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Global water scarcity has emerged as one of the most critical challenges facing modern society,
creating an urgent need for innovative desalination technologies that can produce fresh water at|
lower cost and with significantly reduced energy consumption compared to existing methods.
Conventional reverse osmosis (RO) membranes dominate current desalination processes; however,
their high energy demand limits large-scale and sustainable deployment. As a result, alternative]
membrane technologies that enable energy-efficient desalination are actively being explored. One
promising candidate is the charged mosaic (CM) membrane.
A CM membrane is composed of negatively charged (N) layers and positively charged (P) layers
that are arranged in parallel along the membrane thickness direction. Each charged domain]
penetrates continuously from one surface of the membrane to the other, forming independent ion-
exchange pathways. Owing to this unique structure, CM membranes exhibit exceptionally high
permselectivity for electrolytes. In pressure-driven dialysis, electrolytes—present at much lower
concentrations than water—can selectively permeate through the membrane, allowing desalination|
to proceed with substantially lower energy input than RO processes. Therefore, CM membranes are]
expected to serve as a highly energy-efficient alternative for desalination and freshwater production.
[n addition to desalination, CM membranes possess advanced separation capabilities. They can|
selectively separate charged amino acids from those near their isoelectric points, and their ion-
valence selectivity can be readily controlled by adjusting the ratio of N and P layers, enabling charge]
based separation. Unlike conventional filtration membranes, which rely solely on molecular size
differences (size exclusion), CM membranes integrate both size-based and charge-based separation|
Imechanisms. This dual separation functionality makes CM membranes particularly attractive for
precise separation and concentration of trace ions in industrial wastewater and groundwater, as well]
as for desalination and purification processes in the food and pharmaceutical industries.

Despite these advantages, practical application of CM membranes has been limited. Numerous
fabrication methods—including polymer blending, layer-by-layer lamination, microgel techniques,
and microphase separation—have been proposed. However, conventional CM membranes typically]
suffer from insufficient interfacial bonding between P and N layers. When subjected to pressure-
driven dialysis, solution leakage often occurs at the interfaces, leading to membrane failure and
rendering these membranes unsuitable for desalination applications.

The objective of this study was to develop novel fabrication methods for CM membranes that

combine high mechanical strength with excellent ion selectivity, enabling stable operation under
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practical pressure dialysis conditions. To achieve this goal, several CM membrane preparation]
techniques were investigated, followed by detailed structural characterization and evaluation of ion|
transport properties.

In Chapter 2, laminated CM membranes were fabricated using random-type and block-type
poly(vinyl alcohol) (PVA). The membrane LSCM-1 was prepared by laminating an anionic domain|
composed of poly(vinyl alcohol-co-2-acrylamido-2-methylpropane sulfonic acid)/PVA and a cationid
domain composed of poly(diallyldimethylammonium chloride)/PVA. The membrane LSCM-2 was|
fabricated from block-type PVA, using poly(vinyl alcohol-b-sodium styrene sulfonate) as the anionid
domain and poly(vinyl alcohol-b-vinylbenzyltrimethylammonium chloride) as the cationic domain.,
Both membranes exhibited negative osmotic flow, a characteristic feature of CM membranes with|
high salt permselectivity. Pressure dialysis experiments demonstrated that LSCM-1 and LSCM-2
could withstand water pressures up to 0.3 MPa without mechanical failure.

In Chapter 3, CM membranes with woven structures were prepared using poly(vinyl alcohol-b
sodium styrene sulfonate) fibers and poly(vinyl alcohol-b-vinyltrimethylammonium chloride) fibers.
[Morphological observations of dyed membranes revealed alternating P and N domains that]
continuously penetrated the membrane from one surface to the other. The average sizes of the N and,|
P domains were approximately 500 pm and 550 pm, respectively. Volume flux measurements|
confirmed the presence of negative osmotic pressure, and pressure dialysis experiments|
demonstrated successful desalination of NaCl solutions up to 1500 ppm under a pressure of 0.3 MPa.

In Chapter 4, PVA-based CM membranes were fabricated using a screen-printing method with PVA-
modified block copolymers as the membrane matrix. Structural analysis using dye staining
confirmed the formation of charged layers with average widths of 173 pm and 203 pum and
thicknesses of approximately 20 pm. Mechanical testing revealed that these membranes exhibited|
higher fracture stress than a commercially available supported cation-exchange membrane (CSE).
[The membranes showed negative osmotic flow, confirming CM membrane functionality. In pressure]
dialysis tests conducted at 0.7 MPa with a NaCl concentration of 500 ppm, a salt rejection value of
—4.86 was obtained, demonstrating effective desalination even at low salt concentrations.
In Chapter 5, CM membranes were fabricated using heavy-ion track graft polymerization. After]
irradiating an anion-exchange membrane with a heavy-ion beam, cation-exchange monomers were|
graft-polymerized to form CM structures. These membranes exhibited high mechanical strength and|
were evaluated in pressure dialysis experiments. When a 500 ppm NaCl solution was used,
application of a pressure of 0.4 MPa resulted in a decrease in salt concentration on the high-pressure
side and a corresponding increase on the low-pressure side. Furthermore, three CM membranes with|
different charge structures were prepared, and diffusion dialysis experiments using electrolytes with|
various valence combinations clarified the relationship between membrane charge architecture and|
electrolyte selectivity.

The successful development of mechanically robust and high-performance CM membranes,
together with compatible membrane modules, could enable practical implementation of CM]

membrane pressure dialysis. If commercialized, this technology has the potential to achieve]
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desalination with approximately one-tenth the energy consumption of RO membranes, positioning]

CM membranes as a game-changing alternative and a significant step toward solving the globall

water scarcity problem.
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