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Abstract

In this paper we present the remediation possibilities of a
trichloroethylene contaminated site of a former metalworking
plant in Hungary, where high TCE concentration (150 ug/L to
35.000 ugl) was detected in the groundwater. Lab-scale ex-
periments were performed to compare the potential bioreme-
diation technology-alternatives eg.: enhanced biodegradation;
pump & treat by UV irradiation (photodegradation); in situ
chemical oxidation (ISCO) applying different oxidants (KMnOQOy,
Na,S,0g and H,0,). The lab-scale experiments showed in all
cases reduction of the TCE-concentration of the water. Compar-
ing the removal efficacy and concerning the time requirement
ISCO was the most effective in laboratory studies.
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1 Introduction

At many industrial sites, chlorinated solvents in soils and
aquifers impose potential threats to groundwater and hu-
man health.  Chlorinated aliphatic hydrocarbons, such as
trichloroethylene are also among the most difficult contaminants
to remove, particularly when their dense non-aqueous-phase lig-
uid (DNAPL) sources remain in the subsurface. Advanced ox-
idation processes, such as in situ chemical oxidation (ISCO) is
a remediation technology that proved to be effective in treat-
ing soils and groundwater matrices contaminated with organic
pollutants, such as chlorinated solvents [1H6]. In situ chemi-
cal oxidation is based on the introduction of a chemical oxi-
dant into the subsurface for transforming contaminants in soil
and ground-water into less harmful chemical substances. Sev-
eral different forms of oxidants have been commonly used for
ISCO, e.g. permanganate (MnOyj), hydrogen peroxide (H20,)
and iron (Fe) (Fenton-driven, or H,O,-derived oxidation [[7H9],
persulfate (S,02"), and ozone (Os) [10].

Fenton’s system was applied to the destruction of per-
chloroethylene (PCE) present in soil slurry systems. Studies
were conducted in two matrices: soil and sand. In the sand
a 60-62% decrease of PCE concentration was observed, and
CI~ recovery was 47-58%, whereas in soil a 44-49% decrease
in PCE concentration and a CI~ recovery of 40-42% were ob-
served after the addition of 600 mM H,0, and 10 mM dissolved
iron [11]]. Hydrogen peroxide at low concentrations (< 0.1%) is
not kinetically fast enough to degrade many hazardous organic
contaminants before decomposition. The addition of iron(ll) a
ferrous salt dramatically increases the oxidative strength of per-
oxide, this process is called Fenton reaction [12].

Under batch experimental conditions and low pH values Fen-
ton’s reagent was able to oxidize 93-100% (by weight) of dis-
solved TCE in groundwater and 98-102% (by weight) of TCE
in soil slurries. Fenton’s reagent was able to completely dechlo-
rinate the aqueous-phase TCE with and without the presence of
soil so that no VOC intermediates or by-products were found in
the oxidation process [13].

The effects of H,O, and Os; on the decomposition of
trichloroethylene (TCE) and perchloroethylene (PCE) by
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gamma-rays (y-rays) were investigated. The results show that
y-rays cannot dissociate H,O, to produce hydroxyl radicals, so
this does not cause the increase of TCE and PCE removals how-
ever, enhanced O3 decomposition caused by gamma radiation
provides additional hydroxyl radicals, and this phenomenon ac-
celerates the removal of TCE and PCE. Because of these syner-
gistic effects, the combined y-rays/O3 method can be a promis-
ing technique for TCE and PCE removal in groundwater [14].
It was also found, that H,O, based ISCO is a cost effective and
feasible solution for the elimination of TCE contamination from
water matrices and soil [15].

For TCE elimination iron activated persulfate treatment, ther-
mally activated persulfate treatment and hydroxypropyl-beta-
cyclodextrin-mediated iron-activated persulfate treatment are
feasible processes, in which an ISCO oxidant, persulfate anion
(szog—) can be also activated by ferrous ion (Fe?*) to generate
sulfate radicals, which are capable of destroying trichloroethy-
lene (TCE) [16H20].

Many studies investigate whether ISCO has got an effect on
the microbial communities. The results indicate that although
microbial communities may potentially be affected by 1SCO
on the short term, a rebound of bioremediation and microbial
biomass can be detected. ISCO can be coupled successfully
with bioremediation in field applications and it may be a cost-
effective method for achieving risk-based site remediation goals
[6].

In case of in situ biological oxidation (ISB) a biological pro-
cess is used to convert contaminants into less hazardous by-
products. It is one of the most effective methods for eliminating
many organic compounds, besides it is the most cost-effective
treatment available nowadays [21}22].

Numerous environmental pollutants, such as chlorinated sol-
vents and fuel derivatives have been shown to be degraded by
aerobic and anaerobic microbial processes. Many carbon- based
pollutants can be degraded in aerobic systems however; some of
these processes are cometabolic. Cometabolism is the transfor-
mation of an organic compound in a metabolic process in which
an organic compound is converted into different metabolic prod-
ucts by the induction of enzymes but does not serve as a source
of energy or carbon to the microorganism [6]. For many recal-
citrant contaminants it is a useful option to initiate the degrada-
tion.

Increased biomass and decreased diversity were measured
[23], although many researchers measured rebound in micro-
bial biomass/activity and decreased cell concentration in case of
catalyzed hydrogen peroxide (CHP) [41[24H26]. Slight positive
effect was found on the microbial biomass [27H29], although
others found negative effect of KMnQO,4 on the microbial biomass
[30432].

In situ chemical oxidation has also been shown to enhance
microbial activity by increasing substrate availability. Preoxi-
dation of recalcitrant compounds with CHP, KMnQy, and O3 to
enhance biodegradation activity by oxidizing organic molecules

into bioavailable substrates has been used for years in bioreme-
diation processes [33-41].

The factors affecting cost and performance of remediation
technologies differ from site to site. Because of this in case
of most applications laboratory and pilot-scale feasibility stud-
ies should be performed to ensure successful full-scale imple-
mentation. Bench-scale experiments were performed on TCE-
spiked water and soil as well as on contaminated ground-water
and soil originated from the polluted site. Later on pilot tests
were planned and carried out on the site based on the results of
laboratory experiments and site assessment.

2 Materials and methods

High  chlorinated  aliphatic  hydrocarbon  (mainly
trichloroethylene) concentrations were detected in the ground-
water of a former metalworking plant site in Hungary.
Lab-scale experiments were conducted to compare the potential
remediation technology-alternatives.  Different remediation
technologies were modelled and evaluated in the lab after
detailed assessment of the site. TCE-spiked model solution and
contaminated groundwater and soil from the site were treated
with different technologies.

Two situations were tested: dissolved contaminants in
groundwater and underground lenses functioning as continuous
sources.

Soil and ground-water samples were taken from a former
metal manufacturing plant site in Western Hungary where TCE
was used for degreasing of metal parts.

2.1 Materials

Random methylated B-cyclodextrin (RAMEB, degree of
methylation is 12) was the product of Wacker Chemie (Munich,
Germany).

All chemicals used were reagent grade purchased from
Sigma-Aldrich: trichloroethylene (TCE, > 99.5%), potassium
permanganate (KMnOy, > 99%), sodium persulfate (Na,S,0s,
> 98%), sodium thiosulfate (Na;S,03, 99%), hydrogen per-
oxide solution (30% (w/w) H,05), iron(ll) sulphate (> 99%,
FeSOy, - 7H20)

2.2 Experimental

2.2.1 Laboratory feasibility studies

2.2.1.1. Bioremediation based on cometabolic biodegrada-

tion of TCE using additives

Cometabolic biodegradation of trichloroethylene in the pres-
ence of toluene as a growth substrate was modelled in batch
reactors. The effect of randomly methylated B-cyclodextrin
(RAMEB) on biodegradation of TCE was also tested. Cy-
clodextrins are able to solubilise chlorinated aliphatic hydrocar-
bons and to enhance the efficacy of the remediation technologies
[42H45].

In our model experiment 450 mL groundwater (GW) orig-
inated from the site contaminated with TCE (2.13 mg/L) was
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placed into 500 mL glass reactors. Then 292 mg/L concentration
TCE was added to all reaction bottles. After that reactors were
supplied with toluene (500 mg/L, 1000 mg/L) or with RAMEB
at 0.5% or 1.0% (*/\) concentration. Control tests were carried
out without these additives. The reactors were shaken at 100
rpm in the dark at 20 °C. Samples were withdrawn after 10 days
and the TCE-degrading cell number; the concentration of CI~
ions, as well as TCE concentration was measured.

2.2.1.2. Pump & treat combined with UV irradiation - pho-

todegradation of TCE

In this experiment the UV irradiation intensified by cyclodex-
trin addition was modelled at lab-scale. Cyclodextrins are able
to solubilise chlorinated aliphatic hydrocarbons and to enhance
the efficacy of the remediation technologies.

Extraction experiments modelling pump & treat (P&T) were
performed prior to UV irradiation with different concentrations
of cyclodextrin solution. For extraction of TCE 0, 5, 10 and
20% aqueous cyclodextrin solutions of randomly methylated -
cyclodextrin (RAMEB) were applied. The extraction technol-
ogy was modelled by introducing a TCE lens (10 mL) under
200 mL of groundwater originated from the site. The ground-
water was amended by cyclodextrin as solubilising agent. These
solutions were periodically shaken (10 min/h) for 3 days and
the concentration of TCE was measured by gas chromatography
(GC). For modelling photodegradation by UV irradiation 3 mL
of supernatant from the extraction experiments was transferred
into a quartz cuvette then irradiated for 90 minutes with high
pressure mercury lamp (500 W). Samples were taken at every
5 minutes. The TCE content was measured by GC after dilution
with dimethyl formamide (DMF). Experiments were carried out
in two parallels.

2.2.1.3. In situ chemical oxidation (ISCQO) applying different

oxidants such as sodium persulfate, potassium perman-

ganate and hydrogen peroxide

Site-specific conditions and parameters, in conjunction with
oxidant specific characteristics, strengths, weaknesses and lim-
itations of the technology must be carefully considered before
field-scale implementation to determine whether ISCO is a fea-
sible option, and to determine which oxidant is the most appro-
priate. All of the applied oxidants (KMnOyg4, Na,S,0g, H,05)
which are commonly used for the ISCO have many advanta-
geous but they have drawbacks and disadvantageous effects at
the same time.

ISCO with sodium persulfate of the contaminated groundwa-
ter

In situ chemical oxidation of contaminated groundwater using
sodium persulfate was modelled in batch reactors. In our
model experiment 250 mL groundwater samples originated
from the site supplied with 100 mg/L TCE were placed into
250 mL volume glass reactors shielded from light. Then
sodium persulfate was added to all reaction bottles to attain fi-

nal Na,S,0g concentrations of 18 and 36 g/L (10-times and 20-
times molar excess relative to the chlorine in TCE). The influ-
ence of ferrous ions on the activation of persulfate to produce a
powerful oxidant known as sulphate free radicals was also ex-
amined with the addition of FeSO,4 (1.1 and 2.2 g/L).

ISCO with potassium permanganate of the contaminated
groundwater

The lab-scale batch experiments with potassium perman-
ganate were also performed in 250 mL glass vessels. The
groundwater (250 mL) was supplied with 100 mg/L or
1000 mg/L TCE and treated with potassium permanganate at the
concentrations of 0.12 g/L and 0.6 g/L in the case of 100 mg/L
TCE, and with 1.2 g/L and 6 g/L permanganate in the case of
1 g/L TCE, respectively.

ISCO with hydrogen peroxide of the contaminated groundwa-
ter

Batch experiments with hydrogen peroxide were conducted in
250 mL glass vessels. The groundwater (250 mL) taken from the
site was supplied with 1000 mg/L TCE and treated with 0.3%
and 0.9% hydrogen peroxide. The effectiveness of the chemical
oxidation using H,0O, was improved by addition of phosphoric
acid (0.1-0.2%) to ensure the necessary acidic pH. The initial
pH level was controlled at 3+ 0.1. Ferrous ion was used as a
catalyst in the experiments with the addition of FeSO, - 7H,0
(11 g/L).

Control tests were also carried out with groundwater without
additives in all of lab-scale ISCO experiments. Effects of the
oxidants were studied in three parallels in all of the cases. The
reactors were shaken at 100 rpm in the dark. Samples were with-
drawn after 24 hours and the CI~, conductivity as well as TCE
concentration was measured.

ISCO with hydrogen peroxide of the saturated soil in static
reactor

In our model set-up 300 g soil originated from the site was
saturated with 300 mL groundwater contaminated with TCE at
1 g/L concentration in static batch 1000 mL reactor. The re-
actors were supplied with 50 mL H,O, solution to have final
H,O,concentrations of 0.5%, 1% and 2% in the reactors. Con-
trol reactors without TCE-supplement and peroxide-addition
were also prepared.

Reactors were placed in a dark room for 15 days at 20°C.
Samples were withdrawn after 15 days and the pH, CI~ and
residual TCE was measured. Microbial activity (aerobic and
anaerobic heterotrophic cells, dehydrogenase enzyme activity)
in the soils was also determined.

2.2.2 Pilot scale demonstration of ISCO using hydrogen

peroxide in the field

Site description and history of the site

The site selected for pilot scale experiments and demonstra-
tion is located at the western part of Hungary. It has been an
industrial site for long time where trichloroethylene (TCE) was
used earlier for metal degreasing. The soil and groundwater
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have been contaminated for decades. TCE as the main contami-
nant was identified.

The regulatory limits in the groundwater for each of volatile
chlorinated hydrocarbons (VCHSs) and for the total volatile
hydrocarbons have been set to 0.15 mg/L and 0.3 mg/L
(Hungarian Remediation Limit Value (D) for the TCE: D =
0.15 mg/L in the groundwater of the site). As part of reme-
dial actions the most contaminated soil was removed to a land-
fill site and the groundwater decontamination system (extraction
and monitoring wells, stripping tower) was built. Air stripping
was used to remove the volatile chlorinated compounds from
groundwater. The technology has operated for 3 years but it
failed to reduce the TCE content in the wells to the limit value.
The technology proved not to be suitable to remove the water-
insoluble VVCHs.

Assessment of the site 26 monitoring wells were established
at the site and the extent of contamination was determined. TCE
as the main contaminant was identified. Some other chlorinated
ethylenes such as tetrachlorethylene, PCE and dichloroethylene
isomers, DCE as well as chlorinated ethanes were detected at
lower concentrations. In some wells also vinyl chloride was
found suggesting microbiological degradation. TCE lenses were
suspected on the site, these sources contaminated the groundwa-
ter from time to time. The contaminated area was delineated as
shown on the maps in Figure I}

As part of the site assessment the activity of the soil- and
ground water microflora was also investigated. The microbial
activity was characterized by the aerobic heterotrophic cell con-
centration and by the aerobic and anaerobic TCE-degrading cell
concentration. The latter was found high enough to assume that
there is a microbial consortium able to degrade TCE; therefore
the bioremediation as a technology alternative was also taken
into consideration. Direct contact toxicity tests were done to as-
sess and evaluate the risks of the contaminated soil and ground-
water.

Pilot test applying hydrogen peroxide oxidation combined
with alternate pumping

Before applying the pilot tests a new well (M-3) was bored
in the direction of the hydraulic gradient between the assumed
source and the extracting well MTE-1. (See the map in Figure[2]
In the pilot test alternating pumping was used involving MTE-1
and M-3 wells: while pumping the water from one of the wells
the other one was left undisturbed. This method is a mixture of
“push & pull” (the groundwater is injected and extracted from
the same well) and “drive through” (the water with reactants is
injected to one well and extracted from another one) technolo-
gies.

Hydrogen peroxide and sulphuric acid were added to the ex-
tracted groundwater and injected back alternately into the two
wells thus enhancing the transfer between the soil phases and
with this the efficiency of in situ oxidation. The acidic pH is
needed to the iron-catalyzed reaction of hydrogen peroxide [13].

The groundwater levels measured from the surface were 2.07
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Fig. 1. TCE (the main contaminant) distribution in groundwater at the site

and 2.06 m in wells MTE-1 and M-3, respectively. The vol-
ume of the wells was 100 L and 60 L, respectively. The ex-
periment started with extracting water and sampling from both
wells (N°1). (Sampling N°0 of well MTE-1 was one day before
the start of the experiment extracting 180 L water.). The next
120 L water was extracted from well M-3, hydrogen peroxide
(0.7 L 30% solution) was mixed into it, and after adjusting the
pH to approx. 3 by sulphuric acid it was injected back. Then
this process was repeated at well MTE-1 (Sampling N°2): the
180 L groundwater was pumped out, and mixed with 1 L hy-
drogen peroxide solution; the pH was adjusted to 3 with sul-
phuric acid and injected back. Again well M-3 was treated in
the same way (Sampling N°3). After that the oxidant was added
at 4 times higher concentration first into the water pumped out
from well MTE-1 (Sampling N°4) then to that from well M-3
(Sampling N°5). The water extraction was repeated again in
the evening and during the next morning (Sampling N°6 and 7)
without back-injection.

The concentration of CI~ ions, as well as TCE and VCHSs con-
centration, moreover pH and electrical conductivity was deter-
mined.

2.3 Integrated methodology for the site assessment

and for technology-monitoring in the laboratory and pilot

experiments

Complex methodology including physico-chemical, biologi-
cal and ecotoxicological methods was used for site assessment
and for technology-monitoring.
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Fig. 2. Location of the wells (MTE-1, M-3) involved in the pilot tests

2.3.1 Integrated methodology for the site assessment

VCHs were measured by GC-MS according to Hungarian
Standard (MSZ 1484-5:1998).

TCE concentration was determined by gas chromatography
before and after treatment. Shimadzu 17A gas chromatograph
equipped with Rtx-624 (30m x 0,32mm x 1,8mm) column and
FID detector was used with helium as carrier gas and with oven
temperature of 60 °C for 13 min, rising it by 40 °C/min to
220 °C. The temperature of injector/detector was 200 °C/220 °C.
The split ratio was 10:1. Head space injection was used or liquid
injection of samples diluted with ethanol.

Electrical Conductivity and pH was determined by using
WTW Multi 340i/SET.

The biological methods for site assessment to determine
the aerobic heterotrophic bacterial cell concentration (Colony
Forming Unit —CFU), the Most Probable Number (MPN) of the
specialized TCE-degrading cell concentration and the dehydro-
genase enzyme activity were applied according to Molnar et al
[461[47].

Aerobic heterotrophic bacterial cell concentration was deter-
mined by colony counting after cultivation on Peptone-Glucose-
Meat extract (PGM) agar plates in Petri-dishes.

For growing the TCE-degrading cells dilution series of the
contaminated soils were used in three replicates, containing
TCE as the only carbon source both under aerobic and anaer-
obic conditions. The applied liquid medium was supplemented
with inorganic salt solution, trace elements and with an artificial
electron acceptor of the 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-
phenyl tetrazolium chloride.

Dehydrogenase enzyme activity based on the estimation of
2,3,5-triphenyl-tetrazolium-chloride reduction rate to triphenyl
formazan was characterized and used as an index for the overall
microbial activity of the soil according to Alef [48].

Two ecotoxicological methods, Vibrio fischeri biolumines-
cence test and Collembola (Folsomia candida) mortality test
were modified and used for toxicity testing in the course of the
site assessment [46,[47]. Vibrio fischeriis a marine-living bac-
terium, but very commonly used for ecotoxicity testing. The
Collembolans, commonly known as springtails, are the most nu-
merous and widely occurring insects in terrestrial ecosystems.
The endpoints used for the plant and animal tests were EDyg
(LDy) or EDsy (LDsg) values, where EDyy (LDyg) and EDsg
(LDsp) mean soil doses causing 20% and 50% inhibition (lethal-
ity). EDjy (LDyg) and EDsp (LDsg) values were determined
from the dose-response curve (inhibition percent values of dif-
ferent dilutions) after sigmoidal fitting using the ORIGIN 8.0
software [46].

2.3.2 Technology-monitoring applied for bench scale tests

and pilot experiments

The lab-scale technology-monitoring included the gas-
chromatographic determination of TCE and VCHSs concentra-
tion, measurement of pH and conductivity (see above), more-
over analysis of inorganic anions such as chloride and sulfate.

The physico-chemical properties and the nutrient status of the
soils from the site used in lab-scale tests were analysed (pH-
value, electric conductivity, particle size distribution, humus,
nitrogen, phosphorous and organic carbon content).

Capillary electrophoresis was applied for determination of
chloride, sulphate and other anions using silica capillary and
diamino-propane: tris: benzene-dicarboxylic acid buffer (pH 8)
as background electrolyte. HP 3D CE instrument equipped with
silica capillary of 33 cm at 25 °C: injection at 50 mbar for
4 sec, background electrolite diamino-propane: tris:benzene-
dicarboxylic acid buffer (pH 8).

The oxidant demand of soil (SOD) was also determined by
application of sodium persulfate, potassium permanganate and
hydrogen peroxide. Laboratory experiments were carried out for
quantification of oxidant consumption of 50-50 g of dried soil
samples originated from the contaminated site. The experiments
were performed in filled in flow-through column reactors, with
different oxidant concentrations. The SOD was calculated from
the initial and residual oxidant concentrations.

In the case of ISCO using hydrogen peroxide the effect of
the oxidant on biological activity of soil microorganisms was
also tested. Biological methods such as determination of aero-
bic/anaerobic heterotrophic bacterial cell concentration (Colony
Forming Unit —CFU), the Most Probable Number (MPN) of the
specialised TCE-degrading cell concentration and the dehydro-
genase enzyme activity were carried out according to Molnar et
al [46,47].
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3 Results and discussion

The efficiency of various remediation technologies was stud-
ied at lab-scale with soil and groundwater originated from a site
highly contaminated with trichloroethylene (TCE).

3.1 Evaluation of the results of the bench scale tests

3.1.1 Cometabolic biodegradation of TCE in the presence

of toluene and cyclodextrin

The biological tests during the site assessment showed that
there is a microbial community in the soil and groundwater able
to degrade TCE. Cometabolic biodegradation of TCE in ground-
water (GW) in the presence of toluene as a growth substrate
was studied in batch reactors. The effect of randomly methy-
lated R-cyclodextrin (RAMEB) on biodegradation of TCE was
also tested. Initial concentration of TCE in groundwater origi-
nated from the site was 2130 ug/L. Trichloroethylene was come-
tabolized by microorganisms in the presence of toluene as a
growth substrate. The highest TCE-removal (59.8 mg TCE) was
observed at 1000 ug/mL toluene concentration in the case of
groundwater supplied with TCE (292 ug/mL). TCE biodegrada-
tion rate increased also with the application of cyclodextrin as
shown in the table below (Table[T).

Even though the results were positive, the efficiency of TCE-
removal was low and it requires improvement.

3.1.2 Photodegradation of t TCE by UV illumination in the

presence of cyclodextrin

The UV irradiation in the presence of cyclodextrin was mod-
elled in lab-scale experiment. Cyclodextrin was used as solu-
bilising agent. Complexation of TCE by randomly methylated
B-cyclodextrin (RAMEB) gave some protection to TCE against
UV decomposition resulting in increased half-life time values at
0, 5, 10 and 20% RAMEB concentration (Figure[3).

110 l

100 B e 20% RAMEB

90 1 P—"ﬁ's“-'-?_ ........ —X
S N i o e 23 10% RAMEB
=
— 70 -
& 60 4
= 50

40 1

30 A
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10 1

0

0 20 40 60 80 100

Time [min]

Fig. 3. Decrease of TCE concentration in the solutions at various RAMEB
concentrations (¢ 0%, [05%, A 10% and = 20%) during UV irradiation

To some extent TCE was protected against UV light in the
presence of different RAMEB concentrations, but the efficiency
of the whole technology (extraction & UV irradiation together)
improved with the increase of RAMEB concentration. Due to
the solubility enhancing effect of RAMEB the initial TCE con-

centration was increased with the increasing cyclodextrin con-
centration resulting greater TCE removal (Figure [4).

2,5
mremoved TCE in15 min ]

2 Oremoved TCE in60 min ]
=
= 1,5 -
[N N}
o
= ] n
2
£
2 0,5 —

0 4

0 5 10 20
RAMEB [%]

Fig. 4. Efficiency of the UV irradiation technology characterized by the
amount of TCE removed during 15 and 60 min in the modelling experiment

The results clearly show that RAMEB improved the efficiency
of extraction & UV irradiation under the applied experimental
conditions. Inclusion complexes protected TCE against UV de-
composition resulting in increased half-life time values.

3.1.3 In situ chemical oxidation for treatment of contami-

nated groundwater and soil with trichloroethylene

In situ chemical oxidation of contaminated groundwater ap-
plying different oxidants such as sodium persulfate, potassium
permanganate and hydrogen peroxide was modelled in lab-scale
batch reactors. Figures [5H7] show the efficacy of different oxi-
dants and additives on TCE-removal from groundwater.

These results show that the use of ferrous ion in conjunc-
tion with persulfate treatment may achieve a synergistic effect
on TCE removal. The use of ferrous ion in conjunction with
persulfate treatment may produce a synergistic effect on TCE
removal enhancing the removal from 47% to about 69% and
from 60% to about 80% applying 18 and 36 g/L sodium persul-
fate concentration, respectively (Figure[5). In the case of ISCO
with persulfate application ferrous ion could activate the per-
sulfate anion to produce a powerful oxidant known as the sul-
fate radical. While no significant enhancement was achieved by
double iron concentration further improvement was observed by
adding also Na,S,03 to the solutions. Addition of sodium thio-
sulfate (Na,S,03) as reducing agent to the persulfate can form
a persulfate-thiosulfate redox system. This could be necessary
because the rapid conversion of all Fe?* to Fe®* may limit the
ultimate oxidizing capability of the system The thiosulfate en-
hanced the availability of ferrous ion for persulfate activation.
RAMEB addition was beneficial at low persulfate levels.

Potassium permanganate was more effective than persulfate
treatment (Figurgbl). The applied 0.6 g/L KMnO,4 was able
to completely degrade 100 mg/L and also 1000 mg/L TCE in
groundwater after 24 hours. But the high amount of MnO, was
precipitated in the reactors (0.35 and 0.94 g/250 mL in the reac-
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Tab. 1. Cometabolic biodegradation of TCE in the presence of toluene and RAMEB

Anaerobic TCE-degrading cell

TCE-degradation

hinder the subsurface water flow.

Reactors
concentration [cell/mL] *102  [%] [ma]
GW (without additives) 15 10 0.5
GW + 500 pg/mL toluene 110 48 25
GW + 292 pg/mL TCE 46 14 20.4
GW + 292 pug/mL TCE + 0,5% CD 460 30 43.8
GW + 292 pg/mL TCE + 1,0% CD 1100 30 43.8
GW + 292 pg/mL TCE + 500 pg/mL toluene 210 32 46.7
GW + 292 pg/mL TCE + 1000 pg/mL toluene 1100 41 59.8
GW - groundwater originated from the contaminated site
tors with 1000 mg/L TCE using 1.2 and 6.0 g/L potassium per- 120~
manganate). Therefore the disadvantage of using KMnQ, is that =100 mg/L TCE 100 o8
the insoluble precipitate can significantly reduce soil permeabil- g 1001 (21000 mgL TCE 90 912 t
ity on site and can easily cause clogging in the wells. The same é 80 1
situation may appear if any strong oxidants are applied together 5 60
with different ferrous salts. A possible disadvantage of using SET 29 3
ferrous salts with strong oxidation agents can be the clogging in 20 |
the soil because the poorly water soluble ferric-oxyhydroxides o ; . .
Control 0.12g/L 1.2gL 0.6 gL 6.0 gL
KMnO, KMnO,

120

B |8 g/L sodium persulfate 100
100 — 36 g/L sodium persulfate 90 T
_ 0 84
< 30 I 78 18 77
= 69 L 1
2 60
1) > -
8O gt
&8 40 |
=
20
0 -
No additive 5x Fe(Il) 10x Fe (II) Sx Fe(l)+ 5xFe(l)+ 5%

thiosulfate RAMEB

Application of sodium persulfate of 18 and 36 g/L concentration (red and
green, respectively) with and without various additives: 5 and 10 times molar
excess to TCE of ferrous sulfate, 5 times molar excess to TCE of sodium
thiosulfate

Fig. 5. Efficacy of persulfate treatment on groundwater contaminated by
100 mg/L TCE

After hydrogen peroxide oxidation (Figure[7] the high TCE
concentration (1 g/l) in the groundwater dropped significantly
after 24 hours. Inactivated H,O, showed slight reduction (53—
56%) of TCE concentrations. But iron activation with the ad-
dition of FeSO4 (11 g/I) presented an increased rate of TCE
degradation (99-100%) after one day. Applying RAMEB ad-
ditive somewhat lower removal (92%) was observed.

Peroxide based ISCO with FeSO, was more effective than
sodium persulfate treatment.

The cost of the oxidant chemicals and the soil oxidant demand
(SOD) driving the required oxidants are some important factors
besides others in the selection of the remediation technology.

The measured SOD for peroxide was relatively low which
makes H,O, a suitable oxidant for the site. The average soil

Fig. 6. TCE removal from groundwater of 100 and 1000 mg/L initial TCE
Concentration (green and pale yellow, respectively) by potassium permanganate
of 6.6 and 33 fold molar excess (0.12/1.2 g/L and 0.6/6.0 g/L concentration,
respectively) after 24 h

120
- 00.3 % peroxide 100 99 99
100 A . 92
— B0.9 % peroxide
g 80
g 60 5336
8 3838
= 40 A

20 A

0 T T T
Control H,0, H,0, + Fe?* H,0, +Fe?* +

RAMEB

Fig. 7. Efficacy of peroxide treatment on groundwater contaminated by
1000 mg/L TCE Lab-Scale Experiments by Hydrogen Peroxide of 3.0 and
9.0 g/L Concentration (pale and dark blue, respectively) after 24 h

oxidant demand was 1.2 g/kg in the case of H,O, application
and a 1.8 g/kg using sodium persulfate.

Based on these results hydrogen peroxide was selected for
further model experiments to be performed on the soil originated
from the site (permanganate was not selected because of the
large amount of precipitate, persulfate falls out because of the
high sulfate burden to the soil). H,O, is attractive as in situ ox-
idant because of its relatively powerful oxidation potential with
ferrous iron, its ability to oxidize a variety of organic chemicals
and its relatively low chemical cost. But the evaluation of the
impact of peroxide on the native microbial population is also
very important.

Hydrogen peroxide oxidation of trichloroethylene

201357 1-2 a7



Tab. 2. In situ chemical oxidation with H,O, of the TCE-contaminated sat-
urated soil and groundwater: effect of H,O, on the soil microbes and TCE

oxidation

Reactors Anaerobic heterotrophic  Dehydrogenase enzyme  AnaerobicTCE degrading  TCE concentration

cell conc. (CFU) activity cell conc. (MPN) in the reactors

[cell*10%/ g soil] [ug TPF/ g soil] [cell*10%/ g soil] [ug/L]

Control 23.7 5.41 15 -

+ TCE 28.6 7.74 150 14 700

+1.0% Hy0; 43.5 4.10 24 -

+ TCE + 0.5% H,0, 29.6 1.59 460 8420

+ TCE + 1.0% H,0, 48.1 5.22 110 3840

+ TCE + 2.0% H,0, 30.1 3.08 210 2540

— not measured
Tab. 3. Comparative evaluation of the technologies performed at bench-scale experiments
ISCO
Pump&Treat uv Bioremediation

KMNOy4 Na25203 H,0,
Effectiveness low  medium low high medium high
Duration of remediation long  medium long short short short
Further investment costs at the site no high no no no no
Maintenance costs (chemicals, labor and energy) medium high low  medium/ high  medium/ high  medium
Regulatory compliance low high high high high high
Need of follow-up technologies high low low low/medium low low

ISCO with hydrogen peroxide of the saturated soil in a static
reactor was performed while the microbial activity in the satu-
rated soils was also investigated. Compared to the control sup-
plied with TCE, no significant changes were observed in the
anaerobic cell concentrations and enzyme activities.

The first results of the microbiological investigations (Ta-
ble [2) showed that peroxide treatment did not decrease biolog-
ical activity in soil and it could be a viable strategy to treat the
TCE contaminated site.

The effect of H,O, treatment on the aerobic microflora of
the three-phase soil was also studied. In this case our results
(not shown here) indicated that although aerobic microbial com-
munities were slightly negatively affected after multiple doses
of 2% H,0, on the short term, the microbial biomass recov-
ered and microbial activity started after 3 weeks. Aerobic het-
erotrophic cell concentration decreased by about 40% in the first
2 weeks after repeated hydrogen peroxide treatment, but the mi-
crobial population remained viable. Addition of H,O,at low
concentrations (0.5%) stimulated the activity of aerobic soil mi-
croflora.

3.1.4 Summary of the bench-scale experiments

These results of laboratory-scale testing may not be directly
applied to the design of a corresponding field-scale study how-
ever these results provide the necessary information for a pilot-
scale design.

Results of the comparative evaluation of the technologies per-
formed at bench-scale experiments (Table [3) show the main ad-
vantages of in situ chemical oxidation (ISCO) applying hydro-

gen peroxide: high effectiveness, short time requirement and
medium maintenance costs. The in situ chemical oxidation tech-
nology has the potential to be an effective means of removing
TCE and VCHs at rates much more rapid than bioremediation
and P&T strategies.

On the basis of these considerations and the results of the lab-
scale experiments ISCO using H,O, was selected for pilot tests
on the contaminated site.

3.2 Pilot tests on the contaminated site

3.2.1 Summary of the site assessment

26 monitoring wells were established and the extent of con-
tamination was determined. High VOCs concentrations (300—
40,000 ug/L) and especially high TCE (150-35,000 ug/L) con-
centrations were observed in the groundwater. The depth of
groundwater was 2.5 m at the time of the assessment. The
geotechnical assessment showed the vertical soil profile includ-
ing: mixed soil backfill overlaying the sand and the sand with
gravel layers. Under this layer silt, sandy and clayey silt was
found.

The soil microbial activity was characterized by the aerobic
heterotrophic cell concentration (CFU) and by the aerobic and
anaerobic TCE-degrading cell concentration (Table4). The lat-
ter was found high enough to assume that there is a microbial
consortium able to degrade TCE; therefore the bioremediation
as a technology alternative was also taken into consideration.

The ecotoxicity methods (Table[5]) showed that even the up-
per layer but especially the deeper layers of the soil pose a risk
to the environment and humans.
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Tab. 4. Assessment of the soil microflora

CFU
[cellig or cell/mL] *10°

Aerobic TCE-degrading
cell concentration

Anaerobic TCE-degrading
cell concentration

[cell/g or cell/mL] [cell/g or cell/mL]

Soil A (1.5-2.5m) 90.0
Soil B (2.0-3.5m) 34.5
Soil C (3.5-5.0 m) 28.5
Soil D (3.5-6.0 m) 26.0
Groundwater A* 0.1
Groundwater B* 0.05

<3 1100
<3 1500
<3 150
<3 240
<3 <3
<3 <3

*Groundwater A — from monitoring well, Groundwater B —from extraction well

Tab. 5. Toxicity of soil samples from different depth expressed in EDyg and
EDs values of Folsomia candida acute mortality test

Sample EDy[g soil] EDsg[g soil] Toxicity
Soil A 10.9 18.0  slightly toxic
Soil B >20.0 >20.0 non toxic
Soil C 12.9 >20.0 non-toxic
Soil D 55 11.3 toxic

3.2.2 Pilot demonstration of hydrogen peroxide oxidation

combined with alternate pumping on the site

On the basis of the results provided by the lab-scale tests and
site assessment the 1ISCO method using hydrogen peroxide by
alternate pumping was demonstrated in pilot field tests. The
concentration of CI~ ions, as well as TCE and VCHs concentra-
tion, moreover pH and electrical conductivity was determined.

8000

B TCE
% O VCHs

7000

6000

5000 [

4000 -

3000 A

2000 +

1000 -

TCE/ VCHs concentration [pg/L]

0 ——

MTE-1/0 MTE-1/1 MTE-1/2 MTE-1/4 MTE-1/6 MTE-1/7

Fig. 8. Concentration of TCE (dark green) and VCHs (pale orange) in
MTE-1 Well. The arrows show the addition of hydrogen peroxide (the thicker
line shows the addition of 4-times higher amount of oxidant)

The pH of the extracted groundwater remained unchanged
due to the buffering capacity of the soil. The electric conduc-
tivity changed in parallel with the gradually increasing sulfate
concentration (starting from 440 mg/L and 420 mg/L and reach-
ing 2700 mg/L and 3000 mg/L Soi‘in wells MTE-1 and M-3,
respectively) due to the sulfuric acid additions. The increase in
chloride concentration (starting from 15.1 mg/L and 20.7 mg/L
and reaching 24.2 mg/L and 27.7 mg/L Cl~in wells MTE-1

8000

7000 - B TCE

OVCHs|

6000

5000 -
4000 -

3000 -
2000 +

1000 -

TCE/VCHs concentration [pg/L]

_ B

M-3/3

-
M-3/5

| ===I

M-3/6

M-3/1 M-3/7

Fig. 9. Concentration of TCE (dark green) and VCHs (pale orange) in
M-3 well. The arrows show the addition of hydrogen peroxide (the thicker line
shows the addition of 4-times higher amount of oxidant)

and M-3, respectively) is the consequence of the oxidation of
the contaminant (Figure [BH9). The TCE concentration started
to decrease after pumping in well MTE-1 (from sampling 0 to
sampling 1) and it was practically diminished after addition of
the oxidant (Figure[8). The concentration of perchloroethylene
and VCHs decreased in parallel. In the samples MTE-1/4-7 and
M-3/6-7 the TCE concentration was below the remediation goal
(0.15 mg/L).

The in situ chemical oxidation with alternating in-well treat-
ments proved to be very efficient: the pollutants practically dis-
appeared after one day.

It was interesting to observe that the treatment was more suc-
cessful in well MTE-1 although only 2 additions of oxidant were
applied in this well. This shows that the two wells are not inde-
pendent: treating M-3 results in lower pollutant concentration in
well MTE-1, too, as M-3 is in up-stream position. Therefore the
pollutant arrives from the source from the direction of M-3. On
the other hand well MTE-1 providing higher volume of water is
probably more permeable for hydrogen peroxide which ensures
better and longer lasting effect.

4 Conclusion
The aim of our study was to evaluate the applicability and
efficiency of different technologies for treatment of TCE con-
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taminated groundwater and soil. Feasibility of bioremediation
based on enhanced biodegradation, pump & treat by UV irradi-
ation and in situ chemical oxidation (ISCO) applying different
oxidants (sodium persulfate, potassium permanganate and hy-
drogen peroxide) was studied in lab-scale experiments.

According to the performed laboratory scale experiments of
the technologies TCE-concentration of the contaminated water
and soil was significantly reduced in all cases.

In the case of biodegradation experiments trichloroethy-
lene was cometabolized by microorganisms in the presence of
toluene as a growth substrate. Even though positive results were
demonstrated here (40-50% TCE-degradation in 10 days), the
efficiency of the TCE-removal was low.

In the case of UV irradiation modelled in lab-scale complexa-
tion of TCE by RAMERB resulted increased half-life time values
thanks to the protection against UV decomposition. However
the efficiency of the extraction & UV irradiation technology was
improved with the increase of RAMEB concentration under the
applied experimental conditions.

The significant advantages of the chemical oxidation tech-
nologies were their speed and efficacy of contaminant destruc-
tion compared to biological processes and UV decomposition.

In the case of in situ chemical oxidation the use of ferrous ion
in conjunction with persulfate treatment enhanced the removal
from 47% to about 69% and from 60% to about 80% at 18 and
36 g/L sodium persulfate concentration, respectively.

The laboratory experiments showed, that potassium perman-
ganate was more effective than persulfate treatment. The ap-
plied 0.6 g/L KMnQO4 was able to completely degrade 100 mg/L
and also 1000 mg/L TCE in groundwater after 24 hours. But
in the case of ISCO with permanganate precipitate (MnO,) was
formed which can easily cause clogging in the wells in the case
of field application.

The comparison of different technologies performed in the lab
revealed that ISCO with H,0, in the presence of iron was the
most effective. The applied 0.3% H,0, was able to completely
degrade 1000 mg/L TCE in groundwater after 24 hours at acidic
pH. H,0, is attractive as in situ oxidant because of its relatively
powerful oxidation potential with iron and due to its relatively
low cost. Soil oxidant demand was also relatively low (1.2 g/kg)
in the case of peroxide application.

While further laboratory experiments and field assessments
are required, it is clear that hydrogen peroxide application to
three-phase or saturated soil does not sterilize the soil micro-
bial populations. Moreover enhanced activity of aerobic soil
microflora was observed further to addition of H,O, at low con-
centration (0.5%). The O, released during hydrogen peroxide
oxidation can enhance natural attenuation.

The results of the pilot tests on the contaminated site con-
firmed the laboratory findings: ISCO using hydrogen peroxide
was very efficient. The pollutants (TCE and VCHSs) practically
disappeared after two days of application. On the basis of the
results provided by lab-scale experiments and pilot tests ISCO

using hydrogen-peroxide can be a feasible and cost-effective in
situ method for achieving risk-based remediation goals at this
site.

5 List of acronyms
CFU Colony Forming Unit
CHP Catalyzed Hydrogen Peroxide
GW Groundwater
ISB In situ Biological Oxidation
ISCO In situ Chemical Oxidation
PCE Tetrachloroethylene
P&T Pump and Treat
RAMEB Random methylated beta-cyclodextrin
SOD Oxidant demand of soil
TCE Trichloroethylene
VCH \olatile chlorinated hydrocarbon
VOC \olatile organic compound
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