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Abstract

Solubilization of perchloroethylene (PCE) in a nonionic (Triton X-100) and a cationic (cetyltrimethylammonium bromide (CTAB))
surfactant solutions and the degradation of surfactant solubilized PCE using fine to nanosize Fe and bi-metallic Fe-Ni particles were
investigated. Micelle partition coefficients (K,,) and molar solubility ratio (MSR) for PCE in 10 g/L of surfactant solutions have been
quantified and the solubility of PCE (100 mg/L in water) in the surfactant solutions increased by about ten fold. Of the two surfactants
studied, Triton X-100 solubilized the higher amount of PCE per gram of surfactant. To degrade solubilized PCE, both iron and bi-
metallic Fe-Ni particles were used in continuously stirred batch reactors. The iron and bi-metallic particles were synthesized using the
solution method and the particles were characterized using the SEM, EDS, TEM and XRD. The PCE solubilized up to 500 mg/L in
both surfactant solutions were totally degraded at various rates by 200 g/L of bi-metallic Fe-Ni particles in less than 20 hr, which is the
highest concentration of PCE degraded in the shortest time compared to data in the literature. The degradations of PCE solubilized in
surfactant solutions were represented by nonlinear kinetic relationships which depended on the type of surfactant used for solubilizing

the PCE.
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Introduction

The chlorinated solvent group is one of the most fre-
quently detected volatile organic carbon (VOC) groups
in the groundwater aquifers in the United States (USGS,
2002; Hunkeler et al., 1999). Contamination of groundwa-
ter with chlorinated solvents is a common environmental
problem and it is a challenge to treat it using the currently
available technologies. As a nonaqueous phase, chlorinat-
ed solvents spread in complex patterns in heterogeneous
aquifers over long time periods. Furthermore, there are
often multiple sources of chlorinated solvents in industrial
areas (USGS, 2002; Hunkeler et al., 1999). High levels of
perchloroethylene (PCE) when inhaled can cause uncon-
sciousness, headache, sleepiness, confusion and adversely
affect the liver and kidney (Bengt, 2003). Because of its
lower solubility, immiscibility, relatively slower rates of
dissolution and high density it is extremely difficult to
remedy PCE (Chu, 2003). One important factor that has to
be considered in degrading PCE is that it can break down
into other hazardous components (Disfento et al., 1992).

* Corresponding author. E-mail: cvipulanandan@uh.edu

PCE can be transformed by reductive dehalogenation
to trichloroethylene, dichloroethylene, and vinyl chloride
(Arvind and Pradeep, 2008; Burris et al., 1995; Boutonnet
et al., 1982; Disfento et al., 1992; Hwang and Batchelor.,
2002). The use of zerovalent iron for in situ degradation of
chlorinated solvent contaminated ground waters has been
investigated by many researchers (Gillham and Hannesin,
1994; Kumar and Mittal, 1999; Lee et al., 1999; Wilcoxon
and Provencio, 1999; Jovanovic et al., 2005).

Research over the past decade has shown that the use
of surface active agents (surfactants) has the potential to
increase the rate of remediation of ground water contami-
nated with nonpolar organic pollutants (Soga et al., 2004;
Vipulanandan and Ren, 2000). At concentrations above
critical micelle concentration (CMC), surfactants, with the
formation of micelles, can increase the apparent water

solubility of organic pollutants. Surfactgmtstravetomg-been
used to change the surface or interfacigl properties to en-
hance the solubility (Ren et al., 1998; Alessi and Zhaohui,
2001). In a recent study, it was shown the sodium dodecyl
sulfate (SDS) and biosurfactant can bp used to enhance
the solubility of PCE (Harendra and Vipulanandan, 2008;
Milton et al., 1999; Nishikido et al., 1991; Srinivas et-al.,
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2003).

In this study a cationic surfactant (cetyl trimethyl am-
monium bromide (CTAB)) and non ionic surfactant (Triton
X-100) were selected to solubilize PCE. Triton X-100 has
been commonly used in number of field studies (Dipak and
James, 1997; Peter and James, 2007). It has been shown
that cationic surfactants play a role in PCE reduction.
Zerovalent iron (ZVI) has been shown to be effective for
degradation of chlorinated compounds in water and has
been studied extensively (Zhaohui et al., 1999; Xu and
Dibakar, 2007). Iron is capable of degrading a wide range
of organic components such as chlorinated aromatics, nitro
aromatics, azo dyes and chlorinated aliphatics (Hariharan,
1996; Joos et al., 1990; Li et al., 2003; Li and Vipulanan-
dan, 2006; Linda et al., 2005; Rosane and Monoel, 2004).
Although degradation of highly chlorinated methanes is
fast, the degradation of chlorinated ethenes is relatively
slow. Thus, efforts have been made to increase the reaction
rate of chlorinated solvents with ZVI by combining ZVI
with other metals such as Ni or Pd. Iron is oxidized more
rapidly when it is attached to a less active (noble) metal
(Pd, Ag, Cu, Co, Ni) and hence the transformation of
environmental contaminants can be enhanced by coupling
iron to a noble metal (Harendra and Vipulanandan, 2008).
The iron-noble metal couple essentially creates numerous
galvanic cells wherein iron serves as the anode and be-
comes preferably oxidized. Meanwhile, the noble metal
(cathode) is protected and remains unchanged. Studies also
suggested that noble metals such as palladium and nickel
can promote dechlorination through catalytic functions
such as hydrogenation (Chen and Wu, 2000; Daniel and
Wei, 2001; Kim and Vipulanandan, 2006; Yit-Hong et al.,
2005; Zhang et al., 1998, 2002; Zhaohui and Willms, 2002)

The objective of this study was to investigate the solu-
bilization of PCE in two types of surfactants and rapidly
degrade it using Fe and Fe/Ni fine metallic particles. The
effect of both surfactants (cationic and non ionic) on the
rate and total solubilization of PCE in water solution was
invistigated. The degradation of surfactant solubilized per-
chloroethylene using fine Fe and Fe/Ni particles produced
was quantified by the solution method. The degradation of
PCE solubilized in both surfactant solutions was verified.

1 Materials and methods

A representative non ionic surfactant (Triton X-100) and
a representative cationic surfactant (CTAB) were selected
for the solubility study. Surfactants were obtained from
Sigma-Aldrich (USA). Sodium borohyride powder (98%)
was used for producing the iron nanoparticles using the so-
Iution method. Nickel(IT) chloride hexa hydrate (Reagent
plus), iron(Il) sulfate heptahydrate (99%, certified A.C.S)
and ferric chloride were used for the preparation of the Fe
and Fe-Ni bi-metallic particle using the solution method.

1.1 Characterization

A CENCO DuNouy interfacial tensiometer (Central
Scientific Co., USA) was used to measure the surface
tension of the surfactant solution according to the ASTM

standards D 1331. The surface tension was measured to an
accuracy of 0.1 dynes/cm.

pH changes during degradation were measured.
Oxidation-reduction potential (ORP) was measured to
determine the electron activity in the solutions. The
pH/ORP was measured using an Eh/pH (model Orion 290
A) according to ASTM D 1498. The ORP was measured
to an accuracy of +/~0.2 mV or +/-0.05% of reading,
whichever was greater.

Dynamic light scattering (DLS) tests were performed
using an ALV-5000 (ALV-Laser, Germany) with the green
line (A = 514.5 nm) of an argon laser. The correlator
(ALV-5000 Multiple Tau Digital Correlator) was equipped
with 256 channels. A correlation equation was used to
determine the correlation between the measurements of
a fluctuating signal (Li and Vipulanandan, 2006). DLS
was initially calibrated with nanoparticles of 5 and 60
nm. Based on the DLS measurements, the diameter of the
micelles in the 5 g/L surfactant solutions were determined.

1.2 Synthesis of metal particles

Fine particles of Fe were prepared using the solution
method where freshly prepared 0.4 mol/L solution of
FeCl3-6H,0 (50 mL) was reacted with 2.3 g of NaBH, in
a flask under an inert atmosphere of nitrogen. After 15 min
a homogeneous black color solution was formed. Also a
vigorous gas evolution was observed almost instantly with
the precipitation of a black jelly like solid. A magnetic
stirrer was used to remove the black precipitates from the
solution.

To produce the bi-metallic particles 6.15 g of
FeSO4-7H,0 and 1.5 g of NiCl,-6H,O were mixed in 50
mL water using magnetic stirrer in 200 mL bottles for
30 min and 1.3 g NaBH4 was added into the solution
for preparation of Fe-Ni bi-metallic particles. The entire
system was kept under nitrogen atmosphere to prevent the
oxidation of Fe-Ni bi-metallic particles.

SEM, EDS, TEM and XRD methods were used to
verify the production and composition of Fe-Ni particles.
The Fe-Ni particles synthesized using the solution method
were characterized using the JEOL 2000FX scanning
electron microscope (SEM) and Siemens D5000 powder
X-ray diffraction (XRD). The bi-metallic particles were
deposited on carbon grid for SEM characterization. The
SEM micrographs of Fe-Ni bi-metallic particles are shown
in Fig. 1. The particles were spherical and the particle size
varied from 50 nm to 3 um. The TEM micrograph of Fe
particles are shown in Fig. 2 and the particle size varied
from 10 to 100 nm.

1.3 Solubility study

The solubility of PCE in surfactant solutions were

investigated using up to 10 g/L of sur
glass bottles (200 mL) with Teflon-lingd screw caps. The
magnetic stirrer was used for mixing the solutions at 750

r/min for an hour. The samples were trgnsferred to 40 mL
EPA vials for GC analysis. During the fexperiment bottles
and vials were completely filled to enqure no loss due to
vaporization of PCE. In the solubility sfudy, the amount of
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Fig. 1 SEM micrograph of Fe-Ni particles.

Fig.2 TEM micrograph of Fe particles.

PCE was varied with surfactant concentrations. Triplicate
samples were used for the analysis and average value was
used in all the analyses. The PCE was solubilized using
surfactant solutions up to 10 g/L.

1.4 Degradation study

The PCE solubility was increased using surfactants for
the degradation study. The surfactant solutions with PCE
were prepared in 40 mL vials, and Fe and Fe-Ni bi-metallic
particles were added. The vials were continuously agitated
at 200 r/min. A gas chromatograph (Shimadzu GC-14A,
Japan) with a flame ionization detector and a CR501 data
processor was used for determining the PCE concentration.
The stainless steel column (Alltech) was 6-ft long x 1/8-
in outer diameter X 0.085-in inner diameter and detection
temperature was set at 250°C. The injection volume of
sample used for GC analysis was 2 uL. The detection limit
for PCE was 1 mg/L.

2 Results and discussions

The cohesive forces between liquid molecules are re-
sponsible for the phenomenon known as surface tension at
the liquid-air interface. The variation of surface tension for
each surfactant with surfactant concentration is shown in
Fig. 3a. The CMC for Triton X-100 and CTAB were 0.13
and 0.40 g/L, respectively. The surface tension at CMC

was 37 dynes/cm (Fig. 3). When two partially miscible
liquids are brought into contact the interface thus formed
possesses free surface energy which is numerically equal
to the interfacial tension (Milton et al., 1999; Nishikido,
1991; Joos et al., 1990). The surface tension and interfacial
tension of Triton X-100 and CTAB were observed by
varying the concentrations of surfactant with solubilized
PCE. The Triton X-100’s surface tension and interfacial
tension were lower compared to those of CTAB as shown
in Fig. 3b. As the Triton X-100 concentration varied from
0 to 10 g/L, the surface tension and interfacial tension
of Triton X-100 reduced from 72 to 30 dynes/cm and 13
to 7 dynes/cm, respectively, where as the surface tension
and interfacial tension of CTAB reduced from 72 to 32
dynes/cm and 13 to 8 dynes/cm respectively. The average
sizes of the Triton X-100 and CTAB surfactant micelle
sizes were 4.8 and 7.1 nm, respectively.

2.1 Solubilization

Perchloroethylene was solubilized in various surfactants
at room temperature. The concentration of PCE solubilized
by various amounts of surfactant is shown in Fig. 4.

When a surfactant concentration was 10 g/L, Triton X-
100 solubilized up to 1250 mg/L which was the maximum
compared to CTAB which solubilized 1210 mg/L of PCE.
Also results from the literature for a representative anionic
surfactant (sodium dodecyl sulfate SDS) and a biosurfac-
tant are compared in Fig. 4. Clearly Triton X-100 had the
highest PCE solubility followed by the UH-biosurfactant,
CTAB and SDS. Greater PCE solubility in Triton X-100
could be due to lower interfacial tension, smaller micelles
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Fig.4 PCE solubility in various surfactants.

and lower CMC or a combination of these factors.
2.2 Partition coefficient (K,)

The solubility of PCE increased linearly with the surfac-
tants concentration above CMC. Enhancement in solubility
is related to micelles in the solution. The micelle partition
coeflicient (Ky,) represents the PCE in the micelles to the
PCE in solution and can be defined as (Ren et al., 1998).

Y-Yo

Kn(x) = Yo

for (X > Xjy) (D

where, Y is the molar concentration of solubilized PCE
at a given molar concentration of surfactant (X). The
solubility of PCE increased linearly with the surfactants
concentration above CMC. Y, is the molar concentration
of solubilized PCE at the CMC of the surfactant (X;).The
micelle partition coefficient for Triton X-100 (K, = 120)
was 4 times higher compared to CTAB (K, = 30).

2.3 Molar solubilization ratio (MSR)

The solubilization capacity of a surfactant can be rep-
resented as molar solubilization ratio (MSR) (Ren et al.,
1998) (Eq. (2))

Y-Y

MSR =
X - X,

©))

Hence, MSR is the slope of the solubility relationship
above the CMC of the surfactants. Since the relation-
ship between enhanced solubility (Y-Y,) and surfactant
concentration above CMC (X-X;) (micelle concentration)
was linear (Fig. 5a) and hence MSR was a constant for
each surfactant. The maximum solubility ratio of Triton
X-100 and CTAB were 0.34 and 0.21, respectively. The
relationship between MSR and CMC of PCE is shown in
Fig. 5b. As compared to trichloroethylene (TCE) (Srinivas,
2003), MSR values of PCE with the two surfactants were
lower but showed similar decreasing trend with increasing
CMC (Fig. 5b). Combining Eqgs. (1) and (2) will result in
the following relationship.

X - Xo 3)

Kn = MSR X
m Yo

Since MSR was a constant for each surfactant, K, was
not a constant but linearly related to the excess surfactant
concentration (X—Xj) in moles as shown in Fig. 5c for
CTAB and Triton X-100.

2.4 Degradation kinetics

At the end of PCE degradation, analysis of the nanopar-
ticles showed that there was no PCE sorbed to the particles
(in Section 2.5). Also the nanoparticles are highly reactive
and hence it is assumed the PCE in the solution or even
sorbed to the nanoparticle surface is degraded by the
nanoparticles. Hence it was assumed that the initial rate
of PCE degradation can be represented as follows:

dC
=~ _ ke 4
ar kC 4

where, C (mg/L) is concentration of PCE in the aqueous
phase, k is dechlorination rate coefficient and n is the order
of reaction. Investigating the test results indicated that
some of the degradation kinetic was first order (n = 1) and
the others are not (n # 1). Hence the degradation of PCE
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for the first order (n = 1) could be represented as follows:
C

In(—) = —kt 5

n( Co) ®)]

And when n #1 it could be written as:

dc
ln(—ﬁ) = nInC + Ink (6)

where, Cj is the initial PCE concentration, n is the order
of degradation. The dechlorination rate coefficient (k) also
depends upon bi-metallic loading. The degradation of PCE
with Fe and Fe/Ni bi-metallic particles for other than first
order reactions (n #1) is given as follows:

Cr = (=k(1 = n)t + CJ™)H=) )

2.4.1 Iron particles

Based on preliminary study on rate and total degradation
of PCE, 200 g/L of Fe particles was used for detailed
investigation. The degradation of PCE solubilized in water
(control), CTAB and Triton X-100 by Fe particles is shown
in Fig. 6, and the results are summarized in Table 1. The
degradation kinetics for three systems were all first order
(n = 1in Eq. (4)). The lowest rate (0.003 hr™') for PCE was
observed in control, and the highest rate (0.018 hr™!) was
observed in CTAB systems. Also the surfactant solution
with higher amount of PCE was far better than the water
only control system. This may be due to the micelles
present in the surfactant system which could concentrate
the PCE in the micelle and interact better with the Fe
nanoparticles.

2.4.2 Iron nickel particles

Iron-nickel particles prepared by the solution method
showed faster degradation of PCE than the Fe particles

600

——CTAB
—e— Triton X-100
—x— Control

5001

PCE concentration (mg/L)
w2
S
S

0 10 20 30 40 50 60 70 80
Time (hr)
Fig. 6 PCE degradation using Fe metal particles (200 g/L) produced
from the solution method.

Table 1 PCE Degradation constants for Fe particles

Surfactant PCE PCE degraded Degradation R?
(mg/L) rate (hr~1)
CTAB (2.5 g/L) 517 54% (71 hr) 0.018 0.99
Triton X-100 531 74% (70 hr) 0.011 0.99
(1.5 g/L)
Control 100 27% (71 hr) 0.003 0.89

Fe particle: 200 g/L.

Vol. 23
600
— —+CTAB
= ——SDS (Harendra et al., 2008)
g 500 —+—Triton X-100
= 400 —=—Biosurfactant (Harendra et al., 2008)
»% —*— Control
£ 300
Q
s
S 200
m
QO
& 100
0 * 1 " 1 1 |
0 200 400 600 800 1000 1200

Time (min)
Fig. 7 PCE degradation using Fe-Ni particles (200 g/L) produced from
the solution method.
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Fig.8 Verification of order of degradation of PCE solubilized in
surfactants.

o
n

prepared by the solution method. PCE degradation by Fe-
Ni fine to nanoparticles is shown in Fig. 7. The natural
logarithm of C/Cy as a function of time for the PCE
degradation relationship was linear with water and CTAB
but not with Triton X-100 (Fig. 8), indicating that the
reaction was not pseudo first-order. The reaction order with
respect to Cy can be determined using Eq. (7). The reaction
orders of PCE degradation with respect to different surfac-
tants are summarized in Table 2. PCE solubilized without
surfactant and PCE solubilized in CTAB surfactant showed
first order degradation kinetics. PCE solubilized in Triton
X-100 surfactant had the reaction order of 1.93 (Table
2). Performance of Triton X-100 was comparable to SDS,
while CTAB was better than SDS but was not as good as
the UH-biosurfactant (Harendra, 2008). The rate and time
for total degradation of PCE with Fe-Ni particles was far
better than that with Fe nanoparticles. Compared to Triton
X-100 solution, the CTAB solution with PCE was better
in the rate and total degradation of solubilized PCE. Hence
larger micelles in CTAB solution performed better than the
smaller micelles in the Triton X-100 solution, opposite of
what was observed with solubility.

2.4.3 Iron nickel particle transformation

The EDS analysis was done for Fe-Nrbrmetatticpar=
ticle before and after PCE degradatipn. The elemental
composition of Fe and Ni were 68.35% pand 27.74% before
degradation which was approximately 3:1 ratio as predict-
ed in the Eq. (2). After the PCE degrpdation the Fe, Ni
and O atomic percentage was 25.50%, 13.96% and 53.82%
respectively (Table 3). The simplified |[Fe:Ni:O ratio ‘was
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Table 2 PCE degradation order and reaction constants for Fe-Ni particles

Surfactant PCE PCE degraded Degradation Reaction R?
(mg/L) constant (hr™!) order
CTAB (2.8 g/L)) 545 100% (8.7 hr) 0.021 1.00 0.99
Triton X-100 (1.5 g/L) 510 85% (15 hr) 0.000034 1.93 0.92
Control 100 100% (20 min) 0.15 1.00 0.99
Fe-Ni particle: 200 g/L
Table 3  Elemental composition of the Fe-Ni particle (EDX analysis) 72 50
ORP
Element composition (%) Atomic composition (%) 7.04 140
Before After Before After 6.8 130
S 2.5 3.37 4.3 3.51 >
6.6} pH ORP 120 €
Cl 1.41 3.41 2.19 3.21 T —«CTAB = CTAB bt
Fe 6835 42.66 67.46 25.50 6.4} —~+—Triton X-100 —-Triton X-100 {10 &
Ni 27.74 24.54 26.05 13.96
(0) 0 26.02 0 53.82 6.2 10
6.0} : L 1-10
2:1:4. This confirms the formation of Fe,O3 and NiO as sg ) ) ) ) ) 20
the degradation products. It also showed that Ni acted as ~0 5 10 T.15 . 20 25 30
ime (hr

a catalyst in this process where the element compositions
of Ni before and after degradation of PCE were 27.74%
and 24.54%, respectively. Hence, Ni acted as catalyst and
enhanced the surface properties of Fe particles to increase
the activation sites. This led to faster degradation of PCE.

2.5 Residual analysis

In order to verify the degradation of PCE, few tests
were performed (PCE solubilized in CTAB) to evaluate
the residual solutions and the transformation of the Fe-Ni
particles (Tables 3 and 4). The PCE degradation by Fe and
Fe-Ni particles can be represented as follows:

C,Cly + 4H* + Fe® — C,H, + Fe** + 4CI- ®)

C,Cly + 4H" + 3Fe-Ni — C,H, + 3Fe?" + Ni** +4CI~
9

Hence there could be H* and CI~ present in the residual
solution and must be verified.

After the degradation of PCE, the solution was cen-
trifuged and Fe-Ni particles were removed from the so-
lution. The centrifuged solution was titrated with AgNO;
to determine the presence of Cl™. Addition of AgNO;
resulted in a precipitate, which was centrifuged and dried
by heating the precipitate to 100°C for 20 min. XRD
analysis of the precipitate showed the presence of AgCl.
Based on the weight of AgCl, the amount of CI~ in the
solution was estimated and the amount deviated by less
than 5% based on the amount of CI~ estimated from
Eq. (9). Gas chromatography analysis of the solution
before and after the degradation showed that PCE peak
was completely reduced indicating that PCE was reduced
by Fe-Ni particles. No other peaks were observed.

The pH decreased from 6.96 to 5.96 for CTAB solu-
bilized PCE whereas from 7.01 to 6.00 for Triton X-100
(Fig. 9) which indicates H* is produced during dehalo-
genation, as indicated in Eq. (9). The ORP increased from
5.7 to 42.3 mV for CTAB solubilized PCE whereas from
—8.2 t0 40.1 mV for Triton X-100 (Fig. 9) which indicated
that the electrons are consumed during the reaction and

Fig.9 \Variation of pH, oxidation-reduction potential (ORP) during
surfactant degradation of PCE by 200 g/L of Fe- Ni bimetallic particles.

oxidation of iron takes place during the reaction as indicat-
ed by the oxidation of the Fe-Ni particles (Table 3). Other
verification methods are shown in Table 4.

Figure 10 shows a schematic image of an emulsion
droplet. Since the exterior oil membrane of the emulsion
particles has hydrophobic properties similar to that of
dense non aqueous phase liquids, the emulsion is miscible
with the DNAPL. The partial standard reduction potentials
(EY) of aqueous ion at 25°C are listed (Li et al., 2003):

2H" + e H, E%=0.000 V (10)
Ni?* + 2 «— Ni° E* =-0.0250 V (11)
Fe?* + 2¢” «— Fe E*=0440V (12)

This makes Fe’ a reducing agent reactive to many
redox-labile substances including hydrogen ions, carbon-
ate, sulfate, nitrate, and oxygen. Alkyl halides (RX) can
also be reduced by iron. In the presence of a proton
donor such as water, they typically undergo reductive
dehalogenation

Fe’ + 2RX + 2H,0 — 2RH + Fe(OH), + 2HX  (13)

Actually, there are three major reductants in an Fe’-H,O
system: Fel, Fe*, and H,. The latter two are intermediate
products of corrosion. These reductants suggest three
general pathways that may contribute to dehalogenation of
alkyl halides.

The first pathway (Fig. 11a) involves the Fe® directly
and implies that reduction occurs by electron transfer from

the Fe? surface to the adsorbed alkyl halide Thus_this net
reductive dehalogenation by Fe® can befrepresented as

Fe’ + RX + H* — Fe?* + RH + X (14)

This general reaction represented by Ed. (10) is equivalent
to iron corrosion with the alkyl halide serving as’(the
oxidizing agent.



http://www.jesc.ac.cn

1246 Journal of Environmental Sciences 2011, 23(8) 1240-1248 / Sivaram Harendra et al.

Vol. 23

Table 4 Verification of PCE degradation

Method Phase examined Result Implications
Identify CI™ in the Liquid Titration with AgNOj3 solution CI~ was produced (over 90% of C1~
residual solution produced AgCl precipitate was accounted for in the precipitates)
ORP Liquid ORP increased from —5.7 to 42.3 mV Oxidation of Fe takes place
Acetone washing of Fe-Ni Solid PCE was not identified when Fe-Ni No measurable amount of PCE
particles after degradation particles was washed with acetone was adsorbed to the Fe-Ni particle
to determine PCE adsorption
to the solid
GC analysis to measure Liquid PCE peak was not obtained PCE was completely
the by products during the GC analysis degraded.
Sudan dye Liquid No color change No PCE present
Monomer
Head T Tail

(Hydrophilic)’ (Hydrophobic)

0000 9

‘ Nanoparicles (Fe/Ni)

Micelles

: Dense non aqueous phase
| liquids (DNAPLs): PCE

Solubilization of DNAPLs
using surfactants

Fe/Ni bimetallie particle injection into
surfactant solubilized DNAPL

Degradation of surfactant solubilized DNAPL

Fig. 10 Schematic diagram of solubilization of DNAPL and degradation of surfactant solubilized DNAPL.

The second pathway involves the Fe?*, which is an
intermediate product of corrosion in aqueous systems (Fig.
11b), which can be represented by

2Fe?* + RX + HY — 2Fe** + RH + X~ (15)

Dissolved Fe?* is a reductant capable of causing dehalo-
genation of some alkyl halides, although these reactions
are generally quite slow. The importance of this process
is probably dictated by the ligands present in the system
because speciation of ferrous iron significantly affects its
strength as a reductant. Inner-sphere complexation of Fe?*
to metal oxides can create more reducing species, but it is
uncertain whether these species can significantly influence
rates of dehalogenation.

A third model for reductive dehalogenation by iron
involves the H, produced as a product of corrosion with
water (Fig. 11c). In the absence of an effective catalyst,
H, is not a facile reductant, and this reaction will not
contribute directly to dehalogenation. In fact, excessive
H, accumulation at the metal surface is known to inhibit
the continuation of corrosion. Rapid dehalogenation by H,
is still possible if an effective catalyst is available. The
surface of iron, its defects, or other solid phases present
in the system could provide this catalysis. Determining
the relative importance of these three dehalogenation path-
ways will be essential for predicting field performance of
iron-based materials.

From the above three pathways, it can be seen that
the dehalogenation reaction of halogenated contaminants
is surface-mediated. Increasing the surface area of the
iron (by reducing the size of iron filings) increases the
rate of reduction. At the same time, iron also undergoes
redox reactions with dissolved oxygen and water, so it is
important that these reactions are sufficiently slow during
the remediation process (Zhang et al., 1998).

3 Conclusions

In this study, solubilization of PCE in cationic and
non-ionic surfactant solutions and the degradation of
high concentrations of PCE using fine to nanosize Fe
and bi-metallic particles were investigated in continuous
stirred batch reactors. Based on the experimental study
and analyses of the data following can be concluded. (a)
Surfactants increased the solubility of PCE in water by
reducing the interfacial tension and producing micells on
few nanometers. Trition X-100 had better solubilization
of PCE compared to CTAB up to 10—gA—of surfactant

concentration. As the CMC increased the hydrophobity
of the surfactants decreased and the PQE molar solubility
ratio (MSR) decreased. (b) Fine bi-metgllic Fe-Ni particles
were more effective in degrading PCE as compared to
Fe fine particles produced by the solytion method. PCE
solubilized up to 500 mg/L (5 times the water solubility)
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Fe3* RCI+H
Step 2
Fe* RCI+ CI
FeZ+
Step 1 Step 1 Step 1
o HZO € HZO RCl
RCl+H' /e
_— Step 2 _— Step 2 — Step 2 Step 3
RCl+H" OH +H, OH +H,
N~~~ — P + -
RH+H+Cl
a b

Catalyst (Pd, Ni, ...)

Fig. 11 Three pathways of dehalogenation reactions.

in CTAB was degraded faster by the fine bi-metallic Fe-
Ni particles as compared to Triton X-100. This showed
that the cationic surfactant enhanced the degradation of
PCE. Degradation reaction in CTAB was represented by a
first order kinetic relationship. Fe-Ni bi-metallic particles
produced by the solution method was far more effec-
tive in degrading PCE solublized in water and surfactant
solutions. (c) Degradation of PCE, solubilized in Triton
X-100, with Fe-Ni bi-metallic was not of the first order
degradation. The rate and total degradation of PCE in
the surfactant solution was also influenced by the type
of surfactant. (d) The micelle partition coefficient (Ki,)
was not a constant but was linearly related to the excess
surfactant concentration (in moles) because MSR was a
constant for each of the surfactants investigated in this
study.
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