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ABSTRACT

As membrane distillation (MD) is an under-developed separation process, specific membranes
for MD applications are not yet commercially available. Therefore, microporous polymeric
membranes made of hydrophobic materials fabricated for microfiltration purposes are usually
used for MD applications. Characterization of such kind of membranes is important in order to
achieve a better in-depth understanding of their performance and to fabricate specific mem-
branes for MD process. One of the emerging characterization methods is atomic force micros-
copy (AFM) analysis. AFM is a newly developed high-resolution method that is useful for
studying the surface topography of various types of membranes, and 3D images of the mem-
brane surface can be obtained directly without special sample preparation. Consequently, a
truer and clearer surface structure of a polymeric membrane can be observed. In this work,
AFM method has been used for characterization of three hydrophobic membranes (polytetra-
fluoroethylene, polypropylene, and polyvinylidene fluoride) which are typically used for vari-
ous MD applications. The membranes were characterized for their pore size, pore size
distribution, surface roughness, and hydrophobicity. A sweeping gas membrane distillation
apparatus was used for solute rejection evaluation of the applied membranes.

Keywords: Membrane distillation (MD); Hydrophobic membranes; Atomic force microscopy
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1. Introduction

Membrane distillation (MD) is a versatile mem-
brane separation process [1–3] which is currently con-
sidered and used for various applications, i.e.
desalination [4], food processing [5], water and waste-
water treatment [6,7], and removal of volatile organic

compounds [8]. It is a non-isothermal separation,
based on the transport of volatile compound(s)
(mostly water) in vapor phase through a microporous
hydrophobic membrane, from the hot side (i.e. feed
side) towards the cold side (i.e. permeate side) [9,10].

Most of applied membranes in MD are those
commercially hydrophobic membranes fabricated for
microfiltration purposes [11]. Therefore, characterization*Corresponding author.
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of such membranes could provide the knowledge for
better understanding their behavior and performance. In
this domain, atomic force microscopy (AFM) is a power-
ful tool for the characterization of polymeric membranes
[12–15], leads to in-depth understanding of surface mor-
phology and 3D view of membranes’ topography [16,17]
without any prior sample preparation as it is necessary
in other microscopic methods such as scanning electron
microscopy (SEM). Moreover, AFM provides a series of
roughness parameters in nanometric scale [16].

In this work, three hydrophobic membranes were
characterized by using AFM. Pore size, pore size dis-
tribution, and surface roughness were determined.
SEM was used for observation of surface morphology.
A sweeping gas membrane distillation (SGMD) appa-
ratus was used for solute rejection measurements.
Overall, this study is a short communication on the
characterization of hydrophobic membranes for MD
process using AFM method.

2. Materials and methods

Three commercial hydrophobic membranes with
reported pore size of 0.22 lm made of polypropylene
(PP), polyvinylidene fluoride (PVDF), and polytetra-
fluoroethylene (PTFE), supplied from Sepro (China),
Membrane-Solutions (China), and Millipore (USA),
respectively, were investigated. Table 1 shows the spec-
ifications of the membranes provided by the suppliers.

A multipurpose MD setup was designed, con-
structed, and used for the experiments. The effective
area of the MD module was 0.0169m2. A diaphragm
pump and an oil-free compressor were used for re-
circulation of hot feed and sweeping gas (SG) streams.
A hot-water bath, equipped with five thermal sensors
(Pt-100) and Autonics thermometer, was used for
adjusting the hot and cold streams’ temperature.

Applied membranes were characterized for pore
size, pore size distribution, and surface roughness by
using an AFM (DUALSCOPE 95-200E, DME, Denmark)
and an SEM (VEGA, TESCAN, Czech Republic), and a
contact angle measuring system (KRUSS G-10, Ger-
many) was used for determining the surface energy.

3. Results and discussion

MD process is a thermal-driven separation in
which only vapor should be passed through the mem-
branes’ pores. One of the major drawbacks of the MD
process is pore-wetting when the process liquid pene-
trates into the pores. Therefore, the membrane pore
size is a critical parameter in order to prevent the
pore-wetting phenomenon. In another word, the pore
size should be as small as possible (in the range of
0.1–1 lm). Moreover, the pore size distribution should
be as narrow as possible too. It is worth quoting that
the membranes of the size of 0.22lm are usually
investigated as the best choice for various MD appli-
cations [19,20]. Based on various fabrication methods
[11], pore size and pore size distribution could be dif-
ferent for various membranes. For instance, the PTFE
membranes are usually prepared via film-stretching
method, while PVDF membranes and PP membranes
are usually fabricated via solution-casting and melt-
spinning methods, respectively. It is worth noting that
the fabrication method can directly affect the pore size
and pore size distribution as well as the surface
topography. Fig. 1 shows the SEM images of the
investigated membranes in this study. As it could be
observed, the surface topography and morphology of
these membranes are completely different and the
membranes have non-circular pore structure. The pore
size and pore size distribution of these membranes
were characterized using AFM method (Fig. 1). The
ability to determine the size and the distribution of
pores by AFM can obviously be enhanced when a
good image is produced. Further information on this
matter could be found in the literature [12,14,15].
Table 1 presents the reported and characterized values
for the applied membranes. Fig. 2 shows the pore size
distribution of these membranes. It could be observed
that the reported pore size for all the membranes was
at 0.22lm, while the measured values were at 0.311,
0.282, and 0.278 lm for PVDF, PP, and PTFE
membranes, respectively.

Another important property of the MD membranes
is hydrophobicity. When a droplet of water is placed
on a membrane surface and if the surface tension of

Table 1
The reported and the characterized specifications of applied membranes

Membrane Reported Characterized

Pore size (lm) Thickness (lm) Porosity (%) Pore size (lm) Roughness (nm) CA (˚ )

PVDF 0.22 184 80 0.311 11.9 98.7 ± 0.5

PP 0.2 200 75 0.282 51.7 113.5 ± 0.5

PTFE 0.22 175 70 0.278 68.9 132.2 ± 0.5

CA: Contact angle (˚ ).

6004 M.M.A. Shirazi et al. / Desalination and Water Treatment 51 (2013) 6003–6008



water is larger than that of the polymer, it makes
a large contact angle between the water droplet
and the membrane surface. Therefore, hydrophobic

membranes are difficult to wet with water droplets
and the contact angle of the water droplets and the
membrane surface is higher than 90˚. Hydrophobicity
is affected by two major parameters, the polymer
intrinsic hydrophobicity and surface roughness. The
intrinsic hydrophobicity of PTFE, PP, and PVDF mem-
branes was measured using the surface contact angle
of their flat sheets. The obtained values were at 120.7˚,
103.2˚, and 90.5˚ for PTFE, PP, and PVDF sheets,
respectively. This means that all the investigated poly-
mers were hydrophobic in nature. Table 2 presents
the surface energy of the studied membranes. The

Fig. 1. SEM (left) and AFM (right) images of (A) PTFE, (B) PP, and (C) PVDF membranes with 0.22 lm reported pore
size.

Table 2
Surface energy of common materials for MD membranes

Membrane material Surface energy (10�3 N/m)

PVDF �30.3

PP �30.0

PTFE �19.1
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obtained values for water contact angle of the poly-
meric sheets were found lower than those of the micro-
porous membranes (Table 1). This could be explained
by the well-known Cassie–Baxter theory. According to
the Cassie–Baxter theory, when a water droplet is
placed on a membrane surface, it can be held up by the
trapped air in the membrane’s pores. It means that
the air trapped in the membrane’s pores, placed under
the water droplet, affects the hydrophobicity of the
membrane surface, because the water–air contact angle
is considered to be at 180˚. Moreover, higher surface
roughness leads to increased hydrophobicity.

One of the other practical surface’s parameters
which can be directly measured using AFM is the
surface roughness. AFM analysis provides about 15
different roughness parameters which could be used
for topographical studies as well as surface energy
measurements. Table 3 presents the most important
roughness parameters and their definitions. The

Table 3
Typical roughness parameters and their definitions that can directly obtained by the use of AFM method

Parameter Definition

Arithmetic average height ð�zÞ General description of height variations

�zðN;MÞ ¼ 1
N

PN
x¼1

zðx; yÞð2DÞ

�zðN;MÞ ¼ 1
MN

PN
x¼1

PM
y¼1

zðx; yÞð3DÞ

Average roughness (Ra) Gives the deviation in height. Different profiles can give the same Ra

RaðN;MÞ ¼ 1
N

PN
x¼1

ðzðx; yÞ � �zðN;MÞÞð2DÞ

RaðN;MÞ ¼ 1

NM

XN
x¼1

XM
y¼1

ðzðx; yÞ � �zðN;MÞÞð3DÞ

Root-mean-square roughness (Rq) Represents the standard deviation of surface heights

RqðN;MÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

PN
x¼1

ðzðx; yÞ � �zðN;MÞÞ2
s

ð2DÞ

RqðN;MÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

NM

PN
x¼1

PM
y¼1

ðzðx; yÞ � �zðN;MÞÞ2
s

ð3DÞ

Maximum profile peak height (Rp) Height of the highest peak above the mean line in the profile

Rp ¼ maxðzi � �zÞ; 1hihN

Maximum profile valley depth (Rm) Depth of the deepest valley below the mean line in the profile

Rm ¼
��minðzi � �zÞ��; 1hihN

Total roughness (Rt) Rt ¼ Rp þ Rm

Fig. 2. Pore size distribution of applied membranes
analyzed by AFM method. (PTFE, PP, and PVDF with
0.22 lm reported pore size).
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average roughness parameters of the applied mem-
branes are presented in Table 1. As observed, among
the membranes studied, the PTFE membrane was the
roughest one. The contact angle was the highest for
PTFE and was the lowest for PVDF membranes,
respectively. In another word, both the higher rough-
ness and the air trapped in the pores led to higher
hydrophobicity of the PTFE membrane. These results
are in agreement with those of the previous studies
where they concluded that PTFE membranes were the
most suitable choice for various MD applications
[4,8,11,18–20].

Fig. 3 shows the solute rejection for three applied
membranes during concentrating of glucose syrup
experiment using SGMD at constant operating condi-
tions of 65˚C feed temperature, 600mL/min feed flow
rate, 50 kg/m3 feed concentration, and 0.453Nm3/h
SG flow rate. As demonstrated, both PTFE and PP
membranes showed high solute rejection, 99.9% (com-
plete solute rejection) and 99%, respectively; while
about 96% rejection was measured for PVDF mem-
brane. This could be explained by the results obtained
through membranes’ characterisation.

Although the reported pore size for the applied
membranes in this work was identical (0.22lm), the
other specifications (both reported and characterized)
were different. For example, the thickness of the PTFE
membrane was 175lm, while the thickness of the PP
membrane was about 200 lm. Another example was
the surface hydrophobicity. The contact angle for the
PTFE and PP membranes was measured at 132.2˚ and
113.5˚ respectively, while this value for the PVDF
membrane was at 98.7˚. Moreover, as it could be seen
in the SEM image (Fig. 1), the PP membrane structure
contained randomly fabricated fibers. This is due to the

melt-spinning fabrication method used for PP mem-
branes. This randomly inter-connected pore structure
significantly increases the solute rejection [21].

4. Conclusion

Pore size, pore size distribution, and hydrophobic-
ity of membranes are the most important specifica-
tions, especially in case of MD process, and
significantly influence their performance. Based on the
obtained results, the reported and measured specifica-
tions of the applied membranes, e.g. pore sizes, were
different. Therefore, the reported specifications by
manufacturers are not completely trustable, and it
would be better if the membrane(s) is characterized
for pore size, pore size distribution, hydrophobicity,
and other specifications prior to any experiments.
AFM is proven to be a powerful and high-resolution
method for studying the surface topography of vari-
ous types of membranes. Based on the results
obtained in this study, AFM is strongly recommended
for analyzing and characterizing the membranes for
MD process applications, either those commercial or
those synthesized.

References

[1] M.N.A. Hawlader, R. Bahar, K.C. Ng, L.J.W. Stanley, Trans-
port analysis of an air gap membrane distillation (AGMD)
process, Desalin. Water Treat. 42 (2012) 333–346.

[2] A. Zrelli, B. Chaouchi, S. Gabsi, Simulation of vacuum
membrane distillation coupled with solar energy:
Optimization of the geometric configuration of a helically
coiled fiber, Desalin. Water Treat. 36 (2011) 41–49.

[3] C. Huayan, J. Yue, W. Xuan, W. Chunrui, L. Xiaolong,
Comparison of three membrane distillation configurations
and seawater desalination by vacuum membrane distillation,
Desalin. Water Treat. 28 (2011) 321–327.

[4] M.M.A. Shirazi, A. Kargari, M.J.A. Shirazi, Direct contact
membrane distillation for seawater desalination, Desalin.
Water Treat. 49 (2012) 368–375.

[5] B. Jiao, A. Cassano, E. Drioli, Recent advances on membrane
processes for the concentration of fruit juices: A review, J. Food
Eng. 63 (2004) 303–324.

[6] M.S. Osman, J.J. Schoeman, L.M. Baratta, Desalination/con-
centration of reverse osmosis and electrodialysis brines with
membrane distillation, Desalin. Water Treat. 24 (2010)
293–301.

[7] L.D. Nghiem, F. Hildiner, F.I. Hai, T. Cath, Treatment of
saline aqueous solutions using direct contact membrane
distillation, Desalin. Water Treat. 32 (2011) 234–241.

[8] M.M.A. Shirazi, M. Tabatabaei, M.J.A. Shirazi, Y. Mansourpa-
nah, A. Kargari, Separation of ethanol–water mixtures using
sweeping gas membrane distillation: Experimental approach,
in: Proceeding of the Seventh International Chemical Engi-
neering Congress and Exhibition, 2011, Kish Island, Iran.

[9] Y. Yun, J. Wang, R. Ma, A.G. Fane, Effects of channel spacers
on direct contact membrane distillation, Desalin. Water Treat.
34 (2011) 63–69.

[10] E. Guillen, J. Blanco, D. Alarcon, G. Zaragoza, P. Palenzuela,
M. Ibarra, Comparative evaluation of two membrane
distillation modules, Desalin. Water Treat. 31 (2011) 226–234.

PTFE
Rejection (%) 99.99

90

92

94

96

98

100

Re
je

ct
io

n 
(%

)

PVDFPP
9699

Fig. 3. Glucose rejection values of the applied membranes.
(Th= 65˚C, Qh= 600mL/min, Ci= 50 kg/m3, and Qs= 0.453
Nm3/h).

M.M.A. Shirazi et al. / Desalination and Water Treatment 51 (2013) 6003–6008 6007



[11] M. Khayet, Membranes and theoretical modeling of mem-
brane distillation: A review, Adv. Colloid Interface Sci. 164
(2011) 56–88.

[12] N. Hilal, H. Al-Zoubi, N.A. Darwish, A.W. Mohammad,
M. Abu Arabi, A comprehensive review of nanofiltration
membranes: Treatment, pretreatment, modeling and atomic
force microscopy, Desalination 170 (2004) 281–308.

[13] H. Kamusewitz, M. Schossing-Tiedemann, M. Keller, D. Paul,
Characterization of polymeric membranes by means of
scanning force microscopy (SFM) in comparison to results of
scanning electron microscopy (SEM), Surf. Sci. 377–379 (1997)
1076–1081.

[14] K.C. Khulbe, T. Matsuura, Characterization of synthetic
membranes by Raman spectroscopy, electron spin resonance,
and atomic force microscopy: A review, Polymer 41 (2000)
1917–1935.

[15] M. Khayet, T. Matsuura, Determination of surface and bulk
pore sizes of flat-sheet and hollow-fiber membranes by
atomic force microscopy, gas permeation and solute transport
methods, Desalination 158 (2003) 57–64.

[16] K. Boussu, B. Van der Bruggen, A. Volodin, J. Snauwaert,
C. Van Haesendonck, C. Vandecasteele, Roughness and hydro-
phobicity studies of nanofiltration membranes using different
modes of AFM, J. Colloid Interface Sci. 286 (2005) 632–638.

[17] I. Koyuncu, J. Brant, A. Lüttge, M.R. Wiesner, A comparison
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