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The widespread ferrihydrite colloids in soil can carry diverse environmental contaminants, while current

knowledge still remains lacking regarding the effects of the soil surface properties on migration behavior.

Kaolinite (KL), a significant component of the porous media in aquifers, was used as a model material in

experiments designed to explore its effect on the ferrihydrite colloid migration behavior. The experiments

determined that KL caused a nearly 10-fold reduction in the mobility of ferrihydrite colloids. The decrease in

travel distance of the colloids was primarily caused by the adsorption of ferrihydrite colloids on KL. The

maximum ferrihydrite colloid adsorption capacity of KL was 20.2 mg g−1 at pH 5.5 and 5 mM NaNO3

concentration. As confirmed by isothermal titration calorimetry, the inner-sphere complex formed between

the ferrihydrite colloids and KL failed to cause the desorption of ferrihydrite colloids despite changes in pH or

ionic strength. Density functional theory calculations and extended X-ray absorption fine structure

spectroscopy analyses demonstrated that the ferrihydrite colloids coordinated to the KL surface by the

formation of thermodynamically stable monodentate inner-sphere complexes with Al–O and Si–O active sites.

To the best of our knowledge, this is the first investigation that describes the adsorption capacity of natural

colloids by solid media, and studies their interaction mechanism in the molecular-scale. These new findings

assist in the understanding of the migration behavior of ferrihydrite colloids in soil environments and provide a

scientific basis for the prediction of contaminants' geochemical behavior in these environments.

1. Introduction

Colloids are ubiquitous in natural soil environments,1,2 and
have a strong adsorption effect on a variety of contaminants
due to their micro to nanoscale size,3,4 abundant adsorption
sites, and high reactivity, thus playing a significant role in the
fate and transport of multiple contaminants.5–7 The influence
of colloids on the migration behavior of contaminants varies
notably, depending on the environmental behavior of the
colloids.8,9 Well-dispersed colloids in the soil solution exhibit
a strong transport ability, promoting the migration of their
associated contaminants,10–12 while immobile colloids in
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Environmental significance

Ferrihydrite colloids commonly exist in soils and aquatic environments and their migration behaviors play a notable role in the fate of contaminants due
to their unique activities. The interplay of ferrihydrite colloids with natural porous media highly influences the fate of ferrihydrite colloids and their
associated contaminants. Kaolinite, as an important component of soil, is omnipresent in natural media. Therefore, it is of great environmental
significance to discern the characteristics and influential mechanisms of kaolinite on the environmental behavior of ferrihydrite colloids. The present
study quantitatively explored the adsorption behavior of ferrihydrite colloids on kaolinite, and clarify in depth the interfacial ferrihydrite colloid
morphology on the exposed facets of kaolinite by batch adsorption experiments, isothermal titration calorimetry, extended X-ray absorption fine structure,
and density functional theory calculations. The related findings provide a more thorough understanding of the migration of ferrihydrite colloids in natural
environments, and extend our knowledge of the interactions between ferrihydrite and kaolinite.
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solid soil media can retard the migration of contaminants
that are adsorbed by the colloids.9 The systematic
understanding of the geochemical behavior of colloids is
essential for assessing their potential in mobilizing or
sequestering contaminants.

Sedimentation occurs when the colloids formed in soil
becomes so large that they are immovable.13 In addition,
agglomeration also causes an increase in colloid size and is
an important factor related to the formation of colloids that
become immobile when they are trapped in porous media.14

Recently many studies have found that the sedimentation
and agglomeration of colloids depend greatly on the
physicochemical characteristics of the aqueous solution,
including fluid velocity, pH, and the presence of any
coexisting ions.6,15 In addition to the solution conditions, the
properties of the solid surfaces also affect the colloid
transport. Some models have shown that the inhibition of
colloid migration increases with solid surface roughness.16,17

Most previous studies have focused on the migration of
colloids in columns of glass beads or quartz sand that were
employed as models for naturally occurring transport solids,
and show that those columns do not normally hinder the
migration of well-dispersed colloids.11,12,18 Nonetheless,
natural porous media are composed of distinct mineral
constituents with surface characteristics that are much more
complicated than those of quartz sand or glass beads, and
those characteristics have different effects on colloid
transport.19,20 In previous work, quartz sand has been coated
with clays or iron oxide to simulate natural media in studies
of the transport behavior of nanoparticles (i.e., nanoscale
zerovalent iron, nanoscale titanium dioxide, polystyrene
nanoparticles, and graphene oxide).19,21–23 The results have
shown that the transport of nanoparticles is limited even
when particle sizes are smaller than the pores in the media
due to the electrostatic force between the nanoparticles and
the media. However, the migration behavior of natural
colloids that exist in soil, such as mineral colloids, is rarely
studied in simulated natural media, and their complex
interaction mechanisms remain unclear.

Iron is present in the earth's crust as the fourth most
abundant element and the second most abundant metal.24

The formation of ferrihydrite colloids from iron hydroxide
precipitation is widespread in the natural environment.25

Meanwhile, the ferrihydrite colloids, which exist widely in
soils and aquatic environments, play a significant role in the
fate of contaminants due to their unique activities.26,27 Clay
minerals are important soil components that are
omnipresent in natural media, among which kaolinite (KL) is
one of the most abundant types of clay minerals.28,29

Therefore, it is necessary to discern the characteristics and
influence mechanisms of KL on the environmental behavior
of ferrihydrite colloids. It is of great significance to
understand the behavior of colloids in the natural soil and
sediment environments.

We speculated that there might be complicated interactive
forces between mineral colloids and solid media. In fact, it

has been suggested as early as 2012 that colloids might be
deposited on solid soil media.30 It was found that bulk iron
oxide minerals (e.g., goethite) are often cemented with KL as
a binary association in soils, and that negatively charged
functional groups on the surface of KL replaced the active
hydroxyl groups on the surface of goethite (Al/Si–O– + HO–
Fe → Al/Si–O⋯Fe + OH–).31 A double-mononuclear
Fe2Si2 structure can be formed by two Si tetrahedral groups
connected with two Fe octahedra of ferrihydrite by a single
Fe–O–Si bond.32 To sum up, ferrihydrite colloids would also
tend to adsorb onto KL during the migration process, and in
addition to the electrostatic interaction, there may exist a
complexing action that makes ferrihydrite colloids and KL
bond more strongly. The mechanism of the influence of the
interactions between media and colloidal functional groups
on the migration behavior of colloids remains largely
unknown.

The present study methodically investigates the cause and
extent of the modulation effect of KL on the migration of
ferrihydrite colloids via column experiments, batch
adsorption experiments, isothermal titration calorimetry
(ITC), extended X-ray absorption fine structure (EXAFS), and
density functional theory (DFT) calculations. The objectives
of this investigation are to (1) assess the mass transfer
behavior of ferrihydrite colloids in sand coated with KL (KL-
sand) to understand how KL affects the ferrihydrite colloid
transport, (2) quantitatively study the adsorption behavior of
ferrihydrite colloids on KL to reveal the extent to which KL
modulates the ferrihydrite colloid transport, and (3) clarify in
depth the interaction mechanisms between ferrihydrite
colloids and KL.

2. Materials and methods
2.1. Ferrihydrite colloids, KL, and porous media

Ferrihydrite colloids were prepared following the method of
Jasmine.33 Briefly, 0.48 M NaHCO3 (200 mL) was transferred
with a peristaltic pump over ∼50 min into 200 mL of 0.40 M
Fe(NO3)3·9H2O that was being rapidly stirred by a magnetic
stirrer and was held at 25 °C in a water bath. Once the
transfer was completed, the mixture was heated in a
microwave oven (950 W) until it boiled, and then it was
quenched to room temperature in an ice bath. The
suspension was dialyzed with a molecular weight membrane
of 2 kDa against deionized (DI) water (18.2 MΩ cm) at 10 °C
for 7 d to ensure that the supernatant conductivity was <5 μS
cm−1 (nearly DI water). The final mixture was diluted ten-fold
(1 g L−1) and then stored in the dark (4 °C) for use.

Quartz sand (AR, 0.18–0.25 mm, Tianjin Kemiou Chemical
Reagent Co., Ltd.) served as the model porous medium.
Before use, it was pretreated to remove impurities (e.g., clays,
colloids, and metal oxides) on its surface. The quartz sand
was soaked sequentially in 1 M NaOH and 1 M HNO3 for 24
h each. It was then rinsed with DI water until the pH of the
supernatant was constant, and dried at 105 °C for 24 h. KL
(Al2O7Si2·2H2O) was purchased from Sigma-Aldrich. The KL-
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sand was prepared following previously published
procedures.28 The KL was treated with H2O2 to remove
organic matter and gravity sedimentation was used to obtain
particles with hydrodynamic diameter <2 μm. The KL
suspensions (40 g L−1) were flocculated with 50 mg L−1

polyvinyl alcohol, mixed for 30 min, and then centrifuged at
8000 rpm for 5 min. The quartz sand was added to the KL
polymer complex slurry stirred for 15 min, dried at 80 °C for
24 h, then washed with DI water to remove excess KL and
polyvinyl alcohol, and then dried again at 80 °C for 24 h.

2.2. Column experiments

Cylindrical Plexiglas columns (2.5 cm inner diameter × 10 cm
length) were packed with cleaned quartz sand or KL-sand by
applying the wet filling method to ensure saturation. The
average pore volume (PV, 21.9 cm3) and porosity (0.446) were
determined from the volume of water filling the saturated
sand column pore space. A peristaltic pump was used to
upflow the pore solutions at 1 mL min−1 during the column
experiments. Prior to use, the columns were equilibrated with
10 PVs of background solutions containing no ferrihydrite
colloids. To study pH effects, the background solutions were
made with different pH values (3.0, 4.0, 5.0, and 5.5) with 5
mM NaNO3. To test the effects of ionic strength, the
background solutions were set to 1, 5, and 10 mM NaNO3

with pH 5.5. All the pH values of solutions were adjusted
using 0.1 M HNO3 or NaOH. Then each column received
17.33 PVs of ferrihydrite colloidal suspension (100 mg L−1,
stabilized in an ultrasonic bath for 30 min), followed by
elution with 10 PVs of the ferrihydrite-free background
solution. Effluent samples at the outlet of the column were
collected using a fraction collector (collected in 10 mL glass
vials every 7.30 min, nearly 0.33 PV). The light absorbance of
the ferrihydrite colloid suspensions was measured at 420 nm
using a UV–vis spectrophotometer (SHIMADZU, UV-2550),
then converted to the ferrihydrite colloid concentration based
on calibration curves (Fig. S1†).34 The retention profile of the
ferrihydrite colloids was also measured (details are shown in
Section S1†). Each column was dismantled and divided into
10 sections (∼1 cm long each) to collect sand or KL-sand
under gravity. An acid digestion procedure was applied to
dissolve the Fe(III) of the colloids retained on the sand or the
KL-sand, and then the Fe concentration was measured using
an atomic absorption spectrometer (PinAAcle 900T,
PerkinElmer). The KBr solution (100 mg L−1) was used as a
nonreactive tracer to analyze the column hydrodynamic
properties, and its concentration was measured with an ion
chromatography system (Thermo Fisher Scientific).

2.3. Batch sorption experiments

For all the batch sorption experiments, the concentrations of
NaNO3 and the pH values were set based on the column
experiments. KL was completely separated from the solutions
after centrifugation (6000 rpm for 10 min), while the
ferrihydrite colloids remained stable (not settled or adsorbed

on the bottles). Thus, centrifugation was an effective method
for separating ferrihydrite colloids from KL. The ferrihydrite
colloids and KL were considered as the adsorbate and
adsorbent, respectively.

Adsorption of ferrihydrite colloids on KL was conducted
under ambient conditions (∼25 °C). In the experiments, 100
mg of KL was put into 50 mL screw cap vials that already
contained 30 mL ferrihydrite colloids suspensions (100 mg
L−1) with different concentrations of NaNO3 and different pH
values. For the adsorption kinetic experiment, the vials were
shaken for 1, 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, and 120
min, and then centrifuged at 6000 rpm for 10 min. The
adsorption isotherm experiments were performed at different
initial concentrations of ferrihydrite colloids of 50, 60, 70, 80,
90, and 100 mg L−1. The vials were shaken for 2 h and then
centrifuged. After centrifugation, the supernatant was used to
determine the concentrations of the ferrihydrite colloids at
420 nm using a UV–vis spectrophotometer. The amount of
adsorbed ferrihydrite colloids were then calculated by mass
difference.

For desorption experiments, after removal of all the
supernatants, 30 mL solutions of DI water containing the
specified concentrations of NaNO3 and pH values were added
to the vials. The vials were then shaken for 2 h and
recentrifuged, and the supernatants were measured for the
desorbed colloids as described above. For ferrihydrite
dissolution experiments, 30 mL of a citrate solution (1, 5,
and 10 mM) was added to the vials, which were shaken and
recentrifuged. Then the concentrations of colloids and Fe(III)
in the supernatant were measured.

2.4. Characterization of colloidal particles adsorbed on KL

The crystallinity of the ferrihydrite colloids was determined
with X-ray diffraction (XRD). The average hydrodynamic
diameter of the ferrihydrite colloids and the zeta potential of
the ferrihydrite colloids, sand, and KL in the batch
experiments were measured with dynamic light scattering
(DLS, Zetasizer Nano ZS90, Malvern). The specific surface area
of the ferrihydrite was evaluated with the Brunauer–Emmett–
Teller method (BET, ASAP 2460, MicroActive). The structure
and morphology of the ferrihydrite colloids adsorbed on KL
were observed under scanning electron microscopy (SEM,
Merlin, ZEISS) with an energy dispersive X-ray spectroscopy
(EDS) system and high-resolution transmission electron
microscopy (HRTEM, Talos F200X, Thermo Fisher). The
interaction mechanisms between the ferrihydrite colloids and
KL were characterized by ITC and EXAFS (the details of ITC
and EXAFS are provided in Section S2†).

2.5. Density functional theory (DFT) calculations

The Castep module of Material Studio 2020 was used to run the
DFT calculations.35–37 The generalized gradient approximation
method with the Perdew–Burke–Ernzerhof function38 was
employed in the calculations to characterize the interactions
between the ionic core and the valence electrons.39,40 The
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energy cutoff of 450 eV was adopted for the plane-wave basis
set. The Brillouin zone was sampled by employing a k-point of 1
× 1 × 1 for geometry optimization. The threshold values of the
convergence criteria were specified as follows: 0.002 Å for the
maximum displacement, 0.05 eV Å−1 for the maximum force,
0.1 GPa for the maximum stress, 10−5 eV per atom for energy,
and 2.0 × 10−6 eV per atom for self-consistent field tolerance. To
eliminate the undesirable interactions between the molecules
in the vacuum and the bottom side of the slab, a 20 Å vacuum
space was implemented in the model. A (2 × 2) unit cell was
employed to prevent the lateral interactions between molecules
on the surface. A dimer of two Fe(III) octahedra was used as the
model clusters of ferrihydrite. KL is a dioctahedral 1 : 1 type
phyllosilicate clay mineral with a unit cell of Al4Si4O10(OH)8,
and the (010) facet was chosen as an exemplary edge surface.
The modelled structure of ferrihydrite and KL was assumed at
the fully hydroxylated neutral surface. More information about
the constructions of the KL and ferrihydrite models and the
adsorption energy calculations are provided in Section S3.†

3. Results and discussion
3.1. Characterization of ferrihydrite colloids and KL-sand

Powder XRD was used to determine that the synthesized
ferrihydrites were 6-line ferrihydrite (Fig. S2†). The HRTEM
image (Fig. S3†) revealed that the average particle size of
ferrihydrite colloids was 3–5 nm with uniform ellipsoid
morphology, similar to those in previous reports.41,42 The
measured BET specific surface area of the ferrihydrite
colloids was 309.2 m2 g−1. The pH of the point of zero charge
(pHPZC) of the ferrihydrite colloids was determined to be
∼8.3, which was in agreement with a previous report in the
literature.43 The average hydrodynamic diameter of the
ferrihydrite colloids was measured in 100 mg L−1 solutions
that were diluted from the stock suspension (10 g L−1). The
diameters were measured by DLS (Fig. S4†) and ranged from
42.3 to 65.9 nm at pH 3.0–5.5, which indicated that the
ferrihydrite colloids remained relatively stable under these
conditions. The aggregation became obvious when the pH
was >6.0 (average hydrodynamic diameter >160 nm).

The SEM micrographs showed that the surface of the
clean quartz sand was smooth and uniform (Fig. S5a†). The
SEM images of the surface of the KL-sand composite showed
numerous particles adhered to the sand (Fig. S5b†). The
morphology of the particles on the quartz sand was
consistent with that of pure KL (Fig. S5c†), which proved that
KL was successfully attached to quartz sand without any
morphological change. Moreover, the SEM-EDS spectra of the
sand coated with KL showed prominent peaks of Si, Al, and
O (Fig. S5d†), which indicated KL coverage on the quartz
sand. The extent of coverage of KL on the quartz sand was
estimated from the SEM images to be ∼90% with a
nonuniform distribution, which was similar to those reported
previously.23,28 The amount of KL coated on the sand was
9.86 ± 2.19 mg g−1.

3.2. Effect of KL on ferrihydrite colloid transport

The column (sand and KL-sand) experiments were performed in
this work to study the effect of KL on the migration of
ferrihydrite colloids (Fig. 1). Br− was used as an inert ion that
was not retained in the quartz sand column, which began to
appear at 1/3 PV and reached complete breakthrough at 1 PV
(Fig. 1a and b). At pH = 3.0 and 5 mM NaNO3, the initial
breakthrough of ferrihydrite colloids occurred at 1 PV, and then
reached a constant breakthrough after 2 PV, indicating that the
sand column had an extremely slight retention effect on the
ferrihydrite colloids. This conclusion was supported by the trace
amount of ferrihydrite colloids retained in the sand column
(Fig. 1c and d). However, the presence of KL was observed to
have a distinct effect on the transport of ferrihydrite colloids
(Fig. 1 and Table S1†). The effluent mass (Meff) recovery of
ferrihydrite colloids decreased from 96.9% to 73.8% when the
KL was present under the conditions of pH = 3.0 and 5 mM
NaNO3 (Table S1†). Moreover, the Meff of the ferrihydrite
colloids in the KL-sand column decreased as the pH and NaNO3

concentration increased (Table S1†). The KL also significantly
altered the shape of the breakthrough curves and retention
profiles of the ferrihydrite colloids, as shown in Fig. 1.
Specifically, in the KL-sand column, the breakthrough of the
ferrihydrite colloids was significantly delayed. The C/C0 value
(the ratio of the ferrihydrite colloid effluent concentration at a
sampling time (C) to the ferrihydrite colloid influent
concentration (C0)) of ferrihydrite colloids remained zero during
the first 4 PVs, and then increased slowly after 5 PVs, and
achieved a steady-state breakthrough (C/C0 was close to 1) at 13
PVs under the conditions of pH = 3.0 and 5 mM NaNO3

(Fig. 1a). When the deposition sites of the surface of the sand
were occupied, the migration of the ferrihydrite colloids was
dominated by electrostatic repulsion, resulting in a significant
breakthrough after 13 PVs.14 The delay of the breakthrough
curve of colloids was also reported in a previous study and the
interaction between colloids and solid media was supposed to
account for this phenomenon,44 while the earlier breakthrough
of colloids was found in another study when the interaction was
minimal.45 In present study, the interaction forces between KL
and ferrihydrite colloids may account for a delayed
breakthrough of colloids. The detailed mechanism of the
interaction will be discussed later.

The retained ferrihydrite colloids maintained a relatively
even distribution throughout the KL-sand column
(Fig. 1c and d) because there was no aggregation of ferrihydrite
colloids in the KL-sand column. Besides, aquifer materials have
a limited colloid retention capacity, and the amount of available
blocking sites reduced over time, and at last the deposition sites
were completely occupied.46 Similar breakthrough behavior for
colloids on surface-modified porous media was previously
observed.19,23 Kuhnen et al. (2000) concluded that the complete
breakthrough of ferrihydrite colloids on quartz sand was caused
by the high electrostatic repulsion interactions between the
particles and the particle-coated sand that created an energy
barrier that inhibited the subsequent deposition.47 The
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breakthrough of ferrihydrite colloids in the KL-sand column
was slightly delayed at higher pH values and NaNO3

concentrations, which might be a result of the increased
electrostatic attraction interactions between the ferrihydrite

Fig. 1 Breakthrough curves of ferrihydrite colloids at different pH levels (a) and NaNO3 concentrations (b). Retention profiles of ferrihydrite
colloids at different pH levels (c) and NaNO3 concentrations (d). Predicted maximum travel distance of ferrihydrite colloids at different pH levels (e)
and concentrations of NaNO3 (f). C/C0 is the ratio of the ferrihydrite colloid effluent concentration at a sampling time (C) to the ferrihydrite colloid
influent concentration.
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colloids and the KL-sand (Fig. 1a and b). In our experiments,
the amount of ferrihydrite colloids retained in the KL-sand
column was 3.14–9.29 times higher than that in the sand
column. This may be due to the absorption of ferrihydrite
colloids by KL.

To further evaluate the effect of KL on the transport of
ferrihydrite colloids, the maximum transport distance (Lmax),
which is the distance over which 99.9% of the particles are
retained in the medium, was calculated using colloid
filtration theory:48

Lmax ¼ − 2
3

dc
1 − θð Þαη0

ln Meffð Þ

where dc is the diameter of the medium (sand or KL-sand), θ

is the porosity of the column, α is the attachment efficiency,
and η0 is the single-collector contact efficiency. The detailed
calculation method is shown in Section S4.† The presence of
KL led to high deposition rate coefficients (kd = 2.1–4.0 × 10−4

s−1) and low transport distances (Lmax < 2.5 m) of ferrihydrite
colloids in the column under all our experimental conditions
(Table S1†). The Lmax of ferrihydrite colloids in the absence of
KL was nearly 4.1–9.8 times larger than that in the presence
of KL (Fig. 1e and f). This may be attributed to the KL
providing more deposition sites for the ferrihydrite colloids.22

The specific mechanism of the interaction between KL and
the ferrihydrite colloids will be discussed later.

3.3. Adsorption–desorption behaviors of ferrihydrite colloids
on KL

Pure KL was evaluated for its adsorption ability for ferrihydrite
colloids. Pseudo-first-order49 and pseudo-second-order
equations50 were usually applied to explain the adsorption
performance of solute sorption on the sorbent. We try to employ
them to analyze the adsorption behavior of colloids. Time-
dependent adsorption curves of ferrihydrite colloids on KL at
different pH levels and NaNO3 concentrations are shown in
Fig. 2a and b, respectively. It was clearly seen that KL sorbed
ferrihydrite colloids instantaneously over 30 min and slowed
until approaching the equilibrium state within 240 min
(Fig. 2a and b). The experimental data for ferrihydrite colloid
adsorption on KL were fitted well by the pseudo-second-order
equation (Table S2†), which indicated that a relatively rapid
chemical interaction took place on the KL.51 The fit to the data
determined that the adsorption capacity and rate constant of
the ferrihydrite colloids were 19.3 mg g−1 and 0.197 mg g−1

min−1, respectively, at pH 5.5 and 5 mM NaNO3 (Table S2†).
Adsorption isotherms of the ferrihydrite colloids were also

generated at pH 5.5 and 5 mM NaNO3 concentration to further
understand the adsorption behavior on the KL. The
experimental results showed that the maximum ferrihydrite
colloid adsorption capacity was 19.8 mg g−1 for KL (Fig. 2c). The
relationship between KL and ferrihydrite colloid concentration
at equilibrium was fitted with three two-parameter isotherm
models (Langmuir, Freundlich, and Temkin) and two three-

Fig. 2 Adsorption of ferrihydrite colloids on KL as a function of time at different pH levels (a) and NaNO3 concentrations (b), and the
corresponding fitting results of the pseudo-first-order equation (broken line) and the pseudo-second-order equation (full line). The ferrihydrite
colloid adsorption isotherms and the corresponding fitting results of the adsorption isotherm models (Freundlich, Langmuir, Temkin, Redlich–
Peterson and Sips) (c). The zeta potential of ferrihydrite colloids and KL at different pH levels (d) and NaNO3 concentrations (e).
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parameter adsorption isotherm models (Redlich–Peterson and
Sips).52,53 The detailed characteristics and formula of these
models are presented in Section S5. The fitting results are
presented in Fig. 2c and Table S3.† Of the two-parameter
models, the Langmuir model was more suitable to describe
ferrihydrite colloid adsorption features on KL. Both of the three-
parameter models provided fit the experimental data accurately.
The value of β of the Redlich–Peterson isotherm approached 1,
meaning that the Redlich–Peterson isotherm converged with
the Langmuir isotherm.53 These fitting results indicated that
monolayer chemical adsorption occurred on the KL surface,54,55

which was supported by the SEM observations (Fig. 3f). Based
on the Sips model, the maximum capacity of the ferrihydrite
colloids adsorbed on the KL was 20.2 mg g−1, which matched
the experimental data and showed that this adsorption
isotherm model was applicable to explain the sorption behavior
of ferrihydrite nanoparticles on the sorbent.

To determine the influence of pH on the adsorption of
ferrihydrite colloids on KL, the adsorption edges were
analyzed at pH levels of 3.0–5.5 (Fig. 2a). The ferrihydrite
colloid adsorption capacities of KL raised from 16.3 to
19.5 mg g−1 with increased pH from 3.0 to 5.5, showing that
the adsorption behavior of ferrihydrite colloids exhibited pH-
dependence. As shown in Fig. 2d, the zeta potential of
ferrihydrite colloids was positive when the solution pH was
below 8.3,43 while the zeta potential of KL was negative.20

Therefore, the electrostatic attraction interactions between
the KL surface and the ferrihydrite colloids might
significantly affect the quantity of adsorbed ferrihydrite
colloids.56,57 The effects of ionic strength (1, 5, and 10 mM

NaNO3) on the adsorption of ferrihydrite colloids on KL were
also examined. When the concentration of NaNO3 increased
from 1 to 10 mM, the equilibrium adsorption of ferrihydrite
colloids on the KL increased from 13.0 to 25.2 mg g−1

(Fig. 2b). The zeta potential of ferrihydrite colloids remained
relatively stable when the NaNO3 concentration increased
from 1 to 10 mM, and the zeta potential of KL significantly
decreased (Fig. 2e). Therefore, the trend of the zeta potential
curve was correlated with the adsorption of ferrihydrite
colloids on the KL particles with increasing pH and NaNO3

concentration, suggesting that the electrostatic interaction
likely determined the adsorption behavior. Zhao et al. (2015)
found that goethite could adsorb and remove graphene oxide
from solutions due to the electrostatic interactions between
the positively charged goethite and the negatively charged
graphene oxide,34 which was consistent with the work
presented here. These results explained the migration
behavior of ferrihydrite colloids in the column
containing KL-sand at different pH values and ionic
strengths, which further indicated that the mass transfer of
ferritic colloids was affected by their adsorption on KL.

Desorption of ferrihydrite colloids from KL was also
investigated. There were no ferrihydrite colloids detected in
the supernatant when the pH value or ionic strength was
changed (Fig. S6a and b†), indicating that this ferrihydrite
colloid fraction was unable to desorb from KL (irreversible
adsorption). In the case of protein adsorption on the
titanium surface, this interception was also viewed as
irreversible adsorption due to the formation of chemical
bonds.58 The surface complexation method has been widely

Fig. 3 SEM images of the normal KL surface (a) and the layered KL surface (c), and ferrihydrite colloids adsorbed on the normal KL surface (b) and
the layered KL surface (d). TEM micrograph (e) and selected area electron diffraction images (f) of the complexes of ferrihydrite colloids adsorbed
on KL. The fast Fourier transform of areas 1 (g) and 2 (h) in (f).
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used for the dissolution of many minerals.59 For example,
organic acids have been shown to enhance the dissolution of
Fe(III) oxides by forming surface complexes.60 Hofmann et al.
(2007) determined that the release and transport of
ferrihydrite colloids in a sand column are affected by citrate,
and their results showed that both the repulsive interfacial
forces and bond breaking at the ferrihydrite colloids–quartz
sand interface (the dissolution of ferrihydrite) controlled the
ferrihydrite colloids' breakthrough.61 In the present study,
the release of ferrihydrite colloids adsorbed on KL was
explored using citrate at different concentrations (1, 5, and
10 mM). Free Fe(III) was detected in the desorption solution
but no ferrihydrite colloids were detected (Fig. S6c and d†),
which indicated that the dissolution of ferrihydrite had a
controlling role in the release of ferrihydrite colloids from
KL. The dissolution rate and amount of ferrihydrite colloids
increased as the citrate concentration increased, and nearly
total dissolution was achieved after 30 h at 10 mM citrate.
These results suggested that ferrihydrite colloids may be
primarily chemically bonded to KL.

3.4. The morphology characterization of KL and ferrihydrite
colloid complexes

Reversible deposition of ferrihydrite colloids on quartz sand
was observed by Liang et al., 2000,62 indicating that the
irreversibility of ferrihydrite colloid adsorption on KL was
related to the specific particle–particle configuration.34

Therefore, the configuration of KL and ferrihydrite colloid
complexes was further investigated. SEM images showed that
KL had a smooth surface and layered structure (Fig. 3a and c),
which was consistent with previous studies.63,64 When KL and
ferrihydrite colloids were both present, a number of fine
particles appeared on the KL surface (Fig. 3b and d), suggesting
that many ferrihydrite colloids were adsorbed on the surface of
KL. Moreover, the SEM-EDS spectra of the KL sample with
adsorbed ferrihydrite colloids contained prominent peaks
corresponding to Fe, which also showed that ferrihydrite
colloids covered the KL surface (Fig. S7a†). In HRTEM images,
the ferrihydrite colloids appeared as many spherical solids, 3–5
nm in size, on the KL, and the ferrihydrite colloids did not
aggregate together on the KL surface (Fig. 3e and f). These
results agreed with the fitted result of the adsorption isotherm
models that indicated a monolayer ferrihydrite colloid
adsorption on the KL surface. Fig. 3g and h show the
corresponding fast Fourier transform images of areas 1 and 2,
respectively, in Fig. 3f. In Fig. 3g, the interplanar spacings were
2.56 and 4.43 Å, corresponding to the (130) and (110) crystal
planes of KL. In Fig. 3h, the interplanar spacings were 1.47 and
2.46 Å, corresponding to the (101) and (110) crystal planes of
ferrihydrite, indicating that there were no phase transitions
after adsorption of ferrihydrite colloids on KL. In addition, the
result of the TEM-EDS analysis showed that there were
significantly higher peaks of Fe in area 2 than in area 1 (Fig.
S7b†), which further proved that the spherical solids were
ferrihydrite colloids. Fig. S8† shows that ferrihydrite colloids

did not completely and uniformly cover the KL. In conclusion,
phase transitions or agglomeration did not occur after the
ferrihydrite colloids adsorbed on KL and were not the cause of
the irreversible adsorption of the ferrihydrite colloids on the KL.

3.5. Thermodynamic characterization of interfacial reactions

For small organic molecules, the formation of chemical bonds
is usually used to explain the desorption hysteresis of
adsorbents.65,66 To improve the understanding of adsorption
mechanisms and to determine whether there are chemical
bonds between ferrihydrite colloids and KL, the binding
behavior of ferrihydrite colloids and KL was thermodynamically
characterized with ITC, as shown in Fig. 4. Adsorption of
ferrihydrite colloids on KL was exothermic with a ΔH value of
−85.1 kJ mol−1. The entropy of the adsorption of ferrihydrite
colloids and KL was positive (190.2 J mol−1 K−1), suggesting a
random increase at the ferrihydrite colloid–sorbent interface.67

Inner-sphere complexes form with positive entropies because
the solvating water molecules are expelled from the surface
adsorption sites during surface complexation, leading to an
increase in disorder.68,69 Consequently, the inner-sphere
complexation was probably the main mechanism of ferrihydrite
colloid adsorption on KL. These thermodynamic results are
consistent with those predicted by the adsorption kinetics and
isotherm models, indicating that the models used to explain
the adsorption mechanism of solute sorption onto the sorbent
were also applicable to express the mechanism of ferrihydrite
nanoparticle adsorption onto the KL.

3.6. Local coordination environments of ferrihydrite colloids
on the KL surface

3.6.1. EXAFS spectroscopy analysis. EXAFS spectroscopy
was employed to analyze the Fe interfacial species and
molecular structures on the KL surfaces. The EXAFS spectra
fitting results (Fig. S9 and Table S4†) showed that the first
peak represented six oxygen atoms bound to a central Fe at
an average distance of 1.95 Å for ferrihydrite and 1.97 Å for
ferrihydrite adsorbed on KL. Optimized fits to features at a
greater distance caused by Fe backscatter corresponded to
average Fe–Fe interatomic distances of 3.02 and 3.24 Å for
ferrihydrite (Fig. S9a and Table S4†). The ferrihydrite-
containing KL sample had a second shell peak, which could
be fitted with Al/Si or Fe as the backscattering atom, with Fe–
Fe interatomic distances of 3.04 and 3.29 Å and Fe–Al/Si
interatomic distances of 3.02 and 3.28 Å (Fig. S9b and c†).
Differentiating the Al and Si atoms based on backscattering
amplitudes was not possible due to the juxtaposition of Si
and Al in the periodic table.70 Analysis of the Fe K-edge in
the EXAFS spectra provided the average Fe–Fe distances, from
which the Fe–Al distances could not be distinguished, which
agreed with observations in previous work.71 Compared with
pure ferrihydrite, the Fe–Fe distance of the composite sample
increased slightly. Previous studies revealed that in the
sample of Al-substituted hematite, when there was more Al
substitution the Fe and Al atoms were closer, leading to a
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decrease in the Al–Fe bond distance and an increase in the
adjacent Fe–Fe bond distances.71,72 Therefore, ferrihydrite
could coordinate to Al and Si sites on the KL surface.
Moreover, the obtained Fe–Al/Si interatomic distances (3.02
and 3.28 Å) indicated that ferrihydrite formed inner-sphere
surface complexes with KL.

3.6.2. Periodic model calculations. The structure of the
adsorbed ferrihydrite–KL interface was also analyzed with
periodic model calculations (Fig. 5). The energy of adsorption
(Eads) was usually employed to estimate the adsorption
affinity, with a more negative Eads representing a stronger

adsorption affinity.73 The Eads values of the formed
complexes were calculated and are summarized in Table S5.†
For adsorption on an Al octahedral sheet, three coordination
modes were established to investigate the adsorbed
ferrihydrite structures. The geometry-optimized periodic
models are presented in Fig. 5a–c. Of the one bidentate
complex and two monodentate complexes that were modeled,
only one of the monodentate complexes was exothermic. A
monodentate mononuclear complex was bound with Eads =
7.05 eV, and the bidentate mononuclear structure was bound
with Eads = 6.49 eV, indicating that these two configurations

Fig. 4 (a) Calorimetric titrations (corrected heat rate) and (b) integrated heat values for the addition of ferrihydrite colloids to KL. The full line
represents the best independent model fitting results.

Fig. 5 Geometry-optimized periodic models of ferrihydrite adsorption on the Al octahedral sheet and Si tetrahedral sheets of KL. The complex of
MM (a), MB (b), and BM (c) on the Al octahedral sheet; the complex of MM (d), BM (e) and BB (f) on the Si tetrahedral sheet. The red, purple, pink,
cyan and white spheres represent oxygen, iron, aluminum, silicon, and hydrogen atoms, respectively. MM: monodentate mononuclear; MB:
monodentate binuclear; BM: bidentate mononuclear; BB: bidentate binuclear.
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were unstable structures. The monodentate binuclear
complex had a lower Eads (−0.03 eV), indicating that this
complex had good thermodynamic stability. For adsorption
on the Si tetrahedral sheet (Fig. 5d–f), the bidentate
mononuclear and bidentate binuclear configurations were
endothermic, with Eads of 5.83 and 5.31 eV, respectively,
making them relatively unstable configurations. The
monodentate mononuclear configuration was exothermic
with Eads = −3.48 eV, which indicated the greatest stability.
Therefore, ferrihydrite adsorbed on KL as a monodentate
coordination rather than a bidentate coordination, based on
both the Al octahedral and Si tetrahedral sheets.

The adsorption configurations of the surface complexes
could also be determined by comparing the interatomic
distances.51 The distances between Fe and the adjacent Al or
Si atoms, as well as the lengths of the Fe–O, Al–O, and Si–O
bonds, are listed in Table S6.† The average Fe–Al interatom
distance for the monodentate binuclear complexes was 3.37 ±
0.18 Å, which agreed well with EXAFS spectroscopy results
(3.02–3.28 Å). A previous study also stated that Fe (hydr)
oxides and KL can bind together via Fe–O–Al/Si bonds.31

Although the bidentate mononuclear Fe–Al and bidentate
binuclear Fe–Si interatomic distances of 3.10 and 3.15–3.24
Å, respectively, were also close to the results of the above
EXAFS spectroscopy, their Eads suggested that they were
relatively unstable configurations. Moreover, the Fe–Si
interatomic distance of the monodentate mononuclear
configuration (3.05 Å) more closely matched the results of
the EXAFS analysis, indicating that the monodentate
mononuclear complex on the Si tetrahedral sheet was the
dominant species on the KL. These results further suggested
that the monodentate mononuclear complex on the Si
tetrahedral sheet and the monodentate binuclear complex on
the Al octahedral sheet are the thermodynamically favored
adsorption structures on KL. Compared with the previous
study that speculated the interaction mechanism of goethite
and KL,31 the present study clarified the interaction
mechanism of ferrihydrite and KL in the molecular-scale,
and evidence was provided to identify that inner-sphere
complexation was included in the interaction of KL and
ferrihydrite.

4. Conclusions

The present study demonstrated that the KL-coated sand
column significantly inhibits the migration of ferrihydrite
colloids. This inhibition was mainly ascribed to KL's high
adsorption capacity for ferrihydrite colloids (20.2 mg g−1),
which was due to electrostatic interactions. The ferrihydrite
colloids could not be desorbed from KL (irreversible
adsorption), but could be released from KL by dissolving with
citrate. The results of ITC revealed that ferrihydrite colloids
adsorb onto KL via an exothermic process, and the main
adsorption mechanism was forming inner-sphere complexes.
Moreover, it was further confirmed by EXAFS and DFT
calculations that ferrihydrite colloids coordinated to the

surfaces of KL via the monodentate inner-sphere complex
with high thermodynamic stability. These results offer new
understanding into the role of KL in the migration of
ferrihydrite colloids, which are critical for understanding the
movement of ferrihydrite colloids and their associated
contaminants in natural soils and aquatic environments.
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