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a b s t r a c t

Carboxymethyl cellulose (CMC)-modified silica nanocomposites were prepared via in situ incorpora-
tion of modified silica during the ionic complexation between CMC and poly(2-methacryloyloxy ethyl
trimethylammonium chloride) (PDMC). Ionic bonds were introduced between the poly(2-acrylamido-
2-methylproanesulfonic acid) modified silica (SiO2-PAMPS) and the polyelectrolyte complex (PEC)
matrix. The PEC nanocomposites (PECNs) and their membranes (PECNMs) were characterized with
eywords:
olyelectrolyte complex
ilica nanoparticles
arboxymethyl cellulose
anocomposite membranes

Fourier transform-infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), scanning electron
microscopy (SEM) and tensile testing. PECNM containing 5 wt.% SiO2-PAMPS showed a tensile strength
of 68 MPa and elongation at break of 7.1%, which were 1.9 and 2.6 times as high as those of pristine PEC
membranes, respectively. Moreover, the pervaporation performance of as-prepared PECNMs was eval-
uated with dehydration of 10 wt.% aqueous isopropanol mixtures, and the PECNMs exhibited a flux of
2400 g m−2 h−1 with a high separation factor of 4491 at 70 ◦C.
. Introduction

Carboxymethyl cellulose (CMC) is an important polysaccharide
ith a wide range of applications in flocculation, paper, foods, and
rugs (Biswal & Singh, 2004; Rokhade et al., 2006). Sodium car-
oxymethyl groups (CH2COONa) of the cellulose molecule impart
he desired characteristic of water solubility. CMC is an ideal alter-
ative material for the preparation of polyelectrolyte complexes
PECs) owing to its cheap price, stable structure and charged
eature. PECs are formed by mixing oppositely charged polyelec-
rolytes via electrostatic force (Gucht, Spruijt, Lemmers, & Cohen
tuart, 2011; Thünemann, Müller, Dautzenberg, Joanny, & Löwen,
004). Since the 1940s, PECs have attracted tremendous attention
or their wide range of applications in drug delivery, biomateri-
ls, flocculation, papermaking processes and membrane materials
Hartig, Greene, Dikov, Prokop, & Davidson, 2007; Juntapram,
raphairaksit, Siraleartmukul, & Muangsin, 2012; Nam & Lee, 1997;
etzold, Mende, Lunkwitz, Schwarz, & Buchhammer, 2003; Wu
t al., 2011). Recently, CMC has been used to prepare various PECs

hat have been used in papermaking, wound dressings and sepa-
ation membranes (Dhar, Akhlaghi, & Tam, 2012; Hebeish, Higazy,
l-Shafei, & Sharaf, 2010; Rosca, Popa, Lisa, & Chitanu, 2005).

∗ Corresponding author. Tel.: +86 571 87953780; fax: +86 571 87953780.
E-mail address: anqf@zju.edu.cn (Q.F. An).

144-8617/$ – see front matter © 2014 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2014.01.040
© 2014 Elsevier Ltd. All rights reserved.

PECs are promising candidates for pervaporation dehydration
of alcohol due to their high hydrophilicity and ionic cross-linked
structure. A facile “protection–deprotection” method for achieving
solution processable PECs has been reported that utilized CMC as
polyanion and other polysaccharides as polycation, such as chitosan
and cationic cellulose (Zhao, An, Ji, Qian, & Gao, 2011). The resul-
tant CMC-based membranes derived from PECs for pervaporation
dehydration of aqueous alcohol have demonstrated excellent per-
formance, viz., high permeate flux and high separation selectivity
(Jin, An, Zhao, Qian, & Zhu, 2010; Liu et al., 2013; Zhao, Qian, An,
Yang, & Gui, 2009).

However, the mechanical property of the PEC membrane is the
key factor for long time operation in industrial applications. This
means that a key challenge for PEC membranes is to improve their
mechanical property. The mechanical property of PEC membranes
was enhanced by the incorporation of unmodified SiO2 nanopar-
ticles in our previous work (Zhao, Qian, Zhu, An, et al., 2009). It is
noteworthy that the mechanical property of the hybrid material
is intensively affected by the dispersion of inorganic nanoparti-
cles and interfacial interaction between the polymer matrix and
nanoparticles (Fu, Feng, Lauke, & Mai, 2008; Rong, Zhang, & Ruan,
2006). However, in the above-mentioned work, the enhancement

efficiency of the mechanical property was inhibited by the aggre-
gation of unmodified nanoparticles and poor interfacial adhesion
between the organic and inorganic phases. A method of surface
modification by polyelectrolyte is proposed to settle this issue.

dx.doi.org/10.1016/j.carbpol.2014.01.040
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.01.040&domain=pdf
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n the one hand, nanoparticles modified by polyelectrolyte can
e dispersed homogenously due to good hydrophilicity. While, on
he other hand, the ionic groups of nanoparticles could take part
n complexation with the oppositely charged polyelectrolytes of
he PEC matrix, which leads to robust interfacial adhesion at the
nterface.

In this work, CMC-modified silica nanocomposites composed
f CMC and poly (2-methacryloyloxy ethyl trimethylammonium
hloride) (PDMC) incorporating the SiO2-PAMPS nanoparticles was
repared. The polyelectrolyte for modification of SiO2 was poly (2-
crylamido-2-methylproanesulfonic acid) (PAMPS). Strong ionic
nteractions were achieved between the sulfonic groups derived
rom the SiO2-PAMPS nanoparticles and the quaternary ammo-
ium groups of PDMC. The PEC nanocomposites (PECNs) and their
embranes (PECNMs) were characterized with Fourier transform-

nfrared spectroscopy (FT-IR), scanning electron microscopy (SEM)
nd tensile tests. Covalently modified SiO2-PAMPS nanoparticles
howed reduced aggregations and improved interfacial interac-
ions with the PEC matrix through electrostatic interaction. The
im of this work was to optimize the performance of PECNMs
n the mechanical testing and separation process. The pervapora-
ion dehydration performance of PECNMs in dehydrating 10 wt.%
ater/isopropanol was investigated.

. Experiment

.1. Materials

CMC, with an intrinsic viscosity of 625.1 mL g−1 in 0.1 M
queous sodium hydroxide (NaOH) at 30 ◦C, was obtained from
inapharm Chemical Reagent Co., Ltd., Shanghai, China. PDMC
Mw = 30 0000 g mol−1) was purchased from Henyi Chemical
lant. Tetraethoxysilane (TEOS) and vinyltriethoxysilane (VTEOS)
ere obtained from Nanjing Capatue Chemical Co., Ltd., Nan-

ing, China. 2-Acrylamido-2-methylproanesulfonic acid (AMPS)
as supplied by Shouguang Runde Chemical Co., Ltd., Shan-
ong, China. Potassium persulfate (K2S2O8) and sodium bisulfite
NaHSO3) were purified by recrystallization before use. All
he chemical reagents, including, ethanol, isopropanol, sodium
ydroxide and hydrochloric acid (HCl), were analytical reagent
rade. Polysulfone ultrafiltration (PSF-UF)-supporting membranes
MWCO = 35,000 Da) were provided by the Development Center of

ater Treatment Technology, Hangzhou, China. The water used
n all experiments was deionized water that had a resistivity of
8 M�·cm.

.2. Synthesis of SiO2-PAMPS and preparation of PECNs

The synthesis route of the SiO2-PAMPS nanoparticles was
ccording to our previous report (Zhang et al., 2012). The schematic
iagram is shown in Fig. 1. In detail, TEOS (20.8 g), VTEOS (19 g),
eionized water (5.4 g), ethanol (40 ml) and HCl (37%, 0.15 ml)
ere added into a 250 ml three-neck flask and stirred at 50 ◦C

or 4 h. AMPS monomer (20.7 g) and K2S2O8/NaHSO3 (1:1, 40 mg),
s redox initiators, were added. The reaction was continuous for
h to obtain the resultant nanoparticles. Deionized water was
oured into the flask and stirred for 1 h. Then the precipitates were
btained by centrifugation at 3000 rpm. To prepare the unmodi-
ed SiO2 nanoparticles, the same method was used only without
he presence of the AMPS monomer.

The PECNs were fabricated by the protection–deprotection

ethod as reported previously (Zhao et al., 2011). Firstly, a

.4 × 103 g L−1 dispersion solution of SiO2-PAMPS was obtained
y ultrasonication treatment (40 kHz, 100 W) for 30 min. Subse-
uently, a certain dosage of SiO2-PAMPS was mixed with 0.01 M
ers 106 (2014) 403–409

PDMC solution (0.1 L). The total polycation solution (PDMC@SiO2-
PAMPS) was added dropwise into a 0.01 M CMC solution (0.2 L).
Both the PDMC@SiO2-PAMPS and CMC solution contained the
same concentration of HCl (0.007 M). Finally, the precipitates were
collected after phase separation when the endpoint of complex-
ation was reached. The weight content of SiO2-PAMPS in the
nanocomposite was calculated from the dosage of the SiO2-PAMPS
dispersion solution on the assumption that the nanoparticles in the
polycation solution were entirely incorporated into the PEC. The
corresponding equation is as follows:

W(SiO2-PAMPS) = CSiO2-PAMPS × VSiO2-PAMPS

MPEC
× 100% (1)

where CSiO2-PAMPS (g L−1) is the concentration of the as-prepared
SiO2-PAMPS dispersion solution, VSiO2-PAMPS (L) is the volume of the
SiO2-PAMPS dispersion solution added into the PDMC solution and
MPEC (g) is the dried weight of pristine PEC without SiO2-PAMPS. A
series of PECNs were prepared with different VSiO2-PAMPS contents.
In addition, to enable a comparison, unmodified SiO2 nanoparticles
were added to the PEC matrix.

2.3. Mechanical property of PECNMs

PECNMs were prepared as follows: PECN was dissolved in 0.1 M
NaOH to obtain a 2 wt.% homogenous dispersion solution with a
pH at ca. 8. The PECN solution was then cast onto a clean glass
slide and dried at 40 ◦C for 12 h. The free-standing membranes were
directly cut into 10 mm × 60 mm strips. The thickness of PECNMs
for testing was maintained at 20 ± 2 �m. The mechanical prop-
erty of the PECNMs was examined on a universal testing machine
(SANS, CTM4204, Shenzhen, China) under a crosshead speed of
2 mm min−1. Each value was obtained from an average of five mea-
surements. The humidity of the environment for the tensile tests
was maintained at 40 ± 5%.

Five PECNMs specimens were prepared with the designation
PECNM-X, where X represents the weight percentage of SiO2-
PAMPS nanoparticles. That is, PECNM-0 stands for pristine PEC
membrane and PECNM-1 represents PECNM containing 1 wt.%
SiO2-PAMPS nanoparticles.

2.4. Pervaporation performance of PECNMs

A 2 wt.% homogenous dispersion solution of PECN was cast onto
a polysulfone ultrafiltration membrane and dried at 60 ◦C for 4 h.
Pervaporation experiments were carried out using the apparatus
described in our previous report (Zhao, Qian, et al., 2009). The effec-
tive area of PENMs in contact with the feed was 16.02 cm2, and the
downstream pressure was maintained at 300 Pa. The stirring rate in
the cell was 500 rpm. Normally, the separation performance in per-
vaporation dehydration of 10 wt.% H2O/isopropanol is evaluated in
terms of the total flux (J), separation factor (˛) and pervaporation
separation index (PSI), according to the following equation:

J = �g

A × t

˛ = PW/PIPA

FW/FIPA

PSI = J × (˛ − 1)

(2)

where �g is the weight of the permeate collected in an operation
time t and A is the effective membrane area; PW and PIPA are the
weight percentage of the water and isopropanol in the permeate,

respectively; and FW and FIPA are the respective weight percentage
of the water and isopropanol in the feed, respectively. A GC-1690A
gas chromatographer was used to determine the water content in
the permeate.
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.5. Characterization

FT-IR spectra were collected on a FT-IR spectrometer (Bruker
ector 22, Germany). Samples were ground with KBr to prepare
ellets and scanned over a range from 400 to 4000 cm−1. The mor-
hology of the specimen was examined by a field emission SEM
FESEM, Hitachi S4800, Japan). The specimens were coated with
old prior to SEM examination. Thermogravimetric analysis (TGA)
as conducted on a thermal analyzer (PE Pyris 1, USA) at a scan-
ing rate of 20 ◦C min−1 in nitrogen with a temperature range of
0–800 ◦C.

. Results and discussion

.1. Fabrication and characterization of PECNMs

The chemical structure of the as-prepared SiO2-PAMPS
anoparticles has been identified by FT-IR spectra in a previous
ork (Zhang et al., 2012). SEM was used to determine the nanopar-

icles’ size and morphology. As seen from Fig. 2, the size of the
anoparticles increased from 200 nm to 250 nm after modification.
oreover, the surface of the SiO2-PAMPS nanoparticles became

ough compared with the pristine smooth surface.
Fig. 3 shows the FT-IR spectra of the SiO2-PAMPS nanoparti-

les and their corresponding PECNMs. The peak at 1730 cm−1 was
scribed to the stretching vibration of the carbonyl group of PECs
Zhao et al., 2011), while the characteristic absorption at 1640 cm−1

as assigned to the amide group of SiO2-PAMPS nanoparticles. The

bsorption at 1045 cm−1 was associated with a condensed siloxane
etwork (Si O Si) (Wan, Tai, Leck, & Ying, 2006), which shows that
he SiO2-PAMPS nanoparticles were indeed incorporated into the
ECNMs.

Fig. 2. SEM images of (a) SiO
fabrication for PECNs.

The content of the SiO2-PAMPS in the PECNMs was measured
with a thermo gravimetric analyzer, where the residual weight of
the PECNMs included nanoparticles and residue of the polymer
(Zhao, Qian, Zhu, & An, 2009). It can also be observed from Fig. 4
that the PECNM-7 contained ca. 3.2 wt.% nanoparticles. Moreover,
the percentage of grafting polymer on SiO2-PAMPS was 42 wt.%
from the TGA, as shown in Fig. 4. Actually, the result is reasonable
considering that the total 7 wt.% SiO2-PAMPS nanoparticles were
comprised of a 42 wt.% organic component and 58 wt.% inorganic
component, i.e. 3.8 wt.% inorganic moieties incorporated into the
PEC matrix. The values obtained from Eq. (1) and the TGA were
within a reasonable error range of each other.

3.2. Mechanical property of PECNMs

Stress–strain curves of PECNMs with varying SiO2-PAMPS
nanoparticle contents are shown in Fig. 5(a). It can be observed that
both the tensile strength and elongation at break of the PECNMs
were remarkably improved with an increase in the SiO2-PAMPS
content up to 5 wt.% and then they decreased slightly. In detail,
the tensile strength and elongation at break of the PECNM reached
a maximum of 68 MPa and 7.1%, up to 1.9 and 2.6 times as high
as those of the pristine PEC membrane, respectively. On the one
hand, the improved mechanical property of PECNMs is attributed
to a uniform dispersion of nanoparticles. Polyelectrolyte modified
nanoparticles are capable of high hydrophilicity, which benefits
the dispersion of nanoparticles. On the other hand, SiO2-PAMPS
nanoparticles containing a sulfonic group afford ionic complexation
with the PDMC of the PEC matrix through electrostatic interac-

tion (Fig. 1). Robust interfacial adhesion is acquired at the interface
naturally. Therefore, when the stress was loaded on the polymer
matrix it transferred from the matrix to the nanoparticles (Wu,
Zhang, Rong, & Friedrich, 2002). Loading of excessive SiO2-PAMPS

2 and (b) SiO2-PAMPS.
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Fig. 3. FT-IR spectra of SiO2-PAMPS and their PECNMs.

anoparticles usually could result in agglomeration and deteriora-
ion of the mechanical property.

To enable comparisons, the PEC matrix also had unmodified SiO2
anoparticles introduced. The effect of the nanoparticle content,

ncluding SiO2-PAMPS and unmodified SiO2 on the tensile prop-
rty of PECNMs is shown in Fig. 5(b–d). Although unmodified SiO2
anoparticles could enhance the mechanical property of PECNMs
o a certain extent, SiO2-PAMPS nanoparticles loaded in the PEC

atrix suggested a great advantage over the former due to their
ood dispersion and strong interfacial adhesion.

It was observed that the Young’s modulus of the PECNMs
ncreased significantly with the addition of SiO2-PAMPS nanopar-

icles compared with the unmodified SiO2. The Young’s modulus of
he PECNMs containing SiO2-PAMPS nanoparticles increased con-
tantly with increasing nanoparticle content, while the modulus of
he PECNMs containing unmodified SiO2 nanoparticles decreased
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Fig. 4. TGA curves of SiO2, SiO2-PAMPS and PECNMs.

at nanoparticle contents over 3 wt.%. A linear relationship between
the nanoparticle content and Young’s modulus has been predicted
by previous research (Einstein, 1956). The experimental data
derived from PECNMs containing SiO2-PAMPS nanoparticles was
in accordance with the theoretical model. This is attributed to the
fact that SiO2-PAMPS nanoparticles are dispersed uniformly and
have strong interfacial adhesion to the PEC matrix through ionic
complexation (Ou, Yang, & Yu, 1998). In general, as the nanoparticle
loading increases, the stiffness and strength of the nanocomposites
increase but the toughness fails to decreases (Tjong, 2006). Both
SiO2-PAMPS and unmodified SiO2 nanoparticles could enhance
the strength and toughness of the PECNMs, which reached the
maximum values at 3 wt.% and 5 wt.% content, respectively, and

then decreased as shown in Fig. 5(c) and (d). Since the unmodified
SiO2 nanoparticles were prone to aggregate, PECNMs reached the
optimized value at a low content. In fact, the surface modification
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ig. 6. Fractured morphology images of PECNMs containing (a and b) 5 wt.% unmod

f SiO2-PAMPS nanoparticles reduces the surface energy and
nables them to disperse uniformly in the PEC matrix (Wu et al.,
002). Meanwhile, PECNMs containing SiO2-PAMPS nanoparti-
les demonstrated an obvious enhancement of the mechanical
roperty due to their electrostatic interaction between charged
anoparticles and the polyelectrolytes of the PEC matrix.

The maximum tensile strength and elongation at break of the
embrane in our previous work reached up to 37.6 MPa and 2.4%,
hich were 1.5 and 1.4 times as high as those of the pristine PEC
embrane, respectively (Zhao, Qian, Zhu, An, et al., 2009). With

espect to the enhancement efficiency, the membrane containing
he SiO2-PAMPS nanoparticles in this work displayed much greater
alues (Section 3.2, paragraph 1), despite the difference in absolute
alues. In conclusion, great progress has been made related to the
odification of nanoparticles compared with previously published
ork.

Meanwhile, the fracture morphology of the PECNMs was inves-
igated by SEM. It was observed that the fracture morphology of
ECNMs containing SiO2-PAMPS and unmodified SiO2 nanopar-
icles displayed rough surfaces as shown in Fig. 6. Noticeably,
he unmodified SiO2 nanoparticles were likely to aggregate, while
he SiO2-PAMPS nanoparticles were dispersed uniformly in the
ECNM. Moreover, the enhancement of the PECNM containing
iO2-PAMPS is ascribed to a successful debonding of the SiO2-
AMPS nanoparticles from the matrix due to the robust interfacial
dhesion via electrostatic interaction as shown in Fig. 1. There-
ore, it was observed that many SiO2-PAMPS nanoparticles were
nchored onto the fracture surface of the PECNM.

.3. Pervaporation performance of PECNMs

Pervaporation has gained wide application in chemical sepa-
ation for product purification due to its energy-saving feature,

ompared with traditional distillation (An et al., 2011; Kalyani,
mitha, Sridhar, & Krishnaiah, 2006; Krishna Rao et al., 2006;
mitha, Dhanuja, & Sridhar, 2006). Pervaporation dehydration with
0 wt.% water/isopropanol was performed on the as-made PECNMs.
iO2 and (c and d) 5 wt.% SiO2-PAMPS nanoparticles at low and high magnifications.

It was observed that the permeation flux increased linearly, while
the water content in the permeate remained constant as the oper-
ation temperature increased, as shown in Fig. 7. This phenomenon
is usually regarded as an anti-trade-off behavior. The permeation
flux increased with increasing feed temperature, which is due
to the enlarged diffusion rate of the solvent. Additionally, poly-
electrolyte complex aggregates, the basic building blocks of PECs,
have high hydrophilicity due to the external carboxylate groups
( COONa) (Zhao et al., 2010). Hence, the interaction between the
water and membranes increases correspondingly. The selectivity
of the PECNMs was maintained due to the stabilized ionic cross-
linked structure in the PECs (Zhao et al., 2011). Different from the
acid blend method for PEC membranes, the degree of ionic com-
plexation for the PEC membrane is high and controllable from the
solution process method, which leads to a heat-resisting chemical
structure.

PSI is the most commonly accepted parameter for evaluat-
ing the pervaporation separation performance, which is obtained
from the product of the membrane flux and the separation factor
(Rachipudi, Kariduraganavar, Kittur, & Sajjan, 2011). The values of
the PSI for PECNM-0 and PECNM-5 were 3.6 × 106 and 1.0 × 107,
respectively, which indicates that the incorporated modified SiO2-
PAMPS nanoparticles improved the pervaporation performance of
the PECNMs. This is caused by the enhancement of the selectivity
demonstrated by the PECNMs, as is shown in Fig. 7. It was revealed
that the desired separation performance was obtained with the
incorporation of SiO2-PAMPS nanoparticles.

Moreover, Fig. 8 shows the performance stability of PECNM-
5 for dehydrating 10 wt.% water/isopropanol mixtures at 70 ◦C.
The flux and water in the permeate of PECNM-5 held good
stability over 20 h operations. Inorganic nanoparticles are materi-
als with high mechanical strength, thermal and chemical stability
(Tai, Fu, & Don, 2012; Zhu et al., 2012). These results suggest that the

SiO2-PAMPS nanoparticles would not only enhance the mechanical
property of the nanocomposite, but also endow their membranes
with excellent stability for long-term operation. This demonstrates
the potential superiority of inorganic–organic hybrid membranes
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improvement of low nanoparticles filled-polypropylene composites. Composites
ig. 8. Performance stability of PECNM-5 for dehydrating 10 wt.%
ater/isopropanol mixtures at 70 ◦C.

nhanced with the merits of the matrix and the nanofiller (Liu, Hsu,
u, & Lai, 2005).

. Conclusion

Novel PECNMs based on CMC with SiO2-PAMPS contents from
to 7 wt.% were successfully made. FT-IR spectra revealed that the

iO2-PAMPS nanoparticles were incorporated into the PEC matrix.
ECNM-5 gave a maximum tensile strength and elongation at break
f 68 MPa and 7.1%, which were 1.9 and 2.6 times as high as those
f the pristine PEC membrane, respectively. Due to the homoge-
ous dispersion of SiO2-PAMPS nanoparticles in the PEC matrix as
ell as the strong interfacial adhesion caused by the ionic com-
lexation, the mechanical property was significantly improved.
oreover, PECNMs were subjected to pervaporation dehydration

f 10 wt.% water/isopropanol. PECNMs displayed an improved sep-
ration performance in terms of PSI and long-term stability. This
ork provides a facile method to fabricate a polysaccharide-based
ybrid membrane with high performance.
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