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Abstract: Ferrate(VI) was synthesized by wet oxidation method and has been applied to the degradation
of perchloroethylene(PCE) in this study. In order to provide information about degradation efficiency of
PCE by ferrate(VI),
investigated. The degradation of PCE by ferrate(IV) follows the second order reaction kinetics. The

several parameters such as pH, ferrate(VI) dosage, and temperature were

optimal reaction rate constant of 315.19 M-1s-1 was obtained in neutral pH condition, and the activation
energy of 35.7 kJ/mole was for PCE. PCE degradation pathways were proposed based on reaction

intermediates identified by GC/MS.
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1. Introduction

Iron(Fe) commonly exists in the +2(ferrous) and
+3(ferric) oxidation states. Under strong oxidizing
environments, iron moves to higher oxidation states
such as +6(ferrate) oxidation state. Hexavalent iron
or ferrate(VI) is a strong oxidizing chemical
throughout the entire pH range, from 2.2V in acid
and 0.7V listed

in base, as in the following

equations:

FeO> + 8H" + 3¢ < Fe*' + 4H,0

E° = 22 V (in acidic condition)
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FeO,” + 4H,0 + 3¢ <> Fe(OH); + 50H

E° = 0.7V (in basic condition)

Fe(VI) oxidation with a large number of organic
compounds have been studied and it has been
shown that Fe(VI) is a selective oxidant'®. The
reduction of Fe(VI) results in a relatively non-toxic
by-product iron(IIl), which suggests that ferrate(VI)
is an environmentally friendly oxidant. Due to many
beneficial properties of ferrate(VI) for water and
of ferrate(VI)

became very important in order to provide new

waste water treatments, synthesis

promising materials for water and wastewater
treatment. In 1897, Moeser was the first to write a
detailed review of ferrate and their chemistry
describing three methods of preparation of potassium
ferrate, namely: Dry method-heating to red various
Dry

elevated

potassium and iron containing minerals.

reactions imply detonation and

temperatures, which are considered dangerous and
too  difficult to

implement;  Electrochemical

method-electrolyzing a potash solution with an iron
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This method

ferrates that has retained only marginal interest”.

anode. remains another access to
Ferrate(VI) was prepared in an electrochemical way
for the first time as early as 1841. Since then, it
has benefited from recent improvements though,
such as superposition of an alternative current to the
direct current for electrolysis,*” and  Wet
method-oxidizing a basic solution of a Fe(Ill) salt
by a hypochlorite or hypobromide.'®'¥ The organic
compounds and pathogens can be oxidized/
disinfected by ferrate(VI)

disinfection by-products (DBPs).”

effectively ~ without

PCE is a representative volatile organic
compound that the International Agency for
Research on Cancer considers to be a likely

carcinogen. Due to being non-inflammable,

chemically stable, and an excellent washing
solvent15), PCE is frequently used in commercial
processes such as machine manufacturing, metal
degreasing, and dry cleaning; and as a result, many
cases of PCE-contaminated groundwater and soil
have been reported.'” Research and experiment in
this area became very interesting due to the
of ferrate(VI) such a

promising technology in environmental technology.

properties and abilities
This study would like to provide the information

about optimum condition for making useable
ferrate(VI) in the solution by wet oxidation method
with high concentration and application to degrade

PCE.

2. Experimental setup and method

2.1 Materials

In this study, the chemicals used were reagent
grade or higher purity to synthesis ferrate(VI) using
wet oxidation method reported by Schreyer. Iron
FeCl;.6H,O, as

hypochlorite and sodium hydroxide were used in

source oxidizing agent sodium

this experiment. Agilent GC-ECD(gas-chromatography)
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was used to measure PCE concentration in
degradation by ferrate experiment. The intermediate
product analysis was performed using a GC/MS-Mass
Spectrometer  Systems(GCMS-QP2010Plus, Shimadzu,
Japan) was used. Fig. 1 shows the schematic

diagram of experimental set-up.
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Fig. 1 Schematic diagram of experimental set-up

2.2 Experimental Procedure

Ferrate(VI) generated from synthesis was analyzed
using spectrophotometer DR 5000, HACH Company
buffer

concentration of ferrate(VI) produced. After the

at 505 nm in solution to measure
maximum concentration of ferrate(VI) was obtained,
ferrates(VI) were used in degradation of PCE.

PCE was wused as the refractory

that has been

organic
compound due to its properties
reported to be assessed as carcinogenic to animals
and affect liver damage and kidney failure to
humans.'> The experiments were performed in the
batch mode. The glass reactor was in closed
zero-head space status and its lid was sealed with
Teflon covered rubber stoppers. In this experiment
pH, ferrate dosage and

studied at

temperature have been

various conditions to determine the

degradation process of PCE using ferrate from the
measure the PCE

synthesis. In  order to
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concentration  after
GC-ECD was used.

This experiment was carried out to identify the

degradation process Agilent

intermediate products from degradation of PCE by
ferrate(VI). Sample from the degradation reactor
were using GC/MS  Mass
(GCMS-QP2010PIus, Shimadzu, Japan) and AT-1
capillary column(60 mx0.32 mm [.Dx1.0 micrometer
film thickness). To prevent further degradation by

analyzed System

ferrate,
using NaOH.

sample taken from reactor were quenched

3. Experimental results and discussion

Wet oxidation method uses oxidant to transform

iron (Fe) from low oxidation states to the highest

oxidation states. This method was the easiest
method among three methods for ferrate(VI)
synthesis. In this study sodium hypochlorite and

sodium hydroxide were wused as the oxidation
agent.'? Oxidizing process is the key of making
iron(Fe) in the high oxidation states. The aim of the
study was to concentration  of

ferrate(VI) by wet oxidation method. 60 ml of

provide high

sodium hypochlorite(NaClO) and 31 gram sodium
hydroxide (NaOH) were reacted in the beaker then
4 grams of iron source(FeCl;.6H,O) were added to
generate ferrate(VI). An optimum time was found
out at 12 minutes using spectrophotometer DR 5000,
HACH company with wavelength 505 nm.

In the application experiment of PCE degradation,
ferrates(VI) generated from the synthesis were used
to degrade PCE in closed zero-head space glass
reactor. To obtain the greatest amount of PCE
degraded from the reactor, several parameters were
investigated such as pH varying from 3 to 11,
ferrate(VI) dosage from 14 ppm to 56 ppm and
temperature variation varying from 10C to 45C.
All experiments were performed to determine the

highest degradation efficiency of ferrate(VI) in the

degradation of PCE.

The pH effect on the degradation of PCE were
studied with Cy of PCE 1 ppm while ferrate(VI)
0.5 mL(*28 ppm) in the
temperature of 25°C. The best degradation efficiency
was obtained in pH 5.5-7.5 with 60% of PCE
The pH effect on PCE degradation is
depicted in Fig. 2. Ferrate(VI) was a very strong

concentration was

removal.

oxidizing agent throughout almost whole pH range
with a redox potential varying from +0.7V in basic
solution to +2.2V in acidic solution. But ferrate(VI)
ion reduced rapidly to oxygen and Fe(Ill) in strong
of ferrate(VI)
exchanged very slowly with water at pH 10. In this
ferrate(VI) in the form of FeO,”

decomposed very fast with decreasing of pH. From

acids, while the oxygen ligands

experiment

the experiment in acidic condition ferrate(VI)
decomposed 34-40% and in neutral 25-29%
decomposed within beginning of 30 seconds.

According to the previous studies on ferrate(VI)

reaction with organic compound, second order

reaction rate was obtained'”. The second order

reaction rate law can be described by equation (1).

d [PCE]

o= Ky [FeO1IPCE 1)

Eq (1) is rearranged and d[PCE]/dt is integrated

to become.

[PCE]

2
app/ Fe O

Lo( e

Where / [Fe 0 “Jdt is the ferrate concentration
0

exposure, and the k., is the apparent second order
reaction rate constant.'”'® From this experiment the
degradation rate can be showed by ki, value shown
in Fig. 2, Where the highest degradation efficiency
obtained in pH neutral condition with ka,, of 315.19
M s,
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Fig. 2 Ferrate exposure plot versus concentration in
the determination of kapp value for PCE

degradation.

The value of k., could be obtained by plotting
the natural logarithm of PCE concentration(ln C/C,)
vs. the ferrate exposure. From the ferrate exposure
and PCE degradation, the rate of reaction could be
determined. This approaching method was used to
measure all k., in different variation of parameters
from PCE  degradation

experiment  including

temperature variations. From this experiment the
highest degradation efficiency obtained in pH neutral
(6.5) with 315.19 M's", while the kyp value of
210.3 M's? and 195.4 M's" were obtained in pH 3
and pH 11, respectively. Even though pH neutral
showed the highest degradation efficiency. Acid
condition was used for other parameter experiments
because controlling to keep the pH neutral condition
was very difficult.

Ferrate(VI) was added with different concentrations
to determine the effect of ferrate(VI) concentration
or dosage on degradation of PCE. The experiments
used ferrate(VI) dosages in this range from 14 to 56
ppm. The results showed linear trends as increasing
ferrate(VI) dosage. Increasing degradation efficiency
was because increasing of ferrate(VI) dosage, which
increases the amount of ferrate available for
degrading PCE. The ferrate(VI) dosage effect on the

degradation of PCE is shown in Fig. 3.
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Fig. 3 PCE degraded(mg/L) in ferrate dosage variations
at pH 3 with 1 ppm initial concentration,

temperature 250C, contact time 10 minutes.

The degradation of refractory organic compounds
was strongly depended on the dosage of ferrate(VI)
added to the
proportional relationship between ferrate(VI) dosage
and degradation of PCE. A linear trend has also

reactor.’” Fig. 3 shows the

been observed in the degradation of PCE with
increasing of the ferrate(VI) dosage.?

The experiments were conducted to determine the
temperature effect on the degradation efficiency of
PCE by ferrate(VI). The experiments were carried
out following the previous temperature conditions to
compare and showed similar results”” The results
showed that temperature of PCE
25C. In the
experiment a second order reaction was identified in

the PCE degradation by ferrate(VI). The temperature

optimum

degradation using ferrate(VI) was

seems to be a very important parameter, because the
temperature effect on ferrate(VI) stability has been

reported by many researchers through their previous

studies. Increase in temperature caused an
improvement of the homogeneous ferrate(VI)
21-24)

decomposition kinetics. The activation energy
which was measured by Arrhenius equation from
35.7 Kl/mole;

activation energy; R is constant value(8.314 J K-1

experiment data is where ea is
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mole™); and T is temperature (K).

rate, ea, 1 1
Mae,  R\T T @

Fig. 4 shows the values of k., in temperature
range from 10T to 45C.
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Fig. 4 kapp values in temperature variation
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Fig. 5 Degradation reaction pathway for PCE by
ferrate(VI), species in the boxes are detected
in this experiment(In pH 3 condition with 10
ppm TCE initial concentration and 280 ppm

ferrate dosage).

This experiment was performed to identify the
intermediate products during the degradation reaction
of PCE by ferrate(VI).

degradation reactor were analyzed using GC/ MS.

Samples from the

The degradation mechanisms between ferrate(VI) and
target compounds have been divided into three
categories. Generally, ferrate(VI) was known to have
target compounds to be oxidized either by supplying
oxygen or by taking away electrons or hydrogen
atoms from target compounds. The reaction was
brought about by providing oxygen, which was
provided mainly from ferrate(VI).”*® Fig. 5 depicts
the possible intermediates which have been detected

similarly %

and the reaction pathways involving
oxygen. The first stage was the oxygen transferring
and proton addition which produces trichloroethylene
(TCE), dichloroacetylene and chloroform. Trichloroethylene
could be converted to 1,2-DCE by the second
oxygen transferring. After second oxygen transferring,
1,2-DCE(dichloroethene) could be converted to vinyl
chloride by third oxygen transferring. Vinyl chloride
could be ethylene.  Further
decomposition would generate ethane.”’?® TCE

degradation pathways propose that the ethane would

converted  to

convert to glyoxylic acid and glycolic acid. Then it
was proposed that further decomposition of the

reaction intermediates led to the end products like

carbon dioxide.”  Dichloroacetylene could be
changed to chloroacetylene by second oxygen
transfer.

4. Conclusions

Ferrate(VI) is a powerful oxidizing agent and its
oxidizing power can be used in advanced oxidizing
process. In order to investigate degradation
efficiency of PCE by ferrate(VI), several parameters
such as pH, ferrate(VI) dosage, and temperature
were studied. The degradation of PCE by ferrate(IV)

follows the second order reaction kinetics. The
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optimal reaction rate constant was obtained in
neutral pH condition, and the activation energy of
35.7 klJ/mole was for the degradation of PCE by
ferrate(IV). PCE  degradation
proposed based on reaction intermediates identified
by GC/MS. The of PCE by
ferrate(IV) produced 1,2-DCE(dichloroethene), TCE,

dichloroacetylene, dichloroethylene, and chloroform

pathways  were

decomposition

as the reaction intermediates.
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