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Abstract. Trinitrotoluene (TNT), a commonly used explosive for military and industrial applications, can cause

serious environmental pollution. 28-day laboratory pot experiment was carried out applying bioaugmentation using

laboratory selected bacterial strains as inoculum, biostimulation with molasses and cabbage leaf extract, and

phytoremediation using rye and blue fenugreek to study the effect of these treatments on TNT removal and changes

in soil microbial community responsible for contaminant degradation. Chemical analyses revealed significant

decreases in TNT concentrations, including reduction of some of the TNT to its amino derivates during the 28-day

tests. The combination of bioaugmentation-biostimulation approach coupled with rye cultivation had the most

profound effect on TNT degradation. Although plants enhanced the total microbial community abundance, blue

fenugreek cultivation did not significantly affect the TNT degradation rate. The results from molecular analyses

suggested the survival and elevation of the introduced bacterial strains throughout the experiment.
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Introduction

The nitroaromatic explosive, 2,4,6-trinitrotoluene (TNT),

has been extensively used for over 100 years, and this

persistent toxic organic compound has resulted in soil

contamination and environmental problems at many

former explosives and ammunition plants, as well as

military areas (Stenuit, Agathos 2010). TNT has been

reported to have mutagenic and carcinogenic potential

in studies with several organisms, including bacteria

(Lachance et al. 1999), which has led environmental

agencies to declare a high priority for its removal from

soils (van Dillewijn et al. 2007).

Both bacteria and fungi have been shown to

possess the capacity to degrade TNT (Kalderis et al.

2011). Bacteria may degrade TNT under aerobic or

anaerobic conditions directly (TNT is source of carbon

and/or nitrogen) or via co-metabolism where addi-

tional substrates are needed (Rylott et al. 2011). Fungi

degrade TNT via the actions of nonspecific extracel-

lular enzymes and for production of these enzymes

growth substrates (cellulose, lignin) are needed. Con-

trary to bioremediation technologies using bacteria or

bioaugmentation, fungal bioremediation requires

an ex situ approach instead of in situ treatment (i.e.

soil is excavated, homogenised and supplemented

with nutrients) (Baldrian 2008). This limits applicabil-

ity of bioremediation of TNT by fungi in situ at a field

scale.
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in large quantities can increase possible risks to humans 
and biota (Ladwig, Hope 2003). Chemical substances 
leached from these landfilled modules can pollute local 
ground and surface water (Özbaş, Balkaya 2014).

An effective method for managing used module 
waste can alleviate an adverse impact on the environment 
(Klugmann-Radziemska 2012). The waste management 
method involving immobilization of materials in cement 
matrixes is widely used all over the world for handling dif-
ferent types of waste (Gougar et al. 1996). It is a relatively 
inexpensive technology used for treating hazardous waste 
containing heavy metals. Mechanisms for contaminant 
immobilization cover chemical stabilisation and physical 
encapsulation (Lampris et al. 2011; Falciglia et al. 2014). 
A significant role in the process of immobilization is at-
tributed to the C-S-H (calcium silicate hydrates) phase 
which results from the hydration reaction of concrete and 
thus heavy metals are both chemically fixed in the lattice 
of hydration products and physically encapsulated in the 
matrix. The C-S-H phase is the main component of hard-
ened cement paste, which is responsible for high absorb-
ability and low permeability of liquids thus preventing 
their migration and the formation of micro-pores. These 
factors have an influence on high waste immobilization 
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abstract. The aim of this research is to determine metal leaching from concrete specimens containing different quan-
tities of waste recovered from copper indium selenide (CIS) solar module by replacing a certain share of sand ag-
gregate. During the first stage of research the CIS solar module was shredded and leaching tests were performed on 
recovered waste by analysing six metals – Na, Mg, Fe, Cd, Cu and Zn. It has been determined that out of all metals 
analysed, the highest leaching was observed for sodium, while the highest leaching out of the heavy metals was found 
for zinc. In Phase II of the study concrete specimens with shredded CIS module waste were made and the physical 
properties of these specimens as well as the leaching of the same metals was determined. The results have shown that 
three metals, namely Fe, Cd, Zn, were successfully immobilised and did not leach from the specimens. 

Keywords: solar module waste, concrete, leaching, water absorption, porosity, immobilization.

Introduction 

Copper indium selenide (CIS) solar module is an at-
tractive and clean technology for electricity production 
(Zhang, Ciftja 2008). Since there are only a few second 
generation solar module production facilities of commer-
cial purpose in the world (Alsema et al. 2006), no large 
amounts of waste of these solar modules have been pro-
duced so far. As production of CIS solar modules is grow-
ing (Granata et al. 2014); therefore, large amounts of this 
photovoltaic module waste will be produced in the future. 
Since the expected active time of solar modules is 20 to 
25 years, this means that at the end of their life cycle solar 
modules have to be disassembled and handled in a certain 
way or otherwise they will be disposed in landfills (Fthe-
nakis 2000; Study on… 2011). 

Unusable CIS solar modules are electronic waste 
containing several potentially hazardous elements such as 
heavy metals (Cd, Cu, Zn), which can have an adverse im-
pact on the environment (Fernández et al. 2011). Human 
health can be endangered due to substance leaching from 
broken photovoltaic modules. Leaching from cracked or 
broken modules can occur after landfilling CIS solar mod-
ules (Malaiškienė et al. 2014). The landfilling of modules 
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potential in concrete. The possibility of hazardous com-
ponent leaching from waste immobilised in concrete is 
significantly reduced. Cement restricts the mobility of 
heavy metals due to high pH and its capability to precipi-
tate metals in an insoluble form (Giergiczny, Król 2008; 
Gupta, Surwade 2007).  

Giergiczny and Król researched into the possibility of 
immobilising heavy metals in the form of salts in mineral 
additions containing concrete composites and found that 
these metals were effectively immobilised (up to 99%). 
Concrete containing immobilised waste heavy metals is 
eco-friendly and can be used for road building (Giergic-
zny, Król 2008). During concrete lifetime immobilized 
heavy metals precipitate in insoluble salts that results in 
the reduction of metals mobility and toxicity. After the 
useful lifetime of the construction, concrete which contain 
immobilized waste, can be recycled again and used for the 
new production of building constructions.  

The aim of the research is to determine the possibility 
of immobilising metals (Na, Mg, Fe, Cd, Cu, Zn) present 
in CIS solar module waste into concrete and evaluate their 
leaching from concrete specimens with different waste 
content.

1. Methodology

1.1. preparation of cIs solar module waste

A CIS solar module, whose structure is shown in Figure 1, 
was used in research.

The CIS solar module was shredded in order to pre-
pare waste with particle size below 4 mm and use it for 

replacing a certain quantity of sand aggregate in concrete. 
The solar module was physically disintegrated by de-
lamination. The frame, the junction box and connecting 
cables were removed from the module. The Ethylene Vi-
nyl Acetate (EVA) film was also physically removed from 
the coating glass. The remaining part was shredded and 
milled. The microstructure images of solar module waste 
particles were obtained using a Carl Zeiss microscope Evo 
LS 25.

As it can be seen from the images CIS solar module 
waste particles are not spherical and have irregular shape 
and sharp edges. One of the surfaces of the back side glass 
contains the active solar cell layers.

CIS solar module particle size distribution was de-
termined according to standard EN 933-1 Tests for geo-
metrical properties of aggregates Part 1: Determination of 
particle size distribution. Sieving method. Sieves used in 
waste particle size analysis: 4 mm; 2 mm; 1 mm; 0.5 mm; 
0.125 mm. 

1.2. Batch test

A leaching test is used to describe the leaching of con-
taminants from solid to liquid phase (Broberg 2009). A 
two-stage batch leaching test according to standard EN 
12457-3 was used to test the leaching of metals (Na, Mg, 
Fe, Cu, Cd, Zn) from shredded CIS solar module waste. 
Six metals were chosen considering the composition of 
CIS solar module and their amount in it. Glass makes 
the largest part of CIS solar module, about 25 kg for 1 m² 
during manufacturing (Raugei et al. 2007). The soda-lime 
glass used in CIS solar module production contains high-
ly soluble metals in forms of Na2O (14.3%), MgO (4.3%), 
and Fe2O3 (0.03%)  (Rudmann 2004). The total quantity of 
heavy metals used in CIS solar module production is low, 
70 g for 1 m² (Raugei et al. 2007). Cd was chosen due to its 
high toxicity, and Cu and Zn have relatively high solubil-
ity in water compared to other heavy metals used in CIS 
solar module.    

Five shredded CIS solar module waste samples (par-
ticle size ≤ 4 mm), of 175 g each, were prepared for batch 
leaching tests. Two liquid to solid ratios were used (L/S = 2 Fig. 1.  Structure of the CIS solar module (Raugei et al. 2007)

Fig. 2. The images of crushed CIS solar module waste particles used in concrete
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in Stage 1, L/S = 8 in Stage 2). In this test the batching 
was done in two stages and distilled water was used as 
leachant. In Stage 1, a glass bottle of 0.5 l with the solu-
tion was batched for 6 ± 0.5 h at L/S = 2. In stage 2, a glass 
bottle of 2 l with the same test portion was batched for 
18 ± 0.5 h at L/S = 8. The cumulative L/S ratio obtained in 
both stages is = 10. 

Eluates obtained in both stages were left to settle and 
later filtered through membrane filters (0.45 µm). Then 
the pH, temperature and electrical conductivity of these 
eluates were measured (EN 12457-3:2002). 

The obtained eluates were analysed in order to deter-
mine the amounts of metals leached from the shredded 
CIS solar module waste. The final results were expressed 
as the amount of certain metal relatively leached from the 
total mass of the sample, mg/kg of dry matter.  

The amount of metals leached from shredded waste 
in batching Stage 1 at L/S = 2 was calculated according to 
the formula:

 

 
=  
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where: 2A  is the release of metal at L/S = 2, mg/kg; 2C  is 
the concentration of a particular metal in the eluate, mg/l; 

2L  is the leachant volume, l (0.35 l); DM  is the dry mass 
of the test portion, kg (0.175 kg).

The cumulative release (L/S = 10) of metals after 
Stage 2 of the batching test at L/S = 8 was calculated ac-
cording to the formula:

  ( ) ( )−  = + + − 2 10 2 1 8 2 8 1/ /D DA C VE M C L L VE M , (2)

where: −2 10A  – cumulative release of metal at L/S = 10, 
mg/kg; 8C  – the concentration of a particular metal in the 
eluate from the second extraction, mg/l; 8L  – the volume 
of the leachant applied in the second extraction, l (1.4 l); 

1VE  – the volume of the eluate recovered from the first 
extraction, l (EN 12457-3:2002).

1.3. preparation of concrete specimens and 
determination of their physical properties

Concrete specimens (100×100×100 mm) were made in 
the laboratory. Materials used for concrete specimens:

1. coarse aggregate (gravel), 4/16 mm fraction;   
2. fine aggregate (sand), 0/4 mm fraction; 
3. cement;
4. water;
5. shredded solar module waste.
Firstly, the required quantities of materials were 

weighted and mixed in order to make a concrete speci-
men. Concrete specimens were prepared by substituting 
0%, 2.5%, 5%, 10%, 20%, and 40% of sand with CIS solar 
module waste. Concrete without shredded solar module 
waste was used as the control specimen. 

Table 1. Concrete mix composition

Waste 
content, 

%

Concrete mix composition

Cement, 
kg/m3

Gravel, 
kg/m3

Sand, 
kg/m3

Waste, 
kg/m3

Water, 
kg/m3

0 277 1002 927.00 0 158
5 277 1002 880.65 46.35 158

10 277 1002 834.30 92.70 158
20 277 1002 741.60 185.40 158
30 277 1002 648.90 278.10 158
40 277 1002 556.20 370.80 158

The prepared concrete mixes were placed in oiled 
moulds. After 24 hours concrete specimens were removed 
from the moulds and placed for hardening in water. 

After 27 days of hardening in water the capillary 
porosity of concrete specimens was determined in ac-
cordance with Annex G to standard LST EN 13369:2004 
Common rules for precast concrete products. The con-
crete specimens with different content of waste were di-
vided in two parts and dried in the oven at 105 ˚C and 
then weighed. 

The capillary porosity of concrete specimens was de-
termined according to the formula:

 

ρ
=

ρ
c

w
P W , % , (3)

where: W  – absorption of water of the concrete specimen, 
%;  ρc  – the density of the concrete specimen, kg/m3; 
ρw  – water density, kg/m3.

Absorption of water was calculated using the follow-
ing formula:
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where: 1W  – the mass of the dry concrete specimen, kg; 
2W  – the mass of the wet concrete specimen after soaking 

it in water for a certain period of time, kg.
The compressive strength of concrete specimens after 

27 days of hardening in water was determined according 
to standard LST EN 12390-3:2009 Testing hardened con-
crete – Part 3: Compressive strength of test specimens. Load-
ing speed of used machine was 0.5 MPa/s.

1.4. Tank leaching test 

A tank leaching test according to the modified standard 
NEN 7375 (2004) was used to test the leaching of metals 
(Na, Mg, Fe, Cu, Cd, Zn) from hardened concrete speci-
mens. 

After 28 days of hardening the specimen cubes were 
immersed in distilled water at VL/VS = 1.5, where VL is the 
volume of distilled water and VS is the volume of distilled 
water and VS is the volume of the specimen. The leachant 
was replenished after 1, 4, 11, 25 and 64 days.  
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The pH of the leaching per fraction was measured 
with a pH meter. Each leachate sample was filtered via a 
membrane filter, 0.45 µm. 

For each analysed component, the measured leaching 
per fraction was calculated according to the formula:

 
=* i

i
c V

E
fA

,  (5)

where: *
iE  – measured leaching of a component in the 

fraction i, mg/m2; ic  – concentration of a component in 
the fraction i, μg/l; V  – volume of eluate, l;  f  – conver-
sion factor: 1000 μg/mg; A  – surface area of the speci-
men, m2.

The concentration ci indicated in the formula is the 
concentration of the metal originally present in the eluate.

For each analysed component the cumulative leach-
ing was calculated according to the formula:

 =

ε =∑* *

1

n

n i
i

E  (n = 1 to N),  (6)

where: ε*
n  – measured cumulative leaching of a compo-

nent for the period n comprising fractions from i = 1 to 
n, mg/m2; *

iE  –  measured leaching of a component in the 
fraction i, mg/m2; N – the number of leachant replenish-
ment times.

The concentration of metals (Na, Mg, Fe, Cd, Cu, Zn) 
in all leachates was determined by the atomic absorption 
spectrometry method using flame atomic absorption spec-
trometer Buck Scientific 210 VGP. In this method specific 
wavelengths of light absorbed by analysed metal atoms 
were used. Wavelengths correspond to the energies, which 
are needed that electrons could move to higher energy lev-
el (Atomic absorption… 2012). The absorbance value was 
used to determine the concentration of an analysed metal 
in the leachate. 

2. results and discussion

2.1. analysis of solar module waste particles

Table 2 shows the results of sieving obtained after shred-
ding solar module waste particles. Data given in the table 
show the distribution of the mass of residues of waste par-
ticles of a certain size on each sieve. 

Table 2. Solar module waste particle size distribution

Size of a sieve,  
mm

Retained mass on 
each sieve, kg

Percentage of waste 
sample retained on 

each sieve, %
4 0.251 2.41
2 4.293 41.22
1 2.130 20.46

0.5 1.553 18.91
0.125 1.770 17.00
Pan 0.416 4.00

Figure 3 shows the cumulative percent of waste par-
ticles passed through each sieve. 

The data provided in Table 2 and the distribution 
function of crushed waste particles show that the highest 
percentage of the obtained particles was between 2 mm 
and 4 mm (41.22%).

2.2. analysis of batch leaching test

Six metals, namely sodium (Na), magnesium (Mg), iron 
(Fe), cadmium (Cd), copper (Cu) and zinc (Zn) were ana-
lysed in the filtered eluates after the first and second stages 
of the batch leaching test. The values of metal quantities 
leached from the shredded module depended on the con-
tent of metals in solar module waste and their solubility in 
neutral water. 

The quantities of metals (mg/kg) leached from so-
lar module waste after the first stage of batch (at liquid to 
solid ratio of 2 l/kg) are presented in Figure 4. 

As the figure shows, of all six metals analysed, Na had 
the highest release from CIS solar module waste – 132.67 
mg/kg. Compared to magnesium and iron release, sodium 
leaching from solar module waste was 64 times and 310 
times higher, respectively.  This could be attributed to a 
higher content of sodium in soda-lime glass of solar mod-
ules: the content of Na2O was 14.3%, MgO was 4.3%, and 
Fe2O3 was 0.03% (Rudmann 2004).

Fig. 3. Particle size distribution of crushed CIS solar module 
waste

Fig. 4. The quantities of metals leached from shredded CIS 
solar module waste during the first test stage at L/S = 2 
(agitation time: 6±0.5 h)
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The comparison of leached heavy metal quantities 
showed that Zn had the highest release – 1.149 mg/kg 
and it was 5 times above the release of copper and 570 
times above the release of cadmium. The lowest release of 
cadmium from solar module waste could be explained by 
the fact that cadmium in the solar module is in the form 
of cadmium sulphide (CdS) compound, which is almost 
insoluble in neutral water (CdS is better soluble in acid). 
Also, the buffer layer of CIS solar cells containing cad-
mium sulphide is thinner than the layers of the absorber 
containing copper, indium, gallium and selenium metals, 
and of the front contact containing zinc oxide.  

Figure 5 shows the cumulative (when liquid to solid 
ratio is equal to 10 l/kg) quantities of metals released from 
solar module waste.    

The leaching potential of metals at L/S = 10 showed a 
similar pattern to the previous on in Stage 1 of the leach-
ing test at L/S = 2. The obtained cumulative release of Na 
was by 1.77 times higher than in Stage 1 of the leaching, 
which shows that the major part of sodium was leached 
out from the solar module in Stage 1 of the leaching be-
cause this metal is well soluble in water. The cumulative 
releases of magnesium, iron and zinc are about 5 ÷ 6 
times above the respective values obtained in Stage 1 of 
the leaching, and the cumulative releases of cadmium and 
iron in Stage 2 were about 10 times higher than in Stage 1 
of the leaching test. This could be attributed to lower solu-
bility of these metals in water and, therefore, more time 
was necessary for higher releases of these metals from so-
lar module waste. 

Table 3 shows comparison of the leaching results 
with limit values of the Council decision 2003/33/EC (Di-
rective 2003/33/EC).

As it can be seen, the leaching values of analysed 
heavy metals doesn’t exceed limits for non-hazardous 
waste landfill. Considering only analysed heavy metals, it 
would be possible to send CIS solar module waste to non-
hazardous waste landfill. The release of Zn from waste 
at L/S = 10 was 5 mg/kg, exceeding the leaching limit 
value of 4 mg/kg for inert waste landfill. Considering Zn 

leaching results CIS solar module waste cannot be sent to 
inert waste landfill.

2.3. capillary porosity of concrete

Porosity is an important parameter since the number of 
reduced pores improves the physico-mechanical and envi-
ronmental properties of concrete (Bouzalakos et al. 2008). 

Figure 6 shows calculated capillary porosity values 
for concrete specimens with different quantities of solar 
module waste used.     

Fig. 5. Cumulative quantities of metals leached from shredded 
CIS solar module waste at L/S = 10 (agitation time: 18 ± 0.5 h)

Table 3. Metals contents in water extracts from CIS solar module waste

Metal

Concentrations 
of leached 
elements

European landfill directive

Inert Non-hazardous

L/S = 2 L/S = 10 L/S = 2 L/S = 10 L/S = 2 L/S = 10
Na (mg/kg) 133 235 – – – –
Mg (mg/kg) 2 11 – – – –
Fe (mg/kg) 0.4 4 – – – –
Cd (mg/kg) 0.002 0.03 0.03 0.04 0.6 1
Cu (mg/kg) 0.2 1 0.9 2 25 50
Zn (mg/kg) 1 5* 2 4 25 50

Note: * Higher than the limit value of the decision 2003/33/EC for inert waste)

Fig. 6. Dependence of the capillary porosity of concrete 
specimens (%) on the quantity of solar module waste used
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From the figure it can be seen that the capillary po-
rosity of concrete containing 5% solar module waste as 
sand replacement is the lowest. Then further increase of 
the amount of solar module waste in concrete resulted 
in the constant increase of the capillary porosity of con-
crete. 

The lowest capillary porosity, which was in concrete 
where 5% of sand was replaced with solar module waste, 
was resulted by fine (>0.2 mm) solar module waste parti-
cles which lowered the volume of voids. Also, the reaction 
products of calcium hydroxide – calcium hydrosilicates, 
formed during cement hydration, and amorphous silicon 
dioxide, which is present solar module waste glass, filled 
capillary pores and therefore decreased absorption and 
porosity of the concrete. The increasing amount of waste 
in concrete resulted in a gradual decline of this effect as 
all amount of CaOH is used in the reaction. As the waste 
particles have smooth surface so the increase of waste par-
ticles in the concrete resulted adhesion deterioration and 
it increased water absorption and porosity.

Similar tendencies towards a decrease in water ab-
sorption and capillary porosity, compared to control 
specimens, have been also observed by other authors that 
conducted experiments on concrete specimens in which 
glass waste was used (Omoniyi et al. 2014).

2.4. analysis of compressive strength  
of concrete specimens

The results of testing the compressive strength of con-
crete specimens, having different content of solar mod-
ule waste particles, after 28 days of curing, are presented 
in Figure 7.

At first, an average increase in the compressive 
strength of concrete specimens was observed, and the 
maximum average strength was obtained in the concrete 
where 5% of sand aggregate had been replaced by waste 
particles and was equal to 39.3 MPa. This value is 17% 
higher than the average compressive strength of the con-
crete specimens containing no waste. Next, an increase in 
the content of waste in concrete resulted in a constant de-
crease of the compressive strength of concrete specimens. 

Within the interval between 5 to 20%, the compressive 
strength of concrete specimens was higher than that of 
the control concrete specimens. When 10% of sand ag-
gregate was replaced by waste, compressive strength was 
higher by 12%, and when 20% of sand aggregate was 
replaced by waste, compressive strength was higher by 
3% than the average compressive strength of concrete 
specimens with no waste. An increase in compressive 
strength compared with control specimens have been in-
fluenced by the formation of a denser microstructure of 
concrete. The average compressive strength of the speci-
mens where 30% and 40% of sand have been replaced 
with solar module waste particles was respectively 4% 
and 8% lower than that of control samples. A decrease in 
concrete strength has been affected by the granulometric 
composition of the waste particles.

2.5. Tank leaching results

As the leaching results showed, three metals – Na, Mg, 
Cu – leached from concrete samples, while the concentra-
tions of other metals, Fe, Cd and Zn, were below detection 
values in the analysed eluates.

The cumulative release of Na from concrete speci-
mens with different content of solar module waste replac-
ing sand aggregate is presented in Figure 8.

It has been determined that the highest release of 
Na, 1077.75 mg/m2, was from concrete specimens in 
which 40% of sand was replaced by shredded solar mod-
ule waste, which is, respectively, 11% and 22% higher 
compared to the specimens in which 30% and 20% of 
sand was replaced by waste. The lowest release of Na, 
646.08 mg/m2, was in the specimens in which 5% of 
sand was replaced by solar module waste and that is, re-
spectively, 13% and 16% less compared to the specimens 
with 10% of sand replaced by waste and the specimens 
without waste. Lower capillary porosity of the specimens 
in which 5% and 10% of sand were replaced by waste is 
responsible for a lower release of Na. 

The cumulative release of Mg from concrete speci-
mens with different content of solar module waste used 
instead of sand aggregate is presented in Figure 9.

Fig. 7. The dependence of the compressive strength of concrete 
specimens on the amount of solar module waste

Fig. 8. Na release from concrete specimens over time
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As the graph shows, Mg release had a different pat-
tern comparing to Na release. Since the content of Mg in 
solar module waste is smaller, the capillary porosity of 
concrete in this case is more important for leaching. 

It has been found that the highest magnesium re-
lease, 18.72 mg/m2, was from concrete specimens with no 
waste, while the lowest release, 7.31 mg/m2, was from the 
specimen in which 20% of waste was used instead of sand.

The cumulative release of Cu from concrete speci-
mens with different content of solar module waste instead 
of sand aggregate is presented in Figure 10.

It was determined that the released amounts of Cu 
from concrete specimens were very low compared to the 
release of Na and Mg.   The highest cumulative leaching 
of Cu, 2.95 mg/m2, was from concrete specimens in which 
20% of sand was replaced by waste. The lowest cumulative 
leaching of Cu, 0.91 mg/m2, was from concrete specimens 
in which 5% of sand was replaced by waste.

2.6. analysis of cumulative metal leaching

The quantity of metals leached from concrete specimens 
depends on the four main factors:

1. Content of waste in concrete specimens;
2. Percentage of a respective metal in a solar module;
3. Capillary porosity of concrete specimens;
4. Waste particle distribution in a mix.
Figure 11 presents the values of Na leaching results 

depending on the content of solar module waste in con-
crete specimens.

Since, of the six metals analysed, sodium had the 
largest content in solar module waste, it is evident from 
the obtained results that this factor had a bigger influence 
on the obtained leaching values than the capillary poros-
ity of specimens. Compared to the control specimen, the 
leaching of Na from concrete specimens in which 5% of 
sand was replaced by waste decreased.  Since these speci-
mens contained a small quantity of solar module waste, 
the decreased capillary porosity also determined the de-
creased leaching of sodium, which improved the environ-
mental properties of concrete. When the content of waste 
in concrete specimens further increased, the leaching of 
sodium increased steadily. 

Figure 12 presents the values of Mg leaching results 
depending on the content of solar module waste in con-
crete specimens.

The obtained results show that the amount of Mg 
leached from specimens with immobilised waste in all 
cases is smaller than the amount of Mg released from 
concrete specimens without waste. The decreased capillary 
porosity of concrete improved the environmental proper-
ties of concrete.

Figure 13 presents the values of Cu leaching results 
depending on the content of shredded solar module waste 
in concrete specimens.

Fig. 9. Mg release from concrete specimens over time

Fig. 10. Cu release from concrete specimens over time

Fig. 11. Cumulative leaching of Na depending on the quantity 
of waste used

Fig. 12. Cumulative leaching of Mg depending on the quantity 
of waste used
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Reduced leaching of Cu from the concrete specimens 
with immobilised waste compared to the specimens with 
no waste was observed in the specimens in which 5% and 
40% of solar module waste was used instead of sand. 

The decreased leaching of copper from concrete 
specimens in which 40% of solar module waste was used 
instead of sand could be attributed to uneven distribution 
of waste particles in a concrete mix. The largest release of 
Cu was in concrete specimens in which 20% of sand was 
replaced by solar module waste. 

conclusions 

1. The results of the batch leaching test showed that the 
largest release from shredded CIS solar module waste, 
132.67 mg/kg, was that of Na. The analysis of heavy metals 
(copper, cadmium and zinc) in eluates was performed. Ac-
cording to the leaching test results, the leaching of Zn was 
the highest, comparing to other heavy metals. The concen-
trations of other heavy metals in eluates were much lower 
due to a thin layer of solar cells in which these metals are 
present and low solubility in water thereof.

2. Research into the capillary porosity of concrete 
specimens with immobilised shredded solar module waste 
has shown that higher waste content (replacing up to 40% 
of sand aggregate in concrete) was responsible for the re-
duced capillary porosity of the specimens. Thus, the prop-
erties and durability of concrete improved. The lowest cap-
illary porosity of concrete, about 11%, was determined in 
the specimens in which sand replacement by solar module 
waste accounted for 5%. 

4. The metal leaching test for concrete specimens 
with immobilised shredded solar module waste showed 
that three metals, Fe, Cd, Zn, were successfully immobil-
ised and were not released from the tested specimens.

5. Of all metals contained in concrete specimens, 
the highest release was found for Na. Compared to the 
control specimens, the leaching of Na from specimens 
in which sand replacement by waste represented 5% and 
10% decreased due to reduced capillary porosity of these 

specimens and a small quantity of used waste. The cumu-
lative leaching of Mg and Cu from concrete specimens 
mainly depended on the capillary porosity of concrete, 
which in most cases reduced the release of these metals. In 
all cases the specimens with immobilised waste had lower 
release of Mg compared to the specimens with no waste, 
whereas the release of Cu from the specimens with im-
mobilised waste, compared to the control specimens, was 
lower in the specimens in which the replacement of sand 
by waste was 5% and 40%. 

6. In summary of the results of the analysis of met-
als, Na, Mg, Cu, leaching from concrete specimens we can 
conclude that the best option is to replace 5% to 10% of 
sand aggregate by solar module waste, as it best reduces 
the leaching of these metals from concrete specimens. 

7. Generally, research into concrete specimens with 
different content of solar module waste has shown that the 
concrete production replacing 5% to 10% of sand aggre-
gate by solar module waste can be successfully applied for 
immobilization of metals Na, Mg, Fe, Cd, Cu, Zn. Since 
the compressive strength of concrete specimens, where 5% 
to 10% of sand aggregate in concrete was replaced with 
waste particles, is higher than the compressive strength of 
control concrete specimens such concrete can be used for 
making constructions.         
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