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To evaluate the potential of Hg release and co-transport by colloids, it is important to understand how Hg,
colloids and Hg-loaded colloids migrate in soils. Hg sorption by kaolinite and sand were nonlinear and
fit the Langmuir model, with the maximum Hg sorption capacity being 1.2 mg/g kaolinite and 0.11 mg/g
sand. Co-transport of Hg and kaolinite was evaluated using: (1) 1 or 100 mg/L Hg or 100 mg/L kaolinite,
(2)1 or 100 mg/L Hg mixed with 100 mg/L kaolinite, (3) 1 or 100 mg/L Hg presorbed onto kaolinite, and (4)
250 mg/Lkaolinite in Hg-loaded sand columns. The presence of kaolinite (100 mg/L) reduced Hg’s mobility
through sand column by increasing deposition rate of Hg-loaded kaolinite. At 100 mg/L Hg, soluble Hg
Colloid-facilitated transport domina.ted Hg transport; but at 1 mg/L Hg, colloidal Hg (Hg sorpeq on kaoli.n.ite) a.ffected Hg transport.
Column experiment Preloading 100 mg/L Hg onto kaolinite (0.43 mg/g) reduced kaolinite’s mobility with low recovery rate
Hg (78%), with Hg retardation (R=1) in Hg-loaded kaolinite being lower than Hg retardation at 100 mg/L
Modeling Hg (R=1.287). The Hg recovery rate (93%) from Hg-loaded kaolinite at 1 mg/L Hg was higher compared
to 22% from 1 mg/L Hg. Kaolinite can serve as a carrier to enhance Hg transport in porous media, with
250 mg/L kaolinite mobilizing ~2.4% Hg presorbed onto sand media. Correlation analysis revealed that
desorbed Hg was significantly correlated with kaolinite (r=0.81, P<0.0001). Hence kaolinite enhanced
Hg transport in the sand media serving both as a carrier (Hg was loaded before transport) and as mobile
colloids stripping Hg off the sand media (Hg was loaded during transport).
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1. Introduction

Over the last decade, nano-particles and colloids from soils,
mine wastes and industrial products have attracted an increas-
ing interest due to their high affinity to contaminants and
risks to human health [1-4]. Mathematical models based on
advection-dispersion with flow and retention-release in surround-
ing media have been developed to describe the fate and transport
of nano-particles and colloids in porous media [5,6].

Among heavy metals, Hg is of the most concern as it is highly
toxic to living organisms including humans and animals. Due to
atmospheric deposition caused by their proximity to industrial
plants, surface soils have elevated Hg levels [7-10]. In addition, Hg
is also present in high quantity in reservoir sediments and down-
stream floodplain soils due to transport process [11]. As a highly
particle-reactive metal, Hg is mainly associated with fine particles
in soil, including clay minerals, Fe/Mn oxides, and organic matter
[12,13].
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Hence, colloids play an important role in controlling Hg par-
titioning in soil and water system. Studies showed that a large
proportion of mobile Hg was associated with colloids [14,15]. In
Florida Everglades, for example, colloidal Hg comprises the major-
ity of mobile Hg with only 10% being in dissolved forms (<3 kDa)
[15]. In some rivers in the US, colloidal Hg comprised up to 72% of
total Hg [14]. Both colloidal and dissolved Hg can be toxic to aquatic
organisms [16].

Kaolinite [Al;Sin05(0OH)4] is a common clay mineral in soils of
tropical region. Colloidal kaolinite in soils is mobile and can facili-
tate the transport of heavy metals [17,18]. Its mobility is affected by
various geochemical parameters, e.g., flow rate, void fraction, ionic
strength, and pH [19]. In addition, it also depends on colloid sorp-
tion capacity of the metal [20,21]. The maximum sorption capacity
of kaolinite for Hg ranges from 0.12 to 1.3 mg/g [22]. Colloidal sta-
bility is also important for its transport behavior in soil. In the
soil environment, kaolinite particles are often negatively charged,
aggregates easily under acidic conditions and at low ionic strength
[23]. Sorption of heavy metals onto colloids alters its surface charge.
For example, addition of Cu, Pb, and Ca increases the aggregation
rates of humic-coated kaolinite particles [24,25], hence increas-
ing their deposition rate. However, the effect of Hg2* on kaolinite
colloid stability and mobility has not been well examined.
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Several studies demonstrated in situ mobilization and trans-
port of colloidal Hg from mine waste [26-28]. The colloidal Hg
from mining wastes accounts for 95% of the total Hg during
episodic particle release. The Hg-bearing colloids (10-200 nm) con-
tain hematite, jarosite/alunite, and Al-Si gel [26]. Most studies
on the release mechanisms of in situ Hg-bearing colloids focus
on colloid mobilization induced by changing chemical conditions.
However, limited research examined the ability of mobile colloids
to desorb Hg, which has been presorbed to porous media. We
hypothesize that mobile kaolinite colloids can compete with sta-
tionary Hg-bearing sand media. The high Hg sorption capacity of
kaolinite can stripe Hg from sand and form kaolinite-Hg complex,
thus facilitating Hg transport.

The objective of this study were to (1) determine the transport
of kaolinite and Hg in saturated sand media; (2) investigate the
transport of soluble Hg + kaolinite mixture under different Hg con-
centrations; (3) compare the effects of preloading Hg onto kaolinite
on kaolinite and Hg transport in saturated sand media; and (4)
test the ability of kaolinite to mobilize Hg from Hg-loaded sand
media. Batch isotherm and column breakthrough experiments and
mathematical model were used to fulfill these objectives.

2. Materials and methods
2.1. Characterization of sand and kaolinite

Quartz sand was used as the porous medium (Standard Sand
& Silica Co.) in the batch and column experiments. The sand was
sieved to ~0.55mm, washed with 0.1 M NaOH, 1M HNO3 and
deionized (DI) water, and then heated in a muffle furnace (Fisher
Scientific, USA) at 550°C to remove trace organic impurities and
Fe/Al oxides. The sand was mainly composed of quartz and amor-
phous silica (>99%) based on X-ray diffraction analysis (Ultima IV
multipurpose X-ray diffraction system, Rigaku, USA). After wash-
ing, the sand still contained 21 and 751 mg/kg Fe and Al (data not
shown). The cation exchange capacity (CEC) of the sand and kaoli-
nite were 6 and 84 mmol/kg, respectively. The zeta potential of
kaolinite and Hg-loaded kaolinite was measured using Zeta Plus
(Brookhaven instrument corporation, USA) (Table 1). The point of
zero charge (PZC) of sand and kaolinite were 5.56 and 4.42 deter-
mined by potentiometry titration method [29] (Table 1).

The colloidal kaolinite was prepared according to the procedure
of Sun et al. [30]. 5.0 g of kaolinite was suspended in 1L DI water.
The suspension was shaken vigorously, placed in an ultrasonic bath
for 30 min, and then sit for 24 h. The fraction of kaolinite remain-
ing in suspension after 24 h was siphoned into a second flask. The
concentration of kaolinite in this suspension was determined gravi-
metrically before diluting an aliquot of the stock to proper colloid
concentration. The mean size of the kaolinite colloids, as deter-
mined by photon correlation spectroscopy, was ~1.02 wm and did
not vary significantly during the experiments (Table 1).

2.2. Batch experiments

Batch experiments were conducted to study Hg sorption onto
kaolinite and sand. Each vessel was filled with a predetermined
amount of sorbent (~2.5g kaolinite or 5.0g sand) and 50 mL of
solutions (0, 0.5, 2.5, 5.0, 10, 25, 75, and 100 mg/L Hg) at pH
6+£0.2. The vessels were shaken on an end-over-end shaker for
48 h and centrifuged for 1h at 2850 x g. Preliminary kinetic stud-
ies indicated 48 h was enough to achieve equilibrium. Aliquots of
supernatant were acidified to determine total Hg concentrations
using inductively coupled plasma-atomic emission spectroscopy
(ICP-AES, detection limit=0.01mg/L) for high Hg concentration
and hydride generation atomic fluorescence spectrometry (HGAFS,

detection limit=2ng/L) for low Hg concentration. Hg concentra-
tions in the solid phase were obtained via mass balance.

The stability of 50 mg/L kaolinite colloids under different Hg
concentrations (1-100 mg/L, pH was 6) was estimated by optical
density measurement. The kaolinite-Hg suspension was deter-
mined by UV-visible spectroscopy (Shimadzu, Japan) at 350 nm
after sitting for 20 h.

2.3. Column experiments

Column experiments were conducted in 2.5 cm (diameter) x 15
(Iength) glass chromatography column (Kontes®). To make satu-
rated porous media, the quartz sand was wet-packed in the column
according to Chen et al. [31]. Approximately 125 g of sand was used
to pack one column with a porosity of 0.42 and a pore volume (PV)
of 32.5 mL. A peristaltic pump was connected to the inlet at the top
of the column toregulate the downward flow of water and solutions
at a constant rate of 1 mL/min. DI water was first pumped through
the saturated column for ~2h to remove impurities followed by
working solutions. Samples at the column outlet were collected by
an automatic fraction collector in glass vials for colloid analysis by
UV/VIS at 350 nm and analyzed for Hg by HGAEFS after acidification.
The input solution pH was adjusted to 6 +0.2.

Two colloid suspensions were introduced to the sand column for
colloid breakthrough studies, 100 mg/L kaolinite (Exp. 1; Table 2)
and 100 mg/L Hg-loaded kaolinite (Exp. 6 and 7; Table 2). The
colloid suspension was applied to the column as a 1h pulse (2
PV), and then the column was flushed with DI water for 2 h. The
Hg-loaded kaolinite suspension was prepared by mixing 25 mL
of 1000 mg/L kaolinite suspension with 25mL of 1 or 100 mg/L
Hg(NO3), (Fisher Scientific, Pittsburgh). After being shaken on an
end-over-end shaker for 24 h, the mixture was centrifuged to sep-
arate the solids from the liquid phase. The supernatant was then
carefully withdrawn and 50 mL DI water was used to re-suspend
the solid phase in ultrasonic bath for 30 min. The kaolinite suspen-
sion was washed twice with 50 mL DI water. The final suspension
was then stored as a stock solution of Hg-loaded kaolinite, with the
Hg concentration on kaolinite being 73 and 430 mg/kg for 1 and
100 mg/L Hg treatment (Table 2). For all experiments, Hg(NOs ),
was used to prepare Hg solution.

The Hg transport experiment was divided into two stages. To
study the Hg transport behavior, Hg was added at two concentra-
tions: 1 and 100 mg/L, which corresponded to low concentration
found in contaminated water and high concentration to saturate
the sand column with Hg. Hg solution was injected into the sand
column as a 3h pulse followed by 3 h flushing with DI water at
Stage 1 (Exp. 2 and 3; Table 2). The sand in the column with sorbed
Hg will be referred to as Hg-loaded sand, which contained 1.04 and
3.60 mg/kg Hg (Table 2). To investigate the ability of kaolinite in
mobilizing Hg from Hg-loaded sand, the column was first flushed
with DI for 6 h, then kaolinite suspension at 250 mg/L was intro-
duced to the columns for 1h followed by 2 h DI water flushing at
Stage 2 (Exp. 8 and 9; Table 2). To study the interactions of kaolin-
ite and Hg during their transport, solution containing 1 or 100 mg/L
Hg was mixed with 100 mg/L kaolinite for 24 h. The amount of Hg
sorbed onto kaolinite was 1018 and 1273 mg/kg for the two Hg con-
centrations (Table 2). The suspension, which contained soluble Hg
and Hg sorbed onto kaolinite, was then introduced to sand column
for 3 h followed by 3 h DI water flushing (Exp. 4 and 5; Table 2).
Effluent samples for all experiments were collected from the bot-
tom of the column with a fraction collector, and effluent from Exp.
4 and 5 were digested by concentrated HNO3 at 110°C.

Bromide was applied to the column as a conservative tracer
for the breakthrough studies. The experiment procedures were the
same as those used for colloid suspension. An ion chromatograph
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Table 1
Selected properties of kaolinite colloids and sand porous media.

Material Particle size (um) PzC?2 CEC? (mmol/kg) Zeta potential (mv)
Sand 550 + 50 5.56 + 0.31 6.0 + 0.6 -

Kaolinite 1.02+0.14 442 +0.22 84 +2.7 -17.2+ 03
Hg,-loaded kaolinite? 0.95+0.21 - - -143 + 04
Hg100-loaded kaolinite? 1.05 £ 0.23 - - -11.1 £ 05

a PZC, point of zero charge; CEC, cation exchange capacity; Hg-loaded kaolinite was produced by mixing 1000 mg/L kaolinite with 1 or 100 mg/L Hg for 24 h after removing

soluble Hg, resulting in 73 and 430 mg Hg/kg kaolinite.

(ICS-90, Dionex Corporation) was used to determine bromide con-
centrations.

2.4. Mathematic modeling

The Langmuir model was used to describe the sorption
isotherms of Hg onto the sand and kaolinite:

KXmCe
1+ KC

where X is the Hg concentration on the solid phase (mg/g); Xm
denotes the Langmuir maximum capacity (mg/g); K is a constant
related to the binding strength of Hg (Lmg~1); and C, is the Hg
concentration in the solution (mg/L).

One dimension advection-dispersion equation coupled with
reaction terms was used to simulate the transport of colloids or
Hg in water-saturated sand column. The governing equations can
be written as:

X= (1)

8CW Pp aCs _ 82CW 8CW
Roe toooe Pae U )
Pb 9Cs _
6 o Ko 3

where C,, represents concentration of colloid or Hg in pore water
(mg/L); C; is the concentration retained by the sand grain (mg/g);
R is the retardation factor; pj, is sand bulk density (gdm=3); 6
is the saturated moisture content; D is the dispersion coefficient
(cm? min~1); v is the velocity of pore water (cm/min); and k is the
first-orderrate constant (min~!), which reflects irreversible, kinetic
deposition of colloids or Hg onto grain surfaces.

The governing equations for the transport model were solved
numerically for a zero initial concentration, a pulse-input boundary

condition at the column inlet, and a zero-concentration-gradient
boundary condition at the outlet. The model was first applied to
bromide breakthrough data to estimate the dispersion coefficient
D, which was used for the D of colloids and Hg. We assumed that the
D of colloids and Hg is the same as that of the bromide tracer in the
column. The model fitted parameters of Hg and kaolinite transport
in columns were then quantified by the best-fit values of R2.

2.5. Statistical analyses

Triplicate samples were used in batch experiments and dupli-
cate samples were used in column experiments. All correlation and
regression tests were performed using SAS 9.2 software. Level of
significance for all tests were at o = 0.05.

3. Results and discussion
3.1. Hg sorption isotherms onto sand and kaolinite

Hg sorption onto sand and kaolinite was nonlinear and fit to the
Langmuir model (R% =0.99 and 0.98; Fig. 1). The Langmuir model
assumes uniform sorption energy onto the surface and little Hg
transmigration on the surface plane [32]. The observed nonlinear
sorption behavior indicated that Hg uptake onto sand or kaolinite
occurred on a homogeneous surface via monolayer sorption with
little interaction between sorbed Hg.

The maximum Hg sorption capacity on kaolinite (1.2 mg/g) was
11 times greater than that of sand (0.11 mg/g), which was consist
with the larger surface area and higher CEC of kaolinite (Table 1)
[14,33]. The maximum Hg sorption of kaolinite was similar to the
reported 1.3 mg/g [34]. Based on the MINTEQ chemical equilib-
rium model, at our experimental conditions at pH 6, HgZ* existed

Table 2
Parameters of kaolinite and Hg transport in saturated sand columns.
Exp. # Solute or colloids Hg on kaolinite or Recovery%’ Max C/Co” PV’ R k (min—')" R?*
sand (mg/kg) Hg/kaolinite Hg/kaolinite Hg/kaolinite
Bromide - - - - 1 0
1 100 mg/L kaolinite (Kiop) - -/93 -/0.94 -n.2 1 0.0019 0.98
22 1 mg/L Hg (Hg;) - 22/- 0.40/- 6.1/- - - -
3b 100 mg/L Hg (Hg100) - 97/- 0.90/- 3.9/- 129  0.0023 0.96
42 1 mg/L Hg + 100 mg/L kaolinite 1018 13/5 0.24/0.99 7.0/6.6 - - -
(Hg1+Kio0)
5b 100 mg/L Hg+ 100 mg/L 1273 90/18 1.00/0.84 6.1/6.6 135  0.0025 0.95
kaolinite (Hg100+ Kioo)
6 100 mg/L Hg; -loaded kaolinite 73.0 93/93 0.92/0.92 12/1.2 1 0.0030 0.98
(l-[g1 -loaded K]oo)c
7 100 mg/L Hg;go-loaded 430 78/78 0.76/0.76 1.5/1.5 1 0.0090 0.98
kaolinite (Hg1go-loaded Kjgp)°
8 250 mg/L kaolinite 1.04 -/97 -/0.95 1.5/1.5 1 0.0032 0.98
(Ka2s0)/Hg1-loaded sandd
9 250 mg/L kaolinite 3.60 -/92 -/0.94 1.2/1.2 1 0.0034 0.97

(Ka2s0)/Hg100-loaded sandd

2 The data in Exp. 2 and 4 could not be fit by the model.
b Model fitted parameters R and k in Exp. 3 and 5 were for Hg, and the rest were for kaolinite.

¢ They were prepared by mixing 1000 mg/L kaolinite with 1 or 100 mg/L Hg for 24 h after removing soluble Hg.

d Hg-loaded sand was from Exp. 2 and 3 where the sand media were leached with 1 or 100 mg/L Hg.

" C/Co, relative concentration, PV, pore volume at maximum C/Cy, R, retardation factor, k, kinetic reaction rate constant, and R?, correlation between model and experimental

data.
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Fig. 1. Sorption isotherms of Hg onto sand and kaolinite after 48 h of reaction.

predominately as neutral species Hg(OH),? (~99%). Sarkar et al.
[35] also reported that Hg(OH),° is the predominant solution
species at >pH 5. For both sand (contained 756 mg/kg Al) and kaoli-
nite, surface functional groups XOH (X = Al or Si) may be responsible
for Hg sorption via formation of XO—HgOH* species [35].

Based on the Langmuir model, the Hg binding constant K for
sand and kaolinite were 0.049 and 0.053 Lmg~! (data not shown).
The data suggest that the sand had lower binding strength than
kaolinite. The slightly higher Hg sorption affinity by kaolinite may
enable kaolinite to desorb Hg from sand surface.

3.2. Kaolinite and Hg transport in saturated sand column

Transport of 100 mg/L kaolinite (K;gg), and 1 and 100 mg/L Hg
(Hg; and Hgygg) was performed in saturated sand column (Exp.
1-3; Table 2). Based on the breakthrough curve (BTC), at low ionic
strength (DI water), K;go transport was similar to that of conser-
vative tracer bromide (data not shown), indicating that kaolinite
deposition rate onto sand media was low (Fig. 2A). However, rel-
ative kaolinite concentration (C/Cp) did not exceed 0.94 (Table 2),
suggesting that small amount (~7%) of kaolinite was retained on
sand grains. Similar phenomenon was observed in illite and mont-
morillonite transport in sand media [36].

Different from kaolinite, Hg transport at both concentrations
showed a sharp sorption front with a substantial tailing of desorp-
tion front (Fig. 2B). The Hg transport through the sand columns was

1 '
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Fig. 2. Breakthrough curves (BTC) in water-saturated sand column: (A) kaolinite
BTC at 100 mg/L kaolinite with 0 (Exp. 1), 1 (Exp. 4) or 100 mg/L Hg (Exp. 5), and (B)
Hg BTC at 1 mg/L Hg with 0 (Exp. 2) or 100 mg/L kaolinite (Exp. 4), or 100 mg/L Hg
with 0 (Exp. 3) or 100 mg/L kaolinite (Exp. 5) (Table 2).

retarded significantly more than kaolinite transport. The maximum
C/Cy of kaolinite was at 1.2 PV (pore volume; Fig. 2A) compared to
3.9PV(Cy=100mg/LHg)and 6.1 PV (Cy =1 mg/LHg) for Hg (Fig. 2B).
The delayed transport and tailing of Hg desorption front suggested
Hg sorption onto the sand grains. At 1 mg/L Hg (Exp. 2; Table 2),
large amount of Hg (22%) was sorbed onto the sand column with
low C/Cy at 0.4. In this case, sorption sites on sand were not satu-
rated with Hg, with 0.13 mg Hg being sorbed onto 125 g of sands
(1.04 mg/kg). At 100 mg/L Hg (Exp. 3; Table 2), relative Hg concen-
tration C/Cy in the effluent was 0.90 at 0.96 PV, then slowly reaching
equilibrium (C/Co=1) at 3.9 PV. The data indicated that introducing
100 mg/L Hg for 3 h (5.4 PV) was sufficient to reach a steady state
with Hg sorption onto sand. Mass balance calculation showed that
0.45 mg Hg was sorbed onto 125 g of sands, with Hg concentration
reaching 3.60 mg/kg, which was much smaller than its maximum
sorption capacity of 110 mg/kg based on batch experiment (Fig. 1).
This observation indicated that sorption data via batch experiment
at equilibrium could not be applied to predict Hg breakthroughs
in column experiment. Hg retention onto sand column was also
reported by Liao et al. [42]. After introducing 8 mg/L Hg to saturated
sand media, the peak of BTC did not exceed 2 mg/L Hg with only
17% of the Hg recovered in the leachate. Their data again suggest
substantial Hg sorption onto sand grain surfaces.

The one dimension advection and dispersion transport model
was applied to stimulate transport behavior of kaolinite and
Hg in saturated sand column. For the stimulations, the col-
loid dispersion coefficient D was determined based on Br—
tracer experiment (data not shown). The estimated D at
0.047 cm? min~! was similar to the reported values [30,37].
Best fit first-order rate constant k for kaolinite and Hg trans-
port were determined by Leverberg-Marquadi algorithm method.
The model revealed most features of BTCs for transport
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of Kigo and Hgygo (Exp. 1 and 3). The model simulations
matched well with the experimental BTCs of Hg and kaolinite with
R? of 0.96-0.98 (Fig. 2 and Table 2). For K;g9 and Hgqg, the retar-
dation factor (R) was 1 and 1.29, and deposition rate (k) was 0.0019
and 0.022 (min~1!) (Table 2). The higher R and k values for Hg
transport than kaolinite transport suggested stronger interactions
between Hg and sand media (Fig. 2B). However, the same model
cannot fit the Hg; transport data (Exp. 2), indicating that non chem-
ical equilibrium or non linear sorption condition existed for Hg
transport in sand column at 1 mg/L Hg.

3.3. Hg and kaolinite interactions during transport

To determine the interactions of Hg and kaolinite during the
transport, the transport of Hgygg (Exp. 3) was compared to that
of Hg1po + Kigo (Exp. 5). In Hg100 +Kjgg, the Hg concentration on
kaolinite was 1.3 mg/g (Table 2). Given the maximum Hg sorption
capacity of kaolinite at 1.2 mg/g based on Langmuir model (Fig. 1),
kaolinite was oversaturated with Hg, with soluble Hg dominat-
ing the Hgqgo + K19p mixture. The effluent Hg concentrations were
slightly lower in Hgygg + Kjgo transport (99.2 mg/L) than in Hgqgg
transport (Fig. 2B). The recovery for total Hg was 97% in Hgqgg
transport, which was significantly higher than that of Hgqgg + Kigg
transport (90%) (Table 2). From model calculation, the best fit-
ting R and k for Hg in Hgygg + Ky transport was 1.35 and 0.0025,
which were higher than those in Hg1qg transport (1.29 and 0.0023)
(Table 2). These observations showed that co-injecting soluble Hg
with kaolinite decreased Hg’s mobility compared to Hg transport.
From the kaolinite BTC in Hggo + Kygo transport (Exp. 5; Fig. 2A),
higher retardation of kaolinite transport was observed. The max-
imum C/Cy of kaolinite was detected at 6.6 PV in Hgjgp + Koo
transport, which was much later than that of Kygg transport at
1.2 PV (Table 2). Kaolinite recovery in Hg1gg + Kjgg transport (18%)
was much lower than that of K;gg transport (93%). These results
demonstrated that soluble Hg increased irreversible deposition of
kaolinite colloids (k=0.0025). Similarly, Tang and Weisbrod [38]
found that montmorillonite suspension at 100 mg/L was destabi-
lized by soluble Pb at 16-30 mg/L during its transport in discrete
fractures, with the maximum C/Cy being reduced by 38-39%. The
increased colloid deposition onto sand also explained the elevated
retention of soluble Hg on sand surface. This was because kaolinite
had higher sorption capacity for Hg than sand, adding kaolinite to
sand surface led to the higher Hg sorption onto sand. Comparison
of Hg and kaolinite BTC in Hgyqg + K;go transport, the total Hg con-
centration did not co-vary with kaolinite concentration. This was
because, in the Hggg + K199 mixture, Hg was not mainly associated
with kaolinite, with >99% Hg being soluble Hg (99.2 mg|/L).

In natural systems, aqueous Hg concentrations in groundwater
and surface water are commonly <30 ng/L [39]. However, in highly
polluted waters, Hg concentration can reach 2 mg/L[11]. To further
understand the interaction of Hg with kaolinite, we studied the
transport of Hg; +Kyg9 (Exp. 4, Table 2). In this Hg and kaolinite
mixture, Hg concentration on Kkaolinite was 1.02 mg/g, making
Hg sorbed on kaolinite account for ~10% of total Hg. Similar to
transport of Hggg + Kqgo, the BTCs of Hg; + Ky transport (Exp. 4)
showed higher retardation and deposition rate compared to Kjqg
(Exp.1)and Hg; transport (Exp. 2) (Fig. 2). The maximum C/Cy of Hg
was 0.24 (Exp. 4; Fig. 2B, Table 2), which was lower than that of 0.4
for Hg; transport (Exp. 2, Fig. 2B). The maximum C/C, of kaolinite
was detected at 6.6 PV (Exp. 4), which was also later than that of
K100 at 1.2 PV (Exp. 1, Table 2). The recovery for total Hg (13%) in
Hgq +Kqgo transport (Exp. 4, Table 2) was significantly lower than
that in Hg; transport (22%) (Exp. 2, Table 2). Pearson correlation
analysis showed that total Hg concentration was significantly
correlated with kaolinite (r=0.88, P<0.0001) (data not shown).
In this situation, Hg transport was more correlated with kaolinite

0.2

0.14

Optical density

0.1

0 20 40 60 80 100
Hg concentration in suspension (mg /L)

Fig. 3. Influence of Hg concentration on the stability of kaolinite colloids.

transport though colloidal Hg accounted for only 10% (0.11 mg/L) of
total Hg. Such discrepancies between colloidal Hg transport behav-
ior at low and high Hg systems have been observed for Cs* colloid
transport. At the low Cs loading, high percentage of Cs was retained
on the colloids, leading to colloid-facilitated Cs transport. When Cs
concentration increased to a sufficiently high level to saturate the
high affinity sites of both colloids and collector grains, Cs transport
in soluble phase dominates the breakthrough process [40].

The column experiment results were consisted with batch
experiment (Fig. 3), both confirmed that the presence of Hg
decreased kaolinite stability and higher Hg concentration led
to higher rate of kaolinite aggregation (Figs. 2 and 3). It can
be explained that the increase in divalent cations concentration
increases positive charge on colloids surface, reducing electrostatic
repulsion and leading to colloids aggregation [23,41].

3.4. Transport of Hg-loaded kaolinite

The effect of Hg on kaolinite transport was further evaluated by
preloading Hg (1 or 100 mg/L) onto 100 mg/L kaolinite (Hg;-loaded
and Hgqgo-loaded kaolinite), with Hg concentration on kaolinite at
0.073 and 0.43 mg/g (Table 2). While both soluble Hg and kaolin-
ite co-existed in Hgygp + Kqgo transport in Exp. 4 and 5, there was
no soluble Hg in Hg-loaded kaolinite in Exp. 6 and 7 as they were
removed. Hg on Hgq-loaded K;gg accounted for 6.6% of its maxi-
mum sorption capacity (Exp. 6, Table 2). At this Hg loading, Hg did
not impact kaolinite’s transport much (Fig. 4). The kaolinite recov-
ery from Hgq-loaded K;gg and K;gg was similar at ~93% (Exp. 6 and
1, Table 2).
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Fig. 4. Impact of preloading Hg (1 or 100 mg/L Hg) onto 100 mg/L kaolinite on
kaolinite transport in sand column: (Exp. 6 and 7, Table 2).
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Compared to Hgi-loaded Kjgg, preloading 100 mg/L Hg onto
kaolinite had greater impact on kaolinite transport. The Hgqgo-
loaded Kjgp (Exp. 7; Table 2) showed a lower C/Cy (0.76) and
recovery (78%) compared to 0.94 and 93% from Kjg¢ transport
(Fig. 2A, Exp. 1, Table 2). Based on the transport model, the k was
0.0090 in Hgygp-loaded K;gg, which was three times greater than
those of Kqgg9 and Hgq-loaded K transport (0.0030; Table 2). The
results indicated higher deposition rate of Hgygg-loaded K;gp on
sand media than Kjgg. The model described the BTC of Hg-loaded
K100 well with R? of 0.94-0.97 (Fig. 4, Table 2). This was confirmed
by the changes in zeta potential of Hg-loaded kaolinite. As Hg load-
ing increased from 0.073 to 0.43 mg/g, its zeta potential increased
from —14.3 to —11.1 mV (Table 1). The particle size was 0.95 and
1.1 wm for Hg; -loaded and Hg1gp-loaded kaolinite (Table 1). No sig-
nificant difference in particle size was found compared to kaolinite
(1.0 pm).

In addition to the effect of Hg on kaolinite mobility, the trans-
port of Hg-loaded kaolinite (carrying both Hg and kaolinite) also
reflected the effect of kaolinite on Hg transport as a carrier. Dur-
ing the transport, no detectable Hg release was found in Hg-loaded
kaolinite suspension, so Hg retardation factor and recovery rate
were the same as kaolinite. Hg retardation (R=1) in Hggo-loaded
kaolinite transport was much lower compared to that from Hgqqg
transport (R=1.29). The results indicated Hg transported faster
when loaded onto kaolinite, i.e., kaolinite facilitated Hg transport in
the sand media as a carrier. In addition, the Hg recovery rate from
Hg-loaded kaolinite (Exp. 4, Table 2) was 93% (assuming same
recovery rate as kaolinite, i.e., no Hg release during the transport
process) compared to 22% from Hg; transport (Exp. 2, Table 2) from
the sand media (Fig. 2B). These evidences confirmed that kaolinite
can serve as a carrier to enhance Hg transport in porous media.

3.5. Kaolinite mobilized Hg presorbed on sand media

To further demonstrate kaolinite-facilitated Hg transport, a
higher concentration at 250 mg/L kaolinite (K,5¢) was injected into
the sand media (Exp. 8 and 9, Table 2), which was preloaded
with 1 or 100 mg/L Hg (Hg;-loaded and Hgjgp-loaded sand, Exp.
2 and 3, Table 2). Both kaolinite and Hg concentrations showed
a peak within 1.5 PV (Fig. 5), indicating that kaolinite scavenged
Hg presorbed onto the sand media. This observation is consistent
with other reports regarding Hg adsorption and desorption. Both
irreversible and slowly reversible process was the dominant mech-
anism for Hg sorption in sand. For Hg-loaded sand, the amount of Hg
desorbed increased from 0.003 mg in Hg{-loaded sand to 0.01 mg
in Hgqgo-loaded sand. The significant Hg desorption from Hgqgo-
loaded sand may indicate that most of the Hg was sorbed onto
low-energy sites and can be easily desorbed [42]. In the early stage
of Hg desorption (1-2 PV), the Hg concentration had strong positive
correlation with kaolinite (Fig. 5), i.e., Hg concentration increased
as kaolinite concentration increased. The higher affinity of kaolin-
ite for Hg over sand resulted in Hg to be stripped from the sand and
sorbed onto the migrating kaolinite (binding constant K=0.053 and
0.049Lmg~! for kaolinite and sand). In the later transport stage,
kaolinite concentration was more stable, whereas Hg concentra-
tion showed decreasing trend for both Hg-loaded sand (Fig. 5). This
can be explained by the limited exchangeable Hg on sand sites.
Pearson correlation analysis showed that effluent Hg concentra-
tion was significantly correlated with kaolinite (r=0.811 and 0.807,
P<0.0001) (data not shown), thereby the extent of Hg mobilization
from the sand media was strongly affected by injected kaolinite.
Similar trends in Hg mobilization by kaolinite were observed in
Hg-loaded sand and Hg;gg-loaded sand. Sun et al. [30,43] demon-
strated that mobile kaolinite scavenged the presorbed Pb from the
sand surface to facilitate Pb transport, and kaolinite and Pb con-
centration in effluents showed a strong linear relationship. Bartona
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Fig. 5. Breakthrough curves of Hg and 250 mg/L kaolinite in sand column, which
were preleached with 1 mg/L Hg (A) and 100 mg/L Hg (B) for 2h (Exp. 8 and 9,
Table 2).

and Karathanasis [43] reported Zn desorption from contaminated
soil onto ex situ mobile mineral colloids, which had high sorption
affinity for Zn and small particle diameter (<0.8 wm). The colloids
showed considerable migrating ability through the soil matrix and
enhanced Zn desorption by up to 400 times over that exhibited by
DI water. Statistical analysis of effluent Hg concentration from the
two Hg-load sand media showed significant difference (p <0.001),
with Hgigo-loaded sand media having more Hg mobilized than
Hgi-loaded sand. Mass balance calculations showed that kaolin-
ite mobilized 2.5% and 2.4% retained Hg from the Hg;-loaded and
Hg1g0-loaded sand media (Fig. 5). These data showed that 250 mg/L
kaolinite was sufficient to stripe Hg presorbed onto sand surfaces.

4. Conclusions

Both batch sorption experiment and column transport exper-
iment showed that kaolinite had higher sorption capacity and
binding strength than sand for Hg. During Hgqqg + Kigo transport,
both the mobility of kaolinite and Hg were reduced, with low
recovery rate and high retardation. Soluble Hg dominated the
Hg100 + Kqpo transport whereas colloidal Hg (Hg associated with
kaolinite) impacted the Hg; +Kjgo transport. Though preloading
kaolinite with high Hg (0.43 mg/g) reduced kaolinite’s mobility
with relative low BTCs recovery (78%) in transport of Hggg-loaded
kaolinite, still kaolinite served as a carrier to enhance Hg transport
in sand media. This is because Hg retardation (R=1) in Hgyqo-
loaded kaolinite was much lower compared to retardation of
Hg100 (R=1.29). In addition, the Hg recovery rate (93%) from Hg;-
loaded kaolinite was higher than that in Hg; transport (22%). In
addition, Hg presorbed onto the sand media was mobilized and
co-transported with mobile kaolinite, with higher presorbed Hg
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concentrations (100 vs. 1 mg/L Hg; Exp. 8 and 9, Table 2) resulting
in higher Hg mobilization by mobile kaolinite (~2.4%). Hg
mobilization and kaolinite concentration had significant positive
correlation, indicating mobile kaolinite was responsible for Hg
mobilization. Our research demonstrated that kaolinite enhanced
Hg transport in the sand media serving both as a carrier when Hg
was loaded before transport. In addition, kaolinite also can stripe
Hg off the sand media when Hg was preloaded sand column during
transport. However, when kaolinite was added to soluble Hg, kaoli-
nite reduced Hg transport. The colloid-facilitated Hg transport and
the stripping effect of Hg from sand column have important impli-
cations for risk assessments of Hg mobility in soil environment.
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