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a b s t r a c t

This study simulated benzene and toluene biodegradation down gradient of a zero-valent iron permeable
reactive barrier (ZVI PRB) that reduces trichloroethylene (TCE). The effects of elevated pH (10.5) and the
presence of a common TCE dechlorination by product [cis-1,2-dichloroethene (cis-1,2-DCE)] on benzene
and toluene biodegradation were evaluated in batch experiments. The data suggest that alkaline pH (pH
vailable online 26 January 2011

eywords:
TEX

10.5), often observed down gradient of ZVI PRBs, inhibits Fe(III)-mediated biotransformation of both
benzene and toluene. Removal was reduced by 43% for benzene and 26% for toluene as compared to the
controls. The effect of the addition of cis-1,2-DCE on benzene and toluene biodegradation was positive
and resulted in removal that was greater than or equal to the controls. These results suggest that, at least
for cis-1,2-DCE, its formation may not be toxic to iron-reducing benzene and toluene degrading bacteria;

nzen
ially
ron reducing conditions
H
is-1,2-DCE

however, for microbial be
provide pH control, espec

. Introduction

With dwindling supplies of groundwater, treatment of contam-
nated water sources is becoming more critical, especially those
ontaining mixed plumes comprised of petroleum hydrocarbons
nd volatile chlorinated hydrocarbons. Permeable reactive barriers
PRBs) are an effective way to treat these contaminants by reducing
hlorinated hydrocarbons with passage through zero-valent iron
ZVI) and by degrading petroleum hydrocarbons with bacteria that
olonize the PRB [1].

There have been more than 200 zero-valent iron permeable
eactive barriers (ZVI PRBs) used worldwide since the first field
emonstration of the technology in 1995. These PRBs have mainly
een used to remove chlorinated hydrocarbons and some other pol-

utants; the U.S. Environmental Protection Agency designated the
VI PRB a standard remediation technique in 2002 [2–5].

Remediation of benzene, toluene, ethylbenzene, and xylene
BTEX) is mainly accomplished by microbial degradation. Lenka

t al. [6] studied BTEX and naphthalene degradation using a ZVI-
ree biological permeable reactive barrier (bio-PRB). They achieved
TEX and naphthalene removal rates of 57.3% and 99.9%, respec-
ively. Biodegradation of BTEX has been investigated widely and

∗ Corresponding author. Present address: Shuihuan Mailbox, China University of
eosciences, Beijing, No. 29 Xueyuan Road, Haidian District, Beijing 100083, PR
hina. Tel.: +86 010 82320920.

E-mail address: chenliangqingdao@163.com (F. Liu).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.01.076
e and toluene removal down gradient of a ZVI PRB, it may be necessary to
in the case of a biological PRB that is downstream from a ZVI PRB.

© 2011 Elsevier B.V. All rights reserved.

deemed an efficient and environmentally compatible way to treat
contaminated groundwater [7–12].

Previous studies have largely focused on using one method to
treat a single pollutant; few effective methods have been estab-
lished for the removal of mixed contaminants in groundwater,
mainly because of the variation in chemical properties of mixed
plumes. BTEX is easily degraded by microorganisms under aerobic
conditions, but is unaffected by ZVI [13–15]. Chlorinated hydro-
carbons like trichloroethylene (TCE) are readily reduced by ZVI,
but are thought to be toxic to BTEX-degrading bacteria [16–18].
The challenge then is to design a two-stage PRB system that segre-
gates the two processes: ZVI designed for reductive dechlorination
of TCE followed by a bio-PRB for removal of BTEX. Concerns that
must be addressed in such a configuration include the potential
toxicity of the chlorinated intermediate compounds. Halogenated
intermediates like cis-1,2-dichloroethene (cis-1,2-DCE) and vinyl
chloride (VC) may penetrate the ZVI PRB, move into the bio-PRB,
and inhibit BTEX removal [19–21]. In addition, most microorgan-
isms have an optimal pH near 7 [22–24]; however, pH may be a
concern as well since pH down gradient from ZVI PRBs is always
high (>9.0; [4,25–27]). Microbial degradation of BTEX in the sub-
surface is affected by many other factors as well, including the
concentration of BTEX, redox potential (Eh), dissolved oxygen (DO)

in the case of aerobic degradation, and availability of other electron
acceptors (i.e., NO3

−, Fe3+, SO4
2−) [19,28].

In this study, we focused on changes that might occur in the
groundwater chemistry down gradient of a two-stage ZVI PRB
designed to sequentially treat TCE, benzene and toluene. Labora-

dx.doi.org/10.1016/j.jhazmat.2011.01.076
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:chenliangqingdao@163.com
dx.doi.org/10.1016/j.jhazmat.2011.01.076


dous M

t
a
p
b

2

2

o
t
g
r
p
u
o
b
t
f

M
t
c
i
b

L
4
b
d

2

t
p
m
p
t
f

w
p
w
f
t
c
o
b
w
a
e
a
i
d

e
b
G

a
E
p
[

L. Chen et al. / Journal of Hazar

ory batch experiments were conducted with natural groundwater
nd ZVI added to investigate the effects of increased pH and the
resence of cis-1,2-DCE on the Fe(III)-mediated biodegradation of
enzene and toluene.

. Materials and methods

.1. Groundwater and soil

Groundwater was obtained from a well located on the campus
f China University of Geosciences in Beijing, PRC. The concentra-
ions (mg/L) of K+, Na+, Ca2+, Mg2+, Fe3+, Cl−, NO3

−, SO4
2− in the

roundwater were 1.92, 18.01, 73.96, 33.3, 0.21, 47.29, 9.12, 69.78,
espectively. The groundwater used in all experiments was first
urged with nitrogen to reduce the DO to less than 1 mg/L to sim-
late the low redox conditions commonly found down gradient
f ZVI PRBs. After purging, iron filings were added on a 20% (v/v)
asis. The groundwater was stored for 15 d to allow the iron filings
o react completely with the groundwater and release some Fe(III)
or use as electron acceptor during biodegradation.

Dissolved oxygen was monitored by a HQ-30d Dissolved Oxygen
eter (Hach, Loveland, CO, USA). An o-phenanthroline spectropho-

ometric method was used to determine the Fe2+ and total iron
oncentrations. Other ions (NO3

− and SO4
2−) were determined by

on chromatography (Dionex 120, Dionex Corporation, Bannock-
urn, IL, USA).

Petroleum contaminated soil was obtained from an oilfield in
iaoning Province, PRC. The concentration of organic carbon was
8.53 g/kg, and the C:N was 112.3 [29]. This soil was used in the
atch experiments as the source of bacteria for benzene and toluene
egradation.

.2. Enrichment, cultivation and inoculation procedures

An enrichment process was employed to obtain benzene and
oluene degrading bacteria from soils that had a long history of
etroleum contamination. Soil samples (300 g) were added to 500-
L wide-mouth, brown glass jars and closed with butyl rubber

lugs. Groundwater was added leaving a small void space. The bot-
les were then sealed, shaken, and incubated in the dark at 23 ◦C
or 5–7 days.

About 300 mL of water from the initial enrichments
ere transferred to 1-L amber glass bottles fitted with
olytetrafluoroethylene-lined screw cap closures. Fresh ground-
ater was added and purged with N2 for 1 h to reduce the DO,

ollowed by addition of benzene and toluene for an initial concen-
ration of ∼200 �g/L of each. After 5–7 days of incubation under
onditions described previously for the initial enrichments, 500 mL
f the solution phase was transferred to a new 1-L amber glass
ottle. More groundwater, benzene and toluene (∼500 �g each)
ere added. Control bottles, containing groundwater, benzene

nd toluene but no bacteria from the soil enrichments, showed no
vidence of benzene and toluene removal. Analysis of the benzene
nd toluene from the bottles that contained the soil inocula
ndicated that they were removed with time, suggesting that the
esired bacterial population had been successfully enriched.

Laboratory batch experiments were used to investigate the
ffects of elevated pH and cis-1,2-DCE on benzene and toluene
iodegradation. A PB-10 Precision pH meter (Sartorius, Göttingen,
ermany) was used to measure pH.
Three separate experiments were conducted with increased pH
nd/or with cis-1,2-DCE added; experiments were designated E-1,
-2 or E-3. Because the pH of groundwater down gradient of ZVI
ermeable reactor barriers is often greater than 9.0 (e.g., Puls et al.
30] has reported a maximum pH of 10.7), pH 10.5 was chosen
aterials 188 (2011) 110–115 111

as the elevated pH in our experiments. Since the Maximum Con-
taminant Level (MCL) for cis-1,2-DCE established by the U.S. EPA is
70 �g/L [4,31], and the concentration of cis-1,2-DCE in groundwa-
ter after ZVI PRBs does not normally exceed the MCL [32,33], the
concentration of cis-1,2-DCE added in our experiments was 90 �g/L.

E-1 were experiments conducted at pH 7.9 and then modified
to pH 10.5 by the addition of NaOH. E-2 were experiments con-
ducted at pH 7.9 with or without cis-1,2-DCE. E-3 were experiments
performed at pH 10.5 with or without cis-1,2-DCE. The concen-
tration of benzene and toluene in bacterial and control samples
was 2.0 mg/L and 3.0 mg/L, respectively. All experiments were per-
formed in duplicate with deviations not exceeding 10%.

2.3. Gas chromatographic analyses

Headspace-gas chromatography–mass spectrometry (HS-
GC–MS) with external standards was used to quantify benzene,
toluene and cis-1,2-DCE (G1888 Headspace Auto Sampler, Hewlett-
Packard; 6890 gas chromatograph, Agilent, Santa Clara, CA, USA;
HP-5 MS 30 m × 0.25 m × 0.25 �m capillary column, Hewlett-
Packard; 5975 MS, Agilent). Headspace conditions: vial, loop and
transfer line temperatures 85 ◦C, 95 ◦C and 150 ◦C, respectively.
GC oven temperature: initially 40 ◦C held for 5 min, gradually
increased to 200 ◦C at the rate of 10 ◦C/min. Injection tempera-
ture: 150 ◦C. Column flow rate: 1.0 mL/min. Split ratio: 1:1. MS
conditions: Ion Source: EI 70 eV. Acquisition Mode: SIM. Sample
preparation: a 10 mL glass vial was sealed after 1 mL NaN3 solution
and 4 mL of sample were added. The concentration of benzene and
toluene was measured at 0 and 0.5 days and every 24 h thereafter.
Samples were normally analyzed immediately or stored at 4 ◦C
until analysis.

2.4. Calculation of biodegradation half-life and inhibition
coefficient

Mehrdad et al. [12] have reported that biodegradation of
benzene and toluene corresponds to a quasi-first order kinetic
equation. The half-life of benzene and toluene biodegradation in
our study was calculated following the equation below:

−dC

dt
= kbC (1)

t1/2 = 1
kb

ln 2 (2)

In Eqs. (1) and (2), C is the concentration of benzene and toluene
in solution; t is the time of benzene and toluene biodegradation;
kb is the rate constant of benzene and toluene removal; t1/2 is the
half-life of benzene and toluene in solution. In order to account
for differences due to variations in bacterial activity and/or bacte-
rial population sizes, the inhibition coefficients (IC) due to effects
of increased pH or the presence of cis-1,2-DCE on the half-life of
benzene and toluene biodegradation was calculated following the
equation below:

IC =
t′
1/2

t′′
1/2

(3)

In Eq. (3), t′ is the half-life of benzene and toluene at pH
1/2
7.9 and/or without cis-1,2-DCE; t′′

1/2 is the half-life of benzene and
toluene at pH 10.5 and/or with cis-1,2-DCE. If IC > 1, the pH increase
or presence of cis-1,2-DCE inhibited biodegradation of benzene and
toluene; at values of IC < 1, these factors accelerated the process.
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and toluene were degraded completely, suggesting that the bacte-
Fig. 1. Biodegradation of benzene and toluene at pH 7.9 and 10.5 in th

. Results and discussion

.1. Oxygen, nitrate, sulfate and iron concentrations

Oxygen levels in all experiments were consistently lower than
mg/L. Sulfate levels were unchanged throughout all experiments.
itrate was never detected, presumably because as intended it was

educed by the ZVI before the experiments were initiated. Fe(III)
oncentrations increased due to some oxidation of the ZVI, thereby
roviding a reliable source of electron acceptors for the benzene
nd toluene degraders in the experiments. It was difficult to quan-
ify iron, particularly Fe(II), because of complex interactions with
he matrix; however, the iron data support our conclusion that ben-
ene and toluene were degraded under iron-reducing conditions in
he enrichment cultures.

.2. Effect of alkaline pH on benzene and toluene biodegradation

The rates of benzene and toluene removal under elevated pH
onditions (E-1) are shown in Fig. 1. The removal rate for 2.00 mg/L
enzene and toluene at pH 7.9 over 4 days was 97% and 100%,
espectively. When the pH was adjusted to 10.5, the removal rate
ver the same period of time was reduced by 43% and 26%, respec-
ively. Based on the observed removal rates obtained for benzene
nd toluene in E-1 and the half-life estimates shown in Fig. 2,
he inhibition coefficients (IC) of pH 10.5 on benzene and toluene
iodegradation was calculated to be 4.2 and 1.6, respectively.

These results clearly suggest that elevated pH inhibits both ben-
ene and toluene biodegradation. This effect was likely due to the
ioenergetic problems associated with the surface of a cell mem-

rane populated with hydroxyl ions; in other words, inhibition
f the continued formation of a proton gradient across the bac-
erial membrane that drives ATP synthesis [34]. Our results are
onsistent with those of Tas and Pavlostathis [35] who reported
two-fold decrease in perchloroethylene (PCE) dechlorination by

Fig. 2. Calculated half-lives of benzene and toluene at pH 7.9 and pH 10.5.
nce of added cis-1,2-DCE. Control experiments contained no bacteria.

a Dehalococcoides-containing enrichment culture when the pH was
increased from 7 to 8.

The inhibition of benzene biodegradation due to high pH was
about 2.6 times greater than for toluene. There are two possible
explanations for these results. First, it may be due to the differ-
ent intermediate products formed during biodegradation. The main
intermediate of benzene degradation is phenol, while benzoic acid
is the main by-product of toluene degradation [36,37]. Ladlie et al.
[38] have postulated that the biodegradation rate of any given
organic compound corresponds closely with its ionization constant
(pKa) and the matrix pH. The pKa of phenol at 25 ◦C is 10.0, while the
pKa of benzoic acid is 4.2. Since the pKa of phenol is about 2.3 times
greater than that of benzoic acid, we would expect benzoic acid to
be more easily ionized under high pH condition so that electrons
are more quickly accepted and transformed into other intermedi-
ates (e.g., catechol [11,39]). Secondly, it is possible that the observed
inhibition was caused simply by the preferred utilization of toluene
over benzene by the bacterial community when both substrates are
available, which has been noted by other investigators [12,40].

3.3. Effect of culturing conditions on benzene and toluene
degradation at pH 10.5

As may be seen in Table 1, significant differences in benzene
and toluene removal were observed between E-1 (results just dis-
cussed) and E-3. In E-1, the bacteria were cultured at pH 7.9 for 7
days; after this period, the pH of the culture was increased to 10.5
by the addition of NaOH. In E-3, however, the bacteria were culti-
vated for three successive 7-day periods at pH 10.5. In E-3, benzene
ria adjusted to the higher pH environment when cultured under
these conditions. Most bacteria can function within a range of pH
values (±3 pH units from an optimum value; [34]). We do not know
what the optimum pH was for our iron-reducing bacterial consor-

Table 1
Effect of culturing conditions on benzene and toluene biodegradation at pH 10.5.

pH cis-1,2-DCE
(�g/L)

Benzene Toluene

Removal rate (%)
Half-life (day)

E-1 10.5 0 54 74
E-1 10.5 0 3.38 2.01

Removal rate (%)
Half-life (day)

E-3 10.5 0 100 100
E-3 10.5 0 3.17 3.93

Note: Medium pH in E-1 was adjusted from 7.9 to 10.5 directly; bacteria in E-3 were
cultivated at pH 10.5.
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Fig. 3. Biodegradation of benzene and toluene with and w

ium, although pH 10.5 is well within the expected range of pH
ariation. We do not have another explanation for the apparent
daptation to pH 10.5 that we observed.

.4. The effect of cis-1,2-DCE on benzene and toluene
iodegradation

Fig. 3 illustrates the effect of added cis-1,2-DCE on benzene
nd toluene removal. Table 2 summarizes cumulative benzene and
oluene removal in E-2 and E-3 on a percentage basis. The effect
f the addition of cis-1,2-DCE on removal of both compounds was
urprising in that the extent of their removal was greater than or
qual to the control cultures. For example, in E-2, the removal of
enzene and toluene in 7 days was 44% and 57%, respectively; in

ontrast, the presence of cis-1,2-DCE increased benzene removal to
6% and toluene removal to 79%.

Fig. 4 summarizes the calculated half-lives of benzene and
oluene in E-2 and E-3. The E-2 half-lives suggest that the extent

able 2
emoval of benzene and toluene with cis-1,2-DCE added.

E-2 E-2 + DCE Control E-3 E-3 + DCE Control

pH 7.9 7.9 7.9 10.5 10.5 10.5
cis-1,2-DCE (�g/L) 0 95 152 0 86 139
Benzene removal (%) 44 56 0 100 100 0
Toluene removal (%) 57 79 0 100 100 0
cis-1,2-DCE removal (%) 0 89 39 0 89 39

ote: Bacteria in E-2 were cultivated at pH 7.9. Bacteria in E-3 were cultivated at pH
0.5. The controls contained no bacteria.
t cis-1,2-DCE. Control experiments contained no bacteria.

of benzene and toluene removal is slightly greater in the presence
of cis-1,2-DCE (reaching ∼60% after 7 days); similarly, the rates of
benzene and toluene removal were markedly faster in the presence
of added cis-1,2-DCE (e.g., 3.9 days vs 6.1 days for benzene). In E-3,
similar results were obtained with regard to benzene and toluene
half-lives.

These results may be best explained by the possible co-
metabolism of benzene and toluene by the cis-1,2-DCE dechlori-
nating bacteria. Co-metabolism of BTEX, chlorinated hydrocarbons
and other substances under aerobic/anaerobic conditions has been
studied extensively [e.g., 41–44]. Anke and Edward [45] have
observed the co-metabolism of cis-1,2-DCE with VC and toluene
under aerobic conditions. Doong and Wu [46] investigated the
anaerobic co-metabolism of chlorinated hydrocarbons with acetic

acid, glucose, methanol, and humic acids. Since the metabolism of
cis-1,2-DCE was not followed systematically in the present study,
additional work would need to be done in order to elucidate
whether or not co-metabolism occurred during microbial Fe(III)
reduction.

Fig. 4. Half-lives of benzene and toluene in the presence and absence of cis-1,2-DCE.
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Based on Fig. 4, there appears to be a greater effect of cis-1,2-DCE
ddition on toluene removal, which may again be explained by the
referential use of toluene over benzene; however, as evident in
ig. 2, elevated pH appears to have a greater effect on benzene than
n toluene. These results suggest that pH and cis-1,2-DCE have dis-
inctly different effects on microbial activity; pH directly affects

etabolism (e.g., enzymes, cell membranes, and proton motive
orce; [34,47]), while cis-1,2-DCE may be used by the microbial
ommunity as a secondary substrate [45,46].

In E-3, elevated pH (10.5) inhibited both benzene and toluene
egradation. The average IC of pH on their half-lives was about
.9, while the IC for cis-1,2-DCE was about 0.6. In other words, the
ffect of alkaline pH on benzene and toluene removal was about
ve times greater than the effect of added cis-1,2-DCE. This leads
s to speculate that the effect of elevated pH down gradient of a
VI PRB is a major factor in the observed inhibition of benzene and
oluene biodegradation. Moreover, our experiments suggest that
he presence of cis-1,2-DCE on benzene and toluene degradation

ay, in fact, be beneficial.

. Conclusions

This study demonstrates that the Fe(III)-mediated anoxic degra-
ation of benzene and toluene down gradient of a simulated ZVI
RB is adversely affected by elevated pH, while the TCE dechlori-
ation by-product cis-1,2-DCE appears to enhance their removal.
lkaline pH (10.5) exerts a larger effect on benzene biodegradation

han on toluene removal, which is consistent with differences in
he ionization constants of their metabolic intermediates. In a sim-
lated iron-reducing environment, toluene may be preferred over
enzene as a substrate when they coexist.

In a sequential ZVI PRB/bio-PRB system, dissolved oxygen in
he ground water after passing through the ZVI PRB is usually low
<1.0 mg/L), and the pH always increases (>9.0) [4,25–27]. More-
ver, some daughter products may accumulate and flow down
radient and reach the bio-PRB unit [19–21]. All of these factors
hould be considered in the design of such a sequential groundwa-
er treatment system.

Based on the results of this study, we conclude that increases
n pH down gradient of ZVI PRBs need to be considered seriously
n both design and operation. Addition of a pH buffer strip is war-
anted; however, permeation of the bio-PRB with cis-1,2-DCE may
e neglected. For a containment site with a mixed plume (i.e., TCE
nd 2 mg/L BTEX), we recommend that the bio-PRB down gradient
f the ZVI unit be at least 5 m in thickness if the groundwater flow
ate through it is ∼1 m/day; this should achieve removal of greater
han 98% of BTEX compounds at steady state. These recommen-
ations are based on these study results, so in actual application,
everal other factors need to be considered, including the activity
f appropriate microorganisms, the presence of potentially toxic
ompounds, the concentration of contaminants of concern, the
omposition and surface area of the bio-PRB, and other hydrogeo-
ogic characteristics of the remediation site.
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