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Investigation of the Effects of Temperature on the Microstructure
of PTFE Microfiltration Membranes Under Membrane Distillation

Conditions

A.J. Hughes'’, T.K. Mallick? and T.S. O’Donovan®

"School of Engineering, University of Liverpool, Liverpool, L69 3BX, UK

’Environment and Sustainability, College of Engineering, Mathematics and Physical Sciences, University of

Exeter, Penryn, Cornwall, TR10 9EZ, UK

3School of Engineering and Physical Sciences, Heriot Watt University, Edinburgh, EH14 4AS, UK

Abstract: Polytetrafluoroethylene (PTFE) microfiltration membranes are commonly used in Membrane Distillation (MD)
systems, and parameters such as the pore size and porosity have significant influence on their performance. The
operating temperature of a membrane distillation unit is typically 60-80°C, and while PTFE is considered to be thermally
stable it does expand with increasing temperature. When dealing with a porous microstructure this expansion becomes
significant. It was found that increasing the membrane temperature resulted in an expansion of the fibrous PTFE material
and subsequently an increase in pore size. The membrane structure was observed over a period of 80 minutes, this time
was deemed necessary given that PTFE has low thermal conductivity and therefore would heat up slowly. Pore size
increased by 32% in the first 60 minutes, when the sample was heated to 80°C. A lumped system analysis of the heat
transfer inside the SEM chamber was used to determine a heat transfer coefficient of 0.72 W/m’K. The temperature
dependence of pore size will result in fluctuations in performance when the membrane is used intermittently and

therefore heated and cooled periodically.
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1. INTRODUCTION

Membrane distillation (MD) is an emerging thermally
driven separation process, where vapor is transported
across a hydrophobic microporous membrane.
Compared with other separation processes, the MD
process has advantageous characteristics such as
100% theoretical rejection of inorganic ions,
macromolecules and other non-volatile compounds,
insensitivity to feed concentration and low operating
temperatures and pressures [1-3]. This process can be
used for various applications such as seawater
desalination, wastewater treatment and processing of
food products [4]. The typical operating temperature
range for MD is 60°C to 80°C [5]. Membrane distillation
systems are increasingly being investigated for use
with renewable energy sources, were intermittent use,
and subsequent temperature changes are common.
The effects of temperature on membrane structure is
significant as it will influence its performance.

The most commonly used polymer in MD
membranes is polytetrafluoroethylene (PTFE), these
membranes were originally intended for microfiltration
purposes [6]. Several groups have used image
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analysis techniques to further understand the structure
of microporous membrane material. Calvo et al. [7]
used a Scanning Electron Microscopy (SEM) to image
the surface of a polycarbonate membrane; this image
was then analysed to determine the pore size
distribution in the membrane. The method yielded
values of mean pore size that were in agreement with
the nominal data provided by the manufacturer. It also
gave insight into the range of pore sizes in the
membrane, resulting in a better understanding of the
structure of the membrane which could in turn be used
to more accurately predict performance characteristics
such as flow rates and retention.

PTFE is generally considered to be thermally stable
within the range of operating temperatures used in MD
[8]. However, PTFE expands when heated [9]. In the
context of microporous material such expansion could
have a significant effect on the structure of the
membrane. Changes in microstructure of the
membrane as a result of temperature variations will
affect the operating performance of the membrane. For
example, the size and structure of the pores determine
the mechanism of vapour diffusion across the
membrane, and therefore the volume of distillate
produced during operation. Li et al. [10] demonstrated
that for membranes of the same thickness, the water
vapor flux increased with increasing membrane pore
size. The pore geometry also influences the Liquid
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Entry Pressure (LEP) of the membrane and therefore
any changes would affect its hydrophobic properties.
Xu et al. [11] examined the effect of membrane
characteristics on air gap membrane distillation
performance. They observed that larger pore size led
to pore wetting due to lower LEP. Saffarini et al. [12]
investigated the effects of temperature on the LEP of
PTFE membranes under MD conditions. A decrease in
LEP with temperature was observed, this was
attributed to the decrease in both surface tension and
contact angle as the temperature of the membrane
increased. In addition, evidence of microstructure
evolution as a function of temperature was observed
and this was attributed to due to distortions in the fibril
strands of PTFE.

Several studies have previously determined the
heat transfer coefficients across the membrane and
feed side membrane surface temperature, for varying
operating conditions [13, 14]. However, the
temperature of the membrane is difficult to measure,
thermocouples placed on the membrane surface will
also be in direct contact with the feed flow and
therefore do not give an accurate measurement for the
bulk membrane temperature. In this research, the
microstructure of PTFE membrane samples was
investigated at temperatures ranging from 17°C and
80°C. Image analysis was carried out to determine the
effects of temperature on membrane pore size. The
time taken for the sample to heat up and the pore size
to become stable was investigated; the change
temperature of the membrane over time and the heat
transfer coefficient were calculated.

2.IMAGING PTFE MICROFILTRATION MEMBRANES

The membranes investigated in this study are
Gore™ Microfiltration Media. The active side of the
membrane is made of expanded PTFE and the support
layer is woven polypropylene. The manufacturer states
that the membranes have an average pore diameter of
0.2 uym, a porosity of 80% and a typical thickness of
0.24 mm.

The microstructure of PTFE membranes was
investigated using a SEM. The SEM emits a focused
beam of elections which are directed at the sample;
these electrons interact with the atoms in the sample
causing it to emit a signal, and this signal can be
measured to give information about the sample’s
topography. For the SEM process to work, the sample
must be electrically conductive, therefore the PTFE
membrane samples were coated with a layer of gold

5um thick before they were imaged [15]. Images of the
PTFE membrane at ambient temperature were taken at
Heriot-Watt University’s Centre for Microscopy. An FEI
Quanta 3D SEM was used with a field emission source.
In order to image the membrane samples at high
temperature, an Environmental Scanning Electron
Microscope (E-SEM) was used at the Laboratory for In-
situ Microscopy and Analysis (LIMA) at the University
of Oxford. A Carl Zeiss EVO LS15 E-SEM equipped
with a LaB6 electron source was used, the set up at
LIMA is shown in Figure 1.

Figure 1: E-SEM equipment set up at LIMA, University of
Oxford.

The E-SEM is equipped with a Deben Coolstage
inside of the SEM chamber, which consists of a Peltier
stage with an operating temperature range of -25°C to
+150°C. The temperature display has a resolution of
0.1°C and a maximum heating rate of 100°C/min. A
layer of thermal paste was applied to a 10x10mm
membrane sample to ensure good thermal contact with
the stage, and the sample was placed on to the stage
at room temperature. The SEM chamber was sealed,
and an image was taken at room temperature. The
stage was then set to a temperature within the
operating range of MD process using external digital
controls. Given its high heating rate, the stage reached
the set temperature in under a minute. The
temperature of the sample could not be directly
measured inside of the chamber, however the
temperature of the stage was measured and recorded
throughout the experiment. The membrane structure
was observed over a period of 80 minutes. This time
was deemed necessary given that PTFE has low
thermal conductivity and therefore would heat up
slowly. Images from the SEM and E-SEM were
analysed to determine pore size and porosity using
Imaged 1.48 software. The threshold function was used
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Figure 2: SEM image of a) active expanded PTFE membrane and b) woven polypropylene support layer.

to analyse porosity of the membrane. The Wand
tracing function and Region Of Interest (RO/l) manager
tool were used to select and measure individual
features on the images to determine pore size [16].

3. MEMBRANE MICROSTRUCTURE AT AN
AMBIENT TEMPERATURE

The microstructure of Gore™ PTFE membranes
was examined at a constant temperature of 17°C with
the use of a SEM. The active layer of the membrane,
made from expanded polytetrafluoroethylene (PTFE),
can be seen in Figure 2a. The sample shows an
uneven distribution of pore sizes across a non-uniform
surface structure, where larger sections of material are
connected to each other via thinner strands.
Underneath the PTFE is a woven polypropylene
support layer, shown in Figure 2b.

The porosity of the membrane, ¢, is defined as
[17]:

p=1-2, (1)

where A, is the total area of the pores and A, is the
total membrane surface area.

To determine the porosity of the membrane the
image obtained from the SEM is digitised using ImageJ
software and each pixel given a value on a greyscale
between 0 - 255; the darkest pixels have a 0 value and
the lightest have a value of 255. A threshold of 60 was
set and every value above determined to be membrane
material. This was done visually as this value which
best selected all of the area that appeared to be

membrane material. The pixels identified as membrane
material are counted to determine the porosity. Figure
3 shows the membrane material after the threshold
was set, with the lighter pixels coloured red. Using this
method, the porosity was found to be 84%+5. When
considering the margin for error, the value of porosity
determine via image analysis is similar to 80% stated in
the manufacturer’s specifications.

Figure 3: PTFE membrane with lighter pixels, considered to
be membrane material, highlighted in red. Total surface area,
total area of the membrane material and porosity are given in
the bottom left, respectively.

The pore size was determined by the manufacturer
through the use of capillary flow porometry, where a
fully wetted sample of the membrane is put in a sealed
chamber, compressed gas flows into the chamber and
the pressure gradually increases until all of the liquid is
forced out of the membrane pores. The pressure and
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Figure 4: a) SEM image of PTFE membrane with selected pores perimeter highlighted in white and b) Equivalent pore diameter

frequency distribution of the sample.

flow rates are recorded and used to calculate the pore
size. These calculations assume that all pores are
circular in cross section and uniform along their length.
However, as Figure 2a shows, the membrane material
is a complex web of interconnecting strands and fibres,
that display little uniformity.

The SEM image was analysed and the perimeter
and the area of each pore within the sample was
measured. Although the pores are not circular, a
representative value of pore diameter can be found
using an equation for the equivalent pore diameter, d,,
which is defined as [18]:

d, = 2\/“_7 : 2)
JT

where A, is the area of the pore.

The software was used to select and measure 145
features in the image, identified as pores, these pores
are highlighted in Figure 4a. There is a large variation
in the area and equivalent diameters of the pores in the
sample, ranging from 0.12-1.88 pym. The frequency
distribution of pore diameters within the sample is
shown in Figure 4b. The most frequently occurring pore
diameter within the sample is 0.3 uym. This value is
higher than the 0.2 um average pore size stated by the
manufacturer. The pores greater than 1 ym will have a
much lower liquid entry pressure which may result in
membrane wetting.

Both the values for porosity and pore diameter
determined through image analysis are slightly larger
than the manufacturer's specifications. This could be

due, in part, to the uneven distribution of pores across
the surface of the membrane, highlighted in Figure 5
which shows the SEM image of the same membrane at
a lower magnification. The image analysis presented
was carried out on the bottom left region of the
membrane highlighted as A; this region is particularly
porous when compared to the region in the centre of
the image. Another issue may be that the SEM image
gives a 2-dimensional projection of the pores, the
porosity is based on the top surface of the membrane
which does not take account of the tortuosity of the
pores and any structural changes that may exist
through the cross section of the membrane.

Figure 5: PTFE membrane surface at 500x magnification,
highly porous region used in the analysis is circled and
indicated as A.
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4. MEMBRANE MICROSTRUCTURE AS A
FUNCTION OF TEMPERATURE

The membranes used in these experiments have a
complex structure; the pores are formed by
interconnecting fibrous strands of PTFE material. The
pore size distribution of PTFE membranes is usually
assumed to be constant over the typical operating
range of the MD process, from 60 - 80°C. However,
PTFE is a thermoplastic, known to expand when
heated. Therefore, as the membrane is heated, the
fibrous strands will expand in all directions and the pore
size will change. Pore size influences the performance
of the membrane, as it effects factors such as LEP and
the likelihood of membrane wetting. It also determines
the mechanism of diffusion of vapour across the
membrane and hence the volume of distillate
produced.

PTFE is a synthetic semicrystalline fluoropolymer
commonly known as Teflon. The PTFE molecule is
highly stable, it has high heat resistance, chemical
resistance and its crystalline melting point is 327°C
[19]. It undergoes a crystal-crystal transition at 19.2°C
and 34.5°C, when the average distance between
molecules in its polymer chain increases [20]. This
results in a rapid expansion of the material. Blumm et
al. [9] measured the linear thermal expansion and
expansivity of PTFE, shown in Figure 6. The linear
thermal expansion coefficient, a, is defined by Kirby et
al. [21] as:

1 6L
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Figure 6: Thermal expansion and expansivity of PTFE
material [9], (Reproduced with permission from the copyright
holder).

The thermal expansion of PTFE within the operating
range of MD is reversible when the material is cooled.
The structural change in PTFE that occurs during the
crystal-crystal transitions at 19.2°C and 34.5°C is also
reversible [21]. As operation of the membrane module
begins the material will expand, when the module
cools, during an overnight shut down for example, the
material will contract, and the process will repeat the
next time the module is operated.

A series of experiments were carried out to
understand the influence of temperature on the
expansion of PTFE material and the size of the pores.
A Deben Peltier heating stage was placed inside an
SEM chamber and the sample was put directly on the
stage. The chamber, Peltier stage and sample all had
an initial temperature of 17°C. The temperature of the
stage was then set using external controls, and the
stage reached its set temperature in under 20 seconds.
It is expected that the PTFE sample would take much
longer to heat, as it has low thermal conductivity. The
sample was therefore imaged every 10 minutes to
determine the expansion of the material and the length
of time for it to reach the temperature of the stage. It
should be noted that these experiments were not
repeated using the same membrane sample, this is
due to the prohibitive length of time for the sample to
cool inside of the SEM chamber and difficulty in
location the same feature multiple times.

A fibrous strand of PTFE within the membrane
sample was selected at random and imaged over time
as the sample was heated to 70°C. Figure 7a shows
the sample at its initial temperature of 17°C. An image
was taken at 10 minute intervals after the stage
temperature was set and these images illustrate an
increase in the strand length from 3.864 ym to 4.007
pm over a 60 minute period. Figure 7¢ shows the
length of the node measured on the image at 10 minute
intervals as it was heated. The length of the strand
increased over time. It is also important to note the
presence of an initial rapid expansion in the strand’s
length within the first ten minutes, which corresponds to
the solid-state transition that takes place at 19.2°C. The
gradient of the trend decreases between 10 and 20
minutes. It then increases again after 20 minutes,
indicating the event of the second solid state transition
at 34.5°C. After this time the rate of increase in length
is linear.

4.1. Temperature Effects on Pore Diameter

The effects of thermal expansion of the material on
pore size was investigated for the same sample as it
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Figure 7: SEM images of a PTFE membrane when placed on a heating stages set at 70°C. The images show measurements of
a strand at a) time 0 and b) 60 minutes, while c) shows the change in length of the strand when heated over an 80 minute period.
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Figure 8: SEM images of a PTFE membrane when placed on a heating stages set at 70°C. The images show the pore diameter
at time 0, then after 20, 40 and 60 minutes.
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Figure 9: SEM images of a PTFE membrane when placed on a heating stages set at 80°C. The images show the pore at time 0,
then after 20, 40 and 60 minutes. The pore perimeter is highlighted in each image.

was heated to 70°C. The membrane pores are not
circular, therefore selecting the same diameter in each
image is challenging. To overcome this, two distinct
features on the perimeter of the pore are selected and
a line segment drawn between them. The same
features could then be easily identified and selected in
the subsequent images, ensuring the same feature was
measured throughout the analysis. Figure 8 shows
pore length increase over time, at t=0 and 17°C the
diameter of the pore was 4.94 uym, after 60 minutes the
pore length had increased to 6.262 ym. This is due to
thermal expansion of the strands of PTFE membrane
material that make up the pore.

The pore expansion trend shown in the Figure 8c
bears the same distinctive features as the trend for
thermal expansion of PTFE, shown in Figure 6. There
is an initial rapid expansion, corresponding to the
transition phase at 19.2°C and a second rapid
expansion corresponding to the second crystal- crystal
transition at 34.5°C. After 40 minutes the diameter
remained relatively constant, increasing by only 1%.
From this we can assume that the sample reached a
temperature approaching 70°C after 40 minutes.

To give an understanding of the pore’s expansion in
2-dimensions, the area of the pore was measured
when the sample was placed on the heating stage set

to 80°C and the wand tracing function in Imaged
software was used to select the perimeter of the pore.
The SEM images are shown in Figure 9; the pore
perimeter has been highlighted and a measurement for
pore area is included on each image. Figure 9a shows
that the area of the pore at room temperature was
14.167 um?. After 60 minutes, the area of the pore had
increased to 20.907 pm?, seen in Figure 9d; this is an
increase of 32%. The area of the pore was measured
at 10 minute intervals is shown in Figure 10. Figure 10
also shows the equivalent pore diameter, calculated
using equation 2. There was an initial rapid increase in
the area, followed by a period of linear expansion. The
pore area becomes stable after 40 minutes, increasing
by only 0.4% in the final 40 minutes of the experiment.
Therefore, it is possible to infer that the pore’s
expansion is uniform in 2 dimensions.

A comparison of the rates of increase in equivalent
pore diameter over time for samples heated to 60°C,
70°C and 80°C is shown in Figure 11. A different
membrane sample was used each time, so in order to
compare the material’s rate of expansion for all three
temperatures, the diameters measured for each
sample were normalised and the dimensionless value
of Adiameter/diameter was compared. This figure
shows that the rate of increase in the diameter of the
pore is greatest when the Peltier stage was set to 80°C.
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This is to be expected, as the temperature difference
between the sample and the stage was greatest in this
instance. The rate of increase was slowest when the
stage was set to 60°C. In this case, the pore diameter
had not stabilised after 80 minutes.

s ¥

24 4 —m— Area 54
23] -u- Equivalent pore diameter
e A

214 /_./?i———-!— —i—8 |

Area (um 1)

4.6

44

Equivalent pore diameter (um)

L42

Time (Minutes)

Figure 10: Increase in the area and equivalent diameter of
the pore over time when heated to 80°C.
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Figure 11: Normalised increase in equivalent pore diameter
over time for samples heated to 60°C, 70°C and 80°C.

All the data presented here suggests that the
membrane pores expand over time when heated, the
higher the temperature the greater the overall increase
in the size of the pores. Higher temperatures also give
rise to a faster rate of expansion, due to a greater
temperature gradient leading to a higher rate of heat
transfer. Saffarini et al. [12] observed an increase in the
average pore size of Gore PFTE membranes when
annealed at higher temperatures. They also observed a
decrease in the Liquid Entry Pressure (LEP) of the
membrane at higher temperatures. LEP is defined as

[3]:

_ —2ByCos(0)

r

max

LEP (4)

where B is a geometric factor that is determined by the
pore’s structure, y is the surface tension of the liquid,
0 is the contact angle between the liquid and the
membrane surface and r, is the maximum pore
radius in the membrane; this is the pore most likely for
liquid to enter. A decrease in LEP at higher
temperatures is expected as surface tension and
contact angle decrease with increasing temperature
[22]. The LEP will also decrease as a result of thermal
expansion of the pores. LEP should be greater than the
trans-membrane pressure in the MD module to avoid
membrane wetting. It was suggested by the Schneider
et al. [23], that the pore diameter should not exceed 1 -
1.2 ym to avoid membrane wetting. However, Figure
4b shows that the membrane contains pore diameters
greater than this value, 10% of the pores had diameter
of 1 ym or above. This was prior to heating and thermal
expansion, therefore, the increased pore diameter seen
at higher temperatures will give greater risk of
membrane wetting and hence increased conductivity of
the distillate produced.

An increase in the average pore size of the
membrane will also result in increased vapour diffusion
across the membrane, and therefore greater distillate
flux. The rate of expansion of membrane pores during
operation within an MD module is expected to be larger
than shown in this analysis, as the flux of vapour
through the membrane pores will increase the rate of
heat transfer to membrane material. Membrane wetting
and water intrusion into the pores would also have a
significant influence on pore dilation [12].

4.2. Theoretical Modelling of Heat Transfer
Coefficients and Temperature of the PTFE Samples

A lumped system analysis of the heat transfer
coefficients for the PTFE samples was carried out. A
lumped system analysis can be undertaken on an
object if the temperature throughout the object can be
assumed to uniform [24]. Given that the membrane
samples tested are relatively thin, approximately
0.24 mm, this assumption can be made without loss of
accuracy. To determine the rate at which the
temperature of the sample increased and to calculate
the heat transfer coefficient for the PTFE membrane
inside the SEM, a temperature curve was fitted to data
for expansion of the pore shown in the previous
section. The initial temperature inside of the SEM
chamber was known to be 17°C, the final temperature
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of the sample was assumed to be equal to the set
temperature of the Peltier stage when the size of the
pores in the sample had reached steady state.

An energy balance between the heat transferred to
the sample during time interval dt and the increase in
the energy of the sample during the same time interval
can be expressed in the following equation [24];

hA(T, =T)dt = mC,dT . (5)

Where m (kg) is the mass of the sample, A (m) is
the area of the sample, C, (J/kgK) is the specific
heat capacity of the material and h (W /m’K) is the
heat transfer coefficient. In this analysis 7, is the
temperature of the Peltier stage on which the sample
rests. The value for the mass of the sample is equal to;

m=pV (6)
where p (kg/m3) is the density of the material and V
is the volume of the sample. Noting thatdT =d(T - T.,)

since T, is always constant, equation 6 can be written
as:

dT-T,) __ hA

S dt (7)
(T-T,) pVC,
Integrating between t=0 when T = T, to time t=t
when T = T+(t), gives the following equation:
WO __ M4, , ®)

T.-T, pvC

P

Taking the exponential of both sides gives;

T(t)_Tso =e—br (9)
T,-T.
where:
p=-tA (10)
pvVC

P

b is the reciprocal of the time constant and has the
1

units s .

By using equation 9, the temperature of a sample
after time, t, can be determined. As this is an
exponential function, the temperature of the sample will
increase rapidly at first, and later slow down. This
equation can be used to calculate the amount of time
taken for the sample to reach T, . Altering the value of

b changes the curvature of the trend, the larger the
value b, the greater the rate of heat transfer, therefore
the sample reaches T, in a shorter time.

Values of b were selected to fit the curve of T ()
against time, ¢, to the trends of pore expansion shown
in the previous section. 7, is 17°C in all cases, as this
is the initial temperature inside the SEM chamber after
the vacuum is applied. To investigate the increase in
temperature when the Peltier stage was set to 80°C,
the trend shown in Figure 11 was used and 80°C was
used as the value for T, . The value of » varied, for
each 10 minute interval in order to fit exactly to the
trend for increase in the pore diameter. Figure 12
shows how the value of b obtained from this method
varied over the course of the 80 minute experiment.
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Figure 12: Values for b over time, when T, = 80°C.

A single value of » was obtained by taking the
average of the first four points on the graph. This
method was preferred as the uncertainty in b
increases greatly as the T(+) approaches T_, as the
AT between time intervals decreases. For this
analysis the average value of b was found to be 1.21
x107. It is important to note that the peaks seen at 10
minutes and 30 minutes correspond to the periods of
rapid expansion in the PTFE material believed to be
the result of the phase transitions that occur at 19.2°C
and 34.5°C. This accelerated period of expansion
therefore does not correspond to a similarly rapid
increase in the temperature of the sample. This effect
was lessened by taking an average value of b.

By substituting values for the specific heat capacity
and density of PTFE, along with the area and volume
of the sample into equation 12 and rearranging, the
heat transfer coefficient, h, was obtained. When
calculating the volume of material, the percentage



20 Journal of Advanced Thermal Science Research, 2020, Vol. 7 Hughes et al.
porosity was also taken into account. The following ~ 5- CONCLUSIONS
equation was used,; . . .

This research investigates membrane

‘/samplc' = Am * 6meml7mn(' * ¢’ (1 1 )

Table 1: Properties of the Gore™ PTFE Samples

property value units
Specific heat capacity, C, 1090 J/kg K [25]
Density, p 2200 kg/ m® [3]
Area, A 25x10° m?
Volume, V 5.04x10°° m
where 6,,,.,... (mm) is the thickness, A, is the area

and ¢ is the porosity of the membrane, as defined in
equation 1. The relevant PTFE material properties are
shown in Table 1. Using these values and the average
value of b, the heat transfer coefficient, 4, was found
to be 0.72 W /m?K . This value for heat transfer
coefficient is low, as expected, considering the
relatively high heat capacity of a thermoplastic such as
PTFE and given that it took 80 minutes for T'(¢z) to
increase to a value near to T_,. Also, poor contact
between the membrane and the stage could be a
factor.

Figure 13 shows a plot of T(t) against time for T,
equal to 80°C, calculated using the average value of b
for the first 40 minutes, 1.21 x 10°. The figure also
shows the expansion of the pore diameter divided by
the original pore length over time. The curve produced
when using the average value of » gives a lower value
of T(¢r) at 10 and 30 minutes, than the corresponding
point on the A Diameter/diameter curve.
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Figure 13: Temperature of the membrane sample over time
when T, = 80°C, based on average value of b and a heat
transfer coefficient of 0.72 W /m’K .

microstructure at temperatures up to 80°C, the
maximum operating temperature of MD process. To
establish a baseline, the structure of the membrane
was examined at an ambient temperature of 17°C.
SEM image analysis was used to measure the porosity
of the sample, which was found to be 84 + 4%. This
value was comparable to the porosity value of 80%
stated by the manufacturer, which was determined by
capillary flow porometry. Analysis of the membrane
under magnification showed that the pores are not
regular in shape and are also not evenly distributed
across the surface of the membrane. The sample
shows an uneven distribution of pore sizes across the
surface, with larger sections of material connected to
each other via thinner strands. A large variation in the
size of the pores within the sample was observed. Pore
sizes ranged from 0.12 - 1.88 pym, and the average
value was 0.51 + 0.32 pym. However, a frequency
distribution analysis gave a modal value of 0.3 pm,
closer to the 0.2 um quoted by the manufacturer.

An E-SEM fitted with a Peltier stage and
temperature controls was used image the membrane at
a range of temperatures from 17°C - 80°C. It was found
that the pores expanded over time when heated, this is
thought to be a result of the thermal expansion of PTFE
material. Logically one may assume that an expansion
in the PTFE material would result in smaller pores,
however, the membrane was found to have a fibrous
microstructure, therefore as the material heated the
strands of PTFE expanded resulting in larger pore
sizes. The largest increase in pore diameter was seen
when the sample was heated to 80°C, the equivalent
pore diameter increased by 32% over a 60 minute
period. This change in pore size as a result of
temperature will influence membrane performance.
When used in the MD process larger pores would
result in an increased diffusion of vapour across the
membrane resulting in larger distillate flux. However,
an increase in pore size will also reduce the liquid entry
pressure of the pores and could result in membrane
wetting, resulting in feed solution leaking into the
distillate.

A lumped system analysis of the heat transfer inside
the SEM chamber was used to determine a heat
transfer coefficient of 0.72 W /m’K, when a
membrane sample was heated to 80°C. From this
analysis the relationship between increase in
temperature and increase in pore length was
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established. Therefore, we can conclude that the
change in membrane temperature during intermittent
use and subsequent change in the pore size will
influence the performance of an MD module. When a
membrane module is shut down for an overnight
period, as is the case with solar powered MD systems
for example, the temperature of the membrane will
decrease to ambient. When operation begins the next
day, the membrane will be heated to the temperature of
the feed causing the pores to expand. This change in
pore size will influence the quantity and the quality of
the distillate yield and should be investigated further.
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