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ABSTRACT: Comparative studies on corrosion protec-
tion properties of polyimide-silica-clay composites were
studied in this article. A series of polyimide-silica (PIS),
polyimide-clay (PIC), and polyimide-silica-clay composites
(PISC) materials, consisting of an organo-soluble polyi-
mide (ODA-BSAA) matrix, inorganic silica particles pre-
pared through the sol–gel reaction of tetraethyl
orthosilicate (TEOS) and dispersed nanolayers of inorganic
montmorillonite clay, were successfully prepared by solu-
tion dispersion technique. Then, all samples were charac-
terized by FTIR, powder X-ray diffraction patterns,
transmission electron microscopy, and 29Si solid-state
NMR. The main focus of this article is the comparison of
the corrosion protection properties of PIS, PIC, and PISC

composite materials. Normally, the aspect ratio of clay is
higher than silica. Superior dispersion of clay platelets into
a polymer matrix may effectively increase the length of
diffusion pathways for oxygen and water. The effects of
the materials composition on the corrosion protection per-
formance, gas barrier, and optical properties, in the form
of both coating and film, were also studied by electro-
chemical corrosion measurements (e.g., corrosion potential,
polarization resistance, corrosion current, and impedance
spectroscopy), gas permeability analysis, and UV-visible
transmission spectroscopy. VC 2010 Wiley Periodicals, Inc. J
Appl Polym Sci 119: 548–557, 2011
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INTRODUCTION

Recently, composite materials based on organic poly-
mers and inorganic clay minerals including the sili-
cate layers have evoked great academic and indus-
trial interest. In literature reviews, polymer-clay
composite materials have many developed func-
tional properties such as thermal,1 mechanical,2 bar-
rier,3,4 and even flame-retardant properties5 com-
pared to traditional composites. It is probably owing
to the unique phase morphology by the formation of
layer intercalation or exfoliation structure, which
maximizes interfacial contact between the organic

and inorganic phases and promotes interfacial prop-
erties. In the past, Yeh et. al.6–8 had demonstrated
that the incorporation of organophilic clay platelets
into polymer matrix, in the form of organic-based
coatings, may effectively enhance the corrosion pro-
tection of polymers on metallic surface. It is due to
the good dispersion of platelike-shape clay platelets
into polymer matrix, which may effectively increase
the length of diffusion pathways for oxygen and
water. Also, it may decrease the permeability of
coatings.
Apart from clay, another important material with

this advantage is the SiO2 particle. Since 1970s, the
sol–gel process has been used for the deposition of
inorganic minerals in situ in an organic polymer ma-
trix. Polymers containing SiO2 particle usually with
special properties and consequently can be used in
many fields such as plastics, rubbers, coatings, and
inks. In this study, we prepared inorganic silica par-
ticles through the sol–gel reaction of tetraethyl ortho-
silicate (TEOS). The starting materials for the sol–gel
process are metal alkoxides M(OR)n and a small
amount of acid or base as a catalyst.9 A polymer-
silica has been used commonly to prepare creamer
coatings and also protect the metal surface from
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corrosion.10–12 In the past decades, several reports
have shown the corrosion protection of metals by
sol–gel derived organic–inorganic hybrids.13–15

Aromatic polyimides (PIs) are generally classified
as thermally stable polymers due to the excellent
mechanical strength and the thermal stability among
many engineering polymers.16–20 Hence, improving
the anticorrosion properties of polyimide composites
is an important issue. This article reports in a series
of PIS, PIC, and PISC materials, consisting of 4,40-
(4,40-isopropylidene-diphenoxy)-bis(phthalic anhy-
dride) and 4,40-oxdianiline (ODA-BSAA) polyimide,
silica particles, and layered montmorillonite (MMT)
clay, were successfully prepared by a solution dis-
persion technique. The prepared materials were
characterized by FTIR, powder XRD, 29Si solid-state
NMR, and TEM. The PIS, PIC, and PISC materials in
the form of a coating loaded with low content on
CRS coupons had different effects in anticorrosion
efficiency by measuring in 5 wt % aqueous NaCl
electrolyte. The effect of material composition on the
molecular barrier of PIS, PIC, and PISC materials
was also investigated by gas permeability analysis
and ultraviolet-visible transmission spectroscopy.

MATERIALS AND METHODS

Materials and instrumentations

4,40-Oxydianiline (ODA; Fluka, Buchs, Switzerland),
1-methyl-2-pyrrolidone (NMP, 99.7%; Tedia, Fair-
field, OH), N,N-Dimethylacetamide (DMAc; Mal-
linckrodt/Baker, Paris, KY), Hexadecyltrimethylam-
monium bromide [HTAB; CH3(CH2)15N(CH3)

þ
3 Br

�,
99.9% Acros Organics, Morris Plains, NJ], Melamine
(Lancaster. 99%), and 4,40-(4,40-Isopropylidene diphe-
noxy)-bis(phthalic anhydride) (BSAA, 97%, Aldrich,
Milwaukee, WI) were used as received without fur-
ther purification. Montmorillonite (MMT) clay, hav-
ing a cation-exchange capacity (CEC) value of 116
mequiv/100 g and a unit cell formula Naþ0.31
[Al1.67Mg0.33] Si4O10(OH)2

� 5.8H2O, was provided by
Industrial Technology Research Institute (ITRI),
Taiwan. Electrochemical measurements of sample-
coated cold-rolled steel (CRS) coupons were per-
formed on a VoltaLab 21 and VoltaLab 40 potentio-
stat/galvanostat (Radiometer Analytical/London
Scientific, Ontario, Canada) in a standard corrosion
cell equipped with two graphiterod counterelectro-
des and a saturated calomel electrode (SCE) as well
as the working electrode. FTIR spectra were
recorded on pressed KBr pellets using a Nicolet
model Magna 550 and a Perkin Elmer Spectrum
2000 Explorer (for ATR studies) FTIR spectrometer.
The 29Si solid-state NMR is obtained using a
BRUKER AVANCE 400 and d1 ¼ 200 s, P1 ¼ 3 ls.
Wide-angle X-ray diffraction study of the samples

was performed on a D/MAX-3C OD-2988N X-ray
diffractometer (Rigaku, Tokoy, Japan) with cooper
target and Ni filter at a scanning rate of 4�/min. The
samples for transmission electron microscopy (TEM)
study were first prepared by filling epoxy resin cap-
sules with the powder of PISC materials followed by
curing the epoxy resin at 100�C for 24 h in a vacuum
oven. Then the cured epoxy resins, containing PISC
materials, were microtomed with an Ultracut-E ap-
paratus (Reichert-Jung GmbH, Arnsberg, Germany)
into 60–90 nm thick slices. Subsequently, one layer
of carbon, about 10 nm thick, was deposited on
these slices on 100-mesh copper nets for TEM obser-
vations on a JEOL-200FX (JEOL, Tokyo, Japan) with
an acceleration voltage of 120 kV. A model GTR 10
gas permeability analyzer (Yanagimoto Co., Kyoto,
Japan) was used to carry out the permeation experi-
ment of oxygen gas and water vapor. UV-visible
transmission spectra were obtained using a U-2000
UV-visible spectrometer (Hitachi, Osaka, Japan).

Synthesis of soluble polyimide derived
from ODA/BSAA

A one-step method was used in this study. A typical
procedure to prepare the organo-soluble polyimide
(PI) is given as follows: BSAA (0.025 mol, 13.0 g)
was added to 54.0 g of DMAc (denoted beaker A) at
room temperature, with continuous stirring, for 30
min. A separate solution containing ODA (0.025
mol, 5.0 g) in another 30.0 g of DMAc (denoted
beaker B) was prepared under mechanical stirring.
After stirring for 30 min, both were subsequently
mixed. The as-prepared mixture was then stirred for
additional 48 h at 165�C under nitrogen gas purge.
After cooling, the resultant polymer solution was
poured slowly with stirring into 500 mL of warm
water. The precipitated polymer was collected by fil-
tration, washed thoroughly with hot methanol, and
dried to give a quantitative yield of the ODA/BSAA
polyimide.21,22

Preparation of organophilic clay

Typically, 5 g of MMT clay with a CEC value of 98
mEq (100 g)�1 was stirred in 600 mL of distilled
water (beaker A) at room temperature overnight. A
separate solution containing 0.8 g of intercalating
agent (CTAB) in 30 mL of distilled water (beaker B)
was prepared with the aid of magnetic stirring and
the addition of a 1.0 mol L�1 HCl aqueous solution
to adjust the pH value to 3–4. After stirring for 3 h,
the protonated amino acid solution (beaker B) was
added to the MMT suspension (beaker A) at a rate
of � 5 mL min�1 with vigorous stirring. The mixture
was stirred overnight at room temperature. A sepa-
rate solution containing 0.49 g of intercalating agent
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(melamine) in 30 mL of distilled water (beaker C)
was prepared with the aid of magnetic stirring and
the addition of a 15 mL 1.0 mol L�1 HCl aqueous so-
lution into a ODA solution. After stirring for 3 h, the
protonated amino acid solution (beaker C) was
added to the MMT suspension (beaker A þ B) at a
rate of � 5 mL min�1 with vigorous stirring. The
mixture was stirred overnight at room temperature.
The organophilic MMT was recovered using ultra-
centrifugation (9000 rpm, 30 min) and filtering in a
Buchner funnel. Organophilic MMT purification was
achieved by washing and filtering at least four times
to remove any excess ammonium ions.6–8

Preparation of polyimide/clay, polyimide/silica and
polyimide/clay/silica composites

A procedure of preparing the 5 wt % clay of PIC is
given as follows: A polymer solution was made by
dissolving 0.2 g of ODA/BSAA sample in NMP
3.29 mL. An amount of organophilic clay (0.0105 g)
was stirred in NMP 3.29 mL at room temperature
for 24 h. The clay dispersion was then added to the
polyimide solution, and the mixture was stirred vig-
orously at ambient temperature for 48 h, then the
PIC5% solution was obtained.

A procedure of preparing the 5 wt % silica of PIS
is given as follows: A polymer solution containing
0.2 g ODA/BSAA dissolving in NMP 3.29 mL, and
the TEOS (0.0364 g) was added into polymer solu-
tion and the addition of a 0.0126 g HCl aqueous so-
lution under magnetic stirring for 6 h at room tem-
perature, then the PIS5% solution was obtained. The
resulting PIS5% solution was cast onto a glass plate
and placed in an oven to form PIS5% composites.

A procedure of preparing the 2.5 wt % clay and
2.5 wt % silica of PISC is given as follows: A poly-
mer solution was made by dissolving 0.2 g of ODA/
BSAA sample in NMP 3.29 mL. An amount of orga-
nophilic clay (0.0053 g) was stirred in NMP 3.29 mL
at room temperature for 24 h. The clay dispersion
was then added to the polyimide solution, and the
mixture was stirred vigorously at room temperature
for 48 h, then the PI/clay solution was obtained.
TEOS (0.0184 g) was added into 0.064 g of acidic
water under magnetic stirring for 2 h at room tem-
perature, both were subsequently mixed and stirred
for 4 h at room temperature. The PISC2.5% solution
was obtained, as showed in Scheme 1.

Preparation of coatings and electrochemical
measurements

The PISC solution were cast drop onto the cold-
rolled steel (CRS) coupons (1.0 � 1.0 cm) followed
by drying in air for 24 h at 40�C to give coatings of
about 30 6 2 lm in thickness, measured by a digi-

matic micrometer (Mitutoyo, Tokyo, Japan). The
coating ability of PISC solution on CRS is similar to
that of bulk polyimide. The coated and uncoated
coupons were then mounted on the working elec-
trode so that only the coated side of the coupon was
in direct contact with the electrolyte. The edges of
the coupons were sealed with superfast epoxy
cement. All the electrochemical measurements of
corrosion potential, polarization resistance, and cor-
rosion current were performed on a VoltaLab model
21 potentiostat/galvanostat and repeated at least
three times. The electrolyte was NaCl (5 wt %) aque-
ous solution. The open circuit potential (OCP) at the
equilibrium state of the system was recorded as the
corrosion potential (Ecorr in V versus SEC). The
polarization resistance (Rp in X/cm2) was measured
by sweeping the applied potential from 20 mV
below to 20 mV above the Ecorr at a scan rate of 500
mV/min and by recording the corresponding cur-
rent change. The Rp value was obtained from the
slope of the potential-current plot. The Tafel plots
were obtained by the scanning potential from 250
mV below to 250 mV above the Ecorr at a scan rate
of 10 mV/min. The corrosion current (Icorr) was
determined through superimposing a straight line
along the linear portion of the cathodic or anodic
curve and extrapolating it through Ecorr. The corro-
sion rate (Rcorr, in milli-inches per year, MPY) was
calculated from the following equation:

Scheme 1 Flowchart for the preparation of polyimide-
silica-clay composite.
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Rcorr ðMPYÞ ¼ ½0:13� IcorrðE:W:Þ�=½A � d�

where E.W. is the equivalent weight (in g/eq.) of the
CRS, A is the area (cm2) of the coated CRS, and d is
the density (g/cm3) of the CRS. A VoltaLab 40 (PGZ
301) potentiostat/galvanostat was used to perform
the impedance spectroscopy studies. Impedance
measurements were carried out in the frequency
range 100 k–100 mHz. The working electrode was
first maintained in the test environment for 30 min to
reach an equilibrium state before the impedance run.
This served to put the electrode in a reproducible ini-
tial state and to make sure that no blistering occurred
during the conditioning period. All experiments were
performed at a room temperature of 25 6 0.5�C. All
data were repeated at least three times to ensure
reproducibility and statistical significance.

Preparation of free-standing films and barrier
property measurements

Typically, the 3 mL of PIC5% solution was cast onto
a substrate (e.g., a microscope glass slide). The NMP
solvent was allowed to evaporate at 150�C in an
oven for 15 h. The sample-coated glass substrate
was then immersed in distilled water at 70�C for 2 h
to give the film of PIC5% materials. The same proce-
dure was used to synthesize neat PI, PIS5% and
PISC2.5% membranes. Oxygen permeability of mem-
brane is determined by using the Yanco GTR-10 gas
permeability analyzer. Gas permeability is calculated
by the following equation:

P ¼ l=ðp1 � p2Þ � ðq=tÞ=A

where P is the gas permeability [cm3(STP)(cm/cm2)�1

(s)�1 (cmHg)�1]; q/t is the volumetric flow rate of the
gas permeate [cm3(STP)s�1]; l is the free-standing film
thickness [cm]; A is the effective free-standing film
area [cm2]; and p1 and p2 are the pressures [cmHg] on
the high-pressure and low-pressure sides of the free-
standing film, respectively. The rate of transmission of
O2 was obtained by gas chromatography, from which
the air permeability was calculated. On the other
hand, experiment of H2O permeability performed
by apparatus similar to our previous published
article.23,24 The feed solution is not in contact with the
membrane. The feed solution is vaporized first and
subsequently permeated through the membrane with
an effective area of about 10.2 cm2. The permeation
rate is determined by measuring weight of permeate.

RESULTS AND DISCUSSIONS

Characterization

The representative FTIR spectra of organophilic clay,
intercalating agent, and montmorillonite (MMT) clay

are shown in Figure 1. The characteristic absorption
bands of melamine are shown at 3320–3467 and 1626
cm�1(NAH stretching), 1400–1500 cm�1(CAN
stretching). The characteristic absorption bands of
HTAB appear 2916, 2849 cm�1(CAH stretching) and
1400–1500 cm�1(CAN stretching), as shown in Fig-
ure 1(a,b). The characteristic vibration bands of
MMT clay are found at 1040 cm�1 (SiAO),24,25 as
shown in Figure 1(c). Furthermore, the characteristic
bands of organophilic clay are shown in Figure 1(d),
which displays organophilic clay at 3426 cm�1(NAH
stretching), 2924 and 2850 cm�1(CAH stretching),
1470 cm�1(CAN stretching) and 1040 cm�1 (SiAO),
shown the intercalating agent was intercalated into
the silicate layers. Figure 2 shows the FTIR spectra
of neat PI, PIS5%, PIC5%, and PISC2.5% materials.
As the loading of 5 wt % silica (PIS5%), the charac-
teristic vibration bands of silica was found at 960
cm�1 (SiAOH).26,27 Furthermore, the PISC2.5% was
found the characteristic vibration of MMT clay at
1040 cm�1 (SiAO), as shown in Figure 2(d). When
the loading of organophilic clay is increased to 5 wt
% (e.g., PIC5%), the intensity of MMT clay bands
became more pronounced in Figure 2(c).
Figure 3 shows the wide-angle powder X-ray dif-

fraction patterns of MMT, organophilic clay, PIC5%
and PISC2.5% materials. There is a peak appearing
for organophilic clay at 2y ¼ 4.1� (d-spacing ¼ 21.5
nm), as opposed to the diffraction peak at 2y ¼ 6.8�

(d-spacing ¼ 12.9 nm) for MMT clay. For Figure

Figure 1 Representative FTIR spectra of (a) melamine, (b)
HTAB, (c) Naþ�MMT, and (d) organophilic clay.
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3(c,d), there is a lack of any diffraction peak in 2y ¼
2–10� as opposed to the diffraction peak at 2y ¼ 4.1�

(d spacing 21.5 nm) for organophilic clay, indicating
the possibility of having exfoliated silicate layers of
organophilic clay dispersed in the PI material.28,29

Figure 4 shows the NMR spectroscopy. Solid-state
29Si NMR spectroscopy is powerful method for char-
acterizing the chemical structure of the SiO2 pre-
pared from TEOS. Solid-state 29Si NMR spectroscopy
provides quantitative information about the conden-
sation reaction. Solid-state 29Si NMR spectra of the
PIS5% are shown in Figure 4. The peaks at �101 and
�110 ppm in 29Si NMR spectra of the PIS5% were
assigned to fully condensed Q3 and Q4 species,
respectively.9 Q1 and Q2 peaks were too small to be
analyzed in the spectra. The formation of Q1 and Q2

species was insignificant, suggesting that no
unreacted TEOS monomer was present. The disper-
sion of SiO2 into polyimide was obtained from the
TEM.

The morphology studies for dispersion capability
of silica particle and organophilic clay in PI matrix
can be observed through the observation of trans-
mission electron microscopy (TEM), as shown in
Figure 5. For example, TEM micro-image for PIC5%
showed morphology of exfoliated (major) and inter-
calated (minor) structures, as shown in Figure 5(a).
The dispersion of SiO2 into polyimide was obtained
from Figure 5(b). Observed Figure 5(a,b), the clay

average length is 688 nm and the silica particle aver-
age diameter is 438 nm and, besides, the aspect ratio
of clay is higher than silica a lot. When the silica
particle and the organophilic clay are simultaneously
appear in the PI matrix, as shown in Figure 5(c),

Figure 2 Representative FTIR spectra of (a) PI, (b) PIS5%,
(c) PIC5%, and (d) PISC2.5%.

Figure 3 Wide-angle powder X-ray diffraction patterns of
(a) Naþ�MMT, (b) organophilic clay, (c) PIC5%, and (d)
PISC2.5%.

Figure 4 29Si solid-state NMR spectrum of PIS5%.
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which is similar to those obtained from the polyacry-
lonitrile composites containing Naþ-montmorillonite
and SiO2 particle reported by Yu et al.30 Thank’s for
the reviewer’s suggestion. The TEM of PISC2.5%
shown in Figure 5(c) seem to reveal more intercalate
can be explained as follows. The dispersion of clay
platelets may considerably be effected by the incor-
poration of TEOS. Sol–Gel reactions of TEOS
occurred in composites leading to the formation of
three-dimensional networks of SiAOASi linkage
would significantly increase shear viscosity of entire
solution, which may significantly effect the disper-
sion of clay platelets in polymer matrix, leading to a
mainly intercalated structure of clay.31–33 Moreover,
we also cited that the related literatures that
reviewer mentioned.

Potentiodynamic measurements

In this section, corrosion protection effect on the
CRS electrodes coated with as-prepared PI, PIS, PIC,
and PISC can be evaluated by operating sequential
electrochemical corrosion parameters such as Ecorr,
Rp, icorr, and corrosion rate (Rcorr).

Generally, CRS electrodes coated with neat PI
coating shows a higher Ecorr value than the uncoated
CRS electrode, which is consistent with previous ob-
servation on organic-based coating system.34 How-
ever, it revealed a lower Ecorr value than the speci-
men coated. For example, PIS5%-coated CRS
electrode exhibited a high corrosion potential of ca.
–644 mV at running time of 30 min (Icorr ¼ 8.12 lA/
cm2). Even after 5 h measurement, the potential
remained at ca. –648 mV. Such Ecorr value implies
that the PIS5%-coated CRS electrode is noble
towards the electrochemical corrosion compared to
the neat PI (ca. – 655mV). Furthermore, the PIC5%-
coated CRS showed corrosion potential of –551 mV
(Icorr ¼ 1.97 lA/cm2), which is significantly lower
than PIS5%, indicating that PIC5% display better
corrosion protection performance on CRS electrode

than that of PI and PIS5%. The most anodic value of
Ecorr indicates that the PIC5%-coated CRS electrode
should have the highest corrosion protection. There-
fore, this shift is related to transformation of emeral-
dine state of PIC5% coating to the leucoemeraldine
state corrosive solutions.35 The polarization resistan-
ces, Rp, were evaluated from the Tafel plots, accord-
ing to the Stearn-Geary equation.36

Rp ¼ babc=2:303ðba þ bcÞIcorr

Here, Icorr is the corrosion current determined by
an intersection of the linear portions of the anodic
and cathodic curves, and ba and bc are anodic and
cathodic Tafel slopes (DE/Dlog I), respectively. The
protection efficiency (PEF %) values were estimated
using the following equation37:

PEF % ¼ 100½R�1
p ðuncoatedÞ

� R�1
p ðcoatedÞ�=R�1

p ðcoatedÞ:

The CRS electrodes coated with PIC5% showed a
polarization resistance (Rp) value of 59.63 kX cm2 in
5 wt % NaCl electrolyte, which is obviously greater
than that of CRS electrode coated with PIS5% (Rp ¼
19.06 kX cm2). Tafel plot for (a) bare, (b) PI-coated,
(c) PIS5%-coated, (d) PISC2.5-coated, (e) PIC5%-
coated CRS electrodes are shown in Figure 6. For
example, the corrosion current (icorr) of CRS elec-
trode coated with PIC5% is ca. 1.97 lA/cm2, which
is correspondent to a corrosion rate (Rcorr) of ca.
0.027 milliinches per year (MPY), which is signifi-
cantly lower than that of PIS5% (i.e., 9.6 lA/cm2

and 0.113 MPY), as summarized in Table I.

Electrochemical impedance measurements

Electrochemical impedance spectroscopy (EIS) was
an alternative tool to evaluate the activity difference
between CRS surface after neat PI and PISC material
treatment. Impedance is a totally complex resistance

Figure 5 TEM micrographs for (a) PIC5% at �10,000, (b) PIS5% at �10,000, and (c) PISC2.5% at �5,000.

POLYIMIDE-SILICA AND POLYIMIDE-CLAY COMPOSITE 553

Journal of Applied Polymer Science DOI 10.1002/app



when a current flows through a circuit made of
capacitors, resistors, or insulators, or any combina-
tion of these.38 EIS measurement results in currents
over a wide range in frequency. For organic coating
systems, the equivalent circuit simulating EIS results
in Figure 7(a) is well accepted. The impedance (Z)
depends on the charge transfer resistance (Rct), the
solution resistance (Rs), the coating pore resistance
(Rpo), the capacitance of the intact coating (Cc), the
capacitance of the electrical double layer or oxide
film capacitance (Cdl), and the current frequency of
the AC signal (x). For intact coatings, the coating re-
sistance Rpo is much higher compared with the elec-
trochemical reaction parameters.39 Supposing the so-
lution resistance Rs is negligible, during the early
period of immersion, the equivalent circuit shown in
Figure 7(a) may be approximately expressed as a

parallel connection of Rpo and Cc, the impedance of
which can be reduced as40,41:

Z ¼ Rpo=1þ ðxCcRpoÞ2 � jðxCcRpo
2Þ=1þ ðxCcRpoÞ2

The high-frequency intercept is equal to the solu-
tion resistance, and the low-frequency intercept is
equal to the sum of the solution and charge transfer
resistances.42 The higher the semicircle diameter
(charge transfer resistance) indicated the lower the
corrosion rate.43 In this study, four samples were
prepared. The first sample (a0) was neat PI-coated
CRS. A series of samples denoted with (b0)–(d0)
were coated by PISC materials with different con-
tent of silica particle and organophilic clay loading.
The corrosion protection studies of these samples
with about 30 6 2 lm in coating thickness
immersed in 5 wt % aqueous NaCl electrolyte for 30
min was followed by EIS. The lower part of Figure
7(b) shows the Nyquist plots of the four samples.
First of all, we found that the charge transfer resist-
ance of samples as determined by the intersection of
the low frequency end of the semicircle arc with the
real axis is 75, 385, 830, and 1750 KX cm2, respec-
tively. This result clearly demonstrated that the sam-
ple, with the highest organophilic clay loading up
to 5 wt %, has the greatest corrosion protection
performance.
Furthermore, EIS Bode plots (impedance vs. fre-

quency) of PISC materials samples loaded with vari-
ous content of organophilic clay are shown in Figure
8. The increase of impedance value at high clay
loading in the monitoring frequency region from
low to high frequency can be interpreted due to the
barrier effect of organophilic clay dispersing in PISC
composites. Again, PIC5%, exhibited a higher charge
resistance than that of PIS5%, in the entire monitor-
ing frequency range based on the studies of EIS
Bode plots. In conclusion, the enhanced barrier effect
in PISC materials, in the form of coating, compared
to neat PI might be resulted from the effectively dis-
persing of organophilic clay platelets and silica par-
ticle in PI matrix to further increase the tortuosity of
diffusion pathway of H2O and O2 molecules. This is

Figure 6 Tafel plots for (a) Bare, (b) PI-coated, (c) PIS5%-
coated, (d) PISC2.5%-coated, and (e) PIC5%-coated CRS
measured in 5 wt % NaCl aqueous solution.

TABLE I
Relations of the Composition of Polyimide-Silica-Clay Composite Materials with Ecorr, Rp, Icorr, and

Rcorr Measured from Electrochemical Methods

Compound code

Feed composition
(wt %) Electrochemical corrosion measurements

PI Clay Silica Ecorr (mV) Rp (kX cm2) Icorr (lA/cm2) Rcorr (MPY) Thickness (lm) PEF (%)

Bare – – – �695 1.33 22.90 8.820 – –
PI 100 0 0 �655 15.41 9.67 0.113 30 10.58
PIS5% 95 0 5 �644 19.06 8.12 0.094 31 13.33
PISC2.5% 95 2.5 2.5 �606 20.47 6.96 0.082 30 14.39
PIC5% 95 5 0 �551 59.63 1.97 0.027 29 43.83
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further evidenced by the studies of the gas perme-
ability studies as discussed in the following section.

Gas permeability measurements

The free-standing film of neat PI and PISC materials
used for the evaluation of molecular barrier proper-
ties were prepared to have film (thickness of � 100
lm). Compared with neat PI film, PIS5% shows
about � 4% and � 24% reduction in O2 and H2O
permeability, as shown in Figure 9. The reduction in
gas permeability may probably be associated with
the barrier properties of the grain of silica particle
effectively dispersed in the PI matrix. Furthermore,

PISC2.5% film showed an obvious reduction in the
barrier of O2 and H2O molecules as compared to
that of PIS5%, which may be resulted from that the
platelets of organophilic clay, display a better barrier
in PI matrix relative to grain of silica particle. When
the amount of organophilic clay was increased to 5
wt %, there was about 30% and 55% reduction in O2

and H2O permeability than neat PI, respectively.

Optical clarity of PISC films

Figure 10 shows the UV-visible transmission spectra
of neat PI and a series of PISC materials films. These
films have film thickness of about 100 lm. The

Figure 7 Analog circuit (a) and Nyquist plots (b) for (a0) PI-coated, (b0) PIS5%-coated, (c0) PISC2.5%-coated, and (d0)
PIC5%-coated CRS measured in 5 wt % NaCl aqueous solution. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 8 Bode plots for (a) Bare, (b) PI-coated, (c) PIS5%-
coated, (d) PISC2.5%-coated, and (e) PIC5%-coated CRS
measured in 5 wt % NaCl aqueous solution.

Figure 9 H2O and O2/N2 permeability as a function of
PI, PIS5%, PISC2.5%, and PIC5%.
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transmission spectra of neat PI membranes in the
visible light regions (400–700 nm) are slightly
affected by the presence of the 5 wt % silica particle
loading in the PIS5% membranes. However, the
spectra of as-prepared membrane at higher clay
loading (e.g., PIC5%) exhibits lower optical clarity,
reflecting that there is strong scattering of clay
resulting in lower transparency of the UV–visible
light.25

DISCUSSION

In this study, we present the anticorrosion properties
of polyimide-silica-clay composite. The anticorrosion
properties of PIC and PIS have been published
before. Till now, no literature has reported the anti-
corrosion properties of clay and the particles exist in
same system. A series of materials that consist of PI,
silica particle, and layered montmorillonite (MMT)
clay are prepared by effectively dispersing method.
In PISC system, the total material loadings are main-
tained at 5%. For comparison, the results obtained
for neat PI, PIS, PIC, and PISC are also included.
The corrosion potential (Ecorr), polarization resistance
(Rp) of PIC are higher than that of neat PI. The O2/
H2O gas barrier properties of PIC5% system are con-
siderably better than that of PIS5% and PISC2.5%.
With changing the SiO2/clay weight ratio from 5 : 0
to 2.5 : 2.5 and 0 : 5, the Ecorr and Rp value increase.

The H2O gas barrier properties of PIC5% is 55%
higher than that of neat PI, 31% and 10% higher
than those of PIS5% and PISC2.5%, respectively. The
reason may probably be attributed to the aspect ratio
of layered clay which is higher than SiO2. The H2O
and O2 molecules usually cause metal substance to
oxidize. Increasing the clay ratio in polymer would
increase the length of diffusion pathway of H2O and
O2 molecules. In PISC system, the predominant rea-
son for corrosion protection is clay loading. Increas-
ing the clay ratio in PI material will improve the
value of corrosion potential (Ecorr), polarization re-
sistance (Rp), and decrease value of corrosion current
(icorr), and corrosion rate (Rcorr).
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