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a  b  s  t  r  a  c  t

We  demonstrated  that water-soluble  aminopropyl  magnesium  functionalized  phyllosilicate  could  be
used  as  a soil-flushing  agent  for  heavy  metal  contaminated  soils.  Soil  flushing  has  been  an  attractive  means
to  remediate  heavy  metal  contamination  because  it is  less  disruptive  to  the  soil  environment  after  the
treatment  was  performed.  However,  development  of  efficient  and  non-toxic  soil-flushing  agents  is still
required.  We  have  synthesized  aminoclays  with  three  different  central  metal  ions  such  as  magnesium,
aluminum,  and ferric  ions  and  investigated  applicability  of  aminoclays  as  soil  flushing  agents.  Among
them,  magnesium  (Mg)-centered  aminoclay  showed  the  smallest  size  distribution  and  superior  water
oil flushing
ater-soluble clay

hyllosilicate
emediation

solubility,  up  to  100  mg/mL.  Mg  aminoclay  exhibited  cadmium  and  lead  binding  capacity  of  26.50  and
91.31  mg/g  of  Mg  clay,  respectively,  at near  neutral  pH, but it showed  negligible  binding  affinity  to  metals
in acidic  conditions.  For  soil  flushing  with  Mg  clay  at neutral  pH  showed  cadmium  and  lead  were  efficiently
extracted  from  soils  by  Mg  clay,  suggesting  strong  binding  ability  of  Mg  clay  with  cadmium  and  lead.  As the
organic  matter  and  clay  compositions  increased  in  the  soil,  the removal  efficiency  by  Mg  clay  decreased

creas
and the  operation  time  in

. Introduction

Soil contamination with toxic heavy metals such as copper,
inc, chromium, cadmium, and lead, has been a big concern in
any countries due to their adverse health effects [1].  Thousands

f sites contaminated with heavy metals need to be remediated
n the United States and other countries, which requires new
evelopment of effective soil treatment technologies [2–4]. Cur-
ently, various soil treatment technologies, including excavation
nd landfill, isolation, containment, electrokinetics (EK), biologi-
al treatment, and soil flushing (washing) have been applied to
emediate heavy metal contaminated sites [3–6]. Among them,
oil flushing has shown several advantages such as relatively
ow cost and less environmentally disruptive consequences com-
ared to the conventional excavation and landfill methods [3,4].
herefore, it has been widely applied to remove heavy metals
rom contaminated soils. During soil flushing, acids and other

olvents have been applied to enhance the performance, which
ave caused disruption in the soil environment after treatment
7,8]. Thus, chelating agents such as pyridine-2,6-dicarboxylic acid

∗ Corresponding author at: Department of Chemical and Biomolecular Engineer-
ng (BK21 program), KAIST, 335 Gwahak-ro, Yuseong-gu, Daejeon 305-701, Republic
f  Korea. Tel.: +82 42 350 3924; fax: +82 42 350 3910.

E-mail address: jiwonyang@kaist.ac.kr (J.-W. Yang).

304-3894/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2011.08.077
ed.
Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.

(PDA), N-(2-acetamido) iminodiacetic acid (AIA), and ethylene-
diaminetetraacetic acid (EDTA), or surfactants [9–14] have been
widely employed in place of acids and other solvent to extract heavy
metals from soils. However, these chelating agents also resulted in
problems because of their recalcitrance and the difficulties separat-
ing them from the heavy metal cations, which required additional
processes for disposal treatment. Recently, a new class of nanoscale
water-soluble chelants of poly(amidoamine) (PAMAM) dendrimer
in environmental applications was explored in aqueous solutions
[15,16] and soils [1,17].  However, these chelants are expensive and
need an additional nanofiltration process to recover them. There-
fore, development of alternative chelating agents is still required
for an environmentally non-destructive and cost-effective remedi-
ation process.

Organic–inorganic hybrid nanomaterials have been getting
attractions because of their wide applications. Mann et al. have
developed 3-aminopropyl functionalized phyllosilicates (amin-
oclay) by covalent bonding with a central metal ion and
sandwiched organo-functionalities via Si–C bonds [18,19] and
reported nanocomposites with biomolecules [20–24].  Unfortu-
nately, they do not have focused on environmental areas. Thus,
because aminoclay has unique nano-sized and water-soluble

properties with a high density of amino groups, it can lead to appli-
cations in environmental studies. In addition, its high chelating
capacity with metal ions and less toxicity make the aminoclay as
an excellent candidate for a soil flushing agent.

ghts reserved.

dx.doi.org/10.1016/j.jhazmat.2011.08.077
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table  1
Properties of Jumunjin sand, Soil A, B, and C used in this study.

Density (g/cm3) Bulk density (g/cm3) Porosity pH Organic content (%) Soil composition (%)

Sand (2–0.02 mm)  Silt (0.02–0.002 mm)  Clay (<0.002 mm)

Jumunjin sand 2.320 1.500 0.582 – 0.11 100 0 0
0.6 
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Soil  A 2.340 1.521 0.350 5.85 

Soil  B 2.286 1.136 0.497 4.00 

Soil  C 2.254 0.789 0.650 6.48 

The objective of this study is to demonstrate that aminoclay
an be applied as an alternative soil-flushing agent to remediate
eavy metals from soils. We  synthesized aminoclays with three
ifferent central metal ions and investigated heavy metal binding
f aminoclays through batch and column experiments.

. Experimental

.1. Materials

All chemical used in this study were reagent grade or higher
rade and used without further purification. 3-Aminopropyl-
riethoxysilane (APTES, 99%), ferric chloride hexahydrate, and alu-

inum chloride hexahydrate were purchased from Sigma–Aldrich
St. Louis, MO,  USA) and magnesium chloride hexahydrate (98.0%)
as obtained from Junsei Chemical Co., Ltd. (Tokyo, Japan). Cad-
ium and lead sources were used as chloride counterions (>99%,
.C.S. reagent). The 1000 mg/L standard solutions of cadmium, lead,
nd magnesium were obtained from Fluka. Ethanol (>99.9%) was
urchased from Merck KGaA (Darmstadt, Germany). Centrifugal
lters (Amicon® Ultra, 3 kDa) were bought from Millipore. HCl or
aOH standard solutions (1 N or 0.1 N) were used from DAE JUNG

Shiheung, Korea) to adjust the pH of the samples. Double-distilled
eionized water (>18 m�,  DI water) was used through all of the
xperiments.

.2. Preparation of hydrophilic aminoclays

An aminopropyl functionalized magnesium phyllosilicate clay
as prepared as previously reported [18–24].  The APTES (1.3 mL,

.63 mmol) was added in a drop-wise manner to a magnesium chlo-
ide (0.84 g, 8.82 mmol) in ethanol (40 mL)  at room temperature.
he molar ratio of Mg  to Si was approximately 0.75. The white slurry
as formed after 5 min, which was stirred overnight. The precip-

tate was isolated by centrifugation, washed with ethanol (50 mL)
o remove excess magnesium chloride, and dried at 40 ◦C. Amin-
clays with backbones of Fe and Al were also synthesized using the
ame procedure described above. For brevity, Mg,  Al, and Fe back-
oned aminoclays will be referred to as Mg  clay, Al clay, and Fe clay
espectively.

.3. Cadmium and lead binding of Mg  clay in batch system
Batch experiments were conducted to determine the maximum
inding capacity of the heavy metal cations in Mg  clay solution as

 function of pH. The Mg  clay solution (0.5 g/L) was reacted with
0 mg/L of cadmium or lead solution at various pH values for 1

able 2
lemental compositions (%) of Jumunjin sand, Soil A, B, and C observed by X-ray fluoresce

Si Al K Fe Ca

Jumunjin 68.4 8.9 12.7 0.992 0.3
Soil  A 67.3 13.9 8.95 5.43 2.3
Soil  B 42.7 23 9.15 15 3.8
Soil  C 46.4 19.2 7.47 18.2 1.2
93.5 2.5 4.0
75.0 15.0 10.0
55.0 28.0 17.0

day where adsorption equilibrium time was  confirmed <1 h. Sam-
ples were agitated with magnetic stirrer during the reaction. After
reactions, all samples were filtered by an Amicon® centrifugal fil-
ter (3 kDa) and then analyzed by atomic absorption spectrometry
(AAS, Perkin–Elmer). The removal capacity (q) was calculated by

(Co − Cfiltered) × V

W
= q (mg/g)

where C0 and Cfiltered were the initial and filtered concentrations
after centrifugation (mg/L), V (L) was the sample volume, and W
was the mass (g) of the Mg  clay. The experiments were conducted
in triplicate to get a reliable result.

2.4. Mg  clay flushing for cadmium or lead contaminated soils

Column flushing experiments were performed with a
30 mm × 160 mm column (Kontes, USA) containing 110 g of
Jumunjin sand (20–30 mesh), and Soil A, B, and C. Jumunjin sand
was obtained from seashore of east coast of Korea (Jumunjin,
Korea) and Soil A, B, and C were collected on a hill site inside of
the university (Daejeon, Korea) and their physical properties were
artificially controlled to have different sand, silt, and clay contents.
The clay and silt contents increased in the order of Soil A < B< C
(Table 2). The elemental compositions observed by X-ray fluores-
cence (XRF) and physical properties of the soils are summarized
in Tables 1 and 2, respectively. X-ray diffraction analysis showed
that quartz, illite, and albite are the major mineral composition
of Soil A, B, and C. Approximately the same loading of each soil
was packed in the column by small incremental actions to obtain
homogeneous condition with uniform bulk density [25]. And soil
column experiment was The schematic diagram of the column
experiment in detail was  depicted in Fig. 1. The pore volume of
the sand in the column was  30 mL.  Initially, 20 pore volumes of DI
water were pushed through the column in an upward direction at
a flow rate of 2 mL/min. Next, the column was contaminated by
circulating an initial concentration of approximately 300 mg/L of
divalent cadmium and lead, individually, at a flow rate of 1 mL/min
to achieve an equilibrium state for 6 h (at pH 7). Then, more
than 30 pore volumes of DI water was introduced in an upward
direction in order to remove slightly bounded heavy metals from
the soil surfaces. As a result, complete saturation with water for
the column was  achieved. The preloaded Cd2+ and Pb2+ uptakes
for the Jumunjin sand soil were 120 ± 10 and 180 ± 20 mg/kg,
respectively. In cases of Soils A, B, and C (order of clay contents:

A < B < C), the preloaded concentrations of Pb2+ were 1016, 1216,
and 1446 mg/kg, respectively, reflecting sorption of heavy metals
on soils were highly affected by the characteristics of the soils.
This will be further discussed in Section 3.5.  For the flushing of

nce (XRF) spectrometer in this study.

 Ti Cu S Mn  Na

6 0.12 0.065 0.23 – 6.6
4 0.936 0.11 0.51 0.11 –
6 1.39 0.079 0.36 0.34 –

 1.74 0.11 0.66 0.53 –
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30.9%), respectively, which were calculated by summation of three
compositions of each metal, Si, and Cl is 100 wt%. Elemental anal-
ysis (EA) determined the compositions of C, H, O, and N of Mg  clay
were 18.3%, 5.6%, 9.4% and 6.7%, respectively. Furthermore, N (%)
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Fig. 1. Schematic presentation of t

ontaminants from the column, water-soluble Mg clay solutions
f 10 mg/mL  were pumped in an upward direction through the
olumn at a flow rate of 1 mL/min. After the flushing procedure,
esidual amounts of Mg  clay on the soil were analyzed. During
olumn experiments, flow rate was controlled by a peristaltic
ump (Masterflex® L/S®, Cole-Parmer Instrument, USA) [26–28].

.5. Characterizations

Surface morphology of samples of aminoclays in aqueous media
as observed by a transmission electron microscopy (TEM, JEM-

100F, JEOL LTD, Tokyo, Japan). In order to observe TEM samples,
iny amount of aminoclay powder was dispersed in DI water
or 5 min  sonication, and then subsequently was dropped onto a
arbon-coated copper grid. For crystallographic structure of amin-
clays, Powder X-ray diffraction (PXRD) data were obtained on a
igaku D/max lllC (3 kW)  with a wide angle goniometer equipped
ith a CuK� radiation generator at 40 kV and 45 mA,  and the

can range was from 3 to 65◦ at a rate of 1.2◦ × 2�/min. Each
minoclay that prepared with mechanical mortar was  filled in the
older homogeneously. Zeta potentials of the aminoclay solutions
ere measured by the Malyern Zetasizer Nano-ZS particle ana-

yzer according to pH. The particle size distributions of aminoclays
n aqueous solutions were examined by dynamic light scattering
DLS) method (HELOS/RODOS & SUCELL, Germany). The point of
ero charge (PZC) of Soil A, B, and C was measured by titration
ethod [29]. The titration was performed with addition of HCl and

OH (0.1 M),  which was  corrected by subtraction from the pH of the
lank to be required the amounts of acid. To confirm the covalent
onding of central metals and APTES and its organofunctionali-
ies, Fourier transform infrared (FT-IR) spectra of KBr pellets (FT-IR
100, Jasco, Japan) were collected from 4000 cm−1 to 540 cm−1.
ach spectrum was recorded as the average of 32 scans with

 resolution of 4 cm−1. The pellet disks consisted of 10% amin-
clay powder and 90% KBr by weight. The compositions of the
g clay, Jumunjin sand, and Soil A, B, and C were examined by
-ray fluorescence (XRF, MiniPal2, PANalytical) and an elemental
nalysis analyzer (EA1108 andNA2000, CEinstrument, USA) was
sed for aminoclays. Along with that, total amine (TN) and pro-
onated amine (ammonium) in aqueous solution were measured

y automatic water analyzer (AACS V, Center for Research Facil-

ty in Chungnam National University, Daejeon, Korea). The pH was
etermined using an Orion pH meter (Thermo Orion, model 710,
SA).
lumn experiment for soil flushing.

3.  Results and discussion

3.1. Characterizations of aminoclays

Powder X-ray diffraction (PXRD) patterns for the synthesized
aminoclays are shown in Fig. 2. The XRD patterns of Mg,  Fe,
and Al clays showed typical layered organoclay structure, i.e.,
d0 0 1 = 1.5 − 1.8 nm,  which corresponded to the previous results
[30]. In addition, 2� = 59◦ was a distinct peak in the Mg  clay,
which indicated a 2:1 trioctahedral phyllosilicate ratio. Al and
Fe clays had a similar 2:1 dioctahedral phyllosilicates ratio or
1:1 phyllosilicate [30,31]. The main functional groups of amin-
oclays were characterized as –CH2, –NH2, Si–O, Si–O–Si, and
metal-O by Fourier transform infrared (FT-IR) spectroscopy (Fig. 3).
All aminoclays formed covalent bonds with the metal ions and
organo-functionalities, further –NH2, and protonated –NH3

+ peaks
appeared [18,20,24].  X-ray fluorescence (XRF) study showed that
Mg-, Al-, and Fe-clay were composed of metal (Mg: 13.0%, Al: 11.8%,
and Fe: 43.5%), Si (24.0%, 31.6%, and 26%), and Cl (63.0%, 56.6%, and
2 theta

605040302010

Fig. 2. Powder X-ray diffraction (PXRD) patterns of aminoclays.
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Table 3
Particle size distributions of aminoclays.

Mg clay Al clay Fe clay

X10 24.73 nm 269.69 nm 72.90 nm
X50 31.87 nm 320.56 nm 92.42 nm
X90 41.08 nm 370.93 nm 117.03 nm
X99 50.49 nm 394.09 nm 141.67 nm
SMD 31.27 nm 315.84 nm 90.93 nm
VMD  32.49 nm 320.39 nm 94.02 nm
Sv  191.89 m2/cm3 19.00 m2/cm3 65.99 m2/cm3
ig. 3. Fourier transform infrared (FT-IR) spectra of aminoclays. M is denoted as
etal.

ompositions of Al and Fe clay were 7.91% and 8.20%. From the
omposition results above, the density of the amino groups of bulk
owder of aminoclays was  calculated as 4.78 mmol, 5.65 mmol,
nd 5.86 mmol  of nitrogen/g of Mg  clay, Al clay, and Fe clay
espectively. In order to examine detailed amine function of amin-
clays in aqueous solution, total amine (TN) and protonated amine
ammonium form, −NH3

+) concentrations in aqueous solution
pH 5–6) were measured. The TN concentrations of Mg-, Al-, and
e-clay were 97.21 × 10−3, 85.95 × 10−3, and 86.50 × 10−3 mg/L,
espectively. The protonated amine concentrations of each clays
ere 3.78 × 10−3, 7.04 × 10−3, and 10.48 × 10−3 mg/L. Interest-

ngly, among the aminoclays, Mg  clay in aqueous solution showed
ighest amine concentration, whereas it showed lowest concen-
ration of protonated amine (−NH3

+), which was not proportional
o N density (mmol) by EA. Zeta potential of aminoclays showed
ositive values of +20–25 mV,  while talc, which is a parent min-
ral of Mg  clay, had negative potential (Fig. 4a). Even with
ncreased Mg  clay loading, no significant increase of zeta potential
ccurred (data not shown). As illustrated in Fig. 4b, the posi-
ive value of the zeta potential decreased to approximately half
f the maximum value, i.e.,  +5–10 mV,  near neutral pH, corre-

ponding to reported dendrimer (∼+5 mV)  [15,16]. The pH of Al
lay in aqueous solution exhibited neutral pH while other clays in
queous solution showed an approximate pH of 9.8 at 1.5 g/L of
lay loading.

TalcFe ClayAl ClayMg Clay

Ze
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Fig. 4. Zeta potential values of aminoclays (a) at
X10%, X50%, and X90% are the cumulative probability sizes at 10%, 50%, and 90%,
abbreviations of surface mean diameter and volume mean diameter are SMD  and
VMD, Sv is the ratio of SMD  and VMD.

3.2. Screening of soil flushing agents

The size distributions of aminoclays observed by dynamic light
scattering (DLS) are presented in Table 3. For the Mg  clay, the 99%
cumulative probability size (X99) was  50.49 nm and the ratio of
the surface area mean diameter (SMD) and volume mean diameter
(VMD), Sv, was  191.89 m2/m3. The higher the value of Sv means
the more spherical shape or the smaller particle size. The aver-
age diameters (X99) of Al and Fe clays were 394.09 and 141.67 nm,
respectively, while the Sv of them were 19.00 and 65.99 m2/m3,
respectively. Thus, among the clays, Mg  clay had the smallest
diameter and more spherical shape, suggesting relatively high
probability to exist as discrete particles in aqueous solution. The
diameter and the shape of the clays were affected by the metal ions
of the clay even though they were synthesized under the identi-
cal sol-gel reaction with APTES. The discrete dispersion of Mg  clay
sheets in aqueous solution was  confirmed by TEM images, hav-
ing particle size of 30–200 nm (Fig. 5a). On the other hand, Al clay
(Fig. 5b) and Fe clay (Fig. 5c) sheets showed aggregation by stacking,
which may  be resulted from sample preparation. The smallest size
of Mg  clay in aqueous phase suggests that the Mg  clay might be the
most efficient candidate as a soil-flushing agent among the amin-
oclays when considering the mass transfer between the pores of
the soil media. To indirectly observe the solubility of aminoclays in
aqueous solution, UV-vis absorption spectra were measured at pH
6 (Fig. 6). Mg  and Al clays were highly soluble in aqueous solution in
the visible region (400–800 nm of wavelength), even at 10 mg/mL
of Mg  clay dosage, while Fe clay was  more turbid when compared
to Mg  and Al clays at the same concentration. Based on the size

distribution, solubility, amino density, and the zeta potential of
aminoclays, we selected Mg  clay as a promising candidate for soil
flushing and further studied heavy metal binding capacity and soil
flushing efficiency of Mg  clay in the following sections.
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Fig. 5. TEM images of exfoliated dispersions of Mg (a), Al (b), and Fe (c) clay sheets at 1.5 g/L.
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Fig. 6. UV–Vis absorption spectra of Mg  clay (a), Al clay (b), and F
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Fig. 7. Binding capacity (q) of c

.3. Cadmium and lead binding efficiency (q) with Mg clay in the
atch system

Fig. 7 shows a binding capacity of cadmium and lead by Mg
lay (0.5 mg/mL) as a function of pH. The cadmium and lead bind-
ng capacities of Mg  clay were strongly dependent on the solution
H value. The removal of both metals by Mg  clay increased as pH

ncreased. However, in case of Cd2+: >pH 8.4 and Pb2+: >pH 6.0 to be
lotted by chemical equilibrium modeling of Minteq (version 2.0)
data not shown), the removals of metal ions could be also con-
ributed by alkaline precipitates (M(OH)2, where M = metal ion) as
ell as binding of Mg  clay. Although ionic mobility of Cd2+ is higher

han that of Pb2+ ion at neutral pH by consideration of chemical
quilibrium modeling, Mg  clay showed higher affinity with lead
han cadmium in all pH conditions. Those are in line with amino-
unctionalized mesoporous material for removal of heavy metals
32–34]. The FT-IR study showed that main functional groups of
minoclays were –CH2, –NH2, Si–O, and Si–O-metal, corresponding
o the ideal unit structure of aminoclay [35]. Among the functional
roups, heavy metal ions are reported to be well complexed with
NH2 groups. This can be explained that in an acidic condition, Cd2+

r Pb2+ forms of heavy metals and –NH3
+ forms of Mg  clay sheets

re predominant, resulting in prevention of heavy metal cations

dsorbed on Mg  clay sheets, but at near neutral pH, free NH2 of
g clay sheets can easily chelate on heavy metal ions. Therefore,

he uptake of cadmium and lead ions by Mg  aminoclay seemed
o be mainly contributed by chelating with –NH2 groups of amin-
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Fig. 8. Mg  clay flushing of cadmium (a) and lead
m (a) and lead (b) by Mg clay.

oclay. Less protonated NH2 group in neutral pH is known to better
complex with heavy metal ions at near neutral pH [36–39],  which
explained the higher binding of cadmium and lead ions at near neu-
tral pH. The point of zero charge (PZC) of Mg  clay sheets become
approximately pH 11.0 [40], indicating that dispersions of Mg clay
in DI water shows positive surface potential in wide pH range. The
zeta potential (mV) to be dealt in pH range presents +5 to +15 mV.
While the measured PZC of Soil A, B, and C used in this study indi-
cates pH 5.4 ± 0.2, 5.0 ± 0.2, and 4.6 ± 0.2, respectively. Thus, heavy
metal cations could be loosely bound onto soil surface at near neu-
tral pH due to repulsion with soil surface, this result would be result
in higher removal efficiency of heavy metal by Mg  clay, which was
correlated that free NH2 groups of Mg  clay increased as increase of
pH. However, in acidic conditions, the binding was  low because of
the competition with proton ions. This indicates that Mg clay can
be recovered by acid treatment of Mg  clay and metal complexes
after soil flushing treatment [41].

3.4. Soil-flushing with Mg clay: effect of pH

Fig. 8 shows the effluent concentrations of cadmium and lead
extracted from Jumunjin sand soil during soil flushing column
experiments with Mg  clay as a function of pH. When only DI water

was flushed without pH control, the effluent concentration was
almost negligible indicating that DI water only did not extract
metals from soil. During soil flushing, the effluent Cd2+ and Pb2+

concentrations increased sharply and at all pH conditions high-
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st concentrations were observed when effluent water volume was
0 mL,  which is the two pore volume of the column. This is related
o the pore volume of column, approximately 30 mL.  After displac-
ng saturated DI water, Mg  clay solution collides with heavy metal
ons bound onto soil, following that heavy metal ions are directly
eleased out after binding with Mg  clay sheets. The cadmium and
ead elution from the soil column with Mg  clay solution indicates
he strong binding ability of Mg  clay with cadmium and lead. The
emoval efficiency of lead by Mg  clay was higher than cadmium,
hich can be explained by higher binding capacity of Mg  clay for

ead than cadmium as observed in Section 3.3 (Fig. 7). The high-
st removal efficiency of cadmium and lead was  observed at pH
.4, where the total maximum removal efficiency of cadmium and

ead was 61.95% and 83.83%, respectively. Solution pH affected the
emoval efficiency of cadmium and lead from soil. The pH could
ffect both availability of metals in soil and affinity to Mg  clay. As
bserved in the previous section, removal of metals by Mg  clay
ncreased as pH increased because of increase in free NH2 of Mg
lay. This resulted in increase of the affinity on heavy metal ions
ith Mg  clay where the solubility of Mg  clay was negligibly affected.
owever, metal precipitates could occur at higher pH, which could
ake hard to elute from the soil. On the other hand, at lower pH

he available metal ions increased from the sand soil due to the
ncreased protonation of soil surface, but affinity of metals to Mg
lay was also lowered at the same time. In this study, the optimum
H of the soil flushing with Mg  clay was observed at pH 6.4 for lead
nd cadmium ions. In the case of lead, the lowest removal efficiency
as observed at the lowest pH, pH 1.85, which suggests that the

ffinity to Mg  clay of lead is more important factor for lead removal
fficiency from soil flushing than the available lead in soil. In addi-
ion, the shape of the breakthrough curve (BTC) of cadmium elution
y Mg clay solution showed symmetry and no tailing without irreg-
larities (Fig. 8a), while lead BTC showed the tailing phenomena.
he tailing of the BTC suggests relatively slow mass transfer of lead
ounded Mg  clay in the soil.

.5. Soil-flushing with Mg  clay: effect of soil properties

In order to investigate the effect of soil properties on soil flushing
ith Mg  clay, soil flushing experiments were conducted with three
ifferent types of soils contaminated with lead. We  only tested

ead-contaminated soil because Mg  clay showed better removal
fficiency of lead compared to cadmium (Fig. 8). Soil A, B, and C
ad different physical properties and organic matter contents. The
lay and organic matter contents, whose main fraction is humic
cid and fulvic mixture, of the soils increased in the order of Soil A,

 and C (Table 1). These soils were contaminated with lead and the
reloaded lead concentrations were 1016, 1216, and 1446 mg/kg
or Soil A, B, and C, respectively. Fig. 9 shows the effluent concen-
rations of lead extracted from Soil A, B, and C during soil flushing
olumn experiments with Mg  clay at pH 6.3, which was the opti-
um  pH of the soil flushing with Mg  clay in the previous section.

he highest effluent lead concentration was observed for Soil A.
bout 81% of initially loaded lead on Soil A was removed after
oil flushing with Mg  clay. The removal efficiencies of Soil B and

 were 72.5% and 43.1%, respectively. The preloaded amount of
ead on soil increased with the increase of clay and organic mat-
er contents in soil, while the removal efficiency of lead by Mg  clay
ecreased, indicating soil properties affected binding of lead on soil
nd interactions between lead ions and the removal efficiency of
g clay. Natural organic matter (humic acid and fulvic acid mix-

ure) and metal oxides such as Mn  oxide, Fe oxide, Al oxide, and

i oxides present in soil have shown to have high affinity for lead
13,42–44].  The XRF study showed that metal oxides as well as sul-
ates increased in the order of Soil A, B, and C but silicates content
id not show a trend (Table 2). The high contents of organic mat-
Effluent volume (m l)

Fig. 9. Mg clay flushing of lead contaminated Soils A, B, and C.

ter, metal oxides, and sulfates in Soil C seemed to make lead more
strongly bound to the soils as well as Mg  clay was predominantly
interacted with organic matters than surrounding anionic metals
[45], which results decrease of removal efficiency of Mg  clay. Fur-
thermore, slow mass transfer of lead bounded Mg  clay occurred
in Soil C, which was  suggested by obvious tailing phenomena of
BTC of Soil C. It took twice longer time (up to 10 h) than flush-
ing of Soil A to reach the time when lead leaching into eluent was
stopped. The maximum concentration of lead in the eluent was
delayed about one pore volume (30 mL  for 20 min). These results
suggested that soil properties should be considered for the appli-
cation to real or weathered heavy metal contaminated soil. Thus,
pretreatment of organic matter will be needed prior to application
of aminoclay flushing to remediate heavy metals or development
of a novel aminoclay by controlling functionalities to interact with
heavy metals fast and strongly than with organic matters.

Finally, recovery of Mg  clay was  calculated after soil flushing.
The amounts of Mg  clay remained in the Jumunjin sand, Soil A, B,
and C after lead flushing were 86 ± 20 mg,  89 ± 30 mg,  92 ± 30 mg,
and 95 ± 20 mg,  respectively. This indicated that when the organic
matter and clay contents in the soil increased, the sorption of
Mg clay on soils also slightly increased as sorption of metals on
soils. However, the differences were not statistically significant
(S.D. = 4.5).

4. Conclusion

In this study, we  have synthesized aminoclays with three dif-
ferent central metal ions such as magnesium, aluminum, and ferric
ions and investigated applicability of aminoclays as soil flushing
agents. Among them, Mg  clay showed the smallest size distribu-
tion and superior water solubility, which suggests Mg  clay as a
promising candidate for soil flushing agent due to its efficient mass
transfer in soils. In batch experiments, the cadmium and lead bind-
ing capacities of Mg  clay were best near neutral pH, while at acidic
conditions, the binding capacities of them were almost negligible.
This indicates that when Mg  clay is applied to soil flushing, the pH
of the solution should be adjusted to approximately neutral pH to
achieve the best performance. In addition, acid treatment process
could recover the Mg  clay after soil flushing. Due to a high-density
of amine groups and water-solubility of Mg  clay, it shows a possi-
bility of nanoparticle approaches for the use of soil-flushing agents,

instead of molecular (ion) applications such as surfactants, acid, and
base agents. Moreover, various aminoclays with a higher amino-
density can be applied to enhance removal efficiency. Especially
when consideration of soils with high contents of organic matter,
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 design of novel aminoclays interacted with heavy metals more
trongly is in progress.
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