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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 q,, 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. K, values for 2,4-DNT re-
moval (0.029 to 0.36 g DNT/m?) were consistently lower
than K 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§ ,.;, from steady-
state performance information. Values of Sf ., 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, q,,,, K, and S§ ,,.;,, 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.
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INTRODUCTION

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 NQ@ (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

Dinitrotoluenes (DNT) are intermediates in the production4M5NC to yield 2-hydroxy-5-methylquinone (Haigler et al.,
of the explosive trinitrotoluene (TNT) and precursors in1994). The latter substrate is enzymatically converted and
toluenediisocyanate synthesis used in the manufacturing gfresumably feeds into the Krebs cycle. As a result, 2,4-DNT
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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
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nism appears very similar to the one observed in the aerobito 1.6 L/min through the bed, resulting in approximately
mineralization of 2,4-DNT (Nishino and Spain, 1996). The 40% bed expansion. FBBR feed consisted of 2,4 DNT (40
advantage of the aerobic mineralization pathways is that nmg/L), 2,6 DNT (10 mg/L), and EPO, (70 mg/L) in tap
intermediates accumulate. In all nitroreductive pathwayswater. DO concentration, pH, temperature, bed height, feed
intermediate compounds are formed that may retain toxiélow rate, and recirculation flow rate were measured dalily.
properties, be recalcitrant to further mineralization, or re-Samples were removed to measure concentrations of DNT
quire a second-step biological treatment (Cheng et al., 199&ja high-performance liquid chromatography (HPLC). Fur-
Liu et al., 1984; McCormick et al., 1978; Neumeier et al., ther details were reported before (Lendenmann et al., 1998).
1989; Noguera and Freedman, 1996).

In view of the Qemgnstrated'm|neral|zat|on of 2,4- and Biofilm COD and Density Measurements
2,6-DNT by aerobic microorganisms, we set out to examine
the feasibility of treating a DNT-laden water using an aero-Samples of sand were removed with a 0.5-mL sampling
bic bioreactor. Because of anticipated low specific growththimble at two different bed depths. Free water floating on
rates of the DNT-degrading organisms, and because of th®p of the thimble was removed with a KimWipe. The con-
relatively low concentrations of DNT in contaminated tents of one thimble was transferred to four different alu-
groundwater (few to 100 ppm), a fluidized-bed bioreactorminum weighing pans and weighed. Pans were dried over-
(FBBR) with sand as the carrier material was chosen. Cellgsight at 102°C, then reweighed. Approximately 200 of
growing on the inert carrier could be protected from wash-deionized HBO was added to each pan and the sand trans-
out at low hydraulic retention times, whereas a large voluferred to one of several COD vials (0 to 150 or 0 to 1500
metric biomass concentration could be retained. We reppm; Hach, Loveland, CO). Additional J& was added to
ported earlier on the performance of an aerobic FBBR treatthe COD vials to total 2 mL, and vials were held at 150°C
ing a DNT-laden water (with 2,4-DNT and 2,6-DNT in a for 2 h. The COD concentration was estimated using a
4:1 ratio) at surface loading rates from 36 to 600 mg DNT/HACH spectrophotometer and appropriate potassium
m? d (Lendenmann et al., 1998). Removals exceeded 99%hthalate standards. Control COD vials were included that
(98% at highest loading) and 95% (91% at highest loadingkontained clean, acid-washed sand. Vials were opened, the
for 2,4-DNT and 2,6-DNT, respectively, under steady-statesupernatant discarded, and the sand was rinsed with deion-
conditions, and complete DNT mineralization was inferredized H,O to remove all reagent. Vials were dried overnight
(Lendenmann et al., 1998). at 102°C. Dried sand was removed and weighed. The bio-

The objective of this study was to examine whether bio-mass COD concentration was calculated as mass of COD/
kinetic parameters for 2,4-DNT and 2,6-DNT removal mass of sand. The average mass of evaporated wader (
could be obtained from short-term load-shift experimentshe total mass of dry sand/j, and the mg XCOD/g sand
(Rittmann et al., 1986). Also, we examined how biokinetic (X)) were calculated corresponding to the 0.5-mL sample
parameters varied as a function of the steady-state surfacemoved from the bed. The biofilm thickneds, was cal-
loading rates. We also wished to improve the reported paeulated using the following equation (Rittmann et al., 1986),
rameter estimation routine by inclusion of a residuals sumwherea represents the surface area per mass of sand (4.44
of-squares minimization routine. Finally, we set out to pro-m?/kg) andp is the density of water. This equation assumes
vide a kinetic explanation for the observation that the FBBRthat the native biofilm mass consists of 99% water;
operated in a high load regime — where the effluent sub-

4 . . L : W
strate concentrations increases rapidly with increases in the L= (1)
surface loading rate — at surprisingly low surface loading 0.9%Mp
rates (Lendenmann et al., 1998). Biofilm density, X;, was calculated by:
X == 2
MATERIALS AND METHODS T al, (2)
Fluidized-Bed Biofilm Reactor Operation Load-Shift Experiments

and Monitoring
Short-term load-shift experiments were conducted to mea-

In brief, a 1.5-L water-jacketed fluidized-bed reactor wassure bulk substrate concentrations at different substrate
filled with 0.74 kg of Ottawa sand (30 to 40 mesh) and fluxes without altering the physical and kinetic characteris-
inoculated with enrichment cultures containing bacteria ablaics of the biofilm (Rittmann et al., 1986). Effluent DNT

to mineralize 2,4-DNT and 2,6-DNT. The reactor was op-concentrations were measured until they attained steady-
erated at 20°C at a pH @ + 0.1. Aeration was provided by state values. Because the biofilm thickness under these con-
introduction of air to the recirculation line, and dissolved ditions is not in true equilibrium with the substrate flux
oxygen (DO) concentrations were monitored at the top ofduring the load-shift, we refer to these effluent values as
the reactor bed and maintained higher than 4.5 mg/L. Repseudo-steady-state concentrations. The FBBR was oper-
circulation flow rate was set to maintain a flow rate of 1.5 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 Ot | 2 25\ 05

to be achieved when the concentrations of 2,4-DNT and b= Lf(KSDf> (1+E> (6)
2,6-DNT varied less than 20% over a period of 3 days.

When the FBBR attained steady state, it was subjected to 0%\ 05 0% | 05
short-term (4-h) shifts in the applied surface loading by 1- (Lf ) )tanh(Lf( > )

. KD KD
varying the feed flow rates. The flow rate through the re- sf sf
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 sample§ = 1 G X\ 05 X,\05 (7)

were periodically removed from the top of the reactor bed 5 - (Lf KD ) ) tanh(Lf<K D > >

for determination of 2,4-DNT and 2,6-DNT concentrations st st

by HPLC. After 4 h, the reactor was returned to the steady- ¢ 1 fd =1

state flow rate for at leas8 h prior to subjecting the FBBR tanhd It ¢ =

to another transient load experiment. Transient experiments

were performed within a 3-day period at a given steady

state. 3= €Lt SOmXs ®)
Ks+ S

In Situ Kinetic Parameter Estimation

. - where,q,, is the maximum specific substrate removal rate,
Data derived from pseudo-steady-state conditions, Werg s the half-maximum growth coefficient, aridk is the
used to estimate biokinetic parameters. The flux of substratg pstrate diffusion coefficient in the biofilm. Most param-

into the biofilm, Je,, was calculated by: eters for the modelQ, a, M, %, and L;, were measured
QAS,-S) experimentally whereas othér, D, andD;, were estimated
JeXp:a—M (3)  from literature values and correlations. The remaining bio-

kinetic parameters,, andK, were estimated from the ex-
where, Q is the steady-state flow rat&, is the influent  perimental data pairsS(, J.,) with a nonlinear uncon-
concentration, ané, is the effluent concentation. The av- strained optimization algorithnmg,,, and K were varied to
erage of several pseudo-steady-state effluent concentrationsinimize the sum of squared residuals (RSS) using the ob-
was used a$§, for each load-shift. The substrate concentra-jective function:
tion at the biofilm/liquid interfaceS,, was calculated by:
Lexp

Ss = Sg - T (4) min ; (‘Jexpi - ‘]pr,i (qmi Ks))2 (9)

where,L is the external mass transfer layer thickness@and where,n s the number of data pairs. The conjugate-gradient

Is the aqueous phase diffusion coefficient for the DNT 150" ethod using centered difference gradient approximations

mer. The external mass transfer layer thickness was Calck‘/\'/as used to find @, andK, pair that solves Eq. (9) using
lated based on the empirical formula (Jennings, 1975): both a FORTRAN 77 cr:node ansd the GVER routine in Micro-

DR 7559667 soft ExCEL.
:T (5) To measure reliability of the parameter estimates, ap-

proximate confidence regions were estimated usind-an
whereRe and Scare the Reynolds and Schmidt numbers,test (Beck and Arnold, 1977). This method generates 95%
respectively, whilev is the superficial flow velocity. Thus, confidence contours in the parameter space. The 95% con-
a pair of § andJe,, values was determined for each load- fidence intervals were then taken as the minimum and maxi-
shift experiment.S; and J,,,, pairs were also determined mum values on the 95% contour. To examine whether glob-
from the steady-state conditions between each load-shitil and not local minima were being retrieved, the optimi-
experiment, providing seven to ten data pairs for eaclzation routine was started from multiple starting points, and
steady-state and DNT isomer. the response surface was generated and examined for mul-

Extensive theoretical work has been conducted to detiple minima.

velop mathematical models which depict the transport and Several statistical techniques were employed to deter-
consumption of substrate in biofiims (Rittmann and mine the appropriateness of the model for fitting the data at
McCarty, 1980; Wanner and Gujer, 1986). In this investi-each steady-state HRT. First, four standard diagnostic plots
gation, we used a pseudoanalytical expression describingere generated for each DNT isomer at each HRT steady
numerical solutions to the biofilm model. Combination of state: (1)J,, versusle,,; (2) a normal probability plot of the
the equations provided by Atkinson and Davies results irstandardized residuals; (3) e* versusS; and (4)e* ver-
three equations to calculate the predicted substratelyix, susJe,,(Devore, 1987). Standardized residuals were calcu-
as a function ofS; (Atkinson and Davies, 1974): lated by:
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yi — ¥ Monte Carlo Simulations

8 1 (x-%7? Monte Carlo analysis was conducted to determine whether
S 1 “h (10)  the parameter estimation scheme retrieved the true param-
E(Xj - X)? eters and to estimate the accuracy of those estimates when

j=1 realistic error in the parameters and model input was con-

sidered. For these simulationd, Dy, L, S, a, M, andQ
were assumed without error, whereas known errors were
associated witl§,, L;, and X;. The steps used for Monte
Carlo simulations were as follows. First, the “true” biofilm
parameters were selected, and eightvalues were com-
puted, representing the “true” conditions in the reactor.

wherey; is an observed output (for this study, ), ¥; is the
model-predicted valuel(, ), % is the model input value
(S,), X is the mean input value (mean &f values for that
HRT and DNT isomer), ang is the standard deviation of
errors. Likewises was approximated by:

n Next, a realization was created by adding normally distrib-
E (y; = 9,2 uted error toL; and X; and the eightS, values to create
2= i=1 (11) “measured” values that included typical experimental error.
n-2 Pairs of S and J,,,, values were calculated using Egs. (3)

and (4) with the “measured” values. The parametgrsand

< were estimated using the model with the “measui@d”
‘?]exp X, andL; values. Two ensembles of 1000 realizations
' , each were created, one for each DNT isomer. Chi-square
value for each rankee [100 (i - 0.5)hl, anq p'lott|_ng the goodness-of-fit tests were conducted to determine the dis-
e vaIue; versus the value _Of the normal distribution €O tribution of each ensemble of parameter estimates, and the
respon_dmg to the percentile. These plots are eff_ectlve Mean and standard deviations were estimated. Errdeg in
revealing model accuracy, model error normality, andy n4s were assumed to be normally distributed, uncor-
model error heteroscedasity. The null hypothesis) @Hat  1q|5te, and with means of zero. Standard deviations for

€ was _normally d'St”bUteq was tested _by comparing theXf, andS, were calculated from replicate experimental mea-
regression value from a linear regression of the norma&urements

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 adRESULTS

ditional statistical tests were performed on each model cali-

bration: a paired-test and a chi-square goodness-of-fit testgjofilm Thickness

(Schnoor, 1996). These methods quantitatively test the H

that the experimental values equal the model-predicted vailhe biofilm concentrations (per mass of sand) measured at

ues to a specified level of significance. each steady state were reported previously (Lendenmann et
al., 1998). The biofilm concentration increased with in-
creases in the applied substrate loading; proteinaceous mat-

Mass Transfer ter constituted 27% (with a standard deviation of 4%) of the

The relative effect of mass transfer resistance was invest{t2I0rnass COD. Here, we report the biofilm density and bio-

gated using the Biot number aikd. The Biot number i, ilm thickness Fhat were determined during the I.ast three
: - ; teady states (i.e., at HRTs of 3, 1.5, and 0.75 h; Table I).
measures the relative contribution of internal and extern

. he biofilm thickness, estimated from weight loss upon
mass transfer resistance and was calculated by (Characklas : . . . o
rying using Eq. (1), varied little with increased surface

wheren — 2 degrees of freedom were used because tw
parameters were estimated. Normal probability plots wer
created by ranking the* data, determining the percentile

et al., 1990): ) o o
) loading rates, whereas the biofilm density increased from
kL DL L 8200 g/mt (900 g/n?) to 13,400 g/m (970 g/n?) to
i=—— === 12
D DL 0.8 (12)
where kL is the external mass transfer resistance. The bio'_l‘able |. Steady-state biofilm concentration, density, and thickness.
film diffusion coefficient, D;, was assumed as 0.8 times CoD? L Density
the agueous phase diffusion coeffciebt(Williamson and  HRT (h) (mg XCOD/g sand) (m) (g XCOD/nT)
M(|:<Ciarty,t1976t)r.] lati tributi fth t | 12 0.85+0.14 55 NA 3500 NA
captures the relative contribution of the external mass "¢ 0.95+0.03 55 NA 3900 NA
transfer resistance to the internal mass transfer and bioki- 3 2224011 5542 8200 + 910
netic transformation and was calculated as described in 1.5 3.11+0.07 53+3 13,400 + 970
(Szez and Rittmann, 1990): 0.75 5.03+0.77 58+ 11 19,600 + 820
D K ?Data from Lendenmann et al. (1998).
K* =— S (13) PThickness estimated as the average thickness observed at all other
L O X; D¢ steady states.
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19,600 g/mi (£820 g/n?) with subsequent twofold de- effluent concentrations during the pseudo-steady-state were
creases in HRT. calculated, and used to deriv&,(J., data pairs. All load-
shift experiments at all steady-states followed the expected
profiles of decreasin§ values with decreasing,,, values,
and a sharp increase & beyond a critical value 0.,

Profiles from the load-shift experiments associated with d€flective of the onset of high load conditions (Figs. 2
1.5-h HRT have been illustrated previously (Lendenmann e?nd 3)- ) . .
al., 1998). Data presented here refer to the 6-h HRT (Fig. 1), Parameter estimates at _each steady-stqte are "Ste‘?' n
The feed flow rates were changed at time O to achievd able Il'and the pest—flt profiles are plotted with the experi-
nominal HRTs of 24, 12, 3, and 1.5 h. The response irmental data in Figures 2 ar.1d' 3. The'relzspons.e surfgce for
effluent concentrations was very rapid. When the hydraulid!in€ Of the ten data sets exhibited a minimum, indicating an

retention time was decreased (increasing the applied surfa@®timal data fit with the exception of 2,4-DNT at an HRT of

loading), the effluent concentrations for 2,4-DNT and 2,6-3 h (Fig. 2c). Analysis of the response surface for this data

DNT increased rapidly. The converse was observed for inS€t indicated a minimum witks = 0, which is physically
ossible and numerically incalculable. Problems with

creases in the HRT. In most cases, new pseudo-steady-stateP : .
DNT values were obtained. For the highest flow rate shifts d1SS0Ived oxygen and pH control experienced during these

no pseudo-steady-state was attained for 2,6-DNT. The 2 ggad—shift experiments are probable explanations for the re-
DNT concentrations continued to increase because thﬁUIting poor experimental data. In addition, upper bounds

maximum removal rates were exceeded. Load-shift experif_or the 95% confidence interval could not be determined for

ments that did not attain pseudo-steady-state were not uséd® DNT removal at an HRT of 12 h because the 95%

in subsequent kinetic parameter estimation. The averaggnfidence contour was not closed. The cause of this was
the scatter in the two data points with highSsvalues (Fig.

3a). As long as the fit was between these widely spaced

Parameter Estimation

0.35 points, the change in RSS was minimal, allowing very large
a parameter values while still fitting the data. Although esti-
- 0.30 1 ) mated parameters varied from steady-state to steady-state,

\ga 0.25 1 for nearly all of the parameters for each compound, the
L
Z 0.20 |
- 0.14 0.16
< a b =
i 0.15 0.12 s 0.14
N L
€ 0.10 Pt 012 //
2 0.10 :.‘E?o.os - // N’:‘o.w /":
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Figure 1. Effluent concentrations of 2,4-DNT (a) and 2,6-DNT (b) dur- s, (mg/L)

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 6§,(128 (¢), Figure 2. J,,, versusS; and model best fits for 2,4-DNT experiments.
480 (A\), and 700 ) mL/h. These correspond to nominal HRTs of 24 ( Error bars indicate +1 standard deviation. Panels depict: (a) HRI2 h;
12 (¢), 3 (A), and 1.5 Q) h. (b) HRT = 6 h; (c) HRT = 3 h; (d) HRT = 1.5 h; (e) HRT= 0.75 h.
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ZZ: . i P the minimum suggests some correlation between both esti-
' Pt 0030 L~ mated parameters.
5 00r0 : ;‘// gzzzz // Model fits were examined by a series of four diagnostic
§ oo i i WA plots for each data set individually (data not shown) and for
- 2zgi P4 = ooto | 7/ ' all data sets together (Fig. 5). Linear regression of the fitted
0002 | £ 0.005 | : versus experimental substrate flux yielded regression coef-
0.000 0.000 £ ficients,R?, very close to 1.00, indicating a good fit of all of
000 005 B0y OO ° meyt  °® thedata (Table Ill, Fig. 5a). Three of the individual data sets
008 020 had fairly lowR? values (2,4-DNT at HRT of 12 h, 2,6-DNT
007 [ —_— d = at HRTs of 12 and 3 h), and parameter estimates from these
_oo8 ' /,/ o 7T data sets had correspondingly the largest confidence inter-
:g‘gj pd % or0l o - vals (Table II). The null hypothesis that the standardized
?o.og :’/ ! ? ./ residuals were normally distributed could not be rejected at
002 174 0.05 / a high level of significance for all but two of the data sets
oo 000 (2,4-DNT at HRTs of 12 and 1.5 h, Table Ill). Standardized

00 01 02 03 04 05 o o5 1 15 2 25 error plots showed no obvious pattern for individual or com-
S mo/t) S (mart) bined data plots (Fig. 5¢c,d) confirming that the errors did

not change with the magnitude of the variables. The data set
023 = for 2,4-DNT at an HRT of 1.5 h contained one data point
5 020 7 with a standardized residual of 9.5 (Fig. 2d), which was
Ngow }u,s/ deemed an outlier and not used in parameter estimation for
010 // A this data set (Bard, 1974). Finally, the null hypothesis that
0.05 .,' the model values equaled the measured values could not be
000 rejected at high levels of confidence using both paitred

=4
=

0 kT 20 tests and chi-square goodness-of-fit tests for all data sets
) (Table 111).
Figure 3. J,,, versusS, and model best fits for 2,6-DNT experiments.  We evaluated whether biokinetic parameters could be es-
Error bars indicate +1 standard deviation. Panels depict: (a) HRI2 h; timated for the biofilm without the load-shift experiments,
(6) HRT = 6 h; (c) HRT = 3 h; (d) HRT = 1.5 h; (€) HRT=0.75h.  ;5ing 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-st8¢ {.,, data
estimated 95% confidence intervals overlapped substarpairs were derived from each HRT and kinetic parameters
tially. However, the estimateH value for 2,4-DNT at an were estimated for the entire data set. The appropriate val-
HRT of 0.75 h was an order of magnitude higher than theues for biofilm thickness and densities were used for each
other estimates, and appeared significantly different frorHRT (Table I). The resulting set @f,, andK estimates for
the estimate at an HRT of 1.5 h. Differences in biodegra2,4-DNT and 2,6-DNT were different from the estimates
dation kinetics for the two DNT isomers were also evident.determined by the load-shift experiments. The largest dif-
The maximum specific removal rate (expressed per totalerence was observed in th& estimates, where substan-
biomass COD) was higher for 2,4-DNT than for 2,6-DNT. tially smaller estimates were retrieved from the steady-state
It also appeared that the affinity for 2,4-DNT was higherdata (Table II).
(i.e., theK, value was lower) than for 2,6-DNT, although
this is statistically less defensible because of the large COMass Transfer
fidence intervals forKg estimates. The lower affinity for
2,6-DNT removal was in agreement with the higher 2,6-Using the Wilke—Chang equation, aqueous phase diffusion
DNT effluent concentrations measured during steady-stateoefficients,D, for 2,4-DNT and 2,6-DNT were calculated
FBBR operation (Lendenmann et al., 1998). as 6.35 x 10'° m?%/s (Welty et al., 1984). The mass transfer
The estimation routine was repeated for several differentayer thicknessl., was calculated as 16 dm using Eq. (5)
initial estimates ofy,, andK,. The routine consistently con- and remained constant throughout FBBR operation, because
verged to the same final parameter estimates from differerparticle dimensions, superficial velocity, and bed expansion
initial (q,,, Ko estimates, indicating the presence of a singlevaried little. The relative contributions of external processes
global minimum. Subsequently, response surfaces were ex@nd internal processes was evaluated with two dimension-
amined which confirmed that global rather than localless parameters. The Biot numbBf, was calculated at 4.2
minima were attained during the parameter estimation rouusing Eq. (12) and an averageof 55 um. ThisBi reveals
tine. Figure 4 shows the response surface (RSS) for ththat the mass transfer resistance is largely manifested inside
parameter estimation for 2,6-DNT at an HRT of 1.5 h. Thethe biofilm due to the high recycle ratio andRe value of
surface changed smoothly with clearly only one minimum30. K* values were computed using Eq. (13) and ranged
within the space tested. The shape of the response surfacelstween 4.3 and 10.2 for 2,6-DNT, and between 0.8 and 2.1
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Table Il.  Best-fit kinetic parameters for 2,4-DNT and 2,6-DNT removal at different steady states.

HRT Om Kg 95% confidence 95% confidence
(h) (g DNT/g XCOD d) (g DNT/m®) n RSS interval for g, interval for Kg
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
15 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
15 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.

for 2,4-DNT. Large values ok* (on the order of=1) also  parameters for 2,6-DNT removal at an HRT of 1.5 h. Re-
indicate that external mass transfer resistance had little ekults of the Monte Carlo runs are shown in Table IV. The
fect on overall process performance. parameter estimation routine retrieved best-fit parameters
that were very close to the true value. Best-fit estimates for
0 andKg were within 1.0% to 2.1% and 2.7% to 5.9% of
the true value, respectively. Tlg, andK, distributions for

To examine the retrievability of the biokinetic parameters,the two ensembles failed to fit either the normal or lognor-
Monte Carlo simulations were performed using synthetidhal distributions using chi-square goodness-of-fit tests.
(S Jexp data sets generated with typical measurement error
applied tog,, X;, andL;. Computed standard deviations for .,

S, measurements were 0.0226 mg/L and 0.0146 mg/L for” 2-min

2,4-DNT and 2,6-DNT, respectively, and 3.84 X1t and  gxamination of curves o, versusl,,,(Lendenmann et al.,
950 g XCOD/ni for L; andX; measurements, respectively. 199g) indicated that the FBBR operated in a high load re-

With these values, random error was incorporated into tW@yion, notwithstanding the fairly small applied flux. The

based on estimated parameters for 2,4-DNT removal at an ?

HRT of 6 h, and the other ensemble was based on estimated

Monte Carlo Simulations
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Figure 5. Plots to assess model validity. Data points from all 2,4-DNT
Figure 4. Response surface (RSS) for the parameter estimation of 2,6and 2,6-DNT experiments for which fitted parameters were obtained are
DNT at an HRT of 1.5 h. Contours for RSS values of 0.001 incrementsplotted together. Panels depict: (&) versusJ,,, (b) normal probability
from 0.001 to 0.01 are shown. plot of standardized residuale*]; (c) e* versusS; (d) & versusJe,,

648 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 63, NO. 6, JUNE 20, 1999



Table Ill.  Statistical tests verifying model appropriateness.

Chi-square
HRT R? of Normality test Pairedt-test goodness-of-fit
(h) n Jor V8. Jeyp (o = 0.05) (e = 0.05) (o = 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
15 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
15 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.

0.45 g 2,4-DNT/md and 0.15 g 2,6-DNT/Ad. The funda-  Although observed biofilm growth yields and shear loss
mental parameter that captures biofilm kinetic behavior isates were calculated (Lendenmann et al., 1998), the experi-
the dimensionless paramet& ., (Seez and Rittmann, mental data did not allow calculation of and b’ values.
1988). §; in» measures the relative importance of biomassHowever, the ratio oi/b’ could be calculated by recogni-
growth versus biomass loss by decay and detachment. Largen of the following equality during steady-state biofilm
values of§; ., (>1) indicate that biomass growth is not operation (Sez and Rittmann, 1988):

much larger than biofilm loss, termed low growth potential. Y= b'XL (16)
Small values ofS; ., (<1), on the other hand, suggest a P U
high net growth relative to loss, termed high growth poten-Thus, i, can be written as:
tial. § o is defined ass, ., {Ks, wherein:

1
< b S i = (17)
Symin = o (14) Kibim
i Yg,—b Joxp

whereb’ is the first order biofilm decay coefficient which The XiL; term represents the amount of biomass per unit
sums the effects of endogenous biofilm decay and biofilmsurface area in the FBBR, which can be calculated from the
loss by shear antf is the bacterial growth yield (82 and  reported values of biofilm mass per unit sand (Lendenmann
Rittmann, 1988). After rearrangeme8y,,;, becomes: et al., 1998) with the known specific surface area of the
carrier sand. Large values §f ,,;,indicate that the specific

S = 1 (15) biofilm growth rate is largely offset by its specific decay
e Y_%_l rate, while low S ., values indicate biofilms with high
b’ growth potentials.§; ., values were calculated for each

Table IV. Results from the Monte Carlo analysis.

2,4-DNT 2,6-DNT
qm KS qm KS

(g DNT/g XCOD d) (g DNT/m®) (g DNT/g XCOD d) (g DNT/m?)
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.
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individual steady-state and are reported in Table V. Valuesic plots and tests indicated that, except for a few cases, the
of § in (=0.5) reveal that the specific growth rate exceedsmodel served as a good depiction of the experimental data.
the total first-order biofilm decay coefficient by a factor of Experimental and fitted substrate flux values matched
only 3 [see Eq. (15)], suggesting a limitation on the growthclosely (Fig. 5a), whereas the standardized residual error
potential of the microorganism in the system. 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
DISCUSSION by the estimation routines are reliable. In addition, these
rﬁEStS have helped to validate the Gauss—Markov conditions

models and experimental techniques are adequate for analrTJpIICItIy assumed in least-squares analys!s: (1) the ex-
ected value for the model or sample error is zero; (2) the

sis and interpretation of simultaneous 2,4-DNT and 2,6 . _ ;
samples are not heteroscedastic (variance of error is con-

DNT removal in an aerobic fluidized-bed biofilm reactor. stant for all samples)- and (3) the samole values are uncor
Biomass concentrations per unit reactor volume were rela- ples); () P

tively small as a result of the low loading rates and the Smal[elaéeg_l(?ert]har:dtrl:ﬂu?l, t199(()j). Our redsults |dn_<tj_|cate with h'gth
specific surface area of the sand patrticles. Biofilm thicknes®'0PaP!ty that the Tirst and second condition were met,
measurements, which were performed at the three highe¥\fhereas the technlqug employed [d|ffe.rent Ioa‘.jTSh'ﬂS for
surface loading rates, revealed small variations in the bio(-ea‘ch & Jex data pair] favored the third condition that

film thickness, but increases in the biofilm density indicatedSample values are uncorrelated.

that the biofilm grew more compact with increased loading Monte Ctalrlo ana'lyzgs,t eg]tf‘lot)/tlg 9 retr?lllst![p estlmtf':ltes of
rates. Typically the opposite has been observed — devefXPenMental error, indicated that In€ estimation routin€ was

opment of thicker, but less dense, biofilms with increasingagtlirg)cgeggee;e ;irf?(eerel(r:rggtlgr;tigar\n/)emg;ixg?esitrﬁﬁcéoéy
0 y . 3 O7

loading rates (Shieh and Keenan, 1986). Such density r NT ) ; te than f the 2.4
duction may constitute a mechanism to maximize substrat experiments were more accurate than irom the z,4-
DNT experiments as a result of the smaller errorSn

consumption rates at increasing loading rates due to co g ot
measurements. In addition, there was less variability in the

comitant reductions in biofilm diffusional resistance (Tan-2 6-DNT results as evidenced by the coefficient of variation
I B I, 1 . Liu (1997) h ly <~ .
yolac and Beyenal, 1996). Liu (1997) however, recentyWhlch was an order of magnitude lower than for 2,4-DNT.

measured nitrifying biofilms with very small active thick- N
ness €20 wm), and reported density increases with in- qu 2£4—I;)NT,.trtl.ere Xvag ;ngulchthmore. Va”ab'“t)]ifl.ﬂ‘l: (c?ef}
creased loading rates. Possibly, at small biofilm thickness,ICIen of variation = 0.391) than ingj, (coefficient o

increased loading in combination with the relatively highva”at'_on_ = 0.162), whereas, for 2,6-DNT, the Va”‘?‘b".'ty
shear appliedRe = 30) causes an increase, rather thanWas similar for both parameters. Overall, the results indicate

decrease of biofilm density. that, on average, the parameter estimation method can ob-

The FBBR responded very rapidly to short-term shifts intam accurate parameter estimates, although an average of

the loading rates, and new pseudo-steady-state values We§gveral replicates may be necessary to overcome variability

typically obtained withi 1 h after upshifts and within 5 to n It:he mﬁ]as;rsegnents. ‘ lation bet
10 min after downshifts. The load-shift experiments pro- rom the response surtace, a correlation betggen

vided a mechanism to estimate the biokinetic parameters cﬁ?d Kslestlmates \Ilvasbobservdeq (Fig. 4). SWK& cg)rre— d at
the biofilm in situ, and without destruction of the biofilm ation IS commonly ODSErVed In many suspended and at-

architecture. Sets of pseudo-steadv-state data at individ gqched growth kinetic assays where Monod parameters are
rehrectu S Of pseudo-s ys i uest|mated (Holmberg, 1982; Lobry and Flandrois, 1991;

steady states were successfully fit using a mechanistic bioF_zieﬂer et al., 1998 Robinson and Tiedje, 1983; Van

film model (Atkinson and Davies, 1974). The method ap- . )
plied here used a residual error minimization routine, rathe‘Emlleghem et al., 1995). The confidence regions around the

than the visual optimization proposed earlier (Rittmann e isr']t'];'t (%”." K%hpara?ete(rjs }’.Ve.[.e qunfetlr(]alrgel ('It;a:)Ie ltl) » not-
al., 1986). Our approach improved confidence in the param\_fl_vI standing the sharp detinition ol the global optimum.

eter sets, and allowed us to confirm that parameter estimatefé:fnilr‘;"rgr?l cronlfldzncr?i ftreg:(lon;n(]:o:tld bte |mEroz/ed d bytpter—
were unigue and reflective of the global optimum. Diagnos- 0" \N9 MOre foad-shilt experiments at each steady-state.

The kinetic parameters estimated at individual HRTs dif-
fered little, except for th&, value estimated for 2,4-DNT

Table V. Estimation ofS; at different steady states. removal at the shortest HRT (Table Il). This consistency

was unexpected, as it is well known that culture history and

The results reported here demonstrate that existing biofil

HRT () 2,4-DNT 2,6-DNT reactor operating conditions can dramatically impact the
12 0.254 0.471 biokinetic parameters measured from a micropial culture
6 0.350 0.299 (Grady et al., 1996). For example, ongoing continuous cul-
3 — 0.451 tivation of pure cultures tends to result in expression of
3-57_’5 g-ggg g-ig; increased substrate affinities (flg 1983; Rutgers et al.,

Avérage 0.63 (20.38) 0.49 (£0.15) 1987), whereas cultivation at higher loading rates tends to

result in expression of higher specific substrate removal
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rates (Daigger and Grady, 1982; Sokol, 1987, 1988). Con80% 2,4-DNT degraders and 20% 2,6-DNT degraders.
tinuous cultivation of mixed cultures, on the other hand, isEven if 2,4-DNT and 2,6-DNT were degraded in part by the
believed to cause the selective enrichment of organismsame organisms, it is conceivable that the fraction of cata-
with high-affinity substrate uptake systems (Chiu et al.,lytic activity involved in the mineralization of each DNT
1972; Dykhuizen and Hartl, 1983). The limited variation in isomer is directly related to their influent concentration.
kinetic parameter values at different HRTs suggests that th&herefore, to normalize the kinetic parameters per unit of
overall physiological states of the biofilm bacterial mem- actively degrading biomass, the parameters for 2,4-DNT
bers at different HRTs were very similar and that param-degradation must be divided by 0.8 and the parameters for
eters measured using the pseudo-steady-state technique2a6-DNT must be divided by 0.2. This brings the maximum
one steady-state HRT can probably be used to predict pespecific removal rates for 2,4-DNT and 2,6-DNT in much
formance at other HRTs (Grady et al., 1996). The tigh closer agreement at each steady state, with the maximum
value measured for 2,4-DNT removal at the shortest HRTspecific removal rates for 2,6-DNT slightly higher than
may be indicative of a physiological change consistent withthose for 2,4-DNT. Although we assumed no interaction
the expression of low affinity enzymes under high loadbetween the mineralization of the DNT isomers, the isola-
conditions (Grady et al., 1996). A good fit to all steady-statetion of some simultaneous 2,4-DNT and 2,6-DNT degraders
reactor data was found (i.e., without load-shift pseudo-(Nishino, personal communication) suggests an alternative
steady-states) over the range of HRTs using one global s@tterpretation that both isomers are consumed as perfectly
of biokinetic parameters (Tables Il and Ill). The biokinetic substitutable substrates for which several kinetic models
parameters, however, were different from those found usingpave been proposed (Egli et al., 1993).
the pseudo steady-state approach method. Because theAs reported before, the kinetic assay we employed al-
steady-state-derived parameters are an average of the biowed measurement of very lok values (Rittmann et al.,
film behavior throughout its operation, a closer agreemen986). The measurad, values for 2,4-DNT were in agree-
between these parameters and those obtained at individualent with effluent 2,4-DNT concentrations attainable under
HRTs would be expected. If the steady-state parameters asteady-state operations (Lendenmann et al., 1998). In other
considered reflective of the true average biokinetic behavioassays to estimate biofilm kinetic parameters, much larger
of the system, the question remains wKy estimates at K, values have been reported (Cao and Alaerts, 1995;
individual HRTs were higher. One cause may be related tdNguyen and Shieh, 1995; Zhang and Huck, 1996). Although
the rapid increases in concentration of DNT isomers duringhese differences may be inherent to the different microbial
load upshifts. In separate experiments with 2,4-DNT- andsystems studied, the disturbances applied during the kinetic
2,6-DNT-mineralizing bacterial cultures, we observed thatassay and the fact that mass transfer is often not explicitly
DNT isomers at higher concentrations inhibit their own re-accounted for in the kinetic expressions employed likely
moval, although such inhibition occurs only above concen-contribute to the measurement of laid§gvalues. 2,6-DNT
trations of several milligrams per liter. For 2,4-DNT re- removal is, however, characterized by largewalues than
moval, this inhibition is probably due to the transient accu-for 2,4-DNT removal, which indicates that removal of 2,6-
mulation of 4-methyl-5 nitrocatechol (MNC), the first DNT to low concentration demands lower loading rates than
transformation product of 2,4-DNT, which inhibits the the removal of 2,4-DNT.
MNC monooxygenase in a self-inhibitory mode above ap- A new approach to estimate the biofilm fundamental pa-
proximately 1 mg/L (Haigler et al., 1996). Although, no free rameters §; ., based on steady-state biofilm information,
methylnitrocatechols were measured during the transienwas introduced. Although most parameters in the original
load-shift experiments that attained steady state, such accdefinition of §; ,;,can be estimated from influent and ef-
mulation may have occurred intracellularly, and could causdluent analysis, large uncertainty resides in the value of the
the higherK, estimates due to an apparent decrease in sutendogenous decay coefficierts;, which is typically not
strate affinity at increasing concentrations of a self-measured. Computed values $f,,;,,may, therefore, be in
inhibitory substrate. error because of an assumed value liar The proposed
The best-fit kinetic parameters consistently revealednethod to calculatg .,;,uses only steady-state information
higher maximum specific removal rates for 2,4-DNT thanon biofilm performance, such as the biomass density per
for 2,6-DNT (Table Il). This is potentially an artifact of the unit surface area, the steady-state biofilm flux, and the
way the biomass concentrations are measured. The biofilrmaximum specific removal rate (estimated through extant
kinetic parameters are expressed per unit of total biofilmanalysis). The computed values $f .,;,revealed that the
biomass. It has previously been assumed and shown that tR@8BR may be limited by the growth potential of the mi-
fraction of the biomass in a given system capable of deeroorganisms in the system. For comparison§ap;,value
grading a particular target compound is proportional to theof 0.17 was reported for autotrophic nitrification, which is
fraction of the energy in the feed contributed by that com-typically considered a very slow microbial process (Ritt-
pound (Blackburn et al., 1987; Blok, 1994). Thus, if it is mann, 1994). Further improvement to the aerobic FBBR
assumed that 2,4-DNT mineralization and 2,6-DNT miner-technology for DNT removal would hinge on increases in
alization are performed by different organisms with similarthe growth potential resulting in smaller values S,
growth yields, the DNT degrading biomass would consist ofGrowth potential increases must involve the increaségp
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or decrease i’. Conditions should therefore be sought to L
increase the yield coefficient, improve the maximum spe- M
cific removal rate, and decrease the endogenous decay rate!”

In addition to revealing the existence of growth limita- N
tion, § i, values, in concordance with the kinetic param- Re
eter estimates, biofilm densities, and external mass transferSc
layer information, can be used to predict effluent DNT con- S
centrations as a function of applied surface loading rates. 2™"

. g . . Sg,min
We performed biofilm reactor design calculations, based on g
pseudoanalytical solutions for steady-state biofiims at any s
biofilm thickness, using the range of estimated kinetic pa-
rameters for DNT mineralization (Health et al., 1991). The W
loading curve can be used to estimate the required appliedx
surface loading ratesubstrate flux) to attain a target maxi- v’
mum 2,4-DNT and 2,6-DNT effluent concentration. If the
system flow rate and influent concentrations are known, the v
FBBR can be sized to contain the required surface area for
biofilm growth.

In conclusion, an existing biofilm kinetic model proved

biofilm thickness (L)

total mass of dry sand in reactor (M)

number of data pairs used for each parameter estimation
steady-state flow rate through reactor/(L

maximum specific substrate removal rate (MIM

Reynolds number

Schmidt number

bulk liquid and effluent substrate concentration (M/L
minimum S, to maintain a steady-state biofilm (ML
unitlessso,min (So,mir{Ks)

substrate concentration of the reactor influent (Rj/L
substrate concentration at the biofilm/external mass transfer
layer interface (M/E)

mass of evaporated water from biomass sample (M)
biofilm bacterial density (M/E)

biomass per unit mass of sand (M/M)

bacterial growth yield (M/M)

density of water (M/E)

superficial velocity (Lf)
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