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Binding of industrial deposits of heavy metals and arsenic in the soil by 
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The results of the research studies concerning  binding of heavy metals and arsenic (HM+As), occurring in soils 
affected by emissions from Głogów Copper Smelter and Refi nery, by silane nanomaterial have been described. 
The content of heavy metals and arsenic was determined by AAS and the effectiveness of heavy metals and arsenic 
binding by 3-Aminopropyltrimethoxysilane was examined. The total leaching level of impurities in those fractions 
was 73.26% Cu, 74.7% – Pb, 79.5% Zn, 65.81% – Cd and 55.55% As. The studies demonstrated that the total 
binding of heavy metals and arsenic with nanomaterial in all fractions was about as follows: 20.5% Cu, 9.5% Pb, 
7.1% Zn, 25.3% Cd and 10.89% As. The results presented how the safety of food can be cultivated around in-
dustrial area, as the currently used soil stabilization technique of HM by soil pH does not guarantee their stable 
blocking in a sorptive complex. 
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INTRODUCTION

Soil is a very important part of the natural environ-
ment. It is composed of the mineral part, organic matter, 
water, air and living organisms, and it provides essential 
nutrients for plants as well as it is a main link in the 
trophic chain. 

Soil is also a place of industrial waste deposit generated 
during technological human activity. One of anthropo-
genic factors being responsible for heavy metals and 
arsenic (HM+As) depositing in the soil environment are 
industrial emissions, including emissions from non-ferrous 
metal smelters1. The presence of harmful impurities in 
the surface-humus soil is potentially dangerous, as these 
chemicals can persist for a long time in environment. 
An increased content of these contaminations in the soil 
infl uences plant communities and other mechanisms of 
the food chain. They can induce numerous disturban-
ces in human and animal metabolism2 while adversely 
affecting soil microorganisms and  soil properties. Their 
potential harmfulness is caused by a sorption of trace 
elements by the soil complex, which in turn changes the 
chemistry of soil processes and infl uences negatively the 
value as well as the agricultural usefulness of soils. As a 
result of the soil contamination with heavy metals, the 
reduced species diversity of soil microorganisms as well 
as the decreased amount of enzymes produced by them 
are observed3. Furthermore, owing to a lower density of 
soil fauna, the fertility of the soil deteriorates, which 
is the disturbance consequence of the mineralization 
process of organic manner, as well as the soil structure 
and its permeability get worsen4.

Mobility of heavy metals in soil depends on soil so-
lution pH. The areas affected by the industrial impact, 
are characterized by both dust emission and gas emission 
which are strongly acid-forming. This type of emission is 
responsible for the dynamics of heavy metal stabilization 
processes taking place in soil environment. The most 
common method, applied in the areas being under the in-
dustrial infl uence (large areas), is the chemical reduction 
of these contaminants, mobility through a stabilization 

of soil acidity. In such conditions, heavy metals occur as 
soluble hydroxides3, 5. Despite the effectiveness of this 
technique, it does not guarantee totally the safety of 
food, due to fl uctuations of gas emissions and progressive 
increase of soil acidity. The presence of such mechanism 
indicates the necessity of continuous monitoring of those 
areas and taking of appropriate agronomic treatments 
leading to the stabilization of pollutants in forms una-
vailable for plants. The disadvantage of this technique 
is the limited number of cultivations.

The topic concerning industrial deposits is of particular 
importance due to the changes in legislation caused by 
the new EU directive on industrial emissions (IED). This 
directive describes the conditions necessary to obtain an 
integrated permit – a permit for business management, 
but also defi nes soil as an arable layer6.

THE APPLICATION OF NANOTECHNOLOGY 
IN ENVIRONMENTAL PROTECTION AND 
AGRICULTURE

The application of nanotechnology in environmental 
protection, agriculture and plant protection has just be-
gun4, 7 and can quickly improve the quality and quantity 
of crops, while reducing the quantity of plant protection 
products5, 8. Changes in agricultural technology are a 
major factor in the shaping of modern agriculture. In 
recent years, nanotechnology has occupied a signifi cant 
position (in the area of technological developments in 
innovation) in the transformation of agriculture and 
food production6–10. These innovative actions include 
soil, more effective and more targeted utilization of the 
means of production, new formulations containing toxins 
for pest control, new crops as well as diversifi cation of 
agricultural practices and products in large and homo-
genous production systems. 

EXPERIMENTAL

The research studies were carried out on the soil taken 
from the area of Głogów Copper Smelter and Refi nery 
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impact zone8, 11. The soil was sieved in order to separate 
solid impurities and dried in 105oC to constant weight 
(soil moisture below 0.5%). Then the grain size was 
determined by laser meter of particle size MicroTec 22, 
while the porosity – by mercury porosimetry using Pascal 
240 porosimeter9, 12 – Table 1. The dry soil was sampled, 
milled for two minutes in a planetary mill Pulverisette 
7 in order to homogenize the sample. Furthermore, the 
total content of heavy metals and arsenic was determined 
by AAS – Atomic Absorption Spectrometry as shown in 
– Table 1. The effectiveness of heavy metals and arsenic 
binding by 3-Aminopropyltrimethoxysilane (Scheme 1) 
was examined.

scheme. The last fraction for this method consists of 
metals bound with aluminosilicates. The release of those 
metals requires strong agents (10 M HNO3 at boiling 
point). This fraction is no longer available for plants.

For the sequential analysis, 1.0000±0.0005 g of the 
soil sample was weighted. The individual steps of the 
extraction were carried out in glass centrifuge tubes of 50 
ml. The solution acidity was stabilized at each stages of 
the extraction process according to the methodology. The 
samples were shaken in a horizontal shaker with a ther-
mostatic water bath having a programmable temperature 
range from 20oC to 100oC (an accuracy of ±2oC). After 
each extraction step, the samples were centrifuged for 30 
minutes. The supernatant was transferred to a calibrated 
polypropylene tube with a hermetic seal. The residual 
precipitate in the centrifuge tube was washed with demi-
neralized water (5 ml), centrifuged again for 30 minutes. 
The washings were pipette and combined with the fi rst 
portion of the extract. The content of heavy metals and 
arsenic was determined in the solutions. The solutions 
derived from the fi rst three stages of the extraction were 
acidifi ed with four drops of concentrated nitric acid(V). 
Heavy metals in the extracts were determined by AAS 
method, while arsenic by a hydride generation technique 
using sodium bromide and hydrochloric acid – Table 3.

On the basis of (HM+As) content in different fractions, 
the binding coeffi cients were calculated using equation 
(1) – Table 4:

 
(1)

where: 
η – binding coeffi cient of HM and As in a fraction,
co – HM content in a fraction in sample (0) without 

the nano-agent,
ci – HM content in a fraction in sample (i) with the 

nano-agent. 

RESULTS AND DISCUSSION

The effectiveness studies of heavy metals and arsenic 
binding in the soil by 3-Aminopropyltrimethoxysilane 

Table 1.  The metal content, grain size and porous properties of the soil

Table 2.  The methods of extraction and forms of occurrence of heavy metals in soils

Scheme 1. Structural formula of 3-Aminopropyltrimetho-
xysilane – CAS number 919-30-2, production 
Innosil Sp. z o.o

The research studies were carried out in the following 
conditions: the sample weight of about 25.9±0.1 g, the 
concentration of  the nano-agent in a solution – 0.1% 
and 0.5%, the volume of the dosing the nano-agent so-
lution – 2.5 cm3, the soil moisture after the nano-agent 
introduction – 16%. The measured volume of the nano-
-agent solution was mixed precisely  with soil and left 
for 4 days. Every day the sample was thoroughly mixed 
and a constant soil moisture was kept. The reference 
sample, without nano-agent addition, was also prepared 
(sample “0”).

The soil samples were exposed to a fi ve-step Tessier 
sequential extraction, using the same soil sample with 
stronger and stronger extractants13. The sequential extrac-
tion is a very important source of the information about 
the speciation of metals in the soil and their availability 
for plants. The speciation studies included the differen-
tiation and identifi cation four defi ned fractions (occurring 
form) of impurities (Table 2) according to the following 



14 Pol. J. Chem. Tech., Vol. 16, No. 2, 2014

Figure 1. The total extraction of HM and As from the soil. 
HM+As – the total content in the soil, HM+As(0) 
– the total content in extracts from the soil without 
the nano-agent, HM+As(np) – the total content in 
extracts from the soil with the nano-agent

Table 3.  Heavy metals and arsenic content in different fractions of soil extracts

Table 4.  The binding coeffi cients (HM+As) in different fractions of soil extracts 

nano-agent have been carried out. The total content of 
the heavy metals in the soil was as follows: 242.1 mg Cu/
kg, 95.9 mg Pb/kg, 34.3 mg Zn/kg 1.81 mg Cd/kg, and 7.9 
mg/kg As – Table 1. Most of grains in the examined soil 
were  characterized by the size of 193.55 μm. The total 
pore volume was 382.31 mm3/g and the average pore 
radius – 14.15 nm, while the total porosity was 12.47%.

The studies have shown no effect of the nano-agent 
concentration in the range 0.1 and 0.5% for the ef-
fectiveness of heavy metals and arsenic binding. The 
differences in the contents of individual impurities were 
insignifi cant and in the range of the measurement error.

The total copper content in extracts from four soil 
fractions was 177.29 mg/kg, lead – 71.63 mg/kg, zinc 
27.27 mg/kg, cadmium 1.19 mg/kg and 4.39 mg As/
kg – Figure 1. The total leaching level of impurities in 
those fractions was 73.26% for copper, lead – 74.7%, 
zinc – 79.5%, cadmium – 65.81% and 55.55% for arsenic. 
Zinc was extracted strongly, arsenic-poorly. The studies 
of heavy metals and arsenic content in the soil extracts 
after binding with the nano-agent, have shown different 
degrees of the impurity leaching in different fractions of 
the sequential analysis – Figure 2. The highest leaching 
of heavy metals and arsenic is observed for the fraction 
F3 – the occluded metals with hydrous oxides of iron and 
manganese. Smaller leaching of copper and lead occurs 
in the fraction F4 – the metals associated with organic 
matter, and the least one in the fraction F2 – the metals 
associated with carbonates and organic components of 
the sorption complex. Zinc demonstrates the highest 
ability for leaching in the fraction F3, while the lowest 
in F4. Cadmium and arsenic are preferably eluted in the 
fraction F3 and the least in the fraction F2. The deter-
mination of leaching is important for determining the 
availability and assimilation of these impurities by plants.

The difference in binding of individual elements by 
3-Aminopropyltrimethoxysilane has been found and 
it depends on the element form in the soil (fraction) 
– Figure 3. Copper and lead have been bound most 
strongly in the fraction F1 in approximately 48%, and 
the percentage decreased for other fractions. The lowest 
values were observed for the fraction F4 – 11.33% for 
copper and 1.81% for lead. Zinc was bounded differently 
in the individual fractions. The binding coeffi cient was 
about 9.41% in the fraction F1, 13.81% in the fraction 
F2, 1.36% in F3 (the lowest) and 29.89% in F4 (the 
highest). In case of cadmium the binding coeffi cient 
increased from 12.48% in the fraction F1 to 28.28% in 
F3, then slightly decreased to 24.44% in the fraction F4. 
Arsenic was the best bound in the fraction F1 (18.47%), 
slightly less in F2 and F3 (11.47 and 12.89%), the least 
in the fraction F4 – only about 4.48%.

The studies demonstrated that the total binding of 
heavy metals and arsenic with 3-Aminopropyltrimetho-
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Figure 2. The quantity of HM and As leaching in the individual 
fractions of the soil

Figure 3. The binding coeffi cients of HM and As by the nano-
-agent in separate soil fractions 

Figure 4. The total HM and As binding by the nano-agent in 
the soil

xysilane in all fractions was about as follows: 20.5% Cu, 
9.5% Pb, 7.1% Zn, 25.3% Cd and 10.89% of arsenic – 
Figure 4. The nano-agent has an ability of the strongest 
binding in the soil of cadmium and copper, weaker – lead 
and arsenic, and the weakest – zinc.

In some areas affected by the infl uence of Głogów 
Copper Smelter and Refi nery can be deposited about 
382 mg HM+As/kg (about 242.1 mg Cu/kg, 95.9 mg Pb/
kg, 34.3 mg Zn/kg, 1.8 mg Cd/kg and 7.9 mg As/kg) in 
the soil. The fractions available for plants contain about 
281.8 mg HM/kg (about 177.3 mg Cu/kg, 71.6 mg Pb/kg, 
27.3 mg Zn/kg, 1.19 mg Cd/kg and 4.4 mg As/kg). The 
rest of harmful deposit in unavailable for plants. Their 
availability requires very radical chemical activity, which 
does not take place in the soil conditions.

The use of 3-Aminopropyltrimethoxysilane nano-agent 
allows to  permanent limit the availability of all discussed 
impurities for plants by about 16%, ie. to about 236 mg 

HM+As/kg (about 141.0 mg Cu/kg, 64.8 mg Pb/kg, 25.3 
mg Zn/kg, 0.9 mg Cd/kg and 3.9 mg As/kg). 

CONCLUSIONS

3-Aminopropyltrimethoxysilane nano-agent demonstra-
ted a moderate effectiveness of binding of Cu, Pb, Zn, 
Cd and As contained in the soil.

The examined product showed different binding ef-
fi ciency of the individual elements depending on their 
form in the soil. 

The highest percentage of binding by 3-Aminopropyl-
trimethoxysilane was observed for zinc and copper, and 
the lowest – for lead and arsenic. 

No effect of the nano-agent concentration in the range 
of 0.1 and 0.5% on the effi ciency of bindinig of heavy 
metals and arsenic was observed. 
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