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Abstract

To investigate co-transport behavior of ammonium and colloids in saturated porous media under different hydrochemical
conditions, NH," was selected as the target contaminant, and silicon and humic acid (HA) were selected as typical organic
and inorganic colloids in groundwater. Column experiments were then conducted to investigate the transport of NH," colloids
under various hydrochemical conditions. The results showed that because of the different properties of colloidal silicon and HA
after combining with NH,4", the co-transport mechanism became significantly different. During transport by the NH,*—colloid
system, colloidal silicon occupied the adsorption sites on the medium surface to promote the transport of NH,*, while humic acid
(HA) increased the number of adsorption sites of the medium to hinder the transport of NH,4*. The co-transport of NH4* and
colloids is closely related to hydrochemical conditions. In the presence of HA, competitive adsorption and morphological
changes of HA caused NH,* to be more likely to be transported at a higher ionic strength (IS =0.05 m, CaCl,) and alkalinity
(pH =9.3). In the presence of colloidal silicon, blocking action caused the facilitated transport to be dependent on higher ionic
strength and acidity (pH = 4.5), causing the recovery of NH4" to improve by 7.99%, 222.25% (stage 1), and 8.63%, respectively.
Moreover, transport increases with the colloidal silicon concentrations of 20 mg/L then declines at 40 mg/L, demonstrating that
increased concentrations will lead to blocking and particle aggregation, resulting in delayed release in the leaching stage.
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Introduction

Nitrogen in the groundwater occurs in four forms, ammonium
(NH4"), nitrite (NO,"), nitrate (NO3"), and organic nitrogen
(Mekala and Nambi 2016; Nakasone et al. 2004). The pres-
ence of nitrogen is mainly controlled by pH, dissolved oxygen
(DO), temperature, and microbial activities (Berlin et al. 2015;

Highlights 1. Colloidal silicon facilitated NH," transport and HA
inhibited NH4" transport.

2. The co-transport behavior between NH," and colloid is subject to
different hydrochemical conditions.

3. Main principles include different bonding forms, colloid forms, and
charges.
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Lee et al. 2006). Major transformational processes in different
forms in soil and groundwater can be roughly divided into
physical, chemical, and biological functions (Behnke 1975)
involving nitrification, denitrification (Mekala and Nambi
2016), leaching, biological blockage, and plant absorption
(Wang and Alva 2000). Among them, NH,4" is the main form
in saturated aquifers, originating from landfill and industrial
sites leachate, wastewater irrigation, and excessive application
of fertilizer (Jellali et al. 2010; Zhai et al. 2017). As the NH,*
concentration increases, the ability of aquatic organisms to
bind oxygen will be reduced, or even die. Studies have shown
that NH,4" can be retained in soil or media by cation exchange
and adsorption (Jellali et al. 2010; Sprynskyy et al. 2005), and
NH," transport was shown to significantly increase with
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increasing flow rate and concentration (Barnes and Zimniak
1981). In addition, nitrification and denitrification have been
confirmed to influence NH," transport because of biological
transformation and pore blocking (Mekala and Nambi 2017).
Because NH," may cause groundwater contamination and
serious health issues, additional studies of this compound are
of fundamental importance to a variety of applied fields.

Early studies assumed that the transport of contami-
nants in groundwater involved a mobile liquid phase and
an immobile solid phase (Puls and Powell 1992).
However, colloids (Buffle and Leppard 1995), as the mo-
bile solid phase, have large specific surface areas and high
numbers of reactive functional groups (Kretzschmar et al.
1999) and have been found to be stable in groundwater
and capable of being transported over long distances via
flow (Xu et al. 2018). Therefore, the presence of mobile
colloids will universally act as carriers for the adsorption
and transport of contaminants in groundwater (Wang et al.
2016). It is important to note that when colloids are rela-
tively immobile, such as clay colloids, they are more like-
ly to absorb contaminants and thus inhibit transport (Won
and Burns 2018; Yin et al. 2018).

The abundance and behavior of colloids in groundwater
largely depends on their physicochemical properties, in-
cluding hydrogeochemical and hydrodynamic conditions
(Kretzschmar et al. 1999; Zhai et al. 2019) such as ionic
strength (Um and Papelis 2002), pH (Yee et al. 2000),
other ions, flow rate, and temperature (Kanti Sen and
Khilar 2006). These factors may result in release of col-
loids by the repulsion force of the double electric layer,
variation of shear force, and dissolution of the mineral
phase. Colloid transport is known to be affected by diffu-
sion, interception, ripening, and gravity deposition, and its
form also affects its adsorption and migration (Zhou et al.
2016). Knappenberger et al. (2015) found there was a
difference in retention between spherical and angular col-
loids in quartz sand columns. In addition, the particle size
and zeta potential of colloids have been shown to be im-
portant indicators of the stability of colloids
(Chrysikopoulos and Katzourakis 2015). Wang et al.
(2012) also showed that colloidal silicon with small parti-
cle size tended to aggregate and be retained more easily.

Transport of contaminants is often said to be facilitated
when associated with colloids through ion exchange, com-
plexation, and hydrophobic partitioning (Kanti Sen and
Khilar 2006). A large number of experimental studies
have indicated that colloids have a certain effect on the
transport of heavy metals and their cations such as Cd (Li
and Zhou 2010), Fe (Li et al. 2019), Sr (Bekhit et al.
2006), and Pb>* (Daniel 2005; Yin et al. 2010).
Groundwater environments are often subjected to strong
variations in hydrodynamic and hydrochemical condi-
tions, and transport of colloids and contaminants is also

influenced by these changes. For instance, our previous
study showed that Fe and colloids have different co-
transport behaviors in the presence of other cations (Li
et al. 2019). Moreover, (HA) is generally considered to
affect contaminant transport by increasing the effective
adsorption point on the surface of solid phases (ripening)
(Koju et al. 2019; Yates and Von Wandruszka 1999), but
the transport mechanism varies with pH value, which
probably occurs because of the morphology of HA
(Wang et al. 2013). Humic acid presented the shape of
aggregation and the particle size is larger under acid con-
dition (de Melo et al. 2016), which can generate blocking
and inhibit migration. However, under alkaline conditions,
it is not easy to deposit because deprotonated functional
groups cause HA to be linear and have an unfolded chain
structure (Colombo et al. 2015; Ma et al. 2018); hence, it
is more likely to combine with contaminants and promote
transport.

In view of the limited research conducted to date and
the potential adverse effects of excessive ammonium in
groundwater, investigations of the transport and retention
of NH,* with colloids in an underground environment are
necessary. Because differences in interionic valence states
have a significant impact on co-transport, this study added
low ions part to explore their differences relative to high
ions. The object of our study was to investigate the co-
transport of colloids and NH,;* under different
hydrochemical conditions using a column transport exper-
iment. HA and colloidal silicon were chosen as typical
organic and inorganic colloids, respectively. Zeta potential
and particle size distribution were also used to characterize
the interactions between colloids and NH,*. Experiments
were conducted using different media, colloids and con-
centrations, pH, ionic strength (IS), and cationic valence
states, and the results of NH,4" transport in the presence of
colloids were described by breakthrough curves (BTCs).
The results presented herein further improve the under-
standing of co-transport between contaminants and
colloids.

Materials and methods

Experimental materials

Porous media

Glass beads, quartz sand (purchased from Aladdin
Reagents, Shanghai), and natural sand with an average
diameter of 0.45 mm were selected as the column packing
material. Three kinds of porous media were selected to

eliminate uncertainties in the transport behavior of colloi-
dal HA and SiO, through porous media caused by
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heterogeneity and differing interface properties in natural
soil. Before filling the column, all porous media was ster-
ilized at high temperature to exclude the effects of nitrifi-
cation and denitrification, then flushed and ultrasonicated
until the impurities were eliminated. After impurity re-
moval, three types of sand were soaked in 0.1 M NaOH
(aq) and 0.1 M HNOj; (aq) in sequence for about 3 h, then
washed with deionized water until the pH of the effluent
was stable. Finally, all sands were dried at 105 °C for 8 h.
The properties of the porous media are given in Table 1.

Preparation of colloid suspensions

Colloidal HA (Tianjin Guangfu Fine Chemical Research
Institute, Tianjin, China) and silicon dioxide (Aladdin
Reagents) were separately represented as the organic and
inorganic colloidal suspensions. Because the two types of
colloid particles strongly affected the transport of NH,*,
they were both used in the column transport experiments.

To remove impurities and non-colloidal particles, col-
loidal HA was first dissolved in 0.1 mol/L NaOH solution
to adjust the pH to 7+0.1, then ultrasonically dispersed
for 1 h and passed through a 0.45-um sieve (Colombo
et al. 2015). The resulting suspension was then sonicated
for 30 min to disaggregate and disperse the particles, after
which it was washed with deionized water until the pH
stabilized. The prepared suspensions were subsequently
stored in the dark at 4 °C until use. The procedure of
preparing silicon colloid was in accordance with the col-
loidal HA. According to the concentration in the aquifer
recharge and the chemical composition of HA and colloi-
dal silicon, the concentration of colloidal HA suspension
and colloidal silicon was diluted to 20 mg/L for transport
experiments.

Preparation of other suspensions

Three kinds of suspensions were used in the column ex-
periments, background suspensions, experimental suspen-
sions, and the test solution. Background suspensions were
prepared with colloid suspension, cation solution, and de-
ionized water and for the column transport experiments,

wherein adding 2.93 g/L NaCl or 1.85 g/L CaCl, can
adjust IS=0.05 M in suspensions. Experimental suspen-
sions were prepared in accordance with background sus-
pensions with respect to the type and concentration of
colloid particles, the IS, and the cation valence.
Additionally, 2 mg/L of NH4" solutions was diluted by
adding standard solutions to the defined amount of deion-
ized water. Sodium potassium tartrate and Nessler reagent
were used as the test solutions. The zeta potential and
particle size distribution of all suspensions under various
hydrochemical conditions were measured by a Zetasizer
Nano (Malvern Instruments, UK).

Experimental method

Glass chromatography columns (10 cm long and 3 cm of
inner diameter) were used for the transport experiment. A
BT-100 peristaltic pump (Longer Pump, Beijing, China)
was used to pump an aqueous particle suspension through
the packed column at a constant speed. Before each exper-
iment, the packed column was saturated by successive
injection with deionized water from bottom to top for
12 h at a low rate of 0.2 mL/min (in keeping with a
Darcy velocity of approximately 0.9 m/day) while
preventing air bubbles from entering. Moreover, the pH
and conductivity (EC) were monitored in real time using
a data collector during the saturation stage, which
exceeded 12 h (Zhou and Cheng 2018). During this time,
two stages of the experiment were performed. In one, the
experimental suspension was injected at a speed of
0.5 mL/min for 300 min (10.7 pore volumes, stage 1) to
investigate the co-transport between colloids and NH,",
while in the other, the background suspension was
injected for 750 min (26.8PV, stage 2) (Yin et al. 2018).
A magnetic stirrer was used to minimize precipitation dur-
ing the injection process. To simulate the groundwater
environment, the column and the experimental suspen-
sions were kept in an incubator at 10 °C. Finally, a UV-
VIS spectrophotometer was used to estimate the concen-
tration of NH4" and colloids according to pre-established
calibration curves. All groups of suspensions under differ-
ent porous media, colloid concentration, IS, and pH

Table 1 Properties of porous media
Porous media  Average size (mm)  Specific surface area (m?/ g) Porosity TOC (mg/g) Components (%)

SIOZ NaZO CaO MgO F6203 A1203
Glass bead 0.45 0.07 0.42 0.386 7529 1326 7.5 430 - -
Quartz sand 0.45 0.16 0.40 0.409 >99.7 - - - 0.10 0.10
Natural sand ~ 0.45 0.24 0.39 2.533 7730 - - - 13.26  9.44
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conditions were introduced into the columns. Effluent
samples were collected every 15 min using an automatic
fraction collector, and the NH4* concentration in each
sample was determined by ultraviolet (UV) spectropho-
tometry. Finally, the colloidal HA suspension under differ-
ent pH and media conditions was selected as the represen-
tative suspension, and its surface morphology was ob-
served by scanning electron microscopy (SEM).

Results and discussion

Physicochemical properties of NH,"-colloid
suspensions

When inorganic colloidal silicon and organic HA colloids
exist, the physicochemical properties of NH,* change
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significantly, affecting the transport of NH4* in porous
media. Under these conditions, the zeta potential and hy-
drodynamic size are important indexes for evaluation of
colloid stability (Maier and Schure 2018). In this study,
the zeta potential and hydrodynamic sizes (in Figs. 1, 2,
and 3) of NH,* under different IS, cation valences, and
colloidal concentrations were determined by using a
Marvin instrument (Malvern, UK).

Size of NH,*—colloid

As shown in Fig. 1, the hydrodynamic size of colloidal
silicon and HA was about 180.7 nm and 155.4 nm, respec-
tively, and only one peak appeared when NH,* was added.
Overall, as the colloid concentration was enhanced, the
hydrodynamic size increased by 18.76% and 11.27% in
the NH4*—colloidal silicon and NH,*—colloidal HA
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Fig. 1 Hydrodynamic sizes and zeta potentials of single colloid and NH,*—colloid systems under different colloid concentration conditions
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Fig. 2 Hydrodynamic sizes and zeta potentials of single colloid and NH,*—colloid systems under different IS conditions

system, respectively. These findings are consistent with
those previously reported by our group (Li et al. 2019);
however, the mode of combination is different.
Specifically, Fe-silicon systems have two different sized
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peaks, and the second peak belongs to a combination of
silicon and Fe. In this study, NH4* appears in a dissolved
state and has a low degree of colloid binding, which can
better explain why there is only one size peak in the two
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Fig. 3 Hydrodynamic sizes and zeta potentials of single colloid and NH,*—colloid systems under different pH conditions
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Fig. 4 Column diagram of NH,4" transport experiments under different
media conditions (1) GB glass beads, QS quartz sand, NS natural sand.
(2) Stage 1 Mass recovery in the passing stage. (3) Stage 2: Mass recovery

systems, regardless of the change in colloidal concentra-
tion. In addition, the hydrodynamic size increased slightly
in the NH;*—HA colloid system because under neutral
conditions, carboxyl and hydroxyl groups of HA stay be-
tween protonated and deprotonated state, which has not
much site to combine with other material.

When NaCl or CaCl, was added into the suspension,
the hydrodynamic size tended to increase (Fig. 2). This is
probably because the diffusion of the double electric layer
of particles is compressed with increasing IS, and the col-
loid particles are more likely to aggregate under Brownian
motion, leading to further increase in hydrodynamic size
(Li et al. 2019). Under the same IS condition, the addition
of CaCl, had a more obvious effect on the hydrodynamic
size and a second peak appeared in the NH,*—HA colloid
system. These results indicate that bivalent cations will
increase the complexity of the particle bonding state in
suspension, leading to aggregation and increased hydrody-
namic size, which is consistent with our previous conclu-
sions (Li et al. 2018; Zhou et al. 2017).

Under different pH conditions, the minimum hydrody-
namic size in the NH4 —colloidal silicon system occurred
under neutral conditions, while the maximum size of
390.8 nm was observed under alkaline conditions, which
was about twice as large as that under neutral conditions
(Fig. 3). This may have been because of the strong influ-
ence of pH on the structure of HA. Under alkaline condi-
tions, functional groups of HA such as the phenolic group,
hydroxyl group, and carboxyl group were deprotonated,
and the repulsive force of groups with negative charge
caused HA to show a stretching structure (Ma et al.
2018). Accordingly, hydrodynamic size decreased and ag-
gregation became difficult. However, under acidic condi-
tions, these groups were protonated, which weakened the
repulsive force between groups and resulted in a change of
HA from a tensile structure to a curly structure (Colombo
et al. 2015). This resulted in a larger hydrodynamic size
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in the leaching stage. (4) Retention (R): Mass retention in the porous
media

and easier aggregation. Moreover, the presence of func-
tional groups after deprotonation caused HA to more fa-
vorably bind to NH," under alkaline conditions than acid-
ic conditions.

Zeta potentials of NH, —colloid suspensions

According to a previous study, when the absolute value of
the zeta potential is greater than 30 mV, the system is
considered to be in a stable state (Grolimund et al.
1996). As shown in Fig. 2, the NH,*~HA colloid system
and NH,"—colloidal silicon system were both negatively
charged, and the absolute values of the potential of the
systems were stable at 35.85 mV and 42.40 mV, respec-
tively. As the colloid concentration increased, the zeta po-
tential of both systems showed an increasing trend. After
the addition of HA colloid, the zeta potential of the sus-
pension was greater than that of the system containing
added colloidal silicon, indicating that the effects of zeta
potential on HA colloids were stronger, and the system
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Fig. 5 SEM images of colloidal silicon on natural sand
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Fig. 8 SEM of colloidal silicon under a 20-mg/L and b 40-mg/L colloidal silicon concentrations (Aggregates are marked in red)

had high binding rates and remained stable, but there was
no phenomenon of charge reversal such as occurs in the
Fe-colloidal silicon system (Li et al. 2019).

As shown in Fig. 2, the responses of the NH;"—HA
colloid system and the NH, —colloidal silicon system to
IS changes were roughly the same. Specifically, as IS in-
creased, the zeta potential of both colloidal systems grad-
ually decreased, until finally approaching 5-10 mV, indi-
cating an unstable state. When compared with the condi-
tions of adding two different cation valence states, NaCl
always increased the absolute value of the zeta potential
more than that of CaCl,; thus, the suspension was more
stable after the addition of NaCl. This may have occurred
because bivalent cations are more capable of neutralizing

negative charges, resulting in a larger positive value of the
zeta potential (Liu et al. 2017).

As shown in Fig. 3, the effects of pH on the NH;*~HA
colloid system and the NH,*—silicon system were roughly
the same, indicating that the system remained stable under
neutral conditions and was unstable under acidic conditions.
In the NH;*~HA colloid system, the absolute value of the
potential was stable under neutral and alkaline conditions,
while it was unstable under acidic conditions. However, under
neutral and alkaline conditions, the stability of the suspension
in the NH4 —colloidal silicon system was poorer than that of
the NH;/~HA colloid system. In general, the stability of the
NH4"~HA colloid system was better than that of the NH,—
colloidal silicon system under all acid-base conditions.
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Column transport experiment
NH,* transport in different porous media

The results of NH,* transport through different porous
media in the presence and absence of a colloidal system
are shown in Figs. 4 and 6.

In the absence of a colloidal system, the recoveries of
NH,4" in quartz sand, glass beads, and natural sand were
89.15%, 78% and 83.17%, respectively, after the experi-
ment, which did not differ significantly. The BTCs of
NH,* in glass beads and quartz sand were similar in
shape, but differed greatly from those in natural sand.
Overall, NH," was easiest to transport in quartz sand and
most difficult to transport in glass beads.

In natural sand, the peak of C/C was only about half that of
the other two media and the recovery of NH4* reached
83.17%. These results were caused by the different properties
of natural sand. As shown in Table 1, the specific surface area
and TOC of natural sand were both greater than those of the
other two kinds of media, indicating that there would be a
variety of metal oxide and abundant functional groups on
the surface (Ma et al. 2018). These functional groups can
provide adsorption sites for NH,*, while the presence of metal
oxide increases the roughness on the surface of the media,
which can enhance the shear resistance during transport.
Although NH,* transport in natural sand does not appear the
most difficult, as is shown in Fig. 5, it exists obvious hyster-
esis, and it has been a slow release in the leaching stage,
known as reversible adsorption, which can also be seen from
the retardation coefficient R. Similarly, because of the smooth
surface of glass beads, NH,* migrated most easily. This con-
clusion is also consistent with the results of our previous re-
search investigating the transport of Fe. Overall, these find-
ings indicate that the physicochemical properties of NH," are
similar to those of metals, which confirms the accuracy.

In the NH,—colloidal silicon system, the shape of the
BTCs in the three media was similar to that in the absence
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of colloids. These findings indicate that colloidal silicon pro-
motes the transport of NH,4* in porous media (Vilks and Baik
2001), which is consistent with the results reported by Li.
Only 1.27% of the NH," was retained in quartz sand, indicat-
ing that its enhancement of NH," transport was much greater
than that of the other two media. At the end of stage 1, both the
glass beads and the quartz sand showed obvious tailing in the
BTCs (Bekhit et al. 2006), which was mainly because of the
presence of colloids and confirmed that the adsorption of
NH,* was reversible (Moradzadeh et al. 2014).

In the NH,*—colloidal HA system (Fig. 6), the transport of
NH," in the media was reduced when compared with the
absence of colloids. After the experiment, 30.30%, 14.59%,
and 39.10% of the NH4" was retained in quartz sand, glass
beads, and natural sand, respectively, indicating that NH,*
was most likely to be transported in glass beads and most
difficult to transport in natural sand. Moreover, the BTCs de-
clined more smoothly and took longer to reach a stable state.
These findings indicate that HA colloids generally inhibited
the transport of NH4* in porous media. Studies have shown
that HA combined with NH,* results in complexation activity
(Li et al. 2018). Moreover, natural sand can absorb more HA,
resulting in more NH,4" adsorption. The mechanism changed
from blocking to ripening. As the adsorption sites on natural
sand increased, the adsorbed HA concentration increased, hin-
dering the transport of NH,* (Li et al. 2018).

NH,* transport under different colloid concentrations

The NH,* transport is in the presence of 0 mg/L, 20 mg/L, and
40 mg/L colloid and is shown in Figs. 7 and 9.

In the NH, —colloidal silicon system, the peaks of C/C,
were 0.51, 0.56, and 0.49 at colloid concentrations of 0 mg/
L, 20 mg/L, and 40 mg/L, respectively. At a colloidal silicon
concentration of 20 mL/L, the final NH,* in the porous media
was only 8.92%, which indicated that the existence of colloi-
dal silicon with an appropriate concentration promoted the
transport of NH,4" in the porous media, but that this facilitation
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Fig. 11 Breakthrough curves of a no colloid, b colloidal silicon, and ¢ HA under different IS and ionic valence conditions

was limited. Moreover, the concentration of NH,* remained
basically stable during the period of 2—11 pv when there were
no colloids or low colloid concentrations. This was because
the adsorption of NH4* onto porous media under low colloid
concentrations manifested as blocking (Wang et al. 2012). The
decrease in adsorption sites led to a gradual decrease in ad-
sorption amounts and a slow increase in transport. After
adding a colloidal silicon concentration of 40 mL/L, the peak
of C/C, showed hysteresis and decreased, which was probably
because the particles aggregate caused by the increase of col-
loidal concentration and hydrodynamic size (shown in Fig. 8),
but there was still only one distribution peak, indicating that
the two kinds of particles achieved a good combination in the

suspension. Therefore, it is easy to cause the blocking of me-
dia during transport and hysteresis in the leaching stage.
Previous studies conducted by our research group have shown
that high colloidal silicon concentrations still promote the
transport of Fe in porous media, which is contrary to these
results. This discrepancy was probably because the bonding
rate of Fe and silicon is only 13.3%, while NH," is more likely
to bond in a dissolved state, so NH,* was retained in porous
media with colloidal silicon.

With the enhancement of HA concentration (Fig. 9), the
retention coefficient R changed from 7.00 to 7.20, suggesting
that colloidal HA inhibited the transport of NH," in the porous
media. When the colloid concentration increased to 40 mL/L,
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the retention effect of NH,* in the transport progress was more
obvious, suggesting that within a certain range of colloid con-
centration, higher levels of colloidal HA led to a more obvious
inhibitory effect of NH4" on transport. This was probably
because the HA surface had a negative charge. Specifically,
negatively charged functional groups can adsorb positively
charged NH,", enhancing the ability to bond to particles.
Moreover, the more particles that are bound, the stronger its
inhibitory effect on transport will be (Xu et al. 2018). Because
high HA concentrations can increase the particle size and zeta
potential, more NH,* was aggregated and adsorbed in the
carly stage, and the adsorption was reversible (Yee et al.
2000). Finally, sustained release occurred in the leaching
stage.

NH," transport of different electrolyte valences

The Fe transport through glass beads with different ionic
strengths and cationic valences is shown in Figs. 10 and 12.
In the presence of colloidal silicon, the overall trend in
BTC was similar to that in the absence of colloids, but the
peak was obviously earlier. When NaCl was added, the final
retention in natural sand was 10.48%, which was 63.33% less
than that in the absence of colloids. These findings indicate
that, in the NH4"—colloidal silicon system, the addition of

NaCl promotes NH," transport, similar to CaCl,. In addition,
as is shown in Fig. 3, CaCl, in suspension shows a higher
hydrodynamic size, which causes blocking in porous media.
This is because the diffusion of the double electric layer of
particles is compressed, which makes it easier for the colloidal
particles to gather together under Brownian motion. CaCl, has
a more obvious promoting effect on NH,* transport because
of the increasing ionic strength that occupies the NH," adsorp-
tion sites through the media (Vinogradov et al. 2018). Under
this competitive adsorption mechanism, CaCl, shows stronger
competitiveness than NH,* because of its higher valence state,
which makes the peak advance more obvious. These findings
indicate that increasing ionic strength can promote transport of
the NH,*—colloidal silicon system.

In the presence of HA colloids, the peak of C/C,, decreased
from 0.54 to 0.44 after the addition of NaCl. At the end of the
experiment, NH," on the media surface accounted for 60.46%
of the total, which was more than twice that in the absence of
colloids. When CaCl, was added, the recovery of NH," finally
reached 81.36%. Moreover, compared with IS <0.0001 M, it
can be seen that increasing IS still plays a role in promoting
the transport of NH4" in the media but under the condition of
HA colloid inhibits the transport of NH,", the promotion ef-
fect is not obvious. A high ionic valence state and high ionic
strength can promote the transport of contaminants. A

Fig. 13 SEM images of colloidal HA under a strong acidity, b alkalinity, and ¢ weak acidity (Li et al. 2019)
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Fig. 14 Breakthrough curves of a no colloid, b colloidal silicon, and ¢ HA under different pH conditions

previous study demonstrated that Ca>* can inhibit the trans-
port of Fe. However, the results now show that Ca** can
promote the transport of NH4". This is because the bivalent
cation Ca®* can be considered a low cation with regard to Fe.
Competitive adsorption occurs when Fe coexists with Ca**,
and low ions show weaker competition ability. As a result,
there is more Fe adsorption on the surface of the media,
resulting in inhibitory transport (Yang et al. 2015). Similarly,
Ca®* can be considered the high valence cation compared with

NH,, and it showed strong ability to compete, reducing the
retention of NH,* and promoting transport (Fig. 11).

NH," transport at different pH
At pH 4.5, when there were no colloids, the peak of C/C, was
0.72 at about 10.5 pv, and the recovery of NH4* reached

91.46% in natural sand. In the presence of colloidal silicon,
the final total recovery of NH4* increased by 8.18%, which
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further confirms that colloidal silicon facilitates transport
(Figs. 12 and 13). In addition, the retention coefficient R de-
creased from 7.25 to 1.5, demonstrating that acidic condition
(pH =4.5) can greatly enhance the role of colloidal silicon in
promoting the transport of NH4" in the porous media. Under
alkaline conditions (pH = 9.3), the hydrogen bonds in the Si-
OH group are highly active, which can provide more binding
sites for NH,*, leading to a hindered effect. Additionally, the
zeta potential became lower in the NH,*—colloidal silicon sys-
tem, resulting in reduced stability and increases in hydrody-
namic sizes from 196.4 to 390.8 nm. Taken together, these
conditions facilitate aggregation on the surface of media, and
finally hinder the transport of NH,*.

In the presence of HA colloid, the high concentration plain
of the BTC decreased significantly, indicating that NH,*
transport decreased. NH,;* on the media accounted for
63.54% of the total, or nearly eight times that in the absence
of colloids. These results indicate that, at pH 4.5, colloidal
silicon still promoted the transport of NH,4*, while HA col-
loids had the opposite effect. Ripening also occurred under
high concentrations. These conclusions are contrary to the
finding that HA inhibits NH," transport under other condi-
tions. This may be because of the deprotonation of hydroxyl
and carboxyl functional groups in HA under alkaline condi-
tions, which results in an increase in the repulsive force be-
tween these functional groups and leads to production of a
long chain-like shape (Knappenberger et al. 2015; Li et al.
2018).

Moreover, according to the new structure, the particle size
of HA decreased. More HA colloids combined with NH,*
because of the increased binding sites provided by
deprotonated functional groups, and HA colloids were rela-
tively easier to transport because of their small particle size
and long chain shape (Fig. 14), which is in accordance with
the finding that HA colloids promote NH,* transport under
alkaline conditions (Ma et al. 2018). When NH," is
transported under acidic and alkaline conditions, the peak of
BTCs advanced significantly when compared with neutral
conditions. This was mainly because of the introduction of
other new ions when adjusting the pH, so NH;* in media
exists competitive adsorption.

Conclusions

In this study, the effects of different hydrochemical conditions
including media type, colloidal type and concentration, pH,
ionic strength, and cation valence state on the physicochemi-
cal properties and transport behavior of NH4 —colloids were
studied. The hydrodynamic size of two colloidal systems in-
creased with increasing colloidal concentration. Additionally,
the zeta potential of both systems increased with increasing
colloidal concentration, decreasing IS and the neutral
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condition. The stability of NH; —colloidal HA system was
better than that of the NH, —colloidal silicon system.

High concentrations of silicon (40 mg/L) inhibited the mi-
gration of NH4" in natural sand, while low concentrations
(20 mg/L) promoted its migration. This was mainly because
the increase in colloidal concentration caused the aggregation
of particles in the suspension, which led to easy blocking and
delayed release. Accordingly, higher concentrations of HA
colloids led to more obvious inhibitory effects on NH,*. The
increase of IS promoted the transport of NH4" in natural sand,
and the effects of bivalent cations were more remarkable than
those of univalent cations because of competitive adsorption.
Notably, in the NH, —colloidal HA system, increasing IS still
played a role in promoting the migration of NH,*, but under
the precondition of the inhibitory effect of HA, the promotion
effect is not obvious. In addition, acidic conditions promoted
the migration of the NH,"—colloidal silicon system, while they
inhibited the migration of the NH,*—colloidal HA system.
Under alkaline conditions, the results were reversed.
Longitudinal comparison of NH,* migration at pH 4.5, 7.1
and 9.3 revealed that the peaks of BTCs under acidic and
alkaline conditions were significantly earlier, mainly because
of the introduction of other new ions and the low electroneg-
ativity of the NH,*—colloidal silicon system and NH, —colloi-
dal HA system.

It should be noted that porous media used in this study were
sterilized with high temperature so that nitrification and deni-
trification could be taken into account in subsequent studies.
In addition, only a single hydrochemical condition was used
as the control during the experiment. Subsequent studies
should include more variables to investigate the co-transport
behavior of the NH4 —colloidal system.
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