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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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abstract. Marble spoil waste is an environmental nuisance. The effects of adding waste marble fines (WMF) on the 
plasticity, strength and permeability of a lateritic clay have been investigated for its potential use as a soil modifier or 
stabilizer of road pavement layer materials or earth-building materials. The chemical compositions of the WMF and 
soil were determined using X-ray fluorescence and atomic absorption spectrometry, respectively. The specific grav-
ity, Atterberg limits, compaction, strength and permeability characteristics of the soil were determined for varying 
proportions of the soil-WMF blends. The properties of the natural soil – classified as clay of low plasticity (CL) and 
A-7-6(7), according to unified soil classification and AASHTO classification systems, respectively – were improved 
after the addition of 10% WMF such that it behaves like a silt of low plasticity. Therefore, WMF is recommended as a 
low-cost soil modifier or stabilizer for lateritic soil and well-suited for road construction applications. 

Keywords: marble dust, waste reuse, soil modification, soil plasticity, soil strength, soil permeability, soil stabilization. 

Introduction 

Marble is a versatile material, principally used for cons-
truction, interior decoration and in sculptures. Its use in 
construction of monumental buildings, such as the Taj Mahal 
in India, attests to its durability, ease of maintenance, lustrous 
colour, glossy appearance and its ability to take a very high 
polish (Liguori et al. 2008; El-Gammal et al. 2011). 

While extracting or quarrying, cutting and polishing 
to obtain finished marble products, a significant amount 
of marble waste is usually generated. During the quar-
rying process, the extracted stones are cut into large bloc-
ks, which are typically 3 m long, 1.5 m wide and 1.5 m 
deep. The blocks are then transported to processing plants 
and cut into slabs (2–3 cm thick) and tiles. The quarrying, 
cutting and polishing to obtain finished marble products 
generate about 40% of the volume of the extracted marble 
blocks as waste (Saboya Jr. et al. 2007). The cutting pro-
cess alone generates marble dust of about 20–30% of the 
weight of the marble blocks (Agarwal, Gulati 2006; Alya-
mac, Ince 2009).

Marble waste is a source of concern to marble ma-
nufacturers and environmentalists (Segadaes et al. 2005; 

Acchar et al. 2006a, 2006b). The finest wastes are readily 
transported by wind, which can cause air and visual pol-
lution in marble quarries and processing plants. Those 
wastes dumped on land usually alter the landscape, where 
the wastes are placed as overburden, and can greatly redu-
ce surface water percolation into the ground. Moreover, 
they can increase the alkalinity of a soil and reduce its fer-
tility, making the soil unsuitable for cultivation (Montero 
et al. 2009).

Given the nuisance of the spoil, attempts have been 
made to incorporate marble waste into many construction 
materials, which include modifying cement mortar proper-
ties (Hwang et al. 2008; Corinaldesi et al. 2010), application 
as a recycled aggregate in concrete production (Binici et al. 
2008; Gencel et  al. 2012; Topcu et  al. 2009; Ergun 2011; 
Hebhoub et al. 2011; Belaidi et al. 2012; Bacarji et al. 2013; 
Andre et  al. 2014), as an aggregate in asphaltic concrete 
(Akbulut, Cahit 2007; Karasahin, Terzi 2007), as a raw ma-
terial in brick production (Bilgin et al. 2012; Eliche-Que-
sada et al. 2012) and as raw material in cement production 
(Aruntas et al. 2010; Aliabdo et al. 2014).

Few works have investigated the effective use of mar-
ble wastes for geotechnical engineering purposes such as 
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for improving the workability, modifying the drainage 
characteristics, strengthening and improving the deforma-
tion characteristics of soils. Marble wastes also have the 
potential of being used to remediate contaminated soils. 
The workability of a soil is improved by reducing its plas-
ticity, therefore, allowing construction engineers to easily 
manipulate the physical properties of the soil. The draina-
ge characteristics of a soil can be obtained from tests that 
determine the hydraulic conductivity or permeability of 
the soil. For soils used as the core of earth-fill dams and 
base (pavement) layer materials, it is necessary that they 
exhibit low permeability. California bearing ratio (CBR) 
and unconfined compressive strength (UCS) of a soil are 
measures of its strength and deformation characteristics. 
The higher the CBR and UCS of a soil the greater its capa-
city to bear structural load and the lesser its deformation. 
Okagbue, Onyeobi (1999) and Baser (2009) evaluated the 
possibility of using marble dust to stabilize a red tropical 
soil and an expansive soil, respectively. While Okagbue, 
Onyeobi (1999) focused on assessing the plasticity, com-
pressive strength and California bearing ratio (CBR) of 
red tropical soil and its mixture with varying proportions 
of marble dust, Baser (2009) focused on evaluating the 
plasticity and swell potential of  the expansive soil and its 
mixture with varying percentages of marble dust. 

The purpose of this study is to investigate the effects of 
adding waste marble fines (WMF) on the plasticity, strength 
and permeability of the most widely available soil type (la-
teritic soil) in tropical and sub-tropical countries. The geo-
technical properties of some of the lateritic soils found in 
these countries do not satisfy standard requirements for use 
as road construction materials. Portland cement and lime 
are well-known and effective stabilizers or modifiers for 
the improvement of the geotechnical properties of lateritic 
soils, but these stabilizing agents are expensive. In recent 
years, research works on the use of low-cost alternative ma-
terials and particularly waste materials in the construction 
industry are becoming attractive and have been encouraged 
(Marzouk et al. 2013; Malaiskiene et al. 2014; Marciukaitis, 
Jurkenas 2013). The use of WMF to improve the geotech-
nical properties of lateritic soils seem, therefore, appealing 
because of their low cost and potential to rid the environ-
ment of the nuisance and human health impact associated 
with their indiscriminate disposal.

1. Methodology

1.1. Materials 

The WMF used in this experimental study were sour-
ced from a marble manufacturing company in Lagos, 
Southwestern Nigeria. The particles of the WMF easily 
passed through a 0.425 mm sieve, while 87% of it passed 
through a 0.075 mm sieve. This is similar to the gradation 
of marble dust used by Karasahin, Terzi (2007). 

A clay soil obtained from a borrow pit at Agbara, 
Ogun State, Southwestern Nigeria, with a deep lateritic 
soil profile, was used in this study. The soil was collected 
from the sidewall of the soil profile at a depth of about 10 
m from the top of the pit. This soil profile had been expo-
sed by borrowing activities of several months. Some of 
the soil samples were collected and stored in a water-tight 
container for laboratory determination of their natural 
moisture contents before they were transported to the soil 
laboratory. Prior to conducting tests on the soil samples 
for other laboratory determinations, they were air-dried, 
passed through a 4.75 mm sieve (AASHTO T 99-10 2010) 
and thoroughly mixed.

1.2. Experimental Work

Geochemical characterization of the soil and WMF were 
determined using atomic absorption spectrophotometer 
(Pelkin Elmer 3300) and X-ray fluorescence (Philips PW 
1400), respectively. Representative samples of the air-dried 
soil were obtained by the process of quartering into parts 
of equal mass. WMF were added to each of the four parts 
in 0%, 2%, 6% and 10% proportions by dry weight of the 
soil sample, respectively. 

Gradation tests were carried out on the soil sample. 
Specific gravity, Atterberg limits, compaction, unsoaked 
and soaked CBR, unconfined compression and perme-
ability tests were conducted on the natural (0% WMF 
content) and treated (2%, 6% and 10% WMF contents) 
soil samples, respectively. Each of these tests was carried 
out in triplicate (Akinwumi 2014c) and their mean values 
determined. The tests were conducted according to the 
procedures outlined in BSI (1990a; 1990b).

Sieve analysis was carried out on samples of soil retai-
ned on a sieve with 0.075 mm opening while hydrometer 
analysis, using sodium hexametaphosphate, was conduc-
ted on the soil sample passing the sieve. Specific gravity of 
the soil and WMF were determined using a pycnometer. 
Liquid and plastic limits were determined using the Ca-
sagrande apparatus and glass plate. 

The British Standard heavy compaction energy was 
used for preparing the specimens for compaction and 
CBR tests. Unsoaked CBR test specimens were cured for 
7  days under controlled temperature (25±2 °C) and re-
lative humidity (100%). For the determination of soaked 
CBR, specimens were cured for 6 days under the control-
led temperature and the relative humidity before being 
immersed in water for 24 hours. Unconfined compressive 
strength (UCS) test specimens (50 mm × 100 mm), pre-
pared and extruded from a cylindrical mould, were cured 
in sealed plastic bags. The UCS for each test batch was de-
termined after 28 days of curing. Falling head permeame-
ter was used to determine the coefficient of permeability 
of the samples.
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Gradation tests, comprising of sieve analysis and 
hydrometer analysis, were carried out on the soil sample 
to determine the particle size distribution of the soil. Soil 
moisture content determinations were carried out using 
the oven drying method. Determinations of the specific 
gravity of the soil samples were necessary because it gives 
a measure of the density of the soil solids and can also be 
helpful in calculating their phase relationships. Liquid and 
plastic limits tests were the Atterberg limits tests conduc-
ted. They were performed to characterize the state or con-
dition of the soil sample based on its water content. The 
CBR values of the natural and treated soil samples were 
used to evaluate their potential strength, when used as 
road pavement layer materials. Unconfined compression 
test on the natural and treated soil samples were carried 
out to determine their unconsolidated undrained strength. 
Falling head permeability test was conducted on the na-
tural and treated soil samples to determine their coeffici-
ents of permeability.

2. results 

2.1. chemical composition of soil and WMf 

The chemical constituents of the WMF and soil sample are 
presented in Figure 1. The WMF consists predominantly 
of lime (CaO) while the soil sample is rich in silica (SiO2). 
The ratio of silica-sesquioxides for the soil was determined 
to be 1.66, indicating that the soil is lateritic. A ternary 
of the composition of silica and sesquioxides of the soil 
sample with Schellmann (1986) scheme of classification of 
weathering products is shown in Figure 2. 

The plot for this soil sample fell within the area of 
the chart classified as kaolinization, indicating that the soil 
sample was taken from a kaolinized profile.

2.2. natural soil

The physical and mechanical properties of the natural 
soil are summarily presented in Table 1. The soil sample, 
classified as A-7-6 (7) in accordance with American As-
sociation of State Highway and Transportation Officials 

Fig. 1. Chemical compositions of the WMF and soil sample Fig. 2. Al2O3-SiO2-Fe2O3 ternary plot for the soil sample

Table 1. Physical and mechanical soil property characteristics 

Properties Mean Value / 
Description 

Gra-
dation / 
Classi-
fication

Gravel (>4.75 mm), % 0.5 (±0.05)

Sand (0.075 – 4.75 mm), % 44.0 (±1.70)

Silt and Clay (<0.075 mm), % 55.5 (±1.20)
AASHTO Soil Classification 
System A-7-6 (7)

Unified Soil Classification 
System CL – Sandy clay

Phy sical

Colour Brown

Natural Moisture Content (%) 15.6 (±1.28)

Specific Gravity 2.51 (±0.03)

Liquid Limit (%) 41.0 (±2.59)

Plastic Limit (%) 23.0 (±1.06)

Plasticity Index (%) 18.0 (±0.35)
Maximum Dry Unit weight 
(kN/m3) 18.2 (±0.10)

Optimum Moisture Content 
(%) 15.3 (±0.36)

Coefficient of Permeability 
(cm/s)

8.24 × 10-6 (±0.31 
× 10-6)

Strength

Unsoaked CBR (%) 18 (±1.15)

Soaked CBR (%) 10 (±0.35)
Unconfined Compressive 
Strength (kN/m2) 560 (±22.3)
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(AASHTO) system of soil classification and sandy lean 
clay (CL) in accordance with the Unified soil classification 
(USC) system, has an average natural moisture content of 
15.6% and a specific gravity of 2.51. Its unconfined com-
pressive strength, unsoaked and soaked CBR values are 
generally low. The particle size distribution of the soil is 
shown in Figure 3. The shape of the particle size distribu-
tion curve indicates that the soil is well-graded. About fifty 
six percent (55.5%) of the soil’s particle sizes passed the 
0.075 mm sieve, indicating that this portion significantly 
influenced the plasticity, strength and permeability cha-
racteristics of the soil.

2.3. Effects of adding WMf to the soil
2.3.1. Specific gravity

The specific gravity of the WMF is 2.8. The result of the 
specific gravity tests on the treated soil samples is graphi-
cally presented in Figure 4. The specific gravity of the tre-
ated soil samples increased as their WMF content incre-
ased. After adding 10% WMF, the specific gravity of the 
treated soil (when compared with that of the natural soil) 
increased by 4.4%. There is a strong correlation (r = 0.997) 
between the specific gravities of the treated soil samples 
and their WMF contents. 

2.3.2. Atterberg limits

The result of the Atterberg limits tests on the treated soil 
samples is graphically presented in Figure 5. There is a 
slight negative correlation between the liquid limits and 
plasticity indices of the treated soil samples and their 
WMF contents. There is, however, no correlation betwe-
en the plastic limits of the treated soil samples and their 
WMF contents. This implies that while the water contents 
at which the natural soil and the treated soil samples chan-
ged from being plastic to being semi-solid remains fairly 
constant, the range of water contents at which the treated 
soil samples behaved like a plastic decreased with increa-
sing WMF content.

This may be attributed to cation exchange and dis-
sociation. The cation exchange occurred between the li-
me-rich WMF and the water in the soil and this led to 
the coating of some of the clay particles of the soil by the 
clay-size particles of the WMF. This coating minimized 
the interaction between the water and the clay particles 
of the soil, thereby resulting in the reduction of the soil’s 
moisture-holding capacity and making it more workable. 
This is a consequence of the decrease in liquid limits and 
plasticity indices of the treated soil samples as their WMF 
contents increased.

 CaO + H2O → Ca(OH)2
    (Cation exchange);

 Ca(OH)2 →
 Ca2+  + 2OH−  (Dissociation).

Fig. 3. Particle size distribution of tested soils

Fig. 4. Variation of specific gravity of the treated soil samples 
with their WMF contents

Fig. 5. Variation of Atterberg limits of the treated soil samples 
with their WMF contents
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Addition of 10% WMF to the soil reduced its plastici-
ty index by 49.4%. The decrease in the plasticity indices of 
the treated soil samples as their WMF contents increased 
is strongly correlated, r = −0.964. 

2.3.3. Compaction characteristics

Optimum moisture content (OMC) and maximum 
dry unit weight of the natural and treated soil samples 
were obtained from compaction tests. Figure 6 shows a 
graphical illustration of the maximum dry unit weight 
and OMC of the natural and treated soil samples. The 
maximum dry unit weight of the treated soil samples in-
creased as their WMF contents increased. This increase 
is strongly correlated, r = 0.961. The increase in maxi-
mum dry unit weight of the treated soil samples as their 
WMF content increased can be attributed to the higher 
specific gravity or density of the WMF (2.8), when com-
pared with that of the soil (2.51).

The OMC of the treated soil samples decreased as 
their WMF content increased. This decrease is strongly 
correlated, r = −0.979. 

Figure 7 shows the plasticity charts for AASHTO and 
USC systems with the plasticity plots for the natural and 
treated soil samples. It shows that the lateritic clay soil 
(classified as A-7-6 and CL) became silty (A-4 and ML) 
after 10% WMF was mixed with the soil.

The decrease in the OMC can, thus, be attributed to 
the agglomeration of the clay particles of the soil and clay-
size particles of the WMF. This makes them behave like 
silt-size particles (Fig. 7). The coarser a soil becomes the 
lesser water it requires to reach optimum (Akinwumi et al. 
2012; Akinwumi 2014b).

2.3.4. Strength characteristics

CBR tests were conducted for both unsoaked and soa-
ked treated soil samples.  The variation of unsoaked and 
soaked CBR values of the treated soil samples with their 
WMF content is presented in Figure 8. The unsoaked 
CBR of the treated soil samples increased as their WMF 
contents increased. After adding 10% WMF, the unso-
aked CBR of the treated soil sample, when compared 
with that of the natural soil, increased by 205.6%. The 
increase in the unsoaked CBR values of the treated soil 
samples, as their WMF contents increased, is strongly 
correlated (r = 0.854). The soaked CBR value of the tre-
ated soil samples also increased as their WMF contents 
increased. Addition of 10% WMF increased the soaked 
CBR value of the treated soil sample by 360%. The incre-
ase in the soaked CBR values of the treated soil samples, 
as their WMF contents increased, is strongly correlated 
(r = 0.901). 

Figure 8 also shows the variation of unconfined 
compressive strength (UCS) of the treated soil samples 

Fig. 6. Variation of compaction characteristics of the treated 
soil samples with their WMF contents

 (a)

 (b)

Fig. 7. Plasticity charts (a) AASHTO (b) USC showing the 
plots for the mean values for the natural and treated soil 
samples
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with their WMF contents. The UCS of the treated soil 
samples increased as their WMF contents increased. This 
increase is strongly correlated, r = 0.976. After adding 
10% WMF, the UCS of the treated soil sample increased 
by 311.3%.

The reactions between the lime-rich WMF and the 
silica- and alumina-rich soil sample, in the presence of 
water, forms calcium-silicate-hydrates and calcium-alu-
minate-hydrates, respectively. These cementitious pro-
ducts are thought to be responsible for the increase in the 
unsoaked and soaked CBR values and unconfined com-
pressive strength of the treated soil samples, as their WMF 
contents increased.

Ca2+ + 2OH− + SiO2 →
 CaO.SiO2.H2O;  

(Calcium-silicate-hydrate)

Ca2+ + 2OH− + Al2O3 →
 CaO.Al2O3.H2O.    

(Calcium-aluminate-hydrate)

2.3.5. Permeability

The result of permeability tests on the treated soil sam-
ples is graphically presented in Figure 9. The coefficient of 
permeability of the treated soil samples decreased as their 
WMF contents increased. After adding 10% WMF, the co-
efficient of permeability of the treated soil decreased by 
44.4%. The decrease in the coefficient of permeability of 
the treated soil samples, as their WMF contents increased, 
is strongly correlated (r = −0.995). 

The WMF occupied part of the pore space within the 
soil, thereby reducing the volume of voids within it. This 
reduction in the void space is responsible for the reduction 
in the ease with which water flows through the soil.

3. discussion 

The increase in specific gravities of the treated lateritic clay 
samples as their WMF contents increased did not deviate 
from expectation reasoned by deduction from the knowledge 
that the specific gravity of the WMF is higher than that of the 
soil sample. Similar results were obtained for expansive soils 
by Sivrikaya et al. (2014) and Baser (2009).

The liquid limits and plasticity indices of the treated 
soil samples decreased with their WMF contents, in align-
ment with the results of Sivrikaya et al. (2014) and Baser 
(2009) on expansive soils. Although Sivrikaya et al. (2014) 
and Baser (2009) reported an increase in the plastic li-
mits of the expansive soil with increasing marble dust, the 
plastic limits of the treated lateritic clay samples were not 
significantly affected by increasing their WMF contents.

The maximum dry unit weights and OMCs of the tre-
ated soil samples increased and decreased, respectively, with 
an increase in their WMF contents. Although the soil con-
sidered by Sivrikaya et al. (2014) is not lateritic, the effect of 
adding marble dust to the expansive soil on its compaction 
characteristics is similar to that obtained for this study.

The unsoaked and soaked CBR values and UCS of 
the treated lateritic clay samples increased with increasing 
percentages of WMF. Okagbue, Onyeobi (1999) also re-
ported an increase in the unsoaked CBR of red tropical 
soils with increasing marble dust content. The effects of 
treating lateritic clay with WMF on its soaked CBR and 
UCS have not been reported in literature.

The coefficients of permeability decreased as the per-
centage of WMF in the treated lateritic clay sample incre-
ased. The effect of treating lateritic clay with WMF on its 
permeability has not been reported in literature.

conclusions 

Addition of WMF to the soil notably altered its geotechnical 
properties, causing: (i) a reduction of its plasticity, thereby 
making the soil more workable; (ii) an improvement in its 
strength; and (iii) a reduction in the soil permeability. 

Fig. 8. Variation of strength characteristics of the treated soil 
samples with their WMF contents

Fig. 9. Variation of permeability characteristics of the treated 
soil samples with their WMF contents
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These findings are important, especially when the 
treated soil is used as a road pavement layer material or 
when it directly receives the structural foundation of buil-
dings, as the amount of water that can pass through it 
becomes reduced–thereby reducing the possibility of wa-
ter-induced failures and extending the life of the pavement 
or building structures founded on such soil layers. Flow of 
water through earth materials used as pavement layer ma-
terials weakens the pavement structure and this accounts 
for the failure or reduction in the lifespan of many flexible 
pavements.

Evaluating the properties of the soil, relative to a ben-
chmark standard such as TRL (1993), shows that the na-
tural soil–which barely met the requirements for use as a 
subgrade material–became improved after the addition of 
10% WMF, such that it satisfies the requirement for use as 
a sub-base material for road pavement construction.

The potential implications of these findings indicate 
that the environmental nuisance and human health im-
pact associated with the indiscriminate disposal of WMF 
can be minimized by using it to improve the plasticity, 
strength and permeability of an in situ lateritic soil, which 
is otherwise considered unsuitable in its natural state for 
use as an earth foundation material to bear the structural 
foundation of proposed civil engineering infrastructures, 
such as buildings and roads. Furthermore, it may be useful 
for improving the engineering properties of traditional 
earth-building construction materials such as those des-
cribed by Akinwumi (2014a).

Finally, WMF is recommended as a low-cost additive 
for improving the geotechnical properties of lateritic clay 
soils. There is need for further research works, especially, 
on the performance of constructed roads and buildings 
using WMF. The possibility of using WMF as total or par-
tial replacement for sand in Portland cement mortar and 
concrete may also be investigated.
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1, 7Institute of Molecular and Cell Biology, Faculty of Science and Technology, University of Tartu,

23 Riia str., 51010 Tartu, Estonia
1, 2, 4Institute of Ecology and Earth Sciences, Faculty of Science and Technology, University of Tartu,

46 Vanemuise str., 51014 Tartu, Estonia
3, 8Institute of Microbiology and Biotechnology, University of Latvia, 4 Kronvalda blvd.,

LV-1586 Riga, Latvia
4, 5, 6Institute of Food Safety, Animal Health and Environment (BIOR), 3 Lejupes str.,

LV-1076 Riga, Latvia

Submitted 6 Mar. 2012; accepted 14 Aug. 2012

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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