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Abstract

Biologically enhanced dissolution offers a method to speed removal of chlorinated solvent dense non-aqueous-phase liquid
(DNAPL) sources such as tetrachloroethene (PCE) and trichoroethene (TCE) from aquifers. Bioremediation is accomplished by
adding an electron donor to the source zone where fermentation to intermediates leading to acetic acid and hydrogen results.
The hydrogen and possibly acetic acid are used by dehalogenating bacteria to convert PCE and TCE to ethene and hydrochloric
acid. Reductive dehalogenation is thus an acid forming process, and sufficient alkalinity must be present to maintain a near neutral
pH. The bicarbonate alkalinity required to maintain pH above 6.5 is a function of the electron donor: 800 mg/L of bicarbonate al-
kalinity is sufficient to achieve about 1.2 mM TCE dechlorination with glucose, 1.7 mM with lactate, and a much higher 3.3 mM
with formate. Laboratory studies indicate that in mixed culture, formate can be used as an electron donor for complete conversion to
ethene, contrary to pure cultures studies indicating it cannot. Various strategies can be used to add electron donor to an aquifer for
DNAPL dehalogenation while minimizing pH problems and excessive electron donor usage, including use of injection-extraction
wells, dual recirculation wells, and nested injection-extraction wells.
© 2007 Elsevier Masson SAS. All rights reserved.
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indicated that near-saturation concentrations of chlori-
nated solvents can be biodegraded by specialized
anaerobic microorganisms that use the chlorinated sol-

1. Introduction

Tetrachloroethene (PCE) and trichloroethene (TCE)

are the most frequently found and costly to control
organic contaminants in groundwater. Chlorinated
solvent spills migrate downward to form dense non-
aqueous phase liquids (DNAPLs), which constitute
sources of contamination to groundwater that may
last for decades, if not centuries. Recent research has
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vents as electron acceptors in energy metabolism
[13,14]. These organisms require an electron donor,
which may be present in the aquifer, leading to natural
attenuation, or most often, must be added as part of an
engineered bioremediation scheme. Efforts based upon
this research are now being directed towards use of
biodegradation to reduce the life span of chlorinated
solvent DNAPLs.

Among the advantages of chlorinated solvent
DNAPL biodegradation [13] are: (1) it can result in
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enhanced rates of solvent dissolution, especially for
PCE; (2) the high chlorinated solvent concentrations
near the DNAPL and their degradation products as
well are toxic to microorganisms, such as methanogens,
that otherwise compete with dechlorinating microor-
ganisms for the electron donor; and (3) the costs for de-
livery of the electron donor per unit of solvent degraded
are much less when applied to high solvent concentra-
tions. The question then arises as to what are the best
donors to use for chlorinated solvent dehalogenation
and what are the best strategies for their delivery to
the DNAPL source area?

2. Electron donors

Reductive dehalogenation of PCE occurs in a step-
wise fashion, generally with hydrogen as the preferred
electron donor although acetic and other organic acids
may be used by some dehalogenating microorganisms
[6,11,12], converting PCE to TCE to 1,2-cis-dichloro-
ethene (cDCE) to vinyl chloride (VC), and finally to
ethene.

Reactions when using hydrogen for reductive De-
halogenation of PCE are:

CClL,=CCl, + H, = CHCI=CCl, + HCI (1)
CHCI=CCl, + H, = CHCI=CHCI + HCl (2)
CHCI=CHCI + H, = CH,=CHCI + HCI (3)
CH,=CHCI + H, = CH,=CH, + HCl (4)
Net: CCl,=CCl, +4H, = CH,=CH, +4HCl  (5)

Different microorganisms have different abilities
to use PCE, TCE, cDCE, and VC in energy metab-
olism. There are several different bacterial genera
capable of using PCE and TCE, but only Dehalococ-
coides has been found to use cDCE and VC in
energy metabolism [3—5,9]. Interestingly, different
Dehalococcoides strains are restricted in the chlori-
nated species that they can dehalogenate. Thus, in
order to obtain complete dehalogenation efficiently,
a strain that uses VC in energy metabolism is
required [3,5].

Hydrogen itself may be injected into an aquifer,
but has several disadvantages. It has low solubility
(about 1 mM), which can be a significant limitation
for DNAPL dehalogenation. It is a hazardous com-
pound, and as indicated in Egs. (1)—(5), an end
product of dehalogenation is hydrochloric acid.
The high hydrochloric acid production can be a

significant problem, necessitating a high buffer or
neutralization capacity to prevent adverse pH condi-
tions [1].

Most frequently, organic compounds are used for
electron donors. Here, fermentation leads to the produc-
tion of acetate and hydrogen, as indicated in the follow-
ing transformations, using glucose as an example:

Glucose as Electron Donor:

Fermentation of glucose:
Ce¢H2,06+2H,0 =4H, +2CH;COOH+2CO, (6)
Dehalogenation :

CCl,=CCl, + 4H, = 4HCI + CH,=CH, (7)

Net reaction :
C¢H,,04 + CCl,=CCl, + 2H,0 = 2CH;COOH
+4HCI + 2C0O, + CH,=CH, (8)

Organic compounds that have been added to aquifers
to achieve reductive dehalogenation include a variety of
soluble organic compounds (pentanol, lactate, methanol,
ethanol, molasses, benzoate), materials such as vegeta-
ble oils, precipitated compounds such as calcium oleate,
natural organic solids such as compost, and various
commercially available products, such as ‘““‘slow hydro-
gen release compounds” or HRCs. Some of their
relative advantages and disadvantages have been
addressed [14]. A major limitation for DNAPL dissolu-
tion as indicated in Eq. (8) is that not only are four
moles of hydrochloric acid produced, but also acetic
acid. The latter not only requires additional buffer, but
also adds an undesirable organic compound to the
aquifer, which can lead to further degradation of water
quality through iron, manganese, or sulfate reduction,
and methane formation.

There are reports that acetic acid may serve by itself
for partial [11] or perhaps complete [6] dehalogenation
of PCE and TCE to ethene. This would reduce the con-
centration of acetic acid, but would lead to the produc-
tion of two moles of the weak-acid forming carbon
dioxide:

CCl,=CCl, + CH;COOH + 2H,0 = CH,=CH,
+2CO, + 4HCI 9)

Thus, acetic acid utilization for dehalogenation may
have some, but perhaps not a great impact in reducing
the acid problem with dehalogenation.

An ideal compound for DNAPL biodegradation
would be sufficiently soluble, would not lead to the
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production of acetic acid, and would be self-neutraliz-
ing of hydrochloric acid production. A compound that
meets these characteristics is formate.

Formate as Electron Donor:

Formate disproportionation :

4HCOONa + 4H,0 = 4NaHCO; + 4H, (10)
Reductive dehalogenation of PCE :
CCl,=CCl, + 4H, = 4HCI1 + CH,=CH, (11)
Acid neutralization :
4NaHCOj; +4HCl =4NaCl +4CO, +4H,0 (12)
Net reaction :
CCl,=CCl, + 4HCOONa = CH,=CH,

+4NaCl 4 4CO, (13)

Formate is enzymatically converted into bicarbonate
and hydrogen (Eq. (10)). The hydrogen is used for re-
ductive dehalogenation (Eq. (11)), and the hydrochloric
acid produced is neutralized by the bicarbonate
(Eq. (12)). The net result is the production of ethene, so-
dium chloride, and carbon dioxide gas. Carbon dioxide
is a highly soluble weak-acid gas, and some bicarbonate
must be present to buffer its impact.

3. Electron donor, alkalinity, and pH relationships

The rates of biological reactions are affected greatly
by pH, with most organisms favoring a near-neutral pH
of 7. Thus, as dehalogenation is an acid-producing reac-
tion, sufficient buffer must be present to prevent an ad-
verse drop in pH below neutrality. In groundwaters, pH
is generally governed by the carbon dioxide/bicarbon-
ate system. During dehalogenation, the hydrochloric
acid produced reacts with bicarbonate to produce car-
bon dioxide (carbonic acid), which cannot readily
escape to the atmosphere, and thus tends to remain
in the groundwater.

HCI + HCO; = H,CO; + CI™ (14)

The decrease in bicarbonate coupled with increase in
carbonic acid both tend to decrease pH according to the
relationships:

H,0 + CO, = H,CO3 = Ht + HCO;,
[H*][HCO; |

=K; =4.4(1077) at 20 °C 15
[H,CO;] : (1077) (15)

In addition, the acetic acid that is formed when
most organics are fermented to form hydrogen also de-
presses pH:

CH;COOH = H' + CH;CO0O ™,
[H"][CH;CO0 ]

[CH;COOH]

=K,=1.72(107)at20°C  (16)

The pH problem can be especially difficult when ap-
plying biological reduction to biologically enhanced
dense non-aqueous phase (DNAPL) chlorinated solvent
dissolution. Here, dehalogenation of high concentra-
tions of chlorinated solvent can result in production of
high hydrochloric acid and acetic acid production,
necessitating a large buffer capacity to prevent adverse
pH drop. Fig. 1 illustrates the change in pH as a function
of the extent of dechlorination with groundwaters start-
ing with different bicarbonate alkalinities (mg/L as
CaCQ3;). This is based upon the use of hydrogen alone
for reductive dehalogenation. Enhanced dissolution of
TCE or PCE DNAPL might lead to the production of
10 to 20 mM chloride or more. The figure illustrates
that in order to maintain pH of about 6.5 or above for
maximum reduction rates, no more dechlorination
could be achieved than about 3.3 mM with an initial
bicarbonate alkalinity of 400 mg/L, double that to
6.6 mM with alkalinity of 800 mg/L, and double that
again to 13.2 mM with alkalinity of 1600 mg/L. The
later of 13.2 mM chloride could result from complete
dechlorination of 4.3 mM TCE, which is only about
one half of the TCE solubility of 8.4 mM. Ideally for bi-
ologically enhanced dissolution of TCE, much greater
dehalogenation than this would be desirable. This
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Fig. 1. Relationship between initial bicarbonate alkalinity (mg/L as
CaCO0s;), extent of dechlorination of chlorinated solvents, and result-
ing pH. The figure assumes hydrogen is used as electron donor with
an initial dissolved carbon dioxide concentration of 0.0002 mM and
temperature of 20 °C.
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would require even higher alkalinity if dehalogenation
rates are not to be adversely impacted.

With organic donors that produce acetic acid during
fermentation, higher alkalinities are required for a given
amount of dehalogenation if the acetic acid cannot be
used for dehalogenation. This is illustrated in Fig. 2,
where pH changes with the extent of dechlorination
are shown for a starting alkalinity of 800 mg/L. In this
case, only 3.7 to 4.4 mM chloride dehalogenation would
be acceptable while keeping pH of 6.5 or higher with
glucose or ethanol, respectively, compared with
6.6 mM chloride with hydrogen. Lactate is a little higher
at 5.1 mM because the sodium or other cation associated
with lactate forms bicarbonate upon fermentation, thus
helping somewhat to maintain pH. Sodium formate on
the other hand is much better in this respect, both be-
cause of the greater neutralization the sodium provides
and also no acetic acid is formed. Here, 10 mM dechlo-
rination can be achieved, or almost three times as much
as with glucose. Additionally, if reasonable rates could
be obtained with pH down to 6.0, the advantage with
formate is even greater as the figure shows.

The impact on pH of other organic compounds can
be seen from the summary provided in Table 1. The
equations represent the typical relationship between
acetic acid formation and hydrogen production during
substrate fermentation based upon normal biochemical
pathways. The production of both carbonate species and
acetic acid from electron donor fermentation, as well as
hydrochloric acid from dehalogenation, result in pH re-
duction, while the presence of sodium ion in carboxylic
acid salts increases pH. Compounds for which the
sodium balances the acid-forming species, such as
formate, have far less impact in lowering pH than those
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Fig. 2. Effect of extent of chlorinated solvent dechlorination on pH
with a starting bicarbonate alkalinity of 800 mg/L (as CaCOs;) as
a function of electron donor used (other assumptions used are as
for Fig. 1).

where the sum of the acid-forming species is greater
than the basic impact with sodium. Here, glucose has
the greatest effect in lowering pH as illustrated in
Fig. 2. Acetate, for which H, would not actually be pro-
duced from fermentation, is listed at the bottom of the
table for comparison as it can be used directly as an
electron donor by some organisms capable of dehaloge-
nating PCE and TCE to cDCE.

Fig. 3 illustrates the alkalinity that remains and its
forms after 10 mM of dechlorination with different
electron donors when starting with 800 mg/L bicarbon-
ate alkalinity. With formate, the total alkalinity remains
unchanged. With hydrogen, its decreases directly with
the degree of dechlorination. In case of most of the other
organic electron donors, except lactate, most of the bi-
carbonate alkalinity is destroyed and alkalinity due to
acetate dominates. In the later cases, measurement of
total alkalinity could provide a misleading estimate of
the amount of bicarbonate alkalinity available for neu-
tralization of hydrochloric acid from dehalogenation.

The high bicarbonate alkalinity requirement for
DNAPL dehalogenation may come in part from alkalin-
ity already present in the aquifer or from chemical addi-
tion. The easiest to control compound for alkalinity
addition is a bicarbonate such as sodium bicarbonate.
Cheaper chemicals such as sodium carbonate or hydrox-
ide would tend to increase the pH too greatly when first
added, making pH control more difficult. Use of lime is
likely to lead to CaCOj precipitation and aquifer clog-
ging. Bicarbonate alkalinity may result from solubiliza-
tion of CaCOj present in the aquifer, but rates of
solubilization tend to be slow at near neutral pH and sol-
ubilization requires high CO, concentrations, which can
be produced from donor fermentation (Table 1). In addi-
tion, other reactions such as sulfate and Fe(III) reduction
are basic reactions that can result in some bicarbonate al-
kalinity formation. Thus, the question of how much alka-
linity must be added may be somewhat complicated.
Nevertheless, the guidance provided from consideration
of dechlorination chemistry and reaction stoichiometry
can be quite useful in system design and operation.

4. Use of formate as an electron donor

Because of the possible advantage of using formate
for reductive dehalogenation of PCE and TCE DNAPL,
the question arises as to whether the organisms carrying
out reductive dehalogenation of these compounds can
actually use formate. While evidence indicates that
some dehalogenators that can convert PCE and TCE to
c¢DCE can use formate, it has been reported that the
Dehalococcoides species that reductively dehalogenate
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Table 1

Fermentation equations for dehalogenation by various potential electron donors and the relative amounts of carbonate species, acetate species, and

sodium cation involved

Equation A(CO, + A(CH3COOH + A (Na™)
HCO3) CH;CO0")

Dehalogenation (Hydrogen Utilization): R—Cl + H, = R—H + HCl 0 0 0

Hydrogen Formation from Electron Donor:

Formate: HCOONa + H,O = H, 4+ NaHCO3 1 0 1

Glucose: 1/4 C¢H 206 + 1/2 H,O = H, + 1/2 CH;COOH +1/2 CO, 0.5 0.5 0

Triolean (vegetable oil): 0.021 0.583 0
1/48 Cs7H,040¢ + 13/12 H,0O = H, + 7/12 CH;COOH + 1/48 CO,

Ethanol: 1/2 CH3;CH,OH + 1/2 H,0 = H, + 1/2 CH;COOH 0 0.5 0

Lactate: 1/2 CH;CHOHCOONa + H,0 = H, + 1/2 CH;COOH + 1/2 NaHCO; 0.5 0.5 0.5

Methanol: CH;0H = H, + 1/2 CH;COOH 0 0.5 0

Propionate: 1/3 CH;CH,COONa + H,0 = H, + 1/3 CH;COOH + 1/3 NaHCO; 0.33 0.33 0.33

Butyrate: 1/2 CH;CH,CH,COONa + H,0 = H, + 1/2 CH;COOH + 1/2 CH;COONa 0 1 0.5

Acetate: 1/4 CH;COONa + 3/4 H,O = H, + 1/4 NaHCO; + 1/4 CO, 0.5 0 0.25

c¢DCE and VC cannot use formate directly as an electron
acceptor [9]. However, this may not be a difficulty in
amixed culture system. In order to explore this, we eval-
uated the potential of a TCE dehalogenating mixed
culture grown on benzoate to use formate for TCE deha-
logenation. Here, 12 mL each of a chemostat mixed cul-
ture containing Dehalococcoides sp. strain VC [4] was
added to 25 mL bottles under anaerobic conditions,
along with 60 pmol formate and various concentrations
of TCE. The changes in TCE, cDCE, VC, ethene, and
methane concentration were determined. Fig. 4 indicates
that TCE concentrations of 1.5 to 2 mM were somewhat
inhibitory to dehalogenation, but with some acclimation,
TCE was effectively dehalogenated to cDCE. Methane
production occurred readily only in the control culture
with no TCE; concentrations of 0.5 mM and above
were strongly inhibitory to methane production, as
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Fig. 3. Final resulting acetate and bicarbonate alkalinity following
10 mM hydrochloric acid formation from chlorinated solvent dehalo-
genation. The assumed initial bicarbonate alkalinity is 800 mg/L
(as CaCOs).

found in previous studies [13]. No transformation
beyond cDCE was found in these cultures, which was
expected since high TCE and resulting cDCE concentra-
tions were inhibitory to the Dehalococcoides strains
present. In order to verify this, another study was con-
ducted with VC, rather than TCE, with results shown
in Fig. 5. Here, VC dehalogenation occurred about as
readily when formate was used as the electron donor

TCE - 2.5 mM

TCE, pmol

20

_ 5 TCE - 0.0 mM » N
]
g X—
&:; 101 /
£ X
B 0.5 mM
= 5+ 1.0 mM
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Fig. 4. Dehalogenation of various TCE concentrations and methane
production using formate as electron donor with a mixed-culture
seed.
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Fig. 5. Dehalogenation of VC using formate or hydrogen as electron
donor with a mixed-culture seed.

as when hydrogen was used. These data confirm that
in mixed cultures, formate can be used for reductive
dehalogenation of VC to ethene. In order for this to be
feasible as a method for DNAPL biotransformation,
a two-step treatment scheme should be used to achieve
complete transformation of PCE or TCE to ethene.

5. Possible treatment schemes

Treatment system design for reductive dehalogena-
tion of PCE and TCE DNAPLs or locations of high
chlorinated solvent concentrations need consideration
of other factors in addition to donor type, alkalinity re-
quirements, and pH. The advantage of DNAPL instead
of more dilute plume dehalogenation is that dehaloge-
nation can be more efficient where concentrations are
higher due partly to the better dehalogenation kinetics
offered and also to better competition offered against
methanogens and other organisms competing for elec-
tron donor. In addition, systems can be designed that
prevent down-gradient migration of the contaminants.
Fig. 6 illustrates three of many possible treatment
schemes for reductive dehalogenation of PCE or
TCE DNAPL. Fig. 6a represents an extraction injec-
tion system [2,7] that can result in the hydraulic isola-
tion of a DNAPL zone while biologically enhanced
DNAPL dissolution using formate is carried out.
Here, the injection and formate addition are conducted
upgradient of the DNAPL zone. The chlorinated com-
pounds present in the extracted water are supple-
mented with excess formate to inhibit methanogens
that would tend to grow near the injection well while
at the same time promoting dehalogenation. The ex-
cess formate then passes to the DNAPL, where biolog-
ically enhanced dissolution by conversion to cDCE
occurs. Fig. 6b represents a scheme using two recircu-
lation wells, the first operated in a downflow mode in

(a) High TCE or PCE Concentration
Formate

(b)

Formate ‘ Formate

DNAPL

(C) Organic *

Donor

High ¢cDCE

High
Acetate

[~

Regional Flow
DNAPL

Fig. 6. Possible schemes for biologically enhanced DNAPL dissolu-
tion: (a) using extraction and injection wells (plan view); (b) using
recirculation wells (vertical view); and (c) using nested wells (plan
view).

the DNAPL zone and the second located down gradi-
ent and operated in an upflow mode. Such circulation
wells have been used successfully for bioremediation
of aquifers [10]. At the first circulation well, PCE or
TCE is converted primarily to ¢cDCE. The c¢DCE
then flows to the down gradient well where it is deha-
logenated to ethene. DNAPL removal is enhanced by
either scheme through increase in water movement
through the DNAPL zone and by enhanced biological
dissolution. Formate permits use of high concentra-
tions as needed to effect rapid DNAPL removal while
providing self-buffering to reduce pH control, a prob-
lem that would be quite difficult to accomplish with
other possible electron donors.
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Fig. 6¢c shows a nested-well system that can be used
to achieve improved utilization of other organic elec-
tron donors that result in acetic acid as well as hydro-
gen formation during fermentation. Nested wells have
been used successfully for remediation of other con-
taminants and have the unique ability to isolate source
areas of contamination to prevent down-gradient mi-
gration [8]. The nested wells include an internal sys-
tem of injection and extraction wells and an outer
system of injection and extraction wells. If injection
is carried out at the up-gradient end of groundwater
flow, then native groundwater will flow around the
nested well system and thus avoid the contamination.
As illustrated, electron donor is then added to the in-
jection wells in the external recirculation system.
The injected water here also contains a high concentra-
tion of cDCE, which helps to prevent growth of com-
peting methanogens near the injection well. The donor
is fermented, producing acetic acid and hydrogen, and
the dehalogenators use the later for dehalogenation of
the cDCE. The acetic acid produced is neutralized to
acetate by the bicarbonate alkalinity and withdrawn
at the external extraction well. This extracted water
containing acetate is then injected into the internal
recirculation system where the acetate serves as the
donor for conversion of PCE or TCE in the DNAPL
to cDCE, which is then removed by the extraction
well for injection into the exterior recirculation sys-
tem. In this manner, both the hydrogen and the acetate
from donor fermentation are used. The net overall
equation for such conversion using glucose is,

1/3C¢H;,04 4+ CCl,=CCl, 4 2H,0 = 4HCI
+2CO, + CH,=CH, (17)

In comparison with Eq. (8) where only the hydro-
gen produced from glucose fermentation is used for
dehalogenation, this treatment system not only reduces
the amount of donor needed for complete dehalogena-
tion by two-thirds, but also significantly reduces the
amount of bicarbonate buffer needed to maintain
near neutral pH by about one third because all acetic
acid is used.
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