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Abstract

We use a nonsteady-state model to evaluate the effects of community adaptation and sorption kinetics on the fate of
linear alkylbenzene sulfonate (LAS) in batch experiments conducted with activated sludge that was continuously
fed different concentrations of LAS. We observed a sharp decrease in the biodegradation rate between 30 and 60
minutes and the presence of an LAS residual at the end of the batch experiments. The modeling analysis indicates
that these phenomena were caused by relatively slow inter-phase mass transport of LAS. The modeling analyses
also showed that the amount of LAS-degrading biomass increased when the continuous activated sludge was fed a
higher LAS concentration. Although community adaptation to LAS involved accumulation of more LAS degraders,
the increase was not proportional to the feed concentration of LAS, which supports the concept that LAS degraders
also utilized portions of the general biochemical oxygen demand (BOD) fed to the continuous activated sludge

systems.

Introduction

The biodegradation of hydrophobic molecules in
biological-treatment processes such as activated
sludge is controlled by the competition between bio-
degradation and sorption. Biodegradation is favored
when the hydrophobic compound is rapidly trans-
formed by a significant fraction of the biomass. Sorp-
tion is favored when the compound has a large par-
tition coefficient, the rate of mass transfer from the
liquid phase to the sorbed phase is rapid, and the rate
of sludge wasting is high, which correlates with a
short solids retention time (Lee et al. 1998; Namkung
& Rittmann 1987; Rittmann et al. 1988; Enviromega
1994).

This work addresses two factors affecting the bal-
ance between biodegradation and sorption when linear
alkylbenzene sulfonate (LAS) is the target hydro-
phobic material. The first is the fraction of the biomass

able to rapidly transform LAS. In particular, we eval-
uate whether or not the long-term feeding of LAS to
an activated sludge process enriches the community
in LAS degraders. The second factor is the kinet-
ics of mass transfer of LAS between the bulk liquid
and the biomass-solid phase. We investigate whether
or not mass transfer is a significant limitation for
biodegradation of LAS by activated sludge.

Herein, we report new experimental results that
accentuate our ability to define mass-transfer kinetics
between the two phases and that offer an opportun-
ity for different levels of community adaptation to
LAS. We then apply a non-steady-state mathematical
model that includes the biodegradation of dissolved-
phase LAS by LAS-degrading bacteria, hydrophobic
sorption of LAS to all the volatile suspended solids
(VSS), and mass-transport resistance for the transfer
of LAS between the biomass and dissolved phases.
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We use the model to separate the effects of sorp-
tion from biodegradation in the experimental results.
Specifically, we determine whether or not long-term
feeding of LAS caused community adaptation to en-
hance LAS biodegradation and the approximate rate
of LAS mass-transport between the two phases.

Experimental methods

We obtained '#C-labelled LAS from New England
Nuclear (Boston, MA). The ring was uniformly 'C
labeled, and the specific activity was 68 mCi/mg.
Radiochemical purity exceeded 98% based on thin
layer chromatography (TLC). Working solutions of
the radiolabeled LAS were mixed with commercial
(unlabeled) LAS in water.

We collected activated sludge from the Polk Run
Municipal Sewage Treatment Plant in Loveland, Ohio,
USA. This plant receives primarily domestic sewage.
We placed the sludge inocula in 3-liter continuous
activated sludge (CAS) test systems (OECD, 1993)
and fed domestic wastewater amended with 1, 3, or
10 mg/l of commercial LAS. We operated the CAS
units with a hydraulic residence time of 6 h, a solids
retention time of 10 d, and a temperature of 20-24 °C.
The systems came to steady state before we removed
sludge for batch biodegradation tests.

We conducted batch biodegradation experiments
using a modification of the procedures described by
Federle & Itrich (1997). We placed activated sludge
mixed liquor obtained from the CAS units into Er-
lenmeyer flasks. We slowly added the LAS working
solutions drop-wise as the contents were mixed with
a magnetic stirrer. Following addition of all materi-
als, we stirred the sludge vigorously for 1 min prior
to taking the first sample. Subsequently, we incubated
the flasks on a shaker table (150-rpm) in a controlled-
temperature room at 20 + 2 °C. During sampling, the
flasks were mixed vigorously with a magnetic stirrer.

We transferred 10-ml samples for analysis of par-
ent LAS to screw-top test tubes and immediately flash
froze the samples by submersion in a dry ice/acetone
bath. These samples were then stored in a freezer (—80
°C) until being lyophilised using a Virtis Benchtop
Freeze Dryer. For analysis, we added 5 ml of meth-
anol to the lyophilized solids, vortexed the mixture
for 5 min, centrifuged the mixture, and reserved the
solvent supernatant for subsequent analysis. We re-
peated the entire extraction process three times. We
then combined the extracts, transferred sub-samples

to scintillation vials, added Ultima Gold XR cock-
tail, and analyzed them by liquid scintillation counting
(LSC) to obtain the total counts.

Methanol extracts also were dried under nitro-
gen and reconstituted in a minimal amount of meth-
anol. We spotted sub-samples onto Silica Gel 60
TLC plates (Merck) with 20 pre-channeled lanes
and diatomaceous-earth concentrating zones. We de-
veloped the plates in chloroform:methanol:water:for-
mic acid (80:25:3:1) and allowed them to dry. We
scanned each lane of the plates using a Bioscan Ima-
ging 200 System (Bioscan, Washington, DC) to de-
termine the fraction that was parent LAS. Finally, we
corrected the recovery of parent LAS based on recov-
ery from abiotic controls, which averaged 95.3%.

The batch experiments examined the effect of vary-
ing influent LAS concentration to the CAS systems
and the effect of LAS concentration during the batch
tests. Sludge was removed from each CAS unit and
dosed with '*C-labeled LAS. The initial concentration
of total-LAS was varied between 0.1 to 20 mg/L. The
disappearance of parent LAS was measured over time,
as described in the preceding paragraphs.

Nonsteady-state model

The nonsteady-state model used to analyze the res-
ults of the batch experiments was derived from the
activated sludge model of Lee et al. (1998), but four
changes were required to make the model conform
to the batch experiments. First, since the batch tests
had no hydraulic flows, all flow rates (Q values) in
the model were set to zero. Second, since the only
substrate added for the batch tests was LLAS, the util-
ization of non-specific biochemical oxygen demand
(BOD) and growth of bacteria utilizing BOD (but not
LAS) was neglected. Third, sorption of LAS, which
was present initially in the liquid phase, was de-
scribed with mass- transport kinetics instead of being
at equilibrium between the two phases. Finally, the
biodegradation of LAS was limited to only LAS in the
dissolved phase.

The nonsteady-state model has five mass-balance
differential equations: non- specific active biomass
(X4); active biomass able to utilize LAS (X, ;); total
volatile suspended solids (X,), dissolved-phase LAS
(Cj); and sorbed LAS (q; X, where g is the sorption
density of LAS on the volatile suspended solids). The
five equations are presented below, and new paramet-
ers are defined as they appear. The units are mgVSS



for all types of biomass, mgLAS for LAS, liters (L)
for volume, and days (d) for time.

Nonspecific Active Biomass (X,)

dX,
Vv =—-bX,V, 1
ar a ey

in which V =reactor volume (L), b = first-order decay
coefficient (d~!), and ¢ = time (d).

LAS-Utilizing Biomass (X, j)
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in which Y; = biomass true yield for LAS utiliz-
ation (mgVSS/mgLAS), gmaxi = maximum specific
rate of LAS utilization from the dissolved phase
(mgVSS/mgLAS-d), and Kgs; = half-maximum-rate
concentration for dissolved-phase LAS (mgL.AS/L).

14 = Yjqgmax1

Volatile Suspended Solids (X )

dX, C;

Vv dr = Yijaxl
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in which X, = X, + X, j+X;, X; =inert volatile sus-
pended solids (mgVSS/L) and f; = the biodegradable
fraction of the active biomass.

Dissolved-Phase LAS (C)

dc; Sy v
= CImaleSl+Cj a,j

dr
—kmr(Kg — qj) Xy V, “4)

in which kv = the interphase mass-transfer rate coef-
ficient (d_l), K4 = linear partitioning coefficient for
LAS between the dissolved phase and sorbed to the
VSS (L/mgVSS), and g; = the sorbed-phase dens-
ity of LAS (mgLAS/mgVSS-d). Equation (4) under-
scores that biodegradation (first term on right side)
and sorption (second term) are competing sinks for
dissolved-phase LAS.

Sorbed-Phase LAS (q;Xy)

dg; Xy
dr

Equation (5) indicates that sorbed-phase LAS can ex-
change with the dissolved phase, but no other sinks for

14
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sorbed-phase LAS are present in the batch die-away
experiments.

The five mass-balance equations, which are ordin-
ary differential equations, are solved simultaneously
from user-provided initial conditions for C;, g;, Xq,
Xy, and X, ;. We solved them using MATLAB (The
Mathworks, Inc.), which employs a Runge—Kutta—
Feldberg method with an order of accuracy of (4, 5)
(Part-Erender et al. 1996; Ascher et al. 1988).

Figure 1 illustrates the kind of response the model
gives for the general conditions of the batch exper-
iments. Figure 1 presents the fraction of the initial
hydrophobic compound (identified as LAS, although
the example is generic) that is present in the dissolved
phase (C;), the sorbed phase (¢;X,), and in total
(Cj + gjXy). The concentrations of the three forms
of biomass changed negligibly during the 7 h and are
not shown. The top panel is for a low initial LAS con-
centration (0.1 mg/L), while the bottom panel is for a
higher initial concentration (20 mg/L).

The top panel in Figure 1 shows that loss of total
mass is rapid in the first one-half hour. Biodegradation
decreases the total concentration to about 25% in that
time. By about one hour, however, the loss of total
mass slows because the C; is very small, and almost
all of the mass is present in the sorbed phase, which
is not available for biodegradation. Initially rapid bio-
degradation followed by nearly complete partitioning
to the unavailable sorbed phase gives the character-
istic “elbow” shape to the total-mass curve. The elbow
and residual total mass present almost totally in the
sorbed phase are key signs that the sorption kinetics
are slow enough to affect the fate of the hydrophobic
compound. Both can be clearly observed when the ini-
tial concentration is small, the situation shown in the
top panel.

The bottom panel in Figure 1 shows that the rel-
ative removal rate of total mass is slowed when C; is
large compared to K s1. Biodegradation during the first
hour removes only about 20% of the total mass, since
the biodegradation kinetics have a reaction order less
than one in C;. Sorption is less dominant than in the
top panel, although ¢ ; X, is much greater than C; after
about one hour. Although the rate of removal of total
mass continually slows, the sharp elbow disappears
when the initial C; is large compared to K.
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Figure 1. Characteristic model-generated distributions of dissolved
(Cj), sorbed (g Xv), and total (C; + g ; Xy) LAS during the course
of a batch tests. The top panel is for a low initial concentration
(0.1 mg/L), while the bottom panel is for a high initial concentration
(20 mg/L). Common parameters are gmax j = 0.1 mgLAS/mgVSS-d,

Kg1 = 1 mg LAS/L, kyr = 10 d~1, K; = 0.002 L/mgVSS,
Y; = 0.35 mgVSS/mgLAS, b = 0.15/d7!, f; =08, and V =
6 L. Common initial conditions are: X, = 2000 mgVSS/L, X, =
788 mgVSS/L, X; =375 mgVSS/L, and X, j =337 mgVSS/L.

Experimental results

Figure 2 shows disappearance of a low level
(0.1 mg/L) of radiolabeled LAS in batch systems
containing activated sludge that was acclimated with
three different concentration of LAS fed to the CAS
systems. In all three cases, disappearance of LAS ex-
hibited the characteristic elbow pattern consisting of
an initial rapid loss followed by a very slow rate. LAS
was detected after 24 h of incubation (not shown in the
figure), but values were less than 5% of what was ori-
ginally added to the flasks. These patterns are similar
to the top panel of Figure 1 and suggest that two pools
of LAS were degraded at vastly different rates: the rap-
idly degraded dissolved pool and the slowly degraded
sorbed pool. The patterns support the concept that
slow desorption kinetics were keeping the sorbed LAS
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Figure 2. Experimental results for the loss of LAS initially present
at 0.1 mg/L in batch systems containing activated sludge acclimated
to wastewater with 1, 3, or 10 mg/L of LAS amended to the influent.
All data sets have a 100% value at time = 0 h.
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Figure 3. Experimental results for the loss of LAS for the activated
sludge continuously fed 3 mg/L LAS. The batch experiments were
conducted with initial LAS concentrations of 0.1, 3, or 20 mg/L. All
data sets have a 100% value at time = 0 h.

in an unavailable state. Increasing LAS concentration
to the CAS moved the elbow to a lower concentration
and an earlier time, which indicate an increasing abil-
ity to biodegrade the dissolved LAS before it is sorbed
by the biomass solids.

Figure 3 shows disappearance of different con-
centrations of radiolabeled LAS in batch experiments
containing activated sludge that was acclimated to an
influent containing 3 mg/L of LAS. These results show
two key trends:

1. The slope, which represents the relative biode-
gradation rate, is smaller for larger initial LAS
concentrations. This is the trend illustrated in Fig-
ure 1 and suggests that Kg; is small compared to
20 mg/L.

2. The 0.1-mg/L initial concentration shows a sharp
elbow at around 1 h, followed by a slower rate and



continued presence of LAS at 7 h. These suggest
that sorbed LAS is unavailable and that mass trans-
port of sorbed LAS to the liquid phase is limiting
biodegradation after about one hour.

Evaluation of experimental results

We used the nonsteady-state model to analyze in detail
the experimental results. Our evaluation centered on
estimating values of K1, ¢max;jXa,j, kmT, and Ky.
The goal was to achieve reasonable and representative
values of each parameter so that we could character-
ize the effect of adaptation to continuous feeding of
LAS and assess the importance of desorption kinetics.
Because the experiments involved the same mixing
conditions and activated sludge grown mainly through
the oxidation of sewage BOD, we determined common
values of ky, K4, and Kg1. On the other hand, unique
values of gmaxj X4, j were determined for each set of
experiments using activated sludge continuously fed
1, 3, or 10 mg/L LAS.

The selected values of kyp and Ky were 10 d—!
and 6 x 107* L/mgVSS, respectively. Literature-
reported values of K; for LAS range from 3 x
107% L/mgVSS to 2.6 x 1072 L/mgVSS$ (DiToro et
al. 1990; Cowan et al. 1993; Hand & Williams 1987),
and we evaluated K, values in the range 1 x 107
to 2 x 1073 L/mgVSS. No previous work provides
guidance on kyT values. When combined, K; = 6
x 107* L/mgVSS$ and ky = 10 d~! properly cap-
tured the elbow effect for the batch experiments with
0.1 mg/L LAS (Figures 2 and 3). Larger ky or smal-
ler K, values precluded having the slowed loss rate
after about § h and residual LAS at 7 h when the initial
concentration of LAS was 0.1 mg/L. Smaller kyt or
larger K; made the elbow too sharp, indicating that
the loss rate of LAS was too slow.

To estimate the Kgi and gmaxjXq,; values, we
first fit the results for the 0.1-mg/L batch experi-
ments (Figure 2). We first fixed Ks1 = 2 mg/L and
found the best-fit gmaxj X4, j. This gave a best-fit ratio
Gmaxj Xa, j/ Ks1 for each series. We then held that ratio
constant for each series as we varied gmax;jXq,; and
K1 to match the data as well as possible for the 3-
mg/L experiments (Figure 3). Some compromises had
to be made, and we used our best judgment to get a
common K g value for all series and unique gmax; Xa, j
values for the three series.

Table 1 summarizes the best-fit parameters we ob-
tained. Figures 4 and 5 compare the experimental
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Figure 4. Comparison of the experimental measurements for total
LAS with the model simulations for the activated sludge con-
tinuously fed 1, 3, or 10 mg/L LAS and with an initial batch
concentration of 0.1 mg/L. LAS. All data sets have a 100% value
for time =0 h.

results to the simulations using the best-fit paramet-
ers. The fitting of the 0.1-mg/L results is excellent
using the common values of kyt = 10 d!, K; =
6 x 107% L/mgVSS$, and K g1 = 0.64 mgLAS/L, along
with the series-specific values of gmaxj X4, ; shown in
Table 1. In particular, the model simulations reproduce
the rapid decrease in total LAS for the first 30 to 60
minutes, the elbow, and the residual of 1-2% at the end
of the 7 h (Figure 4). The same parameters capture all
the major trends for the batch experiments with higher
initial concentrations (Figure 5). Most important is the
systematically decreasing slope, which is determined
mainly by the K1 value, which is substantially smal-
ler than the initial concentrations of dissolved-phase
LAS for the higher concentration experiments (recall
Figure 1).

Table 1 shows that gmax; X4, ; increased as the
LAS concentration fed continuously to the activated-
sludge unit increased. This indicates that the long-
term availability of LAS as a primary substrate is an
important factor in controlling the number of bac-
teria capable of degrading LAS. The table also com-
putes a concentration of LAS degraders by assuming
that gmaxi = 6 mgLAS/mgVSS-d, which converts to
16 mgCOD/mgVSS-d, a normal maximum rate for
simple organic molecules whose utilization kinetics
are controlled by electron transport to the terminal
electron acceptor (Rittmann & McCarty 2001). This
estimate procedure gives minimum concentrations of
LAS degraders, which range from 6 to 21 mgVSS/L,
or 0.5 to 1.9% of the total active biomass (X, + Xq, ;).
If the actual maximum specific rate of LAS utilization
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Table 1. Best-fit parameters describing the fate of LAS in the batch experiments

LAS concentration fed
continuously to the activated sludge (C ;)

Parameters and units 1 mgLAS/L 3 mgLAS/L 10 mgLAS/L
Common to all experiments

Y;, mgVSS/mgLAS 0.35 0.35 0.35
b,d~! 0.15 0.15 0.15
fa 0.8 0.8 0.8
Xy, mgVSS/L 1500* 1500* 1500*
K4, L/mgVSS 6x 1074 6 x 1074 6x 1074
knir, 1 10 10 10

K1, mgLAS/L 0.64 0.64 0.64
Specific to each steady-state LAS feed concentration (C j()

Gmaxj Xa, j» mgLAS/L-d 36 54 126
Xa,j when gmaxj = 6 mgLAS/mgVSS-d, mgVSS/L 6 9 21

% of Xaq + Xq,j 0.5 0.8 1.9
GmaxjXa,j/Cjo. d7! 36 18 12.6

* VSS = 1500 mg/l was measured in the CAS reactors.
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Figure 5. Comparison of the experimental measurements for total
LAS with the model simulations for the activated sludge continu-
ously fed 3 mg/L LAS. Initial concentrations in the batch experi-
ments are 0.1, 3, or 20 mg/l. All data sets have a 100% value for
time =0 h.

were smaller than 6 mgLLAS/mgVSS-d, the percent-
ages would be larger; however, the relative values
would remain the same as shown in Table 1.

Table 1 also provides the ratio of gmax;jXa,; to
the continuous-feed concentration of LAS, C;. If the
growth of LAS degraders in the continuous activated
sludge system were based only on LAS degradation,
this ratio would be a constant. However, the ratio is
largest for smallest feed concentration of LAS. This
trend suggests that LAS degraders gain energy and
support synthesis through the utilization of some frac-

tion of the non-LAS BOD. Lee et al. (1998) modeled
the synthesis rate of specific-compound degraders as
being the sum of growth through utilization of the
specific compound and of a fraction f; of the general
BOD. The ratio trend in Table 1 supports that f; was
significantly greater than zero.

Conclusions

We developed and applied a dynamic model to analyze
the effects of sorption and biodegradation kinetics on
the fate of LAS in batch experiments with activated
sludge adapted to different feeding levels of LAS. The
model assumes that only the dissolved- phase LAS is
available for biodegradation and mass-transport resist-
ance makes sorption kinetically controlled.

The sharp elbow and the slowed loss rate of total
LAS in the batch experiments, particularly for lower
initial LAS concentrations, support the model assump-
tions concerning the availability of dissolved-phase
LAS and the importance of mass-transport resistance.
For the activated sludge and the batch reaction condi-
tions studied, we found that kyp = 10 d~! and Ky =
6 x 10~* L/mgVSS represented the sorption phenom-
ena well. In the batch experiments, mass-transport
kinetics were slow enough that equilibrium was not
reached, and the long-term biodegradation of LAS was
limited by the desorption rate from the unavailable
pool of sorbed LAS.



We estimated that Kg; was about 0.64 mgLAS/L
for the sludge studied, while the product gmax; Xq, j
increased from 36 to 126 mglLAS/L-d as the feed con-
centration of LAS to the continuous activated sludge
unit increased from 1 to 10 mg/L. The rising values
Of gmaxjXa,; indicate that community adaptation in-
volved added growth of LAS degraders in response
to increasing LAS inputs. However, the increase in
Gmaxj Xa,j Was not proportional to the increase in input
LAS, which supports the concept of Lee et al. (1998)
that the synthesis of specific-compound degraders also
is supported by their utilization of part of the general
BOD.

Our results demonstrate that the kinetics of sorp-
tion and desorption can play an important role in
controlling the biodegradation rate of hydrophobic
compounds. Although this is a very important trend,
care should be taken when applying them to activated
sludge treatment processes, which normally are con-
tinuously fed. The batch experiments we performed
accentuated the effects of mass-transport kinetics, and
mass-transport rates (e.g., kyr) may vary significantly
from batch experiments to full-scale treatment sys-
tems. Our results also document that the long-term
feeding of LAS affects the number of LAS-degrading
bacteria in the system, although it is not the sole
control. This finding underscores the importance of
knowing the history of the biomass being used in a
batch die-away test so that the experiment can be ex-
periment is design properly and the results interpreted
appropriately. Finally, our results indicate that biode-
gradation kinetics should be evaluated in such a way
that the effects of sorption kinetics can be separated.
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