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Abstract

A pilot-scale study was conducted to evaluate Fenton’s oxidation with autochthonous iron for
treating extracted groundwater contaminated with organic solvents. Based on a previous bench-scale
treatability study, a batch reactor pilot-plant system was designed and operated to evaluate the effects
of various parameters including pH, iron concentration, hydrogen peroxide dose, and reaction
time. Effective system conditions were found to be pH of 3.5, hydrogen peroxide to iron molar
ratio of 75/1, and autochthonous iron at an average concentration of 10 mg/l. The data collected
demonstrate the effectiveness of Fenton’s oxidation using autochthonous iron for treating this
contaminated water, with reductions to below method detection limits for many contaminants.
This pilot-scale study provided kinetic rate constants for predicting contaminant disappearance,
information necessary for designing a full-scale Fenton’s oxidation system.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Solvent Recovery Service of New England (SRSNE) site located in Southing-
ton, Connecticut, operated as a hazardous waste treatment and storage facility from 1955
to 1991. Contamination at the site is found in the non-aqueous phase (NAPL), vapor
phase, dissolved in the groundwater, and sorbed to solids. An estimated 500,000 gal of
NAPL exists in the subsurface, and are expected to produce a contaminant plume for
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hundreds to thousands of yegt§. The current plume is approximately 14 acres in ex-
tent. Contaminants can be found throughout the overburden and into the bedrock and exist
as both dense non-aqueous phase liquid (DNAPL) and light non-aqueous phase liquids
(LNAPL).

As part of a non-time critical removal action, a treatment system went on-line in 1995, and
has been effective in treating organic and inorganic compounds in the extracted groundwater.
The treatment scheme comprises influent equalization, metals pretreatment with coagula-
tion/flocculation and filtration, advanced oxidation with ultraviolet light/hydrogen peroxide
(UV/H205), and granular activated carbon prior to discharge. Although the treatment sys-
tem is effective, the UV/HO, process is energy and maintenance intensive. As a result,
Fenton’s reagent oxidation was investigated as an alternative process. Rather than remov-
ing autochthonous iron during the metals pretreatment process that precedes oxidation, it
was hypothesized that the autochthonous iron concentration was sufficient to serve as the
primary catalyst.

Prior to this pilot-scale study, a bench-scale feasibility stigyhad been conducted to
evaluate the ability of Fenton’s reagent to mineralize compounds in the groundwater at
this site. Results from this study indicated significant reductions in contaminant concen-
trations. This feasibility study concluded that Fenton’s oxidation could capitalize on the
autochthonous iron, and could be a viable alternative to the current 4D4/Kystem on
site, possibly resulting in substantial savings in operating costs. A pilot-scale system was
designed and constructed to further explore this unique alternative.

A pilot-scale reactor was designed based on results of the previous bench-scd@work
The focus of the work presented herein centered on evaluation of the potential, including
rate and extent, for Fenton’s oxidation of 27 previously identified organic contaminants at
the SRS site. A simple kinetic model was developed to represent system performance.

2. Background

Advanced oxidation processes (AOPs) may either completely mineralize organic com-
pounds (i.e. to carbon dioxide and water), or convert complex organic compounds into
simpler molecules that can be otherwise treated by conventional methods. AOPs can pro
duce highly reactive hydroxyl radicals through a variety of techniques including ultra-
violet radiation/hydrogen peroxide, ozone/hydrogen peroxide, ultraviolet radiation/ozone,
Fenton’s reagent, and titanium dioxide/ultraviolet radiafid/]. The hydroxyl radicals
produced by any of these methods are indiscriminant oxidants and can react with a myr-
iad of organic compounds in wat¢b,6]. Due to their non-selectivity, hydroxyl radi-
cals may also be scavenged by non-target compounds such as carbonate, bicarbonate,
phosphates, sulfates, humic material, and other anthropogenic and natural organic com-
pounds.

The hydroxyl radical, a powerful oxidant second only to fluorine in oxidation power
[4,7,8] is approximately two times more reactive than chlorine. It can react at near diffusion
rates, and has the ability to oxidize a wide range of organic chemi6hIs\OPs that
generate hydroxyl radicals have been found to be very effective for treating drinking water,
groundwater, and contaminated s¢8s4,9-12]
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Fenton’s oxidation reactions are initiated by the interaction between hydrogen peroxide
and ferrous iron13J:

ke
F&+ + Hy0p — Fe** + OH + +OH @

Ferric ions produced can be reduced back to ferrous ions in the presence of hydrogen per-
oxide by the simplified net reactigh4] (stepwise reactions are summarized by Pignatello
[15]):

2FE" + HyOp —> 2FEt 4+ Oy + 2HT 2)
Hydroxyl radicals generated in reaction 1 can react with target organic contanjiti#jnts

. . kcontam
*OH + organic contaminants—— products 3)

Alternatively, hydroxyl radicals can react with non-target scavengers, including hydrogen
peroxideg6,16], and be eliminated from participating in further chain propagating reactions:

kscav
*OH + scavengers— products 4)

The rate and extent of the Fenton’s reactions are dependent on system parameters in-
cluding hydrogen peroxide dosage, pH, and iron concentrfi@0,17—22] The influence
of hydrogen peroxide is evident from reactions 1 and 2. Although hydrogen peroxide is
a hydroxyl radical scavenger, increasing the hydrogen peroxide concentration will shift
both reactions to the right (as written), producing more net hydroxyl radicals. As expected,
many studies have reported that higher hydrogen peroxide concentrations result in higher
conversions of contaminanid3-25]

Clearly, solution pH also affects reactions 1 and 2. It has been found that Fenton’s
oxidation is more effective at lower solution pH values. Kang and HWaapreported that
COD removal was optimum between pH 3 and 6, with a maximum removal at 3.5. Watts
et al.[8] observed the optimum pH for treating pentachlorophenol-contaminated soil to be
2 and 3. Alternately, basic solutions may promote the decomposition of hydrogen peroxide
to oxygen[26] before the formation of hydroxyl radicals. Further, removal of the dissolved
iron catalyst from solution via the formation of iron hydroxide precipitates is also possible
at higher pH values.

Reactions 1 and 2 are also influenced by iron concentration. Although higher iron concen-
trations may allow for greater mineralization over tifg the tendency for the production
of iron sludge is a mitigating factor.

3. Materials and methods

The project was prosecuted in two phases. The first phase was conducted to screen the
system parameters (discussed earlier) critical for Fenton’s oxidation of contaminated water
atthe site. A subsequent phase was designed to evaluate the kinetics of Fenton’s oxidation at
selected system conditions identified in the screening phase. The pilot-scale system utilized
a batch reactor, and received contaminated water from an existing 10,000-gal equalization
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tank. The pilot-scale system schematic is showirign 1. The influent water from the
equalization tank drained by gravity through 0.5in. NPS pipe into a 55-gal tank used as the
reaction vessel. Two valves, the influentisolation valve and the tank inlet valve, were opened
to allow flow into the reaction tank, and closed when the tank was filled. The solution in the
tank was kept well stirred with a mixer (Model 1JTC-0.25, Chemineer Inc., Dayton, OH) at

a constant speed of 30 rpm. The addition of hydrogen peroxide and iron was done manually,
and solution pH was lowered to pre-designated values and kept constant by the addition of
sulfuric acid with the aid of a pH probe (Omega Model #PHE-6510, Omega Engineering
Inc., Stamford, CT), pH controller (Omega Model PHM-55) and an acid addition pump
(Omega Model PHP-165).

To determine effective system conditions during the screening phase, three parameters
were regulated and changed sequentially: pyO¥idosage, and ferrous iron (Fes@H,0)
concentration (when the autochthonous iron was augmented). The solution pH was adjusted
from 3.5 to 4.5, hydrogen peroxide,B»/iron molar ratio dose varied from 20/1 to 75/1,
and iron concentration varied from the autochthonous concentration (10 mg/l average) to
30 mg/l.

Samples were acquired from the reaction vessel at different reaction times: 0, 10, 15, 25,
40, 70, 130, and 250 min. These times were chosen to explore extent of reaction. From the
kinetic data collected from the previous bench-scale treatability §&]¢it was expected
that 250 min of reaction time would be sufficient for the reaction to go to completion. An
initial sample was taken immediately after the ferrous iron (solid eB®O, certified
ACS, Fisher Scientific, Pittsburgh, PA) was added to the system, but before other chemicals
were added. Following acquisition of the initial sample, hydrogen peroxide (50% commer-
cial grade) was added and the pH of the system adjusted to the pre-determined values with
sulfuric acid (93.2% commercial grade). Samples were collected in 250 ml amber glass
bottles that had been washed with detergent (Sparkleen, Fisher Scientific, Pittsburgh, PA),
soaked in a sulfuric acid bath (certified ACS, Fisher Scientific, Pittsburgh, PA) and purified
water (E-Pure Barnstead Water Purification System; Barnstead, Dubuque, 1A), rinsed with
hexane (HPLC Grade, Fisher Scientific, Pittsburgh, PA), and dried. Samples were preserved
with hydrochloric acid (certified ACS, Fisher Scientific, Pittsburgh, PA), tightly capped, and
placed in a cooler to be transported to the laboratory for andB3g]s

Screening phase analyses were conducted at the Worcester Polytechnic Institute Envi-
ronmental Engineering Laboratory, using an ambient headspace sampling teq&8igue
and an Agilent Technologies 6890 gas chromatograph (GC) with a flame ionization detector
(FID) and an electron capture detector (ECD), with the following conditions: inlet; @50
FID, 300°C; ECD, 250°C; oven, 40C for 2 min followed by 12 C/min ramp to and hold
at 240°C for 5 min. This method was chosen for the screening portion of the study because
it could be conducted quickly with a minimum of sample preparation. Compounds listed in
Table 1were historically identified in the extracted groundwater at the site, and found in the
samples taken during the batch feasibility stiiglly GC analyses were completed within
24 h after sample collection. Once the effective operating conditions had been determined,
experimentation was initiated to validate reactor performance at these conditions. Samples
during this phase were collected as specified above, with two additional sampling times
added at 2 and 5 min. For this final experimental run, the samples were analyzed with GC
mass spectrometry (MS) per EPA methods 8015 and 8260.
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Fig. 1. Schematic of the pilot-scale Fenton’s oxidation system.
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Table 1

Initial and final concentrations of contaminants quantified, and percent remaining after Fenton’s oxidation in the
final experimental run

Contaminant Initial concentration Final concentration Percent remainiriy
(ppby (ppby
Acetone ND 320 Indeterminate
Benzene ND ND -
sec-Butylbenzene ND ND -
Chlorobenzene ND ND -
Chloroethane 580 220 37.9
Chloroethene 770 ND 0
1,1-Dichloroethane 310 220 71.0
1,2-Dichloroethane ND ND -
1,1-Dichloroethene ND ND -
cis-1,2-Dichloroethene 2900 9.6 0.3
trans-1,2-Dichloroethene ND ND -
Dichloromethane ND ND -
Ethanol ND ND -
Ethylbenzene 500 ND 0
Isopropanol ND ND —
Methanol ND ND -
Methyl ethyl ketone 230 180 78.3
Methyl isobutyl ketone ND ND -
iso-Propylbenzene ND ND -
n-Propylbenzene ND ND -
Toluene 1700 ND 0
1,1,1-Trichloroethane 520 520 100
Trichloroethene ND ND -
1,2,4-Trimethylbenzene 51 ND 0
m- andp-xylene 360 ND 0
o-Xylene 140 ND 0

aND indicates that the compound was not detected above the detection limit of the instrument and method.
bThe percent remaining is indeterminate when the initial concentration is not detected (assumed to be zero)
because of division by zero.

4. Resultsand discussion
4.1. Screening: determining effective conditions

To determine effective system pH, the pilot-scale systemwas run at three different solution
pH values: 3.5, 4.0 and 4.5. It was expected that oxidation by Fenton’s reagent would be
realized in this pH range while remaining cost effective. Lowering the pH further would
result in substantial costs for acid addition, and subsequent base for pH adjustment prior
to dischargeFig. 2 summarizes the percent reduction of contaminants quantified at each
of these pH values at the maximum reaction time, 250 min. The ordinate is the percent
reduction of the sum of the mass of compounds quantified at 250 min.

Reactions at a solution pH of 3.5 produced significantly greater reduction of contaminants
than at pH 4.0 (90.1% versus 73.8%), and slightly less reduction than at pH 4.5 (94.7%).
The line plotted with data ifrig. 2is based on least squares linear regression analysis of
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Fig. 2. The percent reduction of contaminants quantified at three different pH after 250 min reaction time
(H202/iron = 20/1, autochthonous iron). The ordinate is the percent reduction of the sum of the mass of com-
pounds quantified in the screening experiments. Each data pointindicates the percent reduction of total contaminant

mass for one experimental run.

the percent reduction of contaminants quantified as a function of pH (confidence intervals
not shown because of the low degree of freedom). The regression shows a slight trend of
increasing contaminant reduction with increasing pH, with a scaling ratio of 4.6 (percent
reduction/pH).

Iron concentrations entering the equalization tank ranged from 4 to 20 mg/l, with an
average of 10mg/l. The autochthonous iron was augmented by increasing the total iron
concentration by adding 10 and 20 mdyfig. 3 summarizes the percent reduction of con-
taminants quantified with various iron concentrations at 250 min reaction times. The 90%
confidence band is also sho\&9]. The greatest reduction was observed with an additional
20 mg/l iron added to the solution, resulting in a 99.0% reduction. The reaction with au-
tochthonous iron resulted in 90.1% reduction in contaminant concentrations. The regression

m  Experimental Data
Regression Analysis
4 90% Confidence Band

% Reduction of
Contaminants Quantified

Iron Added (mg/L)

Fig. 3. The percent reduction of contaminants quantified with different iron concentrations after 250 min reaction
time (solution pH= 3.5, H,Oy/iron = 20/1). The ordinate is the percent reduction of the sum of the mass

of compounds quantified in the screening experiments. Each data point indicates the percent reduction of total
contaminant mass for one experimental run. The dashed line denotes the lower 90% confidence band for the
regression analysis.
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Fig. 4. The percent reduction of contaminants quantified with different hydrogen peroxide doses after 250 min
reaction time (solution pH= 4.0, autochthonous iron). The ordinate is the percent reduction of the sum of the
mass of compounds quantified in the screening experiments. Each data point indicates the percent reduction of
total contaminant mass for one experimental run. The dashed line denotes the lower 90% confidence band for the
regression analysis as a function of the hydrogen peroxide/iron molar ratio.

of the percent reduction of contaminants quantified as a function of iron added shows a trend
of increasing contaminant reduction with increasing iron dose, with a scaling ratio of 0.45
(percent reduction/(mgt) iron added). The iron dose appeared to have little effect on the
percent reduction of contaminants quantified.

The final parameter studied in the screening phase was the hydrogen peroxide concentra-
tion. The hydrogen peroxide dose was based on its molar ratio to iron of 20/1, 50/1 and 75/1.
Fig. 4illustrates the percent reduction of contaminants quantified for the three hydrogen
peroxide dosages at 250 min reaction times, and the regression of the percent reduction of
contaminants quantified as a function gf®b/Fe molar ratio. The data illustrates that there
is a correlation between hydrogen peroxide dose and reduction of contaminant concentra-
tions. With the HOo/iron molar ratios increased from 20/1, to 50/1 and 75/1, we observed
an increase in average contaminant removal of 73.8, 93.9 and 97.4%, respectively. The
scaling ratio of the regression line is 0.44 (percent reductig@f-e molar ratio). The
greatest reduction occurred with the largest hydrogen peroxide dose, 75/1.

Fig. 5 shows the percent reduction of contaminants quantified as a function of time
for different iron doses in the initial time domain of the experiment. While Potter and
Roth[9] found that additional iron increased the initial rate of reactkeig, 5 shows that
additional iron did not affect the initial rate at which contaminant reduction occurred in
these experiments. Using only the autochthonous iron, the contaminants were reduced in
concentration to near equilibrium values within 10 min.

Toluene was not included in the calculation for percent reduction in the screening phase
presented irFigs. 2—4 because it was initially below the method detection limit. Also,
methyl ethyl ketone (MEK) could not be quantified with the headspace analytical method
used during the screening phase. However, toluene and MEK were included in the final
experimental phase using GC/MS quantification.

Based on the results from the screening phase experiments where parameters were varied
sequentially, the following system conditions were selected for further exploration: solution
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Fig. 5. The percent reduction of contaminants quantified as a function of reaction time for different iron doses
(solution pH= 3.5, HyO5/iron = 20/1).

pH = 3.5, HpOy/iron molar ratio= 75/1, and no allochthonous iron added. The treatment
system atthis site has historically encountered iron fouling problems even without additional
iron added for Fenton’s oxidation. These iron fouling problems were in the form of pipe
plugging, heavy coatings on mixer blades, and repeated, complete plugging of an existing
sand filter. Consequently the autochthonous iron dose was desirable to avoid aggravating the
current iron precipitation problem and to minimize operating expenses. The lower solution
pH of 3.5 was selected to further assist in keeping the iron in solution.

4.2. Extent and kinetics

A final pilot-scale experiment was designed and conducted at the conditions identified
in the screening phase to determine appropriate system reaction kinetic parameters for
individual contaminants. Of the 27 contaminants historically identified at the site (as listed
in Table 1), only 12 were detected in the influent during this phase of experimentation.
This is not surprising as the groundwater extraction wells are operated at variable flow rates
dependent on the groundwater level at each individual well. The level of contamination in
the influent is a function of which wells are on-line and pumping. The equalization tank in
the existing system does provide for flow and concentration equalization, but only over a
limited time period.

Seven contaminants (chloroethene, toluene, ethylbenmene; andp-xylenes, 1,2,4-
trimethylbenzene) were present initially and reduced to below detectable concentrations be-
fore 50 min of reaction had elapsed as illustratelliq 6(a), (c) and (d)This is as expected
as the rate of disappearance of many of these compounds in the presence of hydroxyl radi-
cals is fast (previously published rate constants for hydroxyl radical oxidation for toluene,
m-, o- andp-xylenes are ® x 10°, 7.5 x 10°%, 6.7 x 10%, and 70 x 10° I mol~1s~1, respec-
tively [6]). This is a significant reduction in contamination level. As displayefign 6(c)
cis-1,2-dichloroethene was reduced approximately 99.7% after a 50 min reaction, essen-
tially completely mineralizedCis-1,2-dichloroethene had been identified in the influent
at the greatest concentration (2900 ppb). So this large reductids-df2-dichloroethene
produced a considerable reduction in overall contamination in the water.
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Fig. 6. Reduction in contaminant concentrations with the effective conditions found from screening experiments
(solution pH= 3.5, HyOz/iron = 75/1, autochthonous iron).

Other compounds (chloroethane, 1,1-dichloroethane, and MEK) were patrtially reduced
in concentration. Chloroethane was reduced 62.1% after 250 min of reaction. The rate of
reduction of chloroethane was slower than the six contaminants listed above, and the trend of
reduction in concentration with time was still evident at 250 min as showigiré(a) The
contaminant 1,1-dichloroethane was only reduced by 29.0% after 250 min of reaction time.
The very slow rate of disappearance of 1,1-dichloroethane, illustrakéd.if(a) produced
the lowest rate constant found in this experimental run, discussed later. The slow rate of
reduction of 1,1-dichloroethane continued at 250 min reaction time, so additional reduction
may have been possible with a longer reaction time. MEK was only partially removed,
with 21.7% reduction after 250 min reaction time, showrfig. 6(d) The concentration
of MEK with reaction time appeared variable, most likely due to sampling and analytical
variability.

The concentration of 1,1,1-trichloroethane remained constant over time. This is consistent
with the feasibility study (seEig. 1in [2]). The concentration—time profile for acetone is
also shown irFig. 6(b), and illustrates that acetone increased in concentration over time.
This increase was also reported during the feasibility sf@dlywhile the reduction in
concentration of contaminants is described with the reaction listéain3) above, the
actual observed concentration—time profiles are from net reactions. That is, many organic
compounds are products of reactions of other organics with hydroxyl radicals. For example,
acetone can be a by-product of methwsrt-butyl ether degradatiof80], and possibly a
by-product of the numerous other compounds present in this contaminated water. The initial
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concentration of the acetone was below the method detection limit, so quantification of the
initial concentration could not be made. It has been reported that acetone is readily degraded
by hydroxyl radicals with a large degradation rate constant, approximat@lyri@—1s-1

[6]. As acetone was formed overall (net) with time, the rate of formation was faster than
the rate of degradation.

The initial and final concentrations of the contaminants after a 250 min reaction time,
along with the percent remaining, are listedTiable 1 Concentrations reported as not
detectable (ND) were assumed to be zero for the percent remaining calculation. Overall,
the percent reduction of total quantified contaminant mass with Fenton’s oxidation in the
pilot-scale system is 81.8%.

Although it is often easy to assume simple pseudo-first order kinetics, intellectually and
scientifically it is more desirable and satisfying to relate a kinetic expression to a plausible
mechanism. Hence, referring backEq. (3) and assuming an elementary reaction:

rcontam= —kcontarC®OHC contam 5)

wherekeontamis the rate constant for disappearance of contaminant fopin—1), Ceon

the hydroxyl radical concentration (ppb), aBGghniamthe contaminant concentration (ppb).
The rate of contaminant removal is dependent on the concentration of hydroxyl radicals,

which depends on reactions 1, 3 and 4:

reOH = (k'OHC|:92+ CHZOZ) — (kcontarCeoHCcontam) — (kscaVCoOHCscav) (6)

wherekeon is the rate constant for generation of hydroxyl radicals (gphin—1), Cre+
the ferrous iron concentration (pptH,0, the hydrogen peroxide concentration (ppb),
kscavthe rate constant for generation of scavengers(pptin—1), andCscavthe scavenger
concentration (ppb).

Assuming a steady-state concentration for the hydroxyl rad[@dls Eq. (6) can be
solved for the hydroxyl radical concentration and substitutedBiato(5)

keoHCre+ Chy0,
(kcontanCcontaer + (ksca\ﬂscav)

It can be shown th&Eq. (7)can be simplified to a pseudo-first order rate expression:

} Coontam @)

Tcontam= —kcontam |:

dCecont
Icontam= —k/Ccontamz %ﬂ (8)
where
Y keoHCp+ CH,0,

- (kcontanCcontam) + (kscavcscav)

the pseudo-first order rate constant for the disappearance of contaminant.
Integrating the pseudo-first order rate expres&iqgn(8) yields:

Ccontam . e_k/[ (9)
Ccontamo

where Gontam o iS the initial contaminant concentration (ppb).
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Table 2
Kinetic analysis of Fenton’s oxidation of extracted groundwater in the pilot-scale reactor (conditioas3p34
H2Oo/iron = 75/1 molar ratio, autochthonous iron)

Contaminant Initial concentration Final concentration Percent Pseudo-first r2

(ppb) (ppby remaining order rate

constant (min?)

Chloroethane 580 220 37.9 831073 0.61
1,1-Dichloroethane 310 220 71.0 x11073 0.63
cis-1,2-Dichloroethene 2900 9.6 0.3 1 0.79
Toluene 1700 ND 0 2 0.96
Ethylbenzene 500 ND 0 2 0.96
m- andp-xylenes 360 ND 0 2 0.95
o-Xylene 140 ND 0 2 0.96

aND indicates that the compound was not detected above the detection limit of the instrument and method.

For each compound with detectable concentrations, the pseudo-first order rate constants,
k' were found from least squares non-linear regression. Eight of the 27 compounds had
sufficient data for kinetic analysis, and were used to predict the performance of a full-scale
Fenton’s oxidation system. The results for all compounds are list€akile 2 Table 2lists
the rate constantk/] for the compounds where kinetic data could be obtained r&mal
indicate goodness-of-fit.

The oxidation rate constants were found so that a full-scale Fenton’s oxidation system
could be designed to treat the extracted groundwater at the site. Toluene, ethylbamzene,
o-, andp-xylene were reduced in concentration with the greatest rate constant=2.min
However, the reduction in concentration of 1,1-dichloroethane was found to be the slowest,
disappearing according to the rate constast 10-3min—1. This is not surprising due to
the inductive effect of the electronegative chlorine atoms on the reactivity of the compound
[32].

5. Conclusions

A pilot-scale system was designed and operated to investigate an advanced oxidation
process using Fenton’s reagent as an alternative to the currentQyAystem used for the
treatment of organic compounds in extracted groundwater. From the data collected during
the operation of this pilot-scale system, it was determined that Fenton’s oxidation using
autochthonous iron is an excellent alternative for treating the contaminated water at this
site. Fenton’s oxidation was able to reduce the concentrations of many organic contaminants
to non-detectable levels with proper system conditions, and reduce the concentrations of
many other contaminants significantly. Effective system conditions were found to be pH of
3.5, a hydrogen peroxide to iron molar ratio of 75/1, and autochthonous iron at an average
concentration of 10 mg/l. Kinetic rate constants for a pseudo-first order rate expression were
found from the data and used to determine the reactor size for a full-scale Fenton’s oxidation
system at the site.
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