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a b s t r a c t

Stabilization of reactive iron particles against aggregation and sedimentation is a critical engineering
aspect for successful application of nZVI (nanoscale zero valent iron) within the contaminated subsur-
face environment. In this work we explore the stability and reactivity of a new encapsulation approach
that relies upon Gum Arabic to stabilize high quantities of nZVI (∼12 g/L) in the dispersed phase of a
eywords:
ero valent iron
anoparticles
mulsion
ncapsulation

soybean oil-in-water emulsion. The emulsion is kinetically stable due to substantial repulsive barriers
to droplet–droplet induced deformation and subsequent coalescence. Sedimentation time scales were
found to be on the order of hours (� = 4.77 ± 0.02 h). Thus, the use of Gum Arabic represents an advance in
stabilizing nZVI-in-oil-in-water emulsions. nZVI within the emulsion was shown to be reactive with both
TCE degradation and H2 production observed. Degradation rates were observed to be on the same order
of magnitude as those reported for less stable, aqueous suspensions of nZVI. TCE consumption within the

ith a −4 2
ource zone emulsion was described w

. Introduction

When suspended within an aqueous phase, nZVI (nanoscale
ero valent iron) particles tend to rapidly agglomerate due to
he dominance of attractive forces such as magnetic forces [1].
ggregation increases particle settling and leads to greater parti-
le retention. Thus, the principal limitation to application of nZVI
ithin the subsurface remediation is particle mobility. To over-

ome this limitation several classes of stabilization mechanisms
ave been developed including: grafting of high molecular materi-
ls to the surface of nZVI particles [2–6]; coating Fe0 on the surface
f non-magnetic carrier materials [7–9]; enhancing solution vis-
osity to limit aggregation and settling [10,11]; and encapsulation
f nZVI within transport vessels [12,13].

Our previous studies highlight the benefits of encapsulating
ZVI within the oil droplets of an oil-in-water emulsion when con-
idering iron-based treatment of DNAPL source zones [13,14]. Key
mong these benefits is the ability to transport well-designed oil-

n-water emulsions through porous media with modest energy
nput [14–16]. In fact, delivery of g/L quantities of nZVI at
arcy velocities which are readily maintained in shallow, uncon-
ned aquifers containing DNAPL source zones (i.e., <1 m/d) is an

∗ Corresponding author. Tel.: +1 617 627 4286; fax: +1 617 627 3994.
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n equivalent aqueous phase rate coefficient of ∼5 × 10 Laq/m h.
© 2011 Elsevier B.V. All rights reserved.

important advantage offered by encapsulation approaches; since
injections of aqueous suspensions of nZVI typically rely upon Darcy
velocities on the order of 10–100 m/d to transport the nZVI [13].
Encapsulating iron particles within a nonpolar phase can also limit
the oxidation of Fe0 by water (and non-target solutes). These side
reactions can cause significant loss of nZVI effectiveness, partic-
ularly in aqueous-based delivery approaches [17]. Encapsulation
strategies, however, must be carefully designed to control reactiv-
ity. Recently, Berge and Ramsburg [13,18] have demonstrated the
capability of nZVI to degrade chlorinated solvents within organic
phases when water is available as a solute within the organic
phase. The stability of the nZVI containing (2.5 g/L) oil-in-water
emulsion created by Berge and Ramsburg [13] was based upon,
however, required coating the nZVI prior to incorporation within
the non-polar phase and the use of two surfactants to stabilize
(energetically) the oil–water interface. Kinetic stability of these
emulsions was limited because the magnetic, nZVI containing oil
droplets are difficult to stabilize using energetic approaches (i.e.,
surfactants to lower the interfacial energy) [13]. The combination
of modest stability and the fact that surface coatings have been
found to reduce the reactivity of nZVI by about an order or magni-
tude [3] suggest the need for a new encapsulation approach. This

manuscript explores the utility of using Gum Arabic to stabilize
a soybean oil-in-water emulsion containing a high concentration
(∼10 g/L) of uncoated nZVI particles. Gum Arabic (GA) was selected
because it is natural, non-toxic material produced from the tree
sap of Acacia senegal, Acacia seyal or Acacia polyacantha that is

dx.doi.org/10.1016/j.jhazmat.2011.02.084
http://www.sciencedirect.com/science/journal/03043894
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requently employed in the food industry for structural stabiliza-
ion and encapsulation (i.e., wrapping of the interface), as well
s control of texture, color and flavor [19–22]. Our experimen-
al and theoretical assessment of stability is completed within
he context of maintaining reactivity (with a model contaminant,
richloroethene) at rates comparable to those observed for aqueous
uspensions of nZVI.

. Materials and methods

.1. Materials

Ferrous sulfate (FeSO4·7H2O), hydrochloric acid (HCl)·(37%),
odium hydroxide (NaOH), methanol (99.9%), oleic acid and
richloroethylene (TCE) (99.9%) were supplied by Fischer Scien-
ific. Sodium borohydride (NaBH4) (98+%) and Gum Arabic were
upplied by Acros Organics. Soybean oil was purchased from MP
iochemicals. Purified water (resistivity >18.2 M� cm and total
rganic carbon (TOC) <10 ppb) was obtained from a MilliQ Gradient
-10 station (Millipore Inc.). nZVI was synthesized by reducing fer-
ous ion with sodium borohydride using a method modified from
hat of Liu et al. [23] to produce 30–40 nm size particles [18]. The
etails of the synthesis are available in Supporting data. N2 BET sur-
ace area of the nZVI (8 m2/g) was conducted by Particle Technology
abs (Downers Grove, IL) using a Micromeritics TriStar 3000 static
ressure surface area analyzer.

.2. Emulsion characterization

The nZVI-in-oil-in-water emulsion created in this study was a
ark-grey, opaque fluid (Fig. 1a) comprising GA (10.0 wt%), soybean
il (9.0 wt%), oleic acid (2.2 wt%), iron (1.2 wt%), methanol (0.4 wt%)
nd water (77.2 wt%). The Fe0 content of the emulsion (12 g/L),
onfirmed by acid digestion, is greater than the iron content often
onsidered for application within the subsurface (1–10 g/L) [13,24].
nformation related to the formulation and construction of the
mulsion may be found in Supporting data. The ZVI content of the
mulsion was quantified using an acid digestion procedure [13].
ethods employed to determine the density, viscosity, interfa-

ial tension with TCE-NAPL, as well as methods to visualize the
mulsion using light microscopy were similar to those previously
eported [13]. Details are provided in Supporting data. The stabil-
ty of the emulsion was assessed using multiple methods: visual
ssessment of the time to first destabilization; dynamic light scat-
ering, and sedimentation studies. It should be recognized that
obust emulsion characterization relies upon multiple lines of evi-
ence since techniques that involve plating or dilution may alter
he emulsion [13]. Stability of the emulsion at 100× dilution was
ssessed via light transmittance at 580 nm over a period of 24 h
sing a Lambda 25 spectrophotomer (PerkinElmer, Inc.). Droplet
ize distributions at 1000× dilution were quantified via dynamic
ight scattering (DLS) using a Zetasizer NanoZS analyzer (Malvern).
ynamic light scattering measurements were accomplished at
33 nm, 173◦. Droplet size distributions are produced from the

ntensity measurements using an exponentially decaying, stan-
ard autocorrelation coefficient that is related to the hydrodynamic
iameter through the Stokes–Einstein equation. Zeta potential was
easured with laser Doppler velocimetry (LDV) at 1000× dilution

sing the same Zetasizer Nano-ZS analyzer.

.3. Emulsion reactivity
nZVI containing emulsion (∼40 g) was added to a series of
20 mL glass serum bottles inside an argon filled glove box. All
atch experiments were performed in triplicate with iron con-
rols constructed using the blank emulsion (see Supporting data).
ous Materials 189 (2011) 801–808

Subsequent to the addition of ∼15 mmol of TCE (save TCE control
systems) reactors were sealed and rotated on LabQuakeTM end-
to-end shakers at 8 RPM. The molar ratio of TCE to Fe0 for these
experiments was 1.8 mol/mol (i.e., reactions were iron limited).
Headspace gas in the reactors were sampled successively, and ana-
lyzed for hydrogen and TCE using GC-TCD and GC-FID, respectively.
Details of the GC methods are available in Supporting data. Phases
were assumed to be in equilibrium given the large surface area
represented by the emulsion droplets, and the rapid partitioning
reported for completely mixed reactors [25]. The relevant partition
coefficients for TCE and H2 are 351Laq/Loil [26] and 0.08Laq/Loil [18],
respectively. Henry’s coefficients for TCE and H2 are 0.083Laq/Lgas

[25] and 51.1Laq/Lgas, respectively [27].

3. Results and discussion

3.1. Emulsion stability

3.1.1. Visual assessment of emulsion stability
Visual inspection suggested the GA stabilized emulsion has

kinetic stability in excess of 4 h (i.e., no discernible phase separation
was observed during this time frame). Destabilization over longer
time (4 days) was found to occur via sedimentation (dispersed
phase (iron oil + GA) density was 1.15 g/mL) with ∼20% volume
observed at the bottom of the tube containing the emulsion. Sedi-
mented emulsion droplets were readily resuspended by inverting
the tube suggesting limited coalescence (emulsions broken through
coalescence generally require much greater energy input to reform
the large surface area represented by suspended droplets) [28].
Light microscopy examination of diluted suspended phase suggests
droplet sizes of ∼1 �m and smaller (Fig. 1b) which compares favor-
ably to the number average droplet diameter (1.03 �m) obtained
from DLS (Fig. 2). In addition, aggregates of nZVI particles were not
observed in any image suggesting the iron remained encapsulated
within the dispersed phase.

Oil-in-water emulsions in which the dispersed phase density
that is greater than the continuous phase density generally desta-
bilize via sedimentation, coalescence, and/or Ostwald ripening.
Ostwald ripening is not relevant for emulsion studied here given
the low aqueous solubility of the soybean oil constituents (primar-
ily linoleic and oleic acids, see Supporting data). The potential roles
of sedimentation and coalescence were considered here through
a series of experiments that began with light microscopy imaging
of the settled emulsion (Fig. 1c). Shown in Fig. 1c are larger opaque
droplets found among chains of smaller opaque droplets. The obser-
vation of aggregated droplets, particularly those having diameters
of several microns, is indicative of an attractive magnetic body force
between ferromagnetic dipoles. These observations, coupled with
the absence of nZVI aggregates in either the emulsion or settled
emulsion suggest: (i) that the GA wrapping provides a compe-
tent barrier to coalescence (this observation is further explored in
Section 3.1.2); and (ii) the droplets contain the iron. The lack of
coalescence and the observation that the droplets are readily resus-
pended suggest that the emulsion is destabilized by aggregation of
the iron-containing oil droplets, with sedimentation occurring over
a long time scales (this assessment if further explored in Section
3.1.3).

3.1.2. Droplet coalescence
To explore the potential role of coalescence, a time course of
droplet size distributions were obtained via DLS with sampling
occurring after gently inverting the tube 3–4 times to eliminate
the potential influence of sedimentation. Results of the time series
are shown in Fig. 2, where the similarity between the droplet size
distributions through the observation period suggest that coales-
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Fig. 1. GA stabilized, iron containing, oil-in-water emulsion: (a) photograph; light microscopy images of the suspended (b) and sedimented (c) fractions (with 10 �m scale
bar); conceptual diagram of (d) adsorption of GA to iron oil (after Ref. [19]), and (e) stabilized droplet.
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Fig. 2. Droplet size distributions over the period of 1 d

ence plays little role in destabilizing this emulsion. Coalescence
i.e., the rupture of droplet membranes to form one, larger droplet)
ould result in a substantial increase in the frequency of the largest
roplets. This is not evident even in the droplet size distributions
lotted on a percent volume basis (which accentuates the presence
f large droplets). To further explore the potential role of coales-
ence, the emulsion was vortexed (Fisher Vortex Genie 2) for 1 min
ollowing the 24 h sample to produce a number average droplet
iameter of 0.78 �m. The input of the large quantity of energy pro-
ided by the vortexer resulted in a small change in the droplet
ize distribution suggesting there are few coalesced droplets to be
roken and resuspended after 1 day.

The observed stability against coalescence in the presence of
he magnetic attraction between the nZVI containing oil droplets is
hought to result from the structural stability provided by the GA

lm. GA has a complex molecular structure comprising a hydropho-
ic protein rich backbone to which many hydrophilic carbohydrate
locks are attached [19]. At the water–oil interface, the protein
roups strongly associate with the oil phase, leaving the carbo-
ydrate blocks protruding outwards in the aqueous phase which
hydrodynamic diameter (nm)

tted on the basis of number (left) and volume (right).

form a physical macromolecular film around the oil droplets. Once
formed, the viscoelasticity of the film can be maintained even when
the emulsion is diluted, particularly when the GA to oil mass ratio
is approximately 1:1 [19].

3.1.3. Droplet aggregation and sedimentation
Droplet sedimentation was quantitatively examined using light

transmission over a 24 h period, with a quasi-steady state found
around 16 h (Figure SD-1). Recall that visual assessment of emul-
sion stability suggests destabilization occurs over the period of
days. Thus it appears there is a fraction of the emulsion which
slowly settles (i.e., between 16 h and 4 days). Nicolosi et al. [29]
modeled similar behavior by conceptualizing the suspension as
comprising settling and non-settling fractions to obtain time con-
stants for the sedimentation process. Following their approach

(summarized in Supporting data), we identified two sediment-
ing populations and one non-sedimenting population. In contrast
to studies employing linearization schemes to determine the
time constants associated with particle/droplet settling, we fit
(Equation SD-E1) Equation SD-E1 to the data set using a non-
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ig. 3. Sedimentation data and model fit with time constants for the two settling
opulations shown. See supporting data for details on sedimentation model.

inear least squares approach (Figure SD-1). Time scales for the
edimenting fractions were found to be �1 = 0.271 ± 0.007 h and
2 = 4.77 ± 0.02 h which are shown in Fig. 3 in a manner that bet-
er visualizes the two settling populations. The short time scale
rocess likely results from sedimentation of the large droplets
hown to be present in both the light microscopy and DLS anal-
ses. Consideration of the longer time scale process begins to make
pparent one benefit of emulsion encapsulation – slower gravita-
ional destabilization. This benefit coupled with the observation
hat gentle mixing re-stabilizes the emulsion suggests that GA
mulsion may stabilize the nZVI over time-scales consistent with
ransport through porous media [13,30].

The time scale for sedimentation quantified here is a phe-
omenological description of a complex settling process. To better
nderstand the role of aggregation in the gravitational destabi-

ization of the emulsion, we consider a highly simplified Stokes
aw analysis for purposes of illustration. An isolated, rigid droplet
hat is 1 �m in size (� = 1.15 g/mL) settling through an otherwise
uiescent aqueous phase (� = 1.00 g/mL and � = 1.00 mPa s) attains
teady-state velocity of ∼7 mm/d. Considering this slow, albeit
deal, sedimentation velocity with the observation of aggregates in
he sedimented fraction of the light microscopy analysis (Fig. 1c),
e hypothesize that the destabilization observed over the first 16 h

f the study resulted from droplet aggregation which hastened sed-
mentation. In addition, we hypothesize that the non-sedimenting
raction of the emulsion represents a size fraction that is kinetically
table against the coupled aggregation–sedimentation process.

.1.4. Droplet–droplet interactions
To explore the hypotheses related to aggregation and sedi-

entation illustrative, like–like interactions between 600 nm and
100 nm droplets were qualitatively assessed using extended DLVO
heory for deformable emulsion droplets [31–33]. Details of the
LVO analysis including equations and all parameter values are
rovided in Supporting data. In short, the analysis included van der
aals (VW) and magnetic (M) attractive interactions with electro-

tatic (ES), steric (St), interfacial dilatation (S), interfacial bending
B), and hydration (H) repulsive interactions. It is noted that of these
nteractions, hydration, interfacial dilatation and interfacial bend-
ng are all short range forces that become important when assessing

he potential for droplet deformation. The shape of aggregated
roplets is important because deformed droplets represent strong
ggregation on an energetic path toward coalescence (i.e., film
upture) [33]. Droplet deformation, as assessed by the dimension
ssociated with the flattening of the interface (r, see Figure SD-2),
ous Materials 189 (2011) 801–808

occurs when attractive forces (van der Waals and magnetic) are
stronger than long range repulsive forces (electrostatic and steric)
and those forces resulting from increased interfacial area (hydra-
tion, interfacial dilatation, and interfacial bending).

Illustrative results from the DLVO analysis are shown in Fig. 4
with deformation (r) and separation (s) normalized by the radius
of the iron–oil core (a) (see Fig. 1d–e for conceptual model of the
droplets). Calculations suggest that the minimum energy condi-
tion lies at zero deformation for both droplet sizes. This can be
seen in the contour plot of deformation versus separation by the
energy valley (s = 450 and 181 nm for the 600 and 1100 nm diam-
eter droplets, respectively) that extends to the zero deformation
condition (r = 0) [33]. It is important to note when comparing these
separation distances to those dimensionless distances reported in
Fig. 4 that the core radius (a) represents the nZVI-containing oil
droplet without the GA wrapping (see Fig. 1d–e). The absence of
deformation in these calculations is consistent with the lack of coa-
lescence seen in the DLS measurements and suggests that the GA
structure provides a competent physical–chemical barrier against
the strong magnetic attraction. The barrier to droplet contact cre-
ates a near infinite stability parameter (see Equation SD-E1 for
equation and description), which indicates that the energetic bar-
rier is large enough to effectively prevent irreversible aggregation
in the primary minimum [34]. Reversible aggregation, however,
may still occur in the secondary minimum. In the case of the 600 nm
diameter droplet, the secondary minimum (approx. −40 kT) occurs
at long range (431 nm). The large separation distance and zero
deformation suggest that aggregates of 600 nm droplets are rel-
atively weak and perhaps overcome by mixing which is consistent
with our observation of slow sedimentation [28,33]. In contrast,
the secondary minimum associated with 1100 nm droplets repre-
sents a strong attractive force (approx.−1340 kT) that may lead to
more rapid aggregation and settling – an assessment that is sup-
ported the observation of chains and clusters of relatively large
droplets in the sedimented fraction (Fig. 1c). It is interesting that
the droplet size distributions (Fig. 2) do not appear to be consistent
the extent of aggregation expected from the strong, albeit theoret-
ical, interaction calculated using extended DLVO theory. Thus, it is
important to recall that the temporal study of droplet size distribu-
tion was conducted in the context of coalescence where the vials
were inverted 3–4 times before sampling. We hypothesize that this
inversion process was sufficient to separate the flocculated droplets
– a hypothesis that is supported by observations that we are able
to resuspend the settled emulsion (described above).

3.2. Reactivity screening

A series of batch experiments was designed to quantify apparent
rate coefficients for the four-phase system (headspace, dispersed
phase (oil droplets), continuous phase (aqueous phase) and nZVI)
assuming the reaction occurs within the dispersed (oil) phase. Reac-
tors were iron limited with a TCE to Fe0 molar ratio of 1.8 mol/mol.
Headspace data for both TCE and H2 shown in Fig. 5 (averages of
triplicate reactors) demonstrate reactivity in comparison with the
control reactors in which the emulsion did not contain iron. Recall
that phases were assumed to be in equilibrium given the large
surface area represented by the emulsion droplets, and the rapid
partitioning reported for completely mixed reactors [25]. Thus the
control (emulsion without iron) represents the equilibrium distri-
bution of TCE between the three fluid phases. The data suggest
that over the ∼300 h monitoring period, 4 mmol TCE was consumed

in presence of between 17 and 24 mmol e (range established by
assuming Fe0 goes to Fe (II) and Fe (III), respectively).

Rate coefficients shown in Table 1 were obtained from simulta-
neous, weighted (inverse of standard error from triplicate reactors)
fit to the reaction data. Details of the model employed to obtain the
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Fig. 4. Interaction energies for 600 nm (top) and 1100 nm (bottom) diameter GA wrapped droplets for zero deformation (left) and as a function of deformation (right). Plots
are in terms of dimensionless separation (s/a) and dimensionless deformation (r/a), where a is the radius of the magnetic, iron oil core (i.e., 600 nm diameter GA wrapped
d ro def
( and s
e T (bo
f s to c

fi
w
s
(
t
s
t
a

rop has a 250 nm core radius (a) and GA wrapping thickness of 50 nm). Lines in ze
blue), electrostatic (green), steric (cyan) and hydration (pink). Interfacial dilatation
nergies for droplets undergoing deformation. Values greater than 50 (top) and 500 k
or schematic definition of droplet deformation. (For interpretation of the reference

tted parameters are provided in Supporting data. In brief, data
ere modeled by coupling reactions for pseudo first-order con-

umption of TCE, and pseudo-zero order production of hydrogen

given that the water content in the oil remains constant under
he assumption of equilibrium partitioning). In addition, a pseudo-
econd order, hydrogenation reaction was included based upon
he observation that boron may catalyze a reaction between H2
nd TCE [23]. Modeling results suggest approximately half of the
ormation interactions are color coded: total (black), magnetic (red), van der Waals
urface bending are only operable for r > 0. Color contours correspond to interaction
ttom) are shown as dark red to highlight the minimum energy state. See Figure SD-2
olor in this figure legend, the reader is referred to the web version of the article.)

160 �mol H2 produced were subsequently consumed in the hydro-
genation reaction. Total ethane production, estimated using Kow

values for the soybean–oil partition coefficient [35] to be 25 �mol,

is consistent with this amount of hydrogenation. Surprisingly lit-
tle production of ethane occurred beyond what is predicted by
the hydrogenation reaction (Fig. 5) suggesting coupling pathways
may be enhanced within the soybean oil. Liu et al. [23] found
that coupling products (C3–C6) accounted for up to 30% of the
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Table 1
Fitted rate coefficients for reaction within the dispersed phase of the GA emulsion.

Fitted rate coefficient for reaction in dropleta (k) Surface normalized rate coefficient for
reaction in dropletb (kSA)

TCE consumption (iron) (7.9 ± 0.6) × 10−3 (1/h) (1.5 ± 0.3) × 10−5 (Loil/m2 h)
TCE consumption (catalytic) (1.1 ± 0.2) × 102 (Loil/mmolH2

h) (2.0 ± 0.3) × 10−1 (L2
oil

/mmolH2
m2 h)

H2 production (4.7 ± 0.4) × 10−2 (mmolH2 /Loilh) (8.9 ± 0.8) × 10−5 (mmolH2 /m2h)
TCE deactivation (2.9 ± 0.2) × 10−2 1/h –

a Represents reaction rate coefficient in absence of headspace.
b Specific surface area of the iron particles was determined to be 8 m2/g.
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Fig. 5. Reaction data and kinetic model fit for TCE transformation by the GA stabi-
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limited potential for straining [13–16]. Moreover the net negative
nd hydrogen data were simultaneous fit (solid lines) as described in Supporting
ata. Ethane data ( , top) are shown with predicted concentration (dashed line)
rom hydrogenation reaction fit to TCE and hydrogen data.

CE mass degraded in aqueous phase systems. We hypothesize
hat lack of products observed here resulted from formation of a
road distribution of coupling products that remained below our
uantification limits due to partitioning (reactors contained three
uid phases). Computational and experimental studies that report
0.5 log unit increase in Kow for each carbon addition demonstrate

he affinity of coupling products for the oil and support this hypoth-
sis [35,36]. It is interesting that water remains reactive within

he emulsion (as evidenced by the production of H2) even as the
eaction with TCE slows. This suggests that: sites responsible for
atalyzing the conversion of TCE may be passivated (no effect on
2 production just decrease in H2 consumption); reactive sites on
the iron surface remain accessible to water after becoming inacces-
sible to TCE (water can transport through porous oxides [37]); or
both.

Comparison of surface normalized rate coefficients established
for the reaction occurring within the droplets to those report for
aqueous suspensions of nZVI must consider the capacity that the oil
droplet has for chlorinated solvents. The TCE rate coefficient within
the oil droplets can be shown to be equivalent to an aqueous phase
rate coefficient of ∼5 × 10−3Laq/m2 h (Equation SD-E13–E15) which
is similar to rate coefficients reported for bare nZVI [23,38,39].
The emulsion, however, is ∼10% oil, suggesting that conversion
within the emulsion is equivalent to an aqueous phase rate coef-
ficient of ∼5 × 10−4Laq/m2 h. Berge and Ramsburg [18] employed
surface normalized, maximum observed rates of TCE consumption
to compare aqueous and nonaqueous reactions mediated by var-
ious types of nZVI. Maximum observed rates of TCE consumption
were employed because aqueous phase reactions are limited by the
solubility of TCE in water, while reactions within the nonaqueous
phase are limited by the amount of water within the organic phase.
Maximum observed rates were found to typically range between
1 and 200 �molTCE/m2-day for Fe0 particles and between 50 and
500 �molTCE/m2-day for bimetallic particles [18]. When the equiv-
alent rate coefficient of the GA emulsion system is applied with the
solubility of TCE in water (∼8 mM, [40]), the maximum observed
rate of TCE consumption is ∼100 �mol/m2-day. Thus, the rate of
TCE conversion in the emulsion system compares favorably to rates
observed in aqueous suspensions of iron particles [12,41] while
stabilizing 12 g/L Fe0.

4. Conclusions and implications

Use of GA to structurally stabilize the oil–water interface
in the emulsion permits high quantities of nZVI (>10 g Fe0

per L emulsion) to be encapsulated within the dispersed, oil
droplets. The kinetically-stable emulsion was found to destabi-
lize via a sedimentation process that occurred over the period
of days. The temporal analysis of droplet size distributions and
calculated interaction energetics suggest that the GA wrapping
provided a highly competent structural barrier to coalescence.
nZVI within the emulsion was shown to be reactive with both
TCE degradation and H2 production observed. TCE consumption
was described with an equivalent aqueous phase rate coefficient
of ∼5 × 10−4Laq/m2 h.

Overall the GA emulsion represents an advance in stabilizing
high quantities of nZVI particles for transport in porous media
while maintaining particle reactivity at rates that are consistent
with polymer coated particles. Droplet sizes on the order of a
micron have been shown to be mobile within fine sand due to
charge on the emulsion droplets and the ability for gentle mixing to
maintain the kinetic stability suggest that the GA emulsion may be
transported within porous media. The combination of the relatively
high interfacial tension with TCE-NAPL (30.75 ± 0.02 mN/m) and
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odest viscosity (16.8 ± 0.1 mPa s at 10 s−1 and 20.00 ± 0.01 ◦C, see
igure SD-3) suggest that the GA emulsion offers limited potential
or mobilizing DNAPL during delivery (Figure SD-4 and related
iscussion).

The materials employed to create the emulsion (GA, soybean
il, oleic acid) are food-grade, commodity chemicals and may
nhance the synergy between nZVI-based reductive dechlorina-
ion and metabolic reductive dechlorination; particularly since
ncapsulation of iron sequesters the chemical and biological reac-
ions [16,24,42,43]. Immersion of the nZVI within oil immediately
ollowing particle synthesis protects the Fe0 from oxidation by
tmospheric oxygen and reaction with water, suggesting the possi-
ility of limited decline in ZVI content during longer-term storage.
ecause the reaction occurs in a non-aqueous phase (oil or NAPL),
he availability of dissolved water becomes critical and represents a
radeoff between TCE consumption and H2 production [18]. While

echanistic study of the oil-based reactions was beyond the scope
f the present study, the results presented here warrant follow on
tudy to elucidate reaction pathways, as well as the influence of
ron mineralogy on the reaction.
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