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Preface

This book contains peer reviewed papers presented at the 3™ British Geotechnical Association
Geoenvironmental Engineering Conference held at the University of Edinburgh, Edinburgh, Scotland,
in September, 2001. The second conference in this series was held two years ago in London at the
Institation of Civil Engineers. Issues related to Geoenvironmental Engineering are now well
cstablished in importance throughout the world and pollution of the natural environment continues to
occur as a result of both industrial activity and natural disasters, Therefore conferences like this have
an important role to play in the sharing of knowledge and experience by the international
geoenvironmental enginecring community,

The main theme of the third conference is Geoenvironmental Impact Management. The papers in this
book have been grouped together in cight main sections which reflect the themes which were
considered at the conference: Recycling, Reuse, Recovery and Management; Risk Management;
Legistation and Regulatory Control; Mine Sites, Tailings Dams, Dredgings and Lagoons; Site
Remediation and Land Regeneration; Natural Attenuation, Fate and Transport of Pollutants including
Gas; Design, Construction and Operation of Landfill Sites; and Case Histories. The papers in this

" volume have been submitted by authors from around the world, reflecting the worldwide interest in
geoenvironmental engineering.

... The conference was organised by the Geoenvironmental Engineering Research Centre at Cardiff

hiversity and the British Geotechnical Association. We would like to thank the members of the
__"Cmnmi&oe:DrAAl—lebll,meumrSIefferis;DrJMRdd.Dl'DStewalt,DrPTedd.
ﬂSmnms.DrMWianMuARoid(Secxeﬂry)fordleirmimmeinﬂucpaperrevicw

v ‘lndthemglnisaﬁmoﬂhecmfaeme.Wewoulddmespechllyﬁketommkthelmal
Anisi CommiminEdinbwgh(ProfABnry,DrWFerguson.MrGPaschke,DrIPymh,MsC
andDrMWinter)fortheirmistamemdswpon. .




Contribution of Anaerobic Microbial Activity to Natural
Attenuation of the “B” in BTEX

3. J. JOHNSON, K. J. WOOLHOUSE, H. PROMMER, D. A. BARRY & N. CHRISTOFI
School of Civil and Environmental Engineering/Contaminated Land Assessment and Reme-
diation Research Centre, The University of Edinburgh, Edinburgh EH9 3IN United Kingdom.

ABSTRACT

Anaerobic biodegradation of hydrocarbons, using a variety of terminal electron acceptors, is
increasingly being reported both in laboratory studies and in the field. Of all the petroleum
hydrocarbons, benzene is considered the most problematical due to its high toxicity and rela-
tively high aqueous solubility. These, combined with its peculiarly stable structure mean that
it has long been considered recalcitrant in all but aerobic conditions. There is now a small,
but growing, literature to suggest that this may not in fact be the case. We present a mini-
review of the field, encompassing reviews up to 1997 and original papers published since
then. It appears that benzene is indecd degraded anaerobically, but that organisms capable of
doing so are not ubiquitous. In addition, benzene degradation may be competitively inhibited
by the presence of more readily degraded compounds such as toluenc. Certainly, the occur-
rence and rate of benzene attenuation under anaerobic conditions is far mare site-specific
than for other BTEX compounds. We discuss a mathematical method for modcl]mg redox-
dependent, differential degradation rates.

INTRODUCTION .

Petroleum contains, in addition to many other hydrocarbon constituents, benzene, toluene,
ethylbenzene, and xylenes (BTEX). These are the most significant corponents in terms of
pollution potential, as they are the most soluble. Leaks of petroleum, leading to contamina-
tion of soil'and groundwater by BTEX compounds, are widespread. Thus, dissolved BTEX
compounds in the subsurface environment are candidates for removal via naturally occurring
processes, whercby redox reactions mediated by autochthonous microorganisms result in the
production of less harmful, even benign, products [1].

Benzene typically makes up less than 2% of petroleum [2], but is important since it is consid-
ered the most toxlc and persistent of all petroleurn components. Tt has limited solubility in
water (1.78 g I [3]), yet is the most soluble of petroleum hydrocarbons [4], Its structure and
shape make it difficult to oxidise and degrade. Reasonable evidence exists shOng that the
TEX compounds all degrade naturally in groundwater systems [5], whereas for benzene the
picture is mixed. Indeed, it is thought that benzene degradation may be inhibited in the pres-
ence of other hydrocarbons, such as toluene [6], though the mechanism for this is unclear,
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BTEX degradation occurs most rapidly under aerobic conditions. However, aquifers are often
anoxic. In the absence of dissolved oxygen in groundwater, benzene degradation rates de-
crease or can stop altogether. The aerobic degradation of benzene, via catechol, is well estab-
lished [5], and will not be further considered here. The application of oxygen to anoxic soil,
sediments and groundwater is possible by a variety of means (biopiles, injection of
Ofairfaerated water/hydrogen peroxide or the injection of chlorite, which is degraded by per-
chlorate-reducing bacteria to yicld oxygen in situ [7]. These are intrusive and, therefore, ex-
pensive measures. Hence, monitored natural attenuation (intrinsic bioremediation) is likely to
remain the most widespread remediation technigue for BTEX-contaminated aquifers

Natural attenuation encompasses a host of physical processes {¢.g. dispersion, dilution, sorp-
tion and volatilisation) as well as chemicai and biological degradation. Biodegradation de-
pends on microbial activity that varies with hydrogeological site characteristics and aquifer
geochemistry. Here, anacrobic benzene biodegradation is examined, considering evidence
from both laboratory and the field. Literature surveys reveal conflicting evidence on condi-
tions required for its degradation. Thus, it is difficult to predict a priori the occurrence/rate of
benzene removal without a detailed understanding of aquifer conditions.

A 1997 review of likely mechanisms [8] suggested that benzene could be degraded via ben-
zoate under a range of conditions. No single microbial species has been shown to complctely
degrade the compound under anaerobic conditions, although stable benzene-degrading en-
richment cultures are known. Toluene-degrading organisms, however, have been identified,
and include members of the nitrate-reducing genera Azoarcus and Thauera, and the iron-
reducing Geobacter metallireducens as well as a variety of unnamed sulphate-reducers. The
i -only organisms known to degrade BTEX compounds anaerobically are bacteria, but it has
.~ been suggested that the currently poorly studied anaerobic fungi might prove to be involved.

L
-g.i_' Aronson and Howard [5] reviewed a large number of laboratory and field investigations in
v 1997. The majority of published studies failed to demonstrate anaerobic benzene degradation,
i, Those that did indicated that benzene was degraded under nitrate-, Fe(IIl)- and manganese-
:fpducing, and sometimes under methanogenic conditions. Many authors attributed lack of
degradation to insufficient residence time. Others suggested that since benzene degradation
{( .appears to be inhibited in the presence of other carbon sources, it might be that the degrada-
;k tion seen in the field was due to aerobic degradation at the plume periphery.

(i

Since these reviews, a number of pertinent papers have been published. Space does not allow
for the comprehensive review of papers published prior to 1997, We therefore suggest this
paper should be read in conjunction with the earlier reviews [5:8:9].

BENZENE DEGRADATION UNDER DIFFERENT REDOX REGIMES

Cellular respiration comprises a chain of oxidation-reduction couples, whereby energy is ex-
tracted via a stepwise oxidation (i.e., removal of electrons) of organic and inorganic mole-
cules. In order to proceed, there needs lo be a relatively more oxidised chemical species
available to prevent the accumulation of electrons that would hinder the reaction kinetics.
These are known as terminal electron acceptors (TEAs). In aerobic respiration, the TEA is
molecular oxygen, but in the absence of oxygen, a number of less highly oxidised TEAs may
serve, assuming organisms capable of making use of them are present. Available TEAs are




=

302  GEOENVIRONMENTAL IMPACT MANAGEMENT

generally used in the environment in decreasing order of oxidation-reduction potential. Possi-
ble TEAs include NO5, Fe(IIT), Mn(IV), SO,*, and CO,.

Nitrate-reducing conditions

Benzene has long been considered recalcitrant in the field under nitrate-reducing conditions.
Where it has been seen, it has been much slower than under aerobic conditions and it appears
that O; is still required as a substrate for the oxygenases that mediate the oxidative cleavage
of the aromatic ring, even if it is not used as a TEA. Benzoate 15 often considered to be a
central metabolite in the degradation of monoaromatic hydrocarbons, and it has been shown
to be degraded under denitrifying conditions [8] though some workers still point to the appar-
ent inability of nitrate-reducers to degrade benzene {10]. Nales et al. [11] demonstrated ben-
zene degradation under nitrate-reducing conditions, but found that TEX substrates competi-
tively inhibited its degradation. They also demonstrated benzene degradation under sulphate-
and Fe(lIl)-reducing conditions, but not with methanogenesis. More recently, benzene has
again been shown to be degraded in microaercbic, nitrate-reducing conditions, with Oy re-
quired for oxygenases [12]. Burland & Edwards {13] link benzene degradation to reduction of
nitrate to nitrite (but not to conversion to gaseous nitrogen).

Iron-reducing conditions

Iron is considered to be especially significant in hydrocarbon degradation in marine sedi-
ments, with Fe(III) chelated to a variety of compounds shown to stimulate benzene oxidation
in anaerobic sediment [14;15]. Kazumi er al. [16] showed that benzene was degraded in
methanogenic, sulfate-reducing, and iron-reducing conditions. Benzene loss also occurred in
the presence of Fe(IIl) in sediments from freshwater environments. Heider ez al. [9] noted
recently that benzene was degraded under iron-reducing conditions but that no single ben-
zene-degrading organism had been isolated. A community including members of the genus
Geobacter was implicated. Many primitive benzene-degrading bacteria (hyperthermophiles),
previously thought to require SO4>, have been shown to grow using Fe(IIT) as an electron ac-
ceptor [17;18]. Caldwell and Suflita [19] found evolution of phenol and benzoate under a
range of conditions (Fe(IIl)- and sulphate-reduction, and with mtha@ogenesis), supporting
the theory that benzoate is a central metabolite in anaerobic degradation of aromatics.

Sulphate-reducing conditions

Several workers have demonstrated benzene degradation umdcr sulphate—reducmg conditions
in soil collected from contaminated sites (e. g. Phelps et al. [20]). Chaudhuri & Wiesman [21]
showed that degradation was via benzoate. Benzene degradation was comprehensively dem-
onstrated in sulphate-reducing sediments from San Diego Bay [22]. Reinhard ef al. {23] in-
vestigated BTEX degradation under a range of redox conditions, but benzene degradation
was only associated with sulphate reduction. Enrichment of aquatic sediments with known
benzene-degraders leads to degradation of benzene and growth of benzene-degrading organ-
isms, suggesting that the lack of benzene degradation in some aquifers is due to failure of ap-
propriate organisms to colonise the aquifer, rather than adverse environmentai conditions
[24]. A sulphate-reducing consortium was found to remain relatively complex despite the
culture’s long exposure to benzene as the only carbon and energy source (over 3 years) and
repeated dilutions of the original enrichment [25]. Conversely, compieté mineralization of
benzene to CO; has been demonstrated apparently within single cells in microcosms §22], and
more recently in a contaminated aquifer [26}
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Methanogenesis

Where no electron acceptors other than CO» are present, it is suggested that benzene might be
degraded to CO, and methane. In such a situation, it would not be possible to mineralise ail
the benzene. However, in the absence of any other TEA, this might play 2 role in limiting the
extent of the contaminant plume. Benzene has been shown to be converted to CHy and CO-
with no lag phase in the absence of other electron acceptors [16;27;28].

MODELLING DIFFERENTIAL DEGRADATION RATES

Modelling of the complex biogeochemical interactions is a valuable means of quantifying the
varied and complex interactions between contaminants, the local hydrogeology (groundwater
flow) and the local hydrogeochemistry and, ultimately, making predictions of (i) the viability
of natural attenuation as a remediation technique for BTEX compounds in aquifers and (it)
the feasibility/efficiency of enhanced remediation schemes. For the quantification of hydro-
carbon compounds, models of different levels of complexity exist. Probably the most com-
mon mathematical formulation is based on linking the removal of organic compounds to the
microbial growth rate. For a single organic compound, this growth rate can be expressed by

ax c
growth v org Cﬂ, X ‘ (1)

a K, ot Coe Koot C

arg

where ¢ is time, X is the local microbial concentration (subject to both grown and gecay)s Vimax 18

an asymptotic maximum specific uptake rate, Co,, and C,, are the aqueous concentrations of

the organic compound (substrate) and TEA, respectively. K., and K., are the half-saturation

constants for the organic compound and the TEA, respectively. For the complete mass-

balance of the bacterial group, microbial decay needs to be considered, leading to
ox X ot X jecay

ety 2
R ot @
X
with ;;"" =—v, X, (3

where Vdec is a decay rate constant. During microbial growth, both organic substrate and TEA
i arc consumed at rates that are proportional to Vmg,. Thus, for a known reaction stoichiometry,
the degradation rate can be easlly determined from.

Con o

Bt =Y ot ‘ ' | )

i where Y is a stoichiometric factor. As written, the above formulation treats multiple hydro-
? carbon compounds as one single compound with similar physico-chemical properties and,
i consequently cannot mimic the above-discussed differential degradation (or recalcitrance) of
compounds under varying redox conditions. To simulate this, (1) nceds to be modified to

K _ x, )
25 e

where each of the growth terms X,/ is derived from a compound-specific term similar to
(1) where the uptake rates vi.. can then differ between different substrates. If more than one
TEA is involved in the degradation process, this will typically tequire simulation of concen-
trations of multiple microbial groups, each associated with a particular TEA. To inhibit
growth of bacteria in the presence of a thermodynamically morc favourable TEA, one or
more inhibition terms of the form
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K.
Ly = 50— ®)
Ki'nh,en + Cimh.ga
can be included as a factor in (1) and/or (5), where Cims... is the concentration of a more fa-
vourable TEA and Kin,.. is an inhibition constant that needs to be much smaller than typical
concentrations of the more favourable TEA. The Monod-type inhibition term fiu ., will then
remain ~ 0 as long as the more favourable TEA is present in significant amounts but reaches

its maximum value = 1 as soon as the more favourable TEA is depleted (no growth-
inhibition).

With the above equations incorporated into a numerical model [29], it is then possible to
simulate redox-dependent, differential degradation rates, e.g., benzene might degrade at the
same or faster rate as tolvene under aerobic conditions whereas under selected anaerobic
conditions it might degrade more slowly or not at all.

CONCLUSIONS :
Although there is generally 2 paucity of research on the anaerobic degradation of benzene, it
is evident from a number of studies that the prevailing redox, physicochemical and biological
conditions all play a part in determining the rate and extent of benzene degradation. The
overall picture of anaerobic benzene degradation is that it can and does occur in a variety of
conditions, but that organisms capable of utilising benzene anaerobically are by no means
ubiquitcus. There are also contrasting data concerning the use of TEAs in degradation, with
studies by Nales et al. [11] showing benzene degradation under NOy-, SO~ and Fe(III)-
reducing conditions and not under methanogenic conditions, while Kazumi ef al, [16] report
: qeg'_'gadatioq under methanogenic, SO,>- and Fe(IIl)-reducing .conditions only. Where rapid
benzeno dégradation is seen in the fiekd it is often associated with shallow aquifers and it is
suggested that most of this degradation is aerobic, along the margins of contaminant plumes,
with a lintited amount occurring anaerobically within the plume body [5]. Anaerobic degra-
“dation ofbél,\mm is cléarly far more site-specific than for the remaining TEX compounds, its
- extremely stable‘structuire making it less susceptible to microbial attack and thus highly de-

pendant on both biotic and abiotic factors. A high organic fraction has been shown to inhibit
anaerobic benzene degradation [11], as has the presence of alternative energy sources [30]. In
the presence of high concentrations of BTEX compounds, it may be that removal of the more
easily degraded TEX component and associated TEA may be responsible for the persistence
of benzene in the environment. The use of enrichment cultures may favour faster-growing
species at the expense of slower-growing microorganisms which are capable of degrading
benzene over longer incubation periods/residence times {311, Tt is likely that a combination of
laboratory experiments and modelling of hydrogeology and hydrogeochemistry will aid in
determining the potential for natural attenuation at a given site. While stil! poorly understood,
anaerobic biodegradation is acknowledged as a factor in the natural attenuation of a variety of
compounds, including some, such as benzene, once considered to be recalcitrant in all but
aerobic conditions.
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