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STRACT: The objective of this study was to evaluate the feasibility of
ig ferrous ion-activated persulfate oxidation to remediate groundwater
taminated with methyl tert-butyl ether (MTBE). In this study, batch
‘periments were conducted to evaluate the effects of various factors on the
siency of MTBE degradation including persulfate concentrations, ferrous
ncentrations, and persulfate coupled with hydrogen peroxide. Results
that ferrous jon-activated persulfate oxidation was capable of
ding MTBE efficiently. Persulfate and ferrous ion concentrations

ion resulted in decreased MTBE degrading rates most likely because
petition for sulfate free radicals between ferrous ion and MTBE. Two
byproducts of MTBE degradation, tert-butyl formate and tert-butyl
1, were detected in the experiments; both were, however, subsequently
ded. Results of sulfate analysis show that proper addition of ferrous
‘could prevent unnecessary persulfate decomposition. Water Environ.
1, 687 (2009).

ORDS: Methyl tert-butyl ether (MTBE), persulfate, ferrous ion,
On’s reaction, in situ chemical oxidation (ISCO).
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ygenates such as ethers and alcohols usually are introduced
asoline as additives to replace lead as an octane index
cer and to improve air quality. Among the oxygen-containing
ounds, methyl tert-butyl ether (MTBE) is the most commonly
d gasoline additive because of its low cost and ease of produc-
“and blending (Fayolle et al., 2001; Kharoune et al., 2001).
ver, because of the large amount of MTBE used, contarmi-
has occurred in groundwater, surface water, and air (Juhler
elding, 2003; Ayotte et al., 2005; Kolb and Piittmann, 2006;
et al., 2003; Schmidt et al., 2004; Rosell et al., 2006; Guillard

1., 2003; Lin et al.,, 2005). Methyl tert-butyl ether has been .

lonstrated to be an animal carcinogen., As a result, the U.S.
ironmental Protection Agency (U.S. EPA) has temporarily
s1ﬁed MTBE as a possible human carcinogen (U.S. EPA, 1997).
,ethyl tert-butyl ether is an organic chemical with high water
blhty and low adsorption to soil. In addition, MTBE is not
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ted with MTBE degradation rates. However, excess addition of

dily biodegradable because of the tertiary butyl group and ether -

linkage on it. Thus, it usually migrates a longer distance than other
gasoline components such as benzene, toluene, ethylbenzene, and
xylenes (BTEX) (US EPA, 1998; Braids, 2001; U.S. EPA, 2004).
For this reason, more active measures may be required to control
the movement of MTBE plumes at gasoline-contaminated sites.
Chemical oxidation technology is an effective, potent groundwater
remedial option capable of breaking down many contaminants in
water. Hydrogen peroxide, Fenton’s reagent, permanganate,
persulfate, and ozone are common oxidants used to remediate
organic pollutants (Damm et al., 2002; Mitani et al., 2002; Burbano
et al., 2005). Recently, persulfate oxidation has been proposed for
in situ chemical oxidation (ISCO) processes [Interstate Technology &
Regulatory Council (ITCR),” 2005]. The redox potential of
persulfate is about 2.01 V, which is higher than those of hydrogen
peroxide and permanganate but lower than those of hydroxyl
radicals (-OH) and ozone (Huang et al., 2002; ITRC, 2005).
Persulfate can be activated thermally or chemically by initiators
such as heat or transition metals (e.g., Fe?*) to produce more
powerful sulfate free radicals (SO, -) (Block et al., 2004):

S202" + initiator — 2SO0} - (or SO - + S027)
SO; - +e~ — SO E’=2.6V

ey
(2)
Sulfate free radicals are capable of degrading organic compounds

to carbon dioxide and water. For example, degradation of MTBE
by sulfate free radicals can be illustrated as reaction 3:

3080} - + CsHj,0 + 9H,0 — 5CO; + 30H' + 30802~ (3)

Generally, ferrous ion is a commonly used initiator for persulfate
activation (Liang et al., 2004a):

)

Fe?* + $;0%~ — Fe** 4+ 802~ 4 S0; -
k=12.0x 10" M1 5! (Travina et al, 1999)
Where, ‘
k = bimolecular rate constant.
SO; - +Fe*t — Fe** + 802~ 3)

k=46 x 10° M ! s~! (Buxton et al., 1997)

From reactions 4 and 5, overall reaction is obtained as reaction 6:
2Fe*t + 5,02~ — 2Fe* 42807~ (6)
= 3.1 X 10 M ™! s~! Buxton et al., 1997)
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Table 1—Parameters of methyl tert-butyl ether (MTBE) oxidation experiments.

: MTBE Na,S$.0, Fe** MTBE/S,05> /Fe?* H.O./Persulfate
Factors Trials (mM) (mM) (mM) (molar ratio) (molar ratio)
1. Persulfate 0.114 © 113 3.57 1110/31 0
5.69 : 1/50/31
11.39 1/100/31
34.16 1/300/31
.56.93 1/500/31
11.39 0 1/100/0
2. Ferrous ion 0.114 11.39 0.36 1/100/3.1 0
: 1.79 1/100/15.5
357 1/100/31
11.43 1/100/100
1.13 0.18 1/10/1.55
3. Persulfate with H-O, 0.114 11.39 357 . 1/100/31 1.18 mM of H,05 0
3 : 0.01/1 (H20, = 0.1
| » . 0.1/1 (H0, = 1.18
4. In situ groundwater 0.114 . 11.39 1.79 . 1/100/15.5 0

Persulfate can exist longer than other oxidants (such as O; and
H,0,) resulting in a greater transport distance in the subsurface. In
addition, because persulfate reacts less with natural organic matters
(NOM), it appears to be more appropriate for the remediation of
contaminated aquifers containing high NOM (Brown et al., 2003;
Block et al., 2004; ITRC, 2005). Dose demand of persulfate would
be less because of its lower affinity for NOM and its longer
retention time in the subsurface. As a result, the cost of using
persulfate oxidation may be lower compared to other oxidants,
making it a promising alternative in site remediation.

Persulfate activated by ferrous ion or heat has been used to treat
groundwater contaminants including chlorinated organics and
petroleum hydrocarbons (Anipsitakis and Dionysiou, 2004; Liang
et al., 2004a, 2004b; Hiang et al., 2005). Although degrading
efficiency. is lower, polycyclic aromatic hydrocarbons, explosives,
and pesticides could also be oxidized via persuifate ITRC, 2005;
Rivas, 2006). Recent studies have focused on kinetics and effi-
ciency: of trichloroethylene (TCE) removal by persulfate under
various environmental conditions (Liang et al., 2004a, 2004b; Liang
et al,, 2006; Liang et al., 2007). However, few studies have eval-
vated the feasibility of using persulfate for the degradation of
petroleum hydrocarbons such as MTBE and BTEX (Huang et al,,
2002; Block et al., 2004; Huang et al., 2005; Liang et al., 2008).
Huang et al. (2002) reported that effective removal of MTBE and
its degrading intermediates—including TBF, TBA, acetone, and
methyl acetate—was achieved via heat-assisted persulfate oxida-
tion. Block et al. (2004) also showed that more than 90% of MTBE
was decomposed by persulfate oxidation at 35°C. In addition, 80
to 98% of MTBE was degraded by ferrous iron-activated persulfate
at a pH of about 2. Kinetics of MTBE removal by iron-activated
persulfate has not been studied. '

In this study, batch experiments were conducted to evaluate
the various controlling factors—different persulfate and ferrous ion
concentrations, nature of solution (deionized water or groundwater),
persulfate coupled with hydrogen peroxide—on the efficiency of
MTBE degradation. The main objectives of this study were to (1)
evaluate the efficiency and kinetics of MTBE degradation via
persulfate oxidation under different conditions; (2) evaluate the
feasibility of using ferrous ion-activated persulfate oxidation to
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* oxidation on MTBE degradation. The initial pH values of
- water and groundwater were 5.5 and 7.0, respectivel

remediate MTBE-contaminated groundwater; (3) assess
bility of MTBE removal by persulfate coupled with h
peroxide; and (4) determine the formation and rem
byproducts, tert-butyl formate (TBF) and tert-butyl
(TBA), during MTBE degradation.

Materials and Methods

Chemicals. In this study, MTBE (99.97%, TEDIA C
Inc., Fairfield, Ohio) and sodium persulfate (NaS,0g;:
Riedel-de Haen, Germany) were selected as the target comipo
and the oxidant, respectively. Ferrous suifate (FeSO. ]
99.5%; Riedel-de Haen, Germany) was used to activate pe

Batch Kinetic Experiments. Volatile organic analy.
(40 mL) were used as batch reactors. Ten mg/L (0.114:
MTBE was prepared in a 2-L bottle previously and th
ion was introduced into the bottle followed by the additi
sulfate. Each 40-mL vial was then filled with the prepare
via a dispenser and then placed at 25 £ 1°C. The expel
persulfate coupled with hydrogen peroxide were condug]
same procedure with simultaneous addition of hydroge
and persulfate. Control experiments without the additi
sulfate or hydrogen peroxide also were conducted. No d
was applied to the batch reactors to simulate nearly static
in aquifers. During the experiments, samples were coll
various reaction times. Typically, most of the experim
stopped when MTBE, TBA, and TBF were completely
The efficiency of MTBE removal was obtained by calc
percentage of MTBE consumption at the end of the ex]
All batch kinetics experiments were conducted with -
Two aqueous media including deionized water (typically
groundwater were applied to evaluate the efficiency of

shows the parameters of each experiment of MTBE oxi

Analytical Methods. Organics including MTBE,
TBA ‘samples were pretreated by a headspace autosamp
Network Headspace Sampler, Agilent Technologies, S
California), and then analyzed using gas chromatograph
Agilent Technologies) equipped with flame ionizatio
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d capillary column (HP-5, 5% phenyl methyl siloxane, 30 m X
175 mm X 0.25 pum, Agilent Technologies). Oven temperature
a5 started at 50°C for 1 minute, and then increased 5°C per minute

a final temperature of 80°C and held for 1 minute. A split ratio
:1 was used, and the injector and detector temperatures were
maintained at 250°C. Method detection limits of MTBE, TBF,
TBA were 0.01, 0.04, and 0.05 mg/L, respectively. Sulfate

sis was performed by an ion chromatography (ICS-1500,

ex Corp., Sunnyvale, California) equipped with an analytical
umn (TonPac AS14, 4 X 250 mm, Dionex). A dissolved oxygen

r (ORION Model 1810A+, Thermo Fisher Scientific Inc.,
tham, Massachusetfs) was used to measure dissolved oxygen.
ion-reduction potential (ORP) and the potential of hydrogen
. were measured by an ORP meter (ORION Model 250A+,
o Fisher Scientific) and a pH meter (TES 1380, Taiwan),
ctively.

)
i

ults and Discussion

rsulfate Activation by Ferrous Ion. In a preliminary test,
E oxidation by persulfate with and without the addition of
us ion was conducted to determine the effectiveness of ferrous
n persulfate activation. The initial MTBE concentrations in the
ors were approximately 0.114 mM, and ferrous ion of 3.57 mM
plied. Results ‘show that MTBE was removed completely
78 hours in the presence of ferrous ion; 7% of MTBE was
ed in the system with persulfate alone (data not shown). No
degradation was observed when only ferrous ion and MTBE
in the reactors. Results reveal that the oxidative power of
ate was enhanced by ferrous ion because of production of
free radicals (Liang et al., 2004a). Subsequent experiments
nducted with the addition of ferrous ion to accelerate MTBE

ts of Persulfate Concentrations. Figure 1 presents the
of MTBE degradation under different persulfate concen-
. As shown in Figure la, complete MTBE oxidation was
lished with the molar ratios of MTBE/S,052~/Fe?* ranging
/50/31 to 1/500/31. However, no MTBE degradation was
ed with a MTBE/S;05> /Fe>* molar ratio of 1/10/31 during
urs of reaction time. Theoretically, 15 mole of persulfate is
of degrading one mole of MTBE based on the
ometry illustrated below:

o2 +CsHipO +9H,0 — 5CO; + 30H* + 3080~ (7).

ough the MTBE/S,052~/Fe?* molar ratio of 1/10/31 was not
nt for the complete degradation of MTBE, some removal
pected to occur according 'to reaction 7. Nevertheless, no
egradation was observed under this molar ratio. The
on of ferrous ion for sulfate free radicals (reaction 5) was
le for the ineffectiveness of MTBE removal because the
trous ion to persulfate in this experiment was much higher
of other four experiments (Table 1) (Liang et al., 2004a).
etics of contaminant removal using persulfate oxidation is
y proposed as a pseudo-first-order reaction (Huang et al.,
ang et al., 2005; Liang et al., 2007). Results revealed that
o-first-order reaction rate constants (k) of MTBE/S,05>"/
nolar ratios of 1/50/31, 1/100/31, 1/300/31, and 1/500/31
X 1072 4.4 X 107284 X 1072, and 20.8 X 1072h7},
vely. As shown in Figure 1b, persulfate concentration has
Correlation with MTBE degradation rate. Higher persulfate
fation caused more efficient MTBE degradation. However,
E reaction rates were less than the rates in an MTBE

[MTBE)[MTBE]o

0 50 “100 150 200 250 300

Time (h)
—4— MTBE/Persulfate/Fe(I) = 1/10/31 —e— MTBE/Persulfate/Fe(iD) = 1/5031 *

~o-- MTBE/Persulfate/Fe(ll) = 1/100/31 —s— MTBE/Persulfate/Fe() = 1/300/31
—— MTBE/Persulfate/Fe(Il) = 1/500/31
(@
0.25 —
02 }’2‘—‘ 0.0033x -
R”=0.9395
~ 015
g
= 01 r
0.05
0 1 1 1 ) L
0 10 20 30 40 50 60
Persulfate (mM)
(b)

Figure 1—Methyl tert-butyl ether (MTBE) degradation
under different persulfate concentrations: (a) normalized
MTBE concentrations versus reaction time ([MTBE] =
0.114 mM; [Fe**] = 3.57 mM); (b) pseudo-first-order
reaction rate constants (k) of MTBE oxidation ((MTBE] =~
0.114 mM; [Fe**] = 3.57 mM).

oxidation study conducted with thermal activation under similar
conditions (Huang et al,, 2005). This may be becanse of the
undisturbed system of this study, which resulted in lower reaction
rate constants. ) )

Effects of Ferrous ion Concentrations. Figure 2 shows the
results of MTBE degradation under different ferrous ion concen-
trations. Results revealed that MTBE could be totally consumed
with the molar ratios of MTBE/S,0527 /Fe?* ranging from 1/100/
3.1 to 1/100/100 (Figure 2a). Additionally, no significant differ-
ences were observed in required MTBE oxidation time with the =
molar ratios of MTBE/S,05> " /Fe?* between 1/100/3.1 and 1/100/
15.5. This indicates that persulfate activation could be achieved
even with the addition of a low concentration of ferrous ion.

* However, MTBE oxidation rate decreased significantly at MTBE/

S20¢”~/Fe** molar ratio of 1/100/100. This could because high
concentrations of ferrous jon caused competition for sulfate free
radicals between ferrous ion and MTBE (reactions 3 and 5) (Liang
et al., 2004a). According to available literature, the concentration of
ferrous ion between 100 mg/LL and 250 mg/L. was suggested for
persulfate activation (Block et al., 2004; ITRC, 2005).  Removal
efficiency of contaminants would drop because of the rapid
decomposition of persulfate if the concentration of ferrous ion
exceeded 750 mg/L. Thus, results of this study were similar to other
reports (Block et al., 2004; ITRC, 2005). Figure 2b presents the
pseudo-first-order reaction rate constants (k) of MTBE oxidation
under various ferrous ion concentrations. The reaction rate constants
with the molar ratios of MTBE/S,05> /Fe** of 1/100/3.1, 1/100/
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[MTBEVIMTBE]s
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Time (h)

—s— MTBE/Persulfate/Fe (If) = 1/100/15.5
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Figure 2—Methyl tert-butyl ether (MTBE) degradation
under different ferrous ion concentrations: (a) normalized
MTBE concentrations versus reaction time ((MTBE] =
0.114 mM; [Na,S,0g] = 11.39 mM); (b) pseudo-first-order

- reaction rate constants (k) of MTBE oxidation ((MTBE] ~
0.114 mM; [Na;S,05] = 11.39 mM); (¢) normalized MTBE
concentrations versus reaction time under high and
appropriate ferrous ion addition (IMTBE] ~ 0.114 mM;
[NazS,0g] = 1.13 mM).

15.5, 1/100/31, and 1/100/100 were 2.3 X 1072,3.5 X 1072, 4.4 X
1072, and 1.7 X 1072 h™, respectively. As shown in Figure 2b,
ferrous ion concentration had a linear correlation with MTBE
removal with ferrous ion concentrations of 0.36 to 3.6 mM. The
molar ratio of MTBE/S,052/Fe?* of 1/100/100 resulted in the data
point outlier. As discussed, the overdose of ferrous ion resulted in
a lower MTBE degradation rate because of competition for sulfate
free radicals between ferrous ion and MTBE. .

Results from the experiments indicated that molar ratios of

S,04% fFe** between 1/0.031 and 1/0.31 demonstrated good

MTBE degradation efficiency. Results in Figure la show that
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. MTBE was not degraded with a MTBE/S,05°"/Fe** molar

- system, which would react with sulfate radicals and decr

‘termination reactions (House, 1961). It has been reported

[MTBEJ/[MTBE]o

Zo~ 1.18 mM H,0; addition
—e— without H,O,

—a— Fenton's reaction

Figure 3—Methyl tert-butyl ether (MTBE) degra
using persulfate coupled with hydrogen peroxme ([
~ 0.114 mM; [Na;S,05] = 11.39 mM; [Fe 2*] = 3.5
Fenton’s reaction: [H.0,] : 1.18 mM + [Fe®*]: 3.57

1/10/31 (S,04%~ /Fe** molar ratio 1/3.1). This likely was be;
the effect of the high ratio of ferrous ion that was added

oxidation power. To test this hypothesis, a test with MTBE/Sj(
Fe?* molar ratio of 1/10/1.55 (S,05> /Fe** molar ratio of 1/
was conducted for comparison. Figure 2¢ presents the com
of MTBE degradation under high and appropriate ferrot
addition. More than 60% of MTBE was removed within 4301
with S,04% /Fe** molar ratio of 1/0.155, and complete degrac
was observed after 912 hours (38 days) with a reaction rate ‘
of 0.5 X 1072 h™ 1. However, no MTBE degradation was obs
with $,05% /Fe?* molar ratio of 1/3.1 during a 460-hour-re;
time. Results of the experiment suggested that excess addi
ferrous ion was the major factor inhibiting MTBE degradation
system.

According to reaction 7, 1.14 mM of persulfate theoretic
capable of degrading 0.076 mM of MTBE. However, 0.114
MTBE was completely removed in the test with MTBE/
Fe?* molar ratio of 1/10/1.55. The degrading efficiency of N
was approximately 1.5 times higher than the theoretical val
fact, the oxidation of contaminants in a persulfate system i ‘
a complicated chain reaction including initiation, propagation

the chain termination reactions are slower than chain prop
processes,. then even small amounts of sulfate radicals can:
in significant. contaminant removal. For this reason, consurj
of persulfate for contaminant treatment will be lower th
stoichiometric quantities (ITRC, 2005). Although stoichio
equations such as reaction 7 were commonly used to predi
reaction of persulfate with contaminants, results from this:
suggest that it is necessary to construct a more detailed mechi
of the.teaction between persulfate and contaminants (ITRC,
Liang et al., 2007). Results also showed that MTBE cou
degraded effectively with appropriate ferrous ion addition e
low concentration of persulfate was applied. Therefore, molar
of S,04> /Fe** in a persulfate oxidation system was the 10
important controlling factor to achieve effective MTBE remoV:

Removal by Persulfate and Hydrogen Peroxide. Hydro
peroxide was added into batch reactors to enhance the efficie:
MTBE oxidation because it can activate persulfate (Block et
2004). Figure 3 shows the results of MTBE degradation
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ulfate coupled with hydrogen peroxide. The addition of 1.18 .

f hydrogen peroxide enhanced MTBE removal efficiency,
ough 0.11 mM of hydrogen peroxide showed no significant
ovement. This indicates that 0.11 mM of hydrogen peroxide
not sufficient to improve persulfate activation. Because ferrous
was present in the system, formation of hydroxyl free radicals

generate more sulfate free radicals to accelerate MTBE
adation according to reaction 8 (House, 1961):

-OH + 8,03~ — SOj - + HSO}™ +1/20, (8)

- addition, formation of hydroxyl free radicals also would
bute to MTBE consumption. Block et. al. (2004) reported
synergisﬁc attributes caused by hydrogen peroxide and per-
e would enhance removal of contaminants. Furthermore, heat
rated from the decomposition of hydrogen peroxide may also
nally activate persulfate (Waldemer et al., 2007).
hen 1.18 mM of hydrogen peroxide was added alone with
us ion of 3.57 mg/L (Fenton’s reaction), more than 80% of
E was degraded efficiently within 15 minutes. However,
er MTBE removal was not observed because of complete con-
tion of hydrogen peroxide in the system. It has been reported
two stages of MTBE decomposition were observed in Fenton’s
ion (Sun and Pignatello, 1993; Xu et al., 2004). In the first
, MIBE is degraded rapidly with large amount of hydroxyl
radicals, which are generated from quick reaction of ferrous
and hydrogen peroxide. In the second stage, a lower rate of
E degradation occurred because ferric ions react much more
y with hydrogen peroxide than ferrous ions. Thus, if hydrogen
‘L ide was still in the system, continuous but slow MTBE

dation should be observed because of the catalyst of ferric’

In this study, however, MTBE was not further degraded until
nd of the experiment. Results revealed that hydrogen peroxide

0 longer present in the system. .
w concentration of hydrogen peroxide (1.18 mM) was added
nhance persulfate oxidation in this study. Thus, Fenton’s
on was conducted with 1.18 mM of hydrogen peroxide to
are to the combined persulfate/peroxide system. In this study,
jough MTBE degradation via Fenton’s oxidation was much
than the combined persulfate/peroxide system, it could not
g smove MTBE completely. Thus, persulfate in the combined system
ld be used to remove the residual MTBE. The results also
icate, however, that Fenton’s reaction was stalled because of
iz ulfate. In fact, using Fenton’s system with higher concentrations

Wever, in the case of improving a persulfate system, application
‘enton’s reaction with proper hydrogen peroxide concentrations

» 1.18 mM) followed by persulfate oxidation is an appropriate
O combination to readily and completely degrade contaminants.
Jegradation of Oxidation Byproducts. Figure 4 shows the
ation in MTBE and its byproducts, TBF and TBA, during the
ation processes. Firsts TBF, then TBA were produced while
E degraded. Huang et al. (2002) and Xu et al. (2004) proposed
imilar degrading pathway of MTBE by hydroxyl or sulfate free
cals. The two studies also reported that acetone and methyl
tate were formed during MTBE degradation process (Huang
2002; Xu et al., 2004). Table 2 summarizes the results
.MTBE oxidation. As shown in Table 2, TBA was more persistent
lan TBF in the system. In addition, complete degradation of TBA
as not observed with low concentration of oxidant (MTBE/
052~ [Fe?* = 1/50/31 and 1/10/1.55) or high concentration of

i3 ydrogen peroxide can improve the efficiency of MTBE removal. _

? —+— MTBE
g —=—TBF
% —a—TBA
g

3

@]

0 50 100 150
Tiroe (h)

Figure 4—Oxidation of methyl tert-butyl ether (MTBE) and

its byproducts, tert-butyl formate (TFB) and tert-butyl -

alcohol (TBA) (MTBE/S,04>"/Fe?* = 1/100/3.1; [MTBE] ~
0.114 mM; [Na,S;05] = 11.39 mM; [Fe**] = 0.36 mM).

ferrous jon (MTBE/S;04” /Fe®* = 1/100/31). This indicates that
higher oxidant concentration and proper ferrous ion addition are
necessary to achieve complete TBA removal. Moreover, results of
TBA degradation from MTBE/S,05°7/Fe®*" molar ratio of 1/10/
1.55 also suggest that persulfate was able to sustain the oxidation
power in the system more than 43 days because TBA concentration
dropped from 4.0 mg/L. on day 43 (data not shown) to 0.6 mg/L
on day 96 (Table 2). Continuous oxidative ability of persulfate
occurred in the system after a 1.5-month oxidation period.
Oxidation Efficiency in Groundwater. ' Uncontaminated
groundwater spiked with MTBE was used for further evaluation
to determine the efficiency of in situ persulfate oxidation. The initial
conditions of the groundwater were: pH = 6.99; dissolved oxygen
= 3.0 mg/L; ORP = 459 mV; and total organic carbon (TOC) =
21.8 mg/l.. As shown in Table 2, complete MTBE depletion in
groundwater was observed within a 116-hour persulfate reaction
(98 hours in deionized water) with a first-order reaction rate
constant of 3.1 X 1072h™" (3.5 X 1072 h ™! in deionized water). In
addition, byproducts of MTBE degradation (TBF and TBA) also
could be degraded completely in groundwater within a similar
oxidation time to that in deionized water (Table 2). Although TOC
in groundwater was higher than the concentration of MTBE, little
effect was observed on removal of MTBE and its byproducts in
the tests with groundwater addition. This likely is because the
reaction between persulfate and NOM is limited (ITRC, 2005). The
slightly decrease in the MTBE removal rate also may result from
the presence of natural radical scavengers in groundwater (e.g.,
carbonate, bicarbonate, chlorides) (ITRC, 2003; Liang et al., 2007).
Effects of Persulfate Oxidation on Water Quality Parameters.
In this study, two aqueous media including deionized water
(typically used) and groundwater were applied to evaluate the
efficiency of persulfate oxidation on MTBE degradation. The initial
conditions of deionized water were pH = 5.5, dissolved oxygen =
35 mg/L, and ORP = 459 mV (see previous section for
groundwater). Overall, ORP increased dramatically (more than
700 to 800 mV) because of production of sulfate free radicals. In
addition, pH values in deionized water dropped rapidly from 5.5 to
less than 3.0 (2.3 to 2.9) by the end of all experiments except for
those with the M'I'BE/SZOSZ_/Fe2+ molar ratio of 1/10/1.55 (pH = .
3.4) (Table 2). Although groundwater showed a stronger buffering
capacity during the first 70 hours of reaction (data not shown), the
final pH in groundwater also dropped to 2.8 in the reactors. The
results indicate that the application of in situ persulfate oxidation
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Table 2—Results of methyl tert-butyl ether (MTBE) oxidation by persulfate [TBF = tert-butyl formate; TBA = tert-h,

“alcohol; ORP = oxidation-reduction potential].

Total reaction  Total reaction

Total reaction .

time of time of time of Final
- complete MTBE complete TBF complete TBA Final dissolved  Final
MTBEISZOBZ‘IFez*‘ degradation degradation degradation Final ORP oxygen S0,
Trials (molar ratio) (hours) (hours) (hours) pH (mV) - (mg/L) (mg/L)
1 1/10/31 463.8 —! — 29 545 38 402
(no degradation) : .
1/50/31 260.0 141.3 > 338.0 2.6 778 35 1,197 1
1/100/31 77.5 725 170.0 2.5 839 35 1,085 4
1/300/31 51.6 51.6 97.8 2.3 844 45 1,614 8
1/500/31 20.3 29.3 55.8 25 893 - 3.9 1,291 20
2 1/100/3.1 93.8 1255 149.0 29 825 33 219 2
1/100/15.5 98.0¢ 110.0 173.5 24 770 5.6 751 3
1/100/31 775 725 170.0 25 839 35 1,085 4
1/100/100 241.0 40.5 >.360.5 25 812 36 2,807 1
1/10/1.55 912.0 864.0 > 2,304.0 3.4 477 46 171 0
3 Hz0, 1.18 mM > 268.0 49.0 > 268.0 26 467 53 — 61
’ (=~ 80% removal) . )
1/100/31 - 775 725 170.0 25 839 35 1,085 4
without Ho0» '
1/100/31 81.0 166.0 > 169.0 2.3 741 5.2 1,256 3
with HzO5 0.11 mM A
1/100/31 47.0 47.0 167.5 24 596 56 1,550 166
4 1/100/15.5 115.8 115.8 178.5 2.8 701 38 731 3

(in situ groundwater)

' Not available.

has the potential to lower the pH of groundwater. In a persulfate
oxidation system, high concentrations of sulfate may be produced to
form sulfuric acid. Although not as severe in aquifers because of the
buffering capacity of aquifer sediments, reductions in pH should
still be considered when persulfate oxidation is applied in situ
(ITRC, 2005). Liang et al. (2007) have investigated TCE degrada-
tion by persulfate oxidation under various pH values. The results
suggested that maximum TCE degradation occurred at pH 7. The
TCE degradation rates were higher at pH 9 than at pH 4. Because
pH values were not controlled in this study, further studies need to
be conducted to determine the optimum pH for MTBE degradation.

Dissolved oxygen did not noticeably increase except for when
hydrogen peroxide was added. Studies have reported that the
hydrolysis of persulfate in alkaline, neutral, and dilute acid solutions
could generate oxygen (Kolthoff and Miller, 1951):

S202™ + H,0 — 2HSO; +1/20, 9)

However, based on the results of pH measurement (pH < 3),
conditions in the batch reactors were unfavorable for oxygen
generation. Hydroxyl free radicals produced from the reaction of
suifate free radicals with water (reaction 10) or hydroxyl ion
(reaction 11) potentially could generate oxygen (Al-Ananzeh et al.,
2006). ’

SO; - +H,0 — -OH +HSO; (10)
k [H,0] < 2 X 1072 57! (Pennington and Haim, 1968)
SO; - + OH™ — HO-+S0%~ (11)

= 7.3 X 10" M~ 's™! (Chawla and Fessenden, 1975)
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Nevertheless, reaction 10 has a low reaction rate constan
reaction 11 requires alkaline conditions to increase the pro
of hydroxyl free radicals. Thus, oxygen generation via hy
free radicals was not predominant in the system. The pres
hydrogen peroxide in the system seems to be another critical
of oxygen. Generally, hydrogen peroxide could be produce
monopersulfuric acid (H,SOs), which is formed from the
position of persulfate in strong acidic solutions (> 0.5 M
(Kolthoff and Miller, 1951):

H,8,03 + H,0 — H,S05 + H,S0,
H,S05 + H,O — H05 + HySOy

Although pH values in the reactors were less than 3, it di
meet conditions for predominant hydrogen peroxide prodi
This resulted in unfavorable effects on oxygen production. Base
the above discussion, significant oxygen generation would not

‘place in the systems. In addition, field appﬁcaﬁons also she
that the increase of pressure in injection wells was not obsel
indicating a limited release of gases from persulfate (ITRC, 2
Results of this study were in accordance with the data obtained
the field demonstration.

Production of Sulfate during Oxidation. Final sulfate .c{
centrations were analyzed in the experiments because sulf
production is related to persulfate decomposition and consump
Experimental results reveal that no significant differences in sulf
production were observed under various MTBE concentra
except for the MTBE/S,04% " /Fe*" molar ratio of 1/10/31 (Tab
However, ferrous ion caused a significant effect on final sulf:
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entrations. Experiments with higher ferrous ion concentrations
alted in higher sulfate production (Figure 5). Table 2 shows
ﬁﬁlthough 2710 mg/L of persulfate degraded MTBE completely
¢ different ferrous ion concentrations, sulfate production
ased with higher ferrous concentrations. This indicates that
Ifate decomposition rates would increase when higher
ptration of ferrous ion was added. Thus, proper addition of
s ion could prevent unnecessary persulfate decomposition.

lusions .

this study, MTBE oxidation using ferrous ion-activated
ulfate oxidation was investigated. Results from the experiments
that persulfate oxidation was capable of degrading MTBE

rate. Higher persulfate concentration caused more efficient
E degradation. No significant dissolved oxygen increase was
ed in most experiments because of unfavorable conditions
231029). :
ous ion concentration presents a near-linear effect on MTBE
al (between 0.36 and 3.57 mM of ferrous iron addition).
ver, when excess ferrous ion was applied (11.43 mM),
prading efficiency of MTBE decreased because of competition
sulfate free radicals between ferrous ion and MTBE. Results
n the experiments showed that MTBE could be degraded
»uvely under appropriate ferrous ion addition {molar ratios of
~/Fe?* between 1/0.031 and 1/0.31) even if low concentra-
f persu]fate was applied (1.13 mM). Thus, the molar ratio of
“/Fe*t ina persu]fate oxidation system is the most important
trolling factor to achieve effective MTBE removal. Moreover,
esuits of sulfate analysis revealed that persulfate decomposition
Id be increased if higher concentration of ferrous ion was
ed. Thus, appropriate addition of ferrous ion should be
trolled to prevent unnecessary persulfate decomposition. The
lts of TBA degradation show that low concentration of
ulfate (approximately 1.13. mM) was able to remain in the
m for more than 43 days. This indicates that persulfate is
ible oxidant in water. In addition, the degrading efficiency of
BE was higher than that predicted from the stoichiometric
tion. This may result from the comphcated chain reactions of
te free radicals.
e combined system with the addmon of persulfate and
Xide simultaneously is able to enhance the efficiency of MTBE
adation effectively. The first-order reaction rate of the
bined system was approximately four times higher than that
e experiment without hydrogen peroxide addition. Results also
ate that application of Fenton’s reaction followed by persulfate
dation has the potential to be developed into a more effective
system. Results of this study could aid in designing systems
mediate MTBE-contaminated sites.
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Figure 5—Sulfate production under various ferrous ion
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11.39 mM) (MTBE = methyl tert-butyl ether).
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