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ABSTRACT: The transport of ferrihydrite colloid (FHC) through porous
media is influenced by anions (e.g., PO4

3−) and cations (e.g., Ca2+) in the
aqueous environment. This study investigated the cotransport of FHC with P
and P/Ca in saturated sand columns. The results showed that P adsorption
enhanced FHC transport, whereas Ca loaded onto P−FHC retarded FHC
transport. Phosphate adsorption provided a negative potential on the FHC, while
Ca added to P-FHC led to electrostatic screening, compression of the electric
double layer, and formation of Ca5(PO4)3OH followed by heteroaggregation at
pH ≥ 6.0. The monodentate and bidentate P surface complexes coexisted, and
Ca mainly formed a ternary complex with bidentate P (�(FeO)2PO2Ca). The
unprotonation bidentate P at the Stern 1-plane had a considerable negative
potential at the Van der Waals molecular surface. Extending the potential effect
to the outer layer of FHC, the potential at the Stern 2-plane and zeta potential
exhibited a corresponding change, resulting in a change in FHC mobility, which was validated by comparison of experimental results,
DFT calculations, and CD-MUSIC models. Our results highlighted the influence of P and Ca on FHC transport and elucidated their
interaction mechanisms based on quantum chemistry and colloidal chemical interface reactions.
KEYWORDS: ferrihydrite colloids, phosphorus, calcium, transport, CD-MUSIC, DFT calculation

■ INTRODUCTION
Ferrihydrite (FH), a poorly crystalline oxide mineral, occurs
naturally in water and hydromorphic soils and possesses a vast
surface area and large amounts of reactive hydroxyl sites, which
can regulate, scavenge, and transform contaminants.1,2 Owing
to the small size of individual nanocrystals, ferrihydrite colloids
(FHCs) can transport over long distances in the vadose and
aquifer.3−5

Numerous studies have focused on the stability and
transport of FHC.3−9 Humic acid (HA) has been identified
as a crucial factor for safeguarding stability and promoting
transport as it introduces a negative charge onto FHC.4−6,8,9

High loading of a negative charge on the colloid- or
nanoparticle-improved dispersion owing to electrostatic
repulsion.10,11 Previous studies reported that the presence of
phosphate anions facilitated the transport of nano-ZVI and
TiO2 nanoparticles.12,13 Similar to HA, the adsorption of
anions (P) may also change the surface charge of iron minerals,
such as FHC, which could eventually enhance their transport.
Phosphorus fertilizers are essential nutrients for crop growth.

In a planting season, the rate of P-utilization by crops is
generally 10−20%,14−16 and the rest is associated with soil
minerals.17 According to studies, the adsorption and transport
of P were primarily influenced by iron minerals.18−24

Moreover, amorphous forms of Fe comprise the major fraction

of medium-sized colloidal P.25 Phosphate anions form inner-
sphere and outer-sphere complexes via ligand exchange
reactions and electrostatic interactions on the surface of Fe
minerals,26−28 resulting in a change in their surface charge.
Apart from HA, P adsorption also influenced the change in
potential in the Stern layer. The phenomenon did not only
occur in the inner-sphere but also expanded to the outer-
sphere, and FHC stability also benefited from it.29,30 However,
the effect of P on FHC transport requires further investigation.
In nature, P adsorption onto Fe minerals is affected by

several factors. Adsorption typically decreases with increasing
pH.31−35 Moreover, compared with Na and K, Ca is a more
critical factor owing to its strong reactivity with P. A previous
study suggested a strong interaction between adsorbed Ca and
PO4

3− on Fe minerals under conditions below the saturation
index of apatite.36 For Ca and PO4

3− adsorbed onto FHC, two
anion-bridged ternary complexes, �(FeO)2PO2Ca and �
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FeOPO3Ca, were formed, depending on the relative binding
affinities of the co-adsorbing ions.34 Along with adsorption,
precipitation associated with Ca at a high pH may be an
essential mechanism by which P is immobilized.37 Although
there is some progression on the mathematical modeling of
particle transport and cotransport with contaminants,38−42 past
research has not established a relationship between surface
chemical transition and the transport of iron mineral
nanoparticles.
The charge distribution and multi-site complexation (CD-

MUSIC) model, an advanced surface complexation model, was
developed to quantify ion adsorption onto metal (hydr)-
oxides.43 This surface complexation model not only contrib-
utes to the environmental assessment of elements but also
advances our understanding of factors and mechanisms
controlling the environmental behavior of elements. Previous
studies have successfully predicted the adsorption of P and Ca
on metal oxide surfaces through the CD-MUSIC
model.31,44−46 However, this model has not been used to
analyze anion-facilitated nanoparticle transport. The adsorp-
tion of P and Ca onto iron minerals, such as FHC, results in
forming monodentate or bidentate surface complexes, anion-
bridged ternary complexes, with various protonation de-
grees.31,34,36,43 Moreover, the complicated speciation of FHC
under the influence of P and Ca causes multifarious changes in
the electrostatic potential (ESP) profiles at the FHC surface.
Recent density functional theory (DFT) advancements have
facilitated calculating changes in ESP profiles.47 However, the
mechanism by which this change affects the potential of
electrical double layers (EDLs) and, therefore, influences FHC
transport remains undetermined.
Ferrihydrite colloids have been recognized as one of the

critical substances in the natural environment. Their presence
certainly coexisted with P and Ca owing to P-utilization
globally and abundant Ca in nature; thus, their fate merits an
in-depth investigation. This study investigated the influence of
P and Ca on the transport of FHC in porous media. The
mechanism underlying the interfacial interaction among FHC,
P, and Ca was characterized via column experiments in
combination with transport simulation, Derjaguin−Landau−
Verwey−Overbeek (DLVO) theory, CD-MUSIC modeling,
and ESP analysis. The results of this study can improve our
understanding of anion-facilitated colloid transport.

■ MATERIALS AND METHODS
Preparation of FHC. Ferrihydrite was prepared by titrating

dissolved Fe(NO3)3·9H2O (Sinopharm Chemical Reagent Co.
Ltd.) with NaOH to a pH of 7.5.48 The X-ray diffraction
(XRD) pattern of the solid, verifying the synthesized FH, is
illustrated in the Supporting Information in Figure S1. Briefly,
the FHC suspension was prepared by adding 1.0 g FH to 500
mL of Milli-Q water, followed by stirring and sonication. After
settling for 24 h, the suspension was recovered via siphon-
ing.4,6,49 Scanning electron microscopy (SEM) images of the
FHC are shown in Supporting Information, Figure S2; their
micro-morphology is ellipsoidal. Because the experiments were
conducted immediately after the preparation of the FHC
suspension, the transformation of the FHC did not occur over
a short period.49 The concentrations of the FHC were
determined by measuring the Fe content using atomic
absorption spectroscopy (AAS, AAnalyst 900T, PerkinElmer)
after dissolution with 6 M HCl.

Column Experiments. Column experiments were per-
formed using 10 cm long glass chromatographic columns with
an inner diameter of 1.5 cm. The columns were wet-packed
with clean quartz sand (337.5 μm). The bulk density and
effective porosity of the packed sand were 1.45 ± 0.02 g·cm−3

and 0.46 ± 0.03 cm3·cm−3, respectively. After packing, the
columns were pre-conditioned with approximately 15 pore
volumes (PVs) of 1 mM NaCl in Milli-Q water using a
peristaltic pump (BT-100 1F, Longer) in the up-flow mode.
The rate of FHC deposition for the up-flow mode was greater
than that for the down-flow mode.38 In all column experi-
ments, 10 PVs of 25 mg L−1 FHC at different pH, P
concentrations, and CaCl2 concentrations were injected into
the columns, followed by elution with 5 PVs of Milli-Q water
with the corresponding pH and ionic strength (IS, CaCl2) at a
constant Darcy velocity of 0.568 cm·min−1. The experimental
conditions are listed in Supporting Information, Table S1.
The FHC concentrations in the effluent were measured at

each PV using AAS after dissolution with 6 M HCl. The
particle size and ζ potential of the FHC and ζ potential of the
sand were measured using a dynamic light scattering analyzer,
and the results are summarized in Supporting Information,
Table S2. The P concentrations in the effluent were measured
at each PV using inductively coupled plasma optical emission
spectrometry (ICP-OES, Optima 5300DV, PerkinElmer).
Following the completion of transport experiments, the sand
in the columns was segmented into four 2.5 cm thick layers to
analyze FHC and P retention. The deposition of FHC at the
entrance of the column (0−2.5 cm) in certain treatments was
observed via SEM using energy-dispersive spectroscopy (EDS)
mapping (Merlin Compact, Zeiss).

Adsorption Experiments. Adsorption isotherms were
obtained through batch adsorption experiments at pH 4−9.
Three series of 25 mg L−1 FHC and 20 mg L−1 P were used
with 0, 1, or 10 mM CaCl2, respectively. The pH of the
suspensions was adjusted by adding appropriate amounts of
10−100 mM HCl and NaOH. All adsorption experiments were
performed in gas-tight 50 mL polyethylene centrifuge tubes
(20 mL of suspension), and N2 was added into all the solutions
to minimize the influence of CO2. The samples were
equilibrated on a horizontal shaker at 25 ± 1 °C for 3 days.
The final pH of the unfiltered suspension was measured using a
pH meter. The suspension was centrifuged at 10,000 rpm
(∼15,000g) for 30 min and filtered through 0.1 μm filters
(Tianjin Jinteng Experimental Equipment Co., Ltd). The
concentrations of P and Ca in the filtrate were measured using
inductively coupled plasma ICP-OES (Optima 5300DV,
PerkinElmer). The chemical species of P and Ca and mineral
structure in the solid phase of FHC in 20 mg L−1 P (pH = 8.0),
20 mg L−1 P and 10 mM CaCl2 (pH = 4.0), and 20 mg L−1 P
and 10 mM CaCl2 (pH = 8.0) were investigated via X-ray
photoelectron spectroscopy (XPS) (ESCALAB 250Xi, Thermo
Scientific) and XRD (Ultima IV, Rigaku), respectively.

Model and Calculation. Transport Model. As the
column, sand, and filling methods are consistent with those
in the previous studies, the hydraulic characteristics of the
column are cited directly instead of being monitored by a
conservative tracer.4 The transport data was simulated using
the colloid transport model, which included two-site kinetic
retention to quantify the particle transport and retention in the
column experiments.50,51 A convective-dispersive equation
(CDE) was employed to describe the P transport. The details
of the colloid transport and CDE models are illustrated in
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Supporting Information, S4 and S5. As a supplement, the
particle size variations and molecular dynamics were
investigated to study the homoaggregation of FHC and
heteroaggregation between FHC and some reaction product,
which may influence transport.40

DLVO Theory. The representative DLVO theory was used to
calculate the total colloid−sand interaction energy by
incorporating the Lifshitz−Van der Waals interactions to the
EDL interactions.52,53 The details of the DLVO theory and
operative equations are presented in Supporting Information,
S6. As the difference in colloidal particle size significantly
affects the Van der Waals and electrostatic forces between
colloid and sand, the particle size after adding the ions was
used in calculations. In some cases, partial particle sizes were
large owing to a low absolute value of ζ potential.
CD-MUSIC Model. Surface complexation on FHC was

calculated using the CD-MUSIC model operated by ECOSAT
software. The total concentrations of the added components
and the measured pH were used as inputs in the model
calculation, and the simulated P and Ca concentrations in the
solution were compared with those measured. The details of
the CD-MUSIC model and model parameters (Supporting
Information, Table S3) are presented in Supporting
Information S7.
DFT Calculation. For the simulations of different surface

species formed after P adsorption onto the FHC based on the
CD-MUSIC model, DFT calculations were performed using a
Gaussian 16 software package.54 The ESP was obtained using
Visual Molecular Dynamics based on the output from the
Multiwfn program.55 The details of the DFT calculations are
presented in Supporting Information, S8.
Molecular Dynamics Simulation. All the all-atom molec-

ular dynamics (MD) simulations were based on a gromos54a7
force field56 by Automated Topology Builder (ATB)57 and
were carried out using the Gromacs-2020.6 software package.58

The details of the MD simulations are presented in Supporting
Information, S9.

■ RESULTS AND DISCUSSION
Effect of P on FHC Transport. The observed and

simulated results of FHC transport in sand columns and the
DLVO energies between FHC and sand in the absence and
presence of P are illustrated in Figure 1, Supporting
Information, Figure S3 and Table S4. The normalized effluent
concentrations of individual FHC were relatively low or
moderate under all pH conditions (effluent recovery within
23.9−66.2%) (Figure 1a and Supporting Information, Table
S4), which is similar to the results of our previous study.4 The
transport of FHC stabilized or decreased in the presence of P
at low concentrations (0.2−0.5 mg L−1), in which a decrease
was more evident at pH 8.0, indicated by the meager recovery
in the effluents (≤1.0%) (Figure 1c,e and Supporting
Information, Table S4). The low amount of P decreased the
positive potential of FHC to a value approaching 0, promoting
homoaggregation, and thus decreased FHC transport.4,8 The
deposition of FHC yields hyperexponential retention profiles
(Figure 1b,d,f,h,j,l) featuring a significant depth dependency.50

The P-facilitated transport of FHC gradually emerged at pH
6.0 and 8.0 with increasing P concentrations (1−20 mg L−1)
and was indicated by the highest recovery rate in the effluents
approaching 100% (Figure 1g,i,e and Supporting Information,
Table S4). Phosphorus can be adsorbed by FHC owing to the
reaction with the hydroxyl group;46 thus, introducing a
negative charge and sufficient P dramatically changed their ζ
potentials to negative values on the surface of the FHC
(Supporting Information, Table S2). Accordingly, the DLVO
results showed that the primary energy barrier emerged
(107.2−301.0 kT) (Supporting Information, Figure S3 and
Table S4) and maintained the transport of FHC, except at pH
4.0. At a low pH, although the primary energy barrier is 175.5
kT in the presence of 20 mg L−1 P (Supporting Information,
Table S4), the large particle size of FHC and low negative
potential of sand were conducive to coagulation, filtration,
straining, and deposition and thus, the large FHC was mostly
retarded in the column.4,5,7,8,49 The retention of FHC at pH
4.0 mainly occurred in reversible sites, corresponding to high

Figure 1. Breakthrough curves (BTCs) (a,c,e,g,i,k) and retention profiles (RPs) (b,d,f,h,j,l) of FHC in columns with different P concentrations (0−
20 mg L−1) at different pH. In the illustrated BTCs, symbols and solid lines indicate the observed data and simulation fitting, respectively. Data was
not fitted with the FHC recovery (<10%) in the effluent. The FHC RPs were plotted as colloid retention per gram of dry sand as a function of
distance from the column inlet. When FHC recovery in the effluent was higher than 95%, colloid retention in the column was not measured.
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k1a and low k2a values (Supporting Information, Table S4). The
values of k1d/k1a increased at pH 6.0 and 8.0 with increasing P
concentrations, in which the values were proximate to or up to
1 in the presence of P at high concentrations (5 and 20 mg
L−1) (Supporting Information, Table S4), indicating that the
high concentrations of P caused the reversible deposition of
FHC to detach from the collector.59 The change in the values
of k1d/k1a and corresponding transport characteristics were
similar to the data observed in dissolved organic matter,
leading to the reduced deposition of other nanoparticles or
colloids.5,60−63

Retardation Effect of Ca on P-FHC Transport. The
breakthrough curves (BTCs) for the transport of FHC in the
presence of P and Ca are illustrated in Figure 2, and the
simulated results and DLVO energies are depicted in
Supporting Information, Table S4 and Figure S4. At pH 4.0,
considering the original low mobility of P-FHC, Ca further
retarded their transport, and FHC was almost entirely
deposited in the columns (92.9−99.6%) (Supporting In-
formation, Table S4) regardless of the P and Ca concen-
trations. Similarly, the transport of FHC was retarded at
neutral and alkaline pH, and the transport decreased (effluent
recoveries decreased from 98.9−102.5% to 2.3−2.6%) with
increasing Ca concentration (Figure 2 and Supporting
Information, Table S4). Owing to the influence of divalent
Ca ions on the ionic strength (IS) increment, the primary
energy barriers under 10 mM Ca at pH 4.0 and 6.0 were
considerably lower than those without Ca (Supporting
Information, Figures S3 and S4 and Table S4). A much
lower concentration of Ca2+ in the influent solution was
required to yield a reduction in colloid transport than
monovalent cations.64

Under the condition of 5 mg L−1 P at pH 6.0, when the Ca
concentration increased from 0.1 to 1 mM, although the
primary energy barriers slightly decreased from 168.1 to 158.9
kt (Supporting Information, Figure S4 and Table S4), FHC
transport decreased dramatically, suggesting the presence of
non-DLVO interactions. Moreover, the coexistence of P and

Ca (1 and 10 mM) retarded FHC transport more significantly
than Ca alone with corresponding concentrations at pH 4.0
and 6.0 (Figure 2 and Supporting Information, Figure S5).
After P adsorption onto the FHC, the negative surface charge
increased the affinity of the P-FHC for Ca, and two anion-
bridged ternary complexes [�(FeO)2PO2Ca and �FeO-
PO3Ca] were formed.34 The adsorption of Ca onto the P-FHC
was inevitably embedded with a positive charge on the
otherwise negatively charged surface, thereby increasing the
heterogeneity of the FHC surface, which retarded FHC
transport.
In the presence of P and Ca, the transport of FHC at pH 8.0

was retarded more significantly than that at pH 6.0 (Figure 2).
For Ca concentrations ≥1 mM, FHC was resistant to transport
out of the column (effluent recoveries: 0−17.8%) (Supporting
Information, Table S4). The primary energy barriers at pH 8.0
decreased significantly compared with those without Ca
(Supporting Information, Figures S3 and S4 and Table S4).
In addition to the change in charge and heterogeneity, the
reaction between phosphate and Ca contributes to the
retardation at pH 8.0, and their coexistence at high pH yields
calcium phosphate precipitates.31,37 On the one hand, the
precipitation reaction consumed P, which reduced the negative
charge of the system; on the other hand, the generation of
calcium phosphate precipitates increased the heteroaggregation
with FHC.6 Notably, these conditions were conducive to FHC
deposition in the columns. Although the sand caused
interference owing to its high silicon and oxygen content,
randomly selected SEM−EDS points detected Ca signals
under the cotransport of FHC, P, and Ca (Supporting
Information, Figure S6). According to the DLVO theory,
under the unfavorable attachment condition, large particles
received strong electrostatic repulsion and thus readily
transported out the columns (Supporting Information, Figure
S7). However, owing to straining,65 influent FHC with a large
particle size (20 mg L−1 P−1 mM Ca pH 8.0, 1363.3 nm,
Supporting Information, Table S2) was intercepted, and only
the FHC with a small particle size (589.4−821.5 nm) in the

Figure 2. BTCs (a,c,e,g,i and k) and RPs (b,d,f,h,j and l) of FHC in columns with different P (5 and 20 mg L−1) and CaCl2 (0.1, 1, and 10 mM)
concentrations at different pH. In the illustrated BTCs, symbols and solid lines indicate the observed data and simulation fitting, respectively. Data
was not fitted with the FHC recovery (<10%) in the effluent. The FHC RPs were plotted as colloid retention per gram of dry sand as a function of
distance from the column inlet. When FHC recovery in the effluent was higher than 95%, colloid retention in the column was not measured.
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effluent were detected (Supporting Information, Figure S7).
The retardation factor increased by an order of magnitude,
indicating that precipitation and codeposition caused P
retention (Supporting Information, Figure S8 and Table S5).
Moreover, the P retention was positively correlated with FHC
retention, and the pH and Ca concentration determined the
slope of this correlation (Supporting Information, Figure S9).
In addition, the contribution of Ca concentrations to P
retention at pH 8.0 was relatively weak, as demonstrated by the
similarity of the slopes (0.739 for the 1 mM Ca system, and
0.669 for the 10 mM Ca system) (Supporting Information,
Figure S9). The intricate cotransport and codeposition
suggested interactions between the P, Ca, and pH, influencing
the FHC transport.

Adsorption and Speciation of P and Ca on FHC. The
microinterface mechanism of P and Ca loading onto the
surface of FHC was investigated via adsorption experiments.
The P and Ca adsorption envelopes at different pH values,
CD-MUSIC model fitting results, and surface speciation of
adsorbed ions are depicted in Figure 3. The adsorption
quantity decreased with increasing pH, and similar observa-
tions have been reported in previous studies.44,46 However, in
the presence of Ca, the P concentration in the solution sharply
decreased with increasing pH, at an initial pH of 6.7 and 5.8 in

1 (decreased from 76 to 16%) and 10 (decreased from 53 to
1%) mM Ca systems, respectively (Figure 3a). Similarly, the
concentration of Ca exhibited a decreasing trend in the 1 mM
Ca system; however, it decreased slightly (up to ∼1.25 mM) in
the 10 mM Ca system owing to its excess amount (Figure 3b).
The decreasing tendency of P and Ca in the solution at
relatively high pH indicates the formation of P and Ca
precipitates.31,66 The calcium phosphate precipitates, i.e.,
Ca2PO4(OH)·2H2O and Ca5(PO4)3OH with solubility prod-
ucts (logKso) of −18.9 and −53.3, respectively, were
considered in the model calculation. The modeling results
indicated that the less soluble Ca5(PO4)3OH was formed in
the P and Ca coexistence systems (Figure 3c).
For individual P adsorption, monodentate and bidentate P

surface complexes coexisted, and protonation likely occurred at
low pH (Figure 3d). The presence of Ca increased P
adsorption on FHC, which is attributed to the electrostatic
synergy between PO4

3− and Ca2+ at a relatively high pH.67

Furthermore, Ca decreased the bidentate P surface complexes
(B, BH) owing to the formation of ternary complexes (Figure
3e,f), the dominant bidentate ternary complex (BPCa), and the
negligible monodentate ternary complex (MPCa) (Figure
3g,h). Moreover, the proportion of Ca directly adsorbed to
FHC (BCa) was extremely low (Figure 3g,h). Minor

Figure 3. Adsorption envelopes of P (a) and Ca (b) onto FHC in the corresponding single- and binary-ion systems: the symbols represent
experimental data, and the lines indicate CD-MUSIC model calculations. The amount of the pH-dependent formation of Ca5(PO4)3OH precipitate
(CD-MUSIC model calculation) (c). pH-dependent surface speciation of P (d,e,f) and Ca (g,h) in the corresponding single- and binary-ion
systems. For P: MH = monodentate protonated; MH2 = monodentate doubly protonated; B = bidentate; and BH = bidentate protonated. For Ca:
BCa = bidentate Ca at the low- and high-affinity sites. For the ternary species: MPCa = ternary complex with monodentate P−Ca; BPCa = ternary
complex with bidentate P−Ca.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c09670
Environ. Sci. Technol. 2023, 57, 4219−4230

4223

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c09670/suppl_file/es2c09670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c09670/suppl_file/es2c09670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c09670/suppl_file/es2c09670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c09670/suppl_file/es2c09670_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c09670?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c09670?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c09670?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c09670?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c09670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


differences were observed in the speciation of monodentate P
(MH and MH2) in the absence and presence of Ca.34

The XRD and XPS results affirmed the speciation of the
elements derived from adsorption modeling, especially
precipitation formation. Although other peaks were over-
spread, XRD spectra of 2-line FH were observed in all samples
(approximately 35° and 62°)68 (Supporting Information,
Figure S10a). Ca5(PO4)3OH was present in the solid phase
in the presence of Ca at pH 8.0, corresponding to the standard
spectrum (PDF 89-4405),69 and extremely trace amounts of
Ca5(PO4)3OH were detected at pH 4.0 (Supporting
Information, Figure S10a). This supported the formation of
precipitation of this mineral predicted in the CD-MUSIC
modeling. Moreover, the XPS spectrum results demonstrated
that different amounts of P and Ca were loaded onto FHC
(Supporting Information, Figure S10a), and the ratio of Fe, P,
and Ca calculated in the CD-MUSIC modeling was similar to
that from the XPS results (Supporting Information, Table S6).
When P and Ca coexisted at a high pH, the Ca 2p peaks were
extremely high and smooth (Supporting Information, Figure
S10i), implying that the reaction between Ca and P results in
the formation of Ca5(PO4)3OH precipitation. A blue shift was
observed under 20 mg L−1 P at pH 8.0 and 20 mg L−1 P−10
mM CaCl2 at pH 4.0 (Supporting Information, Figure S10d,g),
suggesting that P formed stable inner sphere complexes28

rather than precipitation. Notably, an apparent increase in the
relative intensity of the Ca5(PO4)3OH, P−O, and O−P(O−H)
peaks was observed, which arose from the lack of Ca
participation at high pH. This result suggested that the CD-
MUSIC model results were accurate.

Effect of Adsorption of P and Ca on FHC Transport.
Although the time required for adsorption experiments (3 days
for achieving complete equilibrium) was greater than that

required for transport experiments (approximately 2 h),
considering that P adsorption reactions are fast processes
occurring within a few minutes, the results of adsorption
modeling could sufficiently explain the transport experiment.70

Notably, the surface potentials of P- and P/Ca-loaded FHC
changed. Conceptually, all atoms were located in the inner
Stern layer region (0- and 1-plane) after P adsorption,34,71

causing a constant negative potential (−115.7 to −167.4 mV)
of the 1-plane at different pH (Figure 4b). Moreover, at
different pH values, the potential of the 0-plane decreased
compared with that of clean FHC owing to the formation of
the P complex (Figure 4a,b). Although the phosphate radical
did not physically enter the outer Stern layer region (2-plane),
the potential of the 2-plane was negative (−100.8 to −131.5
mV), suggesting that P adsorption caused potential changes
featuring spatial expansibility. Moreover, because part of the
ternary complex might physically enter the 2-plane,34 the
positive charges existed on the 2-plane (Figure 4b). In the 10
mM Ca system, a certain amount of BPCa (Figure 3h)
neutralized part of the negative charge at the 1-plane, which
was generated by P adsorption, especially at high pH (Figure
4b). Overall, sufficient P adsorption decreased the Stern plane
potentials of FHC to a negative value, and the formation of
BPCa subsequently rendered it positive. The absolute values of
the Stern layer potentials remained higher than those of the ζ
potentials (Figure 4b), which is consistent with the rule that
the potential decreases with distance from the colloids.
However, overall, the potential changes in the EDL were
regulated via the adsorption of P and Ca, which further
controlled FHC transport.
Owing to adsorption, the IS of the solution decreased

compared to that of the pristine solution (Figure 4c), which is
favorable for FHC transport. However, divalent Ca ions

Figure 4. pH-dependent Stern plane potentials (0-plane, 1-plane, and 2-plane) of FHC (a) in single ion (P) and binary ion (P and Ca) systems (b)
and ionic strength (c) in the corresponding systems (CD-MUSIC model calculation), and ζ potential (measurement) of FHC in the corresponding
systems (a,b). Aggregation profiles of FHC (d).
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contribute greatly to the IS; thus, in the 10 mM Ca system, the
IS dominated the retardation of FHC transport by promoting
deposition and homo(hetero)aggregation (Figure 4d). The
types of aggregation may divide by ∼ pH 6.0, with
homoaggregation between the P/Ca-loaded FHC predominat-
ing at low pH and heteroaggregation predominating between
the P/Ca-loaded FHC and generated Ca5(PO4)3OH at high
pH. Homo(hetero)aggregation affected FHC attachment onto
the collector.40 Consequently, FHC barely transported out of
the column (Figure 2k), regardless of aggregate types. In the 1
mM Ca system, although the IS decreased at high pH values
(Figure 4c), FHC transport slightly improved compared to
that in the 10 mM Ca system. This further confirmed that the
formation of Ca5(PO4)3OH featured a positive charge
(Supporting Information, Figure S11) and promoted hetero-
aggregation (Figure 4d), especially at alkaline pH. The
bridging effect of Ca and P may enhance homo(hetero)-
aggregation. This caused straining of FHC in the columns,
further leading to a decrease in the particle size in the effluent
(Supporting Information, Figure S7).

Furthermore, CD-MUSIC model calculations were con-
ducted for other transport experimental conditions, which were
not performed in the adsorption experiment, and the results
are illustrated in Supporting Information, S18. Although no
inverse iteration was performed on the adsorption exper-
imental data, the CD-MUSIC model calculations agreed with
the inverse results based on adsorption experiments (Figures 3,
4 and Supporting Information, S12−S15). For P concen-
trations greater than 1 mg L−1, the Stern potentials of the 1-
plane and 2-plane were negative at pH > 5.0 (Supporting
Information, Figure S13c,d). This corresponded well with the
characteristics of ζ potential (Supporting Information, Table
S2) and the negative potential promoted transport (Figure
1g,i) at these P concentrations. Ca increased the Stern
potential of the 2-plane to positive values (Supporting
Information, Figure S13e−h), directly affecting the ζ potential,
which is a defining characteristic of transport. Although the
changes in IS caused via adsorption were moderate
(Supporting Information, Figure S14), radical alteration in
the FHC transport was limited. Notably, the primary
speciation of adsorbed P and Ca (Supporting Information,

Figure 5. ESP-mapped molecular Van der Waals surface of different speciation of adsorbed P and Ca (a−e). MD simulations of B−Ca5(PO4)3OH,
B−BPCa, and BPCa−Ca5(PO4)3OH (f−h). The green, red, white, and violet spheres represent Fe, O, H, and Ca, respectively. Ball-stick and Van
der Waals ball represent atoms in ESP and MD simulations, respectively. The surface local minima and maxima of ESP related to phosphate
radicals and Ca are represented as dark blue and orange spheres, respectively. ESP indicates the electrostatic potential of the macromolecule,
wherein red and blue are the positive and negative areas, respectively. Key atomic distances and unbonded atoms with the FH (characteristics of the
electrostatic potential of atoms are shown in Supporting Information, Table S7) have been marked.
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Figure S15) and the difference in potential changes in EDL
and transport should be detailed further.

Effect of P Speciation on Electrostatic Potential
Profiles and Aggregation of FHC. Although changes in ζ
and Stern potentials after P adsorption were well defined, the
electrostatic potential profiles affected by speciations of
adsorbed P required further investigation. Moreover, in the
CD-MUSIC model, both charge and potential are assumed to
be uniformly distributed, which is inconsistent with the real
situation. Based on the CD-MUSIC model results, we
performed DFT calculations for five major species of adsorbed
P and Ca (MH, MH2, B, BH, and BPCa), and their ESP. The
ESP-mapped Van der Waals surface and the surface extrema of
different speciations of adsorbed P and Ca are depicted in
Figure 5. Owing to the instability of the FH crystal, in some
clusters, chemical bonds on FH were broken (Figure 5b,d).
Therein, the MH2 species was an outer−sphere complex,
similar to the results of the previous DFT calculations.28 The
important Fe−O, Fe−P, and Fe−Ca distances were in the
ranges of 1.90−2.13, 2.95−4.16, and 6.37 Å (Figure 5),
respectively, which are similar to those obtained via other DFT
calculations and synchrotron radiation experimental re-
sults.34,35,72

The local regional electrostatic potential areas of unbonded
H, O, and Ca atoms with the FH cluster are listed in
Supporting Information, Table S7. After P and Ca adsorption,
the surface electrical properties of the interface of the P-(P/Ca-
)related part in the FH cluster were mainly altered, whereas the
changes in other parts calculated were not considered for the
study of the colloid transport. Therefore, we solely focused on
the P-(P/Ca-)related part. Phosphate possesses O atoms as
well as negative charges. The coordinate and protonated O
occupies their octet group, whereas the unprotonated O is
highly electronegative. Accordingly, the atomic orbitals (ex-
pressed as electron probability density or wave functions) of
this unprotonated oxygen in the P−FH cluster participate in
the molecular orbitals and adjust their electronegativity.73

According to the ESP results of different clusters obtained via
wave function analysis, the extreme point potential affected by
H, O, and Ca (P-(P/Ca-)related part) was −65.95 to 281.56
kcal mol−1 (Figure 5). In the B species, the extreme point
potentials were minimum values (−65.95 and −42.64 kcal
mol−1) and all areas of the local Van der Waals surface of
unbonded O exhibited negative electrostatic potential (Figure
5c and Supporting Information, Table S7). Once the O was
protonated, maxima appeared and their absolute values were
higher than nearby minima (Figure 5). However, overall, the
area of negative electrostatic potential (ANEP, 51.9−68.8%)
was wider than the area of positive electrostatic potential
(APEP, 31.2−48.1%) in the protonated species, and the
unprotonated O contributed greatly to the ANEP (Supporting
Information, Table S7). Although protonation decreased the
electronegativity of the P-related part, the negative potential
still had the advantage on the distribution area. The presence
of Ca dramatically changed the potential of the prominent part,
and the positive potential (59.2%) was dominant (Figure 5e
and Supporting Information, Table S7).
In the absence of Ca, the distance between the outermost

atom of phosphate radical and the surface of the FH cluster (O
atom) was 2.56−4.95 Å. Most of the atoms of phosphate
radical were within the 1-plane in the Stern layer (4.0 Å)
defined by the CD-MUSIC model. The larger electronegativity
generated by unprotonated bidentate P adsorption was more

favorable for positively charged Ca loading. The Ca−O
distance was 4.62 Å within a 2-plane in the Stern layer
(4.0−8.0 Å). Previous quantum chemistry-related studies
reported that P and Ca co-adsorption on FHC surfaces
formed a cluster configuration of the inner-layer P and outer-
layer Ca.34 Thus, the positively charged Ca ions shielded the
negative charges generated via P adsorption. Although the
outer-layer Ca exhibited a strong positive potential, the O of
the inner-layer phosphate radical still showed a negative
potential (Figure 5e and Supporting Information, Table S7).
The CD-MUSIC model results confirmed this inference,
shown in this study and previous studies.34

We selected the P species of B with the highest
electronegativity, BPCa with the highest electropositivity, and
Ca5(PO4)3OH crystal for MD simulations to study their
aggregation. At the end of the simulations, most of the
molecular clusters aggregated, and many small aggregates were
present in the final configuration. Theoretical calculations
evaluating the binding energies between them were presented
in the order of B−Ca5(PO4)3OH (−118.2 ± 1.0 kJ mol−1) <
B−BPCa (−129.4 ± 0.7 kJ mol−1) < BPCa−Ca5(PO4)3OH
(−137.1 ± 0.9 kJ mol−1), which were equivalent to −47.75,
−52.28, and −55.38 kT, respectively. These stable P species
confirmed by the DFT and CD-MUSIC models could
aggregate easily. Although these attractive interactions were
much shallower than primary minimum interactions, their
magnitudes are comparable to primary minimum interactions
when charge heterogeneities are considered.74 The binding
energy between the negatively charged B and positively
charged BPCa was lower than that between BPCa and
Ca5(PO4)3OH, suggesting that the non-DLVO interactions
were more significant than the electrostatic interaction.
Moreover, in the presence of calcium and at high pH,
heteroaggregation had a strong influence on FHC transport.
Because binding energies between molecular clusters were
much higher than the second minimum energy, once colloids
deposited on the predeposited Ca5(PO4)3OH or BPCa, the
non-DLVO interactions might help colloids resist the flow
shear force. These non-DLVO interactions were preferentially
associated with pH-dependent speciation of P adsorption and
reaction product, which were calculated using the DFT and
CD-MUSIC models.
Although scale differences existed between quantum

chemistry and surface complexation models, the results
showing a negative potential in the Stern layer were consistent.
Moreover, the quantum chemistry results further illustrated the
effect of different P complexation on the potential change in
the system. The correlation between the ANEP-APEP and
charge distribution of surface species in the outermost charged
plane (Supporting Information, Table S3) (R2 = 0.744)
(Supporting Information, Figure S16), implied that the DFT
results were in agreement with the input parameters of CD-
MUSIC model and confirmed that different adsorption
structures led to different charged properties. In the CD-
MUSIC model, the Stern potential of the 2-plane (Figures 4b
and Supporting Information, Figure S13) was calculated based
on the model results of surface species (Figures 3d−h and
Supporting Information, Figure S15) and the charge
distribution of surface species (Supporting Information,
Table S3), considering the capacitance between planes
(Supporting Information, S7).75,76 Moreover, the positive
correlations between ζ potential and Stern potential of the 2-
plane (Supporting Information, Figure S17) suggested that the
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measurements and the results of the CD-MUSIC model
matched well. The negative potential owing to P adsorption
dropped somewhat linearly in the Stern layer (from 1-plane to
2-plane) and thereafter exponentially through the diffuse layer,
approaching a zero value at the imaginary boundary of the
EDL.77 The positive correlations between ζ potential and
Stern potential of the 2-plane in the single P systems seemed
not to be affected by pH or P concentrations. However, quite
remarkably, the exact position of the EDL is uncertain.78 The
charge screening induced by high P concentrations changed
the EDL location and decreased prediction accuracy. More-
over, the results of a previous study suggested that under a high
P loading, the particles generated a higher negative charge in
the CD-MUSIC model results than the measured values.78

This may indicate that the Stern potentials from the CD-
MUSIC model were much higher than the measured ζ
potentials in the present study. Overall, pH and P
concentrations modulated the original P speciation and their
ratios, further regulating Stern and ζ potentials, which
eventually had substantial impacts on FHC transport.
The magnitude of the ζ potential of the colloids is also

related to the thickness of the EDL, which is regulated via the
IS. In the presence of Ca, the positive correlations between ζ
potential and Stern potential of the 2-plane got progressively
worse with increasing pH (Supporting Information, Figure
S17e−h). On the one hand, this was affected by the IS of Ca;
conversely, although the CD-MUSIC model was unable to
calculate the potential contribution of generated
Ca5(PO4)3OH, according to the MD simulation, heteroag-
gregation of BPCa−Ca5(PO4)3OH and their deposition may
lead to the substantial underestimation of the positive potential
of measured values. Therefore, the correlations between
measured values and model results were interfered, especially
at high pH. The effect of electronegativity shielding,
compression of the EDL, and precipitation at neutral and
alkaline pH retarded FHC transport. The adsorption of P and
Ca onto FHC and colloid transport were elucidated by DFT
calculation, CD-MUSIC model, MD simulation, DLVO
theory, and colloid transport model. In the natural environ-
ment, the NOM is present in abundance; thus, FHC is more
likely to interact with NOM. The influence of NOM is equally
important in the porous medium, which must be considered.

■ ENVIRONMENTAL IMPLICATIONS
Iron minerals, such as FH, are among the most active
components in soil, and the activity of FHC with a strong
transport ability is relatively prominent. Moreover, P is an
important fertilizer abundant in agricultural soils, and Ca is
present in high concentrations in the soil. Our findings
highlighted the significant environmental implications of P and
Ca in soils containing FHC. A previous study confirmed the
close relationship between amorphous Fe colloids and P.25

After conventionally applying P fertilizer in agricultural
production, the P concentration in the soil pore water can
be as high as 4−6 mg L−1.19 The concentration of dissolved
reactive P approached 10.1−31.2 mg L−1 in grassland and
forest soils.79 In this case, abundant P in soils might cause the
cotransport of P and FHC through the soil profile to
groundwater. Previous studies have reported nanoparticle- or
colloid-facilitated transport of contaminants,42,80−84 including
P;25,85 however, in this study, P, as an oxyanion contaminant,
facilitated the transport of colloids following inner-sphere
adsorption. Conceptually, the role of P changed from a

passenger to a driver in the transport. Additionally, under
certain conditions, the carrier could adsorb other contami-
nants, leading to P-facilitated cotransport of multiple
contaminants. A similar phenomenon was observed in a
study on contaminants loaded with fine particle fractions of
sediments in a river delta front estuary; reportedly, a positive
correlation was observed between P and heavy metals, with r2
values of 0.990 and 0.992 for As and Cd, respectively.85 The
hydrodynamics promoted the cotransport of contaminants via
fine particles in the river, and the vadose and baseflow in the
soil and aquifer may have achieved a similar result. In this
study, Ca retarded the transport of P−FHC owing to the
increase in IS, formation of a ternary complex with bidentate P,
and precipitation of Ca5(PO4)3OH; this retardation is likely to
occur in calcareous soils. However, P-facilitated cotransport of
multiple contaminants in low-Ca soils is of concern.
Furthermore, other oxygen-containing anions, such as arsenate,
chromate, and dichromate, are likely to exhibit similar abilities,
thereby warranting further research and attention.
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