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Abstract

Attapulgite and montmorillonite were utilized to remediate heavy metal polluted red soils in Guixi City, Jiangxi Province, China.
The effects of clay minerals on availability, chemical distribution, and biotoxicity of Cu and Zn were evaluated. The results provided
a reference for the rational application of clay materials to remediate heavy metal contaminated soils. From the sorption experiment,
the maximum adsorbed Cu?* by attapulgite and montmorillonite was 1501 and 3741 mg/kg, respectively. After polluted red soil was
amended with attapulgite or montmorillonite and cultured at 30 and 60 days, soil pH increased significantly compared to the control. An
8% increase in the amount of montmorillonite in soil and 30 days incubation decreased acid exchangeable Cu by 24.7% compared to the
control red soil. Acid exchangeable Cu decreased with increasing amounts of attapulgite and montmorillonite, with best remediation
effect reached at a dose of 8%. Results also showed that the Cu poisoning effect on earthworms was reduced with the addition of
attapulgite and montmorillonite. Montmorillonite showed the best effect, with the addition of a 2% dose the mortality of earthworms
decreased from 60% to zero compared to the control. Our results indicated that the bioavailability of Cu in soils was reduced more
effectively with the application of montmorillonite than attapulgite.
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Introduction

Despite efforts by many countries to reduce heavy metal
discharge, heavy metal disposal is still increasing world-
wide. Although soil itself can reduce the mobility and
bioavailability of heavy metals, immediate remediation
measures in many heavily contaminated areas are still
required. It is important, therefore, to develop an effective
and economic in situ technology to immobilize copper pol-
lutants (Cheng and Hseu, 2002). Immobilization of heavy
metals is a promising alternative to the generally expensive
and disruptive conventional remediation techniques for
reduction in the environmental health risks of heavy metal
contaminated sites (Geebelen et al., 2002; Vangronsveld
and Cunningham, 1998). Many natural or synthetic materi-
als such as phosphate rocks, zeolites (Querol et al., 2006),
manganese, aluminium oxides and oxy-hydroxides, alka-
line agents such as lime (Gray et al., 2006), clay minerals,
and organic materials (i.e., compost, peat, and manure)
(Liu et al., 2009) have been tested in the last decade to
evaluate their ability to immobilize toxic trace metals. In
general, these treatments lessen the risk of polluted soils
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by limiting metal leaching and bioavailability. Neverthe-
less, some have been found to increase metal solubility,
particularly those treatments based on organic materials
(Narwal and Singh, 1998), manganese oxides (McBride
and Martinez, 2000), and phosphates (Cao et al., 2009).
It is important, therefore, to choose an environmentally
friendly amendment that can remediate soils polluted with
heavy metals while not producing secondary pollutants.

In spite of the large amount of research on the use of
different materials as soil amendments, little research on
clay minerals has been conducted. In the present study,
clay minerals were selected as amendments as they are
integral components of soil ecosystems and are widely
available, non-toxic, and inexpensive (Pandian et al., 2001;
Toribio and Romanya, 2006). Due to the hydrophilicity
of clays, their addition to soils can restore and enhance
plant growth, especially when the clays have large cation

exchange capacity (CEC) (Churchman,[2002). Most of the
physicochemical properties of clays comne from their lami-
nar morphology (phyllosilicates) and their small grain size
(<2 um), as well as the isomorphic substitutions originated
from the electric charge of the layers. As a consequence,
they can interact with heavy metals by adsorption, (ion
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exchange reactions, and the formation of inner-sphere
complexes (Celis et al., 2000). Heavy metal adsorption by
clay minerals is generally activated at permanent negative
charge sites (Kim et al., 2005). There is, however, little
information on the immobilization of heavy metals from
soils with the addition of clay minerals. It is worth noting
that not only dissolved heavy metals but also some nutrient
cations will be absorbed by some clay minerals. Further
studies on the remediation mechanisms and effectiveness
of clay minerals need to be done.

In this study, attapulgite and montmorillonite were the
chosen amendments. A comprehensive evaluation of the
effectiveness of these two clay minerals was made by
means of an adsorption experiment, indoor incubation ex-
periment, and biotoxicity experiment. The results obtained
provide a theoretical basis for the rational application of
clay materials in remediation of copper polluted red soils.

1 Materials and methods

1.1 Materials

1.1.1 Soils

Surface layer (0-20 cm in depth) red soil samples
from a paddy field were collected from Boli Village,
Binjiang County, Guixi City, Jiangxi Province, China.
Soils were air-dried, ground to pass through a 2 mm sieve,
and homogenized. About 2.6 km? of paddy field have
been contaminated with Cu and Cd by sewerage from
an adjacent smelting factory (Jiangxi Copper Corporation,
China) for more than 20 years (Hu et al., 2004). The total
concentrations of Cu significantly exceed the environmen-
tal quality standard for agricultural soils (Cu 50 mg/kg
in GB15618-1995) issued by the State Environmental
Protection Administration of China. Research has shown
that Cu pollution is the main reason for the reduction in rice
output, which seriously affects the agricultural economy
and the life quality of farmers (Li et al., 2008).

1.1.2 Amendments

Attapulgite and montmorillonite clays, which are indus-
trial products, were used as the soil amendments in this
study. Attapulgite clay was supplied from Nanjing Yadong
Aotu Mining Co., Ltd., China. Montmorillonite clay was
obtained from the Zhejiang Fenghong Clay Chemicals Co.,
Ltd., China. The amendments were air-dried and ground to
pass through a 0.049 mm mesh sieve.

1.1.3 Sample analysis

The pH was measured using 0.1 mol/L of KCI
(soil:solution ratio = 1:2.5) with a combination pH elec-
trode (E-201-C, Shanghai Truelab Instrument Company,
China). Cation-exchange capacity was detected using the
acetate exchange method (Rhoades, 1982). Approximate-
ly, 1.0 g of homogenized soil samples were digested with
nitric acid-perchloric acid, the samples were heated until
the color became clear, dissolved with several drops of
1% HNO;, filtered, diluted to a volume of 25 mL with

double deionized water (DDW), and analyzed for the total
content of Cu. Metal concentrations were determined by
inductively coupled plasma-atomic emission spectrome-
try (ICP-AES, IRIS Advantage, Thermo Electron, USA).
Three blanks (only extractant) were run to determine
background concentrations. Mineralogical composition of
clay minerals and soils was analyzed by means of X-
ray diffraction (XRD, D/max-r B type X-ray diffraction
instrument, Japan) with CuKa radiation.

1.2 Methods

1.2.1 Copper adsorption experiments

All sorption studies were carried out in 50 mL centrifuge
tubes by subjecting a 0.500 g sorbent to a shaking period
of 24 hr with 20 mL of CuSO, solution on a vertical
rotary shaker (150 r/min) at (25 + 1)°C. The initial
metal concentration ranged from 1 to 100 mg/L, using
0.10 mol/L of NaOH or HCI solution to adjust pH to
5, and using 0.10 mol/L of KClI solution to adjust the
ionic strength to 0.01 mol/L. The sorbent was separated
using a centrifugation step (6000 r/min) over 10 min. The
resulting solids were washed three times with 20 mL of
0.01 mol/LL KCI solution and the centrifugal supernatant
was stored at 4°C. Metal concentrations in the supernatant
were determined by atomic absorption spectrometry (AAS,
Varian SpectrAA-220, USA). All assays were carried out
in triplicates.

1.2.2 Incubation experiments

Incubation experiments with clay minerals at different
incubation times and the sequential extraction procedure
were used to determine changes in heavy metal availability
in the Cu contaminated soils. Nine treatments were run for
each soil: untreated control soil, soil amended with 1% CM
(clay minerals), soil amended with 2% CM, soil amended
with 4% CM, and soil amended with 8% CM. Soil (600 g)
was thoroughly mixed with the clays and was placed in
a 250 mL incubation vessel. Double deionized water was
added to the soils to increase moisture content to 70%
of water-holding capacity. The incubations were carried
out in triplicates, in a temperature-controlled incubator
at (25 + 2)°C. After 30 and 60 days of incubation, the
heavy metals of the soils were fractionated by a sequential
extraction procedure. Chemical forms of heavy metals
(Cu and Zn) were studied using the BCR sequential
extraction procedure (Davidson et al., 1994). The heavy
metal sequential extraction procedure was as follows: (1)
acid exchangeable (EX): 1 g of dry soil extracted with 0.1
mol/L of CH;COOH (1:40, W/V) for 16 hr; (2) Fe and
Mn oxides-bound (OX): residue from acid exchangeable
fraction extracted with 0.1 mol/L of NH,OH-HCI (1:40,
W/V) for 16 hr; (3) organic-bound (OB): residue from Fe
and Mn oxides-bound fraction extracted with 30% H-O»

(1:10, W/V) for 1 hr at 25°C, 30%|H,0, was added
and mixture shaken for 1 hr at 85°C,|and then 1 mol/L
CH3;COONH,4 was added and mixturd shaken for 16 hr
at 25°C; (4) residual forms (RES): redidue from organic
matter-bound fraction was removed intp beakers, digested
with aqua regia solution.
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1.2.3 Biotoxicity experiments

Earthworms (Eisenia foetida) were provided by Nanjing
Breeding Farms (China) and were cultured for three weeks
before they were used. Healthy earthworms with annulus
and of 200 mg weight were chosen. The experiment
adhered to the artificial soil test following OECD guide-
line No. 207. Earthworms were cleaned and put in darkness
for 24 hr before they were used. Nine treatments were run
for each soil: control soil, soil amended with 1% CM, soil
amended with 2% CM, soil amended with 4% CM, and soil
amended with 8% CM. Soil was thoroughly mixed with
the clays in accordance with the experimental design, and
placed in a 1000 mL incubation vessel. After incubation for
48 hr, 10 earthworms were put in each vessel, which were
covered by gauze to prevent escape. Double deionized
water was added to the soils to increase moisture content
to 80% of water-holding capacity. The incubations were
carried out in triplicate, in a temperature-controlled incu-
bator at (20 + 2)°C. After two weeks incubation, poisoning
symptoms and mortality of the earthworms were observed.
Earthworms were cleaned, put in darkness for 24 hr and air
dried in natural conditions. Protein content was detected
with the Coomassie Brilliant Blue method (Bradford et al.,
1976).

1.3 Statistical analysis

Using SPSS Version 13.0 software (SPSS Inc., USA),
data were subjected to ANOVA and differences between
means were determined using the Duncan test. Correlation
analysis was conducted using the Pearson method. In each
figure, the p value included was the ANOVA result on the
whole data sets, p < 0.05 and p < 0.01 mean significant
differences and extremely significant differences, respec-
tively.

2 Results and discussion

Selected physiochemical properties and the concentra-
tions of some elements of the amendments are given in
Table 1.

Table 1 Basic properties of montmorillonite, attapulgite, and soil

Sample pH CEC Total heavy metal
(cmol/kg) content (mg/kg)
Cu Zn Cd
Attapulgite 7.12 28.5 18.6 5.53 0.57
Montmorillonite 8.5 38.4 4.61 6.68 0.773
Soil 3.99 9.29 547 70.1 1.93

CEC: cation exchange capacity.

Critical values of the soil environmental quality standard in China (GB
15168-1995) were total Cd 0.3 mg/kg, total Zn 200 mg/kg and total Cu
50 mg/kg for red soil (pH < 6.5).

2.1 XRD analysis of attapulgite, montmorillonite and
soil

X-ray diffraction (XRD) patterns are shown in Fig. 1.
Attapulgite showed good crystallinity, with purity greater
than 80% and a low amount of quartz and feldspar. Mont-
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Fig. 1 XRD patterns of attapulgite (a), montmorillonite (b), and soil (c).

morillonite also showed good crystallinity, with purity
greater than 90%. Polluted red soil was mainly composed
of quartz, with a small amount of feldspar, kaolinite, talc,
and illite .

2.2 Copper adsorption and desorption experiments

Attapulgite and montmorillonite displayed good adsorp-
tion for Cu?*. The adsorption rate of Cu?* from 1 to 10

mg/L of copper sulphate solution on attgpulgite was 100%,
when the concentration was over 50 jmg/L, the adsorp-
tion rate reduced with increasing initigl concentration of
copper. The maximum adsorbed Cu®* [by attapulgite and
montmorillonite was 1501 and 3741 mg/kg, respectively
(Fig. 2).
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Fig. 2 Relationship between the adsorption rate and initial concentration
of Cu?* .

The desorption rate can be used to characterize the
degree of Cu?* binding to the clay. The higher the percent-
age of desorption, the more loose the binding. The results
showed that montmorillonite displayed a higher desorption
amount than attapulgite. Copper on attapulgite was 100%
fixed with four concentration points, while copper on
montmorillonite was desorbed a little at all concentration
points (Table 2). When desorbed three times, no significant
difference was observed between the two CM on sorption
amount. When the initial Cu concentration reached 50 and
100 mg/L, the adsorption amounts for montmorillonite
were 1826.4 and 3359.5 mg/kg respectively, which were
much higher than the adsorption amount for attapulgite.
Morton et al. (2000) reported that the adsorption reversibil-
ity of copper surface-associations on the permanent charge
and edge sites of montmorillonite can be explained by
either the formation of irreversible multinuclear complexes
on the edge sites of clay or by the fact that different
types (aluminol vs. silanol) or locations (bulk vs. surface
hydroxyl) of sites found on the edges of clay have different
affinities for copper and reversibility. Given the hydrated
structure and weak association evidenced by the ability
of background electrolyte cations to displace interlayer
metal cations, it is not surprising that the outer-sphere
complexes formed by copper on these sites are reversible
(Morton et al., 2000). Thus, the adsorption of Cu on atta-
pulgite was irreversible at firstly, owing to Cu complexes
with attapulgite may be fixed by the different types of
active sites with high oxide content. After the adsorption

Table 3 Effects of attapulgite and montmorillonite on soil pH

Clay Addition Soil pH
mineral amount (%) 30-day incubation  60-day incubation
Control 0 4.06 a 397a
Attapulgite 1 4.14c 427c
2 4.16 cd 430c¢
4 423 e 437d
8 435f 4.41 de
Montmori- 1 443 ¢ 445e
llonite 2 4.69 h 4.64 f
4 4951 4.60
8 5.18j 479 ¢

amount of Cu increased to some extend, a part of Cu
which adsorbed on the permanent negative charge surface
could be desorbed. The specific adsorption of Cu in low
concentration on attapulgite plays an important role in the
control of Cu concentration in soil solutions. Adsorption of
Cu on montmorillonite was both irreversible and reversible
at the same time, mainly in ion exchange. In relation to
environmental protection, the interaction between CM and
heavy metals are meaningful.

2.3 Indoor incubation experiments

2.3.1 Effects of attapulgite and montmorillonite on soil
pH

The polluted soil was acidic (pH 3.99). When cultured
over 30 and 60 days after attapulgite and montmorillonite
addition, soil pH increased significantly compared to the
control (Table 3). As the addition amount ranged from 1%
to 8%, the soil pH increased with increasing attapulgite
and montmorillonite dose. Montmorillonite promoted the
greatest increase (0.37-1.12 pH increased) in soil pH,
compared to attapulgite. Soil pH plays an important role
in bioavailability of heavy metals. An increase in pH
affects metal cations retention, leading to a reduction in
bioavailability of heavy metals. Due to the formation of
OH™ complexes, the mobility of Cu is usually slowest
in a slightly alkaline soil but it can increase in a highly
alkaline soil (pH > 10). In this study, although application
of attapulgite and montmorillonite altered soil pH, it was
still within the range of soil pH (4.02-5.18) for efficient
metal immobilization (Chen et al., 2007).

Table 2 Copper desorbed from attapulgite and montmorillonite

Clay Initial Adsorption Desorption Desorption/ Desorption Desorption/ Desorption Desorption/ Residual Cu?* amount
mineral conc. (mg/kg) (mg/kg) adsorption (%) (mg/kg) adsorption (%) (mg/kg) adsorption (%) Residual Residual/
(mg/L) 1st desorption 2nd desorption 3rd desorption (mg/kg) adsorption (%)
Attapul- 1 40.1 0 0 0 0 0 0 40.1 100
gite 3 119 0 0 0 0 0 0 119 100
5 198 0 0 0 0 0 0 198 100
10 399 0 0 0 0 0 0 399 100
50 951 7.75 0.82 0.09 0.01 0 0 94 992
100 1501 132 8.80 22.0 1.47 2.76 0.18 1344 89.5
Montmo- 1 33.7 2.52 7.47 1.60 4.87 0 0 295 87.7
rillonite 3 107 3.52 3.28 0.13 0.13 0 0 10: 96.6
5 177 12.9 7.29 2.00 1.13 0 0 16! 91.6
10 368 21.2 5.76 3.80 1.03 0 0 34, 93.2
50 1961 121 6.17 6.42 0.33 7.40 0.38 18326 93.1
100 3741 265 7.08 70.3 1.88 46.3 1.24 3339 89.8
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2.3.2 Chemical speciation of Cu in soil

In regards to heavy metal distribution and morphological
characteristics, Ma and Uren (1998) reported that pollu-
tants from smelters were mainly in a more soluble form
(such as acid exchangeable phase), and were oxidized to
relatively non-active states (such as oxides-bound phase).
When the acid exchangeable phase was generally higher
than the residual phase in soil, it was considered to be an
effect from man-made sources. Distribution of Cu in the
arable soil from this study showed the effect of man-made
sources. In China the background levels of Cu content
in red soils (Ferralsols) typically vary from 15 to 155
mg/kg, with a mean value of 41 mg/kg (Kabata-Pendias
and Pendias, 2001). Total Cu content in the polluted soil
from our study was 547 mg/kg, which is higher than the
environmental quality standard for Cu in agricultural soils
in China and 9.76 times higher than average background
values. Copper in the treatments without amendments
was primarily associated with bound and residual phases,
followed by acid exchangeable + organic-bound + Fe and
Al oxides-bound >> residual. Acid exchangeable fractions
accounted for 32.7%-44.8% for total Cu. Residual Cu
content in the soil was 14.5-17.5 mg/kg (2.65%-3.20%),
which was significantly lower than that in normal soil
(50%—75%) (Ma et al., 1992), indicating that bioavailabil-
ity and the environmental risk of Cu is higher.

Figure 3 shows the distribution of Cu as assessed by the
sequential extraction method in the soils. As the addition
amount increased from 1% to 8%, acid exchangeable Cu
decreased from 18.75% to 5.09% for attapulgite amend-
ed soil and from 24.74% to 2.46% for montmorillonite
amended soil. These results showed that the remediation
effect of acid exchangeable Cu is montmorillonite > at-
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tapulgite. When montmorillonite was increased in soil by
8% after incubation for 30 days, acid exchangeable Cu
decreased by 24.7% compared to the control. Acid ex-
changeable Cu decreased with increasing montmorillonite
amount, with the best remediation effect observed at an 8%
dose.

Addition of CM did not significantly change Cu in
organic-bound and Fe and Mn oxides-bound phases. As
the addition amount increased from 1% to 8%, Fe and
Mn oxides-bound Cu increased from 1.67% to 6.23% and
from 0.98% to 13.07% for attapulgite and montmorillonite
amended soil, respectively. Organic-bound Cu decreased
from 11.49% to 0.41% and from 9.52% to 6.66% for atta-
pulgite and montmorillonite amended soil, respectively.

Residual Cu in the treatments with clay minerals sig-
nificantly increased (Fig. 2). Previous work has reported
residual heavy metal levels in mildly acidic or alkali soils
were obviously higher than those in the neutual state,
possibly as a result of higher soil pH and the dominance
of 2:1 clay minerals in soils (Bodek et al., 1998). As the
addition amount increased from 1% to 8%, residual Cu
increased from 5.09% to 22.04% and from 0 to 18.75%
for attapulgite and montmorillonite amended soil, respec-
tively. With increasing addition amount, the residual Cu
fraction also increased, reaching optimal values from 135.3
to 170.3 mg/kg (from 23.2% to 24.7%) for attapulgite at
8%.

As the incubation time was prolonged from 30 to 60
days, acid-extractable Cu of the control soil decreased
from 44.8% to 32.7%, Fe-Mn oxides-bound Cu increased
from 23.5% to 33.4%, while organic-bound and resid-
ual Cu showed no significant changes. The decreasing
amount of acid-extractable Cu was similar to the increasing
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amount of Fe-Mn oxides-bound Cu. Thus, in the soil
without amendments, reduction-oxidation reaction of Fe-
Mn oxides occurred. These oxides dissolved or formed
precipitates of compounds which makes a number of
copper ions entrapped (Fig. 3). Acid-extractable Cu mainly
changed into residual Cu. Acid-extractable Cu decreased
and residual Cu increased with clay mineral addition, and
had little effect on Fe-Mn oxides-bound and organic-bound
Cu. It is obvious that clay minerals were beneficial for the
reduction of Cu from high toxicity to low toxicity.

2.4 Toxicity testing with earthworms

Earthworms (Eisenia fetida) were studied to determine
the effect of Cu on the growth and body protein content,
which provided a basis for biological diagnosis and risk
assessment of heavy metal polluted soils. Copper induced
fatality depends on soil properties and components. The
LCso of European soil (643 mg/kg) (Neuhauser et al.,
1985) is 1.5 times that of Chinese soil (400-450 mg/kg)
(Song et al., 2002). Studies have shown that the increased
soil pH can increase the adsorption of soil and reduce the
biological toxicity of heavy metals (Oka et al., 2007). The
higher the pH value, the easier the molecule is ionized and
the smaller the molecular size proportion. Heavy metals
cannot easily move from earthworm skin surface into their
internal body as the biological toxicity of heavy metals
reduced. Therefore, biological toxicity of heavy metals can
be reduced by changing soil properties and components.
Our experiments showed that the poisoning effect of Cu on
earthworms was reduced with the addition of attapulgite
and montmorillonite, with montmorillonite showing the
best effect. With the addition of a 2% dose, mortality
decreased from 60% to zero compared to the control.
Toxic symptoms included body atrophy, fracture, bleeding,
body softening, hyperemia of annulus, and yellow liquid
exudation. Weight growth rate in all treatments was slower
than the control, that is, there was a negative effect on
growth rate (Table 4). This was likely caused by the toxic
effect of Cu on earthworms. It should be noted that no
food was provided to the earthworms during the incubation
time, which may have also influenced growth rate. In
addition, body protein content increased with the addition
of attapulgite and montmorillonite, although the reason for
this is unclear and merits further research.

Table 4 Results of toxicity testing with earthworms

Clay Addition Growth  Death Body protein
mineral amount (%) rate (%) rate (%) content (g/L)
Control 0 - 60 240
Attapulgite 1 - 30 2.30

2 - 10 3.18

4 -0.015 0 3.11

8 -0.052 0 2.02
Montmorillonite 1 -0.143 0 1.59

2 -0.035 0 2.12

4 -0.209 0 2.77

8 -0.076 0 2.27

Growth rate was calculated with the following equation: rg = (W,—
Wp)/Wp x 100, where, rg (%) is the growth rate; W, (g) is the weight
after incubation, and W, (g) is the weight before incubation.

3 Conclusions

Attapulgite and montmorillonite were effective at reme-
diation of heavy metal polluted soils. From the sorption
experiment, the maximum adsorbed Cu* by attapulgite
and montmorillonite was 1501 and 3741 mg/kg, respec-
tively. The adsorption of Cu on attapulgite was firstly
irreversible, when the initial concentration of Cu* reached
50 mg/kg, a part of Cu was adsorbed reversibly and could
be desorbed. Adsorption of Cu on montmorillonite was
both irreversible and reversible at the same time, mainly in
ion exchange. After incubation for 30 and 60 days, soil pH
was significantly increased. A significant mitigative effect
for attapulgite and montmorillonite on Cu polluted soils
was observed, with montmorillonite displaying a better
effect than attapulgite. The results of distribution of Cu
showed that acid-extractable Cu decreased and residual
Cu increased for attapulgite and montmorillonite amended
soils. The poisoning effect of Cu on earthworms was re-
duced with the addition of attapulgite and montmorillonite,
with montmorillonite showing the best effect. With the
addition of a 2% dose, mortality decreased from 60% to
zero compared to the control.

China has rich reserves of inexpensive clay minerals.
They show good prospects for development in remediation
of heavy metal polluted soils. Because of differences
between indoor experiments and natural soil conditions,
future field tests are needed to clarify soil remediation
effects under natural conditions and to determine proper
addition quantities.
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