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ABSTRACT: The biopolymer chitosan (CS) has been
widely studied for various environmental and biomedical
applications. However, the production of homogeneous CS
solutions with high concentrations and the preparation of
CS hollow-fiber membranes with high mechanical
strengths for practical applications have been a great chal-
lenge so far. In this study, a novel dilute-dissolution and
evaporating-concentration method was developed to allow
highly concentrated homogeneous CS solutions to be eas-
ily prepared (up to 18 wt % as compared to �5 wt % pre-
pared by the conventional method). CS hollow-fiber
membranes prepared from high-concentration CS solutions
showed greatly improved mechanical strengths (with ten-
sile strengths up to 3.4 MPa), comparable to or even better

than other hollow fibers made from many conventional
industrial synthetic polymers. The prepared hollow-fiber
membranes were found to possess very high adsorption
capacities for heavy-metal ions (up to 206.6 mg of Cu2þ/g
of CS fiber at pH 5), which were attributed to the low
crystallinity of CS and the porous structure achieved in
the hollow-fiber membranes. As a potential application
example, the performance of the prepared hollow fibers
for the adsorption of copper ions in real wastewater from
a wafer fabrication factory in Singapore was also exam-
ined. VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 115: 1913–
1921, 2010
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INTRODUCTION

In recent years, adsorptive membrane technology
has attracted increasing interest in many separation
applications because of its economical advantages,
particularly, in the separation of small and low-con-
centration substances from bulk solutions, over con-
ventional membrane technology, which works on
the mechanism of size exclusion.1 Adsorptive mem-
branes carry reactive functional groups on the surfa-
ces to capture targeted substances through specific
interactions. Hence, the pore sizes of adsorptive
membranes are much less crucial for separation,
compared to conventional membranes, and can be
much larger than the sizes of the targeted substan-
ces. This could significantly reduce the resistance of

flow through the membrane and, thus, lower the
energy consumption of the process.
However, most commercially available or conven-

tional membranes are prepared from inert industrial
synthetic polymers that do not have reactive func-
tional groups. These membranes are, therefore, usu-
ally not suitable as adsorptive membranes. The com-
mon method for obtaining adsorptive membranes
has been by surface modification of conventional
membranes.2,3 A major problem in the surface modi-
fication method is that the harsh physical or chemi-
cal treatment conditions used can often result in the
deterioration of the polymer material and also in the
alternation of the structures of the membranes.2

An alternative method for preparing adsorptive
membranes is to use polymers containing reactive
functional groups as the membrane materials, either
partly or entirely.4–6 Among materials with reactive
functional groups, chitosan (CS) has been mostly
studied.7–9 CS is a natural biopolymer, readily avail-
able from sources such as seafood-processing waste.10

CS possesses a high content of amine groups (up to 7
wt %), which are highly reactive, and has been found
to show affinity to many water contaminants and bio-
products. Considerable efforts have been made in
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research to use CS or modified CS as an adsorbent or
for composite membranes to remove heavy metal ions
or to separate bioproducts.11–18

Although CS flat-sheet membranes or CS composite
membranes (supported on other flat sheets or hollow
fibers) have been prepared,8,19–21 these membranes
have appeared to be relatively less attractive because
of their small specific surface areas or the small
amount of CS contained and, hence, low adsorption
capacity for adsorptive separation.8 To increase the
specific surface area, hollow-fiber membranes are
usually the preferred membrane configuration
(because of the high packing density).21 Unfortu-
nately, CS has encountered significant difficulty in the
preparation of hollow-fiber membranes with
adequate mechanical strength so far. CS solutions
have very high viscosities, and the polymer dope sol-
utions used to spin the hollow-fiber membranes usu-
ally unavoidably have a low CS concentration (often
�5 wt %). There have been three representative
reports in the literature about the preparation of CS
hollow-fiber membranes.22–24 The authors of the first
two studies22,23 prepared CS dope solutions with
about 3–5 wt % concentrations, and the spun hollow-
fiber membranes did not seem to have good self-sup-
porting capability in wet state. The third study
reported24 CS dope solutions with concentrations up
to 7 wt % by using ‘‘Low-viscosity’’ CS, and the
strength of the spun hollow-fiber membranes was
increased by increasing the crystallinity of CS in the
spinning process. Not only does the requirement for
low-viscous CS limit the choice of CS products in the
market, a higher crystallinity also reduces the adsorp-
tion capacity of CS and is, therefore, not desirable for
adsorptive CS membranes.

The major obstacle in preparing CS hollow-fiber
membranes with a high mechanical strength arises,
to a large extent, from the practical difficulty of
obtaining highly concentrated homogeneous CS
dope solutions to spin the hollow-fiber membranes.
In this study, a novel method was developed to pre-
pare homogeneous and high-concentration CS dope
solutions (up to 18 wt %). CS hollow-fiber mem-
branes fabricated from these high concentration CS
solutions showed good mechanical strengths.
Adsorption studies for copper-ion removal with the
prepared CS fibers showed very high adsorption
capacities (copper ions were used in this study as a
model heavy metal for easy comparison with some
early results reported in the literature).

EXPERIMENTAL

Materials

CS, which was practical grade from crab shells, was
supplied by Aldrich (St. Louis, MO). The molecular

weight of CS was 319,000 g/mol, as calculated
through the Mark–Houwink equation,25 and the N-
deacetylation degree was 79%. Glacial acetic acid
from Merck (Darmstadt, Germany) was used as the
solvent for CS. Sodium hydroxide from BDH
(London, United Kingdom) was used to prepare
the inner and outer coagulant solutions. Urea pro-
vided by Riedel-de Haën (Seelze, Germany) was
used to evaluate the permeating properties of the
hollow-fiber membranes for nonadsorptive water-
soluble components. Copper sulfate pentuhydrate
(CuSO4�5H2O) from Nacalai Tesque (Kyoto, Japan)
was used to prepare copper-ion solutions for the
adsorption evaluation experiments. Wastewater from
a wafer fabrication factory in Singapore was also
used to test the capability of the prepared adsorptive
hollow fibers for the removal of copper ions from
real industrial wastewater.

Preparation of the highly concentrated CS dope
solution and spinning CS hollow-fiber membranes

CS was first dissolved in a 1% acetic acid solution to
obtain a 2 wt % CS solution. The solution was stirred
with a magnetic stirrer for 2 h and then filtered
through 2.5-lm-pore filter paper to ensure the homo-
geneity of the solution. The dilute CS solution was
collected in a glass beaker and subsequently placed
in a water bath with the temperature maintained at
60�C. The solution in the beaker was slowly stirred,
and the solvent (i.e., acetic acid and water) in the so-
lution was gradually evaporated off to give a more
and more concentrated CS solution. When the con-
centration of the CS solution was about to reach the
level needed to spin the hollow-fiber membrane, as
determined from the weight of the content in the
beaker, heating was stopped, and the solution was
allowed to slowly cool to room temperature (23–
24�C). The beaker was then covered with Parafilm,
and the content was degassed in a centrifuge (9000
rpm) for 5 min to remove any air bubbles trapped in
the solution. The final concentration of CS in the
solution reached as high as 18 wt %, and the solution
could be readily used as the dope solution to spin
the CS hollow-fiber membranes.
The hollow-fiber membranes were prepared

through a wet-spinning method, similar to that
described elsewhere.26 In brief, the clear CS dope so-
lution was forced through a stainless steel spinneret
comprising an annular ring (o.d. ¼ 1.72 mm, i.d. ¼
0.72 mm) under high-pressure N2 gas and protruded
directly into a coagulation bath (with no air gap)
under zero drawing force. A bore liquid coagulant
was delivered simultaneously through the inner core
of the spinneret by a high-pressure syringe pump. A
10 wt % NaOH solution was used as both the exter-
nal coagulant (in the coagulation bath) and the
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internal coagulant (the bore flow). Although an 18
wt % CS dope solution could be prepared, this led
to highly dense or nonporous membranes, which is
not desirable for adsorption membranes. In this
study, two specific types of CS hollow-fiber mem-
branes were, therefore, prepared from dope solu-
tions with CS concentrations of 8 and 12 wt % and
were examined to demonstrate the workability of
the method and the performance of the prepared ad-
sorptive membranes.

Characterization analyses

A field emission scanning electron microscope (JEOL
JSM-6700F, Japan) was used to characterize the mor-
phologies and structures of the CS hollow-fiber
membranes. The wet samples were treated with pro-
panol and hexane to retain the original structures of
the fibers for the surface scan. The dried hollow-
fiber membranes were also snapped in a liquid
nitrogen environment to give a generally clean break
of the cross section for the cross-section scan. As the
polymer was nonconductive, the samples were
coated with platinum powder on the surface for 40 s
at 40 mbar vacuum before the scanning analysis.
The electrical voltage was controlled below 10 kV to
prevent possible collapse of the samples caused by
the electron beam in the analyses.

The mechanical properties of the hollow-fiber
membranes were evaluated through the measure-
ment of tensile strength, elongation ratio, and
Young’s modulus. Tests were conducted with an
Instron-5542 (Norwood, MA) materials testing
machine equipped with Bluehill Version 2.5 software
at room temperature and a relative humidity of
about 60%. The initial gauge length was set to 20
mm, and the drawing speed was set at 2 mm/min.
The sample hollow fiber was cut into a 50 mm long
piece and attached onto the two clamps of the
machine. The test data were recorded, and the val-
ues of the tensile stress, elongation ratio, and
Young’s modulus of the hollow-fiber membranes
were calculated by the software. For reliability, five
measurements were made for each sample, and the
average values are reported.

The porosities of the CS hollow-fiber membranes
were estimated through the dry–wet weighing
method. We took out a certain amount of the hollow
fibers stored in deionized water in a measuring cyl-
inder, removed the water in the lumen with a rub-
ber pipette bulb, removed the surface water by plac-
ing the fibers on a few pieces of tissue paper for 2
min, and then weighed the fibers, using a beam bal-
ance, to obtain the initial weight (Wh). The weighed
hollow fibers were subsequently dried in a vacuum
desiccator (at about 1 mTorr) at room temperature
for 3 days. The weight of the dried hollow fibers

(Wd) was weighed again with the same beam bal-
ance. The porosity (P) of the hollow fibers was then
calculated approximately by

P ¼ ðWh �WdÞ=qw
Wd=qCS þ ðWh �WdÞ=qw

where qw (qw � 1.0 g/cm3) is the density of water
and qCS (qCS ¼ 1.4 g/cm3 27) is the density of the
CS.
Urea was used as a model molecule to test the

permeating properties of the hollow-fiber mem-
branes for small water-soluble components that do
not have an affinity to CS. The urea solution at a
concentration of 50 mg/L was fed from the outer
surface to the lumen of the hollow-fiber membranes
at 1 bar of pressure, and the concentrations of urea
in the feed and permeate were analyzed with a Shi-
madzu TOC-500A analyzer (Kyoto, Japan). The per-
meation experiment was done with a syringe and a
piece of hollow-fiber membrane that was fixed to
the needle of the syringe at one end and was sealed
with epoxy at the other end, as shown in Figure 1.
The crystallinity of the dry hollow-fiber membrane

was measured with a Miniflex Rigaku X-ray diffrac-
tometer with nickel-filtered Cu Ka radiation. The
scanning was conducted at a speed of 2�/min over a
2y range from 5 to 60�. A method developed by
Singh and Ray28 was used to calculate the crystallin-
ity of the dry hollow-fiber membranes.

Adsorption performance for copper ions

A primary evaluation of the adsorptive performance
of the prepared CS hollow fibers was conducted
with copper-ion solutions in a series of batch

Figure 1 Schematic representation of the permeation ex-
perimental setup for urea.
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experiments. The hollow-fiber membranes were cut
into pieces about 0.25 cm in length and used in the
adsorption study. Adsorption performance was
examined in terms of the effect of the solution pH
values and the adsorption isotherms. To examine the
effect of solution pH, adsorption experiments were
conducted with copper-ion solutions with an initial
concentration of 50 mg/L but different pH values in
the range 3–5 (a higher pH was not used to prevent
the possibility of precipitation). A certain amount of
the wet hollow-fiber pieces (equivalent to 0.2 g of
dry fibers) was added to 40 mL of a copper-ion solu-
tion in a 50-mL flask. The contents of the flask were
shaken in an orbital shaker at 200 rpm and room
temperature for a period of up to 24 h. The final
copper-ion concentrations in the solutions were ana-
lyzed. An adsorption isotherm study was conducted
at room temperature and an initial pH value of 5,
with the initial copper-ion concentrations varied in
the range 50–200 mg/L. A certain amount of the wet
hollow-fiber pieces (equivalent to 0.2 g of dry fibers)
was added to a number of 50-mL flasks, each con-
taining 40 mL of the copper-ion solution with a dif-
ferent concentration. The contents of the flasks were
shaken in an orbital shaker at 200 rpm at room tem-
perature for a period of 24 h, and the final concen-
trations of copper ions in the solutions were
measured.

The adsorption of copper ions from real industry
wastewater was also investigated to examine the ad-
sorptive performance of the prepared CS hollow-
fiber membranes, especially at low copper-ion con-
centrations. The CS hollow-fiber membrane prepared
from an 8 wt % CS solution was used in the experi-
ments. The wastewater was supplied by a semicon-
ductor company in Singapore with copper-ion con-
centrations around 12.1 mg/L. The wastewater had
a pH value of about 6.2 and contained organic car-
bon as total organic carbon (TOC) at 32.5 mg/L. In
the isotherm adsorption tests, different amounts of
hollow-fiber pieces were added to each 40-mL
wastewater sample in a number of 50-mL flasks. The
contents in the flasks were shaken in an orbital
shaker at 200 rpm at room temperature until the
adsorption equilibrium was reached (in 2 h). The ini-
tial and final concentrations of copper ions in the
solutions were analyzed. In the regeneration/reuse
study, amounts of 0.02 and 0.25 g of wet hollow-fiber
pieces were used, respectively. After adsorption, the
hollow-fiber pieces were separated and regenerated
in 40 mL of 0.01M ethylene diamine tetraacetic acid
(which was reused for 10 cycles) with a pH of about
10 adjusted by the addition of NaOH solution. The
mixture was stirred at 200 rpm at room temperature
for 1 h to remove the copper ions adsorbed. Then,
the hollow-fiber pieces were washed in deionized
water and reused in the subsequent adsorption test.

The adsorption and desorption cycle was conducted
10 times.
In this study, the concentrations of copper ions in

all of the samples were analyzed with an inductive
coupled plasma spectrometer (Perkin Elma DV3000,
OES optical).

RESULTS AND DISCUSSION

CS concentration in the solutions

The first step for the preparation of a hollow-fiber
membrane is to obtain a homogeneous dope solution
of adequate polymer concentration to ensure enough
strength and a uniform structure for the spun hol-
low-fiber membranes. The polymer (which may
include some additives as well) is usually dissolved
in a solvent, and the solution is well mixed to achieve
homogeneity. In general, a higher polymer concentra-
tion in the solution is desired for a stronger hollow-
fiber membrane. Higher polymer concentrations can
allow the polymer chains to overlap or entangle one
another to achieve better strength, but they also cause
polymer dissolution and solution homogeneity to be
more difficult to achieve. For most synthetic poly-
mers, the critical polymer concentration has been
found to be in the range 0.2–0.3 (or 20–30 wt %)29 for
successful preparation of a homogeneous polymer so-
lution to fabricate hollow-fiber membranes. CS has
high swelling rates, and the solution usually has a
very high viscosity. For degraded low-molecular CS,
it was reported that the concentration can be as low
as about 0.011830 for a homogeneous solution. For
normal CS with a molecular weight of 100,000–
300,000 g/mol, homogeneous solutions with CS con-
centrations at a maximum of 3–5 wt % have been
successfully obtained.22,23,26 To further increase the
CS concentration, it has been found that CS could not
be adequately dissolved, even after a dozen days,
because of the extremely high viscosity, which pre-
vented the polymer chains from being fully opened.
However, evidence has indicated that CS hollow-fiber
membranes prepared from solutions of CS concentra-
tions up to 3–5 wt % had tensile strengths less than
0.1 MPa and were not strong enough even for self-
support in their wet state.22

In this study, the dilute-dissolution method
allowed CS molecules to be easily and fully dis-
solved at first. Because of the relatively low viscosity
of the solution, the process also provided another
advantage for easily removing any insoluble impur-
ities in the CS product from the solution through fil-
tration separation. The subsequent evaporating-con-
centration process with slow stirring increased the
concentration of CS in the solution because of the
loss of the solvent from the system. Homogeneous
CS solutions with concentrations as high as 18 wt %
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were successfully achieved in this study. In Figure 2,
the photos show the 18 wt % CS solutions prepared
by the conventional method (direct dissolution) and
by the method developed in this study. It is clear
that the conventional method could not achieve the
homogeneity (particles are still observed) and the CS
solution prepared by the new method was essen-
tially very uniform with a high homogeneity.

Morphological properties

The structures and morphologies of the CS hollow-
fiber membranes prepared from 8 and 12 wt % CS

solutions were examined (and are referred to as
8CSHF and 12CSHF, respectively). The outer diame-
ters of 8CSHF and 12CSHF were 1630 � 100 and
1650 � 100 lm, respectively, in the wet state and
changed to 750 � 80 and 760 � 80 lm after drying.
The inner diameters of 8CSHF and 12CSHF also
changed from 680 � 70 and 670 � 60 lm, respec-
tively, in the wet state to 430 � 50 and 440 � 60 lm
after drying. Figure 3 shows typical field emission
scanning electron microscopy images on the cross
section and surface morphologies of these CS hol-
low-fiber membranes (dry). Both types of hollow-
fiber membranes had a spongelike porous cross-

Figure 2 Photos showing 18 wt % CS solutions: (a) prepared by the conventional method (direct dissolution) and (b) pre-
pared by the new method (dilute dissolution and evaporation-concentrating). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 3 Morphologies of the CS hollow-fiber membranes prepared from an 8 wt % CS solution (8CSHF) and a 12 wt %
CS solution (12CSHF).

CHITOSAN HOLLOW-FIBER MEMBRANES 1917

Journal of Applied Polymer Science DOI 10.1002/app



section structure, and the pore sizes became smaller
with higher CS concentrations in the dope solution.
The inner surfaces of the hollow-fiber membranes
were also porous, but the outer surfaces appeared to
be much denser. Although the 10% NaOH solution
was used as both the inner and outer coagulant, it
coagulated CS at different rates on the outer and
inner sides in the coagulation process.26 The small
amount of the NaOH solution in the lumen was rap-
idly neutralized by the acetic acid solution extracted
from the CS dope solution, which reduced the coag-
ulation rate of CS in the inner side of the hollow-
fiber membrane and favored the formation of larger
pores and, thus, the more porous inner surface. The
preparation method for the hollow-fiber membranes,
therefore, provided the membrane with an interest-
ing structure: a porous and macrovoid-free cross sec-
tion and inner surface but a relatively dense outer
surface, ideally to be used as a membrane for both
filtration (removal of particles through the outer sur-
face) and adsorption (removal of soluble species by
the internal surfaces) functions.

The porosities of 8CSHF and 12CSHF were found
to be around 91.2 and 89.0%, respectively, in the wet
state and 77.6 and 73.1%, respectively, in the dry
state; this indicated a denser polymer content in
12CSHF than in 8CSHF. The urea permeation experi-
ments indicated that about 99.1 and 98.8% of the
urea molecules passed 8CSHF and 12CSHF, respec-
tively. The results suggest that the prepared hollow-
fiber membranes were permeable to small water-
soluble components that had no affinity to CS.

Mechanical strength

With the highly concentrated CS dope solutions, the
CS hollow-fiber membranes were found to become
mechanically strong. Table I summarizes the mea-
sured values of the tensile strength, elongation ratio,

and Young’s modulus of the wet CS hollow-fiber
membranes prepared in this study. In general, both
types of CS hollow-fiber membranes showed high
tensile strengths that were comparable to or even
higher than those obtained from other hollow-fiber
membranes made of typical industrial synthetic pol-
ymers (see Table II). The improvements in the me-
chanical properties of the CS hollow-fiber mem-
branes, to a large extent, resulted from the use of
highly concentrated CS solutions to spin the CS hol-
low-fiber membranes.

Adsorption performance

Adsorption data for copper-ion removal with the
prepared CS hollow fibers were collected to evaluate
their adsorptive performance. Figure 4 shows the
results of copper-ion adsorption on 8CSHF and
12CSHF at different solution pH values. In general,
the adsorption uptakes increased with increasing so-
lution pH values. At pH values below 3, no signifi-
cant adsorption occurred. In the pH range 3–5, the
adsorption uptake increased significantly with the
solution pH value and reached the highest uptakes
at pH 4.6 or above in the pH range examined. It is
advantageous for the maximum adsorption uptake
to be achieved at a pH closer to the neutral level, as
this can reduce the need for pH adjustment in many
cases of applications where water or wastewater
usually has a pH at or near the neutral point. The
trend of the changes in the adsorption uptake of the
copper ions on the CS hollow-fiber membranes with
solution pH was similar to those that used CS as the
adsorbent for heavy-metal removal.40 The phenom-
enon of lower uptake amounts at lower pH values
was attributed to the protonation of the amine
groups of CS at lower solution pH values, which
created greater electrostatic repulsion on the metal
ions to be adsorbed and, therefore, reduced the
amount of adsorption at a lower solution pH.
An adsorption isotherm study is commonly con-

ducted to evaluate the adsorption capacity and
adsorption pattern of an adsorbent for an adsorbate.
Figure 5 shows the experimental isotherm adsorp-
tion results obtained at room temperature and pH 5.
The adsorption uptake amounts in general increased
with the equilibrium copper-ion concentration in the
solution and approached a maximum at higher

TABLE I
Mechanical Strength Values of the CS Hollow-Fiber

Membranes Prepared in This Study

Hollow-fiber
type

Tensile stress
at break
(MPa)

Elongation
ratio at

break (%)

Young’s
modulus
(MPa)

8CSHF 2.17 84% 3.55
12CSHF 3.45 125% 4.69

TABLE II
Comparison of the Tensile Strength Values of the CS Hollow-Fiber Membranes Prepared in This Study with Those

from Industrial Synthetic Polymers

Hollow-fiber type 8CSHF 12CSHF Cellulose acetate31 Polysulfone32 Nylon33,34

Tensile strength (MPa) 2.17 3.45 1.05–1.90 1.36–3.27 0.97–4.22
Hollow-fiber type PVB35 PES36 PVC37 PVDF38 PAN39

Tensile strength (MPa) 0.1–0.4 0.94–1.65 1.3–4.3 0.6–1.7 1.1–3.1
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equilibrium concentrations. The Langmuir and
Freundlich isotherm models were used to fit the ex-
perimental isotherm adsorption data in this study

because of their relative simplicity. The Langmuir
model (R2 ¼ 0.9938 and 0.9940 for 8CSHF and
12CSHF, respectively) was found to fit the data bet-
ter than the Freundlich model (R2 ¼ 0.9678 and
0.9835 for 8CSHF and 12CSHF, respectively), which
indicated that the surface properties of the hollow-
fiber membranes played a crucial role in the adsorp-
tion performance. The fitted results from the two
models are also included in Figure 5. From the
Langmuir model fitting analysis, the maximum
adsorption amount or adsorption capacity for copper
ions on 8CSHF and 12CSHF in this case were calcu-
lated to be 186.7 and 206.6 mg of Cu2þ/g dry hollow
fibers, respectively.
The capacities of 186–206 mg of Cu2þ/g CS fibers

from this study appeared to be high compared to
those from earlier reports; see Table III. For example,
in terms of copper-ion adsorption on CS, 103–
105 mg of Cu2þ/g CS in CS/CA (cellulose acetate)
blend hollow-fiber membranes41 and around 80–160
mg of Cu2þ/g CS in CS gel beads42,43 were obtained.
Interestingly, the CS in the hollow fibers prepared
from the dilute-dissolution preparation method in
this study had a much lower crystallinity (13.7%), as
indicated in Figure 6 by the lower peak at 2y around
20�. In the literature, the crystallinity of CS ranges
from about 30 to 60% for CS flakes,28,44 CS flat-sheet
membranes,45 and CS hollow-fiber membranes24 pre-
pared by other methods. It is known that a lower
crystallinity of CS can contribute to a greater adsorp-
tion capacity of CS.46 Hence, the low crystallinity of
CS, together with the porous structure, achieved in
the prepared hollow-fiber membranes in this study
probably contributed to the observed high adsorp-
tion capacities shown in Figure 5.

Copper-ion removal from real industrial
wastewater

Typical results with 8CSHF for the removal of cop-
per ions from the real industrial wastewater are

Figure 5 Experimental adsorption isotherm data and the fit-
ted results by adsorption isothermmodels to the experimental
results [t (temperature) t¼ 23�C, pH 5, C0 ¼ 50 to 200 mg/L].

Figure 4 pH effect of the copper-ion adsorption on the pre-
pared CS hollow-fiber membranes [equilibrium adsorption
amount (qe) is in terms of per gram of dry CS hollow-fiber
pieces, C0 ¼ 150 mg/L]. The error bars were determined
from three repeated experiments with errors of less than 7%.

TABLE III
Comparison of the Copper-Ion Adsorption

Capacity on CS Reported in the Literature and
Obtained in This Study

Copper-ion adsorption
capacity (mg/g) in

terms of CS Form of CS Authors

15.4 Powder Chu40

33.4 Gel beads Wan Ngah et al.47

42.4 Particles Bal et al.48

80.7 Gel beads Wan Ngah et al.42

105.4 Membrane Han et al.41

150 Gel beads Zhao et al.49

163.9 Gel beads Li and Bai43

186–202 Membrane This study
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shown in Figure 7. The results show that the adsorp-
tion uptake increased with the increase of equilib-
rium concentration, a similar phenomenon to that
observed in Figure 5. The TOC of the wastewater
remained at 32.5 mg/L before and after the adsorp-
tion test. Therefore, the hollow-fiber membrane pre-
pared in this study did not show significant adsorp-
tion for the TOC in the wastewater but selectively
adsorbed the copper ions from the wastewater.
Experiments indicated that the concentration of cop-
per ions in the wastewater could be effectively
reduced to below 1 mg/L, which meets the maxi-
mum contaminant level goal and treatment tech-
nique to control the corrosiveness of water estab-
lished by the U.S. Environmental Protection
Agency.50 The reusability test results also indicated
that the capacity of the hollow-fiber pieces remained
at about 90% of the initial capacity even after 10
rounds of adsorption–desorption cycles. These
results show the potential for the developed adsorp-
tive hollow-fiber membranes to be used for copper-
ion removal in the treatment of semiconductor
industrial wastewater.

CONCLUSIONS

Homogeneous high-concentration CS solutions and
high-strength CS hollow-fiber membranes were suc-
cessfully prepared. The novel dilute-dissolution and
evaporating-concentration method developed in this
study allowed homogeneous CS solutions with a
concentration at as high as 18 wt % to be practically
obtained. This overcame the limitation of the con-
ventional preparation method, which fails to obtain
a high-concentration CS solution with homogeneity.
From the prepared high-concentration CS solutions,
CS hollow-fiber membranes with comparable or
even higher mechanical strengths (in the wet state)
than many industrial synthetic polymer membranes
were fabricated. The prepared CS hollow-fiber mem-

branes were found to have a porous and macrovoid-
free structure on the cross section and inner surface
but a much denser outer surface. This type of mem-
brane structure may be beneficial for a membrane
used to achieve both the filtration (the removal of
larger particles) and adsorption (the removal of dis-
solved small components) separation functions.
Adsorption experiments showed that the prepared
CS hollow fibers had a very high adsorption
capacity for copper ions. The low crystallinity of CS
achieved in the prepared hollow fibers is considered
to be one of the major factors that contributes to the
high adsorption capacity. The prepared CS hollow
fibers were also shown to effectively remove copper
ions from real wastewater from the semiconductor
industry. It is expected that there will be great
potential for CS hollow-fiber membranes to be used
in many separation applications in the future.

The authors thank theNational University of Singapore.
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