
A

B
b
o
T
d
w
o
W
©

K

1

i
u
s
r
m
i
b
c
w
o
a
h
e

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 158 (2008) 264–272

Substrate interactions during anaerobic biodegradation of BTEX
by the mixed cultures under nitrate reducing conditions

Junfeng Dou a,∗, Xiang Liu b, Zhifeng Hu c

a College of Water Sciences, Beijing Normal University, Beijing 100875, PR China
b Department of Environmental Science and Engineering, Tsinghua University, Beijing 100084, PR China

c College of Environmental Science and Engineering, Ocean University of China, Qingdao 266003, PR China

Received 29 July 2007; received in revised form 19 January 2008; accepted 22 January 2008
Available online 2 February 2008

bstract

The enriched BTEX-degrading bacteria were used to investigate the substrate interactions during anaerobic biodegradation of all the possible
TEX binary combinations. Beneficial and detrimental substrate interactions were observed in comprehensive mixtures of benzene, toluene, ethyl-
enzene, o-xylene, m-xylene and p-xylene. The amendment of toluene or ethylbenzene could stimulate benzene degradation. Lower concentrations
f m-xylene would enhance the degradation of benzene, whereas degradation of benzene was inhibited with higher concentrations of m-xylene.
he simultaneous presence of toluene and ethylbenzene could stimulate the degradation of each other. The addition of toluene stimulated o-xylene
egradation, whereas the amendment of ethylbenzene inhibited the degradation of o-xylene. Lower concentrations of toluene or ethylbenzene

ould enhance the degradation of m-xylene and p-xylene, whereas higher concentrations of toluene or ethylbenzene had a slight inhibitory effect
n m-xylene and p-xylene degradation. The amendment of benzene, m-xylene or p-xylene would inhibit the degradation of other BTEX compounds.
hen the concentration of BTEX mixtures was over 150 mg/l, the degradation of benzene, o-xylene, m-xylene and p-xylene was severely inhibited.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Benzene, toluene, ethylbenzene and xylenes (BTEX) are
mportant contaminants present in soil and groundwater, which
sually originate from the accidental leakage of underground
torage tanks containing gasoline and jet fuel. Due to their
elatively higher water solubility, BTEX compounds always
igrate far away from polluted sources and contaminate drink-

ng water supplies. BTEX compounds are of increasing interest
ecause they can produce neurological impairment, and espe-
ially benzene can additionally cause hematological effects,
hich may ultimately lead to aplastic anemia and acute myel-
genous leukemia [1]. Clean-up of the BTEX-contaminated soil

nd groundwater is desirable in order to avoid public health
azards. Bioremediation, expected to be an economical, energy
fficient and environmentally sound approach to other reme-
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iation processes such as chemical or physical ones, has been
eveloped as a soil and groundwater clean-up technique. Aer-
bic bioremediation of BTEX compounds generally exhibits
aster BTEX degradation rates than anaerobic degradation [2].
owever, aerobic strategies are not universally applicable, and

naerobic bioremediation might be more appropriate to clean up
ome gasoline-contaminated sites. With regard to the fact that
asoline-contaminated sites typically involve a complex mixture
f BTEX, it is important to understand the potential stimulation
r inhibition interactions caused by the simultaneous presence
f multiple BTEX compounds.

Under aerobic conditions, many substrate interactions have
een observed during biodegradation of BTEX combinations.
buhamed et al. observed that the inhibition effect of toluene
n benzene was higher than the inhibition effect of benzene on
oluene [3]. Prenafeta-Boldú et al. reported that p-xylene was not

egraded in BTEX mixtures, while in combination with toluene
ppeared to be mineralized by the fungus Cladophialophora sp.
train T1 [4]. Chang and his colleagues investigated the sub-
trate interactions of BTEX by a mixed culture isolated from

mailto:doujf@bnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.01.075
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gasoline-contaminated site, and demonstrated that the simul-
aneous presence of benzene and toluene were degraded with a
light inhibitory effect on each other, ethylbenzene was the most
otent inhibitor of BTEX degradation, the presence of p-xylene
nhibited the degradation of benzene, toluene, and ethylbenzene,
hereas the presence of either benzene or toluene enhanced the
egradation of ethylbenzene and the xylenes [5]. Reardon et al.
ound that toluene significantly inhibited the biodegradation rate
f benzene by Pseudomonas putida F1 [6]. Deeb and Alvarez-
ohen observed that benzene and toluene degradation rates were

lightly enhanced by the presence of o-xylene, whereas the pres-
nce of toluene, benzene or ethylbenzene had a negative effect
n o-xylene degradation [7]. Alvarez and Vogel reported that
he degradation of benzene and p-xylene was enhanced by the
resence of toluene in Pseudomonas sp. incubations, whereas
he degradation of benzene and toluene was inhibited by the
resence of p-xylene [8]. This brief overview revealed that there
as no general rule for predicting the interactions for BTEX
ixtures. What is more, the research in the literature focused

n the substrate interactions in BTEX mixtures under anaerobic
onditions is still very limited. Da Silva and Alvarez reported
hat benzene removal was hindered by the presence of toluene
9]. Meckenstock et al. observed that the strain TRM1 degraded
nly toluene and was not affected by xylene, they also showed
hat the strain OX39 degraded xylene and was inhibited by
oluene [10]. Barbaro et al. noticed the competitive utilization
etween toluene, ethylbenzene and the xylene isomers under
itrate reducing conditions [11]. Phelps and Young observed
he inhibition effect of toluene on BTEX degradation [12]. How-
ver, to our knowledge, no previously reported work focusing
n substrate interactions has included all the possible binary
ombinations between the six BTEX substrates.

We previously examined the anaerobic degradation potential
f BTEX substrates under nitrate and sulfate reducing con-
itions by the mixed bacteria, and found that all the BTEX
ompounds could be biodegraded efficiently [13]. Due to the
ubstrate interactions that occur in the biodegradation of BTEX
ombinations, it is expected that the biodegradation patterns
f individual substrate are different from BTEX combinations.
owever, whether the isolated bacteria have the degradation

bility of BTEX mixtures and what are the substrate interactions
uring anaerobic biodegradation of the BTEX combinations are
till unsolved. Answers to such questions could improve anaer-
bic bioremediation of BTEX-contaminated sites in the future.
herefore, the detailed research is conducted to study these sub-
trate interactions in the degradation of BTEX combinations by
he enriched mixed bacteria. This paper presents results from
naerobic biodegradation experiments with benzene, toluene,
thylbenzene, o-xylene, m-xylene and p-xylene as sole substrate,
s binary combinations and as six mixtures.

. Materials and methods
.1. The enriched mixed bacteria

Anaerobic mixed bacteria were enriched from gasoline-
ontaminated soil, the procedure of the enrichment was

m
e
t
l
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iscussed previously [13]. The enriched mixed bacteria were
imilar to Pseudomonas aureofaciens, Microbacterium Lactuim
nd Bacillus cereus as identified by standard morphological,
hysiological and biochemical plate and tube tests using the cri-
eria and procedures described in Bergey’s Manual of Systematic
acteriology [14].

.2. Experimental design

A series of experiments with all the possible binary combi-
ations between the six BTEX substrates with different initial
oncentrations of approximately 10, 25 and 50 mg/l were inves-
igated. At the same time, the degradation performances during
he simultaneous presence of the six BTEX mixtures with dif-
erent initial concentrations of approximately 30, 60, 90, 150
nd 300 mg/l were studied (corresponding to these values the
oncentration of each substrate was 5, 10, 15, 25 and 50 mg/l,
espectively). Control experiments with the individual com-
ounds of 25 mg/l were run in parallel. In addition, in order
o account for abiotic BTEX degradation, the sterile treatments
nd the microcosms containing no electron acceptor or no
icroorganisms were also prepared. The sterile samples were

stablished by autoclaving at 121 ◦C for 3 h.
Anaerobic biodegradation experiments were performed

sing 50-ml serum bottles, and the bottles were sealed with
olytetrafluoroethylene-lined butyl rubber stoppers and alu-
inum caps. The mineral medium was purged for 3.5 h using

ure nitrogen gas. The constituents of the mineral medium
ere as below: NaNO3 (1.5 g/l), NH4Cl (1.0 g/l), KH2PO4

1.0 g/l), MgCl2 (0.1 g/l), CaCl2·2H2O (0.05 g/l). In addition,
.1% of Na2S·9H2O, vitamin (1%, v/v) and trace solutions
1%, v/v) were also added to the mineral medium. Each liter
f trace salts stock contained 30 mg of CoCl2·6H2O, 0.15 mg
f CuCl2, 5.7 mg of H3BO3, 20 mg of MnCl2·4H2O, 2.5 mg of
a2MoO4·2H2O, 1.5 mg of NiCl2·2H2O, and 2.1 mg of ZnCl2

15,16]. Each liter of the vitamin solution contained 20 mg of
iotin, 20 mg of folic acid, 50 mg of riboflavin, 50 mg of thi-
mine, 50 mg of nicotinic acid, 50 mg of pantothenic acid, 1 mg
f cyanocobalamin, 50 mg of p-aminobenzoic acid, and 50 mg
f thiotic acid [17]. The pH of the mineral medium was between
.8 and 7.2. 33 ml of the minimal medium were poured in
erum bottle, and then 2 ml of the enriched mixed consortia
ere added. Prior to inoculating the bacteria, the flask contained

he enriched mixed bacteria was homogenized so that the cell
aterials were distributed evenly throughout the liquor, and this

rocedure ensured that samples taken from the active flask were
epresentative of the total flask contents. The BTEX substrates
ere added to each mineral medium to a final concentration

s the experimental design. All the microcosms were prepared
n an anaerobic glove-box which was filled with pure nitrogen
as. The maintenance of anaerobic conditions was examined
y a preliminary experiment. The microcosms were incubated
t 20 ◦C in darkness. Samples were periodically collected to

easure the concentrations of BTEX, nitrate and nitrite. All the

xperiments were conducted in triplicate. Each data represented
he mean of three measurements, and the standard deviation was
ess than 10%.
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.3. Chemical and microbiological analysis

BTEX concentrations were analyzed by a model GC-14B
as chromatograph equipped with a capillary column (ULBON
R-1 0.25 mm × 30 m), with a flame ionization detector (FID)

Shimadzu Corp., Japan). Injector, detector and column temper-
ture was hold at 150, 150 and 100 ◦C, respectively. Nitrogen
as served as carrier gas, and oxygen and hydrogen served as
uel gas for the FID.

Nitrate and nitrite were analyzed by ion chromatogra-
hy (Dionex DX100, Sunnyvale, Ca, USA), using an Iopac
SI4 (4 mm × 250 mm) analytical column, the eluent was
a2CO3–NaHCO3 (3.5, 1.0 mmol/l), and the flow rate was
.2 ml/min.

The total cell counts were analyzed by DNA intercalating dye
′,6-diamidine-2′-phenylindol-dihydrochloride (DAPI, Sigma)
taining [18]. For that, suspensions of the samples were con-
entrated onto 0.2 �m pore-size black polycarbonate membrane
lters (Nucleopore, Whatman, USA). Filters were washed with
terilized deionized water and air-dried in the dark. In order to
x the cells, the filters were dipped into a 4% formaldehyde solu-

ion for 2–3 h. Then filters were stained with DAPI dye (1 �g/ml)

or 15 min in the dark. DAPI-stained cells were identified and
numerated under an epifluorescent microscope equipped with
ltraviolet (UV) excitation filter set (Nikon UV-2A, UV excita-
ion at 330–500 nm, dichroic mirror 400 nm, longpass >420 nm,

w
b
o
a

ig. 1. Biodegradation of benzene with the amendment of different concentrations o
ars represent the standard deviations of the three parallel experiments.
Materials 158 (2008) 264–272

awasaki, Japan). The procedure was performed by DAPI stain-
ng in at least three independent experiments.

. Results

.1. Effect of BTEX compounds on benzene degradation

For a constant benzene initial concentration of approxi-
ately 25 mg/l, its degradation was studied with simultaneous

resence of toluene, ethylbenzene, o-xylene, m-xylene or p-
ylene, respectively. The results of benzene degradation with
imultaneous presence of toluene, o-xylene or m-xylene were
hown in Fig. 1(a)–(c), respectively (the data with ethylben-
ene and p-xylene were not shown in this paper). It could
e found from Fig. 1(a) that the degradation of benzene was
timulated by the amendment of 10–50 mg/l toluene. Fur-
hermore, the bacterial growth was stimulated when toluene
as co-existed. At the end point of the experiments, the
acterial densities were 1.1 × 1010 ± 5 × 108 cells/l with simul-
aneous presence of benzene and 54.3 mg/l toluene. The same
timulation effect was observed with the addition of ethylben-
ene, the bacterial densities were 1.0 × 1010 ± 4 × 108 cells/l

ith simultaneous presence of benzene and 56.6 mg/l ethyl-
enzene. In contrast, as could be seen from Fig. 1(b) that
-xylene had an inhibition effect on the degradation of benzene,
nd the inhibition effect was stronger with higher concen-

f other BTEX compounds. (a) Toluene; (b) o-xylene; (c) m-xylene. The error
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ig. 2. Biodegradation of toluene with the amendment of different concentrati
epresent the standard deviations of the three parallel experiments.

rations of o-xylene. At the end point of degradation, the
acterial densities were 7.4 × 109 ± 3 × 108 cells/l with benzene
lone, but 4.4 × 109 ± 2 × 108 cells/l with simultaneous pres-
nce of benzene and 51.4 mg/l o-xylene. The same phenomenon
as observed with the addition of different concentrations of
-xylene, but the inhibitory effect of p-xylene on benzene degra-
ation was slightly less than that of o-xylene. From Fig. 1(c) it
ould be concluded that when the concentration of m-xylene was
elow 25 mg/l, m-xylene enhanced the degradation of benzene,
owever, when the concentration of m-xylene was over 50 mg/l,
-xylene had a slight inhibitory effect on the degradation of
enzene.

.2. Effect of BTEX compounds on toluene degradation

The degradation of toluene with different concentrations
f ethylbenzene or m-xylene was shown in Fig. 2(a) and (b),
espectively (the data with other BTEX compounds were not
hown). From Fig. 2(a) it could be concluded that the presence

f ethylbenzene exerted slightly positive effect on the degrada-
ion of toluene. At the same time, the simultaneous presence
f ethylbenzene could stimulate bacterial growth. The bacterial
ensities were 1.5 × 1010 ± 6 × 108 cells/l with toluene alone,

o
p
i
s

ig. 3. Biodegradation of ethylbenzene with the amendment of different concentrat
epresent the standard deviations of the three parallel experiments.
f other BTEX compounds. (a) Ethylbenzene and (b) m-xylene. The error bars

nd 1.9 × 1010 ± 7 × 108 cells/l with simultaneous presence of
oluene and 56.6 mg/l ethylbenzene. From Fig. 2(b) it could
e found that m-xylene had an inhibitory effect on toluene
egradation in binary mixtures, furthermore the inhibitory effect
as stronger with higher concentrations. For example, with the

mendment of 49.6 mg/l m-xylene, the complete toluene degra-
ation was inhibited by over 20 days compared to the presence of
oluene alone. The same inhibition effects were observed when
oluene was co-existed with benzene, o-xylene or p-xylene. The
ata of total cell counts showed that compared to the presence of
oluene alone, the amendment of benzene, o-xylene, m-xylene
r p-xylene inhibited the bacterial growth.

.3. Effect of BTEX compounds on ethylbenzene
egradation

Fig. 3(a) and (b) revealed the substrate interactions dur-
ng ethylbenzene degradation with the amendment of toluene

r p-xylene, respectively (the data with other BTEX com-
ounds were not shown). From the profiles of Fig. 3(a)
t could be inferred that the presence of toluene had a
light stimulation effect on the degradation of ethylbenzene.

ions of other BTEX compounds. (a) Toluene and (b) p-xylene. The error bars
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he beneficial effect was also supported by the fortuitous
rowth of biomass. For example, the bacterial densities
ere 2.4 × 1010 ± 8 × 108 cells/l with simultaneous presence of
4.3 mg/l toluene and ethylbenzene, in comparison, the bacterial
ensities were 1.3 × 1010 ± 4 × 108 cells/l with ethylbenzene
lone. Comparing Fig. 2(a) with Fig. 3(a) it could be concluded
hat the simultaneous presence of toluene and ethylbenzene
ould stimulate the degradation of each other. From Fig. 3(b)
t could be found that the amendment of p-xylene inhibited
he degradation of ethylbenzene, and the complete degradation
f ethylbenzene was inhibited by over 15 days in the pres-
nce of 51.8 mg/l p-xylene. Other data that was not listed in
his paper showed that benzene, o-xylene or m-xylene had a
light inhibitory effect on ethylbenzene degradation. Among all
he BTEX compounds, the effect of p-xylene on ethylbenzene
egradation was the strongest.

.4. Effect of BTEX compounds on xylenes degradation

To elucidate the effect of benzene, toluene and ethylben-
ene on xylenes degradation, a series of experiments containing
hese substrates was conducted, some of the results were illus-
rated in Figs. 4–6. As depicted in Fig. 4(a), the presence of
oluene could enhance the degradation of o-xylene. At the same
ime, the simultaneous presence of toluene could stimulate bac-
erial growth compared to the presence of o-xylene alone. The
acterial densities were 1.4 × 1010 ± 6 × 108 cells/l with simul-
aneous presence of 54.3 mg/l toluene and o-xylene, compared
o this, the bacterial densities were 9.1 × 109 ± 4 × 108 cells/l
ith o-xylene alone. Fig. 4(b) shows that the degradation of
-xylene was inhibited with the amendment of different concen-
rations of m-xylene ranging from 10 to 50 mg/l. The effect of
enzene, ethylbenzene or p-xylene on o-xylene degradation was
he same to the effect of m-xylene. Figs. 5(a) and 6(a) indicated
hat benzene inhibited the degradation of m-xylene and p-xylene.
igs. 5(b) and 6(b) illustrated that when toluene concentra-
ion was below 10 mg/l, toluene had a stimulatory effect on the
egradation of m-xylene and p-xylene, however, when toluene
oncentration was over 25 mg/l, toluene had an inhibitory effect
n m-xylene and p-xylene degradation. The same effect was

A
o
x
t

ig. 4. Biodegradation of o-xylene with the amendment of different concentrations of
he standard deviations of the three parallel experiments.
Materials 158 (2008) 264–272

bserved when using ethylbenzene as the co-existed substrate
ith m-xylene or p-xylene.

.5. Degradation of BTEX mixtures with different initial
oncentrations

Biodegradation experiments with six BTEX mixtures were
arried out at initial concentrations ranging from 30 to 300 mg/l,
nd the results were shown in Fig. 7. Fig. 7(a)–(d) shows a
ypical profile of complete degradation without a lag phase for all
he BTEX compounds when the initial concentrations of BTEX

ixtures were below 150 mg/l. Fig. 7(e) shows that when the
oncentration of BTEX mixtures reached a value of 300 mg/l,
oluene and ethylbenzene could be degraded nearly without a
ag phase, whereas benzene, o-xylene, m-xylene and p-xylene
ere degraded with a lag phase of 20–30 days. The results of

he experiments indicated that with lower initial concentrations
f six BTEX mixtures there was no apparent negative effect on
he degradation of these substrates, while higher concentrations
f BTEX mixtures inhibited the degradation of the compounds,
specially for benzene, o-xylene, m-xylene and p-xylene.

. Discussion

In the case of the enriched mixed bacteria, the stimulation
ffect of BTEX degradation in mixtures was observed for ben-
ene, o-xylene, m-xylene and p-xylene when either of them
as present in binary mixtures with toluene or ethylbenzene.
hereas, Meckenstock et al. found that growth and o-xylene

egradation of strain OX39 were inhibited by toluene when
oluene concentration was as low as 4.2 mg/l [10]. The com-
etitive utilization phenomena between toluene, ethylbenzene
nd the xylene isomers under nitrate reducing conditions were
lso observed by other researchers [11,12]. The stimulating
ffect observed in this study may be resulted from the fortuitous
rowth of biomass in the presence of toluene or ethylbenzene.

t the end of o-xylene degradation, the bacterial densities with
-xylene plus 54.3 mg/l toluene were 53% higher than with o-
ylene alone. The fortuitous growth of biomass may be due
o both toluene and ethylbenzene were easily acceptable carbon

other BTEX compounds. (a) Toluene and (b) m-xylene. The error bars represent
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ig. 5. Biodegradation of m-xylene with the amendment of different concentrati
he standard deviations of the three parallel experiments.

ources for the enriched mixed bacteria compared to other BTEX
ompounds [13,16]. Of course, another possibility through the
nduction of enzymes seemed also existed.

On the other hand, the amendment of benzene, o-xylene or
-xylene with any of the other BTEX compounds in binary
ixtures had a negative effect on their degradation, although

he degradation of these substrates was not entirely inhibited.
owever, Meckenstock et al. observed that toluene degradation
y strain TRM1 was not inhibited by o-xylene when o-xylene
oncentration was up to 53 mg/l [10]. The inhibitory effect
bserved in this research may be due to the high concentration
f BTEX combinations toxic to the mixed bacteria, this phe-
omenon had also been found in previous study and resulted in
ower degradation rates of BTEX [13]. Among all the BTEX
ompounds the most potent inhibitor of BTEX degradation
as p-xylene. Moreover, the inhibitory effects of p-xylene on

oluene and ethylbenzene degradation were much more pro-
ounced than on other BTEX compounds. One possible reason
ay be due to the competitive metabolism in which p-xylene

nhibited the utilization of toluene and ethylbenzene because of

ompetition for the active binding site of an enzyme. Xylene
egradation could interfere with the very similar toluene degra-
ation pathway because the addition of fumarate to the methyl

t
t
i

ig. 6. Biodegradation of p-xylene with the amendment of different concentrations of
he standard deviations of the three parallel experiments.
other BTEX compounds. (a) Benzene and (b) toluene. The error bars represent

roup was observed as the initial reaction for toluene and xylene
egradation pathways [19–22]. Morasch and Meckenstock iden-
ified 4-methylbenzylsuccinic acid and 4-methylphenylitaconic
cid in supernatants of cultures and elucidated the pathway
f p-xylene degradation, and indicated that degradation of p-
ylene was initiated by fumarate addition to one of the methyl
roups [19]. Evans et al. postulated that there was an anaero-
ic degradation pathway that started with the oxidative addition
f acetylcoenzyme-A to toluene, yielding (2-methylbenzyl)-
uccinic acid and (2-methylbenzyl)-fumaric acid [20]. Biegert
t al. [21] and Beller and Spormann [22] conducted in vitro stud-
es with denitrying bacteria and suggested that the first step of
naerobic toluene degradation in these species was the addition
f the methyl carbon of toluene to the double bond of fumarate to
orm benzylsuccinate. This implied that one of the consecutive
nzymes in the pathway exhibited the substrate specificity, and
he same enzyme systems seemed to be involved in the reaction
f anaerobic toluene and xylenes degradation.

In addition, other effects in BTEX mixtures were found when
tudying the effect of toluene or ethylbenzene on the degrada-

ion of m-xylene and p-xylene, and the effect of m-xylene on
he degradation of benzene. These effects were mainly includ-
ng the positive effect with the simultaneous presence of lower

other BTEX compounds. (a) Benzene and (b) toluene. The error bars represent
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ig. 7. Biodegradation curve of BTEX mixtures under different initial concent
ars represent the standard deviations of the three parallel experiments.

oncentrations of toluene, ethylbenzene or m-xylene, and the
egative effect with the simultaneous presence of higher con-
entrations. Just as discussed above, the presence of toluene or
thylbenzene may lead to higher biomass production. Hence,
igher degradation rates of m-xylene and p-xylene with simul-
aneous presence of toluene or ethylbenzene could be obtained

ecause the effect of inhibition was offset by the fortuitous cell
rowth. However, when the concentration of toluene or ethyl-
enzene was increased, the toxic inhibition effect on m-xylene
nd p-xylene degradation outweighed the enhancement effect

o

b
n

s of (a) 30 mg/l; (b) 60 mg/l; (c) 90 mg/l; (d) 150 mg/l; (e) 300 mg/l. The error

n bacterial growth, which led to the decrease of m-xylene and
-xylene degradation rate. It was an interesting observation that
ower concentrations of m-xylene could stimulate the degrada-
ion of benzene, but it was difficult to explain from the available
nformation, especially because m-xylene was also difficult to
e biodegraded [13], the possibility through enhancing growth

f biomass or induction of enzymes was unlikely existed.

Under the condition of simultaneous degradation of 25 mg/l
enzene and 25 mg/l toluene mixtures, the concentrations of
itrate and nitrite were analyzed during the whole incubation
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Table 1
Biodegradation rates of BTEX under different concentrations of BTEX mixtures and single substrate (mg/l/d)

Substrate The initial concentration of six BTEX mixtures The initial concentration of single BTEX

30 mg/l 60 mg/l 90 mg/l 150 mg/l 300 mg/l 5 mg/l 10 mg/l 25 mg/l 50 mg/l

Benzene 0.35 ± 0.03 0.36 ± 0.04 0.42 ± 0.04 0.47 ± 0.03 0.93 ± 0.06 0.26 ± 0.02 0.46 ± 0.05 0.76 ± 0.06 1.46 ± 0.05
Toluene 0.44 ± 0.04 0.49 ± 0.04 0.63 ± 0.05 0.78 ± 0.05 1.29 ± 0.07 0.34 ± 0.03 0.62 ± 0.05 1.04 ± 0.06 1.67 ± 0.07
Ethylbenzene 0.39 ± 0.05 0.48 ± 0.03 0.60 ± 0.04 0.63 ± 0.03 1.18 ± 0.05 0.32 ± 0.02 0.57 ± 0.03 0.97 ± 0.05 1.59 ± 0.06
o 0
m 0
p 0

t
t
w
t
f
n
N
a
r
i
a
o
s
m
s

C

C

C

C

o
s
c
a

s
r
t
p
c
r
r
c
s
s
t
s
s
d
b
c
t

c
i
t
b
c
t
a
a
d
s
[
m
g
c
a

d
h
i
t
o
w
s
t
o
t
5
P
m
o
B

5

a
m
t
s
z
s

-Xylene 0.33 ± 0.03 0.41 ± 0.04 0.51 ± 0.03 0.52 ± 0.04
-Xylene 0.41 ± 0.04 0.51 ± 0.04 0.53 ± 0.03 0.62 ± 0.05
-Xylene 0.31 ± 0.02 0.33 ± 0.03 0.46 ± 0.04 0.42 ± 0.03

ime. The accumulation of nitrite was found during the reduc-
ion of nitrate, at the same time, the amount of nitrite produced
as less than nitrate consumed. Therefore, it could be concluded

hat only some amounts of the nitrate were completely trans-
erred to nitrogen gas. The reduction of 1 mol of NO3

− to NO2
−

eeds 2 mol electrons, and the reduction of 1 mol of NO3
− to

2 needs 5 mol electrons. The oxidation of 1 mol of benzene
nd toluene to carbon dioxide yielded 30 and 36 mol electrons,
espectively. The electron balance between the amount theoret-
cally derived from the amount of organic substrates consumed
nd the amount of electrons required for nitrate reduced to nitrite
r nitrogen gas was close to 1.0. This supported the theoretical
toichiometry and the hypothesis that benzene and toluene were
ineralized to carbon dioxide and water, and the corresponding

tiochiometric equations were as follows:

6H6 + 15NO3
− → 6CO2 + 15NO2

− + 3H2O (1)

6H6 + 6NO3
− + 6H+ → 6CO2 + 3N2 + 6H2O (2)

7H8 + 18NO3
− → 7CO2 + 18NO2

− + 4H2O (3)

7H8 + 7.2NO3
− + 7.2H+ → 7CO2 + 3.6N2 + 7.6H2O (4)

To quantify the effect of BTEX mixtures on the degradation
f each substrate, the average degradation rate of each BTEX
ubstrate was calculated according to the variation of BTEX
oncentration between starting concentration and the end of
pproximately 0.5 mg/l, the results were listed in Table 1.

From Table 1 it could be found that, when the single sub-
trate initial concentration was below 5 mg/l, the degradation
ates of each BTEX substrate were higher with BTEX mixtures
han with benzene, toluene, ethylbenzene, o-xylene, m-xylene or
-xylene alone. However, when the initial single substrate con-
entration was over 10 mg/l, each BTEX substrate degradation
ates with BTEX combinations were lower than the degradation
ates of individual BTEX systems. Under lower initial substrate
oncentration of 5 mg/l, the degradation rates in single substrate
ystems were lower due to the scarcity of carbon and energy
ource for bacterial growth [13]. Whereas the concentration of
he mixtures was nearly six times higher than that of the single
ubstrate systems, therefore there were much more substrates to
atisfy the bacterial growth, which resulted in relatively higher

egradation rates in BTEX mixtures systems. For example, the
acterial densities were 1.2 × 1010 ± 6 × 108 cells/l when the
oncentration of the mixtures was 30 mg/l. However, the bac-
erial densities were only 4.5 × 109 ± 2 × 108 cells/l when the

a
c
i
a

.89 ± 0.05 0.28 ± 0.02 0.51 ± 0.04 0.84 ± 0.05 1.54 ± 0.07

.92 ± 0.04 0.29 ± 0.03 0.53 ± 0.03 0.89 ± 0.06 1.49 ± 0.05

.85 ± 0.06 0.25 ± 0.02 0.46 ± 0.05 0.79 ± 0.05 1.39 ± 0.06

oncentration of the toluene was 5 mg/l. In contrast, when the
nitial single substrate concentration was 15 mg/l, the concen-
ration of the mixtures was 90 mg/l and was toxic to the mixed
acteria, which resulted in relatively lower degradation rates
ompared to single substrate systems. Heipieper et al. stated that
he main target for the toxicity of organic solvents to bacterial
nd eukaryotic cells was the cell membrane [23,24]. Sikkema et
l. argued that the toxic effects of organic solvents were indepen-
ent from the structural features of the molecules but rather were
trongly related to their ability to accumulate in the membrane
25]. Therefore, the accumulation of the BTEX compounds in
embranes may be another possibility to inhibit the bacterial

rowth, because these compounds accumulated in membranes
an cause an increase in membrane fluidity which leads to an
specific permeabilization [23,25].

Inspection of Table 1, it could also be found that the sum of
egradation rates of the six BTEX substrates in mixtures was
igher than the degradation rate of the single substrate when
nitial concentration was in the same level. For example, when
he initial concentration of the mixtures was 30 mg/l, the sum
f the six BTEX compounds degradation rates was 2.2 mg/l/d,
hich was two to three times higher than the degradation rate of

ingle substrate with the initial concentration of 25 mg/l; under
he condition of initial mixtures concentration 60 mg/l, the sum
f degradation rates was 1.5–2 times higher than the degrada-
ion rate of single substrate with the initial concentration of
0 mg/l. The bacterial consortium contained bacteria similar to
. aureofaciens, M. Lactuim and B. cereus as identified using the
ethods described in Bergey’s Manual of Systematic Bacteri-

logy [14]. From these results, it could be inferred that different
TEX substrates were degraded by different bacteria.

. Conclusions

The results of this research suggested that substrate inter-
ctions among BTEX mixtures were complicated, which were
ainly including (1) the presence of one BTEX compound (e.g.

oluene) would stimulate the degradation of the other BTEX
ubstrates; (2) the presence of one BTEX compound (e.g. ben-
ene, p-xylene) would inhibit the degradation of the other BTEX
ubstrates; (3) the presence of lower BTEX concentrations had

stimulated effect on other BTEX compounds, whereas higher
oncentrations had an inhibited effect. The clear understand-
ng of these substrate interactions would be beneficial to a better
pproach for remediation of BTEX-contaminated soil or ground-
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ater within a complex mixture such as gasoline. Experiments
tudying the effect of gasoline mixtures on the mineralization of
TEX would be conducted in our laboratory.
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model for growth of Pseudomonas putida F1 during benzene, toluene and
phenol biodegradation, Process Biochem. 39 (2004) 983–988.
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