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Sustainable Water Purification Technologies for the Water-Energy
Nexus: Chemical Interface Engineering and Structural Approaches

Myeonghwan Shin*, Seohyeon Lee*, Yoona Kim*, Chiyoung Park*"

ABSTRACT: Freshwater scarcity remains a serious global issue, and the development of precise and energy-efficient
separation technologies is essential to address this challenge. This review explores recent advances in high-efficiency
separation processes for water treatment from the perspective of the water-energy nexus (WEN), focusing on three
key strategies: adsorption, membrane filtration, and membrane distillation. In adsorption, various studies have been
conducted to achieve rapid and selective removal of trace contaminants using porous organic polymers (POPs) with
high surface areas and diverse functional groups. In membrane filtration, interfacial polymerization based on
macrocyclic monomers and hierarchical pore control has been evaluated as an effective strategy for simultaneously
improving permeability and selectivity. In membrane distillation, photothermal membrane distillation (PMD), which
employs photothermal nanomaterials and solar-driven localized heating, is gaining attention as a next-generation
desalination technology suitable for off-grid applications based on renewable energy. PMD offers advantages such as
stable operation under low-temperature and low-pressure conditions, high resistance to fouling, and simplified system
design, thereby overcoming the limitations of conventional membrane distillation. This review outlines strategic
directions for the development of next-generation sustainable water treatment technologies through an integrated
approach combining chemical design and structural control, with a focus on realizing the WEN.
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Fig. 1. (a) Left, synthesis of the high-surface-area porous P-CDP from 3-CD and 1. Right, schematic of the P-CDP structure. Reproduced
from Ref. [16]. Copyright 2016, Nature. (b) Chemical structures and schematic 3D images of CTF-CB, CTF-FL, CTF-CB-OX, and
CTF-FL-OX Reproduced from Ref. [17]. Copyright 2022, Advanced Materials
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Fig. 2. (a) An ultrathin polyamide nanofilm incorporating aligned macrocycle channels. Reproduced from Ref. [29]. Copyright 2022,
Nature. (b) Amino-functionalized 18C6 was dissolved in water on a PAN support, then reacted with TMC in the organic phase to
form a selective thin layer. Reproduced from Ref. [30]. Copyright 2024, Nature Communications. (c) Schematic of the MOF PE
MMM:s fabrication process using the TIPS-HoP method. Reproduced from Ref. [39]. Copyright 2019, Nature communications. (d)
Schematic diagram of membrane substrate preparation by NIPs. Reproduced from Ref. [40]. Copyright 2023, Industrial & Engi-

neering Chemistry Research
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Metallic NPS MXenes
1 Graph Q Dots
L O

Fig. 3. (a) Schematic of the MD process with illustrations of (i) the vaporization/condensation, (ii) the mechanism of transport through
the pores of the membrane, and (jii) heat transfer resistances in MD. (b) Most frequently used nanomaterials employed in MD.

Reprinted from Ref. [53]. Copyright 2024, Advanced Materials
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Fig. 4. (a) Conventional MD modes: Direct contact MD (DCMD); Air gap MD (AGMD); Vacuum MD (VMD) and, Sweep gas MD (SGMD).
Reprinted from Ref. [54]. Copyright 2024, Progress in Materials Science. (b) Solar vaporization using the interfacial design with
conventional solar still for distillate collection. Schematic illustration showing the mechanism of PMD and its effect on tempera-
ture polarization compared to conventional MD. Reprinted from Ref. [49]. Copyright 2021, Small Methods
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sun illumination. Feed, 60°C. Source data are provided as a Source Data file. Reprinted from Ref. [50]. Copyright 2022, Nature
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