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Mobilization  and  deposition  of  iron  nano  and  sub-micrometer  particles  (INSMP)  in a porous  medium  were
investigated  using  a water-saturated  glass  micromodel.  The  deposition  and  detachment  of INSMP  in  the
micromodel  were  visualized  by  taking  serial  images  and  experimentally  verified  by  analysis  of break-
through  curves.  This  first  visualization  study  of  INSMP  fate  showed  that  there  were  dense  aggregations  at
the  pores  as  the  concentration  of  INSMP  increased.  The  presence  of  dissolved  humic  substances  (>1  ppm)
significantly  reduced  deposition  of  suspended  particles  and  enhanced  detachment  of  the  deposited  par-
ron nanoparticles
lass micromodel
obilization-deposition
umic substances
LVO theory

ticles.  The  mobility  of  INSMP  in  the  presence  of  Pahokee  peat  fulvic  acid standard  II (PPFA)  was  higher
than  for  Pahokee  peat  humic  acid standard  I  (PPHA)  due  to  the presence  of  more  aromatic  groups  and
the  molecular  weight  in  PPFA.  Interfacial  energy  estimation  based  on  the  DLVO  theory  revealed  that  the
adsorption  of humic  substances  onto  the  INSMP  increased  the  energy  barrier  and  reduced  the  depth  of
secondary  minimum  between  particles.  The  “affinity  transition”  in  the  initial  deposition  of  INSMP  within
the micromodel  was  observed  in  the  presence  of Pahokee  peat  humic  substances.
. Introduction

The application of iron nanoparticles for environmental remedi-
tion has recently been receiving a great deal of attention [1–7], e.g.,
ron nanoparticles are widely used for dechlorination of chlorinated
ompounds and immobilization of heavy metals in groundwater
8–10]; additionally, Noubactep and his colleagues have chal-
enged the view that iron nanoparticles are reducing agents shown
hat contaminants are basically removed by adsorption and co-
recipitation [11,12]. The large surface area and reactivity of iron
anoparticles can be applied to a promising and flexible technol-
gy for in situ remediation of groundwater contaminants [8].  Iron
anoparticles having small particle size compared to soil pores
how much potential for enhanced transport to contamination
ource zones [13,14]. However, recent studies have reported that
are iron nanoparticles have a strong tendency to agglomerate due
o their high surface energy and intrinsic magnetic interactions,

orming aggregates that plug and inhibit their mobility through
orous media [15,16].
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Conventionally, the stability and deposition of colloid particles
are described using Derjaguin and Landau, Verwey and Overbeek
(DLVO) theory and deep bed filtration model [15,17–20]. In DLVO
theory, colloid particle stability is promoted by the existence of an
energy barrier in the inter-particle interaction potential. Moreover,
DLVO theory assumes mono-dispersed particles and irreversible
attachment in a primary minimum, whereas surface modified
colloid particles are likely to be deposited within a secondary mini-
mum,  which is subject to detachment under an external force (e.g.,
shear force) [21]. Lab-synthesized iron nanoparticles have an Fe0

core and an iron oxides shell. These iron particles are polydispersed
and have magnetic properties between the particles to affect the
dispersion stability [16,22,23].  Therefore, it has been expected that
classical DLVO theory alone is not appropriate for prediction of
interactions of iron nanoparticles. In the deep bed filtration model,
the attachment efficiency is controlled by collector interactions
and is independent of particle concentration. Particle deposition
to the previously attached particles (e.g., blocking and ripening)
and agglomeration due to magnetic attractive forces are neglected
in the theory [18–20,24,25].

Natural organic matter (NOM) is a complex mixture of many
molecules. A large portion of NOM is present as humic acid (HA)

and fulvic acid (FA) [26]. Due to its complex nature, NOM should be
treated as different components in adsorption and transport stud-
ies. Interactions between NOM and iron-nanoparticles would result
in a reduced sticking coefficient (scavenging by attachment) to

dx.doi.org/10.1016/j.jhazmat.2011.06.066
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Fig. 1. (a) Micromodel pattern and

nhance the mobility of iron nanoparticles in groundwater [27,28].
owever, the effects of the different characteristics of humic and

ulvic acids on the kinetics and mechanisms of iron nanoparticle
tabilization in porous media have not been reported. Similarly,
here are no studies available on the visualization and quantifi-
ation of the mobilization, aggregation, and deposition of iron
anoparticles that were stabilized using soil humic substances.

Quantification of nanoparticle deposition during transport
hrough porous media has been difficult to obtain by column study
lthough there have been a number of studies investigating the
ubsurface transport of nanosized materials [13,15,29].  Most pre-
ious studies have been limited to “black box” modeling based on

he mass balance and breakthrough curves in packed sand columns
13,15,30–32]. No studies on the pore-scale visualization of iron
anoparticles transport in porous media have been reported. In
ddition, vertical flow of iron nanoparticles using a column filled
hematic of the experimental setup.

with glass beads would not adequately represent the total path-
ways of nanoparticles movement in a groundwater aquifer [13]. In
the subsurface, horizontal flow is also significant, however, there
have only been a few studies about the behavior of groundwater
flow in the horizontal direction [24,33]; the horizontal flow study
of iron nanoparticles in porous media has never been reported. To
this end, a micromodel investigation would enhance understand-
ing of the pore-scale behavior of iron nanoparticles and thus would
provide further insight into their macroscale behavior to explain
the “black box” phenomenon in the column test.

The objectives of this study were: (1) to visualize the mobi-
lization and deposition of iron nano and sub-micrometer particles

(INSMP) under different particle and humic substance concen-
trations with a horizontally laid micromodel; (2) to explain the
observed mobility enhancement of INSMP in the presence of NOM
using the classical and extended DLVO theories.
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Fig. 2. Visualizations of INSMP deposition after one pore volume injection under different particle concentrations: (a) 0.05 g/L, (b) 0.1 g/L, (c) 0.15 g/L, and (d) 0.2 g/L, the flow
rate  is 4.59 × 10−4 m/s, and the background solution is DI water.

Fig. 3. Visualizations of INSMP depositions after six pore volumes injection under different particle concentrations in the micromodel: (a) 0.05 g/L, (b) 0.1 g/L, (c) 0.15 g/L,
and  (d) 0.2 g/L. The Darcy velocity is 4.59 × 10−4 m/s, and the background solution is DI water.
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Table  1
Physical parameters held constant for micromodel.

Parameter Value

2-D porous
medium/(micromodel)

Length, L 150 mm

Width, W 100 mm
Collector diameter, dc 1.3 mm
Total porosity, ε 0.59
Pore volume, Vp 2 mL
Inner depth 200 �m

Temperature 25 ± 2 ◦C
Flow rate for particles 10 mL/h, 2.295 × 10−4 m/s
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Fig. 4. (a) Transmission electron micrograph of INSMP suspension (0.05 g/L in DI

electron microscope (TEM) analyses were performed to character-
ize the morphology of iron nanoparticles before injection into the
micromodel. Surface charge (�-potential) and size distribution of
iron nanoparticles were characterized using electrophoretic light
Flow rate for fluid
approach

10 mL/h, 2.295 × 10−4 m/s

. Materials and methods

.1. Chemicals

The chemicals used in this study (NaBH4, NaHCO3, KCl) were
eagent grade obtained from Sigma–Aldrich (USA), and were used
irectly as received without pretreatment unless otherwise spec-

fied. In addition, FeCl3·6H2O and CaCl2·2H2O were obtained from
unsei (Japan), and MgCl2·6H2O was purchased from Oriental
hemical Industries (South Korea). The electrolyte stock solutions
ere prepared and then filtered through 0.45-�m filters (Advan-

ec MFS, Inc.) before use. The iron nanoparticles were synthesized
s described in previous studies [4,34].  The experiments and mea-
urements were conducted in the synthetic groundwater (SGW)
repared similar to that of Dries et al. [35]: NaHCO3, KCl, CaCl2,
nd MgCl2 (0.5 mM each), and pH were conducted at 7.0 ± 0.1; in
ddition, SGW was purged using nitrogen before experiments (DO
alue is less than 0.8 mg/L) [4].  Models for naturally occurring soil
rganic matter, Pahokee peat humic acid (PPHA, 1S103H standard
) and Pahokee peat fulvic acid (PPFA, 2S103F standard II), were
urchased from the International Humic Substances Society (IHSS).
ll chemical stock solutions were prepared using doubly deionized

DI) water (18 M� Milli-Q) and stored at 4 ◦C prior to use. PPHA and
PFA background solutions were prepared by diluting these stock
olutions into SGW with pH of 7.0 ± 0.1. The concentrations of the
PHA and PPFA in the prepared background solutions were con-
rmed using a total organic carbon analyzer (TOC-VCPH, Shimadzu)
ased on the carbon content reported by the IHSS.

.2. Micromodel configuration and experimental setup

This study used a well-defined porous medium for transport
nalysis of iron nanoparticles. A porous pattern-regularly-etched
lass model allowed us to quantify and visualize the mobilization
nd deposition of iron nanoparticles during transport. Jeong et al.
ave described the detail configuration of this glass model [36]. The
lass micromodel shown in Fig. 1(a) has a regular geometry with
n average pore throat radius of 120 �m.  The physical properties
f the micromodel are summarized in Table 1.

A schematic of the experimental apparatus is shown in Fig. 1(b).
he micromodel was horizontally mounted on the light stage of a
icroscope (iMegascope, EGVM-452M, with a 300× lens) that was

quipped with a high resolution digital camera mounted directly
n its eyepiece. Live images of the micromodel were displayed on

 computer monitor. The captured images of the transport behav-
or of iron nanoparticles were analyzed using an image analyzer (IT
lus 5.0); additionally, prior to image analysis, the focus and reso-

ution of the microscope were calibrated. The experimental setup
llowed for the simultaneous injection of two different fluids: a T-
haped tube connector (Upchurch Scientific Co.) was connected by
hree PTFE tubes (2 mm  OD × 1.5 mm ID). Two syringe pumps deliv-
water) showing aggregation of particles, inset is the high resolution TEM image of
iron nanoparticles and (b) particle size distribution of INSMP under different particle
concentrations based on ELS analysis.

ered iron nanoparticle aqueous solution and background solution,
respectively. At the T-shape connector the separate fluids met  and
were then injected into the micromodel. A UV spectrometer was
used for detecting the iron nanoparticle concentration in the efflu-
ent from the micromodel. In addition, high-resolution transmission
Fig. 5. Attachment efficiencies of INSMP under different particle concentrations in
the  micromodel.
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cattering (ELS-Z, version 2.2, Otsuka Electronics, Japan). All mea-
urements were conducted at room temperature. The total iron
nd Fe0 content in iron nanoparticle samples were subsequently
etermined using acid digestion method reported by Liu et al. [8].

.3. Experimental procedure

The mobilization and deposition of iron nanoparticles in the
icromodel were conducted using DI water and SGW solution.

efore injecting iron nanoparticles, the micromodel was  flushed
ith the background solution to provide a uniform collector surface

harge. Iron nanoparticle suspensions in the background solutions
ere sonicated for 4 min  in a sonication bath (B8510, Bransonic)

nd then continuously sonicated using a sonicator (VCX-400 Vibra-
ell, Sonics and Materials, Inc.) during injection. Effluent samples
rom the micromodel were analyzed using a UV spectrophotometer
Mini 1240, Shimadzu) at 508 nm to determine the particle concen-
ration [15].

. Results and discussion

.1. Visualization of the mobility of iron nano and
ub-micrometer particles (INSMP) in porous media

Fate of iron nano and sub-micrometer particles (INSMP) in

orous media was first visualized under continuous flow condi-
ions. The background solution used here was DI water to know
he effects of particle concentration on the mobility of INSMP. In
ur experiments, the bottom surface and edge of pores are rough
A after one pore volume injection: (a) 1 ppm, (b) 5 ppm, (c) 10 ppm, and (d) 15 ppm.
s 0.05 g/L.

[37], which can simulate real conditions in the subsurface porous
media. Fig. 2(a–d) shows the visualizations of INSMP depositions
near the pore edge of the micromodel after one pore volume injec-
tion; INSMP were densely deposited as the injection concentration
increased. Also, note from Fig. 2(a) for the concentration of 0.05 g/L
that a few aggregates were found on the bottom and edge of the
pores. The visualized images of Fig. 2(c) and (d) showed that the
depositions of INSMP for the concentrations of 0.15 and 0.2 g/L were
greater than for lower concentrations, due both to interception
and sedimentation as well as particle agglomeration from magnetic
attractive forces [16].

From the pore-scale visualizations after six pore volume injec-
tions (Fig. 3), we easily observed that there were dense aggregations
at the pores; these aggregates blocked the pores, which subse-
quently would decrease flow paths of the micromodel. Two regimes
of iron-nanoparticle aggregation have been already demonstrated
by Phenrat et al. under static conditions [16]. After big aggregates
were generated in the aqueous solution under static conditions,
they became new “collectors” – small particles attached onto
these new collectors through diffusion, interception, and magnetic
attraction. We  observed similar phenomena even under continuous
flow conditions as shown Figs. 2 and 3.

The visualization of the trajectory for INSMP sedimentation,
interception, and detachment were described in Figs. S2–S4 (Sup-
plementary material). Additionally, TEM image (Fig. 4a) showed

aggregates with effective size less than 2 �m of INSMP under a con-
centration of 0.05 g/L prior to injection into the micromodel, while
the intrinsic size of these particles was on the order of 20–40 nm
(inset of Fig. 4a). The mean diameter and size distributions of INSMP
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e)  only SGW. The Darcy velocity is 4.59 × 10−4 m/s, T = 25 ◦C, pH = 7.0, and the conc

nder different particle concentrations were shown in Fig. 4b. As
he particle concentration increased from 0.05 g/L to 0.2 g/L, the
ydrodynamic diameter was increased from 770.4 to 1820.9 nm.
he observed results are consistent with visualizations taken from
he micromodel, which confirmed that increasing particle concen-
ration led to larger particle aggregation. Video (Supplementary

aterial) image of these processes is available for further
bservation.

The attachment efficiencies, ˛, of different INSMP concentra-
ions are shown in Fig. 5; the full theory expression of attachment
fficiency is described in the Supplementary material. In Fig. 5, it
an be seen that the attachment efficiency increased from 0.45 to
.51 as the concentration increased from 0.05 to 0.1 g/L; however,
he attachment efficiency decreased to 0.31, as the concentra-
ion increased to 0.2 g/L. Visualization results of INSMP fate were
bserved, contrary to attachment efficiency results using the deep
ed filtration model, but consistent with the static condition results
f Phenrat et al. [16]. The deep bed filtration model does not pro-
ide a complete representation of particle transport, such as partial
oagulation caused by bridging and magnetic attractions among
he INSMP [16,23]. As a result, the attachment efficiencies for con-
entrations of 0.15 and 0.2 g/L were likely to be underestimated
omparing to visualization.

.2. Effect of humic substances on the deposition of INSMP in
orous media

The deposition of INSMP with a concentration of 0.05 g/L
as investigated with background humic substances (PPHA and
PFA) in SGW at concentrations of 1, 5, 10, and 15 mg/L. Prior to
hese deposition experiments, the micromodel was rinsed with
ackground solution for at least 40 pore volumes. Note that no sig-
ificant UV absorbance value shifts were observed between the
 after one pore volume injection: (a) 1 ppm, (b) 5 ppm, (c) 10 ppm, (d) 15 ppm, and
ion of INSMP is 0.05 g/L.

influent and effluent solutions, indicating that additional back-
ground humic substances would not adhere onto the micromodel
inner surface after the saturated surface coating with background
humic substances.

As shown in Table 2, the attachment efficiencies of 1 ppm PPHA
(0.815 ± 0.006) and PPFA (0.782 ± 0.008) were a little higher than
those without humic substances (0.778 ± 0.011). In the presence
of CaCl2 and MgCl2, PPHA and PPFA were able to form complexes
with Ca2+ and Mg2+, which would result in macromolecules taking
a more compact conformation. Also, some bridging would occur
between the macromolecules on the INSMP and the inner surface
of the micromodel [27]. However, as the concentrations of PPHA
and PPFA in SGW were increased from 5 to 15 mg/L, a significant
decrease in the attachment efficiency was  observed (Table 2).

Mobility of INSMP in the presence of PPFA was higher than that
for PPHA, showing that the attachment efficiency ˛PPFA was less
than ˛PPHA. This observed result can be explained by structural rea-
sons of humic substances: the specific UV absorbance (SUVA254)
and molecular weight distribution of PPFA are larger than those
of PPHA (Fig. S5). The SUVA254 is defined as the UV absorbance
at 254 nm divided by the DOC concentration and is strongly cor-
related with the aromaticity of humic substances, more aromatic
group content in humic substances directly enhancing the adsorp-
tion capacity [38]. Therefore, more PPFA molecules, comparing with
PPHA molecules, can be adsorbed onto the surface of INSMP. Addi-
tionally, the observed result is similar to a previous reported study
suggesting that the attraction interaction is higher between organic
chemicals containing more aromatic groups and carbon nanotubes
[39].
The electrophoretic mobility of INSMP in the SGW with PPHA
and PPFA were then measured to determine the surface charge at
pH 7. Our results confirmed that the surface charges of INSMP were
more negative when in the presence of PPFA than when in the pres-
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ence of PPHA (Table 2). The surface charge of INSMP could cause
more electrostatic repulsion among particles and between parti-
cles and inner surfaces of the micromodel in the presence of PPFA
than it does with PPHA. Therefore, more aromaticity of PPFA sig-
nificantly increases the steric and electrostatic repulsion of INSMP,
as a result, the attachment efficiency was significantly decreased.
These results suggest that naturally occurring NOM with concentra-
tions of 0.7–15 mg/L could contribute to the mobility of INSMP, even
under common groundwater conditions [28,40]. Visualizations for
the depositions of INSMP under different concentrations of PPHA
and PPFA are shown in Figs. 6 and 7. These visualizations further
confirmed that deposition of INSMP in the micromodel decreased
as the concentration of humic substances increased. Note from
Fig. 7(e) that aggregates of iron nanoparticles were easily found
under SGW condition without humic substances.

The mean diameter and particle size distributions of INSMP in
the influent and effluent solutions were studied under different
concentrations of humic substances (Fig. 8). The hydrodynamic
diameter of INSMP suspended in PPHA and PPFA influent solu-
tions were within the range of 755–936 nm and 540–908 nm,
respectively; whereas those of effluent solutions were within
the range of 420–709 nm and 360–654 nm,  respectively. All pro-
cesses, such as sedimentation, deposition, and interception of
large/microscopic aggregations of INSMP, enhanced filtration of
larger iron-nanoparticle aggregates inside the micromodel. There-
fore, the size of INSMP in the effluent solution was smaller than
that in the influent solution. The observed size results additionally
showed that the INSMP size decreased in conjunction with increas-
ing of SUVA254, molecular weight distribution, and concentration
of humic substances.

3.3. Application of classical and extended DLVO theories to the
deposition of INSMP

In the interaction energy calculated by DLVO theories, the
adsorption of humic substances increased electrostatic repul-
sion and steric interaction between particles, which result in
higher repulsive energy barriers and shallower attractive sec-
ondary minima located at a greater separation distance (Table 2,
Figs. S6 and S7). The detailed expressions of the classical and
extended DLVO theories are described in the Supplementary
material. These modifications of the total interaction energy profile
would lead to less deposition and more detachment. Our experi-
mental results also showed significant reduction in  ̨ (Table 2) and
increase in the particle recovery fraction as the PPHA and PPFA con-
centration increased. The decrease in  ̨ for the presence of PPHA
and PPFA should be attributed to both the increased energy barrier
and the reduced depth of the secondary minimum. Here, the DLVO
theory applies to single particle–particle interactions and not nec-
essarily to particle–aggregate or aggregate–aggregate interactions,
which are more complicated [16].

For magnetic nanoparticles such as iron nanoparticles, the
magnetic attraction affected the interaction energy of a num-
ber of iron nanoparticles; additionally, in the extended DLVO
theory there was no predicted energy barrier for aggregation
(Figs. S6 and S7 dashed line). As a result, rapid aggregation of INSMP
by magnetic attraction was  observed for a number of particles. Note
that steric or electrostatics interactions were not included in our
calculations because there are no reliable expressions available for
calculating them [21].

3.4. “Affinity transition” in the transport breakthrough curves of

INSMP

Breakthrough curves of INSMP in SGW with PPHA and PPFA
are presented in Fig. 9. Two striking departures from these break-
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ulvic  acid, and the inset is the particle size distribution (pH = 7.0 ± 0.1, at room tem

hrough curves were found; i.e., the breakthrough curve did not
ncrease monotonously with the INSMP suspension flow through
he micromodel. After a 1.5 pore volume injection, INSMP retention
n the porous medium was observed to be steady, resulting in a
onstant effluent concentration. However, this apparent increase
n the affinity of the porous medium for INSMP was temporary and
he effluent concentration of INSMP then increased over third and
ourth pore volume. After the fourth pore volume, the passage of
NSMP through porous media reached another plateau. A similar
affinity transition” was observed in a column experiment using
ullerene-based materials [30,41]. In our experiment, one possible
xplanation for the temporary plateau in the breakthrough curve
bserved during the second and third pore volume is based on the
ncreased affinity of INSMP on the inner surface of the micromodel.
owever, INSMP retention in the porous medium was  much longer
ompared with the “affinity transition” observed in the fullerene-

ased materials of the references. This observed phenomenon
as likely due to the magnetic attraction between INSMP, which

ncreased the attachment of INSMP onto the deposited INSMP
ggregates.
ring (ELS-Z) for different concentrations of humic substances: (a) humic acid, (b)
ure).

An increased affinity condition would be produced through the
modification of the collector inner surface as INSMP accumulate.
The deposited INSMP would serve as favorable sites for subsequent
INSMP deposition. This hypothesis was supported by considera-
tion of the van der Waals forces between two particles and those
between a particle and the inner surface of the micromodel [41].
The modification of the collector surface through INSMP deposi-
tion was  predicted to lead to an increase in van der Waals forces
between properly aligned INSMP and INSMP deposited on the col-
lector surface.

After 2.5 and 3 pore volumes injection, the detachment of
INSMP from the deposited INSMP became more obvious. This phe-
nomenon leads to the second departure and second plateau in
the breakthrough curves. In the second plateau, INSMP retention
decreased with increasing concentrations of PPHA and PPFA (Fig. 9).
As the PPHA and PPFA concentrations increased to 15 ppm, plateau

(C/C0) values of 0.31 and 0.42 respectively were reached after 4 pore
volumes injection. As the PPHA and PPFA concentrations increased,
an attractive secondary minimum decreased (Figs. S6 and S7),
which is consistent with the observed decrease in INSMP retention
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nd increase in “affinity transition” in the micromodel. At the con-
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 ppm, INSMP retention by the porous medium increased (showing
educed concentration ratios, C/C0 = 0.21 and 0.23, respectively),
hereby implying that repulsive interactions between the INSMP
nd collectors had been reduced.

. Conclusions

Fate and transport of INSMP in porous media were success-
ully investigated using a glass micromodel. Understanding the
ggregation behavior of INSMP in natural groundwater containing
onovalent, divalent cations, and natural humic substances pro-

ides the key to predict their fate and transport in the subsurface.
his study clearly showed that bare iron nanoparticles would form
ggregates in the porous medium while flowing through pores,
mplying reduction in flow paths. Formation of INSMP aggregates
n the pores was reduced in the presence of humic substances in
he aqueous solution. The results of our study implied the “affin-
ty transition” as well as the deposition and detachment of INSMP
n groundwater were influenced by the concentration and proper-
ies of humic substances. For natural groundwater, the aromatic
ontent and molecular weight distribution of humic substances

ould be important parameters to predict the extent of humic

ubstances adsorption on INSMP and level of INSMP dispersion.
n these simulations, the aggregation of INSMP in the presence of
umic substances followed both the classical and extended DLVO

[
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type behaviors. In addition, high concentrations of humic sub-
stances increased the detachment of INSMP in the micromodel
according to the increased energy barrier and reduced the depth
of the secondary minimum.
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