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a b s t r a c t

Degradation of trichloroethylene (TCE) by a modified Fenton reaction was investigated in aqueous solu-
tion. Fenton reaction can be significantly enhanced in the presence of Fe(II) chelated by cross-linked
chitosan (CS) with glutaraldehyde (GLA) at neutral pH. A remarkable oxidative degradation of TCE
(1.838 h−1) was observed in the modified Fenton system with Fe(II)-CS/GLA (10 mM and 2 g L−1, respec-
vailable online 18 January 2010

eywords:
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ross-linked chitosan
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tively) and H2O2 (318 mM), while no significant degradation (0.005 h−1) was observed in the classic
Fenton reaction system with Fe(II) (10 mM) and H2O2 (318 mM) at pH 7 in 5 h. The kinetic rate constants
for the degradation of TCE in the modified Fenton system was dependent on the initial suspension pH,
Fe(II) loading, CS/GLA dosage, and concentration of H2O2. We observed the formation of surface Fe(II)-
CS/GLA complex using microscopic analyses and identified Fe oxidation (Fe(II) to Fe(III)) coupled with

(II)-C
eutral pH
CE

H2O2 reduction on the Fe

. Introduction

The release of chlorinated organic compounds is a significant
ublic health and environmental concern due to their harmful char-
cteristics such as high carcinogenicity, toxicity, and flammability.
richloroethylene (TCE) is one of the most well known chlorinated
rganic compounds frequently and ubiquitously found in soil and
roundwater systems [1]. Under the Safe Drinking Water Act, its
aximum contaminant level has been set at 5 �g L−1 by United

tates Environmental Protection Agency.
Fast degradation kinetics of TCE by chemical oxidation over

ther alternative reactions has been reported [1–3]. Fenton process
mong the chemical oxidation processes has attracted attention
ue to its low environmental impacts and high reactivity for the
emoval of organic contaminants. Hydroxyl radical (OH•, oxidation
otential: 2.8 V) produced from the Fenton process is a stronger
xidant than hydrogen peroxide (H2O2, 1.8 V) and ozone (O3, 2.1 V)
xidizing target organic compounds with higher degradation rates.
lassic Fenton system requiring aqueous Fe(II) for the formation of
H• has been properly operated at the pH range of 2–4 by avoiding

he formation of Fe(OH)3(S) [4]. Maintaining the low pH in Fenton

rocess is very important to achieve optimal removal of contami-
ants in water and wastewater treatment systems. However, this
ay encounter a potential difficulty due to buffer capacity of nat-

ral soil, when the process is applied to contaminated soil and
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S/GLA surfaces during the modified Fenton reaction.
© 2010 Elsevier B.V. All rights reserved.

groundwater systems [5]. To overcome the difficulty and enhance
removal efficiency at neutral environment easily found in the natu-
ral systems, researchers have made extraordinary efforts to develop
novel treatment technologies by modifying the classic Fenton pro-
cess. It has been known that the reactivity of classic Fenton can
be significantly enhanced by irradiation of near-UV and visible
light, resulting in the regeneration of Fe(II) and more production
of OH• during the modified UV–vis Fenton reactions [4–7]. Chelate
based-Fenton reactions in which Fe(II) and Fe(III) combined with
metal chelating agents can minimize non-specific loss of soluble
iron by avoiding its precipitation have been reported to signifi-
cantly enhance the degradation of organic contaminants even at
neutral pH [4,8,9]. Citrate and 2-hydroxylethyliminodiacetic acid
have been used as chelating agents for the degradation of TCE [9]
and toluene [10], respectively. Recently, chitosan (CS) has attracted
researchers’ attention as a natural chelating agent of chemical cat-
alysts. A CS-supported palladium catalyst has been efficiently used
for the degradation of chlorophenol [11], nitrophenol [12], and
nitrotoluene [13]. It has been reported that Cu(II)-CS complex has
played a significant role of heterogeneous catalyst for degradations
of textile dyes [14] and hydroquinone [15].

CS can be obtained from full or partial deacetylation of chitin,
one of the most abundant biopolymers in natural environment. Due
to its unique properties such as biocompatibility, biodegradability,

hydrophilicity, non-toxicity, and chemical inertness, it has been
used in a variety of industries, e.g., pharmaceutical, environmen-
tal, and biotechnological industries [16,17]. Raw CS can be easily
dissolved in most mineral acids and oxidized by OH• in the Fenton
process [18]. The stability and inertness of CS against OH• can be

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:woojin_lee@kaist.ac.kr
dx.doi.org/10.1016/j.jhazmat.2010.01.062
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Fig. 1. Initiation of oxidative degradation of TC

btained by a chemical cross-linking process. Glutaraldehyde (GLA)
as been used as a cross-linking agent to stabilize CS by forming

mine (–C N–) group via Schiff base reaction between an amine
roup of CS and an aldehyde group of GLA. Although the cross-
inking process decreases the availability of amine group for Fe(II)
orption [19,20], it can improve resistance of cross-linked CS with
LA (CS/GLA) to chemical degradations [17,20]. The amine group

rom CS structure can provide multiple binding sites to form com-
lexes with Fe(II), which can avoid the precipitation of Fe(OH)3(S)
ven at neutral pH during the modified Fenton reaction. Fig. 1 shows
chemical structure of Fe(II)-CS/GLA and initiation of the modi-
ed Fenton reaction. There have been many experimental reports
bout CS as a support material for environmental catalysts. How-
ver, a catalytic role of Fe(II)-CS/GLA for oxidative degradation of
hlorinated organics in the modified Fenton reaction has not been
tudied significantly.

The objective of this study was to characterize the oxidative
egradation of TCE by modified Fenton reaction with Fe(II)-CS/GLA.
atch kinetic experiments were conducted to investigate the effect
f initial suspension pH, Fe(II) loading, CS dosage, and concentra-
ion of H2O2 on the degradation kinetics of TCE and to determine an
ptimal operation condition. TCE and Fe(II)-CS/GLA were chosen as
representative contaminant and a reactant for the modified Fen-

on system, respectively. Spectroscopic and microscopic analyses
n the surface of Fe(II)-CS/GLA were conducted to explore the mod-
fied Fenton reaction mechanism during the oxidative degradation
f TCE.

. Experimental

.1. Chemicals

Please refer to chemicals in the supporting information.

.2. Experimental procedures

Batch kinetic experiments were conducted to characterize the
xidative degradation of TCE by Fe(II)-CS/GLA using an amber

orosilicate glass vial (nominal volume: 20 mL, Kimble) with an
pen-top cap with a three-layered septum system [21]. Fe(II)-
S/GLA suspension was freshly prepared for each experimental
un with a great caution. An exact amount of Fe(II) was dis-
olved in ultra-pure deionized water (DIW, 18 M� cm) resulting
Fe(II)-CS/GLA in the modified Fenton reaction.

in 10 mM Fe(II) solution. An exact amount of CS/GLA was added
to the solution for a chelation between Fe(II) and CS/GLA (2 g L−1)
and the suspension was mixed at 100 rpm for 1 h at room tem-
perature. The initial pH of Fe(II)-CS/GLA suspension was adjusted
at 7 by the addition of 5 M NaOH. An exact amount of the sus-
pension (23.3 mL) was transferred to the vials right before an
initiation of modified Fenton reaction to avoid a potential iron
flocculation and/or precipitation with dissolved oxygen. The reac-
tion was initiated by spiking 100 �L TCE stock solution and adding
an exact amount of 600 �L H2O2 into the vials, resulting in 0.1
and 318 mM, respectively. The vials were capped immediately,
mounted on a tumbler, and mixed at 7 rpm and room tempera-
ture in the dark room to avoid photoreactions [6,7,22]. To compare
the reactivity of classic Fenton and to investigate effectiveness of
cross-linking step, batch kinetic samples (i.e., Fe(II) + TCE + H2O2
and Fe(II)-raw CS + TCE + H2O2) were also prepared by follow-
ing the procedure described above. No headspace was allowed
for all samples and controls during the reaction time. Five
types of controls (DIW + TCE, DIW + TCE + H2O2, DIW + Fe(II) + TCE,
DIW + CS/GLA + TCE, and DIW + Fe(II)-CS/GLA + TCE) were prepared
to check any possible losses of TCE due to sorption, volatilization,
homogeneous oxidative degradation, and reductive dechlorina-
tion during the reaction time in each experiment. The degradation
kinetics of TCE was monitored by measuring its aqueous concentra-
tion at each sampling time. All controls and samples were prepared
in duplicate.

Batch kinetic experiments were also carried out to investigate
the effect of environmental parameters (initial suspension pH,
Fe(II) loading, dosage of CS/GLA, and concentration of H2O2) on
the TCE degradation kinetics. For a parametric study where initial
suspension pH was an environmental parameter, the initial pH of
Fe(II)-CS/GLA suspension was adjusted by 5 M NaOH and its effect
was investigated in the pH range of 5–7. Fe(II) loading and CS/GLA
dosage were 10 mM and 2 g L−1, respectively. The reaction was ini-
tiated by subsequent spiking of stock TCE and H2O2, resulting in
0.1 and 318 mM, respectively. The effect of Fe(II) loading on the
TCE degradation kinetics was identified at four different levels (1,
3, 5, and 10 mM). The initial pH of Fe(II)-CS/GLA suspension was set

at pH 7 and the experiment was conducted at the same concentra-
tions of CS/GLA, TCE and H2O2. To investigate the effect of CS/GLA
dosage and H2O2 concentration on the degradation kinetics, we
used five different dosages of CS/GLA (0.4, 1, 2, 4, and 10 g L−1) and
five different concentrations of H2O2 (27, 53, 159, 318, and 530 mM)
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Fig. 2. Degradation of TCE under different experimental conditions (5 types
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f controls, classic Fenton reaction, modified Fenton reactions with Fe(II)-raw
S and Fe(II)-CS/GLA). The controlled experimental factors are: [TCE]0 = 0.1 mM,
Fe(II)]0 = 10 mM, [H2O2]0 = 318 mM, [raw CS and CS/GLA] = 2 g L−1, and initial sus-
ension pH 7.

nder the same experimental conditions previously. All batch sam-
les and controls were prepared in duplicate and their preparations
ollowed the same experimental procedure described above.

.3. Analytical procedures

Please refer to analytical procedures in the supporting
nformation.

.4. Data handling

Please refer to data handling in the supporting information.

. Results and discussion

.1. Enhanced degradation of TCE by Fe(II)-CS/GLA in the
odified Fenton reaction

Fig. 2 shows TCE degradation kinetics by Fe(II)-CS/GLA in the
odified Fenton system at pH 7. Control tests were conducted to

heck potential losses of TCE during the modified Fenton reaction.
CE recoveries of all control samples were more than 98%, indicat-
ng no significant TCE losses due to sorption and volatilization in

batch reactor, oxidation by H2O2, reductions by aqueous Fe(II)
nd Fe(II)-CS/GLA, and sorption by CS/GLA during the reaction.
xidative degradation of TCE by H2O2 was reported [23], how-
ver no significant TCE removal has been observed in the tests
ue to different experimental conditions. Reductive dechlorina-
ion of chlorinated organics is typically known as a heterogeneous
urface reaction [24,25], however we have found no significant
eductive degradation of TCE by Fe(II)-CS/GLA. On the contrary, we
ave observed 95% of TCE degradation by the Fe(II)-CS/GLA in the
odified Fenton system in 5 h. This implies that TCE can be signifi-

antly degraded by OH• generated by the modified Fenton reaction
Fe(II)-CS/GLA + H2O2). A specific evidence for the initiation of mod-
fied Fenton reaction on the surface of Fe(II)-CS/GLA in the surface
nalysis section can explain the reaction mechanism clearly. Mild
CE degradation (50%) by Fe(II)-raw CS has been observed in the
odified system, while no significant degradation has been done

n the classic Fenton system. Fe(II)-CS/GLA enhanced the oxida-
ive degradation of TCE by increasing the stability of chelated Fe(II)
t pH 7 so that the generation of OH• can occur easily. However,

queous Fe(II) in the classic Fenton system formed an iron pre-
ipitation (Fe(OH)3(s)) at pH 7, which hinders OH• generation [4].
inetic rate constant (k2) for the Fe(II)-raw CS was 0.712 h−1, which

s 2.6 times smaller than that with Fe(II)-CS/GLA. This is due to the
ecrease of raw CS during the reaction. The raw CS structure may
Fig. 3. Effect of initial suspension pH on the oxidative degradation of TCE in
the modified Fenton reaction. Experimental boundary conditions: [TCE]0 = 0.1 mM,
[Fe(II)]0 = 10 mM, [H2O2]0 = 318 mM, and [CS/GLA] = 2 g L−1.

be attacked by OH• generated during the reaction which can be
associated at the �-d-(1 → 4) glucosidic linkages [18]. Some metal
chelating reagents such as gallic acid and l-ascorbic acid have been
reported to be easily oxidized by OH• during the oxidative degra-
dation [8,26]. The result indicates that the cross-linking by GLA can
enhance the oxidative degradation of TCE by improving the chemi-
cal resistance of CS against OH•. TCE may be transformed to CO2 and
chloride as major transformation products via oxidative degrada-
tion by OH• and less amounts of organic acids (formic acid, glyoxylic
acid, and dichloroacetic acid) and photoproducts (dichloroacetyl
chloride and phosgene) may also be produced during the degra-
dation of TCE [27,28]. No measurements for the transformation
products in a modified Fenton reaction were carried out in this
study.

3.2. Effect of initial suspension pH, [Fe(II)]0, CS/GLA dosages, and
[H2O2]0 on the degradation kinetics of TCE

Fig. 3 shows the effect of initial suspension pH on TCE degra-
dation kinetics. As the suspension pH increased from 5 to 7, the
degradation of TCE by classic Fenton reaction showed significant
decrease in k2 value. The kinetic rate constant at pH 7 (0.005 h−1)
was 235.8 times smaller than that at pH 5 (1.179 h−1), while no
significant decrease was observed in the modified Fenton reaction
(from 2.174 to 1.838 h−1). This indicates that, as it is well known,
the degradation of TCE in the classic Fenton reaction was signif-
icantly influenced by the initial suspension pH [4]. The effect of
initial suspension pH has been reported to be an important param-
eter in the classic Fenton system controlling Fe(II) concentration
and OH• production rate [4,29]. As the pH increased to 7, H2O2
was decomposed to oxygen and water and Fe(II) was precipitated
to Fe(OH)3(S) resulting in the decrease of OH• [4,30,31]. In con-
trast, the removal of TCE at the neutral pH was more than 93% in
the modified Fenton reaction with Fe(II)-CS/GLA. The pH change
did not significantly affect the degradation of TCE in the system.
This is due to a consistent catalytic role of Fe(II)-CS/GLA for the
oxidative degradation of TCE under the different pHs. The Fe(II)-
CS/GLA chelating structure can avoid the aqueous iron precipitation
to Fe(OH)3(S) at neutral pH. This indicates that the modified Fen-
ton reaction can improve the weak point of the classic Fenton
system at high pH condition. The slight decrease of k2 value in
the modified Fenton system as the pH increased may be caused
by self-decomposition of H2O2 and/or increase of hydroxide ions
leading to the decrease of OH• (i.e., Fe2+ + H O → Fe3+ + OH− + OH•)
2 2
[4,32,33].

Fig. 4(b) shows the variation of kinetic rate constants for the
degradation of TCE at different Fe(II) contents in Fe(II)-CS/GLA.
As the content of Fe(II) increased, the kinetic rate constant
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Fig. 4. Effect of Fe(II) loading on the oxidative degradation of TCE in the modified
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Fig. 5. Effect of CS/GLA dosage on the oxidative degradation of TCE in the modified
Fenton reaction (a). The variation of kinetic rate constants with respect to CS/GLA
dosage (b). Experimental boundary conditions: [TCE]0 = 0.1 mM, [Fe(II)]0 = 10 mM,
and [H2O2]0 = 318 mM at initial suspension pH 7.

Fig. 6. Effect of H2O2 concentration on the oxidative degradation of TCE in the
enton reaction (a). The variation of kinetic rate constants with respect to Fe(II)
oading (b). Experimental boundary conditions: [TCE]0 = 0.1 mM, [H2O2]0 = 318 mM,
nd [CS/GLA] = 2 g L−1 at initial suspension pH 7.

ncreased linearly. k2 value in the presence of 10 mM Fe(II)-CS/GLA
1.838 h−1) was 11.1 times greater than that at 1 mM Fe(II)-CS/GLA.
his is because the Fe(II) content is directly related to the pro-
uction of OH•. As the concentration of aqueous Fe(II) solution
o synthesize Fe(II)-CS/GLA increased, the Fe(II) content in Fe(II)-
S/GLA increased. In the previous Fe(II) adsorption isotherm test
n the surface of CS/GLA, its content has been reported to increase
0–40 mg g−1), as the concentration of aqueous Fe(II) increased
0–600 mg L−1) [19]. The result leads to produce more OH• under
he experimental condition so that the increased Fe(II) can enhance
he degradation kinetics of TCE in the modified Fenton system. This
endency is very similar to that reported for oxidative degradation
f alachlor by a modified Fenton reaction with Fe(II)-citrate [32].

Fig. 5(b) shows the variation of kinetic rate constants for the
egradation of TCE at different CS/GLA dosages. The kinetic rate
onstants linearly increased until the dosage increase to 2 g L−1,
hich may be due to the increase of Fe(II) content in Fe(II)-CS/GLA

eading to more production of OH•. Measured Fe(II) concentra-
ion adsorbed on the CS/GLA surface was 46 mg L−1 at 1 g L−1 of
S/GLA and increased linearly to 92 mg L−1 as the dosage doubled.
owever, the kinetic rate constant decreased significantly as the
S/GLA dosage continuously increased to 10 g L−1. k2 values at 4
nd 10 g L−1 CS/GLA decreased by 1.8 and 3.2 times, compared to
hat at 2 g L−1 CS/GLA (1.838 h−1). This can be explained by self scav-
nging of OH• by a high content of Fe(II) in the Fenton reaction (i.e.,
e2+ + OH• → Fe3+ + OH−) [6,33]. The self scavenging of OH• seemed
o start immediately after a maximum k2 value at 2 g L−1 and dete-
iorated reactivity of the modified system by 10 g L−1. Calculated

olar ratio of [H2O2]0/[Fe]0 decreased, as the dosage increased

nder constant H2O2 concentration. It was 96.5 and 38.6 at 4 and
0 g L−1 CS/GLA, respectively, which is in good agreement with an
xperimental result that a detrimental effect on H2O2 decomposi-

modified Fenton reaction (a). The variation of kinetic rate constants with respect
to H2O2 concentration (b). Experimental boundary conditions: [TCE]0 = 0.1 mM,
[Fe(II)]0 = 10 mM, and [CS/GLA] = 2 g L−1 at initial suspension pH 7.
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Fig. 7. SEM images of raw CS (a) and Fe(II)-CS/GLA (b). TEM images of CS/GLA (c) and Fe(II)-CS/GLA (d). SEM/EDX analysis of Fe(II)-CS/GLA (e). XPS spectra for the narrow
scan of Fe 2p3/2 on the surfaces of Fe(II)-CS/GLA with and without H2O2 after reaction time (5 h) (f).
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ion leading to OH• formation occurred at the ratio lower than 100
nd higher than 250 [34].

Fig. 6(a) shows the effect of H2O2 concentration on the TCE
egradation kinetics. A maximum kinetic rate constant (1.838 h−1)
as observed at 318 mM H2O2, which is 9 times greater than

hat at 27 mM H2O2. This is due to the increase of OH• produced
rom the decomposition of increased H2O2 in the modified Fen-
on system. However, the kinetic rate constant started to decrease
fter reaching its maximum value. The molar ratio of [H2O2]0/[Fe]0
ncreased, as H2O2 concentration increased continuously. It was
92 at the maximum kinetic rate constant and 324 at highest H2O2
oncentration, which is also in good agreement with the experi-
ental results described above [34]. The results can be explained

y a subsequent OH• scavenging mechanism, i.e., H2O2, known
s a strong OH• scavenger at high concentration [4,29], can con-
ume OH• rapidly resulting in the formation of less reactive HO2

•

H2O2 + OH• → HO2
• + H2O) for the oxidative degradation of TCE.

O2
• can also scavenge OH• (HO2

• + OH• → H2O + O2), therefore
H• scavenging by HO2

• competes with the TCE degradation in
he modified Fenton system leading to the significant decrease of
inetic rate constant at 530 mM H2O2.

.3. Surface analyses to identify the reaction mechanism on the
urface of Fe(II)-CS/GLA

Fig. 7(a) and (b) show the SEM images of raw CS and Fe(II)-
S/GLA. A simple flake shape of raw CS particles changed to porous
nd harsh spherical shape after cross-linking and chelation treat-
ents. Fig. 7(c) and (d) are TEM images of CS/GLA and Fe(II)-CS/GLA

howing an evidence for the aggregation and crystal growth (black
ticks shape) of iron on the surfaces. SEM/EDX analysis on the
urface of Fe(II)-CS/GLA (Fig. 7(e)) shows that the main chemical
omponents on the surfaces are O, C, and Fe. Fe peak was shown
t Fe(II)-CS/GLA sample, while no peak was detected at CS/GLA
ample (figure is not shown). This indicates that iron is properly
helated with amine group in CS/GLA structure via Fe(II)-chelation
reatment [19].

XPS analysis was conducted to investigate the redox state of Fe
n the surfaces of CS/GLA with and without H2O2 at the end of reac-
ion time (5 h). Fig. 7(f) shows the narrow region spectra for Fe 2p3/2
hich were composed of three identical peaks at 709.5, 711.5, and

14 eV, respectively. The binding energy for Fe(II)–O and Fe(III)–O
as been reported to be in the range of 709–709.5 and 711–714 eV,
espectively [35,36]. Area percentage of each peak is summarized
n Fig. 7(f). Fe on the CS/GLA surfaces without H2O2 was composed
f 34.87% Fe(II) and 65.13% Fe(III), while its composition changed
o 26.85% Fe(II) and 73.15% Fe(III) after the reaction with H2O2.
ecause no reductive dechlorination of TCE by Fe(II)-CS/GLA was
bserved in the control tests, the oxidation of Fe(II) to Fe(III) on
he surface of CS/GLA can be associated with a coupled reduction
f H2O2 to OH•. This supports the initiation of the modified Fenton
eaction on the Fe(II)-CS/GLA with H2O2. The content of Fe(III) in
e(II)-CS/GLA without H2O2 was relatively high, which may be due
o the surface oxidation of Fe(II) during sample preparation and/or
e(II) oxidation by dissolved oxygen during the reaction time.

. Conclusion

An experimental study was conducted to characterize the oxida-
ive degradation of TCE by Fe(II)-CS/GLA and to investigate the

ffect of environmental factors on the degradation kinetics in
odified Fenton system. Significant amount of TCE (95%) was

egraded in the modified Fenton reaction, while no degradation
as observed in classic Fenton reaction at neutral pH. The neutral
H deteriorating reactivity of the classic Fenton reaction did not

[

[

Materials 178 (2010) 187–193

significantly affect the degradation of TCE in the modified Fenton
reaction by avoiding iron precipitation due to the stable Fe(II)-
CS/GLA structure. The oxidative degradation of TCE was enhanced
by the increase of Fe(II) content directly proportional to the pro-
duction of OH•. However, under an excessive Fe(II) content by the
increase of CS/GLA dosage, kinetic rate constant for the oxidative
degradation of TCE significantly decreased due to self scavenging
of OH•. Similar tendency on the degradation kinetics of TCE by the
Fe(II) content was observed when the effect of H2O2 concentra-
tion was investigated. The results can be used to estimate optimal
amounts of Fe(II)-CS/GLA and H2O2 to enhance the oxidative degra-
dation of TCE in the modified Fenton system. Based on the results
of surface analyses, we can propose a reaction mechanism for the
oxidative degradation of TCE by Fe(II)-CS/GLA in the modified Fen-
ton system; (1) Fe(II) is properly chelated with amine group of
CS/GLA, which forms a stable chemical structure to avoid iron pre-
cipitation during the modified Fenton reaction at neutral pH, (2)
electrons produced from the oxidation of Fe(II)-CS/GLA to Fe(III)-
CS/GLA can be associated with a coupled reduction of H2O2 to OH•

leading to the initiation of oxidative degradation of TCE. (3) Fe(III)-
CS/GLA is reduced to Fe(II)-CS/GLA by H2O2 so that a catalytic role
of Fe(II)-CS/GLA could be continued during the modified Fenton
reaction. The results obtained from this study can provide basic
understanding to develop novel remediation alternatives and apply
Fe(II)-CS/GLA to the classic Fenton reaction which does not work
well for the remediation of soil and groundwater contaminated
with chlorinated organics at neutral pH.
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