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ABSTRACT

Polybenzimidazole (PBI) ultrafiltration (UF) hollow-fiber membranes (HFMs) were fabricated
using a continuous fiber-spinning line developed at SRI International. Based on the previously
developed fabricating conditions for reverse osmosis (RO) and nanofiltration (NF) HFMs, UF HFMs
with a large open pore size (50-100 nm) at the shell barrier layer were obtained by switching the
dry-jet wet-spinning process to a complete wet-spinning process. To maximize the membrane
permeability, bore solution compositions were formulated based on the previous composition, and
100% isopropanol was noticed leading to the largest open pore size on the lumen side. The flow
rate ratio of solutions was adjusted during fiber spinning to reduce the fiber wall thickness and
the optimized wall thickness, 95 um was obtained to sustain a running at 20 psi when the flow
rates of bore solution and dope solution were 0.35 and 0.9 mL/min, respectively. With the above
optimal fabricating protocol, a PBI UF HFM with a pure water flux of 58 LMH at 20 psi was fab-
ricated and its pore size was measured to be 21-25 nm by capillary flow porometry. The resulting
UF HFMs showed a good anti-fouling performance in a series of filtration tests with humic acid,

bentonite clay, and bovine serum albumin as foulants.
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1. Introduction

Chemical separations consume roughly half of all indus-
trial energy usage in the United States and about 15% of
country’s total energy usage [1]. Membrane separation is a
preferred filtration method in the water, energy, chemical,
petro-chemical, and pharmaceutical industries. Defect-free
membranes are highly efficient, can be produced at a large
scale, and have high fiber-packing density volume ratios

* Corresponding author.

[2]. Flat-sheet, membrane-based, and spiral-wound mod-
ules currently dominate the market because they are com-
paratively inexpensive; however, cartridges consisting of
hollow-fiber membranes (HFMs) have great potential for
commercialization because of their self-supporting structure,
high fiber-packing density [3], and large surface area per
unit of module space (around one order of magnitude higher
than spiral-wound modules [4]). To further enhance surface
area and filtration efficiency, SRI developed a continuous
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production line and a corresponding spinning technology to
fabricate high-performance, ultra-fine HFMs (OD < 500 pm)
[5,6]. The HFM is based on an advanced polymeric material,
polybenzimidazole (PBI), which has a high continuous oper-
ating temperature (as high as 250°C) [7], robust mechanical
stability [8], and outstanding chemical resistance [9].

A previous study conducted by SRI International
indicated PBI HFMs provided filtration performance com-
parable to that of commercial reverse osmosis (RO) and
nanofiltration (NF) products [5]. The flux and selectivity of
the PBI HFM barrier layer can be tuned by merely varying
the air gap between the spinneret and coagulation bath.
When the air gas is <1.27 cm (0.5 inch), the HFM exhibits
a selectivity close to ultrafiltration (UF) but a water flux
inferior to UF. UF membranes are widely used to effectively
remove suspended particles, turbidity, bacteria, colloids,
algae, parasites, and viruses, clarification, and disinfection
purposes and have a prevalent application in water treat-
ment and biotechnology [10-13]. The current commercial
UF HFMs are mainly based on polyvinyl chloride, poly-
sulfone, polyvinylidene fluoride, and cellulose acetate [14].
The successful development of PBI UF HFMs will provide
more alternatives for UF application and leverage the SRI
technology to spin a series of HFMs (for gas separation,
RO, NF, and UF) using the same production line and same
dope formulation with only slight differences in spinning
conditions. Application of PBI HFMs has been studied
for gas separations [15-17], RO [5,18,19], and NF [5,20].
To the best of our knowledge, there are no publications
describing PBI UF HFMs.

The PBI HFMs are fabricated by a dry-wet spinning
process, in which a delayed demixing leads to a sponge-
like sublayer beneath a dense barrier layer [21]. In the
asymmetric outside-in configuration, water permeability
is affected by both the dense barrier layer and sublayer.
Therefore, we varied spinning conditions to enhance the
permeability of PBI UF HFMs and observed that the pore
size was reversely related to the air gap; we then used wet
spinning (0 cm air gap) to explore how we could achieve
the maximum barrier layer pore size. We formulated the
bore solution composition to optimize the open pore size
of the inner sublayer, and we adjusted the flow rate ratio of
the bore and dope solutions to control the entire membrane
thickness (i.e., wall thickness). The coagulation bath com-
position was tuned to introduce more macro-voids in the
sublayer and lower the resistance to water flow. Moreover,
we applied three different foulants (i.e., humic acid (HA),
bentonite, and bovine serum albumin (BSA)) to assess
the separation performance of the newly developed PBI
UF HFMs and their antifouling capabilities.

2. Experimental
2.1. Materials and reagents

Isopropyl alcohol (IPA), methanol (MeOH), and dimeth-
ylacetamide (DMAc) were purchased from Macron Fine
Chemicals (United States). Glycerol (Gly) was purchased from
Alfa Aesar Chemicals (United States). The PBI used in this
experiment is poly[2,20-(m-phenylen)-5,5"-bisbenzimidazole],
and its chemical structure is shown in Fig. 1. The PBI dope
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Fig. 1. Chemical structure of poly[2,20-(m-phenylen)-5,5-bis-
benzimidazole] (PBI).

solution containing DMAc, polyvinylpyrrolidone (PVP), and
IPA was supplied by PBI Performance Products Inc. (United
States), and used for HFM spinning. The bore solution was
a mixture of nonsolvents including methanol (MeOH), IPA,
and Gly. A coagulation bath consisting of MeOH and IPA were
used to form an outer dense layer of PBI HFM through phase
inversion. The HA, BSA, bentonite clay, and sodium dodecyl
sulfate (SDS) were purchased from Sigma-Aldrich (United
States).

2.2. Fabrication of PBI HFMs and preparation of fiber module

The configuration of the continuous production line
at SRI and the fabrication process for the PBI HFMs are
detailed in previous publications [5,22]. The PBI dope solu-
tion (with a viscosity of 19,000-21,000 cP) was extruded
using a syringe pump (1,000 D, Teledyne ISCO, Lincoln,
NE, USA) from a spinneret at 35°C-55°C and a flow rate
of 0.9-2.0 mL/min. The same dope formulation was used
for all experiments, and is the same formulation used in
previous publications [5]. We maintained the HFM lumen
using a bore solution (mixture of nonsolvent alcohols) and
a flow rate of 0.2-1 mL/min; although several bore solu-
tions were tested (Section 3.1.2. Optimization of lumen
open pore size) IPA was settled on. The asymmetric mem-
brane structure was formed in a coagulation bath contain-
ing MeOH and IPA at 5°C-15°C followed by water wash
at ambient temperature to further the phase inversion. The
HFMs were collected on a take-up drum and washed in a
warm water bath to remove chemical residuals. The range
of the various parameters tested are listed in Table 1, as
well as the final spinning values. The PBI HFM modules
were prepared by epoxying 50 fibers (28 cm long) follow-
ing the regular shell feed design [4]; the resulting effective
area of each module was approximately 245 cm?

2.3. Scanning electron microscopy measurements

The PBI HFMs were chilled and fractured in liquid
nitrogen for cross-section observation. All the samples
were coated by platinum sputtering and observed using
a field-emission scanning electron microscopy (FE-SEM)
(JEOL6700, JEOL Ltd., Peabody, MA, USA) in a lower sec-
ondary electron (LEI) mode with an accelerating voltage of
3 KV and a probe current of 20 pA.

2.4. Capillary flow porometry

Pore size distribution of PBI HFMs were measured by
a 3Gwin porometer at Anton Paar (United States). The test
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condition and data analysis are detailed in the test report
submitted as a Supplementary Material.

2.5. Membrane filtration tests

The HA feed solution was prepared by 100-fold dilu-
tion of 5 g/L HA stock solution. The pH values of the
feeds were adjusted to 4, 7, and 9.5, respectively, using
1 M NaOH or 1 M HCI. The bentonite feed was prepared
by stirring a 10 g/L suspension for 24 h at 300 rpm fol-
lowed by a further 30 min stirring at 40 rpm. The result-
ing bentonite suspension was allowed to stand overnight,
and the supernatant was collected as a stock solution.
The stock solution for the feed was diluted to turbidity
of 70 NTU. A 10 g/L BSA stock solution was prepared in
a 0.5 M phosphate buffer (pH = 7.4); the BSA feed solu-
tion was made by diluting the stock solution to 1,500—
1,600 ppm. The solution concentrations of HA [23], ben-
tonite [24,25], and BSA [26] were determined according to
the published previous study.

We began all filtration tests by measuring the pure
water flux. The sample modules were compacted in deion-
ized (DI) water under 40 psi at room temperature, and the
flux was measured at 20 psi with a feed flow rate of 8 L/
min. The permeate was collected in a beaker and weighed
in a top-loading balance. The permeate weight variation
was recorded every 10 min. Water flux was calculated by
normalizing the flow rate with the effective surface areas
and reported as L/(m? h) (LMH). Then, the solid content
(oil/water, HA, BSA, and bentonite) was introduced for the
antifouling test. The rejection percentage (%Rejection) was
determined by the following equation:

C
%Rejection = {1 - ”} x100 )
Cf

where Cp is the permeate concentration and C, is the feed
concentration. For HA and BSA, the absorbance (A) ratio
was measured using a UV-vis spectrometer (HP Agilent
8453, United States) at 254 and 280 nm, respectively, so that
we could calculate C /C, according to Beer’s Law. The cali-
bration curve for BSA consists of 5 points, ranging from 30
to 4,500 ppm, with an R? of 0.999. The calibration for HA
consists of 5 points ranging from 1.2 to 152 ppm, with an R?
is 0.999. Calibration curves for BSA and HA are provided
in the Supplemental material. For the bentonite suspension,
the nephelometric turbidity unit (NTU) was measured by a
turbidity meter (Sper Scientific 860040, United States). The
NTU ratio was obtained for CP/Cf because NTU is linearly
proportional to the suspended sediment concentration [27].

In the custom-built UF system (Fig. 2), the feed solution
in the reservoir was pumped through HFMs via a dia-
phragm pump, and the retentate solution was sent back to
the reservoir for further recirculation. The hydraulic pres-
sure in the HFM module was monitored by a pressure gauge
on the feed side, and we adjusted it using a pressure-con-
trol valve on the retentate side. We used a flow monitor
to assess the feed flow rate and tuned it with a hydraulic
control valve next to the pump outlet. For all filtrations
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Fig. 2. Schematic diagram of UF test system.

tests, the foulant was applied to the shell-side, and the
filtered water permeated through the bore-side.

3. Results and discussion
3.1. Optmization of fiber morphology for a PBI UF HFM

A typical outside-in polymeric HFM structure consists of
four types of morphologies: asymmetric outer selective skin
layers, finger-like macrovoids, sponge-like substructures,
and porous inner skin layers [28]. An ideal high-performance
HFM should have: (1) a large enough average pore size and
porosity at the shell side to allow suitable selectivity and
high permeability; (2) a sublayer with a high porosity; (3) an
appropriate ratio of finger-like macrovoids to further reduce
water flow resistance; (4) a large average open pore size on
the lumen side, and (5) a thin wall. Therefore, the follow-
ing experiments were conducted to optimize the fabricating
conditions of PBI UF HFMs step by step.

3.1.1. Optimization of barrier layer pore size

A previous study by our group indicated air gap was a
key factor in determining HFM barrier layer pore size, and
we tuned the pore size from poreless to UF scale when the
air gap varied from 4 inch (10.16 cm) to 0.5 inch (1.27 cm)
[5]. However, the low water permeability of the resulting
UF HEM (slightly higher than PBI NF HFMs) limited its
commercial application and exploration of new fabricating
conditions is necessary. According to Chung and Hu [29],
the HFM barrier layer is formed by two steps during the
dry-jet, wet-spinning process. A slow, ambient moisture-
induced precipitation occurs in the extruded nascent fiber
shell to slow down the solvent exchange and polymer
chain contraction in the coagulation bath so the contract-
ing polymer chains in HFM shell have adequate time to
rearrange in a compact and short-range inter-related nodu-
lar structure. Moreover, the stretching force along the axial
direction orients the polymer chains to further decrease
free volume on the shell side. The effects of the mois-
ture-induced precipitation and chain orientation are both
confined when the air gap is reduced during fabrication.
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Table 1
Range of various operating conditions tested and final values

Range tested

Final values

Dope composition n/a PBI, DMAc, PVP, IPA
Dope flow rate (mL/min) 0.9-2.0 0.9

Bore composition IPA, DMAc, Gly, MeOH, water IPA

Bore fluid flow rate (mL/min) 0.2-1.0 0.35

Air gap (cm) 0-1.27 0

Winding speed (m/min) n/a 4.0

Therefore, a small air gap may produce HFMs with a large
average pore size (or free volume). As shown in Table 2,
no dramatic improvement in pure water flux was observed
when the air gap was decreased from 0.5 inch (0.27 cm)
to 0.25 inch (0.635 cm), probably because the air gap vari-
ation was not significant. To further enhance the HFM
water permeability, we adopted a wet spinning technol-
ogy (i.e., 0 cm air gap). The extruded fibers were instantly
immersed into a nonsolvent for a vigorous and rapid phase
inversion, in which the polymer chains contract suddenly
and create more free volume in the barrier layer. The
SEM images show no large open pores a on the surfaces
of HFMs fabricated by dry-jet wet spinning (Fig. 3A and
B); however, in HFMs prepared by wet spinning, large
open pores (50-100 nm) are visible on the shell (Fig. 3C).
The extremely large pure water flux (Table 2) indicates
the barrier layer density of wet-spun PBI HFMs is much
lower than that of the dry-jet wet-spun HFMs.

3.1.2. Optimization of lumen open pore size

The pore size on the lumen side is mainly determined
by the bore solution composition and formation of the
porous morphology in the lumen during the wet spin-
ning process. Flexible polymer chains extend well in a
strong solvent and contract severely in nonsolvents, which
reduces the Gibb’s free energy. The chain contracting rate
is correlated to the interaction between solvent and non-
solvent and affinity of the polymer and nonsolvent [29].
The sponge-like structure next to lumen side is formed by
delayed phase inversion, which is also affected by the bore
solution composition. The PBI HFMs used in high-pres-
sure filtration process (e.g., NF and RO) have a compara-
tively low porosity sublayer and a small open pore size on
the lumen side that gives them good mechanical strength.
However, to produce PBI UF MFMs, a completely different
bore solution composition is needed to build a high poros-
ity sublayer and ensure a large open pore size on lumen
side for adequate water permeability. We developed an
IPA/DMACc/Gly (70/20/10) vol% as the optimized bore solu-
tion for RO and NF HFMs in our previous work (Fig. 4A).
Gly is a nonsolvent of PBI and it increases the bore solution
viscosity and slows the contraction rate of the PBI poly-
mer chain during phase inversion. The lumen side is prone
to developing a dense morphology during slow phase
inversion because the polymer chains have enough time to
rearrange and release free volume. Replacing the Gly with
DMACc enlarges the lumen open pore size (Fig. 3B) because
DMAc is a strong solvent for PBI. The DMAc-enriched

Table 2
Effect of air-gap on pure water flux at 20 psi

Air gap Pure water Airgap Bore flow Dope flow

(cm) flux (LMH) (inch) rate (cc/min) rate (cc/min)
1.27 423 0.5 0.35 0.9
0.635 523 0.25 0.35 0.9
0 58 0 0.35 0.9

solution is also frequently used as bore solutions for fab-
rication of NF/RO HFMs [28,30] because DMAc reduces
the interaction between bore and dope solutions and
slows the coagulation process. When we used pure IPA,
the open pore size on lumen side was further enlarged
(Fig. 4C). We used these series of experiments to settle on
IPA as the bore solution for the final spinning conditions.

3.1.3. Effect of bore solution flow rate on physical dimensions

The RO/NF HFMs require a thick fiber wall to withstand
a high hydraulic pressure (200-1,000 psi), but thinner UF
HFMs to enhance water permeability at lower operating
pressures (<100 psi). According Chung et al.’s [31] math-
ematical model, the outer diameter/inner diameter ratio
(OD/ID) is determined by the flow rate ratio of dope and
bore solutions, and the wall thickness can be effectively
adjusted by varying the bore solution flow rate with a con-
stant flow rate of dope solution. As shown in Fig. 5, HFM
wall thickness gradually decreased from 105 to 89 um
when the bore solution flow rate was increased from 0.3
to 0.4 mL/min. When the bore solution was above 0.4 mL/
min, the UF test failed due to the fiber fracture. We used
this series of experiments to settle on a bore solution flow
rate of 0.35 mL/min as a final spinning condition.

3.1.4. Optimization of the sublayer permeability by
introducing macrovoids

Water is a nonsolvent often used to form finger-like
macrovoids in PBI HFM fabrication [28,30]. With a non-
solvent, the phase separation pathway of nucleation and
growth results in rapid coagulation that usually leads
to high-porosity morphology. Water is a stronger non-
solvent than IPA, and its interaction with PBI dope is
intense enough to form a larger pore size. However, the
SEM images (Fig. 6) indicate the surface morphology
on the water side was dense and allowed extremely low
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Fig. 3. SEM images of PBI HFM barrier layer surfaces fabricated
with air gaps of (A) 0.5 inch (1.27 cm), (B) 0.25 inch (0.635 cm),
and (C) 0 inch.

pure water flux (i.e.,, 0.25 and 0.37 LMH) aligned with
the SEM images. Thus, the water-induced coagulation
likely followed a completely different pathway known
as spinodal decomposition. Although the process may

Fig. 4. Lumen pore morphology affected by bore solutions con-
sisting of (A) 70% IPA/20% DMAc/10% Gly, (B) 70% IPA/30%
DMAc, and (C) 100% IPA. The coagulation strength of the
non-solvent increases from top to bottom, corresponding to
increasing lumen pore size from top to bottom.

be induced by a thermal gradient [32], polyethersulfone
(PES) [33], and PBI [29] HFM fabrication have resulted in
finger-like structures formed by spinodal decomposition
due to unbalanced localized stresses from surface tension,
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Fig. 5. PBI HFM wall thickness varied by bore solution flow
rates: (A) 0.3 mL/min, (B) 0.35 mL/min, and (C) 0.4 mL/min and
corresponded to wall thicknesses of (A) 105 um, (B) 95 um, and
(C) 89 um, respectively. All membranes had an air gap of 0 cm,
dope solution flow rate of 0.9 mL/min, and bore solution of IPA.

solvent-coagulant agglomeration, and radial convective
flows of the internal and external coagulants. Since the
introduction of macrovoids is always coupled with a dense
skin layer on water side, the water-induced phase inversion
is not suitable for the fabrication of PBI UF HFMs.

3.1.5. Pore size distribution of the optimized PBI UF HFMs

As aforementioned, the optimized PBI UF HFMs were
fabricated with an air gap of 0 cm, a bore solution (pure
IPA) flow rate of 0.35 mL/min, and a dope solution flow
rate of 0.9 mL/min. Pure water flux of the resulting UF
HFMs at 20 psi is as high as 58 LMH. For the capillary

flow porometry, gas flow of sample HFM is measured as
a function of pressure in dry and wet states, respectively
(Fig. 7). When the membrane is filled by liquid, the largest
pores are emptied at a certain threshold leading to a sig-
nificant gas flow increment. The smaller pores are opened
with the further increment of pressure. According to the
Laplace equation, the smallest pores are completely opened
when the “Dry” and “Wet” curves are overlapped [34].
The optimized PBI UF HFMs have pore size distributed
in 21-25 nm range and a mean pore size of 22 nm (Fig. 8);
analysis summary is provided in the Supplemental data.

3.2. Filtration tests with humic acid, bovine serum
albumin, and bentonite

Fouling limits long-term membrane filtration processes
and contributes to decay of membrane permeability. Fouled
surfaces require maintenance and cleaning, which can be
expensive. Foulants are briefly classified into four catego-
ries: macromolecules, biological substances, particulates,
and ions [35]. The first three are regarded as the main causes
of UF fouling, and we studied HA, BSA, and bentonite clay,
respectively, as we evaluated the anti-fouling capability of
the newly developed PBI UF HFM. All membranes used
in filtration tests had the final spinning conditions of: air
gap = 0 cm, bore flow rate = 0.35 mL/min, dope flow rate
of 0.9 mL/min, and a bore solution of IPA (Table 1).

Humic acid consists of anionic hydrophobic macromole-
cules with a wide molecular weight distribution and is well
known as natural organic matter (NOM) that contributes
to unpleasant odors and tastes in water [36]. The causes of
HA fouling are attributed to two mechanisms, pore absorp-
tion [37], and gel/cake layer formation [38]. Pore adsorp-
tion occurs due to specific interactions (e.g., van der Waals
forces, electrostatic attraction, or chemical bonding) between
solutes and the membrane. The interaction between PBI
and HA is thought to result from van der Waals forces that
are enhanced by the hydrophobic-hydrophobic effect. The
effect occurs spontaneously and rapidly, and instant flux
decreases are apparent in all curves in Fig. 9. Gel/cake layer
formation is caused by concentration polarization and con-
solidation of highly concentrated HA solution in the imme-
diate vicinity of the membrane surface. The HFMs exhibited
a slight decrease (10%—-15%) in flux over time during a 3 h
filtration test. A low pH confines the deprotonation of acidic
functional groups in HA and reduces electrostatic repulsion
between HA molecules. Thus, HA gel layer formation is pro-
moted in acidic circumstances, resulting in much lower flux
than in neutral or basic solutions [36]. However, the gel layer
formation takes time and the significantly lower initial flux
at pH 3.84 is probably due to pore size reduction induced
by protonation of the secondary amine groups in PBI mol-
ecules; this was also observed in our previous study [5].

Native (non-aggregated) proteins typically have com-
plex molecular structures with multiple charge points that
result in an extremely complicated fouling process. To sim-
plify the fouling process, BSA solution was prepared in a
phosphate buffer with a pH value (7.4) higher than the
isoelectric point of BSA (pH = 4.7 [39]). Therefore, BSA in the
feed solution contained negative charges, and the resulting
fouling process was comparable to that of HA. Following a
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Fig. 6. SEM images of membrane morphology with water as the coagulation bath on the (left column, A and B) produced a
pure water flux of 0.25 LMH, and water as the bore solution (right column, C and D) produced a pure water flux of 0.37 LHM.
Panels (A and C) show the overall cross section. Panels (B and C) show the lumen surface.
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Fig. 7. Gas flow rate as a function of pressure for “Wet” and “Dry” runs.

3 h test, the PBI HFMs exhibited only a slight flux decrease
(<10%) (Fig. 10).

The bentonite particulates are rigid and the fouling pro-
cess is a function of the cake formation process, in which
particles build up layer by layer on the HFM surface and
lead to additional resistance to the permeate flow [40].
When the feed solution had turbidity of 70 NTU, the flux
remained constant over the 3 h test (Fig. 11).

4. Conclusions

We prepared PBI UF HFMs with an open pore surface
size of 50-100 nm using a wet-spinning process. To control
the resistance to water flow in sublayer, we used 100 vol%
IPA as a bore solution to maximize the open pore size on
lumen side. The flow rate ratio of bore and dope solu-
tions was increased to 9:4 for a fiber wall as thin as 89 pum.
The resulting UF HFMs exhibited pore size in 21-25 nm
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Fig. 8. Shows pore size distributed in 21-25 nm range and a mean pore size of 22 nm for both: (A) differential percent flow vs. pore
size, and (B) differential pore number percent area vs. pore size.
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Fig. 9. Humic acid results at acid, basic, and neutral pH values. The flux order showed neutral > basic > acid. Additionally, the
%rejection at 60, 120, and 180 min intervals are shown for all pH values. The acid condition showed nearly complete rejection,
while the basic and neutral conditions ranged from 88% to 91%rejection.
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Fig. 10. Bovine serum albumin results displayed a relatively
constant flux (<10% decrease) over the 3 h experiment with a
>99% %rejection over the duration of the experiment.
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Fig. 11. At a turbidity of 70 NTU, the membrane maintained a
stable flux close to its pure water value and had a >99% rejection
rate.

and an optimal pure water flux up to 58 LMH at 20 psi.
This breakthrough enabled us to use SRI’s versatile fiber
spinning line to fabricate PBI HFMs for various appli-
cations (e.g., gas separation, NF, RO, and UF) by varying
key spinning factors, such as air gap, solution composi-
tion, and solution flow rate. The PBI UF HFMs had good
antifouling properties. In a 3 h filtration test, there was
no fouling in a 70 NTU bentonite suspension, <10% flux
reduction in a 1,500-1,600 ppm BSA solution, and a 10%-—
15% flux decrease in a 50 mg/L HA solution at different
pH values.
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