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The use of electronegative metals, such as Fe, has
been extensively studied for the treatment of ground-
water containing toxic chlorinated organics. Much of
the recent work has been focused on the use of
nanoscale particles with diameters from 2 to 100 nm.
This work examines the use of bimetallic (Fe/Ni)
nanoscale particles immobilized in a cellulose acetate
domain for the destruction of trichloroethylene (TCE).
The organic/inorganic hybrid film is synthesized using
phase inversion with sodium borohydride reduction.
The resulting nanoparticles have an average diameter
of 24 nm. Using a small quantity of membrane-immo-
bilized metal (31 mg total, Fe:Ni � 4:1), it was possible
to achieve over a 75% reduction in TCE levels in 4.25 h,
with ethane as the only observable product. For shorter
reaction times (�2 h), traces of cis- and trans-DCE
could be extracted from the baseline of the MS chro-
matogram. For longer reaction times, products of cou-
pling reactions (butane and hexane) were observed.
This corresponds to a surface-area–normalized pseu-
do–first-order rate constant, kSA, for the immobilized
system of 3.7 � 10�2 L m�2 h�1. Analysis of the aque-
ous phase for metal content showed minimal leaching
of the metals into the surrounding solution during
treatment. Because various combinations of mem-
branes containing immobilized metal nanoparticles
can be achieved using the synthesis techniques pre-
sented, a more versatile platform for the application of
zero-valent treatment is possible. © 2004 American Insti-
tute of Chemical Engineers Environ Prog, 23: 232–242, 2004
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INTRODUCTION
Hazardous organics degradation/dechlorination

from dilute solutions has been reported extensively for
both oxidative and reductive processes. Room-temper-
ature oxidation processes include ozone, ozone � hy-
drogen peroxide, Fenton’s reaction, and so forth,
whereas reductive processes include various zero-va-
lent metals, such as Fe, Zn, Fe/Pd, and the like. The
main difference between oxidative and reductive pro-
cesses is complete reaction in the former leads to the
formation of CO2, whereas the latter results in forma-
tion of the nonchlorinated analog of the parent com-
pound [for example, ethylene/ethane from trichloro-
ethylene (TCE)].

Kinetics of Dehalogenation and the Impact of Metal
Surface Area

Since the original work of Gillham and O’Hannesin
[1] demonstrating the ability to reduce toxic chlorinated
compounds using zero-valent metal, a large effort has
been made to both fundamentally understand the ki-
netics of these systems and dramatically enhance the
rate of reaction [2–13]. The most widely studied com-
pound in the literature is TCE because of its importance
in groundwater remediation. The destruction of TCE
with Fe is an electrochemical corrosion process involv-
ing the following half reactions:

3Fe0 3 3Fe2 � � 6e � (1a)© 2004 American Institute of Chemical Engineers
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CCl2CHCl � 3H � � 6e � 3 C2H4 � 3Cl � (1b)

Studies by Arnold and Roberts to determine the kinetic
mechanism of this system established several compet-
itive pathways involving various intermediates, some of
which (such as vinyl chloride) are more toxic than the
parent compound [4]. A possible overall reaction
scheme for this system is shown in Figure 1. Because
the reactions take place on the iron surface, it is im-
portant that knowledge of the adsorption behavior of
TCE and its intermediates be understood when model-
ing the kinetics of the system [4, 8, 11]. Many research-
ers have found that unfavorable side reactions involv-
ing iron and dissolved oxygen, water, or inorganics
such as nitrate are known to occur, which thus adds to
the complexity of the system. It has been shown that
the incorporation of a second coating metal, such as
nickel or Pd, allows for the protection of the Fe layer
from oxidation with the added enhancement of cata-
lytic activity through hydrogenation [14, 15].

Early results for dechlorination of TCE by Fe in the
literature are representative of the key problems asso-
ciated with this system. Mainly, the reaction time re-
quired for complete degradation of the parent com-
pound by bulk Fe is on the order of days [2, 4, 10].
Within these results, the actual reaction time required
depends largely on the quantity of Fe surface area used
in the system [11, 16]. Most kinetic models for these
results have been developed for the reaction of the
parent compound and suggest a pseudo–first-order be-
havior in this case:

dCw

dt
� �kCw (2)

where k is the observed pseudo–first-order rate con-
stant (h�1) and Cw is the aqueous phase concentration
of TCE (typically mg L�1). An in-depth treatment of the
pseudo–first-order model can be found in the work of
Tratnyek and co-workers [2]. The most significant im-
pact of their work is the introduction of a surface-area–
normalized rate constant (kSA, L m�2 h�1) to allow
comparison of the various results. For this parameter,
the reaction rate constant is normalized using the metal
(in this case Fe) surface area loading as follows:

kSA �
k

as�m
(3)

where as is the Fe surface area (m2 g�1) and �m is the
amount of Fe in solution (g L�1). Analysis of this pa-
rameter from various researchers still shows variations
in reported rate constants and suggests that factors
other than surface area loading have significant impact
on the kinetics of the system [2].

The desire to control the wide variability of results
and reduce reaction time has caused researchers to turn
their attention to the role of surface area and surface
interactions. For example, pitting of the metal surface
with acid pretreatment has been reported to help re-
move oxide layers forming at the iron surface, provid-
ing more available surface area, or more specifically,

Figure 1. Complex reaction mechanism associated with the reductive dechlorination of trichloroethylene (TCE)
using zero-valent Fe. Adapted from Arnold and Roberts [4].
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more reactive sites [16]. The effectiveness of this type of
pretreatment was questioned by Su and Puls [8] be-
cause they found that the calculated kSA values for their
pretreatment experiments were lower than values for
untreated cases. However, they did point out that this
might be attributed to impurities in the metal matrix
that would not contribute to an increase in reactive
sites when exposed by acid treatment. The surface
chemistry of the metal also affects the rates of degra-
dation as increased oxide layer growth leads to in-
creased diffusional resistance for electron transfer. In
addition, the role of natural organic matter (NOM) was
found to be important for the dechlorination of certain
organics (CCl4, TCE) by Fe [13].

Improvements to Dechlorination Systems
Current trends in zero-valent metal dechlorination

systems involve the use of nanoscale metals, which
possess much more surface area per unit mass than
bulk-scale material. Studies involving these particles
have increased reaction rates by several orders of mag-
nitude. In particular, the work of Zhang and coworkers
[7, 14, 17–19] has demonstrated the ability of both Fe
and bimetallic (that is, Fe/Pd) nanoparticle systems to
detoxify a wide range of compounds [TCE, perchloro-
ethylene (PCE), PCBs, etc.] in only a matter of hours. A
detailed account of their system’s performance, includ-
ing in situ field assessment, has been given in the
literature [17].

Solute Partitioning in Membrane Systems
Further improvement to reaction kinetics is believed

possible by incorporation of a polymeric phase, or
membrane containing the zero-valent metal. The rea-
soning for this is that it provides two key advantages
over traditional aqueous-phase systems. One advan-
tage lies within the ability of the polymer to allow
controlled growth of the zero-valent metal nanopar-
ticles, which will be discussed more in-depth in the
discussion of synthesis techniques for nanoparticle sys-
tems. The other advantage is related to local organic
concentration around the metal nanoparticles. Selec-
tive partitioning by the organic should result in a higher
localized concentration of organic (such as TCE) in the
membrane domain and provide a significant enhance-
ment of reaction rates. In addition, a polymer phase
will minimize the adsorption of undesired species, such
as bacteria, on the particle surface. The concept of
supported nanoparticles for the remediation of aque-
ous metal contaminants in groundwater has been pre-
sented by Mallouk and co-workers [20] in the literature.
Their work focused on the use of hydrophobic resin
supports that were intended to both decrease nanopar-
ticle agglomeration during synthesis and increase the
available reactive metal surface area for groundwater
treatment.

It is important to address the possible impact of the
polymer, when modeling the reaction kinetics. It must
be noted that the observed reaction rate constant for
this type of system is a function of several key factors:
k � f ( particle surface area, temperature, pH, mem-
brane sorption and diffusion).

The pseudo–first-order model (Eq. 2) used to de-

scribe the kinetics is based on the aqueous phase
concentration of TCE and does not account for mass
transfer of TCE to the particle surface. In solution phase
with sufficient mixing, resistance to external mass
transfer can be considered negligible. On the other
hand, migration of TCE through the membrane domain
in the absence of convection may have significant im-
pact on the ability of the diffusing species to reach the
particle surface for reaction, depending on the hydro-
phobicity of the membrane. This effect will influence
the observed reaction kinetics.

The degree to which this mass transfer limitation
becomes a problem will largely depend on the ratio of
particle surface area (m2) to membrane volume (m3).
The larger this ratio, the less “unreactive polymer”
zones separating the particles. Given that sorption of
TCE occurs throughout the entire interface of the mem-
brane domain with the adjacent solution, the TCE must
diffuse through the “unreactive polymer” zones to
reach the particle surface; thus the observed reaction
rate will be slower for membranes with smaller surface-
area-to-volume ratios. The magnitude of this effect will
also depend on both the solubility and diffusivity of
TCE in the membrane polymer. An illustration of this
phenomenon is given in Figure 2.

Formation of Metal Nanoparticle Systems
A great deal of attention has been given to under-

standing the synthesis of nanoparticles. The majority of
these techniques can be classified into two general
types: (1) formation within solutions, and (2) formation
within polymeric matrices. Nanoparticle formation
within solution is probably the more common of the
two classes of formation processes. The most fre-
quently used method is the direct reduction of metal
ions from solution using a reducing agent such as
sodium borohydride (Fe(H2O)6

3� � 3BH4
- � 3H2O 3

Fe0 � 3B(OH)3 � 10.5H2, [3]). Glavee and coworkers
[21] initially presented the method for zero-valent iron
in 1995. Zhang et al. [7] later modified the procedure to

Figure 2. Schematic of TCE sorption and diffusion
into a reactive membrane showing the greater
volume of “unreactive polymer” zone that must be
traveled for membranes containing the same mass of
metal nanoparticles. The membranes are identical,
except that membrane A has half the particle-surface-
area-to-membrane-volume fraction of membrane B
and will therefore have slower observed kinetics if
mobility of TCE within the polymer is limited.
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overcome the need for an inert atmosphere. The result-
ing particles typically have a broad range of particle
size (often 1–100 nm). Other methods of synthesis
include surfactant-mediated techniques, usually using
micellar “nanoreactors” to control particle size [22–24].
These methods usually require extensive washing to
remove the surfactant from the system and can often
result in particle agglomeration in the absence of the
surfactant, if no support is used to capture the nano-
particles.

Membrane-Directed Nanoparticle Synthesis
The present work will focus on the use of polymeric

matrices for nanoparticle formation. The main advan-
tage of polymer-based techniques is the enhanced abil-
ity to control the size distribution of the resulting nano-
particles. Through functionalization or variations in
casting compositions and conditions, polymeric matri-
ces can be assembled in a way that provides a template
for nanoparticle growth as a result of steric hindrance
within the matrix [25].

A typical method of formation involves thermolysis
of organometallic compounds within a polymer film to
produce the reduced metal nanoparticles [26]. A more
tedious alternative to this approach is the use of
diblock copolymers to create highly ordered nanodo-
mains within a thin film. Hashimoto and co-workers
[27, 28] were able to use this method to create organic/
inorganic hybrid thin films containing either Ni-coated
channels or 4-nm Pd0 particles with little variation in
particle size.

The present work examines the possible use of the
more conventional and much simpler phase-inversion
membrane preparation technique to incorporate metal-
lic nanoparticles into a thin film. During the phase-
inversion process, a polymer is dissolved in an appro-
priate solvent. The addition of a second solvent
(antisolvent) that is insoluble to the polymer will in-
duce nucleation of the polymer phase. In this way the
polymer “inverts,” or demixes from the solvent phase
to form a polymer-rich phase. For preparation of thin
films, the homogeneous polymer solution can be cast
onto a flat surface and then immersed into a coagula-
tion bath containing an appropriate antisolvent. The
morphology of the resulting film can be controlled
based on cast composition and environmental factors
(such as temperature, humidity, etc.), which will deter-
mine whether the demixing process is rapid or delayed.
For more dense structures (which should allow for
smaller particle size), delayed demixing is preferred.

The main hypothesis behind our work is that nano-
sized Fe or Fe/Ni particles of �50 nm can be synthe-
sized in a polymer (membrane) domain and used for
treatment of chlorinated compounds. Membrane im-
mobilization should lead to enhanced organic degra-
dation rates with lower metal loadings attributed to
surface area effects, particle reactivity, and membrane
partitioning of the organic pollutant. The objectives of
this work are (1) formation of nano-sized metallic
(mainly Fe/Ni) particles in commonly used membrane
material, (2) establishment of TCE degradation kinetics,
and (3) comparison of our rate results with solution-
phase literature data. Although conventional mem-

branes (such as dense reverse osmosis and nanofiltra-
tion membranes) are primarily used for separation of
salts and organics [29, 30], the incorporation of nano-
sized metals provides simultaneous separation and or-
ganic destruction opportunities at room temperature.

EXPERIMENTAL PROCEDURES
Cellulose acetate (CA) was selected for the mem-

brane polymer over more hydrophobic polymers, pri-
marily because fabrication of the membrane using the
phase-inversion technique is well established in the
literature. In addition, water can be added to the cast
solution, allowing metal salts to be easily incorporated
in the aqueous domain. The procedure given below is
for the formation of a Fe/Ni bimetallic system. However
this procedure could easily be extended to any desired
metal that can be solubilized in an aqueous medium.
The model compounds studied in this work are TCE,
cis-1,2-dichloroethene (DCE), and 1,1,2,2-tetrachloro-
ethane (TtCA). TtCA was chosen because of its low
volatility at room temperature and availability of liter-
ature data for bulk-scale particle dechlorination. TCE
and its intermediate DCE were selected because of the
high priority of TCE in groundwater remediation and
abundance of literature results for both bulk-scale and
nanoscale dechlorination. (See Table 1 for a summary
of experimental conditions and results.)

Materials
FeCl2�4H2O (crystalline, reagent, Fisher) and

NiCl2�6H2O (Baker, reagent, 99.6%) were obtained and
used as sources of Fe/Ni in the bimetallic nanoparticle
synthesis. Cellulose acetate (Lot #A17A, acetyl con-
tent � 39.4%) was obtained from Kodak to be used as
the membrane. NaBH4 (Aldrich, granules, 99.995%)
was used as the reducing agent for all cases. TCE
(Aldrich, 99.9%, A.C.S.), cis-1,2-DCE (Aldrich, 99%),
and TtCA (Aldrich, 98%) were obtained and used in
dechlorination studies without further purification. Ac-
etone (99.5%, A.C.S.), pentane (Aldrich, 99%, spectro-
photometric), 1,2-dibromoethane (EDB) (Aldrich,
99%), and sodium nitrate (aq) were acquired for use in
analytical techniques. All water used in the experi-
ments was deionized ultrafiltered (DIUF) water
(Fisher).

Membrane Preparation
Membranes were obtained by first preparing a 0.3 M

Fe2�/0.075 M Ni2� solution (4:1, Fe:Ni) using
FeCl2�6H2O and NiCl2�6H2O, and allowing it to mix
until the metal salts were completely dissolved. This
solution was then added to a casting solution contain-
ing cellulose acetate dissolved in acetone until the final
composition by weight of the casting solution was
18.03% cellulose acetate, 14.72% water, 0.88% FeCl2,
0.03% NiCl2, and 66.34% acetone. This composition
was selected based on the classical procedures for
preparing dense reverse-osmosis membranes pre-
sented by Sourirajan and Matsaura [31]. Modifications
were made to allow for larger metal loading in the
membrane. The solution was mixed and allowed to sit
at 4° C until the presence of gas bubbles could not be
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visibly detected. A film was cast on a glass plate at
room temperature (21° C) using a Gardner’s® knife set
at 14 mils. Initial solvent evaporation was allowed to
proceed for 30 s to allow formation of a skin layer on
the surface of the polymer film.

Formation of Metal Nanoparticles
The glass plate was then immediately immersed in a

chilled coagulation bath containing 0.02 M NaBH4 in
water at a temperature of 1° C. The film was soaked for
15 min to allow complete demixing of the polymer
solution with simultaneous particle formation. Excess
NaBH4 was used to help prevent oxidation of the metal
particles after formation. Upon removal, the membrane
was dried and rinsed twice with 500-mL portions of
water. The first wash was at pH 2 to induce rapid
reaction of residual NaBH4 with water. The second
wash was performed at pH 6.2 to equilibriate the mem-
brane with the optimal pH for dechlorination studies.
Samples were taken of the coagulation bath to deter-
mine metal loss during synthesis. A sample of the
reduced membrane was saved in ethanol for particle
imaging.

Dechlorination Studies
Two 120-mL glass bottles capped with Mininert®

(Supelco) valves were filled with 110 mL of a chlori-
nated organic solution at pH 4, allowing for a 10-mL
headspace. The chlorinated organic solutions were
made using DIUF water that had been deoxygenated
by bubbling nitrogen (99.995%, research grade)
through it for 1 h. The initial pH was intentionally set
lower (pH 4 vs. pH 6.2) to counteract any pH effects of
residual NaBH4, which would cause a pH shift to 8–10.
This basic pH range has been shown in literature to
cause a decrease in dechlorination rates [32]. The re-
duced membrane was cut into strips and placed in one
of the glass bottles. The second glass bottle was used as
a volatility control. Both bottles were placed on a wrist-
action shaker and mixed throughout the duration of the
experiment.

At the desired reaction interval, a known volume of

headspace was withdrawn using a gas-tight syringe and
directly analyzed using GC/MS. Immediately after the
headspace was sampled, 2.5-mL aqueous samples (two
total) were withdrawn and injected into 39.5 mL of
DIUF water to dilute the samples for analysis by purge-
and-trap (PT) GC/MS. An additional 15 mL of the aque-
ous phase was withdrawn to analyze the pH and metal
content. The last step of sampling involved extraction
of the membrane-phase organics into pentane for anal-
ysis by GC/MS. In this case, 20 mL of pentane contain-
ing 200 mg L�1 EDB was added back to the reactor.
The reactor was placed back on the shakers for 15 min
and then allowed to sit and equilibrate for an additional
5 min. A 1-�L aliquot was removed by syringe and
analyzed by GC/MS.

Analytical Techniques
Organic analysis was performed using a Hewlett–

Packard 5890 Series II gas chromatograph equipped
with a Series 6150 mass spectrometer. For the bimetal-
lic experiments, an OI Analytical Model 4560 Purge-
and-Trap was coupled to the GC/MS and used for
direct analysis of the aqueous phase. A 12–15% error in
analysis was observed over an extracted organic con-
centration from 75 to 300 mg L�1. For PT-GC/MS, the
associated error was determined to be 15 to 20% based
on feed analysis. For example, for a known feed of 11.7
mg L�1, organic analysis typically yielded a concentra-
tion of about 9 mg L�1. However, theoretical calcula-
tions do not take into account vapor-phase partitioning
of the feed in the volumetric flask. In addition to un-
known samples, periodic known samples were ana-
lyzed following the same procedure to ensure proper
operation of the equipment. Samples to determine pH
were analyzed using an Accumet dual-electrode meter
and AccuTupH double-junction silver/silver chloride
pH electrode. For the preliminary Fe0/CA studies men-
tioned below, the amount of Cl� in each sample was
determined using an Orion Model 9617BN combina-
tion ion-selective electrode, manually calibrated for a
working range of 1–50 mg L�1, with a standard devia-

Table 1. Summary of experimental conditions and results for TCE, DCE, and TtCA dechlorination studies
involving membrane-immobilized Fe/Ni (4:1 metal ratio).*

Reaction time (h) Fe0/Ni0 (mg L�1)
Parent compound

Cw/Cw,0 kSA (L m�2 h�1)

TCE
(Cw,0 � 9 mg L�1) 0.75 282 0.78

2 282 0.39–0.42
3.17 282 0.32 3.7E-02
4.25 282 0.23–0.27

cis-1,2-DCE
(Cw,0 � 5 mg L�1) 0.75 290 0.18

1 290 0.09
TtCA

(Cw,0 � 12 mg L�1) 2.5 254 0.51
16 254 0.01

*For all cases, initial pH � 4.0 and reactor volume � 110 mL.

236 October 2004 Environmental Progress (Vol.23, No.3)



tion in millivolt response from 0.2 to 0.5 mV. The
standard addition method was used to check results.

For samples to calculate metal loss during mem-
brane synthesis, the amount of Fe and Ni was deter-
mined using a Varian SpectrAA 220 Fast Sequential
atomic absorption spectrometer equipped with Fisher
Scientific data-coded hollow cathode lamps. The sen-
sitivity of the instrument permits linear analysis up to 5
mg L�1 with up to a 3.3% error for Fe and up to 3 mg
L�1 with a 2% error for Ni.

Particle size was determined using either a Phillips
Tecnai 12 TEM operating with an 80-kV source (Fe
systems) or a JEOL 2010 field emission TEM operating
with a 200-kV source (Fe/Ni systems). Both scopes are
equipped with energy-dispersive X-ray (EDX) and a
digital camera. EDX provided the verification of Fe/Ni
presence in the membranes. For all cases, samples both
with and without osmium coating were dried overnight
at 50° C and embedded in Spurr’s resin for 48 h at 60°
C. A cross section of the membrane was cut and
mounted on a copper grid. The digital camera was used
to take photographs of the membrane, which could
then be used to determine an average particle size.

RESULTS AND DISCUSSION
The following discussion of results is presented in

two parts: (1) Fe nanoparticles and (2) Fe/Ni bimetallic
nanoparticles in cellulose acetate membrane domain.
In addition to volatility controls, blank experiments
using membranes with no metal were performed to
ensure the accuracy of the analytical procedures used
to account for sorption of the parent compound by the

membrane. Results from these experiments show a
complete recovery for all organic compounds tested.
For the case of Fe, results include Cl� analysis because
the source of Fe used (FeNO3) did not contain Cl�.
However, recent work has shown that the presence of
nitrate in dechlorination systems can greatly suppress
reaction rates and led to the use of Cl�-based salts for
the synthesis of the Fe/Ni system [33]. For all cases, the
primary data used to evaluate system performance con-
stituted the change in parent compound levels within
the reactor. Although data concerning pH are not pre-
sented, in most cases the final pH shifted to a range of
8.5–10, indicating the presence of residual NaBH4 that
had been washed out from the membrane.

Preliminary Studies: Fe and TtCA
Before examining bimetallic systems, cellulose ace-

tate films containing 25- to 200-nm Fe particles were
synthesized using the techniques outlined above. Al-
though particles as large as 200 nm were observed,
there was a much narrower distribution of particle
sizes, with a typical diameter of 25 nm. A representative
TEM image of the cross section of these films is shown
in Figure 3. The films were used in dechlorination
studies of TtCA. Up to 70% reduction in TtCA levels was
observed in 2 h using about 8.5 mg of Fe, which
corresponds to an 18% dechlorination. The Cl� data for
this case indicated that only a 14% dechlorination had
occurred. The formation of TCE as an intermediate was
confirmed by GC/MS analysis for five of the trials. For
the data given above, the amount of TCE present is 15%

Figure 3. TEM image of the cross section of an Fe/cellulose acetate mixed-matrix membrane prepared by phase
inversion showing particle size and distribution in skin region. The typical particle size was around 25 nm.

Environmental Progress (Vol.23, No.3) October 2004 237



of the maximum value possible, based on TtCA con-
verting only to TCE during dehalogenation.

The observed abundance of TCE is inconsistent with
the reductive mechanism for TtCA proposed by Arnold et
al. [34], which identified cis- and trans-DCE as the pri-
mary reductive products. Examination of the pH showed
that in some cases the pH shifted into a range of 9–11,
which indicates the presence of excess NaBH4. For this
pH range, it is possible that the actual organic destruction
was the result of a combination of dehydrochlorination
(loss of HCl from hydrolysis) and reductive elimination.
Arnold et al. [34] did observe a higher production of TCE
than hypothesized. It is therefore possible that the immo-
bilized Fe acts to catalyze the reaction pathway to TCE.
Further studies in this area are needed to better under-
stand our observed TCE production.

These preliminary experiments involved an “evolv-
ing headspace,” given that multiple samples were
taken from the same reactor. This methodology was
used because substantial oxidation occurred during
synthesis, resulting in a wide variability of results. Ad-
ditional corrections for partitioning into the vapor and
membrane phases thus had to be made. The variability
of the results is what ultimately led to the use of a
second “protective” metal to help prevent the onset of
oxidation. In addition, refinements to the synthesis
techniques were also made to reduce the levels of
residual NaBH4 and the amount of time the membrane
was in contact with air.

Membrane-Immobilized Fe/Ni Bimetallics
The films obtained using phase inversion were ap-

proximately 25 � 24 cm with a thickness of 115 �m.

The films contained 31 mg of metal particles (24.8 mg
Fe, 6.2 mg Ni), which is approximately 2% by weight.
The films had a permeability of approximately 3 �
10�7 cm s�1 bar�1. Results from TEM analysis of the
membranes are shown in Figure 4. The membrane-
immobilized bimetallic particles had an average diam-
eter (population size � 75 particles) of 24 nm, which is
well within the desired size range (�50 nm). For the
population sampled, 89% of the particles were between
11 and 31 nm, with 56% having diameters between 19
and 24 nm. These particles are much better than Fe
clusters obtained in solution phase using the methods
of Zhang et al. [7], which had a bimodal size distribu-
tion around 300 and 640 nm (Figure 5). For selected
samples, SEM photographs were also obtained of
freeze-fractured cross sections to verify particle size
both in the cross section and at the surface. These
photographs (Figure 4) also showed a typical diameter
of 20–30 nm. For the case of just Fe, EDX analysis of
the particles was used to assess the purity of the Fe
clusters. The qualitative results indicate that the re-
duced particles are Fe, with some boron and counter-
ion impurities (that is, Cl, S). However, this type of
analysis does not provide an indication of what state
the Fe is in. Analysis of metal loss in the coagulation
bath indicated an 11 � 2% loss of Ni and 8 � 1% loss
of Fe during the synthesis process. Analysis of post-
washing steps showed no detectable level of metals.

TCE Dechlorination Studies
For the TCE experiments, the average initial concen-

tration for all runs was 9 � 2 mg L�1 TCE. Using the
small quantity of immobilized metal (31 mg total, Fe:

Figure 4. TEM (left) and SEM (right) images of Fe/Ni bimetallic nanoparticles synthesized in a cellulose acetate
film. The typical particle size, both at the surface and in the cross section, is 24 nm. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Ni � 4:1), it was possible to achieve a greater than 75%
reduction in TCE levels in 4.25 h, with ethane as the
only observable product. For shorter reaction times
(�2 h), traces of cis- and trans-DCE could be extracted
from the baseline of the MS chromatogram. For longer
reaction times, products of coupling reactions (butane
and hexane) were observed. This is consistent with
findings reported in the literature by Arnold and Rob-
erts [4] for Fe and Schrick et al. [15] for Fe/Ni. Analysis
of metal loss shows that 0.5% of the total metals present
(0.1 mg Fe and 0.05 mg Ni) in the film was leached out
into the surrounding solution.

The time-dependent TCE destruction profile is
shown in Figure 6. These data reflect changes in the
total amount of TCE in the reactor (both the aqueous
and membrane domain), and are expressed as the
effective aqueous phase concentration. To obtain this
value, the number of moles of TCE in the membrane was
first calculated as the difference in moles of unreacted
TCE as determined by PT-GC/MS and by pentane extrac-
tion. This value was then converted to a concentration by
dividing it by the volume of solution in the reactor (0.11 L)
and added to the aqueous phase TCE concentration to
obtain the total effective concentration (Cw).

The kinetic data obtained for these seven experi-

ments were fitted to a pseudo–first-order kinetic model
with respect to the aqueous phase TCE concentration
to obtain the governing reaction rate constant for the
immobilized system. The resulting slope (observed rate
constant) from a straight-line fit of ln(Cw/Cw,0) vs. t (h)
is 0.34 h�1 (R2 � 0.92), where Cw,0 is the TCE concen-
tration in the feed (Figure 5, inset). To compare this
with available literature data, it is necessary to first
calculate the surface-area–normalized rate constant
(kSA) as given in Eq. 3. Based on a 24-nm particle
diameter, the available particle surface area per unit
weight (as) is 32 m2 g�1. For treatment of 110 mL of
solution with 31 mg of metal, the mass loading in
solution (�m) is 0.28 g L�1. The calculated surface area
loading is 9.2 m2 L�1. It is important to note that this is
not necessarily the active surface area, which must be
determined using chemisorption. Using this loading,
the value of kSA for the immobilized system is 3.7 �
10�2 L m�2 h�1. This value is on the same order of
magnitude as the value of 9.8 � 10�2 L m�2 h�1

reported for aqueous phase bimetallic (Fe/Ni) dechlo-
rination by Shrick et al. [15], involving 10- to 30-nm
particles. However, this value is for a 3:1 (Fe:Ni) ratio.
It is worth noting that the present results were obtained

Figure 5. SEM picture of Fe clusters obtained during solution phase synthesis. The particles have a bimodal size
distribution around diameters of 300 and 640 nm.
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using approximately one tenth of the metal loading
(g/L) used to obtain the literature results.

For the present work, we have accounted for mass
transfer effects using data obtained from extraction of
the membrane phase TCE to adjust the aqueous phase
concentrations, reflecting the actual amount of unre-
acted TCE in the system. This is a key point of analysis
when examining membrane-based systems. If the stan-
dard kinetic model (Eq. 2) is applied with no correc-
tions, the resulting rate constant will not reflect the true
kinetics of the system because it will not account for
the TCE that is sorbed to the membrane. For example,
the value of kSA for our experiments, if sorption is not
taken into account, is 6.7 � 10�2 L m�2 h�1.

Dechlorination of DCE
To confirm that rapid dechlorination to ethane is

possible, the destruction of cis-1,2-DCE, one of the first
intermediates of TCE dehalogenation, was studied to
determine whether its rate of reaction was faster than
that of the parent compound. The results presented
should be considered preliminary because they repre-
sent only single experiments for each time interval. The
experiments involved films containing 32 mg of metal
(Fe:Ni � 4:1) and an initial DCE concentration of 5 � 2
mg L�1. After 0.75 h, 82% of the DCE is removed, with
a 91% removal by 1 h. Using first-order degradation
behavior, the value of kSA for these results is 2.7 � 10�1

L m�2 h�1. This is an order of magnitude faster than
TCE, which supports the hypothesis of rapid conver-

sion of TCE to ethane after the initial dechlorination
step. Studies by Arnold and Roberts [4] involving bulk
Fe also showed that the reduction of TCE is the rate-
controlling step.

Reusability of Materials
Further analysis of the films was performed to de-

termine the reusability of the reactive metals in the film.
During this experiment, a TCE solution was added to
the reactor by spiking 110 mL of deoxygenated DIUF
H2O with a concentrated solution of TCE in methanol,
to give a starting concentration of 9.5 mg L�1. The
reactor was placed on a shaker for 22.5 h to allow for
complete reaction of the TCE. After obtaining aqueous
samples, the reactor was respiked with the TCE-in-
methanol solution and allowed to react for 2 h. Organic
analysis of the reactor showed that a 65% reduction in
TCE levels occurred after the respike. This result
(shown as a solid point in Figure 6) is almost identical
to the results of fresh membranes for a 2-h dechlorina-
tion period and suggests that the synthesized films
should be capable of carrying out the destruction of
TCE for much larger volumes of the organic solution. In
fact, in the absence of unfavorable side reactions, this
quantity (31 mg) of metal should be able to treat 1.5 L
of solution. Using these results and the stoichiometry of
Eq. 2 (3 mol Fe/mol TCE), 72% of the immobilized Fe
is consumed for dechlorination. Thus, this system can
offer a high efficiency in terms of metal usage. The
presence of oxygen may affect this metal usage. In

Figure 6. TCE destruction using 31 mg of Fe/Ni (Fe:Ni � 4:1) nanoparticles. Inset: The first-order linear fit of
results to obtain the observed rate constant.
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addition, the membrane polymer may also play a role
in minimizing the impact of dissolved oxygen by re-
ducing iron hydroxide precipitate deposition on parti-
cles.

CONCLUSIONS
The present work has demonstrated the possibility

of incorporating metallic nanoparticles in a polymeric
film using the conventional phase-inversion synthesis
technique for membrane fabrication. The cellulose ac-
etate films were capable of stabilizing the growth of
24-nm particles with less than 8% loss of Fe and 11%
loss of Ni during synthesis. When applied to dechlori-
nation, the hybrid films demonstrated a greater than
75% reduction in TCE levels in 4.25 h using only a
fraction (1/10) of the metal loading used in the litera-
ture. The resulting value of kSA for the system indicates
a substantial improvement over conventional aqueous
phase dechlorination schemes using bulk-scale materi-
als. The DCE dechlorination rate was about one order
of magnitude higher than that of TCE, supporting pre-
vious findings that the first TCE degradation step is
actually the rate-limiting step. Because various combi-
nations of membranes containing immobilized metal
nanoparticles can be achieved using the synthesis tech-
niques presented, a more versatile application of zero-
valent treatment is possible. A key benefit of this is that
it can allow for potential minimization of side reactions
by altering organic partitioning behavior.
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