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Abstract
Nano zero-valent iron (nZVI) has been used for in situ groundwater remediation due

to its strong adsorption and reaction characteristics. However, oxyanion contaminants

in groundwater can ready adsorbed onto the surface of nZVI. This can potentially

alter the mobility of nZVI and create a secondary pollution source, but these issues

have not yet been systematically investigated. In this study, polyaniline-supported

nZVI (PnZVI) and phosphate-sorbed PnZVI (PS-PnZVI) were synthesized in the

laboratory. The sedimentation and transport behavior of these two nZVI particles

were investigated, compared, and mathematically modeled to better understand the

impact of phosphate adsorption on these processes. Results showed that phosphate

adsorption can enhance the stability and mobility of PnZVI. Interaction energy cal-

culations that considered van der Waals and magnetic attraction, electrostatic double

layer and Born repulsion, and the influence of nanoscale roughness and binary charge

heterogeneity were conducted to better infer mechanisms causing nZVI particle sedi-

mentation and retention. Nanoscale roughness and binary charge heterogeneity were

found to significantly decrease the energy barrier, but not to low enough levels to

explain the observed behavior. The rapid settling of PnZVI was attributed to strong

magnetic attraction between particles, which produced rapid aggregation and reten-

tion due to straining and/or hydrodynamic bridging. Phosphate adsorption enhanced

the mobility of PS-PnZVI in comparison with PnZVI due to a decrease in particle

size and aggregation, and an increase in the energy barrier with the porous media.

A potential risk of nZVI particles to facilitate oxyanion contaminant transport was

demonstrated for phosphate.

Abbreviations: ADE, advection–dispersion equation; BTC, breakthrough
curve; CH, charge heterogeneity; DI, deionized; DLVO,
Derjaguin–Landau–Verwey–Overbeek; EDS, energy dispersive
spectrometer; ICP–OES, inductively coupled plasma optical emission
spectroscopy; NR, nanoscale roughness; nZVI, nano zero-valent iron;
PANI, polyaniline; PnZVI, polyaniline-supported nano zero-valent iron;
PS-PnZVI, phosphate-sorbed nano zero-valent iron; PV, pore volume; RP,
retention profile; SEM, scanning electron microscope; TEM, transmission
electron microscope.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited.
© 2021 The Authors. Vadose Zone Journal published by Wiley Periodicals LLC on behalf of Soil Science Society of America

1 INTRODUCTION

Groundwater contamination is one of the most severe envi-
ronmental problems today and poses a threat to public health
around the world (Khan, Husain, & Hejazi, 2004). Because
of the huge amount of contaminated groundwater, in situ
remediation is an economical way to solve this problem
(Karn, Kuiken, & Otto, 2009). Over the last few decades,
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nanomaterials have become an important aspect of in situ
technologies for groundwater remediation due to their large
specific area and strong adsorption capacity (Karn et al., 2009;
Macé et al., 2006). Nano zero-valent iron (nZVI) is one of the
most popular nanomaterials because of its low cost and toxi-
city (Chekli et al., 2016; Zhang, 2003), and high potential to
remediate a wide range of aqueous contaminants, including
different types of heavy metals and organics (Crane & Scott,
2012; Tosco, Petrangeli Papini, Cruz Viggi, & Sethi, 2014;
Wang & Zhang, 1997).

One of the advantages of nZVI as an in situ remediation
material is that it can be injected into groundwater, forming
an effective reaction zone by moving with groundwater
(Ling & Zhang, 2017). Previous studies suggested that the
widespread application of nZVI was restricted because of
its limited mobility. Several methods have therefore been
developed to enhance the mobility of nZVI, such as the
use of supporting polymers (Elliott & Zhang, 2003; Kanel,
Goswami, Clement, Barnett, & Zhao, 2008; Kocur et al.,
2014) or emulsifier (Su et al., 2013; Zhang, Dong, Gao, Cai,
& Dong, 2019). Furthermore, researchers have investigated
the influence of physical factors of the aquifer (such as soil
grain size, groundwater velocity, and injection model) and
geochemical conditions (such as solute concentration and
humic acid) of groundwater to optimize the mobility of nZVI
(Dong & Lo, 2014; Jiemvarangkul, Zhang, & Lien, 2011; Li,
Zhao, Han, & Hong, 2015; Saberinasr, Rezaei, Nakhaei, &
Hosseini, 2016; Saleh et al., 2008).

Organic contaminants can be degraded by nZVI through
a reductive chemical reaction (Kaifas et al., 2014; Ray-
choudhury & Scheytt, 2013; Su et al., 2013). For example,
Su et al. (2012) reported that emulsified zero-valent iron
produces an 85% mass reduction of tetrachloroethene (PCE)
in the field after 2.5 yr. Published results show that polymers
can enhance the stability and mobility of nZVI (Cirtiu,
Raychoudhury, Ghoshal, & Moores, 2011; Raychoudhury,
Naja, & Ghoshal, 2010). Consequently, nZVI that has been
stabilized by polymers can potentially remediate organic
contaminants spread over a larger area. However, nZVI
also has been used to remediate inorganic contaminants like
arsenic and phosphate by adsorption (Almeelbi & Bezbaruah,
2012; Lin, Hu, Lo, & Yu, 2020; Lin, Zhang, & Hu, 2019). In
this way, nZVI and sorbed contaminants on its surface can
coexist in the subsurface system for a long time (Almeelbi
& Bezbaruah, 2014). Adsorbed oxyanion contaminants on
the surface of nZVI will continue to exist in the subsurface
and may potentially change the mobility of nZVI. This
study aimed to illustrate how the mobility of modified nZVI
changes after the adsorption of phosphate.

The interaction energy between a particle and the solid–
water interface is usually used to evaluate the mobility
of colloids in porous media (Sasidharan, Torkzaban, Brad-
ford, Cook, & Gupta, 2017; Tian, Gao, Silvera-Batista,

Core Ideas
∙ Enhanced negative zeta potential due to phosphate

adsorption impedes aggregation.
∙ Phosphate adsorption on nZVI enhances its stabil-

ity and mobility.
∙ Nanoscale roughness and chemical heterogeneity

decrease the energy barrier due to DLVO theory.
∙ Potential risk of nZVI to facilitate contaminant

transport should be of concern.

& Ziegler, 2010). Researchers have used the Derjaguin–
Landau–Verwey–Overbeek (DLVO) theory to determine the
interaction energy of nZVI (Phenrat et al., 2008). However,
in previous work, both the surface of nZVI and solid–water
interface were considered as smooth and chemical homo-
geneous. In recent years, the influence of nanoscale rough-
ness and chemical heterogeneity on the interaction energy
has been stressed by many researchers (Bendersky & Davis,
2011; Hoek, Bhattacharjee, & Elimelech, 2003). Nano zero-
valent iron usually exists in water in the form of aggregates,
which can have a rough surface. Besides, the uneven distri-
bution of adsorbed ions on the nZVI surface can cause sur-
face charge heterogeneity, especially for polymer-supported
nZVI, because the ions are mainly sorbed by iron particles
distributed on the polymer surface. Therefore, it is necessary
to study the influence of nanoscale roughness and charge het-
erogeneity on the interaction energy of nZVI before and after
the adsorption of contaminants.

Phosphorous is one of the primary nutrients for living
species. However, excess phosphorus in water can cause
eutrophication, which is one of the main water problems
nowadays (Nagoya, Nakamichi, & Kawase, 2019). Nano zero-
valent iron has been proved to have a high removal capacity for
phosphate (Wen, Zhang, & Dai, 2014); therefore, the mobil-
ity of nZVI is expected to be influenced by phosphate sorption
into groundwater. Furthermore, previous studies have shown
that phosphate has similar geochemical behavior to arsenate
(Antelo, Avena, Fiol, López, & Arce, 2005), which is one of
the most toxic contaminants in groundwater. Phosphate and
arsenate have similar structures, since phosphorus and arsenic
are in the same element group, and they both have a rela-
tively strong affinity for mineral surfaces like goethite (Antelo
et al., 2005). The main mechanism of phosphate and arsen-
ate removal by nZVI both include adsorption and coprecipi-
tation (Sushil Raj, Jean-Mark, & Heechul, 2006; Zhang et al.,
2017), and these two oxyanions are considered to compete for
adsorption sites on nZVI surfaces (Dong, Guan, & Lo, 2012;
Zhang et al., 2018). In view of the similarity of phosphate
and arsenate, a study investigating the impact of phosphate
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on nZVI mobility has important implications for arsenate-
contaminated groundwater remediation.

In this study, polyaniline-supported nZVI (PnZVI) and
phosphate-sorbed PnZVI (PS-PnZVI) were synthesized in the
laboratory. The stability and the mobility of PnZVI and PS-
PnZVI were compared in deionized (DI) water and saturated
glass beads. Batch tests were carried out to demonstrate the
adsorption capability of PnZVI for phosphate. Sedimentation
tests were conducted to study the stability of the PnZVI and
PS-PnZVI particles in water. Column tests were conducted
to quantify the transport and retention process for PnZVI and
PS-PnZVI particles. Interaction energy calculations that con-
sidered the influence of nanoscale roughness and charge het-
erogeneity were conducted to better understand mechanisms
controlling particle retention and aggregation.

2 MATERIALS AND METHODS

2.1 PnZVI and PS-PnZVI

Nano zero-valent iron was synthesized in the laboratory
before (denoted as PnZVI) and after (denoted as PS-PnZVI)
phosphate adsorption. The PnZVI was synthesized using a
liquid-phase reduction method (Bhaumik, Noubactep, Gupta,
McCrindle, & Maity, 2015). In brief, 6 g of iron(III) chlo-
ride was dissolved in 80 ml DI water (produced by Milli-Q,
Merck), contained in a 250-ml three-neck flask. Next, 0.8 ml
aniline was added into the iron(III) chloride solution with
magnetic stirring (600 rpm) for 5 min. After reaction for 2 d,
100 ml of 1 M sodium borohydride solution was added drop-
wise into the container with nitrogen protection. After reac-
tion for 1 h, a black PnZVI powder was obtained by centrifu-
gation and freeze drying. The PnZVI powder was dissolved in
DI water and ultrasonicated for 2 h to form a well-dispersed
suspension that was used in experiments described below.

The PS-PnZVI was prepared using an adsorption method
(Yu, Hu, & Lo, 2019). First, 1 ml of monopotassium phos-
phate solution with a concentration of 2,000 mg L−1 was
added into 100 ml of 150-mg L−1 PnZVI suspensions, then
the mixed suspension was shaken for 1 h to reach equilibrium.
The prepared PS-PnZVI was extracted using 0.45-μm filter
paper to minimize any excess phosphate in the suspension. A
new suspension for transport studies was prepared by imme-
diately transferring the filter paper with the PS-PnZVI into
a new bottle of 100 ml DI water. The bottle was capped and
hand shaken to separate the PS-PnZVI from the filter paper.

The morphology of PnZVI was examined with a scanning
electron microscope (SEM, Merlin, Zeiss) and a transmis-
sion electron microscope (TEM, JEM-2010F, Japan Electron
Optics Laboratory). An energy dispersive spectrometer (EDS)
was used to analyze the element distribution of PnZVI and to
confirm the adsorption of phosphate on PS-PnZVI.

All the reagents used in this study (iron[III] chloride,
sodium borohydride, monopotassium phosphate, aniline,
and nitric acid) were analytic grade obtained from Aldrich
Chemical.

2.2 Batch tests

Batch tests were conducted to investigate the adsorption
capacity of phosphate on PnZVI in DI water. Dynamic batch
experiments were carried out to study the kinetics of the phos-
phate adsorption process. In this case, the concentration of
PnZVI suspension was 150 mg L−1 and the initial concentra-
tion of phosphorus was 10 mg L−1 (in the form of monopotas-
sium phosphate solution). The concentration of phosphorous
was measured at 5, 10, 20, and 30 min. Equilibrium batch
adsorption tests were conducted to determine the maximum
adsorption capacity of phosphate on PnZVI in DI water. The
concentration of PnZVI suspension was 150 mg L−1 in these
experiments, and the initial concentration of phosphorus was
5, 10, 20, 30 and 50 mg L−1 (in the form of monopotassium
phosphate solution). The concentration of the phosphorus was
measured using inductively coupled plasma optical emission
spectroscopy (ICP–OES, Prodigy7, Teledyne Leeman Labs).
Each batch test was repeated three times to get the mean value
and standard deviation of the results.

2.3 Particle size and zeta potential analyses

The initial particle size distribution of PnZVI and PS-PnZVI
suspensions was measured by the wet laser diffraction par-
ticle characterization method with a Laser Particle Ana-
lyzer (Mastersizer 2000, Malvern Instruments) (Stutter &
Richards, 2012). The particle size measurement was con-
ducted within 10 min with mechanical stirring to avoid aggre-
gation. The zeta potential of these suspensions was measured
using the electrophoretic light scattering method (ELS) with a
zeta potential analyzer (NanoBrook 90Plus Zeta, Brookhaven
Instruments; Feng et al., 2015).

2.4 Sedimentation tests

Sedimentation experiments were conducted to study the
stability of PnZVI and PS-PnZVI suspensions in DI water.
Experiments were conducted using an initial suspension
concentration of 150 mg L−1 and then measuring the optical
absorbance every 5 min for 8 h. The optical density of sus-
pensions was determined using ultraviolet spectrophotometry
(DR5000, Hach) at a wavelength of 508 nm (Yin, Lo, Dong,
Rao, & Mak, 2012). The concentration of suspended particles
showed a linear relationship with the optical density; there-
fore, the change of optical density of a colloidal suspension
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with time was used to describe the aggregation and sedimen-
tation process (Phenrat, Saleh, Sirk, Tilton, & Lowry, 2007).

2.5 Column tests

Column tests were conducted to examine the transport
and retention behavior of PnZVI and PS-PnZVI. The test
setup for the column experiments is shown in Supplemental
Figure S1. The column with a length of 14 cm and an i.d.
of 3 cm was filled with glass beads with a mean diameter of
613 μm. The pore volume (PV) of the glass bead-filled col-
umn was 35.25 ml. The top of the column was connected to a
peristaltic pump (BT-100SD, Shanghai Huxi Analysis Instru-
ment Factory). The flow rate of the injection is 5 ml min−1

and the approach velocity is 0.707 cm min−1 (10.2 m d−1),
which falls within the normal range used in column studies
(Chrysikopoulos & Syngouna, 2014; Crampon et al., 2018).
The bottom of the column was connected to an autosam-
pler (BZS-100, Shanghai Huxi Analysis Instrument Factory),
which collected the effluent in a small glass tube every 1 min
to get the breakthrough curves (BTCs).

For each type of nZVI particle and a conservative tracer
(potassium bromide solution), one PV of the suspension
was injected from the top of the column, followed by five
PVs of DI water. The effluent collected in the glass tubes
was acidified and the concentration of potassium, iron,
and phosphorus was measured by ICP (Prodigy7, Teledyne
Leeman Labs). After the injection of nZVI and DI water,
the liquid in the column was discharged and the solid in
the column was excavated in 2-cm increments (2 cm × 7
layers) and acidized to measure the retention profiles (RPs)
of the nZVI in the column using the ICP. Each column test
was repeated three times. The mean value and the standard
deviation of the results are shown in the figures.

2.6 Numerical model

The transport of nZVI particles in the porous medium was
described using the advection–dispersion equation (ADE)
with kinetic terms for retention and release of particles (Brad-
ford, Šimůnek, Bettahar, van Genuchten, & Yates, 2003) as

∂𝐶
∂𝑡
+
ρb
𝑛

(∂𝑆
∂𝑡

)
= 𝐷

∂2𝐶
∂𝑥2

− 𝑣
∂𝐶
∂𝑥

(1)

∂𝑆
∂𝑡
= 𝑛

ρb
ψ𝑘att𝐶 − 𝑘det𝑆 (2)

where C (mg L−1) is the liquid-phase concentration of nZVI, S
(mg g−1) is the solid phase concentration of nZVI, ρb (kg m−3)
is the bulk density of the porous medium, D (m2 s−1) is the
dispersion coefficient, x (cm) is the space coordinate, t (min)

is the time, n (−) is the porosity of the glass bead, v (m s−1)
is the pore water velocity, katt (s−1) and kdet (s−1) are the first-
order retention and release coefficients, respectively, and ψ

is a dimensionless function that accounts for nonexponential
retention processes. The value of ψ is given as

ψ =
(
𝑑c + 𝑥

𝑑c

)−β
(3)

where dc (μm) is the median size of the glass beads, and β

is a constant which governs the hyper-exponential shape of
the RPs that was taken as 0.432 (Liang, Bradford, Šimůnek,
Vereecken, & Klumpp, 2013). The parameter ψ portrays
space-dependent retention behavior such as hydrodynamic
bridging or straining (Bradford et al., 2003).

HYDRUS-1D software was used to numerical solve Equa-
tions 1–3 in this study (Bradford et al., 2003). A piecewise-
constant concentration boundary was used as the upper
boundary condition, which can be written as

𝐶(0, 𝑡) = 𝐶0, 0 < 𝑡 < 𝑡0

𝐶(0, 𝑡) = 0, 𝑡0 < 𝑡 < 𝑡end (4)

where C0 is the initial concentration equal to 150 mg L−1,
t0 is the input pulse duration equal to one PV, and tend is the
end time of the experiment equal to five PVs. A free outflow
boundary was set as the bottom boundary as

𝐷
∂𝐶
∂𝑥

= 0 (5)

The parameters katt and kdet were determined using
inversely optimization to nZVI experimental data, whereas D
was obtained from the conservative tracer results.

2.7 Interaction energies

Interaction energies between a plate and a spherical particle
with nanoscale roughness and binary charge heterogeneity
have been reported in previous works (Bendersky & Davis,
2011; Bradford & Torkzaban, 2015). The interaction energies
included the retarded London–van der Waals attraction,
electrostatic, and Born repulsion and equations are shown in
the supporting information. Four different types of colloid
particle conditions were considered in interaction energy
calculations in this work: (a) uniform zeta potential and
smooth surface, denoted as Uniform; (b) binary charge (zeta
potential) heterogeneity on a smooth surface, denoted as CH;
(c) nanoscale roughness on a surface with a single zeta
potential, denoted as NR; and (d) binary charge heterogeneity
on a surface with nanoscale roughness, denoted as NR+CH.
An illustration of these particle conditions is shown in
Supplemental Figure S2. A summary of the parameters
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T A B L E 1 Parameters used in Derjaguin–Landau–Verwey–Overbeek (DLVO) calculation for different particle types

PnZVI PS-PnZVI
Type Uniform CH NR CH+NR Uniform CH NR CH+NR
Ionic strength, mV 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Particle size, nm 4,255 4,255 4,255 4,255 3,814 3,814 3,814 3,814

Zeta potential of SWI,
mV

−24.52 −24.52 −24.52 −24.52 −24.52 −24.52 −24.52 −24.52

Zeta potential of the
whole colloid, mV

−10.54 −52.63 −10.54 −52.63 −28.14 −52.63 −28.14 −52.63

Hamaker constant of
SWI, J

8.86 ×
10−20

8.86 ×
10−20

8.86 × 10−20 8.86 × 10−20 8.86 ×
10−20

8.86 ×
10−20

8.86 × 10−20 8.86 × 10−20

Hamaker constant of
nZVI, J

1 × 10−19 1 ×
10−19

1 × 10−19 1 × 10−19 1 × 10−19 1 × 10−19 1 × 10−19 1 × 10−19

Hamaker constant of
PANI, J

7.76 ×
10−20

7.76 ×
10−20

7.76 × 10−20 7.76 × 10−20 7.76 ×
10−20

7.76 ×
10−20

7.76 × 10−20 7.76 × 10−20

Hamaker constant of
water, J

3.70 ×
10−20

3.70 ×
10−20

3.70 × 10−20 3.70 × 10−20 3.70 ×
10−20

3.70 ×
10−20

3.70 × 10−20 3.70 × 10−20

Fraction of chemical
heterogeneity

0 0.7 0 0.7 0 0.7 0 0.7

Zeta potential of
nZVI particles, mV

0 7.5 0 7.5 0 −17.6 0 −17.6

Fraction of nanoscale
roughness

0 0 0.025, 0.05,
0.1, 0.2, 0.5

0.025, 0.05,
0.1, 0.2, 0.5

0 0 0.025, 0.05,
0.1, 0.2, 0.5

0.025, 0.05,
0.1, 0.2, 0.5

Height of nanoscale
roughness, nm

0 0 100 100 0 0 100 100

Note. PnZVI, polyaniline-supported nano zero-valent iron; PS-PnZVI, phosphate-sorbed PnZVI; Uniform, uniform zeta potential and smooth surface; CH, binary charge
(zeta potential) heterogeneity on a smooth surface; NR, nanoscale roughness on a surface with a single zeta potential; CH+NR, binary charge heterogeneity on a surface
with nanoscale roughness; SWI, soil–water interface; PANI, polyaniline.

that were used in these interaction energy calculations is
given in Table 1. Magnetic attraction can influence the
aggregation behavior of PnZVI particles. The interaction
energies between two particles of PnZVI were therefore also
calculated by adding energy from the magnetic attraction,
which is shown in the supporting information.

3 RESULTS AND DISCUSSION

3.1 Characterization of PnZVI and
PS-PnZVI

The morphology of PnZVI that was synthesized in this study
is presented in SEM and TEM images shown in Figures 1a
and 1b, respectively. These images show that PnZVI has a
chain-like structure and that the size of individual nZVI parti-
cles in the chain was ∼100 nm. The EDS images of PS-PnZVI
particles in Figure 1 show that phosphate was mainly adsorbed
on the nZVI particles, since the element distribution of phos-
phorus and iron was coincident.

Kinetic and equilibrium batch experiments were conducted
to assess the ability of Pn-ZVI to adsorb phosphorus. The
experimental data and model results for the batch tests are

shown in Figure 2. The results of the kinetics adsorption
test show that the equilibrium time was ∼20 min and that
the pseudo-second-order kinetic model can fit the data well.
Results from the adsorption isotherm imply that the Langmuir
model can fit the data well and that the maximum phospho-
rous adsorption capacity was ∼212.8 mg g−1. The amount of
phosphorous loaded on PS-PnZVI was ∼78.1 mg g−1 during
the synthesis process.

The zeta potential of PnZVI and PS-PnZVI was −10.54
and −28.14 mV, respectively. The adsorption of phosphate
on the surface of PnZVI caused the zeta potential to become
more negative because negatively charged phosphate anions
were mainly adsorbed onto the surface of nZVI particles
(EDS measurements in Figure 1). The initial particle size
distribution of PnZVI and PS-nZVI in DI water is shown in
Supplemental Figure S3. The mean particle size of PnZVI and
PS-PnZVI was 4.255 and 3.814 μm, respectively, but both sus-
pensions had a wide size distribution with particles larger than
10 μm due to aggregation. Similarly, Yu et al. (2019) reported
that the particle size of surface-modified nZVI under high
arsenic loading was smaller than that under low arsenic
loading. This observation supports that oxyanion adsorption
can cause a decrease in the size of surface-modified nZVI
particles.
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F I G U R E 1 Results of scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy dispersive spectrometry
(EDS) of polyaniline-supported nano zero-valent iron (PnZVI) and phosphate-sorbed PnZVI (PS-PnZVI). (a) SEM of PnZVI (b) TEM of PnZVI,
(c) EDS of PnZVI, and (d) EDS of PS-PnZVI

Sedimentation studies were conducted to better assess the
potential for PnZVI and PS-PnZVI suspensions to aggre-
gate. The sedimentation curves for PnZVI and PS-PnZVI sus-
pensions are shown in Figure 3. In this case, the relative
optical absorbance of a suspension (D/D0) is plotted as a
function of time. The sedimentation curve of PnZVI declines
more quickly than that of PS-PnZVI, which implies that the
stability of the PnZVI was improved after the adsorption of
phosphate. After 8 h, the optical density of PnZVI decreased
by ∼91%, and that of PS-PnZVI decreased by ∼37%. The sed-
imentation curve for PS-PnZVI showed a one-region pattern,
whereas that for PnZVI showed an obvious three-region pat-
tern. Phenrat et al. (2008) reported a three-region sedimen-
tation curve denoted as Aggregation I, Sedimentation I, and
Sedimentation II and also included in situ micrographs at dif-
ferent times. Particles are still suspended in the Aggregation
I region, even though they form chain-like aggregates. In the
Sedimentation I region, the chain-like aggregates reach a crit-
ical size and sediment rapidly occurs. In the Sedimentation
II region, sedimentation occurs more slowly for aggregates
that did not reach the critical size. The three-region sedimen-
tation theory therefore indicates that sedimentation of PS-
PnZVI remained in the Aggregation I region, whereas the

sedimentation of PnZVI reached the Sedimentation II region
after 0.4 h. The difference between the sedimentation behav-
ior of PnZVI and PS-PnZVI can be at least partially explained
by the increase of negative zeta potential after the phosphate
adsorption, which increases the repulsion between particles
and enhances the stability of the suspension.

Interaction energies between two PnZVI particles were
calculated to better understand the cause for the observed
sedimentation. These interaction energies considered van
der Waals attraction, double layer repulsion, and magnetic
attraction. Results shown in Supplemental Figure S4 indicate
that magnetic attraction dominated that interaction energy
profile and should produce massive aggregation for PnZVI.
Similarly, PnZVI has been reported to have pronounced
ferromagnetic properties with a saturation magnetization of
22.6 A mg−2 kg−1 (emu g−1) (Bhaumik et al., 2015).

3.2 BTCs and RPs for PnZVI and
PS-PnZVI

Figure 4a shows the BTCs for PnZVI, PS-PnZVI, and a
conservative tracer. The effluent concentration of PS-PnZVI
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F I G U R E 2 Results of batch tests of phosphate adsorption by
polyaniline-supported nano zero-valent iron (PnZVI) (a) kinetics adsorp-
tion tests and (b) adsorption isotherm tests. qt (mg g−1) is the amount
of phosphate sorbed by PnZVI as a function of time, Ce (mg L−1) is
the equilibrium concentration of phosphorous in the solution, qmax (mg
g−1) is the maximum phosphorous sorption capacity, and b (L mg−1)
is the Langmuir constant related to the affinity of binding sites for
phosphorous

was significantly higher than that of PnZVI. About 2.5 and
53.4% of the injected mass was recovered in the column
effluent for PnZVI and PS-PnZVI, respectively. The corre-
sponding RPs for PnZVI and PS-PnZVI were determined
after the recovery of the BTCs, which is shown in Figure 4b.
Most of the retention for PnZVI and PS-PnZVI happened
near the column inlet and RPs were hyper-exponential in
shape. The main difference between PnZVI and PS-PnZVI
RPs happened near the column inlet, with greater amounts
of retention occurring for PnZVI than PS-PnZVI. Hyper-
exponential RPs can occur as a result of straining processes
such as hydrodynamic bridging and size exclusion because
PnZVI and PS-PnZVI have a relatively large particle size
(3–4 μm) and show potential for aggregation during transport.
Sedimentation tests demonstrate that PnZVI had a higher
tendency to aggregate than PS-PnZVI, and this result is
consistent with a greater potential for straining. Similarly,
Raychoudhury and Surasani (2017) reported that a large

particle size distribution and aggregation can contribute to
straining, a decrease in porosity, and further deposition in
both column tests and real field conditions. Aggregation of
particles during transport has been reported to increase the
deposition rate (Raychoudhury, Tufenkji, & Ghoshal, 2012).

The relative solid concentration at the bottom of the col-
umn was small for both PnZVI and PS-PnZVI. There was
only a slightly higher solid concentration for PS-PnZVI than
that of PnZVI in this region. This occurs because the mass
of PnZVI that can pass through the column is very limited
(2.5%) in comparison with PS-PnZVI (53.4%). This differ-
ence in transport can lead to more deposition near the column
bottom for PS-PnZVI than PnZVI, even though the deposi-
tion rate is smaller. The PS-PnZVI can therefore transport to
greater distances than PnZVI (see Figure 4).

The simulated BTCs and RPs are also shown in Figure 4
to accurately capture experimental observations (R2 > .95
for PS-PnZVI and R2 > .94 for PnZVI). Table 2 provides a
summary of fitted retention parameters and their standard
error. The dispersion coefficient (D) was determined to be
4.45 x 10−7 m2 s−1 by inversely fitting to the BTC of the
conservative tracer (R2 > .98). The values of katt for PnZVI
is bigger than that of PS-PnZVI, which indicates that PnZVI
has a higher retention rate and capacity than PS-PnZVI. The
relatively small standard error of katt proves the validity of the
fitting. The kdet for these particles was very small compared
with katt, and this implies that detachment of PnZVI and
PS-PnZVI from the porous medium was relatively weak.
Note that there is almost no tailing in the BTC (Figure 4a).

Figure 5 shows the interaction energy curves for PnZVI and
PS-PnZVI with the porous medium when considering uni-
form properties, binary charge heterogeneity (CH), nanoscale
roughness (NR), or both binary charge heterogeneity and
nanoscale roughness (NR+CH) on the particle surface. All the
interaction energies were divided by the product of the abso-
lute temperature T (298 K) and Boltzmann constant kB (1.38
× 10−23 J K−1) to obtain dimensionless interaction energies.
Supplemental Figure S2 provides an illustration of the vari-
ous particle surfaces, and Table 3 presents a summary of the
interaction energy parameters. The results shown in Figure 5
and Table 3 are calculated with a fraction of roughness equal
to 0.2. The secondary minimum was always insignificant in
the presence of the low ionic strength solution used in this
study. We therefore initially focus on the ability of particles to
overcome the energy barrier and enter into an attractive pri-
mary minimum. The energy barrier was very large (>398 kT)
when the particle surface was assumed to be smooth and
chemically homogeneous. However, the presence of CH, NR,
and CH+NR significantly reduced the energy barrier height.
The energy barrier followed the following order for both
PnZVI and PS-PnZVI: Uniform > CH > NR > CH+NR.
These results are consistent with findings from other studies
that have examined the influence of CH, NR, and CH+NR on
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tion profiles (RPs). PV is pore volume, C/C0 is the relative breakthrough
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the energy barrier height (Bradford, Kim, Shen, Sasidharan,
& Shang, 2017). Besides, a comparison of interaction energy
profiles in Figures 5a and 5b reveals that PS-PnZVI always
had a higher energy barrier than PnZVI due to its more
negative zeta potential from adsorption of phosphate ions.
This result is qualitatively consistent with the observed higher
mobility for PS-PnZVI than PnZVI (Figure 4). However, the
energy barrier was still always >49 kT, even when consid-

F I G U R E 5 Interaction energy curves of polyaniline-supported
nano zero-valent iron (PnZVI) and phosphate-sorbed PnZVI (PS-PnZVI)
calculated by Derjaguin–Landau–Verwey–Overbeek (DLVO) theory: (a)
PnZVI and (b) PS-PnZVI. Particle conditions include uniform zeta
potential and smooth surface, denoted as Uniform; binary charge (zeta
potential) heterogeneity on a smooth surface, denoted as CH; nanoscale
roughness on a surface with a single zeta potential, denoted as NR;
and binary charge heterogeneity on a surface with nanoscale roughness,
denoted as NR+CH. Φ is the dimensionless interaction energy, and h
(nm) is the distance between the particle and the solid–water interface

ering CH+NR. This energy barrier height is sufficiently high
to ensure that particles will not enter the primary minimum
(Shen, Bradford, Li, Li, & Huang, 2018). Consequently, these
interaction energy calculations cannot provide a quantitative
explanation for the observed retention behavior for PnZVI
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T A B L E 2 Model parameters in the advection–dispersion equation

Parameter katt Standard error of katt kdet Standard error of kdet

–s−1–

PnZVI 0.080 0.009 7.00 × 10−5 1.19 × 10−4

PS-PnZVI 0.0117 4.86 × 10−4 3.72 × 10−5 3.90 × 10−5

Note. katt and kdet are the first-order retention and release coefficients, respectively . PnZVI, polyaniline-supported nano zero-valent iron; PS-PnZVI, phosphate-sorbed
PnZVI.

T A B L E 3 The energy barrier and primary minimum of polyaniline-supported nano zero-valent iron (PnZVI) and phosphate-sorbed PnZVI
(PS-PnZVI)

PnZVI PS-PnZVI
Parameter Uniform CH NR CH+NR Uniform CH NR CH+NR
Energy barrier −12,341.9 −17,202.4 −2,436.11 −3,409.27 −9,063.56 −11,222.3 −1,732.91 −2,165.06

Primary minimum 397.52 193.50 99.86 49.82 1,451.86 1,207.88 355.80 301.34

Note. Uniform, uniform zeta potential and smooth surface; CH, binary charge (zeta potential) heterogeneity on a smooth surface; NR, nanoscale roughness on a surface
with a single zeta potential; CH+NR, binary charge heterogeneity on a surface with nanoscale roughness.

and PS-PnZVI. Results with other fraction of roughness are
shown in Supplemental Table S1, which shows the decrease
of energy barrier by roughness is more significant with
smaller roughness fraction (Bradford et al., 2017).

Alternative explanations for PnZVI and PS-PnZVI reten-
tion include further reduction of the energy barrier height
from NR and CH on the sand surface (Bradford & Torkz-
aban, 2013), elimination of the energy barrier in concave
surface roughness locations (Shen, Li, Wang, Huang, & Jin,
2011), and physical retention mechanisms. The initial particle
size distribution of PnZVI and PS-PnZVI was relatively large
(Supplemental Figure S3). Furthermore, results of sedimenta-
tion tests and interaction energy calculations between PnZVI
particles (Supplemental Figure S4) indicate that aggrega-
tion was occurring, especially for PnZVI in comparison with
PS-PnZVI. It is likely that the large particle size and high
aggregation rate of PnZVI promoted hydrodynamic bridging
and straining near the column inlet (Bradford, Torkzaban, &

F I G U R E 6 Breakthrough curves (BTCs) of phosphate and
phosphate-sorbed polyaniline-supported nano zero-valent iron (PS-
PnZVI). PV is pore volume, and C/C0 is the relative breakthrough
concentration

Walker, 2007). Results of sedimentation tests show that the
tendency of PS-PnZVI to aggregate is weaker than that of
PnZVI (Figure 3), and this can lead to less retention caused
by bridging and straining.

3.3 Fate of phosphate

Figure 4 demonstrated that adsorbed phosphate can enhance
the mobility of PS-PnZVI in comparison with PnZVI. This
implies that adsorption of an oxyanion like phosphate can
be used to enhance the delivery of PnZVI to a source zone
to facilitate remediation. Conversely, adsorption of oxyan-
ion contaminants on PnZVI may also enhance their mobil-
ity. For example, phosphate was detected in the column efflu-
ent for the PS-PnZVI experiment. The phosphate BTCs are
shown in Figure 6. The BTCs of phosphate (Figure 6) and PS-
PnZVI (Figure 4b) almost overlap. This indicates that most
of the phosphate was associated with the PS-PnZVI particles
because free species of phosphate should have higher mobil-
ity than PS-PnZVI, and that desorption of phosphate from PS-
PnZVI was almost negligible. This result implies a potential
for PnZVI and other iron particles to facilitate the transport of
oxyanion contaminants. The risks associated with these inter-
actions are expected to be much greater for arsenate and chro-
mate ions in comparison with phosphate (Dong et al., 2012;
Dong et al., 2016), and additional research is warranted on
these topics.

4 CONCLUSIONS

This paper discusses the thorough characterization of surface
properties, sedimentation, transport, and retention behavior of
PnZVI and PS-PnZVI particles. Sedimentation and column
experiments were conducted to compare the stability and
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mobility of polyaniline (PANI)-supported nZVI before
and after the adsorption of phosphate. Breakthrough curves
and RPs were fitted by ADE to determine transport and
retention parameters. Interaction energies were calculated to
predict the interaction between nZVI particles and the porous
medium.

The maximum adsorption capacity of PANI-supported
nZVI for phosphate in DI water was 212.8 mg g−1. The
adsorption of phosphate on PnZVI caused a decrease in the
particle size and the zeta potential became more negative,
which produced an enhancement of PnZVI stability. The sed-
imentation process of PnZVI shows a three-region pattern,
and the optical density of the suspension decreases rapidly
due to the high aggregate tendency. After the adsorption of
phosphate, the sedimentation process slows down due to the
increase of electrical repulsion between particles.

The liquid-phase recovery rate of PS-PnZVI and PnZVI is
53.4 and 2.5%, respectively. PS-PnZVI therefore has higher
mobility than PnZVI. Both of these two nZVIs show a hyper-
exponential RP, and PnZVI has a higher solid concentration
near the inlet than PS-PnZVI. The main retention mecha-
nism of PnZVI and PS-PnZVI can be straining and hydrody-
namic bridging due to their large aggregate size. Phosphate
adsorption can enhance the mobility of PnZVI by inhibit-
ing the aggregation tendency. These observations imply that
adsorbed oxyanion contaminants (e.g., phosphate) on nZVI
can potentially increase the delivery of nZVI to a contam-
inated source zone and may also facilitate the transport of
adsorbed contaminants. The potential risks from adsorbed
contaminants on nZVI should therefore be assessed in field-
scale remediation applications. Additional studies are needed
to evaluate the risks from the adsorption of other contaminants
on nZVI under different environmental conditions.

Interaction energy calculations were conducted to bet-
ter infer mechanisms of nZVI aggregation and retention in
the absence and presence of adsorbed phosphate. Results
showed that phosphate adsorption enhanced the energy bar-
rier between nZVI particles and the porous medium sur-
face. Nanoscale charge heterogeneity and roughness greatly
reduced this energy barrier, but still could not explain the
observed behavior. Conversely, strong aggregation of PnZVI
particles was predicted due to magnetic attraction. This
implies that hydrodynamic bridging and straining were the
main mechanisms of PnZVI retention, and that phosphate
adsorption diminished these processes by reducing particle
size and aggregation. The collected information and data anal-
yses provide new insight that allows the underlying mech-
anisms controlling aggregation, retention, and transport of
PnZVI and PS-PnZVI to be better quantified.
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