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With the development of society, a large amount of liquid waste is generated in the chemical, pharmaceutical, and printing industry and also in daily life. However, the liquid waste also contain some useful chemicals. What is more, the treatment of liquid waste and the separation and recycling of useful substances are of great significance. For example, as of 2014, the amount of untreated organic liquid waste is ~2.7 million tons per year, which causes an economic loss of 530 billion US dollars (Cseri et al., 2018). Traditional separation technologies, such as multistage distillation, temperature swing adsorption, and azeotropic distillation, have a large carbon footprint, which undoubtedly increases the processing costs. Furthermore, with the tremendous interest in separation technologies, people are driven to search for low energy consumption separation technologies which are independent of phase changes of fluids (Sholl and Lively, 2016; Lively and Sholl, 2017). For example, advanced membrane separation technology enables such a green process that can greatly reduce the energy consumption and carbon, which is able to pace the intensity of conventional distillation processes for the separation and purification of compounds (Jimenez-Solomon et al., 2016; Liu et al., 2016; Wang et al., 2018, 2019; Zhang et al., 2019). Significantly, the energy consumption per liter in the emerging membrane separation process is about 1/25 times as much as that in the conventional distillation process (Rundquist et al., 2012; Yang et al., 2020).

Although emerging separation technologies save energy, it is very difficult to replace traditional separation technologies completely due to large-scale production and imperfect development (Cuperus and Smolders, 1991; Wang et al., 2006, 2012; Striemer et al., 2007; Feng et al., 2016). At present, we are in an era where emerging and traditional separation technologies have to be replaced. In addition, it is necessary to summarize the current common problems in the field of separation, which is of little significance for saving resources and achieving sustainable development. Based on this, this article aims to analyze the problems in the currently important separation process, with a view to point out the research path for emerging separation technologies to replace traditional separation technologies.


WASTEWATER TREATMENT AND RECYCLING

The traditional sewage treatment is mainly through Anoxic Oxic (AO) and Anaerobic-Anoxic-Oxic (A2O) processes (an activated sludge method). However, traditional treatment techniques often result in poor effluent quality due to unstable activated sludge in the secondary sedimentation tank. The appearance of the membrane (membrane bio-reactor technology) laid a foundation for solving this problem. Using the membrane separation, a high-efficiency sludge-water separation is realized, and the effluent quality is greatly improved (Kang et al., 2018). However, in this process, membrane fouling led to a significant reduction in the membrane life and increases the processing costs. In addition, in order to meet drinking water standards, it is often necessary to further remove contaminants from the effluent.

For the posttreatment of the effluent, traditional separation technologies include mainly desalination such as distillation. Although distillation is the most effective separation technology, the required high energy consumption is 50 times more than the minimum energy, which is required to produce drinking water from seawater according to the thermodynamic definition (Zhang Y. et al., 2020), thereby driving people to find more suitable processing technologies.

A reverse osmosis (RO) membrane separation technology is an excellent candidate. The energy consumption is significantly reduced, which accounts for only ~25% of the thermodynamic minimum energy (Koros and Lively, 2012; Zhang Y. et al., 2020) because this separation process does not have the occurrence of the phase conversion. However, the permeance of the RO membranes is very low under applied pressure of less than 2 L m−2 h−1 bar−1, which leads to inefficient water treatment (Lee et al., 2011). To increase permeance, roll membrane modules were introduced into the treatment process to improve the effective membrane penetration area, which caused an increase in the water treatment costs. Furthermore, when RO membranes are used for treating high-concentration effluents such as high salt or suspended matter wastewater, the performance of RO membranes decreases drastically due to membrane fouling. Therefore, in the actual application, a single RO membrane separation system is very difficult to deal with the effluent, which inevitably needs to use an integrated system to achieve the best treatment effect. However, the integrated system is not a long-term consideration. It is an urgent need to develop budget RO membranes demonstrating excellent performance to improve the possibility of running of the original RO system.

In summary, it is important to reduce the operating costs that the development of high permeance, inexpensive, and pollution-resistant RO membranes, which is conducive to the commercial feasibility of the technology even in the treatment of highly polluted water bodies.



GREENHOUSE GAS CAPTURE

Greenhouse gas mainly includes carbon dioxide, nitrous oxide, methane, and freons (Gorham, 1991; Kasimir-Klemedtsson et al., 2010). Among them, carbon dioxide emissions contribute the most to environmental hazards, accounting for 25% (Khalilpour et al., 2015). Carbon dioxide is mainly produced by burning coal, oil, and natural gas, which is an indispensable energy source for economic development and social progress (Quadrelli and Peterson, 2007). There is no doubt that, before the spread of clean energy, carbon dioxide emissions will gradually increase. What is more, the capture of carbon dioxide is very important according to the protection of the environment and achieving sustainable development. A simple carbon dioxide capture technology is summarized in Table 1.


Table 1. Materials for gas capture.
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The energy consumption of traditional adsorbent adsorption and desorption is high (Rochelle, 2009), which is mainly due to the high temperature required for carbon dioxide desorption, because of the strong adsorption of carbon dioxide and adsorbent. For example, using this technology to capture carbon dioxide from flue gas consumes 30% of the energy of the power plant (Haszeldine, 2009). In addition, the corrosiveness of the adsorbent will also cause secondary pollution to the environment (Xiang et al., 2012). Therefore, it is necessary to develop a low-cost carbon dioxide capture technology.

Emerging membrane separation technologies can effectively reduce costs because no heating is required during processing (Ze and Sx, 2014). For example, a hollow fiber membrane gas capture technology has been widely used in industrial sectors and laboratories (Ze and Sx, 2014). Similarly, examples include Jiang et al. (2019) who observed that a ZIF-8-based ceramic membrane demonstrated excellent capture performance for CO2, opening a new chapter (organic–inorganic hybrid gas capture membrane), which greatly promotes the application of a membrane separation technology due to excellent resistance of inorganic membranes. However, due to technical and economic issues, a membrane gas capture technology is difficult to achieve large-scale industrial applications. For large-scale applications, the challenges of a membrane gas capture technology mainly focus on the following aspects.

First of all, the design of the membrane structure and the choice of materials are key factors. It is necessary to develop high-temperature, corrosion-resistant, and pollution-resistant gas permeable membranes. In addition, the permeability and selectivity, mechanical properties, stability, and process compatibility need to be carefully considered. However, the existing research mainly focuses on the permeability of the gas membrane, and lacks consideration of other important factors. What is more, the impact of trace gas components (for example, O2, SOx, NOx, and NH3) on a membrane capture technology has been ignored in the existing articles and researches that focus on the separation of a binary mixture of N2 and CO2 (Adewole et al., 2013). In addition, it may not be feasible to use a single-stage membrane gas capture technology because of the low carbon dioxide content of the flue gas, even if the membrane demonstrates high permselectivities (Li and Chen, 2005). Therefore, a multistage membrane gas capture technology may be feasible and at the same time improves the separation efficiency of carbon dioxide and product purity, which leads to an increase in the processing costs and an improvement of processing technology. In the conclusion, in the application of membrane contactors for gas absorption, the limitation of the trade-off between cost and performance is ultimately to be resolved.

Furthermore, how to deal with purified products is an important issue. Carbon dioxide can be used in the crude oil production and also in agricultural, chemical, and biological refining of feedstocks. However, humans emit large amount of gas that is stored in underground reservoirs for a long time, which causes many other problems.



SEPARATION OF DYES AND SALTS FROM SEWAGE

In recent years, dyes have been widely used in papermaking, printing, pharmaceutical, textile, and other industries (Crini and Badot, 2008). The discharge of colored sewage destroys the environment and endangers human health (Katheresan et al., 2018). In addition, in order to improve the adsorption of dyes in the product, inorganic salts (for example, NaCl and Na2SO4) are often added during the preparation process (Vreese and Bruggen, 2007; Wang et al., 2013; Lin et al., 2015; Zhu et al., 2016). Therefore, this kind of wastewater often includes dyes and salts that are valuable resources. However, in the progress of this wastewater, traditional separation technologies such as adsorption (Kandisa et al., 2016) and photocatalysis (Rochkind et al., 2015) are very complicated due to the existence of highly concentrated dyes/salts (Table 2). It is very urgent to develop a simple technology such as emerging membrane technology. However, some RO and nanofiltration membranes often separate dyes and salts at the same time by aperture screening and Donan effect. It is very difficult to achieve the separation of dyes and salts, respectively. The emergence of loose nanofiltration membranes laid a foundation for solving this problem.


Table 2. Materials for separation of dyes and salts from sewage.
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Currently, the two main preparation methods of loose nanofiltration membranes are nanoparticle-based in situ polymerization (Cheng et al., 2017; Huang et al., 2020) and two-dimensional (2D) material nanofiltration membranes (Yang et al., 2017; Gao et al., 2018). By the way, the fall off and agglomeration of nanoparticles and 2D materials limit a wide range of applications of loose nanofiltration membranes. Furthermore, an expensive raw material and a complicated preparation process of selective layer are huge obstacles to large-scale preparation. In order to improve the permeance, it is often premised on sacrificing the rejection due to the limitations of the traditional trade-off of the membranes. Consequently, it is crucial to develop a simple and cheap membrane preparation method to achieve large-scale applications. Based on this, how to break the limitations of the traditional trade-off is also a problem that needs to be further solved in the preparation of loose nanofiltration membranes.



SEPARATION AND RECYCLING OF EMERGING CONTAMINANTS

Emerging contaminants refer to all pollutants produced in the production and construction or other activities that do exist at present, but which have not been stipulated by environmental protection laws and regulations or have imperfect regulations and endanger the life and ecological environment. Heavy metals are a class of Endocrine Disrupting Chemicals (EDCs), which are the main components of emerging contaminants. Therefore, from the perspective of environmental protection, it is very important to separate and recycle the heavy metal. Some of the separations of heavy metal ions are briefly summarized in Table 3.


Table 3. Materials for the separation and recycling of emerging contaminants.
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Traditional separation technologies mainly include ozone oxidation, activated carbon adsorption, evaporation recovery, ion exchange, and the combination of all (Beszedits Stephen, 1980; Haroon et al., 2020; Zhang S. et al., 2020). However, these traditional separation technologies exhibit many disadvantages such as high energy consumption, adsorbent life and adsorption capacity, secondary pollution, etc. (Huang et al., 2020). Based on this, it is very crucial to develop some simple and saving energy technologies. Emerging membrane separation technologies are expected to be a candidate for the treatment of heavy metal ions due to a low energy consumption, a small footprint, a high degree of automation, and a simple operation. Recently, in this area, membrane separation technologies gradually are concerned. Examples include Liu et al. (2020) who observed that polyacrylonitrile- (PAN-) polyvinyl alcohol (PVA) nanofibrous composite membranes demonstrate excellent removal of Cr (VI) and Cd (II). Similarly, Moradi et al. (2020) introduced a tetrathioterephthalate filler into the polyethersulfone (PES) substrates to prepare effective removal of metal ion membranes. Furthermore, polyamide (PA) nanofiltration membranes synthesized by interfacial polymerization demonstrate excellent performance for water permeance (about 10 L/MHB) and heavy metal ion rejection (about 90%). However, these kinds of membranes are only at the laboratory level. It is very difficult to achieve a large-scale preparation without loss of the performance of membranes. As for plant scale membranes, commercial DuraMem membranes, molecular weight cut-off (MWCO) of about 200 g/mol, are suitable for the separation and recycling of heavy ions. Although commercial membranes can achieve a large-scale preparation and an effective pollutant rejection, severe permeance limits its extensive application and induces a sharp increase in costs. Trade-off phenomenon (a mutual inhibition of permeance and rejection) has been a main obstacle to a wide application of membranes. In recent years, many researches have been devoted to break the traditional trade-off limit and achieve excellent results such as mixed-matrix membranes (an increase of solvent permeation channels) and independent preparation of selective layer (reducing roughness and improving solvent affinity). However, these membrane preparation methods are very difficult to achieve commercial large-scale preparations, and the raw materials involved in the membrane synthesis process are very expensive. Therefore, how to break the traditional trade-off phenomenon and realize large-scale production (by simplifying the preparation process and reducing the preparation cost) simultaneously is an urgent problem to be solved at this stage, which is of great significance for energy conservation and economic development.



CONCLUSIONS

In this stage, traditional separation methods, such as distillation and adsorption, remain the main processing technologies. However, traditional separation technologies need to be improved or replaced because of problems such as the consumption of high energy and the life of an adsorbent. Emerging membrane separation technologies can solve these problems but a widespread application of these technologies is limited because of membrane factors (heat resistance, corrosion resistance, pollution resistance, long-term stability, etc.) and environmental factors (composition of the applied chemical mixture and the compatibility of the membrane with the process, etc.). Although there is a large amount of research devoted to solving the abovementioned factors of the membrane itself, it is difficult for these research results to expand from laboratory scale to industrial scale, which is because in the process of preparing membranes, performance is often pursued, and the complication of the preparation process and an increase in the preparation cost are ignored. Even if it can be industrialized, once the membrane module is applied to the actual project, the life of the membrane is often greatly reduced due to harsh environmental conditions, thereby increasing the cost, which makes many companies to continue to use traditional separation technologies. Therefore, changing the research thinking is strongly recommended. Researchers should not only focus on the performance of the membrane, but also should design and develop a new type of membrane module from a comprehensive perspective of performance, cost, and process. In the case of a simple preparation process at low cost, even if the performance of the membrane is reduced, as long as there is a little improvement over the previous research, it is very excellent. Numerous small advances will eventually promote large-scale applications of a membrane separation technology.
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