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ABSTRACT: Humic acid (HA) enhances colloidal transport in porous media,
yet the mechanisms by which the HA adsorption conformation affects colloid
transport remain unclear. This study investigated the influence of HA on the
transport of petroleum-hydrocarbon-contaminated soil colloids (TPHs-SC) in
saturated sand columns. The presence of TPHs on the colloidal surface
occupied adsorption sites, hindering HA from forming a horizontal adsorption
conformation, as observed on uncontaminated soil colloids (SC). Instead, a
vertical adsorption conformation was formed, reducing the overall adsorption of
HA. Vertically adsorbed HA increased the colloidal diffuse double-layer
potential and extended the Derjaguin−Landau−Verwey−Overbeek energies
between colloids and water-bearing media. This was evidenced by higher ζ
potentials (−28.5 to −34.0 mV) and enhanced TPHs-SC transport compared to
SC (ζ potentials ranging from −25.2 to −29.5 mV) in the presence of HA,
particularly under alkaline conditions. Additionally, weak van der Waals and
electrostatic interactions between TPHs near colloidal surfaces and free HA/TPHs formed a zonal distribution, facilitating the
cotransport of colloids with TPHs. These findings underscore the significance of the HA adsorption conformation in TPHs-SC
transport and provide insights into the critical mechanisms from an environmental structural chemistry perspective.
KEYWORDS: humic acid, soil colloids, total petroleum hydrocarbons, transport, environmental structural chemistry

■ INTRODUCTION
Petroleum extraction, storage, transportation, and petrochem-
ical industrial processes contaminate soil and groundwater with
petroleum hydrocarbons.1 Total petroleum hydrocarbons
(TPHs) comprise chemicals such as benzene, toluene,
ethylbenzene, xylene, long-chain alkanes/alkenes, and poly-
cyclic aromatic hydrocarbons,2 which can cause cancer and
birth defects, posing a direct threat to human health.3,4

Remediation of TPH-contaminated soil is challenging, leading
to long-lasting damage.5

Soil colloids (SC) are extremely fine soil particles, including
clay minerals, metal oxides, and organic macromolecules, with
sizes ranging from 1 to 1000 nm. SC present in natural porous
media can aid the movement of pollutants by adsorption.6

While numerous studies have examined the transport of SC7−9

and their cotransport with contaminants,10−13 research on the
transport of SC with TPHs is limited. Hydrophobic TPHs
adsorb onto the SC, altering their surface properties and
transportation. When SC-carrying TPHs transport through the
vadose zone to aquifers, they pose a significant groundwater
contamination risk. Although previous studies have reported
experimental and theoretical developments on the cotransport
of colloid-contaminant and colloid−colloid interaction,14−20

the cotransport of soil organic matter, organic contaminants,
and soil colloids has not been studied thoroughly.
The structure of organo-mineral associations in soils is

described by the “zonal model”, which suggests that soil
organic matter (SOM) attaches to mineral surfaces in a specific
sequence of contact, hydrophobic, and kinetic zones.21,22

According to this model, the polar functional groups of organic
compounds (including SOM and organic contaminants)
interact with soil mineral hydroxyl groups via ligand exchange,
exposing the hydrophilic portions of the molecule to the
aqueous phase.22 Additionally, other organic molecules may
interact via weak intermolecular interactions with the hydro-
philic portions of the hydrophobic zone, forming an outer
region.22 In TPH-contaminated soil, TPHs with complex
compositions preferentially occupy the contact and hydro-
phobic zones, forming a hydrophobic layer23 that alters SC
transport.
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Humic acid (HA) plays a crucial role in promoting colloids
transport by imparting a negative charge to colloids.24−28 HA
readily attaches to the SC surface, significantly altering surface
chemistry and retention-repulsion properties in pore media by
introducing negative charges.7 For TPH-contaminated SC
(TPHs-SC), HA adsorption can modify the distribution of
TPH molecules on the colloidal surface. However, the loading
behavior of HA may vary under TPH interference due to site
occupation and weak interactions between TPHs and HA. The
adsorption configurations of TPHs and HA on colloids
ultimately control their transport mechanisms.
Petroleum hydrocarbons, primarily composed of hydrogen

and carbon derived from crude oil, may include compounds
such as hexane, mineral oils, benzene, toluene, xylenes,
naphthalene, and fluorene.29−33 Due to the complexity of
TPH composition, the adsorption configurations of TPHs and
HA are inherently intricate. HA’s capacity to enhance colloidal
transport stems from its negative charge. Different adsorption
configurations of HA result in varying modifications of surface
properties. In this context, HA binds to the TPHs-SC surface
in multiple orientations, thereby influencing the colloidal
transport.
Recent advancements in quantum chemical calculations,

first-principle calculations, molecular dynamics simulations,
and ligand and charge distribution (LCD) models have
significantly advanced the study of intermolecular structure
calculations,26 weak interactions,34 changes in electrostatic
potential profiles,35 and colloidal aggregation and deposi-
tion.36,37 Furthermore, these36,37 calculations and simulations
have elucidated the micro interface mechanisms governing
colloid transport.26,36−38 For example, the interactions between
organic molecules and colloids26 and the coordination modes
of pollutants on colloid surfaces36 can affect colloid transport.
However, the impact of these factors on the surface potential
of TPHs-SC and their transport, particularly when various
organic compounds, such as TPHs and HA are present on
colloid surfaces, remains unclear.
This study investigated the influence of HA on the transport

of TPH-contaminated SC in porous media. Interfacial
interactions among SC, TPHs, and HA were characterized
by using aggregation and column experiments, transport
simulations, extended Derjaguin−Landau−Verwey−Overbeek
(XDLVO) theory, quantum chemical calculations, first-
principle calculations, molecular dynamics simulations, and
LCD models. The findings of this research contribute to a
deeper understanding of the transport mechanisms of organic-
contaminated SC.

■ MATERIAL AND METHOD
Preparation of SC. Soil samples were collected from the

Binhai New District of Tianjin City, China, at coordinates
117°29′14.4″E, 38°48′52.9″N. Since the sampling site was
near an oil mining area, the soil contained trace amounts of
TPHs. Crude oil was supplied by the Oil Corporation. To
prepare TPH-contaminated soil, 30 g of crude oil was added to
500 g of soil, which was then aged for one month. Both soil
types were freeze-dried, ground, and passed through a 0.074
mm nylon sieve to remove large particles and ensure the
mobility of the soil colloids. Details and results of the HA
adsorption experiments conducted on the soil are provided in
Supporting Information (SI) S1. However, due to interference
from a significant amount of desorbed TPHs with the total

organic carbon (TOC) determination, the HA adsorption
experiment on TPH-contaminated soil was unsuccessful.
SC suspensions were prepared by adding 2.5 g of soil sample

to 500 mL of Milli-Q water, followed by homogenization
through stirring and sonication for 60 min. After settling for 24
h, the suspension was recovered by siphoning. For the TPH-
contaminated soil, desorbed TPHs from the suspension surface
were discarded. The samples were labeled SC and TPHs-SC,
respectively. The concentration of colloid suspension was
determined by measuring the absorbance at 420 nm using a
spectrophotometer (TU1810, PGENERAL) (Figure S2),
based on linear calibration curves correlating absorbance
with standards.12,39 The total elemental concentrations of Fe,
Mn, Al, and Ca in the soil, SC, and TPHs-SC were measured
by using inductively coupled plasma optical emission
spectrometry (ICP-OES, Optima 5300DV, PerkinElmer)
after digestion (Table S2). The same samples were analyzed
for TOC using a TOC analyzer (Aurora 1030C, OI
Analytical). The TPH content and fractions in the
contaminated soil were extracted via ultrasonic and chromato-
graphic leaching methods and quantified by using the weighing
method. Additionally, clay minerals in the soil were identified
by using X-ray diffraction (XRD, SmartLab SE, Rigaku).
Infrared spectra of the TPHs, SC, and TPHs-SC were analyzed
by using a Fourier infrared spectrometer (FTIR, Nicolet iS20
Thermo, Scientific). The micromorphologies of SC were
observed with scanning electron microscopy (SEM, MIRA
LMS, and TESCAN), complemented by line scanning energy-
dispersive spectroscopy (EDS).

Aggregation Experiments. The changes in colloidal
particle sizes of SC and TPHs-SC (20 mg L−1) at varying
HA−1concentrations in NaCl or CaCl2 solutions under pH 8.5
were measured using a dynamic light scattering analyzer
(Zetasizer Nano ZS, Malvern Instruments). Hydrodynamic
diameters (Dh) were recorded every 30 s for 20 min. Samples
were measured in triplicate for each experiment.

Column Experiments. Column experiments were con-
ducted 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) and goethite (GT)-coated
quartz sand to simulate pore conditions in soil or aquifers. The
effective porosity and bulk density of the packed sand were
0.46 ± 0.03 cm3 cm−3 and 1.45 ± 0.02 g cm−3, respectively.26

After packing, the columns were preconditioned with
approximately 15 pore volumes (PVs) of 1 mM NaCl in
Milli-Q water using a peristaltic pump (BT-100 1F, Longer) in
up-flow mode.
For all column experiments, 10 PVs of colloids (SC and

TPHs-SC, 20 mg L−1) at pH 8.5 with varying ionic strength
(IS) and HA concentrations were injected into the columns,
followed by elution with 10 PVs of Milli-Q water adjusted to
the corresponding pH and IS, or pure Milli-Q water. The flow
rate was maintained at a constant Darcy velocity of 0.568 cm
min−1. The particle deposition rate in up-flow mode was
greater than that in down-flow mode.40 The experimental
conditions are summarized in Table S3. To simulate real-world
conditions, IS and HA concentrations were changed in the
experiment. Colloid concentrations in the effluent were
measured at every half PV. In select transport experiments,
the TPH concentrations (dissolved and total) in the effluent
were measured for every three PVs using an infrared oil meter
(OIL-460, CHINAINVENT) following carbon tetrachloride
extraction. The particle size and ζ potential of the colloids, as
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well as the ζ potential of the sand, were determined under
different conditions using a dynamic light scattering analyzer
with results presented in Tables S4 and S5.

Model and Calculation. Aggregation Model. The initial
aggregation rate constants (k) of colloids were proportional to
the increasing rate in Dh over time.

41 The attachment efficiency
(α) was determined as the initial rate of colloid aggregation
and normalized based on the rate of aggregation under
diffusion-limited conditions.41 The details of the colloid
aggregation models are provided in SI S6.

Transport Model. A conservative tracer can be used to
monitor the hydraulic characteristics of the columns. Since the
column, sand, and filling methods are consistent with those
used in previous studies, the hydraulic characteristics of the
column are cited from previous studies.26,42 The transport data
were simulated using the colloid transport model, which
incorporated two-site kinetic retention to quantify the
transport and retention of colloids in the column experi-
ments.43,44 The details of the colloid transport models are
provided in SI S7.

DLVO and XDLVO Theory. The Derjaguin−Landau−
Verwey−Overbeek (DLVO) and extended DLVO (XDLVO)
theories were used to calculate the total colloid-sand
interaction energy.45,46 The details of the DLVO and
XDLVO theories and the operative equations are presented
in SI S8.

Quantum Chemical Calculation. To investigate the
intricacies of TPHs-HA interactions, representatives of alkanes,
aromatic hydrocarbons, and polar TPHs were selected. The
molecular formulas of n-decane, naphthalene, naphthenic acid,
and HA are shown in Figure S14. Quantum chemistry

calculations are challenging to perform on large molecular
models; therefore, the Stevenson HA model with 160 atoms
was chosen. A range of software, including the Molclus
program,47 Gaussian 16, and Multiwfn,48 were used to
optimize the cluster configuration and calculate the interaction
energy and weak interactions. The details of the quantum
chemical calculations are presented in SI S9.

First-Principle Calculation. The calculations were based on
the density functional theory under periodic boundary
conditions, as implemented in the CP2K/Quickstep package.49

The hybrid Gaussian and plane wave method was used to treat
the ion-electron interactions.50 The vdW correction was
applied using the Grimme approach.51 Additional details of
the first-principles calculations are presented in SI S10.

Molecular Dynamic Simulation. Dynamic simulations of
TPHs and HA on Illite (001) were performed using the
GROMACS 2021 software package.52−54 A universal force
field55 was used to parametrize all the atoms of Illite, and the
OPLSS-AA force field56 was used to parametrize the TPHs and
HA molecules. The molecular dynamics (MD) simulation
were performed in an NVT ensemble with a simulation time of
50 ns. In the NVT simulations, the V-rescale thermostat
maintained a temperature of 298.15 K. Additional details of the
MD simulations are presented in SI S11.

LCD Model. The LCD model was employed to calculate the
adsorption of HA and the potential changes under different
HA adsorption conformations. The extended Stern model was
used to describe the potential structure. The LCD model
considers the spatial distribution of HA within the diffuse
double layer (DDL), including the inner layer (Stern layer)
and the outer layer (diffuse layer). The site density, as well as

Figure 1. Quantitative clay mineral analysis of soil based on X-ray diffraction (a). SEM and EDS line scanning results for SC (b). Fourier infrared
analysis of crude oil, SC, and TPHs-SC (c). Content and fraction of TPHs in TPH-contaminated soil (d).
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the inner and outer layer capacitance, were assumed to be the
same as kaolinite.57 The theory and framework of the LCD
model have been detailed in a previous study.58 For more
information about the modeling, please refer to SI S12.

■ RESULTS AND DISCUSSION
Physicochemical Properties of soil and SC. The soil

primarily consisted of quartz (41.8%), plagioclase (26.0%),
clay minerals (13.7%), potassium feldspar (8.5%), and calcite
(8.0%) (Figure S3), with a relatively high content of clay
minerals, Illite (61%) and other clay minerals, including
kaolinite, chlorite, and Illite/smectite formations (10−17%
each) (Figure 1a). SEM results revealed that the particle sizes
of SC and TPHs-SC ranged from 330 to 760 nm (Figure S4).

EDS line scanning indicated a high aluminum content in
TPHs-SC due to the abundance of Illite in the soil (Figure 1a),
suggesting that Illite is the dominant mineral in the SC.
Crude oil primarily consists of hydrocarbon compounds but

also contains a small amount of nonhydrocarbon compounds
and asphaltenes. The proportions of N and S in the crude oil
were 0.39 and 0.31%, respectively. In the infrared spectrum of
crude oil, stretching vibration absorption peaks of methyl and
methylene groups were observed at 2853 and 2954 cm−1, while
bending vibration absorption peaks of methyl and methylene
appeared at 1377 and 1457 cm−1, indicating the presence of
straight-chain alkanes and cycloalkanes. The absorption band
at 1028 cm−1 in the infrared spectrum of SC (Figure 1c)
corresponds to the in-plane Si−O stretching vibration, partly

Figure 2. Breakthrough curves of the transport of SC (a, c, e, and g) and TPHs-SC (b, d, f, and h) at an influent pH of 8.5 in the quartz sand and
GT-coated sand columns (a, b) with different concentrations of HA in the 0.02% GT-coated sand columns (c, d), different IS in the 0.02% GT-
coated sand columns (e, f), and various concentrations of HA and IS in the 0.02% GT-coated sand columns (g, h). Symbols indicate observed data
and solid lines indicate simulation fitting. Recovery rates of <5% in the effluent did not fit.
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attributed to the absorption of Illite in the SC.59 The FTIR
spectra of TPHs-SC showed notable TPH peaks (2853 and
2954 cm−1), confirming the adsorption of TPHs on TPHs-SC
(Figure 1c). In the TPH-contaminated soil, the TPH
concentration was 58.2 g kg−1, with alkane, aromatic
hydrocarbon, and polar TPHs accounting for 56.2, 32.7, and
11.1%, respectively (Figure 1d), suggesting considerable TPH
adsorption on the surface of soil particles.

Aggregation of SC and TPHs-SC. The concentrations of
SC and TPHs-SC did not affect their stability (Figure S5).
This study was conducted under a constant pH of 8.5 to
simulate the alkaline soil conditions60 in the sampling area,
which had a pH buffer in the soil solution for soil pore water
and groundwater. The change in colloidal particle size over
time was measured in solutions of NaCl (0−1000 mM) and
CaCl2 (0−600 mM) with and without the presence of humic
acid (HA), as shown in Figures S6−S9. Additionally, the
aggregation rates (k) and attachment efficiency (α) of SC and
TPHs-SC are illustrated in Figure S10. The k values for SC and
TPHs-SC increased as the ionic strength (IS) rose, surpassing
500 mM NaCl and 10 mM CaCl2 (Figure S10a,b). Below the
critical coagulation concentration (CCC), the hydrodynamic
diameter (Dh) gradually increased with electrolyte concen-
tration, indicating an increase in α (Figure S10c,d).
Furthermore, the CCCs observed in CaCl2 solutions were
consistently lower than those in NaCl solutions due to CaCl2’s
stronger compressive effect on the electrical double layer and
superior charge neutralization capabilities compared to NaCl.61

Under high concentrations of NaCl (400−1000 mM), the
average k values of SC-5 mg L−1 HA increased by 1.24 times
compared to those without HA. Similarly, the average k values
of SC-20 mg L−1 HA increased by 2.59 times compared to the
low HA concentration (Figure S10a). For TPHs-SC, the k
values increased by 1.21 and 2.08 times with an increasing HA
concentration (Figure S10a). The increase factors under high
CaCl2 conditions were 2.50 and 1.79 for SC, and 2.44 and 1.50
for TPHs-SC (Figure S10b). The increase in k values for
TPHs-SC was consistently lower than for SC. Additionally, in
the presence of HA, the CCCs of TPHs-SC (917.3−929.7 for
NaCl and 69.2−69.4 for CaCl2) were higher than those of SC
(870.2−926.2 for NaCl and 60.2−67.4 for CaCl2) (Table S6).
Illite, the main component of the SC in this study, exhibited a
relatively weak CEC and a thick double-electron layer.62

Although Illite carries a lower negative charge, it can maintain
the stability of the colloid at low IS. The adsorption of TPHs
did not change their stability, and HA improved the colloidal
stability at low IS. However, HA increased the ion-bridging
effect at high IS values.63 Combined with the k and CCC
values, the destabilizing effect of HA in the SC system was
stronger than that in the TPHs-SC system.

Transport of Colloids and TPHs. Effect of GT on the
Transport of SC and TPHs-SC. The transport of SC and
TPHs-SC in water-bearing media was examined. To clarify, the
dispersivity of colloids is size-dependent,64 and the size of the
soil colloids tends to increase (Figures S6−S9). Thus, the
dispersivity used in this study is likely underestimated. It was
found that transport decreased with increasing GT content
(from 0 to 1%), leading to a significant reduction in the
recovery rate (Figure 2a,b and Table S7). This GT-induced
retardation of colloid and nanoparticle transport has been
widely reported in previous studies.7,26 The deposition of
TPHs-SC was more evident than that of SC, indicating that
quartz sand and GT, with their amphoteric oxidation

characteristics, tended to adsorb TPHs-SC. However, the
recovery rate of SC sharply decreased (from 54.76 to 5.57%),
suggesting that SC was more sensitive to the change in the
collector from quartz to GT-coated quartz than TPHs-SC.
Retention primarily occurred at reversible sites, corresponding
to high k1a and low k2a values (Table S7).

Effect of HA on the Transport of SC and TPHs-SC. The
transport of SC and TPHs-SC was enhanced by HA, with the
enhancement becoming more pronounced as the concen-
tration of HA increased (Figure 2c,d). This was due to the
negative charge of HA after its adsorption on the
colloid.7,24,26,28,65,66 The increasing transport speed narrowed
the gap in transportation ability between SC and TPHs-SC,
leading to a decrease in the discrepancy of recovery rates from
37.59 to 7.86% (Table S7). This trend may be attributed to the
more negative potential that HA provided on TPHs-SC
(−28.5 to −34.0 mV) compared to SC (−25.2 to −29.5 mV)
(Table S4). Although SC transport remained faster than that of
TPHs-SC, the impact of HA on enhancing TPHs-SC transport
was more significant. This observation aligns with the finding
that TPHs-SC exhibited less aggregation than SC in the
presence of HA (Figure S10). The higher amount of HA
adsorbed on the colloid led to a more negative potential on the
colloid surface. However, due to TPHs occupying some
adsorption sites on TPHs-SC, it is speculated that the amount
of HA adsorbed on TPHs-SC did not exceed that on SC.
Consequently, the negative potential on TPHs-SC was higher
than that on SC, contradicting previous hypotheses.

Effect of IS on the Transport of SC and TPHs-SC. The IS
significantly impacts colloidal transport. This study observed
that the transport rates of SC and TPHs-SC were influenced by
IS conditions (Figure 2e,f). Specifically, at low monovalent
cation concentrations (20 mM NaCl), SC transport was faster
than TPHs-SC transport. However, as the IS increased to 100
mM (NaCl) or in the presence of bivalent cations (2 mM
CaCl2), the TPHs-SC transport exceeded SC transport. These
findings indicate that IS delays the transport of SC more than
TPHs-SC. These results suggest that IS has a minimal effect on
the double-electron shell compression of TPHs-SC due to
hydrophobic layer interference.

Effect of HA under the IS on the Transport of SC and
TPHs-SC. The presence of HA counteracted the retarding
effect of monovalent cations (Figure 2e−h) on the transport of
TPHs-SC, resulting in a higher recovery (44.31−89.07%)
compared to that without HA (3.84−21.43%) (Table S7). In
the presence of monovalent cations and HA, TPHs-SC
transport was faster than that of SC (Figure 2g,h). However,
the recovery of TPHs-SC was slightly lower than that of the
HA-TPHs-SC system, suggesting that HA plays a stronger role
in promoting TPHs-SC transport under specific IS conditions.
This effect is attributed to the difference in ζ potential, with
TPHs-SC having a lower average negative ζ potential (−29.8
mV) than SC (−28.1 mV) (Table S4). The different
adsorption of HA on the two colloids may explain this
discrepancy. Nevertheless, the presence of HA did not reverse
the low transport of the colloids under bivalent cation (CaCl2)
conditions (Figure 2g,h), as Ca2+ has a stronger ability to
compress the double-electron layer, leading to increased
colloid deposition by facilitating ion-bridging interactions.67

Colloidal Release due to HA and IS Reduction. The release
capacity of colloids in water-bearing media depends on the
interaction between colloids and sand as well as the
reversibility of deposition. Following the elution phase of SC
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or TPHs-SC, the columns were flushed with Milli-Q water at
pH 8.5 to promote colloid remobilization. Prominent peaks
were observed under different IS and HA conditions (Figures
S11 and S12), differing from those observed under normal
conditions. Regardless of the presence of HA, a sharp transient
peak appeared, particularly pronounced under monovalent
cation conditions. HA increased the peak to a higher height.

Cotransport of TPHs with TPHs-SC. The transport ability of
total and colloid-adsorbed TPHs under different conditions
followed the same pattern as that of TPHs-SC (Figures S13a,c,
and 2), showing strong positive correlations (R2 = 0.752, p <
0.01 and R2 = 0.771, p < 0.01, respectively) with the relative
concentration of TPHs-SC (Figure S13d,f). This observation
suggests the cotransport of TPHs with TPHs-SC. Dissolved
TPH transport was minimal in the absence of HA (Figure
S13b), indicating that HA induced dissolved TPH transport.
The concentrations of dissolved TPHs showed a weak positive
correlation (R2 = 0.403, p < 0.01) with the relative
concentration of TPHs-SC (Figure S13d). Therefore, the
possibility that colloid-adsorbed TPHs are released during
transport cannot be disregarded. Under hydrodynamic or HA
competitive adsorption, a certain proportion of TPHs can be
removed from the surface of the TPHs-SC and adsorbed onto
quartz sand surfaces, subsequently impacting TPHs-SC
transport. The release of TPHs is related to the competition

for HA on the colloidal surface. Thus, the interactions between
HA, TPHs, and colloids must be further investigated.

Interaction among HA, Typical TPHs, and Illite.
Quantum chemical calculations were conducted to further
investigate the molecular-scale interactions between HA and
the typical TPHs. The electrostatic potential of van der Waals
surfaces (ESP) of the molecules is shown in Figure S14. The
surface potential distributions (positive and negative regions)
of HA, naphthalene, and naphthenic acid were uneven, with
polar surface areas of 665.1 (65.0% of the molecular surface
area), 101.2 (58.3%), and 89.2 (38.3%) Å2, respectively.
Although n-decane is a nonpolar molecule, the binding energy
between HA and n-decane (−25.17 kcal mol−1) was stronger
than those of the HA-naphthalene (−17.12 kcal mol−1) and
HA-naphthenic acid (−20.48 kcal mol−1) systems (Figure 3a−
c). Additionally, noncovalent interactions, including prominent
attractive weak interactions, van der Waals interactions, and
prominent repulsive interactions,68 were analyzed using the
independent gradient model based on the Hirshfeld partition
(IGMH, δginter) between HA and typical TPHs (Figure 3d−f).
The chain-like n-decane was embedded in the HA molecule,
and EVdW was observed between them as the main weak
interaction (Figure 3d and S16a). The chain molecules have
large contact areas with HA, resulting in strong interactions.26

The benzene rings of naphthalene facilitated π−π interactions
in the HA-naphthalene system (Figure 3e), which constitute a

Figure 3. ESP-mapped van der Waals surfaces of HA-TPHs (a−c); ESP denotes the electrostatic potential of the molecule, wherein red and blue
are the positive and negative areas, respectively. Visualized weak interaction regions of IGMH (isolevel 0.002) with different perspectives of HA-
TPHs (d−f) and TPHs/HA-Illite (001) surfaces (g−j). The definition of IGMH does not involve electrostatic interactions. C, H, O, N, Si, and Al
are labeled using cyan, white, red, blue, dark blue, and light purple, respectively. HA molecules, TPH molecules, and Illite crystal structures use
different mage-rendering methods.
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class of noncovalent interactions,69 with van der Waals
interactions playing a central role (Figure S16b). Due to the
hydroxyl group, naphthenic acid formed an H-bond with the
oxygen on HA (Figure 3f, light blue area). This is also reflected
in the corresponding IGMH scatter plot, where blue dots
appear in the negative position of sign(λ2)ρ (Figure S16c).
Different types of TPHs interact with HA in various ways, and
it is expected that the interaction between TPHs and HA will
become more intense as the chain length, aromatic rings, and
polar groups of the TPH molecules increase.
According to the results of the first-principles calculations,

no chemical bonds were formed between the TPHs/HA and
Illite, indicating that their adsorption on the 001 Illite surface
primarily occurs via physisorption (Figure 3j−m). The
adsorption energies of n-decane, naphthalene, and naphthenic
acid on Illite were −19.83, −13.60, and −15.68 kcal mol−1,
respectively (Figure 3g−i). The adsorption energy between
HA and Illite (−52.58 kcal mol−1) (Figure 3j) was much
higher than those of the other interactions. This suggests that

HA adsorption onto Illite has a significant advantage over
competitive adsorption. Kaolinite and chlorite are also
common components of soil colloids. Illite, kaolinite, and
chlorite are similar in elemental composition (Si, Al, and O)
and have a layered structure, which may contain cations
between the layers to balance the layer charges. Therefore, the
interaction of TPHs/HA is similar to that of these three typical
clay minerals. The adsorption energy obtained by the two
calculation methods cannot be accurately compared due to the
inconsistency of the calculation systems. However, the small
energy gaps between TPH adsorption on Illite and the binding
of TPHs to HA (5.34 kcal mol−1 for n-decane, 3.52 kcal mol−1
for naphthalene, and 4.80 kcal mol−1 for naphthenic acid,
respectively) (Figure 3a−c, g−i) suggest that competitive
adsorption in the system is complex. Therefore, we speculate
that HA can initiate dynamic exchanges with the TPHs on the
Illite surfaces.
The TPH molecules adsorbed on the 001 surface in a

relatively stable horizontal conformation (Figure S15a−c). HA

Figure 4. Representative snapshots of the adsorption of HA to TPH-contaminated colloids (a); the detailed point-in-time snapshots are shown in
Figure S18. The n-decane, naphthalene, and naphthenic acid molecules are distinguished by green, light red, and yellow lines, respectively. The HA
and Illite are labeled using the Corey−Pauling−Koltun method. The water molecules are labeled using the point method. Models of different HA
adsorption configurations (c). Scenario analysis of colloidal DDL potential (d) and extended DLVO theory (e) under different HA adsorption
configurations and adsorption quantities.
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can fold into a three-dimensional conformation due to its
flexibility (Figure S15d). One part of the molecule forms a
strong vdW attraction with Illite (Figure S17), while another
part protrudes from the surface. The O atoms in the carbonyl
group of the benzene ring were as high as 0.98 nm (Figure
S15d), which exceeded the thickness of the two-plane in the
Stern layer (0.8 nm) defined by the CD-MUSIC model.70

Moreover, the distances between the O atoms in the phenolic
hydroxyl or carboxyl group and the mineral surface ranged
from 0.49 to 0.72 nm (Figure S15d), which is higher than the
thickness of the one-plane in the Stern layer (0.4 nm). Under
alkaline conditions, the carbonyl group on the outermost layer
of the colloidal surface (Figure S17) may become deproto-
nated and negatively charged, further enhancing the colloidal
transport. However, the competitive adsorption and inter-
action of multiple TPHs and HA molecules are complex, and
the adsorption kinetics of HA onto TPHs-SC needs further
investigation.

Effect of Adsorption Conformation on the Transport
of Colloids and TPHs. This study investigated the adsorption
of HA on contaminated colloids and its competitive adsorption
with representative TPHs by using MD simulations. Initially,
TPH molecules were randomly distributed on the 001 Illite
surface, creating a hydrophobic layer near the colloidal surface
(Figure 4a). From 0 to 5 ns, most TPHs aligned horizontally
with the Illite surface (Figure S18b) to minimize energy,
consistent with the first-principles adsorption conformation
(Figure 3g−i). Upon interaction with HA, the hydrophobic
layer was disrupted (∼10 ns), causing the average center of
geometry (COG) distance between HA and Illite to decrease
(from 6.98 to 4.91 nm) before slightly increasing (up to 6.11
nm; Figure S19a). This is primarily because the hydrophobic
TPHs adsorbed by HA-repelled surrounding water molecules71

which carried HA to the top of the water interface (Figure 4a).
The average electrostatic and vdW interactions between
TPHs/HA and Illite fluctuated considerably from 0 to 10 ns
(Figure S19c), suggesting vigorous competitive adsorption
between HA and TPHs on the surface. Subsequently, the COG
distance between the hydrophobic TPHs (n-decane and
naphthalene) and Illite increased progressively due to
competition for HA adsorption (Figure S19a).
At the end of the simulation, some HA molecules, along

with a large amount of naphthenic acid (67.7%), 30%
naphthalene, and a minority of n-decane (8%), were attached
to the Illite surface. The electrostatic interactions stabilized HA
and naphthenic acid on the Illite surface (Figures 4b and
S19c). Molecules near the Illite surface, predominantly
naphthalene and naphthenic acid, were adsorbed by HA and
bonded weakly (Figure 4b). This weak interaction caused
another HA component to form heteroaggregates with TPHs
(mainly n-decane) in the water phase. Due to the volume
limitation in the simulation box, the heteroaggregated HA
infiltrated the water phase, with TPHs oriented outward
(Figure 4b). In the saturated state, the heteroaggregated
supramolecules were dispersed in the aqueous phase, existing
in a dissolved or colloidal state rather than at the gas−liquid
interface. Overall, the coexistence of HA and TPHs on the
Illite colloid surface resembled the zonal model. Polar HA and
naphthenic acid interacted with the colloidal surface, and their
hydrophilic parts were exposed to the aqueous phase.22 The
difference was that the hydrophobic zone was not in the outer
layer of the contact zone; instead, it partially coincided with
the contact zone under the constraints of a weak interaction,

making it appropriate to call this the weak interaction zone. In
the kinetic zone, HA, TPHs, and heteroaggregated supra-
molecules dispersed in the aqueous phase can be adsorbed
onto colloids again under certain conditions.
First-principles calculations and MD simulations of HA

adsorption onto noncontaminated Illite (Figures S17 and S20)
showed that HA adopts a horizontal adsorption conformation
to reach the lowest energy state of the system, forming a
negative potential region on the surface (Figure S17), which
promotes colloid transport. In the MD simulation of HA
adsorption onto TPH-contaminated Illite, the HA adsorption
conformation was more diverse because the hydrophobic
TPHs occupied a large number of adsorption sites. HA that
adsorbed vertically onto Illite.72 TPHs in the weak interaction
zone may have contributed to the fixation of the vertical
adsorption conformation. The vertically adsorbed HA stacked
in such a way that the functional groups of some vertically
adsorbed HA peaks reached 2.56−3.69 nm from the Illite
surface (Figure 4b), which is 2.6−7.5 times greater than those
of horizontal adsorption (0.49−0.98 nm), protruding beyond
the Stern layer.
According to the calculation results, we assumed three

adsorption conformations: horizontal adsorption (HAC),
vertical adsorption (VAC-1), and vertical adsorption of two
HA stacks (VAC-2) (Figure 4c). The three-dimensional size of
HA was calculated based on quantum chemistry results (Figure
S14a). Given the reduced vertical adsorption of HA, scenario
analysis of DDL potentials and XDLVO energies was
conducted (Figure 4d,e). According to the LCD model results,
the adsorption capacities of HA in VAC-1 and VAC-2 were 51
and 40% of the HAC adsorption capacity, respectively. The
DDL potentials for VAC-1 and VAC-2 were similar to those of
HAC (−24.2 mV) (Figure 4d). The calculated DDL potential
for HAC was close to the measured ζ potential of SC (−25.2
to −29.5 mV; Table S4), demonstrating the applicability of the
LCD model. Therefore, the vertical adsorption conformation
facilitated the transfer of negative potential to the DDL,
resulting in a more negative potential on the TPHs-SC (−28.5
to −34.0 mV; Table S4).
From the perspective of DLVO theory, the vertical

adsorption conformation increased the Debye length (and
decreased the Debye−Hüchel parameter), which led to an
increase in the DLVO energies between the TPHs-SC and the
GT-coated sand. The DLVO energies in the TPHs-SC system
were consistently higher than those in the SC system (Figures
S22 and S23). Furthermore, the vertical adsorption con-
formation generated larger osmotic and elastic-steric repulsion
forces (Figure 4e). Under competitive adsorption of TPHs,
even a small amount of vertically adsorbed HA (10%) on
contaminated colloids produced a larger energy barrier (272.0
kt for VAC-1 and 342.6 kt for VAC-2) compared to horizontal
adsorption (185.6 kt; Figure 4e). Due to electrostatic
interactions, osmotic repulsion, and elastic-steric repulsion
between colloids and collector drives, vertically adsorbed HA
significantly enhanced colloid transport. Moreover, the
protruding HA’s phenolic hydroxyl or carboxyl groups were
readily deprotonated at alkaline pH, forming a strong negative
charge that delayed colloid aggregation and promoted colloid
transport.
Colloid-adsorbed and dissolved TPHs coexisted during the

transport experiments. Colloid-adsorbed TPHs originated
from the contact and hydrophobic zones, while dissolved
TPHs came from the dynamic zone or solutions far from the
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colloids. The TPHs in the kinetic zone may be adsorbed or
released from the colloids during transport; thus, there is a
correlation between dissolved TPHs and the colloid (Figure
S13e). Goethite has a strong adsorption capacity for dissolved
organic matter (DOM),26 which retards the transport of
dissolved TPHs. Therefore, in this study, the TPH
concentrations in the effluent were low (Figure S13b). In the
TPHs-SC, the hydrophobic layer prevented the proximity of
water molecules and ions, reducing the chance that ions react
with the surface of the colloid. As a result, the column
experiment showed that IS retarded the transport of SC to a
greater extent than did TPHs-SC. When HA was involved, the
hydrophobic layer on the TPHs-SC was destroyed. HA was
vertically adsorbed to form an adsorption conformation, which
facilitated negative potential transfer and partially counteracted
the effect of a double electric layer compression. For the SC
surfaces where HA was horizontally adsorbed, this counter-
acting effect was not evident. This caused HA to enhance the
transport of TPHs-SC more significantly than SC. In the
presence of HA, the TPHs-SC deposited on the collector were
readily affected by hydraulic scouring or changes in environ-
mental conditions and were released into the water phase
again.
The MD simulation employed three representative TPHs,

selected based on their fractions in the contaminated soil. In
real-world environments, counting and simulating all types of
TPH molecules is challenging. Fortunately, the molecular
properties of each TPH class are similar,73 making the
simulation representative. In slightly oil-contaminated soils,
TPHs are unlikely to fully cover the colloidal surface. However,
if TPHs occupy enough adsorption sites to disrupt the
horizontal adsorption of HA, then HA dominates the
formation of the zonal model on TPHs-SC. This can still
result in enhanced colloid transport.

■ ENVIRONMENTAL IMPLICATIONS
Although sustainable alternatives to petroleum are being
developed, they remain a cornerstone of the global economy
and are widely used in transportation, industry, and daily life.
Petroleum exploitation, however, contributes to soil and
groundwater pollution through the release of TPHs. SC
plays a critical role in the transport of TPHs. Many oil-
contaminated sites are located near forests74 and farmland,75

whereas others are located on the coast76 or near rivers and
lakes.77 In these regions, soil and aquifer conditions vary in
different regions with organic matter, ions, and water
conditions in soils and aquifers changing frequently. Organic
matter enhances the colloidal transport. This study proposes a
novel mechanism in which HA dominates the zonal model on
TPHs-SC and enhances colloidal transport via vertical
adsorption. Sites near forests and farmland often have higher
organic matter content, and macromolecular DOM with a
nongeometric three-dimensional conformation may form
vertical adsorption conformations on SC. These conformations
delay TPHs-SC aggregation and promote TPH diffusion. In
coastal or salinized soils, Na+ in pore water does not inhibit
TPHs-SC transport. In regions near rivers and lakes, DOM
affects hydraulic conditions and facilitates the rerelease of
colloidally adsorbed TPHs. Iron oxide colloids are prevalent in
iron-rich soils, and their interactions with TPHs and HA may
differ from those involving clay minerals, warranting further
investigation. Additionally, existing cotransport models have
been developed78,79 and should be applied in future research.
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