Journal of Membrane Science 497 (2016) 239-247

Journal of Membrane Science

journal homepage: www.elsevier.com/locate/memsci =

Contents lists available at ScienceDirect = journal of
MEMBRANE
SCIENCE

20,0,0"
$0

Exploring the potential of commercial polyethylene membranes for

@ CrossMark

desalination by membrane distillation

Jian Zuo?, Sina Bonyadi ®, Tai-Shung Chung

a,C,%

@ Department of Chemical & Biomolecular Engineering, National University of Singapore, 4 Engineering Drive 4, 117585, Singapore
P Entegris, Inc., 129 Concord Road, Billerica, MA 01821, United States
€ Water Desalination & Reuse (WDR) Center, King Abdullah University of Science and Technology, Thuwal 23955-6900, Saudi Arabia

ARTICLE INFO

ABSTRACT

Article history:

Received 27 May 2015

Received in revised form

14 September 2015

Accepted 15 September 2015
Available online 25 September 2015

Keywords:
Polyethylene (PE)
Membrane distillation
Sea water desalination

The potential of utilizing polyethylene (PE) membranes in membrane distillation (MD) for sea water
desalination has been explored in this study. The advantages of using PE membranes are (1) their in-
trinsic hydrophobicity with low surface energy of 28-33 x 102 N/m, (2) good chemical stability and low
thermal conductivity and (3) their commercial availability that may expedite the MD commercialization
process. Several commercial PE membranes with different physicochemical properties are employed to
study the capability and feasibility of PE membrane application in an MD process. The effect of mem-
brane pore size, porosity, thickness and wetting resistance on MD performance and energy efficiency
have been investigated. The PE membranes demonstrate impressive separation performance with per-
meation fluxes reaching 123.0 L/m? h for a 3.5 wt% sodium chloride (NaCl) feed solution at 80 °C. This
superior performance surpasses most of the prior commercial and lab-made flat sheet and hollow fiber
membranes. A long term MD testing of 100 h is also performed to evaluate the durability of PE mem-
branes, and a relatively stable performance is observed during the entire experiment. This long term

stability signifies the suitability of PE membranes for MD applications.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Along with rapid population growth, the water scarcity issue
has become one of the most imperative problems globally. Today,
about 1 billion people are suffering from the deficiency of drink-
able water [1]. The water shortage would become more severe in
the future due to acceleration of urbanization and industrialization
[2,3]. To alleviate the water crisis, sea water desalination and waste
water reclamation have received great attention for fresh water
production. Conventional desalination methods, such as multi-
stage flash distillation (MSF), multiple-effect distillation (MED) or
sea water reverse osmosis (SWRO) have been utilized commer-
cially for fresh water production. Nevertheless, researchers are
always trying to further improve the desalination technologies.
Among many attempts, membrane distillation (MD) stands out as
a potentially promising alternative owing to: (1) mild operation
conditions as compared to traditional methods, (2) 100% theore-
tical rejection to salts, (3) small foot print (4) less sensitive to feed
salinity for desalination and (5) the ability to couple with low
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grade heat such as incinerator heat or renewable energy sources
such as solar and geothermal energy [4-8].

MD is a thermally driven process based on vapor-liquid equi-
librium. The separation process involves three steps: the eva-
poration of water from the hot feed solution, the migration of
water vapor across the microporous membrane and the con-
densation of permeate at the other side [8-10]. To create the
chemical potential difference across the MD membrane, four types
of configurations for the permeate side have been designed. In
direct contact membrane distillation (DCMD), cold water is em-
ployed to receive the permeated vapor. In vacuum membrane
distillation (VMD), the water vapor is drawn by a vacuum pump.
The other two configurations utilize either sweep gas to carry the
permeate or cold surface to condensate the water vapor, which are
referred to as sweep gas membrane distillation (SGMD) and air gas
membrane distillation (AGMD). Among them, DCMD is the most
widely used mode in desalination because of its simplicity and
ease of operation, and thus is used in this study [11,12].

Membrane is one of the most important factors for a successful
MD process. The MD membrane provides an interface for retaining
the liquid water feed and salts, while allowing the water vapor to
pass through it. There is always a risk of membrane wetting by
water, which may lead to the loss of membrane selectivity when
the membrane pores are entirely wetted [13]. Therefore,
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membrane hydrophobicity becomes an essential property, which
must be good enough to prevent the feed liquid from penetrating
into membrane pores [14-16]. This hydrophobic characteristic has
limited polymeric materials that could be used for MD. Some
common hydrophobic materials, such as polyvinylidene fluoride
(PVDF), polytetrafluoro-ethylene (PTFE), polypropylene (PP) have
been extensively studied for the fabrication of MD membranes
[17-19]. Some excellent MD membranes have been reported from
these materials. For instance, lotus-root-like multi-bore hollow
fiber membranes with good water production rate and salt rejec-
tion, and excellent tensile properties have been designed from
PVDF [17]. PTFE membranes with a large porosity of 70% with
controlled pore size and pore size distribution have been devel-
oped using melt extrusion followed by stretch operations [18].

In spite of various membranes studied in the literature, the
commercialization of MD processes is still restricted by the lack of
commercially available high performance membranes [19,20].
Other than the development of lab scale membranes, the in-
vestigation of potential commercial membranes may offer another
perspective [21,22]. Therefore, in this study, several commercial
polyethylene (PE) membranes have been employed to explore
their prospect in DCMD for clean water production. PE is hydro-
phobic in nature and meets the essential requirement of MD
membranes. It has a low surface energy of 28-33 x 10~ N/m,
which is similar to that of PVDF and PP materials [20]. Moreover,
PE also has good chemical stability and low thermal conductivity.
However, the report of using PE membranes for MD is rather
limited [23]. Li et al. have used microporous PP and PE hollow fiber
membranes made from melt-extrusion/cold-stretching methods
in DCMD for desalination. It was found that PE membranes per-
meated more distillate water than PP membranes [23]. Although
there is limited report on application of stretched PE membranes
in an MD process, there appears to be no report on the application
of PE membranes made by thermally induced phase separation
(TIPS). Therefore, the possibility of applying PE membranes in MD
and especially those made by TIPS process should not be over-
looked. The use of commercially available PE membranes may also
expedite the commercialization process of MD technology.

Hence, the objectives of this work are to (1) evaluate the cap-
ability of several commercially available TIPS-made PE membranes
in DCMD for seawater desalination; (2) investigate the effects of
membrane physicochemical properties, such as morphology, pore
size, hydrophobicity on flux, retention and separation effective-
ness; and (3) analyze the energy efficiency of these membranes. In
addition, the thermal stability of PE membranes is studied under
high operation temperatures. Lastly, a long term MD test of 100 h
is also performed to evaluate the durability of PE membranes. This
study may provide useful insights on PE membranes and open up
new opportunities for them to be used in MD for seawater
desalination.

2. Experimental
2.1. Materials

Polyethylene (PE) flat sheet membranes with different pore
sizes (M1, M2, and M3) and thicknesses (M4) were provided by
Entegris Inc. The commercial names of the four membranes are
TPZP, TPVP, TPGP and UPZP, respectively. The membranes were cut
into pieces for characterizations and DCMD tests without any
pretreatment. Sodium chloride (NaCl) was purchased from Merck
and used to prepare the model sea water. The deionized water
used in DCMD experiments was produced by a Milli-Q unit from
MilliPore with the resistivity of 18 MQ cm.

2.2. Membrane characterizations

Field emission scanning electron microscopy (FESEM JEOL JSM-
6700LV) was used to observe membrane morphologies. The FES-
EM samples were prepared by fracturing the PE membranes in
liquid nitrogen and coated with platinum using a JEOL JFC-1200
ion sputtering device.

The average pore sizes of the PE membranes were measured by
a CFP-1500 AE capillary flow porometer (PMI, Vista, CA). A PMI
Galwick solution with a surface tension of 15.9 dynes/cm was used
to prepare the membrane samples. A piece of membrane was
immersed in the Galwick solution for 1 day to assure total wetting
before loading it into the porometer.

The membrane porosity € was calculated by Eq. (1):

e:[l
(1)

where Mpemp and Vinemp are the weight and volume of a piece of
membrane, while ppaeer is the density of the membrane material.
Mmemb Was measured by an accurate balance (A&D, GR-200).
Vimemb Was obtained from the dimension of the membrane sample.
Pmater Was measured with a density kit and Mettler Toledo balance
by applying the Archimedean principle. Firstly, a piece of the dry
membrane was weighed in air. Then, it was weighed again while
immersion in an analytic grade hexane solution. The density of the
membrane material is calculated according to the following
equation:

pmater

_ mmemblvmemb] % 100%
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Wair = Whexane

Pmater = ( ] x Phexane

@)
where W, and Wpexane are the membrane weights in air and
hexane, respectively, and prexane iS the density of hexane. The
density value for the current PE material was obtained to be
0.99 g/cm®.

To understand the roughness and topology of the membrane
surfaces with different pore sizes, a Nanoscope Illa atomic force
microscope (AFM) from Digital Instruments Inc was used. The
measurements were carried out on 5 x5 pm? areas. For each
membrane, several locations were scanned, and the average value
was reported. The root mean square roughness (Rs), average
roughness (R,) and maximum roughness (Rn.x) were calculated
based on AFM measurements.

The water contact angle of PE membranes were measured by a
Rame-Hart Contact Angle Goniometer (model 100-22). Deionized
water was dropped onto the membrane surface by a Gilmont
micro-syringe. The contact angle was measured once the droplet
was formed on the surface. At least 10 droplets were introduced
and the average contact angle was reported to ensure the accuracy.

To study wetting resistance, the liquid entry pressures (LEP) of
PE membranes were determined by a lab-made setup [11]. As
shown in Fig. 1, a 200 ml stainless steel tube was used as the re-
servoir for salt water (NaCl 3.5 wt%). A pressure gauge was con-
nected to the top of tube. Before the measurement, the membrane
module was assembled in a way that the outlet of the feed side
was sealed. During testing, the inlet of the feed side was connected
to the reservoir tube, and the whole module was then immersed in
a deionized water bath. The hydraulic pressure was introduced by
compressed nitrogen, and increased with a step of 0.05 bar at an
interval of 5 min. The conductivity of the water bath was con-
stantly monitored by a conductivity meter Lab 960 m
(0-500mscm !, +0.1 pscm ' for the measuring range of O-
200 pus cm ™!, SCHOOT instrument). Eventually, the pressure at
which the water conductivity increased sharply was determined as
the LEP of the membrane.
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Fig. 1. Schematic drawing of lab-made setup for LEP measurement.

To analyze the thermal stability of PE membranes, the melting
point temperature (Ty,) of the membranes were measured by a TA
Instrument 2920 modulated differential scanning calorimeter
(DSC). A heating rate of 3 °C/min with an oscillation amplitude of
+ 0.65 °C was used and the thermal response curve was recorded.

2.3. DCMD desalination experiments

DCMD desalination experiments were carried out to evaluate
the performance of PE membranes. Fig. 2 depicts the schematic
drawing of a laboratory-scale setup [24,25]. Before running the
experiment, a PE membrane sample was mounted onto the testing
module, with an effective membrane area of 10 cm?. The dimen-
sion of feed and permeate flow channels was the same, which was
rectangular and had a cross-section of 1 x 1 cm? and a length of
10 cm. A 5-1 3.5 wt% NaCl solution was used as the feed solution,
while deionized water was employed as the permeate stream. The
feed temperature was controlled by a heater at four designated
values, namely, 50, 60 70 and 80 °C. It was circulated to the feed
side of the membrane by a centrifugal pump, and the flow rate was
regulated at three different values of 30, 60 and 90 L/h. On the
other hand, the permeate stream was stored in a 1-1 tank, and the
temperature was reduced by a cooler to 17 °C. It was circulated by
a rotary pump along the permeate side of the membrane with a
flow rate of 24 L/h. To monitor the temperature change during the
testing, the outlet temperatures of the feed and permeate streams
were also recorded by digital thermocouples. For each condition,
the membrane module was tested for 30 min to ensure accuracy,
and one membrane module was tested for all four feed tempera-
tures. The permeation flux was calculated according to Eq. (3):
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Fig. 2. Schematic drawing of DCMD setup.

m
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where N,, is the permeation flux, m is the mass of the permeate
sample collected over time t, A is the effective membrane area. The
ionic conductivity of the permeate stream was monitored by a
conductivity meter Lab 960 m (0-500 ms cm ™', + 0.1 ps cm ™" for
the measuring range of 0-200 pscm™!, SCHOOT instrument)
during the DCMD tests, and there was no salt leakage observed. It
may be worried that under current operation conditions, the col-
lected permeate sample may not be enough as compared to the
permeate tank to detect any salt leakage. A control DCMD ex-
periment was carried out. The permeate steam volume was re-
duced to 400 ml, and the sampling time was increased to 2 h. The
M1 membrane was used and the feed temperature was set at
80 °C. This control condition was chosen because of its higher
wetting possibility. A permeate sample of 167 ml was collected,
which was good enough to detect any wetting phenomena. The
permeate stream conductivity was not changed during the entire
experiment, which indicated no salt leakage. This double con-
firmed that the PE membranes were not wetted during the DCMD
experiments.

Some of the MD experiments were repeated to ensure the re-
producibility of permeation performance of the PE membranes.
Errors in terms of permeate fluxes were all within 10%. This sig-
nifies the consistence of the PE membranes.

For the long-term DCMD experiment, similar operation condi-
tions were used as in short-term experiments. The feed solution
and permeate stream temperatures were controlled at 60 °C and
17 °C, respectively. The feed solution flow rate was fixed at 90 L/h.
The M1 membrane was used in this test, and the experiment was
run for 100 h. Due to safety reason, the experiment was carried out
during the day time. At night, the temperature and circulation for
both the feed and permeation sides were stopped. However, the
membrane was not removed from the system during night. The
counting of 100 h was based on the real running time during the
day. To maintain the feed solution salinity, the produced distillate
was recycled back to the feed tank. The separation factor (/) was
calculated according to Eq. (4):

— CP o
p=]1-—[x100%

Cy (4)

where ¢, and cr are the NaCl concentrations in permeate and feed
solutions, respectively.

3. Results and discussion
3.1. Characterizations of PE flat sheet membranes

3.1.1. Membrane morphology

Fig. 3(a-c) displays the surface morphology of PE membranes,
M1, M2 and M3. Visible pores are observed on the surfaces under a
magnification of 2K, which indicates microporous nature of the
membranes. The observed surface pore sizes have an increasing
trend from M1 to M3. The average pore sizes of the three mem-
branes are measured by an in-house PMI porometer. As listed in
Table 1, the pore size increases from 0.06 to 0.21 um for M1 to M3,
which is consistent with FESEM observation. Typically, pore sizes
from 0.1 to 0.6 um are recommended for the DCMD process
[26,27]. These values ensure a high permeation flux while pre-
venting membrane wetting under different operation conditions.
Therefore, the PE membranes in this study have suitable pore sizes
and meet the pore size requirement for DCMD. It may be noted
that the measured pore sizes differ slightly from those provided by
the company probably due to different measurement techniques.
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Fig. 3. Surface and cross-section morphology of PE membranes M1, M2 and M3.

Table 1
The specifications of the PE flat sheet membranes.

Membrane M1 M2 M3 M4
Commercial name TPZP TPVG TPGP uPzp
Pore Size provided (um) 0.05 0.10 0.20 0.05

Pore size measured (um) 0.06 +0.03 0.10+0.04 0.21+0.05 0.05-+0.02

Porosity (%) 565+55 632+61 661+72 503+5.0
Thickness (um) 450432 476+30 504+24 650+3.8
Contact angle (°) 83242 106.4 +2 1083 +3 853+3

LEP (bar) 054+40.05 06+005 0.74+0.05 0.7+0.05

Fig. 3(d-f) exhibits the cross-sections morphology of the three
PE membranes. It can be seen that the cross-sections are com-
prised of sponge-like structures. Compared to macrovoid struc-
tures, sponge-like structures possess several advantages. Firstly, it
helps to increase membrane wetting resistance owing to the
higher tortuosity and narrower pore size distribution [25,28]. In
addition, sponge-like structures may provide better performance
stability, especially in long term runs [10,29]. Despite of the
macrovoid-free structures, the membranes still maintain relatively
large porosities. As tabulated in Table 1, the highest porosity
reaches to 66.1%. Generally, membranes with a high porosity and a
lower thermal conductivity are desirable to maximize the water
vapor mass transfer while minimize the heat loss from feed side to
the permeate side during the DCMD process. The porosities show
an increasing trend for the three membranes M1 to M3. The effect
of porosity on membrane performance will be further tested.
These morphologies are expected to provide effective water vapor
permeation pathways while not sacrificing membrane wetting
resistance.

Table 1 summarizes the thicknesses of PE membranes, which
are around 50 pm and comparable for all 3 samples. In this study,
the effects of membrane thickness on MD performance and energy
efficiency are further investigated. Another PE membrane M4 with
a similar pore size as M1 but a different thickness of 65 pm is also
utilized. The detailed results and comparison will be discussed

later.

3.1.2. Membrane hydrophobicity and LEP

Membrane hydrophobicity is one of the essential requirements
to prevent membrane wetting. Table 1 presents the water contact
angles of membranes M1, M2 and M3. All the three membranes
show hydrophobic surfaces. However, M1 has the smallest contact
angle, while M3 has the largest. This difference may be caused by
the change in surface roughness. It has been reported that an in-
crease in surface roughness can lead to an increase in membrane
contact angle [30]. Table 2 lists their surface roughness char-
acterized by AFM. The three roughness values; namely, root mean
square roughness (Rys), average roughness (R,) and maximum
roughness (Rmax) all follow an increasing order from M1 to M3.
This aligns exactly with the order of water contact angle, which
supports the above proposition. The membrane surface contact
angle would affect membrane wetting properties, LEP and per-
meation fluxes. As studied in Dumee et al.'s work [31], a lower
surface contact angle favors the initial wetting of membranes. This
will lead to the formation of a thin layer of liquid at membrane
surface, which reduces the permeation flux of MD [31,32]. On the
other hand, a higher contact angle may contribute to a better va-
por transport. This is possibly because of the existence of a thin air
film on membrane surfaces created by the hydrophobic forces.
This film may effectively reduce the temperature polarization ef-
fect and enhance the evaporation of water at the boundary layer.
Therefore, a higher contact angle would increase the MD

Table 2
Surface roughness of the three PE membranes M1, M2 and M3.

Membranes Pore size (um) Rins (Nm) R, (nm) Rimax (nm)
M1 0.06 475 343 335.7
M2 0.10 67.6 54.5 383.1
M3 0.21 75.8 62.2 481.2

Root mean square roughness (Ry,s), average roughness (R,) and maximum rough-
ness (Rmax)-
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permeation flux.

LEP is a quantitative indication of membrane wetting re-
sistance. As shown in Table 1, the measured LEP values for M1, M2
and M3 are 0.5, 0.6 and 0.7 bar, respectively. These values are all
larger than the typical DCMD operation pressure of 0.1-0.3 bar.
Since LEP is defined as the minimum pressure for a trace amount
of liquid permeating through the membrane, these data imply that
the PE membranes could prevent the penetration of feed solutions.
In other words, these membranes are suitable for DCMD. It is
worth noting that the LEP value has an increasing trend from M1
to M3, which follows the same order of membrane hydrophobicity.
This confirms the importance of membrane hydrophobicity.
Nonetheless, it is also noted that the LEP values for current PE
membranes are not as high as some other MD membranes in the
literature. This might be due to the relatively large surface pore
sizes. As calculated from the AFM measurements, the average
surface pore size values of M1 to M3 membranes are 0.5, 1.1 and
1.8 um, respectively. These results could justify the relatively low
LEP values obtained. To validate whether these LEP would limit the
membrane long term performance, a 100 h MD experiment is
carried out. The result will be discussed later.

3.2. Effects of operation parameters on PE membrane performance
and energy efficiency

3.2.1. Effect of feed flow rate

Fig. 4(a) shows the MD permeation flux as a function of feed
flow rate for membrane M1 at a feed temperature of 60 °C. The
results reflect that the feed flow rate has a significant influence on
membrane permeation flux. With the feed flow rate increased
from 30 to 90 L/h, the permeation flux increases 85%. Such ob-
servation could be explained by the reduced temperature polar-
ization effect [33-35]. To support this, the Reynolds numbers at
the three flow rates are calculated according to the following
equation:

pvD
u )]

where Re is the Reynolds number, p is the density of fluid, v is the
linear velocity of fluid, D is the diameter of the flow pipe and u is
the dynamic viscosity of fluid. The linear velocities correspond to
the volumetric velocities 30, 60 and 90 L/h are calculated to be
0.08, 0.17 and 0.25 m/s, respectively. For rectangular flow chan-
nels, the diameter D is defined as in Eq. (6):

D = 4A[P (6)

Re =

where A is the cross-section area and P is the perimeter. Therefore,
the obtained Reynolds numbers at the three flow rates are 936,
1872 and 2809, respectively. Thus, at a higher feed flow rate, the
Reynolds number increases. Thus, a better mixing is achieved
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between the bulk solution and the solution at membrane surface.
This effectively increases the heat transfer coefficient and de-
creases the thermal boundary layer thickness, and hence reduces
the temperature polarization. As the heat transfer becomes more
efficient at the membrane surface, the membrane surface tem-
perature at the feed side goes up which leads to mass transfer
driving force increase and hence a higher permeation flux. In ad-
dition, a higher feed flow rate minimizes the temperature drop
along the membrane surface. This would maintain the driving
force over the entire membrane module and lead to a higher
permeation flux [36]. Since a higher feed flow rate is more desir-
able, a flow rate of 90 L/h is therefore chosen in all subsequent
studies.

3.2.2. Effect of feed temperature

Fig. 4(b) plots the permeation flux versus feed solution tem-
perature for membrane M1 at a constant feed flow rate of 90 L/h.
The curve displays an exponential increase of permeation flux
with increasing feed temperature. This is owing to the exponential
dependency of water vapor pressure with temperature as pre-
dicted by Antoine equation [37]. At the feed temperature of 80 °C,
a high permeation flux of 83.3 L/m?h is achieved from the PE
membrane, which demonstrates the potential of these commercial
PE membranes to achieve high MD fluxes.

To understand the stability of this PE membrane at various feed
temperatures, a DSC measurement was conducted. Fig. 5 shows
the thermal response curve of the PE membrane sample. The
polymer exhibits an endothermic transition characteristics and the
melting point is 136 °C. This temperature is well above the DCMD
operation temperatures, and assures the feed temperatures do not
affect the PE membrane.

The effect of feed temperature on energy efficiency is also
analyzed. Coupled with mass transport across the membrane, heat
is also transferred through two aspects: (1) the vaporization and
condensation heat of the permeating molecules, and (2) the con-
duction heat across the membrane. The formal heat is the effective
heat, while the latter is usually denoted as an undesirable heat
loss. Therefore, the membrane energy efficiency is defined as the
ratio of the useful latent heat to the total heat that is transferred
across the membrane [38]. The following equation can be used to
calculate the energy efficiency (EE):

B N, AHA B N, AH,A
NWAHVA + hm(Tf - Tp)A mpcpspec(Tpout - Tpin) (7)

EE

where N,, is the permeation flux, AH, is the latent heat of water
evaporation, A is the membrane area, h,, is the membrane heat
transfer coefficient, Tr and T}, are the average temperatures of the
feed and permeate sides, m, is the mass flow rate of the permeate
stream, Cpspec Tefers to the average specific heat capacity of the
permeate solution, Tpo, and Ty, are the outlet and inlet

(on
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80 | Feed flow rate: 90 L/h
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Fig. 4. DCMD permeation flux as a function of: (a) feed flow rate and (b) feed temperature for membrane M1.



244 J. Zuo et al. / Journal of Membrane Science 497 (2016) 239-247

&Palyethylene
1§ Polyethylene, 0.7

Melting Point: 136°C

T T T T T T T T T T
40 60 80 100 120 140 160 180 200 220 240 °C

Fig. 5. The DSC thermogram of the PE membrane sample M1.

0.6

=3
0

o
IS

Energy efficiency
o o
[N

o
a

45 50 55 60 65 70 75 80 85
Feed temperature ( °C)

Fig. 6. Calculated energy efficiency versus feed solution temperature for mem-
brane M1. Feed flow rate: 90 L/h.

temperatures of the permeate solution at the membrane module,
respectively.

As depicted in Fig. 6, the energy efficiency increases with in-
creasing feed temperature. This is because the driving force for
mass transfer increases exponentially with feed temperature,
while the conducting heat loss through the membrane increases
linearly. Therefore, at a higher temperature, the numerator in Eq.
(7) increases much faster than the de-numerator, and thus the
energy efficiency increases. The overall energy efficiency obtained
for the current PE membrane may be relatively low compared to
some PP or PVDF membranes [11,39]. This is probably due to its
higher thermal conductivity. Although the PE material has a low
thermal conductivity of 0.40 W/m K, it is still much higher than
those of PP (0.17 W/m K) and PVDF (0.19 W/m K) materials [20].
This would lead to a higher conductive heat loss across the
membrane. Therefore, the thermal efficiency of PE membranes is
lower than those of PP and PVDF membranes.

3.3. Effect of PE membranes properties on DCMD performance and
energy efficiency

3.3.1. Effect of membrane pore size and porosity

To assess the potential of PE membranes, the effects of pore size
and porosity on membrane performance are investigated. Fig. 7
shows the MD permeation fluxes for membranes M1, M2 and M3.
Under the same operation conditions, M3 has the highest flux
while M1 shows the lowest. This is explainable because their pore
sizes and porosity follow the trend M3 > M2 > M1. A larger pore
size and porosity may contribute to the DCMD performance
through two mechanisms: (1) the direct effect is from the reduc-
tion of mass transfer resistance and (2) the indirect mechanism is
from the decrease in thermal conductivity across the membrane
because the air-filled pores in the membrane has a much lower
conductivity than the polymer material. Thus, the undesirable heat
loss is minimized and the driving force for vaporization is en-
hanced. Fig. 8 compares the energy efficiency of the three mem-
branes and indicates the energy efficiency increasing from M1 to
M3 under the same operation conditions. This further confirms the
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Fig. 7. DCMD permeation flux as a function of feed temperature at a feed flow rate
of 90 L/h for membrane M1, M2 and M3.
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Fig. 8. Calculated energy efficiency versus feed solution temperature for mem-
brane M1, M2 and M3.

proposition that a higher porosity membrane reduces the thermal
conductivity and increases the energy efficiency.

Table 3 shows a comparison of DCMD performance between
literature data and this work in almost the same temperature
range [10,17,25,40-46]. The PE membranes exhibit a permeation
flux surpassing most of the prior commercial and lab-made flat
sheet and hollow fiber membranes. The best one is from M3 which
reaches 123.0 L/m? h at 80 °C feed temperature. It might be no-
ticed that current PE membranes may have a relatively smaller
porosity compared to some PP or PVDF membranes. However,
other than porosity, pore structures and pore interconnectivity
also play important roles in determining membrane flux. Ideally,
inter-connected open-cell pore structure can effectively form va-
por transport channels. On the other hand, if the pores are not
connected or closed, the mass transport resistance might be lar-
gely increased [11]. Therefore, despite of a possibly lower porosity
of current PE membranes, their open pore structures may still
contribute to the high permeation flux. The results obviously
prove the capability of these PE membranes in MD applications.

3.3.2. Effect of membrane thickness

Membrane thickness is another important variable that affects
the mass and heat transfer in MD [47]. Generally, a higher mem-
brane thickness would lead to a larger mass transfer resistance
and lower permeation flux. The relationship between membrane
flux and thickness may be written as follow [47]:

r’e

A ®
where r is the mean pore size of membrane, the superscription « is
a constant factor, € is the membrane porosity, 6, is the membrane
thickness and 7 is the membrane tortuosity. As such, to obtain a
high permeation flux, the membrane thickness should be as thin
as possible. On the contrary, a thicker membrane is beneficial to
reduce the conductive heat loss across the membrane, which
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Table 3
A comparison of DCMD performance for desalination.

Membrane Feed inlet temp. Feed NaCl conc. Feed flow rate Permeate inlet temp. Membrane thickness Flux (L/m?- Reference
(°0) (wt%) (m/s) (°0) (wm) h)
Flat sheet membranes:
CF, modified PES flat sheet 74.5 4.0 04 20 201 40.9 [41]
PVDF/nonwoven flat sheet 80.5 3.5 0.3 20 67 47.6 [42]
Commercial PTFE flat sheet 80 3.5 - 20 - 35.0 [43]
Commercial PTFE flat sheet 80 13 - 20 100 88.8 [44]
Commercial PP flat sheet 80 13 - 20 160 71.0 [44]
Hollow fiber membranes:
CF4 modified PES hollow fiber 73.8 4.0 2.0 20 236 66.7 [41]
PVDF multi-bore hollow fiber 80 3.5 0.4 17 50 48.0 [17]
PVDF single-layer hollow fiber 79.5 3.5 1.9 17.5 127 46.1 [10]
PVDF single-layer hollow fiber 81.3 3.5 1.8 17.5 190 79.2 [25]
PVDF dual-layer hollow fiber  80.4 3.5 1.8 15.3 50 66.9 [45]
PVDF dual-layer hollow fiber 80 3.5 14 17 153 834 [40]
Commercial PP hollow fiber 90 1.0 23 17 150 79.0 [46]
Commercial PE membrane M1 80 3.5 0.2 17 45 833 This work
Commercial PE membrane M2 80 3.5 0.2 17 48 97.5 This work
Commercial PE membrane M3 80 3.5 0.2 17 50 123.0 This work
increases the trans-membrane flux [48,49]. Thus, a balance be- 1 AH A
tween mass and heat transfer should be attained by designing an EE ; °m - = AHA
appropriate membrane thickness. AHA + (T - TpA AHA + (Tr - THA 10)

Fig. 9(a) and (b) exhibits the permeation flux and energy effi-
ciency of the two PE membranes M1 and M4, where M4 has a
similar pore size as M1 but a higher thickness. The results show
that when the membrane thickness is higher, the permeation flux
is lower. This is reasonable because of the inversely proportional
relationship between membrane thickness and flux. Moreover, the
energy efficiency of M4 is also slightly lower than that of M1. This
may be attributed to two effects: (1) according to Eq. (4), the en-
ergy efficiency depends on the ratio of heat convected by eva-
poration to heat loss by conduction. The evaporative heat transfer
is associated with membrane flux, and is inversely proportional to
membrane thickness. The relationship between conductive heat
loss and membrane thickness could be expressed by Fourier's law:

k

h, o« —

" o €)
where h,, is the membrane heat transfer coefficient, k is mem-
brane thermal conductivity and &, is the membrane thickness.
The k value depends on membrane material as well as membrane
porosity and pore size. To isolate the effect of membrane porosity,
it is firstly assumed to be the same for both M1 and M4. In addi-
tion, since both M1 and M4 are made of the PE material and have a
similar pore size, the thermal conductivity term is then a constant
for both membranes. By substituting the convective and con-
ductive heat transfer terms in Eq. (7) with Egs. (8) and (9), the
energy efficiency may be written as:

W)
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Therefore, the thickness term is canceled in the EE equation.
However, when both the evaporative heat transfer and heat loss
are reduced at a higher membrane thickness, the average feed and
permeate side temperatures Tr and T, tend to approach their inlet
temperatures, respectively. Thus, the difference Tr—T, becomes
larger, which means the denominator in Eq. (7) becomes larger.
Consequently, the energy efficiency decreases when membrane
thickness is increased. Nonetheless, it is worth noting that the
degrees of feed and permeate side temperature changes are not
large, especially at lower feed temperatures. There is only a small
window that one may observe energy efficiency change. Therefore,
in Fig. 9(b), the effect of membrane thickness only reveals at
higher operation temperatures.

(2) The other reason that may result in a lower energy effi-
ciency of M4 is its lower porosity. As discussed in Section 3.3.1, a
less porous membrane has a higher thermal conductivity, which
results in a higher heat loss. To validate the hypothesis, the por-
osity of M4 is measured to be 50.3%. This value is smaller than that
(56.5%) of M1, and confirms the above suggestion. As a result, M1
is a better choice for MD owing to have the good balance between
thickness and porosity.

3.4. Long term performance of the PE membrane

Through the investigation of short term membrane
0.6
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Fig. 9. (a) MD permeation flux and (b) energy efficiency for membrane M1 and M4 at a feed flow rate of 90 L/h.
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Fig. 10. Permeation flux and separation factor of M1 under a 100-h operation.

performance, exceptional MD separation performance have been
discovered for these PE membranes. Therefore, a long term DCMD
experiment was conducted on membrane M1 for a period of 100 h.
The resultant permeation flux and separation factor are plotted in
Fig. 10. A relatively stable performance is observed during the
entire experiment. The relatively stable performance is attributed
by the hydrophobic nature of the PE membrane. Therefore, the
surface wetting is not severe during the initial part of the testing.
However, since the PE membrane has a large surface pore size,
partial pore wetting may occur after sometime. This might lead to
the formation of a thin layer of liquid at membrane surface, which
reduces mass and heat transfer rate at the boundary [31,32].
Hence, a slight decline of permeation flux is noticed after 60-h
running probably due to partial membrane pore wetting [50].
Besides, the separation factor is maintained higher than 99.9%
throughout the test, although a minor reduction is observed with
increasing operation time because of the partial wetting [40].
Nonetheless, the relatively stable performance signifies the feasi-
bility of using these PE membranes for MD application.

4. Conclusions

In this work, several commercial PE membranes have been
employed in DCMD for seawater desalination. The feasibility and
separation performance of using these PE membranes for this
application have been demonstrated. In-depth investigations on
the effects of membrane physicochemical properties and MD op-
eration parameters on permeation flux and energy efficiency were
investigated. The following conclusions can be drawn from the
current study:

(1) These PE membranes are intrinsically hydrophobic with good
stability in seawater and low thermal conductivity. Their
sponge-like morphology, appropriate pore size, porosity,
thickness and reasonable wetting resistance make these PE
membranes good candidates for MD application.

(2) The effects of feed solution flow rate and temperature on
membrane performance were investigated. A higher feed flow
rate leads to a higher permeation flux, owing to the reduced
temperature polarization effect. With an increase in feed
temperature, both MD permeation flux and energy efficiency
increase because of the exponential increase in driving force
for mass transfer of water vapor with feed temperature.

(3) The PE membrane with larger pore size and porosity shows
better MD performance in terms of flux and energy efficiency.
This is attributed to the increased mass transfer rate and re-
duced thermal conductivity. The best permeation flux from
M3 reaches 123.0 L/m? h at 80° C feed temperature. The su-
perior performance surpasses most of the prior commercial
and lab-made flat sheet and hollow fiber membranes.

(4) Through the long term MD testing of 100 h, a relatively stable

performance is observed during the entire experiment. This
long term stability signifies the feasibility of using these PE
membranes for MD application.
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Nomenclature

Abbreviations

AFM atomic force microscope

AGMD  air gas membrane distillation

DCMD  direct contact membrane distillation

DSC differential scanning calorimeter

EE energy efficiency

FESEM field emission scanning electron microscopy
LEP liquid entry pressure

MD membrane distillation

MED multiple-effect distillation
MSF multi-stage flash distillation

NacCl sodium chloride
PE polyethylene
PES polyethersulfone
PP polypropylene

PTFE polytetrafluoro-ethylene

PVDF polyvinylidene fluoride

SGMD  sweep gas membrane distillation

SWRO sea water reverse 0Smosis

VMD vacuum membrane distillation

Symbols

A membrane area

Ccr NaCl concentration in feed solution

Cp NaCl concentration in permeate solution
Cpspec specific heat capacity

hy membrane heat transfer coefficient

AH, latent heat of water evaporation

m mass of the permeate sample

Mmemp  Weight of a piece of membrane

m, mass flow rate of the permeate stream

Nw permeation flux

t time

Tt the average temperatures of the feed side
T, the average temperatures of the permeate side
Tpin inlet temperature of the permeate solution

Toout outlet temperature of the permeate solution

Vimemb  Volume of a piece of membrane
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r the mean pore size of membrane
R, average roughness

Rimax maximum roughness

Rins root mean square roughness
Pmater  density of the membrane material
e porosity

a constant factor

/] separation factor

Om membrane thickness

T membrane tortuosity
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