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a b s t r a c t

The mechanical strength and interfacial behavior have been of great significance for composite
membranes. In this work, an in-situ nano-indentation/scratch technique was employed to probe
mechanical properties and interfacial adhesion of ceramic-supported polydimethylsiloxane (PDMS)
composite membranes. The nanostructures of active, transition and support layers were systematically
correlated with measured mechanical and adhesive properties, as well as interfacial morphologies and
separation performance. It was found that the PDMS layer's mechanical strength was reinforced by the
ceramic substrate and its elastic recovery could be promoted with the existence of PDMS-ceramic
transition layer. The interfacial adhesion between PDMS layer and ceramic support can be remarkably
enhanced with a critical load from 10 mN to 450 mN, by increasing the PDMS thickness within 3–
14 μm. During long-term test in continuous practical separation process, the optimized PDMS composite
membrane exhibited excellent and stable performance and interfacial adhesion: total flux of 1244 g/
m2 h, butanol separation factor of 29.9 and critical load of 37 mN.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

As an advanced separation technology, membrane separation
has been widely used in various applications in the past decades
[1,2]. Membrane is regarded as the core of membrane technology,
which can be generally classified into symmetric and asymmetric
membrane according to its cross-sectional structure. For practical
application, asymmetric membranes are always employed owing to
its high permeate flux meanwhile maintaining sufficient mechan-
ical strength. Until now, the majority of asymmetric membranes are
composite membranes that consist of an active (separation) layer
deposited on top of porous support layer. An ideal membrane
demands for high permeate flux and selectivity, as well as good
stability. Therefore, on the one hand, the selective separation layer
is as thin as possible to achieve higher flux. On the other hand, each
layers and interfacial properties are optimized to obtain a robust
composite membrane with long-term stability.

Mechanical strength and interfacial adhesion properties play
important roles in engineering of composite membranes, because
their reliability and stability would be limited by wear and static
friction forces that occurred in practical application [3]. In addition

to minimized wear in contact, it is also important to take into
consideration the swelling of active layer in membrane processes
(e.g., pervaporation [4], nanofiltration [5]). Great efforts have been
made to improve the structural stability of composite membrane
by means of controlling intrinsic physico-chemical properties of
active layer [6] and support layer [7], as well as interfacial
adhesion between these two layers [8].Our previous work [9–11]
demonstrated that rigid porous ceramic support offers great
potential to improve mechanical property of composite mem-
branes. Moreover, a variety of methods have been reported to
improve adhesion between separation layer and support, includ-
ing surface modification [12–17] and introduction of a transition
layer [8,18]. In addition, studies on mechanical strength of com-
posite films suggested that the toughness and adhesion of active
layer is closely related to its thickness [19–22].

Although the importance of structural stability of composite
membranes has beenwell recognized, it is still a challenge to directly
measure the mechanical properties and interfacial adhesion force of
active layer on support. In the field of membrane technologies, the
mechanical properties of composite membranes were commonly
studied by tensile test [22–24]. This technique requires that the size
of sample is standard enough to be clamped rigidly by the sample
holder without sliding. The most frequently-used method to estimate
the membrane interfacial adhesion is peeling test [25], which needs
relatively tedious sample preparation procedure and is difficult to be
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applicable for membranes with different geometrical configurations
(e.g., tubular, hollow fiber) except flat one. These drawbacks have
significantly limited its applicability and effectiveness. Alternatively,
nano-indentation test uses electromagnetic force application and
capacitive depth measurement to measure elastic and plastic proper-
ties of materials on nano-scale [26,27]. And as an accessory of nano-
indentation, nano-scratch test moves sample perpendicular to the
scratch probe to determine interfacial adhesion strength through
film delamination caused by the accumulation of interfacial shear
stress [28–29]. Compared with the tensile test and peeling test, the
nano-indentation/scratch technique provides a simple, accuracy,
versatile and rapid means to assess the mechanical strength and
interfacial adhesion of small-volume samples [30–33]. On the basis of
nano-indentation/scratch technique, we have developed an efficient
characterization method to measure interfacial adhesion of various
composite membranes [9–12] used for pervaporation and gas
separation.

As benchmark organophilic membranes, polydimethylsiloxane
(PDMS)-based membranes have been intensively investigated for
molecular separations, including organic compounds removal [34],
organic mixtures separation [35,36] and solvent resistant nanofil-
tration [37]. Our group proposed a type of PDMS composite
membranes using macroporous ceramic as support layer. Such
PDMS/ceramic composite membranes exhibited high flux and
good selectivity for bio-fuels recovery [38], offering an exciting
opportunity for industrial application. Recent studies revealed that
inevitable swelling effect induced by solvent is a great challenge
for structural stability of organophilic membranes applied in
separation process [4,5]. So probing and controlling the structural
stability is indispensable for implementation of PDMS composite
membranes.

In this work, the mechanical and interfacial adhesion proper-
ties of composite membranes were probed by in-situ nano-
indentation/scratch technique. We demonstrated the probing
approach and structural optimization of composite membranes
with the example of PDMS active layer and curved tubular and
hollow fiber ceramic support layer. Nanostructures of the active,
transition and support layers were finely tuned to achieve the
composite membranes with simultaneously high structural stabi-
lity and separation performance. Moreover, long-term stability of
the prepared PDMS composite membranes was evaluated by
continuous operation in bio-butanol recovery process.

2. Experiment

2.1. Membrane preparation

PDMS (α, ω-dihydroxypolydimethylsiloxane, Mw¼60,000) was
purchased from Shanghai Resin Factory Co., Ltd., China. Tetraethy-
lorthosilicate (TEOS), n-heptane, dibutyltin dilaurate were pur-
chased from Sinopharm Chemical Reagent Co., Ltd, China without
further purification. The tubular asymmetric ceramic substrates
with average pore size of 200 nm were supplied by Membrane
Science and Technology Research Center, Nanjing Tech University,
China. The ceramic tube consists of a 20 μm-thick ZrO2 top layer
and an Al2O3 supporting layer, with the porosity of 30%. Their
length, outer diameter and inner diameter were 68 mm, 12 mm
and 8 mm, respectively. The ceramic hollow fiber substrates were
fabricated in our lab [39] with an average pore size of 200 nm, and
length, outer diameter and inner diameter of 68 mm, 2 mm and
1 mm, respectively. The Al2O3 hollow fiber exhibits an asymmetric
structure consisting of a sponge pore layer on top of figure pore
layer, with the porosity of 45%. The PDMS polymer was dissolved
in n-heptane uniformly in a Teflon bottle, and then TEOS and
dibutyltin dilaurate were added into the solution. n-heptane, TEOS
and dibutyltin dilaurate were used as solvent, cross-linking agent
and catalyst, respectively. The preparation of PDMS/ceramic com-
posite membranes followed with the dip-coating method intro-
duced in our previous work [39,40]. The outer surface of the
ceramic support was immersed in polymer solution for 60 s. After
drying at room temperature for 24 h, the composite membranes
were heat treated at 120 1C for 12 h.

2.2. Membrane characterization

2.2.1. Nano-indentation/scratch test
The Nano-Test (NanoTestTM, Micro Materials, United Kingdom)

system used in this work is capable of high resolution mechanical
property analysis in the Nano and Micro meter regimes. The
Schematic diagram of a Nano-Test experiment is shown in Fig. 1.
The basic Nano-Test Vantage platform consists of the instrument
frame with a low and/or high load head, the electronic control
unit, the motor control box and a PC loaded with the Nano-Test
Platform software.

Hardness and elastic modulus were measured using a nano-
indenter as shown in Fig. 2a. The indentation test was carried out
by using continuous stiffness measurement (CSM) technique
which monitors and records the dynamic load and displacement
of three-sided pyramidal diamond (Berkovich). The nano-
indentation experiment was carried in the load-controlled mode,
with load of the indentation controlled at around 0.5 mN for all
cases. Other experimental conditions were: preset initial load
0.03 mN, loading and unloading in 20 s, 20 s holding at peak load,
60 s holding period at 90% unload for thermal drift correction. 30
points were applied on each composite membrane.

The schematic representation of the nano-indentation techni-
que is demonstrated in Fig. 2b. Oliver and Pharr method [41,42]
was to be used to determine elastic modulus (E) and hardness (H)
values from an analysis of indentation load–displacement data.
The elastic modulus (E) and the hardness (H) are calculated from
several parameters, including maximum loading (P), displacement
(h) and contact stiffness (S), which can be measured from the
indentation load–displacement curve and unloading curves. Hard-
ness, which is typically defined as the mean pressure under the
nano-indenter, can be derived from the following equation:

H¼ Pmax

AC
ð1Þ

Fig. 1. Schematic diagram of a nano-test experiment. (a) a PC loaded with the
NanoTest Platform software; (b) NanoTest NTX controller; (c) sample stage
controller; (d) low load head; (e) low load magnet; (f) Low Load pendulum;
(g) an indenter; (h) balance mass rod; (i) damping plate; (j) membrane sample;
(k) sample mount; (l) directional control stage; (m) base board.
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where Pmax (mN) is the maximum applied force and obtained
directly from the load–displacement curve, and Ac (nm2) is the
projected contact area of the indenter tip with the material. The
initial slope of the unloading curve (dp/dh) can be used for the
indentation modulus (Mr) of the material, the following expres-
sions are formulated:

S¼ dP
dh

¼ β
2
ffiffiffi
π

p Mr

ffiffiffiffiffiffi
AC

p
ð2Þ

where S is the contact stiffness, dP/dh is the initial slope of the
unloading curve, P is the applied force to the indenter, β is a
correction factor that depends on the geometry of the nano-
indenter, and Mr (GPa) is the reduced modulus of the nano-
indenter. Therefore, the Es of the material can be determined by

1
Mr

¼ 1�ν2s
Es

þ1�ν2i
Ei

ð3Þ

where Es (GPa) and νs are Young's modulus and Poisson's ratio for
the specimen, respectively, and Ei (1141 GPa) and νi (0.07) are the
same parameters for the indenter. As the indenter is a rigid
material, whose Young's modulus goes to infinity, the Es of the
material is very close to Mr, the reduced modulus then can be
expressed by

1
Mr

¼ 1�ν2s
Es

ð4Þ

Nano-scratch tests monitors and records the scratch distance
relationships with the dynamic load, penetration depth, friction
force and corresponding friction coefficient. Scratch tests must be
carried out by moving the sample in Z negative to a friction data. A

conical indenter was used for scratch with 601 angle, 5 μm radius
and 20 μm polished depth. The scratch data were obtained by
taking as multi-pass tests: (i) pre-scratch topographic scan, (ii) a
distance followed by a ramped scratch and (iii) a post-scratch low
load scan. In the topographic scan, the applied load was constant
at 0.05 mN (no wear occurs at this load). Surface roughness was
measured from this scan. In the second (scratch) scan, the applied
load was constant at 0.05 mN between 0 and 20 mm and then was
ramped to the maximum load 70 mN at the end of the scan
(500 mm) with the ramping rate about 2.5 mN/s. In the final scan
the resultant topography was observed by using a low applied load
of 0.05 mN. Three repeat tests were performed on each composite
membrane. During analysis, the data shown has been corrected for
topography, sample slope and instrument compliance in the
instrument software, allowing the real depth data to be displayed
under the scratch load [19].

In the experiment, an initial surface profile of the membrane
tested before scratching was detected by pre-scanning the sample
surface The surface roughness of membrane can be obtained from
this step. During scratching, the surface profile could be sensed
and recorded by the depth-sensing system. After ramped scratch-
ing, the surface profile of the membrane was once again deter-
mined by post-scratching. Then the elastic recovery after
scratching could be obtained. Therefore, in the scratch depth–
displacement profile, the on-load depth and residual depth are
described for the ramped scratch of test (ii) and post-scratch of
test (iii), respectively. The on-load depth can be considered as the
total amount of deformation while the residual depth in post-
scratch can be regarded as the amount of plastic deformation, and
the difference between them can be regarded as the amount of

Fig. 2. (a) Detailed schematic diagram of a nano-indenter on a composite membrane; (b) typical profiles of nano-indentation test: force vs. depth curve, where hf is the final
penetration depth; hmax is the maximum depth and Pmax is the maximum force applied to indenter; (c–d) typical profiles of nano-scratch test: (c) scratch depth–
displacement curve and (d) scratch load–displacement curve.
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elastic deformation [43]. The adhesion strength of active layer to
support can be evaluated by the critical load at failure, which is
obtained by noting the obvious discontinuity in the scratch depth–
displacement curve (Fig. 2c–d) when a film peels from a support.
Furthermore, the interfacial failure was confirmed by characteriz-
ing the scratch morphology of sample. The surface and cross-
section morphology of composite membranes were characterized
by field emission scanning electron microscopy (FESEM, Hitachi-
4800, Japan). The sample was coated with gold powder under
vacuum before SEM observation was performed.

2.2.2. Separation experiment
Pervaporation separation process was conducted on a home-

made apparatus [40]. The feed solution was maintained at 40 1C
and vigorous stirring and high flow rate on membrane surface
were applied in order to minimize the concentration and tem-
perature polarization. During experiments, solvents were added to
maintain a constant feed concentration. The permeate vapor was
collected in liquid nitrogen trap. The pressure at permeate side
was below 400 Pa during collections. The concentrations of n-
butanol, acetone and ethanol in feed and penetration side were
measured by a gas chromatography (GC-2014, SHIMADZU, Japan)
with a thermal conductivity detector (FID).

The PV performance of a membrane is usually expressed in
terms of the permeation flux J and separation factor α:

J ¼M
At

ð5Þ

α¼ Yi 1�Yið Þ
Xi 1�Xið Þ ð6Þ

whereM is the weight of the permeate (g), A is the effective area of
the membrane (m2), and t is the permeation time interval for the
pervaporation (h); Yi and Xi are the weight fractions of compo-
nents in the permeate and feed side, respectively.

3. Results and discussion

It is well-known that integrity and transport resistance of the
separation layer related closely with it thickness. It has shown that
an appropriate thickness can also result in high mechanical

properties and well adhesion strength [19,20]. Thus, we
systematically studied the mechanical, interfacial and separation
properties of the PDMS composite membranes with various active
layer thicknesses. Moreover, porous ceramic substrate was
employed as the support layer, because its excellent stiffness
would be beneficial to the mechanical properties of the PDMS
membranes. Tubular and hollow fiber ceramic supports were used
to prepare the composite membranes in order to meet the
requirement of practical application.

3.1. Morphologies of PDMS composite membranes

PDMS layer with various thicknesses were obtained by con-
trolling the coating viscosity of PDMS solution [39]. The solution
viscosity was controlled by cross-linking time. With time, the
viscosity of solution will increase due to the cross-linking reaction.
Generally, higher coating viscosity leads to thicker active layer
while thinner transition layer. In our case, the PDMS layer thick-
ness of the composite membranes supported on ceramic tubes
was varied from 370.5 mm, 670.8 mm, 970.6 mm, 1171.1 mm, to
1471.3 mm, and that of the composite membranes coated on
ceramic hollow fibers ranged from 3.570.2 mm, 570.7 mm,
771 mm, 970.5 mm, to 1271.7 mm. Fig. 3 shows typical cross-
sectional SEM images of PDMS composite membranes with
different active layer thickness. It can be observed that the PDMS
layers were coated uniformly on the surface of porous ceramic
supports. With the increase of PDMS thickness, the penetration of
PDMS into the support pores is restrained, owing to the effect of
coating viscosity.

3.2. Mechanical properties of PDMS layers

The mechanical properties of the PDMS membrane supported
on the ceramic supports were measured by depth sensing nano-
indentation test, and the load–depth curves are shown in Fig. 4a
and b. It can be observed that the indentation depth in PDMS layer
increased with its thickness. According to Oliver and Pharr method
and Eqs. 1–4, the hardness and elastic modulus were calculated for
each sample. As displayed in Fig. 4c and d, both the hardness and
reduced modulus of the PDMS/ceramic composite membranes
reduced with increasing PDMS layer thickness. Theoretically, the

Fig. 3. Typical SEM images of the cross section of PDMS composite membranes supported on (a–c) ceramic tube and (d–f) hollow fiber with different PDMS layer thickness.
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hardness and elastic modulus belong to an intrinsic property of
materials. The unusual thickness-dependent mechanical proper-
ties found in our composite membranes can be attributed to the
effect of support layer. The rigid ceramic layer could significantly
enhance the mechanical strength of PDMS layer deposited on its
surface. Moreover, the reinforced function of ceramic layer would
be progressively weakened as PDMS layer becomes thicker. In
addition, the hardness and reduced modulus of thin PDMS layer
supported on ceramic tube were slight higher than ceramic hollow
fiber. This might be due to the higher mechanical strength of
ceramic tube than that of ceramic hollow fiber. Likewise, as the
PDMS layer thickness is more than 9 μm, the effect of different
substrates is negligible.

Besides targeting specific unique sites, it is also useful to map
the distribution of hardness and modulus across a large membrane
area, so as to check the uniformity of PDMS coating. The distribu-
tions of hardness and reduced modules of PDMS/ceramic compo-
site membranes are shown in Fig. 5. It can be found that the
mechanical data along radial and axial directions of the mem-
branes distribute uniformly. Standard deviations of the hardness
and reduced modules for tubular and hollow fiber PDMS compo-
site membranes are 0.34 MPa, 0.60 MPa, 1.59 MPa, and 0.97 MPa,
respectively. The results suggest the formation of integrated and
continuous PDMS layer on the surface of ceramic support.

3.3. Interfacial adhesion of PDMS composite membranes

The interfacial adhesion of PDMS layer onto the ceramic
support was measured by the nano-scratch test. Fig. 6 gives a

typical scratch result of PDMS/ceramic composite membrane
to demonstrate the determining of critical load (Lc) at the
PDMS-ceramic interface. It is possible to observe two clear
transition points in scratch profile (Fig. 6a) and friction profile
(Fig. 6b):

(i) At 121 mm scan displacement for the onset of edge cracking
(Lc1¼15.9 mN).

(ii) At 337 mm scan displacement for the total film failure
(Lc2¼50.5 mN).

These transitions can be confirmed by SEM characterization of
the scratch morphology. In the range before 121 mm, PDMS layer
was fully recovered under elastic contact and no obvious scratch
can be found. When the displacement was over 121 mm, fluctua-
tions in the on-load depth and residual depth are found, implying
the beginning of cracking formation. The PDMS layer continued to
crack with the increase of applied load until it peeled from the
ceramic support indicated by the onset of larger fluctuations in the
scratch depth at displacement of 337 mm. It can be seen in the SEM
images (Fig. 6c) that porous ceramic support has exposed within
the scratch track after Lc2 on the PDMS composite membrane.
Thus, such critical load (Lc2) at the failure onset of PDMS layer is
considered as the adhesive strength of the PDMS layer onto the
ceramic support layer, namely, the interfacial adhesion force of the
PDMS/ceramic composite membrane [19]. The total film removal
after Lc2 was accompanied with broad scratch trace and the
scratch damage was remarkable at the end of trace.

Fig. 4. Load–distance curves of PDMS membrane supported on (a) tubular or (b) hollow fiber ceramic substrates. and Effect of active layer thickness on the (c) hardness and
(d) reduced modulus.
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Scratch profiles of PDMS/ceramic membranes with various
PDMS layer thicknesses are shown in Fig. 7. The displacement
corresponding to the onset of film failure is found to be increased
with the thickness of PDMS layer of the composite membranes. It
means that thicker PDMS layer exhibits higher critical load since
the applied load is linearly increased with the displacement
(Fig. 2c). Furthermore, there are discordances between on-load
depth residual depth in some scratch profiles (Fig. 7a and d–f),
indicating the existence of elastic recovery after scratch test in
PDMS layer. The phenomena occur to the PDMS membranes with
thin PDMS layer (Fig. 7a and d) and PDMS membranes supported
on hollow fiber (Fig. 7d–f). This may be owing to the influence of
transition layer between PDMS and ceramic support [44]. As the
load was applied into the PDMS surface, the deformation of PDMS
layer forced more polymer chain to penetrate into the rigid
ceramic pores. Once the applied load was repealed from the
scratch test, such penetrated polymers would provide a restoring
force to push PDMS layer to recover itself deformation. Thus, the
formation of interfacial layer in composite membrane would
benefit for the elastic recovery. From the interfacial morphologies
displayed in Fig. 3, thinner PDMS layer resulting from low coating
viscosity leaded to more PDMS penetration into support pores. So
the elastic recovery is more significant for the composite mem-
branes with thinner PDMS layer.

The interfacial morphologies of PDMS membranes supported
by tubular and hollow fiber ceramic substrates were further

compared by using EDX analysis. Fig. 8 gives the Silicone (Si)
element distributions across the cross-section of PDMS/ceramic
composite membranes with PDMS layer thickness of 6 mm. EDX
analysis shows the tubular ceramic and ceramic hollow fiber
supported PDMS composite membrane consists of two parts,
active layer rand transition layer (as also shown in Fig. 2a). There
is nearly no Si element in the support, indicating little PDMS
penetration in the tubular ceramic-supported 6-mm thick PDMS
membrane. In contrast, for the hollow fiber ceramic-supported
membrane, it is clearly observed an interfacial layer between
PDMS and ceramic, according to the Si element distribution in
ceramic substrate. Although the ceramic tubes and hollow fibers
used here have the same average pore size, the differences in
chemical groups and nanostructures on the ceramic surface (as
described in Section 2.1) could lead to different PDMS penetra-
tions. This may account for the discordance of elastic recovery
behaviors in tubular and hollow fiber ceramic-supported PDMS
composite membranes.

Furthermore, the effect of PDMS layer thickness on the critical
loads of the PDMS composite membranes is shown in Fig. 9. It is
found that the interfacial adhesion is proportional to the active
layer thickness for the PDMS composite membranes supported on
ceramic substrates. There is a linear advance in the critical load
from 10 mN to over 50 mN, as the PDMS layer thickness increases
from 3 mm to 14 mm. It has been proposed that the critical load for
film failure is a marked function of indenter radius and film

Fig. 5. Distribution of (a, c) hardness and (b, d) reduced modules of PDMS membrane supported on (a, b) tubular (indent array: 40 μm�200 μm, PDMS layer thickness:
9 μm); or (c, d) hollow fiber ceramic substrates (indent array: 10 μm�200 μm, PDMS layer thickness: 12 μm).
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thickness [19]. In this work, a same spherical indenter was used for
all membranes. Thus, we attribute the result found here to that the
intrinsic stress of the PDMS layer is increased with its thickness,
leading to demand larger critical load to break into the membrane.
It should be noted that the layer thickness does not always play a
positive effect on the interfacial adhesion of composite mem-
branes. If active layer is too thick, it would lead to a high
stress formation in the layer. Similar phenomenon was also
found by Sheeja and coworkers [20]. As a result, the
thick layer may be not able to deflect with the substrate and
hence the driving force for delamination is highly increased. To
verify this, we prepared PDMS composite membranes with thick
active layer and then measured the interfacial adhesions. As
displayed in Table 1, the critical loads of the thick PDMS composite
membranes were far lower than that of the thin composite
membranes in Fig. 9. It is referred that high stress is existed in
the thick PDMS layer that results in a very low critical breaking
stress. The thick PDMS composite membranes are expected to
perform low flux which is also not desirable for practical
application.

3.4. Practical application of PDMS composite membranes

One of the promising applications of PDMS composite mem-
branes is bio-fuels recovery from aqueous mixtures [34]. The
fermentation productivity could be effectively improved with the
removal of solvent from the broth to eliminating the product
exhibition on microbial growth. The prepared PDMS composite
membranes were applied for pervaporation recovery of bio-
butanol from butanol–water mixtures and acetone–butanol–etha-

nol (ABE)–water mixtures, which are the model systems of bio-
butanol fermentation broth [38].

Fig. 10 displays the effect of PDMS layer thickness on the flux
and separation factor of PDMS composite membranes supported
on ceramic tubes or hollow fibers. Generally, there is a trade-off
between total flux and separation factor with varying the thick-
ness of active layer. Namely, the separation factor decreases
sharply and total flux rises greatly with reducing the membrane
thickness. The inverse proportion between membrane flux and
thickness is usually attributed to the effect of transport resistance.
Membrane selectivity is the intrinsic property of membrane
material. So the selectivity of a perfect PDMS membrane is
theoretically neither dependent on its thickness nor the transport
resistance of support. In our work, it is interesting to find that the
separation factor of PDMS composite membrane increases gradu-
ally with its thickness. Such result reveals that there are several
non-selective defects in the PDMS separation layer that was
progressively eliminated by increasing the PDMS thickness. Similar
phenomena were also reported in literatures [35,45]. Compared
with ceramic tubes, the hollow fiber could allow a thicker PDMS
layer to obtain higher selectivity, meanwhile maintain high flux
owing to the low transport resistance of itself. Besides of the low
transport resistance hollow fiber also shows advantages of high-
packing density and low-preparing cost. Thus, the hollow fiber
ceramic-supported PDMS composite membranes show greater
potential in the practical application.

In the practical application of organophilic membranes for
solvent recovery, the solvent-induced swelling would also influ-
ence the interfacial adhesion strength and stability of the compo-
site membranes [4]. Thus, long-term stability of the 9 μm-thick

Fig. 6. Typical results of nano-scratch test of PDMS/ceramic composite membranes (PDMS layer thickness: 12 mm): (a) scratch profile, (b) friction profile and (c) SEM images
of scratch morphology.
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Fig. 7. Scratch profiles of PDMS membranes supported by (a–c) tubular or (d–f) hollow fiber ceramic substrates with various PDMS layer thicknesses: (a) 3 mm; (b) 6 mm;
(c) 14 mm; (d) 3.5 mm; (e) 5 mm; (f) 12 mm.

Fig. 8. EDX line scans of Si element for the cross-section of PDMS membrane supported by (a) tubular or (b) hollow fiber ceramic substrate; PDMS layer thickness: 6 mm.
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PDMS membrane supported on ceramic hollow fiber was evalu-
ated by the continuous pervaporation process in model ABE-water
solution. As shown in Fig. 11, the separation performance keeps
stable over a period of 200 h operation, exhibiting a high and
stable total flux of 1244 g/m2 h and separation factor of 29.9 for n-
butanol, 30.2 for acetone and 6 for ethanol. Most PV processes
were generally operated at high vacuum, which might distort and
even destroy the structure of soft PDMS membranes. However, the
rigid ceramic support can provide excellent mechanical stability to
composite membrane at high negative pressure.

Moreover, the interfacial adhesions of the composite mem-
brane before and after the long-term process were measured using
Nano-scratch test. The obtained critical loads are listed in Table 2.
It can be found that the interfacial adhesion of the PDMS
composite membrane keeps stable after over a 200 h continuous
operation in real separation process. This phenomenon indicates
ceramic hollow fiber can effectively suppress the excessive swel-
ling during the pervaporation process. In addition, appropriate
penetration of PDMS into ceramic support pores forms a favorable

interface between support and active layer. The mechanical inter-
locking of PDMS polymer chain with ceramic pores benefits for the
structural stability of PDMS composite membrane in the practical
application.

4. Conclusion

The mechanical and interfacial adhesion properties of ceramic-
supported PDMS composite membranes were probed by in-situ
nano-indentation/scratch technique. The results indicated that the
ceramic substrates reinforced the mechanical strength and the
PDMS-ceramic transition layer promoted the elastic recovery of
PDMS layer in the composite membranes. Meanwhile, by increas-
ing the PDMS layer thickness within a suitable range of 3–14 μm,
the adhesive force of the composite membranes can be signifi-
cantly improved from 10 mN to 450 mN. By optimizing the
nanostructures of active, transition and support layers, the ceramic
hollow fiber-supported PDMS composite membrane with PDMS

Fig. 9. Effect of active layer thickness on the critical load of PDMS composite
membranes supported on tubular or hollow fiber ceramic substrates.

Table 1
Interfacial adhesion of PDMS composite membranes with thick active layer.

PDMS composite membranes PDMS layer thickness (mm) Critical load (mN)

Tubular ceramic support 20 20.5
Hollow fiber ceramic support 18 17.7

Fig. 10. Effect of PDMS layer thickness on the PV performance of PDMS composite membranes supported on (a) tubular or (b) hollow fiber ceramic substrates (1 wt% n-
butanol–water, 40 1C).

Fig. 11. Long-term stability of PDMS composite membrane supported on ceramic
hollow fiber during the continuous pervaporation process in model ABE-water
solution (0.6 wt% acetone, 1.2 wt% n-butanol, 0.2 wt% ethanol, 98 wt% water).

Table 2
Interfacial adhesion of PDMS composite mem-
branes before and after stability test.

PDMS composite
membranes

Critical load
(mN)

Before stability test 37.6
After stability test 36.2
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thickness of 9 μm exhibited excellent separation performance
(total flux: 1244 g/m2 h; butanol separation factor: 29.9) and
meanwhile highly stable interfacial adhesion (critical load
E37 mN), during 200 h continuous bio-butanol recovery process.
It can be expected that the proposed nano-indentation/scratch
techniques could be a universal method for characterizing and
optimizing the mechanical and interfacial adhesion of composite
membranes.
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Nomenclature

J mass flux (g/m2 h)
M weight of the permeate (g)
A effective area of hollow fiber membrane (m2)
t operation time (h)
Yi weight fractions of component i in permeate
Xi weight fractions of component i in feed
H hardness (MPa)
Pmax maximum applied force (mN)
AC contact area of the indenter tip (nm2)
S contact stiffness (N/m)
dP/dH initial slope of the unloading curve
Mr reduced modulus of the nanoindenter (GPa)
Es Young's modulus for the specimen (GPa)
γs Poisson's ratio for the specimen
Ei Young's modulus for the indenter (1141 GPa)
γi Poisson's ratio for the indenter (0.07)

Greek letters

αij selectivity
β correction factor for the indenter
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