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a  b  s  t  r  a  c  t

Direct  trichloroethylene  (TCE)  dense  non-aqueous  phase  liquid  (DNAPL)  removal  inside  pore  areas  using
nanoscale  zerovalent  iron  (NZVI)  and  bimetallic  nanoparticles  were  first  investigated  in  a  water-saturated
porous  glass  micromodel.  Effects  of  nitrate,  aqueous  ethanol  co-solvent,  humic  substance,  and  elapsed
time  on  TCE  DNAPL  removal  using  NZVI  were  studied  by direct  visualization.  The  removal  efficiency  was
then quantified  by directly  measuring  the  remaining  TCE  DNAPL  blobs  area  using  an  image  analyzer.
As  ethanol  content  of co-solvent  increased,  TCE  DNAPL  removal  by  NZVI  was  also  increased  implying
sequential  TCE  DNAPL  removal  mechanisms:  as  dissolved  TCE  was  degraded  by  NZVI,  TCE  dissolution
from  TCE  blobs  would  be then  facilitated  and  the  TCE  blob  areas  would  be eventually  reduced.  The
orous media
ZVI
imetallic nanoparticles

presence  of  nitrate  and humic  substance  hindered  the NZVI  reactivity  for the  TCE  DNAPL  removal.  In
contrast,  the  TCE DNAPL  removal  efficiency  was  enhanced  using  bimetallic  nanoparticles  in a  short-term
reaction  by  generating  atomic  hydrogen  for catalytic  hydro-dechlorination.  However,  all  TCE  DNAPL
removal  efficiencies  reached  the  same  level  after  long-term  reaction  using  both  NZVI  and  bimetallic
nanoparticles.  Direct  TCE DNAPL  observation  clearly  implied  that  TCE  blobs  existed  for  long  time  even
though  all  TCE  blobs were  fully  exposed  to NZVI  and  bimetallic  nanoparticles.
. Introduction

Trichloroethylene (TCE), a representative dense non-aqueous
hase liquid (DNAPL), is a ubiquitous contaminant in groundwa-
er systems and has been the focus of considerable attention over
he last 20 years [1–3]. Two distinct characteristics of TCE are its
ow water solubility and high toxicity. Additionally, TCE migrates
ownward until the less permeability strata of the subsurface is
ncountered, resulting in local saturations ranging from 1% to
0–80% [4].  Discontinuous immobile TCE blobs and pools can be
ontinuous sources for groundwater contamination. The removal of
CE DNAPL from porous media is a difficult issue due to the hetero-

eneity of natural porous media systems, mass transfer limitations
5,6], and TCE dissolution instabilities [1,7]. Therefore, many tech-
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nologies for detecting TCE removal efficiencies dominantly rely on
the mass transfer from the TCE DNAPL to a mobile fluid phase [8,9].

Remediation strategies traditionally involve pumping contam-
inated groundwater to the surface and passing it through a
treatment system, which either degrades the chlorinated com-
pounds as in the case of advanced oxidation processes, or transfers
to the other media as in the case of air stripping and the use of car-
bonaceous materials [10]. However, the difficulty in remediating
contaminated aquifers with standard pumping methods is due in
part to the slow dissolution rates of residual and pooled TCE DNAPL
into water [11]. To overcome this problem, advanced and in situ
technologies have been proposed: hydrophilic alcohol and surfac-
tant solutions were used to enhance dissolution of entrapped TCE
[12,13]. Zero valent iron (ZVI) dehalogenating TCE also employed
anionic and nonionic surfactants for enhancement of TCE dissolu-
tion [14].

Recently, nanoscale zero-valent iron (NZVI) and bimetallic
(Fe/Pd and Fe/Ni) nanoparticles have been used for in situ TCE
dechlorination [3],  based on the increased reactivity of nanopar-

ticles due to their high surface area to volume ratio. NZVI can
be modified using a surfactant more mobile to transport into
water-saturated porous media for in situ application [15]. Com-
pared to iron filings, bimetallic nanoparticles have much higher

dx.doi.org/10.1016/j.jhazmat.2012.02.002
http://www.sciencedirect.com/science/journal/03043894
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Table 1
Physical properties of the glass micromodel.

Parameter Value

2-D porous medium/(glass heterogeneous micromodel)
Length, L

Width, W
128 mm
84 mm

Total porosity, ε 0.455
Pore volume, Vp 0.94 mL
Temperature 25 ± 2 ◦C
Flow rate of particles 10 mL/h
00 Q. Wang et al. / Journal of Hazard

CE dechlorination rates and provide saturated hydrocarbon prod-
cts [16]. In recent decades, several influencing factors, e.g., natural
rganic matter (NOM) and dissolvable mineral solute, on the reac-
ivity and lifetime of NZVI in natural groundwater systems have
een studied for degradation of aqueous phase dissolved TCE
17]. These factors have also been proved to be able to influence
he aqueous dissolved TCE removal [18]; however, the effects of
hese factors on the performance of direct TCE DNAPL removal
sing NZVI in porous media have not yet been comprehensively
tudied.

Only few NZVI studies have been dealt with DNAPL not dissolved
ompounds: Berge and Ramsburg used a dense concentration of
CE dissolved in cosolvent (230 g/L) for their NZVI batch study
19]; Taghavy et al. evaluated NZVI for treatment of a PCE-DNAPL
rapped in the column [20]; Phenrat et al. used dodecane-LNAPL
or their study on the transport and contact of polymer-modified
ZVI particles to the LNAPL source in 2-D sand box [21]. To the best
f our knowledge, the fate and performance of NZVI and bimetal-
ic nanoparticles for TCE DNAPL removal inside pore areas have
ever been directly visualized and quantified in porous media.
o better observe the reaction between iron based nanoparticles
nd TCE DNAPL, and to more accurately quantify the TCE DNAPL
emoval using nanoparticles in an aquifer simulated system, an
rtificial transparent two-dimensional porous medium (i.e., a glass
icromodel) can be a good research tool [22–25].  In addition, visu-

lization of the TCE DNAPL removal using NZVI and bimetallic
anoparticles under a microscope can elucidate the removal mech-
nisms to explain “black box” phenomenon limitation of the soil
olumn study. Therefore, the goal of this study is to directly visual-
ze and quantify TCE DNAPL removal and mobilization of metallic
anoparticles in porous media using a glass micromodel under dif-

erent influence factor conditions. To achieve this goal, our study
ill meet two objectives: (1) to understand the fate and transport of
ZVI in the TCE DNAPL emplaced glass micromodel using a visual-

zation technology; and (2) to investigate the effects of hydrophilic
lcohol, nitrate, humic substance, and the catalytic properties of
ovel metals on the TCE DNAPL removal performance in a glass
icromodel. Eventually, this study tried to find some implications

f NZVI for groundwater remediation.

. Experimental

.1. Materials and methods

The chemicals used in this study (TCE, oil-red-o, NaBH4,
aHCO3, KCl, and NaNO3) were reagent grade (obtained from
igma–Aldrich, USA), and were used directly, as received, without
retreatment unless otherwise specified. In addition, FeCl3·6H2O
nd CaCl2·2H2O were obtained from Junsei (Japan), MgCl2·6H2O
as purchased from Oriental Chemical Industries (South Korea),

nd ethanol (99.5%) was purchased from Duksan Chem. (South
orea). The electrolyte stock solutions were prepared and then
ltered through 0.45 �m filters (Advantec MFS, Inc.) before use.
ote that the NZVI and bimetallic nanoparticles were synthe-

ized as described in the previous reports [16,17].  Experiments and
easurements were conducted in synthetic groundwater (SGW),

repared close to Dries et al. [26]: NaHCO3, KCl, CaCl2, and MgCl2
0.5 mM  each), with pH at 7.0 ± 0.1, and SGW purged using nitro-
en to reduce the dissolved oxygen. Additionally, the model for
aturally occurring soil humic substance, Pahokee peat fulvic acid

PPFA, 2S103F standard II), was purchased from the International
umic Substances Society (IHSS). All chemical stock solutions were
repared using doubly deionized water (18 M� Milli-Q) and stored
t 4 ◦C prior to use.
Flow rate of fluid
approach

10 mL/h

2.2. Characterization of synthesized NZVI and bimetallic
nanoparticles

X-ray diffraction (XRD) analyses were conducted in ambient
air with Cu K� using a Rigaku RINT 2000 wide-angle goniome-
ter operated at 40 kV and 40 mA;  continuous scans from 5◦ to 80◦

2� were performed with a step size of 0.01◦ and a count time
of 5 s per step. Morphological analyses of the samples were per-
formed by field emission scanning electron microscopy (FE-SEM)
using a Hitachi 4700 microscope (at 15 kV) with energy-dispersive
X-ray (EDX) analyses and high-resolution transmission electron
microscopy (TEM) performed using a JEOL TEM 2100 FXII operated
at 200 kV. X-ray photoelectric spectroscopy (XPS; Multilab 2000,
Thermo Electron Corporation, England) was  used for the analy-
sis of iron nanoparticles to determine their surface composition
to a depth of less than 5 nm.  Hydrochloric acid (HCl) digestion was
performed by dissolving NZVI and bimetallic nanoparticles into an
HCl solution and measuring the H2 (g) generated [27]; the compo-
nent % of iron, nickel, and palladium in the original particles were
determined using inductively coupled plasma mass spectrometry
(ICP-OES; PerkinElmer, Optima 5300DV) after the nanoparticles
were digested in HCl.

2.3. Preparation of co-solvent solution, SGW with PPFA, and
nitrate solution

The aqueous ethanol co-solvent solution was  prepared by dilut-
ing ethanol (99.5%) into 20% and 50% using DI water. SGW with
PPFA as background solution was  prepared by diluting the prepared
PPFA stock solution into SGW at a pH of 7.0 ± 0.1. PPFA concentra-
tions of 5, 10, and 15 ppm in the prepared target solutions were
confirmed using total organic carbon (TOC) analysis based on the
carbon content reported by the IHSS. Finally, NaNO3 solution was
prepared by diluting the stock solution to 40, 20, 10, and 4 mM
using DI water.

2.4. Micromodel configuration, properties, and experimental
setup

A two-dimensional porous medium made of etched glass was
used in this study (Fig. 1a). The transparent porous medium is an
artificial network model of interconnecting pores and throats. The
irregular network pattern has a local microscopic heterogeneity
due to variation in the grain shape and size. The utilization allows
for the observation of bulk transport properties within the entire
porous medium as well as the examination of microscopic mecha-
nisms at a pore level. Table 1 shows the physical properties of the
glass micromodel.

A schematic of the experimental apparatus is shown in Fig. 1b.

A micromodel saturated with background solution was horizon-
tally mounted on the light stage of a stereoscope (Motic SMZ
168) equipped with a Moticam 2500 CCD video camera that was
mounted directly on its eyepiece. The experimental setup allowed
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Fig. 1. Micromodel pattern (a) and 

or the simultaneous injection of two different fluids. A T-shaped
ube connector (Upchurch Scientific Co.) was connected by three
TFE tubes (2 mm OD × 1.5 mm ID). Two syringe pumps then deliv-
red an aqueous NZVI solution (0.5 g/L, 20 mL,  20 mL/h) and target
olution (pH 7.0 ± 0.1); at the T-shaped connector, the separate
uids met  and were subsequently injected into the inlet of the
icromodel.

.5. Residual TCE preparation, NZVI injection, and calculation of
CE DNAPL removal
The TCE was dyed with 0.1% oil-red-o in order to distinguish
t from the background, thereby permitting the quantification of
ts saturation in the micromodel through an image analysis tech-
ique. The micromodel was sequentially cleaned once by 0.05 M

ig. 2. Process of TCE blobs removal using NZVI in micromodel: ‘a’ is the initial conditio
articles; and ‘c’ is the final image, after 36 h TCE blobs removal by NZVI, NZVI on the sur
atic of the experimental setup (b).

sulfuric acid and ethanol, following each experiment. Before
injecting the TCE DNAPL, the micromodel was flushed with the
background solution to remove background turbidity and to pro-
vide a uniform collector surface charge.

Dyed TCE was injected into the micromodel which had been
saturated with SGW until breakthrough at the outlet was  reached.
The amount of TCE DNAPL injected was  around 5% of the total pore
volume (PV) of the micromodel, and the TCE blobs were trapped at
the inner surfaces of pores in the micromodel. The micromodel was
also flushed with background solution for 40 PV in order to confirm
the immobility of trapped TCE blobs, not able to be washed by DI

water/background solution, in micromodel.

After the micromodel was  placed with non-movable TCE blobs,
NZVI or bimetallic nanoparticles with background solution were
then injected into the micromodel. The injected nanoparticles

n, TCE blobs trapped in the pores of micromodel; ‘b’ is TCE blobs coated by NZVI
face of TCE blobs was  washed by a sulfuric acid solution.



302 Q. Wang et al. / Journal of Hazardous Materials 213– 214 (2012) 299– 310

thesiz

(
V
s

a
t
N
A
b
(
i
t
T
w
i
i

T
E

T
S

Fig. 3. SEM, TEM and EDX results of syn

0.5 g/L) were continuously sonicated using a sonicator (VCX-500
ibracell, Sonics and Materials, Inc.) during injection of 5 PV particle
olutions.

The particle solution flow was stopped after 5 PV of flow,
nd then 36 h were allowed for reaction between TCE blobs and
he metallic nanoparticles: in the long term evaluation of NZVI,
ZVI/Ni, and NZVI/Pd, 504 h (21 days) was allowed for reaction.
fter reaction, the deposited metallic nanoparticles coating the TCE
lobs surfaces were then washed using a 30% sulfuric acid solution
see Fig. 2). The TCE DNAPL removal was quantified by calculat-
ng the difference in the TCE blobs area between the TCE blobs
rapped in the micromodel prior to nanoparticles injection and the

CE blobs trapped in the micromodel after reaction [22–24].  It is
ell known that dissolution of NAPL into the aqueous phase results

n shrinkage of NAPL blobs [28,29]. The volume of TCE blobs placed
n the micromodel can be obtained by directly measuring the area

able 2
lement component % in NZVI and bimetals determined by ICP-OES.

Sample name Total Fe content (wt%) B content (wt%) 

NZVI 91.5 4.16 

NZVI/Ni 69.4 6.35 

NZVI/Pd 84.2 4.76 

able 3
urface atomic percentage (%) for NZVI and bimetals determined by XPS.

Samples Fe O C 

NZVI 13.21 52.69 19.
Bimetallic (Fe/Ni) 8.14/4.31 54.97 32.
Bimetallic (Fe/Pd) 13.24/0.75 50.23 35.
ed: ‘a’ NZVI, ‘b’ NZVI/Ni, and ‘c’ NZVI/Pd.

of TCE blobs, because the micromodel system is a 2-dimensional
system having a uniform thickness. Therefore, the TCE blobs area
(i.e., the TCE blob volume) was  calculated as an average of mea-
surement of 40–50 TCE blobs trapped in the micromodel using a
microscope with digital camera.

3. Results and discussion

3.1. Characterizations of synthesized NZVI and bimetallic
nanoparticles
The XRD analyses of manufactured nanoparticles are shown in
Fig. S1 (Supplementary material). The predominant features of the
nanoparticles consist primarily of iron metal, iron corrosion, nickel,
and palladium in various forms. The quantities of iron, nickel, and

Na content (wt%) Ni content (wt%) Pd content (wt%)

4.12 – –
6.63 19.6 –
7.74 – 3.10

Na B Ni Pd

10 4.97 10.04 – –
59 1.05 3.02 4.31 –
77 2.21 – – 0.75
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ig. 4. Images from the porous pattern glass model where the residual TCE DNAP
olution, ‘b’ in 20% ethanol aqueous solution, and ‘c’ in 50% ethanol aqueous solution
o  the web version of the article.)

alladium were also determined using ICP-OES after the nanopar-
icles were digested in HCl (see Table 2).

SEM, TEM, and EDX results of synthesized NZVI, NZVI/Ni, and
ZVI/Pd are presented in Fig. 3a–c. The chemical compositions of

he particles were determined via an EDX spectral analysis (Fig. 3a′′,
′′, and c′′), significant Fe, O, Ni, and Pd peaks were detected; how-
ver, the carbon and the partial palladium signals are from the
upporting and coating material in SEM preparation.

Fig. S2 presents the XPS wide-scan results of freshly prepared
ZVI, NZVI/Ni, and NZVI/Pd. The photoelectron peaks in Fig. S2a

eveal that the nanoparticle surface consists mainly of iron and oxy-
en, in addition to small amounts of sodium, boron, and carbon.
arbon on the NZVI surface likely originates from the inadver-
ent exposure to carbon dioxide and potentially small hydrocarbon

olecules in air, water, and on the glassware during the sample
reparation and delivery [30]. Sodium and boron at the surface

re from the reagent sodium borohydride, though sodium and
oron are soluble and can be rinsed off with water [31]. The
hotoelectron peaks in Fig. S2b and S2c reveal that nanoparticle
urface also consists of nickel and palladium, which are from the
 removed by NZVI in the presence of co-solvent (red blob is TCE): ‘a’ in DI water
 interpretation of the references to color in this figure legend, the reader is referred

synthesized bimetallic nanoparticles. Based on the individual XPS
survey of elements at the surface and atomic sensitivity factors,
surface compositions of NZVI and bimetallic (Fe/Ni, Fe/Pd) nanopar-
ticles are summarized in Table 3. In addition, a detailed XPS survey
for Fe 2p of NZVI and bimetallic nanoparticles regions are shown in
Fig. S3, Fig. S4 shows the Ni 2p XPS spectra of the NZVI/Ni nanopar-
ticles, the peaks at 846.6 and 852.2 eV are assigned to the features
of Ni0; and Fig. S5 shows the Pd 3d XPS spectra of the NZVI/Pd
nanoparticles, the positions and the peaks with binding energies
of 335.5 and 340.5 eV match the 3d5/2 and 3d3/2 peaks for Pd(0);
similar results of NZVI and bimetallic nanoparticles were reported
in previous researches [16,32].

3.2. TCE DNAPL removal processes by NZVI in porous media

Fig. 2 shows that TCE blob area becomes smaller as time elapses.

The TCE blobs started to dissolve into the aqueous phase, and then
these dissolved TCE reacted with NZVI; dissolved TCE can be effi-
ciently degraded using NZVI. As dissolved TCE was reacted and
then degraded by NZVI, TCE dissolution from TCE blobs would be
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ig. 5. Images from the porous pattern glass model where the residual TCE DNA
oncentrations are: (a) 4 mM,  (b) 10 mM,  (c) 20 mM,  and (d) 40 mM.

acilitated and the TCE blob areas would be eventually reduced.
ig. S6 shows a schematic diagram explaining these mechanisms.
he fate and degradation of TCE using NZVI have been systemati-
ally well described already [3].

The effect of co-solvent on the TCE removal using NZVI was then
nvestigated using aqueous ethanol solutions of 0% (DI water), 20%,
nd 50% as the co-solvent. Visualizations of the TCE removal are
hown in Fig. 4, where it is clearly observed that the area of TCE

lobs was significantly reduced in the presence of 0%, 20%, and 50%
thanol solution. The observed TCE blobs were probably reduced
y three processes: enhanced dissolution of TCE blob in aqueous
thanol solution due to the higher solubility of TCE in ethanol
as  removed by NZVI in the presence of sodium nitrate (red blob is TCE). Nitrate

solution than in DI water [33], removal of dissolved TCE by NZVI,
mobilization-reduction of TCE blobs. Fig. 4c and c′ show TCE blob
removal using a 50% ethanol solution with NZVI. Three sequential
processes, TCE blob dissolution, TCE removal by NZVI and mobi-
lization, were observed; most of the TCE blobs were removed and
the remaining blobs were shifted from their previous position. This
mobilization can be attributed to the reduction in interfacial ten-
sion by increasing the ethanol concentration in the co-solvent; note

that TCE mobilization was not observed in the presence of water
alone (Fig. 4a, a′).

This study evaluated the reduction in TCE blob size by flooding
with DI water and ethanol solution alone. Fig. 9a compares the TCE
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Fig. 6. Images from the porous pattern glass model where the residual TCE DNAPL was removed by NZVI in the presence of PPFA in SGW (red blob is TCE). PPFA concentrations
a

D
c
l
t

re:  (a) 0 ppm, (b) 5 ppm, (c) 10 ppm, and (d) 15 ppm.
NAPL removal efficiencies by between NZVI with cosolvent and
osolvent alone. Note that the TCE removal efficiency was  calcu-
ated by analyzing the area variation of 40–50 TCE blobs present in
he micromodel. The TCE DNAPL removal only by aqueous ethanol
washing was less than the TCE DNAPL removal by NZVI under an
aqueous ethanol condition. These results implied that reduction
of dissolved TCE by NZVI accelerated dissolution of TCE blob and
eventually resulted in reduction in TCE blob size.
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ig. 7. Images from the porous pattern glass model where the residual TCE DNAPL 

a)  NZVI, (b) NZVI/Ni, and (c) NZVI/Pd.

.3. Effect of nitrate on TCE DNAPL removal by NZVI

The TCE DNAPL removal by NZVI was inhibited in the presence
f nitrate at concentrations of 4–40 mM.  Visualization of the TCE
NAPL removal is shown in Fig. 5 and those removal efficiencies
ere in the order of 4 mM > 10 mM > 20 mM > 40 mM (see Fig. 9b).
ne possible explanation for this inhibition in the existence of
O3

− is competition between NO3
− and TCE for reactive sites on

ZVI [34]. Additionally, upon further consideration, another evi-
ent explanation is that the hindrance is resulted from surface
assivation at higher NO3

− concentrations, which results in iron
xide/hydroxide (FeOOH) forming on the NZVI surface. This FeOOH
orming changes the TCE removal reaction from cathodic control
i.e., reduction of TCE) to anodic control (i.e., release of Fe2+ and
lectrons) [35]. Schlicker et al. [36] also reported that the nitrate
emoval rate by NZVI is faster than TCE removal rate. In the micro-

odel, NZVI would prefer to react with nitrate rather than the

issolved TCE. Although the nitrate inhibition by the previous stud-
es was observed with the dissolved TCE, this study also found the
itrate inhibition effect on removal of TCE DNAPL by NZVI.
moved by NZVI and bimetallic nanoparticles during a short-term reaction in SGW:

3.4. Effect of humic substance on TCE DNAPL removal by NZVI

The visualizations of TCE removal in the presence of PPFA are
shown in Fig. 6. Conditions of the PPFA concentration in Fig. 6 were
0, 5, 10, 15 ppm, from Fig. 6a to d. Fig. 6 shows the initial images
and the final images after reaction. The image analyzer showed that
the TCE blob size in these images of Fig. 6 was  reduced by at least
10% from the initial size, although it was hard to find the difference
with the naked eye. Fig. 9c shows the overall quantification results
of TCE DNAPL removal efficiency. The overall TCE DNPL removal
efficiency obtained by analysis of tens of TCE blobs showed they
are apparently different from each other.

As concentrations of PPFA increase, the TCE removal effi-
ciencies decreased (see Fig. 9c); additionally, decrease of the
TCE blob area in the presence of PPFA is in the order of
0 ppm > 5 ppm > 10 ppm > 15 ppm. PPFA is known to readily adsorb

to iron (hydr) oxides [37], and many (hydr) oxide phases are typ-
ically present on the surface of NZVI. Hence, PPFA adsorption
onto iron surfaces is depicted by nonspecific surface interactions:
free energy changes associated with PPFA solvation, electrostatic
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Fig. 8. Images from the porous pattern glass model where the residual TCE DNAPL was  removed by NZVI and bimetallic nanoparticles during a long-term (504 h) reaction
i

i
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n  SGW: (a) NZVI, (b) NZVI/Ni, and (c) NZVI/Pd.

nteractions between the oxide surface and the PPFA molecule, and
he specific interactions that occur between functional groups in
PFA molecules and oxide surfaces [37]. As a result of the stronger
PFA–iron interactions, species such as TCE that are expected to
orm weakly bonded surface complexes [38] may  be competitively
xcluded from the surface. In addition to this predominantly steric
ffect, adsorption of PPFA to the particle surface is expected to alter
he reduction potential of neighboring Fe (II) surface sites, making
hem poorer reductants. Although the humic substance inhibition
y the previous studies was observed with the dissolved TCE, this
tudy further verified the previous study results with visualization
nd quantification of TCE DNAPL reduction.

.5. Effect of catalyst metal loading (bimetal) on TCE DNAPL
emoval
NZVI particles containing nickel and palladium were observed
o exhibit drastically different reactivity for TCE removal (Fig. 7). In
mage analysis of Fig. 7b and c, NZVI (Ni) reduced the TCE blob size
by 35% from the initial size, while NZVI (Pd) showed 30%. Difference
in the TCE blob size was apparently found in the TCE DNAPL removal
efficiency results as shown in Fig. 9d. As shown in Fig. 9d, enhanced
TCE DNAPL removal rates were found in application of bimetallic
nanoparticles (i.e., in the order of NZVI/Ni > NZVI/Pd > NZVI). The
reactivity of NZVI/Ni (with 20% Ni) and NZVI/Pd (with 5% Pd) were
increased 65.8% and 36.4% comparing to pristine NZVI. The mea-
sured nickel and palladium contents were the mass ratio of nickel
and palladium to iron based on the assumption that the employed
nickel and palladium were completely reduced and deposited onto
the iron surface:

Ni2+ + Fe → Ni + Fe2+ (1)

Pd2+ + Fe → Pd + Fe2+ (2)

Plausible explanations for this improved TCE DNAPL removal

phenomenon have been proposed by the formation of a galvanic
cell [39] and the surface coverage of catalytic metal on the reductive
metal [40]. In addition, adsorbed atomic hydrogen can improve the
dechlorination of chlorinated hydrocarbons in bimetallic systems



308 Q. Wang et al. / Journal of Hazardous Materials 213– 214 (2012) 299– 310

T
C

E
 r

e
m

o
v

a
l 

e
ff

ic
ie

n
c

y
 [

%
]

0

10

20

30

40

50

60

NZVI NZVI/ Ni 
(20%)

NZVI/Pd 
(5%)

Concentration  of  PPFA  [p pm]

151050

T
C

E
 r

e
m

o
v

a
l 

e
ff

ic
ie

n
c

y
 [

%
]

0

5

10

15

20

25

30

Concentration of NaN O3 [mM]

T
C

E
 r

e
m

o
v
a
l 
e
ff

ic
ie

n
c
y
 [

%
]

0

10

20

30

40

0 4 10 20 40

b

c

T
C

E
 r

e
m

o
v
a
l 
e
ff

ic
ie

n
c
y
 [

%
]

0

10

20

30

40

50

 NZ VI NZV I/Ni 

(Ni 20 %)

NZVI/Pd 

(Pd 5 %)

d

e

Concentration of  et hanol  in  cosolvent %

T
C

E
 r

e
m

o
v
a
l 

e
ff

ic
ie

n
c
y
 [

%
]

0

20

40

60

80

100 NZVI w / et hanol  aqueou s solu tio n

Only ethanol  aqueous  sol utio n

0% 20% 50%

a

F f co-s
i atalys

[
r
g
p
t
a
g
[

3
n

a
s
t
r
t
w
A
m
a

r

ig. 9. TCE DNAPL removal efficiencies under different conditions: ‘a’ is the effect o
s  the effect of catalyst metal loading in short-term reaction, and ‘e’ is the effect of c

41,42].  Briefly, in bimetallic system, atomic hydrogen formed more
eadily on catalyst metal surfaces having a low cathodic hydro-
en over potential than on the metals with high hydrogen over
otentials, such as iron [43]. The dissolution of water by NZVI leads
o a hydrogen evolution [44] and is followed by the formation of
tomic hydrogen on the catalyst metal surface. The atomic hydro-
en then starts to degrade TCE through a surface-mediated process
16].

.6. Long-term removal of TCE DNAPL using NZVI and bimetallic
anoparticles

Visualizations of long-term TCE DNAPL removal using NZVI
nd bimetallic nanoparticles are shown in Fig. 8. All TCE blobs
hown in the initial images were significantly reduced after long-
erm reaction. Reduction in TCE blob size with the long-term
eaction can be easily found unlike those of the short-term reac-
ion. This study measured areas of representative TCE blobs that
ere chosen from tens of TCE blobs present in the micromodel.
s already mentioned before, TCE removal efficiency was deter-

ined from a ratio of the final TCE blob area to the initial TCE blob

rea.
Long-term reaction apparently increased the TCE DNAPL

emoval efficiency when compared with short-term reaction
olvent, ‘b’ is the effect of presence of nitrate, ‘c’ is the effect of presence of PPFA, ‘d’
t metal loading in long-term reaction.

results. Fig. 9e shows that TCE DNAPL removal efficiencies were
increased to 46% using pristine NZVI, NZVI/Ni, and NZVI/Pd bimetal-
lic nanoparticles in SGW after 504 h. This result demonstrates the
TCE DNAPL removal will reach equivalent after long-term reaction
among NZVI and bimetallic nanoparticles. This phenomenon can
be explained by the fact that Ni and Pd as catalysts are able to
increase the rate of TCE DNAPL removal by NZVI through provid-
ing lower activation energy than NZVI alone; however, they cannot
change the extent of the reaction and have no effect on the chemical
equilibrium of the reaction [45]. Therefore, this study found from
visualization and quantification of TCE blobs that the extent of TCE
removal using NZVI and/or bimetallic nanoparticles will be equal
when the TCE DNAPL removal by NZVI was  allowed with enough
time to complete this reaction.

TCE blobs existed for a long time even though all TCE blobs
were fully exposed to iron and bimetallic nanoparticles. Micro-
model visualization results imply that DNAPL placed in source areas
where iron and bimetallic nanoparticles were applied for remedi-
ation exist for a relatively long time. DNAPL would persist longer
if there are relatively high humic substance and nitrate present in

groundwater. DNAPL can continuously release dissolved TCE com-
ponent unless it disappears in the subsurface. Enhanced dissolution
of DNAPL would be primarily tried for remediating source areas by
iron and bimetallic nanoparticles.
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. Conclusions

This study demonstrated a novel approach for first reveal-
ng the TCE DNAPL removal inside pore areas using iron and
imetallic nanoparticles in porous media through visualization
echnique. Representative TCE blobs were selected and continu-
usly monitored for quantifying those areas. TCE DNAPL removal
as determined as the difference of DNAPL blobs area between the

nitial DNAPL blobs area and the area remaining after reaction.
The TCE DNAPL removal efficiency was found to decrease when

itrate and humic substance were present in the solution; however,
he presence of ethanol in the solution increased the TCE DNAPL
emoval efficiency. Three sequential TCE DNAPL removal mecha-
isms by NZVI were suggested by visualization and quantification
esults: as dissolved TCE was reacted and then degraded by NZVI,
CE dissolution from TCE blobs would be facilitated and the TCE
lob areas would be eventually reduced. The presence of catalysts
Ni and Pd in bimetallic nanoparticles) enhanced the TCE DNAPL
emoval in short-term reaction (36 h); however, over long-term
eaction (21 days), the presence of catalysts did not change the
xtent of TCE DNAPL removal. Catalysts emplaced in NZVI would
ot affect the overall TCE DNAPL removal in the pores but the
estruction rate of TCE DNAPL in the beginning of reaction. Direct
CE DNAPL observation clearly showed that TCE blobs existed in
ores for a long time even though TCE blobs were fully exposed
o iron and bimetallic nanoparticles. This study implies that the
uccessful application of a NZVI-based remediation technology for
NAPL source areas may  require significant enhancement in DNAPL
issolution.
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