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INTRODUCTION
Membrane separation of various mixtures of organic and inorganic substances can be considered as one of the most energy-conserving separation methods. Continuing efforts in the development of new membranes with improved thermal, chemical, and enhanced transport properties have led to many new possible applications since the 1960s.
Various types of membranes are employed extensively for desalination, drinking water production, wastewater reclamation, and reuse. Development of novel membranes and new operational approaches offered promising opportunities to industry (Singh, 2015).
The water shortage is one of the serious global threats in the World. Membrane technologies can be applied to produce water of exceptional purity that can be recycled in a variety of places. The reuse of water is widely practiced in many industries and countries to decrease the demand on the available water and reduce stresses on environment and populations (Ali et al., 2017). In addition to the water process, there are many other application areas of membranes such as the manufacture of food and pharmaceutical products, production of base chemicals, energy conversion devices such as fuel cells, and in medical devices such as hemodialysis, blood oxygenators, and controlled drug delivery products, etc. (Singh, 2015). Furthermore, carbon dioxide capture and controlling the greenhouse gas emmisions are other areas of research which membranes have been playing a dominant role (Merkel et al., 2012; White et al., 2015; Sanaeepur et al., 2019). However, in all these applications, the module and process design are crucial. Figure 1 illustrates some important and challenging issues regarding the membrane processes. The discussions towards these issues are presented below.
[image: Figure 1]FIGURE 1 | Important challenging issues in membrane technology with emphasis on membrane.
CHALLENGES IN MODULE DESIGN
Membrane system costs and applications depend mostly on the material used. The performance of a membrane for water treatment application is evaluated according to water flux and selectivity. But, an efficient and economically feasible industrial application will be possible if the membranes keep their integrity for their whole lifetime. Therefore, module design and fabrication are still important issues to be tackled. In addition to the compatibility of adhesives, seals, spacers, and feed distributors, some of the membrane system components such as housings and connectors need to be selected carefully. Especially in food applications, all these components have to be food-contact approved. In pressure-driven membrane operations, the use of both concentrates and permeate streams leaving the same membrane unit is another key issue. In most operations, while the product stream so-called permeate is collected, the other one so-called concentrate or brine is discharged as waste in membrane desalination processes. When it is not and the retentate is the desired product, like hemodialysis, food dewatering applications, or nitrogen generation etc. To have an economically feasible application and environmentally benign process, concentrate waste management is another key factor in real desalination operations (Muralidhara, 2010).
In membrane reactors and membrane gas separation, the membrane module should be durable under high operating temperature and pressure. Different parts of the membrane module should be resistant against corrosive chemicals, such as alkaline or acidic solutions. Moreover, the distribution of feed, permeate and retentate flows inside the membrane module is also important. In all these cases, the process requirements should be taken into consideration.
Membrane distillation (MD) process is generally used for treatment of saline wastewater. Although there has been much work on improving the design of MD systems, temperature polarization (TP) and high-energy consumption per unit of product water are the most important obstacles to its commercialization. Modification and configuration of MD systems and utilization of high-performance materials for membrane fabrication are reported in a review paper (Anvari et al., 2020). Coating thermally conductive or photonic nanomaterials on the membrane’s surface or using thermally conductive metallic based membranes are some of the challenges in this area. Also, it was reported that frame-like turbulence promoters and improved feed channels were useful to decrease TP (Anvari et al., 2020).
The first systematic study of how the membrane distillation heat transfer rates change as a function of module size and membrane permeability was studied in the literature (Dudchenko et al., 2020). According to the authors, additional work is needed to understand the effect of mass transfer through the membrane on heat transfer in large modules through multi-physics computational fluid dynamic studies (Dudchenko et al., 2020).
Recently, technology development in three dimensional (3D) printers could shed some light in membrane module design. 3D printing technology can facilitate fabricating membrane modules with complex geometries, which are not manufacturable using conventional techniques. Early research results revealed successful spacer design with promoted turbulence inside the membrane module, which could mitigate the fouling effect and enhance the permeate flux. Research in this field is now focused on printing the entire membrane module, which is really promising. However, there are still some remaining challenges, such as low resolution, material integrity, mechanical strength, etc. (Koo et al., 2021; Soo et al., 2021).
CHALLENGES IN MEMBRANE PROCESSES
Pressure-driven membrane processes such as reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), microfiltration (MF) along with membrane bioreactors (MBRs), membrane distillation (MD) and electromembrane processes such as electrodialysis (ED), electrodeionization (EDI) and reverse electrodialysis (RED) are the most dominant membrane-based technologies for different industrial processes. They offer great solutions to the problems such as water stress, energy production, reductions in mineral resources, etc. in modern society. Designing new unit operations based on membrane technologies and their integrations in the production cycles is needed to establish the best process intensification strategy in process engineering. What is more, when unit separation processes are enhanced by membranes, their effect is improved significantly. Hybrid systems combining membrane processes with other conventional separation technologies provide excellent opportunities to reduce energy consumption and minimize the environmental impact. The separations integrating membrane technology with conventional processes can fill the gap and actively develop the new designs for alternative technologies (Kabay and Bryjak, 2013). Membrane distillation bioreactor (MDBR) is an example in this field. This new approach, which combines the membrane bioreactor and membrane distillation technologies, could perform promisingly in wastewater treatment with minimized waste generation and greenhouse gases emission (Goh et al., 2015).
Similar improvement caused by the use of membrane offers a new perspective for the development of new separation units. As an example, the following systems can be compared: i) liquid-liquid extraction vs. perstraction, ii) sorption vs. sorption membrane filtration, iii) capacitive deionization vs. membrane capacitive deionization, iv) crystallization vs. membrane crystallization, v) distillation vs. membrane distillation, vi) evaporation vs. pervaporation, and so on (Cejna et al., 2021; Nakhjiri et al., 2022).
CHALLENGES FOR ENVIRONMENTAL PROTECTION
Recently, the reclamation of wastewater has been developed as an alternative to seawater desalination for industrial makeup, agricultural irrigation, and potable water production for indirect use. Membrane processes can be used in different configurations for wastewater reclamation and reuse in order to meet the quality requirements by water authorities (Cote et al., 2008). However, the membrane selectivity in order to provide high quality product is still challenging. Furthermore, membrane process could effectively be used in CO2 capture and greenhouse gases separation from industrial plant stacks. In the case of CO2 capture, very high gas permeance is a major requirement in order to deal with the very high gas flows.
Membrane processes are well-accepted clean and environmental-friendly separation technologies with lower energy consumption for conventional techniques. However, due to the use of non-degradable polymers and potentially harmful chemicals in membrane, module, and spacer fabrication, current membrane technologies are far from environmentally friendly scenarios. Therefore, the so-called clean nature of such membrane processes is seriously questionable. Moreover, the effect of membrane and module production on microplastic generation, environmental pollution, global warming, and human health, should be considered holistically. Therefore, it is crucial to give some thought to the next generation of membrane processes towards cleaner and more sustainable approaches.
CHALLENGES IN RESOURCES RECOVERY
Membrane separation technologies are not only employed for water and wastewater reclamation but are also used for the recovery of various resources such as salts, fertilizers, bio-compounds, energy, or other added-value products from various sources. Membrane technologies can be easily applied in the recovery of raw materials from brines. For this purpose, electrodialysis (ED) and membrane distillation crystallization (MDC) methods are the most often used alternatives. For example, the ion exchange membrane crystallizer combining reactive and membrane crystallization was investigated for recovery of high purity magnesium hydroxide from aqueous solutions (Corte et al., 2020). Membrane crystallization (MCr) is a promising process for ion and metal recovery from a wide range of sources. Recovery of lithium and phosphorous are among the recently recovered value-added chemicals using MCr process (Xie et al., 2016).
Forward osmosis (FO) is also another alternative process for the recovery of high-value compounds, especially in food and beverage rather than water reuse and desalination processes. On the other hand, FO technology is considered to be still in its infancy, and its potential should be demonstrated in full scale (Blandin et al., 2020).
CHALLENGES IN HARVESTING RENEWABLE ENERGY
Global energy expenditure is considered to increase due to the rapid growth of populations. Therefore, global warming due to carbon dioxide (CO2) emissions and air pollution issues are also expected to increase by using fossil fuels. By developing alternative and renewable energy resources, global problems regarding the demand for clean energy and environmental concerns might be resolved. A promising alternative to solve these issues is salinity gradient power (SGP) so-called “blue energy” which can generate electrical or mechanical energy by converting the chemical potential when two solutions with different salinities are mixed. As it does not release any toxic gas emissions, it is counted as sustainable and clean energy with minimized carbon footprint. The use of ion-exchange membranes for harvesting renewable energy seem to meet these challenges (Othman et al., 2021).
Recently, nanopore-based membranes were developed for harvesting the salinity gradient (blue) energy. A systematic analysis of the viability of nanopore-based power generation over multiple process scales was carried out (Wang et al., 2021). They studied on the mechanism of harvesting salinity gradient energy and the effects of pore selectivity and conductance on power generation.
FUTURE PROSPECTS
Recent achievements in membrane technologies provide new challenges and opportunities to redesign the various processes from industrial production to desalination and water treatment by taking into consideration the basic requirements in the process intensification strategy. Indeed, being an energy-efficient and environmentally benign process giving a high-quality product with low cost will give a high chance to apply a membrane-based process in real industrial operations (Drioli et al., 2019). The development of novel membranes and membrane operations, innovative applications of membrane processes in space, energy production, biotechnology, and medicine are other topics attracting the attention of the new generation membrane engineers.
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