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bstract

Degradation of MTBE, a common fuel oxygenate, was investigated using anodic Fenton treatment (AFT) and by comparison with classic Fenton
reatment (CFT). The AFT system provided an ideal pH environment (2.5–3.5) for the Fenton reaction and utilized gradual delivery of ferrous iron
nd hydrogen peroxide, which was more efficient than batch CFT to degrade MTBE and its breakdown products. The optimized ratio of ferrous iron
o hydrogen peroxide for AFT was determined to be 1:5 (in mmol). Depending on the initial concentration, MTBE was completely degraded by the
ptimized AFT in 4–8 min. The breakdown products found during the treatment of MTBE were acetone, t-butyl formate, t-butanol, methyl acetate,
cetic acid, and formic acid, which were all completely degraded by the optimized AFT in 32 min. Based on the experimental results and other work
eported in the literature, degradation mechanisms of MTBE and its breakdown products in AFT and CFT were proposed. Generally, reactions are
nitiated by H-abstraction by •OH, generating carbon-centered radicals which undergo various reactions including �/�-scission within the radical,

ombination with oxygen, oxidation by ferric ion, and reduction by ferrous ion before generating the final oxidation products. Radical combination
ith oxygen (and the reactions thereafter) and radical oxidation by ferric ion are believed to be the most important pathways in the overall fate of

he generated radicals, while radical reduction by ferrous ion is the least important. By elucidating the reaction kinetics and mechanisms of MTBE
egradation in the anodic Fenton system, this study offers a potential remediation technique for treating MTBE-contaminated wastewater.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Methyl t-butyl ether (MTBE) has been used as a fuel oxy-
enate for over 20 years [1]. MTBE and other oxygenates
ncrease the efficiency of combustion and decrease the emis-
ion of carbon monoxide. They also reduce ozone pollution
y partially eliminating the need for ozone-producing aromatic
ompounds in gasoline [2]. However, MTBE is a risk to human

ealth and is classified by the USEPA as a possible human car-
inogen [3]. MTBE spilled to soil has a high potential to leach
o groundwater and persist for a long time due to its high water
olubility and low biodegradability. MTBE contamination of
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ater is still a significant environmental problem and demands
suitable technology for remediation [4–6].

There are many reports on the degradation of MTBE in
he atmosphere, water, and soil. The photo-oxidation of MTBE
nder atmospheric conditions was investigated using a NOx–air
ystem [7–9]. Degradation was initiated by either •OH or Cl•
enerated from photolysis of alkyl nitrite or chlorine, respec-
ively. Atmospheric photocatalyzed oxidation of MTBE on
y ash was also reported [10], and the degradation poten-

ial of MTBE by microorganisms was investigated [11,12].
ang and Hoffmann [13] investigated oxidation of MTBE by

OH generated from sonolysis of ozone. The degradation prod-
cts of MTBE by the photo-Fenton process were detected by
ther researchers [14]. Other reported studies on MTBE treat-
ent used ozone and ozone combined with hydrogen peroxide

15,16], photolysis catalyzed by TiO2 slurries, ultraviolet pho-

olysis of hydrogen peroxide [17], and a combination of several
rocesses including photocatalysis, H2O2 photolysis, and sonol-
sis [18,19]. Degradation products and reaction pathways of
TBE in water during ultraviolet/hydrogen peroxide treat-

mailto:atl2@cornell.edu
dx.doi.org/10.1016/j.jhazmat.2006.12.030


3 ardou

m
o
d
r
d
o
t
i

i
a
a
l
h
v
i
a
t
o
s

F

c
o
c
(
d
a
a
a
p
a
i
c
l
o

a

c

t
i
c
f
s
o
e

a
t
t
o
t
W
t
t
i
a
o
r
h
[

m
t
s
p
i
i
h
n
T
s
v
a
t
f
g
[
f
b
a
M
p
c
a
t
p
d
I
a
a
[
m
l
i
t
a
C

0 S. Hong et al. / Journal of Haz

ent were intensively investigated [20,21]. Phytoremediation
f MTBE was also studied [22]. In addition, MTBE degra-
ation was carried out in classical Fenton treatment, and the
eaction kinetics and degradation products were reported for
ifferent operating conditions [12,23,24,26,27]. As a variation
f the Fenton reaction, Bergendahl and Thies [28] investigated
he feasibility of using zero-valent iron as the source of ferrous
ron in the Fenton reaction of MTBE.

Most of the reported degradation and treatment of MTBE
nvolved reactions initiated by hydrogen abstraction by •OH,

critical reagent in degrading environmental pollutants in
dvanced oxidation processes (AOPs) [29]. AOPs are particu-
arly attractive in the remediation of MTBE because of MTBE’s
igh resistance to biodegradation and its weak adsorption to acti-
ated carbon. It is also too costly to strip MTBE out of water to be
ncinerated [17]. Among the AOPs, the Fenton reaction gener-
tes •OH by reducing hydrogen peroxide with ferrous ion (reac-
ions (1)–(3)) [30]. There are many reports on the remediation
f pollutants by classic Fenton treatment (CFT) where ferrous
alt and hydrogen peroxide are used as reagents [12,23–27]:

e2+ + H2O2 → Fe3+ + •OH + OH−, k1 = 76 M−1 s−1

(1)

•OH + MTBE → intermediates,

k2 = 1.57 × 109 M−1 s−1 [31] (2)

•OH + intermediates → final degradation products,

ki ≈ 106 to 109 M−1 s−1 [29] (3)

Electrochemical Fenton treatment (EFT), an electrochemi-
al variation of the CFT, was also applied to degrade a variety
f pesticides [31–33]. In EFT, ferrous ion is delivered electro-
hemically from a sacrificial anode made of steel plate (reaction
4)). This eliminates the drawback in CFT that requires han-
ling large quantities of hydrogroscopic salt and maintaining
reduced ferrous salt solution. Hydrogen peroxide is added to
cell containing iron electrodes that function as both anode

nd cathode. When electrolysis starts, the Fenton reaction takes
lace. Water is reduced at the cathode, generating hydrogen gas
nd hydroxide ion and raising the pH to near neutral. Such a pH
ncrease results in the precipitation and/or formation of hydrated
olloids from Fe3+ and Fe2+ ions. Part of the precipitates and col-
oids will coat the surface of the electrodes, reducing the rates
f electrochemical and Fenton reactions:

node : Fe0 → Fe2+ + 2e−, E0 = 0.44 V [34] (4)

athode : 2H2O + 2e− → 2OH− + H2 (gas) [35] (5)

Saltmiras and Lemley [36] developed a novel anodic Fenton
reatment (AFT) system that allows the Fenton reaction to occur
n an anodic half-cell. The cathode cell and anode cell were
onnected by a salt bridge. AFT provides an optimum pH (2–3.5)

or Fenton treatment. Thus the AFT system eliminates the on-
ite usage of large quantities of ferrous salts as in CFT and
ffers the possibility of improving performance over the original
lectrochemical method.

o
M
i
(

s Materials 144 (2007) 29–40

Most publications on the Fenton reaction accept the Haber
nd Weiss theory that hydroxyl radical is the actual oxidant in
he Fenton reaction [37,38], and this will be used to understand
he mechanism in this study. Although some have proposed such
xidants as oxoiron (IV) or (V) species in place of or in addition
o •OH as part of the oxidants in the Fenton reaction [39–42],

alling [43] and Macfaul et al. [44] have successfully shown
hat •OH is the major oxidant. In addition, in the Fenton reaction,
he iron species actively reacts with parent compounds and/or
ntermediates through oxidation, reduction, and coordination,
typical behavior for transition metals in group 8 of the Peri-

dic Table. Thus the degradation pathways should include the
eactions with iron species in addition to the ones involving
ydroxyl radicals and molecular oxygen, as reported by Walling
30].

The reported break-down products of MTBE in the environ-
ent or during pollutant treatments are t-butyl formate (TBF),

-butyl alcohol (TBA), methyl acetate, and acetone in the clas-
ic Fenton system [26]; TBF, TBA, methyl acetate, acetone,
eroxidic substances, formaldehyde, alkanes (methane, ethane,
so-butane), iso-butene and organic acids (formic and acetic)
n classic- and photo-Fenton systems [14]; TBF, formalde-
yde, and 2-methyl-propanal from both photolysis of methyl
itrite and Cl• initiated atmospheric oxidation of MTBE [7];
BF, formaldehyde, methyl acetate, and acetone from photoly-
is of ethyl nitrite [9]; TBF, methyl acetate, acetone, and TBA
ia ozone-sonolysis [25]. Idriss et al. [10] claimed methanol
s a minor product in the atmospheric photocatalyzed oxida-
ion of MTBE on fly ash. Trace amounts of iso-butene were
ound in the photocatalytic transformation of TBA in oxy-
enated TiO2 slurries but not in that of MTBE [17]. Stefan et al.
20] found TBF, 2-methoxy-2-methyl propionaldehyde (MMP),
ormaldehyde, acetone, TBA, methyl acetate, hydroxy-iso-
utyraldehyde, hydroxyacetone, pyruvaldehyde, and organic
cids (hydroxy-iso-butyric, formic, pyruvic, acetic, oxalic) in
TBE oxidation in the UV–H2O2 system. Obviously, the

roducts from the oxidation of MTBE are very similar when
omparing various Fenton systems with other AOPs and the
tmospheric NOx–air system. All these reactions involve oxida-
ion initiated by •OH. However, the quantity of each degradation
roduct and the degradation pathways should be different
ue to the different features of the •OH generating systems.
n addition to the •OH initiated free radical reactions, Fe2+

nd Fe3+ may participate in the redox reactions and inter-
ct with the degradation intermediates in the Fenton system
30], which in turn will likely significantly impact the treat-
ent efficiency and the product distribution. There is still a

ack of reporting in the literature on the reactions between iron
ons and MTBE degradation intermediates and on the roles of
hese reactions among the complex of free radical reactions
nd aqueous iron organometallic reactions for both AFT and
FT.

The goals of this study were (i) to determine the effectiveness

f the anodic Fenton treatment systems in the remediation of
TBE, (ii) to optimize the hydrogen peroxide to iron ratios

n the anodic Fenton treatment system for MTBE degradation,
iii) to investigate major degradation products formed during
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he treatments, and (iv) to propose reaction mechanisms to shed
ore light on the roles of iron-ions among the complex of free

adical reactions and aqueous iron organometallic reactions in
oth AFT and CFT. The combination of Fenton chemistry with
TBE degradation mechanisms in AFT will help build a kinetic
odel for further MTBE treatment at a larger scale.

. Materials and methods

.1. Chemicals

MTBE (99.9%), acetone (99.7%), methyl acetate (99.5%),
BA, ethyl acetate (99.9%), sodium chloride (analytical grade),

errous sulfate heptahydrate, and ammonium bicarbonate were
btained from Fisher Scientific. TBF (99%) formic acid (96%),
nd ethanol (99.5%) were purchased from Aldrich (Milwau-
ee, WI) and methanol (HPLC grade) from Mallinckrodt (Paris,
Y). Acetic acid (99.7%) was purchased from EM Scientific

Gibbstown, NJ).

.2. Reaction apparatus and procedures

All experiments were conducted at ambient temperature
22–24 ◦C). For all treatments 100 mL of MTBE solution was
sed and kept agitated by a magnetic stir bar. The classic Fenton
reatment (CFT) of aqueous MTBE was conducted in a 150 mL
elf-made air-tight pyrex glass apparatus. As presented below,
he evaporative loss of MTBE from the aqueous solution was
ignificant if the headspace of the apparatus was open to the
ir. During the reaction, reagents were added to the system by a
eristaltic pump and aliquots were removed by syringe through
septum. The inlet and outlet of a small gas pump (about 4 W)
ere connected to the headspace of the apparatus to circulate the
eadspace gases through a 2.5 cm inner-diameter column packed
ith NaOH pellets to remove CO2 from the headspace. The
as pump was assembled from a mini-vacuum (Jameco Elec-
ronic Components and Computer Products, Beltmont, CA) and
as sealed air-tight. The purpose of removing CO2 from the
eadspace was to accelerate the transfer of dissolved CO2 from
he solution to the headspace, which, from a chemical equi-
ibrium and kinetics point of view, reduces its concentration
n solution and consequently prevents suppression of MTBE

ineralization by the CO2 produced in the treatment. Tests con-
rmed that concentrations of MTBE and its volatile organic
egradation products in aqueous solution were not changed sig-
ificantly when the solutions were stirred in this apparatus for
ne hour, the maximum time for the treatments. The gas/water
artition coefficients of the organic acids produced in the treat-
ent [45] are so small that their loss through gas phase would

e negligible (<3% in 64 min). The non-acidic MTBE degra-
ation products were not found to decrease in 60 min in this
ystem in the control experiments without any Fenton reagent
data not shown); to explain this, more experiments would need

o be conducted, which is beyond the scope of this work. Anodic
enton treatment (AFT) used a half-cell technology developed

n this laboratory and described by Saltmiras and Lemley [36].
he anode was made from cold rolled steel plates immersed

i
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n the aqueous MTBE solution. Current was delivered to the
olution by changing the output current from a direct-current
ower source (DC Power Supply 1610, BC Precision Dynascan
o., Chicago, IL). The delivery rate for ferrous iron was 0 (0 A)

o 0.075 mmol/min (0.24 A), verified by spectrometric analysis
vide infra). The cathodic cell (containing a bundle of graphite
ars) and the anodic cell (also air-tight) were connected by a
alt bridge filled with saturated sodium chloride solution. The
athodic half-cell was filled with the same solution as the salt
ridge to slow down the diffusion of sodium chloride from the
alt bridge. For all AFT experiments, aqueous H2O2 solution
as added to the anodic half-cell by a peristaltic pump (Fisher
cientific, Pittsburgh, PA) at a flow rate of 0.5 mL/min. H2O2
oncentrations of 0.25%, 1.3%, and 2.5% were used with a fer-
ous iron delivery rate of 0.037 mmol/min to obtain Fe2+:H2O2
olar ratios of 1:1, 1:5, and 1:10. For CFT experiments, H2O2

1.27% in water) and ferrous sulfate (0.23 M in water) solutions
ere pumped into the MTBE solution during the course of the

reatment.
A 1.0 mL aliquot of the MTBE solution was removed by

yringe at 1, 2, 4, 8, 16 and 32 min intervals during the treatment
nd added to a vial containing aqueous hydroxyl amine hydrogen
hloride used for quenching •OH.

.3. Sample preparation for treatment and analysis

Aqueous MTBE solution was prepared by dissolving MTBE
nto deionized water that was saturated with air. It was neces-
ary to remove the dissolved iron from the samples to prevent
ron-catalyzed degradation from occurring during the gas chro-

atographic (GC) analysis. Iron salts were precipitated when
M ammonium sulfide aqueous solution was added (20 �L

or each milliliter of the treated solutions). Aqueous ammonia
olution (10%, less than 5 �L for each milliliter of the treated
olutions) or hexanoic acid aqueous solution (1 M, less than
�L for each milliliter of the treated solution) was added if
ecessary to adjust the pH to around 7. The samples were subse-
uently filtered through a 0.2 �m Nylon syringe filter (Alltech,
eerfield, IL) and then analyzed by a GC–mass spectrometer

MS).

.4. GC–MS operating conditions

MTBE and its degradation products were analyzed on a
ewlett-Packard (Sunnyvale, CA) GC 5890 Series II coupled

o a HP 5971A MS. Operating conditions and other aspects of
he method were detailed in Ref. [46].

.5. Analysis of iron ions

One package of ferrous ion reagents (Hach Co., Love-
and, CO) containing 10-phenanthroline sodium bicarbonate
as added to each 25 mL sample. The concentration of ferrous
ron was quantified by measuring the absorbance at 510 nm. Fer-
oVer Iron Reagent (Hach Co.) was used for the analysis of total
ron ions. The quantity of ferric ion was the difference between
otal iron and the amount of ferrous ion.
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.6. Analysis of hydrogen peroxide

The concentration of hydrogen peroxide used for the Fenton
eaction was determined by titration with KMnO4 [47].

. Results and discussion

.1. Effects of ferrous salt and hydrogen peroxide on MTBE
egradation

Control experiments were conducted to evaluate the effect
f evaporation during treatment and to assess the stability of
TBE in acid solution. Preliminary experiments showed that

he evaporative loss of MTBE from a 2.3 mM aqueous solution
as about 40% and 60% at 8 min and 32 min, respectively

see Fig. S1 in Supporting Information), when the system was
pen to air while keeping the other experimental conditions the
ame as for CFT and AFT experiments, but with no reagents
dded. The evaporative loss of MTBE was negligible when
he apparatus was air-tight, and thus the following experiments
ere all performed in this manner. No significant change in
TBE concentration (3 mM) was observed for 64 min under

cidic conditions (pH 2.5).
Another control was conducted with ferrous sulfate reagent

nly. MTBE (3 mM) was mixed with 24 mM of ferrous sulfate
n the CFT apparatus at pH 2.6. No change in the MTBE con-
entration was observed for 64 min, and the amount of ferrous
on oxidized to ferric ion (brown color) was negligible since vis-
bly the solution remained colorless. This agrees with previous
ork showing that oxidation of ferrous ion to ferric ion by oxy-
en gas is very slow in aqueous solution (reaction rate less than
0−5 min−1 at pH values between 2 and 4) [48].

MTBE was further degraded in the presence of H2O2 but

ithout iron in the system (Fig. S2 in the Supporting Informa-

ion). Fifty-seven percent of MTBE remained after 32 min. The
rimary degradation intermediate was TBF. In addition, TBA,
cetone and methyl acetate were relatively minor degradation
roducts. The pH of the solution stayed at 6.5 during the process.

o
t
1
r
r

able 1
egradation kinetics of MTBE in AFT and CFT under different reaction conditions

MTBE]0 (mM) Treatment device Fe2+:H2O2

AFT 1:0
.5 AFT 1:10
.7 AFT 1:5
.89 AFT 1:5
.73 AFT 1:5
.4 AFT 1:1
.35 AFT 1:1
.8 CFT-graduald 1:5
.5 CFT-graduald 1:5
.8, 2.8, 3.6 CFT-batche 1:5

a Pseudo-first-order rate constant (min−1).
b Square of semi-log regression correlation coefficients.
c Time (min) when MTBE was completely degraded.
d CFT with Fe2+ and H2O2 added gradually during the course of treatment.
e CFT with Fe2+ and H2O2 added at the beginning of treatment.
f Reaction rate was too fast to be measured for an exact value.
:1). Fe2+ and H2O2 were both added at 0.037 mmol/min by electrolyzing the
ron anode and by pumping, respectively.

.2. Kinetic degradation of MTBE in AFT and CFT

A typical degradation pattern of MTBE in either AFT or
FT is shown in Fig. 1, where the degradation kinetics can
e approximated as pseudo-first-order. A series of experiments
ere conducted at different MTBE initial concentrations and
e2+:H2O2 ratios in either AFT or CFT (gradual or batch); the
inetics results are shown in Table 1. As can be seen from Table 1,
omplete degradation of MTBE was detected between 4 and
min for AFT at Fe2+:H2O2 = 1:5 and for CFT-gradual with two
ifferent MTBE initial concentrations. Longer time (>16 min)
as needed to degrade MTBE in AFT at other reagent ratios

1:1 or 1:10). In addition, as shown in Table 1, the pseudo-first-
rder degradation rate constant for AFT treatment increased as
he molar ratio of Fe2+:H2O2 changed in the following order:

:0 < 1:1 < 1:10 < 1:5, suggesting that the optimum Fe2+:H2O2
atio is 1:5 in MTBE treatment. At this optimized Fe2+:H2O2
atio, CFT-gradual was found to behave similarly to AFT in

k1st
a R2b Timec (min)

0.02 0.87 >32
0.19 0.95 16
0.56 0.99 8
1.24 0.99 4
1.54 0.96 4
0.09 0.98 >32
0.14 0.97 32
0.77 0.98 8
0.53 0.99 8

>1.6 N/Af 1
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erms of the reaction rate constant, while CFT-batch degraded
TBE much faster (Table 1) (see discussion at the end of Section

.3).
The maximum degradation rate at the ratio of 1:5 in AFT

xperiments with similar MTBE initial concentrations suggests
hat the •OH concentration generated by the Fenton reaction
reaction (1)) at this ratio was at the maximum level to react
ith MTBE (reaction (2)). Excess H2O2 was required beyond

he stoichiometric amount needed for the Fenton reaction for a
aster degradation of MTBE. These results can be explained by
he regeneration of Fe2+ in the system which in turn could affect
he actual Fe2+:H2O2 ratio. While reaction (6) may be too slow
o have much effect,

Fe3+ + H2O2 → Fe2+ + HO2
•,

k6 = 0.01–0.02 M−1 s−1 [49] (6)

ther organic radicals generated in the reaction system could
ransfer electrons to Fe3+ to regenerate Fe2+ as discussed further
n Section 3.5. At ratios greater or less than 1:5, excess Fe2+ or

2O2 can quench •OH (reactions (7) and (8)), causing slower
egradation of MTBE:

Fe2+ + •OH → Fe3+ + HO−,

k7 = 4.3 × 108 M−1 s−1 [22] (7)

•OH + H2O2 → H2O + HO2
•,

k8 = 2.7 × 107 M−1 s−1 [22] (8)

In several sets of experiments (Table 1, Fig. 1), the ini-
ial concentration of MTBE ([MTBE]0) was varied from 0.35
o 3.7 mM to determine its effect on the degradation kinet-
cs. While keeping other conditions constant, a higher initial
oncentration of MTBE corresponded to a slower degradation
e.g., at Fe2+:H2O2 = 1:5, the pseudo-first order rate constant
1st was 0.56, 1.24, and 1.54 min−1 when [MTBE]0 was 3.7,
.89, and 0.73 mM, respectively), most probably due to the
eneration of a larger concentration of degradation interme-
iates (reaction (2)), which would consume •OH (reaction
3)) and hence decrease the pseudo-first order rate constant
f the parent compound. For comparison, first-order rate
onstants in the range of 4.1 × 10−4 to 8.5 × 10−4 s−1 for
TBE degradation ([MTBE]0 = 1.0–0.01 mM) were observed

n ozone-sonolysis treatment [13], and from 7.1 to 0.18 min−1

[MTBE]0 = 0.08–85 mg L−1) for MTBE degradation by the
V/H2O2 process [20].

.3. MTBE degradation products in AFT and CFT

MTBE degradation products were detected in AFT exper-
ments at two different Fe2+:H2O2 ratios of 1:5 and 1:10.
egardless of the reagent ratio, acetone, TBF, TBA, acetic acid
nd formic acid were found to be the common products, while

ethyl acetate was not detected (Figs. 2 and S3 in the Supporting

nformation). The experimental errors on measured concen-
rations are less than 4% for MTBE, acetone, and TBF; less
han 6% for TBA; and less than 9% for formic acid and acetic

H

f
e

ig. 2. Evolution of MTBE (shown in the insert) and its degradation products
n AFT ([MTBE]0 = 0.89 mM, Fe2+:H2O2 = 1:5), Fe2+ and H2O2 were added at
.037 and 0.19 mmol/min, respectively.

cid. Note that acetone appeared later and reached the high-
st concentration among all products. Generally, the maximum
oncentrations of the degradation products are in the order: ace-
one > TBF > formic acid > TBA > acetic acid at the Fe2+:H2O2
atio of 1:5 and in the order: acetone ≈ TBF > TBA > formic
cid ≈ acetic acid at the Fe2+:H2O2 ratio of 1:10. A smaller
mount of formic acid was observed when the Fe2+:H2O2 ratio
as decreased from 1:5 to 1:10. In addition, both MTBE and its

eaction products decreased more slowly at the lower Fe2+:H2O2
atio (1:10 versus 1:5) (Figs. 2 and S3).

A similar product profile was also observed for the degra-
ation of MTBE ([MTBE]0 = 2.8 or 4.5 mM) in CFT with a
radual delivery of Fe2+ and H2O2 (see Fig. S4 in the Supporting
nformation). The degradation products detected were ace-
one, TBF, TBA, and methyl acetate. Acetic acid and formic
cid were not analyzed in these experiments. The maximum
oncentration of the degradation products are in the order: ace-
one > TBF > TBA > methyl acetate (trace amount).

In CFT-batch experiments (Fig. S5 in the Supporting Infor-
ation), MTBE completely degraded within one min. However,

ll degradation products were still present at a significant amount
fter 32 min of treatment. The degradation products detected
ere acetone, TBF, TBA, acetic acid, formic acid, and methyl

cetate. As in all other types of treatment, acetone was the
ost abundant degradation product, followed by TBF ≈ acetic

cid > TBA ≈ methyl acetate > formic acid. No methanol was
etected. Acetaldehyde was present at a low level (<0.02 mM)
n some of the CFT-batch treatments (data not shown) (see Ref.
20] for the reaction mechanism). No acetaldehyde or methanol
as detected for either AFT or CFT-gradual treatment of MTBE.
cetic acid and formic acid were observed in amounts greater

han 0.017 mM (∼5% of [MTBE]0) for most of the above treat-
ents. Similar to the case of AFT, acetic acid was more abundant

han formic acid in treatments with higher concentrations of

2O2 (CFT-batch and 1:10 AFT versus 1:5 AFT).
A high concentration of carbon dioxide was observed

or all Fenton treatments, based on GC–MS analysis. How-
ver, the GC–MS analysis of carbon dioxide was significantly
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ffected by the chemical composition of the sample and is only
emi-quantitative. For these reasons, carbon dioxide was not
uantified in the MTBE treatment.

Three break-down products – TBF, TBA, and methyl acetate
decayed faster in the CFT-gradual treatment than in the

FT-batch treatment. This result is interesting because the
egradation of MTBE itself was much faster in CFT-batch than
n any other treatment. Based on reaction (1), addition of both
enton reagents (Fe2+ and H2O2) at once at the beginning of the
FT-batch is believed to result in a higher initial concentration
f •OH compared to the other treatment methods As shown in
eactions (7) and (8), •OH immediately reacted with the sur-
ounding Fe2+ and H2O2 as well as with itself and MTBE, due
o its high and non-selective reactivity [29]. This explains why
here was a larger amount of degradation products remaining at
he end (32 min) of the CFT-batch experiment than that of AFT.

.4. Detectable total organic carbon remaining (DTOC)
fter MTBE degradation in AFT and CFT

Fig. 3 shows the time course of detectable total organic carbon
emaining (DTOC) for each treatment. DTOC was calculated by
dding up the fractions of all the organic compounds detected at
certain treatment time (up to 32 min) on the basis of the carbon
olarity each compound contains. Note that the experimental

rror for DTOC is 0.05. During the initial 4 min of treatment,
FT at Fe2+:H2O2 ratio of 1:5 had the fastest decay of DTOC,

ollowed by CFT-batch, CFT-gradual, and then AFT treatments

ot at the optimum Fe2+:H2O2 ratio (i.e., 1:1 and 1:10). After
he initial stage, DTOC decayed slowly and reached 0.14 at
2 min for CFT-batch, reached zero for CFT-gradual and AFT
t Fe2+:H2O2 ratio of 1:5, and decayed more slowly for AFT

(

t
p

ig. 3. Evolution of DTOC (detectable total organic carbon remaining) in MTBE de
TBE initial concentrations.
s Materials 144 (2007) 29–40

t other Fe2+:H2O2 ratios. DTOC in the MTBE treatment with
2O2 alone was still 0.71 after 32 min of treatment. Thus the
enton reaction at any Fe2+:H2O2 ratio was much more effi-
ient than H2O2 alone for the treatment of MTBE in water. The
ighest DTOC degradation efficiency in AFT at the Fe2+:H2O2
atio of 1:5 also supports the previous conclusion that Fe2+ is
egenerated in the Fenton system to consume H2O2 beyond the
toichiometric demand (see reaction (1)), and that too much Fe2+

nd H2O2 will quench •OH through reactions (7) and (8). The
ffect of the MTBE initial concentration is shown in Fig. 3b;
TOC was found to decay more slowly at a higher MTBE con-

entration if other conditions remained the same, clearly due to
he presence of a larger amount of compounds (MTBE and its
ntermediates) that react with •OH.

.5. Mechanisms for MTBE degradation via anodic Fenton
eaction

The degradation of MTBE and its breakdown products by
nodic Fenton reaction involves numerous reactions among free
adicals, neutral compounds, oxygen, organic ions, and ferrous
nd ferric ions. The involvement of the iron ions makes it more
omplicated than the free radical degradation pathways that have
een reported [7–10,13–29]. Our discussion of the mechanisms
ocuses on the uncharted redox reactions that involve iron ions
nd related free radicals as well as the radical � and � scissions.

.5.1. Generation of primary intermediates

Schemes 1 and 2)

As stated earlier, the presence of Fe2+ and Fe3+ ions makes
he degradation of MTBE in the Fenton system more com-
lex than that proposed for the UV/H2O2 system. Walling [30]

gradation in (a) CFT and (b) AFT at different Fe2+:H2O2 ratios with different
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cheme 1. Fe3+/Fe2+ participating degradation of MTBE initiated by •OH H-
bstraction from methoxyl group.

eported that C-centered organic radicals containing �-OH or �-
R (typical electron-donating groups) can reduce Fe3+ rapidly

o Fe2+ with the rate constant estimated to be >4 × 108 M−1 s−1

or •CH2OH, while primary and secondary alkyl radicals are
nert toward such reactions. In the Fenton treatment of MTBE,
he •OH extracts hydrogen from the methoxy group of MTBE,
esulting in the C-centered radical 1a (Scheme 1). In addition
o reacting with O2, 1a also reacts with Fe3+, forming interme-
iate 1b via pathway I in Scheme 1. Hydrolysis of 1b yields
BA and 1c. The •OH H-abstraction from 1b generates the C-
entered radical 1d (pathway I in Scheme 1). Radical 1d should
e potently reductive [30] and can be oxidized by Fe3+ to TBF. In
athway II, �-scission occurs in radical 1a, producing formalde-
yde and the C-centered t-butyl radical 1e; 1e is then oxidized
y Fe3+ to form TBA.

The •OH also extracts hydrogen from the t-butoxy side of
TBE producing a C-centered radical; this radical reacts with

2 to form a peroxyl radical; two peroxyl radicals dimerize

o form a tetraoxide, which cleaves into two oxy radicals, 2a,
nd one O2 (Scheme 2). The �-hydrogen can rapidly shift
o the oxygen [59], converting 2a to the C-centered radical

cheme 2. Fe3+/Fe2+ participating degradation of MTBE initiated by •OH H-
bstraction from butoxyl group.
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Scheme 3. Fe3+/Fe2+ participating degradation of acetone.

b. 2b is potently reductive [30] and is oxidized by Fe3+ to
H3OC(CH3)2CHO (MMP). A �-scission can also occur in 2a
nd release formaldehyde and a reductive C-centered radical 2c,
hich is oxidized by Fe3+ to the hemiketal 2d. 2d is hydrolyzed

o acetone and methanol (Scheme 2). Since methanol was not
etected in our experiments, this �-scission should be a minor
oute of the pathways.

.5.2. Degradation of primary intermediates
Reaction rate constants and major degradation products of the

rimary intermediates – acetone, TBF, TBA, acetic acid, formic
cid, HCHO, and MMP – by reaction with •OH are shown in
able 2. Detailed oxidation mechanisms of the primary interme-
iates by •OH have been reported [20,51,52]. Not all reaction
roducts were analyzed in this study. Because •OH is the pri-
ary oxidant in the Fenton system, the authors expect that the

ame products as shown in Table 2 should also exist in AFT and
FT treatment of MTBE, but additional reactions should occur
ue to the presence of ferric and ferrous ions.

Acetone is the most abundant oxidation product under var-
ous reaction conditions. It is not only a reaction intermediate
f MTBE, but also an intermediate in the oxidation of TBF,
BA and MMP (Table 2), which explains its continuous accu-
ulation in AFT and CFT until all other compounds have been

onsumed (Fig. 2 and Figs. S3–S5). The high abundance of ace-
one is also related to its relatively lower oxidation rate with
OH (Table 2). As reported by Stefan et al. [51,52], oxidation
f acetone by •OH is initiated by H-abstraction at one of the
ethyl groups and continued by free radical reactions forming

arious products, with oxalic acid, acetic acid, and formic acid

s the predominant ones (Table 2). Fe3+ is not expected to react
ith the formed acetone radical (CH3COCH2

•, 3a in Scheme 3)
o any appreciable extent due to the existence of the electron-
ithdrawing carbonyl group [30]. 3a is transferred to pyruvic
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Table 2
Reaction rate constants and oxidation products of MTBE and its degradation intermediates with hydroxyl radicals

Chemical k•OH (M−1 s−1) Primary oxidation products References

MTBE 1.6 × 109a Acetone, HCHO, formic acid, acetic acid, TBF, TBA, MMP, methyl acetate [20]
HCHO 1.0 × 109b Formic acid [51,52]
Acetone 1.1 × 108b Acetic acid, formic acid, HOOCCOOH [51,52]
TBF 4.1 × 108c Acetone, HCHO, formic acid, HOC(CH3)2CHO, HOC(CH3)2COOH, CH3COCOOH [20]
TBA 6 × 108b Acetone, HCHO, HOC(CH3)2CHO, HOC(CH3)2COOH [20]
Formic acid 1.3 × 108b CO2 [51,52]
Acetic acid 1.6 × 107b HOOCCOOH, formic acid [51,52]
Methyl acetate 1.2 × 108b Acetic acid, formic acid This paper
MMP NA Acetone, HCHO, formic acid, CO2, HOC(CH3)2COOH, CH3COCOOH [20]
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a Ref. [31].
b Ref. [29].
c Ref. [61].

cid through several free radical reactions already described in
he literature [51]. It is of interest that 3a and the subsequently
ormed radical 3b can be reduced by Fe2+ in the presence of the
arbonyl group with a reaction rate constant >107 M−1 s−1 [30]
Scheme 3). As reported earlier [53], Fe3+ was the dominant iron
pecies in the AFT system. Thus, such reduction by Fe2+may be
minor pathway in acetone degradation.

TBF is the second most abundant MTBE oxidation interme-
iate. It is mainly formed through pathway I in Scheme 1. Its
elatively large k•OH and fast accumulation during the initial
tage of MTBE degradation (Fig. 2 and Figs. S3–S5) indicate
he importance of pathway I in the overall reaction of MTBE
Scheme 1). For TBF degradation mechanisms there are two
ossible sites for •OH H-abstraction. It is believed that the
ttack at the formyl group (forming radical 4b in Scheme 4)
s more likely than at the three methyl groups (forming radical
a in Scheme 4) because •OH is electrophilic [20]. In addition
o combining with O2 into the peroxide radical routes, radical

b is likely to undergo �- or �-scission because the bonds in
adicals are weakened compared to the non-radical molecules
54]. The �-scission dominates over the �-scission for radical
b because the unpaired electron is located on the carbon of

Scheme 4. Degradation of t-butyl formate and t-butyl alchohol.
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he carbonyl group [54]. Fe3+ can then oxidize (CH3)3C• (1e in
chemes 1 and 4), forming TBA (Scheme 4) [30].

TBA is generated from MTBE both through Scheme 1 and
rom TBF (Scheme 4). Its abundance is generally right below
hat of TBF (Figs. S3–S5), except in two cases where the abun-
ance of either acetic acid or formic acid is in between (see
ore discussion below). Considering the similar reaction rate

onstants of TBF and TBA, the lower abundance of TBA than
hat of TBF confirms that pathway I in Scheme 1 – leading
o the generation of both TBF and TBA – is more important
han pathway II in Scheme 1—leading to the generation of TBA
nly.

The attack of the •OH on TBA occurs at one of the methyl
roups [55]. Most of the C-centered radicals formed will com-
ine with oxygen to form a tetraoxide, which will eventually lead
o the generation of products in Table 2 (for detailed mechanism
ee Refs. [7,20]). The oxy radical 4e in Scheme 4 is generated
n this process. 4e cleaves to formaldehyde HCHO and radical
f, which is then oxidized to acetone by Fe3+ (Scheme 4).

Formaldehyde is a common product for MTBE and its degra-
ation intermediates (Schemes 1 and 4, Table 2). It quickly
ydrates to CH2(OH)2 (1c) [56] in the gas phase containing
ater vapor [56] and thus should occur even more quickly in the

queous phase with a higher water concentration. 1c is further
ransformed via •OH H-abstraction to the C-centered radical 1f,
hich is then oxidized by Fe3+ to formic acid, another common
roduct for MTBE and its intermediates (Table 2). HCOOH is
onverted to radical 1g through •OH H-abstraction (Scheme 1).
he reductive radical 1g (pKa = 1.4) is also formed from ace-

one degradation (Scheme 3) and can be rapidly oxidized to
O2 by Fe3+ and O2 (Scheme 3) [56,30]. It is not clear why a
igher percentage of formic acid is formed in AFT at the opti-
um Fe2+:H2O2 ratio than under other conditions (Fig. 2 versus
igs. S3 and S4), but more formic acid generation indicates a bet-

er capacity to mineralize MTBE because formic acid is believed
o react with the •OH radical leading to CO2 production—the
nal mineralization of the system (Table 2) [20].

Acetic acid is reported to be the degradation product of ace-

one and methyl acetate (Table 2). Oxidation of TBF, TBA, and

MP indirectly generates acetone and hence acetic acid. The
xidation rate of acetic acid (1.6 × 107 M−1 s−1) is about one-
rder of magnitude slower compared to that of MTBE and its
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xidation intermediates (>1.1 × 108 M−1 s−1) (Table 2). Stefan
t al. [20] reported a high production of acetic acid in MTBE
egradation in the UV/H2O2 process and attributed it to various
ources during treatment. Its high concentration in CFT-batch
upports the above conclusion. However, its maximum concen-
ration was the lowest among the detected MTBE oxidation
ntermediates in AFT treatments (Figs. 2 and S3), likely due
o the higher treatment efficiency of AFT compared to that of
FT-batch. In other words, acetic acid further degraded in AFT.
cetic acid is reported by others to form oxalic acid and formic

cid as the final oxidation products by •OH [20].
Pathways for methyl acetate generation are not important

ecause methyl acetate was not detected in AFT systems (Figs. 2
nd S3), but may be generated at a concentration below the detec-
ion limit (i.e., 0.01 �g/ml) [24,26], and very low production of
ethyl acetate was found in CFT systems (Figs. S4 and S5).
he •OH-initiated radical degradation mechanisms of MMP and
ethyl acetate were already studied [7,20], and thus are not

iscussed in this paper.

.5.3. Generic degradation scheme for MTBE and its
xidation intermediates in a Fenton system

On the basis of our experimental results and literature reports
7–10,13–30,51,52], Scheme 5 summarizes the generic path-
ays that MTBE and its break-down products follow in an

nodic or classic Fenton system. The degradation of MTBE or
ts break-down product 5a is initiated by H-abstraction from car-
on by •OH generated in the Fenton reaction to form radical 5b
ith a rate constant between 106 and 109 M−1 s−1 [29] (path-
ay a). Since •OH is electrophilic, its reactivity for abstraction
f hydrogen from the carbons of 5a is enhanced by electron-

onating group(s) on the carbons following the order: �-OR (R is
lkyl group or H) >�-R and is reduced by electron-withdrawing
roups such as the �-carbonyl group in acetone and acetic acid
30]. Dimerization of radical 5b should be negligible because

>
>
i
r

Scheme 5. General degradation mechanisms of MTBE
s Materials 144 (2007) 29–40 37

he concentration of 5b is low (less than 4 mM) [50], and no
imers were detected in our experiments. H-abstraction by •OH
rom the hydroxyl group of intermediates such as TBA is neg-
igible [55,58]. Furthermore, H-abstraction from MTBE and its
reak-down products 5a by oxy radicals 5h or peroxyl radicals
c is negligible because the reactivity should be 3–5 orders less
han that by •OH [54].

Depending on its structure, radical 5b can undergo degra-
ation via five different pathways. In pathway b, �/�-scission
ccurs forming radicals and non-radical products. In pathway c,
adical 5b combines with oxygen to form a peroxyl radical 5c,
hich can generate 5d if substitutent A = OH (pathway g), or
imerize to form a tetraoxide 5f (pathway h), or be reduced by
e2+ to form an oxy radical 5g (pathway i). Following pathway
, if substitutent A = H (such as in the methoxy group of MTBE),
f can either lose an oxygen, generating 5d and 5e (pathway j), or
ose an H2O2, generating two 5d products (pathway k). In addi-
ion, 5f will lose dioxygen forming an oxy radical 5g (pathway
). Three possible reactions can occur for radical 5g: pathway

—1,2-H shift leading to radical 5h if substitutent A = H; path-
ay n—�/�-scission; and pathway o—disproportionation to

orm 5d and 5e. In addition to pathways b and c, radical 5b
and radical 5h) can be oxidized by Fe3+ to either 5d (pathway
, A = OH) or 5e (pathway e, A = alkoxyl or alkyl), depending
n the nature of substitutent A (examples have been discussed
n the previous sections). Finally, in the presence of an electron-
ithdrawing substitutent, radical 5b can be reduced to the parent

ompound 5a by Fe2+ (pathway f) through an inner sphere
echanism with RO2-Fe3+ as the intermediate [59,60].
Pathway c has reaction rate constants ranging from 107

o 109 M−1 s−1[57], pathways d and e have rate constants

4 × 108 M−1 s−1 [30], and pathway f has a rate constant
107 M−1 s−1 [30]. Since iron was continuously introduced

nto the 100 mL AFT system at 0.037 mmol/min and Fe3+ was
eported to be the dominant iron species in the AFT system [53],

and its oxidation products in a Fenton system.
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he much higher concentration of Fe3+ (1–3 mM, data not shown)
compared to the concentration of dissolved O2 (0.24 mM at

aturation) – would make oxidation through pathways d and e
referable to O2-addition (pathway c) over the entire course of
he treatment.

In pathway c, the formation of peroxyl radicals 5c from pri-
ary C-centered radicals and dissolved oxygen is irreversible

nd diffusion-controlled (2–4 × 109 M−1 s−1) [50]. For sec-
ndary peroxyl radicals, the rate constant is around 107 M−1 s−1.
hese fast reaction rates make this reaction limited only by

he availability of the dissolved O2. The dissolved O2 can be
onsumed to a fairly low level by the C-centered radicals gener-
ted from the •OH H-abstraction of MTBE (>0.5 mM initially)
51,52]. If O2 concentration is low enough, the formation of
eroxyl radical (5c) in pathway c could compete with either
athway b or pathway d/e. However, O2 will not be depleted
ecause there are several reactions that generate O2 (e.g., path-
ays j and l). In fact, Xu and Gu [27] detected an increase in the

oncentration of dissolved oxygen over a long reaction period
>20 min) in the Fenton reaction, and attributed it to the reaction
elow:

O2H + Fe3+ → O2 + Fe2+ + H+ (9)

Note that •O2H is mainly generated via reaction (6).
In pathways d and e, the reductive reactivity of 5b is estimated

o decrease in the order of the electron donating ability of its sub-
titutent groups: �-OH > �-OR > �-R > �-H > �-carbonyl. Fe2+

s regenerated via these pathways so that the optimum ratio of
e2+:H2O2 in AFT is 1:5 instead of the stoichiometric 1:1. Such
ratio also indicates that the reduction of 5b by Fe2+ in path-
ay f is relatively insignificant, and that H2O2 is not generated

o a scale comparable with the regeneration of Fe2+. There-
ore, pathway k that regenerates H2O2 is not expected to be
ignificant.

Radical �-scission and �-scission in pathways b and n are
ikely to occur frequently during Fenton treatment of MTBE
ecause bonds in radicals are weaker than those in non-radical
olecules [54]. Furthermore, water accelerates the scission of

adicals significantly compared to gas phase [58]. The forma-
ion of double bonds in the non-radical products (e.g., HCHO,
cetone, CO2, and CO) also contributes to the fast rates [54].
imilar to the fast �-scission of radical 4d to form acetone as
hown in Scheme 4 (106 s−1) [59], many of the other radical �-
nd �-scissions in Schemes 1–5 should be rapid enough to com-
ete with both the formation of peroxyl radical 5c (pathway c)
nd redox reactions with Fe3+/Fe2+ (pathways d–f) in Scheme 5.

. Conclusions

This study has investigated the degradation of MTBE and
ts oxidation products in two Fenton systems (AFT and CFT).
he optimum molar ratio of Fe2+:H2O2 for AFT is 1:5. Grad-

al delivery of ferrous ion and H2O2 is more efficient than batch
nput of reagents to degrade MTBE and its break-down products
sing Fenton treatment, which warrants further study of AFT
reatment of MTBE on a larger scale, namely, for both AFT and
s Materials 144 (2007) 29–40

FT, the continuous input of reagents is better than the batch
nput in regard to process efficiency. MTBE and its break-down
roducts completely degraded in 32 min when ferrous ion and
2O2 were delivered into the treatment system via AFT at an
e2+:H2O2 ratio of 1:5. The degradation of MTBE was slower
s the initial MTBE concentration increased. Similar to pre-
ious findings, the three most significant degradation products
etected were acetone, TBF, and TBA, while acetic acid, formic
cid, and methyl acetate were minor products. Other products
uch as MMP and HCHO, although not targeted in this study,
ould also be among the degradation products at a low level
ased on the work of others.

On the basis of the experimental results and the literature, the
egradation mechanisms of MTBE and its breakdown products
n AFT and CFT were proposed. Generally, reactions are initi-
ted by H-abstraction by •OH generating C-centered radicals,
hich undergo various reactions including �/�-scission within

he radical, combination with oxygen, oxidation by ferric ions,
nd reduction by ferrous ions before generating the final oxi-
ation products. The predominant pathways are believed to be
adical combination with oxygen (and the reactions thereafter),
adical oxidation by ferric ions, and �/�-scission within the rad-
cal. Radical reduction by ferrous ions is the least important
athway in the overall fate of the generated radicals. Overall, by
nderstanding the reaction kinetics and mechanisms of MTBE
egradation in the anodic Fenton system, this study offers a
otential remediation technique for treating MTBE contami-
ated wastewater.
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