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ABSTRACT

By means of amination with diamine and methylation with methyl iodide, we have modified P84 micro-
porous polyimide membranes with characteristics of highly charged anion-exchange membranes. FTIR
(Fourier transform infrared-attenuated total reflection) and XPS (X-ray photoelectron spectroscopy) con-
firm the amination and methylation reactions on membrane surfaces. The intrinsic properties of the newly
developed anion-exchange membranes have been fully characterized in terms of ¢-potentials, electrical
resistances, PWPs (pure water permeation) and pore size distributions. By using the newly developed
membranes, a free-flow isoelectric focusing (IEM-FFIEF) has been set up for the separation of myoglobin
(Mb) and lysozyme (Lys) mixtures. Experimental data show that (1) the Mb flux via the highly charged
P84 anion-exchange membrane can be 10 times higher than that of the original P84 membrane and (2)
the high surface charge is the predominant factor for the enhanced Mb flux. HPLC (high performance
liquid chromatography) results show that not only the Mb flux was high, but also its purity in the per-
meate side is extremely high. It is therefore concluded that the diamine and methyl iodide modifications
can effectively modulate P84 nano-porous membranes with anion-exchange characteristics, which is
suitable for the IEM-FFIEF application.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The demand of pure protein products has been increasing
rapidly which triggers the research of more efficient technologies
for protein separation. Many technologies for protein separation
have been developed such as chromatography, crystallization,
moving bed column, electrodialysis, electrophoresis, membrane
ultrafiltration and membrane chromatography, etc. Among them,
membrane based protein separation is believed possible to meet
the industrial demands on high throughput and high selectivity [1].
However, the surface charge characteristics of proteins make pro-
tein separation through a membrane complicated, because of the
electrostatic interactions between solute molecules and membrane
pore surfaces.

The basic theory of long-range colloidal interactions (electro-
static effect) between a protein solute and membrane pores has
been developed by Smith and Deen [2,3]. Taking the advantage of
electrostatic interaction, Zydney and co-workers have developed
pioneering technologies for membrane based protein separation
[4,5]. Meanwhile, other scientists also reported enhanced protein
separation with the aid of electric driving force applied across
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the membrane [6-9], e.g. the membrane based electrodialysis sys-
tems and the electrophoretic membrane contactors. Of all known
electrophoretic methods, the isoelectric focusing (IEF) gains the
highest resolution [10]. Recycling isoelectric focusing (RIEF) was
therefore developed to concentrate charged macro-molecules at
specific locations with pH equals to their pl values [10,11]. The
RIEF can be designed with or without porous screens as partition
media between chambers. Bier and co-workers were the pioneers
innovated the screened RIEF, e.g. Rotofor, which has been commer-
cialized by Bio-Rad Laboratories, for lab-scale protein fractionation.
However, the screens used in their design have big pores that can
only reduce the convective flow between chambers but not confine
specific protein molecules in a narrow range, for example in one
chamber. Thus in the Rotofor device, separated proteins are dis-
tributed in a range of neighborhood chambers. On the other hand,
since the turbulent flow is inevitable in a big scale process, the
non-specific distribution of protein products is an issue and will
increase production cost for further purification. Therefore, we pro-
pose using ion-exchange membranes with tailored pore sizes for
FFIEF, because the permselectivity possessed by the membrane sur-
face can simultaneously prevent the convective mixing and confine
the separated protein in a specific chamber.

To obtain a high flux from FFIEF protein separation, the molec-
ular design of ion exchange membranes with a suitable ion
exchange capacity (IEC) and pore properties is essential [12,13].
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Nomenclature

a the particle radius
the pore radius

r the size of molecules used in real solute rejection
test

A the cross-section area of the streaming channel of
Anton Paar streaming potential analyzer

G the concentration of permeat solution in real solute
rejection test

(@ the concentration of the feed solution in real solute
rejection test

Fp the percentage of pores above the effective pore size

L the length of streaming channel of Anton Paar
streaming potential analyzer

R the electric resistance

Rt the real solute rejection rate in real solute rejection
test

Tg the glass transmission temperature

U the translation velocity of electrophoresis

dU/dP  the slope of streaming potential versus pressure

% the mobility

€ the dielectric constant of buffer

&r the relative dielectric constant

&0 the vacuum permittivity

n the viscosity of buffer

A the ratio of particle radius a and pore radius b,
A=albk1

s the surface {-potential of solute

w the surface ¢-potential of pore wall

To design a positively charged polymer, various chemical mod-
ifications have been published. They are (1) chloromethylation
through chloromethylmethyl ether (CME) or bis-chloromethyl
ether (BCME), followed by amination [14,15]; (2) bromination
of benzyl group followed by amination [16,17]; (3) acety-
lation followed by amination [18-19]; (4) surface amination
by ammonia plasma treatment [20]. However, the wet pro-
cesses like the first three methods normally involve very toxic
and carcinogenic reagents [21]. Bromination of PPO (poly(2,6-
dimethyl-1,4-phenylene oxide)) needs boiling the bromine in a
chlorobenzene solutionat 131 °C, and both bromine and chloroben-
zene are in the forbidden list of disposal in some countries [22].
For the fourth method, the high cost plasma-generator limits its
extensive application.

An anion-exchange membrane has been developed in this work
under milder operation conditions using a commercially available
co-polymer P84 polyimide. P84 is a high temperature polyimide
(glass transmission temperature Ty 315 °C, density 1.31 g/cm?) with
superior thermal and membrane structural properties [23-28]. As
a member of polyimide family, it can react with amine for fur-
ther modifications [27,28]. The modified membranes were then
characterized by a series of analytic equipments and tested in the
IEM-FFIEF system using a kinetic UV-vis spectrometer as an on-line
process monitor. The purity of permeate products were measured
by high performance liquid chromatography (HPLC).

2. Experimental
2.1. Experimental set-up
Combining the electrostatic effects between protein molecules

and membrane pores, and the isoelectric focusing technology, we
have designed an IEM-FFIEF (ion-exchange membrane partitioned

—

DC power EI
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UV-vis spectrometer
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Fig. 1. Experimental set-up of the IEM-FFIEF system.

isoelectric focusing) system for bovine serum albumin (BSA) and
hemoglobin (Hb) separation [12] as shown in Fig. 1. It consists
of a FFIEF cell, power supply, circulation pumps, pH automation
system and UV-vis spectrometer. Fig. 2 shows the details of the
IEM-FFIEF cell. The electrode chambers were set at two ends and
buffer chambers were inserted in between two electrode cham-
bers. All of chambers were partitioned by the newly developed
ion-exchange membranes to prevent the convective flow between
chambers and to confine the separated proteins in specific cham-
bers. Chambers 1, 2, 3 and 4 were fed in buffers with different pH
values in a designed sequence as shown in Fig. 2. A quasi-stable pH
gradient in a protein separation membrane (between chambers 2
and 3) was realized by adjusting pH values in chambers 1 and 4 at
a stable level.

It has been well known that most proteins can be ionized under
various pH as shown in Egs. (1) and (2):

R-NH; + H* — R-NHJ

For pH <Pl ¢ 00~ + H* — R-COOH (1)

R-NHf + OH™ — R-NH, + H,0
ForpH > Pl g COOH + OH- — R-CO0" 4 H,0 2)

Therefore, the charged proteins show ionic characteristics under
a wide range of pH. A protein can spontaneously move toward
the location where the medium pH equals to its pl (isoelectric
point) value and be stationary at that location. Thus the protein
molecules can migrate across membranes and be relocated into
different chambers according to their pl values. When a charged
membrane is used, proteins would be rejected if the membrane sur-
face has the same charge, while be adsorbed and/or migrate across
the membrane under an electric field if the membrane surface has
an opposite charge. It has been known that the interaction between
protein molecules and membrane pore surface in electrophore-
sis is different from the phenomenon of electrostatic effects. In
electrophoretic scope this interaction was called boundary effects
which induced electrophoretic mobility, Poiseuille flow, electro-
osmotic flow, viscous retardation and the distorted electrostatic
interaction between charged particles and pore surfaces arisen by
applied electric fields [13].
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Fig. 2. Close up of the membrane partitioned isoelectric focusing cell.

2.2. Materials

The P84 co-polyimide as shown in Fig. 3 with a molecular
weight (My) of 153kDa [29] was obtained from HP polymer
GmbH, Austria. myoglobin (Mb), lysozyme (Lys), ethylene diamine,
diamine butane and polyethylene oxide (PEO), polyvinylpyrroli-
done (PVP) were obtained from Sigma-Aldrich. The My, and pl
values of Mb are 17kDa and 6.8, respectively; the My, and pl
values of Lysozyme are 14.4kDa and 11.0, respectively. N-methyl-
2-pyrrolidone (NMP), phosphoric acid (H3PO4), phenolphthalein,

Q c:H3
~
o

80%
P84 co-polymer

+ 5%Diamine butané;
5%ethylenediamine

Diamine cross-linkage

oofs @}
KW

trifluoroacetic acid, acetic acid, methyl iodide (CH3l), sodium
hydroxide (NaOH), methanol and acetonitrile (ACN) were all pro-
vided by Merck. Tris was from Bio-Rad, and isopropanol (IPA) was
from TEDIA Inc. Hydrochloric acid was purchased from Fisher Sci-
entific. All of reagents except ACN were of AR (analytical reagent)
grade. For HPLC, GR (guaranteed reagent) grade water from Merck
was used, while for other occasions, deionized water (DI water,
electrical resistance R<18.2 M) was used. The dense cation-
exchange membrane and anion-exchange membrane (commercial
name CEM, AHA) were purchased from Astom Corporation, Japan.

n
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Fig. 3. Chemical structure and reactions of P84.
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2.3. Preparation of P84 anion-exchange flat membranes

The P84 polymer was used to prepare anion-exchange mem-
branes with the following procedures: (1) phase inversion: P84
powder was dissolved in NMP with a concentration of 23% (w/w).
Then the solution was cast onto a piece of non-woven cloth by
a casting blade with a gap thickness of 150 wm. The non-woven
cloth was immediately immersed in IPA. After 20 min, it was taken
out and immersed in methanol for 2 h. The P84 porous membrane
as obtained was named M-0. (2) Amination with diamine: the M-
0 membrane was directly soaked in a 5/5/90 (in V/V) ethylene
diamine/diamine butane/methanol solution for 30 min. Capital-
izing the porous nature of the membrane surface and the short
length of the diamine molecules, some diamine will react for the
cross-linkage [30], while some free-NH; groups will be remained
which can be utilized for further methylation to form quaternary
amine. Then the un-reacted diamine was removed by washing
with methanol and the modified membrane was named M-1. (3)
Methylation with methyl iodide: the M-1 membrane was subse-
quently dipped in a 20 wt% methyl iodide-methanol solution for
12 h. Methyl iodide is chosen for the preparation of quaternary
amine salt because of its high reactivity for nucleophilic substitu-
tion [30]. Two different reaction temperatures, 42 °C or 48 °C, were
applied and the obtained membranes were named M-2 and M-3
individually. The above amination and methylation processes are
schemed in Fig. 3. (4) All of the membranes M-0, M-1, M-2 and M-
3 were post-treated as per routine: soaking in 0.5M HCI for 12h
followed by fully washing with DI water; soaking in 1 M NaCl solu-
tions for 12 h followed by fully washing with DI water. As shown
later, the membrane charging property increases with an increase
in the degree of modification.

2.4. Membrane characterization

Fourier transform infrared-attenuated total reflection (FTIR-
ATR) measurements were carried out using a Bio-Rad FTS 135
FTIR spectrometer to identify the changes of chemical struc-
ture of membrane surface in a wave-number range from 700
to 3000cm~1. XPS (X-ray photoelectron spectroscopy) measure-
ments were applied to analyze the membrane surface modification
through AXIS HSi spectrometer (Kratos Analytical Ltd. England). All
core-level spectra were collected under 1486.6 eV photons and a
photon electron takeoff angle of 90°. The morphologies of mem-
branes were observed through a J[SM-6700F FESEM (field emission
scanning electron microscopy). Membrane samples were fractured
in liquid nitrogen, dried under vacuum at room temperature and
then coated with platinum before FESEM observation.

A streaming potential analyzer (Anton Paar GmbH)
was used for surface charge characterization. As given by
Helmholtz-Smoluchowsky method, the apparent ¢-potential
can be measured through:

tommene = 30 1L
apparent = dp X & x €0 X AxR

(3)

where dU/dP is the slope of streaming potential versus pressure;
7 is the electrolyte viscosity; ¢ is the relative dielectric constant
of electrolyte; €y is the vacuum permittivity; L is the length of
streaming channel; A is the cross-section area of the streaming
channel; R is the resistance inside the measuring cell. The sam-
ple for streaming potential measurements was titrated from pH 10
to pH 4.5 in a HCI-tris buffer. This pH range covered all related pH
values in the IEM-FFIEF separation process. A series of {-potential
data were obtained as a function of pH. It must be noticed that
in order to mimic the real situations on membrane surface during
the protein separation process, the buffer solution in a streaming
potential analysis was 20 mM HCl-tris solution, which led to much

higher ¢-potential readings compared to the literature reports. The
high apparent ¢-potential was due to the fact that in dilute solu-
tions, such as 1 mM KCl or 20 mM HCl-tris buffers, the conductivity
of charged surface was not negligible, thus the {-potential results
needed to be corrected by 0.1 M KCl through Eq. (4) [31]:

du
Lcorrected = aP X 7

. Ko m Kkar x Ro.1m kal 4)
&r X &0 R

where k¢ 1 M ka is the conductivity of 0.1 M KCl; Ry 1 v kc is the cell
resistance when running 0.1 M KCIL.

The ion-exchange capacities (IEC) were determined by the Mohr
method [17,18]. A given area of the membrane was soaked in a
100 ml 0.1 M Na;SO4 solution for 24 h and the Cl~ concentration
as released was tested by a Cl~ ion selective electrode. The IEC
value was expressed as meq/m?. The pure water permeation (PWP)
test was performed under 5bar. The electric resistance (R) was
measured in a special measuring cell as follows. Membranes M-
0, M-1, M-2 and M-3 were immersed in 0.1 M KCl for 24 h, followed
by placing each one of them in an electrical testing cell in which
the membrane was mechanically sandwiched and tightened. Then
electric resistance was individually measured at 25°C through a
multi-meter.

The pore size distribution was measured by a real rejection
method using a series of neutral molecules (PEG: 2 kDa; PVP: 10Kk,
55k, 360k, 1300kDa) with the aid of the following relationship
between molecular weight and Stoke radius [32]:

r=16.73 x 103 x My%>*7 nm
r=8.40 x 1073 x My %% nm

For PEG,

5
For PVP, (%)

The given standard neutral molecules were prepared into
100 ppm mixtures and filtered through the membrane which was
mounted in a permeation cell under a 5bar pressure. Then the
permeate and feed compositions were analyzed with the aid of
GPC (Gel Permeate Chromatography) using a 25 cm PL-aquagel-OH
mixed 8 wm column (Agilent). The real rejection rate is obtained
from the integration area of individual peaks as follows:

Ry = (1 - &> x 100% (6)
G
The real rejection rate as a function of molecular radius was
further used to estimate the MWCO (molecular weight cut-off),
mean pore size and pore size distribution according to the meth-
ods described elsewhere [32,33]. An Agilent technologies 1200
series high performance liquid chromatography (HPLC) instrument
equipped with both a VWD and a RID detector was applied for PEG
and PVP concentration tests through a GPC. The GPC was operated
at the following conditions: pure water as solvent, 60 min running
time, 0.5 ml/min flow-rate, and constant temperature at 30°C.

In order to investigate the mechanical strength and stability of
the modified membranes, a tensile testing machine INSTRON 5542
was used to measure the tensile strength and Young’s modulus.
The mechanical strength and stability of one set of the M-3 sam-
ples were tested after one week of operation without protein feed
under the conditions listed in Fig. 2; while the other sets of M-3
samples were tested after immersing in 0.1 M HCl and water for
two weeks, individually. All samples were cut into 5mm widths,
and the measuring lengths were all in 25 mm.

2.5. HPLC analyses of protein solution

High performance liquid chromatography (HPLC) was applied
for the analysis of the concentration of individual protein. An Agi-
lent technology 1200 HPLC with a VWD detector was used to
determine the protein purity in the respective chambers. The C18
mass SPEC column was purchased from Grace Vydac Inc. The gradi-
ent elution was comprised by two mobile phases contained A: 100%
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Table 1
Running conditions of HPLC.

HPLC Parameters Controlled values

VWD wavelength 214nm
Temperature 30°C

Flow speed 1.0 ml/min
Running time 30 min
Post-time 5min
Injection 100 pl

acetonitrile with 0.1% trifluoroacetic acid; B: 100% water with 0.1%
trifluoroacetic acid. The protein sample analyses were conducted
with the parameters as showing in Table 1.

2.6. Protein separation by anion-exchange membrane partitioned
free-flow isoelectric focusing (IEM-FFIEF)

Figs. 1 and 2 show the experimental set-up for the IEM-FFIEF cell
which includes two electrode chambers and four buffer chambers
of different pHs: 4.0-5.8, 7.0, 8.5 and 9.8 individually. The effective
separation areas for all ion exchange membranes were of 42.9 cm?
and the chamber thicknesses were of 4.8 cm. The separation was
running under a constant current of 100 mA. As shown in Fig. 2,
dense cationic and anionic membranes were used between an elec-
trode chamber and chamber 1 or 4 to avoid the protein molecules
from attaching to the electrodes. A 200 ml protein mixture made
of 500 ppm Mb and 500 ppm Lys was fed into chamber 3. Since
chamber 3 had a pH value of 8.5 that was bigger than Mb’s pl but
smaller than Lys’s pl, Lys molecules would carry positively charges
and Mb molecules would carry negatively charges. Therefore, under
an electric driving force, the negatively charged Mb would migrate
through the positively charged anion-exchange membrane and go
into chamber 2 (pH 7.0) and be stationary in chamber 2, this is
because the surface charge of protein would reduce to zero when
pH=pl. The concentration of chamber 2 would increase and the
increment can be on-line monitored by a UV-visible spectrometer
at the wavelength of 408 nm [34]. The protein concentrations of all
chambers were then measured by a HPLC to verify the separation
performance.

3. Results and discussion
3.1. Confirmation of the modification
After amination with diamine and methylation with methyl

iodide as shown in Fig. 3, the as-cast P84 membranes were expected
to exhibit characteristics of anion-exchange membranes. The FTIR-
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Fig.4. FTIR-ATR spectra of the original P84 membrane M-0, diamine modified mem-
brane M-1, methylated amine membrane M-2 and M-3.
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Fig. 5. Comparison of element ratio from wide scans of the original P84 membrane
(M-0) and quaternary amine membrane (M-3).

ATR spectra shown in Fig. 4 confirm the above reactions [35]. The
strong and broad bands of imide groups of P84 at 1363, 1732 and
1781 cm~! become significantly weakened after the diamine treat-
ment, while a very weak new peak appears at 1650 cm~!, which
is due to the formation of —-CO-NH- group [24-26,36]. Similarly
after methylation reaction, amine salt forms and new peaks in
the range of 1500-1550cm~! appear [36]. Moreover, -CH3 groups
absorption in the range of 2850-2921 cm~! appear, which is asso-
ciated with characteristics of ~-CH3 groups in -N(CH3)3* I~ [28,36],
thus confirming the methylation and quaternary amination on P84
membranes.

Fig. 5 exhibits the element ratio of membranes M-0 and M-3
calculated from XPS spectra. Since the oxygen element remains the
same chemical state and its amount is constant, while N and C ele-
ments change during the whole modification process, the changes
in O:N:C ratio as shown in Fig. 5 and Table 2 confirm the modifi-
cation reactions. The increased content of carbon element in M-3
indicates the quaternary amination occurring on the P84 mem-
brane surface.

Fig. 6 shows the quantity and chemical states of C 1s core-level
of different membrane surfaces. As pointed by Qiao and Chung [25],
for the original P84 membrane, the bond at 284.6eV is for C-H, at
285.8eV is for C-N, at 288.4 is for N(C=0), and at 291.1eV is for
aromatic ring. After modifications, compared with the original P84
membrane, the intensity of imide group, N(C=0),, of M-1 and M-3
has a visible decrease. Clearly, the imide groups have been par-
tially reacted, whereas a new peak appears at 287.9 eV which is
attributed to ~-CO-NH- groups as a reaction product between pri-
mary amine and imide groups [36]. When the M-3 is compared with
the M-1, the ratio of the C-H peak to the N(C=0), peak increases
due to the methylation of free amino ends. Fig. 7 illustrates the
quantity and chemical states of N 1s core-level of different mem-
brane surfaces. The peak at 399.81 eV is due to -CO-NH-, whereas
the peak at 402.14 eV is due to amine salts [36]. However, Fig. 7
seems to provide no help on distinguishing secondary, tertiary and
quaternary amine salts, thus further characterization by streaming
potential is needed to confirm the quaternary aminated surface.

Table 2
The XPS element analyses of the original P84 membrane and methylated amine
membranes.

Element Binding energy (eV) M-0 M-2 M-3

01s 531.72 729 234 4154

N 1s 402.14 294 117 213

C1ls 285.0 828 314 1172
O:N:C - 1:0.4:1.14 1:0.5:1.34 1:0.5:2.82
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Fig. 7. XPS analysis of 1s N of the original P84 membrane M-0 and quaternary amine membrane M-3.

In addition, the functional peaks obviously shift to the right-hand
side in both Figs. 6 and 7, which is the red-shift phenomenon
[36], indicating the modified membrane surfaces have become
easy to accept photonelectrons emitted by the X-ray source. As
a result, the modified membrane surface tends to be positively
charged.

Table 3 summarizes the IEC value, electric resistance and
streaming (¢) potential and PWP. Compared with the original P84
membrane, the IEC value increases from a negative value to a
positive value as the modification proceeds: M-0<M-1<M-2, M-
3. Since a higher reaction temperature with CHsl was utilized
during the fabrication of M-3 membranes, M-3 has stronger anion-

Table 3
Membrane characterization data and protein separation fluxes of different types of membranes.
M-0 M-1 M-2 M-3

IEC value® (meq/m?) 0 0.37 4.70 12.10
Electric resistance (M£2) 9.65 7.78 6.52 5.36
Corrected ¢-potential® (mV) at pH 6.5 -30 +5 +12 +25
PWP* (m3/m? s) at 5 bar 1.55E-5 1.05E-5 5.94E-6 4.71E-6
Pore size above? r, =3.9nm 63.3% 39.9% 35.5% 28.8%
Flux of myoglobin (Mb)¢ (g/h m?2) 0.447 1.790 2.238 5.818

2 [EC is the ion exchange capacity.

b The ¢-potentials were measured in a 20 mM HCI-tris buffer and corrected by 0.1 M KCL.

¢ PWP is the pure water permeation tests.
d Read from Fig. 11.
¢ The protein separation tests were performed at 100 mA current.
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exchangeable characteristics due to quaternary amine groups.
Table 3 confirms this hypothesis because M-3 has a much higher
IEC value than M-2. Correspondingly, the apparent {-potentials
of these four membranes increase following the same trend, i.e.
M-0 <¢M-1 <&M-2 <¢m-3 as shown in Fig. 8. Although streaming ¢-
potential is a function of pH, the titration curves by the streaming
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potential analyzer shows that M-1, M-2 and M-3 have positive
apparent ¢-potentials in the range of pH 6.5-8.5, which means that
M-1, M-2 and M-3 are all positively charged under this pH range.
AsdisplayedinFig. 8, the apparent {-potential of the original P84
membrane (M-0) is negative in the range of pH 4-10. This indicates
that the unmodified P84 polymer is slightly negatively charged in
the observed range, which is due to the unshared electron pair in
imide group. Its high absolute value is mainly due to the surface
conductivity on the membrane surface [31]. Similarly, the appar-
ent ¢-potential values of M-1, M-2 and M-3 shown in Fig. 8(a) are
also enlarged due to the same reason. As mentioned in the Section
2, when a rather dilute buffer solution is used, the surface conduc-
tivity has to be considered and the corrected ¢-potential should be
calculated through Eq. (4). After the correction of surface conductiv-
ity, the corrected ¢-potentials of 1 mM KCl buffers were also given
in Fig. 8(b). Different absolute values were displayed in (a) and (b).
However, the same trend can be observed from them: compared
with M-0, the ¢-potentials of M-1 and M-2 were more positive,
and that of M-3 was extremely stable at a higher positive level
with various pH. This is probably due to the formation of quater-
nary amine, thereby induces a higher density of positive charge at
the M-3 surface. Since a higher density of surface charge will sup-
press the pH influence on streaming potentials [37], M-3 has quite
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M-3 cross 600

Top surface, cross-section and upper layer of cross-section of M-3, where M-3 was methylated at 48°C

Fig. 12. (a) Comparison of FESEM images of four types of membranes from different modification steps: M-0 and M-1. (b) Comparison of FESEM images of four types of

membranes from different modification steps: M-2 and M-3.

stable ¢-potential values. On the other hand, because the number
of charged sites in per membrane volume increases with the pro-
posed chemical modifications, a decrease in electric resistances (R)
was observed in the order of resistance: Ry.g > Ry-1 > Ry-2 > Ryvs-
As a result of the lower electric resistance, the higher membrane
conductivity, solute mobility and protein mass transfer should be
observed in a highly charged membrane. Therefore, according to
this prediction, M-3 might have a superior performance among
these membranes.

3.2. Pure water permeation (PWP) and morphological changes
during modifications

Table 3 shows the PWP values of these four membranes. Their
PWP decreases with chemical modifications, and M-3 has the low-
est PWP. The decreased PWP indicates that their pore sizes become

smaller with modifications. Since the PWP value is strongly related
to membrane structure such as pore size, porosity and intra-pore
connections [38], the PWP value may indirectly provide the infor-
mation about porous flow channels within a membrane. The low
PWP values of M-3 may be resulted from the effects of the insertion
of diamine molecules and bulk groups -N(CH3)3* in a confined pore
space.

Fig. 9 shows the mean pore sizes and pore sizes corresponding
to MWCOs of the four membranes. It can be seen that the mean
pore size follows the sequence of: M-0>M-1 > M-2 > M-3, whereas
the MWCOs follows: M-0>M-1, M-2>M-3. These tendency indi-
cates that the pore size decreases when the modification proceeds,
which is consistent with the PWP results. Fig. 10 displays the prob-
ability density functions. It can be seen clearly that there is a huge
amount of small pores produced from the modification process and
this leads to the density function moving closer to the y-axis as
the modification proceeds. This phenomenon arises from the fact
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Table 4
Mechanical strength and stability of membrane M-3.

Membrane ID Tensile strength (MPa) Young's modulus (Mpa)

M-3 immersed in water 15.18 475.53
one week

M-3 immersed in 0.1 M HCl  13.00 420.56
two weeks

M-3 under pH 4 electric 14.24 443.39
field one week

M-3 under pH 10 electric 15.06 397.01

field one week

that the proposed chemical modifications reduce pore radius and
change membrane morphology.

As has been discussed in our previous work [13], protein
molecules should not be regarded as infinitesimal in its dimen-
sions. In order to offset the influence of small pores in membrane
characterizations, a term called the “effective pore size” was pro-
posed, concerning the minimum pore size allows protein molecules
passing through. For Mb, this effective pore size is r=3.9nm [13].
Hence, the pore size which is smaller than the effective pore size
will be removed from the calculation of the mean pore size, and
the percentage of effective pores above this value will be counted.
Fig. 11 shows the cumulative pore size distributions and demon-
strates again that the amount of small pores increases after the
modification process. It can be found that the percentage of pores
(Fp) which is bigger than 3.9 nm (the minimal pore radius for Mb
to pass through) [13] occupies 63.5%, 40.0%, 35.5% and 28.8% of the
pores of the membranes M-0, M-1, M-2 and M-3, respectively.

Fig. 12 shows the FESEM images of the original and the as-
modified flat membranes in dry conditions. The pore sizes of top
surfaces display an obvious trend as follows: M-0>M-1 > M-2 > M-
3,whichis consistent with the trends observed in PWP and pore size
distribution. Interestingly, the chemically modified membranes
become thicker as follows: M-0<M-1<M-2<M-3 as shown in the
cross-section images. This may be due to the swelling of the ami-
nated polymer when the post-treatment was conducted in acidic or
alkaline water solutions or may be due to self repulsion of charged
molecules. The other possible factor might be due to the insertion of
methyl groups of quaternary amine into the top surface during the
methylation. From the 10k magnification images of the top layer
of the cross-section, it can be clearly seen that the modification
process densifies the top layer. In addition to the FESEM observa-
tion, itis noticed that “gelation” apparently occurs at the membrane
top surface after methylation. Under FESEM the gelation layer has
a similar image as a dense membrane but it is transparent under
naked eyes. It is known that a dense membrane has no pores; it
does not allow macro-molecules to pass through. On the contrary,
agel does not hinder the mass transfer of proteins and other macro-
molecules [39,40]. Thus, the “denser” layer observed in Fig. 12 for
M-3 is a dried gel. It looks denser because of the contraction of a
swelled structure during freeze drying to prepare samples for SEM.

3.3. Mechanical strength and stability of modified membrane

Generally, the P84 polymer is suggested to be used under pH
2-10, because the imide group can be hydrolyzed by some extreme
acidic and caustic solution. The mechanical strength of the mem-
brane becomes questionable, particularly after opening the imide
ring. Hence the mechanical strength and stability of the membrane
M-3 were tested by the method given in Section 2.4. Newly pre-
pared M-3, M-3 between chambers 1 and 2, M-3 between 3 and 4
and M-3 immersed in acid were compared by tensile strength and
Young’s modulus. As shown in Table 4, the M-3 membranes fac-
ing chamber 1 and chamber 4 did not show a significant reduce in
tensile strength and in Young’s modulus after operating under an
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Fig. 13. Protein separation fluxes monitored by a UV-vis spectrometer.

electric field for one week. However, comparing to the newly pre-
pared M-3, the M-3 immersed in acid displayed a 13% drop in tensile
strength. This obvious effect of HCI verifies the suggested pH range
of applying P84 polymer is reasonable. Therefore, the modified M-
3 membrane operated under conditions given in Fig. 2 possesses a
reasonable mechanical strength and acceptable stability for daily
operations.

3.4. Protein separation performance

Fig. 13 shows the myoglobin (Mb) concentrations in the 2nd
chamber tested by an on-line UV-vis spectrometer for these four
membranes, and Table 3 summarizes their Mb fluxes. The mem-
brane M-3 has the highest flux, the membranes M-2 and the M-1
have intermediate fluxes, while the original P84 membrane M-0
has the lowest flux. Quantitatively, the M-3 (which was methy-
lated at 48°C) has a flux 2.5 times of the M-2 (which methylated
at 42°C) and 13 times of M-0. This implies that the flux is strongly
related to membrane surface {-potential. This phenomenon corrob-
orates well with our previous experiments that membrane surface
¢-potential facilitates protein flux [12,13] as well as the theoreti-
cal predictions by, Ennis and Anderson [41]. As can be seen from
both experimental results and theoretical derivations, a charged
cylindrical pore exerts positive effects to protein mass transfer in
electrophoresis. Hence, membranes with a higher ¢, will dramati-
cally increase the mobility of counter-ion proteins in an I[EM-FFIEF
process [42]. This is particularly true when protein particles has a
much smaller surface {-potential s than the pore wall potential
Cw (&s < Cw). As a consequence, ¢y will be the dominant factor that
affects the mobility w, thus the flux.

Normally, pore size is a dominant factor influencing the flux
in a UF process. A larger pore will result in a higher flux in most
hydraulic pressure driven UF processes. However, in this study, the
protein separation flux behaves oppositely from the above common
sense: anincrease in flux is observed as the pore size decreases. This
is due to the fact that the boundary effects of charged membrane
have exceeded the steric hindrance of pores and the higher flux of
M-3 is a result of the competition between boundary effects and
steric hindrance. The flux results shown in Fig. 13 indicate that the
increased surface charge of amembrane is another important factor
to improve the mass transfer of charged macro-molecules across
the membrane.

Fig. 14 shows the protein compositions analyzed by HPLC in
different chambers when applying M-3 in the IEM-FFIEF system.
Only two peaks for myoglobin appear at the permeate side and
no lysozyme peak can be found in the chamber 2, and only a triv-
ial amount of myoglobin appears in the chamber 1. Meanwhile,
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Fig. 14. HPLC results of protein separation of (Mb +Lys) in the IEM-FFIEF system
where numbers 1, 2, 3 and 4 correspond to chambers 1, 2, 3 and 4, respectively.

most of lysozyme appears in the chamber 4, and a very small
amount of myoglobin can be observed. The positively charged Lys
molecules might be rejected by the anion-exchange membrane or
might migrate to the chamber 4. As a result of boundary effect, the
rejection or migration of lysozyme takes place depending on pore
size, pore surface charge and charge carried on lysozyme molecules.
When pore size is small enough, the lysozyme should be rejected
by the positively charged membrane. However in this study, there
are 20% pores in the M-3 and 30% pores in the M-2 bigger than the
molecular size of lysozyme, therefore the migration of lysozyme to
the chamber 4 is inevitable. Compared to the M-3, the performance
test for the M-2 has a similar HPLC results. The selectivity of the
membranes M-2 between chambers 2 and 3 was infinitely large, but
the flux was much smaller. This performance results imply that the
purity and concentration of individual chamber (2 and 4) can reach
to an extremely high level if a suitable anion charged membrane is
used.

4. Conclusion

The objectives of this research are to (1) conduct a fundamental
study on anion-exchange membrane formation and (2) develop a
suitable anion-exchange membrane which can be integrated with
IEM-FFIEF for enhanced protein separation. Experimental results
show that amination by diamine and then methylation by methyl
iodide is an effective route to produce a highly charged anion-
exchange membranes based on P84 polyimide. The membrane M-3
which was methylated at 48 °C exhibits the highest and most sta-
ble separation because it possesses the highest IEC value, hence
allowing anion type Mb molecules to migrate across the membrane
faster. It is also found that the proposed chemical modifications
reduce pore sizes and methylation by methyl iodide produces a gel-
like structure with smaller pore sizes on the P84 membrane surface.
This work also demonstrates that the determinant factor for the
flux of IEF-FFIEF includes both surface charge and pore structure of
membrane, rather than pore size only. This conclusion means that
ion-exchanged membrane is rather an advantage than an impedi-
ment for the purpose of increasing protein separation fluxes in the
IEM-FFIEF system.
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