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a b s t r a c t

Better understanding of the colloidal behaviors of nanomaterials impacted by aquatic chemistry pa-
rameters is needed for appropriate evaluation of the environmental risks posed by nanomaterials in
natural waters. In the study, the colloidal stability of Fe3O4 magnetic nanoparticles (Fe-MNPs) was
evaluated over a range of chemistry characteristics [e.g., pH, dissolved organic matter (DOM), salt types,
cationic strength] in six synthetic water samples. The findings from the synthetic water samples were
further examined with eight “real world” environmental water samples. Our results demonstrated that
DOM fraction, humic acid (HA), promoted suspension of Fe-MNPs more by hydrophobic interactions in
addition to ligand exchange and electrostatic effects compared with fulvic acid (FA). Capability of cations
to increase aggregation of Fe-MNPs were in the order of Ca2þ>Mg2þ >> Naþ because of their different
degrees of bridging complexation with DOM molecules on particle surfaces. As a key parameter for
indicating Fe-MNPs colloidal stability, Zeta (z) potentials of Fe-MNPs in these waters samples were well
correlated to (R2¼ 0.880, P< 0.001) the contents, types and adsorption forms of DOM and cations.
However, several other factors could also affect the hydrodynamic diameter (HDD) of Fe-MNPs in the
“real world” environmental waters. It assumed that ampholytic-DOM molecules such as amino acid- and
protein-like molecules caused great aggregation of Fe-MNPs. These findings would be helpful for better
understanding and evaluating the colloidal behaviors of nanomaterials when they released into natural
water environment, thus could shed light on developing relevant pollution control strategies.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Nanomaterials (NMs) are nano-objects having a size range of
1e100 nm, at least in one dimension (Amde et al., 2017). In the past
decades, NMs have shown their widespread applications in many
fields such as industries, agriculture and environment (Guo et al.,
2016; Luna-Valdez et al., 2017; Taghiyari et al., 2017; Yang and
e by Baoshan Xing.

.

Xing, 2009). On the other hand, the rapid increase of NMs prod-
ucts and applications open the door for their intentional and un-
intentional release to the environment, leading to the serious
environmental concern (Gottschalk et al., 2013; Lei et al., 2018; Zhu
et al., 2017). For example, while the superparamagnetism of Fe3O4
magnetic nanoparticles (Fe-MNPs) facilitates their applications as a
carrier in biomedicine, pharmaceutical, detection for trace
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pollution and water purification (Reddy et al., 2012; Rossi et al.,
2014), the same unique property makes Fe-MNPs highly dynamic
in aquatic environment, which could affect its colloidal stability,
transport and transformation, so does on its fate and toxicity (Amde
et al., 2017; Lei et al., 2018; Zhu et al., 2017).

In aqueous ecosystems, suspension and aggregation of nano-
materials are the key factors in determining their hazards and risks
as suspended (i.e., colloidal) particles have a higher mobility due to
the effects of hydrodynamic forces and a high risk to organisms due
to more active reaction sites exposed to the surface compared to
particles that are aggregated (Godinez and Darnault, 2011; Jian
Zhao et al., 2013). Nanomaterials could interact with numerous
components of environmental waters with dissolved organic
matter (DOM) and inorganic ions as the two major components
(Aiken et al., 2011; Philippe and Schaumann, 2014; Wiesner et al.,
2006). DOM including humic acid (HA) and fulvic acid (FA) can
coat the surfaces of nanomaterials unselectively by ligand ex-
change, electrostatic, H-bonding and hydrophobic interactions,
which facilitates suspension and bioaccumulation of nanomaterials
(Johnson et al., 2009; Saleh et al., 2008; Vindedahl et al., 2016). In
contrast, metal cations cause aggregation of nanoparticles by
neutralizing negative charges after adsorbing on the surface of
nanomaterials (Aiken et al., 2011; Bian et al., 2011).

Environmental behaviors and physicochemical properties of
nanomaterials are generally determined by specific interaction
types of water components with nanomaterials. Improved under-
standing on these interactions are needed for evaluating more
actually colloidal behaviors of nanomaterials in natural waters
(Philippe and Schaumann, 2014). In addition to FA, HA and inor-
ganic ions, thousands of other components are also present in
environmental waters, such as carbohydrates, amino acids, pro-
teins, organic acids, surfactants (Amarasiriwardena et al., 2001; He
et al., 2013; Liu et al., 2018; Ohno et al., 2010). Moreover, the clas-
sical colloid theories [e.g., classical Derjaguin-Landau-Verwey-
Overbeek (DLVO) model] have significant limitations in assessing
the colloidal behavior of engineered nanoparticles in natural wa-
ters (Ghosh et al., 2011; Ghosh et al., 2008; Ghosh et al., 2014).
These complicities make it fail to predict the stability of colloids in
environmental waters although DLVO model has been applied to
quantify the effects of inorganic ions on the stability of nano-
materials. Therefore, it seems necessary to identify more specif-
ically the primary factors and related interactions affecting the
aggregation and suspension of nanomaterials in waters. To our
knowledge, the stability of nanomaterial has not been investigated
systematically for a range of environmental conditions so far.

As one of the most important magnetic nanoparticles, most, if
not all, Fe-MNPs are released into the environment during the
processes of production, transportation, application and disposal
and eventually enter into aquatic ecosystems. Nevertheless, there is
only limited information available on colloidal stability of Fe-MNPs
affected by aquatic chemistry parameters (Dong et al., 2016; Ghosh
et al., 2011; Lei et al., 2018). In this study, we hypothesized that
DOM and cations, but with different impact modes and levels were
two major factors in the influence of the colloidal stability of Fe-
MNPs. To verify the hypothesis, we first examined the several
colloidal stability parameters impacted quantitatively by repre-
sentative DOM fractions (HA and FA), and common mono- and di-
valent cations (Naþ, Mg2þ and Ca2þ) in six synthetic water samples
under laboratory conditions. Dynamics modelling and advanced
spectroscopic techniques were applied to understand the impact
mechanisms. Then, we examined the aggregation behaviors of Fe-
MNPs in eight naturally-occurred environmental waters (river/
lake waters, tap water, sea water, rainwater, domestic sewage), and
yielded data were further used to develop predictive colloidal be-
haviors of Fe-MNPs in “real world” environmental waters.
2. Materials and methods

2.1. Materials

All chemical reagents used in the studywere of analytical purity.
FA (No. 1R105F) from Nordic reservoir and HA (No. 2S101H) from
Suwannee River were purchased from the International Humic
Substances Society (IHSS, Colorado, USA). The two humic fractions
used in this research were representatives of aquatic dissolved
organic matter that contain multiple soluble organic components
(He et al., 2006; He et al., 2008). Water (18.2MU cm) was supplied
by a Millipore Integral 5 water purification system (Merck, Ger-
many). Fe-MNPs were synthesized by co-precipitation (Xiaoli Zhao
et al., 2008). Characteristics of Fe-MNPs have been reported in our
previous work (Wang et al., 2015). Oxygen-free water was used to
wash repeatedly the Fe-MNPs sample to remove inorganic ions
with the concentration of Naþ less than 0.5mM (detected with a
DX223-Na sodium electrode) (Mettler Toledo, Switzerland).

2.2. Water samples

Synthetic waters (S1, S2, S3, S4, S5 and S6) were prepared with
Naþ, Mg2þ, Ca2þ and FA, and additional details are described in the
Supporting Information (SI). Eight “real world”water samples were
collected for this study. Tap water (TW) was collected from the
faucet of the laboratory itself (Beijing, China); urban river water
from Qing River (QHW, Beijing, China); fresh lake water from Dia-
nchi Lake (DCW, Kunming, China). Rainwater (RW) was collected
during July 2016 (Chaoyang, Beijing). Two relatively uncontami-
nated natural water samples were collected from Muyun Reservoir
(MYW, Beijing, China) and Dari River (DRW, Tibet, China). Domestic
sewage (DSW) was sampled from a stagnant pool on the Sha River
(Beijing, China); and a seawater (SW) sample was collected from
offshore of Qingdao (China). All samples were stored at 4 �C after
filtration through 0.45-mm polyethersulfone filters.

2.3. Laboratory batch experiments with synthetic waters

Adsorption kinetics of FA and HA (10.0mg/L) on Fe-MNPs
(50mg/L) were determined. First, pHs of the experimental mix-
tures were adjusted to 5.0, 7.0 and 9.0 with KOH (1.0mM) and HCl
(1.0mM), respectively. Then, suspensions were shaken at 100 r/
min, and sampled at intervals from 0.5 to 72 h. Total organic carbon
(TOC) of the supernatant of each mixture was measured after
filtration through a 0.2-mm polyethersulfone membrane (Pall Cor-
poration, Michigan).

For investigating aggregation of Fe-MNPs, Fe-MNPs was added
into FA or HA solution (40mL), respectively. pH of each sample was
maintained at 5.0, 7.0 or 9.0. After sonification for 0.5min, zeta (z)
potential and hydrodynamic diameter (HDD) of each mixture were
measured by laser Doppler velocimetry (LDV) and dynamic light
scattering (DLS). Effects of Naþ (1.0e100.0mM), Mg2þ and Ca2þ

(0.1e25.0mM) on aggregation of Fe-MNPs in the presence of FA or
HA (10mg/L) were evaluated in the same way. Fe-MNPs were
collected by a magnetic field and freeze-drying. Supernatants were
also collected for quantification of free metal cations and HA/FA
after filtration.

z potential and HDD of Fe-MNPs were measured by a Zetasizer
Nano meter (Malvern, England). TOC was quantified by a Multi N/
C3100 TOC analyzer (Analytikjena, Germany). Concentrations of
metal cations were measured by an inductively coupled plasma-
optical emission spectrometer (ICP-OES, iCAP 6300, Thermo Sci-
entific, Massachusetts, USA). Bonding features and abundance of
FA, HA and metal cations adsorbed on Fe-MNPs were investigated
by FTIR spectrometer (Nicolet iS5, Thermo Scientific,
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Massachusetts, USA) and X-ray absorption near edge structure
(XANES). The number of FTIR scans and corresponding wave-
number resolution were 32 times and 0.5 cm�1 respectively, and
KBr pallet was made to record FTIR spectra. K-edge spectra of Ca-
adsorbed Fe-MNPs were collected at beam-line 9M-B, C at the
Advanced Photo Sources (APS), Argonne National Laboratory (Illi-
nois, USA). An energy range of�200 to 200 eV from the K-edgewas
used to acquire the spectra with a passivated implanted planar
silicon (PIPS) detector. Three scans were collected from each sam-
ple, inspected for overall quality, and averaged to improve the
signal/noise ratio. The XANES data was normalized using the
ATHENA program in the Demeter computer package (Newville,
2001; Ravel and Newville, 2005). Superconducting Quantum
Interference Device (SQUID, Quantum Design, USA) was used to
analyze the effect of DOM on magnetic properties of Fe-MNPs. All
data statistical analysis in the study was finished with Origin Pro
8.0.

2.4. Adsorption isotherm modelling

Adsorptions of FA and HA on Fe-MNPs were described with
Langmuir and Freundlich isotherm models (1 and 2).

qe ¼ qmKLCe
1þ KLCe

4
Ce
qe

¼ 1
qmKL

þ Ce
qm

(1)

qe ¼ KFC
1=n
e 4 lgqe ¼ lgKF þ

1
n
lgCe (2)

Where: qe is the adsorbed amount of FA or HA per gram of Fe-MNPs
at equilibrium adsorption; qm and Ce are the maximum adsorption
and equilibrium concentrations of FA or HA; KL and KF are the
adsorption equilibrium constants of Langmuir and Freundlich
models respectively; n is another Freundlich constant indicating
the intensity of adsorption.

2.5. Colloidal behaviors of Fe-MNPs in environmental waters

Fluorescence spectra of environmental water samples were
measured with a Hitach F-7000 spectrophotometer (Tokyo, Japan)
at room temperature. The operating voltage was 600 V, and slit
widths were 5.0 nm for excitation (Ex) and emission (Em) (He et al.,
2008). Of each sample, z potential and HDD of Fe-MNPs (50mg/L),
as well as TOC and cationic concentrations were measured before
and after adsorption respectively.

3. Results and discussion

3.1. Effects of HA and FA on suspension and aggregation of Fe-MNPs
in synthetic waters

FA and HA were observed to greatly promote the suspension
degree of Fe-MNPs due to their negative charges increased on the
particle surface, especially with the conditions at pH 7.0 and 9.0. HA
presented greater ability for strengthening z potential and sus-
pension of Fe-MNPs than FA (Fig. 1aeb). The difference might be
related to their specific adsorptionmechanisms of FA and HA on Fe-
MNPs. As shown in their kinetic and isotherms adsorptions, the
amounts of HA adsorbed on the particles were higher than those of
corresponding FA with all pH conditions (Fig. S1). Adsorption iso-
therms for binding of FA and HA on Fe-MNPs were further fitted
with Langmuir and Freundlich models. Results showed that
adsorption of FA on Fe-MNPs at all pHs were better fitted by the
Langmuir model (Fig. 1c and Table S1). This observation indicates
that monolayer adsorption of FA was formed on Fe-MNPs. Ligand
exchange might be responsible for FA adsorption due to relatively
high binding affinity of iron ion with carboxyl group, and the same
results were observed by Filius (Filius et al., 2000; Filius et al.,
2003). On the other hand, adsorptions of HA was fitted better to
Langmuir model for pH 7.0 and 9.0, but 5.0 where Freundlichmodel
was more suitable. The differential observations with HA data
suggest that multilayer adsorption of HA might be developed at pH
5.0, but monolayer adsorption was formed under higher pH con-
ditions. The possible mechanismwould be that HA presented great
hydrophobicity at acidic conditions, which mainly promoted
multilayer adsorption of HA on the particles besides ligand ex-
change interaction. However, with the increase of deprotonation of
HAmolecules at higher pH, the hydrophobicity capability gradually
decreased, the adsorption of HA tended towards monolayer for-
mation (refer to SI for more discussion).

As FA and HA are organic matter with multiple functional
structures (He et al., 2013; He et al., 2010; Ohno et al., 2010), so that
they could not be regarded as simple inorganic ions in evaluating
their effects on the colloidal stability of Fe-MNPs by traditional
colloid theory. In this work, we observed that the stability of Fe-
MNPs was greatly dependent on the z potential of Fe-MNPs.
Furthermore, the negative charges increased gradually as a func-
tion of increasing concentrations of FA or HA. We also observed
excellent linear relationships (R2> 0.99) between the concentra-
tion of FA or HA and ratios of the concentrations/z potentials of Fe-
MNPs (Fig. 1d). In other words, the z potential of Fe-MNPs was
mainly influenced by the specific adsorption characteristics of FA
and HA on the particles. This finding shed novel light in evaluating
the stability of Fe-MNPs.

3.2. Effects of metal cations on suspension and aggregation of Fe-
MNPs in synthetic waters in the presence of HA or FA

Jointly with HA or FA, the ions of Naþ, Mg2þ and Ca2þ as major
constituents of natural water generally influence stability behaviors
of Fe-MNPs. Per our previous study, adsorption of these cations on
Fe-MNPs could largely increase positive charges of the particle
surface via the effects of hydration and electrostatic forces, and
eventually affected colloidal stability of Fe-MNPs (Wang et al.,
2017). In this study, the negative z potential of Fe-MNPs was
neutralized gradually with the addition of the metal cations
resulting in the decrease of electrostatic repulsion between Fe-
MNPs so that the Fe-MNPs aggregation occurred (Fig. 2). The
capability of the cations in neutralizing z potential and increasing
the HDD of Fe-MNPs were observed in the order:
Ca2þ>Mg2þ>Naþ. Simultaneously, the amounts of the cations
adsorbed on the particles also increased greatly with their con-
centrations (Fig. S3c-d). Therefore, z potential of Fe-MNPs could be
regulated by the adsorbed metal cations. Moreover, the cations
remarkably promoted the adsorptions of FA and HA on Fe-MNPs, of
which the capability could be also ranked as Ca2þ>Mg2þ >> Naþ

(Fig. S3a-b). These observations indicate that multilayer adsorption
of organic molecules and metal cations tended to happen on the
surface of Fe-MNPs via the effect of electrostatic interactions. Fitted
in Freundlich isotherm model, significant (P� 0.05) linear re-
lationships were observed between the z potential of Fe-MNPs and
the logarithmic concentrations of the metal cations (Fig. 3). These
observations were similar to the colloidal behaviors of HA- and
synthetic poly (acrylic acid)-coated ferrimagnetic (gFe2O3) nano-
particles (Ghosh et al., 2011) and partially similar to that influence
of FA on the colloidal stability of zero-valent iron nanoparticles
(Dong et al., 2016).

In this study, divalent Ca2þ or Mg2þ changed the z potential and
HDD of Fe-MNPs more than did by monovalent Naþ at the same or
relatively less ionic strength (Fig. 2aeb). As this observation cannot



Fig. 1. z potential (a) and HDD (b) of Fe-MNPs, isothermal adsorption of DOM (c) and linear fittings of z potential of Fe-MNPS (d) as functions of FA and HA at pH 5.0, 7.0 and 9.0.

Fig. 2. Effects of Naþ, Mg2þ and Ca2þ on z potential (a, b) and HDD (c, d) of Fe-MNPs in FA and HA (10.0mg/L) solutions respectively.

H. Wang et al. / Environmental Pollution 241 (2018) 912e921 915
be explained by traditional colloid theory (Bostr€om et al., 2001), we
hypothesized that other mechanisms could be involved in the
process. It was reported that cations with larger ionic radii can bind
to the carboxyl group of particles (e.g., graphene oxide) more
intensively by forming inner-sphere complexes (Erhayem and
Sohn, 2014; Filius et al., 2000; Xia et al., 2017). Due to its rela-
tively larger ionic radius and higher valence state, Ca2þ possessed a
greater affinity to FA and HA molecules than Mg2þ and Naþ. This
assumption appears consistent with the solubility product con-
stants (Ksp) of their oxalate salts (2.32� 10�9 for Ca2þ and
4.83� 10�6 for Mg2þ). Based on our previous work, cations with
larger ionic radii have a relatively lower affinity to water molecules,
and could bond to Fe-MNPs more heavily via the effects of van der
Waals forces. Same phenomenon was also observed for graphene
oxide (Wang et al., 2017; Xia et al., 2017). Therefore, in addition to
electrostatic interaction, some other factors might be involved in



Fig. 3. Linear correlations of the z potential of Fe-MNPs with the concentrations of metal cations in FA (a) and HA (b) solutions.
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affecting the stability of Fe-MNPs through changing binding types
of these cations and DOM molecules on Fe-MNPs, such as cationic
hydration, specific ion effects (Kunz, 2010).
3.3. Spectroscopic features of FA and HA on Fe-MNPs affected by
Naþ, Mg2þand Ca2þ

FTIR spectral features of both HA and FA in the absence of cat-
ions were typical for the two types of samples (He et al., 2006), so
that only the spectral features in the lower-wave-number ranges
were presented for clarity (Fig. 4). Greater red-shift of asymmetric
stretching vibrations (vas around 1600 cm�1) of carboxylic groups
of adsorbed FA and HA was observed with Mg2þ and Ca2þ

compared with Naþ. Monovalent Naþ could be the main counter
ion while the carboxyl groups of FA and HA are deprotonated as
COO� (Leenheer et al., 1995). Relatively stronger electrostatic af-
finities of Mg2þ and Ca2þ to carboxylic groups facilitated their
substitution for Naþ to bind organic molecules, which caused sig-
nificant red-shift of the vas of carboxylic groups (Fig. 4). Moreover,
due to a relatively lesser hydration capability thanMg2þ, Ca2þ could
more easily overcome the resistance of its surrounding water
molecules to bind to carboxylic groups of DOM, and resulted in
further decrease of the vas (Fig. 4c and e) (Wang et al., 2017; Xia
et al., 2017). In addition, the initial vas of carboxylic groups in HA
was observed at 1617 cm�1, but 1621 cm�1 for FA, and the differ-
ence between FA and HA possibly ascribes to their specific pKa
values. The pKa of HA is generally greater than that of FA and ranges
from 2.5 to 9.0, which indicates a larger protonation capability for
HA molecules (Abate and Masini, 2001; Paul et al., 2015). At pH 7.0,
part of carboxylic groups of HA still protonated, so that the additive
metal cations could partly substitute for hydrogen to bind to car-
boxylic groups. As a result, all of the metal cations caused the red-
shift of the carboxylic groups of HA more greatly compared with FA
(Fig. 4b, d and f).

For quantitative comparison, the FTIR peak (band) of the
carbonyl groups at 1723 cm�1 was used as a reference to calibrate
impacts of FA and HA on Fe-MNPs. Band intensity of carboxyl group
at 1620 cm�1 would be an indicator to characterize the HA or FA
fractions absorbed to Fe-MNPs particles. Results indicated that
adsorptions of FA and HA were enhanced by all three cations, but
significant differences in the adsorbed abundance were observed
among them (Fig. S4). Specifically, for same Ic, capacities of the
three metal cations to increase band intensity of peaks associated
with carboxylic groups of FA was: Naþ>Mg2þ> Ca2þ. Given less
adsorption amounts of FA in Naþ solutions (Fig. S3a), these data
suggested that Naþ preferred promoting adsorption of FA that
containedmultiple carboxylic groups on Fe-MNPs, and resulted in a
significant increase in adsorption intensity of carboxylic groups
(Fig. S4a). In contrast, Ca2þ and Mg2þ exhibited greater affinities for
carboxylic groups, even those molecules containing a single
carboxyl group, which resulted in relatively less discriminative
adsorption of DOM molecules on Fe-MNPs among the cations
(Fig. S4c and e). For HA adsorption, an inverse trend for adsorption
of HAwas observed in the order: Ca2þ>Mg2þ>Naþ (Fig. S4b, d and
f). The probable explanation might be that HA molecules are
generally larger size and contain multiple carboxylic groups, which
largely decreased discriminative adsorption of different DOM
molecules on particles (Erhayem and Sohn, 2014). In addition, the
adsorbed Ca2þ on Fe-MNPs in the presence of FA was examined by
Ca K-edge XANES spectroscopy (Fig. 5). Its characteristic XANES
peaks was same to those of CaCO3, indicating that Ca2þ was com-
plexed with carboxyl group of FA molecules on the surface of Fe-
MNPs. Therefore, combining the results of FTIR and XANES, the
capability of Naþ, Mg2þ and Ca2þ to affect stability of Fe-MNPs was
determined by their affinity to DOM molecules by forming com-
plexes (outer- or inner-sphere complexes) with DOM molecules on
the particle surface. Consequently, due to differences in valence,
hydration capability of metal cations as well as structure and
functional groups of DOM molecules, the colloid stability of Fe-
MNPs in aquatic environment becomes more complex. Neverthe-
less, by electrostatic effect as well as bridging complexation, the
metal cations promoted multilayer adsorption of DOM on Fe-MNPs
more efficiently, and eventually affected the z potential and HDD of
Fe-MNPs, which might be instructive for evaluating the colloid
behavior of Fe-MNPs.
3.4. Colloidal stability of Fe-MNPs in environmental waters

For the “real world” environmental applications, the colloidal
stability of Fe-MNPs was then evaluated for 8 environmental wa-
ters (seawater, river waters, tap water, rain water and sewage wa-
ter). Generally, z potentials of the particles were proportional to
concentrations of DOM in these environmental waters (Fig. 6a).
However, the trend was also affected bymetal cations. For example,
because of a high Ic, the negative z potential of Fe-MNPs was largely
neutralized for SW (Table 1). In the study, an evaluation model
(R2¼ 0.880, P< 0.001) was developed based on the concentrations
of DOM and metal cation of 12 waters samples (Tables 1 and 2).
Leave-one-out cross validation method was used to check reli-
ability and accuracy of the model (Wu et al., 2013). Result indicates
that the model was quite qualified for evaluating the z potential of
Fe-MNPs in environmental waters based on all of P values< 0.001,
as well as 0.24 (<0.30) for difference value between R2 and RCV

2

(Table S4). DRW and MYW samples were also employed to verify



Fig. 4. FTIR spectra of Fe-MNPs coated with HA/FA as functions of metal cations. 10.0mg/L FA for Naþ (a), Mg2þ (c) and Ca2þ (e); 10.0mg/L HA for Naþ (b), Mg2þ (d) and Ca2þ (f).

Fig. 5. Ca K-edge XANES spectra of Fe-MNPs. Dashed and dot lines highlight two
characteristic peaks.
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the model, and results indicated that evaluated z potential values of
Fe-MNPs for the both natural waters were in the range of 95%
prediction bands (Fig. 6b).

However, some other factors might also affect the evaluation
process, such as specific types of DOM molecules, pH of samples. A
less negative z potential of Fe-MNPs was observed for RW, although
it contained relatively higher level of DOM and the least abundance
of metal cations. It has been reported that organism-originated
organic molecules, such as amino acids, aldehydes and mono-
carboxylic acids occur in rainfall (Balla et al., 2014; �Cosovi�c et al.,
2007; Muller et al., 2008). In this study, significant fluorescence
peaks associated with amino acid- and protein-like molecules of
RWwere also observed at lEx 296 and lEm 370 nm (Fig. 7c). Because
of possessing both positively and negatively charged functional
groups, the amino acid- and protein-likemolecules adsorbed on Fe-
MNPs without bridging by metal cations, and thus affected the z
potentials of Fe-MNPs much less. Therefore, DOM adsorbed on Fe-
MNPs in the sample of RWwas 39.47± 6.98mg/L, but the adsorbed
concentration of metal cations was totally 0.06 ± 0.15mM pH was
another factor to affect surface charges of Fe-MNPs. At pH 5.0, the
sign of the z potential of Fe-MNPs was reversed to positive for some
samples, with the greatest change for the sample of rainwater,



Fig. 6. Experimental z potential (a), fitting curve (b), HDD (c) of Fe-MNPs at pH 7.0 and FI of 14 waters (d).

Table 1
Parameters of waters and Fe-MNPs at pH 7.0.

Samplesa pH TOC (mg/L) Icb FIc z potential (mV) (pH 7.0) DOM (TOC) (mg/g) Cations (mM/g)

TW 6.76± 0.13 2.00± 0.05 3.45± 0.01 1.69 �5.91± 0.45 3.87± 2.20 8.00± 3.13
DRW 7.39± 0.17 3.40± 0.04 3.21± 0.04 1.66 �10.66± 0.76 29.00± 2.22 8.00± 3.99
RW 6.80± 0.15 4.31± 0.27 0.32± 0.00 1.71 �9.21± 1.65 39.47± 6.98 0.06± 0.15
SW 6.90± 0.04 7.21± 0.40 2412.72 ± 17.27 1.91 0.19± 1.79 7.93± 8.77 33.04± 5.54
QHW 6.72± 0.21 8.36± 0.07 4.04± 0.09 1.90 �13.58± 1.45 81.20± 7.83 11.64± 1.48
DCW 6.84± 0.06 31.21± 0.00 2.33± 0.00 1.92 �15.90± 0.62 79.67± 2.32 5.47± 1.06
MYW 7.12± 0.11 32.71± 0.10 5.06± 0.08 1.72 �11.31± 2.01 87.60± 5.15 2.84± 1.67
DSW 6.56± 0.03 97.64± 0.07 4.64± 0.08 1.97 �15.91± 1.15 158.87± 18.53 7.38± 2.60
S1 7.01± 0.04 1.58± 0.12 9.01± 0.07 1.31 �5.13± 0.26 21.25± 0.43 15.39± 1.41
S2 6.89± 0.03 2.97± 0.08 6.99± 0.05 1.31 �7.93± 0.40 32.73± 1.08 18.87± 2.76
S3 7.05± 0.01 5.57± 0.24 4.00± 0.08 1.31 �10.23± 0.45 37.16± 0.67 24.50± 4.01
S4 7.01± 0.02 10.36± 0.19 3.52± 0.11 1.31 �11.43± 0.21 45.49± 0.28 29.79± 3.43
S5 7.00± 0.07 15.44± 0.71 2.51± 0.03 1.31 �13.17± 0.50 60.08± 1.33 23.21± 0.58
S6 6.97± 0.05 20.19± 0.58 1.24± 0.05 1.31 �16.23± 0.23 78.46± 0.11 12.04± 0.79

a TW is for tap water; DRW for Dari river water; RW for rainwater; SW for seawater; QHW for Qinghe river water; DCW for Dianchi river water; MYW for Muyun reservoir
water; DSW for domestic sewage water; S1 ~ S6 for six synthetic water samples.

b Cationic strength (Ic) was calculated with
1
2

X

i

z2i ci , Zi and Ci were the valence state and molar concentration (mol/m3, M) of i cation separately.
c Fluorescence index (FI) was the ratio of fluorescence intensity of lEm 450 nm to that of 500 nm at lEx 370 nm.

Table 2
Parameters and fitting equations to predict z potential of Fe-MNPs as a function of pH.

pH of samples Fitting equationsa Adj. R2 S.E.b F Pc

7.0 y¼(3.36 ± 0.58)lgx1-(6.50± 1.03)lgx2-(6.69± 1.19) 0.880 1.75 41.31 0.000
9.0 y¼(4.75 ± 0.56)lgx1-(4.97± 1.01)lgx2-(10.16± 1.16) 0.903 1.72 52.12 0.000
5.0 y¼(�12.54± 3.10)lgx1-(11.38± 2.08)lgx2þ(14.62 ± 2.71) 0.718 13.11 15.00 0.001

a y is the predicted z potential of Fe-MNPs; x1 is Ic of each water; x2 is TOC of each water.
b Standard error (S.E.) was calculated with [S(y-y*)2/(n-3)]1/2, y* was the experimental z value.
c P statistical significance level.
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Fig. 7. Excitation-emission fluorescence spectra of eight environmental waters.
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followed by tap water (Table S5). One possible explanation is that
hydrogen possessed a greater affinity for functional groups of Fe-
MNPs or negatively charged functional groups of organic mole-
cules, both of which hindered DOMmolecules bonding to Fe-MNPs
by competitive adsorption (Piccolo et al., 2003). As a result, due to
intervention of hydrogen, the R2 for pH 5.0 was only 0.718, while a
greater R2 of 0.903 was obtained for pH 9.0 (Table 2).

For the combination of all 14 synthetic and environmental water
samples studied, we observed that the change of HDD of Fe-MNPs
indeed associated well with the z potential of the particle when
concentrations of DOM were relatively less. However, for greater
concentrations of DOM, HDD of Fe-MNPs was unexpectedly larger,
although the negative z potential of particles was strengthened by
the presence of adsorbed DOM, especially for QHW and DCW
compared with synthetic waters (Fig. 6c). Waters from the QH River
and DC Lake were contaminated by domestic sewage, and
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significant peaks of fluorescence spectra for amino acid- and
protein-like molecules were also observed in both waters, which
could hinder metal cations bridging between the organic macro-
molecules adsorbed on Fe-MNPs (Fig. 7eef) (Chen et al., 2003; Ma
and Wang, 2015). In the sample from DSW the larger amount of
DOM stabilized repulsion between particles, although the amount
of DOM (158.9mg/g) and metal cations (7.4mM/g) adsorbed on Fe-
MNPs were relatively larger compared to the other water samples
(Table 1). It has been proposed that electrosteric stabilization was
responsible for this difference (Alsudir and Lai, 2017). Due to
greater adsorption of various DOM molecules and metal cations,
the thickness of the adsorbed layer around Fe-MNPs was larger
than the Debye length so that van der Waals forces were less
dominant than electrostatic repulsion between particles, which
resulted in restablization of Fe-MNPs (Philippe and Schaumann,
2014; Tiller and O'Meila, 1993). In addition, the ratio (fluores-
cence index, FI) of intensity of lEm 450 nm to that of 500 nm at lEx
370 nm is generally used for distinguishing among relative contri-
butions of DOMs from various sources (Zhang and He, 2015). A
value of FI greater than 1.9 indicates that DOM is comprised pri-
marily of molecules of microbial origin (fresh DOM). Values of 1.4 or
less suggest that DOM is of terrestrial origin (decomposed DOM)
(McKnight et al., 2001). The FI of SW, QHW, DCW and DSW were
greater than 1.9, which indicates DOM derived from microorgan-
isms (fresh DOM) (Zhang and He, 2015), thus should contain amino
acid- and protein-like biomass molecules. With the decomposition
of DOM, waters with lower FI increased the HDD of Fe-MNPs much
less (aged DOM) (Fig. 6ced). Consequently, to accurately evaluate
the stability of Fe-MNPs in environmental waters, it is necessary to
identify specific interactions of Fe-MNPs with different types of
DOM and cations under complex conditions.
4. Conclusions

Aggregation and suspension of Fe-MNPs in environmental wa-
ters are complex and affected by concentrations and types of DOM
and metal cations as well as pH conditions. Observations derived
from this study indicated that: (1) per the synthetic water experi-
ment, bridging complexation effect of Ca2þ, Mg2þ largely promoted
multilayer adsorption of DOM molecules on Fe-MNPs and caused
greater aggregation of Fe-MNPs compared with Naþ. (2) Demon-
strated with the “real world” environmental water samples, z po-
tentials of Fe-MNPs in environmental waters could be well
evaluated by using concentration of DOM and Ic, and an excellent
correlation was observed between predicted values and experi-
ment values (R2¼ 0.880). (3) Amino acid- and protein-like mole-
cules in environmental waters (e.g., urban river) largely increased
the aggregation of Fe-MNPs due to their ampholytic characteristics.
In addition, data obtained in this work showed that waters with
relatively greater concentrations of DOM (e.g. domestic sewage)
tended to minimize aggregation of Fe-MNPs due to electrosteric
effects. The above interactions affected the colloidal stability of Fe-
MNPs jointly, which complicated evaluating the colloidal stability
of Fe-MNPs in a short period. Therefore, long-term behaviors of the
particles in multi-component systems should be paid more atten-
tion. These findings are useful for revealing the interaction of
nanomaterials with water components and assessing their risks in
environmental waters.
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Method and Materials: 28 

Synthetic waters: In the study, 6 waters were synthesized with Na
+
, Mg

2+
, Ca

2+
 and 29 

FA (Table S6). 30 

Kinetic adsorption of FA and HA. Kinetics of adsorption of FA and HA on surfaces 31 

of Fe-MNPs were fitted by use of pseudo-first-order (PFO) (Equation 1) and 32 

pseudo-second-order (PSO) (Equation 2) models, respectively.  33 

ln(𝑞𝑒 − 𝑞𝑡) = ln𝑞𝑒 − 𝑘1𝑡   (1) 34 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
   (2) 35 

Where: qe and qt are the amounts of adsorbate per united adsorbent at equilibrium and 36 

time t, respectively. k1 and k2 are rate constants of PFO and PSO models, respectively. 37 

Statistical analysis. In the study, the Leave-one-out cross validation (LOO-CV) 38 

approach was used to estimate the performance of the developed model. Generally, 39 

estimating the potential error for each water samples by using the other water samples 40 

could reflect the performance of the model more accurately compared with the other 41 

cross validation methods (such as, Hold-out method, K-fold cross validation), which 42 

ensured the LOO-CV approach more credible and avoid effect of random factors on 43 

model development. 44 

Results and discussion 45 

3.1 Adsorption of FA and HA on Fe-MNPs 46 

Adsorption of FA and HA on Fe-MNPs presented similar trends but different 47 

extent among pHs (Figure S2a-b). Due to great surface area of Fe-MNPs, adsorptions 48 

of both FA and HA were rapid and reached 80.4 and 90.2% of their maximum 49 

adsorptions respectively after 1.0 h at pH 5.0. The PSO model was fitted better than 50 



the PFO model (Table S2), which means the amount of adsorption sites on particles 51 

limiting the adsorption processes of FA and HA. At pH 5.0, FA reached 90% of its 52 

maximum adsorption in 3.5 h, however, it took an additional 15.0 h to reach 98% of 53 

maximum. It indicates a slow adsorption followed the initial faster adsorption of FA 54 

and HA on Fe-MNPs, which might be attributed to more interstices between 55 

nanoparticles that reduced FA and HA molecules binding to active sites of Fe-MNPs 56 

(Ho, 2006; Qiu et al., 2009). 57 

Adsorption efficiencies of FA and HA on Fe-MNPs were negatively proportional 58 

to pH values. Charges carried by Fe-MNPs were gradually reversed from positive to 59 

negative while the Fe-OH2
+
 on the surface at pH 5.0 was gradually deprotonated to 60 

form Fe-O
-
 with the pH increasing (Hu et al., 2010; Illés et al., 2006). pH-dependent 61 

adsorptions of FA and HA were seemly attributed to electrostatic interactions between 62 

Fe-MNPs and the both organic fractions. Actually, it was found that the carboxyl 63 

group of DOM could bond to Fe
3+

 or Fe
2+

 of the particle surface to form inner sphere 64 

complex by replacing the previous adsorbed hydroxyl group (Filius et al., 2000; Filius 65 

et al., 2003). Such reaction could possibly be weakened with pH increasing due to the 66 

deprotonation of hydroxyl groups on particle surface and increase of free hydroxyl 67 

ions in solution. Therefore, ligand exchange process of carboxyl group might be 68 

originally involved in the adsorptions of FA and HA on Fe-MNPs. The result is 69 

consistent with previous findings for adsorption of HA on goethite, nano-TiO2, ZnO 70 

and Al2O3 particles (Gu et al., 1994; Kun et al., 2009). 71 

However, adsorption of HA was greater and faster than that of FA based on rate 72 



constants (k) and initial adsorption rates (v0) in all pH ranges (Table S2). Given 73 

relatively higher contents of phenolic and aliphatic species and lower contents of 74 

carbonyl and carboxyl species for HA molecules, HA is relatively more hydrophobic 75 

compared with FA (Table S3). Under the effects of ligand exchange or electrostatic 76 

force as well as hydrophobic force, HA molecules could adsorb on Fe-MNPs more 77 

heavily. The result is consistent with previous observations that HA has a greater 78 

affinity to nano-TiO2 or SiO2 particles than FA due to its less solubility, larger 79 

molecular weight and greater hydrophobicity (Erhayem et al., 2014; Liang et al., 80 

2011). However, with pH increasing, HA molecules became more hydrophilic because 81 

of deprotonation of their carboxyl groups, which partly reduced the contribution of 82 

hydrophobic interaction. It is noteworthy that the adsorptions of FA and HA were still 83 

observed at pH 9.0, which might be ascribed to some other interaction between DOM 84 

and particles. For instance, DOM molecules adsorbed onto goethite particle also by 85 

forming H-bond between hydroxyl group of DOM and Fe-O
-
 at high pH (Filius et al., 86 

2000; Philippe et al., 2014). Therefore, due to the heterogeneity of DOM molecules, 87 

the interaction between DOM and Fe-MNPs is much more complex. Theoretically, 88 

molecules of DOM could bind to the Fe ion on the surface of Fe-MNPs by H-Bonding 89 

and ligand exchange to develop monolayer adsorption or by hydrophobic interaction 90 

to develop multilayer adsorption or by both effects (Dandan et al., 2016; Kondo et al., 91 

2006). Specific mechanisms for FA and HA binding to Fe-MNPs could be identified 92 

by their adsorption types and effects on stability of Fe-MNPs.  93 

 94 



 95 

3.2 Adsorption of metal cations on Fe-MNPs in the presence of FA and HA 96 

Concentrations of Mg
2+

 and Ca
2+

 required for adsorption equilibrium of FA and 97 

HA were approximately 1.0 mM but Na
+
 had no effect. The possible reasons for this 98 

are that significant aggregation of Fe-MNPs at concentrations of divalent cations 99 

greater than 1.0 mM decreased surface areas of particles, which limited continuous 100 

adsorption of DOM. In contrast, due to the relatively less aggregation of Fe-MNPs 101 

adsorption of HA increased gradually as a function of concentration of Na
+
. For the 102 

same reason, due to the small size of metal cations, amounts of metal cations adsorbed 103 

to Fe-MNPs were proportional to concentrations of metal cations, and never affected 104 

by aggregation of Fe-MNPs (Figure S3c-d). Although Ca
2+

 enhanced adsorption of 105 

HA or FA more than did Mg
2+

, the amount of Ca
2+

 adsorbed was generally less than 106 

that of Mg
2+

. due to its lesser affinity for carboxylic groups compared with Ca
2+

, 107 

greater concentrations of Mg
2+

 are needed for binding to HA or FA molecules to form 108 

clusters around Fe-MNPs (Speight, 2005). Therefore, a certain number of adsorbed 109 

Mg
2+

 might have bound carboxyl groups as COO
-
···Mg

2+
 instead of 110 

COO
-
···Mg

2+
···COO

-
. As a result, the amount of Mg

2+
 adsorbed exceeded that of 111 

Ca
2+

. 112 

3.3 Effect of HA on magnetic properties of Fe-MNPs 113 

 SQUID was used to characterize the magnetic properties of HA-modified 114 

Fe-MNPs (Fig. S5). Results showed that the blocking temperatures (TB) of pure and 115 

HA-modified (100 mg HA/L) Fe-MNPs powders were 129.13±0.99 K, 123.64±1.28 116 



K for pH 9.0, 112.13±2.15 K for pH 7.0 and 108.63±1.87 for pH 5.0 respectively (Fig. 117 

S5a). Generally, the adsorption of HA resulted in TB decrease of Fe-MNPs. In addition, 118 

the TB value of Fe-MNPs decreased slightly with adsorption amounts of HA on 119 

particles increasing. Theoretically, small particles generally have lower TB values than 120 

the larger ones due to the former having a relatively smaller volume and lower energy 121 

barrier (Goya and Morales, 2004). The above results indicated that adsorption of HA 122 

promoted the dispersion of Fe-MNPs. In addition, as shown in Fig. S5b, it did not 123 

present any magnetic hysteresis for all samples. Moreover, the HA-modified 124 

Fe-MNPs generally presented larger magnetic moments compared with the pure one. 125 

The results might indicate that the adsorption of HA could generally strengthen the 126 

dispersion and magnetism of Fe-MNPs. However, it was observed that the magnetic 127 

moments of Fe-MNPs gradually decreased as the amounts of HA adsorbed on 128 

particles increased at lower pH values. Actually, the ζ potential and HDD of Fe-MNPs 129 

presented no significant difference between pH 5.0, 7.0 and 9.0 when concentration of 130 

HA was more than 100 mg/L (Fig. 1a and b). Therefore, the effect of magnetic 131 

property of HA-modified Fe-MNPs on colloid behavior of particles might be very 132 

weak, and electrostatic and van der Waals forces dominated the process.  133 



Table S1 Parameters of Langmuir and Freundlich fitting for FA and HA adsorption on 134 

Fe-MNPs. 135 

DOM pH 
Langmuir fitting Freundlich fitting 

KL qm R
2
 KF n R

2
 

HA 

5.0 7.60±3.67 155.12±11.45 0.89 97.91±6.60 5.73±0.84 0.98 

7.0 0.40±0.07 177.97±7.54 0.98 50.56±6.22 2.76±0.32 0.94 

9.0 0.34±0.09 126.79±8.33 0.97 42.54±7.36 3.38±0.66 0.90 

FA 

5.0 5.47±1.10 123.20±5.18 0.97 73.00±12.63 5.74±1.93 0.69 

7.0 0.65±0.16 120.09±5.92 0.98 50.95±6.17 4.05±0.66 0.92 

9.0 0.62±0.12 103.56±4.41 0.97 46.34±4.16 4.41±0.58 0.93 

  136 



Table S2 Parameters used in the pseudo-first-order (PSO) model to describe 137 

adsorption of HA and FA on Fe-MNPs. 138 

Adsorbate pH v0 (mg/g/h)
a
 k (g/mg/h) qe (mg/g) S.E.

b
 Adj.R

2
 

FA 5.0  203.13 0.073 52.75 1.48 0.982 

7.0  14.89 0.029 22.66 1.63 0.908 

9.0  1.71 0.022 8.82 0.64 0.999 

HA 5.0  761.09 0.183 64.49 0.99 0.923 

7.0  30.46 0.050 24.68 1.16 0.933 

9.0  6.48 0.051 11.27 1.08 0.909 
a
 adsorption rate (v0) was calculated with v0=kqe

2
;  139 

b
 Standard error (S.E.) was calculated with [Σ(q-q

*
)
2
/(n-2)]

1/2
, q and q* were the experimental and 140 

the predicted amounts of the adsorbed HA or FA, respectively. 141 

 142 



Table S3 Elemental compositions and 
13

C NMR estimates of distribution of carbon in humic and fulvic acids.
a
 143 

Fraction Code 
Elemental composition (%) Carbon species from 

13
C NMR (%) 

C H O N Carbonyl Carboxyl Aromatic Aliphatic Phenolic 

FA 1R105F 52.31 3.98 45.12 0.68 11.16 24 31 18 3.18 

HA 2S101H 52.63 4.28 42.04 1.17 9.13 15 31 29 3.72 
a
 collected from International Humic Substances Society. 144 

  145 



Table S4 Parameters of environmental waters at pH 7.0 by using Leave-One-Out Cross Validation method. 146 

Samples Experimental value a b Intercept predicted values Adj. R
2
 F P 

TW -5.91±0.45 -6.23±1.16 3.40±0.60 -7.08±1.39 -7.07  0.87  35.24  0.0001  

RW -9.21±1.65 -5.93±0.76 3.98±0.46 -8.05±0.95 -13.81  0.94  86.12  0.0000  

SW 0.19±1.79 -6.74±0.92 1.20±1.27 -5.59±1.21 -6.98  0.85  28.43  0.0002  

QHW -13.58±1.45 -6.52±0.90 3.32±0.50 -6.40±1.05 -10.47  0.91  53.63  0.0000  

DCW -15.90±0.62  -6.35±1.15 3.34±0.61 -6.75±1.26 -15.15  0.86  32.83  0.0001  

DSW -15.91±1.15 -7.61±1.31 3.32±0.56 -5.89±1.30 -19.10  0.88  40.84  0.0001  

S1 -5.00±0.36 -6.62±1.21 3.36±0.61 -6.55±1.42 -4.62  0.86  32.65  0.0001  

S2 -7.73±0.95 -6.69±1.11 3.37±0.60 -6.43±1.31 -6.74  0.88  37.16  0.0001  

S3 -10.33±0.42 -6.56±1.09 3.35±0.60 -6.57±1.28 -9.42  0.88  38.14  0.0001  

S4 -11.43±0.40 -6.51±1.09 3.36±0.61 -6.70±1.27 -11.49  0.88  36.84  0.0001  

S5 -13.201±1.01 -6.50±1.11 3.36±0.61 -6.69±1.26 -13.11  0.87  35.77  0.0001  

S6 -16.43±0.55 -6.31±1.07 3.26±0.60 -6.67±1.21 -14.60  0.87  35.20  0.0001  

Adj. RCV
2
 

     
0.64 

 
 Total samples 

 
-6.50±1.03 3.36±0.58 -6.63±1.19 

 
0.88 41.31 0.0000  

R
2
- RCV

2
 

     
0.24＜0.3 

  
DRW -10.66±0.76 

   
-8.39 

   
MYW -11.31±2.01 

   
-14.14 

   
RCV

2
 is coefficient of determination by using the Leave-One-Out Cross Validation method, and calculated with 147 

1 − [∑ (𝑦𝑖
𝑒𝑥𝑝𝑒𝑟𝑖 − 𝑦𝑖

𝑝𝑟𝑒𝑑𝑐𝑣)
2

𝑛
𝑖=1 ] / [∑ (𝑦𝑖

𝑒𝑥𝑝𝑒𝑟𝑖 − �̅�𝑒𝑥𝑝𝑒𝑟𝑖)
2

𝑛
𝑖=1 ].148 



Table S5 Parameters of 14 waters and ζ potential of Fe-MNPs at pH 5.0 and 9.0. 149 

Samples 

TOC  

(mg/L) 

Ca
2+

 

(mM) 

Mg
2+

 

(mM) 

Na
+
 

(mM) 

ζ potential (mV) HDD (nm) 

pH 5.0 pH 9.0 pH 5.0 pH 9.0 

value std. value std. value std. value std. value std. value std. value std. value std. 

TW 2.00 0.05 1.19 0.00 0.51 0.00 0.05 0.00 4.62 0.05 -7.61 1.01 3501.67 462.45 4477.83 330.22 

DRW 3.40 0.04 0.79 0.01 0.79 0.01 0.06 0.00 -6.83 0.03 -8.68 0.19 1247.00 72.12 1398.00 123.04 

RW 4.31 0.27 0.15 0.00 0.01 0.00 0.00 0.00 10.87 3.49 -12.67 0.61 1754.67 308.77 1972.50 430.63 

SW 7.21 0.40 8.66 0.08 28.07 0.08 4668.74 33.83 0.35 1.21 2.94 1.47 3221.50 512.65 4651.50 824.72 

QHW 8.36 0.07 0.97 0.02 0.87 0.02 0.31 0.01 -6.65 0.16 -14.17 1.32 2984.50 278.36 4375.50 345.78 

DCW 31.21 0.00 0.57 0.00 0.53 0.00 0.09 0.00 -14.47 0.28 -16.65 0.12 5551.17 131.29 4628.67 417.66 

MYW 32.71 0.10 1.56 0.02 0.87 0.02 0.24 0.01 -7.60 1.00 -9.71 0.44 1706.17 92.63 1973.00 88.62 

DSW 97.64 0.07 1.33 0.02 0.73 0.01 0.39 0.01 -15.45 0.64 -15.92 0.64 2441.50 821.42 2570.33 221.56 

S1 1.58 0.12 0.23 0.05 0.25 0.01 0.49 0.01 2.77 0.08 -6.78 0.38 2346.00 272.47 2146.33 234.27 

S2 2.97 0.08 0.52 0.02 0.49 0.04 1.02 0.05 -5.53 0.23 -10.87 0.65 1360.67 137.17 1276.00 94.46 

S3 5.57 0.24 0.51 0.04 1.03 0.06 0.97 0.07 -7.90 0.44 -11.97 0.30 917.70 137.17 620.97 14.20 

S4 10.36 0.19 0.53 0.00 0.95 0.02 1.98 0.04 -9.63 0.68 -12.87 1.50 695.43 13.16 551.63 11.03 

S5 15.44 0.71 2.01 0.00 1.01 0.11 2.05 0.01 -12.17 1.86 -13.90 0.20 490.13 10.18 470.30 16.63 

S6 20.19 0.58 1.98 0.06 1.89 0.09 2.10 0.10 -15.00 0.10 -16.47 0.21 334.13 3.93 333.87 1.68 

 150 



Table S6 The concentration of FA and metal cations for synthetic waters. 151 

Water FA (mg/L) Na
+
 (mM) Mg

2+
 (mM) Ca

2+
 (mM) 

S1 2.0 2.0 2.0 2.0 

S2 5.0 2.0 1.0 2.0 

S3 10.0 2.0 1.0 0.5 

S4 20.0 1.0 1.0 0.5 

S5 30.0 1.0 0.5 0.5 

S6 40.0 0.5 0.25 0.25 



152 

Fig. S1. Adsorptions of FA and HA (10 mg/L) on the surface of Fe-MNPs as a 153 

function of pH.  154 



 155 

 156 

Fig. S2. Adsorption kinetics of FA (a) and HA (b) (10.0 mg/L) on Fe-MNPs. 157 

158 



159 

 160 

Fig. S3. Effects of Na
+
, Mg

2+
 and Ca

2+
 on adsorptions of FA (a), HA (b) and metal 161 

cations (c) & (d) on Fe-MNPs in 10.0 mg/L FA and HA solutions respectively. 162 

163 



 164 

 165 

 166 

Fig. S4. Normalized FTIR spectra Fe-MNPs coated with HA/FA as functions of metal 167 

cations. 10.0 mg/L FA for Na
+
 (a), Mg

2+
 (c) and Ca

2+
 (e); 10.0 mg/L HA for Na

+
 (b), 168 

Mg
2+

 (d) and Ca
2+

 (f).  169 



 170 

Fig. S5. The TB (a) and magnetic moments (b) of pure and HA-modified Fe-MNPs 171 

  172 
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