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Abstract: Natural colloids are widely distributed in soil and groundwater. Due to their specific
characteristics, colloids can actively involve various transport contaminants, resulting in a com-
plicated fate and the transport of heavy metals to the environment. This study investigated the
effects of soil colloids on the adsorption and transport of Ni2+ in saturated porous media under
different conditions, including pH, ion strength (IS), and humic acid (HA), because these indexes are
non-negligible in the fates of various organic or inorganic matters in the subsurface environment.
The results indicate that Ni2+ adsorption by soil colloids slightly increased from 17% to 25% with the
increase of pH from 5.5 to 7.5 at the IS of 30 mmol·L−1, whilst it significantly reduced from 55% to
17% with the increase of IS from 0 to 30 mmol·L−1 at a pH of 5.5. Both Langmuir and Freundlich
models can fit the adsorption isotherms of Ni2+ on soil colloids and quartz sand. According to the
column experiment, the presence of soil colloids increased the initial penetration rate, but could
not increase the final transport efficiency of Ni2+ in the effluent. The presence of soil colloids has
weakened the effect of IS on Ni2+ transport in the sand column. Moreover, this experiment implies
that HA remarkably decreased the Ni2+ transport efficiency from 71.3% to 58.0% in the presence of
soil colloids and that there was no significant difference in the HA effect on the Ni2+ transport in the
absence of soil colloids.

Keywords: soil colloids; Ni2+ adsorption; Ni2+ transport; ionic strength; pH; humic acid

1. Introduction

Recently, due to industrial and agricultural activities, various contaminants (especially
heavy metals, such as Cd, Cr, Cu, Pb, Ni, Mn, etc.) have been detected in groundwater,
significantly threatening the health of humans [1,2]. For the safety of water environments,
it is necessary to prevent heavy metals in soils from contaminating the groundwater.

Colloids, generally defined as small particles with dimensions roughly between 1 nm
and 10 µm, including inorganic colloids, organic colloids, and microorganisms, are ubiqui-
tous in subsurface environments [3–5]. Some toxic colloids, such as bacteria, viruses, and
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nanomaterials, can transport from soil to groundwater, resulting in groundwater contami-
nation [6,7]. Generally, colloids have the characteristics of large specific surface areas and
high activity, causing them to exhibit strong affinities to hydrophobic contaminants, heavy
metals, and pharmaceuticals [8–12]. At the same time, these colloids can carry the adsorbed
pollutants for long-distance transport, greatly enhancing the dispersion of pollutants in
soil and water environments and increasing the ecological risk [13–16].

It was reported that heavy metals in groundwater are strongly associated with small-
sized colloidal matter and organic molecules [17,18]. Moreover, as reported in the study,
the colloids have the potential to promote the transport of heavy metals in soils and ground-
water [19]. In recent years, the co-transport of colloids and contaminants has attracted
widespread attention regarding environmental remediation due to its prevalence and effi-
cient treatment in groundwater [20–22]. It was reported that colloids are well dispersed,
which can provide highly potential adsorption material for heavy metal removal [23,24].
Based on the conclusion of the soil column experiment [19,25], it seems that colloids and
heavy metals are discharged into the groundwater through the vadose zone. The presence
of colloids may alter the propagation of heavy metals in contaminant plumes [26]. The
effect of colloids on contaminant transport is dependent on hydrogeological conditions
and physicochemical properties of the aquifers [27–30]. Both groundwater chemistry and
site-specific conditions may promote or hinder the co-transport of heavy metals and natural
colloids in the subsurface environment [20,28,29].

Clay colloid is one of the most significant colloidal carriers for many contaminants in
the subsurface environment [11,31]. The facilitated transport of some heavy metal ions in
porous media by clay colloid particles has been widely reported [32]. However, few studies
have investigated the adsorption and transport of Ni2+ with natural colloids in soil and
groundwater. The high toxicity of Ni2+ can result in serious ecological damage and cause
disorders and diseases in humans due to long-term exposure. Therefore, it is necessary to
understand the Ni2+ transport behavior with colloids in soil and groundwater.

Moreover, common experimental adsorbents are artificial and will inevitably have
adverse impacts on water. To overcome this shortcoming, we selected Ni2+ to represent
heavy metals; moreover, we investigated the influence of natural soil colloids on the
adsorption and transport of heavy metals in groundwater. In this study, the typical slime
soil of Wudalianchi in Heilongjiang Province was selected as the experimental material for
soil colloid extraction. The purpose of this study was to investigate how the general (but
neglected) soil colloids influence the adsorption and transport of Ni2+ in saturated porous
media, considering pH, ionic strength, and humic acid (HA). These factors play significant
roles in the transport of contaminants in subsurface environments [12,21,22]. This study is
crucial in preventing groundwater from being contaminated by heavy metals and other
colloid-associated pollutants.

2. Materials and Methods
2.1. Soil Samples

The soil samples used in this study were collected from the Wudalianchi area in
Heilongjiang Province, buried below a surface depth of 0.2–0.8 m, with an average thickness
of 0.499 m. The soil samples were black or gray–black, with high viscosity and strong
adhesion, containing iron–manganese nodules and basalt gravel blocks, showing low water
content and semi-solid states. The soil surface was covered with 0.2–0.8 m of black humus,
containing abundant plant roots. The natural moisture content of the top soil was low, and
the soil block was loose and brittle, with weak adhesion. The main elements of the soil
were detected by an inductively coupled plasma mass spectrometer (ICP-MS).

The soil samples were dried at room temperature (20 ± 5 ◦C) and ground and sieved
through a 2 mm nylon sieve to remove large particles. The particle size distribution and
zeta potential of the soil colloids were measured using a dynamic light scattering analyzer
(Zetasizer Nano ZS, Malvern Instruments, Worcester, UK). The main anion and cation
content in the soil samples were determined by atomic absorption spectroscopy (AAS).
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2.2. Soil Colloids Preparation

Soil colloid suspensions were prepared by adding 1.0 g of soil samples to a 50 mL cen-
trifuge tube containing 30 mL of ultrapure water, then homogenized by stirring for 60 min
and sonicating for 8 min. The soil colloids were kept stable for 24 h. After preparation, the
resulting soil colloids were characterized using an energy dispersive X-ray detector (EDX)
and scanning electron microscopy (SEM) for a morphological analysis.

2.3. Porous Media and Column Packing

Quartz sand was used as the porous media for all column experiments. The pure
quartz sand (99.7% silica and trace amounts of metal oxides, Damao, Tianjin, China) was
prepared by soaking in a 12 M hydrochloric acid (HCl) solution for 36 h to eliminate
impurities on the surface, followed by rinsing with ultrapure water. Then, the clean quartz
sand was dried in a hot air oven at 105 ◦C for 24 h.

Column experiments were conducted in a glass chromatographic column with a length
of 10 cm and an inner diameter of 2.6 cm. The column was rinsed with excess 0.01 M
HNO3 and 0.01 M NaOH before packing. The column was wet-packed and the porosity
was controlled to about 0.42 ± 0.02. After packing, the column was injected with around
10 pore volumes (PVs) of ultrapure water using a peristaltic pump in the bottom-up mode
to keep the sand column saturated and stable.

2.4. Solutions Preparation

All Ni2+ solutions were prepared with Ni(NO3)2 using ultrapure water or soil colloid
suspensions to adjust the concentrations of Ni2+ from 0 to 2 mg·L−1. The initial pH was
adjusted to be 5.5, 6.5, or 7.5, as required, using 0.1 mol·L−1 HNO3 or 0.1 mol·L−1 NaOH.
The ionic strength (IS) was adjusted to 0 mmol·L−1, 3 mmol·L−1, and 30 mmol·L−1 by
NaNO3. Humic acid (HA) at a concentration of 20 mg·L−1 was selected to represent the
organic matter.

2.5. Experimental Method
2.5.1. Isothermal Adsorption

For the isothermal adsorption experiment, a 20 mL Ni2+ solution with a concentration
series of 0, 0.2, 0.5, 1, and 2 mg·L−1 was mixed with 1.0 g of quartz sand or with soil colloids
in several glass bottles. These glass bottles were placed in an incubator at 20 ◦C and then
shaken at 150 rpm for 24 h. After equilibration, the solutions were centrifuged at 10,000 rpm
for 1 h and the liquid supernatant was filtered through a polyether sulfone membrane with
a 0.22 µm bore diameter. The filtered liquid was then acidified with 1 mol·L−1 HNO3 to
render the pH < 2.0. Finally, the concentration of Ni2+ in the equilibrium aqueous phase
was then detected by ICP-MS. In addition, the solutions with different pHs (5.5, 6.5, 7.5)
and IS (0, 3, 30 mmol·L−1) were used to study the effect of groundwater chemistry on the
Ni2+ adsorption by soil colloids and sand. The setup of the batch experiments is illustrated
in Figure 1a.

2.5.2. Column Experiment

The sand column was first stabilized with around 10 PVs of ultrapure water using a
peristaltic pump in the bottom-up mode and a flow rate of 1 mL·min−1. Then, ultrapure
water or soil colloidal suspensions were injected into the sand columns at the same flow
rate in the top-down mode. After the sand column was saturated with ultrapure water or
soil colloidal suspensions, the Ni2+ solution (with a specific concentration) was injected
into the sand columns for 10 PVs. The effluent was collected at regular intervals and the
concentrations of Ni2+ in the effluent were tested by ICP-MS after acidification. In addition,
the soil colloid suspensions with IS (0 mmol·L−1, and 3 mmol·L−1) and HA (20 mg·L−1)
were also applied to study the effect of IS and HA on Ni2+ transport with or without soil
colloids. The experimental facility of the column experiments is illustrated in Figure 1b.
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2.6. Mathematical Models

The Langmuir model represents the monolayer adsorption that assumes the adsor-
bent surface is homogeneous, and there is no transfer movement between the adsorbed
metal ions. The Freundlich model describes the heterogeneous adsorption behavior of the
adsorbent surface. The Ni2+ adsorption by the soil colloids and sand was simulated by the
Langmuir model Equation (1) and Freundlich model Equation (2); the related equations are
shown below:

Q =
bCeQm

1 + bCe
(1)

Q = K f C1/n
e (2)

where Q (mg·g−1) and Ce (mg·L−1) are the solid-phase and solution-phase equilibrium
concentrations, respectively; b is the Langmuir constant (L·mg−1); Qm is the maximum
adsorption capacity (mg·g−1); Kf (mg·kg−1·mg−n·Ln) is the Freundlich affinity coefficient,
and n is the Freundlich adsorption strength parameter.

The value of Q can be calculated by the equation as follows; Equation (3):

(3)

Q =
(C0 − C1)V0

m
(3)

where C0 is the initial Ni2+ concentration (mg·L−1); C1 is the final concentration after the
equilibrium of Ni2+ in the solution (mg·L−1); V0 is the solution volume (mL), and m is the
dry weight of the soil colloids (g).

3. Results and Discussion
3.1. Characterization of Soil Samples and Soil Colloids

The basic physicochemical characteristics of soil samples and soil colloids are shown
in Table 1 [33]. It is obvious that the pH of the soil colloids was lower than the soil samples,
indicating that the colloid extraction process changed the pH of the soil. Moreover, the
cation exchange capacity (CEC) was 34 meq/100 g for soil samples. The main mechanical
composition of the soil samples was in the range of 0.02–0.002 mm since the proportion
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was more than 50%. There is a difference in the average particle sizes between soil colloids
and soil samples, but the Zeta potential of the two samples was similar. Moreover, the mass
concentration of the soil colloids was detected to be 220 mg·L−1. The total organic carbon
of the soil samples was higher than that of the soil colloids, indicating that the colloid
extraction process led to the loss of organic carbon, which may influence the adsorption
capacity of the two kinds of materials for contaminants in groundwater.

Table 1. The basic physicochemical characteristics of soil samples and soil colloids.

Materials pH CEC a Mechanical Composition
(mm%)

Average
Particle

Size (nm)

Zeta
Potential

(mV)

Mass Concentration
of Soil Colloid

(g·L−1)
TOC b

Soil colloids 5.81 — — — 433.3 −26.23 0.22 5.72 mg/L

Soil samples 7.32 34
2–0.02 32.94

1270 −25.7 — 27.17%0.02–0.002 55.72
<0.002 11.34

a CEC: cation exchange capacity (meq/100 g); b TOC: total organic carbon.

As shown in Figure 2, the EDX result indicates that the composition of soil colloids was
complicated and mainly contained Si, Ca, Fe, Ti, Ag, etc. The shapes of the single colloidal
particles are diverse in the SEM image, e.g., circular, irregular polygon, and aggregates of
nanoparticles. Generally, the soil colloidal particles were considered to be mineral particles
coated with organic matter. The embedded tables in Figure 2b exhibit the main element
compositions and the main ion content in the soil samples. It is obvious that the contents of
Fe and Mn in soil are higher than in other elements. Moreover, some toxic heavy metals
(i.e., Cr, Ni, Cu, Zn, Cd, Pb) were detected in the soil, indicating that the soil was polluted
by heavy metals, which cannot be ignored. It is obvious that HCO3

- is dominant in all the
anions. The detection of Ca2+ was consistent with the EDX result.
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3.2. Ni2+ Adsorption on Sand and Soil Colloids
3.2.1. pH Effect

Figure 3a shows that there were no significant changes in the adsorption behaviors of
Ni2+ on quartz sand under different pH values (because the adsorption of Ni2+ on quartz
sand was weak due to the small surface area (only 10 m2·g−1) of sand). Although the
high pH values of the solution may decrease the zeta potential of sand, the weak sorption
capacity of sand leads to no significant effect of pH on Ni2+ adsorption on a small scale.

Noticeably, the Ni2+ adsorption by soil colloids had no significant changes with differ-
ent pHs when the IS was 0 or 3 mmol·L−1. However, the Ni2+ adsorption by soil colloids
slightly increased with the increase of pH from 5.5 to 7.5 when the IS was 30 mmol·L−1 since
the final concentration of Ni2+ in the solution slightly decreased from 0.55 to 0.50 mg·L−1

with an increase of the pH from 5.5 to 7.5. Some studies reported that the increase in pH
led to more negative charges on the surfaces of soil particles, indicating the high pH was
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favorable for heavy metal adsorption by soil colloids in porous media [34,35]. Generally,
the surfaces of soil colloids were predominantly negatively charged, implying that most
Ni2+ adsorption occurred through electrostatic attraction. The increasing pH in the amount
of H+ became low, which further reduced the H+ competitive adsorption between H+ and
Ni2+ in the presence of soil colloids [36]. In addition, the amount of cation at the bonding
sites of the soil colloids was also reduced with high pHs; therefore, the number of negative
sites increased to contribute to Ni2+ adsorption.
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Figure 3. Effect of pH and ion strength (IS) on the adsorption of Ni2+ on the soil colloids and quartz
sand (a) pH effect; (b) IS effect. The initial concentration of Ni2+ was 0.6628 mg·L−1, different ISs
were adjusted with NaNO3, the concentration of soil colloids was 220 mg·L−1, different pHs were
adjusted with 0.1 M HNO3 or 0.1 M NaOH, the equilibrium time was 24 h.

High H+ concentration can produce compression of the electric double layer and
repulsive surface interaction energy, which is why the corresponding zeta potential of the
soil colloids and sand decreased with the increase of pH [37]. The hydroxides of most
heavy metals are insoluble; therefore, the OH- in the solution could precipitate with heavy
metal ions, which may further adsorb heavy metal ions in the precipitation process when
the pH increases [36]. Moreover, the adsorption affinity of soil to heavy metal hydroxyl
ions is greater than that of free ions and the proportion of hydrated ions will increase with
pH increasing, indicating more heavy metals will be adsorbed by soil colloids.

3.2.2. Ionic Strength Effect

In the presence of soil colloids, it was found (see Figure 3b) that the concentration
of Ni2+ in the solution increased when the IS increased from 0 to 30 mM, indicating that
Ni2+ adsorption by soil colloids decreased as the IS increased. Increasing IS can make the
zeta potential of soil colloids more positive, which may be harmful to positively-charged
Ni2+ adsorption by soil colloids [38,39]. There is a strong cationic bridging effect between
clay colloids and metal cations, which can explain the decrease of the Ni2+ adsorption
by the soil colloids with the increased IS [32]. The metal cations were adsorbed through
an ion-exchange reaction to form outer-sphere complexes; these reactive sorption sites
can be defined as variable charge sites. On the contrary, it was said that if the metal ion
adsorption on the soil particles increased or had no change with the IS increasing, these
reactive sorption sites can be treated as permanent charge sites, which generally have
difficulty exchanging with other cations in the aqueous phase [40]. It was reported that
the increase of ionic strength inhibited the transport and release of clay colloids in porous
media [41,42], affecting the adsorption behavior of heavy metals in groundwater. Moreover,
Na+ in the solution increased with the increased IS (which may reduce the Ni2+ adsorption
through competitive adsorption for the reactive sites on the soil colloids). However, in
the absence of soil colloids, it was found that the concentration of Ni2+ in the solution
decreased when the IS increased from 3 to 30 mM, indicating that Ni2+ adsorption by sand
increased as the IS increased; this may be attributed to the increasing Na+ concentration
increasing the attraction between Ni2+ and the surface of sand.
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In addition, it was obvious that the Ni2+ adsorption was much larger on the surface of
soil colloids than that on the surface of sand when the IS was 0 or 3 mM. However, the Ni2+

adsorption was slightly larger on the surface of sand than that on the surface of soil colloids
when the IS was 30 mM. These results indicate that high IS has significantly negative and
positive effects on Ni2+ adsorption by soil colloids and by sand, respectively.

3.2.3. Isothermal Adsorption of Ni2+

Both Langmuir and Freundlich models were used to fit the adsorption isotherms of
Ni2+ on quartz sand and soil colloids (Figure 4), and the related parameters are shown in
Table 2. It was obvious that the adsorption capacity of quartz sand and soil colloids for
Ni2+ increased with the increase of initial concentrations of Ni2+ at the range of 0–2 mg·L−1.
Both Langmuir and Freundlich models fit well with the adsorption isotherms of Ni2+ on
quartz sand and soil colloids since the correlation coefficients (R2) were larger than 0.95.
In addition, both models fit better for Ni2+ adsorption on sand than that on soil colloids,
which may be because the composition of soil colloids is more complex than quartz sand.
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Table 2. Parameters of Langmuir and Freundlich models for Ni2+ adsorption.

Materials
Langmuir Equation Freundlich Equation

Qm b R2 Kf n R2

Sand 0.1973 1.3259 0.9976 0.1503 1.2077 0.9993
Soil colloid 57.1429 0.0938 0.9911 6.8391 0.7874 0.9604

According to the parameters shown in Table 2, the Qm values fitted by the Langmuir
model for Ni2+ adsorption by soil colloids were larger than the Ni2+ adsorption on the
sand. This result indicated that the adsorption capacity of Ni2+ on soil colloids was much
stronger than that of Ni2+ adsorption on the sand, which is consistent with the previous
study [43,44]. Moreover, it was also reported that soil colloids had a large specific surface
area and could be bound with exchangeable cations to a greater extent than sand. Thus,
Ni2+ could not only be adsorbed on quartz sand, it could be adsorbed much more on soil
colloids. The Freundlich model assumes that the sorption of Ni2+ occurs on a heterogeneous
surface. The Kf value of Ni2+ adsorption by soil colloids is approximately 45 times higher
than that on the sand. It may be because soil colloids have greater specific surface areas
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and CEC than sand, resulting in a better adsorption capacity for Ni2+. As a result, it can be
speculated that heavy metal ions could be adsorbed on the colloids or fixed on the solid
particles in the soil environment to reduce heavy metal contamination in groundwater.

3.3. Ni2+ Transport in the Saturated Porous Media
3.3.1. Effect of Soil Colloids

The column breakthrough curves (BTCs), i.e., the normalized Ni2+ concentrations in
the column effluent (C/C0) plotted as a function of PV, are presented in Figure 5. The
concentration of Ni2+ increased quickly at the initial phase of transport and reached the
maximum value at about 2 PV, which was then maintained at a steady concentration. The
normalized Ni2+ concentrations are less than 1, indicating that Ni2+ was retained in the
sand column by adsorption on the surface of the sand or adsorption on the soil colloids
being caught in the sand column together during transport.
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(b) IS = 3 mmol·L−1. The initial concentration of Ni2+ was 0.6628 mg·L−1, the different ISs were
adjusted with NaNO3, the concentration of soil colloids was 220 mg·L−1.

Compared to the breakthrough curve of the Ni2+ transport without soil colloids, the
retention of Ni2+ in the sand column increased in the presence of soil colloids. Moreover, the
migration rate of Ni2+ with soil colloids in the initial phase was slightly faster than that of
Ni2+ transport without soil colloids; the IS was 0 mmol·L−1 (Figure 5a). This phenomenon
can be explained by the following mechanisms [13]: The motion rates of large molecules
may be greater than the average velocity of the average groundwater flow line in fine
granular soil or aquifers, caused by the volume exclusion effect. When the particle sizes of
molecules or ions are too large to pass through smaller pores, they are limited to a larger
velocity than the average velocity of the groundwater flow line. The size of the colloid
is larger than that of the soluble Ni2+ and the colloid-associated Ni2+ may be trapped in
the sand column due to the blocking effect in the late transport [45], causing the transport
efficiency of Ni2+ to decrease.

Moreover, Ni2+ could act as a bridge to reduce the repulsive forces between the quartz
sand and soil colloids and, therefore, have an inhibiting effect on Ni2+ as well as soil
colloid transport in the sand column [46,47]. It can be seen from Figure 5 that, despite the
presence of soil colloids resulting in a faster penetration rate of Ni2+ at the initial phase of
transportation, the final transport efficiency of Ni2+ was suppressed. It can be speculated
that a part of Ni2+ was retained in the sand column due to the direct adsorption by quartz
sand, and the other part of Ni2+ was retained in the sand column just because the colloid-
associated Ni2+ was captured by the sand column. The effect of colloid on the transport of
pollutants in porous media is two-sided [48]. On the one hand, colloids can move faster
than that of solute in porous media due to size exclusion, and promote the transport of
some contaminants as a carrier; on the other hand, colloid-associated contaminants could
be “immobilization” in the porous media if the porosity is small or the affinity between
porous media and the colloids is strong.
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3.3.2. Effect of Ion Strength

The effect of IS on Ni2+ transport in the sand column is shown in Figure 6. In the
absence of soil colloids (Figure 6b), as compared to the breakthrough curve of the Ni2+

transport at the IS of 0 mM, the retention of Ni2+ in the sand column increased at the IS of
3 mM. Moreover, the migration rate of Ni2+ at the IS of 3 mM in the initial phase was faster
than that of Ni2+ at the IS of 0 mM. However, in the presence of soil colloids (Figure 6a),
although the migration rate of Ni2+ at the IS of 3 mM in the initial phase was also faster
than that of Ni2+ at the IS of 0 mM, there was a small variation in the overall transport
efficiency of Ni2+ in the sand column at IS of 0 mM (71.30%) and 3 mM (72.92%), which is
shown in Table 3.
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Figure 6. The effect of ion strength on Ni2+ transport in the sand column. (a) In the presence of
soil colloids; (b) in the absence of soil colloids. The initial concentration of Ni2+ was 0.6628 mg·L−1,
different ISs were adjusted with NaNO3, the concentration of soil colloids was 220 mg·L−1).

Table 3. Results of the Ni2+ transport in the sand column with different conditions.

Column
Experiment Colloids IS

(mmol·L−1) HA (mg·L−1)
Concentration of

Ni2+ Injection
(mg·L−1)

Average
Concentration of Ni2+

at Plateau (mg·L−1)

Penetration
Rate of Ni2+

(%)

1 × 0 0 0.6628 0.54 81.39
2 × 3 0 0.6628 0.49 73.96
3

√
0 0 0.6628 0.47 71.30

4
√

3 0 0.6628 0.48 72.92
5 × 0 20 0.6628 0.54 80.88
6

√
0 20 0.6628 0.38 58.01

It is obvious that the transport of Ni2+ at the IS of 3 mM in the initial phase was faster
than the IS of 0 mM, whether the soil colloids existed or not. The possible reason is that the
increasing Na+ presented competitive adsorption with the targeted Ni2+ for the active site
on the surface of the quartz sand at the initial phase when the Ni2+ transported in the sand
column. In the case of the presence of soil colloids (Figure 6a), the final transport efficiency
of Ni2+ in the effluent slightly increased from 71.3% to 72.92% with the increase of ionic
strength from 0 to 3 mmol·L−1 (Table 3), indicating that less colloid-associated Ni2+ may
accumulate in the sand column at higher IS conditions. It is reasonable to conclude that the
ionic strength will affect the thickness of the double layer of the colloid surface [45,49,50].
Compared with monovalent cations, divalent cations in solutions were more favorable for
the colloid deposition by increasing electrostatic attraction between the colloids and sand
surfaces, causing the cation bridge [46,47,51]. Thus, the transport of reduced Ni2+ may be
because it involved the interaction between soil colloids and sand.

3.3.3. Effect of Humic Acid

It was found that complexing with dissolved organic matter (DOM) has more sig-
nificant effects on Cu and Pb than Cd, Zn, and Ni [52]. Figure 7 shows that there is little
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difference in Ni2+ transport with or without HA in the absence of soil colloids (Figure 7b).
In the presence of soil colloids (Figure 7a), although there is no significant difference in the
migration rate of Ni2+ with or without HA at the initial phase, the final transport efficiency
of Ni2+ without HA in the sand column was 71.30%, which is greater than the 58.01% of
Ni2+ with HA (Table 3). This result is probably due to the co-effect of HA and soil colloids
in the porous media [53]. HA can enhance the desorption of Ni2+ in the sand column in
the presence of soil colloids. In fact, the decrease of metal ions in the solution is due to the
adsorption of free metal ions by colloids, the chelation of metals with colloid-associated HA,
and the chelation of metals with free HA [53]. The formation of insoluble metal complexes
promotes the adsorption of more heavy metal ions. It was reported in the previous study
that HA is easy to dissociate and it complexes with heavy metals, which has a certain
binding ability with colloid [54]. In addition, HA can be adsorbed on the surface of colloids,
forming stronger ion-exchange centers for metals. Thus, insoluble complexes are formed
between heavy metal ions, HA, and colloids to further generate larger particles, resulting
in the deposition of heavy metal ions in porous media.
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loids; (b) in the absence of soil colloids. The initial concentration of Ni2+ was 0.6628 mg·L−1, the
concentrations of soil colloids and HA were 220 and 20 mg·L−1, respectively; IS = 0 mmol·L−1.

In the presence of soil colloids, HA plays an important role in the fate and transport
of heavy metals in a subsurface environment. It was reported that organic matter usually
affects the chemical properties of the colloidal surface, and even changes the surface
characteristics of porous media [55,56]. Similarly, HA can increase the repulsive force
between illite colloids and solid media and, thus, promote the transport of illite colloids [57].
However, in this study, HA inhibited the overall transport efficiency of Ni2+ with soil
colloids, which may be related to the properties of soil colloids and the complex interaction
between heavy metals, colloids, and sand, as discussed above.

4. Conclusions

The effects of soil colloids on the adsorption and transport of Ni2+ in saturated porous
media were explored in this study. The main conclusions are as follows:

(1) Soil colloids have greater potential for Ni2+ adsorption than quartz sand, suggesting
the important role of soil colloids in the subsurface environment. From this, we infer
that most contaminants, such as heavy metals, could be immobilized by colloids in
soil instead of transported from surface soil to groundwater.

(2) Relatively higher pHs and smaller ISs were favorable for Ni2+ adsorption by soil
colloids, indicating the hydrochemical conditions of groundwater greatly affected
the fate of heavy metals in the subsurface environment. Human activities, such
as artificial pumping, water injection experiment, or rapid infiltration of rainfall,
may lead to the release of colloids and change the environmental conditions, which
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should be considered to protect the groundwater safety and to take steps, carrying
out contaminant remediation strategies.

(3) A higher IS could slightly improve the initial transport rate of Ni2+, but could not
improve the final transport efficiency of Ni2+ in the absence (or presence) of soil
colloids. HA has a negative effect on Ni2+ transport in the presence of soil colloids,
while there is no obvious difference when Ni2+ transports with and without HA in
the absence of soil colloids. This result indicates that HA is negligible when heavy
metals transport without soil colloids.

(4) All final transport efficiencies of Ni2+ were less than 100% when Ni2+ was transported
in the sand column, which means that Ni2+ was retained in the sand column more or
less. This result reveals that the soil or aquifer could act as a filter to remove heavy
metals in the subsurface environment.

Therefore, soil colloids are important compositions in the subsurface environment,
which affect the adsorption, transport, and fate of many contaminants. A future investiga-
tion should focus on the interaction mechanisms of different kinds of contaminants with
natural colloids as well as solid media. At the same time, factors, such as colloids, types,
hydrogeochemical conditions, and organic matter, should be considered when natural
colloids are applied to study the heavy metal contamination of groundwater.
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