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The separation of active organic molecules is the most challenging in pharmaceutical and petrochemical
industries due to the intensive energy consumption of traditional distillation and the deactivation of active
molecules during phase transition. Although the organic solvent nanoﬁltration (OSN) with nanoscaled
molecular-separation ability is increasingly attractive for active organic molecule separations, the relatively
low solvent permeance precludes OSNs from wide applications. Herein, we developed a kind of advanced mixed
matrix membranes (MMMs) with both high permeances and high rejection by incorporating TiO2 into
polypyrrole (PPy) selective layer through in-situ hydrolysis of Ti(OC4H9)4 precursor on the surface of
moisturized substrates. Owing to the uniform dispersion of in-situ formed TiO2 nanoparticles, positive tuning
eﬀects of Ti(OC4H9)4 hydrolysis on PPy polymerization and structural characteristics of the hybrid selective
layer, the in-situ TiO2 incorporated PPy MMMs demonstrate both high ethanol permeances as
16.2 L m−2 h−1 bar−1 and high brilliant blue rejection (MW=792.85 g mol−1) as 92%. Most importantly, the
advanced membrane also demonstrates the ethanol permeance over 8.0 L m−2 h−1 bar−1 during the long-term
running test which is even higher than the initial permeances of many organic solvent nanoﬁltration membranes
with similar rejection and high stability.

1. Introduction
The advanced membrane capable of sieving diverse contaminants
from liquid systems has been believed as a highly desirable “green”
alternative technology to conventional high-cost and energy-consuming
separation processes due to its nearly-zero emission and no phase
transformation since discovered in the last century [1–10]. Ascribe to
the lack of highly permeable and stable materials together with the lack
of feasible method to get thin and defect-free selective layers, the
permeances of conventional membranes applied in organic solvent for
separation nanoscale active molecules including dyes, active pharmaceutical ingredients (APIs), antibiotics and active intermediates are low
as usual when the membranes exhibit high rejection performance
[11–20]. On one side, many eﬀorts has gone into fabricating mixed
matrix membranes (MMMs), a new concept that hybridize inorganic
particles with polymeric matrix, to overcome the drawbacks of

conventional separation membranes [16–25]. More recently, Zhang et
al. found that the incorporation of TiO2 is a positive way to enhance the
separation performance of polyethyleneimine based OSN membranes
since the incorporation of TiO2 through mineralization-inspired approach increases the organic solute rejections in isopropanol solution
signiﬁcantly without compromising solvents permeances [25]. On the
other side, the interphase-synthesized molecular-separation thin layer
in the composite membranes attracts great attention because the thin,
dense and defect-free selective layer may unconventionally demonstrate both high permeance (to solvents) and high rejection (to solutes).
However, it is still a tough task to build such ideal porous selective
layer, especially in mixed matrix system for molecular-scale separations
[9–16,26]. More recently, Livingston et al. developed a series of solvent
resistant nanoﬁltration (SRNF) membranes with traditional materials or
advanced materials like metal organic frameworks (MOFs) to obtain the
high-performance selective layers [13,16,17,26]. The thickness of such
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molecular-separation polyamide layer can be smartly ﬁne-tuned in
nanoscale by utilizing a sacriﬁcial layer of Cd based nanostrands during
interfacial polymerization, resulting in two orders of magnitude
permeance enhancement compared with commercial OSN membranes
with comparable retention [26]. However, the etching of Cd based
nanostrands generates waste solution containing heavy ions which is
harmful for environment. Besides polyamides, the block-free MOF
based membranes obtained by designed interphase synthesis demonstrated the acetone permeances three times higher than those of MOF
based membranes fabricated by the simple growth of copper acetate
and benzene tricarboxylic acid (BTC) [17] with nearly 30% rejection
decline of polystyrene with molecular weight of 1800 g mol−1. Therefore, in spite of the aforementioned development of high permeance
OSN membranes, ﬁnding low-cost, time-eﬃcient and green method to
develop highly eﬃcient molecular separation membranes still attracts
lots of attentions for meeting various requirements during industrial
usages such as pharmaceutical and petrochemical puriﬁcations.
Polypyrrole (PPy), a typical conducting polymer with conjugated
structures, is stable in most solvents [27,28]. The polymerization of
pyrrole can be initiated by oxidants at room temperature. However, the
permeance of PPy membrane is so low that it hampers the application
of PPy based SRNF membranes. For example, Vankelecom et al. [11]
developed pristine PPy solvent resistant nanoﬁltration membranes and
found that the membrane is stable in alcohols and the isopropanol
permeance
of
the
membranes
ranges
from
0.74
to
1.42 L m−2 h−1 bar−1. As mentioned above, the construction of mixed
matrix membranes is a possible way to enhance the solvent permeances
of OSN membranes. Recently, we observed enhanced separation
properties of the solvent permeances of PPy based membranes by
incorporating graphene oxide (GO) in the PPy selective layer [12]. Due
to the special lamellar structure of GO and π-π interaction between the
GO and PPy selective layer, the isopropanol (IPA) permeances reached
up to 3.1 L m−2 h−1 bar−1. TiO2 is an interesting nanoparticle with
good surface characteristics, which is usually deployed for the preparation of PPy based composite materials due to the special electronic

eﬀect between the conjugated structure of PPy and TiO2 [29–37]. For
example, Dimitrijevic et al. synthesized TiO2/PPy nanocomposites that
are used for degrading methylene blue under illumination with a light
(λ > 400 nm). The degradation rate of the nanocomposites was found
to be about 40 times higher than that of bare TiO2 [29] due to the
special electronic eﬀects. Inspired by the aforementioned reports, the
incorporating of TiO2 into PPy selective layer might be a possible way
to enhance the solvent permeances signiﬁcantly, which has not been
reported in public literature yet.
Herein, a simple strategy (Fig. 1) is presented to construct welldispersed TiO2 incorporated polypyrrole (PPy) mixed matrix selective
layer for achieving both high solvent ﬂux and separation eﬃciency of
the OSN membranes towards organic solutes removal/recovery from
solvents. The in-situ hydrolysis of Ti(OC4H9)4 is deliberately generated
by the residual moisture on the hydrolysed PAN (PAN-H) support
membrane. After the formation of the TiO2, the polymerization of the
pyrrole was initiated by the oxidants. During this process, the polypyrrole molecules intertwined around the in-situ synthesized TiO2,
forming a loose intermediate layer and preventing the excessive
entanglement of PPy chains. Furthermore, the selective layer tended
to be more integrated due to the special electronic eﬀects. Therefore,
both of the solvent permeances and dye rejections of novel in-situ
incorporated TiO2/PPy mixed matrix membranes signiﬁcantly enhanced. Interestingly, the novel in-situ incorporated TiO2/PPy MMMs
demonstrated stable ethanol permeability around 8.0 L m−2 h−1 bar−1,
surpassing the most of the state of the art OSN membranes and
commercial OSN membranes [11,12,14,15,26].
2. Experimental
2.1. Materials
Analytical grade methanol (MeOH), acetone (DMK), tetrahydrofuran (THF), absolute ethanol (99.7%) (EtOH), isopropanol (IPA, (Xilong
Chemical Industrial Co., Ltd.), pyrrole (Sinopharm Chemical Reagent

Fig. 1. (a) The fabrication process of in-situ TiO2 incorporated PPy MMMs; (b) the incorporation of TiO2 into the pyrrole forms an intermediate layer, prevents the excessive entanglement
of PPy chains and the formation of polypyrrole oligomers, thereby enhancing both the solvent permeances and the dye rejections (c) The polymerization mechanism of pyrrole and Ti
(OC4H9)4 hydrolysing mechanism; and (d) The structures and molecular weights of two typical dyes used in this study.
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errors less than ± 5%.
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.memsci.2017.04.057.

Co., Ltd.), n-methyl-2-pyrrlione (NMP, Tianjin Guangfu Fine Chemical
Research Institute), (NH4)2S2O8, Xilong Chemical Co., Ltd.), titanium
dioxide (P25, Sinopharm Chemical Reagent Co., Ltd.), and tetrabutyl
titanate (Ti(OC4H9)4, Aladdin Industrial Co., Ltd.) were used without
further puriﬁcation. NaOH and condensed HCl were purchased from
Xilong Chemical Co., Ltd. Rose bengal (RB) and brilliant blue (BB) were
provided by Aladdin Industrial Co., Ltd. The PAN powders were
provided by Qilu Petrochemical Company with Mw≈90,000 as the
support membrane material.

2.3. Structure characterizations
FTIR-ATR was performed by a Spectrum One (Perkin Elmer, USA).
ZnSe was used as the crystal plate and the penetration depth was
approximately 50 Å with a 45° incident angle. The samples were placed
on the sample holder and all spectra were recorded in the wave number
ranging from 4000 to 500 cm−1. XPS measurements were carried out
using an AXIS ULTRA DLD spectrometer (SHIMADZU, Japan) with a
monochromatized Al Kα X-ray source (1486.6 eV photons) at a constant
dwell time of 250 ms and a pass energy of 40 eV. The penetration depth
was less than 10 nm with a 90° incident angle. The morphology of the
fabricated membranes was characterized by a scanning electron microscope (SEM, SEM Quanta 200 F, FEI Company) and an atomic force
microscope (AFM, Bruker: Multimode 8). Atomic force microscopy was
operated in the tapping mode with a drive frequency of 200–300 kHz.
Silicon nitride oxide-sharpened tips (NCHR, Nanosensors, Germany)
were used at room temperature. The size of the synthesized TiO2 and
P25 was characterized by a nanoparticle analyzer (Zetasizer Nano,
Malvern Instruments Ltd).

2.2. Membrane fabrications
The detailed processes for preparing PAN substrates, hydrolysed
PAN (PAN-H) substrates, and pure PPy composite membranes have
been introduced in details in our previous work [12]. Brieﬂy, a 15 wt%
PAN/NMP solution was casted on a glass plate with a steel blade. After
phase inversion by immerse precipitation, PAN supports were obtained.
Then, the PAN supports were modiﬁed via hydrolysis in 10 wt% NaOH
at 40 °C for 0.5 h, followed by immersion in 0.2 M HCl for 3 h to
convert -COONa groups into -COOH groups. The resultant PAN-H
substrates were thoroughly washed with water three times at least
and were stored in deionized water.
To prepare the membranes with optimal performance, the fabrication conditions of two kinds of TiO2 incorporated PPy MMMs had been
optimized. For P25 incorporated PPy MMM, the stipulated amounts
(0.025, 0.05, 0.075, 0.1 and 0.2 wt%) of P25 (commercial TiO2)
nanoparticles were added in pyrrole/ethanol solution with ultrasonic
assistance to form uniform solution to obtain dispersed P25 incorporated PPy MMMs. Then, the P25/pyrrole/ethanol solution was poured
onto PAN-H substrates covered by a steel ring and dropped away after a
certain time of coating. At last, 0.5 M (NH4)2S2O8 solution was added
for initiating the polymerization of pyrrole after ethanol evaporation.
The polymerization process was so fast that the solution turned to black
as soon as the oxidants was exposed to the surface of PAN-H substrates
coated by the monomers (Video S1). The pristine (pure) PPy composite
membrane was fabricated with the similar process without the addition
of any TiO2 and was labelled as PPy/PAN-H membrane. In-situ TiO2
incorporated PPy MMMs were fabricated by the process illustrated in
Fig. 1 at room temperature with the relative humidity of 60%. To fabricate
in-situ TiO2 incorporated PPy MMM with optimal separation performance, the eﬀects of Ti(OC4H9)4 hydrolysing time and Ti(OC4H9)4
content on the performance of the MMM were investigated. Firstly,
0.1 g Ti(OC4H9)4 was added into 1.2 g pyrrole (in ethanol) for preparing the mixed solution (24 g) to obtain the in-situ TiO2 incorporated
PPy MMMs with various hydrolysing time and the mixture was poured
into a steel ring covering on a hydrolysed PAN-H substrates. After a
stipulated time ranging from 8 to 50 mins (8, 15, 20, 30, 40 and
50 mins), the solution was carefully wiped away. Then, 30 ml 0.5 M
(NH4)2S2O8 solution was poured into the steel ring for initiating the
polymerization of pyrrole after ethanol evaporation. During this
process, although the substrates were wiped with tissue paper to
remove the water-drop on the surface of PAN-H support, the residual
moisture in the support could react with the Ti(OC4H9)4 immediately
once the mixture touched PAN-H substrates (Video S2). In fact, the
residual moisture (water) is the crucial factor to obtain well-dispersed
TiO2 mixed matrix membranes. The optimized hydrolysing time was
gained, under which the new OSN membrane demonstrated both high
rejections and high solvent permeances. Then, diﬀerent amounts
(0.05–0.6 g) of Ti(OC4H9)4 were added into 1.2 g pyrrole (in ethanol)
for preparing the mixed solution (24 g) to obtain the membranes with
the optimal separation performance under the ﬁxed optimized hydrolysis time. Before performance characterization, all of TiO2 incorporated PPy hybrid MMMs and pure PPy composite membranes were
rinsed and immersed in ethanol for more than 12 h to remove all
residual oxidants. To make sure the reliability, at least three membranes were fabricated and tested in each fabrication condition with the

2.4. Permeance and rejection tests in organic solvent system
The permeances of OSN membranes were measured using a labmade, stainless steel dead-end pressure cell with a membrane area of
21.2 cm2. The feed solution was pressurised with nitrogen to 5 bars at
room temperature. During ﬁltration, the feed solution was stirred at
11.66 Hz (700 rpm) to minimise concentration polarization. Permeate
samples were collected in cooled ﬂasks as a function of time, weighed
and analyzed. The permeances of the membranes were measured after
continuous operation for 0.5 h under 5.0 pressure. The solvent ﬂux and
solvent permeance were calculated using the following equations:

F=

V
A×t

Permeance =

(1)

F
∆P

(2)

where F represents the solvent ﬂux (L m−2 h−1), V (L) is the volume of
the solvent (or solution) passing through the membrane, A is the
eﬀective membrane area (m2), t is the operation time (h); and ΔP is
trans-membrane pressure (bar). Solvent permeances were tested in the
order of MeOH, EtOH, IPA, DMK, and THF.
The solute rejections of NF membranes were calculated using Eq.
(3).

R = 1−

Cp
Cf

(3)

where Cp and Cf are the solute concentrations in the permeate and the
feed solution, respectively. The concentrations of RB in IPA and BB in
IPA were measured by a UV–vis Cintra20-GBC apparatus (λmax of
RB=548 nm, λmax of BB=630 nm). The feed concentration of RB in
IPA and BB in IPA were maintained around 50 ppm. Every sample was
tested three times for a better reliability, with ± 5% standard deviation.
For the characterization of the stability of the pure solvent permeance
of the membranes, the volume of feed ethanol was about 200 ml. After
the volume of the permeation was about 150 ml, we added some
ethanol (100–150 ml) into the dead-end cell. After 48 h measurement of
solvent permeance, the dye solution was added in the cell to measure
the rejection of the used dyes.
21
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Fig. 2. The eﬀects of the fabrication conditions on the separation performance of TiO2 incorporated PPy MMMs: (a) the eﬀects of P25 adding amounts on the separation performance of
P25 incorporated PPy mixed matrix membranes; (b) the eﬀects of hydrolysis time on separation performance of in-situ TiO2 incorporated PPy membranes; (c) the eﬀect of the Ti(OC4H9)4
concentration on separation performance of in-situ TiO2 incorporated PPy membranes; (d) the visual color of the dye solutions, top RB; bottom BB; from left to right: permeate of in-situ
TiO2/PPy MMM; P25/PPy MMM; PPy/PAN-H; PAN-H substrate and original dye solutions. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article).

3. Results and discussion

proven by the morphological examinations of the membranes (Fig. S1
and Table S1). The excessive agglomeration of TiO2 may generate some
defects, resulting in the decline of both solvent permeances and
rejections. Finally, the 0.1 wt% P25 is chosen as the optimum P25
content for fabricating the P25 incorporated PPy MMM, which is
recorded as P25/PPy MMM for the following performance comparison.
For in-situ TiO2 incorporated PPy MMMs, the real loading content of
TiO2 in MMMs and the membrane performance not only depend on the
Ti(OC4H9)4 addition amounts but also on the hydrolysis conditions. To
guarantee the stable performance of in-situ TiO2 incorporated PPy
MMM, the relative humidity was maintained at around 60% during the
membrane preparation. After removing the excessive water-drop on the
surface of PAN-H supports, the absorption of residual water (moisture)
in the membrane is about 0.14 g for a membrane with 22 cm2 area.
Under such a circumstance, the residual moisture on the surface of
PAN-H substrate can readily hydrolyze Ti(OC4H9)4 to in-situ formed
TiO2 in the selective layer once the contact on the surface happens
between the residual moisture and the whole solution composing of
monomers, Ti(OC4H9)4 and ethanol solvent. Therefore, although the Ti
(OC4H9)4 hydrolysis process is fast (Video S2), the moisture available
on the substrates still controls and aﬀects the hydrolysis degree. Fig. 2b
shows the eﬀects of hydrolysis time on the separation performance of
in-situ TiO2 incorporated PPy MMMs. With the increment of hydrolysis

3.1. Optimizing fabrication conditions of MMMs
The fabrication conditions were ﬁrstly optimized for these two kinds
of TiO2 incorporated PPy MMMs to obtain membranes with optimal
performances for comparison (Fig. 2). As depicts in Fig. 2a, both
permeances and rejections of P25 incorporated PPy MMMS initially
increase with adding P25, then decrease slightly. Initially, the simultaneous increases in both solvent permeances and rejections imply that
the incorporation of P25 into the membranes may generate additional
ﬁne pores for solvent transportation whereas rejecting solutes, which is
introduced in Section 3.2 in detail. It should be noted that the real
loading content of P25 into the selective layer was hard to detect since
P25 was added in the pyrrole monomer solution for coating and lots of
coating solution were drifted away. However, it is logically deduced
that the real P25 loading ratio in P25 incorporated PPy MMMs is
proportional to the initial addition content of P25 in pyrrole solutions.
In this case, the incorporation of P25 into MMMs can yield hybrid
selective layer with both higher solvent permeances and higher
rejections. Nevertheless, when the adding amounts of P25 in solution
are too high, both solvent permeances and rejections decrease. This
may be attributed to the partial agglomeration of P25 (TiO2), which is
22
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chosen as the optimized hydrolysis time and the Ti(OC4H9)4 precursor
content of 0.4 g is selected to fabricate in-situ TiO2/PPy MMM with the
highest solvent permeances and rejection simultaneously, recorded as
“in-situ TiO2/PPy MMM”. When the PPy based membranes were
applied to separate dyes from alcohols, the in-situ TiO2/PPy MMM
demonstrates higher rejection performance than that of the pristine PPy
membrane and the P25/PPy MMM from the visual color of the
permeate solution shown in Fig. 2d.

time, more Ti(OC4H9)4 reacts with the residual moisture spreading from
PAN-H support to generate more additional pores that solvents can pass
through. After 30 mins, the permeance decreases with the increment of
the hydrolysis time, which should be caused by the agglomeration of
TiO2 (Fig. S1 and Table S1).
This indicates that suitable hydrolysis time is required for obtaining
in-situ TiO2 incorporated PPy MMMs with the better separation
performance and the optimized hydrolysis time is 30 min. Besides the
hydrolysis time, the content of Ti(OC4H9)4 precursor in the coating
solution can greatly aﬀect the separation performance of the in-situ
TiO2 incorporated PPy MMMs, Fig. 2c. When the Ti(OC4H9)4 content in
the monomer solution increases, both solvent permeances and rejections increase signiﬁcantly. The reason is that the more Ti(OC4H9)4
amounts generate more hydrolysing sites on the interface of PAN-H
support for the in-situ TiO2 formation. However, if too much Ti
(OC4H9)4 is added, the agglomeration of the in-situ formed TiO2
happens (Fig. S1 and Table S1), thereby causing both decrease in
solvent permeances and rejection of the in-situ TiO2/PPy MMMs,
similar to that of P25 incorporated PPy MMM. As a result, 30 min is

3.2. Characterization and performance comparison of P25/PPy MMM, insitu TiO2/PPy MMM and PPy/PAN-H membrane
Fig. 3 shows the morphologies of various membranes including
PAN-H substrate, PPy/PAN-H membrane, P25/PPy MMM and in-situ
TiO2/PPy MMM. For PAN-H substrates, obvious pore structures can be
observed on the membrane surfaces. After the interphase synthesis on
substrates, the pores are evidently covered by the selective layers and
TiO2 nanoparticles appear on the surface of both P25/PPy MMM
(Fig. 3c and e) and in-situ TiO2/PPy MMM (Fig. 3d and f). In the

Fig. 3. The surface morphologies of various membranes: (a) PAN-H substrate; (b) PPy/PAN-H membrane; high magnitude (100 K) of (c) P25/PPy MMM, (d) in-situ TiO2/PPy MMM; low
magnitude (10 K) of (e) P25/PPy MMM, (f) in-situ TiO2/PPy MMM; the distribution of Ti elements on the surface of (g) P25/PPy MMM (magnitude 2 K), (h) in-situ TiO2/PPy MMM
(magnitude 2 K); and the cross-section morphologies of (i) PAN-H (300); (j) P25/PPy MMM (300); (k) P25/PPy MMM with higher magnitude (20 k); (l) in-situ TiO2/PPy MMM (300); (j)
in-situ TiO2/PPy MMM with higher magnitude (20 k).
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molecular-separation layer of in-situ TiO2/PPy MMM in Fig. 3d, small
round structures can be found without obvious agglomerations. In
contrast, P25 nanoparticles are partially agglomerated on the surface of
P25/PPy MMM (Fig. 3c). These results indicate that good dispersion of
TiO2 in the selective hybrid layers of MMM can successfully be achieved
by in-situ hydrolysis with the assistance of residual moisture during
interfacial synthesis. The better dispersion of TiO2 in the selective layer
may induce better separation performance. From the cross section
images of PPy based composite membranes, it is hard to distinguish the
thickness of the PPy selective layer. This can be attributed to good
compatibility between the PPy selective layer and the hydrolysed PAN
substrates, which is consistent with our previous work [12]. Interestingly, according to Energy Dispersive Spectrometer (EDS) images
(Fig. 3g and h), the Ti element in both in-situ TiO2/PPy and P25/PPy
MMMs is uniformly distributed. Especially, it should be noted that Ti
element in each MMM cannot be detected by XPS test compared with
the detected Ti element by EDS, which should be due to the pyrrole
polymerization induced by oxidants happening from the top surface of
the coating layer. This result also implies that the thickness of PPy
selective layer should be larger than 10 nm (XPS detecting limit) [38].
Further analyzing the element contents of various membranes
detected by EDS which is listed in Table 1, we can deduce that the
thickness of selective layer should be less than 1000 nm (EDS detecting
limit) [39]. As shown in Table 1, the PAN-H substrate contains C, O and
N. The oxygen element comes from the surface –COOH groups after
chemical treatment. Interestingly, PPy/PAN-H membrane can also
detect the oxygen element when the coating and pyrrole polymerization
happen. Considering there is no oxygen element in the PPy chemical
structure, this result indicates that the selective layer of PPy should be
thin in PPy/PAN-H so that the EDS results reﬂect the element contents
of both the selective layer and PAN-H substrate (surface). The thin
molecular-separation layer should be also valid for P25/PPy MMM and
in-situ TiO2/PPy MMM although the incorporation of TiO2 could
introduce oxygen into the selective layer because the TiO2 content
was low compared with the tested oxygen contents in MMMs. The thin
selective layer in MMMs is consistent with the observed high permeance for the developed MMMs. Therefore, based on the XPS results
and EDS results, the thickness of the selective layer should be in the
range of 10–1000 nm. The separation performance of various membranes towards organic solvents is illustrated in Fig. 4. All of the studied
composite membranes (PPy/PAN-H membrane, P25/PPy and in-situ
TiO2/PPy MMMs) are stable in all of the tested solvents typically
applied in the synthesis of active molecules in pharmaceutical industry.
The solvent permeances (slope of ﬂux vs pressure) of all the membranes
are stable even under high pressure (15 bar) from Fig. 4a. According to
Fig. 4b, the order of solvent permeance is MeOH > acetone (DMK) >
THF > ethanol (EtOH) > IPA. The alcohol permeance order studied
here follows the model proposed by Bhanushali et al. [40], where
solvent permeance is proportional to solvent molar volume and
inversely proportional to the solvent viscosity (Table S2). Interestingly,
DMK and THF permeances of all tested membranes are diﬀerent from
this model, which should be due to the competing result between the
high membrane swelling and the positive inﬂuences of low solvent
viscosities. Excitingly, the solvent permeances of TiO2/PPy MMMs are
much higher than those of pristine PPy/PAN-H membrane. In fact, the

Fig. 4. The separation performance of various composite membranes: (a) the ethanol ﬂux
varying with the operation pressure; the comparison of solvent permeances (b) and
rejections (c) black=PPy/PAN; blue=P25/PPy MMMs; Red=in-situ TiO2/PPy MMMs.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article).

in-situ TiO2/PPy MMM demonstrates a signiﬁcant enhancement in all
the solvent permeances (around 475% for IPA, 603% for EtOH, 562%
for THF, 568% for DMK and 694% for MeOH) alongside nearly 80%
enhancement of BB rejection in IPA solution (increasing from 52% to
92%) compared with pristine PPy based membranes. And the enhancement in solvent permeances of P25/PPy MMM ranges from 373% to
520%. These may be due to the ﬁne pores generated for solvent
transportation while rejecting molecules eﬃciently and the interference
of hydrolysis process into the pyrrole interfacial synthesis, which are
consistent with the morphological characterizations. During the formation of pristine PPy/PAN-H composite membrane, the polymerization of
pyrrole monomers was so fast that it turned to green and then to black
quickly (Video S1). During this speedy polymerization process, some of
pyrrole will diﬀuse into the solution and form oligomers which may
block membrane pores, accounting for the low solvent permeance of the
pristine PPy/PAN-H membrane [11,12]. The incorporation of TiO2
enhances the separation performance of the membranes from three
aspects: 1) forming an intermediate layer between substrates and
selective layer, thereby improving the porosity of sub-layer of membranes [41–44]; 2) preventing the deposition of the oligomers into
substrates and limiting the excessive entanglement of PPy chains in the
selective layer, thereby decreasing the resistance of mass transfer of the
membranes [12]; 3) promoting the formation of polymerization of
pyrrole (due to electron interaction between the pyrrole and TiO2
[29–31]). As a result, the porosity of the selective layer may increase
and the defects of the selective layer might be less (ﬁne pore structures),
thereby enhancing both the solvent permeance and the rejection
[12,41–44]. By in-situ hydrolysis of Ti(OC4H9)4 with the assistance of
residual moisture on PAN-H substrate, the TiO2 nanoparticles appear as

Table 1
The element contents of various membranes detected by EDS.
Membrane

PAN-H
PPy/PAN-H
P25/PPy MMM
in-situ TiO2/PPy MMM

Mass concentration (wt%)
C

O

N

Ti

62.8
65.0
63.7
63.1

30.0
24.0
25.1
25.6

7.2
11.0
10.8
10.7

0
0
0.4
0.6
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situ TiO2/PPy MMM after the long term test is still much higher even
than the initial permeance of the most reported MMMs with a similar
rejection performance (shown in Table 2) [11,12,14,15,26,45–50]. The
observed same dye rejections conﬁrm the stability of the membranes in
the used solvents. These encouraging results imply that these newly
developed in-situ TiO2/PPy MMMs are promising towards practical
applications.
3.4. The performance comparison of the fabricated MMMs with the state of
the art data
Most importantly, the main separation performances of our fabricated MMMs were compared with those of the state of the art mixed
matrix membranes (Table 2). As shown in Table 2, the in-situ TiO2/PPy
MMM
exhibits
high
solvent
permeances
ranging
from
6.5 L m−2 h−1 bar−1 (IPA) to 46 L m−2 h−1 bar−1 (methanol); steady
permeances
ranging
from
4.2 L m−2 h−1 bar−1
(IPA)
to
29.8 L m−2 h−1 bar−1 (methanol) alongside the high RB rejection
(> 98.0%) and BB rejection (> 90%). Compared with pristine PPy/
PAN-H composite membranes without any TiO2 additives reported by
Shao et al.[12] and Vankelecom et al. [11], the advanced in-situ TiO2/
PPy membranes show almost 7–9 times higher IPA permeances with
similar rejection performance. For the GO/PPy mixed matrix membranes, IPA permeance increased signiﬁcantly with the value of
3.1 L m−2 h−1 bar−1, still lower than the TiO2 incorporated MMMs
(6.5 L m−2 h−1 bar−1) in this work [11,12]. Similarly, the in-situ TiO2/
PPy MMMs prepared here exhibit at least 4 time higher in solvent
permeances with similar or higher rejection performance compared
with diﬀerent MOFs/PDMS and ZIF-8/PES OSN membranes [14,15].
Besides MMMs, the separation performance of our advanced membranes also surpass the sub-100 nm polyamide membranes, the crosslinked Pebax based membranes, the polyelectrolyte based membranes,
the poly(ether ether ketone) based membranes, the polybenzimidazole
based membranes and commercial OSN membranes [26,45–50]. The
20 nm polyarylate membranes exhibits higher IPA permeances than the
advanced in-situ TiO2 incorporated MMMs with similar rejections,
however, the cost of the monomers are much higher. In brief summary,
with an optimal performance in both solvent permeances and rejections, these newly developed MMMs show great potential in separating
active molecules ranging from 600 to 1000 g mol−1 in alcohols, ketones
and THF.

Fig. 5. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article).The particle size distribution of the TiO2
nanoparticles: Blue=P25; Red=in-situ TiO2.

small spherical structures that are well dispersed and uniformly
distributed in the hybrid selective layer (Fig. 3). The particle size of
P25 and in-situ TiO2 was characterized for conﬁrming the better
dispersion of the in-situ synthesized TiO2 as well. The particle size of
P25 and in-situ TiO2 was characterized by a nanoparticle analyzer,
showing in Fig. 5. The in-situ synthesized TiO2 demonstrated smaller
average particle size (170 nm) than that of P25 (220 nm), Furthermore,
the size distribution of the in-situ synthesized TiO2 is more uniform.
With better dispersion and more uniform particle size, the in-situ TiO2/
PPy MMMs demonstrate higher enhancement in both permeances and
rejections (Fig. 3 and Fig. 5). The simultaneous enhancements of both
permeance and rejection of in-situ TiO2/PPy MMM compared with pure
PPy composite membrane without TiO2 are rarely reported.
3.3. The long term performance tests and the comparison with the state of
the art data
Fig. 6 illustrates the long term performance of various PPy based
membranes with or without TiO2 for solvent permeation. The solvent
permeances of all membranes decrease with increasing the operation
time under 5.0 bar because of the more compacted molecular chains in
the membranes upon exposure to high pressure. For TiO2 incorporated
PPy membranes, the TiO2 particles restrict the pressure compacting
eﬀects in the PPy chains. Therefore, two kinds of TiO2 incorporated PPy
MMMs demonstrate less decline in MMM. And the in-situ TiO2/PPy
MMM
exhibits
the
highest
stable
permeance
around
8.0 L m−2 h−1 bar−1, which is more than 10 times of that for the
PPy/PAN-H membrane. Besides, the rejection of various membranes
after 48 h was also examined. After the long run, the RB and BB
rejection of in-situ TiO2/PPy MMM only changes slightly to 99% and
93%, respectively. More importantly, the stable permeance of our in-

4. Conclusions
The new TiO2 incorporated PPy hybrid thin layer capable of highlyeﬃciently treating solvent for sustainable applications has been in-situ
formed by the assistance of residual moisture on the PAN-H substrate
surface. In-situ TiO2/PPy MMM demonstrates high permeable properties to solvents with methanol permeances as 46.5 L m−2 h−1 bar−1,
ethanol permeances as 16.2 L m−2 h−1 bar−1, IPA permeances as
6.5 L m−2 h−1 bar−1 and THF permeances as 23.1 L m−2 h−1 bar−1
alongside 92% in BB rejection (in IPA). Especially, regarding the longterm performance, such molecular-separation membrane possesses
superior stable ethanol permeance over 8.0 L m−2 h−1 bar−1, more
than 10 times of PPy/PAN-H membrane's permeance and remained
more superior separation performances than GO/PPy MMMs [8], MOFs
based MMMs [10,11], the state of the art OSN membranes [22,41–44]
and commercial OSN membranes [22] (Table 2). Taken together, the
developed MMMs should have a great potential in the separation of
active molecules in pharmaceutical and many other industries.
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Table 2
The separation performance comparision of our membranes with the state of the art mixed matrix membranes.
Membrane

Solvent permeance (L m−2 h−1 bar−1)

Rejection (%)

References and authors

PPy/PAN-H
GO-PPy MMM
PPy composite
MOF-MMM
MOF-MMM
Pebax-GO MMM
Polyelectrolyte
Poly(ether ether ketone)
Polybenzimidazole
PA/xP84
SW30HR(commercial)
DuraMem DM150
20 nm-Polyarylate
HKUST-1/Polyimide

0.79–1.03 (IPA)
3.17 (IPA)
0.74–1.42 (IPA)
< 1 (IPA)
2.5 (MeOH)
0.1 (EtOH)
0.03 (IPA)
0.4 (IPA)
3.89 (EtOH)
27.5 (MeOH)
4.5(MeOH)
1.2 (MeOH)
~8 (IPA)
~66 (DMK)

Shao et al. [12]
Shao et al. [12]
Vankelecom et al. [11]
Vankelecom et al. [14]
Vankelecom et al. [15]
Peinemann et al. [45]
Vankelecom et al. [46]
Vankelecom et al. [47]
Chung et al. [48]
Livingston et al. [26]
Livingston et al. [26]
Livingston et al. [26]
Livingston et al. [49]
Livingston et al. [50]

In-situ TiO2/PPy MMM

46.5
23.4
29.8
15.3

96–98 (RB)
98 (RB)
99 (RB)
93–99 (RB)
86 (RB)
> 95 (BB)
97 (RB)
92 (RB)
99 RB
98 (BB)
100 (RB)
100 (RB)
99 (RB)
100 (MW=1000
polystyrene)
> 98 (RB); > 90 (BB)
> 99 (RB); > 92 (BB)

Our current work

In-situ TiO2/PPy MMM
(steady permeance)

(MeOH); 16.2 (EtOH); 6.5 (IPA);
(THF); 29.3 (DMK)
(MeOH), 8.3 (EtOH), 4.2 (IPA),
(THF), 18.4 (DMK)

Our current work
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