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Abstract
Membrane distillation (MD) uses a microporous hydrophobic membrane for the separation
of non-volatile solutes from liquid streams. The microporous structure should be designed
for optimal vapor transport through the membrane, whereas the hydrophobicity is required
to retain the liquid phase. Currently, different types of commercially available hydrophobic
microfiltration membranes are used for membrane distillation. However, no comparison is
available between these membranes, complicating the selection of a proper membrane and
the evaluation of new membranes. In this study, over 20 (semi-)commercial hydrophobic
membranes are characterized and tested in a lab scale direct contact membrane distillation
set-up. These membranes include the standard PTFE, PVDF and PP membranes, but also less
known PE and PES membranes. These membranes are synthesized using the phase inversion
technique, stretching or electrospinning, resulting in a wide variety of membrane structures.
In this study, a method is proposed to evaluate the suitability of membranes. The membrane
performance in MD is evaluated with a performance chart including flux and energy
efficiency using realistic process conditions. From this chart a benchmark performance is
proposed, which depends on the salt concentration.
Keywords: Benchmark, Characterization procedure, DCMD, Pore size, Porosity
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INTRODUCTION

An increasing fraction of the fresh water supply is provided by means of desalination using
thermal distillation (multi-stage flash or multi-effect distillation) or reverse osmosis [1].
Membrane distillation is often proposed as an alternative technology for these techniques
[2,3]. However, the membrane distillation performance in terms of flux, energy consumption
and cost is still inferior compared to the mature reverse osmosis systems [4]. Nevertheless,
membrane distillation efforts are increasingly oriented towards treatment of concentrated
solutions, which are not viable for reverse osmosis [5–7]. Currently hydrophobic
microfiltration membranes are used in membrane distillation, although these membranes
are not optimized for the MD process [8,9]. The specific requirements for membrane
distillation membranes are described in the literature [3,10,11]. Most importantly, the
membrane must consist of at least one layer that is not wetted by the liquid stream under
the operational pressures used in the module. The minimum pressure required to wet a
hydrophobic membrane is the liquid entry pressure (LEP), which depends both on the
membrane characteristics and the feed composition:
𝐿𝐸𝑃 =

−2𝐵𝛾𝑙 𝑐𝑜𝑠(𝜃)
,
𝑟𝑚𝑎𝑥

(1)

where 𝛾𝑙 is the surface tension (N/m) of the liquid, 𝜃 the contact angle (°), 𝑟𝑚𝑎𝑥 the
maximum pore size (μm) and B is a geometric factor. The pressure drop over a spiral wound
module is experimentally determined by Winter et al. ranging from 0.2 to 0.7 bar [12].
However, to ensure proper membrane operation, the reduction of LEP over time due to
fouling and scaling, the effect of surfactants/oil/detergents on LEP and the effect of
temperature and salinity should be considered. Therefore, a LEP of at least 2.5 bar is
recommended in membrane distillation [13]. To achieve sufficient LEP, membranes with
maximum pore diameter between 0.1 and 1 μm with a contact angle above 90° are
recommended for membrane distillation. Regarding the membrane structure, it is generally
agreed that a high membrane porosity is one of the most important membrane parameters
in membrane distillation for both flux and energy efficiency, regardless of the MD
configuration [14–18]. Additionally, membranes with thickness between 30 up to 60 μm are
recommended for DCMD, however recently it is shown that this optimal value depends on
salinity. At high salinity, thicker membranes are preferred [19]. Table 1 shows the optimal
1

membrane properties for membrane distillation and the variety of suitable characterization
methods as proposed in the literature.
Table 1: Overview of the optimal membrane properties and characterization methods for
membrane distillation
Parameter

Symbol

Recommended

Contact angle

𝜃

>90° [11]

Liquid entry pressure

LEP

> 2.5 bar [13]

Porosity

𝜖

80-90% [11]

Pore diameter

𝑑𝑎𝑣 , 𝑑𝑚𝑎𝑥

0.1-1 μm [11,13]

Thickness

𝛿

30-60 μm [25–27]
2-700 μm [19]

Characterization method
Static sessile drop method [20]
Dynamic sessile drop [20]
Liquid entry pressure measurement [21]
Gas permeation test (effective porosity) [22]
Electron Microscopy (surface porosity) [23]
Liquid Pycnometer (bulk porosity) [21]
Gas permeation test (dav) [22]
Wet/dry flow method (pore distribution) [24]
Mercury porosimetry (pore distribution) [24]
Electron Microscopy (pore distribution) [23]
Digital micrometer [28]

Table 2 shows the reported fluxes of flat sheet commercial membranes in the literature. This
table shows a wide variety in process conditions, often with temperature differences of 50 to
even 70°C, which are irrelevant for large scale DCMD [29,30]. Moreover, the flow is often
reported as the stirring rate (rpm) or flow rate (l/h), whereas the hydrodynamics in the
channel depend also on the module dimensions, the pump type and calibration. To be able
to make a fair comparison between studies using different pumps and module sizes, the flow
velocity (m/s) should be reported together with the characteristic module dimension and
fluid properties. From these values, the Reynolds number can be calculated, which is used to
study the similarity between different flows. Additionally, there is a lack of data on the single
pass thermal energy efficiency and salt retention of the membranes and hence, a
recommendation on the choice of the membrane that should be used in direct contact
membrane distillation is not available. Furthermore, a number of innovative synthesis
methods have been recently proposed to improve the performance of the membrane [31–
39]. However, it is impossible to compare and evaluate the performance of these membranes
based on the published information. Often artificially high driving forces are applied using
water as feed stream, resulting in unrealistic fluxes. To enable a fair evaluation and
comparison of membrane distillation membranes, a standard characterization procedure and
reference process conditions are required.
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Table 2: Overview of the performance of the most used commercial membranes in literature,
adapted from [38] .
Provider

Membrane

GVHP
(PVDF)
Millipore

Gelman
TF 200

Membrana

Properties
[39,40]

dav= 0.22 μm
δ = 110 μm
ε = 75%
LEP = 105 kPa

HVHP
(PVDF)

dav= 0.45 μm
δ = 140 μm
ε = 75 %
LEP = 204 kPa

TF200
(PTFE)

dav= 0.2
δ = 178
ε = 80
LEP = 282 kPa

Accurel
(PP)

dav= 0.2
δ = 91
ε=LEP = -

Flux
(kg/(h.m2)

[NaCl]

13.5

0 wt%

9

0 wt%

7

0 wt%

13.8

0 wt%

0.9

0.3 wt%

0.8

6 wt%

18.6
16.7

0 wt%
25 wt%

10.8

0 wt%

18.7

0 wt%

2.1

0 wt%

2.2

6 wt%

18.9

0 wt%

Conditions
Tf = 90.7°C, Tp = 19.7°C
v = not reported
Tf = 70°C, Tp = 20°C
v = not reported
Tf = 70°C, Tp = 20°C
0.06 m/s
Tf = 40°C, Tp = 20°C,
v = not reported
Tf = 61.9°C, Tp = 51.9°C
v = not reported
Tf = 62.7°C, Tp = 52.7°C
v = not reported
Tf = 80°C, Tp = 21°C
v = 0.4-0.9 m/s
Tf = 70°C, Tp = 20°C
v = not reported
Tf = 80.1°C, Tp = 20°C
v = not reported
Tf = 40°C, Tp = 20°C
v = not reported
Tf = 61.9°C, Tp = 51.9°C
v = not reported
Tf = 68.1°C, Tp = 45°C
v = not reported

Author
[41]
[23]
[42]
[43]

[44]

[45]
[23]
[41]
[43]
[44]

[40]

This article studies over 20 (semi-)commercial hydrophobic membranes synthesized through
different methods, including the phase inversion technique, stretching and electrospinning.
Not only the standard PTFE, PP and PVDF membranes are studied, but also PE and PES
membranes are included. These membranes are not specifically developed for membrane
distillation, although due to their hydrophobicity and microporous structure, they have the
required specifications for the process. Different characterization techniques are compared
and a standard method to characterize membrane distillation membranes is proposed to
investigate the suitability of a membrane for membrane distillation. Moreover, a benchmark
performance in DCMD is formulated at low and high salinity allowing evaluation of other
commercial or newly synthesized membranes.
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2
2.1

MATERIALS AND METHODS
Membranes

In Table 3, an overview is given of the membranes used in this study.
Table 3: Properties of membranes as provided by manufacturers
Provider
Lydall
Pall
Sartorius
Sartorius
Sartorius
Sartorius
Sartorius
Sartorius
Membrana
Aquastill
Aquastill
Donaldson
Donaldson
Donaldson
Donaldson
Donaldson
Gore
Gore
GE
Millipore
Millipore
Millipore
University of Liberec
University of Liberec

2.2

Trade name
Solupor
Supor
Accurel 2E HF
Tetratex
Tetratex 6503
Tetratex 6522
Tetratex 6532
Tetratex 6502
GSC-AS-912351
GSC-AS-912354
Durapore GVHP
Durapore HVHP
Surevent HVSP
1
2

Support layer
PP-nonwoven
PP-nonwoven
PP-nonwoven
PP-nonwoven
PP-nonwoven
Pester-nonwoven
PP-nonwoven
PP scrim
PP-nonwoven
PP-nonwoven
Non-woven
Non-woven

Structure
Stretching
Phase inversion
Phase inversion
Phase inversion
Phase inversion
Phase inversion
Phase inversion
Phase inversion
Phase inversion
Stretching
Stretching
Stretching
Stretching
Stretching
Stretching
Stretching
Stretching
Stretching
Stretching
Phase inversion
Phase inversion
Phase inversion
Electrospinning
Electrospinning

Membrane Code
PE1
PES1
PES2
PES3
PES4
PES6
PES7
PES8
PP1
PTFE1
PTFE2
PTFE3
PTFE4
PTFE10
PTFE11
PTFE12
PTFE5
PTFE6
PTFE13
PVDF1
PVDF2
PVDF3
ePVDF1
ePVDF2

Characterization methods

The contact angle of the membranes is measured with an OCA 15EC Contact Angle System of
Dataphysics (Filderstadt, Germany) using the static sessile drop method. This method
provides sufficient information regarding the hydrophobic nature of a membrane. The liquid
entry pressure was determined as described by Khayet et al. [21]. Because it was
experimentally observed that the measured liquid entry pressure depends on the pressure
ramp, the pressure is increased slowly with 0.1 bar each 30 seconds, until a flow is detected.
Two methods were compared for the pore size measurement. A PoroluxTM 1000 device
(Porometer, Eke, Belgium) using the wet/dry capillary flow porometry method measured the
pore size distribution as described by Francis et al. [28]. Porefil with a liquid surface tension
4

of 16 mN/m was used as wetting liquid and the shape factor was assumed to be 1.
Complementary to porometry, Mercury Intrusion Porosimetry (Pascal 140, Thermo Scientific,
USA) was used, which measures the pore size distribution and the porosity. The porosity is
defined as the ratio of the pore volume (Vpores) over the total membrane volume (Vm) and is.
For the porosity measurements a membrane sample was cut with a circular mould with
diameter of 5 cm. The analytical balance used in these experiments was a MC1 Research
RC210P (Sartorius GmbH, Goettingen, Germany). The porosity was determined using three
different techniques:
-

The gravimetric method with IPA as penetrating liquid, where the pore volume is
calculated using the weight of the dry and the wetted membrane (mdry and mIPA) [9].
𝜖=

-

𝑉𝑝𝑜𝑟𝑒𝑠 𝑚𝑑𝑟𝑦 − 𝑚𝐼𝑃𝐴
=
𝑉𝑚
𝜌𝐼𝑃𝐴

(2)

The literature density of the polymer [46] using the equation suggested by Smolders
et al. [47].
ε=1−

ρm
ρpol

(3)

with ρm and ρpol the density of the membrane and the polymer respectively in g/cm3.
The membrane density is obtained by dividing the membrane mass by the volume of
the sample.
-

Gas pycnometry with a He-pycnometer (Micromeretics, Norcross, U.S.A) [19], where
the volume and density of the polymer (𝜌𝑝𝑜𝑙 ) is determined experimentally using the
method of gas displacement and the volume-pressure relationship (Boyle’s Law).

The supported membranes were delaminated if possible and the support and the membrane
were measured separately. A cold field emission scanning electron microscope (SEM) type
JSM6340F (JEOL, Tokyo, Japan) was used to study membrane cross-sections at an
acceleration voltage of 5 keV. Cross-sections were obtained by a cross-section polisher type
SM-09010 (JEOL, Tokyo, Japan) using an argon ion beam. All samples were coated with a thin
Pt/Pd layer (∼1.5 nm) using a Cressington HR208 high-resolution sputter-coater (Watford,
England) to avoid charging by the e-beam. The images of the cross-sections were analyzed in
ImageJ [19]. The mechanical properties of the membranes were determined by tensile
testing (Instron 5582) according to the ASTM D638 using a strain rate of 10 mm/min at 23°C.
An overview of all parameters and characterization techniques is presented in Table 4.
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Table 4: Overview of the important membrane characteristics and the characterization
technique used in this study.
Requirement
Wettability

Parameter
Water contact angle
Liquid entry pressure (LEP)
Pore size distribution

Membrane structure

Porosity

Mechanical strength

Thickness, surface porosity,
membrane structure
Young’s modulus, stress/strain at break

2.3

Technique
Water contact angle
Liquid entry pressure
Porometry
Mercury intrusion porosimetry
Gravimetric method
Porosity based on literature density
Helium Pycnometry
Mercury intrusion porosimetry
Scanning Electron Microscopy
Tensile testing

DCMD Setup

The membrane distillation performance was evaluated with a lab-scale DCMD setup (Figure
1). The flat-sheet module had a feed and permeate channel with a width of 6 cm, a length of
18 cm and a height of 2 mm. On the permeate side, purified water with electrical
conductivity below 20 μS/cm was used. All tests were carried out using aqueous solutions
with different salt concentrations ([NaCl] = 3, 13 and 23 wt%). The feed and distillate were
circulated counter-currently on their respective sides of the membrane using peristaltic
pumps (Watson-Marlow, 520DuN/R2, Zwijnaarde, Belgium). The channel flow velocities were
equal on the feed and permeate side. In the literature, a broad range of flow velocities
ranging from 0.05 up to 5 m/s are used at lab scale [48–50]. For a spiral wound module at
larger scale, the pressure drop limits the flow velocity [51] and therefore, a relatively low lab
scale flow velocity of 0.13 m/s was selected in this study. As presented in Table 2,
temperature differences of 50-60°C are no rarity in lab scale experiments. Nevertheless,
these conditions are irrelevant at large scale, where temperature differences between 5 and
15°C are achieved [52,53]. The upper limit of 15°C temperature difference was chosen for
the lab scale experiments to obtain sufficiently high fluxes and low measurement error. T f,in
and Tp,out, were kept constant at 60°C and 45°C respectively for all experiments. The
temperature was kept constant using two heating baths (Huber, Ministat 230w-cc-NR,
Offenburg, Germany) and monitored using four thermocouples (Thermo Electric Company,
PT100 TF, Balen, Belgium). The flux was measured by evaluating the weight variations in the
feed and distillate tank, using an analytical balance (Sartorius GmbH, ED8801-CW, Goettingen,
6

Germany). The average of at least two experiments is reported. The electrical conductivity at
the feed and permeate side were monitored by portable conductivity meters (WTW GmbH,
pH/Cond 340i, Weilheim, Germany) and salt retention is calculated, taking into account the
dilution of the coolant.

Figure 1: Schematic of the membrane distillation setup
The energy efficiency (EE) of the process is defined in Equation (4). The total heat transfer
through the membrane Qm is considered to be equal to the heat transfer in the channel, as
described by Khayet et al. [54].
𝐸𝐸 (%) =

𝑁Δ𝐻𝐴
𝐹𝐶𝑝 (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡 )

(4)

N (kg/m2.h) is the water flux and ΔH (J/kg) the enthalpy of evaporation, correlated to
temperature using a linear fit from Sabbah et al. [55]. 𝐹 is the mass flow rate in the
channels expressed in kg/s, A (m2) is the effective membrane surface area, 𝐶𝑝 is the specific
heat capacity of the feed solution (J/kg.°C), 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 are the bulk temperatures at the
channel inlet and outlet of the module expressed in °C, respectively. The calculations were
carried out for the feed and permeate channel and the average value and standard deviation
are reported.
2.4

Model structure

The membranes are simulated using a MATLAB model, to extract the membrane
permeability and interfacial driving force. The mass transfer through the membrane is
calculated using the Dusty Gas Model [56]. The heat transfer in the feed and permeate
channels is calibrated by replacing the membrane with an aluminum foil [57]. All membranes
are experimentally investigated and simulated, for intensive calibration and validation of the
model. More details on the build-up of the model and calibration are described elsewhere
[19,58].
7

3
3.1

RESULTS & DISCUSSION
Selection of the characterization method

In this paragraph, two characterization methods for the pore size measurement and four
characterization methods for porosity are evaluated. These characterization methods are
compared based on a selection of membranes from Table 3 with variations in membrane
properties.
3.1.1 Pore size
Figure 2 A and Table 5 show the pore size distribution and minimum, average and maximum
pore diameter (dmin, dav and dmax) obtained using mercury intrusion porosimetry and
porometry. For comparison, Table 5 also includes dav indicated by the provider and dmax
calculated from the LEP and contact angle measurements using Equation 1. It is observed in
Figure 2 A and B that the distribution curve for the mercury intrusion porosimetry is slightly
shifted to larger values and that a wider pore size distribution is found for Hg-porosimetry for
PVDF1 and PVDF2. Nevertheless, the average pore diameter obtained experimentally are all
in accordance with the values given by the provider (Table 5). The maximum pore diameter
calculated based on LEP is in the same range as the values obtained using the porometry
Hg-porosimetry. Figure 2 C and D shows the pore size distribution of PTFE1 and PP1 obtained
using the two techniques. The average pore diameter given by the provider is in accordance
with dav measured with porometry, while no accurate measurement was obtained using the
Hg-porosimetry. For PTFE1, no pore size distribution was found, while for PP1 a pore size
distribution from 0 to 3 μm was observed. Since this membrane has a LEP of 2.5 bar,
equivalent to a dmax of 0.9 μm (1), the Hg-porosimetry measurements are considered
unreliable for the PTFE1 and PP1 membrane. The Hg-porosimetry method requires a
pressure of 150 bar for the measurement of a 0.1 μm pore, whereas porometry only requires
8 bar to measure the same pore. For PVDF, the wide pore size distribution obtained with
mercury porosity might also be caused by a false increase of intrusion volume due to slight
compaction of the membrane, while the PTFE and PP cannot withstand the applied pressures
in Hg-porosimetry. These results are also in accordance with the mechanical strength of the
membranes, which is much lower for PP1 and PTFE1 (see section 3.2.2). In conclusion, the
wet/dry capillary flow porometry is recommended as a characterization method for pore size
8

of polymeric membranes as an accurate, versatile and quick method requiring lower
pressures and avoiding the use of mercury.

Figure 2: Pore size distribution for four different membranes using porometry (P, red) and
mercury intrusion porosimetry (Hg, blue) for A) PVDF1 B) PVDF2, C) PTFE1 and D) PP1.
Table 5: Minimum, average and maximum pore diameter (P: Porometry, Hg: Mercury
intrusion porosimetry).

PVDF1
PVDF2
PTFE1
PP1

dmin (μm)
P
Hg
0.3
0.2
0.6
0.2
0.1
0.4
-

P
0.44
0.9
0.2
0.5

dav (μm)
Hg
Provider
0.5
0.4
0.9
0.9
0.2
0.4

P
0.6
1.2
0.2
0.9

dmax (μm)
Hg
0.9
1.4
-

LEP*
0.8
1.0
0.2
0.9

* Calculated using the measured value for LEP and Θ using the Equation 1 (B = 1)

3.1.2 Porosity
Figure 3 compares the porosities obtained from different characterization techniques. The
PTFE, PP and PE membranes are not measurable with the Hg-porosimetry method due to
compression. The gravimetric method is inaccurate for the flexible PTFE membranes due to
the huge mechanical deformation during excision and handling. Therefore, these results are
excluded in this study. The literature value for porosity for both PVDF membranes is slightly
higher compared to the values found in this study except for the mercury intrusion
porosimetry with PVDF1. For PP1 the reported porosity in the literature is slightly lower
9

compared to the values found in this study. The gravimetric method is found highly operator
dependent, because excess liquid after immersion must be removed from the membrane
surface before the weight measurement. Moreover, IPA is a volatile component and the
handling time also affects the measurement. The literature values for polymer density
depend on the unknown specific polymer properties (e.g., tacticity, branching…), which is not
included in the deviation and hence this method is only reliable if the exact polymer grade is
known. The He-pycnometry method is an automated measurement with high accuracy,
requiring much lower pressures compared to Hg-porosimetry and is preferred for the
determination of the membrane porosity. Supported membranes are not measurable with
these techniques, unless they are delaminated or if the properties of the support are exactly
known.

Figure 3: Porosity measurement techniques for different membranes compared to the values
obtained from the literature [38].
3.2

Standard characterization procedure

Based on the available literature and on the findings described in section 3.1, a standard
characterization procedure is proposed in this section for all available membranes. The
procedure is presented in Figure 4 and includes evaluation of the wetting resistance,
mechanical strength, membrane structure and the performance evaluation in membrane
distillation.

10

Figure 4: Overview of the characterization procedure proposed in this study
3.2.1 Wetting resistance
The first requirement for a membrane distillation membrane is a sufficient wetting resistance.
The contact angle measurement provides an easy method to test the hydrophobicity and is
given in Table 6. The stretched PTFE membranes have a contact angle of 133-139°. The high
contact angle of PP of 140° is remarkable, since this polymer has a lower surface energy
compared to PTFE [59], indicating that besides intrinsic hydrophobicity of the material other
factors influence the finale contact angle. It is well known in surface engineering that an
increased surface roughness increases the final contact angle [60]. PE, untreated PVDF and
electrospun PVDF have a lower contact angle of around 120°. PES is not intrinsically
hydrophobic and hence, an additional treatment is required for all PES-membranes. PES8 has
the highest contact angle of all available membranes (158°), while PVDF3 with surface
treatment has an increased contact angle of 149° compared to the two other PVDF
membranes.
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Table 6: Water contact angle, maximum pore diameter and liquid entry pressure.
Membrane

PE1
PES1
PES7
PES8
PP1
PTFE1
PTFE3
PVDF1
PVDF2
PVDF3
PES2
PES3
PTFE4
PTFE5
PTFE6
PTFE10
PTFE11
PTFE12
PTFE13
ePVDF1
ePVDF2

Θ
(°)

Wetting resistance
dmax
LEP
(μm)
(bar)

Unsupported
120
0.43
132
0.59
129
0.90
159
1.41
141
0.91
136
0.20
139
0.21
120
0.60
122
1.21
149
0.30
Supported
118
0.54
126
3.20
135
0.59
138
0.72
134
0.22
140
0.47
133
0.50
139
0.56
134
0.56
129
0.81
117
1.64

3.9
3.9
2.8
2.3
2.5
10.8
9.9
2.3
1.1
2.0
3.4
0.7
2.6
3.5
13.1
4.0
3.7
3.5
3.6
1.0
1.1

Figure 5 A shows the measured LEP as function of the measured maximum pore size and
confirm the inverse proportionality described in Equation 1. This figure shows that the
wetting resistance is severely reduced at larger pore diameter, while beyond a pore diameter
of 0.3 μm the impact of pore diameter on flux is much less significant [17,61]. Therefore, a
pore size around 0.3 μm is considered as the optimal balance between flux and wetting
resistance in membrane distillation. Plotting the LEP as function of cos(θ)/rmax in accordance
with Equation 1 results in a linear fit with R2 = 0.9123. The geometrical structure of the pores
(4) does not matter to fit this equation, because in porometry, the pore size is also calculated
using the geometric factor B=1 (Equation 1).
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Figure 5: LEP as function of A) the pore size and B) cos (θ)/r
For membrane distillation membranes, a minimum LEP of 2.5 bar is required (Table 1). At lab
scale, the pressure drop over the module is only 0.02 bar and hence, membranes with lower
LEP indicated in italics in Table 6 are tested without any risk for wetting. However, at large
scale the use of these membranes limits the maximum allowable pressure drop in the
module, requiring low module length and flow rates to prevent wetting [12].
3.2.2 Mechanical strength
The stress-strain curves of five unsupported membranes with different polymers are given in
Figure 6. All membranes show deformation before fracture. The stress and strain at break
and the Young’s modulus are given in Table 7. These data show that the unsupported PTFE1
and PP1 membranes are very soft and need little stress to deform. The PTFE1 elongates up to
190% before fracture at a maximum stress of 18 Mpa, whereas the PP1 membrane elongates
with 71% at maximum stress of only 1.2 MPa. Even if these membranes do not show fracture
at higher strains, the membrane structure is deformed and becomes unusable for membrane
distillation. This figure shows that the PTFE1 and the PP1 membrane are much more
sensitive for deformation in the module. The PP membrane even shows fracture at the hot
feed inlet (70°C) in the lab scale module at, indicating that the mechanical stability of this
membrane is problematic (Figure 7). The PVDF1, PES1 and PE1 membranes have a lower
strain at break (±20%), but much more stress is required to deform these membranes.
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Figure 6: Stress – strain curve for 5 of the unsupported membranes.
Membrane
PE1
PES1
PP1
PTFE1
PVDF1

Strain at break (%)
21%
20%
70%
192%
19%

Stress at break (MPa)
19.3
16.5
1.2
13.2
5.7

Young’s modulus (MPa)
81
549
19
8
156

Table 7: Mechanical properties of membranes from 5 different polymers.

Fracture

Figure 7: Picture of the fracture of the PP membrane at the feed inlet of the module.
Table 8 shows an overview of the membrane properties affecting the performance for all
tested (semi)commercial membranes obtained by the standard characterization procedure.
The membrane thickness (δ) varies from 20 μm to 188 μm, while the support thickness
(δsupport) ranges from 74 μm to 280 μm. The porosity (ε) is measured by helium pycnometry.
The lowest and highest porosities are 58% and 83% respectively. The average pore diameter
(dav) lies between 0.17 and 2.35 μm and is obtained using the wet/dry capillary flow
porometry. For the supported membranes, sufficient mechanical strength is provided by an
open nonwoven structure, except for the PTFE5 membrane, which has a scrim support
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(
Figure 8).

Figure 8: A) Nonwoven and B) Scrim support
Table 8: Structural properties
Membrane

δ
(μm)

PE1
PES1
PES7
PES8
PP1
PTFE1
PTFE3
PVDF1
PVDF2
PVDF3

99
81
130
143
188
77
66
119
99
106

PES2
PES3
PTFE4
PTFE5
PTFE6
PTFE10
PTFE11
PTFE12

140
130
44
59
44
28
25
77

Membrane structure
δsupport
ε
(μm)
(%)

Unsupported
Supported
224
280
184
261
216
255
101
235
15

dav
(μm)

76%
58%
79%
77%
83%
83%
83%
66%
66%
66%

0.30
0.51
0.78
1.20
0.53
0.17
0.17
0.44
0.85
0.92

-

0.49
2.35
0.45
0.49
0.19
0.28
0.32
0.32

PTFE13
ePVDF1
ePVDF2

25
20
36

184
74
128

79%
73%

0.37
0.60
0.6

3.2.3 DCMD
Table 9 shows an overview of the performance of the membranes for synthetic seawater
using the reference conditions Tf = 60°C, Tp = 45°C, v = 0.13 m/s. The flux varies from 8.8 up
to 28.0 kg/(h.m2), while the energy efficiency ranges from 54 to 79%, indicating the limits of
performance of the currently available membranes. Flux is a function of the membrane
permeability and the thermal boundary layers affecting the interfacial vapor pressure
difference Δpi:
J = Δpi ∗ P

(5)

To define the limiting factor for each membrane, the effect of both parameters is calculated
separately. The membrane permeability is mainly affected by membrane thickness and
ranges from 140 up to 1674 kg/(h.m2.bar) (Table 9). Besides permeability, also the interfacial
vapor pressure difference varies widely from 0.019 – 0.072 bar. Membranes with a higher
permeability, lower thickness or high thermal conductivity will inherently show more heat
transfer, more temperature polarization and hence a lower interfacial vapor pressure
difference. The salt retention for most of the membranes is 99.99%. However, the
electrospun ePVDF1 and ePVDF2 membranes have a salt retention of 99.76% and 99.92%,
respectively, due to the larger pores and defects that often occur with this synthesis method
[34]. Remarkably, also the PTFE13 membrane shows a slightly lower salt retention of 99.93%.
Table 9: Overview of the membrane performance for seawater desalination.
Tf = 60°C, Tp = 45°C, v = 0.13 m/s, Δpb= 0.100 bar
Membrane

Flux
(kg/(h.m2))

Δpi
(bar)

PE1
PES1
PES8
PP1
PTFE1
PTFE3
PVDF1
PVDF2
PVDF3

15.3 ± 0.4
17.9 ± 0.7
14.1 ± 0.5
16.3 ± 0.5
17.1 ± 0.4
23.4 ± 0.5
12.0 ± 0.3
16.8 ± 0.3
15.2 ± 0.1

0.070
0.051
0.074
0.071
0.072
0.069
0.072
0.067
0.068

PES2

8.8 ± 0.1

0.063

Permeability
(kg/(h.m2.bar))
Unsupported
217
378
191
237
222
259
153
214
203
Supported
140
16

Energy Efficiency
(%)

Salt retention
(%)

67 ± 4
58 ± 3
71 ± 5
79 ± 6
77 ± 6
77 ± 6
55 ± 5
58 ± 4
54 ± 6

99.99 ± 0.01
99.99 ± 0.01
99.99 ± 0.01
99.99 ± 0.01
99.99 ± 0.01
99.99 ± 0.01
99.99 ± 0.01
99.99 ± 0.01
99.99 ± 0.01

71 ± 8

99.99 ± 0.01

PTFE4
PTFE5
PTFE6
PTFE10
PTFE11
PTFE12
PTFE13
ePVDF1
ePVDF2
Benchmark

20.4 ± 0.5
18.4 ± 0.4
26.0 ± 0.4
18.3 ± 0.3
19.7 ± 0.4
16.9 ± 0.3
18.7 ± 0.6
28.2 ± 1.3
16.5 ± 1.1
20

0.041
0.036
0.033
0.053
0.051
0.038
0.044
0.019
0.023

476
531
729
324
351
361
381
1674
742

72 ± 5
67 ± 2
77 ± 7
63 ± 3
52 ± 2
59 ± 3
60 ± 4
65 ± 1
46 ± 1
72

99.99 ± 0.01
99.99 ± 0.01
99.99 ± 0.01
99.99 ± 0.01
99.99 ± 0.01
99.99 ± 0.01
99.93 ± 0.01
99.76 ± 0.08
99.92 ± 0.02
99.99

the actual mass transport rate through the membrane. The energy efficiency is used as
measure for the efficiency of the heat transfer. Additionally, good salt retention stability and
low production costs are required. Only few membranes have good performance for all of
these parameters. In this contribution, the benchmark is defined artificially as the
performance exceeding 75% of the tested membranes for each performance parameter.
Note that this benchmark is not an absolute measure, but is introduced as a guideline for the
performance evaluation of an MD membrane in the specified conditions. Both temperatures
and flow velocities will largely affect the flux and energy efficiency and hence the benchmark
values, as described in the literature [10,11]. In next section, a method is proposed to
evaluate the balance between flux and energy efficiency. The membranes are tested at 3 wt%
and 23 wt% NaCl in the reference process conditions proposed in section 2.3.A good
membrane comprises a high mass transport rate with minimal heat loss. The flux
measurement captures the membrane permeability as well as membrane specific thermal
boundary layer effects and is therefore the most comprehensive parameter for evaluation of
Seawater Benchmark
The two main important performance parameters of membranes which fulfill the
requirements of wetting resistance and stability are the flux and the energy efficiency. Figure
9 is a performance chart, with the flux plotted as function of the energy efficiency for all
membranes at specified conditions. The highest flux (28 kg/(h.m2)) is achieved for the
thinnest electrospun PVDF membrane, ePVDF1 with a lower energy efficiency of 65%. On the
contrary, the highest energy efficiency of 79% is achieved for the thick unsupported PP1
membrane with lower fluxes of 16 kg/(h.m2). The benchmark performance exceeding 75% of
the membranes is indicated by the dashed black lines at a flux of 20 kg/(h.m2) and an energy
efficiency of 70% or higher. Only three PTFE membranes show simultaneously a flux and
energy efficiency equal to or higher than the benchmark.
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Figure 9: Performance chart of commercial MD membranes.
Process conditions: Tf = 60°C, Tp = 45°C, v = 0.13 m/s, [NaCl] = 3 wt%.
High Salinity Benchmark
The performance of the membranes for seawater membrane distillation is not sufficient for
evaluation of the performance of a MD membrane, since the MD research is increasingly
oriented towards treatment of high salinity streams [5,6]. Figure 10 shows the impact of
salinity on the performance of the membranes. It is observed that both flux and energy
efficiency decreases at higher salinity, due to the reduced water vapor pressure on feed side.
Moreover, thinner membranes are more sensitive to salinity compared to thicker
membranes [19]. The ePVDF2 membrane shows the highest flux of all available membranes
at 3 wt% NaCl, whereas this membrane shows the lowest flux and energy efficiency at 23 wt%
salt. On the other hand, the thick PP membrane shows high energy efficiency (79%), but
lower fluxes (16 kg/(h.m2)) at 3 wt% salt, while it shows the best performance at 23wt%
salinity.
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Figure 10: The effect of salinity on four different membranes.
As presented in Figure 10, a benchmark seawater flux and energy efficiency does not
guarantee a good performance at high salinity. Therefore, in Figure 11, the benchmark
performance at high salinity (23 wt% NaCl) is also defined to characterize an MD membrane,
indicated by the green dashed line. The benchmark values are reduced to 10 kg/(h.m2) for
flux and to 57% for energy efficiency. The membranes with best flux and energy DCMD
performance at 2 salinities are provided in Table 10, together with the overall best
performing membrane, including the requirements for LEP, salt retention, mechanical
strength and the benchmark defined in this section.

Figure 11: Effect of salinity visualized on the performance chart.
Tf = 60°C, Tp = 45°C, v = 0.13 m/s, blue: [NaCl] = 3 wt%, green: [NaCl] = 23 wt%.
The membranes with best flux and energy DCMD performance at 2 salinities are provided in
Table 10, together with the overall best performing membrane, including the requirements
for LEP, salt retention, mechanical strength and the benchmark defined in this section.
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Table 10: Best flux and energy efficiency membrane, best overall membrane and benchmark
performance at selected salinities. Tf = 60°C, Tp = 45°C, v = 0.13 m/s.
3 wt% NaCl
Membrane
Best DCMD
Best overall
Benchmark

4

PTFE6
PTFE6
/

Flux
(kg/(h.m2))
26
26
20

23 wt% NaCl
EE
(%)
77
77
70

R
(%)
99.99%
99.99%
99.99%

Membrane
PP1
PE1
/

Flux
(kg/(h.m2))
10
9
10

EE
(%)
70
57
60

R
(%)
99.99%
99.99%
99.99%

CONCLUSIONS

In this contribution, over 20 (semi-)commercial membranes are characterized and evaluated.
Different characterization methods are evaluated. For pore size distribution, the wet/dry
capillary flow porometry is selected, while for porosity helium pycnometry provides the most
reliable data. Based on these findings and the available literature, a standard characterization
procedure for membrane distillation membranes is proposed. Realistic large scale process
conditions are applied on the membrane at lab scale to enable a fair evaluation of the
performance of the membranes in DCMD. A temperature difference of 15°C, with feed
temperatures of 60°C and flow velocity of 0.13 m/s, are proposed as reference test
conditions. Using the performance chart including flux and energy efficiency, an artificial
benchmark performance is proposed at two different salinities using the specified conditions.
It is observed that increasing the salinity reduces both flux and energy efficiency for all
membranes, whereas the sensitivity to this parameter depends on the membrane thickness.
5
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