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Abstract

Owing to limitations of pump-and-treat, several technologies are being investigated for groundwater treatment. One of the most promising
is the treatment of contaminants through the use of reactive barriers installed in situ, especially in the case of aquifers contaminated with
chlorinated solvents. This work presents results of batch and column tests with metallic iron and some chlorinated solvents (1,2-DCA,
1,1,2-TCA and TCE). Such tests provided means to evaluate the degradation rates of these compounds and their byproducts. It is concluded
that the reductive dechlorination with metallic iron can have different results, depending on the type of contaminant. Some contaminants
may not present any degradation, or they have a half-life time so high that the use of the reactive barrier technology may not be practical.
Furthermore, the formation of chlorinated byproducts, eventually more toxic than the original contaminant and that are not degradable using
this same technology, emphasises that the treatment of aquifers should be sequential.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Groundwater; Reactive barrier; Soil remediation; Chlorinated solvents; Zero-valent iron

1. Introduction In a problem of aquifer contamination, the first engineer-
ing remediation measure usually comprises the implemen-
Groundwater is the unique source of drinking water for tation of control systems, aiming both the immobilisation of
a large number of people in the world, especially in rural the source of contamination and the control of the dissolved
areas. In Brazil, reliable statistics on the use of groundwater plume. Control systems, including pump-and-treat, are ef-
does not exist yet, but it is considered that some 15-20% fective in the prevention of migration of plumes, through
of the consumed water comes from aquifers. And there is athe use of pumping wells (hydraulic barriers), including or
cognisance that the use of groundwater is increasing morenot physical contention. Such systems however, have several
and more. Disordered use and occupation of urban siteslimitations if used isolated, especially in the case of aquifers
has been one of the main causes of aquifers contaminationcontaminated with non-aqueous phase liquids (NAPLS).
promoting not just damages to the environment, but also The modern conception of aquifer treatment shows that
serious negative socio-economic impacts. additional techniques of remediation, especially in situ treat-
Underground contamination with hazardous wastes hasments, should be planned, investigated and implemented be-
been one of the largest environmental problems in severalsides the control systems, seeking to accelerate the process
countries, with many industrial sites presenting groundwater of removal of the mass of contaminants in the groundwater.
contamination. The sources of contamination can be of sev- In theory, the use of in situ reactors presents a series of
eral types and act together or separately (e.g. septic tanksadvantages in relation to pump-and-treat, especially because
landfills, tailing dams and industrial leaks). of their low operation and maintenance costs. Being a pas-
sive type of treatment, they also do not require continuous
_— supply of energy.
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one of the main anthropogenic sources of groundwater con-comprises only one type of contaminant (particularly an or-
tamination in different countries in the world. ganic one), its byproducts may not be easily eliminated by
This paper presents the results of batch and columnthe same remediation process. Thus, it is evident that an
tests with metallic iron and some chlorinated solvents aquifer treatment may require simultaneous or sequential
(1,2-dichloroethane, 1,1,2-trichloroethane and trichloroethy- use of different remediation processes, like it happens in the
lene), that allowed an evaluation of the degradation rate of treatment of surface water.
these compounds and their byproducts. It is shown that, de- In the case of in situ treatment, a very significant progress
pending on the type of contaminant, different results occur in has been observed in the research area from the beginning of
response to the reductive dechlorination with metallic iron. 1980s, particularly in the adaptation of techniques of treat-
ment of surface water to the treatment of groundwater.

2. Passivein situ treatment 2.1. Use of zero-valent metals in the degradation of
chlorinated solvents

Unlike other traditional geotechnical areas, the practice
of groundwater on-site remediation started to show some According to Gillham and O’Hannesjtd], the first regis-
development only in 1970s. Ever since then it has been ex-tration of the use of zero-valent metals in the degradation of
periencing an accelerated growth on both information and organic contaminants was a patent requested by Sweeny and
knowledge on the efficiency and limitations of different ap- Fischer[2], in which granular zinc was used for degrada-
plied techniques. tion of pesticides. Although the results obtained were quite

Limitations observed in the use of techniques such as thepromising, there was no noticeable advance on such types
pump-and-treat, promoted an increase in the development ofof research in the scientific community.
research and applications of new technologies, especially in At the end of 1980s, the University of Waterloo began
situ treatments for use together with systems of control of studies related to the use of zero-valent metals in the degra-
migration of dissolved plumé=ig. 1 shows a sketch of one  dation of chlorinated solvents, and its application in the
of such techniques, more specifically, the use of a passiveremediation of aquifers. The research included laboratory
barrier for groundwater treatment. experiments and instrumented prototype field tests at their

On the other hand, the great demand for more effective re-experimental site in the Canadian Forces Base at Borden,
mediation strategies caused the use of emergent technologie®ntario.
without a rigorous and independent evaluation of their appli-  The first laboratory experiments included batch tests using
cation effectiveness. In fact, some techniques presently avail-different contaminants and different metatgy. 2shows the
able in the market have been exposed as being “miraculous”,results of degradation of 1,1,1-trichloroethane in the pres-
able to provide complete remediation of contaminated sites. ence of different metald]. The shape of the curve suggests
However when there is a mixture of different contaminants in that the degradation of the contaminant can be simulated
a given site (common situation), any technique may show se-through a reaction of first order. Results obtained for some
rious application limitations. Even in cases where the source
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Fig. 2. Variation of the concentration of the 1,1,1-trichloroethane along
Fig. 1. Passive in situ treatment of groundwater. time [1].
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metals showed degradation rates of 3—6 orders of magnitude Plan Vertical Impermeable Wall
greater than those observed under natural abiotic conditions, (Funnel)
evidencing that the process can significantly accelerate the
degradation of chlorinated solvents in groundwater.

In spite of the research involving the use of different met-
als in reactive barriers, most of the applications have been
made with the zero-valent iron. The main advantages of the  Flow
use of the iron are its readiness in industrial scale, compet-
itive prices and smaller environmental impacts.

Another research line encompasses the use of other metals
together with iron in the degradation of chlorinated solvents, Contaminated Plume
such as the iron—nickel mixture and iron—palladium. Some Fig. 3. Funnel-and-gate technigue.
works have shown that this association of iron with other
metals can increase degradation rates and decrease concen-

Reactor
(Gate)

Decontaminated Plume

trations of the chlorinated byproducts. the plume occupies the superficial part of the aquifer, as it
is the case of contamination with LNAPLSs, the barrier does
2.2. Mechanism of degradation not need to be carried to the base of the aquifer.

The thickness of the barrier depends on the influent and

The exact mechanism of degradation of chlorinated sol- effluent concentration of the contaminant, degradation rate,
vents in presence of iron or other metals is not fully known. flow velocity and coefficient of dispersion of the barrier. For
The hypothesis better accepted is that there is a reductivethe complete remediation of the plume, the reactive barrier
dechlorination of the contaminant coupled with corrosion of Should be large enough so that the whole plume can reach
the iron €q. (3). The iron is oxidised (it gains electrons) and pass through it. Alternatively, the reactive zone or zones
while the contaminant (RCI) is reduced (it wins electrons). ¢an be installed combined with impermeable walls forming
The reaction happens with the transfer of electrons from the What is known as a funnel-and-gate type of barriég(3).

surface of the metallic iron to the contamin8}. The design methodol_ogy for a reactive barrier. is simil.ar
to methodologies used in conventional geotechnical design,
F — F&t +2e (1) with some peculiarities. Gusmao etfdl,5] discuss a number
of geo-environmental aspects related to the design of such
RCl+ H* + 26" — RH+CI- @ partiors P g
Fe + RCI+ HT — FEt + RH+CI- ©) The design should be based on a good hydrogeological

characterisation of the site, laboratory tests for evaluation
It is important to mention that the reaction presupposes of the degradation of the contaminants and numerical mod-
the formation of a plume of dissolved iron @@ down- elling. Knowledge of the vertical hydraulic gradient (i.e. 3D
stream of the barrier, besides the increase of the chlorideflow field) is essential to define barrier geometry and its lim-
concentration (Ct). These environmental impacts should itations in a case by case basis.
be evaluated properly in the design of the reactive barrier. ~ After the identification of potential reagents, the design
of reactive barriers should contemplate the execution of lab-
oratory treatability tests, whose main objectives are: (i) se-
3. Design of reactive barriers lection of a viable reagent for the reactor (for example, the
iron), (ii) estimation of the rate of degradation of the contam-

The passive treatment of contaminants Comprises the ex_inants, (i) evaluation of the working life time of the reactor.
ecution of an in situ permeable barrier (reactor) ahead of ~The treatability tests can be performed under no flow con-
the path of the contamination plume. As water passively ditions (batch tests) or under gravitational or imposed flow
flows through the reactor and the contaminants are degraded¢onditions (column tests).
consequently minimising or avoiding contamination of the  In case of complex sites, use of new construction tech-
aquifer downstream the barrier. This degradation can involve Niques, very costly projects and pilot scale reactive barriers
physicaL chemical and bio|ogica| processes. can also be executed and monitored on the site.

The reactive barriers are dug to the required depth. The
fill should be made with the reactive material up to water
table level. From this depth to the surface, the barrier can 4. Batch tests
be refilled with the excavated material. The depth of the
barrier depends on the plume contamination. For the case of The main objective of the batch test is the preliminary
plumes that extend to the base of the aquifer, as it is the caseselection of the possible reagents. This test consists of plac-
of the contamination with DNAPLSs, the barrier should be ing a certain mass of the metal (iron, in the case of the
constructed to the full thickness of the aquifer. If, however, present work) in glass (or non-reactive) recipients (with a
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Fig. 4. Variation of the concentration of TCE along the test. Fig. 5. Variation of pH along the test.
sealing cap), fully fill them with the contaminant solution, ~ These results showed that the technique of reductive

leaving the mixture undisturbed in an appropriated agita- dechlorination using metallic iron can present fairly dif-
tor (reagent flasks). Recipients filled only with the solution ferent results, depending on the contaminant in question.
(white flasks), and others only with water and iron (control Some contaminants do not present degradation or have so
flasks), are also used. high half-life time that the use of reactive barriers (with

At chosen times, samples of solutions from all recipients iron as reagent, as usually considered) may prove to be un-
are collected and submitted to chemical analyses to deter-feasible, at least in the case of chlorinated aliphatic organic
mine concentration changes and to obtain physical-chemicalcompounds.
parameters (e.g. pH, redox potential, electric conductivity). ~ The information on the non-degradation of the 1,2-DCA

Fig. 4 shows the results of a batch test of trichloroethy- is considered to be quite relevant. Besides the indication
lene (TCE) in the presence of ir¢g@]. This metallic ironis  that the technique here considered does not apply to any
known as TRIFER EL200. It is a powder of pure and atom- chlorinated solvent, it also shows that its use for other
ised iron, used mainly in the production of chemical prod- contaminants that have the 1,2-DCA as byproduct (such
ucts (with an effective grain diametdrsg = 60um). It is
observed that the TCE degraded during the time of the test.

The half-life time of TCE was 9.3 h using first order kinetics #00.00
model. V\‘\

Figs. 5—7show the variation of pH, redox potential and
electric conductivity along the batch test of TCE, respec-
tively. It is observed that pH increased in the beginning
of the test and then remained constant until the end of the
experiment. The reactive and control flasks showed reduc-
ing conditions throughout the experiment with values of
approximately—500 mV. Finally, it is also observed that
the electric conductivity increases in the test due to the
dechlorination of TCE.

Figs. 8 and Show results of batch tests of 1,2-dichloroe-
thane (1,2-DCA) and 1,1,2-trichloroethane (1,1,2-TCA), re-
spectively in the presence of irg@]. It is observed that the TCE
1,2-DCA did not degrade during the time of the test (the
white and reactive flasks presented similar results), while ~ -800.00 . I T I T I T |
the 1,1,2-TCA presented degradation signs, but with a much 0.00 20.00 40.00 60.00 80.00
low degradation rate than that of the TCE test (half-life time TIME (hours)
of 1,1,2-TCA was 74.1h). Fig. 6. Variation of redox potential along the test.
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Fig. 7. Variation of electric conductivity along the test. Fig. 9. Variation of the concentration of the 1,1,2-TCA along the test.

5. Column tests
as the 1,1,2-TCA), will demand other additional type
of treatment to avoid downstream accumulation of 1,2-  The second type of treatability test used in the design
DCA. of reactive barriers is the column test. This test generally
The main problem on the use of zero-valent metals as complements the preliminary evaluation of the degradation
degradation solvent is the production and accumulation of of the contaminants obtained through the batch tests, as it
chlorinated byproducts, that can be more toxic than the can simulate flow conditions in the porous media.

original contaminan{7]. For example, at the end of the ~ The test consists in the percolation of the solution
test with the 1,1,2-TCA, there was an accumulation of vinil of the contaminant through a cylindrical column filled
chloride (MVC), which is more toxic than the 1,1,2-TCA. with the reagent material. Concentration variation and
This, shows the need of a carefull evaluation on the need physical-chemical parameters are typically monitored in
of sequential treatments in problems of aquifer reme- the effluent (column base) and in different points along
diation. the height of the column, at distinct testing times. Hence,
the profile of concentration of the contaminant and of its
byproducts along the column is obtained. Furthermore, dis-
tinct degradation rates can be determined for every value of
flow rate[7].
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Gusmaol6] presented results of a test with an acrylic
cylindrical column of 60mm of internal diameter and
515mm of height. The column had seven ports along its
height, allowing the collection of fluid samples inside the
column.

Fig. 10shows a sketch of the apparatus used in the test. As
required, all the materials from connections, valves and tubes
were chemically compatible with the studied contaminants.

The test was performed with a solution of 5 mg/l of TCE
and the column was filled with the iron powder EL200. After
set-up, it percolated with a volume of water equivalentto 2.7
times the pore volume of the sample in the column. During
this period, samples of the influent and effluent fluids were
collected for chemical and physical-chemical analyses.

Figs. 11 and 13how the results of electric conductivity
and redox potential along the column test with TCE, respec-
tively. It is observed that the electric conductivity is greater
in the effluent port, because there was a dechlorination of
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Fig. 10. Schematic drawing of the column test apparatus.

TCE into column. The redox potential values in the effluent The effluent samples did not show the presence of TCE,
port showed reducing conditions. confirming its full degradation.

Following the water saturation, it was initiated the perco-  Assuming that dispersion in the column can be neglected
lation of the TCE solution into the column. The average flow [7], the time of reaction can be obtained by the flow veloc-
rate during the test was equal to 55.14mwhich corre- ity of the contaminant and the distances inside the column.
sponds to a velocity of 3.79 cm/h. The test, under percolation Thus, a curve of concentration of TCE versus time is ob-
of the contaminant, lasted about 66 h. During this period, tained, allowing the computation of its degradation rate.
samples of the influent and effluent solutions were collected Considering that the degradation corresponds to a reaction
for chemical (chromatographic) and physical-chemical (pH, of first order, it was computed a rate of degradation of
redox potential and electric conductivity) analysis. 0.429 1, which corresponds to a half-life tim&) equal

Fig. 13presents the profile of concentration of TCE along t01.62 h.
the column at the end of the test. It is observed that the The degradation rate of the TCE in the column test was
TCE was degraded inside the first 30cm of the column. greater than that obtained in the batch tests. Differences such
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as that were also observed in other wofk®]. A possible 6. Conclusions

explanation for this is that, in the batch tests, byproducts of

the reaction accumulate in the recipient (including inorganic ~ The use of zero-valent metals such as iron for in situ pas-

substances) and fix on the surface of the iron, decreasing itssive treatment of groundwater (through reactive barriers) has

reactivity. been considered and may constitute a promising alternative
Fig. 14shows the concentration of the byproducts of the to the commonly used pump-and-treat remediation technol-

TCE degradation along the column at the end of the test. It is 09y, depending on the type of the contaminants.

observed that the concentration of MVC was of@#l. This As in the case of other technologies of aquifer remedia-

result indicates a need of further treatment of the aquifer. In tion, the isolated use of the technique of reductive dechlo-

order to achieve it, if a solution based on the use of reactive fination through metals may not, however, solve the envi-

barriers is to be pursued, sequential treatment, comprisingfonmental problem. Some contaminants do not present any
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Fig. 14. Profile of concentration of byproducts of TCE degradation along

the column.
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degradation or, in other cases, have very high half-life times
which may turn this technology not an effective one.

Finally, the formation of chlorinated byproducts, which
are more toxic than the original contaminant and do not fully
degrade within a given barrier, indicates that the treatment
of aquifers should be sequential requiring different steps to
eliminate all contaminants.
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