t� �
ð1þ rÞ �QXa½t� �Qr �Ras

Va �Xa½t�
ð6Þ

where Xa[t] represents the biomass concentration
in the accelerator tank and is determined by con-
ducting a mass balance, as shown in the section,
mass balances. Qr is the recycle flow rate and Q
is the flow rate through the reactor system.
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Dissolved oxygen

The consumption rate for DO in the accelerator
tank is based on a mass balance of all sources and
sinks of oxygen demand (Rittmann & McCarty
2001).

ra ¼ rd;1a þ rd;2a þ r2a � rXa � ra;oxyg: ð7Þ

The sinks are the consumption of oxygen de-
mand in phenol, DCP, and acetate, less the oxy-
gen demand of the net biomass synthesis, where
all rates are in COD/l*day. In addition, aeration
adds DO to the accelerator tank (ra,oxyg.).

NADH + H+

The mass balance on NADH + H+ must include
all sources and sinks of electrons: acetate, phenol,
DCP, biomass, and DO. Table 1 lists the stoichi-
ometric coefficients for each electron source and
sink, and the Greek letters (a,a¢,b,b¢,d,e,c) give the
moles of NADH + H+ consumed or produced
per mole of the material in the indicated reaction.
Since the initial monooxygenation reactions for
phenol and DCP require NADH + H+, a and b
refer to electron sinks for the initial monooxy-
genation reactions (Dahlen & Rittmann 2002b).
Once phenol and DCP have undergone the initial
electron-consuming steps (Dahlen & Rittmann
2002b), the remaining electrons released in sub-
sequent hydroxylation and dehydrogenation steps
are electron sources and are identified by a and b.
Likewise, the stoichiometric parameters for oxi-
dation of acetate (�) is an electron source, while
reduction of DO (c) and production of new bio-
mass (d) are electron sinks.

The reduced carrier concentration
([NADH + H+]) varies as the total biomass
concentration changes. To capture this phenome-
non in our model, we obtain the total concentra-
tion of NAD(H) for each tank in our reactor
system once the biomass concentration (Xa and Xr)
is determined. The reduced carrier concentration is
determined by partitioning the total steady state
(ss) NAD(H) concentration in the biomass
( f = 3.4 lmolNAD(H)/gVSS (Dahlen & Ritt-
mann 2002a)) in proportion to the ratio of source
rates to total rates in the accelerator tank, as an
example:

½NADH + Hþ�a;ss

¼ f�Xa[t]� ½Sum of all Electron Source Rates�
½Sum of all Electron Source and Sink Rates�

ð8Þ

where

Sum of all Electron Sink Rates in accelerator

¼ b
0 � rd;1a þ a

0 � r2a þ e� rd;2a ð9Þ

Sum of all Electron Sink Rates in accelerator

¼ b� rd;1a þ a� r2a þ d� rXa þ c� ra a

ð10Þ

Hence, for all rate equations requiring the re-
duced carrier concentration, this calculated value
is an input value that changes with the biomass
concentration.

Parameter values

The parameter values for the rate expressions used
in the ACCEL model are summarized in Table 2.
In order that the ACCEL model have inputs and
outputs that are consistent internally and with
typically measured quantities, we express all
parameters with units of g or mg of chemical
oxygen demand (COD) for organic substrates, g or
mg of volatile suspended solids (VSS) for biomass,
g or mg of dissolved oxygen (DO) for oxygen, and
lmol for NAD(H). Unit conversions between
moles and grams are 64 gCOD/molAcetate,
224 gCOD/molPhenol, 192 gCOD/molDCP,
160 gCOD/molBiomass, 1.42 gCOD/gVSS, and
8 gDO/molDO (Dahlen & Rittmann 2002b). One
important comparison is Table 2 is between the
half-maximum-rate concentrations for phenol and
DCP: K1 = 0.8 mgCOD/l for phenol versus
K2 = 14 mgCOD/l for DCP. Because K2 is 17.5
times larger than K1, the rate of DCP utilization is
much lower than the rate of phenol, particularly
when the DCP concentration is low compared to
K2. This is the most important factor in explaining
why DCP is biodegraded much more slowly than
phenol. The half-maximum rate constants for
NADH + H+ interacting with phenol and DCP,
KN,PH and KN,DCP, were estimated by varying the
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respective rate of substrate utilization and com-
paring that to the cellular growth rate (Dahlen &
Rittmann 2002b). The result of this analysis yiel-
ded half-maximum growth rate constants that are
1.8 and 0.6 lmol NADH + H+/gVSS for phenol
and DCP, respectively. These values indicate that
the monooxygenase’s affinity for NADH + H+ is
greater when DCP is its substrate.

Mass balances

Each reactor in the accelerator/aerator system re-
quires a mass balance on phenol, DCP, acetate,
and active biomass. In addition to terms for the
microbiological reactions, each mass balance must
have terms for advection, which includes the re-
cycle flow from the settler back to the accelerator
tank (Figure 1). We assume that the settler has no
net biomass accumulation. Table 3 gives the mass
balances for each reactor, where subscript a refers
to the accelerator tank and subscript r refers to the
aerator tank. A total of eight nonlinear ordinary
differential equations are required to model the
key biochemical reactions in each tank.

Solution technique

Due to the nonlinear rate expressions, the coupled
ordinary differential equations in Table 3 cannot
be solved in closed form and must be solved
numerically. We carried out the numerical solution
using Mathematica (Wolfram 1994; Bahder 1995),
which differs from FORTRAN and C by its ability
to handle mathematical expressions, as well as
numbers, in an interpretive language. Mathemati-
ca’s numerical differential equation solver,
NDSolve, uses an Adams Predictor–Corrector
method for non-stiff differential equations and
backward difference formulas (Gear Method) for

stiff equations. The solver switches between the
two methods using heuristics based on an adap-
tively selected step size. It starts with the non-stiff
method and checks for the advisability of switch-
ing methods every 10 or 20 steps (Petzold 1983).
The solver applies a fourth-order multi-step
method, which is advantageous because it uses
values obtained in more than one preceding step
and solves at a faster rate compared to a one-step
method, such as the Runga-Kutta, and is numer-
ically stable (Kreyszig 1993). The solver follows
the general procedure of reducing step size until it
tracks solutions accurately. To run the model,
initial conditions are set for the primary and sec-
ondary substrates, as well as the biomass. The
model runs until steady state is attained.

Although the ACCEL model was derived for
the specific situation of two tanks in series, one
substrate requiring no monooxygenation reaction,
and two substrates requiring monooxygenations,
the model’s framework is general and can be ex-
tended to other combinations of tanks and sub-
strates. Extension requires following the patterns
shown above and making parameter estimates for
new substrates.

Modeled system

We solved the ACCEL model to simulate the
experimental conditions reported by Dahlen &
Rittmann (2002a, b). Table 4 lists the operating
conditions that we fixed for simulations. The
influent concentrations of phenol, acetate, and
DCP represent the average influent concentrations
for the five series of experiments (Dahlen & Ritt-
mann 2002a). The DO concentration in the aerator
was controlled (by adjusting rr,oxyg.) at 6.5 mg/l,
which is representative of the average DO con-
centration in the aerator tank throughout the two-

Table 1. Summary of the stoichiometric conversion coefficients for the electron (NADH + H+) sources and sinks

Electron source/sink Greek letter Stoichiometric coefficient Units

Phenol as electron sink b 1 molNADH + H+/mol Phenol

Phenol as electron source b¢ 11 molNADH + H+/mol Phenol

DCP as electron sink a 2 molNADH + H+/mol DCP

DCP as electron source a¢ 10 molNADH + H+/mol DCP

Acetate � 4 molNADH + H+/mol acetate

Biomass d 10 molNADH + H+/mol VSS

DO c 2 molNADH + H+/mol oxygen
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tank and one-tank experiments, but the DO in the
accelerator was varied from 0 to 0.5 mg/l, which
spans all but three experiments from the two-tank
series. The influent flow rate is the average flow
rate from the two-tank and one-tank experiments,
2.4 ml/min. The volume of the aerator was set at
its constant value of 900 ml, while the accelerator
volume ranged from 58 to 421 ml, which spans the
range of retention time ratios for the experiments.
The recycle flow ratio is 0.2, which represents the
average ratio of the two-tank experiments. The
wasting flow rate was set at a constant value of
0.02 ml/min, which is representative of the exper-
imental waste flow rate for the two-tank and one-
tank experiments. We set the concentration of the
recycled and effluent biomass to match the average
concentrations for each series of experiments,
which gave a nearly constant solid retention time
(SRT) (Rittmann & McCarty 2001) of 32 days.

Table 4 also lists the parameters used for the
one-tank simulations. Most notable is the larger
aerator volume (1.2 l). We controlled the biomass
concentration to give the actual SRT of 40 days.
For the one-tank simulations, the influent con-
centrations were the same as those of the two-tank
simulations.

We ran 36 simulations with the ACCEL model
for a wide range of accelerator DO concentrations

(ra,oxyg) and volumes (Va). We generated the out-
put needed to create 3-dimensional surface plots
that could be compared to the corresponding
experimental data (Dahlen & Rittmann 2002a).

Results and discussion

The most sensitive output parameter is DCP, for
which removals changed markedly as the condi-
tions in the accelerator tank were changed from
experiment to experiment (Dahlen & Rittmann
2002a). Table 5 compares the percentage removals
and effluent concentrations of DCP between the
experimental and model-simulated results. The
ACCEL model simulated all DCP removals well.
The percent errors between the model simulations
and the experimental averages were less than
±1%, except for experimental run 3, in which the
percent error was 4%. This larger deviation may
be due to the fact that run 3 had an influent DCP
and phenol concentration above the average val-
ues shown in Table 5. Effluent concentrations were
similarly close. Even though run 3 had a larger
deviation, the model simulation captured the
trends that percent DCP removal was much higher
than for the one-tank system, but among the least
removals for the two-tank system.

We utilized the outputs from all simulations to
generate 3-dimensional plots of percent of DCP
removed versus the retention time ratio (Hacc/
Htotal = Va/(Va + Vr)) and the DO concentration
in the accelerator, DOacc. Figure 5 provides a view
of the surface, which highlights trends along each
axis and ensures that each of the experimental
average data points can be clearly visualized. The
3-dimensional plot also shows the average removal
percentages for each series of experiments labeled
according to the run number in Dahlen & Ritt-
mann (2002a).

Figure 4 illustrates that the ACCEL model
represented the major differences in DCP removal
among the experimental runs. For example, runs
1, 2, and 4, which had the highest DCP removal
percentage, had the lowest Hacc/Htotal ratios. On
the other hand, run 3 had a relatively low DCP-
removal percentage because of a combination of
small effects from low DOacc and high Hacc/Htotal.
The steep increase in percent removals as the
accelerator DO rises from 0 to 0.2 mg/l shows the
positive effect of DO as a co-substrate for the

Table 2. Parameters values used in the ACCEL model

Kinetic

parameter

Value Units Source

YAc 0.42 gVSS/gCOD 1

YPH 0.30 gVSS/gCOD 1

YDCP 0.28 gVSS/gCOD 1

b 0.27 Day)1 1

qd,2 3.8 gCOD/gVSS-d 4

kd,1 6.7 gCOD/gVSS here

k2 4.7 gCOD/gVSS here

Kd,1 0.80 mgCOD/l 1

Kd,2 0.01 mgCOD/l 4

K2 14.0 mgCOD(S)/l 1

Ka 0.02 mgDO/l 2

K¢a 0.18 mgDO/l 2

KN,PH 1.80 (lmolNADH + H+/gVSS 3

KN,DCP 0.60 lmolNADH + H+/gVSS 3

f 3.40 lmolNAD(H)/gVSS 2

Sources: 1 = Dahlen & Rittmann (2000), 2 = Dahlen &
Rittmann (2002a), 3 = Dahlen & Rittmann (2002b), and
4 = Pavlostathis & Giraldo-Gomez (1991) and Vavilin &
Lokshina (1996).
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monooxygenation reaction. As the DO rises be-
yond about 0.2 mg/l, the effect of DO diminishes,
and the removals plateau. As the ratio rises from 0
(no accelerator) to about 0.2, removal dramati-
cally increases, and this increase is optimal at a
retention time ratio within a fairly broad range of
0.08–0.2. As the retention time ratio increases
above 0.2, removals drop off slightly and then
plateau. The model shows that having the accel-
erator tank dramatically increases DCP removal,
but the conditions for the greatest DCP removal
are relatively broad.

Dahlen & Rittmann (2002b) demonstrated the
importance of a high specific growth rates in the
accelerator tank, and this increase was accentuated
as the retention time ratio decreased. According to
the ACCEL model, DCP removal is accelerated at
high lacc, because the monooxygenase content of
the biomass increases with lacc. To evaluate whe-
ther the model properly simulates the large in-
crease in specific growth rate in the accelerator, we
plot the average accelerator specific growth rates
for each series of experiments and the model-sim-
ulated growth rates in Figure 5. The ACCEL

Table 3. Eight coupled, ordinary, differential mass-balance equations and the settler mass balance that comprise the ACCEL
model

Acclerator mass balances:

@Xa½t�
@t ¼

Q
Va
� r �Rasþ ½½ YPH � rd;1a

� �
þ YAc � rd;2a
� �

þ YDCP � r2að Þ� �Xa½t�� � b�Xa½t� � ð1þ rÞ � Q
Va
�Xa½t�

@Sd;1a ½t�
@t ¼ Q

Va
� Sd;1a½0� þ Q

Va
� r� Sd;1r½t� � ð1þ rÞ � Q

Va
� Sd;1a½t� � rd;1a

@Sd;2a ½t�
@t ¼ Q

Va
� Sd;2a½0� þ Q

Va
� r� Sd;2r½t� � ð1þ rÞ � Q

Va
� Sd;2a½t� � rd;2a

@S2a ½t�
@t ¼

Q
Va
� S2a½0� þ Q

Va
� r� S2r½t� � ð1þ rÞ � Q

Va
� S2a½t� � r2a

Aerator mass balances:

@Xr½t�
@t ¼ ð1þ rÞ � Q

Vr
� ½Xa½t� �Xr½t�� � Qw

Vr
�Xr½t� þ ½ YPH � rd;1r

� �
þ YAc � rd;2r
� �

þ YDCP � r2rð Þ� �Xr½t� � b�Xr½t�
@Sd;1r ½t�
@t ¼ ð1þ rÞ � Q

Vr
� ½Sd;1a½t� � Sd;1r½t� � Qw

Vr
� Sd;1r½t� � rd;1r

@Sd;2r ½t�
@t ¼ ð1þ rÞ � Q

Vr
� ½Sd;2a½t� � Sd;2r½t� � Qw

Vr
� Sd;2r½t� � rd;2r

@S2r ½t�
@t ¼ ð1þ rÞ � Q

Vr
� ½S2a½t� � Sd;2r½t� � Qw

Vr
� Sd;2r½t� � rd;2r

Settler mass balances:

ð1þ rÞ �Q�Xr½t� ¼ Q�Qwð Þ �Xe½t� þ r�Qð Þ þQw½ � �Ras

where Xe represents the biomass concentration in the effluent and is assumed to be 0; thus:

Ras ¼ ½ð1þrÞ�Q��Xr ½t�
½ðr�QÞþQw �

Table 4. Operating conditions used in the ACCEL model simulations

Variable identification Two-tank system One-tank system

Input value Input value

Xa initial condition of biomass 10 mgVSS/l 10 mgVSS/l

Sd,1 phenol input 105 mgCOD/l 105 mgCOD/l

Sd,2 acetate input 156 mgCOD/l 156 mgCOD/l

S2 DCP input 15 mgCOD(S)/l 15 mgCOD(S)/l

rr,oxyg. DO in the aerator 6.5 mgDO/l 6.5 mgDO/l

ra,oxyg. DO in the accelerator 0–0.5 mg/l Not applicable

Q input flow rate 2.4 ml/min 2.4 ml/min

Qw waste-sludge flow rate 0.02 ml/min 0.02 ml/min

Vr aerator volume 900 ml 1200 ml

Va accelerator volume 58–421 ml Not applicable

r recycle ratio 0.2 0.2
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model provides nearly a perfect match for the
specific growth rate in the accelerator. As the
retention-time ratio decreases by decreasing the
accelerator volume, the simulated lacc increases
dramatically. The ACCEL model also correctly
simulates the specific growth rates in the aerator
and one-tank systems, which average 3.0 and 3.5
day)1, respectively.

The specific growth rates are directly tied to the
biomass concentrations present in each tank. In
order to simulate growth rates that are comparable
to the experimental values, the simulated biomass
concentrations must also be comparable. As
shown in Figure 6, biomass concentrations simu-
lated by the ACCEL model are generally about
35 mgVSS/l in the accelerator tank and
110 mgVSS/l in the aerator tank, values similar to
the experimental averages. The solids retention
time, Hx, which does not vary much from run to
run, is controlled by the waste-solids flow rate and

concentration, as well as the total mass of cells in
the aerator. The concentration of cells in the
accelerator is determined by a combination of
solids recycle and a high lacc. With no growth in
the accelerator, the biomass concentration there
would be about 22 mg/l.

Biomass growth depends on the utilizations of
acetate, phenol, and DCP. Because phenol and
DCP undergo monooxygenation reactions, the
ability of the model to simulate their removal is of
great importance. However, acetate removal is
critical to the control of the biomass concentra-
tion. Figure 7 shows the model-simulated con-
centrations for acetate, phenol, and DCP in the
accelerator tank. Also shown are the experimental
data for phenol and DCP. Throughout the simu-
lations, approximately 90% of the acetate is uti-
lized in the accelerator tank, and this percentage
rises and falls slightly as the accelerator volume
increases or decreases, respectively. Because the
removal of acetate remains essentially unchanged
in the accelerator tank as the volume changes, the
amount of biomass present in the tank remains
relatively constant. Thus, acetate biodegradation
is key for supporting the high specific growth rate
in the accelerator. The model simulates complete
removal of acetate from the aerator tank and from
the one-tank system. Figure 7 shows that the
removals of phenol and DCP are incomplete in the
accelerator, and they average approximately 16%
and 34%, respectively. The removals of phenol
and DCP also vary systematically with the accel-
erator volume, in agreement with the experimental
average values.

Table 5. Comparison of the experimental and model-simu-
lated overall removal percentages for DCP

Run Retention

time ratio

�acc/�total

DOacc

(mg/l)

Percent

DCP

removed

(actual)

Percent

DCP

removed

(model)

Error

(%)

1 0.20 0.33 95.9 95.4 )0.4
2 0.10 0.21 95.4 96.0 0.7

3 0.26 0.20 89.2 92.8 4.0

4 0.06 0.50 94.4 94.8 0.5

5 0.32 0.54 92.3 92.6 0.4

6 One-tank 0.00 74.7 74.6 )0.1

0

0.2

0.4
0

0.1

0.2

0.3

 Θacc 

 Θtotal

75
80
85
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95
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Run 6

Run 4

Run 2

Run 1

Figure 4. Three-dimensional model-simulated surface for DCP percent removal and the average experimental values plotted as a

function of the retention time ratio and the DO concentration in the accelerator.
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Dahlen & Rittmann (2002a) demonstrated a
strong relationship between the DO and the
NADH + H+ concentration in the accelerator.
Specifically, a drop in the DO concentration led to
a dramatic rise in the NADH + H+ concentra-
tion. To evaluate if the ACCEL model captures
this trend, we compare the relationships between
DOacc and the NADH + H+ concentration in the
accelerator for the first experimental series, which
was conducted at a retention time ratio of 0.20. In
Series 1, the DO concentration in the accelerator
ranged from 0.01 to 1.3 mg/l, and the
NADH + H+ concentration rose sharply as the

DO concentration fell. We ran the model using the
same input parameters as those measured for each
experimental run in the series (Dahlen & Rittmann
2002a). The physical parameters are similar to
those presented in Table 4.

For each experimental run within Series 1,
Figure 8 plots the model-simulated
NADH + H+ concentration and the experimen-
tal value against the DO concentration in the
accelerator. The model accurately captures the
trend of increasing NADH + H+ concentration
with decreasing DO concentration. This indicates
that the partitioning of NAD(H) based on the rate
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of NADH + H+ sources normalized to all source
and sink rates (Equations (8–10)) accurately re-
flects the accelerator tank trends observed during
the experiments when DO was very low. The
model-simulated aerator NADH + H+ concen-
trations vary only slightly and average about
1.0 lmolNADH + H+/gVSS, and the level was
1.4 lmolNADH + H+/gVSS in the one-tank
simulation; both are similar to the experimental
average values.

The rates of the monooxygenation reactions in
the accelerator tank should be significantly higher
than those in the aerator tank (Dahlen & Ritt-
mann 2002a). This increase in rate is a composite
effect from the concentrations of the substrate and
DO, as well as from the cells’ specific growth rate
and NADH + H+ level. Figures 9 and 10 com-
pare the experimental and simulated rates for
phenol and DCP removals, respectively, for Series
1. Both rates are plotted against the product of the
normalized NADH + H+ concentration and the
Monod functions for DO and the phenolic sub-
strate (Equations (1–3)). The simulated rates of
removal for phenol and DCP show positive trends
that match the experimental data. Because the
specific growth rate did not vary significantly in
this series, the data in Figures 9 and 10 do not test
the l effect by comparison among them. On the
other hand, the absolute value of the rate depends
on the lacc value of the series; the good match for
DCP removals across the series (Table 5 and
Figure 4) show that the l effect on the monooxy-
genase level also is captured correctly.

Conclusions

The ACCEL model synthesized and quantifies
all key phenomena that occur when the two-
tank accelerator/aerator system is used to en-
hance biodegradation of hydrocarbons that re-
quire initial monooxygenation reactions. Critical
phenomena are represented in the following
ways:

• The kinetics of monooxygenation reactions
(Equations (1) and (2)) follow a multiplicative
relationship in which the organic substrates
(phenol or DCP), the biomass’s content of
NADH + H+, and dissolved oxygen have
separate Monod terms. The monooxygenase
enzyme has different affinities (K values) for
phenol and DCP.

• The rates of phenol and DCP utilization fol-
lowed the multiplicative relationship with a
maximum specific rate coefficient proportional
to la, which represents up-regulation of the
monooxygenase.

• The monooxygenase enzyme had different
affinities for NADH + H+ when it reacted
with phenol versus DCP.

• The biomass’s NADH + H+ content is
based on a proportioning of NAD(H) accord-
ing to the relative rates of NADH + H+

sources and sinks (Equation (8)).
• Biomass synthesis occurs simultaneously

through utilization of acetate, phenol, and
DCP, but each has its own true yield value.
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• The ACCEL model accurately simulates the
results from our series of one-tank and two-
tank experiments in which acetate, phenol,
and DCP were biodegraded together. In par-
ticular, the model correctly captured these
trends:

• The removal of DCP is affected by DOa and
Ha/Htotal.

• Having an accelerator tank causes a dramatic
increase in DCP removal.

• For these experiments, the best DCP removal
occurs for 0.2 < DOa < 0.5 mg/l and 0.08 <
Ha/Htotal < 0.2.

• Most acetate removal occurs in the accelera-
tor, and this fuels the high la. However, most
removals of phenol and DCP occur in the
aerator tank.

• The specific growth rate in the accelerator
tank (lacc) increases rapidly for Ha/
Htotal < 0.25.
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• The biomass’s NADH + H+ content increases
very dramatically for DOa < 0.25 mg/l.

• The high growth rate in the accelerator tank
diverted a large flow of electrons to synthesis
and this was the primary cause for the lower
NADH + H+ content in the accelerator.
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