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ABSTRACT: Adsorbed humic acid (HA) on surfaces of nanoparticles (NPs)
will affect their transport, transfer, and fate in the aquatic environment, especially
in the presence of surfactants, and thereby potentially alter exposures and
bioavailable fractions of NPs and surfactants. This study investigated adsorption
of HA on Fe3O4 NPs in the presence or absence of surfactant. Surfactant
established a bridge connecting HA and Fe3O4 NPs, and significantly changed
adsorption behavior of HA on NPs. Adsorption of HA in the absence of
surfactant was 120.3 mg/g, but 350.0 mg/g and 146.5 mg/g in the present of
CTAB (hexadecyl trimethylammonium bromide) and SDS (sodium dodecyl
sulfate), respectively. Surfactants can form different stages (hemimicelles, mixed
hemimicelles and admicelles) on Fe3O4 NPs by electrostatic and hydrophobic
interactions, adsorption of HA was different for each of those stages. Adsorption
of HA on surface of Fe3O4 NPs/CTAB was codetermined by hydrophobic,
electrostatic interactions and ligand exchange. The presence of CTAB or SDS
changed mechanisms for adsorption and effects of functional groups. Results of Fourier transform infrared (FTIR) and X-ray
photoelectron spectroscopy (XPS) indicated that carbohydrate carbon was important in adsorption of HA on Fe3O4 NPs in the
presence of surfactants.

■ INTRODUCTION

In the past decade, there have been applications of nano-
particles (NPs) in commerce and increasing concerns about
their potential effects on aquatic organisms and humans since
NPs have been shown to accumulate in and be toxic to plants
and animals.1−4 More and more attention has been drawn to
environmental behavior of NPs made of various metals, such as
Ag,5 copper,6 titanium oxide,7 alumina.8 Magnetic nanoparticles
(MNPs) have the unique property that they can easily be
separated from water by use of a magnetic field due to their
superparamagnetic properties.9−13 For this reason their
behavior in the environment might be more complex. In fact,
in addition to synthetic MNPs engineered by humans, there are
a number of natural nanoscale iron and iron oxide particles that
exist in nature, especially during mining operations. A key issue
in assessing fated of NPs in the environment and potential
exposure of aquatic organisms to NPs and subsequent toxic
effects are dependent on their bioavailable fraction.14−16

NPs have been perceived as powerful adsorbents for a wide
variety of hydrophobic organic compounds (HOCs) and heavy
metals.10,17 Therefore, sorption of toxic chemicals by NPs may

not only make NPs more toxic, but also affect environmental
transport, fate, and bioavailability of chemicals.18 Surfactants are
the most discharged synthetic chemicals to the environment
and can have adverse effects on membranes of organisms.19

Furthermore, due to their special properties of low molar
concentrations, and large surface activities, surfactants have
been more and more used in synthesize and modify various
nanomaterials.20−24 Effects of mixtures of surfactants and NPs
are of concern, since they can occur together, especially in
wastewater effluents.
Natural organic matter (NOM), a key component of both

soils and sediments, is ubiquitous in the environment and
known to be a predominant factor in determining the stability
of NPs in suspension in the aqueous phase.25,26 This can have a
large effect on aggregation of MNPs and influence fate and
transport of MNPs and determine their bioavailable fractions.
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In the aqueous environment, HA typically represent an
important portion of NOM,27,28 and have significant reactivities
with other contaminants through various types of functional
group such as carboxylate, phenolic, and carbonyl functional
group.29−32 Environmental behavior of MNPs is strongly
influenced by HA, especially in certain ranges of pH and
ionic strength.33−35 Given the widespread presence of HA and
surfactants in aquatic environments, NPs will inevitably interact
with them, which could greatly influence environmental
behavior of NPs. For instance, carbon nanotubes were
stabilized in the aqueous phase by NOM, which might provide
sterically and electrostatically stable surfaces on carbon
nanotubes.7 Surfactants might provide similar effects after
adsorption on NPs, so effects of surfactants on behaviors of
NPs in aquatic environments cannot be ignored.4 In fact, to
accurately describe behaviors of MNPs in the environment,
mechanism of interactions between NOM and MNPs, and
effects of surfactants on this interaction need to be elucidated.
However, there is limited information about strengths of
interactions of MNPs with HA in the presence of surfactants.
Interactions of MNPs with HA in the presence of surfactants

are complex. Surfactants can self-assemble on surfaces of MNPs
by hydrophobic interaction and electrostatic attraction.36,37

Due to changes in properties of surfaces of MNPs such as
charge, hydrophobic and isoelectric point (iep), their
stabilization (suspension) can change.38,39 Thus, HA and
surfactants affect dispersion or aggregations of NPs. Ionic
surfactants can bind to HA in aquatic environments,19,40,41

which can change physicochemical characteristics of HA, such
as charge density, hydrophobicity and internal structures,
thereby affecting forms and environmental dynamics of both
HA and surfactants.42 Understanding mechanisms of adsorp-
tion of each constituent is important for determining
environmental behavior in complex environments.36,37 The
self-assembly of surfactants on surfaces of MNPs can be divided
into three stages: hemimicelle, mixed hemimicelle and
admicelle.37 At each stage properties of surfaces on MNPs
change, which provides a powerful tool for studying
mechanisms of adsorption.
To the best of our knowledge, previous studies focused

primarily on adsorption of HA to NPs, and interaction of HA
and MNPs in the presence of surfactants had not been
investigated. In this study, Fe3O4 NPs with diameter of
approximately 10 nm was synthesized, and effects of cationic
surfactant, cetyltrimethylammonium bromide (CTAB) and
anionic surfactant, sodium dodecyl sulfate (SDS) on HA
adsorbed on surfaces of Fe3O4 NPs during three stages of
adsorption were investigated. Fourier transform infrared
(FTIR) spectroscopy, X-ray photoelectron spectroscopy
(XPS) and zeta-potential were used to explore the mechanisms
of interaction.

■ MATERIALS AND METHODS
2.1. Chemicals and Materials. Sodium hydroxide and

hydrochloric acid used in this study were purchased from
Beijing Chemicals Corporation. Ferric chloride (FeCl3·6H2O),
ferrous chloride (FeCl2·4H2O), Cetyltrimethylammonium bro-
mide (CTAB) and Sodium dodecyl sulfate (SDS) were
purchased from Sigma-Aldrich Co. Ultrapure water used in
all of the experiments was prepared by using Milli-Q SP reagent
water system (Millipore, Bedford, MA).
Soil-derived HA (SHA) was extracted, based on the

procedure recommended by the International Humic Sub-

stances Society (IHSS),43 from the soils from Jiu Mountain in
Beijing, China. Contents of ash (3.01%), C (51.32%), H
(3.29%), N (1.16%), and S (1.65%) of HA were determined by
use of elemental analysis (Elementar vario macro EL,
Germany). The SUVA254 and SUVA280 (the UV absorbance
of a given sample determined at 254, 280 nm and divided by
the organic carbon content of the solution) were determined by
UV/visible absorbance (Agilent 8453). In general, SHA
exhibited greater aromaticity, and a greater degree of
humification compared to the HA of International Humic
Substances Society (IHSS) (the SUVA254 and SUVA280 are
3.34, 2.60 L/mg·m, respectively).
Fe3O4 NPs were prepared by coprecipitation method.44 The

concentration of Fe3O4 NPs in suspension was 10 mg/mL. HA
were dissolved with 0.5 mol/L NaOH to prepare solutions
containing 500 mg/L with the pH adjusted to 10.0. Surfactants
were dissolved with deionized water to prepare solutions
containing 10 mg/mL. The isoelectric point (iep) for Fe3O4
NPs was approximately pH 6.0 (Supporting Information (SI)
Figure S1), which was consistent with previously reported
values.36,45 Transmission electron photomicrographs (TEM) of
Fe3O4 NPs, Fe3O4 NPs/CTAB, Fe3O4 NPs/HA, and Fe3O4
NPs/CTAB/HA were shown in SI Figure S2. Fe3O4 NPs were
nearly uniform with a size of approximately 10 nm.

2.2. Sorption Experiments. Adsorption of HA on surfaces
of Fe3O4 NPs was conducted in batch mode by adding 10 mg
Fe3O4 NPs to various concentrations of HA solution, with the
pH adjusted to 5.0, the container was 120 mL polycarbonate
bottle and was brought to a final volume to 100 mL.
10.0 mg Fe3O4 NPs was added to surfactants (0−300 mg/L)

in a 120 mL polycarbonate bottle, and pH was adjusted from
4.0 to 12.0 with 0.1 M NaOH and HCl. The mixture was
sonicated for 5 min and placed for 30 min. Various amounts of
HA were then added to the 120 mL polycarbonate bottle
containing suspensions of surfactant-coated Fe3O4 NPs, and
was brought to a final volume to 100 mL. Finally, Fe3O4 NPs
that adsorbed surfactant and HA from the suspension, were
isolated by use of a strong, rectangular (150 × 130 × 50 mm)
Nd−Fe−B magnet. After approximately 5 min, the suspension
clarified and concentrations of HA were determined. The
precipitate was lyophilized and analyzed using TEM, FTIR, and
XPS.
Adsorption of HA on Fe3O4 NPs was also studied in natural

surface water and influences of CTAB and SDS determined.
Natural water was collected from the Qing River in Beijing. pH
of river water was 8.6, and temperature was 27.6 °C. The study
in the absence and presence of surfactants was conducted in
batch mode by adding 10.0 mg Fe3O4 NPs, 2, 5, or 10 mg
CTAB or 5 mg SDS with 10 mg Fe3O4 NPs added to natural
water. The container was a 120 mL polycarbonate bottle and
was brought to a final volume to 100 mL.

2.3. Characterization. The amount of HA adsorbed on
Fe3O4 NPs was determined from differences in UV−vis
absorbance at 254 nm. UV−vis absorbance measurements
were performed by using a 1 cm optical path length quartz
cuvette with an Agilent Technology 8453 spectrophotome-
ter.46,47 Concentrations of HA in nature water were
characterized by total organic C (TOC) (Multi N/C 3100,
Germany). ζ-potential of particles were measured by a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK). Transmission
electron microscopy (TEM; H-7500, Hitachi, Tokyo, Japan)
was used to observe the morphology and sizes of particles of
Fe3O4 NPs, and changes before and after adsorption with

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b01749
Environ. Sci. Technol. 2016, 50, 8640−8648

8641

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b01749/suppl_file/es6b01749_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b01749/suppl_file/es6b01749_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b01749/suppl_file/es6b01749_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b01749


surfactant and HA. Fourier transform IR (FTIR) spectra of
Fe3O4 NPs, surfactant coated Fe3O4 NPs and HA-surfactant-
coated Fe3O4 NPs were measured by using a Nicolet Magna-IR
750 FTIR spectrometer (Nicolet Magna-IR 750, Nicolet). The
KBr powder was used as a background. FT-IR spectra were
recorded from 400 to 4000 cm−1 at a resolution of 4 cm −1

averaged over 200 scans. Surface characteristics of samples were
determined by X-ray photoelectron spectroscopy (XPS) by use
of a PHI Quantera SXM spectrometer equipped with a
monochromatic AlKa X-ray source (1486.6 eV, 600 W, and 15
kV). Binding energies were corrected by the adventitious C 1s
calibration peak at 284.8 eV. A charge neutralizer filament was
used during all measurements to compensate for charging of
the samples. High-resolution XPS was performed using a 0.1 eV
step size and pass energy of 23.5 eV (the depth of samples
analyzed ranged from 8 to 10 nm). Data processing and peak
fitting were performed using XPS Peak Processing.

■ RESULTS AND DISCUSSION
3.1. Adsorption of HA on Fe3O4 NPs. For comparison,

adsorption of HA on Fe3O4 NPs was measured in the absence
of surfactant. Adsorption of HA was inversely proportional to
pH, and when the solution pH reached 10.0, the HA was hardly
adsorbed on surfaces of Fe3O4 NPs (Figure 1a). This result

indicates that pH strongly influenced adsorption, as has been
commonly observed for HA adsorbed on oxide surfaces. The
mechanism might be electrostatic interaction. At lesser pH,
surfaces of Fe3O4 NPs were more positively charged, whereas
HA was less negatively charged.48 However, pH of the solution
was not the only mechanism affecting adsorption of HA on
surfaces of Fe3O4 NPs. Adsorption of HA might also be
controlled by other mechanisms such as ligand exchange and
inner-sphere complexing.7,48,49 Hydrophobic effects might not a
mechanism for adsorption of HA on surfaces of Fe3O4 NPs,
because surfaces of metal oxides are hydrophilic, and exhibited
poor adsorption for hydrophobic organic compounds.50 The

adsorption isotherm (Figure 1b) was fit according with to the
Langmuir equation and maximum adsorption capacity of HA
on Fe3O4 NPs surface was 120.3 mg/g (SI Table S1).
The ζ-potential isotherm was useful for understanding

surface-charges of Fe3O4 NPs.37 The ζ-potential of Fe3O4
NPs after adsorption to HA is given (Figure 1c). At pH 5.0,
surfaces of Fe3O4 NPs were positively charged, and HA can be
adsorbed onto its surfaces by electrostatic interactions and ζ-
potential of Fe3O4 NPs/HA rapidly shifted from positive to
negative after HA was adsorbed on the surface of Fe3O4 NPs,
(Figure 1c). This might be due to the fact that HA had almost
fully occupied surfaces of Fe3O4 NPs, such that positive charges
on surfaces of Fe3O4 NPs were neutralized by HA. This also
demonstrates that electrostatic interaction is one of the
mechanisms. At greater concentrations of HA, ζ-potentials of
Fe3O4 NPs/HA decreased then remained constant. This
observation indicates that HA in solution can continue to be
adsorbed on surfaces of Fe3O4 NPs/HA by hydrophobic
interactions of HA molecules.

3.2. Adsorption of Surfactants on Fe3O4 NPs. The three
stages of adsorption of surfactants on Fe3O4 NPs can be easily
inferred from the ζ-potential isotherm.37 ζ-potential isotherms
of cationic surfactants (CTAB) and anionic surfactants (SDS)
can be divided into three stages: hemimicelles, mixed
hemimicelles, and admicelles (Figure 2). In the first stages, ζ-

potential of Fe3O4 NPs was negative at pH 10.0, which is
greater than the isoelectric point (iep), and cationic surfactants
were sparsely adsorbed onto negatively charged Fe3O4 NPs
surface. The ζ-potential shifted from negative to zero due to
gradual formation of hemimicelles on surfaces of Fe3O4 NPs.
The range of 20.0−100.0 mg/L for CTAB are in the region of
mixed hemimicelles (Figure 2a). The mechanism of adsorption

Figure 1. Effect of the pH on the HA adsorbed on Fe3O4 NPs (a);
adsorption isotherm of HA on Fe3O4 NPs at pH 5.0. (b); ζ-potential
of Fe3O4 NPs by adsorption of HA at pH 5.0 (c). Conditions: Amount
of Fe3O4 NPs: 10.0 mg, Concentration of HA: 30.0 mg/L. Solution
volume: 100 mL.

Figure 2. ζ-potential of Fe3O4 NPs by adsorption of CTAB (a) at pH
10.0 and SDS (b) at pH 5.0. Amount of Fe3O4 NPs: 10.0 mg; Solution
volume: 100 mL.
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in this region is via both ionic, surfactant-oxide electrostatic
interaction and lateral hydrophobic interactions between
adsorbed surfactant monomers. In the second stage, upon
increasing the cationic surfactant concentration, surfactant
bilayers called admicelles were formed on surfaces of Fe3O4
NPs. This was caused by hydrophobic interactions between
hydrophobic chains of surfactant molecules. Results of previous
studies51−53 indicated that admicelles are discrete surface
aggregates, which cannot be defined as a monolayer or bilayers,
because the outer surface of admicelles is positive, the ζ-
potential increases from zero to positive. The amount of
surfactants that should be added to samples can be inferred
from the corresponding ζ-potential isotherm. In the last region,
the concentration of CTAB was greater than the critical
concentrations of micelles (CMC), aqueous surfactant micelles
were in equilibrium with admicelles and the ζ-potential
remained constant.
When the pH was less than the iep, Fe3O4 NPs were

positively charged. The process and mechanism of adsorption
of the anionic surfactant SDS on surfaces of Fe3O4 NPs is
similar to that of cationic surfactants. The ζ-potential isotherm
can be divided into three regions (Figure 2b), hemimicelles,
mixed hemimicelles and admicelles in the range of 0−28.0,
28.0−60.0 and greater than 60.0 mg/L for SDS.
3.3. HA Adsorbed on Fe3O4 NPs Surface in the Present

of Surfactants. Adsorption of HA on surfaces of Fe3O4 NPs
was significantly different in the presence of surfactants. Effects
of type and concentration of surfactants, pH of the solution and
kinetics of adsorption were investigated. Surfactants established
a bridge connecting HA and Fe3O4 NPs, and adsorption of HA
increased with the concentration of surfactants adsorbed on
Fe3O4 NPs and was significantly affected by hydrophobic,
electrostatic interactions and ligand exchange.

Effect of pH on Adsorption of HA on Fe3O4 NPs/
Surfactant. In the presence of cationic surfactant, adsorption
of HA on surfaces of Fe3O4 NPs/CTAB was controlled by
hydrophobic and electrostatic interactions. The influence of pH
on adsorption of HA on Fe3O4 NPs/CTAB was explored by
adjusting the pH from 4.0 to 12.0. Adsorption of HA at various
pHs in the presence of CTAB are given (Figure 3a).
Adsorption of HA was significantly increased in the presence
of CTAB. When the pH was 10.0, adsorption of HA reached a
maximum of 350.0 mg/g. This trend is consistent with changes
in charges on surfaces of Fe3O4 NPs, as a function of pH.
Surface charges of Fe3O4 NPs shifted from positive to negative,
and charge density increased. When pH was greater than 10.0,
adsorption of HA was less and inversely proportional to pH.
This was likely due to increasing ionization, solubility and
hydrophilic of HA.52 Due to electrostatic repulsion between
molecules of HA, it is difficult for the chain of HA to coil so
that it would take up greater volumes on surfaces of Fe3O4
NPs/CTAB and thus hinder adsorption of HA on surfaces of
Fe3O4 NPs/CTAB.
To further investigate factors influencing adsorption, HA

adsorbed on Fe3O4 NPs surface in the presence of SDS, which
was typical anionic surfactant was studied at several pHs in the
presence of 10.0 mg Fe3O4 NPs and 50.0 mg/L SDS.
Adsorption of HA was significantly greater at lesser (Figure
3b). When pH approached 10.0, HA could not be adsorbed on
surfaces of Fe3O4 NPs. Under acidic conditions, SDS and HA
could also be adsorbed on surfaces of Fe3O4 NPs through
electrostatic interactions. HA could also be adsorbed on
surfaces of Fe3O4 NPs/SDS via hydrophobic interactions, so
adsorption of HA reached a maximum (146.5 mg/g). Under
alkaline conditions, the surface charge of Fe3O4 NPs shifted
from positive to negative, such that SDS and HA, both of which

Figure 3. Effect of the pH on the HA adsorbed on Fe3O4 NPs/CTAB (a), Fe3O4 NPs/SDS (b). Amount of Fe3O4 NPs: 10.0 mg; Concentration of
CTAB and SDS: 50.0 mg/L; Concentration of HA: 50.0 mg/L Solution volume: 100 mL.

Figure 4. Effect of the amount of CTAB (pH: 10.0) (a) and SDS (pH: 5.0) (b) on the Fe3O4 NPs adsorption to HA. Operated in batch mode.
Amount of Fe3O4 NPs: 10.0 mg; Concentration of HA: 30.0 mg/L; Solution volume: 100 mL.
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had negative charges cannot adsorbed on surface of Fe3O4 NPs
through electrostatic interaction. Therefore, adsorption of HA
was inversely proportional to pH.
Effects of Concentration of Surfactants. Effect of type and

concentration of surfactants on adsorption of HA on surfaces of
Fe3O4 NPs was studied in batch mode. Influences of CTAB and
SDS on adsorption of HA on surfaces of Fe3O4 NPs at various
pH were investigated (Figure 4a, b). In the absence of CTAB,
at pH10.0, ζ-potential of Fe3O4 NPs was negative, and little HA
was adsorbed on surfaces of Fe3O4 NPs. In the presence of
CTAB, adsorption of HA was significantly greater. This result
was primarily due to the surface charge of Fe3O4 NPs/CTAB
gradually being shifted from negative to positive after CTAB
was adsorbed on surfaces of Fe3O4 NPs. Adsorption of HA on
Fe3O4 NPs/CTAB can be divided into three stages. During the
stage of hemimicelles (range 10.0−30.0 mg/L CTAB), with
increasing concentration of CTAB, the adsorption of HA
increased significantly. This result indicates that adsorption of
HA on surfaces of Fe3O4 NPs/CTAB is strongly influenced by
concentration of CTAB. During the hemimicelles stage,
monolayers of surfactants adsorbing with their headgroup
down on an oppositely charged Fe3O4 NPs surface, while the
hydrocarbon tail-groups protrude into the solution, HA could
be adsorbed on surfaces of Fe3O4 NPs/by hydrophobic
interaction. In summary, during the mixed hemimicelles stage,
after saturation of the surfactant on surfaces of Fe3O4 NPs,
hydrophobic interactions between tails of surfactants hydro-
carbon chains result in formation of admicelles. During that
stage HA might bind to head groups of admicelles by
electrostatic attraction. However, in the range of 45.0−65.0
mg/L CTAB also has mixed hemimicelles regions (Figure 4a).
In theory, adsorption of HA should increase as a function of the
concentration of CTAB during the mixed hemimicelles stage,
but the actual experimental result demonstrates that adsorption
of HA was significantly inversely related to concentrations of
CTAB during the later stage of mixed hemimicelles when
concentrations of CTAB were greater than 45.0 mg/L. There
are two possibilities for this trend. The first possibility is that
greater concentrations of CTAB or SDS in water can result in
greater solubility of HA in water,54−56 which then resulted in
lesser adsorption of HA. The another possibility is at greater
concentration of surfactant, the surfactants forms micelles, that
could bind to HA and minimize adsorption of HA on surfaces
of Fe3O4 NPs, This result is consistent with previous
report.31,55

The effect of the concentration of SDS on HA adsorbed on
Fe3O4 NPs was studied at pH 5.0. Adsorption of HA slightly
decreased as a function of increasing SDS, which indicates that
under acidic conditions, SDS can block HA from adsorbing to
surfaces of Fe3O4 NPs/SDS (Figure 4b). This phenomenon
might be caused by a combination of hydrophobic and
electrostatic interactions. The ζ-potential of the surface of
Fe3O4 NPs was positive in acidic solution. When the
concentrations of SDS was insufficient to occupying the entire
surface of Fe3O4 NPs, HA could still be adsorbed on surface of
Fe3O4 NPs by electrostatic interactions. When the surface of
Fe3O4 NPs was completely occupied by SDS, HA could still be
adsorbed on surfaces of Fe3O4 NPs/SDS due to hydrophobic
interactions between hydrophobic chains of SDS and HA.
Therefore, adsorption of HA was not significantly less.
ζ-Potential Isotherm. The ζ-potential changed as a function

of HA adsorbed on Fe3O4 NPs/CTAB during phases of
formation of micelles at pH 10.0 (Figure 5a). During the phase

of formation of hemimicelles (10.0 mg/L CTAB), the
monolayers of CTAB forming on surfaces of Fe3O4 NPs due
to the ζ-potential of Fe3O4 NPs was negative at pH 10.0
(greater than the iep), HA could adsorbed on the negatively
charged surfaces of Fe3O4 NPs/CTAB, mostly due to
hydrophobic interactions. When adsorption of HA on surfaces
of Fe3O4 NPs/CTAB reached 20.0 mg/g, the ζ-potential
decreased and remained constant at amounts of HA greater
20.0 mg/g. When the concentration of CTAB above 50.0 mg/
L, although the ζ-potential of Fe3O4 NPs at pH 10.0 (greater
than the iep) was still negative, but the amount of CTAB was
enough to form bilayers on surfaces of Fe3O4 NPs. The charge
on surfaces of Fe3O4 NPs/CTAB was positive, such that
negatively charged HA could bind with positively charged head-
groups of CTAB, which on the outer surface of admicelles and
the hydrocarbon tail-group which on the surface of Fe3O4 NPs.
Binding would have been due to electrostatic attraction and
hydrophobic interactions with these two moieties, respectively.
Previous results have indicated that the adsorption of HA was
strongly influenced by concentration of cationic surfactants, and
in the concentration ranges where hemimicelles or mixed-
hemimicelles would form, the primary mechanisms of
adsorption were hydrophobic interaction and electrostatic
interaction, respectively.

Figure 5. ζ-Potential of Fe3O4 NPs by adsorption of HA in the
presence of CTAB (a) at pH 10.0 and SDS at pH 5.0 (b). Amount of
Fe3O4 NPs: 10.0 mg; Concentration of HA: 30.0 mg/L; Solution
volume: 100 mL.
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Changes of ζ-potential due to HA adsorbed on Fe3O4 NPs/
SDS was investigated at solution pH 5.0 (Figure 5b). When the
concentration of SDS was 10 mg/L (hemimicelles phase), the
ζ-potential of Fe3O4 NPs (less than the iep) is positive, but the
amount of SDS was not sufficient to form monolayers on
surfaces of Fe3O4 NPs, so HA could not only adsorbed on
negatively charged surfaces of Fe3O4 NPs/SDS through
hydrophobic interactions, but also the positively charged
surfaces of Fe3O4 NPs through electrostatic interactions.
When concentrations of SDS reached 50.0 mg/L (mixed
hemimicelles phase), SDS occupied the entire surface of the
Fe3O4 NPs, so that HA adsorbed on the surface of the Fe3O4
NPs/SDS only by hydrophobic interaction, and adsorption of
HA decreased. This result indicates that the adsorption of HA
was greater when electrostatic interactions occurred, in the
range of concentrations where hemimicelles would be formed,
and the amount of SDS influenced adsorption of HA on
surfaces of Fe3O4 NPs/SDS.
Adsorption Kinetics. Kinetics of adsorption of HA on Fe3O4

NPs/CTAB and Fe3O4 NPs/SDS was shown in SI Figure S3.
Due to faster kinetics of adsorption for smaller particles,
adsorption of HA was initially rapid, but after approximately 10
min it decreased. The time required to reach equilibrium was
60 min. Kinetics of adsorption of HA onto surfaces of Fe3O4
NPs/CTAB fit the linear pseudo-second-order kinetic model
(r2 = 0.9990−1.0000).57 Adsorption capacity (qe) at equili-
brium, evaluated from the pseudo-second-order plot, the
constant k2, the initial sorption rate ho and equilibrium
adsorption capacity (qe) obtained from the slope and intercept
of plots are presented (SI Table S2). The results showed
greater k2, ho and qe values at greater concentrations of CTAB.
Adsorption of HA increased from 61.7 to 153.9 mg/g as
concentrations of CTAB was increased from 20.0 to 40.0 mg/L.
The initial sorption rate ho increased from 42.2 to 714.3 mg/g/
min, which suggested that CTAB would accelerate adsorption
of HA on Fe3O4 NPs/CTAB in water. Rapid, initial adsorption
was presumably due to codetermined by hydrophobic and
electrostatic interactions, and slower adsorption in the later
stage represented a gradual uptake of HA at the inner surface
by complexation. The equilibrium adsorption capacity (qe)
evaluated of adsorption of HA on the surface of Fe3O4 NPs/
SDS, from the linear pseudo-second-order plot, decreased
relative to Fe3O4 NPs/CTAB (Table S2).
Adsorption of HA on Surfaces of Fe3O4 NPs in River Water.

Interactions of magnetic nanoparticles with HA and surfactants
in natural water is important and might provide basic

information for potential toxicity of nanoparticles. Adsorption
of HA on surfaces of Fe3O4 NPs in natural water, in the
presence and absence of CTAB and SDS was investigated
(Figure 6). Adsorption of HA in natural river water slightly
decreased when Fe3O4 NPs was added to water. When Fe3O4
NPs/CTAB or Fe3O4 NPs/SDS was added to natural water,
adsorption was less. Adsorption of HA followed the order: 100
mg/L CTAB > 50 mg/L CTAB > 20 mg/L CTAB > 50 mg/L
SDS > absence of surfactant. In the presence and absence of
CTAB or SDS, the phenomenon and mechanism was similar to
those of laboratory studies. The slight decrease of adsorption
efficiency might be due to natural water containing various
chemical compositions, influencing interactions of Fe3O4 NPs
with surfactants and HA.

3.4. Mechanisms of Adsorption. FTIR Spectra. Surface
chemistry of adsorption was studied using FTIR, which could
provide information about the mechanisms of adsorption. In
the spectrum of Fe3O4 NPs/HA, the hydroxy group on the
Fe3O4 NPs shifted from the 3401 cm−1 band to 3240 cm−1

band, and the intensity also significantly decreased, indicates
that HA had coated the surface of Fe3O4 NPs (SI Figure S4) .
In the spectrum of Fe3O4 NPs/HA the peak at 1702 cm−1 was
shifted to 1681 cm−1, which is indicative of sorption of
carboxylate moieties. The adsorption of aromatic CC or
COOH in carboxylate can be further distinguished from the
shifting of the 1615 cm−1 band in HA to the 1570 cm−1 band in
Fe3O4 NPs/HA. Similar behavior of carboxylate in HA was
observed on goethite and Fe2O3 surface.33,58 Adsorption of
methyl or methylene on surfaces of Fe3O4 NPs is represented
by shifting of the 1423 and 1382 cm−1 bands of HA to the 1420
and 1382 cm−1 bands of Fe3O4 NPs/HA. The above results
indicate successful adsorption of HA on surfaces of Fe3O4 NPs.
Comparison of spectra in the presence and absence of

surfactant could elucidate the role of surfactant in adsorption of
HA. Surface properties of Fe3O4 NPs/CTAB/HA are shown
(SI Figure S5a). There were significant differences in the FTIR
spectrua of Fe3O4 NPs and that of Fe3O4 NPs/CTAB. The
peaks at 2925, 2849, and 1467 cm−1 were characteristic
absorption peaks of stretching vibrations of −CH2 and rocking
vibration in plane of the long-chain alkyl of CTAB. The peak at
1621 cm−1, attributed to the stretching vibration of the primary
amide, indicates that successful adsorption of CTAB on
surfaces of Fe3O4 NPs, and that the carboxyl on the Fe3O4
NPs surface had reacted with CTAB, and formed the primary
amide. The change in the Fe3O4 NPs/CTAB/HA spectrum was
significantly different from that of Fe3O4 NPs/HA. Peaks at

Figure 6. Adsorption of HA on Fe3O4 NPs in the absence and presence of CTAB and SDS in natural water. Amount of Fe3O4 NPs: 10.0 mg;
Concentration of CTAB: 20.0 mg/L, 50.0 mg/L, 100.0 mg/L. Concentration of SDS: 50.0 mg/L; Solution volume: 100 mL.
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2917 and 2849 cm−1 observed in the spectrum of Fe3O4 NPs/
CTAB/HA were attributed to the dissymmetrical and sym-
metrical stretching vibrations of aliphatic −CH2−. Intensity
significantly increased compared to Fe3O4 NPs/CTAB,
especially the dissymmetrical stretching vibrations which were
stronger. Since these two peaks did not appear the spectrum of
Fe3O4 NPs/HA, −CH2 in HA cannot adsorbed directly by the
surface of Fe3O4 NPs, but it can be adsorbed on the surface of
Fe3O4 NPs/CTAB through interactions with CTAB. The peaks
at 1465 and 1378 cm−1 in the spectrum of Fe3O4 NPs/CTAB/
HA were attributed to stretching vibrations of methyl or
methylene. The same as the HA adsorbed on the surface of
Fe3O4 NPs, the stretching band of carboxylate COO- of the
adsorbed HA fractions onto Fe3O4 NPs shifted from 1615 to
1570 cm−1, which indicated that aromatic CC functional
groups of HA might have been adsorbed on the surface of
Fe3O4 NPs/CTAB. However, the peak of the stretching band
of carboxylate COOH of HA fractions was not observed in the
spectrum of Fe3O4 NPs/CTAB/HA, which indicates that
carboxylate COOH in HA fractions might not be adsorbed on
the surface of Fe3O4 NPs/CTAB surface.
The FTIR spectrum of HA adsorbed on Fe3O4 NPs in the

present of SDS is shown(SI Figure S5b). The FTIR spectra of
Fe3O4 NPs and Fe3O4 NPs/SDS were similar to a subtle
difference. Only the peak at 1385 cm−1 in the spectrum of
Fe3O4 NPs/SDS/HA was different. This difference was
attributed to stretching vibrations of methyl or methylene.
This difference indicates that HA adsorbed on Fe3O4 NPs/SDS
is not bound through chemical action, but might be through
hydrophobic effects.
XPS Spectrum. The XPS spectrum is a powerful tool to

study the chemistry characterization of surfaces of nanomateri-
als. In this study, XPS spectra were used to study mechanisms
of adsorption of HA on surfaces of Fe3O4 NPs in the presence
and absence of surfactant. High resolution Fe 2p XPS spectra of
HA adsorbed on Fe3O4 NPs in the presence and absence of
CTAB are shown in Figure 7. The spectra of Fe3O4 NPs
present two distinct peaks at binding energy of 709.0 eV for Fe
2p3/2 and 722.9 eV for Fe 2p1/2, which can be attributed to the
Fe3+ and Fe2+ in Fe3O4 NPs. In other samples, XPS spectra are
characterized by two Fe 2p main lines, and the change of

binding energy of Fe 2p1/2 and Fe 2p2/3 of Fe3O4 NPs was
regular prior to and after interaction with CTAB or HA. By
comparing the distance between the energetic positions of Fe
2p2/3 and Fe 2p1/2, for Fe3O4 NPs, the energetic positions of Fe
2p2/3 at 722.9 and Fe 2p1/2 at 709.0 eV, with a peak separation
of 13.9 eV between the two peaks. The distance of other
samples changed slightly compared to that of Fe3O4 NPs. It was
14.0 eV, 13.6 and 13.7 eV for Fe3O4 NPs/CTAB, Fe3O4 NPs/
HA and Fe3O4 NPs/CTAB/HA, respectively. The change in
spectrum of Fe3O4 NPs/CTAB was more obvious than that of
others, indicating that interactions of Fe3O4 NPs with CTAB
were stronger than interactions of HA with Fe3O4 NPs or
Fe3O4 NPs/CTAB. Second, in the absence of CTAB, not only
did the Fe3O4 NPs/HA XPS spectrum show slightly upshifted
binding energy at 709.4 and 723.9 eV for Fe3O4 NPs/HA, but
the intensity was also significantly reduced, indicating the HA
was successful coated on surfaces of Fe3O4 NPs and that the
process of adsorption on Fe3O4 NPs was via chemical binding.
The O 1s, N 1s and C 1s survey scans are further conducted

to identify the change of surface elements states (SI Figure S6).
The O 1s region shifted from binding energy 528.3 to 528.4 eV
for Fe3O4 NPs prior to and after reaction with HA. The O 1s
region can be deconvolved into three peaks at 528.3, 529.1, and
530 eV, corresponding to the lattice O2− from metallic oxides.
However, the deconvoluted results of Fe3O4 NPs/HA
demonstrated not only the peaks at binding energies 528.8
and 530.1 eV which corresponding to the lattice O2− from
metallic oxides, but also a peak at binding energy 531.6 which
corresponding to the oxygen in the organic acid or other
organic matter, indicates that the oxygen in HA was adsorbed
on the surface of Fe3O4 NPs. After CTAB was adsorbed on the
surface of Fe3O4 NPs, the O 1s peak was observed to shifted to
a lower binding energy of 527.8 eV, and the O 1s region can be
deconvoluted into three peaks at 527.6, 528.2, and 529.5 eV,
the two higher peaks are consistent with the Fe3O4 NPs, but
the lower peak at 527.6 eV indicates adsorption of CTAB on
Fe3O4 NPs consisted of a reduction reaction. Then, after HA
was adsorbed on the surface of Fe3O4 NPs/CTAB, the
energetic position of O 1s was not obviously different, but
the shape was slightly changed. The O 1s region of Fe3O4 NPs/
CTAB/HA can be deconvolved into four peaks at 527.5, 528.0,
528.8, and 530.4 eV, those peaks were not only similar to peaks
of Fe3O4 NPs/CTAB, but also with Fe3O4 NPs/HA, indicating
that the oxygen in the HA successful absorbed on Fe3O4 NPs/
CTAB surface.
The N 1s spectrum changed more obviously. There was no

evident N 1s region on the surface of Fe3O4 NPs, but that the
surface of Fe3O4 NPs/HA exhibited obvious peaks at binding
energy 398.7 eV, and the region can be deconvoluted into three
peaks at 397.89, 398.8, and 399.8 eV, which correspond with
Fe−N and N−H in the HA, respectively (SI Figure S6). Hence,
appearance of nitrogen on the surface of Fe3O4 NPs/HA, the
changed shape of the peak and, the shifted of energetic position
of C 1s and O 1s XPS spectra all indicate chemical binding of
oxygen and nitrogen in HA on the surface of Fe3O4 NPs. The
N 1s spectra of Fe3O4 NPs/CTAB and Fe3O4 NPs/CTAB/HA
demonstrated more differences. The Fe3O4 NPs/CTAB
spectrum demonstrates only one significant peak at 400.5 eV,
which is attributed to the nitrogen in C−N, indicating that the
nitrogen in the CTAB had absorbed on the surface of Fe3O4
NPs through the carbon chain. The N 1s spectrum of
Fe3O4NPs/CTAB/HA two peaks were observed at binding
energies of 397.8 and 400.8 eV, which were attributed to

Figure 7. XPS spectra of iron for HA adsorbed on Fe3O4 NPs in the
presence of CTAB.
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nitrogen in HA and CTAB, respectively. Meanwhile, compared
with Fe3O4 NPs/CTAB and Fe3O4 NPs/HA, the binding
energy of N 1s did not change, which indicated that nitrogen in
the HA adsorbed on Fe3O4 NPs surface might not be adsorbed
by direct chemical binding, but through linking with carbon
chain.
Given the widespread presence of surfactants and HA in

natural waters, NPs will inevitably interact with them, thus
influencing their behavior in the environment. In this study,
adsorption of HA on Fe3O4 NPs was investigated in the
presence and absence of surfactants. CTAB and SDS were
found to strongly influence adsorption of HA under
appropriate conditions. In the absence of surfactants,
adsorption of HA was inversely proportional to pH and
maximum adsorption capacity of HA was 120.3 mg/g. In the
presence of surfactant, CTAB and SDS can form three different
stages on Fe3O4 NPs by electrostatic and hydrophobic
interactions, and adsorption of HA was significantly different
in those three stages. Adsorption of HA on surfaces of Fe3O4
NPs/CTAB was controlled by ligand exchange and hydro-
phobic and electrostatic interactions. Adsorption of HA
significantly increased in the presence of CTAB. When solution
pH greater than 10.0, adsorption of HA slowly decreased by
increasing ionization, solubility and hydrophilic of HA. Results
of FTIR and XPS indicate that CTAB and SDS established a
bridge connecting HA and Fe3O4 NPs. Functional groups of
HA played a significant role in adsorption. Therefore,
adsorption of HA on surfaces of Fe3O4 NPs would significantly
changes in the presence CTAB and SDS, and those results
would be helpful for the understanding of the transport,
transfer, and fate of NPs in the aquatic environment.
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Table S1. Langmuir Freundlich isotherms parameters for HA adsorption on 

Fe3O4 NPs 

 

Parameters 
Solution temperature (303 K) 

Solution pH (5.0) 

Isotherm  

                    Langmuir 

qm/mg g
–1

 120.3 

KL /L mg
–1

 0.03987 

r
2
 0.977 

                     Freundlich 

K/mg g
–1

 (L mg
–1

)
1/n

 3.7988 

n 1.33 

r
2
 0.958 
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Table S2. The adsorption kinetic model rate of adsorption of HA at different 

adsorption stage of Fe3O4 NPs/CTAB (pH 10.0) and Fe3O4 NPs/SDS (pH 5.0) 

 

The adsorption kinetic model rate Pseudo-second-order 

k2 g (mg
-1

 min
-1)

 qe ( mg g
-1)

 h0 (mg g
-1

min
-1

) r 

20 mg CTAB  1.107 61.73 42.19 0.9967 

40 mg CTAB  3.018 153.85 714.29 0.9996 

10 mg SDS 5.565  44.05 10.799 0.9982 

 

Pseudo-second-order isotherm:      (1) 

where k2 is the rate constant of adsorption (in g mg
-1

 min
-1

), qt is the amount of 

HA adsorbed by adsorbent at any time (mg g
-1

), qe is equilibrium adsorption capacity 

(mg g
-1

). And the initial sorption rate, ho (mg g
-1

 min
-1

) can be defined as  

    (2) 

Both k2 and ho could be determined experimentally by plotting of t/qt against t. 

The initial rapid adsorption was presumably due to electrostatic attraction. The 

slow adsorption in the later stage represented a gradual uptake of HA at the inner 

surface by complexation. The constant k2, the initial sorption rate ho and equilibrium 

adsorption capacity (qe) obtained from the slope and intercept of plots were presented 

in Table 2. The results showed an increase in k2 values and ho and qe values at greater 

concentrations of HA.  
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Fig S1. ζ-potential of Fe3O4 NPs in different pH conditions. Amount of Fe3O4 NPs: 

10 mg; Solution volume: 100 mL. 

  



S6 
 

TEM image. From the TEM images, it can be seen that Fe3O4 NPs exhibited 

more aggregation with irregular shapes (Fig. S2a), and after the surface of Fe3O4 NPs 

surface was coated with HA and wrapped around Fe3O4 NPs in a quasi-spherical 

shape, the Fe3O4 NPs/HA had nearly uniform distribution of particle size of 

approximately 10 nm, and the degree of aggregation was also less (Fig. S2b). This 

result was consistent with results of previous research.
1
 TEM images of Fe3O4 

NPs/CTAB and Fe3O4 NPs/CTAB/HA are shown in Fig. S2c, S2d. The Fe3O4 

NPs/CTAB exhibited aggregation to some extent with a regular shape (Fig.S2c), and 

the level of aggregation intermediate of that for Fe3O4 NPs and Fe3O4 NPs/HA. The 

TEM image of Fe3O4 NPs/CTAB/HA (Fig. S2d) demonstrated a unique phenomenon 

compare with others, in that the shape was more regular compared with the Fe3O4 

NPs which directly coated by HA or surfactants. 

 

Fig S2. TEM image of Fe3O4 NPs (a), Fe3O4 NPs/HA(b), Fe3O4 NPs/CTAB (c), 

Fe3O4 NPs/CTAB/HA (d).  
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Fig S3. Pseudo-second-order kinetic curves of adsorption of HA on different 

adsorption stage of Fe3O4 NPs/CTAB (at pH 10.0) (a) and Fe3O4 NPs/SDS (at pH 

5.0) (b). Operation in the batch mode. Amount of Fe3O4 NPs: 10 mg. Solution 

volume: 100 mL. Concentration of HA: 30 mg/L. 
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Fig S4. FTIR spectra for HA, Fe3O4 NPs and Fe3O4 NPs/HA. 
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Fig S5. FTIR spectra of HA adsorbed on Fe3O4 NPs in the presence of CTAB (a) 

and SDS (b) 
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Fig S6. O1s for Fe3O4 NPs, Fe3O4 NPs/HA, Fe3O4 NPs/CTAB and Fe3O4 

NPs/CTAB/HA (a); N1s for Fe3O4 NPs, Fe3O4 NPs/HA, Fe3O4 NPs/CTAB and 

Fe3O4 NPs/CTAB/HA (b); C1s for Fe3O4 NPs, Fe3O4 NPs/HA, Fe3O4 NPs/CTAB 

and Fe3O4 NPs/CTAB/HA (c). 
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