ACCUMULATION OF METABOLIC INTERMEDIATES DURING SHOCK
LOADS IN BIOLOGICAL FLUIDIZED BED REACTORS

By Xianda Zhao," Kwunhwan Doh,’ Craig S. Criddle,’ and Thomas C. Voice*

ABSTRACT: Groundwater containing benzene, toluene, and p-xylene (BTX) was treated in fluidized bed re-
actors using nonactivated carbon (FBR) and activated carbon (BAC-FBR) as the biofilm carriers. BTX removal
and accumulation of metabolic intermediates were studied at steady state and during single-substrate step-loading
increases. At steady state (organic loading rate of 2.2 kg-COD/m’-d), no intermediates were detected in the
effluents. However, intermediates were found in the effluents of both systems during a sevenfold p-xylene step
increase under different supply levels of dissolved oxygen (DO) and nutrients. Intermediate concentrations
increased with increasing dissolved oxygen in the influent but were not affected by the level of nutrients. The
accumulation of intermediates was also evaluated quantitatively by subjecting both reactor systems to 20-, 12-,
and 7-fold step increases in the organic loading rates of benzene, toluene, and p-xylene, respectively. In all of
the step increase experiments, the effluent intermediate concentrations were less for the BAC-FBR than for the
FBR system. We conclude that the combination of biological and adsorptive removal mechanisms in the BAC-
FBR resulted in enhanced removal of both BTX and metabolic intermediates under shock-load conditions.

INTRODUCTION

Contamination of soil and ground water by petroleum prod-
ucts is a common occurrence. Of the numerous gasoline com-
ponents, benzene, toluene, and xylenes (BTX) are the most
mobile, and thus the most likely to contaminate water supplies.
A common method of remediating BTX-contaminated ground-
water is “‘pump and treat,”’ in which groundwater is removed
from the subsurface, treated above ground, and discharged to
a publicly owned treatment works or surface water, or returned
to the aquifer. Increasing attention is being given to biological
treatment because these systems destroy the pollutant and are
often less expensive than physical-chemical treatment. Recent
work has shown that biological activated carbon in fluidized
bed reactor (BAC-FBR) systems provides a high level of re-
moval efficiency and stability in the treatment of BTX-con-
taminated water (Hickey et al. 1990; Hickey et al. 1991; Voice
et al. 1992; Zhao et al. 1993).

Numerous investigations have been conducted on the BTX
degradation pathways, BTX-degrading organisms, and the
BTX degradation rates (Davey and Gibson 1974; Davis et al.
1968; Gibson et al. 1974; Gibson and Subramanian 1984; Hou
1982; Marr and Stone 1961; Omori and Yamada 1970a; Omori
and Yamada 1970b; Zylstra and Gibson 1991; Chang et al.
1993). Reactions typically start with oxidation of the aromatic
ring or the methyl group to form products such as catechol,
cresols, methyl phenol, and methyl catechol. Further degra-
dation results in ring cleavage and mineralization to CO,. BTX
can fully supply the energy and carbon requirements of a va-
riety of microorganisms. With a stable climax community un-
der steady-state conditions, intermediate degradation products
would not normally be expected to accumulate because of the
balance achieved among different populations. Under transient
conditions, however, intermediate products may be generated
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at a rate higher than they are consumed, and these compounds
may accumulate in the reactor or be washed out in the effluent.

In a study of cometabolic degradation of p-xylene by Pseu-
domonas sp. strain B1 in fixed-bed biological activated carbon
systems, Chang (1994) demonstrated cometabolism of p-xy-
lene when toluene was utilized as the growth substrate. The
products of cometabolism were identified as 3,6-dimethyl py-
rocatechol and p-xylene dihydrodiol. These metabolic inter-
mediate products were found in the effluents of a biological
activated carbon fixed bed and a biological fixed bed (without
adsorption) for the duration of the experiment (about 30 days).

BTX are listed as priority pollutants by the U.S. Environ-
mental Protection Agency (EPA). Benzene is an acute and
chronic toxicant and is listed as a suspected human carcinogen
(Patnaik 1992). Toluene and xylene have similar acute toxicity
to that of benzene, but less severe chronic effects. A limited
amount of information is available about most of the metabolic
intermediates products of BTX degradation. Pyrocatechol, for
example, has higher acute oral and percutaneous toxicities than
that of phenol, which is an EPA priority pollutant carcinogen
(Patnaik 1992). Cresols exhibit similar toxicity to those of phe-
nol, and p-cresol has been found to be a hepatotoxic and neph-
rotoxic carcinogen (Patnaik 1992). Even on the basis of this
limited information, it is clear that the potential public health
impacts of BTX degradation products should be considered.
The disappearance of BTX in a treatment process does not
ensure that the environmental impacts of the contamination are
eliminated.

The BAC system provides a very important mechanism for
removal of nonbiodegradable or inhibitory compounds. Wang
et al. (1984) reported that adsorption was an essential mech-
anism for removal of methylquinoline from a polycyclic N-
aromatic compounds mixture in an anaerobic activated carbon
expanded-bed reactor. In a study of coal gasification waste-
water treatment using an anaerobic activated carbon expanded-
bed reactor, Suidan et al. (1987) also demonstrated that the
adsorption of cresols, which were not degraded anaerobically,
was critical for methane production because the high concen-
tration of cresols was inhibitory. Adsorption capacity appar-
ently decreased over time, however, because granular activated
carbon (GAC) replacement was necessary to maintain system
performance.

When loading transients occur in a BAC system, adsorption
may also serve to dampen concentration changes. Chudyk and
Snoeyink (1984) demonstrated that a BAC system was able to
smooth out 150-fold phenol pulses when adsorbed phenol had
been removed by bioregeneration. Recently, the performance
of an anaerobic expanded-bed reactor coupled with an ex-
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panded-bed adsorber for treatment of acetate and an inhibitory
and refractory compound, 3-ethylphenol, was studied by Fox
and Suidan (1996). The system was operated with variable
loading rates, a shutdown period, and a step decrease in the
hydraulic residence time. The adsorption of the 3-ethylphenol
during the transient conditions provided additional protection
to the system for stable performance under most conditions.
When subjected to an extended period of high loading, severe
biological inhibition was observed, with reactor failure im-
minent until GAC in the adsorber was replaced, enabling a
rapid recovery.

The performance of adsorptive and nonadsorptive biofilm
carriers in biological fluidized-bed reactors for the treatment
of groundwater contaminated with BTX has been evaluated in
this laboratory (Voice et al. 1992; Zhao 1994). The BAC-FBR
system demonstrated the ability to remove more BTX from
the influent than a traditional FBR (nonadsorptive carriers)
during step-load increases. The present work is a two-phase
study focusing on the effect of adsorption on the extent of
mineralization of BTX during transient step loading in the
FBRs. In phase one, the effect of dissolved oxygen (DO) and
nutrient supplies on the accumulation of the intermediate prod-
ucts was investigated qualitatively with a step-load increase of
p-xylene. In phase two, the accumulation of the intermediate
products was evaluated quantitatively during separate step-
load increases in the influent concentration of each substrate
while the other two were held constant.

MATERIALS AND METHODS
Media and Chemicals

Granular activated carbon (GAC Calgon Filtrasorb 400,
Calgon Co., Pittsburgh) and nonactivated carbon, termed
“baker product”’ by the manufacturer, were used as carrier
media in two FBR systems. Baker product is the same material
as GAC except that it has not undergone the activation step
in the manufacturing process and has little adsorptive capacity
(Voice et al. 1992). Both media were sieved to obtain a 20 X
30 mesh fraction (average particle diameter 0.75 mm). Prior
to addition to the reactors, the GAC and baker product were
rinsed with distilled water to remove fines and dried at 100°C
for 24 h. The adsorption characteristic of the GAC and baker
products for BTX was reported in a previous study (Voice et
al. 1992).

Benzene, toluene, p-xylene (BTX), potassium phosphate di-
basic, and ammonia chloride were obtained from J. T. Baker
Chemical Co., Phillipsburg, N.J. All chemicals were reagent
grade. Michigan State University tap water was used directly
as a source of groundwater. This relatively hard water (450
mg/L as CaCO,) is pumped from a deep aquifer underlying
the campus and distributed without further treatment.

Fluidized-Bed Reactors

Laboratory-scale fluidized-bed reactors were constructed us-
ing a 2.5 cm diameter by 184 cm height glass column to pro-
duce a system with a 1,000-mL working volume (Fig. 1). Two
reactors were used in this study to allow comparison of ad-
sorptive and nonadsorptive biofilm carriers. The BAC-FBR
(combined adsorption and biodegradation) and FBR (biodeg-
radation only) were charged with activated carbon and baker
product, respectively. The reactors were operated as single-
pass systems with no recycle. Both were inoculated with a
mixed culture obtained from a pilot-scale FBR that was orig-
inally seeded with activated sludge and was subsequently sup-
plied with BTX as the sole carbon source for more than two
years (Hickey et al. 1990). DO was supplied to the reactors
by oxygenating the reactor feed water with pure oxygen. Ni-
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FIG. 1. Schematic of Fluidized-Bed Reactor Systems

trogen and phosphorus were provided at a weight ratio of 100/
5/1:COD/N/P. A mixture of benzene, toluene, and p-xylene, at
a 1:1:1 volumetric ratio, was injected into feed water using a
syringe pump (Harvard Apparatus 22) and was dissolved using
a mixing tank (2 L) and an in-line mixer. A recycle loop
around the mixing tank was employed to create complete mix-
ing conditions inside the tank and to help complete BTX
dissolution. This BTX contaminated groundwater was then
pumped to the bottom of the reactors using peristaltic pumps
(Watson-Marrow S02E with a S01R head). The bed height was
controlled by mixing the bed biweekly with a long, thin wire
brush to shear some biomass from the carrier medium. The
reactors were charged with 180 mL media initially, which pro-
duced a settled bed height of 33 cm. BTX contaminated water
was fed at a flow rate of 200 mL/min to each reactor, resulting
in a hydraulic flux rate of 0.41 m/min, an empty bed hydraulic
retention time of 5 min, and organic loading rate about 2.2 kg
COD/m’-d. The temperature of the feed water was 15 = 1°C.

Step-Load Increase Experiments

In phase one of the experiment, the presence of intermediate
products in the reactor effluents was investigated during a step-
load increase of p-xylene under different concentrations of dis-
solved oxygen and nutrients in the influents. After steady-state
conditions were reached, as determined by biomass growth
and BTX removal, organic loading rates were increased 7-fold
by raising the concentration of p-xylene in the feed water (Ta-
ble 1 and Fig. 2). The increase was maintained for 5 h. In the
first hour of increase (referred to as HLL: high organic, low
oxygen, and low nutrients), the oxygen and nutrients supplies
were maintained at steady-state (normal) levels. During the
next hour, the amount of DO was increased 2.5-fold (HHL.:
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TABLE 1. Summary of Conditions Used in Loading Increase Experiments
Duration Feeding Level in Influent
Experiment Code (h) Benzene Toluene Xylene Nutrient DO
(1) 2) (3) (4) (5) (6) (7) (8)
(a) Phase one
Effect of nutrient and DO supplies LLL 1 Normal Normal Normal Normal Normal
HLL 1 Normal Normal High Normal Normal
HHL 1 Normal Normal High High Normal
HHH 1 Normal Normal High High High
HLH 1 Normal Normal High Normal High
HLL 1 Normal Normal High Normal Normal
LLL 1 Normal Normal Normal Normal Normal
(b) Phase two
Benzene step-load increase 4 High Normal Normal High High
Toluene step-load increase 4 Normal High Normal High High
Xylene step-load increase 4 Normal Normal High High High

Note: Experiments in phase one were conducted sequentially within 7 h. In phase two, at least one week of steady-state conditions was applied

between each increase to ensure that the reactors had returned to steady state.
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FIG. 2. Experimental Conditions for Xylene Step-Load In-
crease in Phase One of Experiment

high organic, high oxygen, and low nutrients). Essential nu-
trients supplies were then increased to maintain the weight
ratio of 100/5/1:COD/N/P (HHH: high organic, high oxygen,
and high nutrients. Finally, the loading sequences were re-
versed: beginning with HLH (high organic, low oxygen, and
high nutrients), proceeding to HLL (high organic, low oxygen,
and low nutrients) and returning to the initial condition (LLL:
low organic, low oxygen, and low nutrients). All experiments
were conducted sequentially within 7 h.

In phase two of the experiment, after steady-state conditions
were reestablished, organic loading rates were increased 20-,
12-, and 7-fold for benzene, toluene, and p-xylene, respec-
tively (Table 1). These increases were achieved by raising the
concentration of one of the BTX substrates in the influent.
Step-load increases were maintained for 4 h. During the in-
creased loading period, feed concentrations of DO were in-
creased to 26 mg/L, and essential nutrients were also increased
to maintain the weight ratio of 100/5/1:COD/N/P. A minimum
interval of one week was allowed between shock loads. DO
consumption and BTX removal were used as criteria that
steady-state conditions had been reestablished.

Analytical Procedures

BTX concentrations were determined using a gas chromat-
ograph equipped with a flame ionization detector using helium
as a carrier gas (Perkin-Eimer, model 8700), coupled with an
automatic headspace sampler (Perkin-Elmer, model HS-101).
Separation was accomplished using a 30 m X 0.53 mm DB-

624 column (J & W Scientific). Water samples collected from
the fluidized-bed reactors (5 mL or 10 mL) were transferred
to 20-mL glass vials with Teflon-coated septa and aluminum
crimp-seals. The samples were equilibrated for 1 h at 80°C
and an aliquot of the headspace gas was injected into the gas
chromatograph. The detection limit of this procedure was 1
pg/L for each BTX component. The precision for measure-
ments of 10 split samples containing a concentration of 1.5
ug/l was *0.1 pg/L.

DO concentrations in the influent and effluent were mea-
sured using a polarographic electrode (Orion 97-08-00) cou-
pled to a digital pH meter (Orion 611). If the DO concentration
exceeded the limit of the instrument (15 mg/L), the sample
was diluted 1:1 or 1:2 with tap water of a known low DO
concentration.

The presence of the metabolic intermediates in the reactor
effluents can be measured by a variety of compound-specific
and class-characteristic procedures. Given the large number of
possible by-products and the evaluative nature of this study,
we chose to implement two characteristic techniques: [non-
volatile total organic carbon (nonvolatile TOC)] measurement
and ultraviolet absorption spectroscopy. Oxidation of these
aromatic compounds almost always results in intermediate
products that are less volatile than the parent compound
(Schwarzenbach et al. 1993). A simple gas stripping process
can separate the intermediate products from the parents. The
carbon in the intermediate products can then be measured
by a total organic carbon analyzer. Before ring cleavage, the
intermediate products contain the conjugated aromatic ring
structure that will show ultraviolet absorption in the wave-
length range of 200-300 nm (McMurry 1988; Willard et al.
1988). Accumulation of intermediate products in the effluents
was thus monitored by measurement of the absorption spec-
trum on an ultraviolet spectrophotometer. Chang (1994) re-
ported that the 3,6-dimethyl pyrocatechol, 2,5-dimethylphenol,
and p-xylene dihydrodiol, which are the intermediate products
of degradation of p-xylene, can be measured by a high-pres-
sure liquid chromatograph equipped with a C,; reverse-phase
column and a UV detector at wavelength of 280 nm.

The concentration of nonvolatile TOC was measured on a
TOC analyzer (Simazdu, Model TOC-500). Before measure-
ment of nonvolatile TOC, water samples were acidified with
hydrochloric acid and purged with oxygen for 4 min to remove
inorganic carbon and volatile organic carbon. A water sample
spiked with BTX and catechol (one of the expected interme-
diates) was tested to ensure the efficacy of the procedure. The
results showed that the BTX and inorganic carbon were re-
moved completely and that there was no significant removal
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of the nonvolatile organic carbon (catechol). The TOC detec-
tion limit was 0.6 mg/L, and the precision for measuring 10
samples of standard solution of 1 mg/L was * 0.2 mg/L.
The absorbance of ultraviolet and visible light by effluent
samples was measured by a UV/VIS spectrophotometer (Per-
kin-Elmer, model Lambda 60). Before measurement, samples
were passed through a 0.22-pm filter to remove any carbon
particles that might have escaped the reactor and purged with
oxygen for 2 min. A test showed that the purging procedure
was able to remove all BTX from the sample. No loss of
intermediate products: occurred because of filtration as estab-
lished by UV-VIS spectra of effluent samples with and without
filtration during the step-load increase experiment (HHH).
Samples were scanned from a wavelength of 600 nm to a
wavelength of 200 nm with a slit width of 4 nm and scan
speed of 200 nm/min. Absorbance was quantified at a wave-
length of 265 nm using deionized water as reference sample.

Stoichiometry of Biological Reactions

Using an approach similar to that of McCarty (McCarty
1975; Criddle et al. 1991), a stoichiometric relationship was
developed for production of metabolic intermediates. Biodeg-
radation of BTX can be divided into that which is used (1) as
an electron donor, (2) for the growth of biomass, and (3) to
form incomplete oxidation products. The overall reaction (R)
can be written as

R= Rd +f;Ru +ﬁR( +.ﬁ1Rb (1)

where R, = half-reaction for oxidation of electron donor (writ-
ten as oxidation); R, = half-reaction for reduction of electron
acceptor for energy (written as reduction); R, = half-reaction
for reduction of electron acceptor for synthesis (written as re-
duction); R, = half-reaction for reduction of electron acceptor
for intermediate products; f, = fraction of electrons diverted
for energy; f; = fraction of electrons diverted for synthesis; and
Jf» = fraction of electrons diverted for intermediate products
formation.

The half-reactions for R,, R,, R., and R, can be written as
2-7):

Electron donor half-reaction (R,):
Benzene: 0.0333C.H, + 0.4H,0 =0.2CO, + H* + e~ (2)
Toluene: 0.0278C,H; + 0.389H,0 = 0.194CO, + H* + e~

3
p-Xylene: 0.0238C:H,, + 0.381H,0 = 0.19CO, + H" + e~
@
Electron acceptor half-reaction for energy (R,):
0.250, + H* + e™ = 0.5H,0 (&)

Electron acceptor half-reaction for cell synthesis (R,):

0.25CO, + 0.05NH, + H* + ¢~ = 0.05C;H,O,N + 0.4H,0
Q)

Electron acceptor half-reaction for intermediate (R,):
Organic + 0.50, + H™ + e~ = Intermediates + H,O (7)

In this system, there are three electron donors in the influent.
The terms f3, £, and £ denote the fraction of electron donor
originating from benzene, toluene, and xylene, respectively.
The half-reaction for the production of by-product is presented
in a general form since specific intermediate products were not
identified in this study.

Overall reactions (R):

R=fiRi + fiRi + fiRi + fR. + fR. + fiR,  (8)

fi+fi+fi=L f+fi+thi=1 4,10

Overall reactions for BTX biodegradation under steady-state
conditions (without the accumulation of intermediate products,

fr=0)

0.0333f5CHs + 0.0278f7CH, + 0.0238f5CH,, + 0.25£.0, + 0.05f,NH,
= 0.05/,C;H,O,N + (0.2f% + 0.194f7 + 0.19f% ~ 0.25£,)CO,
+ (0.5 + 041 — 0.47% - 0.3897] — 0.381f5H,0 an

Because the intermediate products were not explicitly identi-
fied, the overall reactions under the step-load increase condi-
tions cannot be written.

Values for f, and f; can be calculated from the consumption
of substrates and oxygen under steady-state conditions. From
(9) and (11), £, can be determined as

Mo
Emr o MEo_ e
+ +
0.325 0320 0.315

(12)

where M? = measured consumption of benzene (mg, or mg/
L); M = measured consumption of toluene (mg, or mg/L);
M7 = measured consumption of p-xylene (mg, or mg/L); and
M, = measured consumption of oxygen (mg, or mg/L).

Because there is no accumulation of intermediate products
at steady-state condition,

f»=0 (13)
so the f; can be calculated as
f=l=-(+tf)=1~/ (14)

Data Analysis

Electron Balance at Steady-State in Table 2

The average removal of BTX was calculated as the differ-
ence between the concentration of BTX in the influent and
effluent over a period of 2 weeks after the system reached
steady-state condition. The fraction of electrons diverted for
energy (f.) and the fraction of electrons diverted for synthesis
(f,) were calculated using (12) and (14), respectively.

Removal of BTX during Step-Load Increases in Table 3

The mass of BTX in the influent and the effluent of the
FBRs was calculated based on the concentrations of benzene,
toluene, and p-xylene, the flow rate, and the sampling time
interval. The mass removed was computed as the difference
between the mass in the influent and the mass in the effluent.
The percentage removal was calculated from the ratio of mass
removed to influent mass.

TABLE 2. Electron Balance at Steady State

Loading rate
(kg COD/m®-d) | Reactor f, f, Reference
(1) 2) (3) (4) (5)
2.2 BAC-FBR | 0.84 | 0.16 | This study
FBR 0.73 | 0.27 | This study
BAC-FBR | 0.68 | 0.32 | This study
FBR 0.65 | 0.35 | This study
38 BAC-FBR | 0.65 | 0.35 | Voice et al. (1992)
2.9 FBR 0.68 | 0.32 | Voice et al. (1992)
6.0 BAC-FBR | 0.69 | 0.31 | Voice et al. (1992)
6.0 FBR 0.70 | 0.30 | Voice et al. (1992)
Average 0.70 j 0.30
Standard deviation 0.06 | 0.06
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TABLE 3. BTX Removal during Step-Load Increases in Phase Two

Total Mass (mg) Removal
Load increase Reactor Compound Influent Effluent Removed ((0;°))
(1) 2 (3) 4 6 (6)
Benzene BAC-FBR Benzene 2,175 793 1,383 64
Toluene 41 7 34 85
p-Xylene 29 2 27 93
FBR Benzene 2,154 1,617 536 25
Toluene 40 18 22 55
p-Xylene 28 3 25 89
Toluene BAC-FBR Benzene 95 19 76 80
Toluene 1,340 203 1,137 85
p-Xylene 116 31 85 73
FBR Benzene 95 66 29 31
Toluene 1,333 883 450 34
p-Xylene 11 101 14 12
p-Xylene BAC-FBR Benzene 51 0 51 99
Toluene 59 1 58 98
p-Xylene 647 56 591 91
FBR Benzene 50 2 48 96
Toluene 57 4 53 93
p-Xylene 638 270 368 58
TABLE 4. Carbon Balance during Step-Load Increases in Phase Two
Removal by
BIODEGRADATION
Total removal of Biomass and Intermediates
BTX Adsormption CO; Effluent Adsorbed Total
Load increase Reactor (%) (%) (%) (%) (%) (%)
(1) (2 (3) 4 (5) (6) ) (8)
Benzene BAC-FBR 65 36 19 3 7 29
FBR 26 —* 17 9 — 26
Toluene BAC-FBR 84 45 21 3 15 39
FBR 32 - 17 15 - 32
Xylene BAC-FBR 92 32 43 11 6 60
FBR 63 el 45 18 —* 63
Note: Unit equals percent of influent carbon.
*Not applicable.
Carbon Balance Calculation in Table 4 M,
(M,)gacrsr = | (Mo)pac.Fer (18)
M, O/ FBR

Percentage of total removal of BTX was the ratio of the
sum of removed mass of BTX and the mass in the influent
after conversion from molecular weight to carbon weight. The
conversion factors are 0.923, 0.913, and 0.906 carbon weight/
molecular weight for benzene, toluene, and xylene, respec-
tively.

An estimate of the fraction of BTX removed by the two
mechanisms, biodegradation and adsorption, was performed
during the step-load increases. Two assumptions were made in
order to perform this calculation. The first was that the re-
moval of BTX in the FBR results only from biodegradation.
The second was that the microbial communities in both reac-
tors were similar. The amount of biologically removed BTX
and the accumulation of intermediate products (nonvolatile
TOC) in the BAC-FBR was estimated using DO consumption
in the BAC-FBR and the relationships between oxygen con-
sumption, BTX consumption, and the production of interme-
diate products in the FBR:

MB
(M.?)BAC-FBR = (7’) (Mo)eacrer (15)
0/ FBR
T
(M.\T)BAC-FBR = (Ms> (Mo)sacrer (16)
O/ FBR
MX
(Mi()BAC-FBR = (j) (Mo)pacrer a7
0O/ FBR

where M, = production of intermediate products (mg, or mg/
L).

In the FBR system, biodegradation was the only removal
mechanism. BTX removed as intermediate products was de-
termined from nonvolatile effluent TOC measurements. BTX
removed as biomass and CO, was determined as the difference
between total BTX removed and BTX removed as interme-
diate products. Percentage values were obtained by dividing
the total carbon in the influents.

Removal of substrates in a BAC-FBR can result from either
adsorption or biodegradation. The BTX removed by biodegra-
dation in the BAC-FBR was calculated using (15)-(17).
The BTX removed by adsorption during the step-load increase
was calculated by subtracting the biologically removed BTX
from the total removed BTX. The BTX removed as interme-
diate products in the BAC-FBR was calculated using (18).
Metabolic intermediates were measured as nonvolatile TOC
in the effluent. Adsorbed intermediates formed in the BAC-
FBR were estimated as the difference between total production
calculated by (19) and the measured amount in the effluent.
BTX removed as biomass and CO, in the BAC-FBR was
computed as the difference between the total biologically re-
moved BTX and that removed as intermediate products. Per-
centage removals were computed relative to the total influent
carbon.
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