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Two types of ionic modification approaches (i.e., sulfonation and triethylamination)
were applied with the aid of dual-layer hollow fiber technology in this work to fine tune
the pore size and pore size distribution, introduce the electrostatic interaction, and
reduce membrane fouling for long-term high-performance protein separation. A binary
protein mixture comprising bovine serum albumin (BSA) and hemoglobin (Hb) was sepa-
rated in this work. The sulfonated fiber exhibits an improved BSA/Hb separation factor
at pH = 6.8 compared with as-spun fibers but at the expense of BSA sieving coefficient.
On the other hand, the triethylaminated fiber reveals the best and most durable separa-
tion performance at pH = 4.8. Its BSA/Hb separation factor is maintained above 80 for
4 days and maximum BSA sieving coefficient reaches 33%. Therefore, this study docu-
ments that an intelligent combination of both size-exclusion and electrostatic interaction
can synergistically enhance protein separation performance in both purity and concen-
tration. © 2008 American Institute of Chemical Engineers AIChE J, 55: 321-330, 2009
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Introduction

Proteins are composed of numerous amino acids and the
sequence of amino acids in each protein is unique to that
protein; therefore, each protein has its own unique three-
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dimensional shape or native conformation.! Proteins are
essential parts of organisms and participate in every process
within cells. For example, some proteins are enzymes that
catalyze biochemical reactions and are vital to metabolism;
some proteins have structural or mechanical functions that
maintain the cell shape; and other proteins are important in
cell signaling, immune responses, cell adhesion, the cell
cycle, and so on. As a result, proteins have attracted much
attention to comprehend the biochemical mechanisms of
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disease, and hence develop drugs with an improved safety
profile and a greater probability of clinical trial success.?
Considering the presence of a large number of impurities,
pyrogens, and viruses, an inevitable issue on the separation
and purification of proteins must be addressed to gain a com-
prehensive understanding of protein function and regulation.3
The U.S. market for protein separation systems is estimated
to be valued at almost U$3.0 billion in 2006 and is expected
to cross the U$5.0 billion by the year 2011.%

It is well known that the protein separation and purifica-
tion are an arduous task because of the complexity of pro-
teins themselves and their biological environments. To obtain
high-purity proteins, many separation techniques have been
developed in terms of different properties of proteins, which
include precipitation, packed bed chromatography, electro-
dialysis, electrophoresis, membrane chromatography, and
ultrafiltration (UF). Among them, the membrane-based tech-
nique such as UF may be a potentially attractive process for
the separation and purification of proteins because of its
lower capital cost, space compactness, and steady-state oper-
ation, which allow an efficient transfer to the large-scale
operation.5 The membrane filtration segment for protein sep-
aration in the U.S. market is valued at U$538 million in year
2006 with an estimated growth of 10.8% and is predicted to
grow to U$898 million in year 2011.*

UF is a variety of membrane filtration in which hydrostatic
pressure forces a liquid against a semipermeable membrane.
UF membranes typically have pore sizes in the range of 1—
100 X 10~° m (1-100 nm) and have been used widely for
the concentration, diafiltration, clarification, and fractionation
of biomolecules.® A previous study7 documented that protein
separation was best obtained for size-exclusion UF mem-
branes if the ratio of their molecular weights (MWs)
exceeded 7 as it is not trivial to fabricate UF membranes
with a narrow pore size distribution through the phase-inver-
sion method. Nevertheless, it is known that the MW ratio of
proteins in mixtures is generally less than 5; therefore, new
separation mechanisms to achieve better separation by using
the UF technique, such as the electrostatic interaction®® or
the affinity interaction,'®!" have been explored.

Zydney and coworkers have developed the charged UF
system and demonstrated that a high-performance protein
separation could still be achieved via the electrostatic interac-
tion with small differences in their MWs.»%'%!3 This is due
to the fact that proteins are known to be electrically neutral
at their isoelectric points (pI) and have positive or negative
charges at environments with lower or higher pH values,
respectively; therefore, the protein transport through charged
UF membranes is not only a function of pore sizes of mem-
branes but is also strongly affected by electrostatic interac-
tion.”'? Regrettably, the high performance of UF membranes
is not easily maintained over time as significant fouling oc-
curs after the process commences.'*™'® Although membrane
fouling is a very complicated process, many investigations
have shown that an increment in membrane hydrophilicity
will inevitably inhibit protein adsorption and deposition,
thereby significantly reducing membrane fouling.lng

Therefore, the ionic modification was applied with the aid
of dual-layer hollow fiber technology in this work to tune the
pore size and pore size distribution, introduce the electro-
static interaction, and reduce membrane fouling for long-
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term high-performance protein separation. Polyethersulfone
(PES) was chosen as the polymer material and two kinds of
ionic modification approaches (i.e., sulfonation and triethyla-
mination) were used in the PES membrane. The purpose of
employing the dual-layer hollow fiber configuration was to
utilize the porous PES inner layer to provide the enough sup-
porting strength for the modified PES outer layer (i.e., func-
tional layer) so that the developed membranes could be run
in protein permeation tests. These developed membranes
were characterized in terms of scanning electron microscopy
(SEM) and neutral solute permeation experiments. Their
separation performance for a bovine serum albumin (BSA)-
hemoglobin (Hb) binary mixture was measured by an
ultraviolet (UV)-visible spectrophotometer.

Experimental
Materials

A commercial Radel™ A PES was obtained from Solvay
Advanced Polymers L.L.C., GA, and was dried at 120°C
overnight under vacuum before use. N-methyl-2-pyrrolidone
(NMP), methanol, ethanol, diethylene glycol (DG), glycerol,
37 wt % aqueous solution of hydrochloric acid (HCI), 37 wt
% aqueous solution of formaldehyde, zinc chloride (ZnCl,),
sodium sulfite (Na,SO3), and triethylamine all were pur-
chased from Merck. Polyethylene glycol (PEG) from Merck-
Schuchardt and polyethylene oxide (PEO) from Sigma-
Aldrich with different MWs from 2 to 100 kDa were used as
neutral solutes to measure the pore size and pore size distri-
bution of dual-layer hollow fiber membranes developed in
this work. Disodium hydrogen phosphate (Na,HPO,), potas-
sium dihydrogen phosphate (KH,PO,), acetic acid
(CH3COOH), and sodium acetate (CH3;COONa) were pro-
vided by Aldrich for the preparation of protein buffer solu-
tions with pH values of 4.8 and 6.8. The proteins BSA and
Hb were bought from Sigma-Aldrich. The MW and pl value
of BSA are 66 kDa and 4.8, respectively; whereas the MW
and pl value of Hb are 65 kDa and 6.8, respectively. All
these chemicals were of reagent grade and used as received.

Preparation of dual-layer hollow fiber membranes

The dual-layer hollow fiber membranes were fabricated by
a coextrusion technique using a dual-layer spinneret as
depicted in related literatures.”*>* The detailed dope compo-
sitions and spinning conditions/parameters are summarized in
Table 1. The dried polymer powder was dispersed slowly
into a chilled solvent and the homogenous polymer dope sol-
utions were achieved under a continuous and vigorous stir
for 1 or 2 days. The flow rates of the bore fluid and both
polymer dope solutions were controlled by three ISCO
pumps during the spinning.

After the spinning, the as-spun dual-layer hollow fibers
were rinsed in a clean water bath for 3 days to remove the
residue solvent, and then carried out two posttreatment proto-
cols without further drying. One was to dip the hollow fibers
in a 50 wt % glycerol aqueous solution for 48 h and dry
them in air at ambient temperature for the neutral solute and
protein permeation experiments. The other was to directly
dry the hollow fibers using a freeze dryer with a model of
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Table 1. The Spinning Conditions for Dual-Layer PES
Hollow Fiber Membranes

ID A B C D E

Outer-layer dope composition
Inner-layer dope composition
Bore fluid composition

PES/NMP/DG (23/42/35 wt %)
PES/NMP/DG (19/43/38 wt %)
NMP/water (86/14 wt %)

Out-layer dope flow rate (ml/min) 0.6
Inner-layer dope flow rate (ml/min) 2
Bore fluid flow rate (ml/min) 0.8
Air gap (cm) 0 0 0 2 5

Take-up rate (cm/min) 327" 1070 1624 848" 1292

(“under free fall)

External coagulant Methanol
Spinning temperature (°C) 25
Coagulation bath temperature (°C) 25

Modulyo D from Thermo Electron Corporation for the mor-
phological observation by SEM.

Module fabrication and ionic modification

Two modules for each hollow fiber sample were made for
the ionic modification and the permeation experiment,
wherein each module comprised 10 fibers with an effective
length of around 0.16 m (16 cm) per fiber. Based on the
work done by Yang and Lin,* two ionic modification meth-
ods, namely sulfonation and triethylamination, were devel-
oped in this work. First, the chloromethylation of PES hol-
low fiber membranes was completed by circulating the reac-
tion solution comprising 37 wt % aqueous solution of HCI,
37 wt % aqueous solution of formaldehyde and ZnCl, along
the shell side of modules at 40°C and 1.01 X 10° Pa (1 atm)
for 3 h. Second, to obtain anionic PES fibers (i.e., negative
charges), the chloromethylated PES was sulfonated by circu-
lating a mixture of Na,SOj;, ethanol, and deionized (DI)
water at 40°C and 1.01 X 10° Pa (1 atm) for 3 h, whereas to
achieve cationic PES fibers (i.e., positive charges), the chlor-
omethylated PES was triethylaminated by circulating a mix-
ture of triethylamine, ethanol, and DI water at 40°C and 1.01
X 10° Pa (1 atm) for 3 h. Finally, all modified modules were
washed with DI water for 1 day to remove the unreacted
chemicals. The reaction equations for chloromethylation, sul-
fonation, and triethylamination are listed as follows:

Chloromethylation : —CgH,;— + HCHO + HCl 5"

Sulfonation : —CgH3(CH,Cl)— + Na,SO3 —
—CgH3(CH,SO;Na™) + Nat +ClI™  (2)

Triethylamination : —CgH3(CH,Cl)— + (C,Hs);N —
—CeH3(CHNT(CoHs),Cl 7 )—  (3)

Characterizations

The morphology of dual-layer hollow fiber membranes
was observed by SEM on a JEOL JSM-5600LV and JSM-
6700F as a function of spinning conditions. Membrane sam-
ples were prepared in liquid nitrogen.** After mounting the
specimens on the stub by using the double-sided conductive
carbon adhesive tape, the specimens were stored under vac-

AIChE Journal February 2009 Vol. 55, No. 2

Published on behalf of the AIChE

uum. All samples were sputter coated with platinum of 2-3
X 1078 m (200-300 10\) in thickness using JEOL JFC-1200
ion sputtering device before testing.

The ion-exchange capacity (IEC) of modified hollow fibers
was determined by ion-exchange titration.””> For the sulfo-
nated hollow fibers, the sulfonic groups were first regenerated
by circulating 1 M HCI solution along the shell side of mod-
ules at 1 atm for 1 h. Second, they were washed thoroughly
with DI water to remove unreacted protons. Third, their shell
side was circulated with a 10 wt % NaCl solution at 1 atm
for 1 h. Finally, this salt solution was titrated with a 0.01 M
NaOH solution to the end point using phenolphthalein as the
indicator. The chemical scheme is expressed as follows:

Regeneration : —CgH3(CH,SO;Na™) + H' (in excess) —
_C6H3(CH250;H+) +Na® (4)

Ton exchange : —C¢H3(CH,SO; H) + Na™ (in excess) —
—C¢H3(CH,SO; Na®) + HT (5)

Titration : OH™ +H' — H,0 (6)

The pore size and pore size distribution of dual-layer hollow
fiber membranes were characterized by the neutral solute
permeation experiment. PEG and PEO with different MWs
were used as neutral solutes to prepare a series of feed solu-
tions with a concentration of 0.2 kg/m® (0.2 g/I). The concen-
trations of the feed and permeate solutions were determined
by a total organic carbon analyzer (Shimadzu ASI-5000A)
during the experimental running. The single solute rejection
was calculated by the following equation:

R = (1 —C,/Cy) * 100% )

where C, and Cy are the single solute concentrations in the
permeate and feed solutions (ppm), respectively. The solute
rejection results as a function of MWs were further used to
estimate the mean pore size and the pore size distribution of
membranes.*>°

Protein separation performance measurements

The feed solution was pumped into the shell side of fibers
(i.e., the selective surface) and the permeate solution exited
from the lumen side of fibers, thus forming a cross-flow fil-
tration mode. Except collecting the feed and permeate sam-
ples at intervals for the measurement of concentrations, both
retentate and permeate solutions were recycled back to the
feed tank to keep the concentration of feed solution constant
during the whole experimental running. The temperature of
feed solution in all experiments was maintained at 18°C by a
cooling coil inside the feed tank; the transmembrane pressure
was held at 1.01 X 10° Pa (1 atm), and the feed velocity tan-
gent to the outer surface of fibers was controlled at around
0.78 m/s by adjusting the back pressure valves and bypass
valves to minimize the effect of concentration polarization
(Reynolds number, Re ~ 5000).

Each module was first subjected to the pure water permea-
tion experiment to remove the glycerol and measure the pure
water flux. The normalized pure water permeability [PWP, 1/
(m*-bar-h)] was calculated by the following equation:
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D: Inner-layer’s middle part (x10K)

E: Fiber wall (x500) F: Outer-layer’s outer edge (x60K)

Figure 1. SEM images of typical morphology of dual-layer PES hollow fiber membranes (fiber B with an air gap of

0 cm and take up rate of 1070 cm/min).

PWP = Q/(A x AP) ®)

where Q is the water permeation rate (l/h), A denotes the
effective membrane filtration area (mz), and AP means the
transmembrane pressure (bar).

After the pure water permeation experiment, the feed was
changed from DI water to a BSA—HDb protein buffer solution
(0.1 kg/m*: 0.1 kg/m?) and circulated for 1-5 days to test the
protein separation performance of dual-layer hollow fiber
samples at pH = 4.8 or 6.8. The protein concentrations in
both feed and permeate solutions were determined by an
UV-visible spectrophotometer (Biochrom Libra S32). The
detailed calculation method has been described in other
7, therefore, it is not necessary to duplicate it
herein. To express the separation performance of dual-layer
hollow fiber membranes for the BSA—Hb mixture, the separa-
tion factor is defined as follows:

Upsa /i = (CBSA> <CBSA) ©)
BSA/Hb — | —~
CHb permeate CHb feed

where Cgga is the BSA concentration (kg/m3), Cyp, means
the Hb concentration (kg/m’), and the subscripts permeate
and feed represent the solutions in the permeate and feed
sides, respectively.

Results and Discussion

Morphology of as-spun dual-layer PES
hollow fiber membranes

Figure 1 shows a typical morphology of the as-spun dual-
layer PES hollow fiber membrane, wherein fiber B is used as
an example in this study. Its outer diameter is 5.65 X 10°*
m (565 um) in Figure 1B. Because the same PES, solvent
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NMP and nonsolvent DG are used in both layers in spite of
their different concentrations, it significantly enhances the
interfacial diffusion as pointed out in our previous work. >
Consequently, a delamination-free structure between the
inner and outer layers is observed in Figure 1E. In addition,
the bulk (Figure 1D) and the inner surface (Figure 1A) of the
inner layer as a supporting layer are fully porous, whereas
the outer edge (Figure 1F) and the outer surface of the outer
layer (Figure 1C) as a selective layer have the much smaller
pores in size.

A comparison of different dual-layer PES hollow fiber
membranes in their outer-layer’s outer surface is illustrated
in Figure 2 because the pore size and pore size distribution
on the outer surface (i.e., the selective skin) are one of deter-
minant parameters for UF membranes in protein separation.
Obviously, the pore size decreases monotonously with an in-
crement in take up rate from 327 to 1624 cm/min, whereas
an increase in air gap from O to 2 cm reduces the pore size
but a further increase in air gap from 2 to 5 cm causes no
apparent effect on the pore size. This observation demon-
strates that gravity as well as other external work-induced
elongation stresses may influence the macromolecular pack-
ing and membrane morphology during the spinning, thus
affecting the porosity, pore size, and pore size distribu-
tion,**>? which will be helpful to understand the separation
performance of different as-spun dual-layer hollow fiber
membranes in the next section.

Protein separation performance of as-spun dual-layer
PES hollow fiber membranes

The evolution of BSA/Hb separation factor as a function
of time for different as-spun dual-layer PES hollow fiber
membranes at pH = 6.8 is illustrated in the left column of
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.‘I 1008 um

Fiber A: Outer surface (x30K) Fiber B: Outer surface (x50K) Fiber C: Outer surface (350K )
Airgap=0cm Take-up rate = 1070 cm/min Take-up rate = 1624 cmi/min
Take-up rate = 327 cm/min

Fiber D Outer surface (x50K) Fiber E: Outer surface (x50K)
Alr gap =2 cm Arrgap=5cm

Figure 2. Comparison of SEM images of outer layer’s outer surface of different dual-layer PES hollow fiber mem-
branes (inlet: overall cross-sectional profile).

Figure 3. Their order of separation performance is fiber C > To quantitatively correlate the pore size and protein separa-
fiber B > fiber A with the effect of take-up rates and fiber D tion performance, a neutral solute permeation experiment was
> fiber E > fiber A with the effect of air gaps, which seems carried out to measure the pore size and pore size distribution
to follow the changing trend in pore sizes as shown qualita- of different dual-layer hollow fiber membranes. Their PWP,
tively in SEM images of Figure 2. mean pore size (the geometric mean diameter of a solute with

Effect of take-up rates
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Figure 3. Evolution of BSA/Hb separation factor over time (left column) and probability density function curves
(right column) for different as-spun dual-layer PES hollow fiber membranes.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Table 2. Comparison of Various Parameters of Different Dual-Layer Hollow Fiber Membranes on the Pore Size Distribution
Calculated from Neutral Solute Permeation Experiments

Standard MWCO* (kDa)
Modification PWP Mean Pore Size, Deviation, (Pore Size CorresPonding

Fiber ID Status (I(m*-bar-h)) 1t (nm) oy to MWCO")

A Unmodified 88.4 9.0 2.2 100.8 (20.5 nm)

A(—) Sulfonated 57.3 5.7 1.9 57.8 (15.0 nm)

B Unmodified 157.4 5.2 2.1 44.8 (13.1 nm)
B(—) Sulfonated 95.1 2.9 1.9 13.7 (6.7 nm)
C Unmodified 53.6 35 2.0 21.5 (8.7 nm)
C(—) Sulfonated 44.1 22 1.7 6.4 (4.4 nm)
D Unmodified 87.8 4.1 1.8 18.6 (8.0 nm)
D(—) Sulfonated 44.0 22 1.7 6.9 (4.6 nm)
D(+) Triethylaminated 429 3.0 1.7 10.3 (5.8 nm)
E Unmodified 42.7 49 1.7 25.0 (9.4 nm)
E(-) Sulfonated 239 2.3 1.7 6.6 (4.5 nm)
E(+) Triethylaminated 31.7 2.9 1.7 10.0 (5.7 nm)

"_‘MWCO: Molecular weight cutoff, i.e., the molecular weight of a solute, 90 wt % of which can be rejected for a membrane.
Pore size corresponding to MWCO: The diameter of a solute, 90 wt % of which can be rejected for a membrane.

a rejection of 50%), geometric standard deviation (the ratio of
geometric mean diameters of two solutes with a rejection of
84.13 and 50%, respectively), and MW cutoff (MWCO, the
MW of a solute with a rejection of 90%) are summarized in
Table 2. Their probability density function curves generated
from the parameters in Table 2 are illustrated in the right col-
umn of Figure 3. An evident conclusion can be drawn that the
fibers with the smaller pore size display the higher protein sep-
aration performance. It is speculated that the difference in
three-dimensional shapes of BSA and Hb may be a reason to
explain why as-spun dual-layer hollow fibers developed in this
work show a selective ability for the BSA-Hb mixture only
via size-exclusion even though their MWs are very similar.

It is well known that the three-dimensional sizes of BSA
and Hb are 14 nm X 4 nm X 4 nm and 7 nm X 5.5 nm X

5.5 nm, respectively.”> Therefore, the pores with different
sizes may cause the different effects on the transport of BSA
and Hb through the membranes. When the pore has a size of
smaller than 4 nm (type I), it highly restrains both BSA and
Hb from passing, and hence shows a nonselective quality.
When the pore has sizes between 4 and 5.5 nm (type II), it
may completely constrain Hb transport from three directions,
whereas for BSA transport, only one direction is restricted,
thus leading to a selectivity (i.e., BSA more permeable than
Hb). When the pore has a size of larger than 5.5 nm (type
III), it possibly allows both BSA and Hb to freely pass along
two or three directions and accordingly also exhibits a nonse-
lective quality. Although the pores of both type I and type
III are nonselective for the BSA—Hb mixture, their effects on
the pore of type II are distinct. The presence of the pore of
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Figure 4. Comparison of sulfonated hollow fibers with negative charges and as-spun hollow fibers in protein sepa-

ration performance as a function of time.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 5. Schematic of various protein separation environments with two types of membranes (negative or positive
charges) and two types of buffers (pH = 6.8 or 4.8).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

type III may impair the selective function of the pore of type
II because both BSA and Hb can pass through the membrane
via the pore of type III, whereas the presence of the pore of
type I has no influence on the selective ability of the pore
of type II. Therefore, the less the proportion of the pores of
type III, the higher the BSA/Hb separation factor because
more Hb molecules are confined to the retentate side of
membranes. This is the reason why fiber D exhibits the best
protein separation performance among five kinds of as-spun
dual-layer hollow fibers.

Protein separation performance of dual-layer hollow
fiber membranes with negative charges

To prove the aforementioned speculation, the sulfonated
hollow fibers with negative charges were tested in the BSA—
Hb mixture at the same experimental conditions (e.g. pH =
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6.8). A comparison of sulfonated fibers with a charge density
of 5.0 umol/cm® determined by ion-exchange titration and
as-spun fibers in protein separation performance as a function
of time is illustrated in Figure 4. It can be seen that all sulfo-
nated fibers with negative charges except fiber A generally
exhibit a higher and more durable protein separation per-
formance compared with their corresponding as-spun fibers.
This change seems to be contrary to the intuition. When
BSA carries negative charges and Hb is neutral at pH = 6.8,
the sulfonated fibers with negative charges should reduce the
transport of BSA because of electrostatic repulsion as shown
in Case 1 of Figure 5, and thus result in a lower BSA/Hb
separation performance. The information on the pore size
and pore size distribution summarized in Table 2 and Figure
6 may offer a clue to explore the mechanism behind this
phenomenon.
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Figure 6. Comparison of sulfonated fibers with negative charges and as-spun fibers in cumulative pore size distri-
bution (left column) and probability density function curves (right column).
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Table 3. Comparison of Various Parameters of Different Dual-Layer Hollow Fiber Membranes on the Protein Sieving
Coefficient and the Reduction in Solution Permeation Flux

Time Needed for the

BSA Sieving Hb Sieving Decrease in Solution
pH of Coefficient (%) Coefficient (%) Permeation Flux to
Fiber ID Buffer CBSA at permeale/CBSA at feed CHb at permeale/CHb at feed 50% of its Original Flux
A 6.8 22.0-36.2 7.2-14.0 26 h
A(—) 6.8 11.8-18.4 4.8-8.9 36 h*
B 6.8 18.4-30.4 3.0-5.0 12 h
B(—) 6.8 8.8-21.0 1.2-2.0 24 h
C 6.8 12.2-18.9 0.4-1.3 9h
C(—) 6.8 8.5-13.7 0.2-0.4 24 h
D 6.8 11.1-19.4 0.2-1.1 40 h*
D(—) 6.8 4.4-8.8 0.2-0.4 48 h
D(+) 6.8 1.1-6.4 0.2-0.8 30 h
D(+) 4.8 15.0-33.6 0.2-0.4 80 h
E 6.8 13.1-21.4 0.4-2.0 40 h*
E(—) 6.8 6.7-10.4 0.2-0.4 48 h
E(+) 6.8 1.8-6.8 0.4-1.7 24 h
E(+) 4.8 16.4-33.8 0.2-0.4 90 h

*The time was estimated by prolonging the profile of solution permeation flux with time because the solution permeation flux of these three fibers did not

decrease to 50% of its original flux during the whole experimental operation.

It can be seen that the pore size of all fibers becomes
smaller and their pore size distribution narrows after sulfona-
tion. For example, the pore size of fiber C corresponding to
its MWCO is reduced from 8.7 to 4.4 nm after sulfonation as
shown in Table 2. Moreover, the cumulative pore size distri-
bution curves of Figure 6 suggest that the proportion of pores
of fiber C belonging to type III (i.e., size larger than 5.5 nm
and possible Hb permeation channels) is reduced from 26 to
4% (6.5 times) after sulfonation, whereas the proportion of
its pores with sizes larger than 4 nm (i.e., possible BSA per-
meation channels) is diminished from 44 to 14% (3.1 times)
after sulfonation. Therefore, higher protein separation per-
formance achieved via sulfonation is due to the fact that the
extent of reduction in Hb sieving coefficient induced by the
decrease in pore sizes may be higher than that in BSA siev-
ing coefficient resulting from both the decrease in pore sizes
and electrostatic repulsion. This speculation is validated by
the parameters on the protein sieving coefficient summarized
in Table 3. For example, the BSA sieving coefficient of fiber
C decreases 1.4 times after sulfonation, whereas its Hb siev-
ing coefficient diminishes 2-3 times after sulfonation. There-
fore, these results indicate that size-exclusion is still a domi-
nant factor for improved BSA/Hb separation factor even
though the electrostatic interaction in Case 1 results in an
adverse effect on BSA/Hb separation.

As shown in Figure 4, fiber A exhibits an opposite trend
to other four types of fibers; namely, sulfonated fiber A with
negative charges reveals a lower protein separation perform-
ance than as-spun fiber A. It can be calculated from the cu-
mulative pore size distribution curves of Figure 6 that after
sulfonation, the possible permeation channels of fiber A for
Hb and BSA transport only decrease 1.4 and 1.3 times,
respectively, because of its relatively large pore size in this
study. As a result, the difference in the extent of reduction in
Hb and BSA permeation channels is so small that it may not
offset the negative effect induced by electrostatic repulsion
on BSA transport. Therefore, it can be seen in Table 3 that
the BSA sieving coefficient of fiber A decreases 1.9 times
because of a combining effect of pore size reduction and
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electrostatic repulsion, whereas its Hb sieving coefficient
lessens 1.5 times because of the reduction in pore sizes.
Another advantage which can be noted in Figure 4 is that
sulfonated hollow fibers with negative charges display a
more durable protein separation performance than their corre-
sponding as-spun fibers. This may be due to the fact that the
membranes become more hydrophilic after sulfonation,*®
thereby significantly reducing membrane fouling and pro-
longing the longevity of membrane service. This conjecture
is possibly supported by the results in Table 3, wherein the
time needed for the decrease in solution permeation flux to
50% of its original flux becomes longer after sulfonation.

Protein separation performance of dual-layer hollow
fiber membranes with positive charges

Although the protein separation performance of hollow
fibers developed in this work is improved via sulfonation, it
is not very desirable for industrial applications because of its
relatively low BSA concentration at the permeate side of
membranes. Therefore, Cases 3 and 4 shown in Figure 5 are
applied to augment the BSA concentration at the permeate
side of membranes by introducing electrostatic attraction in
Case 3 (i.e., positive membranes at pH = 6.8) or eliminating
electrostatic repulsion in Case 4 (i.e., positive membranes at
pH = 4.8) for BSA transport.

It can be seen in both Table 2 and left column of Figure 7
that the pore sizes of positive fibers D and E via triethylami-
nation are between their as-spun and negative counterparts.
Therefore, for Case 3 (i.e., pH = 6.8), the Hb sieving coeffi-
cients of positive fibers D and E are between their as-spun
and negative counterparts as shown in Table 3 because of
the absence of electrostatic interaction for Hb transport.
However, the BSA sieving coefficients of positive fibers D
and E show a lowest value at pH = 6.8. This seems to be
contrary to the intuition because electrostatic attraction
between positive membranes and negative BSA is expected
to enhance the BSA sieving coefficient. After deliberation, a
possible reason is proposed that the flexuosity and complex-
ity of membrane pores make it very difficult to push those
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Figure 7. Comparison of effects of different ionic modification methods on cumulative pore size distribution (left
column) and protein separation performance (right column) of fibers D and E.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

BSA molecules trapped on the membrane pore wall via elec-
trostatic attraction out of the membranes. Namely, a part of
BSA molecules may be retained in the membrane, thus lead-
ing to a lowest BSA concentration at the permeate side of
membranes. This also probably explains why the positive
fibers D and E reveal a faster reduction in solution permea-
tion flux in Case 3 (i.e., pH = 6.8) compared with their as-
spun and negative counterparts as shown in Table 3. Conse-
quently, it is easily understandable that these positive fibers
exhibit a poorest BSA/Hb separation performance at pH =
6.8 as shown in the right column of Figure 7.

On the other hand, although the pore sizes of positive
fibers D and E by triethylamination are larger than those of
their negative counterparts in Table 2 and Figure 7, their Hb
sieving coefficients at pH = 4.8 (Case 4) are as low as those
of negative counterparts shown in Table 3 because of the
effect of electrostatic repulsion on Hb transport. Meanwhile,
the BSA sieving coefficients of positive fibers D and E at pH
= 4.8 are significantly enhanced compared with their nega-
tive counterparts because of the larger pore size and the ab-
sence of electrostatic repulsion for BSA transport, wherein
the maximum is 33% shown in Table 3. Therefore, a long-
term high-performance protein separation is achieved by
applying positive fibers D and E at pH = 4.8, wherein their
BSA/Hb separation factor is maintained above 80 for 4 days
as shown in Figure 7. These results demonstrate that the
ionic modification with the aid of dual-layer hollow fiber
technology is an effective approach to produce high-purity
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and high-concentration protein solutions by fine tuning the
pore size and pore size distribution, introducing the electro-
static interaction, and reducing membrane fouling.

Conclusions

The following conclusions can be drawn from this work:

(1) Both SEM images and results of neutral solute permea-
tion experiments prove that for as-spun hollow fibers, the
less the proportion of the pores with sizes larger than 5.5
nm, the higher the BSA/Hb separation factor because more
Hb molecules may be confined to the retentate side of mem-
branes. Therefore, the sequence of protein separation per-
formance at pH = 6.8 is fiber C > fiber B > fiber A with
the effect of take-up rates and fiber D > fiber E > fiber A
with the effect of air gaps.

(2) All negative fibers via sulfonation except fiber A gen-
erally exhibit a higher and more durable BSA/Hb separation
performance at pH = 6.8 than their as-spun fibers. This is
due to the fact that the extent of reduction in Hb sieving
coefficient caused by the decrease in pore sizes after sulfona-
tion may be higher than that in BSA sieving coefficient
resulting from both the decrease in pore sizes and electro-
static repulsion, and moreover, higher hydrophilicity via
sulfonation probably reduces membrane fouling and prolongs
its longevity.

(3) When the positive fibers by triethylamination are ap-
plied at pH = 6.8, a poorest BSA/Hb separation performance
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is revealed because a part of BSA molecules are possibly
trapped on the membrane pore wall via electrostatic attraction
between positive membranes and negative BSA and, thus,
may not pass through the membrane. However, when these
positive fibers are used at pH = 4.8, a long-term high-per-
formance protein separation is achieved, wherein their BSA/
Hb separation factor is maintained above 80 for 4 days. This
is because the Hb sieving coefficient is restrained and, mean-
while, the BSA sieving coefficient is enhanced under this con-
dition, which is attractive for the industrial production of high-
purity and high-concentration protein solution.
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