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Poly(vinylidene fluoride) (PVDF) hollow fiber membranes were
obtained by the phase inversion technique. The influence of internal
coagulant viscosity (0.001 to 3 Pa s) and air gap (0.6 to 86.4 cm) on
the structure and mechanical resistance of the fibers was studied. A
“sponge-like” structure free of macrovoids was obtained by using
polyvinyl alcohol (PVA) with N-methyl pyrrolidinone and water
as internal coagulant (viscosity 3 Pa s). The effect of the air-gap
was studied in order to control the structure and obtain mechani-
cally resistant membranes with tensile strength at break between
2.2 and 54.3N/mm’ and pure water permeability ranging from 4
to 199 Lh 'm2bar . CO, permeability of these membranes was
measured and found to be in the range of 365 to 53200 NLh~'m 2
bar~!. The “Dusty Gas” model (DGM) was used to calculate the
pore size of the membranes from CO, permeability experiments,
obtaining pore radius values going from 0.6 to 10.8 pm. Results
from modeling were compared with pore sizes observed in SEM
images showing that this model can accurately predict pore radius
of sponge-like structures; however, pore sizes of membranes present-
ing sponge-like structures together with finger-like pores were
inaccurately predicted by the DGM.

Keywords CO, capture; contactors; dusty gas model; polyvinyl
alcohol; porous membranes; PVDF

1. INTRODUCTION

In recent years, the abatement of greenhouse gases
has become a major concern in industrial and chemical
engineering. Amongst the principal sources of CO,, are
stationary ones where CO, can be captured directly. Several
technologies have been proposed to capture CO, from
stationary sources, including absorption, adsorption, cryo-
genic distillation, and membrane separation (1a). Tradition-
ally, packed columns have been used for absorption but this
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technique suffers from various problems including flooding,
channeling, entrainment, and foaming (1b) Membrane sep-
aration presents many advantages, like simplicity, compact-
ness, and easy integration in already installed facilities (2,3).
Contactors are promising alternatives to packed columns.
In a contactor, a microporous membrane separates the gas
and liquid phases. Gas diffuses through the membrane
and comes into contact with an absorption liquid. Absorp-
tion can be performed either physically or chemically. This
system eliminates the operational problems present in
packed columns. In terms of energy requirements, mem-
brane contactors compete with absorption when the CO,
content in the feed exceeds 20%, which corresponds to a
large number of industrial situations (4). Other advantages
of contactors are the large surface of the membrane mod-
ules, their low weight, and easy scale-up. Removal of CO,
from gas streams by a membrane contactor has been a focus
of research since the 1980s. To improve CO» removal, sev-
eral factors need to be considered: membrane materials
and properties, absorption solutions, and modules. As
membrane properties such as selectivity and permeability
are key elements that dramatically influence permeate
purity, CO, recovery rate and the energy consumed during
CO, capture, research in these fields is key to achieving
good greenhouse gas recovery.

Hollow fibers provide a high contacting surface area per
unit volume and they have been commercialized for gas
absorption/stripping (5). However, one of the drawbacks
of these arrangements is the additional mass-transfer resist-
ance added by the membrane, especially if the membranes
are wetted by the absorption solution. The porous hydro-
phobic polypropylene hollow fibers that are currently used
in gas/liquid contactors appear to undergo wetting with
time when they are used with volatile amines (6) or other
common CO, absorption liquids (7).

Polyvinylidene fluoride (PVDF) is a semi-crystalline
polymer with excellent chemical and thermal resistance
(8,9). Its highly hydrophobic character allows its
utilization in membranes for gas absorption, oil/water



separation, membrane distillation, and microfiltration (10,
11). Such membranes are already commercially available
from MBR, Memstar Technology, among other compa-
nies. Especially in gas absorption using a gas/liquid mem-
brane contactor, hollow fiber membranes are required to
stay dry during long periods even during liquid contact.
In these cases, hydrophobicity is a very important factor
to be considered (7,12). PVDF hollow fibers can be pre-
pared by a phase inversion technique leading to liquid-
liquid demixing that typically produces a porous structure.
In a membrane with these characteristics, the porous sub-
strate provides mechanical support without decreasing
mass transfer. However, considerable mass-transfer resis-
tances can arise from the development of skin layers (13,
14). Hollow fiber membranes with inner skinless structures
present low mass-transfer resistance and high permeability.
A phenomenon appearing when crystallizable polymers
such as PVDF are used is solid-liquid demixing occurring
in the crystallizable fragments of the polymer, to form
membranes consisting of interlinked crystalline particles
(leafy morphology) (15).

Several groups have successfully achieved the fabri-
cation of PVDF microporous membranes in the past (16,
17). Nevertheless, when PVDF membranes with pore sizes
of less than 100nm need to be produced, permeability
undergoes a huge decrease and macrovoids appear, result-
ing in fragile structures not suitable for high-pressure appli-
cations. One way to achieve higher permeability and
control pore sizes is to change the activity of the internal
coagulant (water) by using mixtures of water/NMP. How-
ever, some studies have shown that the use of these mix-
tures results in non-circular hollow fibers (18) with
non-uniform wall thickness. These non-uniformities lead
to fragile points inside the structures, resulting in easily
collapsing membranes.

The objective of this work was to prepare and character-
ize PVDF hollow fibers having a sponge-like structure and
circular shape by using the phase inversion technique.
Polyvinyl alcohol (PVA) was used to increase the viscosity
of the internal coagulant (water) and to decrease its
activity. PVA presents multiple hydroxyl groups, which
provide this polymer with good water solubility. However,
these hydroxyl groups can produce many very strong
hydrogen bonds between both intra-PVA and inter-PVA
macromolecular chains, conferring high viscosity on its
water solutions. PVA is also a semicrystalline polymer,
and its dissolution process includes two stages: swelling
and dissolution. During the first stage, water enters the
amorphous region of PVA then, during a second step,
the crystalline region, until the PVA is completely dissolved
(19). The strong capacity of PVA for hydrogen-bonding
leads to a highly viscous solution in water and sometimes
leads to gel formation at low PVA concentrations, depend-
ing on its degree of polymerization and hydrolysis. In this

study, incorporation of PVA in the bore solution allowed
the formation of circular hollow fibers by limiting the
movement of the interface between the polymer solution
and the internal coagulant. Characterization of hollow
fibers included water and CO, permeability, structural
characterization from SEM photographs and mechanical
properties. Results of modeling pore sizes and porosity-
tortuosity factors by using the Dusty Gas Model together
with CO, permeability results are also reported. This study
is a step forward in the understanding and control of the
morphology and properties of highly hydrophobic PVDF
membranes presenting properties suitable for greenhouse
gas separation and absorption when used in a gas/liquid
contactor.

EXPERIMENTAL PROCEDURES
Materials

The membrane material PVDF (Kynar 301 F) was pur-
chased from Arkema, France. NMP was purchased from
Gaches Chimie, France. Polyvinyl pyrrolidone Mw 8000
Da (PVP K15) was used as porogen and supplied by Sigma-
Aldrich. PVA (Mw 124 000-186 000 Da) was obtained
from Sigma-Aldrich. All materials were used without
further purification.

Hollow Fiber Membrane Fabrication

Hollow fiber (HF) membranes were fabricated by the
dry/wet spinning technique using a spinning pilot. The
spinneret used is shown in Fig. 1. Four different internal
coagulants were tested: water, water/NMP 50/50 w/w,
NMP /water/PVA and water/PVA. In the case of PVA sol-
ution, the ratio of NMP/Water was kept constant and we
added 8% of PVA in order to increase the dope solution
viscosity. Dope solution was constituted of PVDF/PVP/
NMP 20/6/74 w/w/w; dope solution flow rate was con-
trolled at 5.5cm® min~'. Internal coagulant feed rate
and spinning speed were set to 3.3cm® min~' and 5.2m
min !, respectively. The coagulation bath was filled with
tap water at 25°C. Internal coagulant and dope solution
temperatures were set to 25°C. After coagulation, the
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FIG. 1. Spinneret used in this study.



TABLE 1
Spinning conditions used to obtain the hollow fiber membranes. Internal coagulant 1: water, 2: Water/NMP (50%, 50%),
3: Water/NMP/PVA (46%, 46%, 8% respectively) 4: Water/PVA (92%, 8% respectively). PWP = Pure Water
Permeability. — means not measured. CO, permeability is expressed in NLh~' m? bar ' and in Barrer (barrer in brackets),
1 Barrer =1 x 10 "°cm?® gas (STP) cm/cm? s cmHg. NL means Normal liter, a liter of gas at standard conditions of
pressure and temperature

Air Wall thickness PWP at 20°C CO, permeability H,O comp. CO, comp.
gap (cm) (mm) Lh 'm *bar! NLh 'm 2bar~! (Barrer) pressure (bar) pressure (bar)
la 0.6 0.265 131 32720 (24.6) 2.0 3
1b 18.4 0.353 136 22350 (26.4) - -
Ic 43.0 0.312 78 53200 (47.1) 2.0 >3.5
1d 86.4 0.282 77 41140 (32.9) 2.0 >5
2a 0.6 0.305 65 26600 (23) 2.4 -
2b 18.4 0.257 32 36200 (26.4) 4.0 -
2¢ 35.0 0.255 27 42700 (30.9) 3.8 -
2d 78.0 0.225 14 32000 (20.4) 6.0 -
3a 0.6 0.201 5 1200 (0.7) - 7.7
3b 18.4 0.233 4 720 (0.5) 3.1 -
3c 35.0 0.207 5 - 3.2 -
3d 54.2 0.204 5 365 (0.2) 3.5 -
3e 78.0 0.205 10 6300 (3.7) 2.0 -
4b 18.4 0.219 199 4720 (2.9) - 11.2
4c 35 0.221 55 4790 (3) - 5.2
4d 54 0.210 173 2250 (1.3) 1.2 17
4e 78 0.207 100 1200 (0.7) 1.2 7.7

hollow fibers were stored in a water bath at 25°C for 24
hours to remove residual solvent. Different structures were
obtained by varying the air gap between the spinneret and
the coagulation bath and the composition of the bore fluid.

Table 1 shows the spinning conditions used in our
experiments and Table 2 gives the viscosities of the bore
liquids measured using an Anton Paar MCR 301 rheome-
ter equipped with a rotational cylinder measuring system.

Hollow Fiber Membrane Characterization
Sem

Scanning Electron Microscopy (SEM) was performed
with a JEOL JSM 6700 F or a Hitachi TM-1000. Samples
of PVDF hollow fibers were dried overnight at 60°C then

TABLE 2
Viscosities of the four bore liquids used
Viscosity
Bore liquid (Pa s)
1 Water 0.001
2 Water/NMP 50/50 0.005
3 Water/NMP/PVA 46/46/8 3.00
4 Water/PVA 92/8 0.65

cryo-fractured using liquid nitrogen in order to obtain a
smooth surface to be observed by the SEM.

Water Permeability

Laboratory-made HF modules were fabricated using the
wet hollow fibers obtained. Modules were 1.3 cm in diam-
eter and 25cm in length. Each module was filled with 6
PVDF fibers. Pure water permeability tests were performed
in the equipment shown in Fig. 2a using water purified by
reverse osmosis. In a typical experiment, the tank was filled
with UHQ water; compressed air was used to pressurize the
tank at the desired pressure. Water flow through mem-
branes was measured using a chronometer and a measuring
cylinder. Water temperature was recorded for each
experiment.

CO; Permeability

As we were interested in CO, absorption applications
using gas liquid contactors, stainless steel modules were
fabricated with the membranes produced, previously dried
at room temperature for 5 days (water content less than
3wt% measured with a drying balance). These modules
allowed the determination of CO, permeability of the mem-
branes using the experimental set-up shown in Fig. 2b. In
this equipment, the flow rate of CO, through the
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FIG. 2. a)Lab-scale equipment for water permeability measurements, b)
Lab-scale equipment used in gas permeability experiments.

membranes was measured at various transmembrane pres-
sures ranging from 0 to 10 bars at room temperature. At
these conditions swelling and/or CO;-induced cristallinity
of PVDF are negligible, in all the cases, experiments were
conducted during short periods of time to insure CO, effect
on polymer cristallinity does not affect the measurements
(20).

CO, permeability has been defined as the volume of CO,
(at standard conditions) passing through a unit area of
membrane per unit time (flux of CO, at standard con-
ditions), with a unit pressure difference across the sample.
Permeability can take into account the thickness of the
membrane according to equation (1), which has been
calculated as well.

_ (quantity of permeant) x (sample thickness)
~ (area) x (time) x (pressure drop across the sample)

(1)

Experiments were conducted as follows: CO, from the
cylinder was passed through the membranes by controlling
inlet pressure. Gas flow was measured at the exit by using a
flow meter.

Mechanical Properties

In order to obtain information about the mechanical
properties of our membranes, tensile strength and elonga-
tion at the elastic limit and at break where determined from
tension tests performed in a one-column INSTRON,
Model 3342. The tests were performed at a fixed speed of
200mm min~' with an initial sample length of 70 mm.
We used a special jaw designed for fiber testing (model
T353-2). These experiments were performed on membranes
previously dried as described in the previous section.
Reproducibility of these results has been assured by per-
forming 10 measurements for each membrane.

Pore Size Determination by using the “Dusty Gas”
Model

When the structure-related parameters are linked direc-
tly to the permeation-related parameters in a membrane, it
is necessary to differentiate between the pore shape and its
size. In general, simple model descriptions deviate from the
real morphology of membranes, and sometimes these
deviations can be very important. Gas permeability can
help us to understand the transport mechanisms occurring
during gas transport, as Knudsen (free-molecule) and
Poiseuille (viscous) flows. The first mechanism is present
when the pressure is low, so the mean free path of the
gas molecules exceeds the tube diameter. The second is
present when the pressure is high, so the mean free path
of the molecules is small compared to the diameter of the
tube. However, in the transition region, both mechanisms
must be considered to reach good approximations. The
model called the “Dusty Gas” model (DGM) (21-24) takes
both transport mechanisms into account.

In the DGM method, the porous medium is visualized
as an array of dust particles held stationary in space. Based
on this model, a general flux equation for a gas that perme-
ates through a porous medium in the Knudsen-Poiscuille
transition can be obtained by (25-28)

M

where

N is the mass flux (kg m s~ ")

R is the universal gas constant (8.314J mol~' K1)

T is the absolute temperature (K)

M is the molecular weight of the gas (kg mol™")

AP is the pressure drop across the membrane (Pa)

p is the viscosity of the gas (Pa s)

0 is the membrane thickness (m)

v is the mean molecular speed of the gas (m s ')

P,,s is the average pressure across the membrane (Pa)

By is a constant that depends on the medium alone. K is
related to a geometric constant characteristic of the dust
particles. This constant depends on the angular scattering
pattern with which the gas molecules rebound from dust
particles.

If we assume uniformly straight cylindrical pores, K,
and By can be obtained in the following way

2er

Ky =—
0 3t (3)

2

er
By =— 4
07 8¢ *)

Where
¢ 1s the membrane porosity
7 is the tortuosity factorr is the pore radius.



Equation (1) can be rearranged as follows

NRTS
APMv

Pavg
e )

=Ky + By

Equation (4) can be expressed as

Y = Ky + BpX (6)
where ¥ =4RT2 and X =PL;. So, K, and B, can be

obtained from experimental data by plotting Y vs. X.
The mean porous radius can be calculated from Egs. (3)
and (4) as

. l6By
" 3K,

and ¢/7 can be obtained from Eq. (4)

The mean free path of CO, at P=1atm and T=293K
is estimated to be about 0.087 pm. As this value is smaller
than the pore size of the porous structure observed by SEM
in our membranes and as the pressure was intermediate,
the DGM was used to obtain pore sizes from gas per-
meation experiments. This model has already been used
to determine mass transport characteristics of polyethylene
and polypropylene porous membranes from CO, permea-
tion determinations (29,30).

RESULTS AND DISCUSSION

The cross sections of the HF are shown in Fig. 3 while
Fig. 4 presents a typical view of the external surface of
the HF obtained with different dope solution. As expected,
the internal coagulant and the air gap had an important
effect on membrane structure.

When water was used as the bore liquid or coagulation
bath (HF from series 1), finger like pores were observed in
the inner part of the HF. In la, (air gap=0.6cm) finger
like pores can be observed in the outer part due to the
quick immersion of the nascent fiber into water.

As the air gap increased, air moisture diffusion through
the fiber wall produced phase inversion at a lower rate than
in the case of liquid water, leading to a sponge-like struc-
ture with small macrovoids in the outer part of the mem-
brane. The use of water as the bore liquid together with
air gaps larger than 0.6cm led to a superposition of both
external sponge-like and internal finger-like structures.
This superposition was the result of two phase-inversion
processes occurring at different rates. HF la shows a
square-shape deformation. However, an air gap increase
stabilized the nascent fiber, eliminating this deformation.

Using NMP/water mixture as the bore liquid (HF set
number 2) decreased water diffusion by decreasing water
activity as both are directly related (31-33), producing
a sponge-like structure with small macrovoids. Outer

FIG. 3. Cross section of hollow fiber membranes obtained by varying
the internal coagulant and the air gap. Internal coagulant 1: water, 2:
Water/NMP (50%, 50%), 3: Water/NMP/PVA (46%, 46%, 8% respect-
ively) 4: Water/PVA (92%, 8% respectively) (deformation in set 4 and in
3a is due to microscope holder and not to membrane fabrication). Letters
a to e are associated to different air gaps described in Table 1.

structures presented large macrovoids (2a and 2b) as a
result of immersion of the nascent fiber in water. These
macrovoids tended to disappear with an air gap increase
(2c, 2d) as a consequence of moisture diffusion. 2a and
2b HF inner shapes are deformed, whereas, in the other
cases, the inner shapes were tubular which can be
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FIG. 4. Typical external surfaces of hollow fiber membranes obtained by
varying the internal coagulant.

attributed to the die swell of PVDF macromolecules when
exiting from the spinneret, this die swell is accentuated the
air gap increase.

An NMP/Water/PVA mixture employed as the bore
liquid (set number 3) led to a sponge like structure with
small macrovoids both in the outer and the inner part of
the HF structure. In all cases, no deformation of the inner
shape was observed (the slight deformation observed in
fiber 3a is due to microscope holder and not to membrane
fabrication). Compared to the use of NMP/water mixture,
the addition of PVA increased the viscosity and the osmo-
tic pressure of the bore liquid and consequently decreased
the activity of the solvents. Water and NMP diffusion
through the inner surface decreased, retarding phase inver-
sion phenomena. However, it is quite surprising that this
effect also affected the phenomena at the outer surface of
the dope solution: when the air gap was close to 0, no
finger-like macrovoids were observed but a sponge-like
structure with very small macrovoids was present. This
was due to the diffusion of NMP through the wall of the
fiber, leading to a decrease of the kinetics even at the outer
surface.

The use of water/PVA solution led to a decrease of
water activity due to the increase of the osmotic pressure.
The osmotic pressure of this PVA solution is of the order
of 50kPa (34). From the osmotic pressure, it is possible
to calculate the water activity a; using the equation:

RT
mn= —71111(01)

where

R is the universal gas constant (8.314J mol ! K™')

T is the absolute temperature (K)

V, is the water molar volume (m>® mol™")

Water activity in the case of water/PVA is close to 1
(0.996 for instance) whereas, in the Water/NMP solution,
the water activity was far below 1 due to the high NMP

concentration. Observations made on fibers numbered 1
and 4 showed the same kind of structure: a sponge-like
structure with small macrovoids in the outer part of the
fiber and large macrovoids in the inner part. Fibers pro-
duced with no air gap were deformed. Macrovoids of the
inner part of the fiber were smaller in the case of water/
PVA (length about 110 um and width about 40 um) than
in the case of pure water (length about 300 pm and width
about 100 um).

Comparing fibers 3 and 4, the effect of NMP on water
activity is clear: large macrovoids do not appear when
NMP is present. We observe the same effect in the presence
of PVA. In the case of PVA it has been shown by XPS and
EDAX studies that when a water/PVA solution is used on
PVDF membranes, poly(vinyl alcohol) adsorbs on the sur-
face of the polymer changing its nature from hydrophobic
to hydrophilic increasing its wettablity and hence its water
affinity (35). In the case of NMP, an explanation can be
given as follows: water has a higher chemical affinity for
NMP than for PVA. From the point of view of molecular
structure, oxygen is more electronegative than nitrogen; the
partial positive charge of nitrogen and the negative charge
of oxygen confer a strong electron acceptor donor charac-
ter on the molecule of NMP, which can act as a hydrogen
acceptor as well. This character allows NMP to form
hydrogen bonds with the hydroxyl groups from PVA. On
the other hand, the hydroxyl groups of water are much
weaker sites for forming hydrogen bonds with PVA (36—
38). So NMP works as a bridge between PVA and water,
decreasing water activity and increasing that of PVA.
Kim et al. (38) have observed that increasing NMP concen-
tration in a PVA/NMP /water system in PVA membrane
formation induces a phase transition by decreasing the sol-
vation power of water for PVA. This yields more porous
structures (sponge-like structures) with a dense skin. Hong
et al. (37) have proposed that the dynamic behavior of
PVA/NMP diluted solutions are driven by thermodynamic
forces, in contrast to the situation in solutions of PVA/
water, where hydrodynamic forces drive the dynamic beha-
vior. It can thus be concluded that, in order to decrease the
water activity sufficiently and control the phase inversion
to obtain a sponge-like structure, NMP needs to be added
to our system, together with PVA.

Viscosity of the internal coagulant, air gap, and decrease
of water activity had a major effect on wall thickness. In
general, an increase in bore liquid viscosity and air-gap
forced the wall thickness to decrease and favored a sponge-
like structure free of macrovoids as a result of liquid-liquid
demixing against solid-liquid demixing (38b). HFs
obtained with water/NMP/PVA solution had the narrow-
est walls, as a sponge-like structure is more compact than
one with finger-like pores or a superposition of the two.
This was true for air gaps greater than 20cm. In the case
of water and water/NMP bore solutions, when an air-gap



smaller than 20 cm was used, a strong deformation of the
nascent fiber was observed. A similar phenomenon was
observed by Bonyadi et al. (18) in the preparation of PVDF
by phase inversion at air gaps smaller than 20 cm, due to
instabilities created by a combination of hydrodynamics,
mass transfer, convective flow and phase-separation pro-
cesses (39-41).

Figure 5 shows typical surfaces observed in three differ-
ent cases (sets 1, 2 and 3). As PVDF is a semi-crystalline
polymer, liquid-liquid demixing is present during phase
inversion, together with solid-liquid demixing (42). The
structures obtained on the surfaces of our membranes are
typical of solid-liquid demixing during inversion of phases
as has been reported in previous studies (43,44) (leafy
structure (15)). When the coagulation bath temperature is
low (25°C), solid-liquid demixing starts quickly and domi-
nates the precipitation process against the liquid-liquid
demixing process, which is favored at higher temperatures
(44). Cellular pores derived typically from a liquid-liquid
demixing process are not present at the surfaces of our
membranes (43).

Water Permeability

Pure water wet permeability values are reported in
Table 1, with the geometrical dimensions of the HF, CO,
permeability, and compaction pressures. As expected, pure
water permeability decreased with water activity in the
internal coagulant excepting the case of water/PVA. As
previously pointed out, the use of water as the bore liquid
led to a sponge-like structure together with finger-like
pores and superficial pores giving high water permeability
(131-77 Lh 'm ?bar'). When water/NMP/PVA was
used, water activity decreased, giving internal and external
surfaces with few or no pores at all as a result of PVDF
solid-liquid demixing (fiber 3a in Fig. 3) leding to a dra-
matic decrease in water permeability to 5 Lh™'m ?bar .
Lastly, when the mixture of water/NMP and water/PVA
was employed, intermediate water permeability was
obtained as a result of an intermediate decrease in water
activity. In the case of water/PVA used as internal liquid,
adsorption of PVA on the surface of the polymer modifies
its nature from hydrophobic to hydrophilic increasing its

FIG. 5. Fiber 3a after compaction at 8 bars.

wettability and hence its water affinity (35) resulting in
an increment of water diffusion.

Concerning the air gap, for series 1 and 2, the per-
meability decreased when the air gap increased. Remark-
ably, when only PVA was added to the bore fluid (series
3) water permeability did not change with the air gap,
except for the highest air gap, meaning that permeability
was controlled by the decrease in water activity when
PVA and NMP were used together.

CO; Permeability

CO, permeability followed the same trend as water per-
meability. It showed a decrease when PVA was added to the
bore solution. When water or water/NMP was used, CO,
permeability did not change, showing that the addition of
PVA was responsible for this decrease. Again, adding
NMP together with PVA to the bore solution decreased
CO, permeability. For the first two sets of HF, permeability
was in good agreement with values reported previously in
the literature (11). When PVA was used, a considerable
decrease in CO, permeability was observed. Nevertheless,
these low permeability values are comparable to those of
Polysulfone and other commercial membranes (45).

Water and CO, compaction tests allowed the evolution
of mechanical resistance with water activity to be studied.
Mechanical resistance was inversely correlated to water
permeability values: high water permeability values (sets
number 1, 2a, 3d, 4c, 4d) were found in membranes with
low compaction resistance (membranes with finger-like
pores). Conversely, more resistant membranes presented
lower water permeability values (membrane 2d and set
number 3), which were the membranes with predominantly
sponge-like structure and internal and external skins.
Concerning CO, compaction pressure, the most resistant
membranes were obtained with water/PVA as the bore
liquid. These tests agree well with the mechanical resis-
tances shown in Table 3. As can be observed in this table,
lower rigidity in the membrane (series 1, elongations at
rupture close to 200%) was observed for membranes with
lower CO, compaction pressures (3-5 NLh™'m™?bar™')
and, when high rigidities were present (series 4, 57-79%
of clongation at rupture), CO, compaction pressure was
high (5-17bar). Figure 5 shows that, after compaction,
the global structure remained unchanged. Compacted
membrane does not show any sign of swelling provoked
by CO,.

Mechanical Resistance

Table 3 shows the mechanical resistance results.

A great difference in membrane elasticity was observed
between the set of membranes fabricated with PVA and
those fabricated without adding PVA to the bore solution.
Adding PVA led to a material more resistant to defor-
mation (lower elongation at rupture), as a result of the



TABLE 3
Mechanical resistance of the hollow fibers prepared

Tensile strength Elongation Tensile strength at the Elongation at the
at break at break elastic limit elastic limit
Membrane (N/mm?) (%) (N/mm?) (%)
la 36.6 235.2 13.8 13.5
1b 2.3 122.4 1.7 8.9
lc 54.3 213.8 17.8 8.4
1d 2.4 188.3 5.6 31.6
2a 2.2 96.7 1.8 27.9
2b 3.0 129.0 1.9 13.8
2¢ 33 119.0 2.0 12.3
2d 3.4 165.0 2.1 17.3
3a 5.6 453 3.2 3.5
3b 9.8 69.8 17.6 10.2
3c 41.4 94.6 19.0 2.1
3d 45.5 91.7 20.8 5.3
3e 32.6 84.7 18.4 5.5
4b 3.6 57.8 2.3 4.2
4c 3.5 69.9 2.2 3.8
4d 3.9 78.9 2.5 3.8
4e 3.1 74.4 2.0 3.9

sponge-like structure. The membranes most resistant to
breaking obtained with water/NMP/PVA as the internal
fluid, undoubtedly because the sponge-like structure was
more accentuated in this set of membranes.

Pore Size Determination by the “Dusty Gas” Model

DGM allowed theoretical calculations of pore size for
samples 3a and 3d and the set of membranes obtained with
water/NMP as the bore liquid. Table 4 shows the results of
these calculations.

TABLE 4
Geometrical parameters obtained from DGM for
membranes with different internal coagulants

Ko (m) By (m?)
Membrane  (1077) (107" r(um) &/t (107
Ic 8.97 4.98 2.9 0.45
2a 7.7 48 3.3 0.35
2b 5.4 43 4.2 0.19
2c 11 9.0 4.4 0.37
2d 4.3 1.5 1.9 0.34
3a 0.069 0.034 2.6 0.004
3b 0.006 3000 2.5 0.0003
3¢ 0.03 0.061 10.8 0.0004
4c 1.13 0.0135 0.6 0.26
4d 0.07 0.0035 2.6 0.004
4e 0.29 0.13 2.4 0.018

As can be observed, DGM predicted small pore sizes for
all the membranes where it was tested (0.6 to 10.8 um).
These sizes agree well with a sponge-like structure but
not with the finger-like pores observed in set number 2 or
the small microvoids observed in 3a and 3d membranes.
These differences arise from the restrictions imposed on
DGM during the solving of the transport equations: low
velocity flow, absence of turbulence (very low Reynolds
numbers), and one-dimensional approach. What is most
important is that the DGM was developed by treating
the porous medium as one component of the gas mixture,
consisting of giant molecules fixed in space, and the highly
developed kinetic theory of gases was applied to this super-
mixture (22). This treatment of the porous media as aggre-
gates of spherical particles is more convenient for a
sponge-like structure than for almost-cylindrical finger-like
pores (better described by Poiseuille flow treatments).
Nevertheless, the simplified model proposed by Izquierdo
(26) and used in this study takes cylindrical pores into
account for Ky and By calculation. Another source of dif-
ferences between the model and the actual material is that
the morphological parameters By and K, represent average
values across the medium, which is incorrect as the mem-
branes show a gradual change in morphology. These kinds
of membranes could be better modeled as two-layered
structures, taking changes in K, and B into account. How-
ever, a treatment like this is beyond the scope of this study.
On the other hand, the porosity-tortuosiy factors obtained
(¢/7) agree well with a sponge-like structure such as the one



we obtained, as large values of t represent highly intercon-
nected pores, efficient in percolation paths. The values
obtained for ¢/t agree well with the results obtained for
permeability: the membranes with high permeability (Ic,
water 78 Lh ™ 'm?bar !, CO, 53200 NLh~'m?bar™ ") pre-
sented a high ¢/t value (0.45x 107%) while membranes
from set number 3 (permeability: water 4-5 Lh™'m™
bar !, CO, 720-1200 NLh_lm_zbar_l) presented &/t
values between 4 x 107 and 4 x 107, in good agreement
with the structure of these membranes, closer to a complete
sponge-like structure where high water and/or gas fluxes
across the structure mean that these fluids can circulate
freely through the structure to find an exit in a system
where no or few surface pores are present. This freedom
is represented by low ¢/t values.

CONCLUSIONS

Four different internal coagulants were used to fabricate
PVDF hollow fibers in order to study the role of viscosity in
the structure of the membrane obtained. Higher viscosity
resulted in a better structure, closer to the sponge-like struc-
ture. The air gap was optimized to obtain fewer and/or
smaller macrovoids. We have demonstrated that an aqueous
solution of PVA together with NMP as bore solution is
needed to delay the activity of the water sufficiently to
obtain resistant sponge-like structures. These membranes
presented a collapse pressure of 8 bars due to the sponge-like
structure developed. When PVA or NMP alone was used
with water, the decrease in activity was not sufficient and
finger-like pores were obtained. The air-gap has a marked
effect on outer surface morphologies as a result of a con-
trolled phase inversion induced by air moisture before
immersion in the coagulation bath. This phenomenon
allowed the morphology to be controlled by adjusting the
air-gap. CO, permeability values were found to agree with
values reported in the literature for PVDF membranes.

CO, permeability measurements allowed the “Dusty
Gas Model” to be applied, which permitted the pore sizes
and porosity-to-tortuosity factor to be determined. These
calculations gave results close to the observations by
SEM regarding the sponge-like structure. However, when
this model was applied to an asymmetric membrane,
finger-like pores were not accurately modeled. Modeling
of the asymmetric membranes as two-layered structures is
envisaged.

This study is a step forward in the understanding and
control of PVDF membrane morphology and should con-
tribute to the effort to produce suitable membranes for
greenhouse gas capture.
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