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Abstract: The co-transport of contaminants by soil colloids can generate substantial environmental
risk, and this behavior is greatly affected by environmental conditions. In this study, AF4-ICP-MS
was used to investigate the size distribution and composition of Cd/Pb-bearing colloids; saturated
sand column experiments were used to investigate the impact of soil colloids on the transport of
Cd/Pb under different pH and ionic strength conditions. AF4-ICP-MS characterization showed that
natural colloids were primarily associated with two sizes ranges: 0.3–35 KDa (F1, fine nanoparticles)
and 280 KDa–450 nm (F2, larger nanoparticles), which mainly consisted of organic matter (OM), iron
(Fe), and manganese (Mn) (oxy)hydroxides and clay minerals. Fine nanoparticles could strongly
adsorb Cd and Pb under all environmental conditions. Mn and Fe (oxy)hydroxides generally formed
under neutral to alkaline conditions and exhibited adsorption capabilities for Cd and Pb, respectively.
Transport experiments were conducted under different pH and ionic strength conditions. At pH 3.0,
soil colloids had little effect on the transport of Cd2+ and Pb2+. At pH 5.0, soil colloids inhibited
the transport of Cd2+ by 16.1%, and Pb2+ recovery was still 0.0%. At pH 7.0 and 9.0, soil colloids
facilitated the transport of Cd2+ by 15.6% and 29.6%, facilitated Pb2+ by 1.3% and 6.4%. At an ionic
strength of 0, 0.005, and 0.01 mol L−1 NaNO3, soil colloids facilitated the transport of Cd2+ by 77.7%,
45.8%, and 15.6%, only facilitated the transport of Pb2+ by 46.2% at an ionic strength of 0 mol L−1

NaNO3. At an ionic strength of 0.05 mol L−1 NaNO3, soil colloids inhibited the transport of Cd2+ and
Pb2+ by 33.1% and 21.0%, respectively. The transport of Cd2+ and Pb2+ facilitated by soil colloids was
clearly observed under low ionic strength and non-acidic conditions, which can generate a potential
environmental risk.

Keywords: Cd; Pb; soil colloids; field-flow fractionation; nanoparticles; transport

1. Introduction

Heavy metals have been introduced to soil by human activities, such as the burning of
fossil fuels, industrial effluents, mining, and smelting activities [1–3]. Most heavy metals
are stabilized by adsorption, complexation, and precipitation after being discharged into
the soil [1,4,5]. Soil colloids are the most active constituent in the soil due to their small sizes,
large surface areas, and high surface charges [1,4,5]. Many researchers have shown that
colloids in soil are able to transport through preferential flow, macropores, or cracks [4,6,7].
Soil colloids, such as clay minerals, soil organic matter (OM), and iron (Fe)/aluminum
(Al) (oxy)hydroxide, generally possess a high adsorption capacity for heavy metals [8,9],
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which means the movement of soil colloids has become an important mechanism for the
transport of heavy metals in soil [10,11]. The colloidal transport of heavy metals has been
observed by many researchers [12–14], and it is significantly influenced by environmental
conditions [15,16]. For example, freeze–thaw cycles in soils change the dispersibility of
colloids and affect the transport of lead (Pb) [17]. Upon the lowering of initial soil moisture,
the increased transport of colloids but decreased transport of colloid-associated cadmium
(Cd) was observed [18]. Under alkaline conditions of pH 7.8, soil colloids significantly
facilitate the transport of arsenic (As) and chromium (Cr), but to a lesser extent facilitate
the transport of cuprum (Cu) and cadmium (Cd) [19]. Redox fluctuation results in the
dissolution of Fe/Mn-(oxy)hydroxide and sulfide phases and heavy metal release to soil
porewater [20]. The colloidal transport of heavy metals in soil is complex, and most
conclusions are based on laboratory research, lacking studies under natural conditions.

The recent emergence of asymmetric flow field-flow fractionation (AF4) coupled with
online detection systems allows for the quantification and continuous size fractionation of
natural colloids in soil extracts [21] and is capable of detecting soil colloids down to the low
nanometer, which are of particular environmental importance [22–24]. In addition, a water-
saturated sand column experiment is usually used to investigate the transport behaviors
of heavy metals. Hydrus-1D (4.17.0140) is a software for simulating the one-dimensional
movement of multiple solutes [25]. It can analyze the data of column experiments by
using mathematical models to obtain parameters that can be used to describe the transport
behavior of heavy metals and soil colloids [25,26].

Cd and Pb are commonly found in sites contaminated by heavy metals [27]. The
transport of Cd and Pb in subsurface can cause serious groundwater pollution, and poses a
severe threat to human health. To obtain a better understanding of the fate and transport
of Cd and Pb corresponding to soil colloids, the present study applied the AF4-UV-ICP-
MS technology and Hydrus-1D mathematical model to describe Cd and Pb that interacts
with soil colloids under different pH and ionic strength conditions (IS). The objectives
of this study are as follows: (a) to investigate the size distribution and composition of
Cd/Pb-bearing colloids in contaminated soil under different natural conditions from three
contaminated sites, (b) to investigate the transport behavior of Cd and Pb with soil colloids
under different pH and ionic strength conditions, which could contribute to understanding
the colloidal transport of Cd and Pb in the subsurface.

2. Materials and Methods
2.1. Soil Colloids Preparation and Analysis

Soil samples were collected from the surface (0–20 cm) of three contaminated sites
in proximity to mining and smelting operations. Dabao Mountain (DBS, pH = 5.5) soil
was originally a paddy field and was abandoned for years due to contamination. It was
contaminated by atmospheric deposition and irrigation water polluted by polymetallic
deposit (Cu, Fe, Zn, etc.) mining activities from the Polymetallic Mining Area in Shao
guan City, Guangdong Province. Hulu Dao (HD, pH = 7.0) soil was natural soil used for
agriculture years ago and was contaminated by atmospheric deposition and irrigation
water polluted by sewage from a Zinc Smelter in Hulu Dao City, Liaoning Province. Shen
yang (SY, pH = 8.0) soil was natural soil contaminated by atmospheric deposition due to
the emitted dusts from a muti-metal smelter in Shenyang City, Liaoning Province. The
basic chemical parameters for three contaminated soils are shown in Table S1. According to
Stokes’ law, soil colloids (<1 µm) were collected by sedimentation siphoning.

Particle size distributions and the zeta potential of soil colloids were analyzed using a
Laser Particle Size Analyzer (Zetasizer Nano ZS 90, Malvern, England;), the particle sizes
of soil colloids were as follows: DBS = 170 ± 3 nm, HD = 158 ± 6 nm, SY = 141 ± 3 nm.
Soil colloids were scanned at full UV wavelengths (UV-2600, Shimadzu, Tokyo, Japen;
−5–5 Abs, 185–900 nm; Figure S1), and the final wavelength of 254 nm was chosen for the
experiments. The concentration of soil colloids in the collecting solution was analyzed by
UV spectrophotometer (254 nm). Soil colloid concentration is proportional to absorbance
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(Figure S2). After the addition of HNO3 (sample/HNO3 = 10:1, v/v) to the collecting
solution, the concentrations of Cd and Pb were measured by ICP-OES (Agilent 5100,
Agilent, Palo Alto, CA, USA; RF power 1.2 kW; nebulizer flow 0.95 L min−1, pumping
rate 1.0 mL min−1). The emission lines were selected for Cd (228.8 nm), Pb (220.4 nm), Fe
(259.9 nm), Mn (257.6 nm), Al (308.2 nm) and measured 111Cd, 208Pb, 55Mn, 56Fe, 27Al.

2.2. Asymmetric Flow Field-Flow Fractionation

Soil colloids solution (450 nm filtered) is characterized by AF4 (AF 2000, Postnova
Analytics, Landsberg, Germany; injection volumes were 850 µL) coupled with a UV−vis
detector (UV, SPD-20A, Landsberg, Germany; absorption wavelength selected at 254 nm)
and ICP-MS (Agilent 8800, Agilent, Palo Alto, CA, USA). A 0.3 kDa nominal cut-off
polyether sulfone membrane was used as the accumulation wall. The carrier solution
flowing in the AF4 was 5 mM NaCl (100 nm filtered, pH = 7.0). A focusing time of 5 min
and a crossflow rate of 3.5 mL min−1 were used to optimize the size fractionation of colloids
or the total recovery. The elution runs ended with a washing step after 40 min with the
crossflow rate linearly decreasing to 0 mL/min within 15 min, allowing the elution of
the remaining non-fractionated particles. To translate the retention time into molecular
weight, we used a combination of external calibrations with polystyrene sulfonate standards
(nominal molecular weights of 1.4−280 kDa, Figure S3).

2.3. Column Experiment

A certain volume of stock solution of Cd2+ and Pb2+ was added to a predetermined
volume of soil particle suspensions to prepare influent suspensions, after which the mixed
suspensions were diluted with NaNO3 solution. Final concentrations of soil colloids and
Cd2+ and Pb2+ in the influent suspensions were 100 and 10 mg L−1, respectively. The
transport experiments were carried out under different pH solutions (3.0, 5.0, 7.0, and
9.0) and IS (0, 0.005, 0.01, and 0.05 mol L−1 NaNO3). The mixed solutions of soil colloids
and Cd2+ and Pb2+ were equilibrated for 12 h before co-transport experiments, and stirred
constantly during the transport experiments.

The quartz sand (Aladdin Company, Shanghai, China; 0.105-0.71 mm) was sieved to
0.25-0.3 mm and washed with deionized water until it was clear. The sand was soaked in
10% HNO3 for 48 h, then washed with deionized water to a neutral state and soaked in
1 mol L−1 NaOH for 48 h, and finally washed with deionized water to a neutral state and
dried at 60 ◦C. The transport apparatus for soil colloids is shown in Figure S4. The columns
were 3 cm in diameter and 14 cm in height, and were filled with quartz sand using the wet
packing method. The pores were evenly distributed and free of air bubbles.

Deionized water was introduced upward to the column with a peristaltic pump for
24 h to make the current velocity (q, 1 mL min−1) steady. A 5 pore volume (PV) KBr solution
(1 mol L−1) was pumped into the sand column to obtain the breakthrough curve (BTC) of
Br−, which was fitted by an advection–dispersion equation by Hydrus-1D to obtain the
dispersion coefficient (D).

A 5 PV background solution (q, 1 mL min−1) was pumped upward in the column,
then 5 PV experimental solutions were pumped in the column, and a 10 PV background
solution was pumped in the column to finally flush it. The effluent was collected in regular
time (10 min) intervals using a fraction collector.

2.4. Hydrus-1D Model

The breakthrough curves of soil colloids and heavy metal ions in saturated porous
media were simulated using a two-dynamic convection–dispersion model, which can be
described by the following equations:

∂θC
∂t

+ ρ
∂S
∂t

=
∂

∂z

(
θD

∂C
∂z

)
− ∂qC

∂z
(1)
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ρ
∂S
∂t

= θka

(
1 − S

Smax

)
C − kdρS (2)

where C is the concentration of soil colloids or heavy metals ions (mg L−1), t is the time
(min), v is the velocity (cm·min−1), D is the dispersion coefficient (cm2·min−1), ρ is the
media bulk density (g·cm−3), θ is the porosity, z is the transport distance (cm), ka is the
attachment coefficient (min−1), kd is the detachment coefficient (min−1), and Smax is the
maximum solid phase concentration (mg·g−1). The breakthrough curves of soil colloids
and Cd and Pb were simulated and inversely fitted using Hydrus-1D.

3. Results and Discussion
3.1. AF4 and Elemental Analysis of Different Soil Colloids

The AF4 fractograms of natural soil colloid solutions from three contaminated sites are
shown in Figure 1. UV254 has been validated as a good proxy for OM colloids [28]. Based on
the AF4 fractograms, two main fractions of soil colloids were identified. The first colloidal
fraction (F1) was distinct with a retention time between 0 and 10 min and corresponded to
a fraction with a particle size of 0.3–35 kDa, and here defined as fine nanoparticles. In this
faction, the co-elution of abundant OM, Fe, Al, and Mn was detected, which meant that all
elements were highly enriched in fine nanoparticles. The fine nanoparticles which were
ubiquitous in all soil colloid solutions were composed of OM, Fe, and Mn (oxy)hydroxides
and clay minerals [29]. The consistency of the signal peaks might imply the close relation
between Fe, Mn, OM, and clay, similar to that of Fe-OM-clay colloids found in another
study [30]. The second fraction (F2) was identified after 35 min and corresponded to
the remaining non-fractionated particles that were larger than 280 kDa but smaller than
450 nm (solutions were 450 nm filtered), and here defined as larger nanoparticles. In this
fraction, the signal peaks of OM, Fe, Al, and Mn were found to be neglectable in acidic
DBS soil solution; this corresponded with the research by Hu [20], which suggested that
acidic conditions would inhibit the formation of colloids in F2. The signal peaks of Fe and
Al simultaneously emerged at the same time in HD and SY solutions, indicating a high
correlation between Fe and Al. Fe and Al were likely to form Fe–clay complexes of similar
particle sizes. OM also exhibited some degree of correlation with both Fe and Al, but its
signal peak emerged marginally ahead of the peaks for Fe and Al in HD and lagged slightly
in SY. The signal peak of Mn was significantly observed in the SY alkaline solution, and
emerged marginally ahead of the peaks for Fe and Al. In summary, soil solutions from three
contaminated sites mainly contained fine nanoparticles and larger nanoparticles which
were distributed in F1 and F2 fractions, respectively. The nanoparticles were composed of a
complex assemblage of multiple elements and clay minerals, exhibiting high stability and
mobility. The formation of larger nanoparticles was primarily influenced by the pH of the
solution, and the alkaline condition was more favorable for forming Fe–clay colloids and
Mn (oxy)hydroxides. OM was also highly correlated with Fe and Al, and previous studies
had suggested that OM could confer electrostatic and steric stability to Fe (oxy)hydroxide
colloids and Fe (oxy)hydroxide–clay complexes [31], thereby enhancing the dispersibility
and mobility of the colloids.

The signals of Cd showed significant instability; the same phenomenon could be
observed in another study [22], which meant the high activity of Cd. But in F1, Cd showed
a significant signal peak and was consistent with that of other elements, indicating the
strong and stable adsorption ability of fine nanoparticles. Cd-bearing fine nanoparticles
were ubiquitous in all soil solutions under different pH conditions. In F1 (10 min), Cd
showed another special peak in HD soil solution, and Mn also showed a weak peak at
the same time. The fractograms of Cd and Mn demonstrated a notable similarity in F1
and F2 for all soil solutions, which implied that Cd might be coupled to Mn colloids in
soil solution. In F2, the transport of Cd carried by larger nanoparticles was comparatively
low and was likely to be affected by the pH of the solution. In the SY soil solution, the
alkaline condition facilitated the formation of Mn and Fe (oxy)hydroxide. The fractograms
of Cd, Mn, and Fe showed similarity. Cd could be fixed on the surface OH group of Mn
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and Fe colloids by ion exchange [32]. Mn and Fe were likely to be the primary carrier for
Cd, which could enhance the transport of Cd.
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Figure 1. AF4 fractograms of three different soil colloids: (a) DBS soil colloid, pH = 5.5; (b) HD soil
colloid, pH = 7.0; and (c) SY soil colloid, pH = 8.0.

The signal peaks of Pb were significantly observed in both F1 and F2, indicating that
the Pb-bearing fine and larger nanoparticles existed in all soil solutions. Pb also showed
a high correlation with OM, Fe, and Al, and its fractograms were highly similar to the
fractograms of Fe. There were several small signal peaks of Fe and Mn emerging within the
fraction range from 35 to 280 kDa, indicating the formation of Fe and Mn (oxy)hydroxide
for different particle sizes in the alkaline SY soil solution. Noting that the signal peaks
of Pb detected simultaneously emerged with signal peaks of Fe and Mn in this fraction,
indicating a strong adsorption of Pb by Fe/Mn (oxy)hydroxide. Pb could also be fixed on
the surface OH group of Fe/Mn colloids like Cd. Pb could be more stably bound to colloid
than Cd; this was also observed in another study [30]. Therefore, the transport of Pb was
predominantly controlled by soil colloids, and environmental conditions that favored the
formation of colloids, such as an increase in pH, would enhance the transport of Pb [17,19].

The AF4 characterization results demonstrated that fine nanoparticles and larger
nanoparticles commonly existed in soil solutions. Fine nanoparticles were ubiquitous and
relatively stable, exhibiting a strong adsorption capacity for Cd and Pb. This fraction was
stable and less affected by environmental conditions [20,22], which means that it is an
important component of Cd and Pb transport. Larger nanoparticles exhibited high stability
in non-acidic solutions, and their adsorption of heavy metals is substantially influenced
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by their composition. Cd transport could be influenced by Fe/Mn (oxy)hydroxide, and
Pb was highly adsorbed by Fe/Mn (oxy)hydroxide. The formation and stability of Fe and
Mn (oxy)hydroxide were sensitive to pH, the larger nanoparticles might be an important
component of heavy metal transport in weakly acidic, neutral, and alkaline soils such as
contaminated rice fields [20] and river flood plains [33]. Environmental conditions that
affect the formation and stability of colloids can impact the transport of heavy metals, so we
subsequently conducted a series of indoor saturated sand column transport experiments
under different pH and ionic strength conditions.

3.2. Transport of Soil Colloids under Different pH and Ionic Strength Conditions

The BTC of Br− tracer was symmetric and not retarded, and fitted well with the
advection–dispersion equation (R2 = 0.9989, Figure 2), indicating that the saturated sand
column was free of the wall effect, a short circuit, and preferential flows. The fitted D value
(0.2518 cm2 h−1) was used for the two-dynamic convection–dispersion model. All the soil
colloid samples had good absorption at 254 nm. The concentration of soil colloid was found
to have a strong linear correlation with the absorbance at 254 nm (Figure S2).
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Figure 2. BTCs of soil colloids in the sand column under different pH (a) and ionic strength (b)
conditions.

The BTCs of soil colloids under different pH and ionic strength conditions are shown
in Figure 2; colloidal properties and fitting parameters are shown in Table 1. The BTCs fitted
well with the two-dynamic model (R2 > 0.95). Soil colloid recoveries at pH 3.0 and 5.0 with
an ionic strength of 0.05 mol L−1 NaNO3 were too low for the model to be fitted. Soil colloid
recoveries were 0.0%, 0.0%, 7.0%, and 32.5% at pH 3.0, 5.0, 7.0, and 9.0, respectively. The
BTCs’ peak of soil colloids at high pH was significantly higher than at low pH (Figure 2a);
soil colloids were almost blocked in the column when pH fell to 5.0. Soil colloid recoveries
were 81.6%, 39.2%, 7.0%, and 0.0% at IS 0, 0.005, 0.01, and 0.05 mol L−1 NaNO3, respectively.
Soil colloids were blocked in the column when IS rose to 0.05 mol L−1 NaNO3 (Figure 2b).
In conclusion, the acidic and high IS condition could inhibit the transport of soil colloids,
including Cd/Pb-bearing colloids, but it does not mean that it is good for the environment.
Acid rain acidifies soils and increases the IS, but activates heavy metal ions and promotes
their transport [34].

At pH 9.0 and IS 0, soil colloids showed a higher peak and an initial breakthrough
at lower PV, which indicate a stronger mobility. Sand grains and soil colloids were both
negatively charged in all cases, indicating a repulsive force between them, the change in
charge has a significant effect on the height of the BTCs peak as well as the time of initial
breakthrough [35]. Decreasing pH and increasing ionic strength reduced the negative
charges on the surface of soil colloids (Table 1), which reduced repulsive forces between
soil colloids and sand grains, making soil colloids easier to aggregate and were blocked in



Agronomy 2024, 14, 352 7 of 14

the column. The BTCs decreased sharply between 5–6 PV (flushing time) and the tailing of
all BTCs were fairly weak. The phenomenon indicated that the deposit of soil colloids in
the column was a physical retention mechanism, and the initial breakthrough for colloids
was influenced by physical straining and filtration [10]. Remarkably, at high pH (9.0) and
low IS (0), 67.5% and 18.7% of the soil colloids were blocked in the column. Although
under unfavorable attachment conditions, the attachment between soil colloids and sand
grains also occurs when attractive van der Waals interactions exceed repulsive electrostatic
forces at short separation distances [36]. It may also be related to soil colloid type, sand
particle size, and flow rate. The tension between the soil colloids and the porous medium
increases as the ratio of the soil colloid diameter to the medium particle size increases, and
the resistance generated by the low flow rate is not sufficient to disperse these colloids,
leading to a blockage phenomenon [37]. In addition, Fe/Mn (oxy)hydroxides enhance the
non-uniformity of the surface charge on soil colloids, which facilitates their attachment to
sand grains [11].

Table 1. Soil colloid properties at different conditions and the fitting results.

Solution pH IS Pore Zeta (mV) Particle (nm) Recoveries R2

100 mg·L−1 soil colloids

3.0 0.01 0.46 −19.5 ± 0.2 1223 ± 29 NA 1

5.0 0.01 0.46 −33.7 ± 0.3 468 ± 15 NA 1

7.0 0.01 0.46 −34.6 ± 0.3 450 ± 11 7.0% 0.9943
9.0 0.01 0.46 −35.9 ± 0.5 401 ± 10 32.5% 0.9820
7.0 0 0.46 −36.2 ± 0.4 400 ± 10 81.6% 0.9950
7.0 0.005 0.46 −35.8 ± 0.3 413 ± 12 39.2% 0.9657
7.0 0.05 0.46 −25.2 ± 0.4 616 ± 19 NA 1

1 NA: not applicable.

3.3. Transport of Cd2+ and Pb2+ under Different pH and Ionic Strength Conditions

The BTCs of Cd2+ and Pb2+ under different pH and ionic strength conditions are
shown in Figure 3; fitting parameters are shown in Table 2. The BTCs fitted well with the
two-dynamic model (R2 > 0.90). The recoveries of Cd2+ and Pb2+ were 99.7% and 86.3%,
82.2% and 0.0%, 38.6% and 0.0%, and 0.0% and 0.0% at pH 3.0, 5.0, 7.0, and 9.0, respectively.
The recoveries of Cd2+ and Pb2+ were 0.0% and 0.0%, 10.7% and 0.0%, 38.6% and 0.0%, and
47.7% and 21.0% at IS 0, 0.005, 0.01, and 0.05 mol L−1 NaNO3, respectively.

Table 2. The fitting results of Cd2+ and Pb2+ BTCs under different pH and ionic strength conditions.

Solution pH IS Dispersion Pore Recoveries R2

10 mg·L−1 Cd2+

3.0 0.01 0.2518 0.46 99.7% 0.9981
5.0 0.01 0.2518 0.46 82.2% 0.9840
7.0 0.01 0.2518 0.46 38.6% 0.9620
9.0 0.01 0.2518 0.46 NA 1

7.0 0 0.2518 0.46 NA 1

7.0 0.005 0.2518 0.46 10.7% 0.9958
7.0 0.05 0.2518 0.46 47.7% 0.9046

10 mg·L−1 Pb2+

3.0 0.01 0.2518 0.46 86.3% 0.9926
5.0 0.01 0.2518 0.46 NA 1

7.0 0.01 0.2518 0.46 NA 1

9.0 0.01 0.2518 0.46 NA 1

5.0 0 0.2518 0.46 NA 1

5.0 0.005 0.2518 0.46 NA 1

5.0 0.05 0.2518 0.46 21.0% 0.9055
1 NA: not applicable.
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The BTCs of Cd2+ and Pb2+ gradually decreased between 5–6 PV (flushing time) and
showed a significant trailing phenomenon, indicating the existence of adsorption and
desorption of the two ions by the sand grains (Figure 3); this has also occurred in prior
studies [10,38]. The BTC tail results were different from soil colloids, indicating the different
retention mechanism in the column between heavy metals and soil colloids. With increasing
pH, the initial breakthrough appeared later and the BTCs’ peak was lower, indicating the
increasing adsorption capacity of sand grains. The Cd2+ and Pb2+ recoveries fell to 0.0% at a
pH of 9.0 and 5.0 (Figure 3a,b). The phenomenon can be explained by the fact that the high-
pH surface groups of the sand grains are strongly deprotonated (≡Si-OH ↔ ≡Si-O− + H+),
providing more negatively charged surface adsorption sites for the metal cation [25]. The
Cd2+ recoveries increased significantly with increasing IS, indicating that higher ionic
strength facilitated the desorption and transport of Cd2+ (Figure 3c). This could be inter-
preted as a competition for adsorption with background electrolyte cations at high IS [1].
Pb recoveries were 0.0% at an IS of 0, 0.005, and 0.01 mol L−1 NaNO3, and increased to
21.0% at IS 0.05 mol L−1 NaNO3, indicating the relatively weaker transport capacity.

3.4. Transport of Cd2+ and Pb2+ with Soil Colloids under Different pH and Ionic
Strength Conditions

The BTCs of Cd2+ and Pb2+ transport with soil colloids under different pH and ionic
strength conditions are shown in Figures 4 and 5; fitting parameters are shown in Table 3.
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The recoveries of Cd2+ and Pb2+ were 99.6% and 81.4%, 66.2% and 0.0%, 54.3% and 12.4%,
and 29.6% and 27.1% at pHs of 3.0, 5.0, 7.0, and 9.0, respectively. Cd2+ recoveries were
larger than 0.0% at all pHs, and Pb2+ recoveries were 0.0% at pH of 5.0 only. The recoveries
of Cd2+ and Pb2+ were 77.7% and 46.2%, 56.5% and 0.0%, 54.3% and 0.0%, and 14.6% and
0.0% at an IS of 0, 0.005, 0.01, and 0.05 mol L−1 NaNO3, respectively. Cd2+ recoveries were
larger than Pb2+ at all pHs and ISs. These results mean that the transport ability of Cd2+

was much stronger than Pb2+.
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Table 3. The fitting results of Cd2+ and Pb2+ co-transport with soil colloid BTCs under different
pH and ionic strength conditions.

Solution pH IS Dispersion Pore Recoveries R2

100 mg·L−1 Colloid +
10 mg·L−1 Cd2+

3.0 0.01 0.2518 0.46 99.6% 0.9978
5.0 0.01 0.2518 0.46 66.2% 0.9768
7.0 0.01 0.2518 0.46 54.3% 0.9421
9.0 0.01 0.2518 0.46 29.6% 0.9938
7.0 0 0.2518 0.46 77.7% 0.9467
7.0 0.005 0.2518 0.46 56.5% 0.9024
7.0 0.05 0.2518 0.46 14.6% 0.1546

100 mg·L−1 Colloid +
10 mg·L−1 Pb2+

3.0 0.01 0.2518 0.46 81.4% 0.9962
5.0 0.01 0.2518 0.46 NA 1

7.0 0.01 0.2518 0.46 1.3% 0.9920
9.0 0.01 0.2518 0.46 6.4% 0.9968
5.0 0 0.2518 0.46 46.2% 0.9154
5.0 0.005 0.2518 0.46 NA 1

5.0 0.05 0.2518 0.46 NA 1

1 NA: not applicable.

The BTCs and Cd2+ recovery at pH 3.0 transport with soil colloids were similar to
that of Cd2+ transport alone (Figure 4a), since under strongly acidic conditions, Cd2+ was
mainly in the free state and the adsorption capacity of soil colloids and sand grains for
Cd2+ was very low [39]. At pH 5.0, the BTC peak of Cd2+ with soil colloids was lower and
the initial breakthrough lagged slightly. The recovery was decreased by 16.06% compared
without soil colloids (Tables 2 and 3), indicating that the transport of Cd2+ was inhibited by
soil colloids. The soil colloids were blocked in the column (Table 1) and some Cd2+ might
be adsorbed. At pHs 7.0 and 9.0, the BTCs’ peak for Cd2+ was higher and recoveries were
increased by 15.6% and 29.6% compared without soil colloids, indicating that the transport
of Cd2+ was facilitated by soil colloids. It was worth noting that the soil colloid recoveries
were 7.0% and 32.5%, and the promotability to Cd2+ was not high relative to the high
recoveries of colloids at pH 9.0. This occurred in a similar study [10], whereby probably
was influenced by the formation of Fe/Mn (oxy)hydroxides under alkaline conditions.
Fe/Mn (oxy)hydroxides enhance the non-uniformity of the surface charge on Fe/Mn-
associated soil colloids, which facilitated their attachment to sand grains [11]. Remarkably
at pH 7.0, the initial breakthrough of Cd2+ with soil colloids appeared ahead at about
1 PV while that of soil colloids appeared at about 3 PV (Figure 1a). In addition, the BTC
of Cd2+ with soil colloids had a more gradual tailing at pH 9.0 than that of soil colloid.
These phenomena indicated that soil colloids facilitated the transport of Cd2+ and were not
only acting as carriers, but might also be an indirect effect such as the interaction changing
between Cd2+ and sand grains or the speciation changing of Cd2+. At IS 0, 0.005, and
0.01 mol L−1 NaNO3, the BTCs’ peak of Cd2+ with soil colloids was higher (Figure 4b)
and recoveries were increased by 77.7%, 45.8%, and 15.6% compared without soil colloids,
indicating that the transport of Cd2+ was facilitated by soil colloids. The BTC of Cd2+ with
soil colloids at IS 0 and 0.01 mol L−1 NaNO3 also had a more gradual tailing and was more
ahead of the initial breakthrough than soil colloids, which were similar with those at pH 7.0
and 9.0. The promotability of soil colloids to Cd2+ decreased with increasing ionic strength
due to the soil colloid recoveries decreased from 81.6% to 7.0%. At IS 0.05 mol L−1 NaNO3,
Cd2+ recovery was decreased by 33.1% compared without soil colloids, indicating that the
transport of Cd2+ was inhibited by soil colloids. But an initial breakthrough of Cd2+ with
soil colloids appeared ahead at about 1 PV while that of without soil colloids appeared at
about 2 PV. The results might indicate that a few soil colloids inhibited the adsorption to
Cd2+ by sand grains at the initial time. Then, many soil colloids were blocked in the column
under high-ionic-strength conditions and inhibited the transport of Cd2+. In addition, the
BTC of Cd2+ at IS 0.05 mol L−1 NaNO3 displayed a weak fitting to the model (R2 = 0.1546),
indicating the instability of Cd2+, due to the competitive adsorption of other ions.
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At pH 3.0, the BTC peak of Pb2+ were lower (Figure 5a) and recoveries were decreased
by 4.9% compared without soil colloids, indicating that the transport of Pb2+ was slightly
inhibited by soil colloids, due to the low adsorption capacity of soil colloids for Pb2+ under
strongly acidic condition [38,40]. At pH 5.0, soil colloids could not make an influence
on the transport of Pb2+; the recovery was still 0.0% due to the soil colloids also being
blocked in the column (Table 1). At pHs 7.0 and 9.0, the BTCs peak of Pb2+ were higher
and recoveries were increased by 1.3% and 6.4% compared without soil colloids, indicating
that the transport of Pb2+ was facilitated by soil colloids. The BTC shape of Pb2+ with soil
colloids was similar with that of soil colloids, indicating the colloidal transport of Pb2+

under alkaline conditions. It is noteworthy that the recoveries of soil colloids were 7.0%
and 32.5%. The promotability of soil colloids to Pb2+ was relatively weaker than Cd2+.
AF4-ICP-MS characterization found that Pb2+ was highly adsorbed by Fe (oxy)hydroxide
(Figure 1). However, the formation of Fe (oxy)hydroxides under alkaline conditions could
facilitate the attachment of Fe-associated soil colloids to sand grains [11]. At IS 0 mol L−1

NaNO3, the BTC peak of Pb2+ was higher (Figure 5b) and recoveries were increased by
46.2% compared without soil colloids, indicating the transport of Pb2+ was facilitated by
soil colloids under extremely low ionic strength. At IS 0.005, 0.01 and 0.05mol L−1 NaNO3,
the Pb2+ recoveries with soil colloids were 0.0%, soil colloids were blocked in the column
and inhibited the transport of Pb2+. The transport of Pb2+ was mainly dependent on soil
colloids except at pH 3.0.

In summary, high pH and low ionic strength were both beneficial to the transport of soil
colloids, and the transport of Cd2+ and Pb2+ could be facilitated by soil colloids. However,
in acidic conditions, the agglomeration retention of soil colloids within the column inhibited
the transport of Cd2+ and Pb2+, which is similar to the result of research about the arsenic
(V) transport with soil colloids [15]. It has been found that the co-transport of Cd2+ by
soil colloids is pronounced at high pH and low ionic strength and can generate a potential
environmental risk [10]. Increasing pH and decreasing ionic strength of soil solution are
common during irrigation, rainfall and the remediation of polluted soil. Therefore, the
transport of Cd2+ and Pb2+ associated with soil colloids facilitated by increasing pH and
decreasing ionic strength should be paid more attention to during these situations.

4. Conclusions

AF4-ICP-MS characterization of three contaminated natural soil solutions showed
that nano-sized colloids in soil were mainly distributed in two size ranges: 0.3–35 kDa and
280 KDa–450 nm, which defined as fine nanoparticles and larger nanoparticles, mainly
consisted of OM, Fe, and Mn (oxy)hydroxides and clay minerals. Cd and Pb could strongly
and stably be adsorbed by fine nanoparticles under all environmental conditions. Mn and
Fe (oxy)hydroxides generally formed in quantities under neutral to alkaline conditions. Cd
could be adsorbed by Fe/Mn colloids and Pb was fixed by them. Column transport exper-
iments showed that soil colloids were gradually blocked in the column with decreasing
pH and increasing IS due to the reduction of negative charges on the surface and colloid
agglomeration. The transport capacity of Cd2+ and Pb2+ without soil colloids gradually
decreased with increasing pH and decreasing IS. The transport of Pb2+ without soil colloids
showed stronger sensitivity to environmental conditions and was more difficult to transport
than Cd2+. Soil colloids inhibited the transport of Cd2+ and Pb2+ under acidic conditions
due to the adsorption by the soil colloids blocked in the column. Soil colloids facilitated
the transport of Cd2+ and Pb2+ under non-acidic conditions. Soil colloids facilitated the
transport of Pb2+ which mainly act as carriers, but facilitated the transport of Cd2+ by
carriers and indirect effect. Fe/Mn (oxy)hydroxide colloids formed in quantity under
alkaline conditions but some of them might be blocked in the column, which result in the
relatively weaker promotability of soil colloid. At IS 0, 0.005, and 0.01 mol L−1 NaNO3,
soil colloids facilitated the transport of Cd2+ and the promotability decreased with the
increasing IS. It was only at 0 mol L−1 NaNO3 where soil colloids facilitated the transport of
Pb2+. The increase in pH and decrease in ionic strength of the soil is particularly significant
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during heavy irrigation and rainfall. Soil colloids will not only transport underground but
also transport in large quantities with surface runoff; Cd2+ and Pb2+ will transport at the
same time, which can generate a potential environmental risk.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14020352/s1, Figure S1: UV full wavelength scanning
signal graph of soil colloids (a: DBS, pH = 5.5; b: SY, pH = 8.0; c: HD, pH = 7.0; d: HD background,
pH = 7.0); Figure S2: Relationship between soil colloid concentration and absorbance at 254 nm; Figure
S3: Relationship between polystyrene sulfonate standards and elution time; Figure S4: Schematic
diagram of the experimental equipment for saturated sand column; Table S1: Soil basic chemical
parameters for three contaminated soils; Table S2: The Hydrus-1D fitting results of Cd2+ and Pb2+

BTCs at different pH and ionic strength conditions.
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