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Abstract

The mechanisms underlying the observed acceleration of monooxygenation reactions in two-tank acceler-
ator/aerator suspended growth system are evaluated in detail. The accelerator tank is characterized by a very
high electron flow through reduced nicotinamide adenine dinucleotide (NADH + H™), particularly when the
retention-time ratio is small. Only a small fraction of the electron flow was diverted to oxygenation reactions,
and the major sinks of NADH + H™ were respiration and biomass synthesis. The main producer of NADH +
HT is oxidation of acetate, a rapidly degraded electron-donor substrate. The half-maximum-rate concentration
for oxygen used in respiration was 0.03 mg/L, while the half-maximum-rate concentration for oxygen used as a
cosubstrate in monooxygenation was 0.18 mg/L. Thus, monooxygenations were more sensitive to oxygen limit-
ation than was respiration. The NADH + H* concentration had a direct effect on the monooxygenation kinetics.
The rate coefficients for both monooxygenation reactions were directly proportional to the specific growth rate in
the accelerator, which supports that the accelerator tank caused an up-regulation of the monooxygenase content.
Because the rate coefficients in the aerator tank were much larger than in the one-tank system, even though the
specific growth rates were nearly the same, monooxygenases may have carried over from the accelerator tank to
the aerator tank. Its higher concentration of 2,4-dichlorophenol (2,4-DCP) and the higher specific growth rate were
the main reasons why the accelerator had faster kinetics for 2,4-DCP utilization than did the aerator tank. The
apparently higher levels of monooxygenase in both tanks of the two-tank system also appears be a primary reason
why its performance was substantially superior to that of the one-tank system in terms of 2,4-DCP removal.

Introduction volume, high concentration of electron-donor sub-
strates, and controlled low concentration of dissolved
oxygen (DO) make it a specialized zone that increases
the kinetics for initial monooxygenation reactions. In
particular, the accelerator conditions can enrich the
biomass in: (1) reduced nicotinamide adenine dinuc-

leotide (NADH + H7T), which is a cosubstrate for

A companion paper (Rittmann & Dahlen, compan-
ion) showed that a novel two-tank configuration for
suspended growth system significantly increased the
removal kinetics for phenol and 2,4-dichlorophenol
(2,4-DCP), substrates requiring initial monooxygena-

tion reactions. The two-tank system involves an accel-
erator tank, which receives the influent and the return
sludge, and an aerator tank, which receives the mixed
liquor from the accelerator tank.

The conceptual basis (Rittmann & Dahlen, com-
panion) for the accelerator tank is that its small

the monooxygenation reactions; and (2) the monooxy-
genase enzyme, which may be regulated by the spe-
cific growth rate. The accelerator tank also has higher
donor-substrate concentrations, which also increase
utilization kinetics.
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The aerator tank that follows the accelerator tank
is required to ensure good removal of biochemical
oxygen demand (BOD), to allow biomass synthesis,
and to control the overall system solids retention time
(SRT). A settler, solids recycle, and solids wasting
also are present and have their normal roles in suspen-
ded growth treatment process (Rittmann & McCarty
2001).

The experimental study by Rittmann & Dahlen
(companion), which employed a bench-scale suspen-
ded growth system fed acetate, phenol, and 2,4-DCP,
directly compared the performance of the two-tank
system with the usual one-tank suspended growth sys-
tem. The experimental results clearly demonstrated
that the removal kinetics for phenol and 2,4-DCP
were accelerated. For example, for the more slowly
degraded 2,4-DCP:

e The average percentage removal was 93% in the
two-tank system, compared to 74% in the one-
tank system, even though the total system deten-
tion time was smaller for most of the two-tank
experiments.

e The average volumetric and biomass-specific rates
of removal were 50% and 100% greater, respect-
ively, in the two-tank system.

e The greatest increase in the removal rates occurred
when the retention-time ratio (i.e., the fraction of
the total system volume in the accelerator tank)
was 0.2 and the DO concentration in the accel-
erator was low, averaging between 0.2 and 0.54
mgO,/L.

e The biomass in the accelerator tank was enriched
in NADH + H™ when the DO concentration was
less than 0.25 mg/L.

e The accelerator tank had significantly increased
specific growth rates, approaching 30 d~! when
the retention-time ratio was 0.06.

While the companion paper documents that the
two-tank accelerator/aerator system accelerated de-
toxification reactions involving initial monooxygenase
reactions, a more thorough evaluation is required to
understand exactly how the two-tank system accom-
plished this goal. A detailed analysis is needed, be-
cause many mechanisms act, and sometimes they act
in opposite directions. For example, a low DO con-
centration in the accelerator tank enriches the biomass
in NADH + HT, but it also can create serious OXy-
gen limitation, since O, also is a cosubstrate for the
monooxygenase reactions. Further, full-scale applic-
ation of the two-tank approach will differ from the
bench-scale experiments in important ways. For this

reason, a mechanistic understanding is necessary to
extrapolate the principles to practice.

The purpose of this paper is to provide a detailed,
mechanistic view of the mechanisms acting in the
two-tank process. In particular, we address these four
issues: (1) how the accelerator tank affected electron
flow among the various sources and sinks of NADH +
H™; (2) the competing effects of oxygen limitation and
NADH + H™ enrichment on monooxygenation kinet-
ics; (3) the effect of the specific growth rate on the
intracellular level of the monooxygenase enzyme; and
(4) the relative effects of the different mechanisms.

Results and discussion

Electron flow among the various sources and sinks of
NADH + H*

Because the initial monooxygenation reactions require
NADH + H' as a cosubstrate, they compete for
available electrons with other electron-sinks: primarily
respiration and biomass synthesis. In the experimental
system, the main electron sources to create NADH
+ HT were oxidations of acetate, muconic acid, and
chloromuconic acid (Rittmann & Dahlen, compan-
ion). The presence of the accelerator tank should
alter the electron flow, since the accelerator tank has
(Rittmann and Dahlen, companion):

e a high specific growth rate, which emphasizes the
synthesis sink;

e a low DO concentration, which may restrict the
respiration sink;

e increased degradation kinetics for phenol and 2,4-
DCP, which are sinks and sources for NADH +
H*.

In order to compare the electron flows in each tank,
we converted the measured rate of each reaction to
equivalents of NADH + H™ consumed or produced
for each type of reaction. For example, the monooxy-
genation reactions for phenol and 2,4-DCP consume
NADH + HT as a cosubstrate, but NADH + H™ is
produced by subsequent oxidation of ring-cleavage in-
termediates (Rittmann & Dahlen, companion). Figure
1 shows all the reactions and lists the stoichiometry
for NADH + H™ consumption or production. All sol-
uble material that is not phenol, catechol, muconic
acid, 2,4-DCP, 4-chlorocatechol, or chloromuconic
acid is treated as acetate for the electron-flow com-
putations. This material could include acetate, any
intermediates from the partial oxidation of the mu-
conic acids, and soluble microbial products (SMP)



(Namkung & Rittmann 1986; Rittmann & McCarty
2001). All materials included in the acetate category
have the common feature of requiring no oxygenation
reactions and, therefore, being only a net producer of
NADH + H' when oxidized. All the phenols and cat-
echols could be measured by high performance liquid
chromatography (HPLC) (Rittmann & Dahlen, com-
panion). No catechols were detected, which means
that the phenols were taken at least to their muconic
acids. For the electron-flow accounting, we assumed
that the muconic acids were fully oxidized, because
the biomass yields were consistent only with complete
oxidation (Dahlen & Rittmann 2000).

We use the average values of the electron flows
for the series of experiments performed at a retention-
time ratio of 0.20 (series 1) to illustrate the consistent
trends between the accelerator and aerator tanks. Table
1 shows the mass of each material consumed or pro-
duced per day normalized to the biomass and the
conversion ratios between moles of NADH + H™ and
the moles of substrate. To give the O; respired, we
subtracted the oxygen consumed in the mono- and di-
oxygenation reactions and the oxygen demand of the
biomass produced from the total oxygen demand of
the substrate consumed.

The rates of NADH + H™ equivalents consumed or
produced, normalized to the biomass, are summarized
in Table 2. The major producer of NADH + H* in the
accelerator tank was the oxidation of acetate, which
contributed 91% of the positive electron flow in the
cells. This result underscores the importance of having
a rapidly utilizable electron donor to supply electrons
and drive all the electron-consuming reactions, in-
cluding the monooxygenations. The largest electron
sink was respiration (74%), but biomass synthesis
accounted for 25%. This means that the cells inves-
ted only a small fraction of their total electron flow
(1.1% here) into activation of the phenolic substrates
by oxygenation reactions.

The main producers of NADH + H™ in the aerator
tank were the mineralization of muconic acids (59%)
and acetate (27%). The primary consumer of NADH
+ H* was respiration (53%), although biomass syn-
thesis also was a significant sink (39%). While the
cells initially invested NADH + H* to break down
the phenolic compounds, the net loss (8.1%) was re-
latively small compared to the NADH + H™ invested
to produce biomass or to the ultimate source of elec-
trons from the activated substrates (the 73% from the
muconic acids). Although the percentage of NADH +
H™ invested in monooxygenations was larger in the
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aerator tank, the absolute flow rate of electrons to
monooxygenations was larger in the accelerator tank.

The trends in NADH + H* consumption and pro-
duction for the middle retention-time ratio of 0.20
were generally reproduced by the average rates for
each series of two-tank experiments. However, the
magnitude of the rates in the accelerator tank increased
as the retention-time ratio decreased, while rates were
similar among all series for the aerator tank. Figures
2 and 3 summarize for each series of experiments
as indicated by the experimental series retention time
ratio the several flowrates of electrons in the acceler-
ator and aerator tanks, respectively. Especially for the
smallest retention-time ratios, the magnitudes of the
rates for all reactions in the accelerator tank were sub-
stantially greater than the corresponding rates in the
aerator tank. For example, the rate of NADH + H*
consumption resulting from 2,4-DCP consumption at
a retention-time ratio of 0.06 was 23 times higher in
the accelerator tank than in the aerator tank. For a
retention-time ratio of 0.32, it was 3 times greater.
This means that the lower retention-time ratios created
higher rates of electron flow through the cells in the
accelerator, and the difference between the accelerator
and aerator was greatest for the lowest retention-time
ratio.

Competing effects of oxygen limitation and NADH +
H' enrichment

The competing effects of oxygen limitation and
NADH + H™ enrichment can be represented quantitat-
ively by Eqs 1 and 2:

NADH A\ S
. =k1[ ] /[ ] [S1] X ()
[X] K, +[S.] K1 +[S1]

NADH Sy S
" =k2[ 1 /[ ] [S2] X @
[X] K, +[S] K2+ [S2]

in which subscript 1 refers to phenol, subscript 2
refers to 2,4-DCP, [NADH] is the uMol/L concen-
tration of NADH + H™, [X] is the mgVSS/L con-
centration of biomass, [S,] is the mg/L. concentra-
tion of DO, [S1] is the mgCOD/L concentration of
phenol, [S>] is the mgCOD/L concentration of 2,4-
DCP, K L/; is the half-maximum rate concentration for
DO used for monooxygenation (mgO2/L), K(jor2)
is the half-maximum-rate concentration for phenol
or DCP monooxygenation (mgCOD/L), k(1 or2) iS a
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Phenol overall stoichiometry

CsHgO + 14NAD* + 17H,0 === 6H,CO; + 14(NADH + H")

Monooxygenation of phenol

CsHsO + NADH + H' === C¢Hs0; + H,0 + NAD"

Dioxygenation of catechol

CeHgO; + Oy === CsHsO4

Mineralization of cis, cis muconic acid

CsHsO4 + 11INAD" + 14H,0 === 6H,CO; + 1 1(NADH + H")

Dichlorophenol overall stoichiometry

CsH4OCl; + 12NAD" + 17H,0 === 6H,CO; + 12(NADH + H") + 2HCI

Monooxygenation of dichlorophenol

CsH4Ocly + 2(NADH + H") + O, === CsH50,Cl + H,0 + 2NAD" + HCI

Dioxygenation of 4-chlorocatechol

C6H502C1 + 02 === C6H504C1

Mineralization of chloromuconic acid

CgH504Cl + 10NAD* + 14H,0 === 6H,CO; + I0(NADH + H") + HCI

Acetate mineralization

CH;COOH + 4NAD" + 4H,0 === 2H,CO; + 4(NADH + H")

Biomass production

5H,COs + 10(NADH + H') + NH; === CsH;0,N + 10NAD" + 13H,0

Respiration of oxygen

0, + 2(NADH + H") === 2H,0 + 2NAD"

Figure 1. Stoichiometry of the reactions that consume or produce NADH + Ht.



6 Ratio|] Rate

0-06 730

010 | 600
020 | 347
026 | 140
032 | 99

Figure 2. The rates of electron flow in the accelerator tank in MoINADH/MolVSS-d

experiments.

ORatio] Rate
0°06 '5'95
010 476
0-20 181

O Ratio] Rute
006 “7°03
010 475
020 “2°13
0°26
032
BRatio| Rate
006 77
010 52
020 235
026 | 208
032 11'8

Acetate

Biomass

S,(2H), red. Sa

0 Ratio| Rate
006 °531
010 447
020 “282
026 124
032 75

Accelerator Tank | —

O Ratio] Rate
0°06 297
010 238
020 | 907
026 | 819
032 428

O Ratio| Rate
0°06 293
010 220
0-20 93
026 42
0°32 39

Measured NADH+H
Production Rate

(mMoINADH/Mol VSS *d)
ORatio] Rate
0°06 228
0-10 205
020 1'56
026 60
0-32 28

121

. Average data are presented for each series in the two-tank
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experiments.



Table 1. The normalized mass rate of compound utilization in the two-tank reactor system and the conversion
from substrate mass to NADH + H* for experimental series 4 (retention time ratio = 0.20)
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Compound being Reactions Accelerator Aerator rate of ~ Conversion ratios
degraded consuming Rate of mass mass converted
NADH + H"?  converted
Units Molsubstrate/  Molsubstrate/ MOoINADH + H*/
MolVSS*day  MolVSS*day Mol substrate
Dichlorophenol
DCP — 4CAT Yes, Monoox. 174 74 2MoINADH/MolDCP
1MolO,/MolDCP
4CAT — Cyclo Yes, Diox. 174 74 1MolO,/Mol4CAT
Cyclo — CO» No 174 74 —10 MoINADH/MolCyclo
Phenol
PH — CAT Yes, Monoox. 477 343 1MoINADH/MolPH
1MolO2/MolPH
CAT — Muconic  Yes, Diox. 477 343 1MolO,/MolCAT
Muconic - CO,  No 477 343 —11MoINADH/MolPH
Acetate — CO» No 4,060 92 —4MoINADH/MolAc
Biomass production  Yes 1,490 177 —10MoINADH/MolBiomass
Respiration
0Op — energy Yes 4,480 240 —2MoINADH/MolO,

DCP = 2,4-dichlorophenol; 4CAT = r-chlorocatechol; cyclo = cycloisomerase; PH = phenol; CAT = catechol;

and muconic = cis, cis miconic acid.

maximum-rate coefficient in mgCOD/uMolINADH-d,
and r(1or2) is the biodegradation rate for phenol or
2,4-DCP in mgCOD/L-d. Furthermore, the rate of O;
respiration can be represented by Eq. 3:

i [NADH] =[Sl X 3)
Fresp = Kresp (X] Ka+[Sa][ ]

in which kpesp is the maximum-rate coefficient for
respiration in mgO,/uMoINADH-d, K, is the half-
maximum-rate concentration for DO used in respira-
tion, and 7yesp is the volumetric rate of respiration in
MgO,/L-d. The denominator of the specific NADH
+ HT content (i.e., [NADH]/[X]) cancels with [X]
in Equations 1 to 3, simplifying the relationship to
first-order in the concentration of NADH + H*.

In this section, we evaluate the values of K L/; and
K,, and we also evaluate if the linear response in
[NADH] was realized in the experiments. To evalu-
ate the DO and NADH + H™ effects, we analyzed
the experimental data from series 4, in which the
retention-time ratio was 0.06. Tables 3 through 5 sum-
marize the experimental data from the six experiments
comprising series 4. This set of data is valid for as-
sessing the DO and NADH + H effects, because the
specific growth rate in the accelerator tank was nearly

constant at 29 d—!, but the specific content of NADH
+ HT varied substantially. As we show in the next
section, the specific growth rate (u) strongly affected
the values of k(1 or2), and it was necessary to have a
stable w in order assess the effects of DO and NADH
+ HT. On the other hand, it was necessary to have a
large variation in DO and NADH + H™. Series 4 met
all the criteria. The kinetic effects of DO and NADH +
H™ had to be evaluated together, because the content
of NADH + H™ was manipulated mostly by DO.

We first estimated the half-maximum-rate concen-
tration for respiration, K,, by performing a regression
(Guttman et al. 1971; Sdez & Rittmann 1992, 1993)
on the rate of acceptor utilization (resp) versus the
acceptor product term on the right side of Equation
3: [NADHI{[S, /(K + [S4])}. We simultaneously fit
K, and kyesp by varying the two parameters and com-
puting the sum of squares of the absolute residuals
(Sdez & Rittmann 1992; Guttman et al. 1971). We
minimized the sum of squares of residuals, subject
to having no systematic errors in the residuals and to
having the regression line go through the origin. The
best-fit K, was 0.03 mgDO/L, and kyesp was 2.4 x 10°
mgCOD/uMoINADH-d. Figure 4 shows the best fit,
which had an r, value of 0.95. This K, value is in
the same range as those reported by Bae & Rittmann
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Table 2. The rates at which the biomass produced or consumed NADH + HT, normalized by the biomass concentration, for experimental
series 1 (retention time ratio = 0.20)

Compound being degraded Accelerator Aerator
NADH + H NADH + H NADH + H NADH + H"
consumed produced consumed produced
Units MoINADH/ MoINADH/ MoINADH/ MoINADH/
MolVSS-d MolVSS-d MolVSS-d MolVSS-d
(% of column total) (% of column total) (% of column total) (% of column total)
Dichlorophenol
DCP — 4CAT 1.81 . 0.77
(0.48%) . (2.70%)
4CAT — Cyclo . 0.0 . 0.0
. (0.00%) . (0.00%)
Cyclo — CO» . 9.07 . 3.83
(2.39%) . (13.41%)
Phenol
PH — CAT 2.13 . 1.53
(0.57%) . (5.41%)
CAT — Muconic . 0.0 . 0.0
. (0.00%) . (0.00%)
Muconic — CO, . 23.47 . 16.88
. (6.19%) . (59.16%)
Net acetate — CO» . 346.7 . 7.82
. (91.42%) . (27.42%)
Biomass production 92.8 . 11.04
(24.63%) . (38.93%)
Respiration
0O, — energy 282.5 . 15.19
(74.33%) . (52.95%)
Column total 379.2 379.2 28.53 28.53
Net production based on 1.56 0.01

NADH + Ht measurements
(mMol NADH + Ht/Mol VSS*day)

Table 3. Operating data for experimental series 4 (retention time ratio = 0.06)

Exp. Q Qrec Volaee  [DO] CODjy [PH]in [DCPJ;p
mL/min  mL/min mL mgDO/L  (mgCOD/L) mgCOD/L  mgCOD/L
1 2.4 0.4 58 0.15 307 97 13.1
2 2.4 0.3 58 0.30 278 102 13.2
3 2.4 0.2 58 1.30 275 107 12.1
4 2.4 0.2 58 0.10 282 100 14.8
5 2.4 0.1 58 0.71 230 106 10.7
6 2.4 0.2 58 0.43 255 104 11.8
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Table 4. Dissolved chemical concentrations for experimental series 4 accelerator tank

Exp.  CODagcc CODrec [PH]acc [PH]rec [DCP]acc [DCPlrec
mgCOD/L  mgCOD/L  mgCOD/L  mgCOD/L  mgCOD/L  mgCOD/L
1 247 64 81 0.74 8.72 0.30
2 210 78 86 0.30 8.70 0.72
3 224 100 94 0.88 8.39 0.62
4 178 84 85 0.48 8.48 0.40
5 174 99 96 0.34 7.08 0.44
6 188 133 86 0.59 6.40 0.23

Table 5. Biomass and NADH + HT concentrations and utilization rates for experimental series four accelerator tank

Rate of acceptor ~ Rate of phenol  Rate of DCP
Exp [NADH + HT) [X]  [Xlrece Utilization, rq Utilization, ry | Utilization, r
mMoINADH/L ~ ImgVSS/L mgCOD/L*day

1 7.4 15 75 1439 295 187

2 7.4 30 133 1611 309 205

3 4.9 45 400 1117 328 183

4 19.4 45 267 3483 516 335

5 5.8 40 523 1465 595 199

6 10.2 40 262 1896 623 292
rate, Acc=240,000* acoepter product 7=0.95 hand sides of Eqs 1 and 2: [NADHI{[S,]1/(K, +
s [SaDHIS0))/(K(1or2) + [Sor2))}. We already
* knew the K| and K, values from chemostat studies
3000 - (Dahlen & Rittmann, 2000): K| = 0.8 mgCOD/L, and
200 K> = 15.0 mgCOD/L. We assumed that K was the

Rate of Acceptor Utilization
(mgO_L*d)

1000 1 Kg=0.03mgDOL
0 ;
0 0.005 0.01 0015
Acceptor Product
(NADH+H")"(S a) AK +(S )
(wMoINADHA )

Figure 4. Rate of DO utilization versus the acceptor product
(right-hand side of Equation 3) give the best-fit Ka = 0.03 mgO,/L.

(1995) and Malmstead et al. (1995) for respiration of
0.

We then used the rates of phenol and 2,4-DCP
monooxygenation to estimate the half-maximum-rate
concentration for DO when used as a cosubstrate
(K}). We estimated a single K, value by perform-
ing regression of the rates of phenol and 2,4-DCP
utilization versus their product terms from the right-

same for phenol and 2,4-DCP utilization, since both
substrates are likely utilized by the same monooxy-
genase (Dahlen & Rittmann, companion). We sim-
ultaneously fit K/, ki, and k. The best fit was
constrained to having the intercept go through the ori-
gin. We minimized the sum of squares of the absolute
residuals for the utilization of both substrates.

The best-fit value of K was 0.18 mgDO/L, and
Figure 5 shows that the regression had no systematic
errors to the residuals. The slopes gave the k(jor2)
values:k; = 7.8 x 10% mgCOD/uMoINADH-d, and
ky = 1.28 x 10° mgCOD/a;uMoINADH-d. The r»
values were 0.88 for phenol and 0.92 for 2,4-DCP.
Consistent with K, values reported by Malmstead et
al. (1995), this K, is significantly larger than K,. It
quantifies that oxygen limitation is likely to be much
more significant for the monooxygenation reactions
than for respiration.

Besides providing good estimates for K, and K/,
the analyses support that increasing the NADH + H
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Figure 5. Rates of phenol and 2,4-DCP utilization (as mgCOD/L-d) versus the monooxygenation product (right-hand sides of Eqs 1 and 2)

give the best-fit K, = 0.18 mgO,/L.

content of the biomass accelerated the monooxygen-
ation and respiration reactions in a manner similar to
the first-order form shown in Eqs 1 to 3. Table 5 shows
that the experiments had a nearly fivefold range of
NADH + HT concentration, which means that NADH
+ H* had a large control over the product terms in
Egs 1 to 3. The good fits without systematic error in
Figures 4 and 5 were possible only because the NADH
+ H™T concentration had a strong, direct effect on the
utilization rates.

Effect of specific growth rate on the intracellular level
of the monooxygenase

The accelerator tank in the two-tank system was a
zone in which the specific growth rate was very high
compared to the aerator and to a one-tank system
(Rittmann & Dahlen, companion). Based on past work
(summarized in Rittmann & Dahlen, companion), we
hypothesized that, as the specific growth rate increased
in the accelerator, more monooxygenase enzyme was
synthesized and available to catalyze all monooxy-
genase reactions. To evaluate this hypothesis, we
performed regression of the product terms on the right-
hand sides of Equations 1 and 2 for data from all the
experimental series. Unlike series 4, which had a nar-

row range of p values, the full set of experimental
series had u values from about 4 d—! to almost 30 d~!
(Rittmann & Dahlen, companion). Using the K, K1,
and K; values from the previous section, we found
the best-fit value of k; and k; for each series by min-
imizing the sum of squares of residuals, subject to no
systematic errors. We did not constrain the regressions
to go through the origin in this case. The plots of the
phenol-utilization rates in the accelerator tank versus
the product term on the right-hand side of Eq. 1 are
presented in Figure 6. The slopes give the values of
k1 for each series. The analogous plots for 2,4-DCP
are shown in Figure 7. For both substrates, the cor-
relations show no systematic errors for each series of
experiments, but each series has a unique value of
k(1 or2). Furthermore, the pattern of changing slope is
the same for both substrates: an increasing k(1 or2) with
decreasing retention-time ratio.

The specific growth rate also varied inversely with
the retention-time ratio (Rittmann & Dahlen, compan-
ion). Figure 8 plots the k(j or2) values from Figures
6 and 7 against the corresponding p values from
Rittmann & Dahlen (companion). The accelerator res-
ults have an almost perfect linear relationship between
k(1or2) and w. For each substrate, the slopes are pos-
itive, indicating that the maximum specific rate of
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for the accelerator conditions.

monooxygenation increases with the specific growth
rate.

The maximum-rate coefficients should be propor-
tional to the biomass’ specific content of monooxy-
genase. Rittmann & Dahlen (companion) reviewed
work by Balley et al. (1994), Baloo & Ramkrishna
(1991), Xu et al. (1994), Fleming et al. (1993), and
Yen & Serdar (1988), who saw that various cata-
bolic enzymes were up-regulated when the specific
growth rate was increased. As illustrated by Tsien et
al. (1989) for oxidation of trichloroethene by meth-
ane monooxygenase, higher enzyme content translates
into an increase in the specific utilization rate. The
accelerator results shown in Figure 8 strongly support
the hypothesis that the monooxygenase content was
up-regulated by the high-x conditions in the accel-
erator tank. The accelerator results in Figure 8 can
be expressed mathematically by k(jor2) = ukzl or2)’
in which k(j o2y represents the maximum rate nor-
malized to the enzyme content, expressed via .
Based on Figure 8, k| and k) are 4,300 and 2,400
mgCOD/uMoINADH, respectively.

Also shown in Figure 8 are the average k(jor2)
values for the aerator tank and the one-tank series
of experiments. The u and k(jor2) values for the
aerator tank and one-tank series were relatively low,
compared to the results from the accelerator tank.
The specific growth rates for the aerator and one-

tank series averaged 3.0 and 3.4 d~!, respectively,
and did not vary much (Rittmann & Dahlen, com-
panion). The average ki and ky values were 9,800
and 9,000 mgCOD/mMOolINADH-d for phenol and 2,4-
DCP, respectively. Taken together, the k(j or2) values
for the aerator and one-tank experiments are much
lower than for the accelerator. However, the ki and
ko values were not the same for the aerator tank and
the one tank. The k; values were 2,800 and 10,700
mgCOD/uMoINADH-d, respectively, for the one-
tank and aerator, while the k, values were 1,100 and
10,000 mgCOD/uMoINADH-day. Thus, the k1 and
ko values were substantially higher in the aerator than
in the one-tank system. For instance, ky was 9 times
larger in the aerator than in the one tank. This dif-
ference may be due to carry over of biomass that
has been up regulated in the accelerator. Thus, the
special conditions in the accelerator tank may be par-
tially transferable to the aerator, thereby pointing out
another potential advantage of the two-tank system.

Relative effects of the different mechanisms

When k(1 or2) is substituted for k(1 or2) in Eqs 1 and
2, the kinetics for utilization of phenol and 2,4-DCP
contain four variable terms: the specific growth rate
(w), representing the monooxygenase content; a first-
order term for NADH + H™*; representing its role as
a cosubstrate; and two hyperbolic terms representing



kinetic limitations by DO and the substrate undergo-
ing monooxygenation. In this section, we analyze the
relative effects of the four terms.

Table 6 summarizes the values of each term and the
product of the terms for several characteristic results
with 2,4-DCP. The first row is for the one-tank series,
which provides a baseline for comparison. The second
and third rows are the average values for all the accel-
erator and aerator tanks, and they give a good general
view of how the two-tank system differs from the one-
tank series and how the accelerator and the aerator
differ from each other. The fourth and fifth rows are for
the accelerator and aerator tanks for two-tank series
1 (retention-time ratio = 0.20), which had the fastest
removal kinetics for 2,4-DCP. Rows 6 and 7 are for
series 1 (retention-time ratio = 0.06), which had the
highest accelerator specific growth rate. Row 8 repeats
the one-tank pattern of row 1, except that the effect of
the specific growth rate is divided by 9 to reflect the
possible lack of carry over of monooxygenase enzyme
in the one-tank system.

Table 6 shows that the greatest positive difference
between the accelerator tank and the aerator tank oc-
curred in the growth-rate and 2,4-DCP terms. The sub-
strate term had the greatest positive effect on average,
and its importance was amplified for the retention-
time ratio of 0.20. The growth-rate effect became more
dominant when the retention-time ratio was smaller,
since the corresponding specific growth rate in the ac-
celerator was very large. On average and when the
retention-time ratio was small, the NADH + HT term
showed a relative deceleration in the accelerator tank.
The DO term always disfavored the kinetics in the
accelerator. When all the terms are multiplied, the
product shows that the accelerator tank gives faster
kinetics than the aerator tank in all cases, although
the greatest difference is for the retention-time ratio
of 0.20, which was the series having the best overall
removal of 2,4-DCP.

When the growth-rate effect in the one-tank system
is essentially equivalent to that in the aerator (row 1 of
Table 6), the product of all terms for the one tank is in-
termediate between the aerator and accelerator tanks.
On the other hand, dividing the one-tank growth-rate
term by 9 to reflect a lack of monooxygenase carry
over (row 8) makes the product much smaller than for
the aerator or the accelerator. Given that the one-tank
system had substantially slower removal kinetics (and
percentage removal) of 2,4-DCP than did any of the
two-tank systems (Rittmann & Dahlen, companion),
the row-8 scenario may be the more realistic basis for
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comparison. If so, the benefit of up-regulation of the
monooxygenase in the accelerator is expanded by its
carry over to the aerator, where the k> value is elevated
over that possible in a one-tank system.

Conclusions

A detailed evaluation of the mechanisms underly-
ing the acceleration of monooxygenation reactions in
two-tank accelerator/aerator suspended growth system
yields these main conclusions.

First, the accelerator tank is characterized by a
very high electron flow through NADH + H™, partic-
ularly when the retention-time ratio was small. Only
a small fraction (about 1%) of the electron flow is di-
verted to oxygenation reactions, and the major sinks
of NADH + H™ were respiration (74%) and biomass
synthesis (25%). The main producer of NADH + H*
was oxidation of acetate (91%), which underscores
the importance of having a supply of rapidly degraded
electron-donor substrate.

Second, the half-maximum-rate concentration for
oxygen used in respiration (K,) was 0.03 mg/L, while
the half-maximum-rate concentration for oxygen used
as a cosubstrate in monooxygenation (K/) was 0.18
mg/L. Thus, monooxygenations were more sensitive
to oxygen limitation than was respiration. The ana-
lyses to estimate K, and K/, also supported the direct
effect of NADH + H™ on the kinetics of monooxygen-
ation.

The specific growth rate in the accelerator tank
had a strong and linear effect on the rate coefficient
for both monooxygenation reactions. This supports
that the high specific growth rates in the accelerator
tank caused an up-regulation of the monooxygenase
content. An additional finding was that the rate coef-
ficients in the aerator tank were much larger than in
the one-tank system, even though the specific growth
rates were nearly the same. This suggests that the up-
regulated levels of monooxygenases carried over from
the accelerator tank to the aerator tank.

Finally, the accelerator’s higher concentration of
2,4-DCP and higher specific growth rate were the main
reasons why it had faster kinetics for 2,4-DCP utiliz-
ation than did the aerator tank. The growth-rate effect
was accentuated for the smallest retention-time ratios.
The apparently higher levels of monooxygenase in
both tanks of the two-tank system may be a primary
reason why its performance was substantially superior
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Table 6. Comparison of the relative importance of the terms in the rate expressions for
utilization of 2,4-DCP in the accelerator, aerator, and one tank

Experimental average values

Terms in the Growth  Monod term for  Term for ~ Term for 2,4-  Product
rate equation rate the carrier oxygen DCP
e g
One-tank 34 1.06 0.98 0.22 0.77
Two-tank averages
Accelerator  13.75 0.43 0.56 0.38 1.26
Aerator 3.01 1.53 0.98 0.05 0.23
Two-tank series 1,
Retention-time ratio = 0.20
Accelerator 9.0 0.90 0.64 0.41 2.1
Aerator 3.01 0.89 0.98 0.043 0.11
Two-tank series 4,
Retention-time ratio = 0.06
Accelerator  29.0 0.26 0.74 0.34 1.90
Aerator 3.01 1.50 0.98 0.045 0.20
With growth-rate effect divided by 9 to account for no
monooxygenase carry over
One tank 0.38 1.06 0.98 0.22 0.086

to that of the one-tank system in terms of utilization
kinetics and percentage removal of 2,4-DCP.
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