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Hollow fiber membranes with a multibore configuration have demonstrated their advantages with high mechanical
strength, easy module fabrication, and excellent stability for membrane distillation (MD). In this work, the microstructure
of multibore fibers was optimized for vacuum MD (VMD). A microstructure consisting of a tight liquid contact surface
and a fully porous cross-section is proposed and fabricated to maximize the wetting resistance and VMD desalination per-
formance. The new membrane exhibited a high VMD flux of 71.8 L m™2 h™" with a 78°C model seawater feed. Investiga-
tions were also carried to examine various effects of VMD operational conditions on desalination performance. The 7-
bore membrane showed higher flux and superior thermal efficiency under the VMD configuration than the direct contact
MD configuration. Different from the traditional single-bore hollow fiber, the VMD flux of multibore membrane at the
lumen-side feed configuration was higher than that of the shell-side feed due to the additional evaporation surface of
multibore geometry. © 2013 American Institute of Chemical Engineers AIChE J, 60: 1078-1090, 2014
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Introduction

Membrane distillation (MD) is an emerging separation tech-
nology based on the mechanism of liquid/vapor equilibrium
and the transportation of volatile compounds.l’2 The potential
applications of MD have been extensively studied, including
seawater desalination, wastewater treatment, concentration of
ions and colloids, removal of volatile organic compounds, and
so on.” Credit to its ability of maintaining a stable permeation
flux at high solute concentrations, MD process is often inte-
grated with other existing separation processes for the enhance-
ment of water recovery, reclamation of draw solution, and
simultaneous production of ultrapure water.'*12

Among different MD configurations, direct contact MD
(DCMD) is the commonest and mostly studied MD configura-
tion. As shown in Figure 1, the heat transfer for DCMD is first
transferred from the bulk feed solution to the membrane via
the boundary layer and their interface. The heat is then trans-
mitted across the membrane in both forms of latent heat and
conductive heat. Subsequently, the heat is transported from the
permeate interface and eventually absorbed by the cold perme-
ate solution. Unlike DCMD, vacuum is applied in the permeate
side of a vacuum MD (VMD) to induce liquid vaporization
and transportation. Due to the vacuumed pores, VMD has dem-
onstrated higher permeation fluxes and improved thermal
efficiency.’? For most VMD applications, the vaporized com-
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pounds are normally condensed by an external condenser, and
additional equipment and energy costs are required to generate
the vacuum conditions.'* In recent years, via integrated design
of the condensation-vacuum process, the vacuum energy con-
sumption involved can be reduced.'>'® These make VMD
processes attractive in many applications.

Similar to other MD configurations, good wetting resist-
ance and high permeation flux are the two main require-
ments for membranes fabricated for VMD processes.'”'®
However, due to the applied vacuum, membranes for VMD
require stringent constraints on wetting resistance and radial-
direction mechanical strength than those for DCMD. The
suitable VMD membrane needs to be designed with smaller
pores at the functional surface in order to generate a higher
wetting resistance. In our previous report, the concept of a
new generation 7-bore VMD hollow fiber was fabricated
with polyvinylidene fluoride (PVDF) polymer.19 The fabri-
cated membrane geometry demonstrated excellent membrane
wetting resistance and superior mechanical strength in both
axial and radial directions. Traditional hollow fiber mem-
branes only have one internal bore channel. The innovative
hollow fiber membranes consisting of multiple bore channels
generally show enhanced mechanical/chemical stability,
improved long-term operation reliability, and ease of module
potting.” In the field of filtration membranes, the commercial
multibore membranes were developed by several companies
or research institutes.”®?! In our previous works, a series of
multibore PVDF membranes were fabricated for DCMD and
VMD processes.w’22 In these studies, the multibore MD
membranes exhibited high permeation fluxes, good energy
efficiency, as well as superior stability and robustness in
long-term operations. A comparison between 7-bore and
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Figure 1. Heat and mass transport mechanisms of VMD (left) and DCMD (right).

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

single-bore hollow fibers (SBF) comprising similar micro-
structures fabricated from alike processing parameters shows
that the former has a 65% increase in antiwetting
resistance.'”

Considering the different behaviors of multibore hollow
fiber (MBF) membranes in membrane formation, we aim to
explore the science and optimize the fabrication parameters
so that the 7-bore VMD membrane has characteristics of
superior mechanical durability and wetting resistance. The
fundamentals of membrane formation to relate MBF mem-
brane morphology and VMD performance as a function of
spinning conditions, such as polymer concentration, pore
forming agents’ chemistry and concentration as well as post-
treatment methods, will be investigated in details. Various
membrane properties will be characterized to study the rela-
tionship between transport mechanism and membrane micro-
structure. In addition to compare the performance of VMD
and DCMD configurations, the effects of various VMD
operational parameters and feed modes on separation per-
formance will be investigated.

Materials and Methods
Materials

The working polymer, PVDF HSV#900 resin (specific
gravity: 1.76-1.79), was purchased from Arkema. N-methyl-
1-pyrrolidone (NMP, >99.5%), ethylene glycol (EG,
>99.5%), polyethylene glycol 400 (PEG-400, >99.5%), lith-
ium chloride (LiCl, >99.0%), and isopropanol (IPA,
>99.5%) used in hollow fiber fabrication were supplied from
Merck. Sodium chloride was purchased from Sigma Aldrich.
The deionized water utilized in DCMD and VMD tests was
produced by a Milli-Q unit (MilliPore) with a resistivity of
18 MQ cm.

Spinneret design and membrane fabrication

The MBF PVDF membranes were fabricated via a dry-jet
wet phase inversion spinning process by a specially designed
spinneret consisting of seven needles. The details of spinning
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process and the spinneret design have been documented else-
where.”** Unlike the conventional single-bore spinneret,
the 7-bore MBF spinneret had seven needles, which were
distributed uniformly within the spinneret space. During
spinning, the dope solution and bore fluid were extruded at
specified flow rates through the spinneret by two ISCO
syringe pumps (Teledyne, 1000D). The dope temperature
was kept at 40°C by a thermal meter and heat jacket con-
nected to a temperature circulator (F12, Julabo). After enter-
ing the coagulation bath, the precipitated membranes were
collected by a take-up roller. To avoid the uneven distribu-
tion of polymer dope within the spinneret, the bore fluid and
polymer dope were injected from the side and top of the
spinneret, respectively.25 For comparison, a traditional SBF
was spun with a single-bore spinneret with the same needle
dimension.

After spinning, the as-spun MBF membranes were
immersed in tap water around 4 days to remove the solvent
and additives. Subsequently, most of the wet fibers were fro-
zen in a refrigerator and dried for 12 h in a freeze drier
(S61-Modulyo-D, Thermo Electron). For the comparison of
drying methods, three other post-treatment methods were
adopted for some of the MBF membrane samples. In the air
drying method, the wet fibers were hanged in an air-
conditioned room under air drying for 7 days. In the IPA
solvent exchange method, the membrane samples were sol-
vent exchanged with 5 L of IPA for 3 h before air drying for
7 days. In the IPA and hexane dual-solvent exchange
method, the wet membrane samples were solvent exchanged
with 5 L IPA and then hexane for 3 h, respectively, before
air drying for 7 days. All the spinning and post-treatment
conditions have been repeated for three times to ensure the
reproducibility. The detailed spinning conditions of all mem-
branes were summarized in Table 1.

Membrane characterizations

Membrane samples were observed by an optical micro-
scope (microscope: Olympus, SZX16; digital camera:
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Olympus, CMAD3), a scanning electron microscope (SEM;
i - _E‘ JEOL JSM-5600LV), and a field emission scanning electron
_‘g — = microscope (FESEM JEOL JSM-6700F). The SEM and
= < FESEM samples were prepared by immersing and fracturing
the fiber in liquid nitrogen. Before testing, platinum was
=) . sputtered on the samples by a JEOL JFC-1100E ion sputter-
g = = ing device.
2 = Porosity of hollow fiber membranes excluding bore chan-
nel space was obtained by Eq. 126
P - s:(l—m) X 100% )
§ o - § _ % - Vﬁber _Vchannel
% E = [\“E 5 %\i where Viner denotes the fiber volume, Vipamner 1S the inner
" £ < & E ag channel volume, mygpe; represents the fiber weight, and pgp.,
o = ~ 8 ;5 e stands for the density of the fiber material. Vipe, was esti-
é a - B mated from fiber diameter and length. mgp,, was measured
§ by an accurate beam balance (A&D, GR-200). pgp., Was
- 2 measured by a multipycnometer (Quantachrome MVP-D160-E).
T', Py - + For each sample, 10 measurements were carried out.
5 (8| ~ = Various tensile mechanical properties (i.e., the maximum
2 |8 = . . . . .
l; load, maximum tensile stress, maximum tensile strain, and
b _ Young’s modulus) of the fibers were measured by an Instron
é © £ tensiometer (Model 5542, Instron). A constant elongation
g lg = g rate of 10 mm min~ ' with a starting gauge length of 50 mm
N ES g was applied. For each spinning condition, 10 fiber samples
& = were tested so as to ensure the accuracy.
g The liquid entry pressure (LEP) of the fiber was tested
g - E using a home-made set-up and model seawater. More details
s |2 2 g of the set-up and operational procedures have been docu-
= S g mented elsewhere.'*’
E =
g VMD desalination experiments
)
ff 3 o ;:s 'E The VMD experiments were carried out to evaluate the per-
s g = 3 meation flux and theoretical thermal efficiency (1) of the 7-
2 |7 < i bore MBF membranes at different operation conditions. Prior
£ to the test, the membrane modules were fabricated by assem-
E‘ ~ - bling a predetermined number of fibers into a plastic tube of 1/
3 o = Z 3 . 2 inch outer diameter, with both ends sealed by epoxy.
¥lTle E ~ = ﬁ e E 3 Supporting Information Figure S1 shows the experimental
g g 5 o4 Z I~ 8 g .,Ng & 8 apparatus for the characterization of VMD performance of
3T § g ) s 5 3 E hollow fiber membranes, where more details have been
« i Y documented elsewhere.® Supporting Information Figure S2
> e illustrates two testing modes for each module during the
% VMD experiments; namely, (1) feed at the shell side and (2)
ol =4S feed at the lumen side. A model seawater containing 3.5 wt
g b % NaCl was used as the feed.
= 22 o The permeation flux for each feed temperature is calculated
% based on the outer surface of the membrane using Eq. 2'°
E
~ o
s = E3 Ral o
= = g
- % where N, is the permeation flux, AW is the permeation
o weight collected over a predetermined time duration (¢), and
—~ = g A, is the effective permeation area calculated based on the
's ‘E gi é é outer diameter of hollow fibers.
S = é g \2 _g_g The theoretical thermal efﬁciegcy (n) for each feed tem-
) ;%%% g _ ';8 perature is calculated using Eq. 3%’
ol g2 =8%2zs 3|22 N,
El25F Zzisizi|ic 1 ot (Trow —Trm) @
5| = g Lg ﬁ = = g a 83 = 2 s flp,f L Lout Lin
Slest BegSEEilsd - o
S| BEE ARED<IEER|Z2 where A, is the latent heat of water vaporization, my is the
ny mass flow rate of the feed solution, Cps is the average
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Figure 2. The cross-section and surface morphologies of a typical 7-bore MBF membrane (Membrane ID: 7bore-6).

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

specific heat capacity of the feed solution, T1;, and Tjqy are
inlet and outlet temperatures of the bulk lumen and shell
side solution depending on the configuration, respectively.
For comparison, the DCMD permeation flux and » value of
the same selected MBF membrane were also measured using the
previous set-up described in our early reports with the conditions
as follows.”>?’ The inlet temperature of the feed containing 3.5
wt % NaCl was maintained at the target value by a temperature
circulator (F12, Julabo), while the permeate solution was kept at
15.0°C by a cooler (RT7, Thermal Scientific). The linear veloc-

ities of feed and permeate solutions were kept at 0.3 ms ™ ".

Results and Discussion
General membrane characterizations

Figure 2 displays the membrane surface and cross-section
morphologies of a typical MBF membrane with an ID of
7Tbore-6. As designed, the membrane consists of seven uni-
formly distributed inner bore channels. Because a strong bore
fluid at the reduced temperature (i.e., water at 0°C) is used,
the PVDF nucleation and crystallization is suppressed. This
results in an inner surface with smaller pores but high surface
porosity. Conversely, a weak external coagulant (i.e., 60/40
IPA/water) induces a delayed demixing that facilitates pore
formation and PVDF crystallization at the region close to the
outer surface.'”?’ Hence, the outer surface and the outer
cross-section area show a porous structure with interconnected
globules. The micromorphology and macrogeometry coincide
with the proposed requirements of a VMD MBF membrane.

Exploration of pore forming agents

To obtain a PVDF membrane with a desirable porous
morphology and permeation performance, the addition of
pore forming agents into polymer dopes is an effective and
widely used method.?®* The pore forming agents that have
been used in PVDF membrane fabrication include small mole-
cule nonsolvents (i.e., EG, alcohol, and water), inorganic salts
(i.e., LiCl and CaCl,), and macromolecular polymer additives
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[i.e., PEG and polyvinylpyrrolidone (PVP)].'"**°=2 Their phys-
icochemical properties play an important role in membrane for-
mation and membrane separation performance. For example, if
a high molecular weight PEG or PVP is used, a decrease in
membrane hydrophobicity or even a conversion from hydro-
phobicity to hydrophilicity is often observed due to the residue
of the hydrophilic PEG or PVP polymer within the membrane
matrix. In this work, three types of pore forming agents have
been investigated. Figure 3 shows the cross-section and surface
morphologies of MBF membranes fabricated from dopes
comprising: (1) 7bore-1-10 wt % EG, (2) 7bore-2—10 wt %
PEG-400, and (3) 7bore-3-9 wt % EG + 1 wt % LiCl. Figure
4 displays various membrane properties, such as porosity,
maximum load, contact angle, and VMD flux, as a function of
different pore forming agents used.

EG and PEG are nontoxic pore forming agents (hazardous in
case of ingestion).27’33 They have been widely used in mem-
brane manufacture to generate pores and porosity for flux
enhancement.”” As a nonsolvent in the PVDF-NMP binary sys-
tem, the addition of EG and PEG not only increases dope vis-
cosity but also brings solutions closer to gelation points. As a
result, membranes spun from dopes containing EG and PEG
would have a more porous structure at membrane cross-section
and surfaces. Due to their differences in nonsolvent strength
and molecular size, the membrane fabricated with PEG-400 has
bigger macrovoids at the cross-section than the one with EG.
Similar observations were found in the case when alcohol and
water were used as pore forming agents.** Due to the bigger
macrovoids, the MBF membrane spun with PEG-400 exhibits
enhanced permeation fluxes but reduced mechanical strength.
Unlike some cases where higher molecular weight PEG, poly-
ethylene-oxide (PEO), and PVP are used, the contact angle of
the current fiber is not much affected by the addition of PEG-
400 into the polymer dope. This indicates an almost complete
removal of small PEG-400 molecules from the nascent mem-
branes because PEG-400 is small and highly soluble in water.

LiCl is an inorganic pore forming agent during membrane
preparation.*”> The macromolecular complex formed between
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Figure 3. The cross-section and surface morphologies of 7-bore MBF membranes spun from dopes containing dif-
ferent pore-forming agents.

Li* and electron donating groups of many solvents (i.e., observed in the case of PVDF membranes. Hence, a combi-
NMP) could increase dope viscosity and enhance permeation nation of 9 wt % EG + 1 wt % LiCl is used in an attempt to
flux.*> However, a severe reduction in mechanical strength is balance the membrane mechanical strength and permeation
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Figure 4. (A) Bulk porosity, (B) mechanical strength, (C) contact angle and (D) VMD permeation flux of 7-bore MBF
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Figure 5. The cross-section and inner surface morphologies of 7-bore MBF membranes spun from dopes with dif-

ferent EG concentrations.

properties. As compared with the membrane fabricated with
EG only, there is an increase in maximum tensile strain from
29.6 to 35.2%, but a decrease in Young’s Modulus from
20.47 to 10.5 MPa. This is probably caused by the Li*-PVDF
macromolecular complex which generates a different globule
microstructure in the membrane matrix. Supporting Informa-
tion Figure S3 shows the cross-section microstructures taken
at the middle of the membrane walls (the same position). The
membranes fabricated with EG and PEG-400 additives consist
of interconnected globule structures, whereas the membrane
fabricated with EG+LiCl additives shows only small glob-
ules. Proven by previous reports, this kind of globule structure
without any interconnection often suffers from a poor
mechanical strength.**~® Owing to the lower mass transport
resistance of globule structure and larger macrovoids, the
VMD permeation flux of this MBF membranes is higher than
that of the MBF fabricated with EG only. However, occa-
sional increase of permeate salinity is noticed during the
repeated VMD performance tests. Hence, the combined
EG-LiCl pore forming agent is still not preferred in this
application.

Effects of nonsolvent concentration

With a solubility parameter of 36.2 MPa, the coagulation
strength of EG is between water (47.8 MPa) and IPA (23.5
MPa).**" Figure 5 shows the cross-section and surface mor-
phologies of MBF membranes fabricated from dopes com-
prising various EG from O to 10 wt %. The MBF
membranes spun from dopes containing 5 and 10 wt % EG
are more porous in both cross-section and surfaces, while no
many surface pores can be observed for the membrane spun
without EG. Although all membranes have finger-like macro-
voids, the membrane spun without EG shows much smaller
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macrovoid sizes due to the hydrophobic nature of PVDF and
less water intrusion. These morphological findings agree well
with previous reports on the effects of nonsolvent pore form-
ing agents for PVDF membranes.***** Figure 6 displays
various membrane properties, such as porosity, maximum
load, LEP, burst pressure, and VMD flux as a function of
EG content for these MBF membranes. When the dope does
not contain EG, the resultant membrane exhibits the lowest
bulk porosity of 66.8%. With increasing EG content, poros-
ity increases up to 81.3%, VMD flux also increases, whereas
Young’s modulus, LEP, and burst pressure drops.

Effects of polymer concentration

Figure 7 illustrates the SEM images of cross-section and
surface morphologies of MBF membranes fabricated from
dopes with different PVDF concentrations from 12 to 15 wt
%. Water at 0°C was used as the bore fluid for all mem-
branes. Regardless of which polymer concentration, all hol-
low fiber membranes have finger-like macrovoids located
immediately underneath the inner surface. However, due to
the low dope viscosity at a low polymer concentration (i.e.,
12 wt %), water intrusion is severe for fibers spun from a
low polymer concentration. The resultant membrane has
finger-like macrovoids almost across the entire membrane
thickness. In addition, its outer surface shows a high percent-
age of polymer-lean regions magnified by large surface pores
and a diverse pore size distribution.*' As polymer concentra-
tion increases, water intrusion is suppressed and there are
more regions of sponge-like structure near the outer surface.
Figure 8 displays various membrane properties as a function
of PVDF concentration in spinning dopes. The MBF mem-
branes spun from lower polymer concentrations show higher
porosity, reduced mechanical strength, lower LEP, and burst
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

pressure. Correspondingly, these membranes not only have
larger surface pores and higher porosity but also exhibit
impressive permeation fluxes for all feed temperatures. For
instance, at a feed temperature of 80°C, the VMD flux of the

MBF membrane spun from

L m2 h™' (LMH). However, although no leakage was
found during the VMD experiment of this MBF membrane,
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Polymer concentration
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its lower LEP (1.3 bar) might be an issue during the long-
term VMD operation if the vacuum level is high.

Unlike reverse osmosis (RO), micro-filtration (MF), and
most membranes used for liquid separation, MD membranes
need to be thoroughly dried after membrane fabrication.

15 wt% 7hore-1

Figure 7. The cross-section and inner surface morphologies of 7-bore MBF membranes spun from different dope

concentrations.

1084 DOI 10.1002/aic

Published on behalf of the AIChE

March 2014 Vol. 60, No. 3

AIChE Journal


http://wileyonlinelibrary.com

100% 20 25
A B g
o] 20
z gt it
Z S o 15 5
z g ¥ U Rt
e 90% 4 10— ——— —— *.____,- L]
s E ¢--—-————""®"777777 2
= 2 10 E
- = w
B = =
s - = — #—-Maximum load (N) 5 gn
80% — — — : ) & 5 ? E 0 " - Young"s modulus (.\'[pa) | >°-
120'0 13D’D 14?’0 ISD’U 1200 130,-0 140/0 ISD'U
Polymer concentration Polymer concentration
5.0 20
C -#@- LEP D A
40 -4- BustPresure __--" | & ~ A--12 Wi% PVDF 2
- =t g 60 - @13 wt% PVDF £
810 i & ~ 14 wt% PVDF - -
<77 e e ~ — 15 wt% PVDF K e
o Lo =" %’ PR g & g 40
E20% e &
z - i a
S m--
E10 § 20
0.0 t t 1 0 PR FEETEE— s
12% 13% 14% 15% 4'0 ;0 6l0 .’,'0 30
Polymer concentration Feed inlet temperature (°C)

Figure 8. (A) Bulk porosity, (B) mechanical strength, (C) LEP and burst pressure, and (D) VMD permeation flux with
7-bore MBF membranes fabricated from different polymer concentrations.

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

Freeze dry Solvent exchange: Solvent exchange: Solvent exchange:
(7bore-6) IPA + hexane (7bore-9) IPA (7bore-10) Air dry (7bore-11)

Cross-section

Enlarged

cross-section

Inner
surface

Quter
surface

Figure 9. The cross-section and surface morphologies of 7-bore MBF membranes with different post-treatments.
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Tbore-11
4079/820
553+03
28.25 +£0.38
3.71 =0.05

1.5+0.05

69.1 =0.1
13.69 = 0.46

7bore-10
4452/961

Tbore-9
5618/1083
82.8+0.2

10.33 £0.42
0.72 +£0.03

Tbore-8
5349/1054
86.5+0.1
8.44 +0.15
0.59 +£0.04

Tbore-7
5389/1017
85.4+0.2
9.22 +0.37
0.66 = 0.03

Tbore-6
5344/1074
82.8 0.1
9.49 +0.15
0.67 =0.01

Tbore-5
4882/1139
66.8 0.2

15.95+0.23
1.59 +0.02

Tbore-4
5450/1033
80.7 0.1

13.58 = 0.54
0.94 = 0.04

Tbore-3
5053/929
82.1 0.1

10.33 £0.42

Table 2. Characteristic Properties of 7-Bore MBF Membranes 7bore-1 to 7bore-11
0.584 = 0.02

Tbore-2
5102/934
82.9 +0.1

10.58 = 0.47
0.74 =0.03

Tbore-1
5622/1199
81.3*0.1

11.74 £ 0.85
1.03 = 0.05

Membrane ID
OD/ID (pm / pm)
Porosity (%)
Maximu load (N)
Maximum tensile
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stress (MPa)
Young’s modulus

443 +6.7 129+ 1.0 12.8 1.7 126+ 1.6 17.9 £0.85 38.3*=7.11 148.4 =153

2126 +3.18

10.5 £2.41

12.6 = 1.76

20.47 +3.0

(MPa)
Maximum tensile

1.6

6.3+

1.3

o

o

+1

o

30.5+3.7

29.0+3.8

352226 174+2.0 23.5+1.2 31.8£2.6

26.6 +5.24

29.6 5.1
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strain (%)

LEP (bar)
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341*0.24

Burst Pressure (bar)

However, the drying of wet MD membranes at ambient tem-
peratures results in a severe membrane shrinkage and reduc-
tion in permeation performance.**> The effect that takes
place during membrane drying is attributed to the capillary
force acting on the fine pores. Due to the high surface ten-
sion, the force at the air-water interface is so large that the
pore walls are pulled together and collapsed.** The structural
collapse has greatly restricted water flux across the mem-
brane. Although commonly used freeze dry has been proven
to be an effective post-treatment method to maintain the
pore structure, its real application may be constrained by the
treatment capacity and energy consumption.”’ Hence, differ-
ent solvent exchange treatments followed by air dry have
been evaluated in this work. Similar to the post-treatment of
gas separation membranes, the water-filled MBF MD mem-
branes are first immersed in water soluble IPA, after which
the IPA is replaced by hexane, which is a highly volatile
alcohol soluble organic compound.44’45 During the two-step
solvent exchange process, the membrane color changes
noticeably from white to semitransparent and then back to
white, indicating a complete removal of water and IPA.

Four different post-treatments are evaluated; namely, (1)
Tbore-6—freeze dry, (2) 7bore-9—IPA followed by hexane
and air dry, (3) 7bore-10—IPA followed by air dry, and (4)
7Tbore-11—air dry. For easy comparison, these four MBF
membranes were spun from the same dope under the same
conditions, as shown in Table 1. Figure 9 displays their
cross-section and surface morphologies after different post-
treatments, whereas Table 2 and Figure 10 compare their
physiochemical properties and VMD performance. Compar-
ing with the membrane post-treated by freeze dry, the mem-
branes post-treated by IPA or water and then air dry have
higher shrinkages. As IPA has lower hydrogen bonding and
surface tension than water,46 the IPA-treated membrane
(7bore-10) has higher porosity, larger pore size, and larger
membrane dimension than the directly air dried membrane
(7bore-11). In addition, the shrinkage does not only take
place on the outer surface, but also on the inner surface.
However, the reduction in the inner diameter is much
smaller than the outer diameter. Besides, bulk densification
and pore shrinkage can be noticed. As a result, the 7bore-10
and 7bore-11 have much higher LEP values and burst pres-
sures but much lower VMD permeation fluxes due to the
reduced pore sizes and bulk porosity.47 Although their LEP
and burst pressures far exceed the requirements for VMD
operations, their fluxes are not impressive. Thus, they are not
preferred for VMD applications.

Interestingly, there are no sharp differences in morpholo-
gies and bulk porosity between membranes treated by
freeze dry and two-step solvent exchange (i.e.,
IPA + hexane) followed by air dry except the VMD flux is
slightly lower for the membrane after two-step solvent
exchange. The well maintained microstructure indicates the
minimum pore collapse during freeze dry and hexane evap-
oration. Clearly, the low surface tension of volatile hexane
contributes to the integrity of pore structure due to the low
capillary force between liquid hexane and pore walls.** Tt is
interesting to note that the mechanical strength and burst
pressure of the membrane post-treated by the two-step sol-
vent exchange are slightly higher than that post-treated by
freeze dry. This may be attributed to minor damages in
membrane microstructure during freeze dry. As there is a
10% decrease in water density from liquid to ice, the

March 2014 Vol. 60, No. 3 AIChE Journal



60% * \
s0% £ ]

Freeze dry [PA-‘v-hexa.ne Air dry
Post treatment
15.0
C BLEP 0OBurstpressure
5
=10.0 ~
©
5
4
o
é: - H_X“ ’—P
0.0

Freeze dry IPA+hexane Air dry

Posttreatment

150 + B B Maximum tensile strength *I—
= O Young's Modulus
&,
2100 1
E
S 350 J
E 50 ﬁ
17 A
o Il []
Freeze dry IPAThexane Air dry
Posttreatment
60
D
E 50 — A—-IPA+hexane .
= 20 — £ Freeze dry e
- —-<—-IPA %:’,” &
g 130 —@—-Airdry e T
= ’ﬁi"’/ ,,ﬁ’
g 20 - i
= e S
* 10 gzz2--% I L
______ et SU
0 4 + e +
40 50 60 70 80

Feed inlet temperature (°C)

Figure 10. (A) Bulk porosity, (B) mechanical strength, (C) LEP and burst pressure, and (D) VMD permeation flux of
7-bore MBF membranes after different post-treatment methods and then air dry.
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expansion of water volume during freeze dry may deform
membrane microstructure. From this aspect, the solvent
exchange method consisting of IPA and then hexane may
be a better choice.

Investigations on the VMD and DCMD performance

Comparison with DCMD Performance. Figure 11A dis-
plays a comparison of permeation flux as a function of feed
temperature using the membrane with ID 7bore-1 for both
VMD and DCMD processes. The permeation fluxes of both
MD configurations increase nonlinearly with the feed inlet
temperature. This agrees well with previous studies on MD
processes.”>**4 Consistent with the hypotheses in the Intro-
duction section, the VMD configuration has a higher permea-
tion flux than the DCMD owing to the vacuumed pores and
the better thermal insulation. The vacuum applied in MD not
only generates the significant Poiseuille flow, but also mini-
mizes the thermal conductivity and temperature polarization
effect, thus simultaneously increases the effective driving
force across the membrane. As a consequence, the flux is
greatly enhanced.*®*

There are different diffusion mechanisms during VMD
and DCMD processes even for the same membrane. The
transport mechanism of water vapor in the pores of MD
membranes is generally determined by the relative size of
pore diameter and the mean free path (1) of water vapor
and air. As air and vapor are continuously removed from
the membrane pores in VMD, the molecular collision and
consequently, molecular diffusion are dramatically reduced
under high vacuum. The mean free path of water
vapor5 S\nd air mixture can be mathematically expressed as
Eq. 4
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kgTm 1

n(25%) Py i+ (%) 4

=

where 1 is the mean molecular free path evaluated at the
average membrane temperature (7y,) and pressure (Pr); kg is
the Boltzmann constant; gy, and g, are the collision diame-
ters of water and air molecules, respectively; M,, and M, are
the molecular weights of water and air, respectively.

This equation implies that A has a reverse relationship
with the total pressure (vapor density) of the mixture.
Assuming the pressure in membrane pores is maintained at
10 mbar, the mean free path in the VMD process at 50°C is
around 11.1 um, whereas it is about 0.11 ym in a DCMD
process operated at an atmospheric pressure. As the pore
size of the MBF is around 0.1 um, the diffusion of water
vapor is dominated by paralleled Knudsen diffusion and
Poiseuille flow in the VMD process, whereas Knudsen and
molecular diffusion in series are dominant in the DCMD
process. As a result, the overall resistance for vapor diffusion
in a VMD process is lower than the DCMD process.

Figure 11B compares the # values of VMD and DCMD
processes as a function of feed inlet temperature. # is defined
as the ratio of the latent heat flux to the total heat transfer
(i.e., the sum of latent and conductive heat fluxes). It has
been widely used as an indication of thermal efficiency for
MD.’" Owing to the nonlinear and linear relationship of
these two heat fluxes with the feed temperature, u often
increases with an increase in feed temperature.’” Interest-
ingly, much higher values are obtained for VMD, especially
in the lower feed temperature region. As compared with
DCMD, 5 of VMD is insensitive with feed temperature.
When the feed temperature increases from 40 to 80°C, p
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increases from 20 to 76% for DCMD, whereas it only varies
from 76 to 78% for VMD. The high 5 value and its insensi-
tivity to feed temperature demonstrate the superiority and
diversity of VMD over DCMD in real industrial
applications.

VMD Performance with Different Feed Modes. There
are two feed modes for a hollow fiber module; namely, (1)
feed at the lumen side and (2) feed at the shell side. Figures
11C, D compares the effects of feed mode and temperature
on 7 value and VMD flux using the outer surface areas for
flux calculations. Interestingly, the mode of feed at the

1088 DOI 10.1002/aic
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lumen side gives higher fluxes and higher # values than the
mode of feed at the shell side for all temperatures. This
enhanced flux for the feed at lumen side is a unique feature
of the multibore configuration because previous VMD
reports using SBFs show contradictory results.’>>* This
arises from the fact that MBF and SBF membranes display
different VMD performance characteristics. Under the mode
of feed at the lumen side, the MBF membrane not only pro-
vides a much higher effective evaporation surface (i.e., 48%
higher for 7bore-1) but also better thermal insulation than
the SBF membrane. Though all fibers are properly sealed
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with the thermal insulation foam, heat is continuously releas-
ing from the hot feed to the surroundings. As the mode of
feed at the lumen side has a less heat loss to the surround-
ings than the other mode, it is preferable for the MBF-based
VMD process.

VMD Performance with Different Operational Parameters.
Figures 11E, F show the VMD permeation flux as functions
of feed flow rate and vacuum pressure, respectively. All the
tests are under feed at lumen side mode. Both VMD flux
and 7 increase with feed flow rate due to the higher convec-
tive heat transfer coefficient and lower temperature polariza-
tion. These findings are consistent with the previous reports
on all MD Conﬁgurations.10'27’40 In other words, an increase
in feed flow rate promotes the turbulence flow at the bound-
ary layer and enhances the efficiency of convective heat
transfer. As a result, the loss of driving force at the boundary
layer region is reduced, whereas the effective driving force
at membrane surface is increased.

As demonstrated in Figure 11F, an increase in pressure in
the permeate side results in a decrease in both flux and y val-
ues. The flux decreases from 13 to 11 LMH, and the # drops
from 94 to 90% when the permeate side pressure increases
from 10 to 30 mbar. The reduced permeation flux is mainly
caused by the reduction of driving force for vapor diffusion.
The vapor pressure of 3.5 wt % NaCl solution is around 121
mbar.®*” As an approximation without considering the bound-
ary layer effect, the vapor pressure of the 3.5 wt % NaCl solu-
tion decreases from around 111 to 91 mbar when the permeate
side pressure increases from 10 to 30 mbar. This vapor pres-
sure reduction agrees well with the decline of VMD fluxes.

Conclusions

In this work, we have conducted hollow fiber spinning
engineering to tailor the morphologies of multibore PVDF
hollow fiber membranes for the VMD application. The
desired VMD membrane morphology with a tight contact
surface pore and porous cross-section can be fabricated with
a combination of a strong bore fluid, a high content of pore
forming agent, a suitable polymer concentration in the dope
and two-step solvent exchange drying. A higher concentra-
tion of powerful pore forming agent EG is desired to gener-
ate pores at both membrane cross-section and surfaces. A
lower PVDF concentration generates larger pores and higher
porosity. Among four types of membrane post-treatments,
two-step solvent exchange (IPA, hexane) followed by air
drying could maintain pore structure and minimize mem-
brane shrinkage to ensure high VMD performance.

Compared with the DCMD configuration, the VMD per-
formance of the same membrane exhibits a much higher per-
meation flux and theoretical thermal efficiency. In addition,
the theoretical thermal efficiency of DCMD increases almost
linearly with feed inlet temperature, whereas that of VMD
shows almost no effect. The MBF membrane exhibits a better
VMD flux and theoretical thermal efficiency under the opera-
tion mode of feed at the lumen side due to a larger effective
surface area and a reduced thermal loss to the surrounding. A
better VMD flux and thermal efficiency can also be obtained
with a higher feed flow rate and/or a lower permeate pressure.
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