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Abstract: Understanding the physicochemical factors affecting nanoparticle transport in porous
media is critical for their environmental application. Water-saturated column experiments were
conducted to investigate the effects of input concentration (Co), ionic strength (IS), and sand grain size
on the transport of poly(acrylic acid-co-maleic acid) coated magnetite nanoparticles (PAM@MNP).
Mass recoveries in the column effluent ranged from 45.2 to 99.3%. The highest relative retention of
PAM@MNP was observed for the lowest Co. Smaller Co also resulted in higher relative retention
(39.8%) when IS increased to 10 mM. However, relative retention became much less sensitive to
solution IS as Co increased. The high mobility is attributed to the PAM coating provoking steric
stability of PAM@MNP against homoaggregation. PAM@MNP retention was about 10-fold higher
for smaller grain sizes, i.e., 240 µm and 350 µm versus 607 µm. The simulated maximum retained
concentration on the solid phase (Smax) and retention rate coefficient (k1) increased with decreasing
Co and grain sizes, reflecting higher retention rates at these parameters. The study revealed under
various IS for the first time the high mobility premise of polymer-coated magnetite nanoparticles at
realistic (<10 mg L−1) environmental concentrations, thereby highlighting an untapped potential for
novel environmental PAM@MNP application usage.

Keywords: coated magnetite nanoparticles; saturated column; breakthrough curve; deposition
profile; mathematical modeling

1. Introduction

In recent years, a considerable expanding scientific interest in the fields of nanotech-
nology and nanoparticles has emerged due to the dramatic rise in their use. Iron oxide
nanoparticles such as magnetite (Fe3O4), maghemite (γ-Fe2O3), and hematite (α-Fe2O3)
have unique size-dependent properties which make them important for wide applications
such as biomedicine [1], biosensors and drug delivery [2], catalysis [3], and environmental
applications [4,5].

Iron oxide nanoparticles have been increasingly investigated for their clean-up po-
tential of a wide range of contaminants [6], such as chlorinated organic compounds [7,8],
pesticides [9,10], organic dyes [11], and heavy metals [12–14]. Magnetite nanoparticles
(MNP) exhibit great potential for the removal of different types of pollutants from wa-
ter [15–18]. The importance of these nanoparticles stems from their superparamagnetic
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properties and large specific surface area [19–21]. Additionally, MNP are economical, easy
to synthesize, nontoxic, recyclable, and can be easily removed from the reaction medium
once an external magnetic field is applied [22,23].

Applying surface coatings to bare MNP is highly desirable to improve colloidal
stability as they have a positive effect on the surface charge status and aggregation poten-
tial [24,25]. Coatings can be derived from organic materials such as polymers, biomolecules,
humic acid or from inorganic compounds such as silica, metals and metal oxides, or other
materials [25–29].

Theoretically, the classical filtration theory (CFT) can be applied to describe the trans-
port and retention of the nanoparticles in porous media. The attachment of small nanopar-
ticles onto porous media surfaces occurs mainly by Brownian diffusion, while for larger
particles, physical forces such as gravitational deposition and interception are the main
mechanisms controlling their attachment [30,31]. Nanoparticles can be also deposited on
porous media through a straining mechanism where nanoparticles are trapped in pore
throats that are too small to let the particles pass [32,33]. The straining mechanism is highly
dependent on the grain size of the porous media and colloid particle size [34]. Small grains
and high surface roughness are believed to enhance colloid attachment [35–37]. Retained
nanoparticles limit the available sites of the porous media, thus these sites become blocked
or filled over time which stimulates the nanoparticle transport in the porous media [32].

Physicochemical properties of the collector such as surface roughness, chemical het-
erogeneity, and grain size, in addition to the other important factors such as solution pH,
ionic strength, flow rate, and nanoparticle concentration, are critical for nanoparticle trans-
port in porous media [38,39]. Ionic strength, for example, is a key factor controlling the
mobility and deposition of iron oxide nanoparticles [40–43]. The increase in ionic strength
results in electrostatic double-layer compression around the nanoparticles and the collector
(the porous media grains), and the attractive forces that emerge consequently provoke
nanoparticles aggregation and attachment to the collector and limit their mobility through
the porous media [44,45]. Aggregation of iron oxide nanoparticles can also be triggered by
increasing the concentration of the nanoparticles, which hinders their transport [1]. Fur-
thermore, the aggregation can be promoted by magnetic attraction and pore clogging [27].
Therefore, understanding the transport behavior of MNP in porous media under these
factors is essential for controlling their fate and application in remediation in the subsurface
environment.

Coated MNP have been applied for a wide range of pollutants removal from aqueous
solutions [46,47]. However, the transport of coated MNP in porous media or in soil
systems has been less investigated [48,49]. The effect of initial concentration ranging from
100 to 600 mg L−1 on poly (acrylic acid) (PAA) coated magnetite in sand columns was
previously investigated by [50]. The results showed that the mobility of the nanoparticles
decreased as nanoparticle concentration decreased and the higher mass recovery at high
concentrations was attributed to the time and concentration-dependent filling of retention
sites. Additionally, high hydraulic gradients result in a high concentration of PAA-coated
MNP in the effluent [51]. Particular studies have addressed the effect of different coating
materials and surfactants on the transport of MNP in porous media to improve the stability
and mobility of MNP in high saline oil reservoirs. These studies were oriented to the oil
industry, and therefore they were carried out under extremely saline conditions (brine
water, 1.9 M) and at very high nanoparticles concentration (2500 mg L−1). It was shown in
a previous study [52] that the use of polymers and surfactants can enhance the mobility of
coated MNP in porous media by 20%, with a recovery in the effluent of up to 97%. Higher
retention of coated MNP was observed in Berea sandstone (d50 = 154 µm) due to high
specific surface areas and chemical surface heterogeneity compared to Ottawa sand (d50
= 354 µm). Similar results were reported for nanoparticles coated by poly(2-acrylamido-
2-methyl-1-propanesulfonic acid-co-acrylic acid) (poly(AMPS-co-AA)) under the same
experimental conditions where high mobility (90%) was achieved in Ottawa sand while
Berea sandstone fine grains retained ca. 41% of the nanoparticles [53]. Additionally, the use
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of (poly(AMPS-co-AA)) as a coating enhances MNP mobility by 96% at a concentration up
to 1000 mg L−1 [54]. The high mobility was attributed to the coating effect that resulted
in electrosteric stabilization of the nanoparticles and diminished the interactions of the
nanoparticles with the negatively charged collector even at high salinity. Mathematical
modeling based on a modified version of a multi-dimensional multispecies transport
simulator (SEAWAT) supported the tracking of changes in electrolyte chemistry to predict
its influence on the transport behavior of polymer-coated MNP in porous media [55,56].

The enhancement of coating the shell of MNP with poly(acrylic acid-co-maleic acid)
(PAM) to improve the colloidal stability of MNP was firstly investigated for biomedical
applications [24]. PAM showed superior abilities to be fastened to MNP in comparison with
poly(acrylic acid) (PAA) because of the propensity of maleic acid to form metal−carboxylate
complexes at oxide/electrolyte interfaces [57–59]. Additionally, PAM exhibits inner-sphere
surface complex formation due to the high geometric matching between the carboxylate
groups of maleic acid moieties and the surface sites of the crystalline phase of magnetite,
whereas surface binding of PAA takes place only through H-bonds. PAM also showed
high adsorption affinity and a very low concentration of free PAM in solution compared
to PAA. Consequently, PAM adsorbed layer to a magnetite core exhibited high dilution
resistance [60]. These arguments of colloidal physicochemical stability of PAM@MNP make
them a superior candidate for environmental application. To the best of our knowledge,
this study investigated for the first time the transport of PAM@MNP in porous media under
varied parameters.

Previous studies explored the transport of the polymer-coated MNP at relatively
high to extremely high concentrations and high IS and focused on rather small grain
sizes. The transport of coated MNP in a low concentration range that is compatible with
environmental standards and at low IS values similar to those applied in real conditions
for water or soil remediation is hardly investigated. The objective of this study was thus to
evaluate the effect of low initial concentration (1, 5, and 10 mg L−1) and IS (1, 5, 10, 50, and
100 mM) on the transport of PAM@MNP in quartz sand with grain sizes of 240, 350, and
607 µm. The experimental results were fitted using a numerical one-dimensional model of
the advection–dispersion transport equation based on the classical colloid filtration theory
to provide insights into the evolution of breakthrough curves (BTCs) and retention profiles
(RPs) for PAM@MNP.

2. Materials and Methods
2.1. Materials

Quartz sand (QS) with sizes of 607, 350, and 240 µm (Quarzwerke, Frechen, Germany)
was used as a model porous media. Prior to column packing, the sand was purified to
eliminate contamination with metal oxide contents that may interfere with nanoparticle
transport; the washing step is explained elsewhere [61]. The Brunauer–Emmett–Teller
(BET) measurement (Quantachrome, Syosset, NY, USA) for QS is 880, 380, and 50 cm2 g−1

For 240, 350, and 607 µm grain size, respectively. The zeta potential is −35.7 ± 3.4 mV at
neutral pH conditions and IS of 1 mM, and Fe content is 0.002% [37].

The investigated nanoparticles, PAM@MNP, were developed at the University of
Szeged in Hungary. In brief, synthetic magnetite (Fe3O4) nanoparticles were prepared by
co-precipitation of Fe (II) and Fe (III) salts in an alkaline (NaOH) medium and purified by
dialysis and magnetic separation. The product was coated with poly (acrylic acid)—PAA
and poly (acrylic acid-co-maleic acid)—PAM [62].

The electrolyte solution, potassium chloride (KCl) (Sigma-Aldrich, Schnelldorf, Ger-
many) with the desired ionic strengths of 1, 5, 10, 50, or 100 mM was prepared to flush the
column before conducting the transport experiments and to prepare the PAM@MNP sus-
pension and tracer solution. Deuterium oxide (0.5 M of D2O; Merck, Darmstadt, Germany)
was used as a non-reactive tracer to compare the reactive transport of PAM@MNP in col-
umn transport experiments and to determine the hydraulic properties of the porous media.
The zeta potential and the hydrodynamic radius for PAM@MNP at pH 8.5 were measured



Nanomaterials 2022, 12, 1536 4 of 14

directly after preparation using a Zetasizer (Malvern Instruments GmbH, Herrenberg,
Germany).

2.2. Fixed–Bed Column Setup

A stainless-steel column, 3 cm in inner diameter and 12 cm in length, was used for all
experiments. A PTFE mesh with 200 µm openings was fitted at the openings of the column
to support the porous media. The column was connected to a peristaltic pump (MCP V 5.10,
Ismatec SA, Glattbrugg, Switzerland) with a three-way valve to control the type of liquid
flow. The flow pulse was set in an upwards mode to obtain a steady flow and saturated
state; a schematic diagram of the water-saturated column set-up is shown in Figure S1. The
pH for all the experiments was adjusted to 8.5 using 0.1 M of NaOH and HCl solutions. A
fraction collector (Merck, Darmstadt, Germany) was used to collect the effluent samples at
the outlet of the column. The column was wet packed with the QS using a suction pump
and vibrated to remove air bubbles and to attain an even distribution for the sand.

Before conducting each transport experiment, the column was flushed with a pulse of
around 50 pore volumes (PV) of electrolyte solution. A summary of the column properties,
nanoparticles, and sand characteristics is shown in Table 1. Then a pulse of 100 mL of
D2O was injected into the column followed by a washing step by electrolyte solution
under the same operating conditions; the transport of non-reactive tracer is described in
detail elsewhere [37]. The concentration of the D2O in the effluent was quantified using
high-performance liquid chromatography (D-7000 HPLC, High-Technologies Corporation,
Japan) with a RI detector L-2490. The BTCs of the tracer were fitted using CXTFIT 2.1 code
(STANMOD software, USDA) to determine the value of dispersivity (Table 1).

Table 1. PAM@MNP and QS characteristics and setup parameters for column experiments.

Figure d50
(µm)

Co
(mg L−1)

IS
(mM)

q
(cm min−1)

ϕ λ

cm

ζ Potential
of NP
(mV)

Zave-NP
(nm)

1
607 1 1 0.29 0.38 0.146 −62.1 ± 3.4 126.2 ± 1.5
607 5 1 0.28 0.34 0.171 −66.1 ± 2.7 128.7 ± 1.5
607 10 1 0.29 0.34 0.175 −73.0 ± 1.8 121.0 ± 0.8

2
607 1 1 0.29 0.38 0.146 −62.1 ± 3.4 126.2 ± 1.5
607 1 5 0.29 0.39 0.138 −59.1 ± 4.8 128.2 ± 3.0
607 1 10 0.30 0.36 0.137 −27.1 ± 4.7 119.3 ± 0.6

3

607 10 1 0.29 0.34 0.175 −73.0 ± 1.8 121.0 ± 0.8
607 10 5 0.30 0.36 0.154 −64.0 ± 1.4 122.1 ± 1.8
607 10 10 0.28 0.39 0.153 −43.7 ± 2.1 121.6 ± 1.2
607 10 50 0.30 0.43 0.953 −51.2 ± 3.6 115.4 ± 0.5
607 10 100 0.30 0.38 1.887 −53.2 ± 2.3 115.5 ± 0.2

4
607 10 1 0.29 0.34 0.175 −73.0 ± 1.8 121.0 ± 0.8
350 10 1 0.28 0.35 0.213 −73.0 ± 1.8 121.0 ± 0.8
240 10 1 0.28 0.35 0.094 −73.0 ± 1.8 121.0 ± 0.8

d50: grain size; Co: input concentration of NP; IS: ionic strength; q: darcy velocity; ϕ porosity; λ: dispersivity
(obtained by fitting tracer BTC); ζ: zeta potential; Zave: average hydrodynamic diameter.

2.3. PAM@MNP Column Experiments

The experiments for the transport of PAM@MNP at initial concentrations of 1, 5,
and 10 mg L−1 were conducted following the same procedure for the tracer experiments.
Therefore, a pulse of 100 mL of PAM@MNP suspension was injected followed by an elution
step with KCl electrolyte solution. The Fe in PAM@MNP solution was digested with 2%
HNO3 and analyzed using an inductively coupled plasma mass spectrometer (ICP-MS,
Agilent 7500 ce, Agilent Technologies, Inc., 71,034 Böblingen, Germany). At the end of
the transport experiments, the sand in the packed column was excavated in a 1 cm thick
increment. Two weights of 50 mg of dried and milled sand were digested with 0.25 g
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lithium borate mixture for approximately 30 min at 1000 ◦C in a muffle furnace. Each
sample melt was dissolved in 30 mL HCl (5%) and diluted to 50 mL volume. For iron
determination, two aliquots of the obtained sample solutions were extra diluted to the ratio
of 1:10 and analyzed using ICP-OES.

2.4. Mathematical Modeling

Version 4.14 of the HYDRUS-1D computer code [63] was used to simulate the BTCs
and retention profiles of PAM@MNP for column experiments conducted under various
physicochemical conditions. The aqueous and solid-phase mass balance equations for
PAM@MNP are given in this model as:

∂(θωC)
∂t

=
∂

∂z

(
θωD

∂C
∂Z

)
− ∂(qC)

∂z
− θωψk1C (1)

∂(ρbS)
∂t

= θωψk1C (2)

where θω is the volumetric water content; C [Nc L−3, Nc, and L denote the number of NPs
and units of length, respectively]; [T; T denotes units of time]; z [L] is the distance from the
column inlet, D is the hydrodynamic dispersion coefficient [L2 T−1]; q is the Darcy water
velocity [L T−1]; ψ (-) is a dimensionless function to account for time and depth-dependent
blocking; k1 [T−1] is the first-order retention coefficient; ρb is the soil bulk density [ML−3,
where M and L denote units of mass and length, respectively]; and S [Nc M−1] is the solid
phase of PAM@MNP concentration.

In Equation (1), the first and second terms on the right-hand side account for disper-
sive and advective transport of PAM@MNP, whereas the third term is used to describe
PAM@MNP retention on the solid phase. The value of dispersion coefficient (D) was
defined by fitting the BTCs of the conservative tracer using CXTFIT 2.1 code [63]. The
following equation was applied to elucidate the distribution of retained PAM@MNP in the
sand profiles:

ψ =

(
1 − S

Smax

)(
d50+Z

d50

)−β

(3)

where d50 [L] is the median grain size, β (-) is an empirical parameter that controls the
shape of the spatial distribution of retained NPs. Smax [NcM−1] is the maximum solid-
phase concentration of deposited PAM@MNP. Time-dependent blocking/filling of retention
sites using a Langmuirian approach [64] is addressed in the first term on the right side
of Equation (3), this term indicates that the retention profiles become more uniform with
depth as S is approaching Smax [65]. The second term on the right side of the same equation
describes depth-dependent retention which indicates that the retention rate increases
with depth. This term becomes equal to 1 when β equals 0, and thus an exponential
distribution of retained PAM@MNP is predicted with depth. Conversely, when β > 0, the
retention profile of PAM@MNP exhibits a uniform or hyper exponential shape (e.g., a
higher deposition rate close to the column inlet). Based on the information presented in the
literature and its relevance for different-sized sand grains, a value of β = 0.432 was assigned
in the current study. However, this value did not adequately illustrate the observed
depth-dependency in retention profile shape for PAM@MNP [66]. The bulk density of
porous media, flow velocity, volumetric water content, and dispersivity were obtained
from the applied experimental conditions and the fitting parameters of the nonreactive
tracer. The model parameters (k1 and Smax) for PAM@MNP transport were determined
by simultaneously inverse fitting to experimental BTC and RP data using the Levenberg–
Marquardt nonlinear least-squares optimization algorithm [67] in HYDRUS-1D computer
code [63].
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3. Results and Discussion
3.1. Characteristics of PAM@MNP

The results of DLS measurements for freshly prepared suspensions of PAM@MNP (pH
value fixed at 8.5 for all samples) shown in Table 1 reveal that the hydrodynamic diameter
ranged from 119.3 ± 0.6 to 128.7 ± 1.5 nm, which is consistent with findings in previous
studies for the same product [24,62]. The PAM@MNP size remained stable and almost in
the same range at different values of IS from 1 to 100 mM, and thus potential aggregation
under high IS can be neglected. The average zeta potential values indicated a net negative
charge of the PAM@MNP under varied IS (1, 5, 10, 50, and 100 mM), which is attributed to
coating [2]. The greatest negative value for zeta potential (−73.0 ± 1.8 mV) was recorded
at 1 mM IS and generally became less negative with increasing IS due to charge screening.

3.2. Effect of Initial Concentration on PAM@MNP Transport and Retention

The observed and fitted BTC of the conservative tracer showed a symmetrical shape,
which confirms that the columns were functioning well and in good hydraulic condition
(Figure S2). The results of STANMOD modeling showed high compatibility with the ob-
served BTC versus fitted ones (R2 > 0.96%). Figure 1 shows the observed and simulated
BTCs and RPs for PAM@MNP with input concentrations of 1, 5, and 10 mg L−1. The ob-
served BTCs for PAM@MNP were plotted as the normalized effluent concentration (Ce/Co)
versus PV. When compared to the tracer, the BTCs for all concentrations of PAM@MNP
started at about 0.7 PV and reached a plateau slightly behind 1 PV. The highest obtained
(Ce/Co) value of 0.94 was observed at Co = 10 mg L−1, whilst the lowest value of 0.69 was
obtained at 1 mg L−1 input concentration (Figure 1a).
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Figure 1. Effect of input concentration of 1, 5, and 10 mg L−1 on the transport and retention of
PAM@MNP in saturated QS column: Observed and modeled BTCs (a) and RPs (b). IS: 1 mM, grain
size: 607 µm, Darcy velocity: 0.28–0.29 cm min−1.

The increase in Co resulted in an increase in PAM@MNP mass recovered in the effluent
(Table 2). The results are in agreement with a previous study by Ersenkal et al. [50]
who reported reduced recovery for coated MNP in the effluent with decreasing input
concentration. In their study, the nanoparticle mass retained within the sand was close
to 50% of the total mass recovered for the lowest concentration of 100 mg L−1. The BTCs
for higher input concentrations (5 and 10 mg L−1) revealed a steeper shape compared to
the lower concentration (1 mg L−1). The highest proportional retention of PAM@MNP as
shown in Table 2 was observed for the lowest concentrations (Co = 1 mg L−1), about fivefold
compared to the highest concentration (Co = 10 mg L−1). Previous studies showed that
higher concentrations of nanoparticles can result in higher relative effluent concentrations,
steeper effluent curves, and a lower deposition [61,68]. These trends may be attributed to
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blocking behavior that diminishes retention over time as limited retention sites become
filled up rapidly at higher concentrations [32,53]. The retention profiles (RPs) plotted as
the normalized solid-phase concentration (S/Co) versus distance from the column inlet
varied significantly as the deposition of the PAM@MNP was not uniformly distributed
(Figure 1b). Observations in previous studies showed that RP of coated nanoparticles can
exhibit nonmonotonic shapes [28,68–71]. Liang [71] showed that the RP shape is altered by
coating, resulting in nonmonotonic RPs that have peak concentrations at greater depths.
The Hydrus-1 model was able to simulate the BTCs and the RPs (R2 > 0.9). The value of
k1 and Smax both increased with decreasing Co, which reflects higher retention rates and
larger retention capacities at lower concentrations (Table 2).

Table 2. Experimental and model parameters and column experiments’ mass recovery.

Figure Co
[mg L−1]

dc
[µm]

IS
[mM]

q
[cm min −1]

k1
[min −1]

SE
k1

Smax/Co
[cm3 g−1]

SE
Smax/Co

R2
Recovery %

Meff Msand Mtotal

1
1 607 1 0.29 0.25 0.02 0.58 0.06 0.94 65.6 27.7 93.3
5 607 1 0.28 0.08 0.00 0.27 0.03 0.99 84.3 18.2 95.9

10 607 1 0.29 0.09 0.01 0.18 0.02 0.99 88.4 5.7 94.1

2
1 607 1 0.29 0.23 0.01 0.57 0.06 0.95 65.6 27.7 93.3
1 607 5 0.29 0.23 0.01 1.63 0.27 0.90 58.1 26.8 84.8
1 607 10 0.30 0.25 0.02 1.65 0.49 0.87 46.4 39.8 86.2

3

10 607 1 0.29 0.09 0.01 0.18 0.02 0.99 88.4 5.7 94.1
10 607 5 0.30 0.06 0.01 0.71 0.58 0.98 85.7 4.8 90.6
10 607 10 0.28 0.08 0.01 0.06 0.01 0.98 99.3 5.3 104.6
10 607 50 0.30 0.11 0.01 0.35 0.07 0.96 79.4 5.3 84.7
10 607 100 0.30 0.03 0.01 0.05 0.01 0.97 90.4 5.3 95.7

4
10 240 1 0.29 0.34 0.01 2.87 0.51 0.90 45.2 36.9 82.1
10 350 1 0.28 0.38 0.03 0.48 0.05 0.94 56.7 45.5 102
10 607 1 0.28 0.09 0.01 0.18 0.02 0.99 88.4 5.7 94.1

The model also predicted slightly higher retention of PAM@MNP at the column
inlet, which may be attributed to the pore-scale hydrodynamic feature where the flux of
nanoparticles solution is adjacent to the solid surface near the injection point [72]. Straining
might be the mechanism behind the retention of PAM@MNP despite the small ratio of
particle diameters to grain diameter (dp/dc), which is 2.06 × 10−4 in the case of the 607 µm
sand grain. Hong et al. [73] reported that the straining dp/dc ratio for different types of
iron nanoparticles can be as low as 5.5 × 10−5. Similarly, Raychoudhury et al. [33] showed
that straining can occur at very low ratios ranging from 2.24 × 10−4 to 1.23 × 10−3 for nZVI
coated with carboxymethyl cellulose (CMC).

3.3. Effect of Ionic Strength and Initial Concentration on PAM@MNP Transport and Retention

Figure 2 presents observed and simulated BTCs and RPs of PAM@MNP at different
IS under Co = 1 mg L−1 in 607 µm quartz sand. The BTCs under all the IS conditions
showed a symmetric shape and the RPs varied extensively. The BTCs were moderately
to well-described using the Hydrus-1 model (R2: 0.87–0.94), whereas the RPs were not
accurately fitted. The PAM@MNP concentrations in the effluent increased when the IS
decreased from 10 to 5 and 1 mM (Figure 2a). A corresponding decrease in RP took place,
and the highest proportional retention rate in the sand (39.8%) was observed at 10 mM
(Table 2). The k1 and Smax model parameters increased as the IS increased. The findings are
in agreement with previous studies which showed that Smax and k1 decreased at low IS,
as fewer sites are available for attachment, and thus blocking occurs faster than at higher
IS [71,74].
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Figure 2. Effect of ionic strength 1, 5, and 10 mM on the transport and retention of PAM@MNP in
saturated QS: Observed and modeled BTCs (a) and RPs (b). Initial concentration: 1 mg L−1; grain
size: 607 µm, Darcy velocity: 0.29–3.0 cm min−1.

The small input nanoparticle concentration resulted in higher relative retention when
the IS increased. The same trend was found by Wang et al. [75], who demonstrated that
smaller input concentration resulted in higher attachment efficiency at an increased IS
for silica nanoparticles. The IS effect became less important as the input concentration
of the nanoparticles increased. The BTCs and RPs obtained from 5 mg L−1 (observed
BTCs and RPs are provided in Figure S3) show no significant influence in the range of
1–10 mM IS. Figure 3a shows steep and symmetrical BTCs even after high IS values (up
to 100 mM) were applied at 10 mg L−1 initial concentration. The relative concentration
(C/Co) of PAM@MNP in the effluent was beyond 0.8. These trends are different from a
previous study that showed, at an initial concentration of 100 mg L−1, higher retention
of PAA-coated MNP as IS increased to 10 mM [50]. The Hydrus-1 model could perfectly
predict the observed BTCs (R2 0.96–0.99). However, no obvious trend in Meff, Smax, and
k1 values was observed (Table 2); this probably resulted from the high recoveries and the
slight fluctuation in the column effluent under all the selected IS at this relatively high
input concentration.
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Typically, the increase in IS for uncoated nanoparticles can result in particle aggregation
due to the compression of the electrical double layer which allows attractive particle–
particle interaction [76–78]. However, this effect is negligible in this case in the given IS
range due to the electrosteric stability enhanced by the coating of the MNP [60,62], as
also affirmed by DLS measurements (Table 1). The results are in agreement with previous
findings [52,53] where high mobility of coated MNP under high saline conditions was
observed, and the reduced amount of nanoparticles attached to sand and Berea sandstone
surfaces was attributed to steric and electrostatic stabilization provoked by polymer layer
on the surfaces of MNP. Similarly, Xue et al. [54] attributed the high effluent recoveries
of coated MNP under high salinity conditions to colloidal stability as the nanoparticles
remained negatively charged under high IS, and hence low attachment to silica grains
occurred.

The results obtained in our study are affirmed by Derjaguin–Landau–Verwey–Overbeek
(DLVO) theory [30]. According to this theory, colloidal stability in a solution depends on
the sum of van der Waals attractive forces and repulsive electrostatic forces. In the case
of a polymer coating, steric repulsion also occurs [79]. In addition, if there are dissociable
groups on the polymer chain, i.e., polyelectrolytes such as PAM here, the effects are com-
bined, resulting in both steric and electrostatic, so-called electrosteric repulsion [24]. As
the repulsive forces overcome the attractive forces, steric repulsions between the electrical
double layers coated particles increase. In this case, a repulsive force could have emerged
due to surface charge homogeneity of the PAM@MNP and the quartz sand as both possess
negative charge at pH 8.5, which justifies the high concentrations of PAM@MNP in the
effluent.

3.4. Effect of Grain Size on the Transport and Retention of PAM@MNP

The observed and simulated BTCs and RPs in Figure 4 indicate that the sand grain
size had a strong influence on the transport and retention of the PAM@MNP. The model
showed a good fitting for the observed BTCs (R2 > 0.90) and generally captured the shapes
of the RPs. The observed transport and retention behavior of nanoparticles was reported
by previous studies [71,80,81].
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Figure 4. Effect of grain size 607, 350, and 240 µm on the transport and retention of PAM@MNP in
saturated QS: Observed and modeled BTCs (a) and RPs (b). Initial concentration: 10 mg L−1, IS:
1 mM, Darcy velocity: 0.29–3.0 cm min−1.

The proportional retention of PAM@MNP was 8 to 10 fold higher for the grain size QS
of 240 µm and 350 µm, respectively, compared to 607 µm. Consistently, the fitted values of
k1 and Smax increased with decreasing grain size, which means that the number of available
sites for attachment of PAM@MNP increased as the surface area of the sand increased. The
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relatively low retention for 240 µm in comparison to 350 µm can be ascribed to the low
total recovery for the 240 µm column (82.1%, Table 2).

The results are inconsistent with findings by previous studies for polymer-coated MNP
transport in porous media, where greater mass breakthrough was observed for the coarse
sand grains (d50 = 354 µm) compared to the fine sand grains (d50 = 154 µm) [52,53,56]. The
high retention in finer grain sizes in these studies was attributed to the high specific surface
area and chemical surface heterogeneity of the sandstone.

Large-sized or coarsely textured media has been reported to limit the retention of
nanoparticles and enhance their transport in the porous media due to the blocking effect,
whereas fine grains of sand enhance higher retention as the blocking effect is less impor-
tant [33,66,82,83]. Additionally, finer grain sizes are believed to enhance high pore diffusion,
which in turn increases the rate of the mass transfer into the collector surfaces [34,84]. Fur-
thermore, the roughness of the porous media and the presence of concave locations between
roughness asperities could have also played a role in the higher retention of nanoparticles
for these columns [36,85]. On the other hand, the increased retention of PAM@MNP with
decreasing grain size can be attributed to the straining mechanism, which can occur at
dp/dc ratios as low as 0.0002.

4. Conclusions

The transport of novel poly (acrylic acid -co-maleic acid) coated magnetite nanoparti-
cles (PAM@MNP) was investigated using the column technique. The results showed that
the transport of PAM@MNP was enhanced by an increase in input concentration (1–10 mg
L−1) and grain size (240, 350, and 607 µm) of the porous media. The effect of high IS (100
mM) is important for PAM@MNP retention but only at low input concentrations. The high
relative effluent concentrations achieved in most of the column experiments indicate that
steric stability due to the coating effect diminished the attachment efficiency onto the sand
grains and provided resistance against homoaggregation. The performance of PAM@MNP
is attributed to PAM coating that has a high ability to be fastened on MNP due to the
geometric matching between the carboxylate groups of maleic acid moieties and the surface
sites of the crystalline phase of magnetite. The retention of PAM@MNP with decreasing
sand grain size is believed to be attributed to the straining mechanism. The revealed high
mobility of PAM@MNP is promising for environmental application and demonstrates the
potential of using these nanoparticles for the removal of contaminants from soil and water.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12091536/s1, Figure S1: Schematic diagram of water-saturated
column set-up; Figure S2: Example of the BTC for D2O tracer; Figure S3: Observed BTCs and RPs for
PAM@MNP at 1, 5 and 10 mM.
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64. Gargiulo, G.; Bradford, S.; Šimůnek, J.; Ustohal, P.; Vereecken, H.; Klumpp, E. Bacteria transport and deposition under unsaturated
conditions: The role of the matrix grain size and the bacteria surface protein. J. Contam. Hydrol. 2007, 92, 255–273. [CrossRef]

65. Deshpande, P.A.; Shonnard, D.R. Modeling the effects of systematic variation in ionic strength on the attachment kinetics
ofPseudomonas fluorescensUPER-1 in saturated sand columns. Water Resour. Res. 1999, 35, 1619–1627. [CrossRef]

66. Bradford, S.A.; Simunek, J.; Bettahar, M.; van Genuchten, M.T.; Yates, S.R. Modeling Colloid Attachment, Straining, and Exclusion
in Saturated Porous Media. Environ. Sci. Technol. 2003, 37, 2242–2250. [CrossRef] [PubMed]

67. Marquardt, D.W. An Algorithm for Least-Squares Estimation of Nonlinear Parameters. J. Soc. Ind. Appl. Math. 1963, 11, 431–441.
[CrossRef]

68. Zhang, M.; He, F.; Zhao, D.; Hao, X. Transport of stabilized iron nanoparticles in porous media: Effects of surface and solution
chemistry and role of adsorption. J. Hazard. Mater. 2017, 322, 284–291. [CrossRef] [PubMed]

69. Degenkolb, L.; Dippon, U.; Pabst, S.; Klitzke, S. Transport and retention of differently coated CeO2 nanoparticles in saturated
sediment columns under laboratory and near-natural conditions. Environ. Sci. Pollut. Res. 2019, 26, 15905–15919. [CrossRef]
[PubMed]

70. Wang, D.; Ge, L.; He, J.; Zhang, W.; Jaisi, D.P.; Zhou, D. Hyperexponential and nonmonotonic retention of polyvinylpyrrolidone-
coated silver nanoparticles in an Ultisol. J. Contam. Hydrol. 2014, 164, 35–48. [CrossRef] [PubMed]

71. Liang, Y.; Bradford, S.A.; Simunek, J.; Vereecken, H.; Klumpp, E. Sensitivity of the transport and retention of stabilized silver
nanoparticles to physicochemical factors. Water Res. 2013, 47, 2572–2582. [CrossRef] [PubMed]

72. Rahmatpour, S.; Mosaddeghi, M.R.; Shirvani, M.; Šimůnek, J. Transport of silver nanoparticles in intact columns of calcareous
soils: The role of flow conditions and soil texture. Geoderma 2018, 322, 89–100. [CrossRef]

73. Hong, Y.; Honda, R.J.; Myung, N.V.; Walker, S.L. Transport of Iron-Based Nanoparticles: Role of Magnetic Properties. Environ. Sci.
Technol. 2009, 43, 8834–8839. [CrossRef]

74. Rahman, T.; Millwater, H.; Shipley, H.J. Modeling and sensitivity analysis on the transport of aluminum oxide nanoparticles
in saturated sand: Effects of ionic strength, flow rate, and nanoparticle concentration. Sci. Total Environ. 2014, 499, 402–412.
[CrossRef]

75. Wang, C.; Bobba, A.D.; Attinti, R.; Shen, C.; Lazouskaya, V.; Wang, L.-P.; Jin, Y. Retention and Transport of Silica Nanoparticles in
Saturated Porous Media: Effect of Concentration and Particle Size. Environ. Sci. Technol. 2012, 46, 7151–7158. [CrossRef]

76. Saleh, N.; Kim, H.-J.; Phenrat, T.; Matyjaszewski, K.; Tilton, R.D.; Lowry, G.V. Ionic Strength and Composition Affect the Mobility
of Surface-Modified Fe0 Nanoparticles in Water-Saturated Sand Columns. Environ. Sci. Technol. 2008, 42, 3349–3355. [CrossRef]
[PubMed]

77. French, R.A.; Jacobson, A.R.; Kim, B.; Isley, S.L.; Penn, R.L.; Baveye, P. Influence of Ionic Strength, pH, and Cation Valence on
Aggregation Kinetics of Titanium Dioxide Nanoparticles. Environ. Sci. Technol. 2009, 43, 1354–1359. [CrossRef] [PubMed]

78. El Badawy, A.M.; Luxton, T.P.; Silva, R.G.; Scheckel, K.; Suidan, M.T.; Tolaymat, T.M. Impact of Environmental Conditions (pH,
Ionic Strength, and Electrolyte Type) on the Surface Charge and Aggregation of Silver Nanoparticles Suspensions. Environ. Sci.
Technol. 2010, 44, 1260–1266. [CrossRef] [PubMed]

79. Napper, D. Steric stabilization. J. Colloid Interface Sci. 1977, 58, 390–407. [CrossRef]
80. Sun, Y.; Gao, B.; Bradford, S.A.; Wu, L.; Chen, H.; Shi, X.; Wu, J. Transport, retention, and size perturbation of graphene oxide in

saturated porous media: Effects of input concentration and grain size. Water Res. 2015, 68, 24–33. [CrossRef]
81. Lu, H.; Dong, J.; Xi, B.; Cai, P.; Xia, T.; Zhang, M. Transport and retention of porous silicon-coated zero-valent iron in saturated

porous media. Environ. Pollut. 2021, 276, 116700. [CrossRef]
82. Saberinasr, A.; Rezaei, M.; Nakhaei, M.; Hosseini, S.M. Transport of CMC-Stabilized nZVI in Saturated Sand Column: The Effect

of Particle Concentration and Soil Grain Size. Water Air Soil Pollut. 2016, 227, 394. [CrossRef]
83. Bradford, S.A.; Bettahar, M. Concentration dependent transport of colloids in saturated porous media. J. Contam. Hydrol. 2006, 82,

99–117. [CrossRef]

http://doi.org/10.1002/0471238961.1301120506051220.a01.pub2
http://doi.org/10.1107/S0108270188013368
http://doi.org/10.1134/S1070328408030032
http://doi.org/10.1016/j.colsurfa.2013.01.023
http://doi.org/10.1016/j.watres.2012.11.019
http://doi.org/10.1016/j.jcis.2005.08.003
http://doi.org/10.2136/vzj2007.0077
http://doi.org/10.1016/j.jconhyd.2007.01.009
http://doi.org/10.1029/1999WR900015
http://doi.org/10.1021/es025899u
http://www.ncbi.nlm.nih.gov/pubmed/12785531
http://doi.org/10.1137/0111030
http://doi.org/10.1016/j.jhazmat.2015.12.071
http://www.ncbi.nlm.nih.gov/pubmed/26782785
http://doi.org/10.1007/s11356-019-04965-x
http://www.ncbi.nlm.nih.gov/pubmed/30963436
http://doi.org/10.1016/j.jconhyd.2014.05.007
http://www.ncbi.nlm.nih.gov/pubmed/24926609
http://doi.org/10.1016/j.watres.2013.02.025
http://www.ncbi.nlm.nih.gov/pubmed/23490100
http://doi.org/10.1016/j.geoderma.2018.02.016
http://doi.org/10.1021/es9015525
http://doi.org/10.1016/j.scitotenv.2014.08.073
http://doi.org/10.1021/es300314n
http://doi.org/10.1021/es071936b
http://www.ncbi.nlm.nih.gov/pubmed/18522117
http://doi.org/10.1021/es802628n
http://www.ncbi.nlm.nih.gov/pubmed/19350903
http://doi.org/10.1021/es902240k
http://www.ncbi.nlm.nih.gov/pubmed/20099802
http://doi.org/10.1016/0021-9797(77)90150-3
http://doi.org/10.1016/j.watres.2014.09.025
http://doi.org/10.1016/j.envpol.2021.116700
http://doi.org/10.1007/s11270-016-3097-3
http://doi.org/10.1016/j.jconhyd.2005.09.006


Nanomaterials 2022, 12, 1536 14 of 14

84. Bradford, S.A.; Torkzaban, S.; Simunek, J. Modeling colloid transport and retention in saturated porous media under unfavorable
attachment conditions. Water Resour. Res. 2011, 47, W10503. [CrossRef]

85. Liang, Y.; Luo, Y.; Lu, Z.; Klumpp, E.; Shen, C.; Bradford, S.A. Evidence on enhanced transport and release of silver nanoparticles
by colloids in soil due to modification of grain surface morphology and co-transport. Environ. Pollut. 2021, 276, 116661. [CrossRef]
[PubMed]

http://doi.org/10.1029/2011WR010812
http://doi.org/10.1016/j.envpol.2021.116661
http://www.ncbi.nlm.nih.gov/pubmed/33592438

	Introduction 
	Materials and Methods 
	Materials 
	Fixed–Bed Column Setup 
	PAM@MNP Column Experiments 
	Mathematical Modeling 

	Results and Discussion 
	Characteristics of PAM@MNP 
	Effect of Initial Concentration on PAM@MNP Transport and Retention 
	Effect of Ionic Strength and Initial Concentration on PAM@MNP Transport and Retention 
	Effect of Grain Size on the Transport and Retention of PAM@MNP 

	Conclusions 
	References

