
Effects of oxygen transport limitation on
nitrification in the activated sludge process

ABSTRACT:

	

Apseudohomogeneous model of the nitrifying activated
sludge process was developed to investigate the effects ofmass-transport
resistance and heterotrophic/nitrifier competition on the apparent re-
lationship between dissolved oxygen (DO) concentration and nitrifica-
tion . The kinetics of both heterotrophic carbon oxidation and autotrophic
ammonia oxidation within activated sludge flocs were described by an
interactive-type, multiple-substrate-limiting model. The values for the
model's parameters were estimated from a series of experiments that
were conducted in laboratory-scale nitrifying activated sludge reactors .
Using the estimated parameter values, the model was used to simulate
the effect oforganic shock loads and steady-state nitrification efficiency
over a typical range of mean cell retention times (MCRTs), DO con-
centrations, and levels of mass-transport resistance . Varying oxygen
transport effects, MCRTs, and heterotrophic/autotrophic competition
for DO can combine to give apparent nitrification-limiting DO concen-
trations that range from 0.5 mg/L to as high as4.0 mg/L. Res. J. Water
Pollut. Control Fed., 63, 208 (1991) .
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The activated sludge process has been employed in many sec-
ondary treatment facilities constructed since 1973, in large part
because of its ability to consistently meet secondary standards
in a wide variety of situations. Although the process is highly
efficient for the removal ofdissolved and colloidal organic pol-
lutants, it is sometimes unreliable in removing ammonia. Am-
monia is often discharged in the effluent of activated sludge
plants, not only as an unremoved constituent ofwastewater but
also as a byproduct of the treatment process itself. The typical
activated sludge process treats domestic wastewater ammonia
in concentrations ranging from 10 to 50 mg N/L.

Nitrification is the sequential two-step autotrophic oxidation
of ammonia. This process is effected primarily by two genera of
chemoautotrophic bacteria, Nitrosomonas and Nitrobacter. Ox-
idation ofammonia to nitrite is effected by Nitrosomonas . The
second step, oxidation of nitrite to nitrate is effected by Nitro-
bacter. A particularly economical implementation of nitrifica-
tion, especially for upgrading existing activated sludge plants,
accomplishes these reactions within the same reactor as that
used for the heterotrophic oxidation of carbonaceous matter.
For simultaneous carbon and ammonia oxidation to occur, re-
actor conditions must be conducive to the growth and activity
ofboth heterotrophic and nitrifying bacteria .

Factors considered relevant to the growth and activity ofhet-
erotrophs are also relevant to nitrifiers. Such factors include
sludge age (MCRT), pH, temperature, dissolved oxygen (DO)
concentration, electron donor substrate concentration, substrate
composition, loading rate, and the presence oftoxic substances.
The impact of these factors on each of the two microbial pop-
ulations is different. The nitrifying population, being less robust

May/June 1991

Reprinted from RESEARCH JOURNALWATER POLLUTION CONTROL FEDERATION
Alexandria, VA 22314-1994

Printed in U.S.A .

Michael K. Stenstrom, Stephen S. Song

than the heterotrophic population, requires more favorable en-
vironmental conditions. Painter (1977), Sharma and Ahlert
1977), and Focht and Chang (1975) review these conditions .
Of the many factors that are known to affect nitrifiers, DO

concentration is one of the more important. Dissolved oxygen
is required for nitrification, and many plant operators maintain
high DO concentration to promote nitrification ; however,
maintaining excessively high DO concentration to ensure that
the nitrifiers are not oxygen limited is uneconomical. An optimal
DO concentration to achieve nitrification while reducing aeration
costs has not been established.

Current models (Lawrence and McCarty, 1970, and Poduska
and Andrews, 1975) of the nitrifying activated sludge process
have used homogeneous approaches by assuming that the ni-
trifying bacteria are evenly dispersed with the heterotrophic bac-
teria in the mixed liquor. It is further assumed that the activity
of nitrifiers is not affected by the presence ofheterotrophic bac-
teria and vice versa, that is, there is no interaction between the
two populations . The rate of nitrification is described by the
Monod function with ammonium-nitrogen as the only limiting
substrate . Therefore no interactions between the two populations
can be simulated.

The suspended microbial cultures used in the nitrifying ac-
tivated sludge process usually contain mixed liquor suspended
solids (MLSS) ranging in concentration from 1000 to 4000 mg/
L. At these concentrations, heterotrophic and nitrifying micro-
organismsdo not exist in the suspension as dispersed individuals,
but as flocs. Parker et al. (1970) reported that the size ofactivated
sludge flocs range from 50 to 1000 um, with the average in the
range of200 to 500 ,um.

In their review oftheliterature, Stenstrom and Poduska (1980 )
found awide variation in the reported effects ofDO concentra-
tion on nitrification . They reported values of the limiting DO
concentration ranged from 0.5 to 4 mg/L . Correspondingly, the
reported values ofthe Monod half-saturation coefficient for DO
ranged from 0.1 to 2 mg/L. Part of the large variability was
attributed to differences in techniques used by the various re-
searchers; determinations were made under pure culture con-
ditions, activated sludge conditions, steady-state conditions, and
non-steady-state conditions. They also suggest thatthe large range
in reported DO concentrations could be the consequence of not
recognizing the existence of synergistic factors such as mass-
transport limitation and multiple-substrate-limiting kinetics.

To achieve efficient nitrification, a clearer quantification of
the effects of DO concentration and the identification of other
interdependent factors and their effects are needed. The objec-
tives of this research are to resolve the incongruities in the lit-
erature and to develop a model ofthe nitrifying activated sludge
process in terms of the relationships between DO concentration
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and other synergistic factors. We investigated synergism among
mass-transport limitation, multiple-substrate-limiting conditions,
and heterotroph/nitrifier competition and present a mathe-
matical model describing the effects of synergism on the rela-
tionship between DO concentration and nitrification .

Model Development
The formulation of our model follows the pseudohomoge-

neous approach ofFroment (1972 ). In adopting this approach,
the activated sludge flocs are modeled as porous catalyst particles
into which substrates diffuse and where autotrophic and hetero-
trophic competition for the substrates occurs . The effect of this
diffusion and reaction process on intrinsic substrate uptake rates
is summarized in terms of global reaction rates. By envisioning
that these global rates occur homogeneously throughout the re-
actor volume, the entire reactor can be modeled.

Kinetics . Anumber of models (Poduska and Andrews, 1975,
and Parker et al., 1970) have been developed to describe the
kinetics ofmicrobial growth under single-substrate-limited con-
ditions, and the Monod model is one of the most popular. The
principal deficiency ofMonod kinetics is its inability to saturate
rapidly enough . Dabes et al. (1973) used a number ofdifferent
sets of experimental data to show that in many instances the
Blackman model and the exponential model provide a better
data fit . The Blackman model makes a sharp transition from
zero-order to first-order when thesubstrate concentration exceeds
the half-saturation coefficient . It does not allow for a gradual
transition from zero-order to first-order kinetics . The exponential
model is somewhat ofacompromise between the Monodmodel
and the Blackman model and is given by

w = jAml 1 - exp(-(In 2)
KS)J

	

(1)

This model allows a continuous transition from zero-order to
first-order, but this transition is sharper than that allowed by the
Monod model. Bader (1978) concluded that most of the pub-
lished kinetic data fall somewhere between the curves for the
Blackman model and the exponential model.
Models of multiple-substrate kinetics have been reviewed by

Bader (1978 and 1984). Such models were categorized as either
noninteractive or interactive . The noninteractive model can be
represented as

W = MIN [Al (S), Frz(S), " . .]

	

(2)

The function MIN [

	

] takes the minimum of the arguments,
and tl,A2, . . . are rate coefficients for single-substrate kinetic for-
mulations. Equation 2 allows more than one limiting substrate,
but only one substrate can be limiting at a time ; no substrate
interactions are allowed. Ryder and Sinclair (1972) proposed a
model using this formulation.
The interactive model allowssimultaneous substrate limitation

and can be represented as
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h = AAl(S), Nz(S),- . .]

	

(3)

The function f [

	

] represents any arbitrary operator that is
multiplication or arithmetic averaging. Stenstrom and Poduska
(1980) performed an analysis for ammonium-nitrogen and ox
ygen uptake by nitrifying bacteria using this model with f[

	

]
being a multiplicative operator and 1L being the Monodfunction .
They showed that nitrification can be alternately limited by either

ammonium-nitrogen or DO or be simultaneously limited by
both, depending on nitrifier growth rate (MCRT of the system)
and bulk substrate concentrations .

Mass-transport limitation. Though activated sludge flocs are
relatively small, their size is insufficient to preclude mass-trans-
port limitation . In the extensive literature on the modeling of
heterogeneous chemical reactions, the extent ofmass-transport
limitation in a porous catalyst is often characterized by two di-
mensionless parameters, the Biot number and the Thiele mod-
ulus. The Biot number characterizes the influence of external
resistance (the resistance ofthe bulk liquid) and is given by

Where

Where

E = particle porosity ; and
T = particle tortuosity .

U
Bi=
De

Bi = Biot number, dimensionless;
k = the liquid-phase, mass-transfer coefficient, L/T;
L = a characteristic dimension, L;
DQ = the effective diffusivity in the porous solid phase, LZ/T;

The Biot number is the ratio of the characteristic time for dif-
fusion across the porous particle to the characteristic time for
diffusion across the boundary between the fluid phase and the
particle surface. Hence, transport limitation is dominated by
external resistance when this ratio is small.

Petersen (1965) demonstrated, by using realistic values of
mass-transport parameters, that external mass-transport limi-
tation cannot exist without the presence ofinternal mass-trans-
port limitation . The influence of internal resistance (the resis-
tance ofthe particle matrix) is characterized by the Thiele mod-
ulus. The square ofthe Thiele modulus is given by

4,2 = LZR(CB)
DeeB
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Thiele modulus, dimensionless;
A(CB) = the intrinsic rate of reaction, M/ L' - T; and

cB = the concentration ofthe reactant in the bulk fluid,
M/L s .

This modulus can be interpreted as being the ratio of the char-
acteristic time for diffusion to the characteristic time for reaction .
Alternately, it can be interpreted as the rato ofthe intrinsic rate
ofreaction to the maximum rate ofdiffusion . Hence, the extent
to which internal mass-transport limitation is significant is de-
pendent on the relative rates of reaction and diffusion .
Kossen (1979) used the Thiele modulus to show that oxygen

depletion can occur within flocs that are larger than about 500
wm . His results suggest that oxygen depletion can occur insmaller
flocs if the oxygen uptake rate is higher ; therefore, one might
expect oxygen transport to be limited by diffusional resistance
for floc sizes commonly encountered in the activated sludge
process (Parker et al., 1970) . Atkinson and Rahman (1979)
attempted to predict the rate of carbonaceous uptake as a func-
tion of a Thiele-type modulus. They concluded that there will
be no internal limitation when the value ofthe modulus is less
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than

0

.5 .

Mueller et al

.

(1968) and Baillod and Boyle (1970)

experimentally

demonstrated that mass-transport resistance can

significantly

affect the rate ofcarbonaceous substrate uptake in

the

activated sludge process

.

In each study, the influence ofsub-

strate

transport limitation was assessed by measuring the rate of

substrate

uptake for a pure culture of floc-forming bacteria in

both

flocculated and dispersed states

.

Mueller etal

.

(1968) mea-

sured

oxygen uptake rates and Baillod and Boyle (1970) mea-

sured

both glucose and oxygen uptake rates

.

Glucose was the

only

limiting substrate in these experiments

.

Both studies re-

ported

that the uptake rates ofthe dispersed cultures were sig-

nificantly

higher than those of the flocculated cultures at low

bulk

glucose concentrations, while no differences in uptake rates

were

observed at high bulk glucose concentrations

.
LaMotta

and Shieh (1979) performed similar experiments

using

an enriched culture ofnitrifying bacteria

.

In batch exper-

iments,

the initial rate of ammonia uptake was measured as a

function

of floc size

.

The initial concentration of ammonium-

nitrogen

was 1 mg N/L and ammonium-nitrogen was selected

as

the only limiting substrate by maintaining a DO concentration

of

15 mg/L

.

Because maximum initial uptake rates were ob-

tained

only for small flocs, they concluded that floc size can

significantly

affect the nitrification rate

.
Similar

approaches to modeling transport resistance have been

made

by Jenkins and co-workers (Lau et al

.,

1984, and Hao et

al.,

1983)

.

They have implicated intrafloc DO concentration

and

reaction rates to preferential growth rates of bulking and

nonbuWng

microorganisms

.
Floc

model

.

The model was developed to use the Thiele mod-

ulus

and the Biot number to characterize diffusional resistance

(Song,

1986, and Stenstrom and Song, 1987)

.

Both parameters

account

for particle geometry through the characteristic length

parameter,

L

.

Characteristic length is sometimes defined as the

ratio

ofthe gross volume ofthe particle (solid plus void volume)

to

the external surface area of the particle

.

This definition has

the

advantage ofavoiding the difficulty of defining the shape of

the

highly irregular activated sludge flocs and minimizing the

effect

offloc shape on the Thiele modulus

.
The

following dimensionless equation was derived to describe

mass

transport

:

_d2C;

+ a - 1 dc

;

+ a2 L2 R = 0	

(6)dx2

x dx DQ,

;SB,i

`

The

dimensionless forms of the center and surface boundary

conditions

are

Where
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dc;

_

dx

IX-° - 0	

(7)

dci
dxl,,

=aBi

;(l

-c

;�,)

	

(8)

De,i

= effective diffusivity of species i, L2/T

;
R ;

= rate of reaction for species i, M/L3T

;
x

= dimensionless radius, r/ rf

;
c;

= dimensionless concentration, si/SB

.t ;
c;�,

= dimensionless concentration at the floc surface

;
a

= geometry factor

:

1 for slab, 2 for cylindrical, and 3 for

spherical ;
L

= ratio of floc volume to floc surface area, L

;
SBJ

= concentration ofspecies i in bulk liquid, M/L3

;

S;

= concentration of species i in the floc, M/L3

;
s;,,

= concentration of species i at floc surface, M/L3

;
rf

= radius of floc, L

;

and

Bi ;

= Biot number for species i

.
Reaction

rates

.

The physical and biochemical reactions that

occur

in the nitrifying activated sludge process are numerous

and

complex

.

To produce a manageable model, it is assumed

that

only soluble substrates are involvedand thatthe only major

reactions

are (1) the oxidation of carbonaceous substrate (glu-

cose)

by heterotrophic bacteria, (2) the oxidation ofammonium-

nitrogen

to nitrate by nitrifying bacteria, and (3) the endogenous

decay

of both heterotrophic and nitrifying bacteria

.

The sub-

scripts

on concentration, half-saturation coefficients, and rates

are

denoted as follows

:

1 = oxygen

;

2 = ammonia nitrogen

;

3

=

glucose

;

4 = nitrate nitrogen

;

H = heterotrophic

;

and N = ni-

trogenous .
Under

these conditions the rate ofglucose uptake can be de-

scribed

as

Where

Where

C,

C3

R3

= -gH3PU(KH)

"

U(K3H)	

(9)

qH3

= maximum specific glucose uptake rate for hetero-

trophs

(1 /T), (mass glucose/total sludge mass - T)

;
p

= density of total sludge mass within floc, M/L3

;
U[x]

= exponential rate function given by 1

-

exp[(-In 2)x]

;
c;

= concentrations of species i inside floc, M/L3

;

and

KH

= half-saturation coefficient of species i for hetero-

trophs,

M/L3

.

The

rate ofammonia oxidation is described as

R,

= -amloUt	

`

I

"

U( c2 )

.

U\C3

KIH

K2H K3N/

-

gN2PUc,	

_C2

	

c,
(KIN

)

"

U(K2N) + gmPU(KIH)

(10)

qH2

= maximum specific ammonium-nitrogen uptake rate for

heterotrophs

(1 /T) (mass NH4+-N/total sludge mass

-

T)

;
q

N2 = maximum specific ammonium-nitrogen uptake rate for

nitrifiers

(1 /T) (mass NH4+-N/total sludge mass -

qD2

= maximum specific ammonium-nitrogen production

rate

from endogenous decay (1 /T) (mass NH4+-N/

total

sludge mass - T)

;

and

KN

= half-saturation coefficient ofspecies i for nitrifiers, M/

L3.

The

rate of oxygen uptake is the sum of the rate due to het-

erotrophic

activity, the rate due to nitrifier activity, and the rate

due

to endogenous respiration

.

The net rate is given by

RI

= -gHIPU CI	

U

C3	

U

c2

(KIH)
"

(K3H)

"

(K2N)

-

gNIPU,	

C2

	

_g-IPUcL,
(K

cIN)

.

U(K~)	

(K)

	

(11)
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Where

Where

Where

Where

qH, = maximum specific oxygen uptake rate for heterotrophs
(1 /T) (mass NH4'-N/total sludge mass -T) ;

qNI = maximum specific oxygen uptake rate for nitrifiers (1 /
T) (mass NH4'-N/total sludge mass - T) ; and

qD, = maximum specific oxygen uptake rate for endogenous
respiration (1 /T) (mass NH4'-N/total sludge mass
- T) .

The rate of nitrate production is given by

R4 = gN4PU(K,N) U`KN/

qN4 = maximum specific nitrate production rate (1 /T)
(mass N03--N/total sludge mass - T).

(12)

All maximum specific rates in equations 9 through 12 are based
on total cell mass and the floc density is the total cell mass of a
floc divided by the gross volume of the floc . Global rates are
obtained by averaging these distributions over the volume of
the floc.

Reactor model. The floc model and associated reactions must
be used with a reactor model in order to calculate bulk concen-
tration . The liquid and gaseous substrate mass balances for one
to four CSTRs in series are shown in equations 13 and 14, re-
spectively.

dSi
V_dt = (S,N,, - S;)Q + XTR;V

	

for i = 2, 3, and 4

	

(13)

VS, = KLa(S,* - S,) +XTR;V

	

(14)

Q = influent flow rate, L 3/T;
S,NJ = influent concentration ofsubstrate i, M/L3;
S; = effluent concentration ofsubstrate i, M/L3 ;
R; = global specific reaction rate of substrate i, (mass of

substrate/ mass of total sludge - T) ;
XT= mixed liquor solids concentration, M/L 3 - T;
V = volume of aeration basin, L 3 ;

KLa = volumetric oxygen-transfer coefficient, 1 /T ; and
S* = saturation DO concentration, M/L3.

Assuming that the microorganism concentration in the in-
fluent and effluent are negligible, the mass balance for the ni-
trifiers and the heterotrophs, respectively, are

B, = MCRT [T] or Qw/Vwhere Qw is waste flow rate from
the aeration basin;

XN = concentration ofnitrifiers, M/L3 - T;
XH = concentration of heterotrophs, M/L3 - T (note that

XN +XH =XT ) ;
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AN = global specific growth rate for nitrifiers, mass of nitri-
fiers/mass of total sludge - T;

R� = global specific growth rate for heterotrophs, mass of
heterotrophs/mass of total sludge - T;

fH = heterotroph fraction, XHIXT;
fN = nitrifier fraction,XNIXT; and
RD = global specific decay rate, 1 /T .

The reactor model consists of equations 13 through 16. If the
DO concentration in the reactor is controlled, theDO is known
and equation 14 is unnecessary .
The global specific rates in the reactor model are obtained

from the simultaneous solution of the floc model (equation 9
for i = 1, 2, and 3) . The two models are linked by the boundary
conditions given by equations 9 and 10 and equations 15 and
16 as follows:

Where

qM=gv2'fN

	

(17)

qH3 = q'H3 fH

	

(18)

q',v2 = maximum specific ammonium-nitrogen uptake rate for
nitrifiers, mass NH4+-N/mass of nitrifiers - T; and

qH3 = maximum specific glucose uptake rate for heterotrophs,
mass glucose/mass of heterotrophs - T.

These equations state that the maximum specific rates that are
based on total sludge mass, qN2 and qH3 , can vary as the relative
sizes of the nitrifying and heterotrophic populations shift. It is
assumed that the maximum specific rates based on specific pop-
ulations, q'N2 andq;,3, are intrinsic properties of those popula-
tions and are therefore constant.

Experimental Procedures

An experimental investigation was designed to demonstrate
the effects ofmass-transport limitation andto verify the proposed
mathematical model. Three laboratory-scale activated sludge
reactors were constructed as shown in Figure 1. The reactors
were designed to vary mixing and aeration rates independently.
This was accomplished by varying the mixer rpm while con-
trolling the DO by adjusting gas-flow rate and oxygen content
in the gas. Each cylindrical reactor had a maximum volume of
18 L, with a working liquid volume of 14.5 L. The jacketed
reactors were constructed from 38 cm long sections ofconcentric
25 and 30 cm diameter plexiglass pipe . Water from a temper-
ature-controlled bath was circulated through eachjacket at rates
up to 75 L/hr to maintain the MLSS temperature to within
±0.1 °C of the set point. Because the large wall surface area to
volume ratio ofthe experimental reactors was not typical offull-
scale activated sludge systems, a motorized scrapper/baffle as-
sembly was constructed from 316 SS and inserted into the re-
actor. The baffles were 2.2 cm wide and were equipped with
polytetrafluorethylene squeegees on the sides and bottom . The
baffle assembly was turned for several rotations several times
perday by a timer-activated 0.5-rpm motor. Mixing wasprovided
by two 13 cm diameter impellers (marine-type, axial flow)
mounted 7.6 and 28 cm above the bottom ofthe reactor. Liquid
depth was normally 34.3 cm . Aeration was provided by a 2.5
cm diameter, spherical fine pore ceramic diffuser, located directly
below the lower impeller . Air flow rates of up to 2.3 L/min were
possible, but generally air flow was kept to less than 1 L/min.
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dXN -
dt = e1 XN+XT(RN+fNRD) (15)

dXH __ -1
XH

+XT(RH
+fHRD) (16)

dt B~
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Figure 1-Laboratory reactor.

Dissolved oxygen concentration was monitored with YSI model
57 meters. To precisely control DO concentration, a differential
gap controller was constructed using two comparators that were
interfaced to theDO meter's recorder output. The output ofthe
comparators were used to turn offand on a solenoid valve, which
slightly increased air flow to the diffuser . To assure that the same
mixing conditions were present over the wide range ofbiological
oxygen uptake rates, the air feed was blended with high purity
oxygen. This allowed the same gas-flow rate to be used at differing
biological conditions and mixer rpm to obtain the desired set-
pointDO. Therefore gas-flow rate had no effect on mixing . The
DO was successfully maintained to within ± 0.1 mg/L of the
set point. The reactorpH was maintained to 7.5 ±0.1 by adding
2N Na2CO3 using a Horizon model 599-20 pH meter/controller.

The clarifiers were constructed of 30.5-cm sections of 10 cm
diameter PVC pipe. The bottom of the clarifiers were formed
by a 60-deg polypropylene funnel cone . The mixed liquor flowed
from the reactor to the clarifier by gravity, which allowed the
reactor's liquid level to be controlled by the clarifier elevation.
A rake was used to prevent bridging in the clarifier and was
operated intermittently by a clock motor connected to a timer.
With the exception of the rake, the clarifier was operated con-
tinuously .

In general, standard analytical techniques ("Standard Meth-
ods," 1985) were used. Ammonium and nitrate were measured
using specific ion electrodes. Nitrite was determined using
Method 419 ("Standard Methods," 1985) . Table 1 shows the
normal range ofreactor operation. Additional details of the ex-
perimental program are presented elsewhere (Song, 1986, and
Stenstrom and Song, 1987) .
To verify the model, it was necessary to estimate the various

parameters or combinations of parameters . Four subproblems
were created in such away to isolate groups ofmodel parameters
for experimental measurement. Because this investigation em-
phasizes certain features ofthe model, the grouping ofparameters
into subproblems and the subproblem solution method reflect
the relative importance of each subset of parameters . Table 2
shows the four subproblems and their objectives . Subproblems
1, 3, and 4were performed in reactors shown in Figure 1 ; sub-
problem 2was performed in 1-L beakers containing aliquots of
mixed liquor taken from the reactors . Each subproblem was
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Table 1-Range of normal experimental conditions.

Rangeof normal steady-state operation conditions

pH
Temperature
Impeller speed
DO concentration
Sludge age
Hydraulic retention time
MLSS
MLVSS
Sludge volume index (SVI)
Specific oxygen uptake rate (SOUR)
Effluent
SS
TOC
NH4*-N
NO,--N
NO,--N

7.5-7 .6
22-25°C
170-200 rpm
5-6 mg/L
4-8 days
7 hours
1500-2500 mg/L
89-97%
70-150
18-25 mg/g " hr

5-40 mg/L
4-10 mg/L
0.1-0 .5 mg/L
0.05-0.2 mg/L
45-60 mg/L

composed oftwo or more sets of experiments with two or more
runs (replications) . Reactors were operated at steady-state con-
ditions for at least three MCRTsbefore initiation ofexperiments .
Generally, theMCRT ranged between 4 and 5 daysbut in some
cases was as high as 8 days . Hydraulic retention time was gen-
erally 7 hours. Precise conditions are noted later.

The model was solved using aFORTRAN program. The floc
model is a split boundary problem, and was solved using second-
order correct analogs. The nonlinear terms were linearized using
a direct iteration procedure. After making an initial guess, the
problem was solved and the results were compared to the initial
guess. Ifthe guess and result did not agree (e .g. <I% difference)
a new guess was made and the problem resolved . Convergence
was easily reached after a few iterations. The ordinary differential
equations comprising the reactor model were integrated using
Gear's method . All three procedures are described by Ferziger
(1981) .

In several cases, we used a nonlinear program to estimate
model parameters . This was accomplished by changing the pa-
rameter values and observing the sum of squares error between
the observations and the calculations. The objective function
for each subproblem was different. A steepest decent gradient
technique was used (Kuester and Mize, 1973) .

Table 2-Subproblems and their experimental objectives .

212

Subproblem
no.

1

Experimental conditions

Four sets of short-term experiments
at various DOs with minimum

Parameters to be
estimated

K1N , verify the exponential
growth rate function

mass-transport resistance and
heterotrophic oxygen uptake

2 Two sets of batch experiments with qN2, YN2, qD1, qD2, qH3,
minimum mass-transport and YN3
resistance

3 Long-term, steady-state experiments K1N , K2N , and K3N
with minimum mass-transport
resistance

4 Three simultaneous runs, different L2P, e, and r; demonstration
DOs, and different mass-transport of mass-transport
resistances resistances



Experimental Results
Subproblem 1-determination of nitrifier growth rates with

minimum transport resistance . The objective of this series of
experiments was to determine the oxidation rate of ammonia
as a function of DO concentration without competition from
heterotrophs for DO. Before beginning each experiment, the
feedtoeach reactor was shut offand the mixed liquor was allowed
to aerate for 30 minutes at DO = 4 mg/L. After 30 minutes,
the oxygen uptake rate decreased to a relatively constant 5-8
mg 02/L " hr, which is the endogenous uptake rate. At the be-
ginning of each experiment the NH4' concentration was in-
creased to 80 mg/L using NH4C1 . The DO was next adjusted
to the desired set point and controlled within ±0.1 mg/L. The
pH was controlled at 7.5 ± 0.1 by adding Na2C03 . Ammonia
and nitrate were measured at hourly intervals.

Three initial experiments, set 1, were performed to determine
the minimum impeller rpm at which no mass-transport limi-
tation occurred . Figure 2 shows the specific ammonia nitrogen
oxidation rate at DO = 0.7 mg/L for the mixer rpms. Error bars
represent the analytical precision of the measuring technique
for ammonia, nitrate, and suspended solids . Reaction rate was
not affected above 170 rpm, suggesting that mass transfer was
no longer rate limiting; therefore, 170 rpmwas selected for sub-
sequent experiments in this series. Figure 2 also shows the shear
rate, as indicated by theGfactor associated with each rpm. Power
input was measured directly by a torque meter. The no-load
torque, corresponding to bearing resistance, was subtracted from
the total torque. The G factor versus rpm relationship is the
same for subproblems 3 and 4.
Three more sets of experiments were performed to estimate

KIN and qN2 . Parameters were estimated using both the expo-
nential and Monod models . A two parameter, nonlinear least
squares was performed to simultaneously estimate both param-
eters. A single parameter procedure was also used to estimate
KINby using the normalized form of the growth rate equations
(by dividing equation 1 by u.) .
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Figure 2-Specific ammonia oxidation and nitrate pro-
duction rate as a function of mixing intensity.
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Figure 3-Normalized ammonia oxidation rates and
theoretical rates for the Monod and exponential models .

The exponential model (R 2 = 0.98) fits the data shown in
Figure 3 better than the Monod model (R 2 = 0.91) and was
adopted for this reason . The values of K1N, estimated from the
two-parameter procedure, ranged from 0.727 to 0.560 mg DO/
L. The single parameter procedure estimate was 0.62 mg/L.
The range of estimates for qN2 was 7.10 to 5.38 mg NH4+-
N/g" hr.

Subproblem 2-stoichiometry. The objective ofthis subprob-
lem was to determine and verify the stoichiometric parameters
presented in the modeling sections . All of the experiments for
this subproblem were conducted in a miniature analogue oflab-
oratory-scale reactors, a specially equipped 1-L pyrex beaker
with provisions for pH, DO, andtemperature control . The mixed
liquor used in these experiments was taken from the sludge that
was wasted from laboratory-scale reactors . During these exper-
iments the reactors were operated at a sludge age of 8 days . All
other operating conditions were the same as those described
previously . Waste sludge from all three reactors was combined,
mixed, and allowed to settle for 30 minutes to concentrate at a
factor of two (to obtain MLSS concentrations of 4000 mg/L).
This concentrated mixed liquor was then transferred to the 1-L
beaker reactor and aerated for 30 minutes before starting an
experiment. TheDO concentration throughout all experiments
was maintained between 6 mg/L and 8 mg/L . The mixing rate
was large enough to ensure that mass-transfer resistance did not
affect results .
The procedure forboth sets ofexperiments and replicates was

similar, except that glucose was added in set 11 . A concentrated
solution of NH4C1 was added to the beaker and NH4', N03--
N, and N03 were monitored over the following 3 to 6 hours.

Figure 4 shows the results for run 2 of set 1 . Nitrite accu-
mulation was observed in all cases. It appears that when nitrite
production in the beaker exceeded the acclimatized, steady-state
production rate in the reactor, nitrite accumulation occurred.
Since the model does not account for nitrite accumulation, it
was necessary to assume that ammonia oxidation rate is unaf-
fected by nitrite concentration . This assumption appears justified
for the concentrations encountered in this study.
The parameters qN2 , YN2 , and qD2 were estimated from set 1.

To obtain accurate estimates, it was necessary for the total in-
organic nitrogen species to balance. For the first hours of the
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Figure 4-Ammonia, nitrite, and nitrate versus time for
subproblem 2 (run 2, set I) .

results, which comprise the linear portion ofthe data, the balance
was ±2% and ±8% for runs 1 and 2, respectively. Estimates of
qN2 and Y,2were made from the rate ofammonia disappearance
and oxidized nitrogen production and were 4.92 and4.76 mg/
g " hr and 0.11 and 0.07 g/g for runs I and II, respectively.
Set 11 was performed 1 day after set I and the procedure was

identical except forglucose addition. TOCwas measured during
this run and served as an indirect indicator of glucose concen-
tration (1 mg/Lglucose ^- 2.5 mg TOC/L) . The TOC analysis
also measures other carbonaceous compounds, but this error is
small within the region of the data where the glucose concen-
tration is high (^-450 mg/L) . Figure 5 shows the results of the
first run.

It is known that during conditions such as those that existed
in this set of experiments, storage products may be formed;
however, it was not necessary to modify the model shown earlier
to account for storage product formation. For the purposes of
this investigation, it is only necessary to model the impact of
this phenomenon on nitrification . This impact is manifest only
through the potential competition for oxygen and nitrogen .

Estimates for qa3 and Yea were made using oxygen and ni-
trogen uptake data only. Using average values of YN2 and qD2
estimated from set I, estimates for qa3 and YH3 were 53 mg/
g-hr and 0.37 g/g, respectively . The oxygen uptake rate ac-
counted for only 58 and 53% of the TOC (-glucose/2.5) dis-
appearance, suggesting that storage product formation is an im-
portant phenomenon. The rate of oxygen uptake due to am-
monia oxidation was approximately 4.5 times the rate of
ammonia uptake; therefore, qN, = 4.5gN2.
Subproblem3-kinetic parameter determination. Results from

set I experiments in subproblem 1 (ammonia oxidation rate as
a function of impeller speed) provided partial evidence for the
existence ofmass-transport-limiting effects . Though differences
in the maximum specific NH4'-N uptake ratesat different mix-
ing speedsappear to be significant, better assessment ofthe effects
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of mass-transport limitation on nitrification can be achieved in
longer term experiments; any differences in rates can be mag-
nified in terms of effluent concentrations over a longer period
of time .
Four sets of experimental runs consisting of three runs per

set (one run per reactor) were conducted to investigate the effects
of different impeller speeds at different DO concentrations . For
all four sets, the impeller speeds for reactors 1 and 2were adjusted
to approximately 60 and 200 rpm, respectively . Impeller speeds
were chosen to represent reasonable extremes of mixing inten-
sities that may be encountered in full-scale activated sludge
plants. It is reasonable to expect that even at the lowest mixing
intensities, the mixed liquorshould still be completely suspended,
and that at the highest mixing, the turbidity in the effluent should
not be excessive. The low impeller speed (60 rpm) was the lowest
speed that could be used and still maintain the mixed liquor in
complete suspension . The high impeller speed was not high
enough to significantly affect the turbidity ofthe effluent . Reactor
3 served as a control. Reactor 1 used air enriched with oxygen
to obtain the proper DO concentrations at the same mixer rpm.

At the start of each experiment, the DO concentrations for
reactors 1 and 2 were set to 4.0 . 1.5, 1 .0, and 0.75 for sets 1
through 4, respectively. After 20 hours (about three hydraulic
retention times) after the start of an experiment, the effluent
from each reactor was analyzed for TOC, NH4'-N, andN03-
N. The MLSS concentration at the beginning and end of the
20-hour period for each reactor was also measured. No mixed
liquor was wasted during an experiment. At the conclusion of
each set, the DO concentration for reactors 1 and 2were turned
to the normal operating conditions; the impeller speeds remained
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Figure 5-Ammonia, nitrite, nitrate, and TOC concentra-
tions versus time for subproblem 2 (run 1, set II ) .
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Table 3-Effluent concentrations measured in subproblem 3'

'All concentrations in mg/L .

at 60 and 200 rpm, respectively . Each set of experiments was
conducted 2 days apart.

The results are shown in Table 3. Nitrification rate was sig-
nificantly affected in only the experiment in which the impeller
speed was 60 rpm and the DO concentration was 0.75 mg/L.
The effluent concentrations of NH4'-N and N03--N in the
other experiments fell within the typical range ofconcentrations
measured under normal operating conditions. The activity of
the heterotrophic population was not significantly affected in
any of the experiments.
The results from set IV clearly demonstrate that nitrification

can be affected by the reactor mixing intensity. For the same
concentration of DO (0.75 mg/L), a difference in the mixing
intensity resulted in a vast difference in the rates of nitrification .
The results also demonstrate that the heterotrophic population
is more competitive than the nitrifying population underoxygen-
limiting and/or mass-transport-limiting conditions. In reactor
1 ofseries IV, where nitrification was already significantly limited,
the heterotrophic uptake of glucose was not at all affected. It
should be noted that within 1 day (and probably much earlier)
after being returned to a DO concentration of at least 4 mg/L,
theconcentrations ofNH4'-N andN03--N in the effluent from
this reactor were again within the range ofnormal effluent con-
centrations. It can be reasoned that the observed effect was not
the result of any significant shifts in the composition ofthe mi-
crobial population and that the effect did not cause any such
shifts over a 20-hour period .
The steady-state data obtained in this subproblem were used

to estimate KZN, K3H, andKIH. Parameter values were selected
to produce model estimates matching steady-state observations .
The value ofKZNwas selected by requiring the model's prediction
to match the observed effluent NH4'-N concentration under
high DO concentration . A value of 0.13 mg/L was selected for
KZN . A similar process could be used to selectK3H , except that
steady-state effluent glucose concentrations were never measured .

Table 4-Subproblem 4 reactor conditions .

However, it is known that effluent glucose concentration would
be low, perhapsjust a few mg/L . It was decided to select a value
of K3H of about the same magnitude as the expected effluent
concentration . A value of 3.0 mg/L was selected.
The value ofKIHwas selected so that the effluent TOCcon-

centration would be independent of DO concentration over the
range of measured DOs, or 0.2 to 4.0 mg/L . Also, K1H should
be consistent with values reported previously in the literature.
A value of 0.01 mg/L satisfied both constraints.
Subproblem 4-demonstration of oxygen-transport resistance.

In preparation for the experiments, the mixed liquors from all
three reactors were collected, mixed together, and operated at
the impeller speeds and DO concentrations shown in Table 4.
Runs were performed at 60 and 200 rpm.

Figure 6 shows the results of subproblem 4. The decrease in
nitrification efficiency at time zero, evidenced by increasing
NH4'-N concentration and decreasing N03 --N concentration,
indicates mass-transfer resistance . Resistance decreased markedly
when DO was increased at 9 hours. These results were used to
estimate parameters shown later and are significant evidence of
mass-transport-limiting conditions. The smooth and broken lines
shown in Figure 6 are the model simulation results for these
conditions.

T
were fitted to the observations using a nonlinear optimization
technique. Estimates ofDe,; were obtained from "Perry's Chem-
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Figure 6-Ammonia and nitrate concentrations with
model predictions versus time for subproblem 4.
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Series
no . DO

Reactor

NH4+-N

1, 60 rpm

N03--N TOC

Reactor

NH4+-N

2, 200 rpm

N03--N TOC

Reactor

NH4+-N

3, DO = 4.0

NOs-N

mg/L

TOC

I 4 .0 0.22 45 7 0.28 42 7 0.15 47 7
II 1 .5 0 .16 47 7 0.14 46 7 0.12 48 7

III 1 .0 0 .20 45 7 0.18 47 7 0.10 48 7
IV 0 .75 10 20 7 0.32 42 6 0.13 48 6

Reactor
no .

Impeller
speed,
rpm

DO

-48-0

concentration

0-9

(mg/L) at

9-24.5

time (h)

24.5-27

1 60 4 .0 0 .20 0.75 4 .0
2 200 4 .0 0.20 0 .75 4 .0
3 150 4 .0 4.0 4 .0 4 .0
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Table 5-Model parameters.

ical Engineering Handbook" (Perry et al., 1969). The values of
other parameters, estimated previously in subproblems 1, 2, and

3 were used. Next, plausible values ofE (0.5) andRe (100) were
T

selected . The value ofLZp was estimated using a least-squares
criterion with the ammonia observations . A second estimate
was performed using the maximumlikelihood criteria with both
the ammonia and nitrate data . Next, the estimate of KIN was
refined using the nonlinear technique and the ammonia data .
The best-fit value of KIN was reduced to 0.46 mg/L . The pa-

rameter group LZp/E remained constant at 2 X 10 -3 . This
T

result was not unexpected because it is the "unknown" portion
ofthe Thiele modulus. For the second run at different mixing
conditions, the parameter group was estimated as 1 .5 X 10 -° .
The data and model results shown in Figure 6 show the validity
of the model.

Simulation
Previous experiments have shown that mass transport can

limit the rate of nitrification in the 5- to 8-day MCRT range.
This finding explains differences in previous observations of a
limiting DO concentration to achieve nitrification. There is no
single, limiting DO concentration to achieve nitrification. The
DO concentration required to achieve nitrification is strongly
influenced by reactor conditions such as temperature, MCRT,
inhibitors, shear rate, and shock organic loads.

Parameters estimated for the model are shown in Table 5.
These parameters, in conjunction with two sets of floc parameters
(LZp), are used to demonstrate how mass-transport limitations
may affect nitrification efficiency . These simulations use the in-
tegrated floc and reactor models .
Mean cell retention time strongly affects process performance .

Three days MCRT is the least MCRT at which nitrification nor-
mally occurs. It has been shown that the rate ofnitrification can
be limited by mixing andDO concentration . It is therefore plau-
sible to expect that the limiting MCRT for nitrification is also
a function of DO and mixing rates (for example, floc size) .

Figure 7 shows this relation for three MCRTs of 12, 6, and 3
days as a function of bulk DO concentration for two mixing
regimes. The two values ofthe parameter LZp, 0.75 X 10 -5 and
1 X 10-3 cm2 " g/L, are representative of the conditions inves-
tigated in subproblem 3 and correspond to floc diameters of60
to 100 pm and 200 to 400 pm, respectively. The increasedMCRT

May/June 1991

Reactor
parameters

OH =7h

provides greater nitrification efficiency at lowerDO concentra-
tions or greater floc sizes . Simulations predict that the nitrifi-
cation-limiting DO concentration for a low MCRT (3 days),
high mass-transfer activated sludge process to be approximately
1.5 mg/L. The limiting DO decreases to 0.5 mg/L ifthe MCRT
is increased to 12 days. For low mass-transfer rates (for example,
large floc diameters), the limiting DO is to 2.5 and 0.7 mg/L
for 3 and 12 day MCRTs, respectively.

Nitrification can be temporarily inhibited, or impacted, by
organic shock loads. The model can be used to simulate this
condition. The increased organic load increases the heterotrophic
DO uptake rate, competing with nitrogenous DO uptake .

Figure 8 shows the results of this simulation for two mass-
transfer rates, with an instantaneous increase in carbonaceous
substrate (glucose) applied at time zero . The points show where
both the floc and reactor model solutions were obtained and are
not data points. The simulation shown in the upper part ofFigure
8, with high mass-transfer rates (small floc diameter), suggests
that the process will tolerate the organic shock with an insignif-
icantly small increase in effluent ammonia concentration . The
simulation shown in the lower halfofFigure 8, with lesser mass-
transfer rates (greater floc diameter), suggests more impact of
the organic shock. The effluent ammonia concentration increases
to 3 mg/L and would have increased more had the bulk DO
decreased below 1 .0 mg/L.
The difference in nitrification efficiency can be explained by

the internal floc DO concentration . Figure 9 shows the internal
concentration as a function of the floc radius for steady-state
and shock-loading conditions (1 hour into the shock) . The
steady-state condition is in the upper part of Figure 9, and the
shock load condition is shown in the lower part . The steady-
state DO is high even in the center of the floc and is roughly
75% ofthe bulk fluid DO. For the organic shock condition, the
DO is virtually 0 at the floc center. This decrease results because
of reduced bulk DO concentration, mass-transport limitation,
and heterotrophic competition.

Conclusions
From previously described investigations and computer sim-

ulations, the following conclusions are presented. They are based
on the assumption that experiments conducted herein using
100% soluble substrates are representative of actual treatment
plants. Further experiments may be required to show that the
results are valid for situations with a high percentage ofpartic-
ulate substrates .
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Half-saturation
coefficients

K1N = 0.56 mg 02/L

KIN = 0.01 mg 02/L

Specific rates

q�3 = 70 mg glucose/gMLVSS-L

qN2 = 6.8 mg NH4+/gMLVSS-L

Yields

YH3 = 0.44 9/g

YN2 = 0.09 9/9

Mass-transport
parameters

E
- = 0.5
T

KLA=15.3hr1
K2N = 0.13 mg NH4+/L qo1 = 3.2 mg 02/gMLVSS-L Re = 100
K3rr = 3 mg glucose/L qo2 = 0.7 mg 02/gMLVSS-L L2p = 0.75 X 10-5 cm2-g/L

De, o2 = 7.9 X 10-2 cm2/hr

DN, = 7.2 X 10-2 cm2/hr
DGLucosE = 2.5 X 10-2 cm 2/hr
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Figure 7-Steady-state effluent ammonia and nitrate
concentrations versus bulk DO concentration for MCRTs
of 12, 6, and 3 days (top to bottom) .
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Figure 8-Glucose, DO, and ammonia concentrations for
low (top) and high (bottom) mass-transfer rates versus
time during an organic shock load (points show where
reactor and floc models were solved and are not data
points) .

Mass-transport limitation can significantly affect the apparent
relationship between DO concentration and nitrification under
both steady-state and transient conditions .
Under the steady-state conditions investigated here, the ap-

parent limitingDO concentration for nitrification inthe activated
sludge process ranges from 0.5 mg/L to 2.5 mg/L, depending
on the MCRT and the degree ofmass-transport resistance . This
compares to less than 0.1 mg/L for pure cultures.
The wash-out MCRT can be expected to be dependent on

both DO concentration and the degree of mass-transport resis-
tance; a high MCRT maybe required to ensure nitrification at
lower DO concentrations and for higher mass-transport resis-
tance.
The apparent relationship between DO concentration and ni-

trification undertransient conditions may differ drastically from
that under steady-state conditions . Because of mass-transport
resistance and heterotrophic/nitrifier competition for DO, the
apparent limiting DO concentration for nitrification can be as
high as 4.0 mg/L during an organic shock load .
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Figure 9-Intrafloc DO, ammonia, and glucose concen-
trations for steady-state (top) and organic shock (bottom)
conditions .

Nitrification can occur under multiple-substrate-limiting
conditions within activated flocs while single-substrate-limiting
conditions prevail in the bulk liquid.

The exponential kinetic formulation more accurately describes
the intrinsic relationship between DO concentration and the
rate of oxidation of NH4'-N by Nitrosomonas than does the
Monod model. The value of the half-saturation coefficient for
the exponential model is between 0.45 mg/L and 0.56 mg/L.
The rate ofNH4'-N oxidation by Nitrosomonas is typically

the rate-limiting step under steady-state conditions, but the rate

ofN02--N oxidation can become limiting under transient con-
ditions. The accumulation ofNO2--N under transientconditions
appears to be correlated with transient increases in the rate of
N02--N production rather than with low DO concentrations .
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