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Abstract
Methyl tert-butyl ether (MTBE) and 1,2-dichloroethane (1,2-DCA) are common groundwater
pollutants. MTBE is widely used as a gasoline additive while 1,2-DCA is used for the
production of vinyl chloride (VC). Both pollutants are difficult to be remediated and may
cause cancer. In this study, alkaline-activated persulfate was used to treat MTBE- and
1,2-DCA-contaminated groundwater. Batch experiments were conducted under different pH
to determine the required pH for alkaline-activated persulfate reaction. Furthermore, the
potential of alkaline-activated persulfate by industrial waste was also evaluated. The main
objectives were to: (1) investigate the required pH for alkaline-activated persulfate; (2)
evaluate the degradation efficiency of MTBE and 1,2-DCA by alkaline-activated persulfate;
and (3) evaluate the potential of industrial waste to drive alkaline-activated persulfate process.
Results show that alkaline-activated persulfate can effectively accelerate the degradation
of 1,2-DCA. Alkaline-activated persulfate reduced the degradation rate of MTBE and
inhibited the production of MTBE-degrading byproducts, tert-butyl alcohol (TBA) and
tert-butyl formate (TBF). Persulfate activated by industrial waste basic oxygen furnace slag
(BOF Slag) enhanced the degradation of 1,2-DCA. No heavy metals were released from BOF
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slag during the experiments. Results of this study would be helpful to design a practical
system for the treatment of contaminated sites. Since the mechanisms of contaminant
removal by alkaline-activated persulfate are complicated, feasibility study is necessary before
alkaline-activated persulfate is applied to other target compounds to avoid the retardation of
contaminant degradation.

Keywords: MTBE, 1,2-DCA, persulfate, alkaline activation, industrial waste, basic oxygen
furnace (BOF) slag

1. Introduction

Contamination of soil and groundwater by petroleum and chlorinated hydrocarbons has
become a serious issue worldwide due to the large amount of use. Generally, petroleum and
chlorinated hydrocarbons are most commonly detected pollutants in groundwater. These
pollutants may be released to the environment due to the leakage of underground storage
tanks (USTs) and pipelines, accidental spills, discharge of wastewater, and inappropriate
discharge and disposal.

Many technologies such as chemical oxidation, bioremediation, and air sparging have been
used to remediate contaminated. Among these technologies, chemical oxidation is a very
powerful technology that can destroy many contaminants effectively (ITRC, 2005).
Hydrogen peroxide, ozone, and permanganate are common oxidants used for the remediation
of organic pollutants. Recently, persulfate oxidation has been applied to in situ chemical
oxidation. Persulfate is a strong oxidant, which can be thermally (Johhnson et al., 2008;
Costanza et al., 2010) or chemically (Anipsitakis and Dionysiou, 2004; Liang et al., 2004a)
activated to produce more powerful sulfate free radicals to degrade organic pollutants .

Thermal activation
S,08% + heat — 2S04 (1)
SO, +e-—S045 E°=26V (2)

Chemical activation

Fe?* + S,05% — Fe*" + S0,% + S04 (3)
SO, + Fe* — Fe** + S0,% (4)
2Fe?* + S,04% — 2Fe* + 2 S0,* (5)

In addition to heat and transition metals, many other activation technologies such as
chelated Fe(ll) (Liang et al., 2004b; Liang et al., 2008), zero valent iron (ZVI) (Oh et al.,
2009; Hussain et al., 2012), nanoscale ZV1 (Yan et al., 2011), ultraviolet light (Lin et al.,
2011; Gao et al., 2012), and activated carbon (Yang et al., 2011) have also been developed to
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activate persulfate. Recently, alkaline-activated persulfate has been used to treat some
groundwater pollutants (Block et al., 2004; Liang et al., 2013). However, no comparison
study has been conducted to evaluate the difference of removal efficiency between
chlorinated and petroleum hydrocarbons. Since methyl tert-butyl ether (MTBE) and
1,2-dichloroethane (1,2-DCA) are typical petroleum hydrocarbon and chlorinated
hydrocarbon found in groundwater, respectively, the two compounds were selected as the
target compounds for this study. The main objectives of this study were to:

(1) determine the required pH for alkaline-activated persulfate;

(2) evaluate the degradation efficiency of 1,2-DCA and MTBE by alkaline-activated
persulfate; and

(3) evaluate the potential of industrial waste to drive alkaline-activated persulfate process.

2. Materials and Methods

In this study, batch experiments were conducted using 50 mL serum bottles to evaluate
MTBE and 1,2-DCA removal by persulfate under different alkaline conditions (pH 10-13,
25 °C, 150 rpm). Each bottle was filled with a mixed solution of the contaminant and
persulfate. pH of the batch experiments was adjusted by NaOH. Tablel shows the component
of 1,2-DCA and MTBE degradation by PS under different pH. In addition to NaOH, basic
oxygen furnace (BOF) slag was also used to evaluate its feasibility to increase pH. The
components of 1,2-DCA and MTBE degradation by PS with different dosages of BOF slag
were shown in Table 2.

GC-FID was mainly used for the analysis of 1,2-DCA, MTBE, and their degradation
byproducts including vinyl chloride (VC), tert-butyl formate (TBF), and tert-butyl alcohol
(TBA). The production of VC was reconfirmed by GC-MS. In addition, heavy metals in the
experiments with slag addition were analyzed using ICP-AES to evaluate the potential of
heavy metal release from slag.
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Tablel. Component of 1,2-DCA and MTBE degradation by PS under different pH.

Persulfate 1,2-DCA or MTBE NaOH/Persulfate
pH
(%) (mg/L) (mole ratio)
3
) 0:1
(unactivated)

10 003:1

1 1 o0 012:1

12 12:1

13 6:1

Table 2. Components 1,2-DCA and MTBE degradation by PS with different dosages of BOF

slag
Persulfate 1,2-DCA or MTBE Slag/Persulfate
Slag (g/L)
(%) (mg/L) (Weight ratio)
0
: 0:1
(unactivated)
20 2:1
40 4:1
1 50

60 6:1

80 8:1

100 10:1
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3. Results and Discussion

Figure 1 shows the results of 1,2-DCA removal by different alkaline conditions. Although
1,2-DCA degradation was increased with increasing pH under alkaline condition, its removal
was stalled at pH 10 and 11 compared to that of unactivated PS. The results show that
1,2-DCA degradation was enhanced with pH higher than 12. Results also show that the
degradation of 1,2-DCA by PS followed the pseudo-first-order reaction. The rate constants of
1,2-DCA removal at pH 12 and 13 were significant higher than that of unactivated PS,
respectively (Table 3).

--Control #-Unactivated #-pH =13 ><pH=12 ><pH=11-®pH=10

1 ‘

o
o

1,2-DCA, CIC,
o
»

0.4
0.2
0
0 20 40 60 80 100 120
Time (hr)

Fig. 1. 1,2-DCA removal by persulfate under different alkaline conditions.

Table 3. Rate constants of 1,2-DCA degradation by persulfate under different alkaline
conditions

1,2-DCA (mg/L) | Persulfate (%) pH K (US) =~
: ° 0.993
(unactivated) 3.77x 10 .
-6

S0 1 10 1.43 x 10 0.962

11 251x10 0.992

12 6.57x 10 0.976

13 117%x10 0.994
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During 1,2-DCA oxidation, VC production was observed (Fig. 2). It is interesting because
VC is a byproducts during the reductive dechlorination of 1,2-DCA, it might not be present
in an oxidation system. Therefore, the VC production was reconfirmed by GC/MS (Fig. 3).
The results show VC was indeed produced during alkaline-activated PS oxdiation.

<-12-DCA ®VC

60 1

50 0.8
=
£ 06
<30 E
) 0.4 L>>
20
—

10 0.2

0 0
0 20 40 60 80 100 120
Time (hr)
(a)
<-1,2-DCA ®VC

60 1

50 0.8
=
£ 0.6 <
<30 E
) 0.4 L>>
~ 20
—d

10 0.2

0 0
0 20 40 60 80 100 120
Time (hr)
(b)

Fig. 2. Degradation of 1,2-DCA and production of VVC during alkaline-activated PS oxidation
(@) pH 12, (b) pH 13.
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Ethane,1,2-dichloro-
(CAS:107-06-2

40000
00
20000 \ Ethane,1-bromo-2-chloro-
. / (CAS:107-04-0)
10000 ‘\ ﬁ \ s
N o i " b, 1 |
Time-> ¥

P! I a5

Fig. 3. Identification of VVC production by GC-MS.

Two possible mechanisms of alkaline-activated persulfate have been proposed by Furman
et al. (2010) and Watts (2011) (Eq. 6-11) and Corbin 111 (2008) (Eq. 12-17) as following.

OH
308-0-0-SO; +H,0 — [30S-0-0]+S0,%> +2H*  Eq.6
OH ) .
[ 50S-0-0 ]+H,0 — H-0-0 +S0,> +H' Eq.7

OH 9 "
30S-0-0-SO3 +2H,0 — HO, +2S0,° +3H Eqg. 8
H-O-O + 30S8-0-0-SO; — SO4- +S04% +H" + Oy- Eq. 9

25,0g° +2H,0 — 3S03° +S04- + 0, +4H"  Eq.10
SO, +OH —S0,2 +OH-  Eq.11
S,0g° — 280, Eq. 12

SO,- +OH — OH- +S0,4  Eq.13

OH- +OH- —» H,0,  Eqg.14

S,0¢° +2H,0 - 2HSO, +H,0,  Eg.15
H,0; + OH — HO, +H,0O  Eq.16

H,0; + HO, — Op- +OH-+H,0  Eq.17

Under alkaline conditions, hydroxyl, sulfate, and superoxide radicals are all in the system. It
has been reported that the reduced superoxide radical was predominant in alkaline-activated
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persulfate (Zhoa et al., 2013). Therefore, superoxide radical may contribute the production of
VC via the reductive dechlorination of 1,2-DCA during alkaline-activated persulfate
oxidation. Therefore, both oxidation and reductive dechlorination contributed the removal of
1,2-DCA, causing the enhancement of 1,2-DCA degradation.

Figure 4 show MTBE removal by persulfate under different alkaline conditions. MTBE
degradation was stalled under alkaline conditions. Since superoxide radicals are ineffective in
the degradation of MTBE, only sulfate and hydroxyl radicals contributed the removal of
MTBE. This may be the reason that caused the retardation of MTBE removal. Table 4 shows
the rate constants of MTBE degradation by persulfate under different alkaline conditions.
The degradation of MTBE by persulfate also followed pseudo-first-order Kinetics. The results
show MTBE had a highest degradation rate constant under unactivated conditions.

--Control #Unactivated 4 pH13 ><pH12 -¥pH1l ®pH10

1 T‘Q .

L 4
L 4
L

o
o

MTBE, C/C,
o
(o))

o
~

o
()

o

20 40 60 80 100 120
Time (hr)

o

Fig. 4. MTBE removal by persulfate under different alkaline conditions.

Table 4. Rate constants of MTBE degradation by persulfate under different alkaline
conditions.

MTBE (mg/L) | Persulfate (%) pH k (1/5) R?
3 -6
. 3.51 x 10 0.991
(unactivated)

10 1.16 x 10°° 0.990

50 1 =
11 1.44 x 10 0.997
12 2.05 x 10 0.992
13 1.84 x 10°° 0.997

TBF and TBA were produced during MTBE oxidation. However, the production of TBF
and TBA was inhibited under all alkaline conditions. Figure 6 presents the scheme of MTBE
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degradation with advanced oxidation processes (Huang et al., 2002). Acid-catalyzed
hydrolysis is necessary to produce TBF during MTBE oxidation. Under high pH conditions,
acid catalyzed hydrolysis was limited. Therefore, the production of TBF became limited.
Since TBA is produced from the hydrolysis of TBF, TBA formation was also inhibited under
high pH conditions.

+MTBE ®TBA +TBF
50
4
40
0
> 30
E
S
52 =
10
0 rx
0 20 40 60 80 100 120
Time (hr)
(a)
+MTBE #TBA -+ TBF
50 d 0.5
740 0.4
g
< 30 03 3,
o
. =
od 20 ' 02 m
u =
|_
=10 0.1
0 n/-/./.—__.’T 0
0 20 40 60 80 100 120
Time (hr)
(b)

Fig. 5. Degradation of 1,2-DCA and production of TBF and TBA during (a) unactivated and
(b) alkaline-activated PS oxidation (pH 13).
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?HS o) CH3 HVH 0 CH3

i 1

CHy—C-0-CHy ————» CHy—C-0—CH,~0-0-H CHy—C-0-CH
CHa OH or 804- CHs CH; (TBF)

H,0

CHy ¥

CH C

’ H/ “SOH
(TBA)

Fig. 6. Scheme of MTBE degradation with advanced oxidation processes (Huang et al.,
2002).

Figure 7 shows the degradation of 1,2-DCA and the production of VVC during PS oxidation
with the addition of different dosages of BOF slag. After BOD slag was added, pH in the
system rapidly increased to 12. The results show the removal of 1,2-DCA was enhanced with
the addition of BOF slag. In addition, VC was also produced. The results reveal the addition
of 20 g/L slag could effectively activated PS to enhance 1,2-DCA degradation. Results of
heavy metal analysis show no heavy metals were released from the slag during the treatment.
Therefore, slag seems to be a good alternative to activate PS.

Figure 8 show the degradation of MTBE and production of TBF and TBA during
persulfate oxidation with the addition of different dosages of BOF slag. Results reveal MTBE
degradation was stalled and the production of TBF and TBA was limited with BOF slag
addition due to high pH conditions.

-e-Control M Unactivated -#20g/LBOF -<409/LBOF
60 g/L BOF 80g/L BOF 1009/LBOF

1 m —o— -, N

o
o

1,2-DCA, C/C,
o
(o]

0.4
0.2
0 |
0 20 40 60 80 100 120
Time (hr)
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(@)

#20g/LBOF -<40g/L BOF ~60g/L BOF
©-80¢g/L BOF ~+-1009/LBOF
0.3
0.25
5 0.2
Es)
£0.15
)
> 01
0.05
0
0 20 40 60 80 100 120
Time (hr)
(b)

Figure 7. Degradation of 1,2-DCA (a) and the production of VC (b) during PS oxidation with
the addition of different dosages of BOF slag.

-e-Control 4-Unactivated 420g/LBOF -=><40g/LBOF
*60g/LBOF -®80g/LBOF -100g/LBOF

[ERN

0.8
Q
©o06
L
£ 04
S 0.
0.2
0
0 20 40 60 80 100 120
Time (hr)
(a)
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Unactivated 4209/LBOF ><409/L BOF
+60g/L BOF 80g/L BOF 100g/LBOF
20 0.2

[E
a1

0.15

o
[EEN
Activated TBF (mg/L)

Unactivated TBF(mg/L)
=
o

5 0.05
0 & 0
0 20 40 60 80 100 120
Time (hr)
(b)

Unactivated 4+209/LBOF ><409/L BOF
+60g/L BOF 80g/L BOF 100g/LBOF
20
15

TBA(mg/L)
=

0 20 40 60 80 100 120
Time (hr)
(©)
Fig. 8. Degradation of MTBE (a) and production of TBF(b) and TBA (c) during PS oxidation
with the addition of different dosages of BOF slag.
Conclusions
1. Superoxide radicals, hydroxyl radicals, and sulfate radicals may all exist in
alkaline-activated persulfate.
2. Removal of 1,2-DCA could be enhanced by alkaline-activated PS with pH above 12.
3. 1,2-DCA might be dechlorinated by superoxide radicals to produce VC during
alkaline-activated persulfate oxidation.
4. MTBE degradation was stalled under alkaline conditions, possibly due to the presence
of superoxide radicals.
5. BOF slag could effectively increase the solution pH to derive alkaline-activated
persulfate reaction.
6. EPR (electron paramagnetic resonance) analysis needs to be conducted to confirm the
role of the reduced superoxide radicals in contaminant removal.
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7. Since the mechanisms of contaminant removal by alkaline-activated persulfate are
complicated, a feasibility study is necessary before alkaline-activated persulfate is
applied to other target compounds to avoid the retardation of contaminant degradation.
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