Front. Environ. Sci. Engin. China 2008, 2(4): 397-409
DOI 10.1007/s11783-008-0074-0

RESEARCH ARTICLE

Fenton process for degradation of selected chlorinated
aliphatic hydrocarbons exemplified by trichloroethylene,
1,1-dichloroethylene and chloroform

Zhimin QIANG', Weiwei BEN', Chin-Pao HUANG (0X))?

1 Research Center of Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China
2 Department of Civil and Environmental Engineering, University of Delaware, Newark, DE 19716, USA

© Higher Education Press and Springer-Verlag 2008

Abstract The degradation of selected chlorinated ali-
phatic hydrocarbons (CAHs) exemplified by trichloroethy-
lene (TCE), 1,1-dichloroethylene (DCE), and chloroform
(CF) was investigated with Fenton oxidation process. The
results indicate that the degradation rate was primarily
affected by the chemical structures of organic contami-
nants. Hydroxyl radicals (-OH) preferred to attack the
organic contaminants with an electron-rich structure such
as chlorinated alkenes (i.e., TCE and DCE). The dosing
mode of Fenton’s reagent, particularly of Fe**, significantly
affected the degradation efficiency of studied organic
compound. A new ‘‘time-squared’ kinetic model,
C = C,exp(—kopst®), was developed to express the degrada-
tion kinetics of selected CAHs. This model was applicable
to TCE and DCE, but inapplicable to CF due to their
varied reaction rate constants towards -OH. Chloride
release was monitored to examine the degree of dechlorina-
tion during the oxidation of selected CAHs. TCE was more
easily dechlorinated than DCE and CF. Dichloroacetic acid
(DCAA) was identified as the major reaction intermediate
in the oxidation of TCE, which could be completely
removed as the reaction proceeded. No reaction intermedi-
ates or byproducts were identified in the oxidation of DCE
and CF. Based on the identified intermediate, the reaction
mechanism of TCE with Fenton’s reagent was proposed.

Keywords Fenton’s reagent, trichloroethylene, 1,1-
dichloroethylene, chloroform, degradation, dechlorination

1 Introduction

Chlorinated aliphatic hydrocarbons (CAHs) are prevalent
groundwater contaminants and significant components of
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hazardous wastes and landfill leachates. Most CAHs
released from industrial, commercial, and agricultural
sources are chlorinated alkanes and alkenes that contain
between one and three carbon atoms [1]. Chlorinated
alkenes are commonly used as cleaning solvents in dry-
cleaning operations and semiconductor manufacturing.
Chlorination is a widespread industrial practice because
it yields compounds of low flammability, high density,
high viscosity, and improved solvent properties compared
to non-chlorinated solvents [2]. In the 1970s, 46.5% chlor-
ine gas was used for the production of chlorinated organic
compounds in the United States [3]. Chlorinated solvents
are used mainly for degreasing and cleaning a great vari-
ety of products, from machine parts to computer chips.
Trichloroethylene (TCE) is an excellent solvent for a large
number of natural and industrial materials. It is moder-
ately toxic, nonflammable, and slowly oxidizable in the
air. TCE has the greatest use in vapor degreasing of fab-
ricated metal parts [3]. Chloroform (CF) has been used
most frequently as a dry-cleaning spot remover and as a
degreasing agent for machine and engine parts. Other
applications include industrial intermediates, insecticides,
and the purification of vitamins. The properties of chlori-
nated solvents that render them mobile in groundwater
systems include high density, relatively high water solubil-
ity, and low biodegradability [2]. A survey of 7000 wells
conducted in California from 1984 to 1988 showed that
approximately 1500 had detectable concentrations of
organic chemicals present. The most common chemicals
detected were chlorinated hydrocarbons such as tetra-
chloroethylene (PCE), TCE, CF, 1,1,1-trichloroethane,
and carbon tetrachloride [4]. In addition, at the
National Priorities List (NPL) sites the contaminants that
are most frequently found include TCE (42%) and PCE
(28%) [5]. Consequently, CAHs are listed among the eight
major classes of priority pollutants by the US
Environmental Protection Agency (EPA) [6].
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CAHs have been treated using biological, physical, and
chemical processes. El-Farhan et al. [7] investigated the
cometabolization of TCE with toluene using laboratory
soil columns. It was observed that while toluene was fully
biodegraded, a substantial amount of TCE was not
degraded because it diffused faster and had slower trans-
formation rates than toluene. Though biological processes
might degrade chlorinated solvents by cometabolizing
with another organic compound, the degree of minerali-
zation is very low. Furthermore, the byproducts produced
may be more toxic than parent compounds.

Physical processes including thermal-enhanced soil
vapor extraction (SVE) have been employed to effectively
remediate the soils contaminated by chlorinated solvents.
Heron et al. [8] heated a silty, low permeable soil contami-
nated by TCE using electric current to enhance soil vapor
extraction. They achieved 99.8% mass removal at 85—
100°C after 37 d. Kawala and Atamanczuk [9] applied
microwave radiation (600 W, 2450 MHz) heating to
remediate soils contaminated by several volatile and
semi-volatile organic compounds. TCE concentration
was decreased in the heated zone from 2.2% to about
0.01% (mass%) after the first 24 h. Although fast and
effective, the thermal-enhanced SVE process is energy
consumptive.

The chemical processes applied to treating chlorinated
solvents include chemical reduction using zero-valent
metals or vitamin B,, and advanced oxidation processes
(AOPs) using Fenton’s reagent, UV/TiO,, electron beam,
and ultrasound [10]. Burris et al. [11] investigated the
reductive dechlorination of PCE, TCE, cis-DCE, and
vinyl chloride (VC) catalyzed by vitamin B, using Ti
[II1] citrate as a bulk reductant in a vapor/water batch
system. They reported that the reductive dechlorination
proceeded very slowly, and many partially dechlorinated
compounds were formed as the terminal byproducts. Ho
et al. [12,13] employed a Lasagna process, which inte-
grated electro-osmosis with Fe(0) reductive dechlorina-
tion, for in-situ remediation of a TCE-contaminated
clay site in Paducah, Kentucky. Their results indicated
that the treatment effectiveness varied with location, but
95%-98% of TCE could be removed in the contaminated
areas bracketed by iron filing treatment zones. Gotpagar
et al. [14] examined the reductive dechlorination of TCE
with Fe(0). They reported that the amount of TCE
degraded at any time was directly proportional to the
dissolved iron in the solution, and the iron surface area
was a crucial factor in controlling TCE degradation. The
removal efficiency of total organic carbon (TOC) lagged
behind that of TCE, suggesting the formation of partially
dechlorinated compounds. Arnold and Roberts [15]
studied the degradation of chlorinated ethylene with Zn
(0), and found that the reaction rate increased with
increasing degree of chlorine substitution, i.e., trans-
DCE < TCE < PCE. The reaction of trans-DCE with Zn
(0) was very slow (¢, > 125 d), and acetylene, ethylene
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and VC were identified as major byproducts. The reduc-
tion of TCE produced trans-DCE, acetylene, and cis-DCE
as major byproducts, and VC, ethylene and 1,1-DCE as
minor products.

AQOPs have also been applied to degrading chlorinated
solvents. Cooper et al. [16] investigated the degradation of
TCE in aqueous solution at a large scale (400 L/min)
using high-energy electrons generated by ®Co v irra-
diation. TCE was degraded effectively and a complete
chloride release was obtained. Aldehydes and formic acids
were the major reaction byproducts, and no partially
dechlorinated compounds were detected. In the electron-
beam irradiation process, both oxidation (from -OH) and
reduction (from electron and hydrogen radicals) contrib-
uted to organic removal. Bhatnagar and Cheung [17]
investigated the ultrasonic destruction of chlorinated vol-
atile organic compounds in water. The aqueous solutions
of methylene chloride, CF, carbon tetrachloride, 1,2-
dichloroethane, 1,1,1-trichloroethane, TCE, and PCE at
concentrations of 50-350 mg/L were irradiated with 20-
kHz ultrasonic waves (0.1 kW/L) under ambient temper-
ature and pressure conditions. The organic concentrations
decreased rapidly and the percent destruction varied from
72% to 99.9%. Gas chromatography/mass spectrometry
(GC/MS) analysis indicated that no other chlorinated
byproducts were formed in ultrasonication. Crittenden
et al. [18] studied the photocatalytic oxidation of chlori-
nated hydrocarbons in water using UV and TiO, whose
surface was modified with platinum or silver. TCE was
totally mineralized to CO, and HCI. Ollis et al. [19]
reported that the chlorinated hydrocarbons including
PCE, dichloroethane, monochloroacetic acid (MCAA)
and dichloroacetic acid (DCAA) were completely miner-
alized by photoassisted heterogeneous catalysis with the
aqueous slurry of near-UV illuminated TiO,. It was also
reported that doping a non-precious metal oxide catalyst
(RuO,) on TiO, could effectively enhance the degradation
efficiency of TCE in aqueous phase under near-UV illu-
mination [20]. However, Glaze et al. [21] identified several
chlorinated terminal byproducts from the degradation of
TCE with UV/TiO,. At neutral pH and under atmo-
spheric air, a low yield of dichloroacetaldehyde (< 4%
based upon TCE degraded) and DCAA was observed
together with a trace amount of trichloroacetaldehyde
and TCAA. It is noted that DCAA is a known animal
carcinogen and its potency is greater than that of TCE
[22]. Ravikumar and Gurol [23] investigated the degrada-
tion of TCE in the presence of sand by the Fenton’s
reagent and reported that 90% of the chloride was released
from TCE. Chen et al. [24] applied Fenton’s reagent to in-
situ remediation of TCE-contaminated soil column. They
found that Fenton’s reagent was able to oxidize more than
93% of dissolved TCE in groundwater and more than 98%
of TCE in soil slurries. Tang and Huang [25] reported that
80% of chloride was released from the oxidation of TCE
by the Fenton’s reagent. Tang and Tassos [26] examined
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the oxidation of trihalomethanes, such as bromoform and
CF, using the Fenton’s reagent, and found that though
bromoform was readily degradable, CF was very difficult
to degrade. More recently, the thermally activated persul-
fate oxidation process, which utilizes highly reactive sul-
fate radicals (SO47) as indirect oxidants, has been
investigated for degradation of TCE at pH 7 and temper-
ature 40°C in aqueous phase [27].

As described above, AOPs can remove CAHs more effec-
tively than biological and chemical reduction processes.
This study aims to improve the degradation efficiency of
selected CAHs (i.e., TCE, DCE, and CF) with the Fenton’s
reagent through modifying the dosing mode of H,O, and
Fe*. In addition, the degree of dechlorination was exam-
ined and potential reaction mechanism was proposed.

2 Materials and methods

2.1 Chemicals

TCE (spectrophotometric grade, >99.5%), DCE (ACS
reagent grade, 99%), and CF (HPLC grade, > 99%) were
purchased from Sigma-Aldrich (Milwaukee, WI, USA).
H,0, (31.5% w/w) and FeSO,4 (98%) were purchased from
Fisher Scientific (Pittsburgh, PA, USA). The major phy-
sico-chemical properties of selected CAHs are summar-
ized in Table 1 [28]. TCE and DCE have an unsaturated
double-bond structure, and their water solubility and
vapor pressure increase with the descending degree of
chlorination. CF has a saturated and highly chlorinated
structure, high water solubility, and moderate vapor pres-
sure, in comparison with TCE and DCE.

Table 1 Major physico-chemical properties of selected CAHs [28]
property TCE 1,1-DCE CF
molecular formula CHCI=CCl, CCl,=CH, CHCl;
molecular weight 131.5 97.0 119.4
water solubility/mg-L™" 1100 2500 9300

at 25°C
vapor pressure/mmHg 60 500 160

at 20°C
logK,,, at 25°C 2.42 2.02 1.93

The reaction solution of selected CAHs with a desired
concentration was freshly prepared by dissolving a target
organic compound in distilled water in a well-sealed glass
flask. The stock solutions of H,O, and FeSO,4 were pre-
pared weekly in which sulfuric acid was purposely added
to retard the decomposition of H,O, to O, and the oxida-
tion of Fe** to Fe*'.

2.2 Reaction system

The laboratory setup of the reaction system is illustrated
in Fig. 1. The oxidation of selected CAHs was carried out
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Fig. 1 Schematic diagram of reaction system for degrada-
tion of selected CAHs with Fenton oxidation process

in a double-jacketed glass reactor with an effective volume
of 600 mL. The reactor was filled with reaction solution
and closed to prevent the volatile loss of organic solute.
The reaction solution was completely mixed by a magnetic
stir plate. A pH controller (Model pH-40, New Brunswick
Scientific Co., NJ, USA) was used to maintain a constant
solution pH by intermittently adding NaOH (1.0 mol/L)
or HCIO4 (1.0 mol/L). Default experimental conditions
were ambient room temperature (23°C), 0.05 mol/L
NaClOy of ionic strength, and pH 3, unless otherwise sta-
ted. HClO4 was used for pH adjustment instead of HCI
based on two considerations: (a) Cl™ is an -OH scavenger,
and (b) HCI interferes with the analysis of Cl~ released
from the dechlorination of selected CAHs.

2.3 Analytical methods

All selected CAHs were analyzed by gas chromatography/
electron capture detector (GC/ECD) (Model 5890, Series
I1, Hewlett Packard, CA, USA) with nitrogen carrier gas.
An HP-5MS capillary column (crosslinked 5% Ph Me
Silicone, 30 m x 0.25 mm x 0.25 um film thickness)
was used for organic separation. Oven temperature was
held at 50°C for 5 min for each sample analysis. Other
instrumental conditions were GC injector temperature
of 250°C, ECD detector temperature of 300°C, column
head pressure of 125 kPa, and a total flow rate of
80 mL/min.

GC/MS (GC Model 5890, MS Model 5972, Hewlett
Packard, CA, USA) was used for the identification and
quantification of intermediates and byproducts with an
HP-5MS capillary column. The oven temperature pro-
gram was set as follows: started at 50°C and held for
2 min, ramped at 5°C/min to 100°C and held for 2 min,
and ramped at 10°C/min to 240°C and held for 2 min. The
total analysis time for each sample was 30 min. The
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injector temperature was 180°C and the detector temper-
ature was 280°C. A five-milliliter sample was taken and
extracted with 5 mL of hexane. Sodium hydroxide (10 pL,
1.0 mol/L) was added to adjust the pH of the aqueous
layer to about pH 11. The pH adjustment terminates
‘OH reactions, and dissociates intermediate carboxylic
acids to prevent partial extraction by hexane. The parent
compounds in the hexane layer were determined by GC/
ECD as mentioned above. The remaining aqueous layer
and a thin hexane layer were purged by nitrogen gas for
10 min. Nitrogen purge would remove the hexane layer
and the remaining CAHs as well, thus minimizing the
interference with the analysis of intermediates and bypro-
ducts. The aqueous layer was then acidified to about
pH 0.5 by HCIO4 (5.0 mol/L). The pK, values of mono-,
di-, and tri-chloroacetic acids which are possible inter-
mediates are 2.87, 1.26, and 0.52, respectively. At
pH 0.5, most of these carboxylic acids are present in neut-
ral forms that are more extractable by organic solvent.

Methyl tert-butyl ether (MTBE) was used for carb-
oxylic acids extraction. MTBE (2.5 mL) was added to
the acidified aqueous layer. After vigorous shaking, the
MTBE layer was taken out and derivatized by diazo-
methane using a Fales diazomethane generator [29] man-
ufactured by Wheaton Scientific (Millville, NJ, USA).
The reagent used for diazomethane generation was 1-
methyl-3-nitro-1-nitrosoguanidine (MNNG, 97%) pur-
chased from Sigma-Aldrich (Milwaukee, WI, USA). The
derivatization procedure modified from Knapp [30] is
described as follows: 2.5 mL of MTBE extract was added
to the outside tube of the diazomethane generator; 132 mg
of MNNG reagent and 0.5 mL of distilled water (for heat
dissipation) were added to the inside tube; 0.6 mL of
5.0 mol/L NaOH was slowly injected to the inside tube
through a Teflon rubber septum via a syringe with a nar-
row gauge needle to initiate the generation of diazo-
methane. Derivatization was completed if a yellow color
persisted in the solution. The derivatized MTBE solution
was then analyzed by GC/MS in comparison with authen-
tic organic compounds. Caution should be taken because
diazomethane is explosive. Derivatization was carried out
in an efficient hood and behind a safety shield. The lower
part of the generator was immersed in an ice bath to dis-
sipate reaction heat and reduce the volume of diazo-
methane gas.

The concentrations of H,O, and Fe*" were determined
by measuring the light absorbance after chelating with
certain reagents using an HP diode array spectropho-
tometer (8452A) at 410 nm and 510 nm, respectively
[31]. Chloride concentration was analyzed using a chlor-
ide-selective electrode (Model 94-17B) coupled with a ref-
erence electrode (Model 90-02) from Orion Research Inc.
(Boston, MA, USA). The two electrodes were connected
to a Corning pH meter (Model 125, Corning, NY, USA)
which recorded the redox potentials. Total organic carbon
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(TOC) was analyzed by a Tekmar-Dohrmann TOC ana-
lyzer (Model DC-190, Mason, OH, USA).

3 Results and discussion
3.1 Dosing modes of Fenton’s reagent

The Fenton oxidation process is a competitive reaction
system. Organic contaminants, H,O,, and Fe*" all com-
pete for -OH. The dosing mode of the Fenton’s reagent
determines the time-dependent concentrations of H,O,
and Fe*", thus affecting the degradation kinetics of
studied organic compounds. If H>O, is singly dosed, there
is initially an excess amount of H,O, which stresses its
competition for -OH. Likewise, if Fe** is singly dosed,
the initial excessive Fe?* will significantly compete for
-OH. The second-order rate constants of H,O, and Fe**
towards -OH are 2.7 x 107 (mol/L) '-s™! and 3.2 x 10®
(mol/L)~'-s™!, respectively [32]. It is seen that Fe®* sca-
venges -OH approximately one order of magnitude faster
than H,O,. As a result, the dosing mode of Fe*' is
expected to influence the degradation kinetics of studied
organic compounds more prominently than that of H,O».
To minimize the competition of Fe** for -OH, two dosing
modes (i.e., a pseudo-continuous dosing mode and a con-
tinuous doing mode) were examined for the degradation
efficiency of selected CAHs in this work. In the pseudo-
continuous dosing mode, H,O, was dosed in batches at
the beginning of the reaction while Fe** was continuously
dosed. In the continuous dosing mode, both H,O, and
Fe*" were continuously dosed throughout the course of
reaction.

3.2 Kinetic model development

The intrinsic reaction kinetics of an organic compound
towards -OH is generally described by a second-order
expression:

B R OM) (1)

t

where RH represents the organic compound and k;,, is the
second-order intrinsic rate constant. Most of the k;, data
have been supplied by radiation chemists [32]. In contrast
to other oxidants, the reaction of -OH with organic com-
pounds containing unsaturated structures generally
proceeds with a rate constant approaching the diffusion-
controlled limit (~ 10" (mol/L)~'-s™"). Many researchers
[33,34] have proposed pseudo-first-order kinetics for the
oxidation of organic compounds by the Fenton’s reagent,
with batch dosing of Fe?* and continuous dosing of H,O,.
In those cases, a steady-state assumption for -OH was
applied. If the concentration of -‘OH remains nearly con-
stant during the course of reaction, a pseudo-first-order
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kinetic expression (Eq. (2)) can be readily obtained by
transforming Eq. (1):

dRH]
— o ko [RH, @
kobs = kint [OH]a (3)

where ks is the observed rate constant (min~?). It is clear
from Eq. (3) that the observed rate constant, kg, depends
on both k;,; and -OH concentration. Though k;, is very
large, kops 1S by far smaller due to an extremely low con-
centration of -OH in the reaction system. In natural water
systems, -OH is produced by photolysis of nitrate ions
with a concentration usually ranging from 107'% to
107'* mol/L [28]. From the viewpoint of practical applica-
tion, kyps 18 more useful than k;,, because the -OH con-
centration varies markedly in different reaction systems.
However, the -OH concentration is no longer constant
in pseudo-continuous and continuous dosing modes
where Fe* is continuously supplied to the reactor.
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Either H,O, or Fe* may accumulate in the reaction sys-
tem, thus increasing the formation rate of -OH. Our pre-
vious work has shown that the -OH concentration
approximately increases as a linear function of reaction
time, ie., [FOH]=at [31]. Consequently, Eq. (1) is
changed to:

dRH

| _
— T = akmtt[RH] . (4)

Integration of Eq. (4) leads to:
[RH] = [RH] exp( —kobst*), (5)

a= 2kobs/kims (6)

where a and [RH], represent the slope of -OH concentra-
tion increment (mol/L-min~') and the initial concentra-
tion of organic compound (mol/L), respectively. The
value of ks can be readily obtained by fitting the experi-
mental data with the developed ‘‘time-squared” kinetic
model (Eq. (5)).
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Fig. 2 Degradation of TCE in pseudo-continuous dosing mode (batch H,O, and continuous Fe**). Experimental conditions:

Coror = 0.42-0.46 mmol/L, [H,0,] = 4.24 mmol/L
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3.3 Pseudo-continuous dosing mode

The pseudo-continuous dosing mode with batch H,O,
and continuous Fe?* was first employed to investigate
the degradation of TCE, DCE, and CF with the
Fenton’s reagent. The results indicate that both TCE
and DCE could be completely removed at a sufficient
dosage of Fe?* and a total H,O, dosage of 4.24 mmol/L
(Figs. 2(a) and 3(a)). However, the complete removal of
CF seemed impossible despite a high Fe?* concentration
(up to 16.96 mmol/L) and an increased H,O, dosage
(8.48 mmol/L) (Fig. 4(a)). A high Fe** dosage would
not enhance the CF removal but facilitate Fe*" competi-
tion for -OH. The optimal molar ratio ([H,O,]/[Fe*])
for the oxidation of CF was about 4:1, which resulted
in the highest removal efficiency of 66% (Fig. 4(b)). It is
seen that the removal efficiency of selected CAHs highly
depends on their molecular structures. Since -OH is
electron-deficient, it prefers to attack the organic com-
pounds with an electron-rich structure such as double-
bonds or aromatic-rings. Both TCE and DCE have SP?
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hybridized carbon atoms thus, they can be effectively
oxidized by -OH. However, CF only has one SP? hybri-
dized carbon atom. Moreover, the highly chlorinated
feature of CF draws the electrons away from the carbon
center. As a result, CF reacts with -OH more slowly
than TCE and DCE.

The results indicate that the ‘“‘time-squared” kinetic
model was applicable for the oxidation of TCE and
DCE (Figs. 2(a) and 3(a)), but not for CF due to its low
reactivity towards -OH (Fig. 4(a)). A linear curve could be
established between ks and Fe** dosage with a slope of
0.051 and 0.035 min~? (mmol/L)"! in the oxidation of
TCE and DCE, respectively (Figs. 2(b) and 3(b)). It
means that at a fixed H,O, dosage, the observed reaction
rate increased linearly with the dosage of Fe**. However,
there was no linear relationship between kg, and Fe**
dosage in the oxidation of CF since the “time-squared”
kinetic model was inapplicable to this reaction system. In
comparison with the reaction rate of Fe** towards -OH
(3 x 10 (mol/L)'-s7'), the reaction rates of TCE
(2.9 x 10° (mol/L)~'-s7!) [35] and DCE (6.8 x 10°
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Fig. 3 Degradation of DCE in pseudo-continuous dosing mode (batch H,O, and continuous Fe**). Experimental conditions:

Co.pce = 0.42-0.44 mmol/L, [H,0,] = 4.24 mmol/L
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(mol/L) s~ 1) [36] towards -OH are much faster. It implies
that the competition from Fe* for -OH was insignificant
in the oxidation of TCE and DCE. However, the reaction
rate of CF towards -OH is only 5.0 x 107 (mol/L) '-s™!
[37], much smaller than that of Fe?*. It implies that most
of -OH was consumed by Fe** in the oxidation of CF.
When the Fe?* dosage reached an optimal level, further
increasing the Fe** dosage could not enhance the overall
removal efficiency but merely increase the initial degrada-
tion rate of CF (Fig. 4(a)). Therefore, the prerequisite for
application of the “time-squared” kinetic model is that the
rate constant of a studied organic comtaminant towards -
OH should be much larger than that of Fe*".

The change of H,O, and Fe** concentrations during the
reaction course is shown in Figs. 2¢c-2d, 3¢-3d, and 4c-4d.
The results indicate that H,O, and Fe?" could not co-exist
in the aqueous solution due to a fast reaction between the
two chemicals to generate -OH. If H,O, was present in the
solution, Fe** could not be detected. Once H,O, was
depleted, Fe?* started to appear.
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3.4 Continuous dosing mode

In the continuous dosing mode, both H,O, and Fe** were
continuously added into the reaction system. The degra-
dation of TCE and DCE at a total H,O, dosage of
4.24 mmol/L and varied Fe** dosages (ranging from 0.53
to 8.48 mmol/L) during a reaction course of 30 min is
shown in Figs. 5 and 6, respectively. The results indicate
that the degradation data of TCE and DCE could be well-
fitted by the “time-squared” kinetic model (Figs. 5(a) and
6(a)). Similar to that observed in the above pseudo-con-
tinuous dosing mode, a linear curve between ks and Fe**
dosage could be established with a solpe of 0.0120 and
0.0127 min~—* (mmol/L) "' for TCE and DCE, respectively
(Figs. 5(b) and 6(b)). For the two chlorinated alkenes, the
optimal molar ratio of [H,O,]/[Fe*] was approximately
1:1 because the majority of H,O, and Fe** could be used
for organic degradation (Figs. 5(¢c)-5(d) and 6(c)-6(d)).
Since CF was difficult to degrade due to its highly
chlorinated and saturated structure, the dosages of both

80 —
60:f\\\*
a\\o |-
S 40l
= L
=]
20 [
0_11|||111|l1||11|11||
0 5 10 15 20
[Fe*"/mmol-L!
(b) removal efficiency
15 [Fe*'/mmol-L !
—0— .06
——212
—— 424
7, 10 —a— 848
g ——16.96
b s

t/min
(d) Fe*

Fig. 4 Degradation of CF in pseudo-continuous dosing mode (batch H,O, and continuous Fe?*). Experimental conditions:

Co.cr = 0.43-0.47 mmol/L, [H,O,] = 8.48 mmol/L
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Fig. 5 Degradation of TCE in continuous dosing mode. Experimental conditions: C, tcg = 0.43-0.46 mmol/L, [H,0,] =
4.24 mmol/L

H,0, and Fe** were doubled. The results indicate that the
optimal molar ratio of [H,O,)/[[Fe**] was 1:1 (Fig. 7(a)),
which led to a maximum removal efficiency of 89% (Fig. 7
(b)). Further increasing the Fe** dosage would enhance
the competition of Fe** for -OH, thus decreasing the
removal efficiency of CF. At [Fe*] less than 8.48 mmol/
L, H,O, accumulated in the reaction solution while Fe**
was not detected. Above this dosage, Fe** started to accu-
mulate while H,O, was depleted (Figs. 7(c)-7(d)). It is
particularly noted that most of CF could get removed in
the continuous dosing mode although Tang and Huang
[25] reported that CF was not degraded in the batch dosing
mode. This difference demonstrates that the dosing mode
of Fenton’s reagent plays an important role in the oxida-
tion of organic compounds, especially for those with
k.on < 10° (mol/L) '-s™'. Chen et al. [38] investigated
the ultrasonic dechlorination of CF in aqueous solution
in the presence of H,O,. They found that the optimal
molar ratio of [H,O,]/[CHCl;] was 50:1 and the highest
removal efficiency of CF reached 94%. In our work, a
removal efficiency of 89% could be achieved at a signifi-

cantly decreased molar ratio of [H>O,])/[CHCI;] (20:1) in
the continuous dosing mode.

3.5 Comparison of different dosing modes

The degradation efficiencies of selected CAHs in different
dosing modes are compared in Fig. 8. Three dosing modes
were examined in total, namely, batch mode (dosing both
H,0, and Fe* in batch), pseudo-continuous mode
(dosing either H,O, or Fe** in batch), and continuous
mode (dosing both H,O, and Fe** continuously). The
results indicate that the removal efficiency primarily
depended on the dosing mode of Fe**. When Fe** was
dosed in batch, the organic degradation curves exhibited
a similar trend with either batch or continuous dosing of
H,0,. When Fe** was continuously dosed, the organic
degradation curves were also similar with either batch or
continuous dosing of H,O,. This is due to the fact that
Fe?* competes for -OH more strongly than H,O,, thus
varying the dosing mode of Fe* will greatly affect its
inhibition on organic degradation.
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Fig. 6 Degradation of DCE in continuous dosing mode. Experimental conditions: C, pcg = 0.42-0.44 mmol/L, [H,0,] =
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For the two chlorinated alkenes, the batch-dosing of
H,0, generally yielded a slightly faster reaction rate than
the continuous dosing of H,O, despite the dosing mode of
Fe?* (Figs. 8(a)-8(b)). A small amount of Fe?* would be
regenerated by H,O, with a high concentration, as
described in Eq. (7) [39]:

Fe't +H,0,-Fe*" +HOy- +H™. (7)

If H,0, is dosed in batch, the excessive H,O, during the
early phase of reaction will promote the partial regenera-
tion of Fe**. If H,0, is continuously dosed, the regenera-
tion of Fe?* is insignificant due to a low H,O,
concentration. Therefore, Fe** behaves as a “catalyst”
only at a high molar ratio of [H,O,]/[Fe**] (e.g., more than
20:1).

However, the continuous dosing of H,O, yielded a
higher organic removal in the oxidation of CF than the
batch dosing of H>O, despite the dosing mode of Fe*"
(Fig. 8(c)). It is known that CF reacts much more slowly
towards -OH than the chlorinated alkenes. The rate

constants of CF and H,O, towards -OH are at the same
order of magnitude (i.e., 10”7 (mol/L) '-s~!). At high con-
centration H,O, will significantly compete for -OH, thus
suppressing the degradation of CF.

To generalize, the pseudo-continuous dosing mode with
batch H,O, and continuous Fe** is optimal for the oxida-
tion of chlorinated alkenes (k.og>10° (mol/L)~'-s™!),
while the continuous mode is optimal for the oxidation
of CF (k.og < 10® (mol/L)~'-s7).

3.6 Degree of dechlorination

The concentration of Cl™ released from the selected CAHs
during the oxidation process was monitored to determine
the degree of dechlorination. It is the chlorine substituent
that mainly accounts for the toxicity of CAHs. Therefore,
the degree of dechlorination indirectly represents the
degree of detoxification. The results show that at a reac-
tion time of 60 min, the degrees of dechlorination reached
98.5%, 73.2%, and 68.9% for TCE, DCE and CF,
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respectively (Fig. 9). TCE was most easily dechlorinated
among the selected CAHs, exhibiting a nearly complete
chloride release. There still remained a considerable
amount of partially dechlorinated byproducts (about
30%) in the final solution of DCE and CF, however.
Further increasing the dosages of H,O, and Fe*" could
not notably increase the dechlorination rates of DCE
and CF.

3.7 Reaction mechanism of TCE with Fenton’s reagent

After consecutive extractions of the reaction sample by
hexane and MTBE, the MTBE extract was derivatized
by diazomethane and analyzed by GC/MS. Identifica-
tion and quantification of reaction intermediates were
based on authentic standards following the same deriva-
tization procedures. The GC/MS chromatogram of the
derivatized sample taken at the reaction time of 30 min
is shown in Fig. 10a. Only one distinct peak was observed
at a retention time of 4.27 min that was identified to be
acetic acid-dichloro-methyl ester, the derivatized product
of dichloroacetic acid (DCAA). No reaction intermediates

were detected during the oxidation of DCE and CF. It is
hypothesized that some simple byproducts could be
co-eluted with MTBE after diazomethane derivatization
and thus were not detected by GC/MS.

Based on the identified intermediate (i.e., DCAA), reac-
tion pathways of TCE degradation are proposed as illu-
strated in Fig. 10(b). The electron-rich double bond of
TCE was first broken upon -OH attack, forming a car-
bon-centered radical (T1). This organic radical was highly
unstable and after rapid inner-strucutre chlorine
rearrangement, a new radical species (T2) was produced.
The continuous attack of -OH and release of HCI led to
the generation of DCAA. DCAA could be further miner-
alized to CO, and HCI, or partially degraded to other
chlorinated and non-chlorinated byproducts.

The evolution of DCAA concentration, which was nor-
malized to the initial concentration of TCE, as a function
of reaction time is shown in Fig. 10(c) together with TCE
degradation and TOC removal. DCAA started to appear
at 5 min, reached its highest concentration of 5.5% at
20 min, and was completely degraded at 60 min.
Pignatello et al. [39] reported that the major byproduct
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was DCAA (2.7%) during the oxidation of TCE with a
photo-Fenton process. Ollis et al. [19] found that DCAA
could be totally mineralized by UV/TiO,. Fig. 10(c) also
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Fig. 9 Degree of dechlorination in the oxidation of selected
CAHs. Experimental conditions: C, tcg = 0.89 mmol/L,
[H205] = 1.5 x 107* mol/L-min~', [Fe**] = 7.5 x 107> mol/L-
min~'; C, pcg = 0.98 mmol/L, [H,O,] = 1.5 x 10~* mol/L-
min~', [Fe?*]=7.5 x 107> mol/L-min""; C, cr=0.97 mmol/L,
[H,0,] =3 x 10~* mol/L-min~", [Fe*] = 1.5 x 10~* mol/L-min~"

shows that TCE was completely removed at 30 min, and
the removal efficiency of TOC reached 76.3% at 60 min.
The remaining portion of TOC contained mostly non-
chlorinated byproducts since 98.5% of Cl~ could be
released from TCE as described above.

4 Conclusions

This study investigated the oxidative degradation of three
selected CAHs, namely, TCE, DCE and CF, by Fenton’s
reagent. The degradation efficiency was primarily affec-
ted by the molecular structures of the organic contami-
nants. The chlorinated alkenes (i.e., TCE and DCE)
could be readily oxidized by -OH due to their electron-
rich double bond structures. In contrast, CF was difficult
to remove due to its highly chlorinated and saturated
chemical structure.

The dosing modes of H>O, and Fe*" significantly
affected the reaction rates of selected CAHs. In particu-
lar, the dosing mode of Fe** played a more important
role than that of H,O, because Fe** competed for -OH
more strongly than H,O,. For the oxidation of TCE and
DCE, the experimental data could be well fitted by the
proposed “‘time-squared” kinetic model, i.e., C = C,exp
(—kopst?). For the oxidation of CF, a maximal removal
efficiency of 89% could only be achieved in the continu-
ous dosing mode. The degrees of dechlorination reached
98.5%, 73.2%, and 68.9% for TCE, DCE, and CF,
respectively.

DCAA was identified to be the major reaction inter-
mediate in the oxidation of TCE, which could be comple-
tely removed as the reaction proceeded. No reaction
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intermediates or byproducts were identified in the oxida- Ref
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