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Abstract: We previously reported on the mineralization
of 2,4-dinitrotoluene (2,4-DNT) and 2,6-dinitrotoluene
(2,6-DNT) in an aerobic fluidized-bed bioreactor (FBBR)
(Lendenmann et al. 1998 Environ Sci Technol 32:82–87).
The current study examines the kinetics of 2,4-DNT and
2,6-DNT mineralization at increasing loading rates in the
FBBR with the goal of obtaining system-independent ki-
netic parameters. At each steady state, the FBBR was
subjected to a set of transient load experiments in which
substrate flux in the biofilm and bulk substrate concen-
trations were measured. The pseudo-steady-state data
were used to estimate the biokinetic parameters for 2,4-
DNT and 2,6-DNT removal using a mechanistic math-
ematical biofilm model and a routine that minimized the
sum of the squared residuals (RSS). Estimated kinetic
parameters varied slightly for each steady-state; re-
trieved parameters for qm were 0.83 to 0.98 g DNT/g
XCOD d for 2,4-DNT removal and 0.14 to 0.33 g DNT/g
XCOD d for 2,6-DNT removal. Ks values for 2,4-DNT re-
moval (0.029 to 0.36 g DNT/m3) were consistently lower
than Ks values for 2,6-DNT removal (0.21 to 0.84 g DNT/
m3). A new approach was introduced to estimate the fun-
damental biofilm kinetic parameter S*b,min from steady-
state performance information. Values of S*b,min indi-
cated that the FBBR performance was limited by growth
potential. Adequate performance of the examined FBBR
technology at higher loading rates will depend on an
improvement in the growth potential. The obtained ki-
netic parameters, qm, Ks, and S*b,min, can be used to aid in
the design of aerobic FBBRs treating waters containing
DNT mixtures. © 1999 John Wiley & Sons, Inc. Biotechnol
Bioeng 63: 642–653, 1999.
Keywords: DNT; dinitrotoluene; biofilm kinetics; FBBR;
parameter estimation

INTRODUCTION

Dinitrotoluenes (DNT) are intermediates in the production
of the explosive trinitrotoluene (TNT) and precursors in
toluenediisocyanate synthesis used in the manufacturing of

polyurethanes (Hartter, 1985). Dinitrotoluenes are formed
by the sequential nitration of toluene and the 2,4-DNT and
2,6-DNT isomers typically occur in a 4:1 ratio (Popp and
Leonard, 1985). Improper disposal practices associated with
TNT manufacturing have resulted in contamination of soils
and waters with dinitrotoluenes. Furthermore, DNT-laden
waste streams continue to be generated in the manufacturing
of explosives and polyurethanes. Both 2,4-DNT and 2,6-
DNT exhibit acute toxicity and low-level carcinogenicity
and present an environmental health concern (Rickert et al.,
1984; Whong and Edwards, 1984), whereas 2,4-DNT is
listed as a U.S. EPA priority pollutant (Keith and Telliard,
1979).

Biological treatment can remove DNT from contami-
nated waste streams. The biotransformation of DNT has
been documented under a variety of conditions. Originally
observed pathways involved the enzymatic reduction of one
or both of the nitrogroups, and intermediates such as ni-
troso, amino, and azoxy compounds were identified (Liu et
al., 1984; McCormick et al., 1978). The electron-withdraw-
ing character of the nitrogroups impedes electrophilic attack
by oxygenases of aerobic bacteria (Rieger and Knackmuss,
1995). Nevertheless, oxidative mineralization of 2,4-DNT
by pure and mixed cultures has recently been reported (Bau-
sum et al., 1992; Spanggord et al., 1991). The mineraliza-
tion is concurrent with stoichiometric release of the nitro-
groups as NO2

− (Spanggord et al., 1991). Nitrite release oc-
curs in two steps: the first step is catalysis by the 2,4-DNT
dioxygenase, yielding 4-methyl-5-nitrocatechol (4M5NC);
subsequently, a monooxygenase catalyzes denitration of
4M5NC to yield 2-hydroxy-5-methylquinone (Haigler et al.,
1994). The latter substrate is enzymatically converted and
presumably feeds into the Krebs cycle. As a result, 2,4-DNT
is completely mineralized without accumulation of interme-
diates. Several strains that can aerobically mineralize 2,4-
DNT as the sole carbon source have since been identified
(Spain, 1995). In addition, strains that can use 2,6-DNT as
the sole carbon source have recently been isolated (Nishino
and Spain, 1996). The initial step in the enzymatic mecha-
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nism appears very similar to the one observed in the aerobic
mineralization of 2,4-DNT (Nishino and Spain, 1996). The
advantage of the aerobic mineralization pathways is that no
intermediates accumulate. In all nitroreductive pathways,
intermediate compounds are formed that may retain toxic
properties, be recalcitrant to further mineralization, or re-
quire a second-step biological treatment (Cheng et al., 1996,
Liu et al., 1984; McCormick et al., 1978; Neumeier et al.,
1989; Noguera and Freedman, 1996).

In view of the demonstrated mineralization of 2,4- and
2,6-DNT by aerobic microorganisms, we set out to examine
the feasibility of treating a DNT-laden water using an aero-
bic bioreactor. Because of anticipated low specific growth
rates of the DNT-degrading organisms, and because of the
relatively low concentrations of DNT in contaminated
groundwater (few to 100 ppm), a fluidized-bed bioreactor
(FBBR) with sand as the carrier material was chosen. Cells
growing on the inert carrier could be protected from wash-
out at low hydraulic retention times, whereas a large volu-
metric biomass concentration could be retained. We re-
ported earlier on the performance of an aerobic FBBR treat-
ing a DNT-laden water (with 2,4-DNT and 2,6-DNT in a
4:1 ratio) at surface loading rates from 36 to 600 mg DNT/
m2 d (Lendenmann et al., 1998). Removals exceeded 99%
(98% at highest loading) and 95% (91% at highest loading)
for 2,4-DNT and 2,6-DNT, respectively, under steady-state
conditions, and complete DNT mineralization was inferred
(Lendenmann et al., 1998).

The objective of this study was to examine whether bio-
kinetic parameters for 2,4-DNT and 2,6-DNT removal
could be obtained from short-term load-shift experiments
(Rittmann et al., 1986). Also, we examined how biokinetic
parameters varied as a function of the steady-state surface
loading rates. We also wished to improve the reported pa-
rameter estimation routine by inclusion of a residuals sum-
of-squares minimization routine. Finally, we set out to pro-
vide a kinetic explanation for the observation that the FBBR
operated in a high load regime — where the effluent sub-
strate concentrations increases rapidly with increases in the
surface loading rate — at surprisingly low surface loading
rates (Lendenmann et al., 1998).

MATERIALS AND METHODS

Fluidized-Bed Biofilm Reactor Operation
and Monitoring

In brief, a 1.5-L water-jacketed fluidized-bed reactor was
filled with 0.74 kg of Ottawa sand (30 to 40 mesh) and
inoculated with enrichment cultures containing bacteria able
to mineralize 2,4-DNT and 2,6-DNT. The reactor was op-
erated at 20°C at a pH of 7 ± 0.1. Aeration was provided by
introduction of air to the recirculation line, and dissolved
oxygen (DO) concentrations were monitored at the top of
the reactor bed and maintained higher than 4.5 mg/L. Re-
circulation flow rate was set to maintain a flow rate of 1.5

to 1.6 L/min through the bed, resulting in approximately
40% bed expansion. FBBR feed consisted of 2,4 DNT (40
mg/L), 2,6 DNT (10 mg/L), and H3PO4 (70 mg/L) in tap
water. DO concentration, pH, temperature, bed height, feed
flow rate, and recirculation flow rate were measured daily.
Samples were removed to measure concentrations of DNT
via high-performance liquid chromatography (HPLC). Fur-
ther details were reported before (Lendenmann et al., 1998).

Biofilm COD and Density Measurements

Samples of sand were removed with a 0.5-mL sampling
thimble at two different bed depths. Free water floating on
top of the thimble was removed with a KimWipe. The con-
tents of one thimble was transferred to four different alu-
minum weighing pans and weighed. Pans were dried over-
night at 102°C, then reweighed. Approximately 200mL of
deionized H2O was added to each pan and the sand trans-
ferred to one of several COD vials (0 to 150 or 0 to 1500
ppm; Hach, Loveland, CO). Additional H2O was added to
the COD vials to total 2 mL, and vials were held at 150°C
for 2 h. The COD concentration was estimated using a
HACH spectrophotometer and appropriate potassium
phthalate standards. Control COD vials were included that
contained clean, acid-washed sand. Vials were opened, the
supernatant discarded, and the sand was rinsed with deion-
ized H2O to remove all reagent. Vials were dried overnight
at 102°C. Dried sand was removed and weighed. The bio-
mass COD concentration was calculated as mass of COD/
mass of sand. The average mass of evaporated water (W),
the total mass of dry sand (M), and the mg XCOD/g sand
(Xs) were calculated corresponding to the 0.5-mL sample
removed from the bed. The biofilm thickness,Lf, was cal-
culated using the following equation (Rittmann et al., 1986),
wherea represents the surface area per mass of sand (4.44
m2/kg) andr is the density of water. This equation assumes
that the native biofilm mass consists of 99% water;

Lf =
W

0.99aMr
(1)

Biofilm density,Xf, was calculated by:

Xf =
Xs

aLf
(2)

Load-Shift Experiments

Short-term load-shift experiments were conducted to mea-
sure bulk substrate concentrations at different substrate
fluxes without altering the physical and kinetic characteris-
tics of the biofilm (Rittmann et al., 1986). Effluent DNT
concentrations were measured until they attained steady-
state values. Because the biofilm thickness under these con-
ditions is not in true equilibrium with the substrate flux
during the load-shift, we refer to these effluent values as
pseudo-steady-state concentrations. The FBBR was oper-
ated at hydraulic retention times (HRT) of 12, 6, 3, 1.5, and
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0.75 h in sequence. For each HRT, steady state was assumed
to be achieved when the concentrations of 2,4-DNT and
2,6-DNT varied less than 20% over a period of 3 days.
When the FBBR attained steady state, it was subjected to
short-term (4-h) shifts in the applied surface loading by
varying the feed flow rates. The flow rate through the re-
actor was instantaneously increased or decreased (from 0.25
to 2.0 times the steady-state flow rate). Flow rates were
monitored during the load-shift experiments, and samples
were periodically removed from the top of the reactor bed
for determination of 2,4-DNT and 2,6-DNT concentrations
by HPLC. After 4 h, the reactor was returned to the steady-
state flow rate for at least 8 h prior to subjecting the FBBR
to another transient load experiment. Transient experiments
were performed within a 3-day period at a given steady
state.

In Situ Kinetic Parameter Estimation

Data derived from pseudo-steady-state conditions, were
used to estimate biokinetic parameters. The flux of substrate
into the biofilm,Jexp, was calculated by:

Jexp=
Q~So − Sb!

aM
(3)

where, Q is the steady-state flow rate,So is the influent
concentration, andSb is the effluent concentation. The av-
erage of several pseudo-steady-state effluent concentrations
was used asSb for each load-shift. The substrate concentra-
tion at the biofilm/liquid interface,Ss, was calculated by:

Ss = Sb −
LJexp

D
(4)

where,L is the external mass transfer layer thickness andD
is the aqueous phase diffusion coefficient for the DNT iso-
mer. The external mass transfer layer thickness was calcu-
lated based on the empirical formula (Jennings, 1975):

L =
DRe0.75Sc0.667

5.7n
(5)

whereRe and Sc are the Reynolds and Schmidt numbers,
respectively, whilen is the superficial flow velocity. Thus,
a pair ofSs andJexp values was determined for each load-
shift experiment.Ss and Jexp pairs were also determined
from the steady-state conditions between each load-shift
experiment, providing seven to ten data pairs for each
steady-state and DNT isomer.

Extensive theoretical work has been conducted to de-
velop mathematical models which depict the transport and
consumption of substrate in biofilms (Rittmann and
McCarty, 1980; Wanner and Gujer, 1986). In this investi-
gation, we used a pseudoanalytical expression describing
numerical solutions to the biofilm model. Combination of
the equations provided by Atkinson and Davies results in
three equations to calculate the predicted substrate flux,Jpr,
as a function ofSs (Atkinson and Davies, 1974):

f = LfSqmXf

KsDf
D0.5S1 +

2Ss

Ks
D−0.5

(6)

j =5
1 − SLfSqmXf

KsDf
D−0.5D tanhSLfSqmXf

KsDf
D0.5D

S f

tanhf
− 1D if f , 1

1

f
− SLfSqmXf

KsDf
D−0.5D tanhSLfSqmXf

KsDf
D0.5D

S f

tanhf
− 1D if f $ 1

(7)

Jpr =
jLf SsqmXf

Ks + Ss
(8)

where,qm is the maximum specific substrate removal rate,
Ks is the half-maximum growth coefficient, andDf is the
substrate diffusion coefficient in the biofilm. Most param-
eters for the model,Q, a, M, Xf , and Lf , were measured
experimentally whereas other,L, D, andDf, were estimated
from literature values and correlations. The remaining bio-
kinetic parameters,qm andKs, were estimated from the ex-
perimental data pairs (Ss, Jexp) with a nonlinear uncon-
strained optimization algorithm.qm and Ks were varied to
minimize the sum of squared residuals (RSS) using the ob-
jective function:

min (
i=1

n

~Jexp,i − Jpr,i ~qm, Ks!!
2 (9)

where,n is the number of data pairs. The conjugate-gradient
method using centered difference gradient approximations
was used to find aqm andKs pair that solves Eq. (9) using
both a FORTRAN 77 code and the SOLVER routine in Micro-
soft EXCEL.

To measure reliability of the parameter estimates, ap-
proximate confidence regions were estimated using anF-
test (Beck and Arnold, 1977). This method generates 95%
confidence contours in the parameter space. The 95% con-
fidence intervals were then taken as the minimum and maxi-
mum values on the 95% contour. To examine whether glob-
al and not local minima were being retrieved, the optimi-
zation routine was started from multiple starting points, and
the response surface was generated and examined for mul-
tiple minima.

Several statistical techniques were employed to deter-
mine the appropriateness of the model for fitting the data at
each steady-state HRT. First, four standard diagnostic plots
were generated for each DNT isomer at each HRT steady
state: (1)Jpr versusJexp; (2) a normal probability plot of the
standardized residuals,e*; (3) e* versusSs; and (4)e* ver-
susJexp (Devore, 1987). Standardized residuals were calcu-
lated by:
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ei* =
yi − ŷi

s!1 −
1

n
−

~xi − x!2

(
j=1

n

~xj − x!2
(10)

whereyi is an observed output (for this studyJexp,i), ŷi is the
model-predicted value (Jpr,i), xi is the model input value
(Ss,i), x is the mean input value (mean ofSs values for that
HRT and DNT isomer), ands is the standard deviation of
errors. Likewise,s was approximated by:

s2 =
(
i=1

n

~yi − ŷi!
2

n − 2
(11)

where n − 2 degrees of freedom were used because two
parameters were estimated. Normal probability plots were
created by ranking thee* data, determining the percentile
value for each rankede* [100 (i − 0.5)/n], and plotting the
e* values versus thez value of the normal distribution cor-
responding to the percentile. These plots are effective in
revealing model accuracy, model error normality, and
model error heteroscedasity. The null hypothesis (Ho) that
e* was normally distributed was tested by comparing the
regression value from a linear regression of the normal
probability plot against a test statistic (Devore, 1987). In
addition, error plots using values from all of the individual
models were generated to yield a larger data set. Two ad-
ditional statistical tests were performed on each model cali-
bration: a pairedt-test and a chi-square goodness-of-fit test
(Schnoor, 1996). These methods quantitatively test the Ho

that the experimental values equal the model-predicted val-
ues to a specified level of significance.

Mass Transfer

The relative effect of mass transfer resistance was investi-
gated using the Biot number andK*. The Biot number,Bi,
measures the relative contribution of internal and external
mass transfer resistance and was calculated by (Characklis
et al., 1990):

Bi =
kLLf

Df
=

DLf

DfL
=

Lf

0.8L
(12)

wherekL is the external mass transfer resistance. The bio-
film diffusion coefficient, Df, was assumed as 0.8 times
the aqueous phase diffusion coeffcient,D (Williamson and
McCarty, 1976).

K* captures the relative contribution of the external mass
transfer resistance to the internal mass transfer and bioki-
netic transformation and was calculated as described in
(Sáez and Rittmann, 1990):

K* =
D

LÎ Ks

qmXfDf
(13)

Monte Carlo Simulations

Monte Carlo analysis was conducted to determine whether
the parameter estimation scheme retrieved the true param-
eters and to estimate the accuracy of those estimates when
realistic error in the parameters and model input was con-
sidered. For these simulations,D, Df, L, So, a, M, and Q
were assumed without error, whereas known errors were
associated withSb, Lf, and Xf. The steps used for Monte
Carlo simulations were as follows. First, the “true” biofilm
parameters were selected, and eightSb values were com-
puted, representing the “true” conditions in the reactor.
Next, a realization was created by adding normally distrib-
uted error toLf and Xf and the eightSb values to create
“measured” values that included typical experimental error.
Pairs ofSs and Jexp values were calculated using Eqs. (3)
and (4) with the “measured” values. The parameters,qm and
Ks, were estimated using the model with the “measured”Ss,
Jexp, Xf, andLf values. Two ensembles of 1000 realizations
each were created, one for each DNT isomer. Chi-square
goodness-of-fit tests were conducted to determine the dis-
tribution of each ensemble of parameter estimates, and the
mean and standard deviations were estimated. Errors inLf,
Xf, andSb were assumed to be normally distributed, uncor-
related, and with means of zero. Standard deviations forLf,
Xf, andSb were calculated from replicate experimental mea-
surements.

RESULTS

Biofilm Thickness

The biofilm concentrations (per mass of sand) measured at
each steady state were reported previously (Lendenmann et
al., 1998). The biofilm concentration increased with in-
creases in the applied substrate loading; proteinaceous mat-
ter constituted 27% (with a standard deviation of 4%) of the
biomass COD. Here, we report the biofilm density and bio-
film thickness that were determined during the last three
steady states (i.e., at HRTs of 3, 1.5, and 0.75 h; Table I).
The biofilm thickness, estimated from weight loss upon
drying using Eq. (1), varied little with increased surface
loading rates, whereas the biofilm density increased from
8200 g/m3 (±900 g/m3) to 13,400 g/m3 (±970 g/m3) to

Table I. Steady-state biofilm concentration, density, and thickness.

HRT (h)
CODa

(mg XCOD/g sand)
Lf

(mm)
Density

(g XCOD/m3)

12 0.85 ± 0.14 55b NA 3500 NA
6 0.95 ± 0.03 55b NA 3900 NA
3 2.22 ± 0.11 55 ± 2 8200 ± 910
1.5 3.11 ± 0.07 53 ± 3 13,400 ± 970
0.75 5.03 ± 0.77 58 ± 11 19,600 ± 820

aData from Lendenmann et al. (1998).
bThickness estimated as the average thickness observed at all other

steady states.
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19,600 g/m3 (±820 g/m3) with subsequent twofold de-
creases in HRT.

Parameter Estimation

Profiles from the load-shift experiments associated with a
1.5-h HRT have been illustrated previously (Lendenmann et
al., 1998). Data presented here refer to the 6-h HRT (Fig. 1).
The feed flow rates were changed at time 0 to achieve
nominal HRTs of 24, 12, 3, and 1.5 h. The response in
effluent concentrations was very rapid. When the hydraulic
retention time was decreased (increasing the applied surface
loading), the effluent concentrations for 2,4-DNT and 2,6-
DNT increased rapidly. The converse was observed for in-
creases in the HRT. In most cases, new pseudo-steady-state
DNT values were obtained. For the highest flow rate shifts,
no pseudo-steady-state was attained for 2,6-DNT. The 2,6-
DNT concentrations continued to increase because the
maximum removal rates were exceeded. Load-shift experi-
ments that did not attain pseudo-steady-state were not used
in subsequent kinetic parameter estimation. The average

effluent concentrations during the pseudo-steady-state were
calculated, and used to derive (Ss, Jexp) data pairs. All load-
shift experiments at all steady-states followed the expected
profiles of decreasingSs values with decreasingJexpvalues,
and a sharp increase ofSs beyond a critical value ofJexp

reflective of the onset of high load conditions (Figs. 2
and 3).

Parameter estimates at each steady-state are listed in
Table II and the best-fit profiles are plotted with the experi-
mental data in Figures 2 and 3. The response surface for
nine of the ten data sets exhibited a minimum, indicating an
optimal data fit with the exception of 2,4-DNT at an HRT of
3 h (Fig. 2c). Analysis of the response surface for this data
set indicated a minimum withKs # 0, which is physically
impossible and numerically incalculable. Problems with
dissolved oxygen and pH control experienced during these
load-shift experiments are probable explanations for the re-
sulting poor experimental data. In addition, upper bounds
for the 95% confidence interval could not be determined for
2,6-DNT removal at an HRT of 12 h because the 95%
confidence contour was not closed. The cause of this was
the scatter in the two data points with highestSs values (Fig.
3a). As long as the fit was between these widely spaced
points, the change in RSS was minimal, allowing very large
parameter values while still fitting the data. Although esti-
mated parameters varied from steady-state to steady-state,
for nearly all of the parameters for each compound, the

Figure 1. Effluent concentrations of 2,4-DNT (a) and 2,6-DNT (b) dur-
ing load-shift experiments for the 6-h HRT steady state. The steady-state
flow rate was 240 mL/h. Flow rates during the shift were 58 (s), 128 (L),
480 (n), and 700 (h) mL/h. These correspond to nominal HRTs of 24 (s),
12 (L), 3 (n), and 1.5 (h) h.

Figure 2. Jexp versusSs and model best fits for 2,4-DNT experiments.
Error bars indicate ±1 standard deviation. Panels depict: (a) HRT4 12 h;
(b) HRT 4 6 h; (c) HRT4 3 h; (d) HRT4 1.5 h; (e) HRT4 0.75 h.
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estimated 95% confidence intervals overlapped substan-
tially. However, the estimatedKs value for 2,4-DNT at an
HRT of 0.75 h was an order of magnitude higher than the
other estimates, and appeared significantly different from
the estimate at an HRT of 1.5 h. Differences in biodegra-
dation kinetics for the two DNT isomers were also evident.
The maximum specific removal rate (expressed per total
biomass COD) was higher for 2,4-DNT than for 2,6-DNT.
It also appeared that the affinity for 2,4-DNT was higher
(i.e., theKs value was lower) than for 2,6-DNT, although
this is statistically less defensible because of the large con-
fidence intervals forKs estimates. The lower affinity for
2,6-DNT removal was in agreement with the higher 2,6-
DNT effluent concentrations measured during steady-state
FBBR operation (Lendenmann et al., 1998).

The estimation routine was repeated for several different
initial estimates ofqm andKs. The routine consistently con-
verged to the same final parameter estimates from different
initial (qm, Ks) estimates, indicating the presence of a single
global minimum. Subsequently, response surfaces were ex-
amined which confirmed that global rather than local
minima were attained during the parameter estimation rou-
tine. Figure 4 shows the response surface (RSS) for the
parameter estimation for 2,6-DNT at an HRT of 1.5 h. The
surface changed smoothly with clearly only one minimum
within the space tested. The shape of the response surface at

the minimum suggests some correlation between both esti-
mated parameters.

Model fits were examined by a series of four diagnostic
plots for each data set individually (data not shown) and for
all data sets together (Fig. 5). Linear regression of the fitted
versus experimental substrate flux yielded regression coef-
ficients,R2, very close to 1.00, indicating a good fit of all of
the data (Table III, Fig. 5a). Three of the individual data sets
had fairly lowR2 values (2,4-DNT at HRT of 12 h, 2,6-DNT
at HRTs of 12 and 3 h), and parameter estimates from these
data sets had correspondingly the largest confidence inter-
vals (Table II). The null hypothesis that the standardized
residuals were normally distributed could not be rejected at
a high level of significance for all but two of the data sets
(2,4-DNT at HRTs of 12 and 1.5 h, Table III). Standardized
error plots showed no obvious pattern for individual or com-
bined data plots (Fig. 5c,d) confirming that the errors did
not change with the magnitude of the variables. The data set
for 2,4-DNT at an HRT of 1.5 h contained one data point
with a standardized residual of 9.5 (Fig. 2d), which was
deemed an outlier and not used in parameter estimation for
this data set (Bard, 1974). Finally, the null hypothesis that
the model values equaled the measured values could not be
rejected at high levels of confidence using both pairedt-
tests and chi-square goodness-of-fit tests for all data sets
(Table III).

We evaluated whether biokinetic parameters could be es-
timated for the biofilm without the load-shift experiments,
using only steady-state data from the five HRTs. This esti-
mation resulted in one set of average biokinetic parameters
for all steady states. Four to six steady-state (Ss, Jexp) data
pairs were derived from each HRT and kinetic parameters
were estimated for the entire data set. The appropriate val-
ues for biofilm thickness and densities were used for each
HRT (Table I). The resulting set ofqm andKs estimates for
2,4-DNT and 2,6-DNT were different from the estimates
determined by the load-shift experiments. The largest dif-
ference was observed in theKs estimates, where substan-
tially smaller estimates were retrieved from the steady-state
data (Table II).

Mass Transfer

Using the Wilke–Chang equation, aqueous phase diffusion
coefficients,D, for 2,4-DNT and 2,6-DNT were calculated
as 6.35 × 10−10 m2/s (Welty et al., 1984). The mass transfer
layer thickness,L, was calculated as 16.4mm using Eq. (5)
and remained constant throughout FBBR operation, because
particle dimensions, superficial velocity, and bed expansion
varied little. The relative contributions of external processes
and internal processes was evaluated with two dimension-
less parameters. The Biot number,Bi, was calculated at 4.2
using Eq. (12) and an averageLf of 55 mm. ThisBi reveals
that the mass transfer resistance is largely manifested inside
the biofilm due to the high recycle ratio and aRevalue of
30. K* values were computed using Eq. (13) and ranged
between 4.3 and 10.2 for 2,6-DNT, and between 0.8 and 2.1

Figure 3. Jexp versusSs and model best fits for 2,6-DNT experiments.
Error bars indicate ±1 standard deviation. Panels depict: (a) HRT4 12 h;
(b) HRT 4 6 h; (c) HRT4 3 h; (d) HRT4 1.5 h; (e) HRT4 0.75 h.

SMETS ET AL.: FBBR TREATMENT OF DINITROTOLUENES 647



for 2,4-DNT. Large values ofK* (on the order of$1) also
indicate that external mass transfer resistance had little ef-
fect on overall process performance.

Monte Carlo Simulations

To examine the retrievability of the biokinetic parameters,
Monte Carlo simulations were performed using synthetic
(Ss, Jexp) data sets generated with typical measurement error
applied toSb, Xf, andLf. Computed standard deviations for
Sb measurements were 0.0226 mg/L and 0.0146 mg/L for
2,4-DNT and 2,6-DNT, respectively, and 3.84 × 10−6 m and
950 g XCOD/m3 for Lf andXf measurements, respectively.
With these values, random error was incorporated into two
ensembles of 1000 realizations each. One ensemble was
based on estimated parameters for 2,4-DNT removal at an
HRT of 6 h, and the other ensemble was based on estimated

parameters for 2,6-DNT removal at an HRT of 1.5 h. Re-
sults of the Monte Carlo runs are shown in Table IV. The
parameter estimation routine retrieved best-fit parameters
that were very close to the true value. Best-fit estimates for
qm andKs were within 1.0% to 2.1% and 2.7% to 5.9% of
the true value, respectively. Theqm andKs distributions for
the two ensembles failed to fit either the normal or lognor-
mal distributions using chi-square goodness-of-fit tests.

S*b,min Calculation

Examination of curves ofSb versusJexp(Lendenmann et al.,
1998) indicated that the FBBR operated in a high load re-
gion, notwithstanding the fairly small applied flux. The
maximum steady-state fluxes were approximatelyJexp 4

Figure 4. Response surface (RSS) for the parameter estimation of 2,6-
DNT at an HRT of 1.5 h. Contours for RSS values of 0.001 increments
from 0.001 to 0.01 are shown.

Figure 5. Plots to assess model validity. Data points from all 2,4-DNT
and 2,6-DNT experiments for which fitted parameters were obtained are
plotted together. Panels depict: (a)Jpr versusJexp; (b) normal probability
plot of standardized residuals (e*); (c) e* versusSs; (d) e* versusJexp.

Table II. Best-fit kinetic parameters for 2,4-DNT and 2,6-DNT removal at different steady states.

HRT
(h)

qm

(g DNT/g XCOD d)
Ks

(g DNT/m3) n RSS
95% confidence
interval for qm

95% confidence
interval for Ks

2,4-DNT
12 0.84 0.065 10 0.0017 0.42–2.87 0.011–0.61
6 0.83 0.029 8 0.00071 0.58–1.23 0.008–0.97
3 NA NA NA NA NA NA
1.5 0.85 0.038 7 0.0028 0.70–1.01 0.008–0.083
0.75 0.98 0.36 8 0.025 0.77–1.25 0.16–0.73
SS 0.49 0.0012 23 0.017 0.46–0.54 <0–0.014

2,6-DNT
12 0.14 0.21 9 0.0000025 0.054–` 0.020–̀
6 0.33 0.67 7 0.0000096 0.20–0.64 0.35–1.63
3 0.23 0.27 10 0.00044 0.12–0.64 0.07–1.22
1.5 0.30 0.37 8 0.0000087 0.28–0.33 0.30–0.45
0.75 0.30 0.84 8 0.0010 0.22–0.48 0.42–1.99
SS 0.15 0.13 23 0.00075 0.14–0.17 0.078–0.19

NA, the model could not be fit to this data set; SS, using all the steady-state data for the five HRTs but no load-shift data.
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0.45 g 2,4-DNT/m2d and 0.15 g 2,6-DNT/m2d. The funda-
mental parameter that captures biofilm kinetic behavior is
the dimensionless parameterS*b,min (Sáez and Rittmann,
1988).S*b,min measures the relative importance of biomass
growth versus biomass loss by decay and detachment. Large
values ofS*b,min (@1) indicate that biomass growth is not
much larger than biofilm loss, termed low growth potential.
Small values ofS*b,min (!1), on the other hand, suggest a
high net growth relative to loss, termed high growth poten-
tial. S*b,min is defined asSb,min/Ks, wherein:

Sb,min =
Ksb8

Yqm − b8
(14)

whereb8 is the first order biofilm decay coefficient which
sums the effects of endogenous biofilm decay and biofilm
loss by shear andY is the bacterial growth yield (Sa´ez and
Rittmann, 1988). After rearrangementS*b,min becomes:

S*b,min =
1

Yqm

b8
− 1

(15)

Although observed biofilm growth yields and shear loss
rates were calculated (Lendenmann et al., 1998), the experi-
mental data did not allow calculation ofY and b8 values.
However, the ratio ofY/b8 could be calculated by recogni-
tion of the following equality during steady-state biofilm
operation (Sa´ez and Rittmann, 1988):

YJexp= b8XfLf (16)

Thus,S*b,min can be written as:

S*b,min=
1

XfLfqm

Jexp
− 1

(17)

The XfLf term represents the amount of biomass per unit
surface area in the FBBR, which can be calculated from the
reported values of biofilm mass per unit sand (Lendenmann
et al., 1998) with the known specific surface area of the
carrier sand. Large values ofS*b,min indicate that the specific
biofilm growth rate is largely offset by its specific decay
rate, while low S*b,min values indicate biofilms with high
growth potentials.S*b,min values were calculated for each

Table IV. Results from the Monte Carlo analysis.

2,4-DNT 2,6-DNT

qm

(g DNT/g XCOD d)
Ks

(g DNT/m3)
qm

(g DNT/g XCOD d)
Ks

(g DNT/m3)

True value 0.828 0.0287 0.300 0.366
Mean estimate 0.845 0.0304 0.303 0.376
Percent error 2.1% 5.9% 1.0% 2.7%
SD of estimate 0.137 0.0119 0.0165 0.0243
CV of estimate 0.162 0.391 0.0545 0.0646

SD, standard deviation; CV, coefficient of variation.

Table III. Statistical tests verifying model appropriateness.

HRT
(h) n

R2 of
Jpr vs. Jexp

Normality test
(a 4 0.05)

Pairedt-test
(a 4 0.05)

Chi-square
goodness-of-fit

(a 4 0.05)

2,4-DNT
12 10 0.8496 Reject Accept Accept
6 8 0.9591 Accept Accept Accept
3 NA NA NA NA NA
1.5 7 0.9795 Reject Accept Accept
0.75 8 0.9596 Accept Accept Accept
SS 23 0.9798 Accept Accept Accept

2,6-DNT
12 9 0.7954 Accept Accept Accept
6 7 0.9806 Accept Accept Accept
3 10 0.8108 Accept Accept Accept
1.5 8 0.9941 Accept Accept Accept
0.75 8 0.9659 Accept Accept Accept
SS 23 0.9875 Accept Accept Accept

All data combined
75 0.9906 Accept Accept Accept

NA, the model could not be fit to this data set; SS, using all the steady-state data for the five HRTs
but no load shift data.
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individual steady-state and are reported in Table V. Values
of S*b,min (≈0.5) reveal that the specific growth rate exceeds
the total first-order biofilm decay coefficient by a factor of
only 3 [see Eq. (15)], suggesting a limitation on the growth
potential of the microorganism in the system.

DISCUSSION

The results reported here demonstrate that existing biofilm
models and experimental techniques are adequate for analy-
sis and interpretation of simultaneous 2,4-DNT and 2,6-
DNT removal in an aerobic fluidized-bed biofilm reactor.
Biomass concentrations per unit reactor volume were rela-
tively small as a result of the low loading rates and the small
specific surface area of the sand particles. Biofilm thickness
measurements, which were performed at the three highest
surface loading rates, revealed small variations in the bio-
film thickness, but increases in the biofilm density indicated
that the biofilm grew more compact with increased loading
rates. Typically the opposite has been observed — devel-
opment of thicker, but less dense, biofilms with increasing
loading rates (Shieh and Keenan, 1986). Such density re-
duction may constitute a mechanism to maximize substrate
consumption rates at increasing loading rates due to con-
comitant reductions in biofilm diffusional resistance (Tan-
yolaç and Beyenal, 1996). Liu (1997) however, recently
measured nitrifying biofilms with very small active thick-
ness (≈20 mm), and reported density increases with in-
creased loading rates. Possibly, at small biofilm thickness,
increased loading in combination with the relatively high
shear applied (Re 4 30) causes an increase, rather than
decrease of biofilm density.

The FBBR responded very rapidly to short-term shifts in
the loading rates, and new pseudo-steady-state values were
typically obtained within 1 h after upshifts and within 5 to
10 min after downshifts. The load-shift experiments pro-
vided a mechanism to estimate the biokinetic parameters of
the biofilm in situ, and without destruction of the biofilm
architecture. Sets of pseudo-steady-state data at individual
steady states were successfully fit using a mechanistic bio-
film model (Atkinson and Davies, 1974). The method ap-
plied here used a residual error minimization routine, rather
than the visual optimization proposed earlier (Rittmann et
al., 1986). Our approach improved confidence in the param-
eter sets, and allowed us to confirm that parameter estimates
were unique and reflective of the global optimum. Diagnos-

tic plots and tests indicated that, except for a few cases, the
model served as a good depiction of the experimental data.
Experimental and fitted substrate flux values matched
closely (Fig. 5a), whereas the standardized residual error
behaved normally (Fig. 5b), and was homoscedastic with a
mean value of zero in both variables (Fig. 5c,d). Con-
versely, this analysis indicates that the parameters retrieved
by the estimation routines are reliable. In addition, these
tests have helped to validate the Gauss–Markov conditions
implicitly assumed in least-squares analysis: (1) the ex-
pected value for the model or sample error is zero; (2) the
samples are not heteroscedastic (variance of error is con-
stant for all samples); and (3) the sample values are uncor-
related (Sen and Muni, 1990). Our results indicate with high
probability that the first and second condition were met,
whereas the technique employed [different load-shifts for
each (Ss, Jexp) data pair] favored the third condition that
sample values are uncorrelated.

Monte Carlo analyses, employing realistic estimates of
experimental error, indicated that the estimation routine was
able to retrieve true kinetic parameters with satisfactory
accuracy (<6% difference, Table V). Estimates from 2,6-
DNT experiments were more accurate than from the 2,4-
DNT experiments as a result of the smaller error inSb

measurements. In addition, there was less variability in the
2,6-DNT results as evidenced by the coefficient of variation
which was an order of magnitude lower than for 2,4-DNT.
For 2,4-DNT, there was much more variability inKs (coef-
ficient of variation 4 0.391) than inqm (coefficient of
variation 4 0.162), whereas, for 2,6-DNT, the variability
was similar for both parameters. Overall, the results indicate
that, on average, the parameter estimation method can ob-
tain accurate parameter estimates, although an average of
several replicates may be necessary to overcome variability
in the measurements.

From the RSS response surface, a correlation betweenqm

andKs estimates was observed (Fig. 4). Suchqm/Ks corre-
lation is commonly observed in many suspended and at-
tached growth kinetic assays where Monod parameters are
estimated (Holmberg, 1982; Lobry and Flandrois, 1991;
Riefler et al., 1998; Robinson and Tiedje, 1983; Van
Rolleghem et al., 1995). The confidence regions around the
best-fit (qm, Ks) parameters were quite large (Table II), not-
withstanding the sharp definition of the global optimum.
The large confidence regions could be improved by per-
forming more load-shift experiments at each steady-state.

The kinetic parameters estimated at individual HRTs dif-
fered little, except for theKs value estimated for 2,4-DNT
removal at the shortest HRT (Table II). This consistency
was unexpected, as it is well known that culture history and
reactor operating conditions can dramatically impact the
biokinetic parameters measured from a microbial culture
(Grady et al., 1996). For example, ongoing continuous cul-
tivation of pure cultures tends to result in expression of
increased substrate affinities (Ho¨fle, 1983; Rutgers et al.,
1987), whereas cultivation at higher loading rates tends to
result in expression of higher specific substrate removal

Table V. Estimation ofSb,min* at different steady states.

HRT (h) 2,4-DNT 2,6-DNT

12 0.254 0.471
6 0.350 0.299
3 — 0.451
1.5 0.925 0.537
0.75 0.983 0.703

Average 0.63 (±0.38) 0.49 (±0.15)
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rates (Daigger and Grady, 1982; Sokol, 1987, 1988). Con-
tinuous cultivation of mixed cultures, on the other hand, is
believed to cause the selective enrichment of organisms
with high-affinity substrate uptake systems (Chiu et al.,
1972; Dykhuizen and Hartl, 1983). The limited variation in
kinetic parameter values at different HRTs suggests that the
overall physiological states of the biofilm bacterial mem-
bers at different HRTs were very similar and that param-
eters measured using the pseudo-steady-state technique at
one steady-state HRT can probably be used to predict per-
formance at other HRTs (Grady et al., 1996). The highKs

value measured for 2,4-DNT removal at the shortest HRT
may be indicative of a physiological change consistent with
the expression of low affinity enzymes under high load
conditions (Grady et al., 1996). A good fit to all steady-state
reactor data was found (i.e., without load-shift pseudo-
steady-states) over the range of HRTs using one global set
of biokinetic parameters (Tables II and III). The biokinetic
parameters, however, were different from those found using
the pseudo steady-state approach method. Because the
steady-state-derived parameters are an average of the bio-
film behavior throughout its operation, a closer agreement
between these parameters and those obtained at individual
HRTs would be expected. If the steady-state parameters are
considered reflective of the true average biokinetic behavior
of the system, the question remains whyKs estimates at
individual HRTs were higher. One cause may be related to
the rapid increases in concentration of DNT isomers during
load upshifts. In separate experiments with 2,4-DNT- and
2,6-DNT-mineralizing bacterial cultures, we observed that
DNT isomers at higher concentrations inhibit their own re-
moval, although such inhibition occurs only above concen-
trations of several milligrams per liter. For 2,4-DNT re-
moval, this inhibition is probably due to the transient accu-
mulation of 4-methyl-5 nitrocatechol (MNC), the first
transformation product of 2,4-DNT, which inhibits the
MNC monooxygenase in a self-inhibitory mode above ap-
proximately 1 mg/L (Haigler et al., 1996). Although, no free
methylnitrocatechols were measured during the transient
load-shift experiments that attained steady state, such accu-
mulation may have occurred intracellularly, and could cause
the higherKs estimates due to an apparent decrease in sub-
strate affinity at increasing concentrations of a self-
inhibitory substrate.

The best-fit kinetic parameters consistently revealed
higher maximum specific removal rates for 2,4-DNT than
for 2,6-DNT (Table II). This is potentially an artifact of the
way the biomass concentrations are measured. The biofilm
kinetic parameters are expressed per unit of total biofilm
biomass. It has previously been assumed and shown that the
fraction of the biomass in a given system capable of de-
grading a particular target compound is proportional to the
fraction of the energy in the feed contributed by that com-
pound (Blackburn et al., 1987; Blok, 1994). Thus, if it is
assumed that 2,4-DNT mineralization and 2,6-DNT miner-
alization are performed by different organisms with similar
growth yields, the DNT degrading biomass would consist of

80% 2,4-DNT degraders and 20% 2,6-DNT degraders.
Even if 2,4-DNT and 2,6-DNT were degraded in part by the
same organisms, it is conceivable that the fraction of cata-
lytic activity involved in the mineralization of each DNT
isomer is directly related to their influent concentration.
Therefore, to normalize the kinetic parameters per unit of
actively degrading biomass, the parameters for 2,4-DNT
degradation must be divided by 0.8 and the parameters for
2,6-DNT must be divided by 0.2. This brings the maximum
specific removal rates for 2,4-DNT and 2,6-DNT in much
closer agreement at each steady state, with the maximum
specific removal rates for 2,6-DNT slightly higher than
those for 2,4-DNT. Although we assumed no interaction
between the mineralization of the DNT isomers, the isola-
tion of some simultaneous 2,4-DNT and 2,6-DNT degraders
(Nishino, personal communication) suggests an alternative
interpretation that both isomers are consumed as perfectly
substitutable substrates for which several kinetic models
have been proposed (Egli et al., 1993).

As reported before, the kinetic assay we employed al-
lowed measurement of very lowKs values (Rittmann et al.,
1986). The measuredKs values for 2,4-DNT were in agree-
ment with effluent 2,4-DNT concentrations attainable under
steady-state operations (Lendenmann et al., 1998). In other
assays to estimate biofilm kinetic parameters, much larger
Ks values have been reported (Cao and Alaerts, 1995;
Nguyen and Shieh, 1995; Zhang and Huck, 1996). Although
these differences may be inherent to the different microbial
systems studied, the disturbances applied during the kinetic
assay and the fact that mass transfer is often not explicitly
accounted for in the kinetic expressions employed likely
contribute to the measurement of largeKs values. 2,6-DNT
removal is, however, characterized by largerKs values than
for 2,4-DNT removal, which indicates that removal of 2,6-
DNT to low concentration demands lower loading rates than
the removal of 2,4-DNT.

A new approach to estimate the biofilm fundamental pa-
rameters,Sb,min* , based on steady-state biofilm information,
was introduced. Although most parameters in the original
definition of Sb,min* can be estimated from influent and ef-
fluent analysis, large uncertainty resides in the value of the
endogenous decay coefficient,b8, which is typically not
measured. Computed values ofSb,min* may, therefore, be in
error because of an assumed value forb8. The proposed
method to calculateSb,min* uses only steady-state information
on biofilm performance, such as the biomass density per
unit surface area, the steady-state biofilm flux, and the
maximum specific removal rate (estimated through extant
analysis). The computed values ofSb,min* revealed that the
FBBR may be limited by the growth potential of the mi-
croorganisms in the system. For comparison, anSb,min* value
of 0.17 was reported for autotrophic nitrification, which is
typically considered a very slow microbial process (Ritt-
mann, 1994). Further improvement to the aerobic FBBR
technology for DNT removal would hinge on increases in
the growth potential resulting in smaller values ofSb,min* .
Growth potential increases must involve the increase inYqm
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or decrease inb8. Conditions should therefore be sought to
increase the yield coefficient, improve the maximum spe-
cific removal rate, and decrease the endogenous decay rate.

In addition to revealing the existence of growth limita-
tion, Sb,min* values, in concordance with the kinetic param-
eter estimates, biofilm densities, and external mass transfer
layer information, can be used to predict effluent DNT con-
centrations as a function of applied surface loading rates.
We performed biofilm reactor design calculations, based on
pseudoanalytical solutions for steady-state biofilms at any
biofilm thickness, using the range of estimated kinetic pa-
rameters for DNT mineralization (Health et al., 1991). The
loading curve can be used to estimate the required applied
surface loading rate (≈substrate flux) to attain a target maxi-
mum 2,4-DNT and 2,6-DNT effluent concentration. If the
system flow rate and influent concentrations are known, the
FBBR can be sized to contain the required surface area for
biofilm growth.

In conclusion, an existing biofilm kinetic model proved
adequate in describing the simultaneous removal of 2,4-
DNT and 2,6-DNT during load-shift experiments in an aero-
bic fluidized-bed bioreactor. Statistical diagnostic plots con-
firmed that the model provided an appropriate fit to the
experimental data. Monte Carlo analysis revealed that the
parameter estimation routine, using a residual error mini-
mization approach, was robust. Kinetic parameters reflec-
tive of oligotrophic conditions were obtained. External mass
transfer resistance proved to have a negligible effect in
overall reactor performance. The biofilm density increased
with increased applied loading, while the biofilm thickness
remained fairly constant. An estimation of the biofilm ki-
netic parameter,Sb,min* , suggested that the biofilm perfor-
mance was limited by its growth potential, and we suggest
a more detailed examination of factors impacting the growth
potential could be used to improve reactor performance.

B.F.S. thanks John V. Accashian for assistance in initial devel-
opment of the parameter estimation routine and comments on the
manuscript version of this work. The experimental part of this
work was performed while B.F.S. was a Air Force Office of
Scientific Research Faculty Research Associate and Urs Lenden-
mann was a National Research Council Associate at the USAF/
Armstrong Laboratory.

NOMENCLATURE

a surface area per unit mass of sand (L2/M)
b8 first-order biofilm decay and detachment coefficient (1/t)
Bi Biot number
D aqueous phase diffusion coefficient (L2/t)
Df biofilm phase diffusion coefficient (L2/t)
e* standardized residual
Jexp flux of substrate into biofilm measured in reactor (≈applied

surface loading) (M/L2 t)
Jpr flux of substrate into biofilm as predicted by model (M/L2 t)
K* contribution of external mass transfer resistance to biofilm per-

formance
kL external mass transfer resistance (L/t)
Ks half-maximum growth coefficient (M/L3)
L external mass transfer layer thickness (L)

Lf biofilm thickness (L)
M total mass of dry sand in reactor (M)
n number of data pairs used for each parameter estimation
Q steady-state flow rate through reactor (L3/t)
qm maximum specific substrate removal rate (M/Mt)
Re Reynolds number
Sc Schmidt number
Sb bulk liquid and effluent substrate concentration (M/L3)
Sb,min minimum Sb to maintain a steady-state biofilm (M/L3)
Sb,min* unitlessSb,min (Sb,min/Ks)
So substrate concentration of the reactor influent (M/L3)
Ss substrate concentration at the biofilm/external mass transfer

layer interface (M/L3)
W mass of evaporated water from biomass sample (M)
Xf biofilm bacterial density (M/L3)
Xs biomass per unit mass of sand (M/M)
Y bacterial growth yield (M/M)
r density of water (M/L3)
v superficial velocity (L/t)
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