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higher number of carboxylic groups. TA dissolved the more stable
forms of metals because of its higher acidity resulting from the
content of phenolic groups. Based on the potential ecological Risk
Index (RI), both biosurfactants reduced the risk posed by the
contaminated soil from "considerable" (RI=364) to "low" (RI=118,
on average). These results, and the fact that TA is more than three
times less expensive than SAP, make TA an attractive substitute for
SAP in soil washing.
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IN TRO DUC TION

The contamination of soils with heavy metals poses a problem
worldwide. High concentrations of copper, zinc, lead, or
cadmium have been detected in ‘hot spots’ located close to
former and/or operational non-ferrous metal mines and
smelters. In Canada, mining and smelting activities have
created 170km2 of barren land (Winterhalder 2000). In China,
the land area degraded by mining activities had reached about
3.2 million ha by the end of 2004 and the area was continuing
to increase at a rate of 46,700 ha·year-1 (Li 2006).

In Europe, many mine sites for non-ferrous base metals are
being exploited. The number of brownfields and sites that are
suspected to be contaminated is estimated to be above 1 million
(CLARINET 2002). Of these, 300,000 require remediation as
they pose a potential threat to the surrounding environment
(Kucharski et al. 2005). In Poland, the metallurgical industry
has become one of the largest in Europe (Helios Rybicka 1996).
Most contaminated soils are found near the Legnicko-
Głogowski district (LGOM). There, copper ore deposits are

exploited in many mines, and the ores are later processed in
copper plants in Głogów and Legnica. In this district, excessive
concentrations of heavy metals in the soil surface layer are 
a result of the precipitation of metallurgical dust (Karczewska
1996). Therefore, a need for remediation of the soil in these
mining and smelting areas is very urgent and important.

Heavily contaminated soils can be permanently remediated by
washing with the appropriate reagents (Moutsatsou et al. 2006).
Acid and chelators are the two most common reagents (Peters
1999). However, the use of surfactants, especially biosurfactants,
is increasing. Until now, these biosurfactants have been mainly
microbial products like sophorolipids, rhamnolipids, and surfactin
(Mulligan 2009). It is known that plant biosurfactants could also
be effective, but they have not been well investigated. Saponin
(SAP) has been the most studied plant biosurfactant because of
its high yield from tree fruit or bark. It has been tested for
artificially and industrially contaminated soils (Gusiatin and
Klimiuk 2012; Maity et al. 2013). Depending on metal and soil
type, the efficiency of soil washing with saponin can vary from 50
to above 90%. Although there have been attempts to use saponin

ABSTRACT

The efficiency of soil washing with tannic acid (TA) and saponin
(SAP) was compared. In the contaminated soil, Cu and Zn were
more mobile than Pb. At 3% concentration, both biosurfactants
removed similar amounts of Zn (48 and 54%, respectively), SAP
removed somewhat more Cu (81%), and TA removed
considerably more Pb (63%). SAP removed more Cu due to its
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Therefore, the objective of this study was to compare how
efficiently SAP and TA reduce total heavy metal
concentration in industrial soil. Which metal fractions are
most efficiently removed was also examined. Soil quality
before and after washing with biosurfactants was assessed
using the potential ecological Risk Index (RI).

MATERIAL AND METHODS

Soil 
The soil samples (about 10kg) were collected from the topsoil
layer (0-30cm) in deforested terrain 70m from Legnica Copper
Smelter (51°11'6"N, 16°6'46"E), in the Lower Silesia region of
SW Poland. The samples were mixed and transported to the

extracts from some plant species (i.e. Sapindus mukorossi L.) for
metal removal (Maity et al. 2013), in most projects commercial
biosurfactants are still used. Saponin is a relatively expensive
reagent. Its average price is about $800 per kg. In contrast, tannic
acid (TA) is over 3 times cheaper. It is found in the bark and fruits
of many plants, notably in oak species, sumac, and myrobalan
(Dai and Mumper 2010). The strong affinity of tannic acid for
cadmium, lead, and copper in aqueous solution has already been
confirmed (Kraal et al. 2006). Kinraide and Hagerman (2010)
have shown that tannic acid is able to reduce the toxic effects of
Al(III) on wheat roots by effective complexation of that metal. So
far, tannic acid has not been tested as a washing agent for the
treatment of soil contaminated with heavy metals. If it proves to
be highly efficient, TA could be used as a cost-effective substitute
for SAP in future soil remediation projects.

Table 1. Total metal concentrations in soil (standard deviation shown in parentheses, nn = 3).

Metal Unit Measured value Threshold value

Cu

Pb

Zn

Ni

Cd

Fe * limits for agriculture and ** industrial areas (OME 2002)
-/- threshold values are not estimated

mg·kg-1

mg·kg-1

mg·kg-1

mg·kg-1

mg·kg-1

g·kg-1

150*/600**

100/600

300/1000

100/300

4/15

-/-

8 109.70 (±231.90)

1 501.50 (±43.70)

511.30 (±68.70)

34.50 (±2.20)

2.05 (±0.06)

15.90 (±0.70)

laboratory. The soil was classified as silt loam with a pH 6.8, low
organic matter content (0.21%) and a cation exchange capacity
of 15cmol(+)·kg-1. The soil was extremely contaminated with
heavy metals (Table 1): Cu and Pb exceeded the threshold

values for agricultural and industrial areas given in the Polish
Ordinance of the Minister of Environment (OME 2002),
whereas Zn exceeded the threshold for agricultural areas. In
contrast, Ni and Cd were below their respective thresholds. 

Table 2. Characteristics of plant biosurfactants.

Characteristic Saponin Tannic acid

Form

Quality level

Chemical class

Type

pH*

Density (g·ml-1)*

Total acidity (meq 100·g-1)

COOH groups (%)

Phenolic OH groups (%)

* 3% biosurfactant solution (w/v)

premium 

glycoside

5.44

1.01

1723.10

21.30

78.70

puriss

polyphenol

3.44

1.02

3386.00

1.02

98.90

powder

anionic
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Plant biosurfactants
Two plant biosurfactants, saponin (SAP) (Product
No. 84510) and tannic acid (TA) (Product No. 16201) were
purchased commercially and used without further

purification. Their characteristics are given in Table 2,
whereas their chemical structure is in Figure 1. Both
biosurfactants differ in their pH and number of functional
groups.

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

a       

 

 

                                     

 

 

 

                                     

 

      b

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

 

 

                                     

 

Figure 1. Chemical structure of plant biosurfactants: a) TA, b) SAP.

Determination of optimum biosurfactant concentration
Batch soil washing experiments were conducted in 50mL
capacity polyethylene tubes at a soil to biosurfactant solution
ratio of 1/40 (w/v). The concentrations of biosurfactant
solutions were 0.0 (distilled water), 0.1, 0.5, 1.0, 2.0, 3.0, 4.0 and
5.0% (w/v). After adding biosurfactant, the pH of the soil
suspension was not adjusted. The samples were shaken at
ambient temperature in a mechanical shaker at 150 rpm for
24h, then centrifuged and filtered.

Analysis of total metals and their distribution
To determine how efficiently the biosurfactants reduced the
total concentration of metals and removed metals from the
individual fractions, total concentration and metal
distribution in soils were analyzed before and after washing
at optimum biosurfactant concentration. For total metal
concentration, soil samples were mineralized in HCl:HNO3
mixture (3:1 v/v ratio) in a microwave oven using an one-
stage microwave program (T=170°C, P=800W, t=30min).
After cooling, the extracts were filtered through Whatman 42
filter papers into glass flasks.

Metal content was measured using a flame atomic
absorption spectrometer (Varian, AA28OFS) equipped with
sample introduction pump system. Metal fractionation in soil
before and after soil washing was determined according to a
modified Community Bureau of Reference (BCR) sequential

extraction procedure (Pueyo et al. 2008). The procedure
includes four fractions: exchangeable and acid soluble (F1),
reducible (F2), oxidizable (F3) and residual (F4). All
measurements for both total concentration and fractionation
were repeated three times.

Environmental quality of soil
The potential ecological Risk Index (RI), primarily used for
sediments, was adopted to estimate soil quality before and after
soil washing in terms of metal presence. The value of RI was
calculated based on five metals (Cu, Cd, Ni, Pb, Zn) found in
the soil, using the following equation (Hakanson et al. 1980):

where: Er
i – potential risk from an individual metal; Tr

i – toxic-
response factor for a given metal (Zn=1; Cu, Ni and Pb=5;
Cd=30); CD

i – metal concentration in contaminated/treated
soil (mg·kg-1); CR

i – threshold metal limits for agriculture areas
(OME 2002). The CD

i in treated soil referred to metal content
remaining in soil after washing at optimum biosurfactant
concentration. The ecological risk based on RI index is as
follows: low (RI<150); moderate (150≤RI<300); considerable
(300≤RI<600); and very high (RI>600).

RI=      Er
i =      Tr

i · —Σ
m

i=l
Σ
m

i=l

CD
i

CR
i



Gusiatin et al. Tannic acid in soil remediation 69

All the data reported were statistically evaluated using
STATISTICA 9.0. Duncan’s test was used, and p<0.05 was
considered to be significantly different.

RESULTS AND DISCUSSION

With both TA and SAP, more metal was removed from soil at
higher biosurfactant concentrations. As can be seen in Figure 2,
although TA and SAP removed similar amounts of Zn, SAP
removed more Cu, while TA noticeably more Pb at all tested
concentrations. With both SAP and TA, Cu removal increased
sharply as biosurfactant concentrations were increased from 0
to 1%, and then continued to increase less markedly as
concentrations were increased to 5% (Figure 2a). Both

biosurfactants removed Zn with similar efficiency, with little
increase in efficiency after concentrations of 4% were reached
(Figure 2b). In contrast, the manner in which Pb removal
increased with increasing biosurfactant concentration differed,
depending on whether TA or SAP was used (Figure 2c). Pb
removal increased sharply when TA concentration was
increased from 0 to 0.5%, then increased slightly up to 2%
concentration, after which it changed very little. With SAP, Pb
removal increased almost linearly from the lowest to the
highest biosurfactant concentration. The increase in efficiency
with higher biosurfactant concentrations is similar to the results
of Maity et al. (2013). They showed that for soil at pH 7.8 highly
contaminated with Cu, Pb and Zn, soil washing proceeded
more efficiently at higher saponin concentration (0.150g·L-1)
than lower (0.075g·L-1).
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Figure 2. Optimization of plant biosurfactant concentration for metal removal from soil: a) Cu, b) Zn, c) Pb (error bars represent
standard deviation, nn=3).

For multi-metal contaminated soil it is difficult to choose the
most appropriate biosurfactant concentration for individual
metals. To avoid an excess of biosurfactant and to facilitate
comparisons, 3% biosurfactant concentration was adopted as
optimum in the present study. At this concentration, the
efficiency of metal removal by SAP and TA was 81 and 63% for
Cu, 54 and 48% for Zn, and 21 and 63% for Pb, respectively.
Hong et al. (2002) using 3% SAP at a pH of 5.0-5.5 with sandy
clay loam obtained the following efficiency: about 55% for Cu,
80% for Zn, and 50% for Pb. The differences in removal could

be caused by many factors like soil type, soil pH, total metal
concentration, and their distribution, especially for Cu and Pb.
Taken together, the results of the present study and the study by
Hong et al. (2002) demonstrated that plant biosurfactant can
remove heavy metals with an efficiency that is similar to that of
EDTA. Tandy et al. (2004) used EDTA on various
contaminated soils and it was possible to extract 47-98% of 
Cu, 54-100% of Zn, and 45-100% of Pb. This means that the
efficiency of plant biosurfactants is comparable with the
efficiency of synthetic chelating agents. 

Table 3. Metal fractionation in contaminated soil (as % of the total metal, standard deviation shown in
parentheses, n = 3).

Metal

Cu

Pb

Zn

75.6 (±2.3)

31.8 (±2.6)

74.7 (±3.8)

17.5 (±1.3)

64.6 (±3.5)

14.2 (±1.3)

6.6 (±1.1)

3.8 (±0.7)

9.5 (±0.8)

1.2 (±0.3)

4.7 (±0.7)

8.2 (±1.3)

Fractions

F1 F2 F3 F4



although TA more efficiently decomposes Fe oxides than
SAP, it has higher affinity to Pb than other metals released
from this fraction. The chemical structure of TA allows to
form mono-, bi-, or tri-dentate complexes with metals
(Slabbert 1992). From a literature review, it follows that
tannins apart from Pb are able to form complexes with Ni, Cd
and Cr(III) (Ross et al. 2000). Pekdemir et al. (2000) found
that tannic acid was more effective in removal of Pb than Cd
from polluted water. The IR spectroscopy confirmed that at
pH 4.3, Pb was precipitated by polyphenol moiety.

Greater Cu removal by SAP was probably related to the
content of carboxylic groups in SAP, which contains 10 times
more COOH groups than TA. The carboxyl group contained
in hydrophilic fraction of saponin can form complexes with
metals. From the FT-IR spectroscopy and electrical
conductivity measurement, Hong et al. (1998) revealed that
aescin (a saponin type) forms complexes between carboxylic
group and cadmium or lead in aqueous solutions. In the
present study, during simultaneous metal removal from soil,
SAP removed more Cu than Pb and Zn. Due to excessive Cu
concentration in soil, it could stronger compete for
dissociated carboxylic groups of SAP with other metals,
especially Pb. In contrast, TA contains mostly phenolic
functional groups, which have a weaker tendency for
deprotonation than carboxylic groups under acid conditions.
Because TA has strong complexing ability to Fe3+, it could
diminish Cu complexation. This could explain lower Cu
removal with TA compared to SAP.
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SAP removed Cu more efficiently, whereas TA removed
efficiently Pb. These differences in efficiency were related to
the distribution pattern of the metals in the soil (Table 3) and
the ability of the biosurfactants to leach the metals from the
different fractions. Cu and Zn were found predominately in the
exchangeable and acid soluble fraction (F1); 84% of total Cu
was in this fraction and 74% of Zn. In contrast, more Pb was
found in the reducible fraction (1070mg·kg-1) than in F1
(477mg·kg-1). Because the exchangeable fraction mostly
consists of metals weakly adsorbed by relatively weak
electrostatic interactions and co-precipitated with carbonates,
Cu and Zn were more mobile than Pb.

TA more efficiently removed metals from the stable
fractions (i.e. organic and residual) than SAP. The efficiency
of metal removal from individual fractions is presented in
Figure 3. Both TA and SAP removed Cu and Zn from the F1
and F3 fraction with similar efficiency, but TA removed more
Pb from all fractions and more Cu from the residual fraction.
These differences were probably due to the properties of
both biosurfactants. Tannic acid (3%) has a naturally lower
pH (3.44) than 3% saponin (pH 5.44) because it contains
more acidic phenolic groups. Under acidic conditions metal
mobility in soil generally increases, mainly because of
decomposition of some soil components, e.g. Fe oxides. As a
result, Fe and other metals bound to oxides are released into
the solution, then complexed with biosurfactant. During soil
washing, higher Fe concentration was detected in the effluent
with TA than SAP (data not shown). This indicates that
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Figure 3. Comparison of metal removal from individual fractions by plant biosurfactants: a) Cu, b) Zn, c) Pb.  Mean values (nn=3)
followed by the same letters do not differ significantly at pp<0.05.

Zinc removal from individual fractions was similar for both
biosurfactants (Figure 3b). SAP and TA were ineffective in Zn
removal from residual (F4) fraction, but its concentration was
low and had a slight effect on total removal efficiency. Zn was
removed with the highest efficiency from exchangeable and
acid soluble fraction, which includes metal associations with
carbonates. This was due to acidic character of both
biosurfactants, which facilitated dissolution of carbonates in

soil. According to Tessier et al. (1979), metals in carbonate
fraction are very sensitive to pH changes, but most of them are
released already at pH 5.0. Hong et al. (2002) using 3% saponin
at pH 3.0 for soil treatment found that the weakly acidic nature
of biosurfactant led to dissolution of the Zn in the carbonate
fraction. Although reducible and organic fractions were also
mobilized, the removal efficiency was significantly lower than
exchangeable and carbonate fractions. 
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Based on the RI, when soil was collected near the Legnica
smelter, it posed a considerable environmental risk
(Figure 4). Although Cu and Pb still exceeded threshold
values after washing with both biosurfactants, the
environmental risk of the soil, when evaluated with the RI,
was low. This low risk was due to the fact that TA and SAP
efficiently removed metals from the most mobile fraction
(exchangeable and acid soluble), especially Cu occurring at
extremely high concentration.

CONCLUSIONS

The results reported in the present study show that TA
efficiently removes metal from soil and can be used in
place of SAP. In particular, TA should be considered for
treatment of soils contaminated with metals more tightly
bond to soil, like Pb. Use of TA is also attractive from an
economical point of view, because its price is comparable
with EDTA and more than 3 times lower than the price 
of SAP.
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