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Most conventional nanofiltration (NF) hollow-fiber membranes are fabricated by
means of multiple steps of posttreatments. Because of the unique amphoteric character-
istics of the imidazole group in polybenzimidazole (PBI), a novel PBI NF hollow-fiber
membrane with appropriate charge characteristics has been fabricated by a one-step
phase-inversion process without posttreatment. The resultant mechanically stable PBI
membranes can withstand pressures up to 30 bars. It is found that the mean effective pore
size decreases, whereas the pure water permeability increases with an increase in
elongational draw ratio. The novel PBI NF hollow-fiber membrane exhibits higher
rejection to divalent cations, lower rejection to divalent anions, and the lowest rejection
to monovalent ions at pH 7.0. Thus the divalent and monovalent ions of both NaCl/MgCl,
and NaCl/Na,SO, binary salt solutions can be effectively fractionated by the PBI NF
membrane arising from ion competition. The surface charge characteristics of the PBI NF
membrane are strongly dependent on pH. Therefore, by adjusting the pH of cephalexin
aqueous solution to modify the ionization states of these dipolar cephalexin molecules,
PBI NF membranes show high separation effectiveness for the recovery of this antibiotic
from solution over a wide range of pH values. © 2005 American Institute of Chemical
Engineers AIChE J, 52: 1363-1377, 2006
Keywords: PBI, hollow fiber, macrovoids, nanofiltration, membrane separation, cepha-

lexin

Introduction

During the past decade, nanofiltration has become very impor-
tant for the liquid-phase separation of a wide range of mixtures or
solutions. As one type of pressure-driven membrane separation
processes, nanofiltration (NF) falls in between reverse osmosis
and ultrafiltration with respect to the characteristics of permeate
flux and separation performance.! NF membranes have nominal
molecular weight cutoffs (MWCO, molecular weight of solute
that is 90% rejected by the membrane) ranging from 200 to 1000
Da in the rejection of neutral solutes by their porous-selective
layer with estimated pore sizes of around 0.5-2 nm. Moreover,
most NF membranes are either negatively or positively charged by

Correspondence concerning this article should be addressed to T.-S. Chung at

chencts@nus.edu.sg.

© 2005 American Institute of Chemical Engineers

AIChE Journal

April 2006 Vol. 52, No. 4

the dissociation of surface functional groups, such as sulfonic or
carboxyl acids, the adsorption of ions from solution, and the
adsorption of polyelectrolytes.? Charged membranes are widely
used because they can selectively partition ions in the salt
mixture solutions through the electrostatic interaction between
ions and membrane. Thus, the separation mechanisms, which
involve a steric (size exclusion) effect and electrostatic parti-
tioning interaction (Donnan exclusion) between membrane and
external solution,?# make nanofiltration an effective means for
a wide range of mixture separations containing neutral or
charged organic molecules, or electrolytes. Major applications
of nanofiltration include removing hardness and dissolved or-
ganics from water,>¢ arsenic removal from drinking water,’
demineralization in the dairy industry,® removal of small or-
ganic molecules from the organic synthesis membrane reac-
tor,>'0 and especially in the purification and separation of
pharmaceuticals from fermentation broths.'!
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Figure 1. Chemical structure of polybenzimidazole.

The importance of using nanofiltration in the pharmaceutical
separation process has been fully recognized. This is explained
by the fact that the molecular weights of most pharmaceuticals
range from 300 to 1000 Da, which are in the scale of nanofil-
tration. Generally, pharmaceutical synthesis frequently pro-
duces intermediate reaction mixtures in an organic solvent or
aqueous solution. The subsequent separation and purification
processes to extract valuable intermediate products from these
mixtures are crucial to increase product quality and yield.'?
Because most pharmaceutics are thermally labile, special con-
ditions are required to separate these mixtures if one uses
conventional separation processes (that is, crystallization, dis-
tillation, ion-exchange, and chromatography).!*> Because the
membrane-based filtration can be operated at the ambient tem-
perature or lower, nanofiltration would be the preferred sepa-
ration method for the pharmaceutical syntheses. Nanofiltration
has been adopted in the separation of amino acids and peptides
from solutions.'#-1¢

Since Mahon'!” proposed using hollow-fiber membranes as
separation apparatus in his patents four decades ago, synthetic
polymeric hollow-fiber membranes have advanced as a key
player in separation technologies. Compared to the flat-sheet
membrane, the hollow-fiber configuration has the following
advantages: (1) a much larger membrane area per unit volume
of membrane module, thus resulting in a higher productivity;
(2) self-mechanical support, which can be back-flushed for
liquid separation; and (3) good flexibility and easy handling
during module fabrication and system operation. Nowadays,
hollow fibers are widely used in gas separation, reverse osmo-
sis, ultrafiltration, pervaporation, dialysis, and supported liquid
membrane extraction.!s:'* However, most available nanofiltra-
tion modules are still made in flat-sheet, spiral-wound, and
tubular configurations. In addition, most NF membranes are
composite membranes by sophisticated fabrication processes.
Some of them are fabricated by coating an ultrathin porous
barrier layer on a microporous support, whereas others are
made through the interfacial polymerization by simultaneously
crosslinking a nascent film at the interface or through chemical
modification of surface with the aid of sulfonation or carbox-
ylation.2? There is an urgent need to develop simple and direct
spinning technologies to fabricate NF membranes in one step.

The desirable NF membranes for liquid separation must have
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the following characteristics: (1) suitable porosity to keep a
large volume permeate flux; (2) appropriate pore sizes and a
narrow pore size distribution to meet the separation require-
ments; (3) robust mechanical strength to withstand high pres-
sures, and (4) necessary chemical stability to withstand various
environments during the operation. However, most polymeric
membranes often proved inadequate with respect to chemical
resistance to survive in harsh environments with different pH
ranges.?! The purpose of this work is to explore whether
polybenzimidazole (PBI) NF hollow-fiber membranes can be
developed to meet these harsh requirements. To our best
knowledge, no PBI NF hollow fibers have been reported.

Polybenzimidazole is a generic name of a class of heterocy-
clic polymers. The most common one is poly-2,2’-(m-phe-
nylene)-5,5'-bibenzimidazole (PBI) as illustrated in Figure 1. It
has a very high glass-transition temperature of approximately
425-435°C attributed to its rigid chain structure.?? In addition
to impressive moisture affinity (absorbing water up to 13 wt
%), PBI is known to possess outstanding thermal, physical, and
chemical stabilities over a wide range of pH values. However,
the uniqueness of PBI for NF membranes is its imidazole group
(pK, 7.2). The group consists of two nitrogen atoms. The
nitrogen associated with the hydrogen atom is a hydrogen bond
donor, whereas the nitrogen associated with the lone pair is a
proton acceptor.?> PBI can become charged in aqueous envi-
ronments if the adjacent benzene ring delocalizes the proton of
the imidazole group.?* By using the same principle, acid-doped
PBI and sulfonated PBI have been developed for fuel cell
applications with superior electrochemical characteristics and
excellent solvent resistance.?>?’ Because most NF membranes
have pore sizes in the molecular range and are either negatively
or positively charged to obtain desirable separation perfor-
mance, one may be able to harness the advantage of PBI charge
characteristics to directly develop PBI NF membranes with
little postmodification.

Therefore, the objectives of this article are (1) to study the
fabrication of PBI NF hollow-fiber membranes with outstand-
ing mechanical stability to withstand high transmembrane pres-
sures, (2) to determine the charge characteristics of PBI NF
hollow fibers and their ion separation performance, and (3) to
investigate its application for the separation of cephalexin.
Cephalexin, a semisynthetic cephalosporin, is therapeutically
advantageous and important for its broad antibacterial activity.
Cephalexin is a zwitterionic molecule containing amino group
and carboxyl group and is synthesized either by the reduction
of phenylglycyl 7-ACA (7-aminocephalosporanic acid) with
amino acid esters or by the chemical or enzymatic acylation of
7-ADCA (7-amino 3-deacetoxycephalosporanic acid).?® Simi-
lar to amino acids, the ionization states of cephalexin mole-

i

Figure 2. lonization states of cephalexin at different pH values.

pK,, = 2.56, pK,, = 5.88.
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Table 1. Diffusivities and Stokes Radii of Neutral Solutes in
Aqueous Solutions (at 20°C)

MW or My, D* Ty
Solute (g mol ") (X102 m*s™ 1 (nm)
Glycerol 92 0.78 0.260
Glucose 180 0.57 0.365
Saccharose 342 0.43 0.471
Raffinose 504 0.35 0.584
PEG1000 1000 0.21 0.784

*D_ of glycerol = 0.78 X 107" m* s~ "

cules vary with pH in the aqueous solution, as shown in Figure
2. The traditional solvent extraction cannot be used to recover
it from fermentation broths. Reactive extraction by means of
liquid membranes was therefore developed.?® Based on the
interaction between ionized cephalexin molecules and charged
membrane, nanofiltration could become a potential tool to
separate and purify the cephalexin aqueous solution by adjust-
ing pH values.

Theoretical Background of the Solute Transport
Method to Characterize the Mean Effective Pore
Size and Pore Size Distribution

Nanofiltration membranes have molecular-scale pores on
their selective layer that determine the permeate flux and siev-
ing performance. Characterizing the mean pore size and pore
size distribution of the newly developed PBI NF membranes by
means of the following solute transport method provides es-
sential structural information to predict separation perfor-
mance.

It has been found that the solute rejection for synthetic
membranes can be expressed by a log-normal probability func-
tion of solute size, as described in the following equation°:

1 Y
R; = erf(y) = — e "y
T (y \ﬂ Jw

where

Inr,—In p,

y (M

In o,

where R is the solute rejection; r, is the solute radius; w, is the
geometric mean radius of solute at Ry = 50%; and o, is the
geometric standard deviation about ., defined as the ratio of r,
at R, = 84.13% and R; = 50%. When the solute rejection of
a membrane is plotted vs. solute radius on the log-normal
probability coordinates, a straight line is obtained as

F(R;)=A+ B(lnr,) 2)

By ignoring influences of the steric and hydrodynamic inter-
action between solute and pores on the solute rejection, the
mean effective pore radius (u,) and the geometric standard
deviation (o,) can be assumed to be the same as u, and o,
respectively.®! Therefore, based on w, and o, the pore size
distribution of an NF membrane can be expressed as the
following probability density function3:

dR(r,) 1
= €X -
P r,,ln o, \/ET P

2(In 0,)’

dr @)

where r, is the effective pore radius of the membrane. The
values of w, and o, determine the position and sharpness of the
distribution curves, respectively. This approach had been used
to evaluate the mean pore size, the pore size distribution, and
the porosity of ultrafiltration membranes based on the solute
rejection data of polyethylene glycol (PEG) with different M,,
values.?3

Solutions (200 ppm) containing glycerol, glucose, saccha-
rose, raffinose, or PEG1000 were used to measure the solute
rejection (R;) because the relationship between Stokes radius 7
and molecular weight MW or M,, of these known solutes can be
expressed by the following equation3+:

log r, = —1.4854 + 0.461 log MW )

where r, and MW are in nm and g mol ', respectively. This
equation can also be used to back-calculate the MW of a
hypothetical solute at a given radius.

Experimental
Chemical materials

The PBI polymer solution was purchased from Hoechst
Celanese Corp. (Somerville, NJ), with the composition of PBI

Table 2. Spinning Conditions of PBI Hollow-Fiber Membranes from PBI Dope Solution*

Batch I Batch II** Batch IIT Batch IV Batch V
Dope flow rate 1.2 (A), 24 (B),3.6 1.2(A),24(B),3.6 1.0(A),2.0(B),4.0(C), 2.0(A),40@B),40(C), 1.0(A),40@B),40(©)
(mL min~") (©), 3.6 (D) (0), 3.6 (D) 8.0 (D) 4.0 (D), 4.0 (E)
Bore fluid DMACc 86 wt %, Dodecane Ethylene glycol 80 wt %, Ethylene glycol 50 wt %, Ethylene glycol 23.3 wt %,
composition H,0 14 wt % DMAc 20 wt % DMAc 50 wt % DMAc 76.7 wt %

Bore fluid flow rate 0.75, 1.5, 2.25, 2.25 0.36, 0.72, 1.08, 1.08

(mL min~ ")

Ratio of dope/bore 1.6 3.33 4.0
fluid rate

Air gap (mm) 10 10 10

Take-up speed
(m min~ ")

5.2,10.7, 10.7, 21.8 3.2,4.0,4.9, 209

0.25, 0.5, 1.0, 2.0

1.8,4.0,8.5, 17.4

0.5, 1.0, 1.0, 1.0, 1.0 0.25, 1.0, 1.0
4.0 4.0
16 20
5.7, 12.2, 18.5, 25.3, 38.4 6.0, 12.9, 26.2

* PBI 21.6 wt %, DMAc 76.7 wt %, LiCl 1.7 wt %. Coagulant bath: tap water, 26°C; dope temperature: 26°C; bore fluid temperature: 26°C. Letters in parentheses
correspond to the sample number in Figures 4-7. Air gap: the distance between the spinneret outlet and the top surface of the coagulation bath. Take-up speed:

the speed of collecting hollow fibers.
**Refer to Model et al.>

AIChE Journal April 2006 Vol. 52, No. 4

Published on behalf of the AIChE

DOI 10.1002/aic 1365



Bore fluid

solution

Dope

Lyﬁ %x v

N

0.5mm
L.emm

Figure 3. Hollow-fiber spinning spinneret.

25.6 wt %, DMACc 72.4 wt %, and LiCl 2.0 wt %. The intrinsic
viscosity of PBI is 0.75 dL/g. The LiCl serves the function of
preventing PBI polymer from phasing out of the solution.
N,N-Dimethylacetimide (DMAc), ethylene glycol, and dode-

cane were purchased from Merck (Darmstadt, Germany). Un-
charged neutral solutes of glycerol, glucose, saccharose, raf-
finose, and PEG1000 (Aldrich, Milwaukee, WI) and several
analytical-grade salts, NaCl, MgCl,, MgSO,, and Na,SO,
(Merck), were used to characterize membrane structure param-
eters. Molecular weight, diffusivities, and Stokes radii of these
solutes are shown in Table 1.3> NaOH (1.0 N) and HCI (1.0 N)
solutions were used to modify the pH of feed solutions. Cepha-
lexin (C,¢H,,N;0,S-H,0, MW 365.4, a white crystalline pow-
der) was purchased from MP Biomedicals (Heidelberg, Ger-
many). All chemicals were used as received. The ultrapure
water used in all experiments was produced by a Milli-Q unit
(MilliPore, Milford, MA) with a resistivity of 18 M{) cm.

Fabrication of PBI nanofiltration hollow-fiber
membranes

The polymer solution of PBI/DMAc/LiCl (21.6/76.7/1.7 wt
%) was prepared by diluting the supplied PBI solution with
DMAc. Different bore fluid solutions were adopted, such as
dodecane, DMAc and water mixture, and DMAc and ethylene
glycol mixtures. Table 2 lists the detailed spinning parameters.
The schematic diagram of the hollow-fiber spinning spinneret
is illustrated in Figure 3. The as-spun hollow fibers were
immersed in water for 3-5 days to remove the residual DMAc
or/and ethylene glycol. Then, the hollow fibers were post-
treated by dipping in a 50 wt % glycerol aqueous solution for

A-3 (Inner surface) B-3

C-3 D-3

Figure 4. Effects of dope flow rate and elongation rate on the membrane structure of PBI NF hollow-fiber membranes

from Batch I.
Bore fluid: DMAc 86 wt %, water 14 wt %.
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A-2  (Enlarged cross-section) B-2

A-3  (Inner surface)

C-3 D-3

Figure 5. Effects of dope flow rate and elongation rate on the membrane structure of PBI NF hollow-fiber membranes

from Batch Il.

Bore fluid: dodecane.

48 h and dried in air at room temperature. The dried hollow
fibers were used to make hollow-fiber modules for separation
experiments.

Extraneous elongational stretching on the spinning line was
performed during dry-jet wet spinning in Batch IV. The elon-
gational draw ratio ¢ is defined as the ratio of the cross-
sectional area of dope flowing channel in the spinneret to the
solid cross-sectional area of the precipitated hollow-fiber mem-
brane as follows:

_ (ODZ - ID2)xpinneret (5)
- (OD2 - IDz)hnllowfiber

The elongational draw ratio is a function of the take-up speed
during spinning where extraneous stretching may take place
and reduce the dimensions of the hollow fiber. The effect of
elongational ratio on the permeate flux and pore size on the
selective outer layer will be discussed later.

Chemical analysis

The concentrations of neutral solute and cephalexin solu-
tions were measured with a total organic carbon analyzer (TOC
ASI-5000A, Shimadzu, Kyoto, Japan). The concentrations of
single electrolyte solutions were measured with an electric

AIChE Journal April 2006 Vol. 52, No. 4
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conductivity meter (Pioneer30, Radiometer, Neuilly-Plaisance,
France). The concentrations of different ions in electrolyte
mixtures were measured with ion-selective electrodes (Na™ or
Cl™ combination electrodes, Orion, New Hyde Park, NY). The
pH of solution was measured by a pH meter (Orion PerpHect
pH meter 370). The dried hollow-fiber membranes were im-
mersed in liquid nitrogen and fractured, and then coated with
platinum using a JFC-1100E ion sputtering device (JEOL,
Tokyo, Japan). The surface and cross-sectional morphology
were observed under a scanning electron microscope (FESEM,
JEOL JSM-6700).

Nanofiltration experiments with PBI nanofiltration
hollow-fiber membranes

Nanofiltration experiments were conducted in a lab-scale
circulating filtration unit, described elsewhere.’® Two testing
modules with filtration area about 100 cm?® were tested for each
hollow-fiber sample. Because the outer surface was the selec-
tive layer, the feed was pumped into the shell side and the
permeate came out from the fiber lumen, forming a cross-flow
filtration mode. The as-spun PBI hollow-fiber membranes were
conditioned under different pressures (from 5 to 30 bar depend-
ing on their individual mechanical strengths). Then, each mem-
brane sample was first subjected to the pure water filtering to

DOI 10.1002/aic 1367



(Enlarged cross-section) B-2

A-3  (Inner surface) B-3

Cc-3 D-3

Figure 6. Effects of dope flow rate and elongation rate on the membrane structure of PBI NF hollow-fiber membranes

from Batch lIl.
Bore fluid: ethylene glycol 80 wt %, DMAc 20 wt %.

measure its pure water permeability (PWP, m* m~2kPa~!s™!)
under different pressures by?3?

0
PWP = APA (6)

where Q is the water permeation volumetric flow rate (m>s '),
A is the effective filtration area (m?), and AP is the transmem-
brane pressure drop (kPa).

Second, the mean effective pore size and the pore size
distribution of the membrane samples were characterized ac-
cording to the solute transport method. Different solutions
containing neutral solutes, inorganic salts, and salt mixtures
were used in the solute separation experiments. The apparent
solute separation coefficient R, (%) was calculated using the
following equation:

C
Cfeed

permeate

RT=<1— )><1oo )

where C,..pee and Cp,,, are the solute concentration in the
permeate and the feed solutions, respectively.

The feed velocity u, was selected and kept at about 0.8 m
s~ !, which could minimize the effect of concentration polar-

ization. This velocity was appropriate because the apparent
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rejection of studied solutions was very close to the intrinsic
rejection (that is, the difference is <5%) and the permeate flux
was close to the pure water permeability. The temperature of
feed solutions in all experiments was maintained at 20 = 0.1°C
by a cooling coil (controlled by a water circulator, model
F32-MV, Julabo Labortechnik GmbH, Seelbach, Germany)
inside the feed tank. Each transport experiment was repeated
three times and the average was calculated for further analysis.

The following describes experimental designs and separation
procedures:

(1) The feed solutions were prepared by dissolving neutral
solutes in ultrapure water with a concentration of about 200
ppm. The feed solutions were circulated for about 0.5 h until
the whole system reached the steady state where the permeate
flux and solute rejection keep unchanged. The permeate was
collected for a predetermined period and the volume flux was
measured at different pressures (starting from the lowest AP).

(2) The nanofiltration experiments were conducted with sol-
utes of progressively higher molecular weights. The membrane
was thoroughly flushed with ultrapure water between runs of
different solutes. The solute separation data were further used
for the estimations of the mean effective pore size and pore size
distribution of the membrane.

(3) The electrolyte solutions were prepared by dissolving
single salts in ultrapure water with the concentration of 3.4 mol

April 2006 Vol. 52, No. 4 AIChE Journal



A-3 (Inner surface) B-3

C-3 D-3

Figure 7. Effects of dope flow rate and elongation rate on the membrane structure of PBI NF hollow-fiber membranes

from Batch IV.
Bore fluid: ethylene glycol 50 wt %, DMAc 50 wt %.

m . The same experimental procedures were used to measure
the salts’ rejection performance as described in Step 1.

(4) The NaCl/MgCl, and NaCl/Na,SO, binary salt mixture
solutions were prepared at pH 7.0. The ion fractionation per-
formance of membranes was measured at different pressures.

(5) NaCl solutions with different pH were prepared with the
concentration of 3.4 mol m 3. The ion rejection by membranes
was measured at different pressures.

(6) Cephalexin solutions at different pH values were pre-
pared with a concentration of 200 ppm. The solute rejection
experiments were performed according to the same procedure
as described in Step 1.

Results and Discussion

Effects of spinning conditions on morphology and
strength of PBI NF hollow fibers

The first criterion of NF hollow fibers is to withstand high
operating pressures. One of the keys to strengthen membrane
compression properties is to reduce the numbers and sizes of
macrovoids or increase the ratio of outer diameter (OD) to
inner diameter (ID).

Macrovoids in asymmetric hollow fibers have been consid-
ered as mechanical weak points that usually result in membrane
failure under high pressures. There are many types of macro-
voids, such as fingerlike and teardrop macrovoids. The causes
of their origins have been debated in the last four decades.

AIChE Journal April 2006 Vol. 52, No. 4
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Recently, some papers have summarized these debates.?$:3° In
short, macrovoids may originate from thermodynamic aspects
of chemical potential*®4! or start from local surface instability
and material and stress imbalances, which induce solvent in-
trusion and capillary flow.#?-#4 Other factors such as Marangoni
effects*34¢ and osmosis pressure*’ have also been proposed.
Ways to reduce macrovoids have received significant attention.
Some of them are (1) using high polymer concentration solu-
tions,*® (2) the addition of high-viscosity components,*® (3)
spinning at high shear rates,> (4) the induction of delayed
demixing®! or gelation,>? (5) the addition of surfactants,>* and
(6) the use of elongational stretch along the spinning line.3%-54

Different spinning conditions and bore fluid chemistry were
used to prepare PBI NF hollow fibers. The objectives are not
only to study their effects on membrane structure and separa-
tion performance, but also to find proper conditions to mini-
mize macrovoids and to produce NF hollow fibers that can
endure high operating pressures. When an 86/14 DMAc/water
(weight ratio) mixture was used as the bore fluid, Figure 4
shows the resultant hollow fibers full of long fingerlike mac-
rovoids across the whole cross section. Interestingly, the large
and long fingerlike macrovoids were connected through the
inner layer pores as shown in the bottom of Figure 4. This
cross-sectional morphology may result from the combined
effects of a high bore-fluid flow rate, a soft inner skin induced
by the delayed demixing arising from the 86/14 DMAc/water

DOI 10.1002/aic 1369
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Figure 8. Cross section of PBI NF hollow-fiber membrane (Batch IV-E).
Bore fluid: ethylene glycol/DMAc 50/50 wt %; dope flow rate: 4.0 mL/min; elongational draw ratio ¢: 13.74.

mixture, and a rapid phase inversion and membrane shrinkage
occurring at the outer skin. A high bore-fluid flow rate may
induce solvent intrusion, whereas a delayed demixing may
result in a soft nascent skin that is vulnerable to stress imbal-
ance and solvent intrusion. The water-induced rapid phase
inversion and shrinkage at the outer membrane skin may pro-
duce additional inward hoop stress, which facilitates the intru-
sion of bore fluid into hollow fibers. As a consequence, the
resultant PBI hollow-fiber membrane is full of fingerlike ma-
crovoids and can withstand transmembrane pressures only up
to 10 bar. The pure water permeability of this PBI hollow fiber
is in the range of 5.18-6.95 X 10°? m® m ? kPa ™' 5!
(1.5-2.5 L m~2 bar~! h™!), which is less than that [that is,
994 X 10 °m*m 2kPa 's ' (358 L m *bar 'h H]ofa
flat-sheet composite PBI membrane cast on the polyester non-
woven fabric from the same PBI polymer solution.
Following a previous practice to prepare PBI hollow-fiber
membranes for reverse osmosis,>> a nonsolvent, dodecane, was
used as the bore fluid to fabricate PBI NF membranes. Dode-
cane is an inert hydrocarbon liquid that is immiscible with both
DMAc (the spinning solvent) and water (the external coagu-
lant). Figure 5 illustrates the resultant morphology. Clearly,
dodecane and DMAc/water mixture produce PBI hollow-fiber

1370 DOI 10.1002/aic

Published on behalf of the AIChE

membranes with different morphologies. This may arise from
the fact that dodecane is an inert hydrocarbon liquid that is
immiscible with the spinning solution. As a result, large fin-
gerlike macrovoids are fully suppressed and a much denser
structure with scattered tiny pores is formed in the cross section
near the inner skin. However, a layer of small and elongated
fingerlike macrovoids can be observed near the outer layer,
possibly arising from water intrusion during the phase inver-
sion. These PBI hollow-fiber membranes can withstand trans-
membrane pressures up to 30 bar with a pure water permeabil-
ity of about 1.11-3.06 X 107" m* m > kPa ' s~' (0.40-1.10
L m 2 bar ! h™!). Because the removal of dodecane from
these hollow fibers is not a trivial process and the pure water
permeability is just about the average, attention is given to
other bore fluid chemistry.

Figures 6 and 7 show the morphology of PBI hollow-fiber
membranes using 80/20 and 50/50 wt % ethylene glycol/
DMACc mixtures as bore fluids, respectively. Similar to the
dodecane case, an array of very small but elongated fingerlike
macrovoids is formed near the outer layer, whereas the cross
section near the inner skin seems to be a dense spongy struc-
ture. The inner skin appears to be relatively dense. This dense
inner substructure morphology may be explained by the fact

April 2006 Vol. 52, No. 4 AIChE Journal



A-3 (Inner surface)

B-3

Figure 9. Effects of dope flow rate and elongation rate on the membrane structure of PBI NF hollow-fiber membranes

from Batch V.
Bore fluid: ethylene glycol 23.3 wt %, DMAc 76.7 wt %.

that ethylene glycol is highly viscous and is inert to the PBI
solution. High viscosity may retard the intrusion of ethylene
glycol into the hollow fiber, whereas inertness cannot induce
much phase separation.

When the content of DMACc in the bore fluid was increased
to 50 wt %, the macroscopic morphology of the resultant
membranes shown in Figure 7 seems to remain the same as that
of membranes prepared in Batch III. However, the enlarged
pictures illustrated in Figures 7 and 8 indicate a porous inner
skin and a porous substructure underneath. If the DMAc con-
tent in the bore fluid was further increased to 76.7 wt % (Batch
V), the integrity of hollow-fiber membranes deteriorated during
the sample drying for SEM, as displayed in Figure 9. This
phenomenon is a result of many factors: (1) the rich DMAc
bore fluid may result in delayed mixing and form a very porous
but weak nascent inner layer; (2) the imbalance of shrinkages
across the membrane induces extra stresses for cracking during
drying of the sample; and (3) the hydrophilic nature of phase-
inversion PBI membranes, which absorb a substantial amount
of water, leads to low mechanical properties after drying.>®
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Apart from Batches I and V, wet PBI hollow fibers fabri-
cated from Batch II, Batch III, and Batch IV conditions can
withstand higher operation pressures up to 30 bar. Because
Batch IV conditions produce fibers with more desirable inner
skin morphology than that of other conditions, PBI hollow-
fiber membranes spun from Batch IV conditions were further
studied for nanofiltration.

Effect of elongational rate on the mean pore size and
pure water permeability

For PBI NF hollow fibers fabricated in Batch IV, the solute
rejection vs. solute Stokes radius curves are plotted on a
log-normal probability graph at the pressure of 20 bar, as
illustrated in Figure 10. By fitting Eq. 2, straight-line relation-
ships are obtained with reasonably high correlation coefficients
(r* > 0.96). Table 3 lists the mean effective pore size Iy, at Ry
= 50%, and o, the geometric standard deviation about w,,
calculated from the plots. The MWCO (the molecular weight
of solute at R, = 90%) can also be calculated from these
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Figure 10. Effective rejection curves (solute rejections
vs. their Stokes radii) plotted on the log-nor-
mal probability coordinate system for PBI NF
hollow fibers spun at different elongation
rates.

Testing pressure: 20 bar. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

straight lines and Eq. 4. The pore size distributions of the PBI
membranes calculated from Eqs. 1 and 3 are depicted in
Figures 11 and 12. It can be seen that the pore size distribution
becomes narrow with increasing elongational rate. From Table
3, it is found that the pure water permeability increases,
whereas the mean effective pore radius decreases, when in-
creasing the elongational rate at the same dope flow rate. The
results appear to confirm that the macromolecular packing and
orientation induced by elongation stress intensively influence
the phase-inversion process,”” although the microstructure
transformation cannot be visibly detected from SEM observa-
tion. Because surface pores are considered as the interstices
among nodules, the elongation stress may elongate the nodule
dimension as well as deaggregate nodules. The former may
result in better packing and decrease in pore size, whereas the
latter may increase in surface porosity.

Ion separation and surface charge property of the PBI
NF hollow fiber using single-electrolyte solutions

In the following sections, the characterizations of ion sepa-
ration performance and surface charge property of PBI NF

100 + :
—a—IV-E
—a—IV-D
B q NG
—tr—IV-B
60 | :

20 {

Pore with size less than stated, [%]

0.0 0.2 0.4 0.6

Pore size, r, [nm]

Figure 11. Cumulative pore size distribution curves of
the PBI NF hollow-fiber membranes spun at
different elongation rates.

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

hollow-fiber membranes IV-E are performed. These NF hol-
low fibers have a mean effective pore size of 0.348 nm in
radius and a PWP of 5.18 X 107 m’ m > kPa™' s™' (1.86 L
m 2bar ! h7Y).

Because the PBI NF membranes seem to be positively
charged at pH 7.0, they may show different rejections to
various valent cations and anions. At the same molar concen-
tration (3.4 mol m ), rejections of four types of single elec-
trolytes in their solutions were measured at different pressures,
as shown in Figure 13. They follow the order of R, (MgCl,) >
Ry MgSO,) > R; (Na,SO,) > R; (NaCl). Interestingly, the
PBI membranes exhibit the highest rejection to divalent cations
but lower rejection to divalent anions, but the lowest rejection
to monovalent ions. This phenomenon seems to deviate from
the Donnan exclusion mechanism, which has also been ob-
served elsewhere.>->° In addition, the solute rejection increases
with increasing pressures. This can be explained by the fact
that the water permeate flux through the membrane is linearly
related to the applied pressure difference, whereas the solute
flux is dependent on several factors: (1) the concentration
gradient over the membrane; (2) the interaction between solute
and fluid; and (3) the water permeate flux. As a result, when
increasing the pressure difference, the water flux increases
relatively faster than the solute flux,%® which causes a decrease
in solute permeate concentration and an increase in solute
rejection.

Table 3. Hollow-Fiber Membrane Dimensions, Pure Water Permeability (PWP), Mean Effective Pore Size (p,), Geometric
Standard Deviation (o,,) and the Molecular Weight Cutoff (MWCO) of PBI Nanofiltration Hollow Fibers Spun from Batch IV

Dope Flow Rate 1D OD Elongation Ratio, PWP X 10 %% r, MwWCO
Fiber ID (mL min~ ") (um) (um) 1) m*m 2kPa's ") (nm) o, (Da)
IV-B 4.0 280 640 3.59 2.08 0.550 1.64 1778
IvV-C 4.0 220 500 5.90 278 0.453 1.55 1016
IV-D 4.0 180 420 8.26 3.94 0.413 1.57 853
IV-E 4.0 160 335 13.74 5.18 0.348 1.53 551

*PWP for hollow fiber IV-B = 2.08 X 107" m* m 2 kPa ' s !,
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[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Ion fractionation by PBI NF membranes in the
electrolyte mixture solutions

Generally, most electrolyte solutions may contain several
salts that need to be separated through the membrane process.
In this section, two kinds of binary salt mixtures were used to
test the ion fractionation performance of the as-spun PBI NF
membrane. For example, as shown in Figure 14, a NaCl/MgCl,
binary salt solution (at pH 7.0) with a cation molar concentra-
tion ratio Na™/Mg®"of 1.0, Na* ions are forced to permeate
preferentially compared to Mg>* ions, given that Na™ ions
have lower valence and smaller hydrated ionic size than those
of Mg?* ions. Cl™ ions also permeate membrane together with
Na™ to maintain electroneutrality at both sides of the mem-
brane phase in accordance with the Donnan principle. As a
result, Mg®" ions and Na" ions could be fractionated by the
PBI NF membranes because of ion competition. In addition,
along with an increase in pressure, the rejection of Mg?* and

100
80 4
® 60 -
=
=
z
- T 1
) /-/_”’_"_._ MgCl,
20 —B— MgS0,
—d— Na,50,
—s— NaCl |
04 e e BT h vtk
o 8 10 15 20 25

Pressure, [bar]

Figure 13. Rejection of different single salts as a func-
tion of different pressure.

The bulk single salt concentration: 3.4 mol m~3, pH 7.0.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 14. lon rejection in the mixture of NaCl/MgCl,
solution as a function of applied pressure.

[NaCl] = 3.4 mol m?, [MgCl,] = 3.4 mol m ™, pH 7.0.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Na™ increases because an increase in water permeate flux
results in a decrease in permeate concentration.

Similarly, as shown in Figure 15, in the NaCl/Na,SO, binary
salt solution (at pH 7.0) with an anion molar concentration ratio
Cl17/SO; ™ of 1.0, Cl~ ions are forced to permeate preferentially
compared to SO~ ions because Cl~ has a lower valence and
smaller hydrated ionic size. Na™ ions also permeate the mem-
brane together with C1~ to maintain electroneutrality at both
sides of the membrane phase, in accordance with the Donnan
exclusion principle. Moreover, the negative rejection (the CI™
concentration in permeate is more than that in feed solution) of
chloride ions is observed at different pressures. Along with an
increase in pressure, the rejection of SO3~ increases, whereas
the rejection of CI™ first decreases to a minimum, then in-
creases. Clearly, SOF ~ ions and C1~ ions could be fractionated
by the charged PBI NF membranes.

However, it is still not clear why the PBI NF membranes
exhibit higher rejection to both divalent cations and divalent

100
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;E B0
=
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Figure 15. lon rejection in the mixture of NaCl/Na,SO,
solution as a function of applied pressure.

[NaCl] = 3.4 mol m ?, [Na,SO,] = 3.4 mol m?, pH 7.0.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

DOI 10.1002/aic 1373



100 +

80 4

&
£ Y
=
i1
el
w0 .
- ——Na’ 20 bar
S
= .| —=—Na'l0bar
20 4
“eeges- C17 20 bar
:)—”lnl”{-l- Iﬂhur" ) |
0 2 4 & 8 10 12

Solution pH, [-]

Figure 16. Rejection of NaCl (3.4 mol m~3, 20°C) as a
function of solution pH under different pres-
sures.

Solution pH was adjusted by adding 1.0 N HCl or 1.0 N
NaOH. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

anions compared to monovalent ions at pH 7.0. The possible
explanation may arise from the existence of an amphoteric
imidazole group within PBI molecules.

Effects of solution pH on NaCl rejection

The separation performance of the PBI NF membrane
largely depends on the surface charge, which is influenced by
pH of the contacted media. A V-shape trend of NaCl rejection,
shown in Figure 16, reflects the surface charge property under
different pH values. A minimum ion rejection appears at pH
7.0 (near pK, of the imidazole group in PBI molecules). This
result seems to be similar to the amphoteric behavior of metal
oxide group of the inorganic membranes under different pH
values.®!' It is possible to speculate that the PBI membranes
have different charge signs based on pH values of the media
(that is, positively charged at lower pH and negatively charged
at higher pH). It is also found that at very low pH (pH = 2.0)
the rejection of C1~ decreases, whereas rejection of Na™ in-
creases along with a decrease in pH. Because HCI solution was
used to adjust the pH of NaCl solution, the NaCl solution
contains Na™, CI~, and substantialy more H" ions (10 mol
m ?) at pH 2.0. As compared to Na*, H" can preferably
permeate through the membrane, and C1~ comes together with
H™ to maintain the electroneutrality of solutions. Thus, at pH
2.0, the PBI membrane shows lower rejection of C1™ but higher
rejection of Na™.

Cephalexin separation performance of PBI NF hollow-
fiber membranes

As an amphoteric electrolyte molecule in the aqueous solu-
tion, cephalexin acts as both base (proton acceptor) and acid
(proton donor), given that cephalexin molecules have both the
amino group (-NH,) and the carboxyl group (<COOH) similar
to amino acids. Depending on the pH of solution, cephalexin
can be positively charged (acidic) at pH < pl (isoelectric
point = 4.5-5.0), negatively charged (basic) at pH > pl, and
net neutral (dipolarions) at pH = pl. In the dipolar form, the
amino group is protonated (-NH3 ) and the carboxyl group is
dissociated (-COO™).2° Based on their dissociation constants
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(pK, values), the fraction of different ionization state of cepha-
lexin at different pH values can be expressed by the Hender-
son—Hasselbalch equation®? plotted in Figure 17 (blue curves):

[proton acceptor]
I ——— (®)

pH = pK, + 10g< [proton donor]

As shown in Figure 17, the rejection of cephalexin by PBI NF
membrane shows a V-shape trend with increasing pH at dif-
ferent pressures and a minimum rejection appears at pH = 5.0
(near pI of cephalexin molecules).

Although cephalexin has almost the same molecular weight
with saccharose, the rejection of cephalexin (~86.5%) at pH
values around the p/ (4.5-5.0; which cephalexin molecules as
a whole is zwitterion without net charge) is higher than that of
saccharose (~76.8%). This may arise from the contribution of
molecular shape to the solute transport.®®> By taking the molec-
ular configuration into account, the cephalexin molecule is
more like a rod with the length of 1.6 nm away from a sphere
and the saccharose molecule is 1.2 nm in length, whereas their
molecular widths are quite close, which are simulated from
Cerius2 molecular simulation software®* shown in Figure 18.
Therefore, the steric hindrance for cephalexin may be much
greater than that of saccharose. However, as a dipolar ion with
two opposite charged sites, the rejection behavior of cephalexin
at the state with no net charge is different from that of a neutral
molecule.®5 The amino group (-NHJ) is repulsed by the pos-
itively charged membrane (at pH < pK, of PBI), whereas the
carboxyl group (-COQO7) is attracted by the membrane. Thus,
cephalexin molecules are aligned along the axial direction of
pores under convection, which could make cephalexin rejec-
tion decrease. As a result, at a pH near the p/ of cephalexin,
steric exclusion plays a main role in the rejection of cephalexin.

These results confirm that the rejection of cephalexin is
dependent on the pore size (steric exclusion) and the electro-
static interaction between solutes and membrane. The solution
pH has the dominant effect on the separation of cephalexin
because pH determines the ionization states of the cephalexin
molecules and surface charge characteristics of the PBI mem-

branes.
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Figure 17. Rejection of cephalexin (200 ppm) vs. the so-
lution pH under different pressures.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Saccharose (MW: 342, 1.2 nm in length)

Cephalexin (MW: 347.4, 1.6 nm in length) at pH 4.5

Figure 18. Molecular configurations simulated from Cerius2.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Conclusions

High-pressure sustainable PBI nanofiltration hollow-fiber
membranes have been fabricated through the phase-inversion
process. Because of the strong interaction between PBI and
water, the formation of fingerlike macrovoids inside the PBI
hollow fiber cannot be avoided when water was used as the
external coagulant. However, by using a mixture of ethylene
glycol and DMAC as the bore fluid solution, the macrovoid-free
formation can be produced in the inner substrate of PBI hol-
low-fiber membranes. The resultant PBI NF hollow fibers can
withstand higher pressures up to 30 bar.

PBI NF hollow-fiber membranes spun from Batch [IV-E have a
mean effective pore size of 0.348 nm in radius and a narrow pore
size distribution. They show higher rejection to divalent cations,
lower rejection to divalent anions, and the lowest rejection to
monovalent ions, which seems not to be correlated with the
Donnan exclusion mechanism, whereas for the binary NaCl/
Na,SO, mixture solution, the negative rejection of Cl~ and high
rejection of SO~ can be explained by the ion competing transport
mechanism. In addition, in the binary NaCl/MgCl, mixture solu-
tion, PBI membrane exhibits a much higher rejection of Mg>"
over Na™. Thus, divalent ions and monovalent ions can be effec-
tively fractionated in their mixtures by the PBI membrane.

Based on the amphoteric property of PBI molecules, the PBI
membrane shows a V-shape trend of NaCl rejection under
different pH values, which is attributed to the surface charge
characteristics influenced by solution pH. The newly developed
PBI NF membranes can concentrate and purify cephalexin
from aqueous solutions by adjusting operation conditions based
on the interaction between the charged membrane surface and
the ionized cephalexin molecules under different pH values.
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Notation

A = effective filtration area of membrane, m?
Creea = solute concentration in the feed solution, mol m™
Cpermeate = SOlute concentration in the permeate, mol m?
. = diffusivity of solute in the solution, m* s~
ID = inner diameter, wm
MWCO = molecular weight cutoff, Da
MW = molecular weight, Da
My, = weight average molecular weight, Da
OD = outer diameter, um
pl = isoelectric point
pK, = ionization equilibrium constant
PWP = pure water permeability, m* m~2 kPa~' 5!
Q = water permeation volumetric flow rate, m* s~
r. = solute Stokes radius, nm
r, = effective pore radius, nm
R = effective solute rejection
u; = linear velocity of feed stream, m s~
AP = trans-membrane pressure drop, kPa
i, = mean effective pore radius, nm
e = geometric mean radius of solute at R, = 50%, nm
o, = geometric standard deviation about
g, = geometric standard deviation about p,
¢ = elongational draw ratio
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