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Outer-selective thin-film composite (TFC) hollow fiber membranes offer advantages like less fiber blockage in the feed
stream and high packing density for industrial applications. However, outer-selective TFC hollow fiber membranes are
rarely commercially available due to the lack of effective ways to remove residual reactants from fiber’s outer surface
during interfacial polymerization and form a defect-free polyamide film. A new simplified method to fabricate outer-
selective TFC membranes on tribore hollow fiber substrates is reported. Mechanically robust tribore hollow fiber sub-
strates containing three circular-sector channels were first prepared by spinning a P84/ethylene glycol mixed dope solu-
tion with delayed demixing at the fiber lumen. The thin wall tribore hollow fibers have a large pure water permeability
up to 300 L m22 h21 bar21. Outer-selective TFC tribore hollow fiber membranes were then fabricated by interfacial
polymerization with the aid of vacuum sucking to ensure the TFC layer well-attached to the substrate. Under forward
osmosis studies, the TFC tribore hollow fiber membrane exhibits a good water flux and a small flux difference between
active-to-draw (i.e., the active layer facing the draw solution) and active-to-feed (i.e., the active layer facing the feed
solution) modes due to the small internal concentration polarization. A hyperbranched polyglycerol was further grafted
on top of the newly developed TFC tribore hollow fiber membranes for oily wastewater treatment. The membrane dis-
plays low fouling propensity and can fully recover its water flux after a simple 20-min water wash at 0.5 bar from its
lumen side, which makes the membrane preferentially suitable for oil-water separation. VC 2015 American Institute of

Chemical Engineers AIChE J, 61: 4491–4501, 2015
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Introduction

With limited freshwater resources and stringent regulations

in wastewater discharge, extensive research has been focused

on membrane development for wastewater reuse. Currently,

integrally skinned asymmetric membranes are prevailing in

microfiltration and ultrafiltration applications, while thin-film

composite (TFC) membranes are dominant in osmotic proc-

esses such as reverse osmosis (RO), forward osmosis (FO), and

pressure retarded osmosis (PRO).1–12 The TFC membranes

consist of an ultrathin polyamide selective layer to reduce the

transport resistance and a porous substrate to provide the

mechanical strength. Typically, the polyamide selective layer

is formed by the interfacial polymerization between m-phenyl-

enediamene (MPD) in an aqueous phase and 1,3,5-trimesoyl

chloride (TMC) in an organic phase, as shown in Scheme 1.9

Interfacial polymerization also provides advantages of choos-

ing various monomers and substrates that give tunability in

membrane morphology and performance.7,8,13–17 However, one

drawback of TFC membranes is the sophistication of fabrica-

tion. As a result, most commercially available TFC membranes

are in the flat-sheet configuration. A few inner-selective TFC

hollow fiber membranes have been demonstrated,14,17,18 but

outer-selective ones are rare in the literature.19

Outer-selective TFC hollow fiber membranes provide vari-

ous advantageous for commercial applications. First, they are

less inclined to fiber blockage and have a less pressure drop

along the fiber module than the inner-selective ones due to

lower mass-transfer resistance in the shell side.19,20 Second,

the dimension of outer-selective hollow fiber membranes can

be much smaller than inner-selective ones. Thus, the former

not only can increase the packing density in a module, but also

offer a much higher active area than the latter if they have the

same fiber diameter. These features make the former more

efficient and desirable for commercial purposes.19 However, it

is much more difficult to fabricate outer-selective hollow fiber

membranes than their inner-selective counterparts, especially

for large-scale commercial production.9,19 The primary obsta-

cle is the fabrication of a perfect polyamide film without

defects. Ineffective removal of the residual amine solution

from the outer fiber surface not only produces unfavorable

pin-hole as defects, but also makes neighboring fibers stick

together. As a consequence, the fibers stick together and the

resultant polyamide layer grows in the space among fibers

Additional Supporting Information may be found in the online version of this
article.
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instead of on each fiber surface, leading to a defective polyam-
ide dense layer. To overcome it, Sun and Chung19 had devel-
oped a method of vacuum-assisted dip-coating interfacial
polymerization to remove the excess amine solution from
outer surfaces and fabricated outer-selective TFC hollow fiber
membranes. However, their method was delicate and time
consuming because of multiple steps. Therefore, the first
objective of this study was to examine the feasibility of fabri-
cating outer-selective TFC hollow fiber membranes with desir-
able morphologies and robust mechanical properties by a
shortened and simplified method using P84 (Supporting Infor-
mation Figure S1) as the substrate.

The second objective of this study is to fabricate outer-
selective TFC tribore hollow fiber membranes for FO applica-
tions. Thin wall single-bore hollow fiber membranes often
have poor mechanical properties as an unavoidable conse-
quence of being highly porous and highly permeable. Hence,
single-bore hollow fiber membranes would break easily during
prolonged operations. Multibore membranes such as rectangu-
lar multibore membranes21–23 and multibore hollow fibers24–28

have gained considerable interests over the past years. Not
only have they shown superior mechanical properties but also
separation performance in comparison to the single-bore hol-
low fibers. So far, only one inner selective tribore paper has
been published for FO,28 no outer selective tribore FO mem-
branes have been studied. Therefore, this work may provide
useful implications toward the fabrication of outer-selective
TFC tribore membranes for FO applications.

FO has been demonstrated successfully for the treatment of
oil-water emulsions,29–32 but its serious fouling issue has to be
settled urgently. Therefore, the third objective of this study is
to investigate if we can graft the newly developed outer-
selective TFC tribore hollow fiber membrane by hyper-
branched polyglycerol (HPG) to enhance its antifouling prop-
erties for oily wastewater treatment.

Experimental

Materials and chemicals

P84 copolyimide (BTDA-TDI/MDI, copolyimide of
3,30,4,40-benzophenone tetra-carboxylic dianhydride and 80%
methylphenylene diamine 120% methylene diamine) was
purchased from HP Polymer, Austria. Supporting Information
Figure S1 shows its chemical structure. The solvent N-methyl-
2-pyrrolidinone (NMP, >99.5%) and nonsolvent ethylene gly-
col (EG, 99.9%) were ordered from Merck and VWR, respec-
tively, and were used to prepare the spinning solutions. The
deionized water used in experiments was produced by a
Milli-Q ultrapure water system (Millipore). A 50/50 wt % mix-
ture of glycerol (Industrial grade, Aik Moh Paints & Chemicals

Pte., Singapore) and deionized water was prepared to post-treat
as-spun hollow fiber supports before drying. Polyethylene gly-
col 2000, 4000, 6000, and 10,000 (PEG, Mw 5 2000 g mol21,
4000 g mol21, 6000 g mol21, and 10,000 g mol21, respec-
tively, Merck) were employed to characterize the molecular
weight cutoff (MWCO), mean pore size and pore-size distribu-
tion of hollow fiber supports. Triethylamine (TEA, 99%),
m-phenylenediamine (MPD, >99%), 1,3,5-benzenetricarbonyl
trichloride (TMC, 98%), dopamine hydrochloride (99%),
tris(hydroxymethyl)aminomethane (Tris, �99.8%), sodium
dodecyl sulfate (SDS, >99%), and polyethylene glycol 400
(PEG 400, Mw 5 400 g mol21, 99.0%) were bought from
Sigma-Aldrich. Hexane (reagent grade) and sodium chloride
(NaCl) were procured from Merck. Oil-water emulsions
(10,000 ppm) were prepared by use of Happy Family branded
soya bean oil procured from a local supermarket and Tween
80 surfactant. All chemicals were used as received.

Fabrication of tribore hollow fiber supports and
post-treatment

Prior to preparing polymer solutions, the P84 polymer pow-
der was dried overnight at 90 6 58C in a vacuum oven. The
dehydrated P84 polymer was dissolved in a NMP/EG solution
with a composition of 21/10/69 wt % P84/EG/NMP, where
NMP is a solvent, EG is a weak nonsolvent.33–35 After the
spinning, dope solution was prepared, it was degassed for sev-
eral hours and then stored in a 500-mL syringe pump (ISCO)
overnight before spinning. The P84 hollow fiber supports were
spun by a dry-jet wet spinning process as described in the liter-
ature.17,36–38 Table 1 summarizes spinning conditions such as
polymer solution flow rate, bore fluid flow rate, and air gap to
investigate their effects on fiber morphologies, dimensions,
and performance. A tribore blossom spinneret illustrated in
Figure 1 was employed in this work. After spinning, the as-
spun hollow fiber supports were rinsed with tap water for 2
days to remove residual solvents and EG. A glycerol/water
mixture (50/50 wt %) was used to soak hollow fiber supports
for another 2 days, and then they were dried in air at room
temperature. Soaking membranes in the glycerol/water mix-
ture might minimize the pore collapse during drying.39–42 Hol-
low fiber modules were fabricated using Swagelok stainless
fittings. A slow curing epoxy resin (EP 231, Kuo Sen, Taiwan)
was used for module potting. The length of the potting portion
for each end was around 3 cm.

Fabrication of outer-selective TFC membranes

The TFC polyamide membrane was synthesized on the
outer surface of P84 hollow fiber supports by interfacial

Scheme 1. Interfacial polymerization reaction between
MPD and TMC.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
Figure 1. Schematic design of the tribore blossom

spinneret.
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polymerization: (1) a PEG 400 (0.5 wt %) aqueous solution

was pumped and circulated through the shell-side of the mem-

brane module at a flow rate of 28 mL min21 for 30 min; (2) a
MPD/TEA/SDS (2/0.0625/0.1wt %) aqueous solution was

then pumped into the shell side of the module at a flow rate of

28 mL min21 and surrounded the fibers for 5 min, while

simultaneously applying vacuum from the lumen side at 800
mbar for the same duration; (3) after the MPD solution was

drained from the module, vacuum was further applied from

the lumen side of hollow fibers for a particular duration; (4) a
0.15 wt % TMC solution in hexane was pumped into the shell

side at a flow rate of 28 mL min21 for 5 min; (5) the TMC

solution was drained out and the module was dried in ambient

air for 1 h with a humidity from 60 to 80%; (6) the resultant
TFC membrane was washed thoroughly with deionized water

and stored in deionized water before subsequent tests.
The antifouling layer consisted of a polydopamine (PDA)

coating and a HPG polymer grafting. PDA acts as a linkage

between the support and the HPG grafting layer by strong non-
covalent interactions with the support and covalent bondings

with thiol groups of HPG. First, 0.4 g of 3-hydroxytyramine

hydrochloride (dopamine HCl) was polymerized under ambi-
ent air and aqueous conditions in a 200 mL solution of 0.02 M

Tris buffer at pH 8.5. This solution was pumped and circulated

in the shell side of the module for 3 h. Second, a mixture of

10 g L21 deoxygenated thiolated HPG (prepared as described
in the previous publication38) and 0.175 vol % TEA was

pumped into the shell side of the module so that the outer

surfaces of the TFC hollow fiber membranes were soaked in

the mixture for 16 h. The grafted TFC membrane was then
washed thoroughly by deionized water and stored in deionized

water before subsequent tests.

Characterizations

The membrane morphology was examined by a field emis-
sion scanning electron microscope (FESEM, JEOL JSM-

6700F). Before tests, samples were fractured in liquid nitrogen

followed by platinum coating using a Jeol JFC-1100E Ion

Sputtering device. Membrane surface topology was studied
using a Nanoscope IIIa atomic force microscope (AFM) from

Digital Instruments. Each membrane sample was scanned at a

rate of 1.00 Hz using the tapping mode.
Porosity measurements were conducted as per the protocol

reported elsewhere.8 Fresh wet membranes were removed

from the water bath and dabbed dry with tissue papers. Care

was taken to ensure that all visible water droplets were well

removed and that excess water confined in the lumen side of
the hollow fiber membranes was removed. The membranes

were then weighed to obtain the weight of wet membranes, m1

(g), freeze dried overnight, and reweighed to obtain the weight

of dry membranes, m2 (g). The water content confined within

the pores was then determined via (m1 2 m2). The overall

porosity (e) can be calculated as

eð%Þ5 ðm12m2Þ=qwater

ðm12m2Þ=qwater1m2=qpolymer

3100% (1)

The characteristics of P84 porous substrates such as pore

size, MWCO, and pore-size distribution were measured by the

solute transport method as described elsewhere.17,43,44 PEG

solutions with a concentration of 200 ppm, each comprising a

different molecular weight, were used to measure the solute

rejection under a hydraulic pressure difference of 1 bar. The

concentrations of the neutral solutes were measured by a total

organic carbon analyzer (TOC ASI-5000A, Shimadzu, Japan).
The measured feed (Cf) and permeate (Cp) concentrations

were used for the calculation of the effective solute rejection

coefficient Rs (%)

Rs5 12
Cp

Cf

� �
3100% (2)

According to the Einstein equation, a Stokes radius which

describes the solute dimension could be expressed as

DAB5
kT

6rpg
(3)

where r is the Stokes radius, DAB is the diffusivity, k is the

Boltzmann constant, and g is the solvent viscosity. Con-

versely, the diffusivity is also a function of the intrinsic viscos-

ity [g]45

DAB5
2:53106kT

gðMw½g�Þ1=3
(4)

where Mw is the molecular weight. Combining Eqs. 2 and 3

yields the following equation for the Stokes radius of the sol-

ute as a function of Mw and [g]46–48

r52:12310283ðMw½g�Þ1=3
(5)

As a result, the solute diameters ds (nm) of PEG (Eq. 5) can

be determined as follows

ds53:35310223Mw
0:557 (6)

The mean effective pore size and the pore-size distribution

were then obtained according to the traditional solute transport

approach by ignoring the influence of the steric and hydrody-

namic interaction between solute and membrane pores, the

mean effective pore size (lp) and the geometric standard devi-

ation (rp) can be assumed to be the same as ls (the geometric

mean size of solute at Rs 5 50%) and rg (the geometric

Table 1. Spinning Conditions of P84 Tribore Hollow Fiber Membranes

Spinning Parameter

Hollow Fiber Code

I II III

Polymer solution (wt %) P84/EG/NMP: 21/10/69
Polymer solution flow rate (mL min21) 3 4 8
Bore fluid composition (wt %) DI water/NMP (5/95)
Bore fluid flow rate (mL min21) 2 3 5.5
Air gap (cm) 5 1 1
External coagulant Tap water (room temperature)
Take up speed (m min21) 9.35
Spinneret Tribore blossom
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standard deviation defined as the ratio of the ds at Rs 5 84.13%

over that at Rs 5 50%). The MWCO was determined at

Rs 5 90%. Therefore, based on lp and rp, the pore-size distri-

bution of a membrane can be expressed as the following prob-

ability density function44

dRðdÞp
ddp

5
1

dpln rp

ffiffiffiffiffiffi
2p
p exp 2

ðln dp2ln lpÞ2

2ðln rpÞ2

" #
(7)

The pure water permeability (PWP) of the membrane sup-

ports was determined by testing the membranes using a lab-

scale circulating filtration unit that has been described else-

where.28,43,49 Pure water feed was applied into the shell-side

of a hollow fiber module containing three hollow fiber sup-

ports at a constant pressure of 1 bar at room temperature. Per-

meates from the PWP experiments were then collected and

measured to determine the PWP.
Mechanical properties of membranes including the elonga-

tion at break, maximum tensile strength, and Young’s modulus

were measured at the constant elongation rate of 10 mm

min21 with a starting gauge length of 50 mm by an Instron

tensiometer (Model 5542, Instron Corp.). Six samples were

tested to minimize the experimental error and ensure the accu-

racy. The collapse pressure was calculated by the Barlow’s

equation based on tensile stress and fiber dimension18

P5
2vT

OD3SF
(8)

where v is the wall thickness, T is the maximum tensile stress,

OD is the outer diameter, and SF is the safety factor (usually

SF 5 1).

Membranes performance in FO tests

The FO tests were conducted on a lab-scale FO setup using

membrane modules as described in previous publications.28,50

Model RO retentate (1 M NaCl) and deionized water were

used as draw and feed solutions, respectively. TFC membranes

were oriented in the active-to-draw mode (i.e., the active layer

facing the draw solution or so called the PRO mode) or in

active-to-feed mode (i.e., the active layer facing the feed

Figure 2. SEM morphologies of as-spun P84 tribore hollow fiber membranes as functions of spinning conditions.

Table 2. Mechanical Properties, Dimension, and Porosity in P84 Hollow Fiber Membranes

Hollow Fiber Code

I II III

Elongation at break (%) 34.3 6 3.8 21.7 6 3.4 30.8 6 8.1
Tensile strength (MPa) 4.8 6 0.4 3.6 6 0.2 4.7 6 0.3
Young’s modulus (MPa) 230.4 6 22.0 123.5 6 6.9 138.4 6 14.4
Toughnessa (3 106 J m23) 1.41 6 0.21 0.62 6 0.15 1.38 6 0.20
OD (lm) 778.2 6 26.8 1133.0 6 34.5 1319.2 6 34.0
Wall thickness (lm) 100.1 6 10.5 156.0 6 10.5 180.1 6 14.0
Porosity (%) 74.4 6 1.0 72.1 6 1.0 73.5 6 0.4
PWP (LMH/bar) at 1 bar 299.2 6 58.4 175.2 6 41.8 173.1 6 52.7
Collapse pressureb (bar) 12.3 9.9 12.8

aCalculated by taking the integral underneath the stress-strain curve.
bCalculated by the Barlow’s equation.
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solution or the FO mode). A variable-speed gear pump (Mas-

terflex, Easy-Load II Model 77200-50) was employed for solu-

tion recirculation. In all experiments, there was no hydraulic

pressure applied on the membrane and pressure build-up as a

result of fluid flow.
For oil-water separation, experiments were carried out in

the active-to-feed mode (i.e., FO mode). An oil-water emul-

sion feed of 10,000 ppm was prepared according to the previ-

ous publication.29 This oil-water emulsion was then utilized as

the feed solution when a model RO retentate was used as the

draw solution. An initial water flux was obtained under the

same conditions in the absence of foulants. After tests, back

washing was performed with a pressure of 0.5 bar for 20 min.

Results and Discussion

Morphology and surface roughness of hollow fiber

supports

Figure 2 displays morphologies of P84 hollow fiber supports

(from I to III) spun from different spinning conditions via the

tribore spinneret. The hollow fibers have a center-symmetric

round shape outer geometry and three circular-sector inner

bores. The round outer geometry is resulted from several com-

bined factors such as (1) the balance of surface energy to

lower the overall energy, (2) die swell, (3) rapid phase inver-

sion at the outer surface due to the employment of a strong

external coagulant (i.e., water), and (4) delay demxing (i.e., a

slow phase inversion) at the lumen because of using a

weak bore fluid of water/NMP (5/95 wt %). The slow phase

inversion at the lumen not only helps the nascent fiber to

redistribute the stresses during the phase inversion but also
rearranges its inner structure under the elongational stretch.
Consequently, a circular-sector shape is formed to minimize
the overall energy and stresses. Moreover, the addition of
NMP into the bore fluid and EG into the dope solution leads to
a slower precipitation rate, and then enhances the delayed
demixing.51–53 Hence, all hollow fiber supports exhibit a
highly porous structure on inner surfaces with relatively dense
outer surfaces. The fully porous inner layer makes the three

Figure 3. AFM images of outer surfaces of as-spun hollow fiber membranes (Ra is the mean roughness).

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

Figure 4. Probability density function curves of tribore
hollow fiber membranes.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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circular-sector bore channels highly interconnected with

robust mechanical properties.
According to the cross-sectional images, fiber I has few

macrovoids, while fibers II and III possess many macrovoids.

As fiber I was spun from the smallest dope and bore fluid rates

with the highest air gap, the elongational stress and air gap

may help retard the formation of macrovoids.52–55 In contrast,

higher dope and bore flow rates with a short air gap were uti-

lized to spin fibers II and III; the high dope rate tends to result

in a thick wall with macrovoids,52,55,56 while the high bore

fluid rate may induce local surface instabilities on the nascent

fibers,53,57 eventually giving rise to the undesirable macro-

voids. Table 2 tabulates the mechanical properties, dimension,

and porosity of these hollow fiber membranes. Fiber I has the

smallest dimension and wall thickness with the highest PWP

of 299.2 L m22 h21 bar21 at 1 bar.

Figure 3 shows the AFM images and surface roughnesses of
the outer surfaces of hollow fiber supports. All fiber supports
have relatively smooth surface topologies with small rough-
nesses around 1–7 nm. Among them, hollow fiber I is slightly
rougher than the other two, probably due to its small bore-

Table 3. Pore-Size Characteristics of Tribore Hollow Fiber

Membranes

Pore
Characteristics

Hollow Fiber Code

I II III

Mean pore
diameter (nm)

4.22 6 0.29 5.43 6 0.15 5.27 6 0.04

Geometric standard
deviation

1.49 6 0.03 1.74 6 0.06 1.75 6 0.02

MWCO (kDa) 13.57 6 2.65 29.88 6 0.78 28.42 6 0.07

Figure 5. Schematic procedure for the fabrication of outer-selective TFC hollow fiber membranes.

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

Figure 6. SEM morphologies of active polyamide layers (TFC layers) of TFC hollow fiber membranes.

HPG modified TFC membranes are designated as “TFC-m.”

Figure 7. Water flux and salt to water flux ratio of TFC
hollow fiber membranes.

The draw solution is 1 M NaCl. The feed solution is

deionized water. A-to-D: Active-to-draw (i.e., PRO

mode); A-to-F: Active-to-feed (i.e., FO mode).
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fluid flow rate. In other words, the high bore-fluid flow rates

may expand the outer surfaces of fibers II and III during the

rapid phase inversion and result in smooth and similar nano-

structures, while the outer surface of fiber I may shrink and

create roughness because of rapid solvent exchange (i.e., sol-

vents leach out) and a small bore-fluid flow rate.

Pore characteristics and mechanical properties of
hollow fiber supports

Table 3 summarizes the pore characteristics of the hollow

fiber supports, while Figure 4 illustrates their probability den-

sity function curves. Fiber I has the smallest mean pore size of

4.22 nm and lowest MWCO of 13.57 kDa, while fibers II and

III have comparable pore sizes and MWCO values. The air-

gap induced orientation is mainly responsible for the smaller

pores.52,53,58 In other words, the nascent fiber is stretched and

oriented by gravity in the axial direction as the macromole-

cules have yet to undergo a complete solidification process in

the air gap region. Consequently, pores and polymer chains

with higher air gaps would tend to be stretched and aligned in

comparison to similar nascent fibers with lower air gaps. Simi-

lar phenomena have been observed.50–52

The mechanical properties listed in Table 2 confirm our

hypotheses. Because of the air-gap induced orientation, fiber I

has good mechanical properties in terms of elongation at

break, tensile strength, Young’s modulus, and toughness. The

highest Young’s modulus of fiber I indicates its highest stiff-

ness among these hollow fibers. Even though fiber I has a

much thinner wall compared with fiber III (100 vs. 180 lm),

the former has a comparable collapse pressure with the latter

(12.3 vs. 12.8 bar). As fibers I and III have good mechanical

properties, they are adopted for the subsequent TFC mem-

brane fabrications.

Fabrication of outer-selective TFC hollow fiber

membranes and their FO performance

Figure 5 illustrates the procedure to fabricate the module

and conduct interfacial polymerization. Both ends of each

fiber are first sealed by epoxy to prevent the fiber lumen and

potting region from any reactant. To ensure that fibers do not

contact one another during and after interfacial polymeriza-

tion, the fibers are well-distributed and well-spaced out to

leave a space between each other or from the module wall.

Thereafter, the fibers are pretreated with a 0.5 wt % PEG400

aqueous solution for 30 min to improve their wettability.

Then, a MPD solution is pumped into the shell side of module

to saturate the fibers for 5 min. Different from the previous

approach by Sun and Chung,19 vacuum is applied for the

entire duration of the MPD adsorbing in the present study.

Table 4. Transport Properties of TFC Membranes

Membrane

Water
Permeability, A

(L m22 h21 bar21)

Salt
Permeability, B

(L m21 h21)
St

(3 1024 m)

I-TFC 1.22 6 0.36 0.048 6 0.024 2.32 6 0.74
III-TFC 0.71 6 0.31 0.021 6 0.001 4.72 6 1.17
I-TFC-m 0.95 6 0.10 0.023 6 0.012 3.69 6 0.48
III-TFC-m 0.66 6 0.13 0.021 6 0.007 6.78 6 1.02

NaCl (1000 ppm) as the feed solution in RO tests under an applied pressure
of 1 bar.

Figure 8. Schematic procedure for the antifouling modification on TFC hollow fiber membranes [(a) side view; (b)
top view on each fiber].

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Supporting Information Figure S2 illustrates different situa-
tions of MPD soaking in the previous interfacial polymeriza-
tion; fibers might or might not have been fully saturated with
MPD. To avoid it, vacuum is conducted simultaneously with
the MPD adsorbing in this study to ensure that hollow fiber
supports are fully saturated with MPD.

After MPD absorbing, vacuum sucking is also conducted to
remove the excess MPD. A critical vacuum condition where
the exact amount of excess MPD solution is removed, would

subsequently lead to a well-attached polyamide dense layer on
the substrate. Otherwise, an undercritical vacuum condition
where the excess MPD solution is left on the substrate surface,
would result in a loosely attached polyamide layer; or an over-
critical vacuum condition where the MPD solution retreats
into the substrate pores, would leave defects on the resultant
polyamide layer. Supporting Information Figure S3 illustrates
the membrane performance of III-TFC with different vacuum
durations. Clearly, a critical vacuum time of 10 min gives the

Figure 9. AFM images of active polyamide layers (TFC layers) of P84-TFC hollow fiber membranes (Ra is the mean
roughness).

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

Figure 10. Membrane fouling performance using a 10,000 ppm oil-water emulsion as the feed.

The normalized water flux decline is plotted against the normalized accumulative permeate flux. The draw solution initially con-

tained 1 M NaCl. Tests were conducted in the active-to-feed mode. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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highest water flux with lowest salt leakage. After the removal
of excess MPD solution, the TMC solution is pumped into the
module shell to react with the MPD molecules on top of the
hollow fibers, followed by a drying in air to stabilize the nas-

cent TFC layer. In the new interfacial polymerization process,
it not only shortens the time, but also eliminates the need of
post-treatment of glycerol soaking for pore opening, making
the new method simpler.

Figure 6 shows the active polyamide layers (i.e., TFC
layers) of TFC hollow fiber membranes after interfacial poly-

merization on their outer surfaces. The TFC layer of the I-TFC
membrane consists of many small globules and few worm-like
domains, while the III-TFC membrane is fully covered with
large ridges. The increase in feature size of the TFC layer
agrees well with our previous study50 where large substrate

pores are capable of facilitating large polyamide ridges.
FO experiments were conducted on the I- and III-TFC

membranes using a cross-flow system. Figure 7 compares the
FO performance. In the active-to-draw mode (i.e., PRO
mode), the III-TFC tribore hollow fiber membrane has a water
flux (Jw) of 17.4 L m22 h21 and a Js/Jw ratio (i.e., the ratio of
reverse salt flux to water flux) of 0.9 g L21 when using 1 M

NaCl and deionized water as the feed pair. In contrast, this
membrane has a water flux of 11.7 L m22 h21 and a Js/Jw ratio
of 0.9 g L21 in the active-to-feed mode (i.e., FO mode). The
difference can be ascribed to the fact that the active-to-draw
mode has less internal concentration polarization (ICP) than

the active-to-feed mode.59 In the case of the I-TFC membrane,
it has a water flux of 23.1 L m22 h21 in the active-to-draw
mode and a flux of 21.8 L m22 h21 in the active-to-feed mode.
Their Js/Jw ratios are about 0.7 g L21, respectively. These val-
ues are lower than other outer-selective TFC membranes19

because the I-TFC tribore membrane has less ICP effect due
to its high porosity and thin wall. Table 4 lists their transport
properties. I-TFC membrane has a very low salt permeability
coefficient B, a comparable water permeability coefficient A.
Importantly, I-TFC has an excellent structural parameter St of

2.32 6 0.74 3 1024 m, indicating much less ICP inside the
porous layer. The advantage of being less suffered from ICP
makes the I-TFC tribore hollow fiber membrane preferential
in the osmotic process for oil-water separation.

Investigation of performance for outer-selective TFC
hollow fiber membranes in oily wastewater treatment

To expand the newly developed tribore membrane for oily

wastewater treatment and to lower the fouling propensity led
by oil, a HPG grafting layer was introduced to the outer sur-
face of the TFC hollow fibers, as illustrated in Figure 8. Figure
6 displays the SEM images of HPG-grafted TFC membranes,
while Figure 9 shows the corresponding AFM images. The

HPG-grafted TFC membranes have much rougher surfaces
than their pristine TFC counterparts. Clearly, the HPG poly-
mers attached to polyamide ridges dramatically amplify the
ridge structure and thus enhance the surface roughness. Con-
versely, the grafting of PDA and HPG layer slightly amplifies

resistances to water and salt. In FO tests (active-to-feed
mode), the I-TFC-m membrane has a smaller water flux (Jw)
of 15.3 L m22 h21 and a Js/Jw ratio of 0.8 g L21 when using
1 M NaCl and deionized water as the feed pair. Similarly, the
III-TFC-m membrane shows a Jw of 9.6 L m22 h21 and a Js/

Jw ratio of 0.9 g L21 at the same conditions. The transport per-
meabilities of modified membranes also decrease to some
extent, as a result of the PDA coating and HPG grafting.

Figure 10 shows the FO performance of four TFC mem-
branes in a high concentration oil-water emulsion. The nor-
malized water flux is plotted against the normalized
accumulative permeate volume. The solid symbols indicate
the normalized water flux of the pristine TFC membranes,
while empty dots represent the water flux of HPG-grafted
TFC membranes. For pristine TFC membranes, immediately
after the testing, the water flux substantially declines to less
than 50%; then, gradually drops to about 20% of the initial
flux when the normalized permeate volume is 5500 mL m22.
The HPG-grafted TFC membranes undergo smoother flux
declines, and reach a plateau about 35–40% of the initial
water flux. After tests and before the next test, a back wash-
ing by deionized water was performed at 0.5 bar from the
lumen side of the hollow fiber membranes for 20 min. The
back washing obtains an easy recovery of water flux to origi-
nal levels (>94%) in cases of HPG-grafted membranes, but
only allows a partial recovery of 56–58% for pristine TFC
membranes. It can be summarized that modified outer-
selective TFC tribore hollow fiber membranes are effective
in water treatments.

Conclusions

We have strategically designed novel and efficient methods
for the fabrication of outer-selective tribore hollow fiber mem-
branes via interfacial polymerization and HPG grafting for FO
and oil-water separation. First, novel tribore hollow fiber sup-
ports with a high degree of concentricity and minimal defects
were designed. Second, a simplified method was developed to
synthesize a thin-film dense polyamide layer on top of these
hollow fiber supports. Third, a HPG grafting was deposited on
top of the TFC layer with enhanced antifouling properties for
oily wastewater treatment. The following conclusions can be
drawn from this work:

1. Spinning conditions play important roles to determine
the mechanical properties, pore size, and pore-size distribu-
tion of the as-spun tribore hollow fiber supports. A large air
gap and a moderate bore fluid help produce tribore hollow
fiber supports with better mechanical properties, narrower
pore-size distribution, and higher flux.

2. A good attachment between the polyamide dense layer
and the hollow fiber support was demonstrated if vacuum
was always applied during MPD absorbing and the removal
of excess MPD solution.

3. Using 1 M NaCl and deionized water as the feed pair,
the newly developed I-TFC membrane displays a water flux
of 23.1 L m22 h21 in the active-to-draw mode (i.e., PRO
mode) and a flux of 21.8 L m22 h21 in the active-to-feed
mode (i.e., FO mode) with a low Js/Jw ratio of about 0.7 g
L21 due to its high porosity, thin wall, and small ICP effect.

4. The HPG-grafted TFC tribore hollow fibers are effec-
tive in the treatment of oil-water emulsions with robust
mechanical stabilities and low fouling propensity. The I-
TFC-m membrane can fully recover its water flux after a
simple 20-min cleaning at 0.5 bar from its lumen side.
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