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Abstract

The purpose of this work was to investigate the anaerobic transformation of o-xylene in a laboratory biofilm
system with nitrate as an electron acceptor. o-Xylene was degraded cometabolically with toluene as primary carbon
source. A mass balance showed that o-xylene was not mineralized but transformed. o-Methyl-benzalcohol and
o-methyl-benzaldehyde were identified as intermediates of o-xylene transformation which resulted in the formation
of o-methyl-benzoic acid as an end product. A cross inhibition phenomenon was observed between toluene and
o-xylene. The presence of toluene was necessary for stimulation of o-xylene transformation, but above a toluene
concentration of 1-3 mg/l. the o-xylene removal rate dramatically decreased. In return o-xylene inhibited the

toluene degradation at concentrations above 2-3 mg/L.

Introduction

Monoaromatic compounds belong to a class of chem-
icals which are widely used in the industry and house-
holds, etc., for degreasing, as solvents and as primary
constituent in gasoline. Therefore it is not surprising
that they are often encountered in soil, groundwater
and wastewater. These compounds are mostly benzene,
toluene, ethylbenzene, and xylenes (BTEX).

It is well-known that these products are easily
biodegradable in aerobic environments. However, aer-
obic biorestoration is limited by the difficulties to pro-
vide sufficient oxygen to the contaminated sites due
to the low solubility of oxygen. Therefore, alterna-
tive electron acceptors are of interest when heavily
contaminated sites are encountered. Denitrifying con-
ditions have received much attention since the addition
of nitrate to a contaminated site would be a feasible in
situ technique due to the low cost and the high solubility
of this electron acceptor. Several reports on anaerobic
biodegradation of BTEX have been published. They
show that this family of compounds can be degrad-
ed under denitrifying conditions (Hutchins & Wilson
1991; Evans et al. 1991). However, o-xylene degrada-

tion has been shown to be toluene-dependant, (Jensen
et al. 1988; Evans et al. 1991).

Jgrgensen (1992) investigated the pathway of the
cometabolic transformation of o-xylene with toluene
as primary substrate under denitrifying conditions.
He showed that the initial steps of o-xylene degra-
dation is an oxidation of a methyl group to form o-
methyl-benzylalcohol, o-methyl-benzylaldehyde and
o-methyl-benzoate (Fig. 1). Since the microbial con-
sortium was able to degrade these metabolites with-
out toluene present, it was concluded that the ini-
tial oxidation of the methyl group of o-xylene to
o-methyl-benzylalcohol is catalysed by a toluene-
induced enzyme. Evans et al. (1992) also found that the
degradation of o-xylene was induced by toluene, butby
a different mechanism. They reported the formation of
dead-end products (2-methyl-benzylsuccinic-acid and
2-methyl-benzylfumaric-acid). Based on these obser-
vations, they suggested a totally different pathway
involving an attack of the methyl group of o-xylene
by succinyl-coenzyme-A.

The aim of the work described in this paper was to
investigate the kinetics of 0-xylene removal and forma-
tion of by-products, and finally to study the interactions
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Fig. 1. Pathway of the degradation of o-xylene in a mixed nitrate
reducing culture growing on toluene (Jgrgensen 1992).

between toluene and o-xylene (cometabolism, compet-
itive inhibition). These investigations were performed
under circumstances where the biomass was grown
with toluene as sole carbon source, in a continuously
feed fixed film bioreactor.

Materials and methods
Biofilm reactor and culture conditions

The experimental system is depicted schematically in
Fig. 2. The biofilm reactor is a so-called biodrum sys-
tem (Kristensen & Jansen 1980). It consists of a cylin-
der rotating inside another with the biomass growing
on the surface of the rotator and the stator. The rotation
(200 RPM), as well as the recycling system ensures
total mixing in the bulk liquid, and therefore provides
a relatively uniform biofilm growth in the reactor.

The reactor was protected from the light in order
to prevent growth of photosynthetic organisms. The
characteristics of the biofilm reactor and the operating
conditions for the experiments are summarized in Table
1.

The reactor was inoculated with an enrichment
culture originating from denitrifying sewage sludge
(Jprgensen 1992). The inoculation was done by inject-
ing 100 ml of this culture into the reactor and by letting
the biomass be attached to the walls of the rotator and
stator. After two days, feeding of the reactor was ini-
tiated. All experiments were done under non-sterile
condition at a temperature of 25°CandatapHof 7 &
0.1.

Substrate
An artificial substrate was fed into the reactor typically

with a flow rate of 4.5 L h~!. The feed stream with a
mineral medium was mixed with four stock solutions.

13)

Fig. 2. Experimental setup: (1) mineral medium; (2) toluene stock
solution; (3) o-xylene stock solution; (4) nitrate stock solution; (5)
oxygen removal chamber; (6) mixing coil; (7) oxygen electrode; (8)
biofilm reactor; (9) recirculation pump; (10) removable slides; (11)
inlet sampling port; (12) outlet sampling port; (13) temperature and
pH control; (14) outlet.

Table 1. Operational data for the biofilm reactor. Dur-
ing kinetics experiments the nitrate concentration was
raised in order to keep it in excess.®

Unit Value
Surface area m? 0.16
Reactor volume m? 0.96 x 1073
Average flow of water  L/h 45
Toluene infl. conc. mg/L 5
Nitrate infl. mgN/L  50-200°
Phosphate infl. mg P/l 465
Ammonium infl. mgN/L. 104
Temperature °C 25+1
Alkalinity meq/L 20.8
pH in the reactor 6.9-7.1

The major reasons for having several stock solutions
were: (a) Toluene and o-xylene concentrations were
varied independently, and (b) bacterial growth in the
stock solution must be avoided.

The mineral medium contained the following salts
dissolved in distilled water (mg/L): NH4Cl, 198;
CaCl,, H0, 147; NaHCO3, 1273; KCl, 500; Nay SOy,
10H,0, 161; MgCl,, 6H,0, 407; KH,PO,, 204 and
NaCl, 993.



The trace minerals were prepared in 1 litre of dis-
tilled water: FeCly, 4H,0, 1500 mg; MnCly, 4H;0,
100 mg; CoCl,, 6H,0, 190 mg; CuCl,, 2H,0, 2 mg;
Na;MoOy, 2H,0, 36 mg; NiCl, 6H,0, 24 mg; H3BO,,
6 mg; ZnCl,, 70 mg. The solution was acidified with
10 ml of a 7.7 N HCI. This microion stock solution
was diluted 1,000-fold (1 ml solution in 1 L. mineral
medium).

Nitrate was supplied in excess in order to restrict the
reduction of nitrate to nitrite, and thus avoid the forma-
tion of nitrogen which might damage the biofilm.

The dissolved oxygen in the medium was continu-
ously removed using a membrane chamber. The cham-
ber consists of a five litre reservoir containing a solu-
tion of NaySO; (100 g/L) and CoCl; (200 mg/L) in
which was immersed 20 m of silicone tubing through
which the medium flowed (wall thickness 1 mm; inner
diameter, 4 mm). Silicone is highly permeable to gases
(Kjeldsen 1992; Zeyer et al. 1986); the oxygen diffuses
through the silicone membrane and is absorbed in the
sulphite solution. The presence of CoCl, catalyses the
absorption process.

Using this setup the oxygen concentration in the
substrate to the biofilm reactor could be reduced below
the detection limit (0.05 mg/L). The influent oxygen
concentration was constantly monitored with a Clark-
type oxygen electrode (WTH oxy 196) and on a less
frequent basis with the azide modification of the Win-
kler method (APHA 1989).

Analytical techniques

Analysis of toluene and o-xylene was performed witha
Dani 8520 gas chromatograph (Merck) equipped with
a 30 m J.& W. Scientific DB5 capillary column (i.d.
0.53 mm, film thickness 1.5 ym, cat n° 125-1032) and
aFID detector kept at 275 °C. The injection port was 36
°Cin 1 min. The injection port was purged with N, at a
flow 10 times higher than the carrier gas flow until the
rise of the injector temperature was increased by 30°C
per min to 250 °C, and kept there for 0.5 min. Nitrogen
was used as the carrier gas at 10 ml/min. Extraction of
the aromatic compounds was carried out by acidifying
10 ml of sample in a volumetric flask by four drops
of a 3 M phosphoric acid, and adding 1 ml of diethyl
ether containing heptane as an internal standard (4.1
mg/L). The sample was then shaken vigorously by
hand for 3 min. As much as possible of the organic
phase was transferred to a 0.9 ml vial and 1 pl of the
organic phase was injected. At low concentration (<
500 ug/L) the organic phase was evaporated to about
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25 el under a stream of nitrogen gas to achieve a better
detection limit. Samples were analyzed immediately
because o-xylene by-products decayed completely in
the organic phase within 24 hours. The peak areas
were determined by integration on a MAXIMA 820
chromatographic workstation (Millipore Corporation,
Massashusetts) and the concentrations of the aromatic
compounds were calculated on the basis of standard
curves.

Nitrate and nitrite were measured by spectropho-
tometry at 545 nm after reaction with sulphanilamide
and N-(1-naphthyl)-ethylendiamine dihydrochloride at
Ph 2. NO3 was measured as NO; after reduction with
hydrazinsulphate (Kamphake et al. 1967).

Experimental design

The biofilm was grown anaerobically with toluene as
sole carbon source at an inflow concentration of 5
mg/L. During this time period various series of exper-
iments were carried out (series X1-4). (1) Verification
of the cometabolism between toluene and o-xylene,
X1. (2) Identification of degradation products, and sto-
ichiometry. (3) Influence of the primary substrate con-
centration (toluene) on the o-xylene removal rate, X2
and X4. (4) Inhibition effect of o-xylene on the toluene
removal rate, X3.

Results
Cometabolic o-xylene removal

The evidence of cometabolism of o-xylene with
toluene as primary substrate is supported by Fig.
3A,B which demonstrates that the o-xylene transfor-
mation and the associated by-products formation only
occurred concomitant to toluene degradation. Further-
more, it is clear that the transformation of o-xylene
leads to the formation of o-methyl-benzaldehyde
(OMBA) and o-methyl-benzoic acid (OMBAC). The
scattered data observed on OMBAC is due to its quick
decay in the ether phase after extraction (see analytical
techniques); the reason for that has not been identi-
fied.

Molar balance
The cumulative molar balances for four experiments

(Fig. 4) suggest that o-xylene was not mineralized but
transformed. The o-methyl-benzoic acid (OMBAC)
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Fig. 3. Influence of toluene on the transformation rate of o-xylene.
Toluene (L1); nitrite (@); o-xylene (M); o-methyl-benzaldehyde
{+); o-methyl-benzoic acid (O).

seems to be an end product in these experiments. The
analytical procedure used did not allow a suitable quan-
tification of o-methyl benzylalcohol. However, a molar
balance suggests it was rapidly oxidized into the alde-
hyde. In the fourth test (X4) a discrepancy between
o-xylene degraded and degradation products formed
can be noticed. This could be the result of a partial
mineralization of o-xylene or/and a formation of other
by-products, not detected with the extraction/detection
procedure employed.

Interaction between the degradation of o-xylene and
toluene

Two tests (X2 and X4) were performed, where the
o-xylene transformation was measured for different
toluene concentrations in the reactor (Figs. 5 and 6).
The o-xylene removal rate increased proportionally

$mol
1000 T
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Fig. 4. Cumulative molar balance for kinetics test (X1-4).
For each series two histograms are indicated: the first gives the
accumulated o-xylene degraded; the second shows the accumu-
lated product formed. o-xylene (B); o-methyl-benzaldehyde (();
o-methyl-benzoic acid ().

with the toluene bulk concentration. However, above
a toluene concentration of approximately 2 mg/L the
o-xylene removal rate dramatically decreased.

In test X4, the o-xylene and toluene removal rate
was higher than in run X2, probably due to the
larger amount of attached biomass. However, both
tests showed that the maximum o-xylene removal rate
occurred for a toluene bulk concentration in the order
of 2 mg/L. (Fig. 6A).

In these experiments, the o-xylene average concen-
tration was 2.5 mg/L. This small concentration was
sufficient to decrease the maximum substrate utiliza-
tionrate, kx, for toluene from 1.5 to 0.75 d~1, whereas
the apparent first- and half-order rate constant, k; , and
K1/2,4,» were not significantly affected (Table 3). The
o-xylene inhibition of toluene degradation was demon-
strated in test X3 (Fig. 7A). Both the toluene and o-
xylene removal rate were measured for o-xylene bulk
concentrations from O to 35 mg/L, and at a constant
toluene inlet concentration of 12 mg/l.. The toluene
removal rate decreased linearly from Sto2 gm~2d~".
Besides, an accumulation of o-methyl-benzaldehyde,
OMBA, was observed in the reactor outlet, indicat-
ing that oxidation to o-methyl-benzoic acid, OMBAC,
was lowered (see molar balance test X3). This inhi-
bition occurred when the o-xylene bulk concentration
was above 3-5 mg/L.

Concerning the associated o-xylene removal rate
(Fig. 7B), the degradation was first- order for an o-
xylene bulk concentrations below 2 mg/L. Above a
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concentration of 5 mg/l., a zero-order reaction con-
trolled the o-xylene degradation rate.

Kinetics of toluene biodegradation

The kinetics of toluene removal in the biofilm was
interpreted according to the theory put forward by Har-
remoés (1978). Nomenclature and calculations are giv-
en in Appendix 1.

Kinetic data are summarized in Table 2. A first-
order reaction controls the toluene degradation for a
bulk concentration below 1-1.3 mg/L, leading to a
half-saturation constant, Kg, of 1.71 and 0.77 mg/L.
for run X2 and X4, respectively. An average maximum
substrate utilisation rate, kx, of 0.75 d~! was found
for both tests.
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Discussion

These results demonstrate that the degradation of o-
xylene under nitrate reducing condition by a mixed
culture is dependent on toluene as a primary substrate.
It appears from the mass balance of the reaction that
o-methyl-benzoic acid, OMBAC, is an end-product. In
a batch system, the same culture was able to degrade o-
methyl-benzoic acid subsequent to o-xylene transfor-
mation (Jgrgensen 1992). However, o-methyl-benzoic
acid degradation occurred within a time period of 10—
15 days, while the toluene was depleted in only 1 day.
Furthermore, the fate of o-methyl-benzoic acid could
not be characterized. In our study, the residence time
in the reactor was less than 13 min, which explains
the lack of further transformation of o-methyl-benzoic
acid. The same metabolite has been found to be an
end-product for the methanogenic degradation of m-
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Table 2. Kinetic parameters of toluene degradation. Nomenclature and calculation are shown in Appendix 1 (see Fig. 6B).

Run L kl,a kO,a kl/2,a Df € (27 kl,f ko‘f kx Ks aNOz_
(um) (m/d) (gm~2d~") (g!/2m~1/2d~1) (10* m*dY) @ (@m™dH @) (gmd)

X2 3in 1.5 7 3.00 1.75 037 2.69 13106 22508 0.71 1.71 1.2

X4 378 3.6 93 4.8 4.68 034 292 28011 24603 077 0.88 1.47

NB! Biomass dry weight density, Xs, was 31851 gm—>.

Table 3. Kinetic parameters related to toluene biodegradation. Effect of o-xylene on

the kinetic of toluene biodegradation.

kx kl,a kl/Z,a Ks

@1 d)  (/?m=/247Y)  (mgL)
Toluene sole carbon source  1.35-1.8  1.2-16 1.2-38 0.6-1.7
Toluene and o-xylene® 0.7-0.8 1.536 3048 0.9-17

From Arcangeli and Arvin(1993b).

% average o-xylene inlet concentrations: 2.5 mg/L
The nomenclature is specified in the Appendix.

cresol (Robert et al. 1990). It could be degraded pro-
viding a lag time of 12 to 36 weeks (Londry & Fedorak
1992). The microbial degradation of o-methyl-benzoic
acid has been investigated by Higson & Focht (1992).
They reported the isolation of Pseudomonas cepacia
MB?2, which is believed to be the first microorganism
able to utilize o-methy! benzoic acid as a sole carbon
source.

Experiments, X2 and X4, reveal that the kinetics
of o-xylene removal is strongly dependent upon the
toluene concentration (Fig. 6A). It was found that lack
of the primary carbon source, toluene, ceases the o-
xylene transformation. This confirms results obtained
by Jgrgensen (1992) that the o-xylene transformation
is enhanced by a toluene-induced enzyme. On the oth-
er hand, if provided in excess, the toluene inhibits
o-xylene transformation. These interactions may be
explained by competitive inhibition between both sub-
strates if it is assumed that o-xylene and toluene are
degraded by the same enzyme and that o-xylene has a
lower affinity for this enzyme than toluene.

This competitive inhibition is of practical interest
for groundwater remediation, since the degradation of
some pollutants can be maximized using the optimum
concentration of primary substrate. For example, Bar-
baro et al. (1992) showed that the anoxic degradation
of ethylbenzene and xylenes in an aquifer was depen-
dent upon the toluene-degrading bacteria, but could be

inhibited competitively if the toluene was provided at
too high concentrations.

The result from experiment X3 reveals a decreas-
ing toluene consumption for increasing concentration
of o-xylene (Fig.7A), which can be explained by acom-
petition between toluene and the secondary substrate
for the same enzyme. This inhibitory effect appears for
a o-xylene concentration above 1-1.5 mg/L. Howeyver,
kinetic data summarized in Table 3 show a significant
decrease of the maximum substrate utilisation rate, kx,
even though the o-xylene concentration was low. An
explanation could be a toxic effect on top of a compet-
itive inhibition. The presence of o-xylene, even at very
low concentrations, could decrease the biomass activ-
ity, leading to a lower toluene degradation rate. This
is supported by the fact that although the toluene bulk
concentration was increased in the reactor, this toxic
effect still existed (Fig. 6B): the concentration thresh-
old above which the toluene removal rate decreases was
1520 mg/L., contrary to 40-50 mg/L. when toluene was
the sole substrate (data not shown). However, it seems
that at low toluene concentration this toxic effect from
o-xylene is unnoticeable: the toluene first- and half-
order rate constants, ki , and ky 3 5, were not affected
by the presence of o-xylene at low concentration (Table
3). The reason for that could not be identified.

These parameters are of practical interest for
groundwater pollution since they describe the toluene
degradation at low concentrations, typically in the



(A)

Toluenc surlace rem, rate (gm’d”)

0
0 10 20 30 40
o-xylene in the reactor (mgL™")
1.2 !
P V]
B 1
»
0.8 © " e

Surface rem./prod. rale (gin’d

10 20 30 40

o-xylene in the reactor (mgL™")

Fig. 7. Kinetic test X3. Toluene ([1); o-xylene (W)
o-methyl-benzaldehyde (+); o-methyl-benzoic acid (o). (A) Influ-
ence of o-xylene concentration on toluene removal. (B} associated
o-xylene transformation and product formation.

range from O to 10 mg/L of toluene. Consequently,
their small variability make those parameters suitable
for the design of treatment processes for groundwater
remediation.

The competition between toluene and o-xylene for
the same enzyme reveals interactions where the pres-
ence of toluene affects the kinetics of o-xylene trans-
formation and vice versa. Similar interactions have
been observed for the aerobic biodegradation of ben-
zene toluene and p-xylene (Jensen 1992; Chang et
al. 1993000), or the biotransformation of TCE by
methanotrophic bacteria (Broholm et al. 1992; Sem-
prini et al. 1991000). Practically, it is very rare to
find sites contaminated with a single pollutant. Con-
sequently, the knowledge of mechanisms which con-
trol substrate interactions, and thus, the kinetics, is of
practical interest for the design of treatment processes
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for groundwater remediation. A practical approach is
to define a feasible region where the removal of the
co-substrate is optimized. Fig. 6A suggests that the
degradation of 2.5 mg/L of o-xylene was maximum
when toluene was in the concentration range from
0.5 to 3 mg/L. A lower o-xylene concentration did
not influence significantly this result (data not shown),
which is relevant since low concentrations, typically
below 3mg/L, are generally encountered in polluted
groundwater. However, it is likely that higher o-xylene
concentrations would require a higher amount of pri-
mary substrate, toluene, in order to induce enzymes
for the o-xylene transformation. Furthermore, above
3 mg/L the o-xylene inhibits the toluene degradation
(Fig. 7A). Consequently, for heavily polluted environ-
ments, the recourse to computer simulation would be
necessary in order to predict the optimal amount of
primary substrate to use. For that purpose, interac-
tions between toluene and o-xylene have been used in
order to calibrate a model. This model uses kinetics
expressions, incorporating competitive inhibition and
coupled cometabolic degradation. Results and details
of this modelling are reported elsewhere (Arcangeli &
Arvin 1993).

Conclusions

The experiments with a mixed culture of denitrify-
ing bacteria showed that o-xylene could be trans-
formed cometabolically with toluene as primary car-
bon source.

The first step in this transformation was a methyl
group oxidation resulting in a transient accumulation
of o-methyl benzaldehyde and o-methyl benzoic acid.
The last was found to be an end product.

The kinetics of degradation reveals that the micro-
bial transformation of o-xylene under nitrate reducing
condition is dependant on a toluene-induced enzyme.
However, if the concentration of toluene, the prima-
ry substrate, is too high, a competitive inhibition of
o-xylene transformation will occur. In return, it was
found that the toluene degradation was competitive-
ly inhibited by o-xylene. The reason for this cross-
competitive inhibition is assumed to be a competition
between toluene and o-xylene for the same enzyme.
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Appendix
Nomenclature:
S :  substrate concentration (mg/L)
Ta>11/2,a
andr, o 1%%, 1/2 and O’ order surface removal
rates (gm~2d~")
Ky 4, K1/2,a
and ko o 1%%,1/2 and 0’ order rate constants
(md~1, g'/2m=1/2d~" and
gm~2d~1, respectively)
ky ; and
Ko, : 1°" and 0’ order intrinsic reaction rate
constants in the biofilm (d~! and
gm~3d~!, respectively)
ky :  maximum substrate utilisation rate
"
K, : Monod constant (half-saturation
constant) (mg/L)
X¢ . biofilm dry weight density (gm™3)
D . diffusion coefficient of the substrate
in the biofilm (m?/d)
L :  biofilm thickness (m)
o :  biofilm constant (-)
1°* order efficiency (-)
Equations:

First-order removal rate : ry o =Kki,a S €))]
Half-order removal rate : ry/2,, =ki/2,0 SY/2 (2)
Zero-order removal rate : 1,4 =Ko q 3)
With:
kx
kio = ki jle = —XsLe “)

K,

k12,0 = \/2Dkg ; 5)
koo = kxX;L = koL 6)
Tanh «o
£ = N
o
where

kil

““V7eD ®)

Reaction rate constant are measured graphically in Fig.
6B. X; and L were determined experimentally. The
diffusion coefficient of toluene in the biofilm is found
from Equation (5). After having determined ¢ through
iteration from Equations (7) and (8), the Monod con-
stant, Kg, can be estimated from Equation (4).
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