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1. Introduction

Applications of bio-polymeric materials have increased significantly for both textile engi‐
neering and medical sciences. Use of biopolymer in place of artificial polymers has been in‐
creasing due to stringent environmental regulations [1]. The development of new-
generation materials that extend the industrial and biomedical applications of membrane
processes will require a high level of control of the characteristics of the base polymeric sup‐
port layer [2]. Current research in membrane science is now focusing more on biopolymers
from natural raw material with well-defined structure to develop new membrane materials
[3]. Noticeably, biopolymer production can be sustainable, carbon neutral, and renewable
because biopolymers are made from sea or land plant materials that can be grown year after
year indefinitely. Novel biopolymer membranes enable separation based on other driving
forces like electrical charge and physicochemical interactions, and with appropriate func‐
tional groups can provide applications such as tunable water permeation and separation,
toxic metal capture, toxic organic dechlorination, and biocatalysts [4-5].

Biopolymers for stabilizers, thickeners, and gelling agents were extracted from various raw
natural resources. They determine a number of critical functions including moisture bind‐
ing, control, structure, and flow behavior that enable organisms to thrive in a natural environ‐
ment [6].  A number of  the typical  biopolymers from natural  resources such as alginate,
cellulose, and chin/chitosan have been applied for functional polymer networks (e.g., carri‐
ers for controlled drug release, membranes with regulated permeability, sensor devices, and
artificial muscles). For these purposes, proper responses to changes in external physicochem‐
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ical conditions and developed internal microstructure of the gels are required. Interest in the
behavior of biopolymer gels and networks has grown significantly. The various hydrophil‐
ic bio and/or artificial polymers that can be used for membrane formation are also discussed.

Various novel membrane materials and systems have been developed and applied. The
technological benefits of such membrane materials and systems have begun to be identified
for a wide range of applications for controlled drug delivery, chemical separation, water
treatment, bio-separation, chemical sensors, tissue engineering, etc. There have been two
main subjects of research in the field of biopolymer membrane materials and systems: devel‐
opment of novel and efficient biopolymer materials and improvement of capability of mem‐
brane processes and operations [7].

This chapter discusses the novel function of polysaccharides (κ-carrageenan (κC) and pullu‐
lan (P)) in membrane formation and molecular-size screening. The κ-carrageenan mass frac‐
tion (FC) was a key factor in determining membrane characteristics for both selected
molecular permeability and mechanical strength.

2. Development of Biopolymer membranes

When discussing biopolymer gelation, the biopolymer types of interest fall naturally into two
categories: protein and polysaccharides. A second classification is in terms of the molecular
networks underlying the gels, that is, in terms of associative and particulate networks [8]. The
present status of biological and ecological research demands much more emphasis on effi‐
cient biopolymers with multiple applications such as membrane-separation engineering.

One of the most common membrane types currently in use is the asymmetric cellulose ace‐
tate (CA) membrane. This high-flux, high-rejection membrane was developed in the early
1960s by Loeb and Sourirajan [9]. Chitin, poly (β-(1-4)-N-acetyl-D-glucosamine), is a natural
polysaccharide of major importance, first identified in 1884. When the degree of deacetyla‐
tion of chitin reaches about 50% (depending on the origin of polymer), it becomes soluble in
aqueous acidic media and is called chitosan [10-11]. Chitosan membranes have been ex‐
plored in many uses, such as in water–ethanol pervaporation [12-14], enzyme immobiliza‐
tion and cationic specimen transportation [15-16], protein separation [17] and concentration,
controlled ingredient-release, and environmental applications [18-19]. Among the various
biopolymers, alginate is the most studied matrix for membrane separation technology [20].
Hirst and Rees (1965) were the first to postulate that alginate is a polymer of mannuronic
acid and guluronic acid having 1,4 linkage. Kashima and Imai (2011) investigated the α-L-
guluronic acid chain with regard to regulation of the mass-transfer characteristics of the al‐
ginate membrane [21]. Many other biopolymers also consist of membrane structures.
Exploiting and improving the chemical and mechanical properties of biopolymer mem‐
branes will create many more applications in the membrane industry.
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3. Novel biopolymer membrane materials (κ-carrageenan & pullulan)

Biopolymers of marine algae origin are ubiquitous in surface waters and have attractive po‐
tential. The seaweed extractives of commercial importance fall into three main groups, two of
which (agar and carrageenans) are derived from red algae, and the third (alginates) from
brown algae. All three types of extractive are associated with the cell walls of the algae and
resemble cellulose in basic molecular organization. Red algae are considered as the most im‐
portant resource of many biologically active metabolites compared to other algal  classes
[22-23]. Marine algae as carrageenans have optimum growth conditions with sufficient sun
light, stable temperature, and no climate change impact on the ground; stable harvests are thus
expected. Marine algae can be produced in virtually unlimited amounts around seafaring na‐
tions. It contributes noticeably on the preventing Global Warming and coexistent with fishery.

Carrageenans are large, highly flexible molecules that curl and form helical structures. They
are widely used in food and other industries as thickening and stabilizing agents. Carra‐
geenans consist of alternating copolymers of α-(1→3)-D-galactose and β-(1→4)-3,6-anhydro-
D- or L-galactose. Several isomers of carrageenan are known (κ-, ι-, and λ-carrageenans),
and they differ in the number and position of the ester sulfate groups on the repeating galac‐
tose units. κ-Carrageenan has only one negative charge per disaccharide and tends to form a
strong and rigid gel. The gelling power of κ-carrageenans imparts excellent film-forming
properties, and κ-carrageenan forms a firm gel with the aid of potassium ions. Hot solutions
of κ-carrageenans set when cooled below the gel point, which is between 30° and 70°, de‐
pending on the cations and other ingredients present, to form a range of gel textures. The
two-step gel mechanism is illustrated in Fig. 1, with stage B being elastic (iota) and stage C
being brittle (kappa).

Figure 1. Models of conformational transition of κ-carrageenan and ι-carrageenan.

κ-Carrageenan selects potassium ions to stabilize the junction zones within the characteristi‐
cally firm, brittle gel. Potassium ions counter sulphate charges without sterically hindering
close approach and double-helix formation (Fig. 2) [24-30].
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Figure 2. The gelation mechanism of κ-Carrageenan crosslinked by K+ ions.

Pullulan is an extracellular glucan elaborated by a fungus of the genus Aureobasidium,
commonly called black yeast. The structure of pullulan is a linear glucan consisting of re‐
peating units of maltotriose joined by α-D-(1→6) linkages. The safety of pullulan in foods is
supported by its chemical composition, the purity of the final product, a series of toxicologi‐
cal studies, and the fact that it has been used about 30 years as an ingredient in human foods
in Japan [31-33]. Recently, the demand for pullulan has rapidly increased for films and hard
capsules, and its use in these fields is expected to grow [34-35]. The major interest in pullu‐
lan concerns its capacity to form strong, resilient films and fibers [36]. Pullulan can be used
on its own or combined with other thickeners or gelling agents. The stringiness of pullulan
may be a disadvantage for some applications, but this can be modified by adding a small
amount of another polysaccharide such as carrageenan or xanthan gum [37]. Combinations
of κ-carrageenan and pullulan achieve gel-network strengths and elasticity between the two
extremes and consistent with the ratio used (Fig. 3).

Figure 3. Schematic representation of composite κ-carrageenan-pullulan chains.

Advancing Desalination60



In our study, original biopolymer composite membrane was successfully prepared from ma‐
rine biopolymer (κ-carrageenan) and food polysaccharide (pullulan). Selective mass transfer
and excellent water permeability were achieved. The membrane was characterized from the
mass fraction of κ-carrageenan. The attractive potential of marine biopolymer (κ-carrageen‐
an) combined with polysaccharide (pullulan) was demonstrated in membrane-separation
engineering. The authors focused on the complex cross-linked biopolymers (κ-carrageenan
and pullulan) regulating mass-transfer flux. The membrane was prepared by a simple cast‐
ing method. The κ-carrageenan-pullulan composite membrane has sufficient mechanical
strength for practical use and excellent mass-transfer characteristics, especially for molecu‐
lar-size screening.

4. Polymer membranes preparation

The most important part in any membrane separation process is choosing the membrane
material. Membranes have very different structures, functions, transport properties, trans‐
port mechanisms, and materials. The methods of making membranes are just as diverse as
the membranes are. The methods of making membranes are considering the large diversity
suited for technical application. The following characteristic of membranes determine sepa‐
ration capability.

● Membrane materials.

Organic polymers, inorganic materials (oxides, ceramics, and metals), or composite materials.

● Membrane cross-section.

Isotropic (symmetric), integrally anisotropic (asymmetric), bi- or multilayer, thin-layer or
mixed matrix composites.

● Preparation methods.

Phase separation (phase inversion) of polymers, sol–gel process, interface reaction, stretch‐
ing, extrusion, track-etching, and micro-fabrication.

● Membrane shape.

Sheet, hollow fiber, capsule.

The process for forming a biopolymer membrane comprises three steps.:

I. Mixing a biomaterial in a solvent to define a gel.

II. Drying the gel to define a sponge having a solvent content.

III. Adjusting the solvent content of the sponge so that the sponge is substantially filled with
the solvent.
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4.1. Preparing of κ-carrageenan/pullulan composite membranes

κ-Carrageenan and pullulan powders were dissolved in distilled water (70°C) using a mag‐
netic stirrer to prepare film-forming solutions of various blend-weight ratios. All polymer
solutions were prepared based on 3g total polymer weight dissolved in 97g of distilled wa‐
ter at 70°C for one hour. In addition, each solution was stirred for one hour at 70°C. Gluta‐
raldehyde solution (30 ~ 130mM) was introduced into the polymer solutions [39]. And then
twenty grams of the polymer solutions was then cast into a petri dish, followed by drying in
an electrical blast-drying chest at 65°C for 24 hours. The dried membranes (attached to the
petri dishes) were immersed in potassium chloride solution [40] (0.1 to 1.0M) for 24 hours.
The swollen membrane spontaneously peeled from the petri dish at 25 ± 1°C and was wash‐
ed clean with pure water for further testing. Membrane samples were tested in triplicate.
Pure pullulan single component membrane (cross-linked by glutaraldehyde) was too weak
to make a flat membrane in our study [41].

Mass fraction of κ-carrageenan (Fc) Fc [-] κ-carrageenan [g] Pullulan [g]

Fc =
κ−carrageenan g

κ−carrageenan g + pullulan g

0.33 1.00 2.00

0.42 1.25 1.75

0.5 1.50 1.50

0.58 1.75 1.25

0.66 2.00 1.00

0.75 2.25 0.75

Table 1. Mass fraction of κ-carrageenan (FC).

5. Measurement of biopolymer composite membranes’ properties

Commercial membrane applications focus much effort on desalination requirements [42-43],
membrane-fouling characterization [44-45], drinking-water disinfection [46-47], industrial
waste treatment [48-49], food industry material separation [50-51], adsorption desalination
[52-53], biofiltration [54], membrane bioreactor [55-56], thermal distillation [57], electrodialy‐
sis desalination [58], reverse-osmosis desalination [59], oil–water separation applications
[60], and future membrane and desalination developments. The stress-strain correlation of
biopolymer membrane is affected by the origin of polymers, molecular weight, and methods
of membrane preparation, conditioning, and cross-linking. Biopolymer membranes may be
amorphous homopolymers or heterogeneous, depending on whether they are prepared
from a single polymer or from blended polymers [61]. However, the properties of biopoly‐
mer membranes are inconsistent with the requirements of industrial-processing technolo‐
gies, since the range of biopolymers suitable for membrane-separation processes is limited.
To expand the application area of commercial membranes, research on improving their
properties is necessary.
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5.1. Mechanical properties of κ-carrageenan/pullulan composite membrane

A rheometer (CR-DX500, Sun Scientific Co., Ltd., Tokyo, Japan) was used to determine the
tensile strength and the percentage elongation at break. Three rectangular-strip specimens
(10mm wide, 40mm long) were cut from each membrane for tensile testing. The initial grip
separation was set to 20mm, and the crosshead speed was set to 1mm/s. The initial mem‐
brane thickness was measured using a micrometer (Mitutoyo, Kanagawa, Japan). The aver‐
age thickness of the membrane strip was used to estimate the initial cross-sectional area of
the membrane sample. Maximum Stress (σ) (MPa) was calculated by dividing the maximum
load (N) by the initial cross-sectional area (m2):

σ =
T

(b ×d ) (1)

where T is the maximum load (N), b is the width of sample (m), and d is the membrane
thickness (m).

Maximum Strain (λ) (%) was calculated as follows:

λ =
(L − L 0)

(L 0) ×100% (2)

where L0 is the sample length before deformation and L is the sample length at break [62].

Figure 4. Effect of additive glutaraldehyde concentration on the maximum stress and strain of composite membrane.
FC was set at 0.33.
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Dehydration of hydroxyl groups in the polysaccharide chain by glutaraldehyde facilitates
formation of polymer networks. The polysaccharide composite membrane was further
cross-linked with glutaraldehyde to reduce swelling and increase the structural strength of
the membrane as well as to improve its thermal and mechanical stability [63]. The lower FC

membrane is convenient for investigating the influence of dehydration by glutaraldehyde
because the lower FC membrane contains many hydroxyl groups bonding to pullulan. The
mechanical stress increased with increasing concentration of glutaraldehyde and became
constant over 70mM. Figure 4 presents the polymeric framework of the membrane densely
populated with increasing glutaraldehyde concentration.

FC 0.75 membrane accounts for the largest mass fraction of κ-carrageenan. κ-carrageenan is a
key component for constructing the gel structure and for characterizing mechanical
strength.

Figure 5. Effect of potassium chloride-immersion on the maximum stress and the strain of composite membrane. FC
was set at 0.75.

The authors prepared κ-carrageenan/pullulan membranes with 90mM of glutaraldehyde
added and 0.7M potassium chloride-immersion. (Fig. 5)

5.2. Water content

Water content is important for evaluating hydrophilic characteristics. The volumetric water
content of the membrane indicated voids in the network that affect the water permeability
[64]. Gravimetric methods were used to determine the mass-based water content (Wt) [65].
The water content (Wt) was measured as follows. Membranes were immersed in distilled
water at 25±1°C for 1 day to achieve natural hydration and swelling. The membranes were
removed from the water bath, and excess water on the membrane surface was removed by
filter paper. The mass of the swollen membrane Ww was then determined.
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W t =
(Ww −Wd )

Ww
×100% (3)

Here, Wd is the mass of the dried membrane.

5.3. Scanning Electron Microscopy (SEM)

The membranes were snap-frozen in liquid nitrogen then dried in a vacuum freeze dryer
(RLE-103, Kyowa Vacuum Engineering. Co., Ltd., Tokyo, Japan) (298 K) for 24 hours. The
membranes were then sputter-coated with a thin film of Pt, using a sputter-coater (E-1010
Ion Sputter, Hitachi, Ltd., Tokyo, Japan). Images of cross sections of the membranes were
obtained using a scanning electron microscope (Miniscope TM-1000, Hitachi, Ltd.,).

Figure 6. SEM images of κ-carrageenan/pullulan composite membrane.

6. Mass transfer in biopolymer membrane

The prolific application of membrane separation processes in industry today is primarily
due to innovations in membrane materials technology. Loeb and Sourirajan (1963) pio‐
neered the first reverse-osmosis (RO) asymmetric cellulose acetate (CA) membrane capable
of withstanding the rigors of industrial use [66]. Since then, many types of biopolymer mem‐
branes have been developed and commercialized: membranes for microfiltration (MF)
[67-68], ultrafiltration (UF) [69-70], nanofiltration (NF) [71-72], gas separation [73-74], and so
on. These membrane separation systems are illustrated in Fig. 7.
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Figure 7. Principles of membrane filtration.

The energy consumption for these technological filtration (MF, UF, and NF) processes is
low, as latent heat in the phase change is not consumed in the membrane separation process.
Membrane separation is expected to be one of the most promising and energy-efficient sepa‐
ration technologies. Diffusion of solutes through non-porous biopolymer membranes is dis‐
cussed using a molecular-diffusion model [75-76].

In many conventional porous membranes, the membrane material is not an active partici‐
pant; only its pore structure matters, not its chemical structure [77]. A common feature of
biopolymer membranes in the solution-diffusion process is that the solute molecules dis‐
solved in the biopolymer membranes diffuse through the polymer chains (also called mass-
transfer channels) and then exit the membrane at the other side phase [78]. The biopolymer
is an active participant in both the solution and diffusion processes.

6.1. Diffusion in biopolymer membrane

According to a solution-diffusion mechanism based on Fick’s law (Eq. 4) [79], mass transfer
flux was indicated as followed:

J i = −D
dci
dx

(4)
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where

Ji is the flux of component i (mol/(m2�s)),

D is the diffusion coefficient (m2/s), and

dci/dx is the concentration gradient for component i over the length x (mol/(m3�m)).

Figure 8. Schematic diagram of the mass-transfer setup in our experiment.

In this chapter, mass-transfer experiments were carried out using a standard side-by-side dif‐
fusion cell with two compartments separated by a membrane with an area of 23cm2 (Fig. 8).

The diffusion cell was installed in a water bath to keep the temperature constant (303K). The
feed compartment was filled with water-soluble marker components in solution (190ml)
(Fig. 9), and the stripping compartment was filled with distilled water. During the experi‐
ment, the two compartments of solutions were stirred at a constant speed (850min−1) in or‐
der to minimize the film mass-transfer resistance near the membrane surface. The solutions
in the feed and stripping compartments were sampled at a fixed time interval, and the con‐
centration was determined by measuring UV absorbance. The wavelengths of maximum ab‐
sorbance are listed in Table 2. The relationship between concentration and absorbance was
calibrated by taking spectra of known concentrations. The diffusion of solutes through the
membrane was monitored by periodically removing 1cm3 samples from both diffusion cells.
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Figure 9. Chemical structure of the water-soluble components.

Marker

components

Molecular

Weight [Da]

Molercular

Size [Å]

pHa Structural Formula

Urea 60 6.0 5.4 NH2CONH2

Glucose 180 8.9 5.8 C6H12O6

Methyl Orange 327 10.6 5.6 C14H14N9O9SNa

Indigo Carmine 466 11.9 5.4 C16H8N2Na2O9S2

Bordeaux S 604 13.0 5.9 C20H11N2Na3O10S3

Brilliant Blue 826 14.4 5.5 C45H44N3NaO7S2

Rose Bengal 1017 15.6 5.8 C20H2CI4I4Na2O5

a Determined from the marker component aqueous solutions of concentration at 1mM.

Table 2. The water-soluble components and their molecular size.
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6.2. Determination of effective diffusion coefficient (Deff) in the biopolymer

The concentration of the solution transported through the membrane is required to estimate
the mass-transfer characteristics of the membrane. Diffusion is a fundamental phenomenon
in several physical and chemical molecular processes, representing the molecular motion of
neutral or charged species in solutions [80]. The diffusion coefficient in liquid is an impor‐
tant parameter for understanding the complex processes of mass transfer. Several empirical
methods for estimating the diffusion coefficient in aqueous phase consider infinite dilution
and are based on molecular-size indicators. Figure 10 presents a schematic of the mass-
transfer model. This chapter introduces the following method [81].

Wilke &Chang , Dw =
1.86×10−18(ϕBMw)0.5

μwνA
0.6 (5)

Here, Dw is the diffusion coefficient of the solute in water[m2 s−1], μwis the viscosity of water
[Pa s], and φB is the association factor for solvent B at the required temperature T [K] (for
water, φB=2.6). MW is the molar mass of water [g mol−1], and vA is the molar volume of solute
A at the normal boiling point [m3 mol−1].

Figure 10. The schematic mass transfer model.

The concentrations in the two diffusion cells were uniform, so the mass-transfer flux was so
small that the diffusion process can be regarded as in the quasi-steady state. Accordingly,
we can use Eqs. (6) and (7) to calculate the effective diffusion coefficients.
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ln(1− 2CS
Cf

)= −2
A
V KOL t (6)

KOL
−1 =kL 1

−1 + km
−1 + kL 2

−1 (7)

The mass-transfer resistances kL1
−1 and kL2

−1 in the overall mass transfer resistance KOL
−1 can

be neglected because of the sufficiently turbulent conditions in the two diffusion cells dur‐
ing the experiment. KOL

−1 did not depend on the stirring rate, therefore it directly indicates
the membrane mass-transfer coefficient (km= Deff l−1). The effective diffusion coefficient in the
membrane (Deff) was evaluated from km. The initial membrane thickness l in the swollen
state was measured with a micrometer.

The mass-transfer characteristics were evaluated from the effective diffusion coefficient esti‐
mated by measuring the mass-transfer rate in the composite membrane. Water-soluble com‐
ponents were employed to determine the size of the transfer channel in the membrane. The
reference molecular size was from 60 to 1017Da indicating Urea, Glucose, Methyl Orange,
Indigo Carmine, Bordeaux S, Brilliant Blue, and Rose Bengal (Table 2). The diffusion coeffi‐
cient (DW) in the bulk aqueous phase was estimated by Wilke & Chang’s correlation (Eq.
(5)). The effective diffusion coefficient in the membrane (Deff) was lower than DW due to dif‐
fusion channels in the composite membranes (Fig. 11).

Figure 11. Effect of molecular weight on the effective diffusion coefficient of a κ-carrageenan/pullulan composite
membrane.
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The effective diffusion coefficient in the membrane (Deff) changed dramatically by 15,000-
fold in molecular weight when molecular weight only changed by 17-fold. The effective dif‐
fusion coefficients of the components of lower molecular weight strongly depended on the
κ-carrageenan fraction FC. Deff evidently decayed under lower FC conditions. The large de‐
pendence of Deff on FC suggests that the polymer framework becomes denser with lower FC.
In addition, there was a steep change of the effective diffusion coefficient between Methyl
Orange and Indigo Carmine in each type of composite membrane. The authors therefore
speculated that the mass-transfer channel was monodisperse and almost equivalent to the
molecular size (11Å) of Methyl Orange.

7. Water permeability

In pressure-driven membrane separation processes such as RO and NF, solvent permeabili‐
ty estimation has to consider the series of resistances to fluid flux, including the membrane
resistance and the boundary layer proposed, to explain the mass transfer and the hydrody‐
namic permeability in these processes [82]. The mass transfer inside the membrane in the ab‐
sence of any osmotic effect using pure solvent (pure water) as feed indicated the moisture
sensitivity of polymers. Permeability should be a more reliable indicator [83-84]. Enhance‐
ment of water permeability of the filtration membrane reduces the cost of modules used.

Goldstick [85] argued that water permeation flux in membranes follows Darcy’s law for hy‐
drodynamic flow through porous media but with swelling-pressure gradients driving the
transport. In 1856, Darcy observed that the rate of flow of water through a bed of given
thickness could be related to the driving pressure ΔP by the simple expression.

1
A •

dV
dt = J =

ΔP
ηRm

(8)

where J is the volumetric flux (of volume V permeating in time t through cross-section area
A, m3/m2�s) for the pressure gradient (ΔP, Pa) and the viscosity of the fluid (η, Pas); Rm re‐
fers to the permeability of the clean porous media. The resistance model is based on Darcy’s
law, which states that water flux through a membrane is proportional to the pressure gradi‐
ent across the medium and the permeability of the medium.

If there is no fouling (clean membrane), if feed water is completely free of any solutes, and
assuming laminar flow through capillary tubes of radius r, the Hagen–Poiseuille law was
obtained.

J =
εr 2

8ητ
ΔP
Δx

(9)
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where

ε = void fraction of the membrane (void was assumed to be cylindrical pores) (nπr 2 /surface area)

n = number of pores

r = pore radius [m]

η = viscosity [Pa s]

τ =tortuosity factor

ΔP = trans-membrane pressure [Pa]

Δx = membrane thicknee [m]

Flux is proportional to porosity, pore size, and trans-membrane pressure.

To study the performance of prepared membranes, pure-water permeability through a κ-
carrageenan/pullulan membrane was measured under steady-state conditions. Prior to the
experiments, the membranes were immersed in pure water for 12h and then cut into the de‐
sired size needed for fixing in a pure water permeability set-up.

The pure-water permeability experiment used a filtration cell with a volume of 200mL and
effective filtration area of 21cm2. A magnetic stirring bar was installed on the membrane up‐
per surfaces. The filtration cell was employed for constant-flux, constant-pressure filtration.
For operation in the constant-flux mode, a nitrogenous gas pump was connected to the inlet
of the filtration cell and pumped the permeation water from the outlet. A pressure transduc‐
er was installed between the filtration cell and the pump in order to monitor the variation in
applied pressure during filtration. The weight of the filtration water was logged by an elec‐
tronic balance. The schematic of the module and set-up is presented in Fig. 12. In this chap‐
ter, the pure-water permeability was measured at different pressures and using Eq. 10.

Figure 12. Schematic diagram of filtration cell used to measure steady pure-water permeability through the mem‐
branes.
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JV =
VP

AΔt
(10)

Here, JV is the water flux [m3 m−2 s−1], Vp is the volumetric amount of permeated water [m3],
A is the membrane area [m2], and Δt is the sampling time [s].

The pure-water flux was measured as a function of applied pressure to investigate the sta‐
bility and hydraulic properties of biopolymer membranes. In Fig. 13, the water flux and con‐
tent increased linearly with increasing FC. The result agreed with the general trend of water
permeation in a hydrophilic membrane: higher water content induced higher water flux.

Figure 13. Change of the water flux (150KPa, 298K) and the water content of the membrane with regulated FC values.

7.1. Obtaining the selectivity curve and molecular weight cutoff

The selectivity of a membrane is usually represented by its molecular weight cutoff [86], de‐
fined as the minimum molar mass of a test solute that is 90% retained (or 95% depending on
the manufacturer) by the membrane. It is thus determined experimentally from a plot of the
variation of the retention rate for tracer molecules according to their molar mass (i.e., from
the selectivity (or sieving) curve) (Fig. 14).

Figure 14. Example of a selectivity curve. The molecular weight cutoff, i.e., the molecular weight of a molecule reject‐
ed at 90% by the membrane is 83 kDa.
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To determine a cutoff threshold, an intrinsic characteristic of the biopolymer membrane on‐
ly, it is essential that the operating conditions (trans-membrane pressure, tangential circula‐
tion speed, etc.) should not affect the retention data. The rejection used for molecular weight
cutoff evaluation was defined as follows.

R =
FeedConc.-PermeatConc.

FeedConc. (11)

Figure 15 presents the effect of FC on the molecular weight cutoff of the κ-carrageenan/pullu‐
lan membranes. The molecular weight cutoff and the flux of κ-carrageenan/pullulan mem‐
branes increased with increasing FC (Fig. 15). The molecular cutoff of FC0.33 (FC0.66)
membrane was 327Da (466Da). The retention for high-molecular-weight tracers above
604Da was 96 to 98%.

Figure 15. The selective curve of κ-carrageenan/pullulan membrane for dye molecules. (a): FC 0.33 membrane, (b): FC
0.66 membrane.

8. Conclusions

There are increasing reports on the physicochemical behavior of well-characterized biopoly‐
mer systems based on the fundamentals of gelation, and component interactions in the bulk
and at interfaces. It appears, however, that a gap has emerged between the recent advances
in fundamental knowledge and the direct application to products with a growing need for
scientific input. As can be seen from the above, biopolymers are now one of the most ex‐
plored potential materials for membrane-separation technology, but there is much experimen‐
tal and theoretical work left to complete. An analysis of the structure–property relationships
provides much information on the effects of side groups, structure, and stiffness of the main
chains that can be used in directed search for advanced membrane materials of other classes.
Much more interesting results  have been obtained for  composite  and modified biopoly‐
mers. Here, significantly fewer structures have been examined, so much is yet to be done.

Biopolymer κ-carrageenan/pullulan composite membrane was successfully prepared by the
casting method. It has sufficient mechanical strength for practical use and excellent mass-
transfer characteristics, especially for molecular-size screening. The relationship between

Advancing Desalination74



mass-transfer characteristics and the mass fraction of κ-carrageenan in the composite mem‐
brane was formulated based on mass-transfer flux and pure-water flux experiments. The re‐
sults provided a novel and simple method of preparing membranes and mass-transfer
channels based on molecular-size indicators, and suggested that different F C values signifi‐
cantly affect the mass-transfer permeability. The water permeation flux as a function of ap‐
plied pressure provided valuable technical information for investigating the stability and
hydraulic properties of the composite membranes. It was concluded that κ-carrageenan/
pullulan composite membranes with a cross-linked hydrophilic structure exhibited high se‐
lectivity and high water flux. Thus, mass-transfer investigations are very useful and infor‐
mative for studying and analyzing composite membranes.
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