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ABSTRACT

The dominant impact of the a-L-guluronic acid chain on regulation of the mass transfer
character of calcium alginate membranes was investigated. The polymer frameworks of the
membranes were successfully regulated by altering the mass fraction of homopolymeric blocks
of a-L-guluronic acid (F..) in the entire molecular chain of alginate. Sodium alginate is well-
known as a hydrophilic polysaccharide. Its molecular chain is composed of a-L-guluronic acid
and B-D-mannuronic acid. The polymeric structure of calcium alginate is mainly constructed
by intermolecular ionic bonds with homopolymeric blocks of the o-L-guluronic acid junc-
tion zone. The entire alginate polymer chain then forms into a swollen gel and a membrane.
The water fraction of the swollen membrane and the mechanical strength changed with F . The
volumetric water fraction based on the swollen state of the membrane was evaluated from the
gravitational water content (H, ). The change in the mass transfer mechanism of the membrane
was evident in the effective diffusion coefficient, especially for the smaller molecules (e.g., urea).
Good correlation between the volumetric water fraction and the effective diffusion coefficient
strongly suggested that the mass transfer channels in the alginate membrane were dominantly
regulated by the mass fraction of homopolymeric blocks of o-L-guluronic acid (F ). The rela-
tionship between the effective diffusion coefficient and the volumetric water fraction agreed
with Yasuda’s free volume theory. The tortuosity was markedly increased and the effective
diffusion coefficient was reduced. In conclusion, the homopolymeric blocks of o-L-guluronic
acid have a dominant impact on the mass transfer character in the calcium alginate membrane.

Keywords: Calcium alginate; B-D-mannuronic acid; o-L-guluronic acid; Membrane; Mass
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1. Introduction

Biopolymers produced from foods are expected to
be employed as both food-enabling polymers and sus-
tainable and environmentally friendly polymers. They
have great potential as alternatives to various artificial
polymers produced from petroleum. Alginic acid is
abundantly produced by marine biological resources,

*Corresponding author.

especially brown seaweed. Alginates have been widely
applied in the food industry as thickeners, suspending
agents, emulsion stabilizers, gelling agents, and film-
forming agents [1].

Sodium alginate is a well-known hydrophilic poly-
saccharide. The alginate molecular chain is constructed
as a block co-polymer of B-D-mannuronic acid (Fig. 1a)
and o-L-guluronic acid (Fig. 1b). Three types of blocks
have been described previously: homopolymeric blocks
of mannuronic acid (M-M), guluronic acid (G-G), and
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blocks with an alternating sequence in varying propor-
tions (M-G) [2,3,4] (Fig. 1c).

The physical properties of sodium alginate strongly
depend on environmental chemical factors (e.g., pH and
total ionic strength). At near-neutral pH, the high nega-
tive charge of sodium alginates due to deprotonated
carboxylic functional groups induces repulsive intermo-
lecular and intramolecular electrostatic forces. A change
in ionic strength in a sodium alginate aqueous solution
significantly affects polymer chain extension [5,6].

Sodium alginate conveniently forms into a gel struc-
ture in the presence of divalent cations such as Ca*,
resulting in a highly compacted gel network [6]. The
variation in gel strength has been analyzed in terms of
the modes of binding of cations by the various block
structures that occur within the alginate molecule.
Regions of homopolymeric blocks of a-L-guluronic acid
chelate the metal ions because of the spatial arrangement
of the ring and hydroxyl oxygen atoms and thus create
a much stronger interaction [7]. These homopolymeric
blocks of o-L-guluronic acid junction zones are mainly
constructed of a cross-linked area called an “Egg-box,”
where the Ca?* ions are located as the “Egg” compo-
nents [8] (Fig. 1d). Alginate polymer networks are often
employed and investigated as useful carriers for immo-
bilized enzymes, drug-delivery capsules, [9] and food
supplements [10,11,12]. In contrast, alginate membrane
has not been so well investigated. It was previously sup-
ported by glass fiber [13] and has been found in hybrids
with other polymer materials [14,15].
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Schematic image of “Egg-box” junction

Fig. 1. Alginate composition. Alginate consists of two mono-
meric units: (a) B-D-mannuronic acid and (b) a-L-guluronic
acid. (c) The three types of blocks have been previously
described as homopolymeric blocks of mannuronic acid
(M-M), guluronic acid (G-G), and blocks with an alternat-
ing sequence in varying proportions (M-G). (d) Structural
formula of the calcium alginate molecular chain. Calcium
alginate gel formation in the presence of calcium ions has
been described as an “Egg-box” junction.

The application of a membrane separation system
in the food industry and in waste water treatment
has attracted attention as an energy-saving process.
Membrane separation enables a reduction in process
costs and CO, emissions because latent heat con-
sumption is free for various chemical processes. In
addition, recent interest in the use of natural materi-
als has increased due to their biocompatibility and
their lack of environment load upon disposal. High-
performance membranes made with conventional
biomaterials (e.g., cellulose, [16,17] gelatin [18], and
chitosan, [15,19]) have been anticipated for use in
biocompatible separation [19].

This paper describes the successful preparation
of a calcium alginate membrane and demonstrates
the role of the mass fraction of a-L-guluronic acid in
alginate on the membrane properties. In this study,
membrane preparation, mechanical strength, molecu-
lar size screening, and the volumetric water fraction
of a swollen membrane involved with the mass trans-
fer mechanism of a calcium alginate membrane as it is
related to the mass fraction of o-L-guluronic acid were
all investigated.

2. Materials and methods
2.1. Materials

Two kind of sodium alginate (grade I-2G and
I-2M) were supplied by KIMICA Corporation (Tokyo,
Japan). Code I-2G indicates that the major component
of the polymer chain was o-L-guluronic acid, while
Code I-2M indicates that the major component was
B-D-mannuronic acid. Calcium chloride (Anhydrous,
95.0%), urea (60.06 Da), D(+)-glucose (180.16 Da), methyl
orange (327.34 Da), and Bordeaux S (604.48 Da) were
purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Indigo carmine (466.37 Da) was pur-
chased from Kokusan Chemical Works, Ltd. (Tokyo,

Japan).

2.2. Calibration curve of uronic acid

The calibration curve of uronic acid was based on
mass base concentration. Mannuronic acid lactone
was used as the standard component of uronic acid.
As the standard solution, various concentrations of
mannuronic acid lactone were dissolved in water. The
concentrations were determined by Bitter-Muir’s car-
bazole sulfuric acid method [20], and the concentration
of the colored solution was measured using a spectro-
photometer (UV Mini 1240, Shimadzu, Kyoto, Japan).
These methods produced good intensity and accuracy
of coloration [21].
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2.3. Measurement of the mass fraction of homopolymeric
blocks of o.-L-guluronic acid in sodium alginate

The mass of o-L-guluronic acid in the actual alginate
chain was determined by partial hydrolysis combined
with Bitter-Muir’s carbazole sulfuric acid method. Prac-
tical hydrolysis protocols were employed according to
a previously published method [21]. Fig. 2 illustrates
practical hydrolysis. The actual sodium alginate was
separated into three molecular chain blocks (M-G, M-M,
and G-G). Fig. 3 presents details of the protocols for
practical hydrolysis.

Sodium alginate (0.5 g) was dissolved in 0.3 M HCl
(50 ml). The resulting solution was heated in a hot air
drying machine (373 K) for 2 h to advance the reac-
tion of practical hydrolysis. The practical hydrolysis

*:Reacted positions in a practical hydrolysis

Fig. 2. Image illustrating practical hydrolysis. Sodium algi-
nate was separated into three molecular chain blocks: M-G,
M-M, and G-G.
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Fig. 3. The protocols used for practical hydrolysis, to mea-
sure the mass of each of the three molecular chain blocks
(M-G, M-M, and G-G). The concentration of each sample
(supernatants (1), and (2) and solution (2)) were determined
by Bitter-Muir’s carbazole sulfuric acid method.

solution was then centrifuged (3000 min™!, 15 min), and
a sample solution of the M-G block was obtained as the
supernatant. The precipitate was mixed with pure water
(10 ml), and 3 M NaOH was added to aid dissolution.
The concentration was then adjusted to 1% by the addi-
tion of pure water, and NaCl was introduced to achieve
a 0.1 M concentration of sodium alginate. The solution
was adjusted to pH 2.9 using 2.5 M HCl and then centri-
fuged (3000 min!, 15 min). The sample solution of the
M-M block was obtained as the supernatant. After filtra-
tion, the precipitate was mixed with pure water (10 ml)
and dissolved by addition of 3 M NaOH, yielding the
sample solution of the G-G block. All three sample
solutions (M-G, M-M, and G-G) were thus obtained.
Their concentrations were determined by Bitter-Muir’s
carbazole sulfuric acid method using an optical density
of 530 nm (UV-1200, Shimadzu, Kyoto, Japan).

The mass of the M-G block in the sodium alginate
(W,,;) was obtained from the concentration of the sam-
ple solution of the M-G block. The mass of the M-M
block (W, ) and the G-G block (W_,) in the sodium algi-
nate were obtained in the same way. The mass fraction
of a-L-guluronic acid in the sodium alginate (F_) was
then calculated using the formula:

L= WGG + WMG x P
- =
Wee + Wiue + Wum

)

Where P is the partial mass fraction of a-L-guluronic
acid in the M-G block. The polymeric structure of the
calcium alginate gels was mainly constructed by inter-
molecular ionic bonds in the homopolymeric blocks of
the o-L-guluronic junction zone in combination with
Ca?* [7,8]. Therefore, for this study, it is assumed that P
is negligible (P = 0) (Eq. (2)). Thus, Eq. (1) is rearranged
as follows.

Wee
Wee + Wanc + Wium

2)

PGG =

The mass fraction of the homopolymeric blocks of
o-L-guluronic acid (F ) was therefore shown to be a key
factor in regulating membrane properties.

2.4. Regulation of the mass fraction of homopolymeric blocks
of o-L-guluronic acid

F . was regulated by mixing two different sodium
alginates, 1-2G (F_.: 0.56) and 1-2M (F_.: 0.18). Sodium
alginates having three different mass fractions
(F.e: 026, 0.35, 0.45) were then prepared. Regulated
sodium alginates having five different mass fractions
(F..) were used to prepare the membranes.
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2.5. Preparation of calcium alginate membrane

The viscosity range of sodium alginate was adjusted
by employing two kind of alginate, I-2G and I-2M.
Twenty grams of sodium alginate solution (10 g/I)
was placed in a 7 cm-diameter Petri dish. The solution
was gradually dried in a desiccator at room tempera-
ture (298 K) for one week. A dried thin film of sodium
alginate appeared on the Petri dish.

Next, calcium chloride aqueous solution (1 M) was
added to the dried thin film of sodium alginate in the
Petri dish. A calcium alginate membrane quickly formed
in the Petri dish at room temperature. After 20 min, the
swollen membrane was separated from the Petri dish
and then left in the Petri dish for a further 20 min. The
membrane was immersed for a total of 40 min in the
calcium chloride aqueous solution.

The formed calcium alginate membrane was then
soaked in pure water to remove excess calcium chloride
aqueous solution, then stored in pure water.

2.6. Preparation of samples for scanning electron microscopy

The membrane was immersed in liquid nitrogen
then dried in a vacuum freeze dryer (RLE-103, Kyowa
Vacuum Engineering. Co., Ltd., Tokyo, Japan) (298 K)
for 24 h. Prior to analysis, the membrane was coated
with a thin layer of Pt, using a sputter-coater (E-1010
Ion Sputter, Hitachi, Ltd., Tokyo, Japan). A scanning
electron microscope (Miniscope TM-1000, Hitachi, Ltd.,)
was employed to obtain microscopic images.

2.7. Mechanical strength and elastic characteristics

A swollen membrane sample (10 mm wide and
30 mm long) was mounted on a rheometer (CR-DX500,
Sun Scientific Co., Ltd., Tokyo, Japan) with a stretching
rate of 2 mm/s (298 K). The maximum stress [N - m~2]
when the membrane ruptured was evaluated based on
the loading force divided by the cross-sectional area of
the membrane sample. The maximum strain was evalu-
ated as the percentage of critical stretched length when
the membrane ruptured divided by the original length
of the membrane sample.

2.8. Measurement of mass transfer flux

The overall mass transfer coefficient K, was deter-
mined by measuring the mass transfer flux based on
Egs. (3) and (4). The membrane was sandwiched bet-
ween twin glass mass transfer cells (Fig. 4), and the set
was placed in a thermostatic bath (303 K).

2C A
In|1- S = 2Kt
n( Cﬁ'] v ©

Fig. 4. Diagram showing membrane mass transfer cells.
(a) Agitating motor. (b) Mass transfer cell. (c) Impeller.
(d) Membrane. (e) Feed solution. (f) Stripping solution.

Ko™ =k + k4 k™ 4)

Both aqueous phases were sufficiently stirred to
create a fully developed turbulent flow. Film mass
transfer resistances k, =" and k,,' in the overall mass
transfer resistance K, ! were ignored under fully tur-
bulent conditions. In this case, K, did not depend on
the stirring rate. Therefore, it directly indicated the
membrane mass transfer coefficient km (km = Deﬁ-l‘l).
The effective diffusion coefficient in the membrane
(Drﬂ) was evaluated from km. The initial membrane
thickness | was measured with a micrometer (Mitu-
toyo Corporation, Kanagawa, Japan).

The concentration of the stripping solution was
determined by a spectrophotometer (UV Mini 1240,
Shimadzu). The absorbances of the color pigments
employed (methyl orange, indigo carmine, and
Bordeaux S) were measured based on the maximum
wavelength (methyl orange 462 nm, indigo carmine
610 nm, and Bordeaux S 520 nm). The concentration of
urea (glucose) was determined by the urease-indophenol
method (Urea NB, Wako) (mutarotase-GOD method
(Glucose C2, Wako)). The absorbance of the colored urea
and glucose employed were determined by a spectro-
photometer (urea 570 nm, glucose 505 nm).

2.9. Volumetric water fraction of the swollen membrane

The volumetric water fraction of the swollen mem-
brane was not measured directly. Instead, in this study,
the volumetric water fraction was evaluated from the
mass-based water content (H,,) (Fig. 5). Gravimetric
methods were employed to determine the mass-based
water content of the swollen membrane (H,). The
swollen membranes had already achieved equilibrium
water content. Excess water attached to the membrane
surface was removed using filter paper. The masses of
the swollen samples (w,) were measured initially, then,
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- : Volume of the membrane frame-work
D : Volume of contained water (Void)

Fig. 5. Image illustrating the volumetric water fraction in the
membrane (H,). The volumetric water fraction of the swol-
len membrane was evaluated from the mass-based water
content in the swollen membrane (H,,) as Eq. (7).

after drying (333 K for 24 h), the masses of the dried
membranes (w,) were measured again. The difference
between w, and w, indicates the mass of total contained
water (w,):

wy = W, — Wy )

The mass-based water content of the swollen mem-
brane (H,) was then calculated using the following
equation:

W, — Wy Wy

Hy = e =%a _ Dt ©)
w, w,

The obtained volume of the contained water was
w,/p,- The experimental data of the apparent volume
of the swollen membrane was obtained as w,/p,,.

The apparent density of the swollen membrane p,,
was determined from the mass of the swollen mem-
brane w, divided by the apparent volume of the swollen
membrane. The apparent swollen membrane volume
was calculated from the membrane area (square with
4 c¢m sides) and its thickness. The estimated volumetric
water fraction of the swollen membrane (H,) was calcu-
lated using Eq. (7).

_ @i/p)

(wWe/ pur) @)

3. Results and discussion
3.1. Scanning electron microscope images

No pores for mass transfer could be observed in a scan-
ning electron microscope image. The higher F .. membrane
had a dense appearance (Fig. 6a), whereas the lower F .
membrane appeared more coarse (Fig. 6b). The appear-
ance of both F_. membranes was smoothened by increas-
ing the calcium chloride as a cross-linker (Figs. 6c, d).

Fig. 6. SEM images of the surface of the calcium alginate
membrane. (a) Homopolymeric block with higher guluronic
acid content (F . 0.56, CaCl, 0.1 M). (b) Homopolymeric block
with higher mannuronic acid content (F . 0.18, CaCl, 0.1 M).
(c) Homopolymeric block with higher guluronic acid content
(F, 0.56, CaCl, 1.0 M). (d) Homopolymeric block with higher
mannuronic acid content (F,, 0.18, CaCl, 1.0 M.) (x 2500).
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Fig. 7. Effect of F . on the maximum stress and strain values
of the calcium alginate membrane at membrane rupture.
e: Maximum stress. B: Maximum strain.

3.2. Mechanical strength and elastic characteristics

Fig. 7 depicts the correlation of maximum stress and
maximum strain at membrane rupture. The mechanical
strength and elastic characteristics apparently changed
with F_ .. The maximum stress increased with increasing
F .- Mechanical strength was increased by cross-linking,
especially when combined with higher F__. In contrast,
the maximum strain when the membrane ruptured was
remarkably reduced by increasing F ... The polymeric
framework of the calcium alginate became more densely
populated with a higher calcium chloride concentration
[22]. Increasing F . obviously enhanced the polymeric
framework of the membrane.

3.3. Mass transfer flux

The molecular size screening effect was investigated by
measuring mass transfer flux using various molecular size



262 K. Kashima and M. Imai / Desalination and Water Treatment 34 (2011) 257-265

indicators (Urea 60 Da, Glucose 180 Da, Methyl Orange
327 Da, Indigo Carmin 466 Da, and Bordeaux S 604 Da).
Superior molecular size screening performance was estab-
lished in our tested range (Fig. 8). The result strongly
suggests that the mass transfer channel was consider-
ably mono-disperse in our experimental range of molec-
ular sizes [22], something that has not been previously
reported. Molecular size screening evidently appeared
in a lower molecular range than glucose, especially for
higher values of F .. The diffusion coefficient in bulk
aqueous phase D was plotted for comparison. The large
dependence of effective diffusion coefficient on molecu-
lar size indicates that the polymeric framework of a cal-
cium alginate membrane is sensitive to mass transfer.
Fig. 9 illustrates the effect of F . on the effective
diffusion coefficient of urea. The effective diffusion
coefficient gradually decayed due to the progressive
cross-linking of molecular frameworks within the mem-
brane. The polymeric structure of calcium alginate
gels was mainly governed by the intermolecular ionic
bonds with homopolymeric blocks of the o-L-guluronic

1 0_8 Diffusion coefficient in the bulk soln.
107 \\i
= 1010
o Feel-1
NE 10-11 (.18
-~ A0.56
Q 1012
g 13 .
< 10
Q
1014
-15

10° 10' 102 103 10* 10
MW [Da]

Fig. 8. The effective diffusion coefficient was changed remark-
ably in our experiment as molecular size increased from 60 Da
to 600 Da. The symbol W indicates the diffusion coefficient in
a bulk aqueous solution, based on the Wilke-Chang equation.
Temperature: 303 K. Agitation rate: 850 min™.

7
6_
T os|
E 4}
s}
X
|
S
0

0 02 04 06 08 1
F, GG [_]

Fig. 9. Effect of F . on the effective diffusion coefficient of urea.

acid junction zone in combination with Ca* [7,8]. The
calcium chloride acted as a cross-linker of molecular
frameworks in the alginate molecular chain.

3.4. Volumetric water fraction of the swollen membrane

The volumetric water fraction (H,) of the swollen
membrane decreased linearly with increasing F__, as
shown in Fig. 10.

Fig. 11 illustrates the correlation of the volumet-
ric water fraction of the swollen membrane with the
effective diffusion coefficient of urea. The effective dif-
fusion coefficient and the volumetric water fraction
were restrained by increasing F ... The good correlation
between the volumetric water fraction and the effec-
tive diffusion coefficient contributed to understanding
of the mass transfer channel of the alginate membrane.
The mass transfer channel was governed by the mass
fraction of homopolymeric blocks of o-L-guluronic acid
(F..)- These “Egg-box” junction zones regulated the
mass transfer mechanism of the alginate membrane.
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Fig. 10. Effect of F__ on the volumetric water fraction of the
swollen membrane. The volumetric water fraction in swol-
len state was evaluated from the mass mass-based water

content as Eq. (7).
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Fig. 11. Correlation of the volumetric water fraction of the swol-
len membrane with the effective diffusion coefficient of urea.
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Chen and Lostrito (1996) pointed out in their paper
that In (Deﬁ/D) was linearly proportional to (H,'-1) [23].
This is applicable to highly swollen hydrogel mem-
branes, and is consistent with the opinion of Vadalkar
et al. (1993) [24]. It is also applicable to very water
soluble solutes. These two points (“highly swollen
hydrogel membrane” and “very water soluble solutes”)
were incorporated into our experimental conditions.
A detailed discussion of this was presented by Yasuda
et al. (1971) [25]. According to their paper, In (Deff / D)
was correlated linearly with (H,'-1). The dependence
of the effective diffusion coefficient of a swollen poly-
mer membrane can usually be explained by Yasuda’s
free volume theory [25]:

b(1 - a)x
InDy =InD - ————
i He =0 1+ ax ®)
Eq. (8) was rearranged as follows:
D, b(1 - a)x
In| 2 |- A2 —4X
" ( D J 1+ax ©)

Where x = (H,'-1), a = me/Vﬂ, b= V*/Vﬂ, Dgff and D
are the effective diffusion coefficient in the membranes
and in bulk solvent, respectively. H , is the volumetric
water fraction of the swollen membrane and a4 is the
free volume ratio of the dry membrane (me) to that of
solvent (Vﬂ), while b is the volumetric ratio of the per-
meant characteristic volume (V*) to the free volume in
the solvent (Vﬂ). It is apparent from Eq. (9) that the In
(D, / D) is not represented by the linear function of
the volumetric water fraction in the swollen membrane
(H,). As two special cases of Eq. (9), first, the In (Dgff / D)
becomes independent of membrane swelling at low H,,
(x — o0). The left hand term of Eq.(9) becomes almost
constant. Second, for a region of high H, (x — 0), the
In (Deff / D) is linearly proportional to x and presents a
negative slope of b(1-a).

Fig. 12 investigates the In (D, / D) of urea in a cal-
cium alginate membrane in the swollen state based on
the free volume theory, Eq. (9). A plot of In (D o /D) vs.
x was applied to the higher volumetric water fraction.
The correlation agreed well with the second case men-
tioned above (high H, ). The In (Dgff / D) is linearly pro-
portional to x and presents a negative slope of b (1- a).
The intercept of the ordinate indicates that the effective
diffusion coefficient approaches the diffusion coefficient
of the bulk phase at a higher volumetric water fraction
of the swollen state membrane. This was in agreement
with Yasuda’s discussions and Chen and Lostrito’s pre-
sentation [23]. Vadalkar et al. (1993) presented a good
correlation of In (Dgﬁ/ D) vs. x. Their trend also agreed
with our experimental results.

The effective diffusion coefficient in the membrane
can be presented by the following equation.

De
A

(10)

Where, ¢ is the void fraction. 1 is tortuosity of the mem-
brane. In this work, the void fraction was assumed to be
the volumetric water fraction of the swollen membrane
(H,). Eq. (10) was therefore rearranged as follows:

D Hy
T

(11)

Dy =

D, and H, were determined independently from our
experiments. Therefore, T was estimated from Eq. (12).

D H
T=——" (12)
Desr
The change of © with F__ is presented in Fig. (13).
Tortuosity increased from 16 to 32 with increasing F_,

which changed from 0.18 to 0.56. This trend indicated
that the mass fraction of o-L-guluronic acid was the

0
-1}
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Q
>
S|
£
-4}
" . .
0 0.5 1 1.5

(1-Hy)/Hy [-]

Fig. 12. Effective diffusion coefficient of urea in calcium algi-
nate membrane regulated by F_ . Test of free volume theory.

T[]

0 0.2 0.4 0.6 0.8 1
Fea |-

Fig. 13. Effect of F_ on the tortuosity. Contribution of “Egg-
box” junction structure to tortuosity.
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dominant factor our regulating of tortuosity. The detail
reason for high level of tortuosity is not clear at pres-
ent. Other factors inhibiting diffusion in the membrane
could be illustrated, e.g., adsorption on the polymer
network or molecular affinity between alginate polymer
chains and the molecules tested.

4. Conclusion

The impact of a-L-guluronic acid on the mass trans-
fer character of calcium alginate membranes was dem-
onstrated, not only on the effective diffusion coefficient
but also on the mechanical strength of the membrane.
A membrane was successfully prepared with various
mass fractions of o-L-guluronic acid in sodium alginate.
The volumetric water fraction of the swollen membrane
decreased with increasing F .. The effective diffusion
coefficient of smaller molecules apparently decreased
with increasing mass fraction of a-L-guluronic acid. The
results suggest that increasing F .. dominantly governs
the polymeric framework of calcium alginate membranes.
This original finding on the impact of F . has the poten-
tial to enable preparation of calcium alginate membranes
with any desirable molecular size screening function.
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Symbols

A —  Area of membrane [m?].

a —  The ratio of the free volume of the dry mem-
brane (me) to the free volume of solvent (Vﬂ) [-].

b —  The ratio of the permeant characteristic vol-
ume (V*) to the free volume in the solvent
VI

C " — Initial concentration in the feed solution [M].

C, —  Concentration in the stripping solution [M].

D — Diffusion coefficient estimated from an
empirical equation in a bulk aqueous phase
[m2-s7].

Dgﬁ( —  Effective diffusion coefficient measured

[m2s7!].

Mass fraction of o-L-guluronic acid in

sodium alginate determined by Eq. (1) [-].

Mass fraction of homopolymeric blocks

of o-L-guluronic acid in sodium alginate

determined by Eq. (2) [-].

The mass-based water content at swollen

membrane [-], defined by Eq. (6).

The volumetric water fraction at swollen

membrane [-], defined by Eq. (7).

— Opverall mass transfer coefficient [m - s7!].

Overall mass transfer resistance [(m - s7!) ~].

— Membrane mass transfer coefficient [m - s7'].

Film mass transfer coefficient in the feed

phase [m - s™'].

Film mass transfer coefficient in the strip-

ping phase [m - s™].

Membrane thickness in the initial state [m].

Partial mass fraction of o-L-guluronic acid

in M-G block [-].

—  Time [s].

Volume of aqueous solution in the transfer

cell presented in Fig. 4. [m®].

The permeant characteristic volume [m?].

—  The free volume of the solvent [m?].

The free volume of the dry membrane [m?].

—  Mass of G-G block in sodium alginate [kg].

—  Mass of M-G block in sodium alginate [kg].
]
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Mass of M-M block in sodium alginate [kg].
— Initial mass of the swollen membrane [kg].
Mass of dried membrane [kg].

— Mass of total contained water [kg].

—  The ratio of the framework fraction to void
fraction of the membrane (H,'-1) [-].

Void fraction of the membrane [-].

Density of the swollen membrane [kg-m™].
Density of pure water [kg - m™].
Tortuosity of the membrane [-], defined by
Eq. (12).
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