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Membrane technology is becoming increasingly important
due to high efficiency, low cost, and easy manipulation, and
membranes are widely used in diverse fields including sub-
stance separation and purification, environment protection
and remedy, and energy conversion and storage [1, 2]. Basic
membrane research includes a number of scopes, including
membrane surface modification [3] and its relation to mem-
brane characterizations, membrane formation and structure
on transport properties [4], theoretical analyses ofmembrane
transport phenomena, experimental results on membrane
permeation and selectivity, membrane fouling and its effect
on membrane performance, membrane adsorber/membrane
chromatography, membrane modules and their impact on
device performance, and membrane processes/applications
with a focus on the role of themembrane. In this special issue,
we focus on the membrane formation andmembrane surface
modification and applications.

In “the solubility of hydrocarbon gases in glassy polymers:
fractal modeling,” a fractal model was proposed to estimate
the permeability and selectivity in gas transport through
polymeric membranes; it was found that this model is very
useful and it is found that the values of the solubility
coefficient depend on the size of the gas penetrant molecules,
their molecular interactions with the polymer, and the
fractal dimensions of the polymer. The organic-inorganic
hybrid membranes, including ZSM-5 filled polyether block
amide membranes (PEBA) in “ZSM-5 filled polyether block
amide membranes for separating EA from aqueous solution
by pervaporation” vinyltriethoxysilane cross-linked polyacry-
lonitrile membrane and nano ZnO deposited polypropylene

macroporous membrane in “Decoloring methyl orange under
sunlight by a photocatalytic membrane reactor based on ZnO
nanoparticles and polypropylene macroporous membrane,”
can improve the desired properties of the membranes;
the modified membranes possess both the advantages of
the original membrane and the inorganic particles. The
composite sponge of chitosan and gelatin at different pro-
portions was prepared and the wound healing effect was
evaluated; water uptake ability, antibacterial activity, and
wound closure were enhanced at some extent in “Curcumin-
loaded chitosan/gelatin composite sponge for wound healing
application.”

Last but not least, a careful modulation of polyurethane-
keratin membrane structure by isocyanate and pH was
performed and the removal of Cr(VI) from aqueous solution
was performed; the results showed that the removal efficiency
was significantly increased at lowpH in “Polyurethane-keratin
membranes: structural changes by isocyanate and pH, and the
repercussion on Cr(VI) removal.”

We hope that readers will find in this special issue
not only accurate data but also important questions to
be resolved such as preparation of hybrid membranes for
decoloring organic dyes, effects of dye and nanoparticles
loadings, and damages on the membranes due to long-time
irradiation.

Hai-Yin Yu
Ling-Shu Wan

Qian Yang
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Keratin has the capacity to interactwithmetal ions. In order to take advantage of this potential, a novelmembranewith polyurethane
and keratin has been developed and studied for removal of Cr(VI) from aqueous solution. Physicochemical and morphological
properties of these hybrid membranes were studied, varying synthesis parameters such as the type of isocyanate and pH in keratin
solution. The effects of using diphenyl-methane-diisocyanate or toluene-diisocyanate and modifying the pH in keratin solutions
were evaluated by scanning electron microscopy, Fourier transform infrared spectroscopy, and dynamical mechanical analysis.
Results show that pH has a strong influence on morphology and on Cr(VI) removal efficiency. When pH in keratin solution is low
(2.5), the protein separates from water, and a more closed cell in the membrane is obtained affecting its mechanical properties.
The removal efficiency of Cr(VI) was also assessed at different pH values of chromium solutions. These results show that when pH
of the Cr solution is acidic (at 1.5), the Cr(VI) removal percentages increase significantly, reaching up to a 58%. Thus this paper
demonstrates the successful combination of synthetic and natural polymers depending on the process parameters to be applied in
the critical purpose of remediation of Cr(VI) contamination.

1. Introduction

Polymeric membranes to remove high toxic contaminants
have attracted highly the attention of a large sector of
scientific community, since innovative materials with more
potential are needed due to the increasing in pollution
problems. New materials to remove pollution comprise
polymer inclusion membranes and activated composites
membranes, which have been developed using different
active agents supported by diverse polymers as substrate.
Thus, synthetic ion carriers such as tri-n-octylamine,

dibenzo-21-crown-7, tertbutyl-dibenzo-21-crown-7 [1],
methyltricaprylammonium chloride [2], and among others
have been studied to remove anionic or cationic metal
species. In spite of the successful results with this kind of
membranes, other efforts including more ecofriendly mate-
rials must be developed. In this sense, natural materials have
attracted also great attention as biosorbents due to their low
cost and important efficiency as metallic ions receptors [3–5].

Recently, keratin from chicken feathers has been pro-
posed as biosorbent, considering that it has abundant amino
acid groups that have demonstrated good potential to attract
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heavy metals [4, 6]. However, one limitation concerning the
use of biosorbents is their handling; this is particularly true
for feather keratin fibers, since one of their most important
features is their low density [7–9]. Due to this inconvenience,
new materials have been studied in order to improve the
ability to support and obtain special physical characteristics
that could give high interaction with pollutants, durability,
and resistance to water flow [10–12]. Our research group
has developed new polyurethane-keratin membranes with
the aim of taking advantage of the natural affinity of keratin
towards metals with the adequate porous support to act as
membrane during separation processes [6, 7].

Polyurethane (PU) has been chosen due to the chemical
compatible groups with keratin, because it is very important
that the biosorbent could be strongly attached to the substrate
and has the capacity to capture metal ions from the wastewa-
ter flow. In addition, different systems have used successfully
polyurethane as membrane matrix or support foam [13–16].

Thus, in this work, we use keratin solutions extracted
from chicken feathers as suitable biosorbents to remove
Cr(VI); PU foams were synthesized with two types of
isocyanates: diphenyl-methane-diisocyanate (MDI) and
toluene-diisocyanate (TDI), which were mixed separately
with polyol and keratin in order to study their effect on
the membrane microstructure. The influence of pH is also
evaluated, since it is one of the most important parameters
as ionic charges on the biosorbent surface, responsible for
metal ion attachment [7, 17, 18]. Besides, the isoelectric point
of keratin (pH 4.0) [19] plays an important role, since water
and amino hydrolysis depend on pH value, and isocyanates
are very sensitive to their presence.

Chromium (VI) was chosen to be removed from water
with these novel PU-keratin membranes due to the con-
taminant problems caused by this. Chromium is one of the
most abundant hazardous metals on earth. As for Cr(VI), it
is highly toxic and represents a threat for living organisms
because it is a strong oxidant and soluble at all pH values.
The ionic species of Cr(VI) depends strongly on the pH.
When pH is from 1.0 to 6.0, Cr

2
O
7

2− and HCrO
4

− coexist
in equilibrium; if pH is higher than 8.0, CrO

4

2− is the pre-
dominant species. Different kinds of membranes have been
probed to separate Cr(VI) from water; for instance, Alguacil
et al. studied the transport of Cr(VI) from hydrochloric
acid medium by pseudoemulsion membrane strip dispersion
using a phosphonium salt as ionophore; with this system, a
95% extraction was obtained and by using NaOH solution,
the system reaches 60% of removal [20]. Similar results
removing Cr(VI) from hydrochloric acid aqueous solutions
were reported using polymer inclusion membranes based
on organic solvents: cellulose triacetate as the support, tri-
n-octylamine as the ionic carrier, and o-nitrophenyl pentyl
ether as plasticizer [21]. Alpaydin et al. studied the transport
of Cr(VI) from aqueous solution by a bulk liquid mem-
brane using p-tert-butylcalix[4]arene 3-diethylaminopropyl
diamide derivative as a carrier; they observed the highest
transport efficiency (around 96%) at pH 2.0 in the donor
phase and at pH 5.0 in the acceptor phase [22]. These
membranes reach high efficiency, but are completely based in
synthetic supports and carriers. Efforts in using biosorbents

to remove Cr(VI) were reported by several authors [17, 23–
25], identifying as a key factor the pH of chromium solutions.
This fact is an important parameter that has not been studied
in the PU-keratin system. Thus, this paper is focused on
both, the adsorption of Cr(VI) at different pH values and
the improvement of the characteristics of new PU-keratin
membranes through modification of their processing condi-
tions, taking into account the behavior caused by keratin’s
isoelectric point.

2. Experimental

2.1. Materials. Keratin biofibers from chicken feathers
were kindly supplied by Walter Schmidt and were
obtained according to a patented process by Schmidt
(US 5750030). Toluene diisocyanate (TDI) was provided
by Poliformas Plasticas (Mexico), whereas diphenyl-
methane-diisocyanate (MDI) and poliol were purchased
from Polioles (Mexico). Dehydrated (ethylenedinitrile)
tetraacetic acid disodium salt (EDTA) was acquired from
J. T. Baker. Urea, 2-mercaptoethanol, tris (hydroxymethyl)
aminomethane (Tris), potassium dichromate (K

2
Cr
2
O
7
),

sulfuric acid (H
2
SO
4
), sodium hydroxide (NaOH), and 1,5-

diphenylcarbazide were purchased from Sigma-Aldrich. All
substances were of analytical grade. The dialysis membrane
(Spectra/Por MWCO6-8000) was purchased from Cole
Palmer.

2.2. Preparation of Keratin. In order to prepare membranes,
keratin was used as solution, which was obtained by dis-
solving chicken feather biofibers according to the procedure
described by Schrooyen et al. [26]. 30 g of keratin biofibers
was solubilized in 750 cm3 of water with 8M urea, 3mM
EDTA, 125mM 2-mercaptoethanol, and 200mM tris, main-
taining the pH at 9.0. After that, salt residues were separated
from the keratin solution through a dialysis membrane.
10 cm3 of keratin salt solution was dialyzed with 1 L of
distillated water, which was replaced completely after 16 and
24 hrs.The dialysis process was stopped after 48 hrs. Dialyzed
keratin solution was preserved at 4∘C.The pH of the dialyzed
keratin solution was adjusted by using H

2
SO
4
or NaOH to

2.5, 6.0, and 9.5; these solutions were used in each PU-keratin
membrane formulation as shown in Table 1.

2.3. Synthesis of Hybrid Polyurethane-Keratin Membranes.
Polyurethane-keratin (PU-keratin) membranes were pro-
duced by in situ polymerization between isocyanate and
polyol. Control membranes using distillated water (at pH
7.0) instead keratin solutions were produced using both TDI
and MDI. The synthesis of PU-keratin membranes made
with TDI includes dialyzed keratin solutions with a specific
pH (2.5, 6.0, or 9.5) and polyol; they were mixed in a
polypropylene flask for one minute. After that, TDI was
poured in the mixture and stirred for 15 s. The mixture
foams during the polymerization reaction producing the
internal cells inmembranes. For thosemembranesmadewith
MDI, 2.3 cm3 of dialyzed keratin solution was centrifuged
at 2033 rpm; this produces 0.2 g of hydrated keratin that
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Table 1: Nomenclature and components of polyurethane-keratin membranes.

Isocyanate type Dialyzed keratin solution Water pH of keratin solution Membrane nomenclature
TDI 3 g — 2.3 cm3 — TPH
TDI 3 g 2.3 cm3 — 6.0 TPKN
TDI 3 g 2.3 cm3 — 2.5 TPKAc
TDI 3 g 2.3 cm3 — 9.5 TPKAl
MDI 5.7 g — 0.2 cm3 — MPH
MDI 5.7 g 2.3 cm3 — 6.0 MPKN
MDI 5.7 g 2.3 cm3 — 2.5 MPKAc
MDI 5.7 g 2.3 cm3 — 9.5 MPKAl

Cr(VI)
solution

flow
inlet

Influent

Peristaltic
pump

Filtration
system inlet

Pressure
manometer

Filtration
system
outlet

Effluent

Stirrer cell

Membrane

N2

Figure 1: Filtration system by continuous flow.

was mixed with polyol and MDI in order to introduce the
biopolymer during the polymerization process, analogous to
TDI. Centrifugation of dialyzed keratin solution was realized
in order tominimize the amount of water.This last procedure
was carried out with systems using MDI. Table 1 shows the
different conditions for the synthesized membranes, only
5.5 g of polyol remain constant in all membranes. When
polymerization reaction was complete, the membranes were
cut according to the filtration reactor geometry (diameter
47mm, thickness 3mm).

2.4. Preparation of Cr(VI) Solutions. Cr(VI) solutions were
prepared by dissolving K

2
Cr
7
O
2
in distilled water; the influ-

ent concentration was 20mg/L. The chromium solution was
adjusted to 5.7, 2.5, and 1.5 by H

2
SO
4
or NaOH solutions

in order to study the effect of ionic species of Cr(VI) in the
membrane efficiency.

2.5. Adsorption Experiments. Thefiltration experiments were
performed in a Millipore filtration cell by continuous flow.
The equipment, shown in Figure 1, consists in a solvent-
resistant stirred cell, with the following characteristics: cell
capacity 50 cm3, stirred minimum volume 2.5 cm3, mem-
brane diameter 4.7 cm, effective membrane area 17.3 cm2, and
maximum operating pressure 6.2 bar. In order to equilibrate
the system, first, deionized water was fed for 30 to 60min.
Once the filtration cell operated at equilibrium conditions,
Cr(VI) aqueous solutionwas fed.This is considered the initial

point of the continuous flow inlet. Feed solution (influent
Cr(VI) aqueous solution at 20mg/L) was injected with a
peristaltic pump at 60 cm3/min. The outlet flow (effluent
of filtrated water) was maintained constant together with
cell internal pressure (controlled between 0.7 and 2.8 bar)
by a nitrogen gas flow injected into the cell. The cell is
provided with an agitator system that operates at 150 rpm
to maintain a homogenous solution. PU-keratin membranes
were fixed at the bottom of the cell. Dimensions of the
membranes were adjusted to 4.7 cm of diameter and 0.4 cm
of thickness.The Cr(VI) aqueous solution is filtrated through
PU-keratin membranes; the maximum feed velocity across
the membrane surface was around 0.06 cm/s, maintaining
contact between the influent and membranes for 36 s. The
system was operated for 270min, taking samples every
30min.

The concentrations of Cr(VI) for the initial solution and
the effluent were determined with UV-vis spectrophotome-
ter equipment (Spectronic Genesis 2PC) at a wavelength
of 540 nm using the 1,5-diphenylcarbazide complexation
method, according to the Mexican Official Standard NMX-
AA-044-SCFI-2001.

The removal percentage of Cr(VI) was determined by
these simple equations:

𝑃
𝑡
=
𝐶
𝑡
⋅ 100

𝐶
𝑖

,

Removal percentage of Cr (VI) = 100 − 𝑃
𝑡
,

(1)



4 International Journal of Polymer Science

R-N=C=O
R NH2

O

R-NH-C-OR

R-NH-C-NHR 

[R-NH-C-OH]

O

Isocyanate

Urethane

Urea

Carbamic acid

R-NH2 + CO2

R-NH2 + R-N=C=O R-NH-C-HN-R

O

First step

Second step

Isocyanates used in this article:

CH3

NCO

NCO

OCN CH2 NCO

2,4-toluene-diisocyanate
(TDI)

4,4-diphenyl-methane-diisocyanate
(MDI)

ROH

H2O

O

Figure 2: Scheme of possible reactions of isocyanates with moieties of polyethylene glycol-keratin-water system.

where 𝐶
𝑖
indicates the initial concentration of Cr(VI):

20mg/L; 𝐶
𝑡
corresponds to the effluent concentration at

predetermined time, the latter is obtained from a calibration
curve according to the UV-Vis spectrophotometric method.

2.6. Membrane Characterization. The membrane morphol-
ogy was studied before and after the filtration process by
scanning electron microscopy (SEM) in a JEOL JSM 6510LV
microscope at 20 kV and high vacuum.Themembranes were
characterized by SEM after filtration in order to observe any
surface damage after flow. All the samples were gold-coated
to prevent surface charging during SEM analysis. Functional
groups of PU-keratin membrane and interactions between
Cr(VI) and PU-keratinwere studied by infrared spectroscopy
using an IR Prestig-21 Shimadzu Corporation spectrometer
on the attenuated total reflectance mode (ATR), in the range
of 4000–500 cm−1. In order to study the thermomechanical
properties of the membranes, dynamic mechanical analysis
was carried out in a DMA 2980 instruments equipment using
amultifrequencymodel-dual cantilever; the heating rate used
was 3∘C/min using 1Hz of frequency and a temperature range
from 30 to 200∘C.

3. Results and Discussion

3.1. SEM Characterization. One of the most important fea-
tures of PU-keratin membranes is the cell conformation,

since it influences the properties of flexible PU foams.The cell
conformation is determined by the polymerization process
in the first step of PU reaction. This involves the isocyanate
group reacting with water to yield an unstable carbamic acid,
which decomposes quickly in amine and carbon dioxide
(Figure 2). The carbon dioxide production is proportional
to the added water quantity and is related to the formation
of cells and “foam” porous in PU. In order to observe
some structural details and internal size cell, SEM images of
TDI- and MDI- based PU-keratin membranes are shown in
Figure 3. The nomenclature for each membrane is described
in Table 1. There are some morphological differences mainly
in the opening of the cells, where the TDI-based membranes
(Figures 3(a)–3(d)) have a greater number of open cells
compared to MDI-based membranes (Figures 3(e)–3(h)).

The TDI membranes have higher water content; this
causes less homogeneity and greater amount of open cells, as
can be observed in Figures 3(a)–3(d). Figure 3(e) shows the
MDI membrane without keratin (MPH), where only 0.2 cm3
of water was used instead of keratin solution.This membrane
has nonuniform open cells similar to TPH and TPKAl
(Figures 3(a) and 3(d), resp.).These three types ofmembranes
have an irregular cell boundary, whereas TPKN, TPKAc,
MPKN, and MPKAc (Figures 3(b), 3(c), 3(f), and 3(g)) have
well-defined cell frames, no matter the diameter of the open
cells. This fact indicates that keratin protein and pH on
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20 kV ×50 500 𝜇m

(a) TPH

20 kV ×50 500 𝜇m

(b) TPKN

20 kV ×50 500 𝜇m

(c) TPKAc

20 kV ×50 500 𝜇m

(d) TPKAl

20 kV ×50 500 𝜇m

(e) MPH

20 kV ×50 500 𝜇m

(f) MPKN

20 kV ×50 500 𝜇m

(g) MPKAc

20 kV ×50 500 𝜇m

(h) MPKAl

Figure 3: SEM images of PU-keratin membranes; ((a)–(d)) with TDI; ((e)–(h)) with MDI.

20 kV ×50 500 𝜇m

(a) MPKN

20 kV ×50 500 𝜇m

(b) MPKAc

20 kV ×50 500 𝜇m

(c) TPKAc

Figure 4: SEM images of PU-keratin membranes after the removal process.

keratin solution have an effective role in the polymerization
process, since the morphological characteristics of PU have
been affected. In addition, as MDI membranes contain lower
levels of hydration, they have most of their cells closed
because of the lower production of CO

2
as well as fewer

urea microdomains which are partly responsible of the open
cells [32]. As it can be observed the internal cells measure
between 100 and 500 𝜇m; with these open pore arrangements
an easy accessibility of Cr(VI) ions is expected to interact with
immobilized active sites of keratin.

Figure 4 shows SEM images of selected membranes
after the removal process. As it can be observed, there are
only few morphological changes that could reveal dam-
age on the cell opening or over the surface throughout
the membrane during the filtration process. The cells in
tested MPKN membrane (Figure 4(a)) are almost unaltered,
whereas those in tested MPKAc and TPKAc membranes
(Figures 4(b) and 4(c), resp.) show only small ruptures in
the cell borders compared to non-used MPKAc and TPKAc
membranes (Figures 3(g) and 3(c), resp.). This demonstrates
that the PU-keratin membranes remain almost unaltered
after the removal process and cells do not undergo a severe
collapse that could impede their use in additional cycles of
removal.This structural integrity is due to open cells allowing

water flux without high pressure conditions and preserving
an effective contact between Cr(VI) ions and keratin amino
acids.

3.2. Dynamic Mechanical Analysis. This analysis was used
to determinate the viscoelastic properties: storage modulus
(𝐸) and loss factor (Tan𝛿) of flexible PU-keratinmembranes.
Figure 5 shows storage modulus versus temperature for the
membranes synthesized with MDI and TDI, and Figure 6
shows the values of Tan𝛿 for these membranes.

It is observed for the storagemodulus curves, that there is
a similar slope between 35 and 100∘C for all MDI membranes
(Figure 5(a)). The fall of these curves is related to thermal
transitions of hard segments of PU [33], which have been
modified according to the keratin solution. The higher 𝐸
(0.91MPa at 40∘C) for MPKAc indicates a more restricted
mobility; therefore, this membrane has a more rigid behavior
than the other MDI membranes.

On the other hand, 𝐸 for TDI membranes (Figure 5(b))
shows that TPH membrane (with 𝐸 of 0.59MPa at 40∘C)
is more rigid than the other TDI membranes. However,
this characteristic diminishes quickly as the temperature is
increased around 100∘C, whereas TPKAc and TPKN have
a similar slope in 𝐸 decreasing. It is reported that the
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Figure 5: Storage modulus of PU-keratin membranes; (a) for MDI and (b) for TDI.

modulus in this region is proportional to either the number
of crosslinks or the chain length between entanglements
[34]. Thus, keratin, in this kind of PU membranes, produces
more flexible membranes in the opposite behavior to MDI
membranes. In addition, it is important to mention that 𝐸
values are in agreement with SEM results, where the most
rigid membranes (with high values of 𝐸) show more closed
cells than the membranes with less rigid behavior.

The transitions observed near 100∘C are attributable to
the presence of high concentration of hydrogen-bonded
urethane groups and hard-segment domains which act as
macroscopic crosslink. Hard and soft segments for MDI and
TDI are shown in Figure 7. The segmented structure of PU
explains the differences between storage modulus curves of
MDI andTDImembranes, sinceMDImembranes showmore
rigid behavior than TDI membranes. This is related to the
nature of isocyanate due to the number of aromatic rings.This
polyurethane transition has been reported before by other
authors [7, 35, 36].

In addition, Tan𝛿 values show that MPH and MPKAl
have the maximum values at around 80∘C, whereas MPKAc
and MPKN do not show this maximum (Figure 6(a)). This
behavior, at elevated temperatures, implies that a high Tan𝛿
value has a significant nonelastic strain component, while a
low valuemeans amore elastic material.Thus, these results in
concordance with storage modulus give evidence that keratin
produces more rigid membranes when MDI is used.

On the other hand, Tan𝛿 for TDI membranes
(Figure 6(b)) shows the maximum around 0.33 at 90∘C
to TPH. For TPKN and TPKAc, a maximum appears at
around 112∘C, indicating that keratin provides to TDI
membranes high thermal stability, in spite of their flexibility.

This maximum signal in Tan𝛿, observed in both MDI
and TDI membranes, is related to the thermal transition
exposed before and detected at around 100∘C. The analyzed
viscoelastic behavior in these membranes strongly depends

on the isocyanate and the pH of keratin solutions used in
the polymerization reaction. So, it is important to consider
that when the membrane is synthesized, the water of the
keratin solution is involved in two competitive phenomena.
One is the production of gaseous CO

2
that expands creating

softer foam; the other phenomenon is when urea domains
are generated by water and amino groups reacting with iso-
cyanate; this produces hard segments and crosslinking, and
therefore a rigid cell. Having in mind these considerations,
when the pH of keratin solution is reduced to 2.5, keratin
tends to separate from water and this is available to react
freely withMDI producing a rigidMPKAcmembrane. In the
case of TDI, pure water reacts easily yielding the more rigid
membrane: TPH; whereas pH of keratin solution loses its
effect over hard segments production. At the same time, CO

2

production is facilitated with TDI producing a softermaterial
in agreement 𝐸 results and SEM images, where TPH shows a
higher number of opened cells compared toMPKAc with the
highest quantity of closed cells.

3.3. Cr(VI) Removal Results. The highest Cr(VI) removal
percentages for each PU-keratin membrane as a function
of pH in chromium aqueous solution are summarized in
Table 2. It is observed that with pH of 5.7, none of the seven
membranes reached high removal percentages; only TPKAc
achieved around 8% at 90min of process; the rest of the
membranes have lower values. In general, for this pH, TDI
membranes have better performance than MDI, since only a
3% in removal percentage was reached by MPKAl at 30min;
the other MDI membranes adsorb below this value.

It is remarkable that when pH of Cr(VI) solution is
diminished, better removal results are obtained. If pH is
decreased at 2.5, both kinds ofmembranes showmore affinity
toward Cr(VI) ions. MPKAc achieves the most high removal
percentage of these series: 22% at 30min. TDI membranes
removal is also controlled by pH, since with TPH membrane
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Figure 6: Tangent 𝛿 of PU-keratin membranes; (a) for MDI and (b) for TDI.

Table 2: Maximum values of Cr(VI) removal percentages through filtration process with PU-keratin membranes as function of pH.

Type of membrane
pH 5.7 pH 2.5 pH 1.5

Maximum value
of Cr(VI) removal

percentage

Time of
removal (min)

Maximum value
of Cr(VI) removal

percentage

Time of
removal (min)

Maximum value
of Cr(VI) removal

percentage

Time of
removal (min)

MPH 0.81 90 6.44 240 25.24 90
MPKN 1.96 270 11.54 270 29.22 240
MPKAc 2.79 60 22.21 30 41.06 270
MPKAl 3.75 30 8.07 270 57.91 240
TPH 1.53 90 14.28 270 37.14 120
TPKN 4.19 30 13.06 30 38.16 180
TPKAc 8.14 90 5.77 270 26.47 60

a maximum removal percentage of 14% at 270min was
reached. TPKN reaches 13% of removal and TPKAc shows a
minimum range for Cr(VI) removal: around 1 and 5%.

On the other hand, the highest removal percentages were
achieved usingCr(VI) solutionwith pHof 1.5.MPKAl has the
capacity to remove 57% of Cr(VI) with a regular tendency,
which is observed also for the other membranes but with
less removal ability. MPKAc reaches removal efficiency of
41%; for MPKN, the removal percentage was 29% and MPH
shows 25%. The results with TDI membranes at pH of 1.5 are
also higher than with the other pH values. The maximum
removal percentage was achieved by TPKN (38%); TPH
removal capacity was very similar, and its higher value was
37%. TPKAc shows a maximum removal value of 26%.

These results show that pH is the variable that most
influences the removal of Cr(VI) in PU-keratin membranes.
This can be explained because when pH is reduced, the
membrane is charged positively due to protons presence,
as was exposed by several authors [37–39]. In addition, pH
below 4.0 (keratin isoelectric point) [19] produces that amino
acids behave as cations increasing the electrostatic affinity. At

the same time, the chemical species of chromium in water
are negative ions for all pH values (HCrO

4

−, CrO
4

2−, and
Cr
2
O
7

2−). Therefore, when the pH is gradually reduced the
PU-keratinmembrane surface is more positively charged and
the attraction between ions is stronger resulting in a more
efficient Cr(VI) removal. In the other hand, when the pH of
the Cr(VI) solution is increased, the negative charges on the
polymer composite surface start appearing and the negative
Cr ions are repelled [17, 38]. Figure 8 provides the chemical
species of Cr(VI) as a function of pH and the variation of
keratin charge according to its isoelectric point.

Figure 9 shows the behavior of removal process for
MPKAl and TPKAc membranes using three different pH
values (5.7, 2.5, and 1.5). The adequate morphology of these
membranes (observed in Figures 3(c) and 3(h)), with their
well integrated and uniform cells, is reflected in the regular
tendency of the adsorption curves, which in addition to the
pH influence (better adsorption at pH of 1.5) provide a good
performance for these membranes. Specifically, the Cr(VI)
removal percentage for the best membrane is from 30 to
57%. At the same time, it is worthy of mention that this
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is a continuous process, suitable of flux drops by fouling
mechanisms, which are strongly influenced by the surface
charge of the membrane [40]. Therefore, the membranes
with the lowest adsorption values are also those with uneven
process behavior as is observed in Figure 9.

Keratin is an important biopolymer that has begun a spe-
cific application in materials related to environmental reme-
diation, based on its interesting characteristics to remove
metal pollution. Table 3 shows the highest result obtained in
this paper and some of the most relevant results obtained by
other authors. It is clear that keratin removal efficiency varies
amply, not only in processed and complex materials [6, 9, 27,
29] but also if it is used as a simple biosorbent [4, 8, 28, 30, 31].
Our results show the variations as a function of uptake time,
pH of keratin solutions according to isoelectric point of this
protein, pH of chromium solutions and structural character-
istics of membrane.The performance of this membrane (57%
of Cr(VI) removal) was superior compared with our previous
results [6], the adsorption is significantly high due to presence
of keratin, thus is demonstrated that a minimum quantity of
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Figure 9: Cr(VI) removal percentages of MPKAl and TPKAc
membranes as function of pH and time in the filtration system by
continuous flow.

keratin (1.75%) with the adequate support could be as useful
as feather fiber biosorbent (100% of keratin) [4, 8, 28, 30].
Some additional factors that affect the performance of keratin
to remove metals are initial metal concentration, chemical
treatment, and ionic charge of metal pollutants.

3.4. Infrared Spectroscopy. Figure 10 shows the normalized
infrared spectra for MDI (10I) and TDI (10II) membranes,
all before the removal process. The spectra have the same
characteristic absorption bands identified for PU. The most
important signals are v(N–H) band around 3313 cm−1 for
secondary and primary amines [7, 41]; vibrations between
2980 and 2867 cm−1 characteristic of v(C–H) [7, 42]; the
remaining isocyanate group appears nearby 2276 cm−1 for
MDI and its absence in TDI evidences a complete reaction
[7, 43]. Another characteristic band that can be observed
in Figure 10 is the v(C=O) at different wavenumbers: the
urethane carbonyl group at 1724 cm−1 and 1727 cm−1 forMDI
and TDI spectra, respectively [7, 42, 43]; urea carbonyl group
displays this band at 1712 cm−1 for MDI and by 1714 cm−1
for TDI [7, 41, 42]. It can be seen that the intensity of
the urethane carbonyl band is higher for MDI, whereas for
TDI urea, carbonyl signal is more intense than urethane
carbonyl; this can be explained taking into account that water
is highly responsible for urea domains and TDI membranes
were formed with more water than MDI membranes. At the
same time, MPH membrane was formed using more water
compared to the rest of MDI membranes. At 1649 cm−1, it is
observed the v(C=O) for MDI, whereas for TDI it is found at
1662 cm−1; this absorption corresponds to the amide carbonyl
group and urea carbonyl [13, 42]. The band at 1594 cm−1 can
be assigned as a vibration out of plane combination of in plane
𝛿(N–H) and v(C–N) of amide II [44]. In the same region of
amide II, the signals at 1538 cm−1 for MDI and at 1534 cm−1
for TDI, respectively, correspond to v(C–N) [41]. Aliphatic
contributions are observed at 1457 cm−1, 1415 cm−1, 1373 cm−1
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Table 3: Keratin as biosorbent or functional component in materials applied in removal of metal pollution from water.

Material Description Metallic species removed Maximum removal Keratin included Reference
Polyurethane-feather keratin solution
membrane Cr(VI) 57% 0.2 g (1.75%) This paper

Polyurethane-feather keratin biofiber
membrane Cr(VI) 38% 15% [6]

Feather fibers Pb(II) 81.6% 100% [4]
Wool keratin/polyamide 6 nanofibres Cu(II) 97% 90% [27]

Feather fibers Cu(II) 0.77mmol/g 100% [28]
Zn(II) 0.95mmol/g

Membrane of wool keratose/silk fibroin
blend Cu(II) 2.88 𝜇g/cm3 50% [29]

Algerian sheep hoof powder Hg(II) 68mg/g 100% [30]

Chicken feather aminoacid solution
immobilized on silica surfaces

Ca 93.88%

1 g [9]Mg 72.55%
Fe 97.13%
Mn 95.66%

Feather fibers

Pb 100%

100% [8]
Cu 48.8%
Zn 3.8%
Cd 17.0%
Ni 10.9%

Chicken feather alkaline solution Cu 0.14mmol/g 5mg/cm3 [31]
Zn 0.17mmol/g
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Figure 10: IR normalized spectra of PU-keratin membranes before removal process: (a) with MDI, (A) MPKAl, (B) MPKAc, (C) MPKN,
and (D) MPH. (b) with TDI, (A) TPKAc, (B) TPKN, and (C) TPH.

and 1306 cm−1 [7].The signal at 1233 cm−1 has been related to
𝛿(N–H) and v(C–N) of amide III, both functional groups are
present in PU and keratin [45]. The band for v(C–O–C) also
provides evidence of keratin presence in Figure 10(a), since
this signal undergoes a shift toward 1079 cm−1 in the case of
the MPH membrane. This shift was induced in the absence

of keratin for MPH synthesis. This effect is not significant in
the case of TDI membranes (Figure 10(b)), where the peak
at 1092 cm−1 remained constant for all spectra. The bands
at 812–762 cm−1 correspond to the 𝛿(C–H). The 762 cm−1
band is stronger for MDI than for TDI; this suggests a major
contribution by MDI and this could be due to the double
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Figure 11: IR normalized spectra of membranes after the removal process; (a) for MPKAl membranes: (A) before removal process, (B) pH
5.7, (C) pH 2.5, and (D) pH 1.5. (b) for TPKAc membranes: (A) before removal process, (B) at pH 5.7, (C) at pH 2.5, and (D) at pH 1.5.

aromatic ring present in this type of polymer in comparison
with TDI membranes. The bands between 665 and 600 cm−1
are attributed to the NH wagging and v(C–S) [6, 7, 45].

Figure 11 shows the infrared normalized spectra formem-
branesMPKAl andTPKAc after the removal process at differ-
ent pH values in the removal medium. In the MPKAl spectra
(Figure 11(a)), several changes in the intensity of the bands
are observed under chromium solution, but these changes
are more representative when the pH is lower (spectrum
d). This phenomenon is more perceptible on the v(N–H) at
3313 cm−1, v(C=O) at 1724 cm−1, and v(C–S) bands at 665–
600 cm−1. At 2276 cm−1, the vibration corresponding to the
remaining isocyanate disappears in all cases under chromium
contact, which indicates the dissociation of the isocyanate
molecule and its interaction with metal ions. This statement
is supported by the increase of the v(N–H) band at 3313 cm−1.
Besides, when the pH is decreased to 1.5, the v(C–O–C) signal
at 1087 cm−1 shows a shift to 1092 cm−1; this functional group
is formed by the isocyanate and alcohol group or could be
formed by an isocyanate and the acid side of the amino acid
keratin chain. It is suggested that the electrostatic attractions
between the membrane and the metallic species are strong
enough to modify the vibrational mode in this moiety.

In addition, TPKAc membranes (Figure 11(b)) also have
some changes in their spectra when Cr(VI) solutions pass
through. The described signals at 3313 cm−1 and 1714 cm−1
for v(C=O) and between 665 and 600 cm−1 were modified
in their intensities. Besides, the intensities in the range from
1415 to 1272 cm−1 change; while the 1415 cm−1 peak increases,
the 1373 cm−1 decreases, so the chromium membrane inter-
actions affect directly the 𝛿(C–H) vibration [14, 17].

4. Conclusions

Polyurethane-keratin membranes, using two types of iso-
cyanates, were successfully synthesized and applied as

separationmembranes to removeCr(VI) in aqueous solution.
The polyurethane-keratin foam microstructure was directly
affected by the type of isocyanate (MDI or TDI) and the
pH on keratin solution (acid keratin 2.5, neutral keratin 6.0,
or alkaline keratin 9.5). The microstructural study by SEM
allows establishing a correlation between the keratin pH and
the cell opening, which is also reflected in the adsorption
behavior. Additionally, morphologic changes in the mem-
branes were not detected after the removal process, which
indicates an adequate structural resistance useful for several
cycles of water treatment processing. DMA results show that
the storage modulus is higher for MDI membranes and the
highest value corresponds to MPKAc due to less formation
of gaseous CO

2
and therefore the formation of more rigid

foam. In the case of TDI membranes, the absence of keratin
in urea microdomains plays an important role that overtakes
the CO

2
production, since contrary to expectations, TPH

(with more CO
2
formation) is the most rigid membrane in

this set. The Cr(VI) removal results show that pH in the
removal systemdirects the efficiency of the process.WhenpH
is reduced, the surface is more positively charged and attracts
the negative Cr(VI) ions. The functional groups affected by
the removal process according to the IR analysis were C=O,
C–O–C, and C–S; these were mainly observed when the pH
was lower. Finally, the most efficient system was MPKAl with
a Cr(VI) solution of pH 1.5, removing up to 57% of the initial
chromium concentration.

Conflict of Interests

The authors do not have potential conflict of interests.

Acknowledgments

Ana L. Mart́ınez-Hernández is grateful to the financial
support from L’oreal-Mexico, Mexican Academy of Science,



International Journal of Polymer Science 11

and UNESCO under the program “For Women in Science”
and to DGEST Mexico for the financial support obtained
in the project 2778.09P. Financial support from CONACYT-
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This work describes the fractal modeling of the solubility of n-alkanes, n-alkenes, methylacetylene, allene, ethylacetylene, and
butadiene hydrocarbon gases in glassy poly(vinyltrimethylsilane) (PVTMS). The proposed equation represents satisfactorily the
solubility coefficients of the hydrocarbon gases in glassy PVTMS as a function of the fractal dimension of the polymer and the
effective diameter of a gas penetrant molecule. It is found that the calculated solubility coefficients have a good correlation with the
experimental data. The proposed model can predict the solubility of hydrocarbon gases in glassy polymers.

1. Introduction

The separation of oxygen and nitrogen from air for the
industrial combustion is carried out using membranes tech-
nology [1]. This technology is also used for the removal of
hydrogen from mixtures with nitrogen or hydrocarbons in
petrochemical processes [1]. Frozenness of polymer chains
in the glassy state hinders chains fluctuations that give rise
to the formation of channels through which the diffusant
can migrate to a neighbor cavity. Here both solubility and
diffusion may control gas separation of similar size; however,
when the size of the diffusants largely differs, diffusion may
be the controlling step. Furthermore glassy polymers with
bulky side groups in their structure contain anomalous large
cavities; such fact facilitates the gas permeability without
adversely affecting the permselectivity. These polymers have
in general high glass transition temperatures, and therefore
aging processes that might affect the gas transport are
not important at the temperatures of work. Polycarbonates,
polysulfones, polyimides, and substituted polynorbornenes
have attracted much attention for the gas separation [1–6].

It is important to devise methods that permit the predic-
tion of the membrane performance for the gas separation as
a function of the chemical structure. In this sense, the fractal

modeling is an important tool for this purpose. Recently,
authors proposed the fractal analysis of the gas permeability
in semicrystalline polyethylene [7, 8].

Membranes prepared from PVTMS were industrially
produced and used in the former Soviet Union and France.
Furthermore, this material is known for more than 40 years
as a polymer that exhibits a good O

2
permeability and O

2
/N
2

selectivity. In this regard, the aim of this study consists in
applying fractal analysis to describe the solubility coefficients
of the hydrocarbon gases in glassy PVTMS membranes.

2. Materials and Methods

In the framework of the fractal model, it is assumed that
the solubility of simple gases which are not interacting with
polymers proceeds by deposition of gas penetrant molecules
on the walls of free volume microvoids (true sorption) [12].
In this case, the general solubility model of a gas in a polymer
can be written as [7, 13]

𝑆 ∼ 𝐹
𝑔

𝐷𝑓/2, (1)

where 𝐹
𝑔
is the cross-sectional area for the gas penetrant

molecules and 𝐷
𝑓
is the dimension of extra energy localiza-

tion domains for the polymer structure (𝐷
𝑓
is related to the
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fractal dimension of the polymer layer) [13]. The value of𝐷
𝑓

can be calculated in the following way.
The relative fraction of the closely packed segments in

clusters (𝜑cl) is a parameter of order in strict physical sense,
and it is related to the glass transition temperature of the
polymer (𝑇

𝑔
) through the following percolation correlation

[14, 15]:

𝜑cl = 0.03 (𝑇𝑔 − 𝑇)
0.55

, (2)

where 𝑇 is the temperature at which the parameter is
measured (𝑇 = 293K).

The fractal dimension of the polymer structure 𝑑
𝑓
can be

calculated using [15]

𝑑
𝑓
= 3 − 6(

𝜑cl
Cs ⋅ 𝑆cr
)

1/2

, (3)

where 𝑑
𝑓
is the fractal dimension of the supermolecular

(supersegmental) structure of the polymer, 𝑆cr is the cross-
sectional area of a macromolecule in Å2, and Cs is a
characteristic ratio which is the index of chain flexibility
[16, 17]. The values of Cs and 𝑆cr can be estimated according
to the literature [13, 17, 18]. Finally, the dimension of 𝐷

𝑓
can

be estimated from [19]

𝐷
𝑓
= 1 +

1

(3 − 𝑑
𝑓
)
. (4)

The calculated value of𝐷
𝑓
for the glassy PVTMS is𝐷

𝑓
=

4.33.
For the PVTMS, we have 𝑇

𝑔
= 440K, 𝑇 = 293K, 𝜑cl =

0.467, 𝑑
𝑓
= 2.70, Cs = 6.7, and 𝑆cr = 22.7.

In order to construct an effective model for the solubility
coefficient (related to the permeability model of gas transport
in polymermembranes [4, 13]), we include the Lennard-Jones
characteristic constant force potential (𝜀/𝑘) which describes
the interactions between gas-gas molecules as a function of
the distance [11]. Thus, the fractal model of the solubility
coefficient can be written as

𝑆 = 𝑆
0
(𝐹

ef
𝑔
)
𝐷𝑓/2

(
𝜀

𝑘
) , (5)

where 𝑆 is the solubility coefficient of a gas in the polymer
(cm3 of gas (STP)/cm3 of polymer cmHg), 𝑆

0
is a constant,

and (𝐹ef
𝑔
) is the effective square of a cross sectional-area of

a gas penetrant molecule. It is worth noting that the values
of the solubility coefficients of the hydrocarbon gases are
not described by (5) using the known values of maximum
(𝑑max) and minimum (𝑑min) gas diameters [9, 10]. Here we
have estimated for the C

1
–C
4
hydrocarbon gases the effective

diameter values (𝑑ef) taking into account the orientation of
a gas molecule inside the microvoids in the polymer. The
backcalculation of the effective diameter using the values of
gas solubility shows the systematic increase of 𝑑ef/𝑑min ratio
as the Lennard-Jones characteristic constant force potential
(𝜀/𝑘) increases (Figure 1). This correlation can be expressed
by

𝑑ef
𝑑min
= 1 + 1.15 × 10

−3
(
𝜀

𝑘
) . (6)
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Figure 1: Plot of effective diameter and minimum diameter ratio
(𝑑ef/𝑑min) of C1–C4 hydrocarbon gases against the Lennard-Jones
characteristic constant force potential (𝜀/𝑘).

The values of (𝐹ef
𝑔
) in (5) are estimated from the effective

diameter values (𝑑ef) of gas penetrant molecules calculated
using (6).

3. Results and Discussion

The glassy membranes contain microvoids, which account
for the excess volume in the glassy state. The presence of
microvoids in glassy polymers is confirmed by numerous
experiments [20, 21]. The diameters of these microvoids have
the value of several Angstroms and their walls are represented
as vibrating centers around equilibrium positions of chain
fragments. In other words, microvoids are a consequence of
a critical displacement of kinetic units from an equilibrium
position [22]. According to this model, solubility of a gas
occurs in the continuous phase, whereas the microvoids act
as sites where the gas is adsorbed. Successful gas adsorption
requires not only an appropriate orientation of the molecules
in microvoids but also the radius of the channel to be larger
than the radii of the gas penetrant molecules.

The values of the effective diameter andminimumdiame-
ter ratio 𝑑ef/𝑑min of a gas penetrant against the Lennard-Jones
characteristic constant force potential (𝜀/𝑘) (6) are shown in
Figure 1. It is seen that the values of (𝑑ef/𝑑min) ratio increase
as the Lennard-Jones characteristic constant force potential
(𝜀/𝑘) increases. This phenomenon can be explained by the
orientation of gas penetrants during the sorption process.The
orientation of a gas molecule inside the polymer means the
increase of the effective diameter of a gas penetrant molecule.
Consequently, the gas solubility coefficient increases as the
effective diameter increases according to (5). The physical
meaning of a constant 𝑆

0
in (5) can be determined from the

following condition:

(𝐹
ef
𝑔
)
𝐷𝑓/2

(
𝜀

𝑘
) = 1. (7)

Here we discuss the conditions for the realization of (7).
The value of minimumdiameter for the gas He is 1.8 Å, which



International Journal of Polymer Science 3

Table 1: Values of diameters and force constants (𝜀/𝑘) of C1–C4 hydrocarbon gases for the calculation of a solubility coefficient in PVTMS.

Hydrocarbon 𝑑, Å [9, 10] 𝑑ef, Å [11] 𝑑ef, Å, from (6) (𝜀/𝑘), K [11]
CH4 3.3–4.2 3.18 ± 0.14 3.30 154 ± 15.6

C2H6 3.7–5.2 3.69 ± 0.08 4.06 250 ± 22

C3H8 4.1–5.8 4.09 ± 0.08 4.76 305 ± 28

C4H10 4.6–6.9 4.40 ± 0.08 5.66 364 ± 35

C2H4 3.6–5.5 3.57 ± 0.08 3.82 225 ± 15

C3H6 4.1–5.4 3.86 ± 0.13 4.63 294 ± 32

C4H8 4.5–5.2 4.18 5.36 356
C2H2 3.5–5.7 3.38 ± 0.06 3.70 223 ± 23

C3H4 (m)a 4.0–4.8 3.62 ± 0.07 4.62 321 ± 25

C4H6 (e)
b 4.4–5.0 3.81 5.26 360

C3H4 (a)
c 4.6–4.9 3.64 ± 0.07 5.38 335 ± 14

C4H6 (b)
d 5.0 3.85 5.45 327

am is methylacetylene.
be is ethylacetylene.
ca is allene.
db is butadiene.

Table 2: Comparison of calculated (𝑆cal) and experimental (𝑆exp) values of solubility coefficient of hydrocarbon gases in PVTMS.

Hydrocarbon 𝑑ef, Å, from (6) 𝑆exp × 10
−3a [11] 𝑆cal × 10

−3a, from (6)
CH4 3.30 10 15
C2H6 4.06 70 109
C3H8 4.76 400 421
C4H10 5.66 1660 1766
C2H4 3.82 47 63
C3H6 4.63 310 332
C4H8 5.36 — 1163
C2H2 3.70 33 49
C3H4 (m)b 4.62 300 357
C4H6 (e)

c 5.26 — 1022
C3H4 (a)

d 5.38 315 403
C4H6 (b)

e 5.45 — 981
aUnits of 𝑆: cm3 of gas (STP)/(cm3 of polymer cmHg).
bm is methylacetylene.
ce is ethylacetylene.
da is allene.
eb is butane.

corresponds to 𝐹ef
𝑔

= 2.54 Å [23]. The value of 𝐷
𝑓
can be

alternatively estimated using

𝐷
𝑓
= 2
(1 − 𝜐)

(1 − 2])
, (8)

where 𝜐 is Poisson’s coefficient.
The minimum value of 𝜐 (𝜐 = −1) in (8) corresponds to
𝐷
𝑓
= 1.33. In this case, the criterion for (7) has the condition
(𝜀/𝑘) = 0.583K. This value about 3 orders of magnitude is
lower than the values of 𝜀/𝑘 for the hydrocarbons of C

1
–C
4

[19]. This means that the value of 𝑆
0
in (5) corresponds to a

minimum solubility of a gas molecule where a gas molecular
interaction does not count. Thus, the estimated values of 𝑆

0

for PVTMS are equal to 4.0 × 10−8. Table 1 shows the values of
diameters and force constants (𝜀/𝑘) of C

1
–C
4
hydrocarbons.

As shown in Table 1, the 𝑑ef values of hydrocarbons,
calculated by (6), are higher than the 𝑑min values according
to [9, 10]. The latter could be attributed to the orientation
of the gas penetrant molecules during sorption inside the
microvoids in the polymer.

Table 2 shows the experimental 𝑆exp [11] and calculated
𝑆cal results of the solubility coefficients for the hydrocarbon
gases in PVTMS. The results indicate that a good concor-
dance between the calculated 𝑆cal, using (5), and experimental
𝑆exp values of the solubility coefficient is observed. A rea-
sonable agreement is also observed for the larger molecules
of C
4
H
6
and C

4
H
8
. The values of the solubility coefficient

follow the trend 𝑆(CH
4
) < 𝑆(C

2
H
2
) < 𝑆(C

2
H
4
) < 𝑆(C

3
H
4
) <

𝑆(C
2
H
6
) < 𝑆(C

3
H
6
) < 𝑆(C

4
H
10
).

As a powerful tool, the fractal model can also be used to
estimate other variables such as permeability and selectivity
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in gas transport through polymeric membranes. In this
regard, we are trying to obtain the experimental parameters
of the fractal model to achieve the theoretical values of
the permeability and solubility coefficients in amorphous
polymers such as polynorbornene dicarboximides with dif-
ferent pendant groups (phenyl, adamantyl, and cyclohexyl),
reported in previous work [24].

4. Conclusions

Equation (5) represents satisfactorily the solubility coeffi-
cients for the C

1
–C
4
hydrocarbon gases in a glassy PVTMS.

According to this equation, the values of the solubility
coefficient depend on the size of the gas penetrant molecules,
their molecular interactions with the polymer, and frac-
tal dimensions of the polymer. The solubility coefficients
increase as the effective diameters of the gases also increase.
In all cases, the calculated results are in good agreement with
experimental data. The fractal modeling proposed in this
study should be useful for the prediction of the gas solubility
in glassy polymer membranes.
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Three composite sponges weremade with 10% of curcumin and by using polymers, namely, chitosan and gelatin with various ratios.
The chemical structure and morphology were evaluated by FTIR and SEM. These sponges were evaluated for water absorption
capacity, antibacterial activity, in vitro drug release, and in vivo wound healing studies by excision wound model using rabbits. The
in vivo study presented a greater wound closure in wounds treated with curcumin-composite sponge than those with composite
sponge without curcumin and untreated group.These obtained results showed that combination of curcumin, chitosan and gelatin
could improve the wound healing activity in comparison to chitosan, and gelatin without curcumin.

1. Introduction

Medicines derived from plants play an important role in
the healthcare of many cultures, both ancient and modern.
Curcumin (diferuloylmethane, a polyphenol) is an active
agent of the perennial herb Curcuma longa (commonly
known as turmeric). Curcumin is a naturally occurring
polyphenolic phytoconstituent which presents anticancer,
antioxidant, anti-inflammatory, hyperlipidemic, antibacte-
rial, wound healing, and hepatoprotective activities [1, 2].The
therapeutic efficacy of curcumin is limited due to its poor
aqueous solubility and extensive first pass metabolism [3–
5]. Topical formulation of curcumin (curcumin incorporated
collagen matrix) was a feasible and productive approach to
support dermal wound healing [1].Therefore, development of
novel curcumin formulation and delivery systems is required.
The topical delivery of naturally occurring compounds, such
as curcumin or catechins, is able to increase its solubil-
ity, stability, and pharmacological activities, resulting in
improvement of therapeutic effects [6].

Additionally, chitosan, a polysaccharide biopolymer
derived from naturally occurring chitin, displays unique
polycationic, chelating, and film-forming properties due to
the presence of active amino and hydroxyl functional groups.
Chitosan also exhibits a number of interesting biological
activities, including antimicrobial activity, induced disease
resistance in plants, and diverse stimulating or inhibiting
activities toward a number of human cell types [7, 8]. More-
over, chitosan can be used to prevent or treat wound and burn
infections due to its intrinsic antimicrobial properties and
its ability to deliver extrinsic antimicrobial agents to wounds
and burns [9]. Additionally, it can accelerate the functions
of inflammatory cells, macrophages, and fibroblasts [10, 11].
Chitosan and its derivatives are also used to increase the
stability of the drug in which the drugs are loaded in chitosan
film or chitosan nanoparticles, resulting in enhancement of
drug accumulation [12] and toxicity to cancer cells [13, 14].
Gelatin is also a natural polymer derived from collagen
of animal skin and bones. It is biocompatible, hydrophilic,
and biodegradable under normal physiological conditions.
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Gelatin is known to prevent fluid loss due to exudation,
resulting in enhancement of its wound healing properties
[15, 16]. Thus, the present study focused on the preparation
and evaluation of composite sponge made with two natu-
ral polymers: chitosan and gelatin at different proportions.
Moreover, curcumin was loaded into the chitosan and gelatin
sponge for wound healing application.

2. Materials and Methods

2.1. Materials. Chitosan is extracted from crab shells which
was prepared from our lab.The degree of deacetylation of the
chitosan was approximately 85%. Curcumin was purchased
from Vietnam Institute of Dietary Supplement (Hanoi, Viet-
nam) and acetic acid and gelatin were purchased from Sigma-
Aldrich Chemical Co (USA). All chemicals used in this study
were of reagent grade.

2.2. Preparation of Composite Sponge. Chitosan (1.0 g) was
dissolved in 1% aqueous acetic acid (100mL) to form a
1% chitosan solution (w/v) at room temperature. Gelatin
(10%) solution was prepared by dissolving gelatin powder
(10 g) in 100mL of deionized water at room temperature.
The composite sponges were prepared by dissolving chitosan
solution into the gelatin solution with different portions (3 : 1,
1 : 1, and 1 : 3) of chitosan and gelatin, named as SP3, SP2 and
SP1, respectively.The resulting solution was vigorouslymixed
under magnetic stirrer until the opaque aqueous solution
was obtained. The solution was sonicated for 5min for the
removal of entrapped air bubbles. Then the air bubble-free
solution was poured into separated petridishes and frozen at
−40∘C for 24 h followed by lyophilization to obtain composite
sponge. For curcumin encapsulated in composite sponge,
1mL of curcumin solution (0.5% w/v in absolute ethanol)
was added to opaque aqueous solution.Then the solutionwas
poured into separated petridishes, frozen at −40∘C for 24 h,
and followed by lyophilization to obtain curcumin composite
sponge.

2.3. Characterization of Composite Sponge. The chemical
structure and morphology of chitosan/gelatin composite
sponges were evaluated using FT-IR (PerkinElmer) and SEM
(JSM-5500).

2.4. Water Absorption Test. The water absorption capacity
of the composite sponge was determined by incubating the
composite sponge in phosphate-buffered saline (PBS) at pH
7.4 at 37∘C for 2 h. The wet weight of the swollen sponge
was measured immediately after gently blotting with filter
paper to remove absorbed water on surface, followed by
lyophilization and reweighing. The water content of the
sponge was calculated as follows:

𝐸ad = [
𝑊
𝑒
−𝑊
0

𝑊
0

] × 100, (1)

where 𝐸ad is the percentage water adsorption of chitosan-
gelatin sponge at equilibrium.𝑊

𝑒
and𝑊

0
represent theweight

of the chitosan-gelatin sponge at equilibrium and initial
weight of the chitosan-gelatin sponge, respectively.

2.5. Weight Loss of Prepared Sponges. The prepared sponges
were immersed in PBS buffer solution at 37∘C. After 24 h, the
sponges were taken out, washed with deionized water, frozen,
and lyophilized. The weights of sponges were measured after
lyophilization.Weight loss of sponges was calculated through
the following equation: %𝑊 = (𝑊

0
− 𝑊𝑒)/𝑊

0
× 100, where

𝑊
0
and𝑊

𝑒
are the initial weight of sponge (g) and weight of

sponge after lyophilization (g), respectively.

2.6. In Vitro Drug Release. The composite sponges (3 × 3 cm)
were dispersed in 20mL phosphate buffer solution, pH 7.4
at 37∘C. All the supernatants were pipetted out periodically
and replaced with equivalent volume of fresh phosphate
buffer solution. The concentration of released drug was
then determined by UV-Vis spectrometer at 420 nm using
a standard curve of curcumin in ethanol. The percentage of
curcumin releasedwas determined as curcumin release (%) =
curcumin released at time t/total curcumin loaded in sponge
× 100.

2.7. Evaluation of Antimicrobial Activity. The measurements
of the antimicrobial activities of individual chitosan and
composite sponge were conducted by agar diffusion method
using Pseudomonas aeruginosa. The zone of inhibition was
determined by placing a definite size of sponge in inoculated
solidified nutrient agar medium in a petriplate. Petriplates
were incubated for 24 h at 37∘C. This was done in triplicate
with each film for each organism, and an average diameter of
zone of inhibition was noted.

2.8. Cytotoxicity. The cytotoxicity of curcumin sponge was
conducted on mouse fibroblast cells (L929) indirect MTT
method [17]. The cells were seeded into 96-well microplates
at a density of 103 cells/well at 37∘C under humidified atmo-
sphere containing 5% CO

2
. Triplicates of sterilized sample

were taken and then incubated in serum containing media
for 24 h at 37∘C. 100𝜇L of the media from each sample
was taken and transferred into each well then incubated for
another 24 h. After that, MTT solution was added to each
well followed by 4 hours of incubation at 37∘C. Subsequently,
the medium was removed and violet crystals formed were
solubilized with DMSO. After shaking slowly twice for 5
seconds, the absorbance of each well was determined using
Eliza reader at 570 nm. The cell viability was expressed as a
percentage of the control.

2.9. Evaluation of Wound Healing Activity. The wound heal-
ing activity was evaluated by excision woundmodel in albino
rabbits (1.7 to 2.0 kg). All in vivo experiments were carried out
in accordancewith the ethical guidelines forAnimal Care and
Use Committee of Medical and Pharmaceutical University
(Ho Chi Minh City). The animals were anesthetized by using
lidocaine 25% prior to the test. The dorsal hair of the rabbit
was removed. Full thickness wound of 2.5 × 2.5 cm2 was
excised from the back of the rabbit. The wound was covered
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with an equal size of drug-loaded sponge or blank sponge.
The cotton gauge was used for control. The sponge was
removed and replaced by fresh sponge every three days. The
wound closure was observed at different periods of treatment
using a digital camera. Wound area was calculated on the
0th, 3rd, 12nd, 15th and 21st days. On day 21st, histological
examinations of skin wound tissue were carried out. The
skin wound tissue of animal was excised, fixed with 10%
formalin, and stainedwith hematoxylin-eosin (H&E) reagent
for histological observations.

3. Results and Discussion

The composite sponges were prepared in different ratios of
chitosan and gelatin (3 : 1, 1 : 1, and 1 : 3) (Figure 1).The results
indicated that increasing of gelatin concentration leads to
increase of folding endurance. The composite sponge SP1
showed the highest folding endurance among all composite
sponges (data not shown). To examine the chemical struc-
tures of various sponges prepared under different feeding
ratios, the prepared sponges were examined by FTIR spectra.
The –CH– stretching vibration of the chitosan and gelatin
is at 2936–2969 cm−1, while peaks of chitosan at 1650 and
1560 cm−1 correspond to the amide carbonyl group (amide
I) and the bending frequency of the amide N–H group
(amide II), respectively (Figure 2). The FT-IR of composite
sponge exhibited a mixture of characteristic absorptions
because of amine groups of chitosan and the carboxylic
acid groups of gelatin. The peaks of C =O of amide I for
chitosan at 1650 cm−1 was shifted to 1669 cm−1 in composite
sponges. The intensity of C =O peaks increased with the
decline ratio of gelatin in composite sponge from 1 : 3 to
3 : 1 (chitosan/gelatin). These results can be attributed to the
interaction of −NH3+ of chitosan and the COO− of gelatin in
three composites [18, 19].

Figure 3 shows the cross-section morphology of chi-
tosan/gelatin composite sponges. According to the figure, the
sponges appeared as a very porous structure. Additionally, the
roughness of chitosan/gelatin sponge surface was decreased
with increasing of gelatin content (Figures 3(a)–3(c)). It was
found that the large pores were observed in cross-section
morphology of chitosan/gelatin sponges (Figures 3(d)–3(f)).
The pore sizes were 43.06, 35.6, and 29.9 𝜇m for SP3, SP2, and
SP1, respectively.The sponges with low gelatin level represent
regular pore size. On the other hand, the irregular pore size
was observed in cross-section morphology of sponge with
high gelatin content. The irregular pore size appearing in
the sponge with high gelatin level may be deduced from the
incompatibility between chitosan and gelatin molecules.

Water absorption capacity is an important parameter
for biological applications and wound healing. It presents
the capacity of sponge to absorb wound exudates. As the
gelatin contents of prepared sponges were increased, the
water adsorption capacities were significantly decreased.This
is because lower water content led to smaller pore size during
the preparation of the sponges. As a result, the water uptake
was relatively lower. The water uptake capacity was 227%,
351%, and 2352% for ratio of chitosan/gelatin 1 : 3, 1 : 1, and

(a) (b)

Figure 1: Prepared composite sponge with ratio of chitosan and
gelatin (3 : 1) (a) curcumin-sponge and (b) blank sponge.
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Figure 2: FT-IR spectra of prepared composite sponge with various
ratios of chitosan and gelatin.

3 : 1, respectively.The high water content in prepared sponges
was explained by the hydrophilic and swelling properties of
gelatin [20]. The SP3 presented maximum water absorption
capacity among all prepared sponges; the sponge can retain
water in porous pore surrounding by cell walls. Additionally,
it decreased about 10-fold for SP1 and SP2whichmay attribute
to the swelling and dissolving of gelatin that could decrease
the pore size leading to less water absorption and therefore
could not retain much water within their network structure.
Furthermore, the water absorption capacity of drug-loaded
sponge was not significantly different from blank sponge.The
similar resultswere also reported in previous study [18].These
results were further confirmed by weight loss of sponges.
Table 1 presents that the weight losses were 81.5, 66.5 and
16% for SP1, SP2, and SP3, respectively. The weight loss is
reasonable as more gelatin can resist the dissolution in water.
Thewater uptakemay be related to the pore.Themore gelatin,
the smaller pores, and pore volume were observed.

The in vitro release profile of curcumin-sponge was
conducted in phosphate buffer solution. The average percent
release of curcuminwas approximately 91%, 55%, and 37% for
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Figure 3: SEM images of surface morphology of chitosan/gelatin sponges (a) SP3, (b) SP2, and (c) SP1. Cross-section morphology of
chitosan/gelatin sponges (d) SP3, (e) SP2, and (f) SP1 (scale bar at 100 𝜇m).

Table 1: Composition and physical parameter of prepared sponges.

Sample no. Feeding ratio Average water
uptake (%)

Weight
loss (%)Chitosan Gelatin

SP1 1 3 227 81.5
SP2 1 1 351 66.5
SP3 3 1 2352 16

SP1, SP2, and SP3, respectively, in 96 h.The curcumin release
increased with increase of gelatin content in prepared sponge
(Table 2). This is because the hydrophilicity of curcumin was
relatively lower. According to the partition ratio between
sponge phase and water phase, the drug in the sponge having
a higher gelatin content is preferred to be released, instead of
being dissolved by the sponge.

From the results of antibacterial activity studies of pre-
pared sponges against P. aeruginosa, it can be seen that the
inhibition zone is larger in curcumin composite sponge than
that of chitosan sponge without curcumin. It can be also seen
that the SP3 sponge exhibited a higher inhibition zone than

Table 2: The curcumin release profile of prepared sponges.

Time (h) Drug release (%)
SP1 SP2 SP3

0 0.00 0.00 0.00
1 16.35 1.38 0.53
6 30.85 4.47 1.62
24 43.53 10.21 7.38
30 49.44 13.59 8.15
48 59.44 29.73 9.21
54 63.41 33.97 14.26
72 78.12 43.26 23.09
96 90.97 54.71 36.91

those of SP1 and SP2 sponges (Figure 4).The inhibition zones
were 21mm and 17.5mm for curcumin-loaded SP3 and SP3
without curcumin, respectively.

The cytotoxicity of prepared sponges to L929 cells was
evaluated using MTT assay method.The results demonstrate
the cell viability after 24 h incubation with medium released
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Figure 4: Antibacterial activity of prepared sponges against Pseudomonas aeruginosa: (a) sponges without curcumin and (b) curcumin-
sponges.
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Figure 5: Photographs of macroscopic appearance of wound repair covered with (a) control, (b) blank sponge, and (c) curcumin sponge, at
day 0, day 3, day 12, and day 15, respectively.

from sponges.The results present that cell viability decreased
to approximately 90% in the presence of medium containing
sponge without curcumin and curcumin sponge. The cell
viability suggests that these sponges have generally low
cytotoxicity to the L929 fibroblast cells (data not shown).

The SP3 sponge was selected for wound healing test.
The percentage of wound closure in untreated and treated
groups was measured on 3rd, 12nd, 15th, and 21st post wound
day and the results are presented in Table 3. The wound
closure was similar in three groups on 21st post wound day.
The wound closure was 99.49%, 97.63%, and 94.30% for
curcumin-SP3, blank SP3 and control group, respectively. It
was found that the wounds treated with curcumin composite
and composite without curcumin have shown faster wound

healing than wound untreated group. Moreover, the wound
closure on the 12nd and 15th day was significantly increased
in curcumin SP3 in comparison with SP3 without curcumin
(Figure 5). These results enhance the wound healing activity
and could be a good material to be employed as wound
dressing.

Histological Examination. The histological examination of
three different kinds of wound dressing applied on skin
wound of rabbit is presented in Figure 6. As can be seen in
Figure 6, the tissue is in the acute stage of wound healing
for control (Figure 6(a)). The tissue is under subacute stage
of wound healing due to that there are many eosinophil,
allergic reactions may be considered (Figure 6(b)). The
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(a) (b) (c)

Figure 6: The H&E stained sections of twelve-day postsurgery of wound treated with (a) control: Short arrow—polymorphonuclear
neutrophil (PMN), long arrow—fibroblast. The tissue is in the acute stage of wound healing. (b) Blank sponge (without curcumin): short
arrow—eosinophil, long arrow—necrotic tissue. The tissue is under subacute stage of wound healing due to that there are many eosinophil
and allergic reaction may be considered, and (c) curcumin sponge: arrow—lymphocyte, the tissue is under subacute stage of wound healing
(400x).

Table 3: Wound closure of animal treated with blank sponge and curcumin sponge.

Wound closure (%) (mean ± SD)

Time 3rd day 12nd day 15th day 21st day
Control 15.36 ± 0.54 30.00 ± 1.05 48.80 ± 1.71 94.30 ± 1.93

SP3 14.79 ± 0.58 49.41 ± 1.93 77.96 ± 3.91 97.63 ± 4.28

Curcumin-SP3 26.53 ± 1.14 90.82 ± 2.11 95.41 ± 3.62 99.49 ± 3.81

wound is under subacute stage for curcumin-loaded sponge
(Figure 6(c)). The granulation tissue and collagen alignment
were more advanced in the sponge without curcurmin and
curcumin-loaded sponge-treated wound as compared to the
untreated wounds (control).

4. Conclusion

In this work, composite sponge of curcumin/chitosan/gelatin
was prepared at the various ratios of chitosan and gelatin.
The structure and morphology were characterized using FT-
IR and SEM. The composite of curcumin, chitosan, and
gelatin improved water uptake ability, antibacterial activity,
and wound closure. Based on the results of drug release of
curcumin, the higher content of gelatin in composite sponge
exhibited a faster release behavior up to 240min. These
composite sponges were found to enhance the formation of
collagen and wound closure in vivo and therefore improved
the wound healing activity.
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ZSM-5 filled polyether block amide membranes (PEBA), PEBA/ZSM-5, were prepared and used to recover aroma, ethyl acetate
(EA), from aqueous solution by pervaporation (PV).Themembranes demonstrated high EA permselectivity, and with the increase
of ZSM-5 loading, the separation factor increased initially and then decreased, while the total flux demonstrated the similar
variation until the ZSM-5 loading was 10wt%, at which it reached the lowest value. After that, it began to increase again. On
the other hand, the separation factor, and total flux of the PEBA/ZSM-5 membrane containing 10wt% ZSM-5, PEBA/ZSM-5-10,
increased with the increase of feed concentration and temperature. The best PV performance, separation factor and total flux of
PEBA/ZSM-5-10 membrane were 185.5 and 199.5 gm−2h−1, respectively, with feed concentration of 5wt% EA at 50∘C.

1. Introduction

Ethyl acetate (EA) is a very important chemical raw material,
which is widely used in producing perfumes, plasticizers,
varnishes, synthetic resins, and adhesive agents [1]. EA is
mainly synthesized via a classical esterification process of
acetic acid with ethanol in conventional industry [2, 3]. Due
to the fact that the process of esterification is a reversible
one, the high concentration can inhibit the reaction, so
the product of the low concentration should be separated
from water in time [4, 5]. Distillation and pressure swing
adsorption (PSA) were once the most common methods
used to separate organic compounds from water. However,
distillation is unsuitable for azeotropic mixtures, for sepa-
ration of organic compounds in low concentration, or for
thermally sensitive organic compounds [6]. PSA has the
undesirable features of being energy intensive, with high
investment cost and large installation area [7]. Compared
with distillation and PSA, pervaporation (PV), as a new type
of membrane separation technology, has obvious advantages
in the field of gas separation and liquid separation in the
separation of low concentration [8, 9]. In this area, most of
the research has focused on the preparation andmodification
of the membrane due to the fact that membrane materials

are the core components in the process of pervaporation.
To date, the materials that have been used for pervaporative
recovering organic compounds from water were mainly
hydrophobic, such as polydimethylsiloxane (PDMS) [10–14],
polyurethaneurea (PU) [15, 16], poly(vinylidene fluoride-co-
hexafluoropropene) (P(VDF-co-HFP)) [17], ethylene-vinyl
acetate (EVA) [18], and polyether block amide (PEBA)
[19–21]. However, the trade off between permeability and
selectivity is one of the biggest problems faced by pure
polymer membranes, which greatly limits their further appli-
cation in the chemical industries. In the past two decades,
mixed matrix membranes started to emerge as an alternative
approach in pervaporative membrane technology [22–25].
ThePVperformances aswell as heat resistancewere proved to
be enhanced by incorporating inorganic fillers into polymer
membranes. For the separation of organic compounds from
aqueous solutions, hydrophobic inorganic fillers including
zeolite [26–35], carbon black [36], carbon molecular sieve
[37], and so on were adopted. Among them, zeolite with high
Si/Al ratio (ZSM-5) and silicalite (Al-free zeolite) is intensely
investigated to remove different organic compounds from
water due to its high hydrophobicity, surface area, and void
volume, and uniform pore size distribution. For example,
Kittur and coworkers [26] prepared ZSM-5/PDMS blend
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membranes for recovery of isopropanol from water. Their
results showed that both permeation flux and selectivity
increased simultaneously with the increase of zeolite content
in the membrane matrix. The highest separation selectivity
reached 80.84 and flux of 67.8 g/m2 h at 30∘C for 5wt% of
isopropanol in the feed when zeolite loading was 30wt%.
Vane et al. [27] prepared ZSM-5 filled PDMS membranes
and showed that the separation factor of ethanol from
water increased monotonously from 8.7 to 43.1 when ZSM-5
loading increased from 0 to 65wt%, and the ethanol flux also
increased from about 40 to 300 g/m2 h. Jia et al. [28] found
that the incorporation of silicalite into PDMS enhanced both
the total flux and acetic acid/water separation factor which
were from 57 to 150 g/m2 h and from 1.35 to 2.75, respectively,
with silicalite content of 49.9 wt%. Nevertheless, inevitably
nonselective voids are generated near the interface of polymer
and inorganic particles due to their incompatibility. Attempts
were made to enhance the compatibility between the fillers
and polymers by introducing silane coupling agent [38],
but chemical modifying the fillers will partially block their
pores. So, it is probably more reasonable and convenient to
enhance physical affinity between polymer segments and the
inorganic fillers by selecting or synthesizing suitable polymer
materials. PEBA is a block copolymer material, which could
provide hydrophobic and flexible soft segments (polyether)
for facilitating organic compounds diffusion and rigid hard
segments (polyamide) for mechanical strength. So inorganic
fillers should have good affinity to PEBA segments and are
prone to be dispersed well in PEBA membrane because the
polymer segments are amphiphilic.

In the present study, to enhance the PV perfor-
mance of PEBA membrane, ZSM-5 filled PEBA membranes,
PEBA/ZSM-5, were prepared, and their PV performance
with different ZSM-5 loading, feed concentration, and tem-
perature for recovering EA from aqueous solution was
investigated. Furthermore, the PV performances with the
increase of ZSM-5 loadingwere discussed from the viewpoint
of the chemical and physical structures of PEBA/ZSM-5
membranes.

2. Experimental

2.1. Materials. Polyether block amide (PEBA) 2533 was
obtained from Arkema Co. Ltd. (France). ZSM-5 zeolite
with the average pore size of 0.55 nm was purchased from
the Catalyst Plant of Nankai University (Tianjin, China). n-
Butanol and EA were bought from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China).

2.2. Membrane Preparation. PEBA and ZSM-5 were accu-
rately weighed and then added to n-butanol and transferred
to a flask at 80∘C with mechanical stirring for 4 h until a
homogeneous solution was formed. The obtained solution
was cast on a tetrafluoroethylene plate with a dry scraper.
The solutions with ZSM-5 loading of 0, 5, 10, 20, and 40wt%
(the weight ratio of ZSM-5 to PEBA) were evaporated at
room temperature for 24 h in the air.The formedmembranes

were designated as PEBA, PEBA/ZSM-5-5, PEBA/ZSM-5-10,
PEBA/ZSM-5-20, and PEBA/ZSM-5-40, respectively.

2.3. FT-IR Measurement. The samples of ZSM-5, PEBA,
PEBA/ZSM-5-10, and PEBA/ZSM-5-40 for FT-IR measure-
ment were prepared by painting a thin layer of casting solu-
tion on a potassium bromide flake and evaporated the solvent
at room temperature. Then, the samples were characterized
by a FTLA2000-type Fourier transform infrared (FT-IR)
spectrometer.

2.4. TGA Measurement. Thermal stability of ZSM-5, PEBA,
PEBA/ZSM-5-10, and PEBA/ZSM-5-40 was examined with
a METTLER 1/1100SF Thermogravimetric Analyzer (TGA)
from 30∘C to 800∘C with a heating rate of 10∘C/min and a
nitrogen flow of 50mL/min.

2.5. Scanning Electron Microscopy. Scanning electron micro-
graphs of ZSM-5, PEBA, PEBA/ZSM-5-10, and PEBA/ZSM-
5-40 were performed on a Hitachi S4800 scanning electron
microscope (SEM) instrument. All the samples were coated
with a thin layer of gold to prevent charging.

2.6. Mechanical Properties Studies. Tensile tests on the
membranes of PEBA, PEBA/ZSM-5-5, PEBA/ZSM-5-10,
PEBA/ZSM-5-20, and PEBA/ZSM-5-40 were carried out
at room temperature using an electronic universal test-
ing machine (Shenzhen, China) with a crosshead speed
of 30mm/min. The width and length of the sample were
10mm and 50mm. The membranes were evaluated by two
parameters as shown in the following equations:

𝜎 =
𝐹

𝑏𝑑
,

𝐸 =
𝜎

Δ𝐿/𝐿
,

(1)

where 𝜎 is the tensile stress, 𝐹 is the maximum load, 𝑏, and 𝑑
represent thewidth and thickness of the samples, respectively.
𝐸 represents young’smodulus, andΔ𝐿 and𝐿 are the extension
and the original length.

2.7. Static Contact Angle Measurement. Static contact angles
for water of PEBA/ZSM-5 membranes were measured by
sessile drop method [39] using a contact angle meter (OCA
20, Dataphysics Instruments GmbH Germany) at 25∘C and
about 65% relative humidity. The volume of the water drop
used was always 2mL. All reported values were the average
of at least eight measurements taken at different locations of
the film surface and had a typical mean error of 1∘.

2.8. Degree of Swelling Measurement. The dried PEBA/ZSM-
5 membranes were immersed in different concentration of
EA aqueous solution at 30∘C at the same time, respectively.
At regular intervals, the swollen membranes were wiped out
carefully with tissue paper to remove superficial liquid and
weighted in a tightly closed bottle.Thedegree of swelling (DS)
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of the membrane was then determined from the following
equation:

DS =
𝑚
𝑠
− 𝑚
𝑜

𝑚
𝑜

× 100%, (2)

where 𝑚
𝑜
and 𝑚

𝑠
are the weights of dry and swollen mem-

branes, respectively.

2.9. Determination of Diffusion Coefficient. The diffusion
coefficient was estimated to describe the diffusion behavior
of the system. The diffusion coefficient of component 𝑖 was
calculated from (3) as previously reported by Ma et al. [40]
and evolved from Fick’s law of (4) when assuming that the
concentration profile along the diffusion length 𝑥 is linear:

𝐷
𝑖
=
𝐽
𝑖
𝛿

𝐶
𝑖

, (3)

𝐽
𝑖
= −𝐷
𝑖

𝑑𝐶
𝑖

𝑑𝑥
, (4)

where𝐷
𝑖
represents concentration-averaged diffusion coeffi-

cient of component 𝑖 (m2/s), 𝐽
𝑖
is the flux of component 𝑖, 𝐶

𝑖

is the concentration (kg/m3), 𝛿 is the membrane thickness,
and 𝑥 is the diffusion length (m).

2.10. PV Experiments. The PV experiment setup and proce-
dure were the same as those described previously [41]. The
membrane was installed in the testing cell, and the effective
area was 35.24 cm2. The feed solution was continuously
circulated from a feed tank to the upstream side of the
membrane by a pump. The downstream pressure was kept
at 200 ± 10 kPa, and the penetrant was collected in a cold
trap. The compositions of the feed and the penetrant were
measured using GC900 gas chromatography equipped with
a thermal conductivity detector (TCD). The permeation flux
(𝐽) and the separation factor (𝛼) for all membranes were
calculated according to the following equation:

𝐽 =
𝑄

𝐴𝑡
,

𝛼EA/water =
𝑌EA/𝑌water
𝑋EA/𝑋water

,

(5)

where𝑄 is the weight of permeate collected in time 𝑡, and𝐴 is
the effective membrane area, and𝑋 and 𝑌 represent the mass
fractions of the organic in the feed and permeate, respectively.

3. Results and Discussion

3.1. Membrane Characterization

3.1.1. FT-IR Analysis. Figure 1 shows the FT-IR spectra of
ZSM-5, PEBA, PEBA/ZSM-5-10, and PEBA/ZSM-5-40. As
shown from the spectra of ZSM-5 in Figure 1(a), a distinct
absorption band appeared at around 1100 cm−1 assigning to
Si–O.Thepeak at around 800 cm−1 represented the stretching

(d)

(c)

(b)

(a)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm−1)

Figure 1: FT-IR spectra of (a) ZSM-5, (b) PEBA, (c) PEBA/ZSM-5-
10, and (d) PEBA/ZSM-5-40.

vibrations of Al–O, which was weaker than that of Si–O due
to the fact that the ratio of Si/Al was high. In Figure 1(b),
the adsorptions observed at 3302 cm−1 and 1680 cm−1 corre-
spond to the stretching vibration peak ofNH,C=O indicating
the presence of a polyamide group. The peak located at
1300 cm−1 was the stretching vibration of C–O corresponding
to polyether groups. As can be seen from Figures 1(c) and
1(d), after the addition of ZSM-5 particles, no new absorption
peak could be observed except for Si–O peak, suggesting that
ZSM-5 particles were physically blended within the polymer
matrix.

3.1.2. TGA Analysis. The thermal decomposition curves of
PEBA/ZSM-5 membranes were shown in Figure 2. In Fig-
ure 2(a), the ZSM-5 had an obvious thermal weight loss from
30∘C to 200∘C, mainly due to the loss of water molecules
attached to the ZSM-5. Besides, the ZSM-5 presented a total
weight loss about 3% from 30∘C to 800∘C, indicating that the
ZSM-5 was stable at high temperature. It could be seen from
Figure 2(b) that PEBA, PEBA/ZSM-5-10, and PEBA/ZSM-
5-40 had an apparent thermogravimetric interval. Below
300∘C, the sample presented a thermal weight loss at around
2%, mainly due to the loss of crystal water and solvent
volatilization, while the membrane itself was stable without
thermal decomposition. From 300∘C to 500∘C, the hot weight
loss of the PEBA, PEBA/ZSM-5-10, and PEBA/ZSM-5-40 was
95.4%, 87.0%, and 67.9%, respectively. That means that the
weight loss of PEBA, PEBA/ZSM-5-10, and PEBA/ZSM-5-
40 membrane decreased and the decomposition temperature
increased with the increasing loading of ZSM-5, indicating
that the incorporation of ZSM-5 improved the thermal
stability of PEBA/ZSM-5 membranes.

3.1.3. SEM Analysis. Figure 3 showed the scanning electron
micrographs of ZSM-5 particles and the cross-section of
PEBA, PEBA/ZSM-5-10, and PEBA/ZSM-5-40 membranes.
As can be seen from Figure 3(a), ZSM-5 zeolite as a rect-
angular parallelepiped block particles was about 3∼5 𝜇m.
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Figure 2: TGA plots of (a) ZSM-5 and (b) PEBA/ZSM-5.

From Figure 3(b) to Figure 3(f), no appreciable pore could
be observed, indicating that defect-free dense membrane was
synthesized. It could be seen from Figure 3(c) to Figure 3(f)
that ZSM-5 particles were uniformly dispersed in the mem-
brane matrix.

3.1.4. Mechanical Properties. Figure 4 described the effect of
ZSM-5 content on the mechanical properties of PEBA/ZSM-
5 membranes. From Figure 4, the tensile strength of
PEBA/ZSM-5 membranes, which is the maximum stress
value of uniformplastic deformation ofmaterial under tensile
stress, decreased with the increase of ZSM-5 loading because
the addition of inorganic particles reduced the elasticity of
membrane. As shown in Figure 4, the Young’s modulus of
PEBA/ZSM-5 membranes, which is a physical quantity to
describe the solid material to resist deformation, increased
correspondingly with the increase of ZSM-5 loading due to
the increased rigidity of PEBA/ZSM-5 chains.

3.1.5. Contact Angle. Figure 5 shows the effect of ZSM-
5 loading on the contact angle for water of PEBA/ZSM-5
membranes. As can be seen from Figure 5, the contact angle
for water of PEBA/ZSM-5 membranes increased with the
increase of ZSM-5 loading. Obviously, the hydrophobicity of
PEBA/ZSM-5 membranes was enhanced with the increase
of ZSM-5 loading because that the zeolite ZSM-5 shows
good hydrophobicity. But after the amount of ZSM-5 is up
to 40%, the hydrophobicity of PEBA/ZSM-5 membranes
substantially keeps constant with the increase of ZSM-5
loading, that means that the surface of PEBA membrane has
a certain capacity of ZSM-5, and ZSM-5will enter the interior
of the membrane when the amount of ZSM-5 is increased to
a certain degree.

3.2. Effect of ZSM-5 Loading on Membrane Swelling. The
equilibrium DS values of PEBA/ZSM-5 membranes in pure

water, pure EA, and EA/water mixtures with different EA
concentration at 30∘Cwere shown in Figure 6. It could be seen
that the DS values of PEBA/ZSM-5 membranes decreased in
pure EA and EA aqueous solutions, while nearly unchanged
in pure water, with the increase of ZSM-5 loading. It may
be explained that the incorporation of ZSM-5 decreased the
mobility of the PEBA chains and blocked the free movement
of EA and water molecular into PEBA/ZSM-5 membranes.
From Figure 6, it could also be seen that the DS values of
PEBA/ZSM-5 membranes increased with the increase of EA
concentration, suggesting that the PEBA/ZSM-5 membranes
had preferential selective adsorption for EA.

3.3. Effect of ZSM-5 Loading on PV Performance of PEBA/
ZSM-5 Membranes. Figure 7 shows the variation of separa-
tion factor and permeation flux as a function of ZSM-5 load-
ing in the PEBA/ZSM-5membranes with 5wt% of EA in feed
at 30∘C. As shown in Figure 7, the flux decreased initially and
then increased with the increase of ZSM-5 loading, and when
the ZSM-5 loading was 10wt%, the flux reached the lowest
value, while the separation factor increased initially and then
decreased with the increase of ZSM-5 loading, and when
the ZSM-5 loading was 10wt%, the separation factor was
the highest. The increase of separation factor of PEBA/ZSM-
5 membranes with the increase of ZSM-5 loading from 0
to 10wt% is mainly due to the increasing hydrophobicity of
membrane after adding ZSM-5. But when ZSM-5 loadingwas
more than 10wt%, the separation factor began to decrease as
it could be attributed to the aggregation of ZSM-5 particles
and the increasing defect between polymer chains and ZSM-
5 which allowed EA and water to permeate simultaneously.

3.4. Effect of Feed Concentration on PV Performance of
PEBA/ZSM-5-10Membrane. The effect of feed concentration
on PV performance of PEBA/ZSM-5-10 membrane was
studied at 30∘C. The relationship among the permeation flux
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(c) (d)

(e) (f)

Figure 3: SEM images of ZSM-5 particles and the cross-section of membranes, (a) ZSM-5 particles, (b) pure PEBA, (c) PEBA/ZSM-5-10 (d)
PEBA/ZSM-5-40, and (e) and (f) are the whole cross-sectional images of PEBA and PEBA/ZSM-5-40 membrane, respectively.

and liquid and vapor phase concentrations follows (6) for
recovery of VOC from aqueous solution [42]:

𝐽
𝑖
= 𝐾
𝑖
𝜌 [(𝐶
𝑖
)
𝐿

− (𝐶
𝑖
)
𝑉

] , (6)

where𝐾
𝑖
(m/s), 𝑞 (mol/m3), (𝐶

𝑖
)
𝐿 (dimensionless), and (𝐶

𝑖
)
𝑉

(dimensionless) are the overall mass transfer rate coefficient,
total molar density of feed, bulk liquid phase concentra-
tion (mole fraction), and bulk vapor phase concentration
(mole fraction, reported as an equivalent liquid phase mole
fraction), respectively, for component 𝑖. The increase of
feed concentration is nearly equal to the increase of the
driving force (𝐶

𝑖
)
𝐿 because (𝐶

𝑖
)
𝑉 is usually small and can be

neglected. Therefore, the permeation flux increased usually
with an increase of feed concentration. In this study, water

flux decreased slightly from 59.58 to 26.26 g/m2 h, and EA
flux increased from 41.87 to 140.8 g/m2 h when the feed
concentration increased from 1 to 5wt% as can be seen from
Figure 8(b). This is because the driving force of EA was
enhanced and that of water nearly depressed or unchanged
with the increase of feed concentration. Uragami et al. [43]
proved that organic molecules mainly permeated through
the hydrophobic phase of a polymer membrane containing
microphase structure, while water molecules mainly perme-
ated through hydrophilic matrix. For PEBA membranes, the
hydrophobic and prevalent polyether segments formed the
main matrix of the whole membrane, and the low content of
polar hard segments was dispersed evenly in the polyether
matrix.The soft segments of polyether, which have the strong
affinity to EA, provide a path for the permeation of EA.
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Figure 7: Effect of ZSM-5 loading on PV performance of
PEBA/ZSM-5 membranes: separation factor and permeation flux
(EA concentration in feed, 5 wt%, feed temperature, 30∘C).

But the diffusion of water became very difficult because the
low content of hard and polar segments of polyamide could
not form a continuous phase in the PEBA membrane. In
addition, in the studied feed concentration range, the mild
DS of PEBA/ZSM-5-10 membrane, from 3.7% to 7.4% seen
from Figure 6, will also be resistant to water permeation.

3.5. Effect of Operating Temperature on PV Performance of
PEBA/ZSM-5-10 Membrane. Figure 9 shows the variation
of the separation factor 𝛼 and total flux of PEBA/ZSM-
5-10 membrane with feed temperature. From Figure 9, it
can be seen that both 𝛼 and total flux increased with the
increase of the feed temperature below 50∘C. Commonly,
the separation factor decreases with the increase of feed
temperature in PVprocess.This anomalous phenomenon can
be explained that the mass transfer driving force through
the membrane increased at a higher temperature and the
activity of the polymer chains increased, so the resistance
of penetration component in the membrane was reduced.
This could result in the increase of the total flux and the
EA flux. Therefore, the separation factor increased. But
when the temperature is higher than 50∘C, the increasing
swelling allowed EA and water to permeate simultaneously,
resulting in the decrease of the separation factor. Generally,
the relationship among the permeation flux and the operating
temperature for recovery of VOC from aqueous solution
follows the Arrhenius relationship, as shown in the following
equation:

𝐽
𝑖
= 𝐽
𝑜
exp(

−𝐸
𝑎

RT
) , (7)

where 𝐽
𝑖
is the flux (gm−2 h−1) of the component 𝑖, 𝐽

𝑜
is a

constant (gm−2 h−1), 𝐸
𝑎
is the activation energy (Jmol−1), 𝑅 is

the gas constant (Jmol−1K−1), and 𝑇 is the absolute temper-
ature (K).

Figure 10 shows the Arrhenius relationship between the
flux and permeation activation energy. From Figure 10, the
permeation activation energy of EA (𝐸

𝑎EA = 19.74 kJ/mol)
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Figure 8: Effect of feed concentration on PV performance of
PEBA/ZSM-5-10 membrane at 30∘C: (a) separation factor and (b)
permeation flux.

was higher than that of water (𝐸
𝑎water = 7.62 kJ/mol) for

the PEBA/ZSM-5-10 membrane. The value of the activation
energy reflects the sensitivity of permeate flux to temperature.
The larger permeation activation energy of EA implies that
EA permeation flux is more sensitive to the increase of tem-
perature compared to that of water. Consequently, the per-
meate flux of EA increased greater than the water molecules
with the increase of temperature, which is corresponding to
the increased separation factor. But when the temperature is
higher than 50∘C, EA and water pass through the membrane
at the same time due to the intensification of the segment
movement, so the separation factor decreased.

3.6. Diffusion Coefficient. The average diffusion coefficient
of EA and water through the PEBA/ZSM-5-10 membrane in

Table 1:Diffusion coefficients of EA andwater throughPEBA/ZSM-
5 membranes with different ZSM-5 loading.

ZSM-5 loading (wt%)
0 5 10 20 40

𝐷EA (1010 m2 s−1) 2.16 1.99 1.18 1.56 1.33
𝐷water (10

12 m2 s−1) 2.98 2.09 1.16 2.77 2.56
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Figure 9: Effect of operating temperature on PV performance of
PEBA-ZSM-5-10 membrane: separation factor and permeation flux
(EA concentration in feed, 5 wt%).

the feed concentration of 5 wt% at 30∘C calculated by (3), the
results are shown in Table 1. Overall, the diffusion coefficient
of EA is 100 times higher than that of water molecules
which implies that themembranematerial is conducive to the
diffusion of the EA.

3.7. PV Performance for Separating EA/Water Mixtures with
the Literatures. Table 2 compares the PV performance for
separating EA/water mixtures with the literatures. The
PEBA/ZSM-5-10 membrane in this study exhibited the
highest EAnormalized flux (defined as the EAfluxmultiplied
by the membrane thickness) though the separation factor
is not outstanding enough compared to other membrane
materials.

4. Conclusions

Defect-free ZSM-5 filled polyether block amide membranes,
PEBA/ZSM-5,were prepared for the separation of EA from its
aqueous solutions by pervaporation. The chemical structure,
morphology, and thermal stability of these filled membranes
were characterized. It could be seen that ZSM-5 dispersed
uniformly in themembrane.With the incorporation of ZSM-
5 in the membrane, the thermal stability of the membrane
increased, while the swelling degree decreased. The sepa-
ration factor increased first and then decreased with the
increase of the ZSM-5 loading. The diffusion coefficient of
EA was much larger than that of water for the PEBA/ZSM-
5 membranes, indicating that the membranes were highly
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Table 2: Comparison of PV results of PEBA/ZSM-5-10 membrane for EA/water mixture with the literatures.

Ref. Membrane 𝑊 (EA)/% 𝑇 (∘C) 𝐽 (kg𝜇m/m2
⋅h) 𝛼 (EA/water)

[13] PDMS-1070 0.05 50 3.5 524
[14] PDMS/PTFE 0.99 30 6.7 95
[16] Cross-linked polyurethaneurea 2.5 30 25 655
[17] P(VDF-co-HFP) 5 30 28 175
[18] EVA-38 2.5 30 11 118
[19] PEBA 8.3 30 26 73
This work PEBA/ZSM-5-10 5 30 40 102
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Figure 10: Arrhenius plots of PEBA/ZSM-5-10 membrane.

EA permselective. The PEBA/ZSM-5 membranes containing
10wt% ZSM-5, that is, PEBA/ZSM-5-10, showed the highest
separation factor at 30∘C. With the increase of the operating
temperature and feed concentration, both the permeation
flux and separation factor increased except when the tem-
perature exceeded 50∘C. The best PV performance, separa-
tion factor, and total flux of the PEBA/ZSM-5 membranes
containing 10wt% ZSM-5 were 185.5 and 199.5 gm−2 h−1,
respectively, with feed concentration of 5 wt% EA at 50∘C.
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PDMS membranes were prepared by cross-linking with vinyltriethoxysilane (VTOS) on polyacrylonitrile (PAN) substrate to
increase hydrophobicity and improve pervaporation (PV) performance. It was shown that the membranes had high ethanol
permselectivity and flux. The effects of cross-linking temperature, the content of cross-linking agent, and feed temperature on
PV performance of VTOS cross-linked PDMS membranes were investigated. For 6wt% ethanol aqueous solution, the PDMS
membrane had the high separation factor of 15.5 and total flux 573.3 g⋅m−2⋅h−1, respectively, when the feed temperature was 40∘C,
H-PDMS :VTOS :DBTDL= 1 : 0.2 : 0.02 and cross-linking temperature was 80∘C.

1. Introduction

The production of ethanol as an alternative fossil fuel energy
resource has been a subject of great interest so far, because of
the uncertainty of petroleum supplies and the finite nature of
fossil fuels. Moreover, from the viewpoint of global environ-
mental protection, since the industrial uses of fossil resources
go on releasing a large quantity ofCO

2
on earthwhich leads to

increasing atmospheric temperature, the production of liquid
fuel ethanol by fermentation from renewable biomass as a
carbon source has been focused on. For removal of ethanol
fromwater, other separation technologies such as distillation,
liquid-liquid extraction, carbon adsorption, and air stripping
are not applicable because of feed condition limitations, large
volume of byproducts, or high cost of posttreatments. How-
ever, pervaporation can be applied without these limitations
[1–4]. Pervaporation is a promising separation technique
and is becoming recognized as an energy-efficient alterna-
tive to distillation and other separating methods for liquid
mixtures, especially in cases that the traditional separation
techniques are not efficient, such as separating of azeotropic
mixtures [5, 6], isomeric components [7], and close-boiling

point systems [8]. In addition, it can also offer advantages
in energy savings. The success of PV for ethanol-water
separation depends on the development of a membrane
material that has high permeability, high permselectivity,
and good film-forming properties. The polymers that have
been used for ethanol permselective membranes include
polydimethylsiloxane (PDMS) [9, 10], poly[1-(trimethylsilyl)-
1-propyne] (PTMSP) [11, 12], in which PTMSP suffers from
unstable PV performance with time. So, PDMS membrane
is the most important and promising polymer membrane at
present, which has the highest permeability for gas or vapors
[13] and a high separation performance for organic chemicals
in water [14, 15] among all the industrialized polymers.
However, PDMS membrane has an intrinsic disadvantage.
PDMS has the properties of poor film-forming and the
low selectivity. These disadvantages have been overcome
by using cross-linked PDMS [9]. But the preparation of
PDMS using tetraethylorthosilicate (TEOS) [16] as a cross-
linking agent has insufficient hydrophobicity in traditional
methods resulted in poor permeability. In this paper, PDMS
membranes were prepared using the cross-linking agent
vinyltriethoxysilane (VTOS) and used for separation of
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Figure 1: Preparation route of PDMS-VTOS.

ethanol/water mixtures. Due to the introduction of vinyl
group, the hydrophobicity and the permeability of the PDMS
membranes were increased.

The main objective of this study was to determine the
effect of cross-linking temperature on the performance of
PDMS membranes. Additionally, several of the parameters
listed above were studied to assess their importance for the
system.

2. Experimental

2.1. Materials. 𝛼,𝜔,-Dihydroxypolydimethylsiloxane (H-
PDMS) with an average molecular weight of 5000 was
purchased from Chenguang Research Institute of Chemical
Industry, Chengdu, China. Tetraethylorthosilicate (TEOS),
triethoxyvinylsilane (VTOS), dibutyltin dilaurate (DBTDL),
n-hexane, and ethanol were obtained as analytical reagents
from Shanghai Chemical Reagent Company, China.
Polyacrylonitrile (PAN) ultrafiltration support membrane
was purchased from Research and Development Center of
Water Treatment Technology, Hangzhou, China.

2.2. Preparation of PDMS-VTOS/PAN Composite Membranes.
H-PDMS, cross-linking agent VTOS, and catalyst DBTDL
were mixed according to a 10/1/0.2 weight ratio in n-hexane.
Prior to coating, PAN support was laid and spread out on
the surface of water in a basin. Excess water on the PAN
support surface was wiped off quickly with a filter paper.
Directly afterwards, the PDMS solution was poured on the
surface of support and the basin was put under a hood. The
membrane system containing some cross-linked PDMS, after
kept under ambient temperature for 2 h, was introduced into

a vacuum oven at 60∘C for 4 h to complete the cross-linking.
The chemical scheme was shown in Figure 1.

2.3. FTIR Measurement of PDMS-VTOS Membranes. The
chemical structures of H-PDMS, PDMS-VTOS samples were
confirmed by Fourier transform infrared (FTIR) using a
VECTOR-22 type spectrometer. Samples for FTIR mea-
surements were obtained by spreading a thin film of their
solutions in n-hexane on a potassium bromide flake and
evaporating the solvent under vacuum at room temperature.

2.4. Differential Scanning Calorimetry Measurements. DSC
analyses over the temperature range from −150∘C to 25∘C
were conducted on a Perkin-Elmer DSC7 under nitrogen
purge at a heating rate of 10∘C/min. The DSC curves were
obtained from a second heating cycle in order to remove heat
history.

2.5. Static Contact Angle Measurement. Static contact angles
for water of PDMS-VTOS/PAN composite membranes were
measured by the sessile drop method using a Contact Angle
Meter (OCA 20, Dataphysics, Germany) at 25∘C and about
65% relative humidity.The volume of thewater drop usedwas
always 2𝜇L. All reported values were the average of at least
eight measurements taken at different locations of the film
surface and had a typical mean error of ±1∘.

2.6. Degree of Swelling Measurement. Dried PDMS-VTOS
membranes without substrate were weighed and then
immersed into an aqueous solution of 6wt% ethanol in a
sealed vessel at 30∘C until equilibrium was reached. The
membranes were carefully wiped by tissue papers to remove
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surface solvent and then weighted to measure the weight of
the swollen membrane obtained. The equilibrium degree of
swelling (DS) of the membranes was then determined from
the following:

DS =
𝑚
𝑆
− 𝑚
0

𝑚
0

× 100%, (1)

where 𝑚
0
and 𝑚

𝑆
are the weights of dry and swollen

membranes, respectively.

2.7. Pervaporation Measurement. PV experiments were con-
ducted as previously reported [20]. The vacuum system of
the downstream side was maintained at about 180 Pa. The
experiments were carried out in a continuous steady state,
operated at constant temperature for ethanol/water mixtures.
The flow rate was maintained at 2m/s. Re number is about
10000. The permeation solution was collected in cold traps
by condensation with liquid nitrogen. The composition of
the permeation solution was determined using gas chro-
matography. The permeation flux (J) and the separation
factor (𝛼sep,ethanol/water) for all membranes were calculated
according to the following equations:

𝐽 =
Δ𝑔

𝐴 × Δ𝑡
, (2)

𝛼sep,ethanol/water =
(𝑃ethanol/𝑃water)

(𝐹ethanol/𝐹water)
, (3)

where Δ𝑔 is the permeation weight collected in cold traps
during the operation time Δ𝑡, 𝐴 is the membrane area
(18.1 cm2), 𝐹ethanol and 𝐹water are the weight fractions of
ethanol and water in the feed side, and 𝑃ethanol and 𝑃water are
the weight fractions in the permeate side, respectively.

2.8. Determination of Sorption Selectivity and Diffusion Selec-
tivity. The sorption experiments were carried out as follows.
A piece of dried PDMS-VTOS membrane without substrate
with determined weight was immersed in anethanol/water
mixture with 6wt% ethanol in a sealed vessel at 30∘C
until equilibrium was reached. The swollen PDMS-VTOS
membrane was wiped with a tissue paper quickly and
placed into another container. The solution adsorbed in the
swollenmembranewas desorbed under reduced pressure and
collected in a cold trap. The composition of the solution
in the swollen membrane was obtained by measuring the
ethanol concentration by gas chromatography in the collected
solution.The sorption selectivity, 𝛼sorp,ethanol/water, was deter-
mined by the ethanol composition in the membrane and the
feed solution as expressed as follows:

𝛼sorp,ethanol/water =
(𝑀ethanol/𝑀water)

(𝐹ethanol/𝐹water)
, (4)

where 𝐹ethanol and 𝐹water are the weight fractions of ethanol
and water in the feed and𝑀ethanol and𝑀water are the weight
fractions of ethanol and water in the swollen membrane,
respectively. According to the solution-diffusionmechanism,
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Figure 2: FTIR spectra of H-PDMS are 20∘C PDMS-VTOS, 80∘C
PDMS-VTOS; H-PDMS is PDMS with terminal OH groups, 20∘C
PDMS-VTOS is PDMS membrane prepared at 20∘C; 80∘C PDMS-
VTOS is PDMS membrane prepared at 80∘C.

separation and permeation characteristics for organic liquid
mixtures through polymeric dense membranes by PV are
based on the solubility of the permeants into the polymer
membrane (sorption process) and the diffusivity of the
permeants in the polymer membrane (diffusion process). In
general, the relation between them for ethanol/water mixture
can be written as follows:

𝛼diff,ethanol/water =
𝛼sep,ethanol/water

𝛼sorp,ethanol/water
. (5)

3. Results and Discussion

3.1. Characterization of Membranes

3.1.1. FT-IR Spectra of Different Polymers. Thehydrophobicity
of H-PDMS and cross-linked PDMS membrane at 80∘C
and 20∘C are characterized by FTIR as shown in Figure 2.
The peaks that occur at about 3100 cm−1 and 3744 cm−1 are
assigned to the stretching vibrations of unsaturated carbon-
hydrogen bond and Si–OH. As can be seen in Figure 2,
the intensities of peaks at 3744 cm−1 of 80∘C PDMS samples
are lower than those of H-PDMS and 20∘C PDMS. Mean-
while, unsaturated carbon-hydrogen bond peak appears at
3100 cm−1 of cross-linked PDMS. The intensity of the peak
from 80∘C PDMS is larger than that from 20∘C PDMS.These
results may confirm that H-PDMS cross-linked with VTOS
at 80∘C becomes more hydrophobic.

3.1.2. Contact Angle of PDMS-VTOS Membranes. The mem-
brane surface properties are also affected by cross-linking
temperature and VTOS content. Table 1 and Figure 3 dis-
play the change of contact angle on the respective sur-
faces. The contact angle (CA) of PDMS-VTOS membranes
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Table 1: Contact angle for water of PDMS-VTOS membranes
synthesized at different temperatures.

Cross-linking temperature (∘C) 20 40 50 60 80
Contact angle (∘) 64.5 101.9 106.2 107.7 108.3
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Figure 3:The effect of content of VTOS on contact angle of PDMS-
VTOS membranes (the cross-linking temperature: 80∘C).

increased with increasing cross-linking temperature. After
cross-linking at 60∘C, the CA was 107.7∘, and further increase
of cross-linking temperature did not bring significant change
in CA. This phenomenon is attributed to the fact that more
hydroxyl groups were left in the membranes cross-linked
under 60∘C than those in the membranes cross-linked over
60∘C, as can be confirmed by the FT-IR spectra results.

However, the effects of VTOS content on surface prop-
erties show parabola tendency. As shown in Figure 3, the
highest contact angle was achieved with 16.39wt% of VTOS,
which was the optimal content of the cross-linking agent.
Too low VTOS content cross-linking is not enough to be
preparation dense membrane which affects hydrophobicity
of the membrane surface. Too much VTOS leads to some
unreacted hydrophilic ethoxy group left in the membrane
after the reaction of hydrolysis and condensation of VTOS,
which made the hydrophobicity of PDMS-VTOS membrane
decrease.

3.1.3. Measurements of Differential Scanning Calorimetry.
Table 2 shows the DSC data of PDMS-VTOS cross-linked
membranes with different cross-linking temperature. The 𝑇

𝑔

has an insignificant fluctuation (from −123.9∘C to −118.2∘C)
with increasing cross-linking temperature. This result indi-
cates that cross-linking temperature has no obvious effect on
thermal property of the membrane. Meanwhile, it shows that
membrane will not transform during pervaporation.

3.1.4. Swelling of PDMSMembrane in Alcohol/WaterMixtures.
The results of swelling measurements of PDMS-VTOS in
6wt% and 100wt% ethanol/water binary mixtures at 40∘C

Table 2: Cross-linking effect on the glass transition tempera-
tures (𝑇

𝑔
) of PDMS-VTOS membranes (the weight ratio of H-

PDMS :VTES :DBTDL is 1 : 0.2 : 0.02).

Cross-linking temperature (∘C) 40 50 60 80

𝑇
𝑔
(∘C) −119.3 −123.9 −118.7 −118.2
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Figure 4: Effect of cross-linking temperature on the degree of
swelling (DS) of PDMS-VTOS membrane immersed in aqueous
solution of ethanol 6wt% and 100wt% ethanol content in the feed
(temperature, 40∘C).

are presented in Figure 4. As can be seen, the DS of PDMS-
VTOS formixtures increases separatelywith increasing cross-
linking temperature. In addition, DS of PDMS in 100wt%
ethanol is higher than that of PDMS in 6wt%. These results
indicate that VTOS cross-linked PDMS was swelling more in
ethanol than in water.

3.2. Pervaporation Performance

3.2.1. Effect of Cross-Linking Temperature. Figure 5 shows
the effects of cross-linking temperature on (a) ethanol in
permeate and (b) the normalized permeation flux for an
aqueous solution of 6wt% ethanol through PDMS-VTOS
membrane during PV with VTOS content of 16.39wt%.
From Figure 5(a), the ethanol concentration in permeate
through the PDMS-VTOSmembranes wasmuch higher than
that in the feed in the studied cross-linking temperature
range. These results suggest that PDMS-VTOS membranes
have high ethanol permselectivity for an aqueous solution of
6wt% ethanol.Meanwhile, both the separation factor and the
ethanol concentration in permeate increased with increasing
cross-linking temperature. From Figure 5(b), the ethanol and
water flux through PDMS-VTOS membranes decreased with
increasing cross-linking temperature.

In general, the PV performance for recovery of organic
from its aqueous solution is based on the solubility of
permeants into the polymer membrane (sorption process)
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Figure 5: Effect of cross-linking temperature on (a) ethanol in permeate and (b) the normalized permeation flux for an aqueous solution of
6wt% ethanol through PDMS-VTOS membrane during PV (operating temperature: 40∘C, the weight ratio of H-PDMS :VTOS :DBTDL is
1 : 0.2 : 0.02).

and the diffusivity of the permeants in the polymer mem-
brane (diffusion process).The solubility and diffusivity of the
permeants are significantly influenced by the chemical and
physical structures of the polymer membranes. After cross-
linked by VTOS, the PDMS-VTOS has better ethanol sorp-
tion selectivity with increasing cross-linking temperature.
This result in Figure 6 is compared with those of the contact
angle for water in Table 1; it is noted that the ethanol perms-
electivity strongly depends on the contact angle for water
on the cross-linked membrane surface. Namely, the ethanol
permselectivity of the cross-linked PDMS-VTOS membrane
increased with an increase of the contact angle of water. The
above results suggest that the ethanol permselectivity for an
aqueous ethanol solution of the cross-linked PDMS-VTOS
membranes is more significantly governed by the solubility
of the permeants into the membrane than the diffusivity of
the permeants in the membrane.

3.2.2. Effect of Cross-Linker VTOS Content. Curves of the
pervaporation flux and the separation factor of PDMS-
VTOS cross-linked membranes versus VTOS contents are
presented in Figure 7. As it can be seen, when VTOS
content is from 8.93wt% to 16.39wt%, the separation factor
(a) upgrades but the pervaporation flux (J) reduces with
the increase of VTOS content. Obviously, the increase of
VTOS content makes the structures of PDMS-VTOS cross-
linked membranes compact and prevents the large ethanol
molecules from passing the membrane. As it also can be
seen, when VTOS content is from 16.39wt% to 43.96wt%,
the increase of VTOS content improves the pervaporation
flux (J) but decreases the separation factor (𝛼). This phe-
nomenon demonstrates that membranes with high VTOS
content become more hydrophilic and relatively incompact
structures. In this situation, bothwater and ethanolmolecules
can easily transmit the membranes, so the exaltation of
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Figure 6: Effects of cross-linking temperature on the diffusion
selectivity and sorption selectivity.

the pervaporation flux (𝐽) is accompanied by the decrease of
the separation factor (𝛼). Experimental data verify that when
VTOS content is 16.39wt%, the separating properties of the
cross-linked membranes are better; the separation factor (𝛼)
and the pervaporation flux (𝐽) of membranes can reach 15.3
and 573.3 g⋅m−2⋅h−1, respectively.

3.2.3. Effect of Feed Temperature. Figure 8 presents the effect
of temperature on pervaporation total flux of ethanol/water
mixtures through cross-linked PDMS-VTOSmembranes; the
feed concentration is 6wt% and VTOS content is 16.39wt%.
An increase in feed temperature from 40∘C to 80∘C results
in the increase in the total fluxes for the membranes. This
is due to the fact that, during pervaporation, permeating
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Figure 7: The effect of VTOS content on pervaporation properties
of PDMS-VTOS membrane (feed concentration is 6wt%, the cross-
linking temperature is 80∘C, and the PV temperature is 60∘C).
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Figure 8: Feed temperature effect on PV performance of PDMS-
VTOS membrane feed concentration, 6 wt%, the weight ratio of H-
PDMS :VTOS :DBTDL is 1 : 0.2 : 0.02, the cross-linking tempera-
ture is 80∘C.

molecules diffuse easily through free volumes of the mem-
brane which is produced by thermal motions of polymer
chains. Frequency and amplitude of polymer jumping chains
increase as temperature increases. Thus, diffusion rate of
individual permeating molecules increases leading to high
permeation fluxes at higher temperatures. The separation
factor for ethanol decreases with increasing temperature.This
is a common phenomenon in a pervaporation process and
can be explained by two theories. One claimed that a water
molecular is much smaller than an ethanol molecular, so
with the increase of operating temperature, the more flexible
of polymer chains allow more water permeate through the
membrane than ethanol, which leads to the reduction of sep-
aration factor. The other theory says that water cluster come
into being on the feed side of a hydrophobic membrane. And
the size of water cluster becomes more dominant at a lower
temperature than at a higher temperature [21]. Therefore, the
diffusivity of water will be restraint in a membrane at a lower
temperature.
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Figure 9: Arrhenius plots of the PDMS-VTOS membrane.

To get a deeper view of the relationships between tem-
perature and permeation flux, the Arrhenius type equation
was applied by 𝐽 = 𝐽

0
exp(−𝐸

𝑝
/𝑅𝑇). 𝐸

𝑝
is apparent activation

energy for permeation, 𝐽
0
the permeation rate constant,

𝑅 the molar gas constant, and 𝑇 is the temperature in
Kelvin.The 𝐸

𝑝
values are 12.060 kJ/mol and 13.596 kJ/mol for

ethanol and water, respectively, which are determined from
the ln J versus 1/T plots (Figure 9). The larger permeation
activation energy of water implies that water permeation flux
is more sensitive to increased temperature compared to that
of ethanol permeation flux.

3.2.4. Comparing of Pervaporation Performance. Pervapora-
tion performance in some previous studies and our study is
listed in Table 3. As can be seen, the PDMS-VTOSmembrane
prepared in this research showed higher separation and lower
permeation flux than those PDMS membranes cross-linked
with TAOS reported for pervaporation removal of ethanol
from dilute aqueous solution. The higher separation factor
of PDMS-VTOSmembranes can be attributed to two factors.
One is a more hydrophobic nature of VTOS than TAOS and
the other is that PDMS-VTOS membranes possess a higher
cross-linking density thanPDMS-TAOSmembranes, because
PDMS-VTOS membranes with a high separation factor were
cross-linked at a higher temperature of 80∘C, which was
usually performed at 60∘C. However, a higher cross-linking
density is not favored for a permeation flux. That is why the
total flux of PDMS-VTOSmembranes is relatively lower than
that of PDMS-TAOS membranes.

4. Conclusions

Cross-linked PDMS-PAN membranes using VTOS were
prepared. The effects of parameters on the preparation
and pervaporation performance were investigated. It was
found that cross-linked PDMS-VTOS membranes had better
hydrophobic when H-PDMS :VTOS :DBTDL = 1 : 0.2 : 0.02,
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Table 3: Pervaporation performance of different PDMS-VTOS
using cross-linking agent.

Cross-linking agent Total flux
(g⋅m−2⋅h−1) Separation factor Reference

TAOS 1140 9.3 [17]
TAOS 1300 8.3 [18]
TAOS 750 2.7 [19]
VTOS 573 15.3 This work

cross-linking temperature is 80∘C. Meanwhile, PDMS-VTOS
membranes have much higher separation factor than PDMS-
TAOS membranes reported in the literatures. Though the
ethanol flux of PDMS-VTOS membranes are not so remark-
able, it is also acceptable.
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Decoloring methyl orange (MeOr) under sunlight was conducted in a photocatalytic membrane reactor (PMR). Zinc oxide
nanoparticles (ZnO NPs) were suspended in the solution or immobilized on the membrane. The membrane was modified by
grafting 2-hydroxyethyl methacrylate (HEMA) to enhance the adsorption of ZnO NPs on the hydrophobic membrane surface and
improve the membrane permeability. The results show that the water fluxes through the modified membranes are higher than that
through the unmodifiedmembrane. After introducing ZnONPs to themembrane, thewater fluxes still rise with the immobilization
degree of ZnONPs. For the PMRwith ZnONPs in suspension, the photocatalytic decoloration percent (PDP) was over 98.2% after
40min under sunlight. For the PMR with ZnO NPs immobilized on the membrane, the max of PDP was 74.3% after 6 h under
sunlight, and maintained at 72% after repeated uses for five times.These results demonstrate that photocatalytic membrane reactor
(PMR) based on ZnO NPs and polypropylene macroporous membrane(PPMM) could be applied in decoloring dyes.

1. Introduction

Dyes, widely used in industries, like textiles, paper, rubber,
and plastics, have led to severe environmental contamina-
tion due to the toxic and colored wastewater poured into
water bodies, which seriously worsens the quality of water,
inhibiting sunlight penetration and reducing photosynthetic
reaction.

Conventional treatment methods for dye removal, such
as ozonation, bleaching, hydrogen peroxide/UV, and elec-
trochemical techniques, were found to be nondestructive
and inefficient, because most dyes have complex aromatic
molecular structures that resist degradation [1]. They are
stable to light, oxidizing agents, and aerobic digestion.
The motivation for more efficient treatment processes has
inspired environmental scientists and engineers to explore
the technique of combing pressure-driven membrane filtra-
tion and heterogeneous photocatalysis [2–6].

Recently, heterogeneous photocatalysis employing semi-
conductor photocatalysts (TiO

2
, ZnO, and adulterate or

complex semiconductor) has demonstrated their efficiencies
in degrading a wide range of toxic organic compounds into
relatively innocuous end products, such as carbon dioxide
and water [5]. Photocatalytic oxidation of various harmful
organic dyes and inorganic pollutants in industrial wastew-
ater has been carried out by nanosemiconductors under UV
light due to their high photosensitivity and nontoxicity [7, 8].

ZnONPs have great photocatalytic activity under sun-
light, which can effectively absorb photons in the UV region
from the sunlight [9] and have shown higher photocatalytic
efficiencies for the degradation of several organic pollutants
[10, 11]. It is known that many adulterate or complex semi-
conductors have shown great photocatalytic activity under
solar light [12, 13]. Compared with these semiconductors, the
advantages of ZnONPs are simple synthesis process (only
one step by chemical depositing method) and low cost.
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Figure 1: A schematic diagram of the photocatalytic membrane reactor (active membrane area is 2700mm2).

On the other hand, membrane process is widely applied
in many industries.The process has several main advantages,
such as low energy consumption, low chemicals consump-
tion, low maintenance costs, and easy scale up [14].

Photocatalytic membrane reactors (PMRs) are of hybrid
processes in which photocatalysis is coupled with a mem-
brane process, and the permeation of solutes through the
membrane and photocatalytic reaction occurs simultane-
ously. As a low-cost, environmentally friendly, and sus-
tainable treatment technology, the PMRs for wastewater
treatment using semiconductors have shown a great potential
[15, 16]. Although UV light has been commonly employed in
the photocatalytic studies, worldwide efforts are underway to
make use of sunlight for environmental protection and water
purification [17], because sunlight consists of about 5–7%UV
light, 46% visible light, and 47% other irradiation [18], and
additionally it is inexhaustible (Figure 1).

In the present work, to improve the membrane perme-
ability and to enhance the adsorption of the semiconductors,
hydrophilic surface modification of polypropylene macrop-
orous membrane was carried out. Grafting 2-hydroxyethyl
methacrylate (HEMA) onto the membrane surface was per-
formed according to previous work [19, 20]. ZnONPs were
one pot fabricated by direct precipitation; their photocatalytic
activity for environmental application was carefully inves-
tigated by using decoloring methyl orange (MeOr) under
sunlight.

2. Materials and Methods

2.1. Materials. Benzophenone (BP), 2-hydroxyethyl metha-
crylate (HEMA), methyl orange (MeOr), Zn(NO

3
)
2
, and

oxalic acid were used as purchased from Lingfeng Shang-
hai Reagent Co. Ltd. Polypropylene macroporous mem-
branes (PPMMs) with a porosity of 45–50% and an average

pore diameter of 0.10 𝜇m were prepared [21], and benzyl
dithiobenzoate (BDTB) was synthesized according to the
literature [22].

2.2. Synthesis of ZnONPs. ZnONPs were synthesized by
direct precipitation with oxalic acid as the precipitator [23]
with minor modification. 12.7 g Zn(NO

3
)
2
and 10.0 g oxalic

acid were dissolved in 50mL distilled water separately. Then
the two solutions were mixed slowly under stirring during
which the white precipitate produced immediately. After this,
the precipitate was washed with distilled water and ethanol
for three or four times, dried at 90–100∘C, and finally calcined
at 450∘C for 3 h to achieve ZnONPs.

2.3. SurfaceModification ofMembrane. Theusedmethod and
experimental setup for the membrane surface modification
were described in [19].

2.4. PhotocatalyticMembrane Reactor. Thepermeation prop-
erties of the unmodified and modified PPMMs were exam-
ined in a stirred dead-ended ultrafiltration test cell connected
to a 2 L feed tank [24]. The volumetric flux was determined
through the timed collection of permeate, and the relative flux
was described by the following equation:

Relative flux =
𝐽
0,𝑚

𝐽
0,𝑢

× 100%, (1)

where 𝐽
0,𝑢

and 𝐽
0,𝑚

are the pure water fluxes through the
unmodified and modified membranes. 𝐽

0,𝑢
varied from 250

to 450 Lm−2 h−1, and as a result, the relative flux was adopted
to eliminate the differences between the unmodified mem-
branes.
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The PHEMA grafted PPMMs were submerged in the
ZnONPs ethanol dispersion for 24 h; ZnONPs were phys-
ically adsorbed on the membrane surface [24]. The immo-
bilization degree (ID) of the ZnO NPs on the membrane is
calculated by the following equation:

ID =
(𝑊
2
−𝑊
1
)

𝑊
1

× 100%, (2)

where ID refers to the immobilization degree of ZnONPs on
the membrane surface, % (wt), and𝑊

1
and𝑊

2
the respective

weights of PHEMA grafted membranes before and after the
immobilization of theZnONPs.All the results are the average
values of three parallel experiments.

The photocatalytic decoloring MeOr with ZnONPs sus-
pended is investigated. 0.05 g ZnONPswere added to 200mL
10mg/L MeOr aqueous solution, stirred for 30min in the
dark to achieve the adsorption—desorption equilibrium,
and then exposed to the sunlight with stirring (Wuhu,
Anhui Province, China, July 2010) (the light intensity was
determined by a UV power meter, LS123, Shenzhen Lin-
shang Technology Co. Ltd.); the photocatalytic reaction was
conducted within the light intensity of 90 ± 15mW/cm2;
then pure water was added to the reacting solution to
compensate the evaporation during its exposition to sunlight.
The solution was sampled at intervals of 5min, and the
samples were centrifuged for 10min.

The PMR with ZnONPs immobilized on the membrane
surface is similar to [24]. The membrane (GD = 36.0%,
ID = 6.2%) was sandwiched in the cross flow PMMA reactor
(each of the PMMA plate is 20mm in thickness), the total
weight of the immobilized ZnONPs is about 0.05 g; 200mL
10mg/LMeOr aqueous solution was pumped into the reactor
circularly by a peristaltic pump with the reactor exposed to
the sunlight, and the cross flow velocity was kept at 0.15m/s
[25]. At the end of each run, the membrane was taken out,
flushed with pure water for three times, then dried and stored
in air for a period of time (as shown in Figure 6). After that
the next run started.

The supernatant of the effluent was measured by the
UV-Vis spectrophotometer (UV-2450, Shimadzu, Japan) at
464 nm (the maximal adsorption wavelength of MeOr). The
photocatalytic decoloration percentage (PDP) is calculated by
the following equation:

PDP =
𝐴
0
− 𝐴

𝐴
0

× 100%, (3)

where𝐴 and𝐴
0
correspond to the UV absorbance of the feed

and the filtrate, respectively.

2.5. Characterization. The crystalline structures of ZnONPs
were examined by X-ray powder diffraction on an X-ray
diffractometer (XRD) (XRD-6000, Japan) with CuK𝛼 radia-
tion (𝜆 = 0.154056 nm) at a scanning rate of 0.05 ∘/s. Surface
morphology of the membranes was observed by field emis-
sion scanning electron microscopy (FESEM) (Hitachi 4800,
Japan), and the surface hydrophilicity was determined by
water contact angle measurements (OCA20, Germany) [26].
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Figure 2: XRD pattern of ZnONPs.

Figure 3: FESEM image of the ZnONPs (×15000).

3. Results and Discussion

3.1. Characterization andPermeation of theMembranes. XRD
is used to investigate the changes of crystalline nature of the
prepared ZnONPs (Figure 2). Most of the diffraction peaks
could be attributed to the hexagonal wurtzite structure of
ZnO (JCPDS card 36-1451) [27]. It can be observed that no
diffraction peaks from other phases of ZnO or impurities,
suggesting that the obtained ZnO is of high purity. The aver-
age crystallite size for ZnO NPs calcined at 450∘C was calcu-
lated at 26.6 ± 4.8 nm according to the Scherrer formula [28].

Figure 3 presents the FESEM images of the ZnONPs,
which reveal that the surfaces are rough and porous, indicat-
ing that the ZnONPs aggregate due to large specific surface
area and high surface energy.

The surface morphologies of the unmodified, the
PHEMA grafted, and the ZnONPs immobilized membranes
were observed by FESEM (Figure 4). Compared with the
unmodified PPMM with high porosity (Figure 4(a)), the
surfaces of the PHEMA grafted PPMMs are gradually
covered with polymers; as the grafting degree increases
(Figures 4(b) and 4(c)), the membrane pores are plugged and
the surface porosity reduces with GD increasing. It can be
clearly observed that ZnONPs have been introduced to the
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Table 1: Relative water flux (%) through PHEMA grafted and ZnO NPs immobilized PPMMs with different GD. The average water flux for
the membranes is 400 ± 25 Lm−2 h−1 .

GD, % (wt) Water contact angle on PHEMA grafted PPMMs,∘ Relative water flux, %
PHEMA grafted PPMM ZnO NPs immobilized PPMM

0.00 90 100 113
1.00 72 120 124
4.48 54 118 143
6.89 43 115 —
8.21 35 116 136
—:The membrane was broken after ZnO NPs immobilization. The error margin is within ±10%.

(a) (b)

(c) (d)

Figure 4: FESEM images (×40000) of (a) the unmodified, and (b)-(c) PHEMA grafted PPMMs with GD = 2.40 and 4.05% (wt), respectively;
(d) ZnONPs immobilized PPMMs with GD = 36.0% (wt), ID = 6.2% (wt).

membrane surface from Figure 4(d). The ZnONPs appear
in large clusters, instead of being evenly distributed. The
immobilization degree of ZnO NPs immobilized PPMMs
with different GD of PHEMA was shown in Supplementary
Material (See Supplementary Material available online at
http://dx.doi.org/10.1155/2013/451398). The result verified
that the grafting of polyHEMA can enhance the adsorption
of ZnO NPs on the hydrophobic membrane surface.

Variation of the relative water fluxes through PHEMA
grafted and ZnONPs immobilized PPMMs was investigated
(Table 1).The relative water flux goes up after PHEMAgrafted
on the PPMMs due to the membrane surface hydrophilicity
increasing (Table 1) [29]. For the PHEMA grafted membrane
with a GD of 4.48% (wt), the relative water flux reaches the
maximum value of 118%; after that, the relative water flux
decreases slowly.

Membrane permeability in the filtration of aqueous solu-
tion is mainly determined by two factors: one is the mem-
brane structure, such as membrane thickness, pore size, and
porosity; the other is the membrane surface hydrophilicity.
When DG is low, the hydration of PHEMA chains results in a
decreased resistance to water permeation and thus improves
the water fluxes. For the membranes with a high DG, the
graft layer is thick and the expanded PHEMA conformation
in aqueous circumstance tends to cover the membrane pores,
and consequently the water fluxes decrease [30, 31].

It can also be found in Table 1 that after the immobiliza-
tion of ZnONPs on the membrane surface, the membrane
permeability continues to increase and the relative water
flux rises to 143%. The coating of ZnONPs on the mem-
brane causes the decrease of water contact angle, because
hydrophilic ZnONPs anchored to the membrane [32, 33],
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Figure 5: UV-Vis spectrum of MeOr under sunlight, using the
photocatalytic membrane reactor with the ZnO NPs in suspension.

leading to the increase of the membrane surface hydrophilic-
ity and hence increases the membrane permeability.

For the filtration of the dye solution, it was observed
that the relative water fluxes were similar to those of the
pure water fluxes, that is, the dyes could not be rejected by
the membranes, and as a result, the filtrate was returned
to the feed tank for the improvement of dyes decoloration.
Membranes just acted as barriers for the ZnONPs.

3.2. Photocatalytic Decoloring MeOr under Sunlight. In order
to examine the performance of ZnONPs in decoloring
dyes in wastewater, photocatalytically decoloring MeOr was
carried out in a photocatalytic membrane reactor under
sunlight. The catalysts were suspended in the solution or
immobilized on the membrane.

Figure 5 shows that MeOr is nearly completely decolored
after 40min sunlight (ZnONPs were suspended in the solu-
tion).The result shows that ZnONPs prepared in the present
work are highly effective in decoloring dyes in water and
wastewater.ThemechanismofZnONPs catalyzed decoloring
reaction is as follows. ZnONPs are excited by absorbing the
photon with more energy than the band gap, resulting to the
photoinduced electron-hole pairs. The peroxy radical anions
are reacted by the electron and oxygen, and the hydroxyl
radical is reacted by the hole and water. Hydroxyl radical can
further decompose and remove organic molecules, namely,
organic photodegradation [34]. Figure 5 also shows that the
peak position is blue-shifted along with reaction time, which
may be attributed to the deamination products of MeOr
[35, 36].

The photostability of ZnONPs photocatalysts is an essen-
tial factor to promote heterogeneous photocatalysis tech-
nology for practical applications. In this research, hybrid
membrane is derived from coating ZnONPs on the PHEMA
grafted membrane. The photocatalytic reaction was con-
ducted within the light intensity of 90 ± 15mW/cm2 for each
run to eliminate the differences in light intensity. After each
run, the membrane was taken out of the reaction chamber,
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Figure 6: DecoloringMeOr in the PMRwith the ZnONPs immobi-
lized on the membrane surface. (a) UV-Vis spectrum of MeOr at 1 h
intervals (1–12 h) for the first cycle; (b) photocatalytic experiments
for 5 cycles.

flushed with pure water and dried in air. UV-Vis spectrum
of MeOr at 1 h intervals (1–12 h) for the first cycle is depicted
in Figure 6(a), which shows that MeOr was decolored slowly.
The photostability of ZnONPs immobilized membrane for
the decoloringMeOr is shown in Figure 6(b), which indicates
that the ZnONPs immobilized on polypropylene membrane
can photocatalytically decolor MeOr by 47.4%, 72.4%, 74.3%,
54.7%, and 57.8% after 6 h sunlight irradiation from the first
to the fifth run, respectively. The PDP of the first run is the
lowest, but those of the second and the third run reach the
highest.

The reason may be that the active point of ZnONPs
was covered because of the agglomeration. After the first
run, the agglomeration configuration of ZnONPs became
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a little dispersive and the MeOr can enter into the inter-
stice between ZnONPs. In addition, the transparence of
membrane increased after the first run, and the loosely
adsorbed ZnONPs were washed off (however, this could not
be determined due to the trivial gravity changes), causing an
increase in sunlight penetrating, hence the PDP ascends.

PDPs of the fourth and fifth run are between those of
the first and the second run, showing that PDPs of the two
runs slightly decrease, comparedwith those of the second and
the third run. This phenomenon may be resulted from the
deactivation of the photocatalysts, which is due to that many
MeOr molecules were adsorbed on the membrane surface
after being used for three times [37]. The PDP maintains at a
very high level of about 55% in the fifth run, whichmeans that
after being used for five cycles, the PDP is still 8% higher than
that of the first run.This result confirms that the catalystswere
not photocorroded during the photocatalytic decoloration of
the pollutant molecules under sunlight. After being used for
five times, a lot of ZnONPs were also visibly adsorbed on the
membrane surface, suggesting that they are not easy to wash
off.

These results demonstrate that PMR with ZnONPs
immobilized on the polypropylene macroporous membrane
surface can be reused for several timeswithout weakening the
photocatalytic activity, exhibiting potential application for
continual and long-time reactions [38]. Generally, the immo-
bilized ZnONPs are stable for repeated uses [34]. Therefore,
the ZnONPs can be regarded as ideal photocatalysts for
environmental friendly purification on industrial scale under
sunlight.

Figure 6 shows that the PDPs are much lower than those
of the PMR with ZnONPs in suspension (Figure 5), which
may be attributed to the following reasons: (1) the active area
of ZnO NPs decreased; (2) 3/4 of the sunlight was absorbed
by the PMMA reactor, which was characterized by a UV
powermeter; consequently, amore effective reactor with little
absorption of the sunlight should be adopted.

It is well known that the polymeric membranes are not
promising materials for application in the PMRs due to their
susceptibility to damage by irradiation and hydroxyl radicals
[24]. However, in the present work, sunlight was employed to
decompose the dye; the damage effect was infinitesimal, and
as a result, the mechanical properties were not presented.

4. Conclusions

Decoloring methyl orange in a photocatalytic membrane
reactor was conducted via coupling zinc oxide nanoparticles
and polypropylene macroporous membrane under sunlight.
Poly(2-hydroxyethyl methacrylate) was grafted on the mem-
brane surface to enhance the physical adsorption of zinc
oxide nanoparticles on the membrane and to improve the
membrane permeability.

The poly(2-hydroxyethyl methacrylate) modified mem-
brane with a grafting degree of 4.48% (wt) has the maximum
value, the relative flux is 118%; after the immobilization of
zinc oxide nanoparticles on thismembrane surface, it reaches
143%, improved by 25%.

The photocatalytic decoloration percent of methyl orange
is 98.2% under 40min sunlight irradiation in the photo-
catalytic membrane reactor with the ZnONPs in suspen-
sion; and in the photocatalytic membrane reactor with the
ZnONPs immobilized on the membrane, the photocatalytic
decoloration percent of methyl orange decreases greatly; it
reaches 74.3% under 6 h sunlight irradiation. Overall, after
repeated uses for five times, it is still 8% higher than that of
the first run. These results demonstrate that the immobilized
ZnONPs are stable for repeated uses.

Nomenclature

BDTB: Benzyl dithiobenzoate
BP: Benzophenone
GD: Grafting degree
ID: Immobilization degree
FESEM: Field emission scanning electron

microscopy
HEMA: 2-hydroxyethyl methacrylate
PHEMA: Poly-2-hydroxyethyl methacrylate
MeOr: Methyl orange
PDPs: Photocatalytic decoloration percents
PMR: Photocatalytic membrane reactor
PPMM: Polypropylene macroporous membrane
RAFT: Reversible addition-fragmentation

chain transfer
ZnONPs: Zinc oxide nanoparticles.
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