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ABSTRACT

Tea saponin (TS) is a type of tea seed-derived natural surfactant. Two types of cadmium contaminated soils
were washed with TS in batch experiments. The results showed that TS was effective for removal of cadmium
from the two soils, and attained 74.5% and 64.6% of cadmium desorption by 8% of TS, respectively. The
optimum concentration of TS for soil washing to remove cadmium is 4% under the consideration both of
efficiency and cost. The addition of background electrolyte (NaNO3) resulted in a significant increase of the
desorption of cadmium by TS. Kinetic studies revealed that the desorption of cadmium by TS was fast, the
equilibrium reached at 20 min of contact in the two tested soils. The kinetic data were fitted to the pseudo-
second-order kinetic model very well. TS displayed a promising desorption capacity for cadmium in polluted
soils.
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INTRODUCTION

Heavy metal contamination in soil is one of the major envi-
ronment problems in the world, especially in the develop-
ing countries such as China. The presence of heavy metals
in soils possesses significant risks to human beings and eco-
systems. Therefore, considerable efforts have been made to-
wards developing appropriate, valid and inexpensive
remediation technologies for remediating the heavy metal
contaminated soils. A two-tiered remediation strategy has
been adopted. The first tier focuses on ex situ extracting or
separating or removing those potentially mobile metals from
soils (e.g. washing, flotation) (Susana et al. 2005, Iskandar
& Adriano 1997), and the second tier mainly aims at in situ
improving metal stabilization, in which mainly by enhanc-
ing metal sorption, precipitation and complexation capacity
on soils, the potential mobility or bioavailability of the toxic
metals to environment are lowered (Paria 2008).

Soil washing or flushing is a promising removal or
extraction technique that involves the transfer of heavy
metals into the wash solution either by desorption or
solubilization. It is based on the desorption or solubilization
of heavy metals from the contaminated soils through the
action of simple water (Griffiths 1995), or amended with
surfactants (Deshpande et al. 1995, Chu & Chan 2003). For
that reason, surfactants act as a bridge between the air and
liquid interface and they can reduce the surface tension.
Surfactants are amphiphilic molecules with both hydrophilic

and hydrophobic portions (Wang & Mulligan 2004). As a
result, a decrease in the surface tension of water promotes
the mobilization of heavy metals from unsaturated soils, and
makes the heavy metals more available for remediation.

However, the wide use of synthetic surfactants or chelants
such as Tween 80, sodium dodecyl benzene sulphonate
(LAS), and ethylene diamine tetra acetic acid disodium salt
( EDTA) may have a number of problems, such as the toxic
outcomes into the environment, and high cost. All these de-
ficiencies limited their large-scale applications.
Biosurfactants have many advantages over the synthetic
surfactants including lower toxicity and higher biodegrad-
ability, better environmental compatibility, more tolerant to
pH, salt and temperature variation, and in some cases less
expensive and higher surface activity. It was approved that
using biosurfactants to remove heavy metals from contami-
nated soils was an effective and non-toxic method.

Saponin is a type of plant-derived biosurfactant, and it is
distributed in nearly 100 families. Saponin obtained from
quillaja bark was effective for removal of heavy metals in
soil-clay or sludge, the removal rates were 90-100% for cad-
mium (Cd) and 85-98% for zinc from three different types
of soils using quillaja saponin (Hong et al. 2002). A single
washing with 2000 mg/L of quillaja saponin could remove
83% of the copper and 85% of the nickel from kaolin clay
containing 0.45 mg copper/g kaolin and 0.14 mg nickel/g
kaolin (Chen et al. 2008). At the concentration of 3750 mg/L,
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quillaja saponin had a removal rate of 88% and 76% of Cd
and phenanthrene from the combined contaminated soil, the
efficiencies of quillaja saponin were greater than that of
Triton X100 and citric acid (Song et al. 2008). The chromium
(Cr) in tannery sludge was removed 11% after 6 h of washing
with 3% of quillaja saponin, the removal efficiency was nearly
4-fold of the deionized water at pH 2 (Kilic et al. 2011).

Tea saponin (TS) is a representative tea seed-derived
biosurfactant. It consists of non-sugar aglycones coupled with
sugar chain units. These sugars can be attached as one, two
or three sugar chains and terms monodesmoside, bidesmoside
and tridesmoside have been given to these saponins (Oleszek
2002). Its hydrophile groups contain hydroxy groups and
ester groups. Its relative molecular weight is 1222.54, its
critical micelle concentration (CMC) is 0.5% and surface
tension is 32.86 mN/m (Xia et al. 1990). TS extracted 20-
45% of Cr, 50-60% of copper (Cu), and 100% of lead (Pb)
from the municipal solid waste incinerator fly ashes, the ex-
traction efficiency for Pb was much higher than that of
quillaja saponin (Hong et al. 2000). The maximum removal
of Pb, Cu and Cd from wastewater reached 90%, 81% and
71%, respectively using TS by ion flotation, and a
complexation of the carboxylate groups and divalent metal
ions were formed in the foam products (Yuan et al. 2008). In
our previous study, with addition of 0.3% TS, Cd concen-
tration was increased by 97% in roots, 157% in stems and
30% in leaves compared with the treatment without addi-
tion of surfactant in sugarcane grown in Cd contaminated
soil (Xia et al. 2009). So TS seems to be an attractive
biosurfactant for soil remediation. However, to our knowl-
edge, using TS as a cleaning agent for soil washing to re-
move heavy metals has not been reported yet.

The objective of this work was to study the effect of TS
concentration, contact time, and the co-existence of electro-
lyte on the desorption of Cd in soils, and evaluate the poten-
tial feasibility of using TS on extracting Cd from soil.

MATERIALS AND METHODS

Chemicals: TS was supplied by Hangzhou Zhongye Plant
Technology Co. Ltd (Zhejiang, China) as a yellowish pow-
der with 60% purity. TS was extracted from the waste mate-
rial of the solid residues of the seeds of oil camellia (Camel-
lia oleifera) and tea (Camellia sinensis) after the oil was
extracted. The other chemicals and agents used for the test
were of analytical grade.

Soil preparation: Soils for test were collected from the sur-
face layer (0-15 cm) of vegetable gardens in the suburban
area of Hangzhou, China. The soil was air-dried, crushed to
pass through a 0.28 mm diameter sieve, and mixed thor-
oughly. The selected physico-chemical properties of the soils

are listed in Table 1. The Cd contaminated soils were pre-
pared by mixing soils with Cd(NO

3
)

2
 solution and had a fi-

nal concentration of 20 mg/kg of Cd in both the soil A and
soil B. The dry contaminated soils were transferred to a bot-
tle and aged for about 36 h before use.

Batch experiments: A series of washing processes with TS
was performed in a batch experiment as the function of dif-
ferent concentrations, contact time, and background electro-
lyte (NaNO

3
).

To determine the optimum concentration of TS for soil
washing, 2 g of soil was taken in a series of 250 mL flask
and 40 mL of solution containing different concentration of
TS. The mixture was shaken in a shaker at 150 rpm, at 25°C
for 10 h and then equilibrated for 12 h. The mixture was
placed to 50 mL polycarbonate centrifuge tubes and centri-
fuged at 6000 rpm for 10 min. A 25 mL aliquot of the
supernatant was filtered through a 0.45 µm cellulose nitrate
membrane filter. Then the filtered solution was transferred
into a digestion tube with addition of a mixture of HNO

3
/

HClO
4
 (4:1 v/v). The tube was then placed on a digestion

block and heated until frothing stopped and a clear solution
was obtained. The digests were then diluted to 25 mL with
deionized water and analysed for the concentrations of Cd
by flame atomic absorbance spectrometry.

For kinetic study, 2 g of soil was added to 40 mL of 4%
TS solution with 0.005 mol/L NaNO

3
 as background

electrolyte to keep a constant ionic strength. The contact
(reaction) time was from 5 min to 24 h. Experiments in
individual flasks were terminated at intervals of 5, 20, 40,
60, 120, 240, 480, 600, 960 and 1440 min and centrifuged
immediately. Thereafter, the same procedure as above was
followed.

To determine the effect of electrolyte on the desorption
of Cd by TS, a batch experiment was tested as the treatment
with 0.005 mol/L of NaNO

3
 and without NaNO

3
 for control.

The soil sample was soil B contaminated with 20 mg/kg of
Cd, and the washing solution was 40 mL of 0.5% TS.

The experimental condition and the determination
method in the batch tests for the effect of electrolyte was the
same as described above for TS concentration test. Tripli-
cates were set up for each treatment.

The desorption efficiency was expressed as the percent-
age of desorbed Cd compared to initial Cd mass, whereas
desorption capacity was expressed as the amount of Cd
desorbed per mass unit of TS using the following equation,
respectively:

2

1

Cd desorption efficiency (%) = 100%m
m

 ...(1)
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Where, m
1
 is the initial mass of Cd in soil and m

2
 is the

mass of Cd in the supernatant.

Model description: The process of pollutant removal from
an aqueous phase by any adsorbent can be explained by us-
ing kinetic models and examining the rate-controlling mecha-
nism of the adsorption process. The study of adsorption ki-
netics is desirable as it provides information about the dy-
namics of the adsorption process in terms of the order and
the rate constant which are of significance in designing and
modelling an efficient adsorption operation.

It has been reported that most adsorption systems follow
a pseudo-second-order kinetic model expressed in eq. (2)
(Vadivelan & Kumar 2005). And eq. (2) was used in this
test.

2
1

t 1 t( )
t e eq k q q
  ...(2)

Where, q
t
 and q

e
 are the amount of Cd desorbed per unit

weight of adsorbent (mg/g) at time t, and at equilibrium,
respectively, and k

1
 is the second-order desorption rate con-

stant in g/(µg min) calculated from the linear plot of t/q
t
 ver-

sus t.

RESULTS AND DISCUSSION

Effect of TS concentration: The effect of concentration of
TS on Cd desorption is presented in Fig. 1. The desorption
efficiency of Cd was dependent on the TS concentration,
higher concentration of TS had a higher desorption rate of
Cd in both soil A and soil B. The removal rate of Cd in-
creased from 8.7% to 74.5% in soil A while from 0.5% to
64.6% in soil B when the concentration of TS was increased
from 0% to 8%. The optimum concentration of TS for soil
washing to remove Cd might be 4% due to a reasonable effi-
ciency and cost.

TS might desorb heavy metals from soil in two ways.
The first is that heavy metal ions in the soil liquid phase are
complexed by TS (Yuan et al. 2008), and then removed with
the solution. The second is that TS removes heavy metals
through sorption at the soil-liquid interface, desorption by
reducing interfacial tension and heightening forces of liquid
streams, and then forming surfactant-metal micelles in solu-
tions. At low concentrations, single molecule of TS is

adsorbed to soil particles, resulting in lower metal removal.
With the TS concentration increased and exceeded the CMC,
it can form micelles, which may encircle heavy metals mi-
celles in some TS molecules, prevent the re-integration of
heavy metals to soil particles and make heavy metals trans-
fer to soil liquid phase, and heavy metal removal is also in-
creased. When the TS concentration came to a certain value,
complexation reached equilibrium, so removal of heavy
metals came to be stable. Removal of heavy metals vary
greatly, probably due to several soil characteristics such as
particle size distribution, particulate shape, clay content,
water content, humic content, heterogeneity of soil matrix,
difference in density between soil matrix and metal contami-
nants, magnetic properties, and hydrophobic properties of
particle surface (U.S.EPA 1995, Williford & Bricka 2000).
The lower desorption of Cd in soil B with the same TS con-
centration might be mainly due to the 46% more organic
carbon content in soil B.

Effect of contact time: The effect of contact time on Cd
desorption by 4% TS is shown in Fig. 2. The results indi-
cated that the desorption of Cd by TS reached its equilib-
rium within 20 min of contact, about 82% of the total Cd in
soil A and 45% in soil B were removed within 20 min, im-
plying that the desorption of Cd from soil by TS was fast,
much faster than the desorption of Cd, Cu, and Pb from soils
by quillaja saponin (Chen et al. 2008). But the desorption
behaviour of Cd in the two soils was different after 20 min;
desorption of Cd in soil A declined slightly while it was
almost constant in soil B.

Several researchers investigated that the fractions most
amenable to Cd removal by desorption are exchangeable,
associated with carbonates and with reducible Fe-Mn ox-
ides of soils (Dermont et al. 2007). The rate of metal re-
moval is higher in the beginning due to a larger amount of
exchangeable and carbonate forms of Cd available for
desorption by TS. But after some time, the chemical and
physical characteristics of soils and the distribution of frac-
tions of Cd may be changed; contents of exchangeable and
carbonate forms of Cd in the soils decreased while residual
and oxide forms, which are relatively difficult to be removed,
still remain relatively stable and do not show significant
transformation in various conditions. This result was simi-
lar to the experimental observations reported by Hong et al.
(2002).

Effect of background electrolyte: The addition of back-
ground electrolyte (NaNO

3
) resulted in a significant increase

in the desorption of Cd by TS compared to that without add-
ing NaNO

3
 (Fig. 3).

Background electrolyte is evaluated as an important fac-
tor affecting desorption efficiency. 0.005 mol/L NaNO

3
 was

Table 1: Chemical and physical properties of the soil.

Soil pH Clay Total Available Available Organic
(%) N(%)    P (mg/kg)    K (mg/kg)   C(%)

A 5.8 58.6 0.12 108.8 75.2 1.25
B 5.2 46.1 0.17 73.2 88.5 1.82

Soil A: Lightly mottled silty paddy soil; Soil B: Red and yellow loam soil.
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used as the background electrolyte to minimize aqueous
complexation between the electrolyte anion and Cd2+. The
average desorption rate for the treatment of the addition of
NaNO

3
 was nearly 2-fold of that of without NaNO

3
, which

was significantly different. A large number of Na+ are able
to occupy more surface sorption space, resulting in exchange
of Cd2+ from the surface of soil particles, and thus desorption
rate of Cd was increased.

Kinetic model of desorption: It has been reported that most
adsorption and desorption systems follow a pseudo-second-
order kinetic model (Vadivelan & Kumar 2995). Cadmium
desorption kinetics by TS was tested with the pseudo-sec-
ond-order kinetic model by plotting t/qt versus t as shown
in Fig. 4. From this plot, the calculated qe values showed a
very good agreement with the experimental values with R2

values exceeding 0.989. This indicated that the pseudo-sec-
ond-order kinetic model described well for Cd desorption
using TS under the study.

CONCLUSIONS

This study demonstrated that TS was an effective agent for
enhancing metal desorption from some soils under labora-
tory conditions. There is more than seventy years history of
TS since it was firstly separated from oil-tea-cake in 1931;
the extraction takes low cost and becomes industrial. There
is about ten million tons of oil-tea-cake produced in China
every year, and at least three million tons of TS can be gen-
erated. Researches on the comprehensive utilization of oil-
tea-cake were made in recent years using TS to remediate
contaminated soil, and changing waste into valuable materi-
als, which will be a win-win technology (Xia et al. 2009).

Fig. 4: Pseudo-second order kinetics of Cd desorption assisted by tea
saponin from soil.
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Fig. 1: Effect of tea saponin concentration on the desorption of Cd in soils.

Fig. 2: Effect of contact time on the desorption rate of Cd in soils by 4%
tea saponin.

Fig. 3. Effect of background electrolyte (NaNO3) on the desorption rate
of Cd in soil B by 0.5% tea saponin
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Results from our study indicated that TS was able to
desorb metals at the soil interphase and metal complexation,
followed by desorption of the metal through interfacial ten-
sion lowering and fluid forces and finally complexation of
the metal with the micelles. Both soil A and soil B showed
that higher concentration of TS had a better desorption to Cd.

Kinetic studies revealed that the maximum desorption
of Cd was attained within 20 min in both the soil samples.
The kinetic data fitted to pseudo-second-order kinetic model
with correlation coefficient 1.0 in soil A and 0.9899 in
soil B.

The addition of NaNO
3
 resulted in a significant increase

in the desorption of Cd by TS compared to without NaNO
3
.
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