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Cellulose triacetate (CTA)-based hollow fiber (HF) membrane is one of the commercially successful
semipermeable membranes that has had a long progress since the time the excellent semi-permeable feature of
cellulose-based polymers was found in 1957. Because of the reliable and excellent performances, especially for
drinking water production from seawater, CTA-HFs have been widely used as reverse osmosis (RO) membranes,
especially in arid regions.

seawater desalination cellulose triacetate

| 1. Introduction

A rapid growth of global population and urbanization especially in developing countries has resulted in a huge
demand for fresh water in many regions of the world 2841 Fresh water shortages are becoming a crucial threat
for the securing of sustainable water, human health, ecosystems, and economic development BIEII At present,
about 40% of the global population faces severe water scarcity, and it is still expected to increase 2. Because the
total amount of fresh water on the earth remained almost the same despite the increasing demand, seawater
desalination for reliable water securing has been sufficiently important as a major water source especially in arid
regions. Seawater reverse osmosis (SWRO) has been recognized as a reliable mainstream method in the world
because of its lower energy consumption compared with the conventional desalination techniques (such as
evaporation) due to the absence of latent heat energy for the phase changing of water [&l. Theoretically, about 1.0
kWh of energy is needed to produce 1 m3 of fresh water with the seawater recovery ratio of 50% Rl However,
about 2.6-8.5 kWh of energy is generally required in the current RO plants 22 and minimizing the energy
consumption is still needed. Furthermore, the recent environmental concerns and legal regulations require
minimizing the environmental impacts of brine disposal from SWRO plants as well as wastewater treatment plants
(13)14]115)[16] For example, the total global installed desalination capacity is 97.2 million m3/day while the total global
cumulative contracted capacity is 114.9 million m3/day as of the middle of Feb 2020 24, that is, a huge amount of
brine (about 140 million m3/day) was discharged into the ocean (under an acceptable assumption that its water
recovery ratio was 42% [18). Therefore, brine management has been recognized as an important matter due to the
rapid increase in the number of desalination plants. In fact, for example, 22 million m3/day of brine (15.5% of the
total brine) is produced inland (over 50 km from the nearest coastline) (28! and it creates transportation problems
for the brine discharge to say the least. Therefore, the optimization of brine management for the plants via
economically viable and environmentally friendly ways will become quite important in the near future (1218, For this
purpose, both brine volume minimization and the subsequent reuse of the brine as a valuable resource are

regarded as promising options because minimizing the brine will reduce the amount of brine as well as increase
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the water recovery in the RO plant. In addition, the subsequent brine mining can transform waste brine into
valuable products 191(201[21]

A semipermeable membrane is a key component in the SWRO plants that enables the extraction of fresh water
from seawater. Moreover, it also has a huge potential for brine minimizing. Up to now, only cellulose triacetate
(CTA)-based and polyamide (PA)-based membranes have been successfully used in the SWRO plants for reliable
water securing since the first finding of an outstanding semipermeable membrane of cellulose-based polymers in
1957 by Reid [22. Cellulose triacetate (CTA)-based hollow fiber (HF) membrane is therefore one of the
commercially successful semipermeable membranes that has a long historical development due to its reliable
excellent performances especially for drinking water production from seawater. In addition, recently, because of the
versatile demands in energy consumption and environmental concerns about brine discharge as mentioned above,
CTA-based HFs have caught attention for the usage of different methods, such as forward osmosis (FO) [2311241[25]
(28] pressure-retarded osmosis (PRO) [11127]28][29]301[31](32](33] and prine concentration (BC) 4B for the emerging
technologies. Because their applications require optimum characteristics individually, different strategies for

designing the membrane and module are required in spite of using the same CTA material.

2. Brief Background of the CTA Membrane for Seawater
Desalination

The RO process was firstly proposed by Reid of Florida University in the beginning of 1953 [23I28] After then, the
workers at Florida University announced a cellulose diacetate (CDA) film with outstanding semipermeable
performance in which salt rejection was 96% or more, but its water permeability was still very small and not
applicable for commercial application 7381 However, their pioneering work clearly showed a possibility of
conducting a RO process using a semipermeable membrane for seawater desalination. After that, a remarkable
progress was achieved by Loeb and Sourirajan of the University of California, Los Angeles (UCLA); they prepared
an asymmetric-type CDA membrane that had quite a thinner salt rejection layer and a loose support sublayer using
the same material of CDA [B9l[401  After this invention, accelerated research on cellulose-acetate (CA)-based
materials for practical applications was conducted to improve the membrane performance in the industry 43 The
details in the early history of RO membrane development are available elsewhere [B7I[41]42][43][44]45] A5 CA-based
polymers, cellulose triacetate (CTA) 48, cellulose acetate butylate “Z, CA blends such as CDA with CTA [42l48] the
cross-linked CA 49 and the composite membrane (a thin CA film on a porous support consisting of the other
polymer) BY were demonstrated in addition to the CDA. Towards its commercialization, among them, CTA
membranes were well developed by some companies because CTA had a better stability in a wider range of
temperatures and pH, higher resistance to chemicals and biological attack, and better membrane performance
compared to the initial CDA, even though CTA was more difficult to handle in the membrane preparation than CDA
4l Then, the preparation conditions such as dope solution composition and post-treatment condition were also
further developed and optimized for the applicable industrial production. For example, the dope solution contained
CA polymer, acetone, and magnesium perchlorate at —10 °C casted on a glass plate. The casted solution was set

for a certain time as an evaporation procedure and then immersed in cold water BJ49. Since the first method was
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difficult, an easier preparation procedure with high membrane performance was required in the industry 2.
Although various types of solvent for the dope and coagulation bath were then studied (such as acetone, acetic
acid, formamide, chloroform, pyridine, dioxane and its mixtures), these solutions were difficult to handle in the
industry. Therefore, polar aprotic solvents such as N-methyl pyrrolidone (NMP), dimethylacetamide (DMAc) and
dimethylsulfoxide (DMSO) were preferably used as the alternative solvents because of their easy handling in the

industrial production.

In addition to the membrane development, subsequent module configurations were also developed, such as
tubular #2B1 plate-and-flame 2, spiral-wound 23534l and HF 23], Among them, the HF configuration had superior
advantages to the spiral-wound in the total membrane area, the packing density, and the module performance if
the original membrane performance was the same. The spiral-wound type CA membrane was commercialized by
many companies and used as the industry standard through the 1960s to mid-1970s [B738], However, CA-based
membranes were still not widely used for the large-scale desalination purpose at that time 54, The CA-based spiral
one was mainly used for pure water production for industrial processes and ultrapure water production in the
semiconductor industry B4, After that, in the case of the spiral-wound type, an alternative membrane was found via
the pioneering work by Cadotte from 1972 B8I58] \which was based on a situ condensation method using
monomeric amine and monomeric acid halide. This innovative invention made a rapid shift from the CA-based
spiral-wound to the PA-based one because of the preferable features of the PA-based membrane, such as higher

flux and higher pH resistance.

With the purpose of achieving seawater desalination in mind, a significant portion of research and development
was carried out using a CTA-HF membrane and module by Dow Chemical based on a research contract with the
Office of Saline Water in the U.S. Department of the Interior BZ. Their development results of the RO module for
brackish water desalination and for seawater desalination were published in 1970 and 1974, respectively 52160
and the CTA-based HF RO module for low-pressure brackish water desalination was subsequently marketed in
1974 B7. The research developments for the CA-based HF were also conducted by other companies such as
Monsanto, Toyobo, and others, in addition to Dow Chemical. After that, following the early work by Dow Chemical,
Toyobo successfully developed a CTA-HF RO module for high-pressure one-pass seawater desalination and
subsequently marketed it in 1979 7145161l The CTA-HF RO module was often used in the fishing industry as a

small-scale desalination apparatus on a shipping boat (62!,

After these efforts, because of the rapid increasing demand for drinking water in the world, RO membranes have
been acceptably and widely used for the large-scale seawater desalination purpose since the 1990s; the total
global cumulative contracted capacities since 1965 were about 14, 25, and 60 million m3/day in 1990, 2000, and
2010, respectively [, In the case of the HF type, only CTA is still used for the RO membrane for seawater
desalination, unlike the spiral-wound type, because of its competitive total module performance of CTA-based HF

membrane module compared with the PA-based spiral-wound one 22,

| 3. Features of CTA-HF RO Module
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3.1. CTA-HF Membrane

3.1.1. Preparation Procedure and Its Characteristics

CTA-HF RO membranes are generally prepared by spinning a solution of a CTA polymer, followed by soaking and
annealing. The optimization of the preparation condition, such as using spinning technology of high concentration
polymers, micropore controlling technology in manufacturing, and post-treatment by high temperature annealing,
made it possible to increase the permeate water flux of the CTA-HF membrane without additional steps [BZI38] A
typical illustration for HF preparation procedure for an asymmetric membrane is shown in Figure 1. Highly-
controlled spinning technology provided a well-designed morphology of the HF with an outer dense layer for
selective water permeation and a relatively gradient porous structure of the HF along the thickness direction from
the outer to inner diameters. Figure 2 shows the optical and transmission electron microscopic images (OM and
TEM) of the CTA-HF RO membranes. In the TEM image, the CTA-HF RO membrane has roughly three layers (the
outermost layer in white is the dense separation layer) with gradient morphology. Water- and salt-selective
permeations strongly depend on the outer dense layer, and the porous support layer provides the pressure
resistance of the HF membranes. Therefore, this gradient porous morphology along the outer dense layer and the
porous inner support layer provided the CTA-HF RO membranes with outstanding pressure resistance retention
without additional supports. Moreover, the gradient morphology will be formed even within a dense thin layer
because the dense layer in the TEM image is a lot thicker than expected from the theoretical permeability of the HF

membrane estimated from its thickness in the TEM image.
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Figure 1. Typical diagram for preparation of an asymmetric membrane.
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Figure 2. Image of hollow fiber (HF) membrane in cross-sectional structure and TEM image.

The HF dimensions with a fine HF structure are also important characteristics to give not only a pressure
resistance of HF but also water permeation performance. The outer and inner diameters of CTA-HF RO
membranes are designed to be about 140 ym and 55 um, respectively. The suitable dimensions of the HF are

controlled by the preparation condition and the nozzle dimensions in the spinning process.
3.1.2. Chlorine Resistance

A membrane clogging (fouling) caused by fouling substances (foulants) is a major problem in the daily operations
in the seawater RO desalination plants because it significantly deteriorates the performance of membrane
permeability and plant productivity (3], Because the scaling is generally controlled by adjusting the pH of seawater
and its recovery ratio, the most serious fouling problem in the RO plant is microorganism-based biological fouling
(641 Microorganisms adhere to the RO membrane that utilizes the foulants (such as organic substances attached
onto the membrane surface), and the various microorganisms then proliferate, forming a biofilm 2. Once a
serious biofilm is formed on the RO membranes, the performance recovery would become too severe; therefore,
precautions are generally taken using chemical treatments such as chlorine injection for sterilizing and suppressing
the proliferation of microorganisms. For this purpose, chlorine tolerance of the membrane is an important
characteristic for a stable and reliable RO plant operation without losing the salt rejection performance of the
membrane. Because of CTA having less chlorine reactivity than PA [€8 the CTA RO membranes have a higher
chlorine resistance than that of polyamide-based (PA) RO membranes, and this enables a reliable and stable RO
operation without any biological fouling problems for a long period by implementing a simply controlled intermittent
chlorine injection (ICI).

3.1.3. CTA Membrane Characteristics Compared to PA-Based Membrane

In addition to the development of a CTA-based RO membrane, PA-based RO membranes also had a period of
rapid development, starting from the time of Cadotte’s pioneering work in 1972 B8I58] and they were successfully
used for seawater desalination purposes. Compared to the CTA-based membrane, PA-based membrane has
superior performance characteristics, such as higher flux per membrane area as well as higher chemical and pH

resistances. In particular, the unigue preparation procedure of PA-based membranes via interfacial polymerization
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on the porous support layer allows for a very thin selective layer formation, which results in much higher water
permeability than the CTA-based membrane. On the other hand, at the same time, the two-step membrane
preparation procedure of a PA-based membrane (porous support layer preparation and subsequent interfacial
polymerization) might impede the mass production of the PA-based membrane applicable for the HF configuration,
especially the outer-selective layer type of the PA-based membrane (7. Although the CTA-based membrane has
lower water permeability than the PA-based membrane, the simple preparation procedure of the CTA-based
membrane allows for a HF configuration and a more highly effective membrane area compared to the PA-based
membrane. Consequently, the resulting module performances of CTA and PA-based membranes have been in

competition with each other in the viewpoint of module performance.

The other difference between CTA and PA-based membranes is the stability of the membrane, such as chlorine
resistance and membrane compaction resistance. As for the chlorine resistance, in the case of CTA-based
membranes, because the CTA is an environmentally friendly polymer (biomass-based plastic and biodegradable),
moderate chlorine disinfection is generally recommended to prevent the excessive degradation of the membrane
during the operation, whereas chlorine disinfection is generally not recommended in the case of PA-based
membranes because chlorine exposure causes performance deterioration of the PA-based membrane €8], As for
the compaction resistance, the compaction tolerance of the CTA-based membrane is less than that of PA-based
membrane, which causes a flux performance reduction of the CTA-based membrane during the initial operation
stage 9. On the other hand, the PA-based membrane has higher compaction resistance than the CTA. To
overcome these problems in both PA and CTA-based membranes, the recent studies have demonstrated an
additional blending strategy using siloxanes 9, carbon nanotubes [l and nanoparticles 2 for PA-based
membrane with chlorine tolerance, as well as a reinforcing strategy using nonwoven fabric 3! for CTA-based

membrane with compaction tolerance.
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