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bstract

The objectives of this bench-scale study were to (1) determine the optimal operational parameters and kinetics when potassium permanganate
KMnO4) was applied to in situ oxidize and remediate trichloroethylene (TCE)-contaminated groundwater and (2) evaluate the effects of manganese
ioxide (MnO2) on the efficiency of TCE oxidation. The major controlling factors in the TCE oxidation experiments included molar ratios of
MnO4 to TCE (P value) and molar ratios of Na2HPO4 to Mn2+ (D value). Results show that the second-order decay model can be used to
escribe the oxidation when P value was less than 20, and the observed TCE decay rate was 0.8 M−1 s−1. Results also reveal that (1) higher P value
orresponded with higher TCE oxidation rate under the same initial TCE concentration condition and (2) higher TCE concentration corresponded
ith higher TCE oxidation rate under the same P value condition. Results reveal that significant MnO2 production and inhibition of TCE oxidation
ere not observed under acidic (pH 2.1) or slightly acidic conditions (pH 6.3). However, significant reduction of KMnO4 to MnO2 would occur
nder alkaline condition (pH 12.5), and this caused the decrease in TCE oxidation rate. Results from the MnO production experiments show that
2

nO2 was produced from three major routes: (1) oxidation of TCE by KMnO4, (2) further oxidation of Mn2+, which was produced during the
xidation of TCE by KMnO4, and (3) reduction of MnO4

−1 to MnO2 under alkaline conditions. Up to 81.5% of MnO2 production can be effectively
nhibited with the addition of Na2HPO4. Moreover, the addition of Na2HPO4 would not decrease the TCE oxidation rate.

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

Groundwater at many existing and former industrial sites
nd disposal areas is contaminated by halogenated organic com-
ounds that were released into the environment. The chlorinated
olvent trichloroethylene (TCE) is one of the most ubiquitous
f these compounds. The maximum contaminant level (MCL)
the concentration established under the Safe Drinking Water
ct as being protective of human health and the environment)

or TCE is 5 �g/L [1,2]. Beyond the toxicity of TCE and its

resence in the environment, many researchers have shown
he compound to be very resistant to biodegradation. At many
CE spill site, residual amounts of TCE persist in a pure liq-

∗ Corresponding author.: Tel.: +886 7 525 4413; fax: +886 7 525 4449.
E-mail address: jkao@mail.nsysu.edu.tw (C.M. Kao).

d
o
t
f
t
h
f

304-3894/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.09.116
ater contamination

id phase [commonly referred to as dense, non-aqueous-phase
iquids (DNAPLs)] within pore spaces or fractures. The slow
issolution of residual TCE results in a contaminated plume
f groundwater [3,4]. Therefore, more effective and aggressive
pproaches are desirable for TCE-contaminated groundwater
emediation.

Oxidation converts hazardous contaminants to nonhazardous
r less toxic compounds. The oxidizing agents most commonly
sed for the treatment of hazardous contaminants are potassium
ermanganate (KMnO4), ultraviolet radiation, ozone, chlorine
ioxide, hydrogen peroxide (H2O2), and Fenton’s reagent [H2O2
xidation in the presence of ferrous iron (Fe2+)] [5,6]. Among
hese oxidants, KMnO4 has been receiving increased attention

or the treatment of liquids, slurry soils, and sludges that con-
ain oxidizable contaminants [7–9]. Laboratory and field studies
ave been conducted to determine the potential of using KMnO4
or in situ remediation of organic contaminants. KMnO4 is

mailto:jkao@mail.nsysu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.09.116
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ttractive as an in situ oxidant because of its relatively high
xidation potential (E0 = 1.7 V), its ability to oxidize a variety
f organic chemicals, its effectiveness over a wide range of pH,
nd its relatively low chemical cost [10–12]. Because oxida-
ion reaction with MnO4

−1 proceed by electron transfer rather
han more rapid free radical processes like Fenton’s reagent,
t appears amenable to application in low permeable subsur-
ace.

Application of the in situ chemical oxidation (ISCO) to reme-
iate chlorinated-hydrocarbon contaminated aquifer has been
nvestigated in a variety of studies [13–15]. When KMnO4
s used as the oxidant, TCE break down to CO2, Cl−, while

nO4
− reduces to manganese dioxide (MnO2) (a solid precip-

tate) or Mn2+ [16,17]. The reaction of TCE with KMnO4 can
e written as Eqs. (1) and (2) [18,19]. Based on Eq. (1), 1.81 g
f MnO4

− can react with 1 g of C2HCl3 (TCE) and produce
.32 g of MnO2, 0.67 g of CO2, and 0.81 g of Cl−. In Eq. (2),
he produced Mn2+ would be further oxidized by MnO4

− to
orm MnO2 (Eq. (3)). Moreover, in the absence of reductants
uch as TCE, MnO4

− can react with Mn2+ and produce MnO2
articles. Eq. (4) shows that MnO4

− reacts with water and pro-
uces MnO2 in the system. Eq. (5) shows that when dibasic
odium phosphate (Na2HPO4) is supplied to the system, phos-
hate dibasic (HPO4

2−) would be released [20]. The released
PO4

2− reacts with Mn2+ and forms more soluble manganese
hosphate dibasic (MnHPO4). This would minimize the amount
f produced MnO2 particles and prevent the possible clogging
roblems.

2KMnO4 + C2HCl3

→ 2CO2 + 2MnO2 + 2K+ + H+ + 3Cl− (1)

6KMnO4 + 5C2HCl3 + 3H+

→ 6Mn2+ + 10CO2 + 6K+ + 15Cl− (2)

KMnO4 + 3Mn2+ + 2H2O → 5MnO2 + 2K+ + 4H+ (3)

MnO4
− + 2H2O → 3O2 + 4MnO2 + 4OH− (4)

n2+ + HPO4
2− → MnHPO4 (5)

ased on Eq. (1), the following second-order reaction kinetics
an be written:

d[TCE]

dt
= −k[TCE][KMnO4] (6)

here [TCE] is the TCE concentration (mole/L), [KMnO4]
MnO4 concentration (mole/L), k is second-order rate constant

M−1s−1), and t is the reaction timeMoreover, another way to
resent the second-order reaction and obtain the k value follows
21–23]:
ln M − XA

M(1 − XA)
= (CB0 − CA0)kt (7)

here CA0 is the initial TCE concentration (mole/L), CB0 is
nitial KMnO4 concentration (mole/L), M = CB0/CA0, XA is TCE

d
a
p
o
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ransformation rate = (CA0 − CA)/CA0 × 100%, and CA is the
CE concentration (mole/L)

The slope of the curve can be written as (CB0 − CA0)k.
revious researchers reported that the calculated k values var-

ed from 0.64 to 0.92 M−1 s−1 (Juang et al., 2001; Junkeler
t al., 2003). Recently, researchers have investigated oxida-
ion of TCE by KMnO4 and obtained satisfactory results.
ome researchers have studied the kinetics and intermediates
f the reactions between TCE and KMnO4. However, little
s focusing on the optimal dosage of KMnO4 and effects of
atural groundwater on oxidation efficiency. Thus, the princi-
al objectives of this study were to (1) determine the optimal
perational parameters [e.g., initial pH values, molar ratios
f KMnO4 to TCE (P value), TCE concentrations, natural of
olutions, sediment permeability, and shaker speed (stability
f the environment)] and kinetics of this ISCO system, (2)
valuate the effects of MnO2 on the efficiency of TCE oxi-
ation, and (3) determine the optimal operational parameter
f D value (molar ratios of Na2HPO4 to Mn2+) to inhibit
he production of MnO2. In this study, batch experiments
ere conducted to evaluate the insight into the ISCO system
sing KMnO4 as the oxidant. Moreover, the extent of dechlo-
ination, reaction orders, and degradation rates and kinetic
ehavior of TCE in reactions with permanganate were also
emonstrated.

. Study site description

Results from previous studies indicate that groundwater
amples collected around a formal TCE spill site located in
outhern Taiwan were contaminated by TCE [24]. The detected
CE concentrations ranged from 500 �g/L to 32 mg/L in col-

ected groundwater samples around the most contaminated area
24]. According to Taiwan’s Soil and Groundwater Pollution
emediation Act [25], this TCE contaminated site needs to be

emediated. Thus, efficient and effective remediation technolo-
ies are required.

The site soils are moderately acidic and well drained
n low lands [26]. Results from our boring log data and
rain-size distribution analysis indicate that the surficial
quifer sediments consist of yellowish-brown silty sand and
ight gray sandy loam with yellowish-brown mottles. Depth
o the seasonal high water table is approximately 3.2 m.
ccording to the results from hydrogeologic tests, the aver-

ge hydraulic conductivity of the host geologic material is
× 10−5 m/s, and the groundwater slop is approximately
.1%.

. Materials and methods

In this study, 300-mL serum bottles (batch reactors) were
sed to perform the batch oxidation experiments. Each reactor
apped with a Teflon-lined rubber stopper containing 150 mL of

eionized (DI) water or groundwater collected from the studied
quifer. Each reactor contained: (1) a pH meter for continuous
H monitoring and (2) a three-way outlet attached on the top
f the reactor for water sample collection and reagent injection.
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ive groups of batch experiments were performed to evaluate the
ariations in different controlling factors on the effectiveness of
CE oxidation. Table 1 shows the descriptions and major con-

rolling factors of each oxidation group. The controlling factors
or those five groups of batch experiments were varied (1) ini-
ial P values (0, 2, 5, 10, and 20), (2) initial D values (0, 50,
00, and 300), (3) initial pH values (pH 2.1, 6.3, and 12.5),
4) shaker speeds (0, 50, and 200 rpm), and (5) soil permeabil-
ties (silty sand, clayey silt, and silty clay). Moreover, natural
f solutions [deionized water (DI water) and groundwater] and
ffects of Na2HPO4 addition on TCE oxidation were also eval-
ated. Groundwater used in this study was collected from a
ackground monitor well at the TCE contaminated site. Ground-
ater samples from the background monitor well were collected

nd analyzed quarterly during an 1 year investigation period.
ollected groundwater samples were analyzed for organic com-
ounds and geochemical indicators including TCE, inorganic
utrients, temperature, anions, pH, conductivity, redox poten-
ial (Eh), dissolved oxygen (DO), total dissolved solids (TDS),
hemical oxygen demand (COD), and total organic carbon
TOC). Ion chromatography (Dionex) was used for inorganic
utrients and anions (NH3, Cl−, NO3

−, NO2
−, CO3

−2, HCO3
−,

nd SO4
−2) analyses. TOC was analyzed by a Total Carbon

nalyzer (Shimadzu). DO, Eh, pH, CO2, and temperature were
easured in the field. An Accumet 1003 pH/Eh meter (Fisher
cientific) was used for pH and Eh measurements, an Orion DO
eter (Model 840) was used for DO measurements. Analyses
ere performed following the methods described in Standard
ethods [27]. TCE analyses were performed in accordance
ith U.S. EPA Method 601, using a Tekmer Purge-and-Trap
odel LSC 2000 with a Varian Model 3800 Gas Chromatograph

GC).
All experiments were operated in a shaker (Wisdom Orbital

haker, OS-72, US) with a predetermined shaking speed. The
mbient temperature was controlled at 25 ◦C. The main objec-
ive and operating conditions for each group of experiments were
escribed in Table 1. In the soil permeability experiments, 150 g
f selected sediments [one of those three sediment (silty sand,
layey silt, or silty clay)] were added into the serum bottles to
valuate the effects of sediments on oxidation efficiency. The
nitial pH in each reactor was adjusted by adding H2SO4 and
aOH in the solution. Three subsamples were collected at each

ime point and analyzed for TCE concentrations. At the end of
he batch experiment, sodium thiosulfate (Na2S2O3) was added
nto the reactor to terminate the oxidation experiments to obtain
epresentative TCE concentrations. Selected samples were ana-
yzed for the possible degradation by-products using GC/MS.
he GC/MS was operated with the computer system MS Chem-
tation (HP) following the procedures described in Susarla et al.
28]. Chloride ion was analyzed by chloride ion meter (Inolab,
H/ION Level 2, US). Before the addition of sodium thiosul-
ate, collected samples were analyzed for the concentrations of

nO4
− and MnO2 in the dissolved phases. Because dissolved
nO2 can be detected at both 526 and 418 nm, and MnO4
−

an be detected at 526 nm. Thus, concentrations of MnO4
− and

nO2 were analyzed by spectrophotometer (Hach, CR/4000U,
S) at 526 and 418 nm, respectively [21,27,29].
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. Results and discussion

.1. Effects of P value on TCE oxidation (Group 1)

From Eqs. (1)–(4), optimal amount of KMnO4 is a necessity
o reach the complete TCE oxidation and least MnO2 production.
hus, optimal P value plays an important role in the improve-
ent of the effectiveness of KMnO4 oxidation. In this group of

atch experiment, five different P values (molar ratios of KMnO4
o TCE) (0, 2, 5, 10, and 20) and four different initial TCE con-
entrations (0.5, 5, 20, and 100 mg/L) were evaluated for the
ffects of P values on TCE removal efficiency when DI water
as used and initial pH was 6.3. Fig. 1a–d show the percentage
f TCE remaining (C/C0 = remaining TCE concentration/initial
CE concentration) after oxidation under the conditions of var-

ed P values with initial TCE concentrations of 0.5, 5, 20, and
00 mg/L, respectively. Although stoichiometry equations (Eqs.
1)–(3)) show that the P value must be greater than two to com-
letely oxidize TCE to non-toxic end products, much higher P
alues are required to proceed the oxidation process. Results
how that the percentage of TCE remaining (C/C0) were 0.96,
.92, 0.81, 0.63, and 0.42 when P values were 0, 2, 5, 10, and 20,
espectively at the reaction time of 240 min and C0 of 0.5 mg/L.
esults indicate that the higher the P value, the higher the TCE

emoval efficiency. Thus, the highest TCE removal efficiency

as observed at P value of 20. When C0 equaled 5 mg/L and

eaction time was 240 min, the percentage of TCE remaining
as 0.95, 0.49, 0.15, 0.02, and 0.02 when P values were 0, 2, 5,
0, and 20, respectively. When C0 equaled 20 mg/L and reaction

c
t
t
e

ig. 1. (a) Percentage of TCE remaining vs. time under the conditions of varied P valu
s. time under the conditions of varied P values with initial TCE concentration of 5 m
alues with initial TCE concentration of 20 mg/L. (d) Percentage of TCE remaining v
f 100 mg/L.
s Materials 153 (2008) 919–927

ime was 240 min, the percentage of TCE remaining was 0.96,
.3, 0.02, 0.002, and 0.002 when P values were 0, 2, 5, 10, and
0, respectively. When C0 equaled 100 mg/L and reaction time
as 240 min, the percentage of TCE remaining was 0.95, 0.24,
.002, 0.002, and 0.001 when P values were 0, 2, 5, 10, and 20,
espectively. Thus, the optimal P value was 10 when C0 was
pproximately 5 and 20 mg/L, and the P value was close to 5 at
0 equaled 100 mg/L. This indicates that the amount of KMnO4
sed to oxidize TCE would be close to the theoretical P value
ased on the stoichiometry equation at the source of the TCE
pill location (DNAPL zone) or when extremely high TCE con-
entration (100 mg/L) was observed. However, higher P value is
equired when the treatment zone contains lower level of TCE
oncentration.

Fig. 2a and b present the efficiency of oxidation
ln(M − XA/M(1 − XA))] versus time under the conditions of
aried P values with initial TCE concentration of 0.5 and 5 mg/L,
espectively. Based on Eq. (7), the calculated second-order reac-
ion rate was 0.8 M−1 s−1, and the estimated efficiency curve
ln(M − XA/M(1 − XA)) versus time] matched very well with the
bserved data. Moreover, the calculated second-order reaction
ate (0.8 M−1 s−1) was close to the k values (0.64–0.92 M−1 s−1)
eported by other researchers [17,21]. In Fig. 2b, the estimated
fficiency curve with k value of 0.8 M−1 s−1 also had a good
atch with the observed data. Fig. 2c and d present the effi-
iency of oxidation [ln(M − XA/M(1 −XA)) versus time] under
he conditions of varied P values with initial TCE concentra-
ion of 20 and 100 mg/L, respectively. Results indicate that the
stimated efficiency curve with k value of 0.8 M−1 s−1 did not

es with initial TCE concentration of 0.5 mg/L. (b) Percentage of TCE remaining
g/L. (c) Percentage of TCE remaining vs. time under the conditions of varied P
s. time under the conditions of varied P values with initial TCE concentration
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Fig. 2. (a) Efficiency of oxidation vs. time under the conditions of varied P values with initial TCE concentration of 0.5 mg/L. (b) Efficiency of oxidation vs. time
under the conditions of varied P values with initial TCE concentration of 5 mg/L. (c) Efficiency of oxidation vs. time under the conditions of varied P values with
initial TCE concentration of 20 mg/L. (d) Efficiency of oxidation vs. time under the conditions of varied P values with initial TCE concentration of 100 mg/L.

Table 2
Calculated second-order reaction rates with varied P values

TCE (mg/L) P = 2 P = 5 P = 10 P = 20

0.5 0.8 M−1 s−1 0.8 M−1 s−1 0.8 M−1 s−1 0.8 M−1 s−1

5 0.8 M−1 s−1 0.8 M−1 s−1 0.8 M−1 s−1 0.8 M−1 s−1

20 0.8 M−1 s−1 (within 30 min
of reaction time)

0.8 M−1 s−1 (within 30 min
of reaction time)

0.8 M−1 s−1 (within 30 min
of reaction time)

0.8 M−1 s−1 (within 30 min
of reaction time)

1

high r
c

m
c
r
a
t

4
p

a
o
e
o
e
a
2
a
m
2
m

20 produced more MnO2 than P value of 2 with D value of 0. This
reveals that higher P value caused higher oxidation potential,
released more Mn2+, and thus, produced more MnO2. Fig. 4
shows the percentage of inhibited MnO2 production (compared
00 NAa NA

a The extra high initial TCE concentrations (20 and 100 mg/L) might cause the
ould not fit the reaction.

atch well with the observed data. The extra high initial TCE
oncentrations (20 and 100 mg/L) might cause the high reaction
ate within a short period of time, and thus, second-order mech-
nism could not fit the reaction mechanisms. Table 2 presents
he calculated second-order reaction rates with varied P values.

.2. Effects of D value on TCE oxidation, MnO2

roduction, and KMnO4 depletion (Group 2)

From Eq. (5), the addition of HPO4
2− would minimize the

mount of produced MnO2 particles and prevent the clogging
f subsurface environment. Thus, Na2HPO4 was added and the
ffects of D value on the production of MnO2 and effectiveness
f TCE oxidation by KMnO4 was evaluated in this group of
xperiment. Fig. 3 presents the produced MnO2 (absorbance
t 418 nm) with varied P (2 and 20) and D (0, 50, 100, and
00) values with the initial pH and TCE concentration of 6.3

nd 5 mg/L, respectively in DI water solution. Results show that
ore MnO2 was produced when D value was 0 with P values of
and 20. This indicates that the addition of Na2HPO4 is able to
inimize the amount of produced MnO2. Moreover, P value of

F
a

NA NA

eaction rate within a short period of time, and thus, the second-order mechanism
ig. 3. Produced MnO2 vs. time under the conditions of varied P and D values
t the initial pH of 6.3 and TCE concentration of 5 mg/L in DI water solution.
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Table 3
Analytical results of the site groundwater

Item Unit Result

Temperature ◦C 26.5
pH 6.3
Conductivity �S/cm 164
DO mg/L 3.80
Eh mV 304
TDS mg/L 62.0
TOC mg/L 2.06
COD mg/L 3.2
TCE mg/L ND
Chloride mg/L 2.11
Nitrate mg/L 6.218
Nitrite mg/L ND
Sulfate mg/L 20.0
Carbonate mgCaCO3/L 0.004
B
A

N

R
a
s
p
f
s

ig. 4. Percentage of inhibited MnO2 production under varied D values with
values of 2 and 20 at 240 min of reaction time.

ith the MnO2 produced at D = 0) under varied D values with P
alues of 2 and 20 at 240 min of reaction time. Results reveal that
he percentage of inhibited MnO2 production ranged from 69 to
5% and 47 to 68% when P values were 20 and 2, respectively.
esults show that the percentage of MnO2 reduction could reach
5% at D and P values of 100 and 20, respectively. Results
ndicate that significant amount of MnO2 reduction could be
btained with the addition of Na2HPO4.
Fig. 5a and b show the percentage of TCE remaining after
xidation with (D value = 300) and without (D value = 0) the
ddition of Na2HPO4 with P values of 2 and 20, respectively
hen DI water or site groundwater was used as the solution.

ig. 5. (a) Efficiencies of TCE oxidation with (D value = 300) and without
D value = 0) the addition of Na2HPO4 at P value of 2 using DI water or ground-
ater as the solution. (b) Efficiencies of TCE oxidation with (D value = 300)

nd without (D value = 0) the addition of Na2HPO4 at P value of 20 using DI
ater or groundwater as the solution.
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icarbonate mgCaCO3/L 23.6
mmonia mg/L 2.5

D: not detectable.

esults reveal that either the addition of Na2HPO4 or the char-
cteristics of the solution (DI water or groundwater) had no
ignificant effects on the efficiency of TCE removal. Table 3
resents the averaged analytical results of the site groundwater
rom four sampling events. Although groundwater used in this
tudy contained some natural organic matter (TOC = 3 mg/L)
Table 3), the organics might be mainly humic substances, which
ere not easily oxidized using KMnO4 as the oxidant compared
ith TCE. Thus, extra consumption of KMnO4 might not occur

t this TCE contaminated site.
Fig. 6 presents the produced MnO2 (absorbance at 418 nm)

ith varied P (2 and 20) and D (0, 50, 100, and 200) values
ith the initial pH and TCE concentration of 6.3 and 5 mg/L,

espectively using groundwater as the solution. Results show
hat the patterns of MnO2 production with D value of 0 (P
alues of 2 and 20) leveled off after 50 min of reaction compared
ith the patterns in Fig. 3. However, oxidation results show that

he efficiency of TCE removal were very close in experiments
sing DI water and groundwater as the solutions (Fig. 5a and

). This was due to the precipitation of black MnO2 particles
n experiments with groundwater as the solution without
a2HPO4 addition (D value = 0), which caused less absorbance
alue in this experiment. The following two hypotheses are

ig. 6. Produced MnO2 with varied P (2 and 20) and D (0, 50, 100, and 200) val-
es with at initial pH of 6.3 and TCE concentration of 5 mg/L using groundwater
s the solution.
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Table 4
The observed and theoretical chloride ion concentrations in DI water solution for experiments with varied P and D values

P value Cl− (mg/L)

0.5a 5a 20a 100a

Theoretical value Observed value Theoretical value Observed value Theoretical value Observed value Theoretical value Observed value

0 0 0 0 0 0 0 0 0
2 0.03 0.03 2.06 2.00 11.2 9.45 62.7 57.8
5 0.09 0.08 3.40 3.06 15.7 14.1 79.8 71.7

1 16.0 14.7 79.8 72.3
2 16.0 14.8 79.8 72.3
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Fig. 7. (a) Effects of varied initial pH values (pH 2.1, 6.3, and 12.5) on the
production of MnO2 with the initial TCE concentration of 5 mg/L and P value
0 0.14 0.12 3.92 3.55
0 0.24 0.21 3.99 3.68

a TCE (mg/L).

roposed for the formation of black MnO2 particles: (1) the
lectrical repulsion force between the produced MnO2 colloids
ould be destroyed due to the occurrence of the coagulation
etween the natural minerals (electrolytes) in groundwater
electric conductivity = 164 �S/cm) (Table 3) and MnO2 and
2) occurrence of common ion effect, which was due to the
xistence of natural Mn2+ (0.08 mg/L) in groundwater.

Because the formation of black MnO2 particles in the exper-
ments using groundwater as the solution, the absorbance value
f MnO2 with D value of 0 in DI water experiment (Fig. 3) was
sed as the control to calculate the percentage of inhibited MnO2
roduction. Results reveal that the percentage of inhibited MnO2
roduction ranged from 81 to 82% and 72 to 73% when P values
ere 20 and 2, respectively. Compared to the results obtained in

he DI water experiments, higher percentage of inhibited MnO2
roduction was observed. The detected anions (Table 3) in nat-
ral groundwater might react with produced Mn2+, and caused
he decreased MnO2 production.

Table 4 presents the observed and theoretical chloride ion
oncentrations in DI water for experiments with varied P and D
alues. Based on Eqs. (1) and (2), oxidation of 1 mM of TCE
ould produce 3 mM of chloride ion. Results reveal that the
bserved chloride concentrations were very close to the theoret-
cal values. This indicates that all injected TCE in the reactors
as oxidized completely, and this was confirmed by TCE results

data not shown).

.3. Effects of pH value on TCE oxidation, MnO2

roduction, and KMnO4 depletion (Group 3)

Fig. 7a presents the effects of varied initial pH values (pH
.1, 6.3, and 12.5) on the production of MnO2 with the initial
CE concentration of 5 mg/L and P value of 20 in DI water.
esults indicate that more MnO2 was produced in experiments
ith pH of 12.5 than pH of 6.3 during the earlier reaction period

0–90 min). After 90 min of reaction, less MnO2 was observed
ue to the precipitation of MnO2 particles. Results from other
tudy also indicate that MnO4

− would be reduced to MnO2
nder higher pH conditions [13]. This can be expressed as the
ollowing equation:
nO4
− + 3e− + 2H2O = MnO2 + 4OH− pH3.5–12 (8)

The reaction direction of the above equation is affected by
everal factors including pH, oxidation–reduction potential, and

of 20 in DI water solution. (b) Effects of varied initial pH values (pH 2.1, 6.3,
and 12.5) on the efficiency of TCE removal with the initial TCE concentration
of 5 mg/L and P value of 20 in DI water solution. (c) Effects of varied initial pH
values (pH 2.1, 6.3, and 12.5) on the consumption of KMnO4 with the initial
TCE concentration of 5 mg/L and P value of 20 in DI water solution.
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Fig. 8. Effects of varied shaker speeds (0, 50, and 200 rpm) on the efficiency of
TCE oxidation with the initial TCE concentration of 5 mg/L and P value of 20
in DI water solution.
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oncentrations of MnO4
− and MnO2. Because redox potential

alue in normal environmental conditions is usually in the range
etween 0.5 and −0.5 V, MnO4

− would be reduced to MnO2
nder higher pH conditions [13,30]. Results from Fig. 7a also
how that less MnO2 was produced in experiments with lower
nitial pH value (pH 2.1). This might be due to the effect that

nO4
− was reduced to soluble Mn2+ under lower pH conditions

13]. This can be expressed as the following equation:

nO4
− + 5e− + 8H+ = Mn2+ + 4H2O pH < 3.5 (9)

Fig. 7b presents the effects of varied initial pH values (pH 2.1,
.3, and 12.5) on the percentage of TCE remaining with the ini-
ial TCE concentration of 5 mg/L and P value of 20. Results
ndicate that lower TCE removal efficiency was observed in
xperiments with high pH value (pH 12.5). Furthermore, com-
lete TCE removal was observed in experiments with pH values
f 2.1 and 6.3, and the TCE degradation trends were very similar
n both pH conditions (Fig. 7b). Researchers [22] described that

nO4
− would be reduced to MnO4

2− under high pH conditions,
nd this can be expressed as the following equation:

nO4
−(purple) + e− → MnO4

2−(green) pH > 12 (10)

he formation of MnO4
2− can be confirmed by the occurrence

f green color in the solution at the beginning of the experi-
ent. Reduction of MnO4

− to MnO4
2− would cause the reduced

xidation power and decreased TCE removal efficiency.
Fig. 7c presents the effects of varied initial pH values (pH

.1, 6.3, and 12.5) on the consumption of KMnO4 (percentage
f remaining KMnO4) with the initial TCE concentration of
mg/L and P value of 20. Results indicate that complete con-

umption of MnO4
− was observed at high pH condition (pH

2.5) within 45 min of reaction. This was due to the reduction
f MnO4

− to MnO4
2− at high pH condition (Eq. (10)). This

an also be confirmed by the decreased TCE removal efficiency
Fig. 6). Compared to low pH condition (pH 2.1), more KMnO4
onsumption was observed in experiments with pH 6.3. Because
he produced Mn2+ from the reduction of KMnO4 would be fur-
her oxidized by MnO4

− to form MnO2 (Eqs. (2) and (3)), more
MnO4 would be consumed in experiments with pH 6.3. How-

ver, only Mn2+ could exist in low pH conditions (pH 2.1) [30],
nd thus, Mn2+ could not be further oxidized to MnO2 in experi-
ents with pH 2.1. This caused the higher remaining of KMnO4

n the low pH (pH 2.1) experiments.

.4. Effects of shaker speed and soil permeability on TCE
xidation (Groups 4 and 5)

Fig. 8 presents the effects of varied shaker speeds (0,
0, and 200 rpm) on the efficiency of TCE oxidation with
he initial TCE concentration of 5 mg/L and P value of 20
n DI water solution. Results show that shaker speed had
o significant effect on the efficiency of TCE removal. This

ndicates that KMnO4 had a very effective dispersion and dif-
usion ability in the reactor without the provision of mixing
ower. Results also reveal that groundwater recirculation sys-
em (e.g., pump-and-treat) might not be a necessity to enhance

r
T
c
(

ig. 9. Effects of soil permeability on the efficiency of TCE oxidation with the
nitial TCE concentration of 5 mg/L and P value of 20 in DI water solution.

he oxidation efficiency of TCE on site using KMnO4 as the
xidant.

To evaluate the effects of soil permeability on TCE oxidation,
hree different sediments (silty sand, clayey sand, and silty clay)
ere used in this test (Table 1). Fig. 9 presents the effects of soil
ermeability on the efficiency of TCE oxidation with the initial
CE concentration of 5 mg/L and P value of 20. Results show

hat the reaction time of complete TCE removal for tests con-
aining silty sand, clayey sand, and silty clay were 250, 330, and
60 min, respectively (Fig. 9). Although more reaction time is
equired for tests containing less permeable sediment materials,
omplete TCE oxidation can still be obtained. Results reveal that
MnO4 is a more stable and dispersive oxidant, which is able

o disperse into the sediment materials and react with organic
ontaminants effectively.

. Conclusions

Conclusions regarding the TCE oxidation efficiency include
he following: (1) The second-order kinetics can be applied to
stimate the efficiency of oxidation when the initial TCE con-
entration is less than 20 mg/L. The calculated overall reaction

ate is 0.8 M−1s−1. (2) Higher P values would cause higher
CE oxidation rates under the same initial TCE concentration
onditions. Conclusions of the MnO2 production and inhibition
P value effect) include the following: (1) MnO4

− would be
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educed to MnO2 or Mn2+ depending on the pH conditions. More
nO2 would be produced under alkaline conditions. (2) Higher
values would cause more MnO2 production under the same

eaction time conditions. (3) Addition of Na2HPO4 would min-
mize the amount of KMnO4 usage and minimize the amount of

nO2 production without the decrease in TCE oxidation rate.
4) Higher D values would cause more significant inhibition
f MnO2 production under the same initial TCE concentration
onditions. Conclusions of pH on TCE oxidation and MnO2
roduction include the following: (1) less MnO2 was produced
nder the low initial pH conditions (pH 2.1). (2) Under high
nitial pH condition (pH 12.5), KMnO4 would be reduced to

nO2, and thus, TCE oxidation efficiency would decrease due
o the consumption of KMnO4.

This performance study provides us insight into the char-
cteristics and kinetics of TCE oxidation by KMnO4 under
ifferent controlled conditions. These findings would be helpful
n designing a practical in situ groundwater remediation system
o remediate TCE-contaminated groundwater using KMnO4 as
he oxidant.
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