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Abstract: Soil colloids significantly facilitate the transport of contaminants; however, little is known
about the effects of highly reactive iron oxide and the most representative organic matter on the
transport of soil colloids with different physicochemical properties. This study investigated the
effects of goethite (GT) and humic acid (HA) on the sedimentation and transport of soil colloids
using settling and column experiments. The stability of soil colloids was found to be related to their
properties and decreased in the following order: black soil colloids (BSc) > yellow soil colloids (YSc) >
fluvo-aquic soil colloids (FSc). Organic matter increased the stability of BSc, and ionic strength (Ca®*)
promoted the deposition of FSc. Colloids in individual and GT colloids (GTc) coexistence systems
tended to stabilize at high pH and showed a pH-dependence whereby the stability decreased with
decreasing pH. The interaction of GTc and kaolinite led to a dramatic sedimentation of YSc at pH
4.0. HA enhanced the stability of soil colloids, especially at pH 4.0, and obscured the pH-dependent
sedimentation of soil colloids. The transport ability of soil colloids was the same as their stability.
The addition of GT retarded the transport of soil colloids, which was quite obvious at pH 7.0. This
retardation effect was attributed to the transformation of the surface charge of sand from negative to
positive, which increased the electrical double-layer attraction. Although sand coated with GT-HA
provided more favorable conditions for the transport of soil colloids in comparison to pure sand, the
corresponding transport was relatively slow. This suggests that the filtration effect, heterogeneity,
and increased surface roughness may still influence the transport of soil colloids.

Keywords: soil colloid; goethite; humic acid; sedimentation; transport

1. Introduction

Highly heterogeneous natural environmental systems are characterized by an abundance of
natural colloids and nanoparticles. Colloidal particles are usually smaller than ~ 1 um in at least one
dimension and have high specific surface areas (10-800 m? g~!) [1]. These factors determine the fate
and transport of pollutants to a great extent and thus also contribute to environmental pollution in
adjacent surface waterbodies and groundwater. [2-4]. A prerequisite for colloid-facilitated transport is
that colloids present in the subsurface [5,6] form stable colloid suspensions [7].

Soil type determines the physicochemical properties of soil colloids; differences in the chemical
and mineralogical properties of soil colloids influence their stability [8], pollutant load [9], and
mobility [10], which further affects their ability to transport pollutants. The presence of organic
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matter and metallic oxides on colloid surfaces determine their surface chemical properties and stability
or mobility [11-14]. Soil colloids with a high content of Fe and Al (hydro-)oxides may cause their
aggregation and coagulation, while an increased organic carbon content promotes a high colloid
stability [15]. The presence of other natural colloids and nanoparticles may also interfere with the
stability, transport, and fate of soil colloids.

Goethite (x-FeOOH, GT) is a highly reactive Fe oxide and may influence the stability and transport
of soil colloids. Goethite can act as cementing agents to bind colloids together [16]. In the presence of Fe
(hydro-)oxides with a positive charge at a pH below the point of zero charge (PZC), the aggregation and
coagulation of soil colloids are accelerated through the attraction between the Fe (hydro-)oxides and the
negatively charged colloid particles [17]. Meanwhile, GT has a positive effect on the heteroaggregation
of selenium nanoparticles [18] and inhibits the transport of graphene oxides [19,20]. In contrast, some
studies have found that mineral colloids can enhance the dispersion of nanoparticles, for example,
CeO; nanoparticle-hematite colloids [21]. Goethite has varying effects on colloids and nanoparticles
with different properties, which indicates that the stability and migration of soil colloids are affected
differently by GT.

Humic acid (HA) is the most representative organic matter in the natural environment and has
varying effects on the stability and transport of soil colloids. Some studies have demonstrated that
when HA was adsorbed to colloids, the colloid assemblage remained well-dispersed due to electrostatic
repulsive interaction [4,22]. Moreover, the particle morphology of HA exhibited different enhancements
in the transport of ferrihydrite nanoparticles, and chain-shaped HA enhanced the transport more
prominently than pristine granular HA [4]. However, the presence of organic matter also led to
the aggregation of suspended colloids and was dependent on its concentration or composition [23].
Another investigation suggested that the addition of HA to reference clay minerals increased their
critical coagulation [17]. Moreover, our previous research found the occurrence of heteroagglomeration
between GT colloids (GTc) and HA at pH 7.0 and 9.0 [3]. The effects of HA are varying at different pH
and HA concentrations.

Previous studies have also indicated that environmental pH may regulate colloid stability; colloids
tended to disperse at pH values both below and above their PZC, whereas they aggregated or
coagulated when the pH was at their PZC [23-25]. The significant discrepancy of the PZC between
HA (<3) [26] and GT (9.2) [27] led to differences in the regulation of colloidal mobility or stability [28].
Thus, the variability of environmental pH and the existence of HA and GT complicate the stability
and/or mobility of soil colloids.

Consequently, the indigenous physicochemical properties of soil colloids, environmental pH, GT
content, and HA content all play essential roles in regulating the stability and mobility of soil colloids,
which can in turn significantly influence the fate and transport of colloid-associated contaminants.
Therefore, it is necessary to develop a comprehensive understanding of how soil colloid stability and
transport in soils are affected by pH, GT, and HA. The present study accordingly investigates the
sedimentation and transport of soil colloids by sedimentation kinetics and column experiments and
uses the Derjaguin-Landau—Verwey—-Overbeek (DLVO) theory (i.e., the sum of the Van der Waals
attractive energy (Eypw) and electrical double layer energy (Egpy)) to further reveal the associated
mechanisms of colloid—colloid and colloid—plane interactions.

2. Materials and Methods

2.1. Preparation of Soil Colloid, Humic Acid, and Goethite Suspensions

Black soils or chernozem (BS, located at 124°23720.8” E, 51°40”44.2” N), fluvo-aquic soils (FS, located
at 115°2’8.9” E, 36°51’37.4” N), and yellow soils or yellow podzolic soil (YS, located at 113°22’39.4” E,
23°9726.6” N), were collected from Heilongjiang Province, Hebei Province, and Guangdong Province
in China, respectively. The soils were air-dried for two weeks before crushing massive aggregates.
Undesirable materials such as stones, grass, and dry roots were manually removed, and the soil was
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then ground and sieved to <2 mm for analysis of soil properties. Soil samples were digested using
HNO3-H;0O; in 50 mL conical flasks. The total elemental concentrations, including Al, Ca, and Fe,
were determined by inductively coupled plasma optical emission spectrometry (ICP-OES, Optima
5300DV, Perkin-Elmer, Waltham, MA, US). The pH of soil sample was obtained using a pH meter (5400
SevenExcellence, METTLER TOLEDO, Shanghai, China) in a suspension of the soil at a solid-to-water
ratio of 1:5. The total organic carbon (TOC) concentration was measured by a TOC analyzer (Aurora
1030C, OI Analytical, College Station, TX US), and the cation exchange capacity (CEC) was measured
by a CEC analyzer (SKD-300, PeiOU, Shanghai, China). The particle size distribution of each soil
sample was measured using a laser diffraction particle size analyzer (Mastersizer 2000, Malvern, UK).

For soil colloid preparation, 0.1 g of each soil with 50 mL of Milli-Q water was mixed in a 100
mL conical flask and then sonicated for 60 min. After shaking for 20 h, each solution was sonicated
for another 60 min and left to settle for 30 min in order to precipitate the large particles. The upper
20 mL of each suspension was then transferred to a centrifuge tube for the settling experiments and
subsequent chemical analysis. The concentration of each soil colloid suspension was determined by
measuring the extinction at the optimal absorption wavelength (420 nm) with a spectrophotometer
(UV2700, Shimadzu, Kyoto, Japan), as based on the linear calibration curves between absorbencies
and standards. [29-31]. The standard concentration of soil colloids was obtained by weighing after
drying the suspension. The total elemental concentrations, including Al, Ca, Fe, K, Mg, and Na, in
each soil colloid suspension were determined by ICP-OES after digestion. The same solution was used
to measure the dissolved organic carbon (DOC) content using the TOC analyzer. The conductivity of
each soil colloidal suspension was obtained using a pH meter with a conductivity probe.

Humic acid was extracted following the classic alkali/acid fractionation procedure [32], and
GT was precipitated by titrating dissolved Fe(NOj3)3-9H,O (Sinopharm Chemical Reagent Co. Ltd.,
Shanghai, China, >98%) with NaOH to pH 12 [33]. The Brunauer-Emmett-Teller specific surface area
(87.65 m?-g~1) and PZC (9.3) of GT were not analyzed in this study but are detailed in our previous
study [3]. The molecular weight and Fourier-transform infrared spectroscopy analysis results for HA
can also be found in our previous study [4]. The HA suspension was prepared by adding a trace
amount of NaOH to accelerate the dissolution of HA to obtain a stock solution of 1 g L~!. The GT
suspension was prepared by adding 0.1 g GT to 50 mL Milli-Q water, which was then sonicated for
60 min, shaken for 20 h, sonicated for another 60 min, and then left to settle for 30 min. The final HA
and GT suspensions were diluted with Milli-Q water. The pH values of the suspensions were carefully
adjusted using 0.1 M HCI and NaOH.

2.2. Settling Experiments and Model

Three groups of settling experiments were performed to investigate the independent settling of
soil colloids, cosettling of soil colloids—GTc mixtures, and cosettling of soil colloids-HA mixtures for
the three soil types (BS, FS, and YS) (Table 1). Each experiment was performed at pH 4.0, 7.0, and
9.0. The hydrodynamic size distribution and zeta potential of colloids were measured by a dynamic
light scattering analyzer (Zetasizer Nano ZS, Malvern Instruments, Malvern UK) before the settling
experiments (Table 1). Each suspension was immediately transferred into cuvettes for the measurement
of absorbance at 420 nm [34] over a period of 20 h. All settling experiments were conducted in duplicate.
The individual- and cosettling curves were then plotted, whereby the ordinate was the ratio of the
absorbance values at a given point in time (A¢) to the initial absorbance (A() and the abscissa was time.
All settling curves were fitted using the exponential model [35-38] defined by Equation (1):

y= CPlateau +C EXP(—ROt) (1)

where t refers to the settling time (min), Cpjateay and Cy represent the ratio of A¢/A and the diminished
At/Ag when the settling curve plateaus (1 — Ai/Ay), respectively, and Ry is the precipitation rate.
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Table 1. Hydrodynamic sizes and zeta potential of the soil colloids, mixed colloids, and collector.

Colloid/Collector pH Hydrodynamic Size (nm) Zeta Potential (mV)
4 398.0 -16.5
BSc 7 453.9 -22.1
9 380.1 -39.9
4 806.9 -142
FSc 7 473.3 -17.7
9 535.7 -17.6
4 425.7 -21.0
YSc 7 579.1 -29.7
9 424 .4 -35.1
4 398.9 -17.4
BSc-GTc 7 398.8 -26.4
9 509.6 -32.3
4 1863.8 -13.9
FSc-GT 7 453.3 -17.3
9 567.4 -19.2
4 1890.7 -20.0
YSc-GTe 7 479.3 -27.2
9 483.7 —34.7
4 498.0 -20.5
BSc-HA 7 432.0 -31.1
9 392.8 -343
4 396.8 -16.9
FSc-HA 7 426.0 -19.3
9 644.7 -22.9
4 561.3 -24.1
YSc-HA 7 419.9 -34.8
9 409.4 -37.9
Quartz sand 7 - -34.5
GT coad sand 7 - 15.2
GT-HA coad sand 7 - -39.2

2.3. Transport Experiments and Model

Column experiments were performed in 10-cm glass chromatographic columns (inner diameter of
1.5 cm). Quartz sand (average particle size of 337.5 pm) was cleaned using 6 M HCl before being rinsed
repeatedly with Milli-Q water. The columns were wet packed with either the cleaned quartz sand, sand
coated with 0.5% GT, or sand simultaneously coated with 0.5% GT and 0.2% HA. The effective porosity
and bulk density of the packed sand were 0.45 + 0.02 cm3-cm~> and 1.43 + 0.05 g-cm 3, respectively [39].
After packing, the columns were preconditioned with approximately 15 pore volumes (PVs) of Milli-Q
water (pH 7.0) using a peristaltic pump (BT-100 1F, Longer, Baoding China) in the upflow mode. All
column experiments were performed at pH 7.0. Ten PVs of a soil colloid were injected into the columns,
followed by elution with five PVs at the same pH and at a constant Darcy velocity of 0.568 cm-min~".
Concentrations of soil colloids in the effluents and the zeta potential of the ground sand/coated sands
were measured as detailed in Section 2.1 and Table 1.

A conservative tracer can check the hydraulic characteristics, including the longitudinal dispersity,
of the columns before the colloid transport experiments. Because the conditions of transport experiments
are the same as our previous study, parameters of hydraulic characteristics were cited [39]. The transport
data were simulated with the colloid transport model, which included two-site kinetic retention to
describe the nanoparticle transport and retention in the column experiments [40,41]. For the first
kinetic Site-1, the time-dependent retention is taken into account, assuming reversible retention
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using first-order attachment (kj,) and detachment (kiq) coefficients. For the second kinetic Site-2,
depth-dependent retention is considered, assuming irreversible retention using a first-order retention
coefficient (kp,) and a depth-dependent blocking function with a Langmuirian approach accounting
for maximum nanoparticle content attached on Site-2 (Spax2). Detailed equations and parameters are
exhibited in Supplementary Material S1.

2.4. Calculation of DLVO Energy

The formalized description of colloid stability and transport is given by the DLVO theory, which
describes colloid—colloid and colloid—plane interactions as the sum of the Eypyw and Egpy, as expressed
by Equation (2) [42]:

Eror = Evpw + EepL ()

The Eypw c.c between colloids in water was evaluated according to Equation (3):

®)

Aryr 5.32h Ayt
Evpw c—c = 12 - ln( )]

- 14 2
6h(r + 12) ) *53m

where A is the Hamaker constant estimated to be 7.5 x 10729 J for the soil colloid [43], respectively, r{
and r; are the hydrodynamic radius of nanoparticles, h is the separation distance between nanoparticles,
and A is the characteristic wavelength of interaction (100 nm) [44];

The Eypw c.p between colloid and sand was evaluated according to Equation (4):

Ac_pdp 14h77!
Evow c-p = ——51 [1 T]

4
where d;, is the diameter of colloid; Ac.p is the Hamaker constant for particle-water-sand, which can
be expressed by Equation (5):

Acp = (VA= VAW A~ VAw) )

where Ag is the Hamaker constant for quartz sand (8.86 x 10729 ]); Aw is the Hamaker constant for
water (3.7 X 10720 ).

The Egpy, for colloid—colloid (EgpL c.c) and colloid—plane (EgpL ..p) interactions are function of the
separation distance between colloids and between colloids and sand immersed in water, defined by
Equations (6) and (7):

_21rironekT 5 > 2V e 1+ exp(—kh) B B
EgpL c-c = (rl + rZ) K2 (ll)Cl + lI)CZ){II)él + _Ll)éz 11’1[ 1-— EXp(—Kh) + 11’1[1 eXP( 2Kh)] (6)
1+ exp(—«h)

EEDL Cc-P = 0.57‘[80 Erdp{ZIbplj)C ln[ = exp(—Kh)

]+(¢f, +12)In[1 —exp(—ZKh)]} )
where ¢ is the dielectric permittivity of vacuum (8.854 x 1012 F-m™1); ¢, is the relative dielectric
permittivity of water (78.5); Pc and Pp are the zeta potentials of colloids and sand (mV), used to
approximate surface potential, ne is the number density of ions (m~), k is the Boltzmann constant
(1.38x1023 J K1), T is the absolute temperature (298 K), and « is the Debye-Huckel parameter (m™1).
The Debye-Huckel parameter also provides an estimation of the effective thickness of the electrical
double layer, and is expressed by Equation (8):

k =3.28x ()% x10° ®)

where [ is ionic strength.
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3. Results and Discussion

3.1. Characterization of Soil Samples and Soil Colloids

The physicochemical properties of the soil samples and soil colloids are presented in Table 2. The
BS (5.73) and YS (5.91) had similar acidic pH values, whereas the FS was alkaline (7.68). The BS had the
highest TOC content (38.8 g kg™!) and CEC (44.0 cmol kg™!), which were much higher than those of the
other two soils. As the alkaline soil, the Ca content of the FS was 29.3 g kg~!, which was much higher
than that of the BS (8.4 g kg_l) and YS (1.7 g kg_l). In general, all of the soils used in this experiment
were silty loam, with the silt fraction (79.0-88.9%) dominating the particle size distribution, which was
followed by sand (10.8-16.4%) and then clay (0.17-0.38%).

Table 2. Physicochemical properties of the soil samples and soil colloids.

Item Black Soil Fluvo-Aquic Soil Yellow Soil
pH 5.73 7.68 5.91
TOC (gkg™) 38.8 137 14.6
CEC (cmol kg™1) 44.0 10.8 8.1
Al (gkg™) 68.3 72.5 100.8
Soil Ca(gkg™) 8.4 29.3 1.7
Fe (gkg™) 35.1 234 20.5
Sand (63~2000 um) % 10.8 20.9 16.4
Silt (4~63 um) % 88.9 79.0 83.2
Clay (<4 pm) % 0.36 0.17 0.38
. . Colloid concentration (g L) 0.88 0.34 0.63
Sussml colloidal DOC (mg L1 10.6 2.1 2.5
pension(pH = 7) ~ 1
Conductivity (uS cm™) 7.4 85.2 10.8
Al (gkg™) 82.6 90.4 143.9
Ca(gkg™) 10.3 51.1 45
Soil colloid (pH = 7) Fe (gkg™) 49.9 58.1 59.5
K (g kg™) 111 27.2 13.7
Mg (g kg™) 12.9 23.2 3.7
Na (gkg™) 22 5.1 49

For the soil colloids, the colloidal concentration of the BS colloids (BSc), FS colloids (FSc), and
YS colloids (YSc) were 0.88, 0.63, and 0.34 g L.™!, respectively. The BS colloidal suspension had the
highest DOC (10.6 mg L~!). Meanwhile, the FS colloidal suspension exhibited the highest conductivity
(85.2 uS cm_l), and the Ca, K, Mg, and Na concentrations of the FSc were all higher than those of the
other two soil colloidal suspension, (Table 2), thus corresponding to a relatively high ionic strength.
All soil colloids were negatively charged (—14.2~-39.9 mV) and became more negative with increasing
pH (Table 1). The hydrodynamic sizes varied little among the different treatments (380.1~579.1 nm). In
addition, the compositions of the BSc and FSc were dominated by SiO,, while the YSc were abundant
in kaolinite (Al,Si,Oy) (Figure S1).

3.2. Effect of Goethite and HA on the Sedimentation of Different Soil Colloids

The sedimentation characteristics of individual soil colloids, soil colloids—GTc, and soil colloid-HA
at different pH are shown in Figure 1 and their sedimentation parameters are presented in Table S1. In
general, the settling of the FSc (60-95%) was much stronger than that of the BSc and YSc, showing a
high homoaggregation. The stability of these soil colloids was dependent on the environmental pH,
especially in the case of the FSc (Figure 1b). At pH 4.0, the FSc readily coagulated and exhibited the
highest sedimentation rate (Vs = 4.02 X 107> m h~!) and lowest relative nonsettling concentration
overall (C'res = 0.059) (Table S1), which was consistent with its high instability, as reflected by the
relatively higher zeta potential (—14.2 mV) and larger hydrodynamic size of the FSc (802.9 nm)
(Table 1). The larger hydrodynamic size indicated the significant homoaggregation of colloids, which
could have caused the stronger settling of colloid aggregates [38]. The low concentration of FSc
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showed that homoaggregation of soil colloids was independent of concentration in this study. With
increasing pH to 7.0 and 9.0, a much higher stability of FSc was observed along with a the relatively
low hydrodynamic size (473.3~535.7 nm), zeta potentials (-17.6~-17.7 mV) (Table 1), and V; value
(0.772 x 1073~1.61 x 10~ m h~!) (Table S1). In contrast, the settling abilities of the BSc and YSc were
the most unstable at pH 7.0 due to their larger hydrodynamic sizes (453.9~579.1 nm) (Figure 1a,c
and Table 1), whereby they became most stable at pH 9.0, which corresponded to the lowest V;
values (0.23 x 1073~0.264 x 107> m h™!), zeta potentials (-35.1~—39.9 mV), and hydrodynamic sizes
(424.4~380.1 nm) (Table 1 and Table S1).

/\ FScpH4.0
FScpH 7.0
FSc pH 9.0

[0 BScpH4.0 O YScpH40

02 [J BScpH7.0 O YScpH7.0

1 (a) soil colloid O BScpH9.0 AN (¢) soil colloid O YSepH 9.0
0.0 N . R .

A/A,

<
<
041
02¢ . . 3 3
(g) soil colloid-HA (h) soil colloid-HA (i) soil colloid-HA
OO 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 O 200 400 600 800 1000 1200 O 200 400 600 800 1000 1200
Time (min) Time (min) Time (min)

Figure 1. Sedimentation kinetics at pH 4.0 (red symbols), 7.0 (green symbols), and 9.0 (blue symbols)
for (a—c) soil colloids, (d—f) soil colloids—goethite colloids (GTc), and (g—-i) soil colloids-humic acid
(HA). Treatments with (a,d,g) black soil colloids (BSc) (squares), (b,e,h) fluvo-aquic soil colloid (FSc)
(triangles), and (c,f,i) yellow soil colloids (YSc) (circles). The concentrations of GTc and HA were both
25 mg L1, Symbols show the observed data and the lines indicate the simulation fitting.

The stability of the individual GTc was strongly pH-dependent and gradually decreased with
increasing pH (Figure S2, Table S3). In the pH range of 4.0-9.0, GTc were positively charged due
to their pHpzc of 9.3 in our study. Thus, the increased protonation led to a stronger electrostatic
repulsion, thus resulting in an increased stability [3]. At pH 4, in the presence of GTc, a decreased
stability of the mixed soil colloid—GTc systems was observed to varying degrees in comparison to
the individual soil colloids (Figure 1a—f). In both the FSc—GT and BSc—GT systems, the stability just
maintained or decreased slightly. However, GTc caused a remarkable settling phenomenon in the
YSc-GTc system, which was indicated by the increased V; values (1.75 x 1072 m h™!), C’yes (0.074),
and hydrodynamic sizes (1890.7 nm) in comparison to the individual YSc (Figure S2, Table S2). The
FSc concentration was the lowest in this study, indicating that the colloidal concentration had little
contribution for heteroaggregation bewteen soil colloids and GTc. Under neutral pH conditions, all
of the soil colloid-GTc systems showed a slightly increased stability in the presence of GTc (Figure 1,
Table 1 and Table S1). The mixed soil colloid-GTc systems displayed slightly decreased hydrodynamic
sizes compared with the individual soil colloids, thus indicating that aggregation did not occur in
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the presence of GTc. At pH 7.0, the GTc exhibited similar sedimentation curves as those for the soil
colloids (Figure S2, Figure 1a—c) with similar V; values (1.05 X 1073~1.61 X 1073 m h™1) (Tables S1 and
S2). However, the hydrodynamic size of the GTc (382.8 nm) was much smaller than that of the soil
colloids (453.9~579.1 nm) (Table 1 and Table S2). Therefore, the addition of GTc with relatively small
sizes slightly increased the stability of the soil colloid-GTc systems.

The mixed soil colloid—GTc systems exhibited different settling behaviors at pH 9.0 in comparison
to the individual soil colloids. The mixed BSc and YSc systems showed slightly lower settling curves,
whereas the mixed FSc systems presented the opposite trend (Figure 1d—f). Thus, a slightly increased
settling was observed for the mixed BSc and YSc systems. The previously low stability of the FSc
became more stable in the presence of the GTc.

The presence of HA enhanced the stability of all of the soil colloid-HA systems, and there was
little variation in settling with pH (Figure 1g—i). This was consistent with the understanding that
organic matter can increase the negative charge on the surface of colloids, whereby the electrostatic
repulsive force has a greater effect on colloid stability [11,45,46].

Thus, the stability of soil colloids was closely related to their properties, which was consistent with
the results in a previous study [47]. Meanwhile, the environmental pH and ionic strength also played a
significant role in soil colloid stability. In general, soil colloids exhibited a relatively higher stability
at high pH (i.e., 9.0), which should have mainly resulted from the stronger electrostatic repulsions
due to the increased deprotonation on the negatively charged soil colloid surface. On the contrary,
the FSc with a high ionic strength (indicated by Ca?") showed the lowest stability compared to other
soil colloids at same pH. When the ionic strength increased, the colloidal surface double electric
layer would have compressed and the electrostatic repulsion between the colloidal particles would
have decreased, thus leading to an increased colloidal attraction and decreased stability. Humic acid
significantly enhanced the stability of all soil colloids at pH 4.0, which led to highly consistent settling
curves for the soil colloids at different pH. GT colloids displayed a relatively complicated impact with
the stability of the YSc, which significantly decreased at pH 4.0.

3.3. Transport of Different Soil Colloids in the Simulated Saturated Medium

The mobility of soil colloids at pH 7.0 was evaluated using transport experiments in the pure quartz
sand, GT coated sand, and GT-HA coated sand columns. The observed and simulated breakthrough
curves (BTCs) for the transport of soil colloids are shown in Figure 2. The fitted parameters of the
colloid transport model are presented in Table S3. Although all soil colloids exhibited significant
settling (Figure la—c), their transport in the quartz sand column was very rapid, with high liquid
recoveries that ranged from 100.1% to 105.4% (Figure 2 and Table S3). This indicated that quartz sand
with a large particle size (average of 337.5 pm) had little effect on retarding the transport of the soil
colloids, regardless of soil type (Table 2). Our previous study suggested that soil colloids moderately
transported in natural sand with an average particle size of 70 mm at pH 7.2 [34]. Although the small
collector caused a straining effect and thus decreased colloid transport, mineral substances on the sand
were responsible for the retardation of transport.

Despite the fact that all of the soil colloid—GTc systems maintained their stability in the presence
of GT when compared with the individual soil colloids under neutral conditions (Figure 1a—f), the
transport of soil colloids was retarded in the GT coated sand columns (Figure 2). Although colloidal
retention can be well simulated by the model, it is difficult to compare the observed values and fitting
values due to inseparable soil colloids and GT in the columns. However, the recoveries of 93.0%, 87.8%,
and 68.8% could still be used as evidence to show that the transport gradually decreased with an order
of BSc > YSc > FSc (Figure 2 and Table S3). This order was consistent with that of the C’res (Table S2). In
the FSc transport experiment, the relatively high ionic strength of the solution enhanced the attachment
of soil colloids [48]. In addition to attachment, a straining effect may occur; however, this influence
should have been very small due to the small diameter ratio of the colloid to the collector [4]. In the
presence of the GT-HA coated sand, the transport of soil colloids was enhanced compared with that
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in the GT coated sand column, but the transport capacity was not up to the level of that in the pure
sand columns (Figure 2). A similar increase in the breakthrough (C/Cy) was observed in a study of HA
enhanced transport of biochar colloids [49], which indicated that HA has the ability to accelerate the
transport of negatively charged colloids. Humic acid and dissolved organic matter (DOM) released
from HA decreased the zeta potential of the GT coated sand and soil colloids, respectively (Table 1).
Our previous study reported a similar phenomenon, whereby an enhanced transport of ferrihydrite
nanoparticles in columns of sand coated with agricultural organic inputs was observed [39]. In the
present study, although the favorable conditions caused by the HA were beneficial to the transport of
soil colloids compared with that of the pure sand column, the transport was still slower than that in
the absence of GT and HA. The mechanisms are discussed in detail in Section 3.4.

1.0t (a) BSc i (b) FSc i N (¢) YSc
0.8}

0.6+

.
) 0.4}
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0.2+ Q
Quartz-0.5% GT

0.0/ [ Quartz-0.5% GT-0.2% HA & =&
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Pore Volume Pore Volume Pore Volume
Figure 2. Breakthrough curves of (a) black soil colloids (BSc), (b) fluvo-aquic soil colloids (FSc), and

(c) yellow soil colloids (YSc) in the quartz sand column (purple circles), 0.5% GT mixed sand column
(green triangles), and 0.5% GT and 0.2% HA sand column (blue squares) at pH 7.0.

3.4. Mechanism of Sedimentation and Transport of Different Soil Colloids

The DLVO theory was used to calculate the interaction energy in the different settlement systems.
The parameters used in the DLVO calculation are listed in Table 1. The results and energy barriers are
shown in Figure 3 and Table S4, respectively and explain the settling trends of the various soil colloids.
In general, the DLVO results for the soil colloids were consistent with the transport characteristics
in the absence of HA (Figures la—f and 3a—f). In most cases, the highest primary energy barriers
(279.2~544.2 kT) were observed at pH 9.0, and the primary energy barriers were either absence or
very low (11.8~50.2 kT) at pH 4.0 (Table S4). The primary energy barriers exhibited a pH-dependence
whereby they decreased with decreasing pH.

For the individual soil colloids system, the average primary energy barrier of the BSc (217.3 kT)
was similar to that of the YSc (216.7 kT) and thus both showed good stabilities (Figure 3 and Table S4).
There was no primary energy barrier for the FSc, which therefore had a relatively poor stability
(Figure 3). This was attributable to the ionic strength, especially Ca?*, which hampered the colloidal
stability [50]. Although the primary energy barrier of the YSc (215.6 kT) was higher than that of the
BSc (107.7 kT) at pH 7.0 (Figure 3a,c and Table S4), a relatively high DOC concentration (10.6 mg L1
in BSc suspension enhanced the colloidal stability. Although relatively high concentrations of BSc and
YSc (Table 2) had high probability of collisions [51], low sedimentation indicated that the colloidal
concentration was not the main controlling factor for deposition.

For the coexistence system of soil colloids and GTc, a decrease in the primary energy barriers
occurred for the BSat pH 7.0 and 9.0. (Figure 3a,d and Table S4). However, the colloidal stability changed
little and there were only small discrepancies in the V values and C’yes (Figure 1a,d and Table S1).
Although the presence of positively charged GTc enhanced the sedimentation of negatively charged
soil colloids, the protonation of the carboxylic and phenolic groups in organic-rich colloids increased
the repulsion of positively charged colloids, thereby resulting in a limited heteroagglomeration.
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Figure 3. DLVO interaction energy (Etor) of soil colloids versus (a) black soil (BS) colloids, (b)
fluvo-aquic soil (FS) colloids, (c) yellow soil (YS) colloids, (d) BS—-goethite (GT), (e) FS-GT, (f) YD-GT,
(g) BS-humic acid (HA), (h) FS-HA, and (i) YS-HA at pH 4.0 (red lines), 7.0 (green lines), and 9.0
(blue lines). The Eror is expressed in kT, where k is the Boltzmann constant and T is the absolute
temperature in Kelvin.

The primary energy barriers of the FSc in the GTc coexistence system remained below 0 (Table S4),
and the electrical double-layer attraction further increased. Therefore, the stability of the FSc was either
maintained or decreased further at pH 4.0 and 7.0. The increase in pH caused the deprotonation of
surface hydroxyl groups and the development of a negative surface charge for the GTc [50]. Therefore,
under alkaline conditions, the deprotonation of the surface of the GIc decreased the attraction between
the GTc and negatively charged soil colloids.

The settling of the YSc was stable in the GTc coexistence system at pH 7.0 and 9.0 in comparison
to that of the individual system due to little change in the primary energy barriers (Table S4). However,
the primary energy barriers decreased from 38.2 kT to less than 0 kT at pH 4.0, thus causing an
accelerated settling (Table S4). In the YSc, kaolinite (Figure S1), which is negatively charged in the
natural environment [52], remained flocculated at pH < 7.5 due to the strong attraction of oppositely
charged crystal faces [53]. Moreover, a previous study indicated that the abundance of kaolinite in
soil colloids contributed to their accelerated decreased stability with decreasing pH [54]. Under a low
pH, although the individual YSc did not show an obvious settling trend (Figure 1c), the protonation
of kaolinite might have led to the heteroagglomeration between kaolinite and GT as well as the
homoaggregation of kaolinite. In the individual and coexistence GTc systems, the DLVO model
essentially analyzed the stability of soil colloid.

In the presence of a high HA concentration, the primary energy barriers generally increased
(with the exception of the BSc at pH 9.0 (Figure 3 and Table 54) due to a decrease in the negative
zeta potential from —39.9 mV to —34.3 mV) (Table 1). However, the DLVO results (Figure 3g—i) were
clearly inconsistent with the characteristics of settlement (Figure 3g—i). Although the primary energy
barriers of the different soil colloids varied with pH, the stability barely changed at different pH
values, even between the various soil colloids (Figure 1g—i). Humic acid loaded onto soil colloids
significantly changed the properties of the colloidal surface and thus caused electrical double layer,
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osmotic repulsion, and elastic-steric repulsion [4,22,28]. However, osmotic repulsion and elastic-steric
repulsion were not calculated in the DLVO. This effect was similar for the different soil colloids after
the saturated adsorption of HA at different pH values. In addition, the adsorption of HA masked
the positive charge adsorption points, such as those of Fe minerals and adsorbed cations, and thus
caused a uniformization of heterogeneity on soil colloids. Therefore, the DLVO model unsuccessfully
analyzed the stability of soil colloids in the presence of HA.

The DLVO theory was also used to calculate the interaction energy between soil colloids and
collectors. The results and energy barriers are shown in Figure 4 and Table S5, respectively, which
explain the trends in the transport of the soil colloids. In the pure quartz sand columns, the primary
energy barriers were relatively high due to the negative charge of the soil colloids and sand; hence,
soil colloids rapidly transported in the quartz porous media (Figure 4). In the presence of GT, the
zeta potential of the collector transformed from negative (—34.5 mV) to positive (15.2 mV) (Table 1),
which caused the disappearance of the primary energy barriers (Figure 4 and Table S5). Therefore, soil
colloids readily fell into the primary energy minimum and thus deposited on the GT coated sand. In
comparison, the transport of the FSc was the slowest. The YSc with the relatively larger hydrodynamic
size caused the filtration effect to retard the transport of soil colloids. In addition, an increase in the
surface roughness due to GT may have also hampered their transport [39,55]. Although HA provided
more favorable conditions for the transport of soil colloids in comparison to the pure sand column and
thus caused higher primary energy barriers (Figure 4 and Table S5), the transport of the three different
soil colloids in the GT-HA coated columns were all still slower. This indicates that the retardation
effect of GT on colloidal transport was significant in the presence of HA. Moreover, the HA coatings on
the sand caused the retention of oxide-rich soil colloids due to the high affinity between HA and oxide
minerals [56]. This effect was the greatest for the FSc and least for the BSc (Figure 2). The properties of
soil colloids also played an essential role. Similar to sedimentation, the DOC enhanced the transport of
BSc, ionic strength retarded the transport of FSc, and the colloidal concentration had little influence on
the transport of soil colloids. In addition, the filtration effect and an increased surface roughness still
occurred in the presence of GT and HA.

900
Quartz () BSc (b) FSc (c) YSc
600 Quartz-0.5% GT i i
300 Quartz-0.5% GT-0.2% HA
=
%
Ié 0
m
-300
-600

0 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 100

Separation Distance (nm) Separation Distance (nm) Separation Distance (nm)
Figure 4. DLVO interaction energy (Etor) between soil colloids and sand (purple lines), sand coated
with 0.5% goethite (GT) (green lines), and sand coated with 0.5% GT plus 0.2% humic acid (HA) (blue
lines) for (a) black soil (BS), (b) fluvo-aquic soil (FS), and (c) yellow soil (YS). The Etor is expressed in
kT, where k is the Boltzmann constant and T is the absolute temperature in Kelvin.

4. Conclusions

Iron oxides and HA are ubiquitous in natural environmental systems, especially in soil, and
they play essential roles in geochemical heterogeneity. In this study, the effects of GT and HA on the
sedimentation and transport of soil colloids were investigated using settling and column experiments.
Our results showed that the sedimentation of soil colloids was pH-dependent. Colloids in individual
and GTc coexistence systems tended to stabilize at high pH, and the stability decreased with decreasing
pH. Overall, the stability and transport of soil colloids were related to the properties of the soil colloids
and decreased in the order of BSc > YSc > FSc. Goethite colloid only obviously accelerated the
sedimentation of YSc at pH 4.0 due to the interaction of GTc and kaolinite with YSc. However, the
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retardation effect of GTc on soil colloid transport was relatively obvious at pH 7.0. The addition of
GT transformed the surface charge of sand from negative to positive and thus increased the electrical
double-layer attraction, which was beneficial for the deposition of soil colloids. Organic matter in
the BSc and DOC in the colloidal suspension enhanced the colloidal dispersion and transport due to
an increased negative charge. The addition of HA had a stabilizing effect on the sedimentation of
soil colloids, especially at pH 4.0, and it obscured the pH-dependent sedimentation of soil colloids.
Although GT-HA coated sand provided the most favorable conditions for the transport of soil colloids,
transport through this column was still slower than that in pure sand columns, thereby suggesting that
the filtration effect, heterogeneity, and increased surface roughness may still influence the transport of
soil colloids. As an important reaction interface and transport carrier in soil, the fate of soil colloids
greatly affects the distribution of nutrients and pollutants. Our findings suggest that soil type and
important aspects of soil composition (GT and HA) both affect the dispersion and transport of soil
colloids and further regulate the soil microenvironment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/4/980/s1, S1:
Colloid transport models, S2: XRD analysis of soil colloids (Figure S1: XRD analysis of soil colloids at pH 7.0),
S3: Exponential-model-fitted parameters of settling experiments (Table S1: Exponential-model-fitted parameters
of soil colloids and mixed soil colloid-HA/GT at pH 4.0, 7.0, and 9.0.), S4: Sedimentation kinetics of goethite
colloid at different pH (Figure S2: Sedimentation kinetics of goethite (GT) colloid at pH 4.0, 7.0, and 9.0. Symbols
show observed data and lines show simulation fitting. Table S2: Particle size and zeta potential of the goethite
(GT) colloid and exponential-model-fitted parameters of goethite (GT) colloid at pH 4.0, 7.0, and 9.0.), S5: Fitting
parameters of transport experiments (Table S3: Fitted and experimental parameters of transport of soil colloids in
the sand, 0.5% GT mixed sand, and 0.5% GT-0.2% HA sand columns at pH 7.0.), S6: The DLVO energy barriers for
settling and transport systems (Table S4: The DLVO energy barriers for settling systems. Table S5: The primary
energy barriers for transport systems.).
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