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Abstract 

 

Hydrocarbons like BTEX compounds entering the soil-water system through anthropogenic 

activities can be long lasting sources of pollution, and thus, it is essential to look for 

remediation options that are environmentally benign. Bioremediation is a promising cost 

effective technique causing no harm to the contaminated ecosystem as compared to the 

traditional physicochemical methods. Natural microbes degrade contaminants from polluted 

soil water resources in bioremediation; however this process of natural bioremediation is 

quite slow under prevailing environmental conditions of a typical polluted site. So, in order 

to enhance the degradation rate, engineered bioremediation is practiced by addition of seeded 

cultures and/or nutrients, popularly known as bioaugmentation and biostimulation.  Another 

key role in the success of bioremediation application is played by various site specific 

environmental conditions like temperature, moisture content, and oxygen availability. 

Research has also proven that plants play an important role when it comes to accelerate the 

degradation rate cost-effectively in enhanced bioremediation technique. Therefore, the main 

focus of this study is to investigate the most effective feasible way of bioremediating the 

BTEX contaminated soil water using the biostimulation and bioaugmentation techniques, 

separately and in-combine using locally available domestic wastewater and wetland plants 

in mixed as well continuous laboratory setups. 

To achieve this, the combined impact of temperature and soil water content on 

biodegradation of toluene, the selected BTEX compound, was investigated first using two 
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sets of completely mixed batches with oversaturated and saturated soils at two temperature 

extremes of 30° C and 10 °C under aerobic conditions. It was found that the rate of toluene 

degradation was highest for oversaturated soil at 30 °C and lowest for saturated soil at 10 

°C. Four different cases of bioremediation technique (bioremediation, biostimulation, plant-

enhanced biostimulation and bioaugmentataion) were experimentally investigated then for 

decontaminating toluene polluted groundwater using completely mixed microcosms. 

Natural biodegradation of toluene was studied first under different varying substrate 

concentrations at room temperature (21.6 ±0.30 oC). Biostimulation was studied by mixing 

the polluted groundwater with a primary treated domestic wastewater for providing nutrients 

and other supplementary components to the native microbial population. Two pot-scale 

wetlands, one with and another without presence of toluene, having plants of Canna genralis 

and locally available domestic wastewater were used to study 3rd and 4th cases. The wetland 

system in presence of toluene was used here for developing the pre-grown microbial cultures 

to degrade toluene. The plant-assisted biostimulation, the third case, was studied by adding 

the polluted groundwater with the root-zone water of the wetland system developed without 

the presence of toluene. In the fourth case, the biostimulation was coupled with the bio 

augmentation strategy by mixing the groundwater with the root-zone water of the wetland 

system developed in presence of toluene. A comparative account of these four different 

bioremediation techniques was prepared for their respective rates of biodegradation, duration 

of lag phases, and the total time of degradation. It was observed that both the plant-assisted 

bioremediation techniques had better performance over simple biodegradation and 

biostimulation methods.  
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Subsequently, treatment wetlands with and without shoot biomass of Canna 

Generalis along with unplanted gravel bed were used to quantify the toluene uptake by the 

plants under controlled conditions. The residual concentration of the selected BTEX 

compound in the rhizosphere water was measured over the entire period of the experiment 

along with the water lost by evapotranspiration. The rate of biodegradation in all wetland 

mesocosms fitted best with the first order kinetics. The total removal time of the BTEX 

compound was found to be highest in the unplanted gravel bed mesocosm followed by 

wetlands without and with shoot biomass. The cumulative uptake of toluene in shoot 

biomass of the wetland plants initially increased rapidly and started to decrease subsequently 

till it reached a peak value. Continuity equations integrated with biodegradation and plant 

uptake sink terms were used to simulate residual concentration of toluene in rhizospheric 

water for comparison with the measured data of the experiments.  

Thereafter, the results of the microcosm experiments were then used to investigate 

the fate and transport of dissolved toluene from a source zone to down-gradient receptors in 

a continuous soil-water plant system. For this, two sets of large scale column experiments 

were performed by connecting them with a treatment wetland having canna plants in one set 

and unplanted gravel bed in the second set.  A continuous source of toluene contaminated 

water was supplied at the top of the column setups. A constant groundwater flow velocity of 

0.625 cm/hr was maintained in the vertical direction. Free drainage was allowed at the 

bottom and a constant hydraulic head of 2.0 cm was maintained at the top boundary 

throughout the period of the experiments in both the cases. The observed microbial colonies 

using the plate counting method along with measured dissolved oxygen (DO) proved that 

the BTEX compound degraded aerobically at faster rate in the second set. Here again, plants 
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played positive role in enhancing biodegradation rate of the BTEX compound during its 

transport through the porous media. Finally the observed data of the column experiments 

were compared with the breakthrough curves obtained numerically solving the advection 

dispersion equation. The results of this research can be used to frame in-situ plant-assisted 

bioremediation techniques for hydrocarbon contaminated soil-water resources. 

 

 

 

 

 

 

 

 

 

 

 

 



 

viii 

Table of Contents                                                                                                                      

CERTIFICATE i 

Acknowledgements ii 

Abstract iv 

Table of Contents viii 

List of figures x 

List of tables xiv 

Nomenclature xvi 

Acronyms and Abbreviations xvii 

Chapter 1: Introduction 1 

1.1 Background 1 

1.2 Research Objectives 4 

1.3 Scope of the Work 5 

1.4 Organization of the Dissertation 6 

Chapter 2: Review of Literature 9 

2.1 Soil-Water Pollution 9 

2.2 Remediation Techniques 12 

2.3 Factors affecting Bioremediation 17 

2.3.1 Temperature and Biodegradation 17 

2.3.2 Biodegradation and Soil Water Content 20 

2.3.3 Availability of Oxygen and Nutrients 27 

2.3.4 Other Factors 28 

2.4 Engineered Bioremediation 31 



 

ix 

2.5 Role of Plants in Bioremediation 35 

2.5.1 Treatment Wetlands 38 

2.6 Kinetics of Biodegradation 42 

2.7 Fate and Transport Simulations in Continuous systems 45 

2.8 Summary and research gaps 52 

Chapter 3: Materials and Methods 55 

3.1 Temperature and Soil-water Content Batches 58 

3.2 Enhanced Bioremediation Batches 59 

3.3 Enhanced bioremediation and plant uptake 63 

3.3.1 Simulating toluene removal 66 

3.4 Continuous column set-up 68 

3.4.1 Experimental set-up 68 

3.4.2 Numerical modelling 69 

Chapter 4: Results & Discussions: Microcosm & Mesocosm Experiments 77 

4.1 Temperature and Soil Water Microcosm 77 

4.2 Enhanced Bioremediation Microcosm 82 

4.3 Enhanced Bioremediation and Uptake in Pot-Scale Mesocosm 89 

Chapter 5: Results & Discussions: Continuous Column Experiments 103 

Chapter 6: Summary and Conclusions 121 

Bibliography 127 

Appendix-I 139 

Appendix-II 141 

Appendix-III 143 

Appendix-IV 145 

 



 

x 

List of figures  

Figure 1-1. The distribution of BTEX in soil-water system from leakage of underground storage 

tank (UST). The BTEX plume is denoted by brown color adapted from ATSDR 

1999. ........................................................................................................................ 2 

Figure 2-1. Relation of microbial activity as a function of soil water content. The solid lines 

depict the theoretical limits to activity. The dotted lines are the upper limits to either 

substrate or oxygen transport respectively (adapted from Skopp et al. 1990). ............. 23 

Figure 2-2. Schematic diagram showing the plant assisted bioremediation mechanism................. 38 

Figure 2-4. Schematic representation of constructed wetland used for deducing empirical equations 

based on observed input and output concentration of the target pollutant ........................ 45 

Figure 3-1. Sieve analysis of the porous media used to study the fate and transport of BTEX in the 

laboratory experiments .............................................................................................. 56 

Figure 3-2. Flowchart of the methodology used for investigating fate and transport of toluene in 

mixed and continuous under controlled conditions relevant to a typical BTEX polluted 

site .......................................................................................................................... 57 

Figure 3-3. Schematic diagram of different techniques of bioremediation assisted with and without 

plants and wastewater for remediating BTEX polluted groundwater............................... 62 

Figure 3-4. Schematic diagram of pot-scale wetland mesocosm grown with Canna Generalis used 

for investigating the plant assisted bioremediation. ................................................... 65 

Figure 3-5. Block diagram showing all the processes considered for simulating the toluene uptake 

and degradation in wetland mesocosms. ...................................................................... 67 

Figure 3-6. Schematic diagram of the column set-up integrated with wetlands (a) without and (b) 

with plants of Canna generalis for investigating toluene fate and transport in vadose 

zone. ........................................................................................................................ 69 

Figure 3-7. Schematic diagram showing contaminant in and out fluxes of an elementary soil 

layer. ....................................................................................................................... 71 

Figure 4-1 Relative concentration of toluene for oversaturated soil at 10 °C. Error bars represent ± 

SE (n=3) .................................................................................................................. 80 

Figure 4-2. Relative concentration of toluene for oversaturated soil at 30 °C. Error bars represent ± 

SE (n=3) .................................................................................................................. 80 



 

xi 

Figure 4-3. Relative concentration of toluene for saturated soil water at 10 °C. Error bars represent ± 

SE (n=3) .................................................................................................................. 81 

Figure 4-4. Relative concentration of toluene for saturated soil water at 30 °C. Error bars represent ± 

SE (n=3) .................................................................................................................. 81 

Figure 4-5. Natural biodegradation of toluene in collected groundwater at room temperature 

(21.6±0.3oC). The solid lines depicts for sterile batches while the dotted line is for live 

batches. Error bars represent ± standard error for three replicates .................................. 83 

Figure 4-6. Biodegradation of toluene with time in ground-water mixed (1:1) with domestic 

wastewater (biostimulation case). The live and sterile batches are represented by dotted solid 

lines, respectively. Error bars represent ±standard error for three replicates. ................... 84 

Figure 4-7. Attenuation of toluene in groundwater mixed (1:1) with rhizospheric wastewater of 

wetland system developed in absence of toluene (plant-enhanced biostimulation). The live 

and sterile batches are represented by dotted and solid lines, respectively. Error bars 

represent ± standard error for three replicates. .............................................................. 85 

Figure 4-8. Attenuation of toluene in groundwater mixed (1:1) with rhizospheric wastewater of 

wetland system developed in presence of toluene (plant-assisted bioaugmentation and 

biostimulation). The live and sterile batches are represented by dotted and solid lines, 

respectively. Error bars represent ± standard error for three replicates. .......................... 86 

Figure 4-9. Biodegradation of toluene with time spiked in three wetlands. Error bars represents ± 

standard error for three replicates ................................................................................ 90 

Figure 4-10. Progression of total toluene uptake by shoot biomass of Canna Generalis. Error bars 

represents ± standard error for three replicates ............................................................. 91 

Figure 4-11. Comparison of simulated and experimental uptake of toluene by shoot biomass with 

time. Error bars represents ± standard error for three replicates ...................................... 92 

         Figure 4-12. Mass of toluene accumulated in root and shoot biomass with time ............ 94 

Figure 4-13. Simulated and experimental comparison for wetland without shoot biomass. Error bars 

represents ± standard error for three replicates ............................................................. 99 

Figure 4-14 Simulated and experimental comparison for wetland with shoot biomass. Error bars 

represents ± standard error for three replicates ........................................................... 100 

Figure 4-15 Simulated and experimental values for wetland without shoot biomass ................... 101 

Figure 4-16 Simulated and experimental values for wetland with shoot biomass ....................... 101 

Figure 5-1. Comparison of experimental and simulated values of relative concentration at lower most 

sampling port at 85 cm for the column setup attached with an unplanted wetland .......... 105 



 

xii 

Figure 5-2.  Comparison of experimental and simulated values of relative concentration at a 

depth of 75 cm for the column setup attached with an unplanted wetland ............... 106 

Figure 5-3. Comparison of experimental and simulated values of relative concentration at a depth of 

65 cm for the column setup attached with an unplanted wetland .................................. 106 

Figure 5-4. Comparison of experimental and simulated values of relative concentration at a depth of 

30 cm for the column setup attached with an unplanted wetland .................................. 107 

Figure 5-5 Comparison of experimental and simulated values of relative concentration at a depth of 

20 cm for the column setup attached with an unplanted wetland. ................................. 107 

Figure 5-6 Comparison of experimental and simulated values of relative concentration at lower most 

sampling port at 85 cm for the column setup attached with a planted wetland ............... 108 

Figure 5-7 Comparison of experimental and simulated values of relative concentration at a depth of 

75 cm for the column setup attached with a planted wetland ........................................ 109 

Figure 5-8 Comparison of experimental and simulated values of relative concentration at a depth of 

65 cm for the column setup attached with a planted wetland ........................................ 109 

Figure 5-9 Comparison of experimental and simulated values of relative concentration at a depth of 

30 cm for the column setup attached with a planted wetland ........................................ 110 

Figure 5-10 Comparison of experimental and simulated values of relative concentration at a depth of 

20 cm for the column setup attached with a planted wetland ........................................ 110 

Figure 5-11 (a) Microbial biomass at 85 cm for unplanted column after 24 hours and (b) 

Microbial biomass at 30 cm for planted column after 48 hours ................................ 115 

Figure 5-12 (a) Microbial biomass at 20 cm for unplanted column after 96 hours and (b) 

Microbial biomass at 50 cm for unplanted column after 24 hours ............................ 115 

Figure 5-13 (a) Microbial biomass at 85 cm for planted column after 24 hours and (b) Microbial 

biomass at 30 cm for planted column after 72 hours ............................................... 116 

Figure 5-14 (a) Microbial biomass at 20 cm for planted column after 96 hours and (b) Microbial 

biomass at 5 cm for planted column after 48 hours. ................................................ 116 

Figure 5-15 Simulations of breakthrough curves of relative concentration in sampling ports for 

experimental period of 100 hours in unplanted continuous system ............................... 117 

Figure 5-16 Simulations of breakthrough curves of relative concentration in sampling ports for 

experimental period of 100 hours in planted continuous system ................................... 117 

Figure 5-17Simulations of concentration versus depth for various time intervals of the experiment 

for unplanted case. Here  T1 to T20 represent the simulation time of 5,  10, 15, 20, 25, 30, 

35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 and 100 hours respectively .................. 118 



 

xiii 

Figure 5-18 Simulations of concentration versus depth for various time intervals of the 

experiment for planted case.  Here T1 to T20 represent the simulation time of 5, 10, 15, 

20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 and 100 hours 

respectively............................................................................................................ 119 

 

  



 

xiv 

 

List of tables  

Table 2.1 Physicochemical properties of BTEX compounds polluting soil-water systems ............ 11 

Table 2.2. Summary of all the ex situ and in situ remediation techniques for soil-water 

systems.................................................................................................................... 13 

Table 2.3. Examples of BTEX biodegradation studies under varying temperature conditions ........ 19 

Table 2.4. Summary of laboratory experiments performed on biodegradation of BTEX compounds 

in varying soil moisture contents ................................................................................ 24 

Table 2.5. Use of biostimulation and bioaugmentation in remediating polluted soil-water in field and 

laboratory studies ...................................................................................................... 32 

Table 2.6.Some examples of remediation potential of hydrocarbons by plants ............................. 40 

Table 2.7. Various kinetic models for degradation of BTEX compounds in soil-water systems ..... 44 

Table 2.8. Summary of the empirical models used in treatment wetlands .................................... 46 

Table 2.9. Various mechanistic models used for describing processes in treatment wetlands ......... 47 

Table 2.10. Overview of the work done on microcosm and column scale for biodegradation of BTEX 

compounds ............................................................................................................... 50 

Table 3.1. Mass fraction of various gain sizes in the sieve analysis of soil ................................... 56 

Table 3.2 Soil and solute specific parameters ........................................................................... 76 

Table 3.3 Solute transport and reaction parameters ................................................................... 76 

Table 4.1. Comparison of soil-water temperature microcosms ................................................... 82 

Table 4.2. A comparison of total degradation time, estimated biodegradation rate, and the observed 

lag phase for all the considered bioremediation techniques ............................................ 87 

Table 4.3 Plant growth characteristics in the wetland mesocosms with and without shoot biomass 94 

Table 4.4 Mass balance of toluene in wetland mesocosm with shoot biomass ............................. 95 

Table 4.5 Mass balance of toluene in wetland mesocosm without shoot biomass ......................... 95 

Table 4.6: Mass balance of toluene in unplanted wetland mesocosm ..................................... 96 

Table 4.7 List of parameters used for simulating toluene uptake in wetland mesocosm with shoot 

biomass ................................................................................................................... 98 

Table 4.8 List of parameters used for simulating toluene uptake in wetland mesocosm without shoot 

biomass ................................................................................................................... 99 



 

xv 

Table 5.1 Statistical analysis of various sampling ports for unplanted case ................................ 108 

Table 5.2 Statistical analysis of various sampling ports for planted case ................................... 112 

Table 5.3 The dissolved oxygen values for some sampling ports in the unplanted case ............... 112 

Table 5.4 The pH values for some sampling ports in the unplanted case ................................... 113 

Table 5.5 The dissolved oxygen values for some sampling ports in the planted case .................. 113 

Table 5.6 The pH values for some sampling ports in the planted case ....................................... 113 

Table 5.7 The microbial biomass count for unplanted column ................................................. 114 

Table 5.8 The microbial biomass count for planted column ..................................................... 114 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xvi 

Nomenclature 

 

 

av Air content 

αL Longitudinal dispersivity 
Ct Contaminant concentration at time, t 

Co Initial contaminant concentration,t=0 

Dr Diffusion rate constant 

Dg Molecular diffusion coefficient in gas 

Dw Molecular diffusion coefficient in water 

DL Longitudinal dispersivity 

D Hydrodynamic dispersion coefficient 

Dm Molecular diffusion coefficient 

Do Free water diffusivity 
foc Fraction of organic carbon 

J(z) Contaminant influx 

J(z+Δz) Contaminant outflux 

k1 First order rate constant at time 

ko Zero order rate constant 

Kd Adsorption coefficient 

Km   Michaelis-menten constant 

Koc Organic carbon partioning coefficient 

𝝆s Bulk density of soil 

q Soil water flux 

|q| Darcian fluid flux density 

Qtrans Water lost in transpiration 

Sb Sink term for biodegradation 

SD Contaminant adsorbed to soil mass 

τg Tortuosity factor in liquid phase 

τw Tortuosity factor in gas phase 

μmax Maximum specific growth rate 

Vt Total volume at time, t 

v Pore water velocity 

Xo Initial microbial density 
 

 

 

 

 

 

 



 

xvii 

Acronyms and Abbreviations 

ADE            Advection Dispersion Equation 

BTC            Breakthrough curve 

BTEX          Benzene, Toluene, Ethyl Benzene, Xylene 

CW              Constructed Wetland 

DNAPL        Dense Non aqueous Phase Liquid 

GCMS          Gas chromatograph mass spectrophotometer 

FID               Flame Ionization Detector 

LNAPL        Light Non aqueous Phase Liquid 

MTBE          Methyl tertiary Butyl Ether 

NAPL           Non Aqueous Phase Liquid 

PAH              Poly Aromatic Hydrocarbons 

PCB              Poly Chlorinated Biphenyls 

PCE              Perchloroethylene 

RCF              Root Concentration factor 

TSCF            Transpiration Stream Concentration Factor 

TW                Treatment Wetland 

VOC              Volatile Organic Compound 

UST               Underground Storage Tank 

 

 

 


	FINAL THESIS SHREEJITA BASU 2011CEZ8030.pdf



