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Abstract

:

Sources of contamination in a subsurface environment are petrol, diesel fuel, gasoline at oil refineries, underground storage tanks, transmission pipelines, and different industries. The permeable reactive barrier (PRB) is a promising technology to remediate groundwater in-situ. In this study, synthetic groundwater samples containing toluene are treated in three reactor columns by biological processes. PRB-1 consisted of sand and gravel as reactor media, microbial inoculum (bioaugmentation—BA), and nutrients (biostimulation—BS); PRB-2 consisted of sand and gravel as reactor media, microbial inoculum, nutrients, and 12 layers of nonwoven geotextile fabrics; and PRB-3 consisted of only sand and gravel as reactor media (natural attenuation—NA). This study was conducted to assess the impact of geotextile fabric filter, bioaugmentation, and biostimulation on toluene degradation efficiency. After 167 days of treatment, toluene biodegradation efficiencies varied between 88.2% and 93.8% for PRB 1, between 98.0% and 99.3% for PRB 2, and between 14.2% and 68.6% for PRB 3. The effluent toluene concentrations for PRB-2 were less than the guideline value (0.7 mg/L) of the World Health Organization. Reaction rate data were fitted with a first-order kinetic reaction rate model. This study showed that the toluene removal efficiency in the geotextile layered PRB combined with BA and BS process was significantly higher compared to the other processes tested. This lab-scale study introduced a new PRB configuration suitable for the remediation of sites contaminated with toluene.
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1. Introduction


One of the most commonly used technologies for in-situ groundwater treatment is permeable reactive barriers (PRBs). PRBs are filled with reactive materials which must be more permeable than the surrounding aquifer material. When compared to conventional pump and treat systems, the PRB method is much cheaper because there is no continuous energy input needed. The other benefit of PRBs is that replacement of the PRB material is always possible [1]. There are two types of PRBs, continuous PRBs and funnel and gate system PRBs. Continuous PRBs consist of a single reactive zone, whereas funnel and gate PRBs consist of permeable gate (reactive zone) placed between two impermeable walls that direct the contaminated plume towards the reactive zone. The mechanisms of interaction in PRBs are degradation, precipitation, and sorption. The types of reactive materials used in PRBs serve different purposes: Some change pH or redox potential, other cause precipitation, some PRB materials have high sorption capacity, and some release nutrients and oxygen to enhance degradation. Reactive materials used in PRBs include activated carbon (AC), Al, ferric oxide, peat, zeolite, lignite, zero valent metals, fly ash, lime, limestone, sand, and clay.



PRBs consisting of zero valent iron (ZVI) can also be used to treat groundwater contaminated with chlorinated solvents, nitrate, chromium, uranium, and pesticides [2]. In one study, PRB columns filled with olive nuts, sand, and soil were effectively used to treat wastewater containing nitrate [3]. Polyaromatic hydrocarbons (PAHs) were successfully removed from water by using PRB materials of wheat straw and coconut shell [4]. Corn straw, fly ash, Fe-Mn, and zeolite were used as PRB materials to reduce the concentrations of Pb and Cd from groundwater [5]. Steel manufacturing basic oxygen furnace sludge (BOFS) was tested as a PRB material to remove Cr+6 from soil [6]. Two lab-scale column studies used ZVI and ZVI + zeolite to treat leachate [7]. In one study, ZVI, zeolite and activated carbon were used as PRB materials to treat groundwater [8].



Toluene, one of the BTEX (benzene, toluene, ethylbenzene, and xylene) compounds, is a clear, colorless liquid that becomes vapor when exposed to air at room temperature. It has a water solubility of 515 mg/L and a vapor pressure of 22 mmHg at 20 °C. Toluene is typically used in a mixture with chemicals such as other solvents and paint pigments. Products that contain toluene, such as paints, metal cleaners, and adhesives, are used in many industries. Gasoline and other fuels also contain toluene. Hydrocarbons can be mobilized as a non-aqueous liquid phase (NALP) until they reach the capillary fringes, under the influence of gravity and capillary forces [9,10]. NALP in the form of residual contamination can be a constant source of groundwater pollution. The interaction of the retained hydrocarbon with water allows its components to partially dissolve, especially a group of aromatic organic chemical compounds such as toluene [11]. The dissolved phase is highly mobile and is responsible for transporting contaminant over long distances from the source of contamination [12,13].



Microorganisms responsible for degrading petroleum products are defined as either eukaryotic or prokaryotic organisms. Various research studies have been conducted on biodegradation of petroleum derived hydrocarbons by microorganisms [14,15]. Some of the microorganisms that are effective on biodegradation of petroleum hydrocarbons are bacteria from genera Pseudomonas, Acinetobacter, Flavobacterium, Achromobacter, Rhodococcus, Mycobacterium, Bacillus, Alcaligenes, Aspergillus, Mucor, Penicillium, and Candida. The objective of this study was to investigate the effect of the biomass holding capacity of geotextile fabrics and biostimulation/bioaugmentation processes on toluene biodegradation efficiency in a freshly contaminated water. Three different phases were studied: Phase 1 at 5 mg/L of influent toluene concentration, phase 2 at 15 mg/L, and phase 3 at 25 mg/L. The term biostimulation is used to describe the addition of essential electron acceptors such as nutrients to enhance microbial growth. The term bioaugmentation is used to describe the addition of essential microorganisms.




2. Materials and Methods


For each process studied, experimental analysis included 3 replicates and each experiment was repeated 3 times.



2.1. PRB Filling Material Preparation


Sand and gravel mixture in different sizes was selected as the filling material of the PRBs. The physical characteristics of the filling material are presented in Table 1. Filling materials were initially washed thoroughly with distilled water to remove impurities before placing them in the PRB reactors.




2.2. Configuration of the PRBs


Three PRBs (60 cm height and 10 cm diameter) were filled with gravel and coarse-to-medium-sized sand. Each PRB column consisted of an influent tank and an effluent tank, as depicted in Figure 1. The PRB columns were operated as up flow reactors. Reactor 1 (PRB-1) and reactor 2 (PRB-2) were inoculated with specific bacteria (Alcanivorax) and required nutrients (ammonium chloride as N source and potassium dihydrogen phosphate as P source) were added. To maintain aerobic conditions, influent tank for PRB-1 and PRB-2 were aerated when the dissolved oxygen levels fell below 3 mg/L. PRB-2 also included 12 layers of nonwoven geotextile fabrics placed horizontally at 5 cm intervals. Reactor 3 (PRB-3) was used as control and contained only sand and gravel mixture without bacteria and nutrient addition. Additionally, aeration was not performed for PRB-3 since it was used as control reactor. Simulated PRB columns were designed and constructed for the remediation of toluene by; bioaugmentation and biostimulation (PRB-1), bioaugmentation and biostimulation by using the potential biomass holding capacity of nonwoven geotextile fabrics (PRB-2), and natural attenuation (PRB-3) (Table 2). PRB columns were made of transparent acrylic glass.




2.3. Loading of the PRB Columns


After being carefully washed, clean filler materials were evenly mixed in a container and placed in the PRB columns. The filling material for each PRB column included 25% of silica sand with an average diameter of 1–2 mm, 25% of silica sand with an average diameter of 2–3 mm, 25% of silica sand with an average diameter of 3–6 mm, and 25% of silica gravel with an average diameter of 8–12 mm. Different than PRB-1 and PRB-3, PRB-2 also contained 12 nonwoven geotextile fabric layers horizontally placed at 5 cm intervals. Geotextile layers were expected to host and grow toluene biodegrading microorganisms.




2.4. Pore Volume and Porosity Tests


Pore volume and porosity tests were performed to determine the volume and volume distribution of pores in PRB columns. In general, both the size and volume of pores affect the performance of the PRB columns. Therefore, the pore volume distribution is useful in understanding PRB performance and determining a material that can be expected to perform in a particular manner. Pore volume and porosity tests were performed before the PRB columns started operating.




2.5. Flow Rate and Hydraulic Residence Time Tests


Hydraulic residence time (HRT) (t) is a measure of the average time a soluble compound remains in a PRB. In engineering, volumetric flow rate is the volume of fluid passing per unit of time. Flowrate and hydraulic residence times for each PRB were determined prior to the start of operation.




2.6. Bioaugmentation + Biostimulation (PRB-1 and PRB-2)


Nutrient requirements for phase 1 (5 mg/L), phase 2 (15 mg/L), and phase 3 (25 mg/L): Toluene has a molecular weight of 92, 91.3% of which is carbon (C). As nutrient sources, ammonium chloride (NH4Cl) and potassium dihydrogen phosphate (KH2PO4) were used. Selected C:N:P ratios provide a better understanding of decomposition processes and improved modeling of aquatic ecosystems. In general, C:N:P ratio varies from 100:10:1 and 100:5:1 for aerobic process depending upon the type of biological treatment. Using the Droste formula, the ratio of C:N:P required to maintain aerobic bacterial growth will be 100:5:1 [16]. For anaerobic growth, the C:N:P ratio can range from 250:5:1 to 500:5:1 [17]. Based on the selected C:N:P ratio of 100:5:1, nutrient requirements for phase 1, phase 2, and phase 3 are presented in Table 3. Nutrient calculations were based on 5, 15, and 25 mg of toluene dissolved in 1 L of distilled water.



Bacteria requirements for phase 1, phase 2, and phase 3: In toluene bioremediation, microorganisms convert toluene into non-toxic substances such as CO2 and H2O. Microorganisms break down the molecular structures of toluene using their mass as an energy source. Due to the high degree of interface between bacteria and toluene, the rate of degradation tends to be fast at first, but gradually decreases as more biodegradable toluene is consumed. The microbial inoculum used in this study was manufactured as a combination of naturally occurring species. Microbiological analysis of the inoculum indicated that Alcanivorax was the dominant bacterium [18]. Based on the amounts of toluene and nutrients added to PRB-1 and PRB-2, 0.5 g of microbial inoculum in powder form was added to 1 L of distilled water that already contains 5 mg/L toluene (phase 1) and necessary nutrients determined above. Furthermore, the microbial inoculum amounts for 15 mg/L (phase 2) and 25 mg/L toluene (phase 3) concentrations were determined as 1.5 and 2.5 g, respectively. Then, monthly maintenance doses in the same amount as the initial inoculum were added to PRB-1 and PRB-2 to maintain the microorganism levels steady (Table 3).



Geotextile fabrics in PRB-2: Twelve layers of nonwoven geotextile fabrics (layer 1 being the first layer at the bottom and layer 12 being the last layer at the top) were horizontally placed at 5 cm intervals. Geotextile fabrics were expected to host/grow toluene biodegrading bacteria in their interior structure. Properties and locations of geotextile fabrics used in PRB-2 are presented in Table 4.




2.7. Natural Attenuation (PRB-3)


PRB-3 (NA) was operated as a natural attenuation process for comparison with other tanks; therefore, no nutrients or microbial inoculum was added. However, the influent tank to PRB-3 contained toluene at 5, 15, and 25 mg/L concentrations. Natural attenuation treatment is defined as a natural process where no specific remediation technology is used for the toluene contaminated water.




2.8. Oxygen Requirement


Aeration of the toluene contaminated water serves as a highly effective catalyst to speed up the degradation process. The microbial inoculum used in this study contains facultative strains; thus, they can use either dissolved oxygen (DO) or oxygen releasing compounds (ORC). Intermittent aeration in the influent tank was performed in this study especially when the DO levels fell below 3 mg/L.



Dissolved oxygen requirements for phase 1, phase 2, and phase 3: For toluene (C6H6), the biodegradation reaction will take place as follows:


C7H8 + 9O2 → 7CO2 + 4H2O











As shown in the above reaction, 1 mole of toluene requires 9 moles of oxygen. Considering the initial concentrations of toluene as 5, 15 and 25 mg/L, the amount of oxygen required can be calculated as 0.0156 g, 0.0469 g, and 0.0782 g oxygen, respectively (Table 3). The required oxygen was provided by ambient air through aeration for PRB-1 and PRB-2, but PRB-3 was not aerated since it was used as control.




2.9. Effluent Analysis


2.9.1. Toluene Analysis


Toluene concentrations of the samples were determined using an HPLC-UV system (Thermo Scientific Ultimate 3000, Waltham, MA, USA). The chromatographic separation of toluene was performed on a SunfireTM C18 column (100 Å, 5 µm, 4.6 × 250 mm) at a column temperature of 25 °C. An aliquot of 25 µL of the sample was injected into the HPLC-UV system with a flowrate of 1 mL/min. The mobile phase was methanol/water (70/30) on isocratic mode. Toluene separation was achieved at 11 ± 0.5 min and 254 nm of UV wavelength. Standard toluene solutions of 0.25, 0.5, 1.0, 2.5, 5.0, 10.0, 20.0, and 25.0 mg/L were prepared in water for method calibration. All chemicals and water used were HPLC grade. Calibration curves were acquired by analyzing calibration standard solutions in triplicate within the linear range of each toluene loading. All samples were analyzed in triplicate and mean values were used in further calculations. The detection limit of the toluene quantification method was computed to be mean of blank results plus three times standard deviation of blank results. Relative standard deviation (%) of 15 replicate analysis were calculated for toluene standards and samples for obtaining the method precision. The linearity, detection limit, and precision of the toluene method were found to be 0.9991 (R2), 0.1 mg/L, and 1.53 (RSD, %), respectively, which are in a good agreement with the previously reported toluene determination methods in water using HPLC-UV systems [19,20,21].




2.9.2. pH, DO, and Conductivity Analysis


For pH, DO, and conductivity analysis, the Hatch HQ 440 d probe (Benchtop Dual Input Multi-Parameter) was used.





2.10. Kinetic Model


A mass balance in the experimental PRB columns was used to find a kinetic model for degradation of toluene. The kinetic model can be defined as shown in Equation [22]:


  − r = −   dC   dt   = k .  C n   



(1)




where r—reaction rate, k—biodegradation rate, C—concentration, t—time, n—reaction order.



The constants, k and n, are found by plotting concentration vs time and determining the best suitable line. The half time (t1/2) can be calculated as follows in Equation (2) [23,24].


   t  1 / 2   =   l n 2  k   



(2)









3. Results


This section summarizes the results of experimental analysis, their interpretation, and the discussions.



3.1. Results of Hydraulic Tests


Reactor volume, pore volume, hydraulic conductivity, porosity, flow rate, and hydraulic residence time were calculated for each PRB reactor (Table 5). Hydraulic parameters were determined after filling the PRB columns with the filling material. The falling head hydraulic conductivity test was performed to determine the hydraulic conductivity of the PRBs. The PRB reactors were operated as up flow. For all the PRB columns, constant flow rate of 0.483 mL/min was maintained by using a peristaltic pump. Average hydraulic residence times for PRB-1, PRB-2, and PRB-3 were 36.57, 40.37, and 39.68 h, respectively. Hydraulic testes resulted in similar values for porosity, pore volume, hydraulic conductivity, and hydraulic residence times for the three PRB reactors.




3.2. Toluene Removal Rates


Consecutive toluene bioremediation studies were performed for influent concentrations of 5 mg/L (phase 1), 15 mg/L (phase 2) and 25 mg/L (phase 3) for the PRB columns.



Results of phase 1: In phase 1, toluene concentration in the influent tank for three PRB reactors was prepared as 5 mg/L. Toluene removal rates for 5 mg/L influent are depicted in Figure 2. After 44 days of treatment, toluene concentrations were decreased from 5 to 4.29 mg/L (greater than the threshold value of 0.7 mg/L set by World Health Organization) by the natural attenuation treatment (PRB-3) process, which represents a 14.2% removal efficiency. In PRB-1, toluene was reduced from 5 to 0.59 mg/L (less than the threshold value of 0.7 mg/L), which represents a removal efficiency of 88.2%. In PRB-2, toluene was reduced from 5 to 0.1 mg/L (less than the threshold value of 0.7 mg/L), which represents a removal efficiency of 98%.



Results of phase 2: In phase 2, toluene concentration in the influent tank for three PRB reactors was prepared as 15 mg/L. Toluene removal rates for 15 mg/L influent are depicted in Figure 3. After 64 days of treatment, toluene concentrations were decreased from 15 to 5.47 mg/L (greater than the threshold value of 0.7 mg/L set by WHO) by the natural attenuation treatment (PRB-3) process, which represents a 63.5% removal efficiency. In PRB-1, toluene was reduced from 15 to 1.25 mg/L (greater than the threshold value of 0.7 mg/L), which represents a removal efficiency of 91.7%. In PRB-2, toluene was reduced from 15 to 0.1 mg/L (less than the threshold value of 0.7 mg/L), which represents a removal efficiency of 99.3%.



Results of phase 3: In phase 3, toluene concentration in the influent tank for three PRB reactors was prepared as 25 mg/L. Toluene removal rates for 25 mg/L influent are depicted in Figure 4. After 54 days of treatment, toluene concentrations were decreased from 25 to 7.85 mg/L (greater than the threshold value of 0.7 mg/L set by WHO) by the natural attenuation treatment (PRB-3) process, which represents a 68.6% removal efficiency. In PRB-1, toluene was reduced from 25 to 1.54 mg/L (greater than the threshold value of 0.7 mg/L), which represents a removal efficiency of 93.8%. In PRB-2, toluene was reduced from 25 to 0.465 mg/L (less than the threshold value of 0.7 mg/L), which represents a removal efficiency of 98.1%.



Figure 5 shows the toluene removal rates in PRB-2 for phase 1, phase 2, and phase 3 combined. Regardless of the influent concentration, final toluene removal rates in PRB-2 for phase 1, phase 2, and phase 3 were always greater than 97%. Additionally, the final toluene concentrations in PRB-2 were always less than the threshold value of 0.7 mg/L set by WHO.




3.3. Conductivity, pH, and DO Results (All Phases Combined)


In this study, conductivity, pH, and dissolved oxygen values in the PRB effluents were monitored twice a week. Conductivity readings for the three PRB columns were presented in Figure 6. Conductivity reading values were recorded between 26 and 81.9 µS/cm for PRB-3, which indicated steadiness compared to PRB-1 and PRB-2. However, PRB-1 and PRB-2 showed higher conductivity readings due to the addition of weekly nutrients and monthly microbial inoculum. Conductivity values in the effluents of PRB-1 and PRB-2 varied between 46.9 and 500 µS/cm, which indicated more fluctuations in the conductivity values compared to PRB-3. It can be seen in Figure 7 that the effluent pH values for the three PRBs started at near-neutral, then for PRB-1 and PRB-2 it remained between 6.1 and 8.3, whereas for PRB-3 the range was between 7.4 and 9.29. The DO values were maintained always greater than 3 mg/L by intermittent aeration of the influent tanks of PRB-1 and PRB-2 (Figure 8).




3.4. Bioremediation Kinetics


The data obtained from the toluene bioremediation were applied to the first-order rate model. Figure 9, Figure 10 and Figure 11 show fits of the first-order kinetic model to data from the PRB-1, PRB-2, and PRB-3 treatment processes for phase 1, phase 2 and phase 3 studies. It is clearly seen from the figures that the first-order reaction rate model is validated by the R2 values. The reaction rate coefficient (k), reaction order (n) and half-reaction time (t1/2) were determined from the curves in the figures and are summarized in Table 6 for each treatment process.





4. Discussion


Hydraulic conductivity is a property of the porous media. It depends on the pore size, its distribution, and its connectivity. The hydraulic conductivity depends on the size of the pores, their spatial distribution and connection properties. In most cases, hydraulic conductivity decreases as the change in pore size increases. Hydraulic tests showed similar values for porosity, pore volume, hydraulic conductivity, and hydraulic residence times for the three PRB columns.



The influent was introduced from the bottom of the PRB reactors in each phase. The influent samples for PRB-1 and PRB-2 were exactly the same, which included the addition of essential nutrients and bacterial inoculum. PRB-3 was operated as control under natural attenuation conditions without adding nutrients and microorganisms. Since oxygen and nutrients are essential for toluene biodegradation, lower removal rates in PRB-3 were expected. Intermittent aeration was performed in the PRB-1 and PRB-2 influent tank when the DO levels fell below 3 mg/L. In addition to intermittent aeration, nutrients and bacterial inoculum were added to the influent tank of PRB-1 and PRB-2 at the doses presented in Section 2.6. Unlike PRB-1 and PRB-3, PRB-2 included 12 layers of nonwoven geotextile fabrics horizontally placed at 5 cm intervals. The reason for using nonwoven geotextile fabrics was to benefit from its biomass holding capacity, as reported in the literature [18]. The efficiency of toluene biodegradation was the highest when the BS and BA processes were combined in PRB-1 and PRB-2. Owing to its 12 layers of nonwoven geotextile fabric, PRB-2 displaced higher toluene removal rates than PRB-1 and PRB-3. Furthermore, intermittent aeration, bacterial inoculation, and nutrient addition were performed for PRB-1 and PRB-2. The effluent toluene concentrations in all phases for PRB-2 were less than the guideline value (0.7 mg/L) of the water for human consumption, as suggested by the World Health Organization [25]. Effluent toluene concentrations in PRB-1 exceeded the WHO’s guideline value of 0.7 mg/L in phase 2 and phase 3, and PRB-3 exceeded the WHO’s guideline value of 0.7 mg/L in all phases.



Conductivity of effluent samples is used as an indicator of dissolved inorganic species or total ion concentration and is a measure of the solution’s ability to conduct an electric current. Conductivity readings for PRB-3 did not change much during the course of the study; however, PRB-1 and PRB-2 yielded higher conductivity readings due to the addition of weekly nutrients and monthly microbial inoculum. Results of this study indicated that the average pH value of the three PRB treatment columns varied from 6.1 to 9.29. A pH value between 6.7 and 9.0 enhances the microbial activity during biodegradation [26]. Oxygen is an important parameter in toluene biodegradation because it not only acts as the terminal electron acceptor for respiration, but also takes part in the initial enzymatic activation of toluene. The main feature of aerobic biodegradation of toluene is the initial “activation” of the aromatic ring with the addition of the oxygen element. Several such additions lead to carboxylic acids or substituted pyrocatechols [27]. Carboxylic acids and pyrocatechols can then be converted to tricarboxylic acid cycle (TCA cycle) intermediates through ring cleavage, and the TCA cycle completely oxidized intermediates to CO2 and H2O [28]. In toluene bioremediation, biostimulation is widely used to stimulate the growth of existing microorganisms by providing adequate DO and nutrients [29]. In a contaminated aquifer, due to the redox gradient along the groundwater flow direction, if the aquifer contains significant amount of dissolved oxygen (DO), oxygen is usually found in low concentration at the edge of the contaminant cloud. The content of the individual nutrients in the influent water must correspond to the needs of the bacteria in the PRB columns (PRB-1 and PRB-2) and have a balanced relationship between C, N, and P. This is crucial to the efficiency of biological degradation processes. The amount of nutrients to be added to PRB-1 and PRB-2 influent tanks was determined based on the selected C:N:P ratio of 100:5:1. Carbon is the principal component of toluene that microorganisms use to build their cell structures and to generate energy. Nutrients are essential for the growth of bacteria that play an important role in the degradation of toluene. For instance, nitrogen, which is one of the essential nutrients, is part of the structure of protein, DNA, RNA, and ATP. Phosphorous is the other important nutrient for microbial growth. Phosphorous is an important player in making nucleic acids and cellular energy transfers.



It has been reported in the literature that the first-order kinetic model can be used for petroleum-hydrocarbon biodegradation [23,30,31,32]. The coefficients calculated from the first-order kinetics model in phase 3 (25 mg/L) clearly showed that the model fits better for PRB-1 and PRB-2 than PRB-1 based on R2 values. However, in phase 1 (5 mg/L), the kinetic model fits better for all PRBs. In phase 2 (15 mg/L), the kinetic model fits better for PRB-2 and PRB-3. For instance, the first-order reaction rate (k) in the PRB-2 process was higher compared to PRB-1 and PRB-3 in three phases. The half-reaction time (t1/2) determined from the reaction rate (k) in PRB-2 process was thus smaller than in PRB-1 and PRB-3. As the influent toluene concentration for each PRB column increased from 5 to 15 mg/L, then to 25 mg/L, half-lives (t1/2) decreased, and reaction rates (k) increased.



A suggestion for further research is to study a full life cycle assessment (LCA) and investigate the mitigation of greenhouse gas (GHG) emissions resulting from toluene contamination in the subsurface environment. There have been recent studies on mitigating GHG emissions resulting from waste treatment activities [33,34]. Similar studies can be performed to evaluate GHG emissions from petroleum contamination in the subsurface environment.




5. Conclusions


The persistence of toluene in groundwater long after initial contamination, coupled with the costly treatment methods available, have made toluene an environmental pollutant of concern. This lab-scale study assessed a potential PRB configuration suitable for the remediation of sites containing toluene contamination. It was also the first reported use of geotextile fabrics in a PRB configuration. The geotextile fabrics in PRB-2 achieved a greater toluene removal capacity than the other PRB designs. The results suggest that this PRB configuration might be appropriate for the treatment of groundwater sites that are contaminated with toluene. However, further field studies would help predict the life of this PRB under the dynamic and extreme conditions. Geotextile layered PRBs containing a sand and gravel mixture seem to be a promising bioremediation technology for contaminated groundwater with toluene. For field application; however, further research is needed to address problems such as higher concentrations of toluene (greater than 25 mg/L). The hypothesis is that, by using geotextile layered PRBs, high-cost savings are expected compared to today’s technologies, such as pump-and-treat methods. The next step of this study is to find out bacterial distribution, specifically toluene-degrading bacteria, from 12 geotextile fabric specimens and the sand–gravel mixture by using 16S next-generation sequencing (NGS) metagenome analysis.
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Figure 1. Schematics of PRB columns: (a) Bioaugmentation and biostimulation process (BA + BS), (b) bioaugmentation/biostimulation process and 12 layers of geotextile (BS + BA + Geotextile), (c) natural attenuation process (NA). 
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Figure 2. Changes in toluene concentrations in the PRB columns for phase 1. 






Figure 2. Changes in toluene concentrations in the PRB columns for phase 1.



[image: Processes 09 00906 g002]







[image: Processes 09 00906 g003 550] 





Figure 3. Changes in toluene concentrations in the PRB columns for phase 2. 
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Figure 4. Changes in toluene concentrations in the PRB columns for phase 3. 
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Figure 5. Changes in toluene concentrations in the PRB-2 column for phase 1, phase 2, and phase 3 combined. 
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Figure 6. Changes in conductivity in PRB column reactors. 
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Figure 7. Changes in pH in PRB column reactors. 
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Figure 8. Changes in dissolved oxygen in PRB column reactors. 
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Figure 9. Reaction rate data for the PRB toluene treatment processes for phase 1: (a) The first-order model for PRB-1, (b) the first-order model for PRB-2, and (c) the first-order model for PRB-3. 
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Figure 10. Reaction rate data for the PRB toluene treatment processes for phase 2: (a) The first-order model for PRB-1, (b) the first-order model for PRB-2, and (c) the first-order model for PRB-3. 
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Figure 11. Reaction rate data for the PRB toluene treatment processes for phase 3: (a) The first-order model for PRB-1, (b) the first-order model for PRB-2, and (c) the first-order model for PRB-3. 
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Table 1. Properties of filling material used in permeable reactive barriers (PRBs).
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	Material
	Average Diameter (mm)
	% of SiO2
	% of Material in PRBs
	% of Acid Solubility
	Bulk Density (t/m3)
	Specific Gravity





	Silica sand
	1–2
	98 ± 1
	25%
	1 ± 0.5
	1.5–1.70
	2.55–2.70



	Silica sand
	2–3
	98 ± 1
	25%
	1 ± 0.5
	1.5–1.70
	2.55–2.70



	Silica sand
	3–6
	90 ± 1
	25%
	10 ± 0.5
	1.5–1.70
	2.55–2.70



	Silica gravel
	8–12
	90 ± 1
	25%
	10 ± 0.5
	1.5–1.70
	2.55–2.70
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Table 2. Configuration of PRB columns.
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	Reactors
	Geotextile Layers
	Microbial Inoculum Addition (Bioaugmentation)
	Nutrients Addition (Biostimulation)
	Toluene Addition





	PRB-1 (BS + BA)
	No
	Yes
	Yes
	Yes



	PRB-3 (BS + BA + GT)
	Yes
	Yes
	Yes
	Yes



	PRB-3 (NA)
	No
	No
	No
	Yes







BS = biostimulation, BA = bioaugmentation, GT = geotextile.
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Table 3. Nutrient, bacteria, and oxygen requirements for phase 1, phase 2, and phase 3 studies.
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	Phase 1 (5 mg/L)
	Phase 2 (15 mg/L)
	Phase 3 (25 mg/L)





	NH4Cl (mg)
	0.525
	1.57
	2.63



	KH2PO4 (mg)
	0.159
	0.478
	0.796



	Initial dose of bacteria (mg)
	500
	1500
	2500



	Monthly maintenance dose of bacteria (mg)
	500
	1500
	2500



	Oxygen requirement (mg)
	15.6
	46.9
	78.2
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Table 4. Properties and locations of geotextile fabrics used in PRB-2.
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	Geotextile Name
	Location in PRB-2
	Thickness @ 2kPa (mm)
	Apparent Opening Size (AOS) (µm)
	Permeability (mm/s)
	Polymer Type
	Production Method





	GT-1
	Layer 1 and 2
	1.95
	116.75
	115.00
	PP
	Needle punch



	GT-2
	Layer 3 and 4
	1.91
	112.38
	113.11
	PP
	Needle punch



	GT-3
	Layer 5 and 6
	2.04
	107.40
	92.60
	PP
	Needle punch



	GT-4
	Layer 7 and 8
	1.04
	101.17
	96.83
	PP
	Aqua jet



	GT-5
	Layer 9 and 10
	1.20
	88.00
	80.00
	PET
	Needle punch



	GT-6
	Layer 11 and 12
	1.40
	84.00
	60.00
	PET
	Needle punch







GT = Geotextile, PP = Polypropylene, PET = Polyester.
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Table 5. Hydraulic parameters for PRBs.
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	PRB-1
	PRB-2
	PRB-3





	Reactor volume (mL)
	4710
	4710
	4710



	Pore volume (mL)
	1060
	1170
	1150



	Hydraulic conductivity (cm/s)
	0.779
	0.729
	0.766



	Porosity (%)
	0.225
	0.248
	0.244



	Flow rate (mL/min)
	0.483
	0.483
	0.483



	Hydraulic residence time (h)
	36.57
	40.37
	39.68
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Table 6. Calculated reaction rate factors for the first-order kinetic model.
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PRB-1

	
PRB-2

	
PRB-3






	
Phase 1

	
k: 0.18 d−1

	
k: 0.23 d−1

	
k: 0.03 d−1




	
t1/2: 3.91 d

	
t1/2: 3.06 d

	
t1/2: 22.95 d




	
n = 1

	
n = 1

	
n = 1




	
R2: 0.93

	
R2: 0.94

	
R2: 0.92




	
Phase 2

	
k: 0.22 d−1

	
k: 0.28 d−1

	
k: 0.11 d−1




	
t1/2: 3.14 d

	
t1/2: 2.49 d

	
t1/2: 6.04 d




	
n = 1

	
n = 1

	
n = 1




	
R2: 0.84

	
R2: 0.95

	
R2: 0.79




	
Phase 3

	
k: 0.58 d−1

	
k:0.68 d−1

	
k: 0.41 d−1




	
t1/2: 1.19 d

	
t1/2:1.02 d

	
t1/2: 1.69 d




	
n = 1

	
n = 1

	
n = 1




	
R2: 0.96

	
R2: 0.97

	
R2: 0.87
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