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• The hydration force and ionic radius of
metal cations significantly affected the
aggregation of MNPs.

• Metal cations affected the stabilities
of MNPs in a decreasing order of
Ba2+ N Sr2+ N Ca2+ NMg2+ N Na+.

• Divalent cations of low concentrations
potentially enhanced the suspension of
MNPs at acidic conditions.

• Divalent cations served as bridges to
stabilize the aggregation of MNPs.
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There has been limited research investigating how the mechanisms of aggregation of magnetic nanoparticles
(MNPs) are affected by inorganic ions. In this study, Na+, Mg2+, Ca2+, Sr2+ and Ba2+ were selected to system-
atically study the aggregation mechanisms of Fe3O4 MNPs. The results indicated that divalent cations more sig-
nificantly affected the stabilities of MNPs than Na+ at low concentrations (e.g., 0.1 mM) in a decreasing order
of Ba2+ N Sr2+ N Ca2+ N Mg2+ N Na+. Extended DLVO theory did not offer a satisfactory explanation for the
above difference due because it ignores specific ion effects. It was also found that the initial adsorption ratios
of these metals by Fe3O4 MNPs were linearly proportional to the hydrodynamic diameter (HDD) of Fe3O4

MNPs before aggregation occurred. In addition to the valence states, the hydration forces and ionic radii of the
metal cations were proposed to be other factors that significantly affected the interactions of metal cations
with Fe3O4 MNPs based on the excellent linear relationships of the HDD of Fe3O4 MNPs and these three factors.
Moreover, a bridging function of divalent cations might develop after aggregation occurred based on the in-
creases in their adsorption amounts and intensities for binding oxygen-containing functional groups. In addition,
an increase in the positive ζ potential of MNPs was observed with the addition of divalent cations until 10.0 mM
at a pH of 5.0, which potentially enhances the resistance of MNPs to aggregation in aquatic systems compared
with Na+. Consequentially, the effects of metal cations on the aggregation of MNPs are determined by the
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hydration forces, valance states, ionic radii and bond types formed on the MNPs. Thus, the specific ion effects of
these cations should be considered in predicting the environmental behaviors of specific nanomaterials.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Nanomaterials (NMs) have been applied in numerousfields for their
small particle size, exceptionally large surface area, relatively great sur-
face energy or other special properties comparedwith those of bulkma-
terials (Klaine et al., 2008; Sun et al., 2016). Until now, registered
nanoproducts have exceeded 1800 species, and they potentially impact
thequality of the environment after inevitably beingdischarged into the
environment during their production and use (Auffan et al., 2009;
Fiorino, 2010; Klaine et al., 2008; Vance et al., 2015; Wang et al.,
2015). Nanomaterials could accumulate in tissues of humans and wild-
life and impair organelles, tissues, organs, and even cause tumors after
being ingested by respiration, diet and so on (Borm et al., 2006;
Fiorino, 2010; Wiesner et al., 2006). Due to their unique physical and
chemical properties, magnetic nanoparticles (MNPs) have been exten-
sively applied in several fields, but their dispersion in aquatic systems
might result in adverse effects on aquatic organisms (Lu et al., 2007;
Pankhurst et al., 2003; Reddy et al., 2012; Zhang and Elliott, 2006). Ef-
fects of NMs are a function of their forms in the environment, and free
individual NMs behave differently than if they are aggregated
(Albanese andChan, 2011; Yu et al., 2016). In fact, aggregation generally
reduces the availability of NMs and thus reduces their toxic potential
and ability to cause adverse effects in aquatic animals or to be accumu-
lated in food chains (Sharma, 2009). The suspension and aggregation of
MNPs are more sensitive to the fluctuation of environmental conditions
due to their super-paramagnetism and neutral IEP values compared
with other nanoparticles (Zhao et al., 2008a; Zhao et al., 2008b). Howev-
er, until now, how the underlying mechanisms of the aggregation of
MNPs are affected by inorganic ions remains unknown, especially
their special salt effects (Li et al., 2014; Philippe and Schaumann, 2014).

Water is a significant route for NMs to enter the environment (Farré
et al., 2009; Moore, 2006;Wiesner et al., 2006). The pH, natural organic
matter and inorganic ions are the main factors that influence the envi-
ronment behaviors of NMs (Aiken et al., 2011; O'Brien and Cummins,
2011; Wu and Xing, 2009). Several research groups have reported that
dissolved organic matter (DOM) significantly affected the suspension
and aggregation of NMs in water by adsorbing onto the surface to
form a coating by physical and chemical reactions such as electrostatic
forces, cation bridging, and rigid polymer bridging (Baalousha, 2009;
Bian et al., 2011; Chen and Elimelech, 2007; Christian et al., 2008;
Johnson et al., 2009; Lin et al., 2010; Philippe and Schaumann, 2014;
Saleh et al., 2010). Meanwhile, it was also reported that the resistance
of some nanoparticles, such as TiO2, ZnO, and Fe2O3, to aggregation
could be affected by the types and concentrations of compounds in
the aqueous phase along with their compositions, isoelectric point
(IEP), particle size, surface coating and possibly other attributes (Bian
et al., 2011; Chen and Elimelech, 2006, 2007; Zou et al., 2016a).
Among these factors, the ion type and concentration play key roles in af-
fecting the interaction of DOM with NMs in aquatic environments. The
valences and concentrations of metal cations, such as Na+, Mg2+ and
Ca2+ that have been used as modulators of ionic strength (IS) in many
studies, have been reported to significantly affect the aggregation of
NMs in aquatic environments. Due to the higher ionic strength supplied
by divalent cations, more counter ions would diffuse around the nano-
particles and screen the surface charge of the particlesmore thanmono-
valent cations. Thus, theywould heavily shorten theDebye length of the
particles. Therefore, due to the greater charge screening and compres-
sion effects of the electric double-layer, divalent cations destabilize
nanoparticles more efficiently than monovalent cations at similar con-
centrations (Badawy et al., 2010; Bizmark and Ioannidis, 2015; Chen
and Elimelech, 2007; Chen et al., 2006; Chowdhury et al., 2013;
French et al., 2009; Li et al., 2014; Saleh et al., 2008, 2010; Zhang et al.,
2009). Many studies reported obvious differences for Na+, Mg2+, and
Ca2+ in changing the ζ potential and hydrodynamic radius (HDD) of
NMs, such as silver, graphene oxide, and carbon nanotubes, but they
did not further explain the differences fundamentally (Chang and
Bouchard, 2013; Chen and Elimelech, 2006; Chowdhury et al., 2013).
For example, it has been found that Ca2+ could bind with hydroxyl
and carbonyl functional groups and result in an increase of the HDD of
graphene oxide (GO) nanoparticles, butMg2+ did not have the same ef-
fect despite both cations changing the electrophoretic mobility of GO
particles at the same level (Chowdhury et al., 2013). It was confirmed
that Mg2+ accelerated the aggregation of alginate-coated hematite
just through electrostatic destabilization and never formed inter-parti-
cle bridges as Ca2+ did. It was also suggested that other mechanisms,
besides electrostatic interaction, could be involved in the aggregation
of bacteriophages by Ca2+ and Mg2+ (Chen et al., 2006; Pham et al.,
2009). Therefore, to assess environmental behaviors of nanoparticles
accurately, it is necessary to systematically investigate the mechanisms
of interaction between various ions and nanoparticles.

In this study, the effects of Na+, Mg2+, Ca2+, Sr2+ and Ba2+ on the
suspension and aggregation of Fe3O4MNPs in aquatic systemswere sys-
tematically investigated. The ζ potential and HDD of Fe3O4 MNPs were
determined as functions of the valence and concentration of the ion. Ex-
tended Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and ad-
sorption behaviors of metal cations were also used to further explore
the interactions of MNPs with metal ions. The results of the study pro-
vided basic information to understand the behaviors of other NMs in
aquatic environments.

2. Materials and methods

2.1. Materials

NaOH (96.0%) and HCl (36.0%–38.0%) were purchased from Beijing
Chemical Works. FeCl2·4H2O (98.0%) and ammonia (NH3) solution
(25–28%) were purchased from the Xilong Chemical Industry Incorpo-
rated Co. Ltd. (Guangdong, China). FeCl3·6H2O (99.0%), NaCl (99.8%),
MgCl2·6H2O (98.0%), CaCl2·2H2O (99.0%), SrCl2·4H2O (99.5%), and
BaCl2·4H2O (99.5%) were purchased from the Sinopharm Chemical Re-
agent Co., Ltd. (Beijing, China). All of the experimental water (ultrapure
water, 18.2 MΩ·cm) was supplied by a Millipore Integral 5 water puri-
fication system (Merck, Germany).

2.2. Experiment and theoretical analysis

Fe3O4 MNPs used in experiments were synthesized by co-precipita-
tion (Zhao et al., 2008a). Detailed information on the preparation of the
MNPs is given in the supporting information (SI). Meanwhile, for the
particle aggregation study, 100.0 μL of the Fe3O4 MNP solution
(20 mg·mL−1) was added separately to 40 mL of an oxygen-free solu-
tion of NaCl, MgCl2, CaCl2, SrCl2 or BaCl2, where the nominal concentra-
tions of themetal cationswere 0, 0.01, 0.1, 1.0, 10.0, 50.0 and 100.0 mM
based on that the concentrations of these metal cations are generally
b100.0 mM in a natural aquatic environment (Boyd and Thunjai,
2003; Guo et al., 2001; Jalali and Jalali, 2016). The pH of each sample
was adjusted to 5.00 ± 0.04 with only HCl (0.1 M) or 9.00 ± 0.04
with only NH3·H2O (1.0 M) with monitoring by the use of a pH probe
(FE20K, Mettler Toledo, Switzerland) due to that the pH of natural
water is generally in the range of 5.0–9.0 (Chowdhury et al., 2013;
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Crittenden et al., 2012; Hem, 1970). The HDD and ζ potential values of
Fe3O4 MNPs were analyzed via dynamic light scattering (DLS) and
laser Doppler velocimetry (LDV) techniques, respectively, and both
were measured with a Zetasizer Nano (Malvern, England) (Baalousha
and Lead, 2012). Vials were washed with ultrapure water several
times after standing in HCl solution overnight, and then, they were
dried at 150 °C for N4 h before use. Three replicates of each sample
were analyzed. The concentrations of metal cations before and after ad-
sorption were analyzed with an inductively coupled plasma optical
emission spectrometer (ICP-OES, Optima 5300 DV, PerkinElmer, Massa-
chusetts, USA). The magnetic properties of the MNPs were character-
ized with a vibrating sample magnetometer (VSM, LDJ9600 USA).
High-resolution transmission electron microscopy (HRTEM, JEM-
2100F, JEOL, Japan) was employed to characterize the Fe3O4 MNPs
used in the study, and the control voltage was 200 kV. The surface ele-
mental composition of samples was analyzed with X-ray photoelectron
spectroscopy (XPS, PHI Quantera SXM, ULVAC-PHI, Japan) with a
monochromated X-ray beam (100 μm) from an Al target at an angle of
45°, and the binding energy was calibrated with C1s of 284.8 eV.

Theoretical analysis of the aggregation ofMNPs is described in the SI.

3. Results and discussion

3.1. Effect of the pH on the ζ potential and HDD of MNPs

TheMNPs of the study had a size of approximately 10 nm, and could
be assumed to be singlemagnetic domain particles based on the charac-
teristics of MNPs (Fig. S1 in the SI). The ζ potential of MNPs decreased
from 30 mV to −40 mV as the pH of the solution increased from 5.0
to 12.0 (Fig. 1a). When the pH of the solution was in the range of 6.0–
8.0, the ζ potential of MNPs was b20 mV, and the HDD of MNPs also in-
creased from 250 nm to N2000 nm (Fig. 1b), which suggested that ag-
gregation of MNPs could occur with decreased electrostatic repulsion
between MNPs due to the weakening of the ζ potential (Godinez and
Darnault, 2011). At a pH of approximately 5.0, the Fe-OH functional
groups on the surface of MNPs could be protonated to generate Fe-
OH2

+, and as a result, the dispersion of MNPs could be stabilized and
the aggregation minimized. As the pH of the solution increased to 9.0,
the Fe-OH could deprotonate to form Fe-O-, which gradually changed
the sign of the surface charge of the MNPs and increased the negative
charge of the MNPs, thus resulting in a decrease of the HDD of the
MNPs (Illés and Tombácz, 2006). Thus, the diffusion of MNPs would
be greater under more alkaline or acidic conditions, which would tend
to minimize the aggregation of MNPs (Berg et al., 2009). In addition,
the type and number of functional groups on the surface of MNPs de-
pend on the pH of the sample, and the IEP of MNPs was observed to
be approximately 7.1 from Fig. 1a, which means the physicochemical
Fig. 1. Effects of pH on the ζ potentials (a) and h
properties of MNPs at a pH below 7.1 are very different from those at
a pH above 7.1 in an aquatic environment. Therefore, the effects of
metal cations on the stability of MNPs should be separately analyzed
in acidic and alkaline conditions. Actually, in the aquatic phase, hydra-
tion layers are formed around the surfaces of MNPs and ions (e.g.,
Na+, Mg2+ and Ca2+) by hydrogen bonds due to the interaction be-
tween the surface functional groups and water molecules (Bagchi,
2005; Grasso et al., 2002; Zou et al., 2016b). The hydration layers
could also affect the interactions between MNPs and ions, and thus
should be considered in studying the effects of metal cations on the ag-
gregation of MNPs.

3.2. Effects of metal cations on the suspension and aggregation of MNPs at a
pH of 5.0

At a pH of 5.0, more Fe-OH2
+ functional groups were formed on the

surface of MNPs, and the sign of charge on particle surface is therefore
positive, with the ζ potential for MNPs being approximately 30 mV
(Illés and Tombácz, 2006). The effect of Na+, Mg2+, Ca2+, Sr2+ or
Ba2+ on the ζ potential for MNPs could be divided into two stages. Dur-
ing the first stage, at concentrations b10.0 mM, as the concentration of
each divalent cation increased, the ζ potential of MNPs increased signif-
icantly (Fig. 2a). In contrast, Na+ had little effect on the ζ potential of
MNPs at the same concentration. According to Coulomb's law, the elec-
trostatic attraction of Fe-O- to each divalent cation is much stronger
than that for monovalent cations, and as a result, a divalent cation
could be more competitively adsorbed on the surface of MNPs with a
hydrogen atom. Thus, the adsorbed Mg2+, Ca2+, Sr2+ or Ba2+ could
clearly increase the ζ potential of MNPs. Due to the same valence states
of Na+ and H+, the adsorbed Na+ could not significantly change the ζ
potential of MNPs. However, divalent cations increased the ζ potential
of MNPs differently with a trend of Ba2+ N Sr2+ N Ca2+ N Mg2+,
which indicated that some other factors could also change the ζ poten-
tial of MNPs, such as the hydration ability of the ions. In the aquatic
phase, metal cations can interact withwatermolecules to form a hydra-
tion shell around themselves, and the intensity of the interaction of dif-
ferent ions with water molecules depends on the physicochemical
properties, such as the electronic structure, atomic weight and ionic ra-
dius. According to the sequence of ionic kosmotropes and chaotropes,
the hydration ability of positive ions could be generally ordered as fol-
lows: Na+ b H+ b Ba2+ b Sr2+ b Ca2+ b Mg2+ (Chaplin, 2008;
Rodgers and Armentrout, 2016; Rodriguez-Cruz et al., 1999). A strongly
hydrated cation could strengthen the hydrogen bonds around it and
weaken other hydrogen bonds accepted by its surrounding water mol-
ecules,whichmay reduce the interaction ofmetal cationswith the func-
tional groups of MNPs (Ben Ishai et al., 2013; Chaplin, 2008). A weakly
hydrated ion may be expelled from water molecules by strong water-
ydrodynamic diameters (b) of Fe3O4 MNPs.



Fig. 2.Effects of the concentration of thefivemetal cations on the ζpotentials andHDDof Fe3O4MNPs at a pHof 5.0 or 9.0. (a) ζ potential at a pHof 5.0, (b) ζ potential at a pHof 9.0, (c) HDD
at a pH of 5.0, and (d) HDD at a pH of 9.0.
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water interactions (hydrogen bonding), which may promote the ad-
sorption of metal cations by MNPs (Ben Ishai et al., 2013; Chaplin,
2008). In this case, Na+ might be pushed to the surface of MNPs by
water molecules compared with divalent cations, and for the same rea-
son, the different hydration capacities of divalent cations could also af-
fect their adsorptions by MNPs. Therefore, the specific mechanism
should be further explored based on the adsorption characteristics of
the ions (section 3.5). As Fig. 2c shows, at concentrations below
10.0 mM, divalent cations gradually increased the ζ potential of MNPs,
with the addition of these ions strengthening the inter-particle repul-
sion and stabilizing the suspension of MNPs. Additionally, the size of
MNPs did not grow significantly as was the tendency for at a pH of 9.0.

During the second stage, ζ potentials of MNPs clearly declined when
the concentrations of the cationswere N10.0mM(Fig. 2a), whichmight
be due to the significant shrinkage of the EDLs of MNPs induced by the
higher ion concentrations. For example, although the ζ potential of
MNPs increased to N35 mV at 10.0 mM, the size of MNPs started in-
creasing. However, the five metal cations presented different levels of
influence on the size of MNPs due to their different properties. As the
concentration of divalent cations increased to 100.0 mM, the size of
MNPs increased to N1500 nm. Due to that the electrostatic repulsion be-
tween MNPs decreased with the continuous compression of EDLs, the
distance between nanoparticles becamemuch shorter under the effects
of vanderWaals andmagnetic forces that developed fromdipole-dipole
attraction between different magnetic particles (Butter et al., 2003;
Phenrat et al., 2007). In contrast, although Na+ did not change the ζ po-
tential ofMNPs, for the same reason, its increased ionic strength also im-
proved the size of the MNPs, especially at 10.0 mM and 100.0 mM (Fig.
2c). Additionally, given the different tendencies for the ζ potential of
MNPs before and after the aggregation occurred, the binding forms
and amounts of metal cations on the MNPs might also be different.
Therefore, adsorption behaviors of these metal cations need to be sys-
tematically investigated.

3.3. Effects of metal cations on the suspension and aggregation of Fe3O4

MNPs at a pH of 9.0

At a pHof 9.0, due to the decreased competitive adsorption of hydro-
gen protons with the metal cations on the nanoparticle surface, all cat-
ions could be adsorbed much easier on the nanoparticle surface
compared with in acidic conditions. According to the results in Fig. 2b
and d, the effects of the cations could also be divided into two stages.
During thefirst stage, divalent cations rapidly diminished the ζ potential
of MNPs to 0 mV from roughly −25 mV as their concentrations in-
creased to 1.0 mM from 0.01 mM (Fig. 2b). According to Coulomb's
law, the main reason for this phenomenon could be the higher electro-
static attraction between divalent cations with electronegative func-
tional groups compared with monovalent cations (e.g., Na+ and NH4

+)
(Grasso et al., 2002). Meanwhile, due to the decrease of the electrostatic
repulsion of inter-nanoparticles, the aggregation of MNPs occurred
under the effect of van der Waals force, and as a result, the HDD of
MNPs increased to N1500 nm from the initial 250 nm, even if the ζ po-
tential of MNPs also increased to 15 mV at 10.0 mM once again (Fig. 2b
and d). In contrast, the addition of Na+ did not significantly change the ζ
potential ofMNPs, whichmight be attributed to the less electrostatic at-
traction between Na+ and Fe-O- as well as the effect of NH4

+ that was
used to adjust the pH. For monovalent ions, it was reported that NH4

+

could make the electronegative colloidal suspension more unstable
than Na+ (López León et al., 2005).

During the second stage, the ζ potential ofMNPswas not significant-
ly changed and generally stayed at 15 mVwith the addition of divalent
cations from 10.0 mM to 100.0mM (Fig. 2b). In contrast, the ζ potential
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of MNPs increased from −27 mV to −16 mV with the introduction of
Na+ with a concentration N10.0 mM (Fig. 2d). This increase might be
due to the greater ionic strength of the solution (Chen et al., 2006). In
addition, at the same concentrations, the cations increased the ζ poten-
tial of MNPs in the following order: Ba2+ N Sr2+ N Ca2+ N Mg2+ N Na+.
This trend seems to be directly proportional (positively correlated)
with their atomic masses and/or ionic diameters or possibly charge
density. According to specific ion effects, the five cations listed
above have different capacities for polarizing arrangements of their
surrounding water molecules according to the following ranking:
Mg2+ N Ca2+ N Sr2+ N Ba2+ ≈ Na+ (Förstner and Wittmann, 2012;
Kunz, 2010). The relatively stronger hydration ability of the cations
on the left of this order weakened their interaction with functional
groups of MNPs. In contrast, the cations on the right of the order
had to undergo more repulsion by the strong water-water interac-
tions around themselves, which may promote their adsorptions
onto the particles (Chaplin, 2008; López León et al., 2005; Lo
Nostro and Ninham, 2012). Therefore, the affinity of the cations
could be ranked as follows: Na+≈ Ba2+ N Sr2+ N Ca2+ NMg2+. How-
ever, due to the lower electrostatic attraction between Na+ and
nanoparticles, the ζ potential of MNPs hardly changed at the
concentrations below 10.0mM. Therefore, the capacity of the cations
to promote aggregation of MNPs can be ranked as follows:
Ba2+ N Sr2+ N Ca2+ N Mg2+ N Na+.

Remarkably, there were significant differences between the cations
in aggregating MNPs at 0.1 mM since relatively higher concentrations
(≥0.1 mM) of these cations might result in a great decrease of the elec-
trostatic repulsion of MNPs as well as significant compression of the
EDLs and then lead to the aggregation of MNPs (Fig. 2d). Therefore,
0.1 mM could be the optimal concentration for further studying the re-
action mechanism between MNPs and each metal cation. In addition,
without the interference of the hydrogen protons in alkaline conditions,
the five metal cations presented different and regular behaviors in the
aggregation of MNPs compared with those at a pH of 5.0; hence, their
reaction mechanisms could be analyzed in alkaline conditions. More-
over, when the concentration of Na+ was 50.0 mM or 100.0 mM, the ζ
potential of MNPs was approximately −20 mV, and it did not reverse
to positive values as for divalent cations. This indicated that there likely
was a different mechanism for the interaction of monovalent and diva-
lent metal ions withMNPs, such as a bridging effect. For example, it has
been reported that Ca2+ can serve as a bridge between molecules of
DOM on the surface of nanoparticles, which results in the flocculation
of MNPs. However, Mg2+ was unable to serve as a bridge (Chowdhury
et al., 2013; Johnson et al., 2009). Such effects of cations on bare nano-
particles will be further discussed in section 3.5.

3.4. Theoretical analysis of the aggregation of MNPs

In traditional DLVO theory, electrostatic repulsion (VESR) and VvdW

mainly dominate the aggregation of colloids in aqueous environments.
However, magnetite with a size below 80 nm could be regarded as single
domain particle, and the inherent magnetic dipole moment in MNPs also
affects their suspension or aggregation in the aquatic phase (Butler and
Banerjee, 1975; Phenrat et al., 2007). It was commonly observed that
the dipoles of iron particles could be arranged in a head-tail configuration
even without an applied magnetic field (Butter et al., 2003; de Vicente et
al., 2000). This behavior might also affect the stability of MNPs in an
aquatic environment. The Hamaker constant is a key parameter in calcu-
lating the VvdW between MNPs (Eq. (S2) in the SI). This is related to the
temperature of the matrix and chemical composition of the MNPs. The
Hamaker constant of MNPs generally ranges from 2.0 × 10−20 to
4.0 × 10−20 J, and the recommended value of 3.3 × 10−20 J is adopted
in this study (Amal et al., 1990; Faure et al., 2011; Scholten, 1983).

Based on extended DLVO theory, a net energy barrier (NEB) was
produced between MNPs at concentrations of metal cations
b10.0 mM, and it was gone when the concentrations of these metal
cations were at 100.0 mM (Fig. 3a). With the addition of the four diva-
lent cations, the NEB of the MNPs strengthened first at 0.1 mM and
then gradually decreased to zero at 100.0mM. Based on Fig. 2a, the ζ po-
tential of MNPs was clearly strengthened by divalent cations at concen-
trations below 10.0 mM, and as a result, the VEDL was increased
according to eq. S3. Therefore, the increase of the NEBmight contribute
to the much greater increased VEDL compared with the attraction ener-
gies (VvdW and VM) between MNPs at 0.1 mM. The EDLs of MNPs were
significantly shrunk under the relatively higher ion concentrations of
samples. The NEB of MNPs significantly decreased under the combined
effect of van der Waals force and magnetic attraction once the concen-
trations of divalent cations were beyond 0.1 mM. At a pH of 9.0, the
NEB of MNPs significantly decreased to zero as the concentration of di-
valent cations increased to 1.0 mM (Fig. 3b). In contrast, Na+ never
changed the NEB of MNPs until its concentration reached 100.0 mM.
The theoretical calculation was consistent with the results in Fig. 2.
Therefore, the extended DLVO theory can work well to predict the dis-
persion or aggregation of MNPs in an aquatic environment for low salt
concentrations.

However, the extended DLVO theory can hardly reveal the
mechanism of interaction between metal cations and MNPs. For ex-
ample, at a pH of 5.0, the monovalent cation Na+ just decreased the
NEB of MNPs, while the divalent cations could raise it from 0.01 mM
to 0.1 mM. The capacity of the five cations for diminishing the NEB
could be ranked as follows: Na+ N Mg2+ N Ca2+ N Sr2+ N Ba2+

(Fig. 3a and Fig. S2a). In contrast, at a pH of 9.0, the effects of
these cations on diminishing the NEB could be ordered as follows:
Ba2+ N Sr2+ N Ca2+ N Mg2+ N Na+ (Fig. 3b and Fig. S2b). The sequence
order of the five metal cations for electropositive MNPs (pH = 5.0) is
the inverse of that observed for electronegative ones (pH = 9.0). The
samephenomenonhas been reported by several other groups, and specif-
ic ion effects were introduced to explain the interaction mechanisms
(Bourikas et al., 2001; López León et al., 2003; Lo Nostro and Ninham,
2012). For example, it was reported that the sequence order of ions that
affect the stability of protein, silica and TiO2 in acidic conditions was gen-
erally opposite to that at alkaline conditions, and the sign of the interface
charge is a key factor during the process (Dumont et al., 1990; Franks,
2002; López León et al., 2005). The above differences cannot be well ex-
plained by the current DLVO theory. Therefore, specific ion effects on
the stability of the colloid or nanomaterial should be discussed in detail.

3.5. The adsorption of metal cations onto MNPs

According to the above discussion, the effects of five cations on the
aggregation of MNPs were significantly different at concentrations
below 10.0 mM. Specifically, at a pH of 5.0, under the effect of electro-
static attraction, the adsorption of metal ions by MNPs generally in-
creased initially at concentrations below 0.5 mM (Fig. 4a). However,
compared with Na+ that reached its saturation adsorption of 1.44 ±
0.02 mM·g−1 at concentrations above 0.5 mM, absolute amounts of
the four divalent cations adsorbed onto MNPs increased gradually
with the addition of these cations and were nearly less than the half of
the amount of adsorbed Na+ at the same concentration points
(b2.0 mM). Hence, at concentrations b2.0 mM, the amount of Na+

adsorbed byMNPswas significantly larger than those of divalent cations
(Fig. 4a). This observation could be consistentwith the deduction in sec-
tion 3.2 that metal cations with a lower hydration ability could bemore
easily adsorbed onto MNPs due to their relatively lower interactions
with surrounding water molecules (Chaplin, 2008; Oncsik et al., 2015;
Parsons et al., 2011). Additionally, according to Figs. 2a and 4a, both
the amount of adsorbed divalent metal cations and ζ potential of
MNPs always increased for concentrations from 0.01 to 5.0 mM at a
pH of 5.0, indicating that the ion-exchange process on the surface of
MNPsmight be Fe-O⋯M2+besides Fe-O⋯M2+⋯O-Fe due to attraction
of the hydrated water. Furthermore, with the addition of the metal
cations, the adsorption ratios of them were generally ranked as



Fig. 3. Net energy between Fe3O4 MNPs as a function of the concentration of the five metal cations at a pH of 5.0 (a) or 9.0 (b).
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Na+ N Ba2+ N Sr2+ N Ca2+ NMg2+ at the concentration points from0.01
to 0.1mM(Fig. 4c). Such differencesmay also be regarded as a response
to the effect of their different hydration forces during the adsorption
process. Therefore, in this case, the electrostatic attraction between
MNPs and metal cations cannot be responsible for the increase of the
ζ potential in Fig. 2a based on Coulomb's law, and the dipole-dipole at-
traction between divalent metal cations and water molecules could be
another significant factor for such behavior (Boström et al., 2001;
Grasso et al., 2002). In addition, as the ion concentration increases, the
aggregation of MNPs occurred, and the amounts of adsorbed divalent
cations exceeded the maximum amount of adsorbed Na+ on MNPs at
Fig. 4. Absolute adsorption amounts of the five metal cations by Fe3O4 MNPs as a function of t
cations by Fe3O4 MNPs as a function of their concentration at pH values of 5.0 (c) and 9.0 (d).
5.0 mM. This result indicated that divalent cations could be able to
bind to more other adsorption sites of MNPs after the aggregation oc-
curred. These sites might be located in the interstice of adjoining parti-
cles, and they could not be easily accessed by Na+ due to its lower
electrostatic attraction. However, there were no obvious differences in
the amounts of the four divalent cations adsorbed on surfaces of
MNPs, and the interference of hydrogen protons might contribute to
the process.

The effects of hydrogen protons on the interactions between MNPs
and 0.1 mM metal cations were evaluated at various pH values from
5.0 to 9.0. The results showed that differences in the effects of the five
heir concentration at pH values of 5.0 (a) and 9.0 (b); adsorption ratios of the five metal
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cations on the ζ potential of MNPs gradually emerged as the pH of the
sample increased (Fig. S3). Therefore, hydrogen protons significantly af-
fect the adsorption behaviors of metal cations on the surface of MNPs.
The batch experiment conducted under alkaline conditions could be
much better for studying the interaction mechanisms between metal
cations and MNPs.

At a pH of 9.0, the absolute amounts of the five cations adsorbed by
Fe3O4MNPs all increased to 1.8 ± 0.2 mM·g−1 as a function of the con-
centration of the metals at concentrations N1.0 mM (Fig. 4b). Greater
adsorption of metal ions occurred at a pH of 9.0 than that observed at
a pH of 5.0. One possible reason for this result was the reduced compet-
itive adsorption of hydrogen protons onto the active sites of MNPs at a
pH of 9.0. As the addition of the metal cations increased from
0.01 mM to 1.0 mM, compared with Na+ that formed only Fe-
O⋯Na+, divalent cations adsorbed onto the surface of MNPs might
form Fe-O⋯M2+ or Fe-O⋯M2+⋯O-Fe structures, which could neutral-
ize the negative charges of the MNPs. Such a difference could well ex-
plain the significant increase in the ζ potential of MNPs in Fig. 2a and
b. Additionally, there were no significant differences for the Na+

adsorbed in the concentration range from 0.1 to 1.0 mM (Fig. 4b),
which indicated that saturation adsorption of Na+ by MNPs had been
achieved and all of the exposed adsorption sites on the surfaces of
MNPs were occupied by Na+.

However, the adsorption ratios of the cations clearly decreased in
the order Ba2+ (60%) N Sr2+ (50%) N Ca2+ (47%) N Mg2+ (47%) N Na+

(43%) at 0.1mM(Fig. 4d),which cannot be explainedby electrostatic at-
traction or traditional DLVO theory. Thus, the adsorption of metal cat-
ions on MNPs could be controlled by other forces, especially for
divalent cations. It was reported that more polarizable nanotubes pre-
sented stronger attractive interactions with gold nanoparticles (Rance
et al., 2010). The metal cations in the study also presented different af-
finities for water molecules (Rodriguez-Cruz et al., 1999). Therefore,
the polarizability of ions or nanomaterials largely affected their interac-
tionwith surrounding chemicals, and a hydration shell could be formed
around the metal cations as well as on the surface of MNPs. The dipole-
dipole attraction of cations with water near the surface of nanoparticles
should be considered because metal cations concentrated in the region
that is close to the particle surface are under the effect of electrostatic at-
traction. It has been reported that multi-hydrates were formed around
alkaline or alkaline earth metals, and the binding energies of the
above metal cations is in the order: Mg2+ N Ca2+ N Sr2+ N Ba2+ N Na+,
whichmight indirectly influence the capacities of MNPs to adsorb diva-
lent cations (Rodgers and Armentrout, 2016; Rodriguez-Cruz et al.,
1999).

Linear correlation between the HDD of Fe3O4 MNPs and the adsorp-
tion of the five metal cations was observed at 0.1 mM and a pH of 9.0
(Fig. 5a). This might indicate that adsorbed metal cations significantly
Fig. 5. Linear correlations of the HDD of Fe3O4 MNP
affected the aggregation of Fe3O4 MNPs during the initial stages of ag-
gregation. It has been reported that the hydration of metals could be
one factor to determine the aggregation of NMs because a metal cation
with a larger radius binds less tightly to water molecules than a smaller
one (Pashley, 1981; Pashley and Israelachvili, 1984; Pham et al., 2009).
Additionally, the hydration capacities of metal cations in group IA or IIA
are significantly and positively correlated with the reciprocals of their
ionic radii (Rodgers and Armentrout, 2016; Rodriguez-Cruz et al.,
1999). The above reasons might indirectly promote the adsorption of
larger metal cations by Fe3O4 MNPs. Furthermore, according to the
Schulze–Hardy rule, the aggregation of NMs is influenced by the va-
lences of metal cations (Sano et al., 2001; Verrall et al., 1999). According
to the results of the study, significant linear correlation between the
HDD of Fe3O4 MNPs was observed with the forces of hydration, valence
states and ionic radii of the metal cations (Fig. 5b), and this correlation
can be described as follows:

VHDD∝
R3Z6

E

where VHDD is the HDD of Fe3O4 MNPs (nm); R is ionic radius; Z is the
valence; and E is the hydration energy of the metal cation (kJ·mol−1)
(Table 1).

As the concentrations of metal cations exceeded 1.0 mM, the
amounts of adsorbed divalent cations increased more significantly, but
the amount of Na+ decreased slightly (Fig. 4a and b). Moreover, the
HDD of MNPs reached its maximum (approximately 1700 nm) at
5.0 mM for divalent cations; however, MNPs just started to aggregate
at 5.0 mM for Na+ (Fig. 2d). This might also indicate that divalent cat-
ions were able to be adsorbed in the interstice of MNPs and might
form Fe-O⋯M⋯O-Fe between different particles (Seiichi et al., 2006).
The adsorbed Na+ might be expulsed from aggregated MNPs.

The adsorption of Na+, Mg2+, Ca2+, Sr2+ and Ba2+ on MNPs was
observed by using XPS technology (Fig. 6f). The binding intensities of
metal cations with Fe-O- were quantified with the Lorentzian-Gaussian
distribution (Fig. 6a, b, c, d and e). Given the interference of water and
CO2 molecules in the determination of MNPs with XPS, the photopeak
of O 1s in Fig. 6 was de-convoluted into three other peaks containing
532.3 eV for O-H, 531.4 eV for C-O, and 530.0 eV for Fe-O, besides
peaks for the adsorbed metal cations (Coppa et al., 2003; Yamashita
and Hayes, 2008). The photopeaks of Fe-O-Na, Fe-O-Mg, Fe-O-Ca, Fe-
O-Sr, Fe-O-Ba were fixed at 530.5, 530.9, 531.4, 530.5, and 529.5 eV, re-
spectively (Ardizzone et al., 1997; Dumbre et al., 2014; Ghijsen et al.,
1981; McGrail et al., 2001; Vasquez, 1991). The results presented that
the binding areas for Na+, Mg2+, Ca2+, Sr2+ and Ba2+ were 1882.0,
3245.9, 3644.0, 4120.4 and 5438.5 eV, respectively (Fig. 6). These results
indicated that the intensities of divalent cations were nearly two times
s with the (a) adsorption ratios and (b) VHDD.



Table 1
Parameters of metal cations.

Metal
cations

Relative
atomic
massa

Ionic
radius
(pm)a

Hydration
energy
(kJ·mol−1)b

Valence Adsorption rate
(%) at 0.1 mMc

Na 23.0 95 45.0 1 43.1 (0.1)
Mg 24.3 65 101.3 2 43.5 (6.5)
Ca 40.1 99 92.1 2 47.3 (5.6)
Sr 87.6 113 87.5 2 50.2 (4.3)
Ba 137.3 135 77.8 2 60.1 (2.7)

a The values were incited from the literature (House and House, 2015).
b The valueswere incited from the literature (Dzidic andKebarle, 1970; Rodriguez-Cruz

et al., 1999).
c The values were from this study.

Fig. 6. XPS spectra of O 1s of Fe3O4 MNPs after the adsorption of metal cations at a pH
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that of Na+, and they increased with their relative atomic weight. Ac-
cording to Figs. 2d and 4b, at a 5.0 mM concentration, the MNPs aggre-
gated and the size stayed at approximately 1700 nm under the effect of
divalent cations, and the amounts of adsorbed divalent cations in-
creased sharply. In contrast, the MNPs just started to aggregate under
the effect of Na+, and the amount of adsorbed Na+ declined slightly,
which indicated that Na+ might be expelled from the aggregates. In
summary, divalent cations could not be expelled from the aggregated
MNPs, and instead, they were also able to obtain more adsorption
sites. Moreover, their binding intensities for oxygen-containing func-
tional groups weremuch stronger than that of Na+. Therefore, these re-
sults indicated that a bridging effect of divalent cations might occur
between MNPs after aggregation occurred.
of 9.0. (a) Na+, (b) Mg2+, (c) Ca2+, (d) Sr2+, (e) Ba2+, and (f) survey spectra.
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4. Conclusions

The aggregation of Fe3O4 MNPs was determined to be the result of
the integrated effects of the pH of the matrix as well as concentration,
valences, hydration forces and hydrated ionic radii of Na+, Mg2+,
Ca2+, Sr2+ and Ba2+ ions in aquatic environments. In addition to elec-
trostatic force, magnetic attraction and the specific ion effect of metal
cations should be significant parameters for predicting the aggregation
of MNPs. Specifically, at a pH of 5.0, divalent cations potentially resulted
in MNPs being resistant to aggregation due to a significantly increased
NEB at their low concentrations. At a pH of 9.0, the different capacities
of divalent cations for the aggregation of MNPs proved the significance
of special ion effects, and the differences could be well-explained by the
ionic radius, valence state and hydration energy of the metal cation.
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2.1. Synthesis of Fe3O4 MNPs 

The Fe3O4 MNPs used in this study were synthesized by co-precipitation (Zhao et 

al., 2008). Briefly, a 25 mL solution containing a mixture of 5.2 g of FeCl3·6H2O, 2.0 

g of FeCl2·4H2O, 0.85 mL of HCl and dissolved oxygen-free water was added 

dropwise into 250 mL of NaOH solution at 75 °C under nitrogen gas with mechanical 

stirring at a speed of 430 r/min. Then, the solution containing generated Fe3O4 MNPs 

was washed with 200 mL of dissolved oxygen-free water several times to remove 

inorganic ions, and a DX223-Na sodium electrode (Mettler Toledo, Switzerland) was 

used to ensure that the concentration of Na+ was less than 0.5 mM. Afterwards, the 

solution was diluted with ultrapure water to 110 mL to obtain a concentration of 

approximately 20 mg·mL-1 Fe3O4 MNPs. 

2.2. Theoretical analysis of the aggregation of MNPs 

DLVO theory is extensively used to analyze the aggregation of particles in 

aqueous solutions and suspensions by quantifying the interactions in the micro-

interface of colloids (Elimelech et al., 2013; Hu et al., 2010; Zhang et al., 2009; 

Zhang et al., 2008). However, when given the significant effects of non-electrostatic 

ionic forces such as ionic dispersion force and induction force on a colloidal system at 

a high salt concentration (e.g., more than 100.0 mM), the traditional DLVO theory 

failed to predict the behavior of colloids, especially for biological systems (Boström 

et al., 2001; Grasso et al., 2002; López León et al., 2005; Lo Nostro and Ninham, 

2012). In natural bulk aquatic environments, the concentrations of major ions are 

generally below 100.0 mM; thus, traditional DLVO theory could work well for a 
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natural bulk aquatic environment (Boström et al., 2001; López León et al., 2005). 

However, due to the effect of the inherent permanent magnetic dipole moment of 

MNPs, the suspension of MNPs should also be affected by magnetic attraction in 

addition to van der Waals (VvdW) and electrostatic energies (VES). When the dipoles of 

MNPs are presented in a head-to-tail configuration, the maximum magnetic energy 

(VM) between them is described by equation (S4) (Phenrat et al., 2007). 

𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 + 𝑉𝑉𝑀𝑀    (S1) 

𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣 = −𝐴𝐴
6
� 2𝑟𝑟2

𝐻𝐻(𝐻𝐻+4𝑟𝑟) + 2𝑟𝑟2

(𝐻𝐻+2𝑟𝑟)2 + ln 𝐻𝐻(𝐻𝐻+4𝑟𝑟)
(𝐻𝐻+2𝑟𝑟)2 �   (S2) 

𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 = 4𝜋𝜋𝜋𝜋𝜋𝜋2𝜁𝜁2

𝐻𝐻+2𝑟𝑟
𝑒𝑒𝑒𝑒𝑒𝑒(−𝜅𝜅∙𝐻𝐻)   (S3) 

𝑉𝑉𝑀𝑀 = −8𝜋𝜋𝜇𝜇0𝑀𝑀𝑠𝑠
2𝑟𝑟3

9�𝐻𝐻𝑟𝑟+2�
3    (S4) 

where A is the Hamaker constant (J); r is the particle radius (m); ε is the dielectric 

constant of water at 298 K; ζ is the surface potential of a particle; κ is the reciprocal of 

the radius of an ionic atmosphere (Debye length); μ0 is the permeability of the vacuum 

(H·m-1); and Ms is the saturation magnetization (3.13×105A·m-1) (Zhao, 2009; Zhao et 

al., 2008). 

2.3 Calculation of the adsorption ratio of cations on MNPs 

 In the study, the adsorption ratio (r) was calculated from the absolute 

adsorption amount (A) divided by the total amount (T). The equation is as follows: 

r =
𝐴𝐴
𝑇𝑇

 

3. Results 

3.1. Characteristics of Fe3O4 MNPs 

The Fe3O4 MNPs synthesized in the study had a diameter of approximately10 nm 
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and were highly crystallized (Fig. S1a and b). The as-synthesized MNPs were face 

centered cubic particles according to the XRD pattern (Hu et al., 2010). They were 

further characterized by use of the Nano-Measurer 1.2.5 software, and they have a 

mean diameter of 11.7 nm with a range of 5~25 nm (Fig. S1c). The size of these as-

prepared MNPs was below 80 nm, the critical size of the multiple magnetic domain 

for MNPs. Thus, the MNPs of the study are assumed to be single magnetic domain 

particles and presented excellent magnetic properties (Butler and Banerjee, 1975; 

Phenrat et al., 2007). Therefore, the MNPs exhibited a tendency foraggregation, 

which has been previously observed, previously due to theirits inherent permanent 

magnetic dipole moment (Butter et al., 2003; Liu et al., 2005; Phenrat et al., 2007).  
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Fig. S1. TEM images (a, b) and size distribution (c) of Fe3O4 MNPs . 
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Fig. S2. Net energies between particles by extended DLVO theory under the effect of a 0.1 mM 
solution of the five metal cations at pH values of 5.0 (a) and 9.0 (b). 
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Fig. S3. Effect of the pH on the ζ potential of Fe3O4 MNPs under a 0.1 mM solution of the five metal 

cations. 
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