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Shale gas fracturing flowback fluid, characterized by its large volume, complex composition, and potential adverse environmental impacts, has gradually become one of the problems affecting the large-scale development of shale gas resources. Failure to effectively address the treatment of fracturing flowback fluid will severely constrain shale gas development. This paper focuses on the treatment technologies for shale gas fracturing flowback fluid, discussing its water quality characteristics and summarizing the research progress in physical technology, chemical technology, biological technology, and combined technology. Development recommendations are also provided. The results show that shale gas fracturing flowback fluid exhibits characteristics such as complex composition, high viscosity, and high emulsification, and difficult to treat. Individual physical technology, chemical technology, or biological technology is effective in removing certain pollutants from the flowback fluid. Moreover, the combined use of these treatment technologies prove more effective in achieving reuse or discharge standards. With the continuous expansion of shale gas development and increasingly stringent environmental protection requirements worldwide, the volume of flowback fluid requiring treatment is continuously rising. By developing energy-efficient and emission-reduction treatment technologies, and actively recycling and utilizing resources and energy, and adopting clean fracturing fluid system, efficient, energy-saving, environmentally friendly, and economically viable treatment for shale gas fracturing flowback fluid can be achieved.
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1 INTRODUCTION
Shale reservoirs possess distinctive characteristics of an integrated system comprising source, reservoir, and cap rock, coupled with low porosity and low permeability properties (Li, 2022; Li, 2023). The extraction of industrial gas from shale formations necessitates extensive hydraulic fracturing (Zhang and Hascakir, 2021). While hydraulic fracturing technology has led to a significant surge in shale gas production, the treatment of fracturing flowback fluid has emerged as a formidable challenge in scaling the benefits of shale gas development (Shao et al., 2022). Shale gas fracturing flowback fluid is characterized by its substantial volume, complex composition, high pollutant concentrations, and diverse water quality characteristics (Pan and Wang, 2022). Consequently, the exploration of treatment technologies for flowback fluid requires a tailored approach.
Researchers have employed physical, chemical, and biological technologies in the processing of shale gas fracturing flowback fluid. Physical technologies, which include the utilization of settling ponds or adsorbents such as activated carbon, along with filtration devices like sand filters, are effective in removing solid particles, oil contaminants, heavy metals, and partially soluble substances from flowback fluid (Zhang et al., 2019a; Zhang et al., 2022). These approach are characterized by its simplicity of operation and low processing costs.
Chemical technologies represent the most widely adopted and effective methods for treating shale gas flowback fluid (Oetjen et al., 2018). These methods involve the addition of chemicals like coagulants to the flowback fluid, leveraging principles such as coagulation or oxidation degradation to effectively remove suspended particles, chemical oxygen demand (COD), and heavy ions. Chemical technologies significantly enhance flowback fluid water quality and improve its biodegradability. However, they are associated with complexities in equipment structure, substantial material consumption, limited applicability, stringent processing conditions, and higher costs (Xiong et al., 2018).
Biological technologies rely on microbial metabolic processes to degrade contaminants within flowback fluids. Microbes can effectively degrade substances found in fracturing fluid formulations, including polyacrylamide, surfactants, scale inhibitors, and biocides (Hanson et al., 2019; Wu et al., 2022). Additionally, organic compounds present in the reservoir, such as long-chain hydrocarbons and polycyclic aromatic hydrocarbons (PAHs), are amenable to microbial degradation (Sharma and Pandey, 2022). Hence, the biological technologies hold considerable potential for treating shale gas fracturing flowback fluid. Nevertheless, biocides like glutaraldehyde exhibit biotoxicity and can inhibit degradation rates (Akyon et al., 2019). Moreover, friction reducers and thickening agents are often large organic molecules with relatively slow biodegradation rates. Furthermore, organic compounds and salt ions that infiltrate from the formation can pose varying degrees of hindrance to microbial degradation. High salt concentrations can inhibit the growth metabolism and organic compound degradation capabilities of typical microbes (Zhao et al., 2021), while the biodegradation rates of various aromatic and heterocyclic substances are limited (Butkovskyi et al., 2017).
Moreover, due to the complex composition of shale gas fracturing flowback fluid, employing a single treatment technology can only remove some of the pollutants, often falling short of achieving the required water quality standards (Zhang, et al., 2015). It is only through the reasonable combination that the synergistic effects of various treatment methods can be harnessed to systematically separate and eliminate different substances within the fracturing fluid, facilitating resource recovery or waste disposal (Shang, et al., 2019). Therefore, it is imperative to review the current array of treatment technologies for fracturing flowback fluid, and discern their respective advantages and limitations, enabling us to select suitable treatment techniques and apply effective technological combinations tailored to the unique characteristics of different flowback fluids. This will provide essential technical guidance and references for the reuse or discharge treatment of fracturing flowback fluid during the large-scale and cost-effective development of shale gas resources.
2 THE WATER QUALITY CHARACTERISTICS
The composition of shale gas fracturing flowback fluid typically consists of a complex mixture of inorganic and organic compounds used as additives in the fracturing fluid, compounds originating from the shale formation, and organic compounds transformed in the reservoir due to physical, chemical, or biological processes (Liu et al., 2020a). Due to variations in fracturing fluid formulations, processes, reservoir properties, and other factors, the water quality characteristics of shale gas fracturing flowback fluid can exhibit significant differences between different regions and even within the same region over time. Nevertheless, they commonly share characteristics such as high total dissolved solids (TDS), high chemical oxygen demand (COD), elevated total suspended solids (TSS), complex composition, and a wide range of water quality variations (Zeng et al., 2022), as shown in Table 1.
TABLE 1 | Comparison of water quality indexes of shale gas fracturing flowback fluid in typical areas at home and abroad (except pH, which is dimensionless, the unit of other indexes is mg/L).
[image: Table 1](1) Complex Composition. The composition of fracturing flowback fluid depends on several factors, including the quality of the fracturing fluid makeup water, the chemical composition of the fracturing fluid, the geological and chemical composition of the reservoir, the quality of formation water, and the residence time of the flowback fluid in the subsurface and at the surface (Estrada and Bhamidimarri, 2016). Fracturing flowback fluid exhibit high concentrations of suspended solids and a wide variety of chemical additives, including crosslinkers, demulsifiers, friction reducers, and more (Barbot et al., 2013). These additives result in a stable fluid with appearances ranging from yellow to black.
(2) High Viscosity and Emulsification. Fracturing flowback fluid is characterized by high viscosity and significant emulsification. These fluids are typically complex mixtures that include fracturing fluid, formation fluids, and produced well fluids (Ferrer and Thurman, 2015). As a result, the generated fracturing flowback fluid often appears dark, viscous, and possesses an acrid odor.
(3) High Treatment Difficulty. Fracturing fluid contains numerous chemical additives. When they flow back to the surface from the subsurface, parameters such as chemical oxygen demand, color, and suspended solids concentration are significantly higher than those found in conventional industrial wastewater. Consequently, treating fracturing flowback fluid is a challenging task, with high associated costs, and it is often considered one of the most difficult types of industrial wastewater to handle by researchers both domestically and abroad (Han et al., 2022a).
3 TREATMENT TECHNOLOGY
3.1 Physical technology
Physical treatment technologies primarily encompass filtration, suspension, coagulation, and adsorption. Filtration involves the use of specialized membrane structures to block larger molecular structures on one side of the membrane while separating smaller molecular substances on the other side, thereby achieving the removal of pollutants from the flowback fluid. The most commonly employed filtration technologies include reverse osmosis and forward osmosis (Jamaly et al., 2014). Reverse osmosis technology applies pressure greater than osmotic pressure to one side of the solution, causing water molecules to pass through the membrane to the low-pressure side, resulting in purified water. This method effectively removes salts and is also widely used for the elimination of pollutants such as bacteria and viruses from flowback fluids. However, it can suffer from membrane fouling when the incoming TDS exceeds 40,000 mg/L (Nthunya et al., 2020). On the other hand, forward osmosis uses a high-concentration draw solution to generate higher osmotic pressure, allowing water from the low-concentration side to pass through a semi-permeable membrane and mix with the high-concentration draw solution. Subsequently, the water from the draw solution is separated, yielding pure water (Coyan et al., 2015). This method offers low membrane fouling, excellent treatment efficacy, and does not require external pressure.
Suspension involves the introduction of substances into wastewater to facilitate the suspension of impurities in the flowback fluid, primarily effective in removing insoluble matter but less promising for other pollutants. This method can be operationally complex and time-consuming.
Coagulation rapidly aggregates suspended particle impurities in the liquid and efficiently removes them. This technique is relatively simple to operate and does not require specialized equipment, making it a cost-effective option (Pen et al., 2022). Coagulation is highly effective in removing suspended solids and petroleum-related substances from flowback fluids, but its performance in COD removal may not be as favorable (Rosenblum et al., 2016). Additionally, coagulation generates significant precipitates, posing challenges for precipitate handling.
Adsorption involves the addition of adsorbents to the flowback fluid to allow pollutants to adhere to the adsorbent material for subsequent removal. Major adsorbents include activated carbon and activated alumina (Lu et al., 2017). Adsorption is a straightforward process, but it often requires a significant quantity of adsorbent material, resulting in higher costs. The use of regenerable adsorbents introduces challenges related to adsorbent loss and reduced adsorption capacity during recycling processes.
Furthermore, Mechanical Vapor Recompression (MVR) and membrane distillation technologies have gained widespread use. MVR initially conducts heat exchange between the high-salinity water to be treated, flowback fluid, and a heat exchanger to recover lost heat during evaporation and concentration processes. The compressed high-salinity wastewater is then sent to the evaporator as a heat source for heating steam, ultimately causing the flowback fluid to evaporate. Condensation of the vapor yields liquid water, while pollutants in the flowback fluid are concentrated into a salt solution, facilitating solid-liquid separation. This technology allows for the recovery of residual heat and its reuse in the evaporation of flowback fluid, enabling approximately 72.5% reusability of distilled water (Hayes et al., 2014). While it enhances energy efficiency, MVR systems can be susceptible to clogging and corrosion. Membrane distillation technology offers superior environmental adaptability and can treat flowback fluids with a wider range of TDS values (Zhang et al., 2019b). However, it faces challenges such as scale formation during the treatment process.
3.2 Chemical technology
Chemical treatment technologies mainly encompass chemical coagulation, electro-coagulation, electro-oxidation, and advanced oxidation processes. Chemical coagulation technology primarily serves as a pre-treatment method with the aim of removing solid impurities, suspended solids, colloids, and reducing turbidity and coloration in the flowback fluid. This technology offers advantages such as simplicity in operation and cost-effectiveness. However, it also presents challenges, including the significant use of chemicals, substantial sludge generation, and difficulties in eliminating water-soluble organic compounds (Estrada and Bhamidimarri, 2016).
Electro-coagulation technology predominantly targets the removal of heavy metal ions and suspended solids from flowback fluid, making it a vital treatment component in achieving compliant discharge within the overall treatment process (Sari and Chellam, 2015). This technology boasts excellent coagulation effects, high water purification efficiency, no additional chemical reagents, straightforward equipment, and a broad pH usage range. Nevertheless, it may encounter issues like anode passivation and relatively high energy consumption (Yu et al., 2023).
Electro-oxidation technology is a chemical treatment technology that simultaneously incorporates oxidation-reduction, catalytic oxidation, coagulation adsorption, and electro-deposition effects. This technology features broad applicability, straightforward operation, high treatment efficiency, and low processing costs. When dealing with flowback fluid characterized by high salinity, elevated COD concentrations, and intense coloration, electrooxidation can yield more pronounced results compared to alternative treatment methods (Luo et al., 2023). However, it is prone to the formation of insulating layers during the reaction process, which can impede the continuation of the reaction. Additionally, achieving the desired treatment goals using solely this technology can be challenging.
Advanced oxidation processes generate highly oxidative hydroxyl radicals to tackle recalcitrant organic pollutants. Various advanced oxidation technologies include Fenton oxidation, electro-catalytic oxidation, ozone catalytic oxidation, and photocatalytic oxidation. Fenton oxidation entails the use of iron salts as catalysts to produce OH radicals from H2O2, effectively degrading pollutants in water owing to their potent oxidation capabilities (Wang and Tang, 2021). This technology offers rapid reactions and relatively few treatment limitations. However, the addition of substantial amounts of reagents results in high treatment costs (Tan et al., 2023).
Electro-catalytic oxidation technology entails the direct oxidation of organic pollutants on the electrode surface under an electric current (Ganiyu et al., 2021). It is characterized by simple equipment, mild reaction conditions, but can be associated with relatively high treatment costs and issues related to anode passivation (Zhao et al., 2021).
Ozone catalytic oxidation technology harnesses the formidable oxidation potential of ozone to break down carbon chains of organic pollutants into smaller, easily removable organic compounds (Tang et al., 2021). However, it can only degrade specific organic pollutants, and its application is somewhat limited.
Photocatalytic oxidation technology relies on external light sources, such as sunlight or specific wavelengths of light, to excite semiconductor materials and produce electron-hole pairs. These electron-hole pairs can initiate redox reactions in suitable media, leading to the degradation of pollutants in wastewater (Yang et al., 2022). The advantage of photocatalytic oxidation technology is its relatively energy-saving nature compared to some other methods. It can degrade a wide range of organic compounds. However, the preparation of photocatalysts is intricate, and it demands high-quality electrode materials. Its processing capacity is smaller compared to some other methods.
Furthermore, ultrasound oxidation technology is a combination of physical and chemical methods. It uses ultrasound to stimulate both physical and chemical reactions during treatment of the flowback fluid, thereby degrading pollutants (Tang et al., 2021). This technology can effectively control specific reaction steps and reaction rates, achieving high-quality treatment of the flowback fluid to some extent. Researchers have found that ultrasound oxidation is cost-effective and relatively straightforward compared to other treatment technologies (Lu et al., 2014).
3.3 Biological technology
At present, the primary biological treatment technologies for shale gas hydraulic fracturing flowback fluid include activated sludge technology, biofilm technology, membrane bioreactor technology, and aerobic granular sludge technology. Activated sludge technology is a biological treatment method centered around activated sludge, which consists of a suspended growth flocculent biomass containing microorganisms, organic, and inorganic materials. Utilizing this microbial community can effectively degrade shale gas hydraulic fracturing flowback fluid (Yaal et al., 2014). However, this process is significantly limited during operation due to various variable parameters, such as high salinity, high loads, and fluctuations in water quality. This limitation increases the risk of system failure (Maeng et al., 2018). To maintain the stability of the sludge system, it is necessary to consider the implementation of processes like chemical oxidation and electrodialysis upfront. This can help reduce the fluctuation range of organic matter and salinity in the flowback fluid entering the biological section, thus achieving stable operation of the activated sludge process.
Biofilm technology includes various processes such as bio-filtration, bio-discs, bio-contact oxidation tanks, aeration bio-filters, and bio-fluidized beds. The common characteristic of these processes is the utilization of micro-organisms attached to inert carriers (filter media or packing) to form biofilms for flowback fluid biological treatment (Zhuang et al., 2019). Compared to activated sludge methods, biofilm processes exhibit stronger resistance to salinity and can maintain organic and nitrogen removal efficiency under higher salinity conditions. They also have robust shock resistance and are suitable for the treatment of shale gas hydraulic fracturing flowback fluid with high salinity and significant fluctuations in water quality (Tang et al., 2021). However, this technology is limited by factors like media fill ratios and oxygen transfer, resulting in limited processing capacity. Therefore, it may not be suitable for areas with high water volumes and limited construction space.
Membrane bioreactor (MBR) technology combines biological treatment with membrane separation. This technology employs membrane components such as hollow fiber membranes and flat-sheet membranes for solid-liquid separation instead of traditional secondary sedimentation tanks. MBR technology effectively enhances sludge concentration in bioreactors, leading to higher biological treatment volume loads and reduced wastewater treatment facility footprint (Riley et al., 2016; Matsushita et al., 2018). However, MBR technology comes with a higher initial investment in membrane components. It is also prone to increased membrane fouling and reduced membrane component lifespan when exposed to adverse conditions like high salinity, as microorganisms release more extracellular polymeric substances (EPS).
Aerobic granular sludge technology involves the formation of dense, structured microbial aggregates in aerobic environments. This technology is characterized by high sludge content, high volume loads, robust resistance to adverse conditions, and low equipment and operational costs. It shows significant potential for application in the treatment of shale gas hydraulic fracturing flowback fluid (Han et al., 2022b). However, aerobic granular sludge technology employs sequencing batch reactors (SBRs), and the stability of granular sludge in industrial wastewater treatment needs further observation. The challenge of rapid recovery after granular sludge disintegration also requires attention.
Among them, biofilm technology and membrane bioreactor technology have high industrialization feasibility, while aerobic granular sludge method still needs research and innovation. Additionally, biofortification technology can strengthen the above biochemical system by introducing salt-resistant organic matter degrading bacteria so as to effectively shorten the start-up time and increase the removal rate of pollutants.
3.4 Combined technology
Analyzing the treatment outcomes of various techniques reveals that relying solely on a single treatment method is insufficient to meet the requirements for discharge or recycling of shale gas hydraulic fracturing flowback fluid. Typically, in order to effectively ensure that the flowback fluid meets water quality standards after treatment, a combination of multiple treatment technologies is often employed in the actual treatment process (Loh et al., 2021).
Based on variations in the water quality of hydraulic fracturing flowback fluid in different regions and the specific treatment requirements of enterprises, the combined treatment of flowback fluid can be categorized into three levels (Figure 1). The first level of treatment primarily focuses on removing suspended particles (TSS), residual components from hydraulic fracturing fluids, crude oil, and the like. The second level of treatment aims at removing divalent metal ions such as calcium, magnesium, barium, and strontium. The third level, which involves advanced treatment, primarily aims to reduce salt concentrations in the water, particularly chloride ion concentrations.
[image: Figure 1]FIGURE 1 | Flowchart of three-stage treatment of shale gas fracturing flowback fluid using combination technology.
4 DISCUSSIONS AND RECOMMENDATIONS
Shale gas, as a clean, low-carbon, high-quality, and efficient fossil energy source, plays a pivotal role in the transition from high-carbon to low-carbon energy development, complementing renewable energy sources (Wei et al., 2021). Major shale gas-producing countries like China and the United States are continually accelerating their exploration and development efforts, expanding the scale of shale gas exploration and production year by year (Zou et al., 2021). This leads to a continuous increase in the volume of shale gas flowback fluid.
Utilizing traditional physical, chemical, and biological technologies to handle such a large volume of flowback fluid would inevitably consume significant resources and energy, which is not conducive to achieving “dual carbon” goals (Ma et al., 2022). Furthermore, environmental protection requirements during shale gas development have been increasing in various countries. Therefore, finding ways to effectively treat flowback fluid, while also achieving energy savings and emissions reduction through treatment technologies and promoting the resource utilization of flowback fluid, is a critical objective in realizing the efficient development of shale gas on a large scale.
4.1 Developing energy-efficient and emission-reduction treatment technology
The development of energy-efficient and resource-saving technologies for treating shale gas hydraulic fracturing flowback fluid is crucial for reducing carbon emissions (Niu et al., 2023). Flowback fluid treatment technologies, while reducing the total emissions of pollutants, can achieve energy savings and reduced consumption through the following three measures.
4.1.1 New energy sources
Utilizing renewable resources such as wind energy, solar energy, geothermal energy, and hydropower for clean power generation and these power can be applied to the treatment of shale gas hydraulic fracturing flowback fluid. This approach achieves energy savings and emissions reduction in the treatment process.
4.1.2 Smart equipment for energy efficiency
Employing high-efficiency energy-saving equipment, combined with online monitoring of water quality and quantity, allows for precise control of processes such as recirculation and chemical dosing through a sophisticated intelligent control system. This improves operational efficiency and, in turn, achieves energy savings and reduced consumption (Dong et al., 2023).
4.1.3 Optimization of treatment process integration
Emphasizing technological research and promoting the combined use of sound, light, electricity, and magnetic energy are necessary (Coha et al., 2021; Abdulgani et al., 2022). This approach encourages modularization and standardization of shale gas hydraulic fracturing flowback fluid treatment facilities, enhancing treatment efficiency and increasing energy utilization.
4.2 Recycling and utilizing resources and energy
Shale gas hydraulic fracturing flowback fluid contains a significant amount of waste resources and energy that can be recovered and utilized through relevant treatment technologies (Shi et al., 2023). This can help offset carbon emissions, and the treatment approach should transition from “meeting emission standards” to “resource and energy recovery”. In addition to developing technologies for reusing flowback fluid, it is also possible to recover renewable clean energy from them. Researchers have explored new bio-treatment technologies such as microalgae wastewater purification technology and microbial fuel cells technology for treating shale gas hydraulic fracturing flowback fluid (Racharaks et al., 2015; Feng et al., 2020). However, these resource utilization technologies are still challenging to implement on an industrial scale for flowback fluid treatment in the short term. To accelerate the resource and energy utilization of hydraulic fracturing flowback fluid, innovations in existing technologies are needed. On the one hand, it is essential to further select and domesticate functionally resilient microbial strains or improve them through genetic engineering techniques. On the other hand, a deeper understanding of microbial metabolic mechanisms is necessary to enhance their resource utilization efficiency (Zhou et al., 2020). These innovations can contribute to more sustainable and environmentally friendly approaches for handling shale gas hydraulic fracturing flowback fluid while harnessing its potential as a source of resources and energy (Yu et al., 2022).
4.3 Adopting clean fracturing fluid system
Compared to conventional polymer fracturing fluid, clean fracturing fluid systems typically consist of low-pollution or non-polluting chemical additives. They offer advantages such as good degradability, low toxicity, simple treatment processes, and good repeatability in terms of fluid composition, which can significantly reduce the environmental pollution associated with hydraulic fracturing flowback fluids and, to some extent, lower the cost of fracturing operations (Cen et al., 2023). However, existing clean fracturing fluid systems often exhibit poor temperature resistance and high costs, which limit their application in hydraulic fracturing operations (Hu et al., 2023). Therefore, there is a need to focus on the development of low-cost, high-temperature-resistant, and versatile clean fracturing fluid systems to alleviate the environmental pressures associated with hydraulic fracturing flowback fluid treatment (Tan et al., 2023).
5 CONCLUSION
(1) Shale gas hydraulic fracturing flowback fluid exhibits characteristics such as high salinity, high chemical oxygen demand, elevated suspended solids, complex composition, and a wide range of water quality variations. These characteristics contribute to the significant difficulty in treatment.
(2) Physical, chemical, and biological technologies all demonstrate good performance in treating flowback fluid. Combined technologies is necessary to effectively achieve the desired treatment standards for flowback fluids, considering the specific characteristics of flowback fluid in different regions.
(3) Developing emission reduction technologies, implementing resource and energy recovery and utilize, and using clean fracturing fluid systems can enable the efficient, energy-saving, environmentally friendly, and low-cost treatment of shale gas hydraulic fracturing flowback fluid while effectively reducing emissions.
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