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Field experiments were carried out in order to test the effect of phytoreme-
diation and bioaugmentation for remediation of semi-coke. Four pilot test 
plots (each 50 m2) were established at semi-coke depository in July 2001. 
The growth rate of plants was approximately twice higher in the case of soil 
amendment. The phytoremediation increased the number of bacteria and di-
versity of microbial community in semi-coke. Within one and a half year pe-
riod starting from establishment of test plots, the concentration of phenolic 
compounds decreased up to 35 % and that of oil products up to three times 
compared to control. In bioaugmentation experiments the biomass of bacte-
ria consisting of three strains isolated from nearby area was supplied in or-
der to study the stability of microbial populations around root area favoring 
the biodegradation efficiency of phenolic and oil pollutants.  

Introduction 

More than 70 years of oil shale thermal processing has resulted in huge 
dump sites of the retorted shale (semi-coke) in the areas surrounding oil 
shale chemical industry plants in the northeastern part of Estonia. The semi-
coke dumps cover an area about 200 ha and contain up to 100 million tons of 
solid waste. Although the production of oil shale energy and oil has de-
creased steadily during the last years with a corresponding decrease in 
wastes (12.7 million tons per year in 1995 to 9.4 million tons in 1999), the 
semi-coke dumps constitute one of the major adverse environmental chal-
lenges in Estonia [1].  

Semi-coke solid wastes contain several organic and inorganic compounds 
(PAHs, oil products, sulfuric compounds), while liquid wastes (leachate) 
from the depository area are characterized by high concentration of phenol, 
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cresols, dimethylphenols and resorcinols. The liquid pollution from semi-
coke dump area deteriorates surface water as well as the underlying aquifers 
[2].  

Phytoremediation is an emerging technology based on the combined ac-
tion of plants and their associated microbial communities to degrade, re-
move, inactivate or immobilize toxic compounds in soil. Plants may act di-
rectly accumulating (phytoaccumalution) and in some cases metabolizing 
(phytodegradation) pollutants [3], but one way to achieve actually in situ 
bioremediation is by utilizing plants to perform rhizosphere bioremediation 
(rhizodegradation or phytoremedition explanta) [4]. Vegetation facilitates 
bioremediation of contaminated soils due to root exudates that act as sub-
strates for soil microorganisms, increasing in this way abundance and diver-
sity of microbial community [5]. Phytoremediation has been proposed as an 
efficient, low-cost remediation technique to restore areas contaminated with 
chlorinated solvents, BTEX compounds, phenols and PAHs [6–9].  

Another possibility to achieve higher biodegradation rate of pollutants in 
soil is by introducing specific strains or microbial consortia. This approach, 
called bioaugmentation delivers to contaminated environment specific cata-
bolic traits necessary for the clean up of pollutants [10]. 

In the current study several grass species and different soil amendments 
were evaluated in order to test the effect of phytoremediation (use of plants 
to enhance microbial biodegradation) as well as bioaugmentation (the inocu-
lation of a contaminated site with naturally occurring microorganisms) for 
remediation of semi-coke.  

Material and Methods 

Phytoremediation Experiment 
Four pilot test plots (each 50 m2) were established at semi-coke depository in 
July 2001. Plant treatment was based on a grass mixture of four species. In 
addition to plants, four different treatments were utilized. The following 
treatments were applied: 1st plot – no treatment (grass seeds in semi-coke), 
2nd plot – seeds in semi-coke were covered by sand layer (1-2 cm), 3rd plot 
– seeds in semi-coke were covered by peat layer (1-2 cm), 4th plot – semi-
coke was covered with the layer of pre-grown lawn. In October 2001 and 
2002, the soil sampling was performed on plots and control area. We ana-
lyzed semi-coke samples collected from the test plots at the depository area 
for chemical and microbiological parameters.  

Bioaugmentation Experiment 
For the bioaugmentation experiment the set of bacteria consisting of three 
strains isolated from nearby area was selected. These three bacterial strains 
Pseudomonas mendocina PC1, P. fluorescens PC24 and P. fluorescens PC18 
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degrade phenols via catechol meta, catechol or protocatechuate ortho or via 
the combination of catechol meta and protocatechuate ortho pathways, re-
spectively [11]. In bioaugmentation experiments the biomass of these bacte-
ria was supplied to the part experimental plots (each 10 m2) in July 2002. 
Each treatment received 20 L of bacterial suspension with concentration  
108 CFU ml–1 (CFU – colony-forming units). The ratio of bacterial strains 
PC1, PC18 and PC24 was 3 : 1 : 1 in suspension. 

Chemical Analysis 
From each experimental plot pooled soil samples (20 subsamples) were col-
lected with soil corer from two depths: 0–10 and 0–20 cm. Oil products (ex-
tracted with pentane) were measured by gas chromatography. Volatile phe-
nols were measured spectrophotometrically and by high-pressure liquid 
chromatography (HPLC). Total organic carbon was determined with infrared 
spectrophotometer. Chemical analyses were performed by Tartu Environ-
mental Research Ltd. and Estonian Environmental Research Center. 

Microbiological Methods 
The microbial communities were removed from semi-coke and plant root 
surface by vortexing in sterile tap water. Heterotrophic plate count was enu-
merated by the spread plate method in triplicate on R2A agar (Difco). The 
number of phenol-degrading bacteria was determined in triplicate sets on 
M9-salts agar plates supplemented with trace elements and phenol (2.5 mM). 
Agar plates were incubated at 22 °C for one week and the numbers of biode-
gradative bacteria were expressed as CFU per gram of dry soil. The hetero-
trophic activity and diversity of microbial community was measured using 
Biolog EcoPlates (Biolog, Inc.). Each well of the Biolog EcoPlates was in-
oculated by 150 µL of extract (10–2 dilution) and the plates were incubated at 
25 ºC. Color development was measured every 24 h for 120 h as absorbance 
at 590 nm, with scanning spectrophotometer Multiscan 340C. Results of 
Biolog profiles were presented as total activity (summed absorbances of all 
31 wells) and by Shannon diversity index.  

Results and Discussion 

Chemical properties of the semi-coke from the experimental area are shown 
in Table 1. After retorting at 500 ºC, processed oil shale is highly saline, al-
kaline, biologically sterile, nutrient deficient material with no structure. Ac-
cording to ecotoxicological tests the fresh semi-coke is classified as of 
“high-acute toxic hazard”, whereas aged semi-coke is classified as of “acute 
toxic hazard” [12].  
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Table 1. Chemical Properties of Semi-Coke  
from the Control Plot in 2001 

Parameter Measured value 

pH 8.0 
Total nitrogen, % 0.08 
P-PO4

3–, mg kg–1 12.27 
K+, mg kg–1 799.1 
Ca2+, mg kg–1 18,673 
Mg2+, mg kg–1 826 
Total carbon by loss on ignition at 550 °C, % 18.2 
Total organic carbon, %  17.0 
Oil products, mg kg–1 310 
Volatile phenols, mg kg–1 5.3 

 
The chemical analysis of soil samples showed impact of the plant treat-

ment on degradation rate of pollutants. Within a 16-months period starting 
from the establishment of test plots in July 2001, the concentration of vola-
tile phenols decreased up to 1.5 times (from 5.3 to 3.4 mg kg–1), the concen-
tration of oil products nearly 3 times (from 310 to 120 mg kg–1), and the total 
content of organic carbon decreased by 10 to 30 g per kg (from 18 to 15 %). 
The best results were obtained on the plots with peat amendment and pre-
grown lawn with the highest root density in semi-coke. In upper layer sam-
ples (0–10 cm) the reduction of oil products and phenols was even more big-
ger being in the range from 83 to 98 %. 

Bacterial biomass consisting of three bacterial strains was applied to three 
experimental plots in June 2002. Within a three-months period the concen-
tration of residual shale oil in semi-coke decreased by 13.6 to 53.6 % at plots 
treated with bacterial biomass compared to untreated parts of experimental 
plots (Fig. 1).  

 

Fig. 1. Effect of bioaugmentation on concentration of shale oil in semi-coke 
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In the case of the plot without vegetation the decrease in concentration of 
volatile phenols was also remarkable (from 5.3 to 3.8 mg kg–1). The effect of 
bioaugmentation could be attributed either to activity of introduced bacterial 
strains or to horizontal transfer of biodegradative genes. The genetic infor-
mation encoding degradation of pollutants is transferred from inoculated 
strains to indigenous bacterial populations by catabolic genetic elements 
[13].  Introduced bacterial strains may also increase root biomass, length 
and/or exudation leading in this way to enhanced rhizosphere bioremedia-
tion. In our experiments we also observed the increase in root biomass and 
length on the plots amended with bacterial biomass, which in turn may lead 
to enhanced rhizodegradation. 

From the semi-coke samples the number of aerobic heterotrophic and 
phenol-degrading bacteria was determined. The number of phenol-degrading 
bacteria increased by order of magnitude, while the number of heterotrophic 
aerobic bacteria remained on the same level compared to the untreated plot 
(Table 2). Samples from the second year (2002) showed lower values of 
aerobic heterotrophic bacteria, which could be due to extremely dry vegeta-
tion period. The general trend was the increase of proportion of biodegrad-
able bacterial numbers within microbial community due to the treatment. 
Highest values for all measured microbiological parameters were found in 
rhizosphere samples. While bacterial total numbers increased by order of 
magnitude compared to control, the number of phenol-degrading bacteria 
was more than 100 times higher in the rhizospheric soil. Addition of bacte-
rial biomass to semi-coke resulted in increase both in absolute number (up to 
7.8 × 106 CFU g–1) and relative abundance (up to 30 %) of phenol-degrading 
bacteria in the studied samples. The highest values for microbial activity and 
diversity measured with Biolog EcoPlates were recorded in rhizosphere 
samples (Fig. 2).  

 
Table 2. Effect of Treatment on Microbiological Parameters  
of Semi-Coke, CFU g–1 

Aerobic heterotrophic  
bacteria 

Phenol-degrading  
bacteria 

Treatment/sample 

2001 2002 2001 2002 
Control 12 ×107 8.2 × 106 2.3 × 104 1.0 × 104 
Control with biomass  6.9 × 106  1.3 × 104 

Grass only  1.5 × 107 4.2 × 106 3.0 × 105 1.5 × 104 

Peat + grass 1.1 × 107 5.7 × 106 4.5 × 104 6.5 × 105 

Peat + grass/rhizosphere 5.3 × 107 1.3 × 108 4.3 × 106 2.2 × 106 

Peat + grass with biomass  6.0 × 106  1.9 × 106 

Peat + grass with biomass/rhizosphere  5.7 × 107  7.8 × 106 

Sand + grass 1.1 × 107 1.5 × 106 3.3 × 105 3.7 × 103 

Lawn 1.1 × 107 5.6 × 106 3.5 × 105 1.2 × 104 

Lawn/rhizosphere 4.8 × 107 6.5 × 107 2.3 × 106 1.4 × 105 

Lawn with biomass  1.0 × 107  3.2 × 105 

Lawn with biomass/rhizosphere  1.0 × 108  2.6 × 106 
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Fig. 2. Effect of treatment of microbial community metabolic activity and 
diversity of semi-coke. Rhizosphere samples are indicated by label Rhizo 

 
From four tested grass species Lolim perenne (perennial ryegrass), Poa 

pratensis (Kentucky bluegrass) and Festuca rubra (red fescue) were found 
growing on plots. The growth rate of plants was approximately twice higher 
in the case of peat and sand amendments. The mechanism of phytoremedia-
tion systems, based on rhizodegradation, is increase in microbial numbers 
and activity due to nutrient release by plants. This scenario has been sug-
gested by many researchers [14, 15]. Recently Joner and coworkers [16] 
showed that artificial root exudates increased bacterial numbers and pro-
moted PAH dissipation in soil. There are also field evidence that PAH dis-
appearance is related to plant root system and their microbially active 
rhizosphere [17]. Our data suggest that establishment of plants  promoted 
increase of biodegradative bacterial number in semi-coke, especially in the 
vicinity of roots.  

Conclusions 

In summary, our results indicate that phytoremediation could be considered 
as an alternative management option for remediation of oil shale solid waste. 
Our preliminary field experiments show that presence of plants accelerates 
removal of oil products and phenols in oil shale chemical industry solid 
waste. There are several additional beneficial side effects of establishment of 
vegetation on semi-coke depository. Besides avoiding the surface erosion 
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and reducing the amount and toxicity of leachate, plant cover probably di-
minishes the dispersion of pollutants into adjacent areas by air. Our findings 
also indicate that biodegradation of residual shale oil as well as plant growth 
could be enhanced by adding mixture of selected bacterial strains to semi-
coke.   
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