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Abstract This study examines the oxygen diffusion into poly-
styrene (PS) latex/multiwalled carbon nanotube (MWNT)
nanocomposite films (PS/MWNT) consisting of various
amounts of MWNT via steady state fluorescence technique
(SSF). PS/MWNT films were prepared from the mixture of
MWNT and pyrene (P)-labeled PS latexes at various compo-
sitions at room temperature. These films were then annealed at
170 °C above glass transition (Tg) temperature of PS. Fluores-
cence quenching measurements were performed for each film
separately to evaluate the effect of MWNT content on oxygen
diffusion. The Stern-Volmer equation for fluorescence quench-
ing is combined with Fick’s law for diffusion to derive the
mathematical expressions. Diffusion coefficients (D) were
produced and found to be increased from 1.1×10−12 to 41×
10−12 cm2s−1 with increasing MWNT content. This increase
was explained via the existence of large amounts of pores in
composite films which facilitate oxygen penetration into the
structure.
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Introduction

In the last few years, the use of polymers as coating
materials for the protection of the active ingredient of solid

pharmaceutical products against decomposition due to envi-
ronmental conditions has been greatly increased. Apart from
acting as a moisture barrier or controlling the release of the
active agent, the most desirable property of these polymer
films is their resistance to the gas diffusion. Because single
component polymer films have poor mechanical and gas
barrier properties, there has been growing interest in produc-
ing new materials by filling polymers with inorganic natural
(minerals) and/or synthetic (carbon black and silica)
compounds[1–5]. They give improved mechanical properties,
gas barrier properties, and decreased flammability relative to
the simple polymers [6]. In 2000, the potential for CNTs as gas
sensors was first reported based on an increase in the conduc-
tivity by several orders of magnitude upon exposure of CNTs
to oxygen [7]. Oxygen is the one of the most important
reactants to be considered in the diffusion phenomenon. The
control of the diffusion of oxygen is of particular importance
in polymer oxidative degradation, protective coatings, and in
the design of polymeric membranes for separation processes
in production of films for packing industry, and in the devel-
opments of biocompatible materials. These results were sub-
sequently questioned [8]. The enhancement in barrier
properties in composites depends on several factors, such as
the amount, length, and width of the filler, orientation and
dispersion of the filler particles.

For more than fifty years, polymer scientists have been
interested in the influence of fillers on gas diffusion through
polymer membrane [9–13]. This analysis provides us im-
portant knowledge about the effect of mineral fillers on the
performance of oxygen sensors. Gorrasi et al.[14] studied
the transport properties of n-pentane and dichloromethane
vapors in polypropylene–organophilic layered silicates
nanocomposites with different clay concentration. It was
found that the permeability of both solvent vapors was
reduced, mainly due to the decreased diffusion, since the
solubility was less affected by the presence of fillers. Lu et
al. [11] examined the influence of 10 nm diameter silica
particles on oxygen diffusion in PDMS polymer film. A
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decrease was observed in oxygen diffusion coefficients, D
with increasing silica content. This reduction in D was
attributed to the tortuous path towards diffusing gas mole-
cules and reduced molecular mobility of polymer chains
caused by the filler particles.

Oxygen diffusivity in polymers is most commonly deter-
mined by measuring the rate of oxygen permeation across a
membrane. One exposes one side of the polymer film to
oxygen at time zero and measures the flux of oxygen across
the film as a function of time. Knowing the dimensions of
the film and the partial pressure of oxygen on the high-
pressure side, one can calculate the diffusion coefficient
from the flux [15]. The diffusion coefficient of oxygen is
determined from the kinetics of the approach of the oxygen,
flux to its steady-state. Because oxygen is such a powerful
quencher of fluorescence and phosphorescence, there is a
natural attraction to using this property to determine this
value. Another approach due to Cox also looks at large
samples [16]. Here one constructs a square cell with
centimeter-scale height. The cell is filled with a polymer
containing the dye and all oxygen is removed. Cox irradi-
ated a thin (1 mm) middle cross section of the cell, and then
allowed oxygen to diffuse into the cell from the top. As the
oxygen concentration profile propagates through the illumi-
nated middle slice, the emission intensity is quenched.

Several spectroscopic techniques that utilize oxygen
quenching to determine the rate of oxygen diffusion through
polymer films have been reported. The luminescence quench-
ing by oxygen was applied to the study of oxygen diffusion
properties in polymers [17–27]. For measuring diffusion coef-
ficients of oxygen in polymers using luminescence quenching
methods, a fluorophore is typically dispersed directly in the
polymer, and the change in the average oxygen concentration
is monitored by studying the average intensity change or
lifetime change of the a fluorophore using a spectrofluorometer
[17–27]. In these methods, the polymer is initially equilibrated
at a particular concentration of oxygen and then, the polymer
containing a fluorophore is exposed to oxygen. The average
intensity or lifetime change in the polymer is monitored using a
spectrofluorometer for determining diffusion coefficients. The
diffusion coefficient of oxygen into Poly (methyl methacry-
late) (PMMA) was determined by the quenching of phospho-
rescence of phenanthrene added into polymer [17]. Barker has
utilized the bleaching action of oxygen on color centers pro-
duced by electron beam irradiation of polycarbonate and
PMMA by following optically the moving boundary [18].
The quenching of fluorescence of naphthalene in PMMAwas
studied by oxygen in thin films after displacement of nitrogen
atmosphere over the sample by oxygen [19]. Cox [20] and
Dunn [21], MacCallum and Rudkin [22] measured oxygen
diffusion coefficient by fluorescence quenching in planar
sheets of poly (dimethyl siloxane) [20], filled poly (dimethyl
siloxane) sample [21] and polystyrene [22]. They monitored

oxygen quenching of a fluorophore as a function of time by
assuming that fluorophore dispersed homogeneously within
the films. The mathematical determination of D varied, but a
single underlying assumption in all cases was that the time-
dependent emission intensity measured during the experiment.
In some cases, the intensity versus time curve was converted to
a concentration versus time curve using the Stern-Volmer
relationship [20, 21]. Winnik and Manners [23–25] have used
time-scan experiments to measure the decay of luminescence
intensity as oxygen diffuses into polymer films under constant
illumination and the growth of intensity as oxygen diffuses out
of the film. They interpreted their data with the aid of theoret-
ical expressions based on Stern-Volmer quenching kinetics
with Fick’s laws of diffusion. In some of our earlier studies,
we examined the effect of annealing [26] and packing [27] on
the oxygen diffusion coefficient, D, in poly(methyl methacry-
late) by using steady state (SSF) and photon transmission (PT)
techniques.

In the present work, we used a technique based on fluores-
cence quenching to investigate oxygen diffusion behavior in
PS/MWNT nanocomposite films containing various amount
of MWNT. Initially, PS/MWNT composite films were equil-
ibrated at a particular oxygen concentration and then after
displacement of nitrogen atmosphere over the sample by
oxygen, the film began to exposed to lower oxygen concen-
tration. Since fluorescence intensity is proportional to the
concentration of oxygen, the average oxygen concentration
in the film sample was detected by monitoring the change in
fluorescence intensity using a spectrofluorometer. We assume
the quenching is accurately described by a linear Stern-Volmer
equation and the optical density is low enough that the sample
is uniformly excited. We combined the Stern-Volmer equation
with Fick’s law of diffusion to extract the diffusion coeffi-
cients from experimental data.

Experımental

Materials

Pyrene (P)-labelled polystyrene (PS) particles were produced
via the emulsifier-free radical polymerization process [28].
The polymerization was carried out in a 200-ml thermostated
round-bottomed four-necked flask, equipped with a glass
anchor stirrer, reflux condenser and nitrogen inlet. Styrene
monomer (commercial) was introduced in the reactor contain-
ing boiled and deionised water and the fluorescent monomer
pyren-1-ylmethyl methacrylate (PolyFluorTM394) was first
dissolved in a small amount of styrene. The potassium persul-
fate (KPS) initiator was dissolved in water and added when
the polymerization temperature was equilibrated at 70°C. The
stirring rate was 400 rpm. The recipe for the prepared latex is
as follows: 100 ml water, 5 g of styrene, 0.1 g of KPS
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(dissolved in 2 ml water) and 0.0129 g of fluorescent mono-
mer (dissolved in 1 g styrene). The polymerization was con-
ducted during 18 h under nitrogen atmosphere. The particles
obtained are spherical and fairly monodisperse, all having
very similar mean diameters (400 nm). The glass transition
temperatures (Tg) of the PS latexes were determined using a
differential scanning calorimeter (DSC) and found to be
around 105 °C. The latex dispersion has an average particle
size of 400 nm. Fig. 1a shows SEM image of PS latex
produced for this study.

Commercially available MWNTs (Cheap Tubes Inc., VT,
USA, 10–30 μm long, average inner diameter 5–10 nm, outer
diameter 20–30 nm, the density is approximately 2.1 g/cm3

and purity higher than 95 wt %) were used as supplied in black
powder form without further purification. A stock solution of
MWNTs was prepared following the manufacturers regula-
tions: nanotubes were dispersed in deionized (DI) water with
the aid of Polyvinyl Pyrolidone (PVP) in the proportions of 10
parts MWNTs; 1–2 parts PVP; 2.000 parts DI water by bath
sonication for 3 h. PVP is a good stabilizing agent for disper-
sions of carbon nanotubes, enabling preparation of polystyrene
composites from dispersions of MWNT in polystyrene

solution. Figure 1b shows the TEM image of MWNTs used
in this study (www.cheaptubesinc.com).

PS/MWNT Composite Films

A 15 g/L solution of polystyrene (PS) in water was prepared
separately. The dispersion of MWNT in water was mixed
with the solution of PS yielding the required proportion of
nanotubes and PS latex by using the relation:

R ¼ MMWNT

MPS þMMWNT
ð1Þ

Where MPS and MMWNT present the weight of PS and
MWNTs in the mixture, respectively. Eight different mixtures
were prepared with 0, 1.5, 3, 5, 10, 15, 25, and 40 wt%
MWNT by using this relation. Each mixture was stirred for
1 h followed by sonication for 30min at room temperature. By
placing the same number of drops on a glass plates with
similar surface areas (0.8×2.5 cm2) and allowing the water
to evaporate at 60°C in the oven, dry films were obtained.
After drying, samples were separately annealed above Tg of
PS for 10 min at temperature 170 °C. The temperature was
maintained within ±2 °C during annealing. After annealing
step, films were removed from the oven and cooled down to
room temperature. Figure 2 shows SEMmicrographs of com-
posite films with 15 and 40 wt%MWNT content before and
after annealing at 170 °C, respectively. After annealing treat-
ment, SEM images clearly presents the coalescence of PS
particles. The shapes of PS particles are destroyed and the
microstructure of the latex has been disappeared completely.
The thickness of the films was determined from the weight
and the density of samples and ranges from 2.4 to 5.4 μm.

Fluorescence Measurements

Fluorescence measurements were carried out using a Perkin
Elmer Model LS-50 fluorescence spectrophotometer. Before
fluorescence experiments, composite films were placed in a
round quartz tube (4.0cmx1.0cmx1.0 cm) and the tube was
flushed with nitrogen until all of the oxygen was removed
from the film (Fig. 3a). Then, the quartz tube was placed in
spectrophotometer and films were illuminated with the
345 nm excitation light of P. O2 diffusion experiments were
performed for each film sample at room temperature (24 °C)
and in all experiments maximum peak at 395 nm were used
for the pyrene intensity (IP) measurements. When these films
are exposed to air, oxygen molecules penetrates into the films
and the excited state of many pyrenes is rapidly quenched
when encountering an oxygen molecule. The key parameter
for understanding the response of the system to the presence
of oxygen, assuming diffusion controlled quenching, is the
intensity of unquenched pyrenes. Thus, we monitor the fluo-
rescence emission intensity of P molecules to get informationFig. 1 a SEM picture of pure PS latex. b TEM picture of MWNT
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about the diffusion of oxygen into the film. The change in
pyrene intensity, IP was monitored against time, after the
quartz tube was open to the air for (O2) diffusion experiments
by using time-drive mode of spectrophotometer (Fig. 3b). All
measurements were made at the 90° position and the slit
widths were kept at 8 nm. Since the diffusion measurements
required that oxygen permeate only one surface of the film, a
small region in the center of the films was masked off for
measurement using black tape on the opposite side of the
window from the samples. This was also done to prevent
reflection of light.

Theoritical Considerations

Fluorescence Quenching by Oxygen

The mechanism of oxygen quenching involves a sequence
of spin allowed internal conversion processes which take
place within a weakly associated encounter complex be-
tween the probe and oxygen. The product is either a singlet
ground state or an excited triplet species [29]. Data gener-
ated from oxygen quenching studies on fluorescence mole-
cules in homogeneous medium are usually analyzed using
the Stern-Volmer relation (Eq. 1), provided that the oxygen
concentration [O2] is not too high [30].

I0
I
¼ 1þ kqt0 O2½ � ð1aÞ

In this equation, I and I0 are, respectively, the fluores-
cence intensities in the presence and absence of oxygen, kq
is the bimolecular quenching rate constant and τ0 is the
fluorescence lifetime in the absence of O2. This equation

requires that the decay of fluorescence is single exponential
and, moreover, that quenching interactions occur with a

Fig. 2 SEM pictures of
composite films prepared with
15 and 40 wt% MWNT content
before annealing (a, b) and after
annealing at 170°C (c, d),
respectively

Fig. 3 Diffusion cell in the PerkinElmer LS-50 spectrofluorimeter: a
Diffusion cell filled with nitrogen, b Diffusion cell exposed to air for
oxygen diffusion. I0 and IP are the excitation and emission intensities at
345 and 395 nm, respectively
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unique rate constant, kq. From the slope of a plot of I0/I
versus [O2], kq can be determined provided that τ0 is
known.

In this equation, I and I0 are the fluorescence intensities
in the presence and absence of oxygen, respectively, kq is
the bimolecular quenching rate constant and τ0 is the fluo-
rescence lifetime in the absence of O2. This equation
requires that the decay of fluorescence is single exponential
and, moreover, that quenching interactions occur with a
unique rate constant kq. From the slope of a plot of I0/I
versus [O2], kq can be determined provided that τ0 is
known. Diffusion coefficients related to the quenching
events can be calculated from the time-independent
Smoluchowski-Einstein [30] equation,

kq ¼
4pNA DP þ Dq

� �
pR

1000
ð1bÞ

Where DP and Dq are diffusion coefficients of the excited
probe and quencher, respectively, p is the quenching probabil-
ity per collision, R is the sum of the collision radii (RP + Rq),
and NA is Avogadro’s number. Eqs. (1a) and (1b) can also be
applied to the case of quenching of polymer-bound excited
states in glass as long as the fluorescence decay is exponential
and kq is single-valued. A simplifying factor in the interpreta-
tion of kq is the general assumption that DP < < Dq when the
probe is covalently attached to a polymer. For quenchers as
small as molecular oxygen, such an assumption would not be
unwarranted. On the time scale of fluorescence the overall
translational diffusion coefficient of the polymer coil is usually
not important; the relevant diffusion coefficient is that for
motion of individual chain segments.

Diffusion in Plane Sheet

Fick’s second law of diffusion was used to model diffusion
phenomena in plane sheet. The following equation is
obtained by assuming a constant diffusion coefficient, for
concentration changes in time [31]

C

C0
¼ x

d
þ 2

p

X1

n¼1

cos np
n

sin
npx
d

exp �Dn2p2t

d2

� �
ð2Þ

Where d is the thickness of the slab, D is the diffusion
coefficient of the diffusant, and C0 and C are the concentra-
tion of the diffusant at time zero and t, respectively. x
corresponds to the distance at which C is measured. We
can replace the concentration terms directly with the amount
of diffusant, M, by using the following relation:

M ¼
Z

v

CdV ð3Þ

When Eq. 3 is considered for a volume element in the
plane sheet and substituted in Eq. 2, the following solution
is obtained [31]:

Mt
M1

¼ 1� 8
p2

P1

n¼0

1
2nþ1ð Þ2 exp � D 2nþ1ð Þ2p2t

d2

� �
ð4Þ

Here Mt and M∞ represent the amounts of diffusant
entering the plane sheet at time t and infinity, respectively.

Results and Discussion

In Fig. 4, normalized pyrene intensity, Ip curves are pre-
sented against diffusion time for films having different
MWNT content exposed to oxygen. It is seen that, for all
film samples, oxygen diffusion began as soon as the films
are exposed to air. As oxygen diffused through the planar
film, the emission intensity of the pyrene decreased accord-
ing to Eq. 1 for each MWNT content film and was saturated
once oxygen equilibrated in the film. Here, it has to be noted
that the quenching rate for low MWNT content film is lower
than for high MWNT content film predicting the more rapid
quenching of excited pyrenes by O2 molecules diffused into
the high MWNT content composite films. All curves behave
almost in the same fashion, as oxygen diffused through and
equilibrated in the film. It is also seen that the diffusion
curves reach their equilibrium value at shorter times for
higher MWNT content films.

In order to interpret the above findings, Eq. 1 can be used
by expanding in a series for low quenching efficiency, i. e.
kqτ0[O2]<<1 which then produces the following useful result:

I � I0 1� kqt0 O2½ �� � ð5Þ
During O2 diffusion into the latex films, P molecules are

quenched in the volume which is occupied by O2 molecules

Fig. 4 The time behavior of pyrene, P, fluorescence intensity, IP, during
oxygen diffusion into the composite films with different MWNTcontent.
Numbers on each curve indicates the MWNT content (%) in the film
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at time, t. Then P intensity at time t can be represented by
the volume integration of Eq. 5 as

It ¼
R
IdvR
dv

¼ I0 � kqt0I0
V

Z
dv O2½ � ð6Þ

Where dv and V are the differential and total volume of
composite film presented in Fig. 5. Here, we assume that O2

diffusion occur in an essentially infinite bath of air.
Performing the integration the following relation is obtained

It ¼ I0 1� kq
t0
V

O2ðtÞ
� �

ð7Þ

Where O2ðtÞ ¼
R
dv O2½ � is the amount of oxygen mole-

cules diffuse into the film at time t. For a film on an
impermeable substrate, the oxygen concentration in a layer
at distance x away from the gas-film interface at time t (see
Fig. 5) is given by Eq. 4. Within a thin layer, the oxygen
concentration is effectively constant. Thus, combining Eq. 7
with the Fick’s law (Eq. 4), the fluorescence intensity
change due to change in oxygen concentration is related to
the time. If it is assumed that O2(t) corresponds to Mt then
Eq. 4 can be combined for oxygen with Eq. 7 and the
emission intensity from the entire film at time t is given by
the integration of Eq. 7 over the layers in the film which
gives the following useful relation

Ip
I0

¼ Aþ 8C

p2
exp � Dp2t

d2

� �
ð8Þ

Where d is now present as the film thickness, D is the

oxygen diffusion coefficient, C ¼ kqt0O2 1ð Þ
V and A=1−C.

Here O2(∞) is the amount of oxygen molecules diffused
into the film at time infinity. Now, this expression can be
used to interpret the diffusion curves in Fig. 4. Here, by
flushing the cell with nitrogen, the oxygen concentration
was assumed to be zero both inside and outside of the film.
Hence, the P intensity is assumed to be maximum (=I0) at

the beginning. When the film was exposed to air at time
zero, while the O2 concentration increases to its final uni-
form equilibrium value inside the film, emission intensity
decreases to its minimum equilibrium value. As a result, we
combined the linear Stern-Volmer equation with the diffu-
sion model to extract the diffusion coefficients from the
experimental data. The logarithmic form of Eq. 8 can be
written as follows:

LnðIp
I0

� AÞ ¼ Lnð8C
p2

Þ � Dp2

d2
t ð9Þ

Where C ¼ kqt0O2ð1Þ
V and A=1−C. Here O2(∞) is the

amount of oxygen molecules diffuse into latex film at time
infinity.

This model is fitted with the experimental data using a
linear least-squares fitting method to extract both kq and
diffusion coefficient (D) values. Figure 6 shows logarithmic
plot of the data in Fig. 4 versus diffusion time for various
MWNTcontent films. The solid lines represent the best fit to
the diffusion model (Eq. 9). From Fig. 6, it is seen that the
experimental data for PS/MWNT composites show good
correlations with the Fickian Diffusion model and hence
the Fickian model adequate to characterize these composites
for the O2 diffusion. Many composite materials follow Fick-
ian diffusion kinetics, at least at low temperatures and hu-
midities [32]. An attempt to check the Fickian model for
polymer composites containing both permeable and imper-
meable(glass and graphite) fibre was made by Rao et al. [33,
34]. The applicability of such a model to composites based
on a permeable fibre phase (jute) was verified, both under
the influence of varied internal (fibre volume fraction) and
external (ambient temperature) factors. Very good correla-
tions were found between the experimental data and a mod-
ified Fickian diffusion plot.

A good fit of the experimental data to Eq. 9 confirms the
applicability of a Fickian diffusion model for the material

Fig. 5 Cartoon representation
of oxygen diffusion into a latex
film

362 J Fluoresc (2013) 23:357–366



under consideration. Thus, we can extract information about
both kq and D by fitting Eq. 9 to the data in Fig. 6. Here, kq
values were calculated from C. Similar fittings were done
for the all film samples and kq and D values were produced
and are listed in Table I. The diffusion coefficient is the most
important parameter of the Fick`s model and shows the
ability of O2 molecules to penetrate inside the composite
structures. The average D values were determined from 3 or
5 measurements on different samples in each case and the
standard deviations on D values are also given in Table 1. It
is seen that D coefficients are strongly dependent on MWNT
content in the film. Increasing the MWNT content also
increases the D values. As seen in Fig. 1, the structure of
PS particles is spherical, while MWNT is long and cylindri-
cal in structure. This difference in the formation of defects
or voids in the films enhances the diffusion rate of oxygen
along the film by increasing the surface area against the
oxygen molecules. This result is consistent with microstruc-
tural analysis. SEM micrographs of composite films with 15
and 40 wt% MWNT content in Fig. 2 also confirm this
picture. Before annealing, no deformation in PS particles
is observed and PS particles keep their original spherical
shapes for both samples. After annealing treatment at
170 °C, SEM images show that complete particle coales-
cence has been achieved. It can be clearly seen that the
composite film consists of a network of bundles, especially
in the 40 wt% MWNTcontent film, and indicates significant
porosity. As shown in Fig. 2, carbon nanotubes are not well
distributed in the polymer matrix and voids between the
carbon nano-particles and polymer matrix appeared allow-
ing oxygen molecules to move rapidly. Therefore, O2 mol-
ecules can easily pass through these voids. Thus, the
permeability of O2 gas is increased, yielding high diffusion
coefficients. As a result, more rapid diffusion of oxygen [27]
into the higher MWNT content films occurs due to the
presence of a large number of microvoids in these films.
Many authors report higher loadings of CNTs in a compos-
ite do not perform as well as lower loadings [35, 36] sug-
gesting an increase in voids or other defects as the loading of

Fig. 6 Logarithmic plots of data in Fig. 1 and their fits to Eq. 9 for a-
0, b-1.5 c-15 and d- 40 wt% MWNT content films

Table 1 Experimentally obtained film thickness, diffusion coefficient
(D), diffusion rate constant kq and mutual diffusion (Dm) coefficients

MWNT (wt %) d (μm) D×10−12

(cm2.s−1)
kq×10

10

(M−1.s−1)
Dm×10

−5

(cm2.s−1)

0 2.38 1.1±0.06 0.79±0.04 1.58

1.5 2.81 1.6±0.05 0.55±0.03 1.21

3 4.16 9.3±0.47 0.64±0.05 1.41

5 5.45 32.8±0.2 0.30±0.09 0.66

10 4.76 28.5±2.2 0.32±0.01 0.70

15 3.38 19.7±1.6 0.50±0.01 1.10

40 4.08 41.3±2.9 0.77±0.12 1.69
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CNTs increases, likely due to the difficulty of homoge-
neously dispersing concentrated CNT/polymer melts or sol-
utions. Lim et al. [37] studied MD simulations of solubilities
and self-diffusivities of CO2 and CH4 in amorphous PEI and
PEI-SWCNT matrix. They found that, self-diffusivities of
the gases in the polymer composites are much larger than
those in pure PEI. They explained this result as a squeezing
effect of the nanotubes on the polymer matrix that changes
the composite polymers’ free-volume distributions and
makes them more sharply peaked. The presence of nano-
tubes also creates several cavities with large volumes that
give rise to larger diffusivities in the polymer composites.
This effect is due to the repulsive interactions between the
polymer and the nanotubes in consistent with our findings.

These results are also consistent with previous studies
[38–41]. Generally, enhancement in the gas permeability of
polymers by putting inorganic fillers into the organic poly-
mer resulted from the disturbed polymer chain packing by
the nanofillers [38]. Therefore, the well dispersed state of
carbon nanotubes and their good adherence effectively
increases gas permeability as the result of effective inser-
tions between the polymer chains of the matrix. It was
reported that addition of 2 wt% of modified carbon nano-
tubes loading to the polyethersulfone resulted in about
19.97 % increases in the permeability of CO2, while the
permeability of CH4 increased up to 33.79 %. However, for
small gas molecules, such as CO2, the permeability in-
creased slightly with the addition of carbon nanotubes in
the polyethersulfone (PES) host matrix. The main pathways
of gas transport through the mixed matrix membranes are
through the dense layer of the PES matrix, highly selective
carbon nanotubes and non-selective gaps or voids between
the matrix and sieve particles. It was observed that the main
factor affecting the increase of CH4 permeability with the
addition of carbon nanotubes into the polymer host resulted
from the extremely rapid diffusion of gas molecules
adsorbed inside the carbon nanotubes. FESEM data also
showed that the carbon nanotubes are well dispersed in the
polymer matrix and serve as channels to transport gas mol-
ecules [39–41]. It is known that the addition of filler into
polymer films above a critical percentage creates voids [42,
43] in the polymer matrix. Ponomarev and Gouterman [42]
have reported that the addition of high amounts of titanium
oxide (TiO2) in pressure sensitive (PSP) paints cause the
presence of a large fraction of microvoids inside the films.
As a result, air can diffuse very rapidly to the inside of the
coating through these voids.

On the other hand, although all diffusion curves in Fig. 4
follow Fickian diffusion model, the logarithmic plot of
diffusion curve for 40 wt% MWNT content film (see
Fig. 6) represents two different regimes at short and longer
times. The linear curve at longer times obeys the Fickian
model. However, the non-linear curve at short times

represent non-Fickian behavior. Here, we assume that the
PS polymer is the continous phase and the film thickness is
uniform. From the results, it is understood that up to acertain
MWNT content, MWNT particles disperse almost uniform-
ly throughout the film and the film surfaces can be regarded
almost smooth. Thus the assumption of uniform film thick-
ness works and O2 molecules obey Fickian diffusion kinet-
ics. But, at high MWNT contents, as can also be seen from
SEM images in Fig. 2, a lot of voids or defects appear in the
films likely due to the difficulty to disperse MWNT homo-
geneously. As a result, the film thickness is not uniform and
film surfaces are not smooth. Due to this non-uniform film
thickness, the diffusion behavior of O2 deviates from the
Fickian kinetics at the beginning of the diffusion process
showing a non-Fickian behavior as in the case 40 wt%
MWNT content film.

When the pyrene diffusion in the latex film is omitted and
p=1 is taken then Eq. 1b becomes as

kq ¼ 4pNADmR

1000
ð10Þ

Here Dm is called as mutual diffusion coefficient which
can now be assumed to be the self diffusion coefficient of
O2 in the composite film. Since kq is known and if R is taken
as the radius of pyrene [37] then the averaged Dm values are
found and listed in Table I for the composite films having
different MWNT content. It is seen in Table I that Dm is
independent of MWNT content in composite films i.e. once
O2 penetrates into the film then it moves in short range
independent of the material structure. Dm value obtained in
the present study (10−5cm2.s−1) is one order larger than that
previously obtained (10−6cm2.s−1) by using the same tech-
nique [26, 27, 44]. This shows that the voids in composite
films helps the rapid quenching of excited pyrene molecules
and reduce their response time.

Conclusion

We have presented a simple, fast, and practical route to
measure the diffusion of oxygen into PS/MWNT com-
posite films for different MWNT contents using a com-
bination of fluorescence quenching method and Fickian
transport. Diffusion experiments demonstrated that the
quenching rate during oxygen diffusion was completely
consistent with Fickian diffusion, even in the presence
of high (40 wt%) MWNT content. The diffusion coef-
ficients increased drastically with increase of MWNT
content and this increase was explained via the exis-
tence of large amounts of pores in composite films
which facilitate oxygen penetration into the structure.
The results showed that MWNT has presented serious
effects on the permeation properties of the composite
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matrix. On the other hand, results suggest that self
diffusion of oxygen molecules in the composite films
are not affected by the size and the structure of the
composite films. In other words, Dm values give infor-
mation only on local environment. Here one can also
argue that O2 molecules can also penetrate through the
interior part of MWNT, which may contribute to the
larger D values producing higher permeability of the
composite films.
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