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Fluorescence technique was employed for the mea-
surement of the diffusion coefficient of oxygen into
polystyrene (PS) latex/modified Na-activated bentonite
(MNaLB) clay composite films. Three different MNaLB
content (0, 5, and 20 wt%) composite films were pre-
pared from PS/MNaLB mixtures by annealing them at
2008C, above the glass transition temperature of PS for
10 min. To determine the diffusivity of oxygen in PS/
MNaLB composite films, diffusion measurements were
performed over the temperature range from 25 to 708C.
Pyrene (P) was used as the fluorescent agent. The dif-
fusion coefficients (D) of oxygen were determined by
combining the fluorescence quenching method with
Fickian transport model, and were found as a function
of temperature for each MNaLB content film. The
results showed that D values are strongly dependent
on both temperature and clay content in composite
film. It was also observed that D coefficients obey
Arrhenius behavior, from where diffusion activation
energies were measured. POLYM. COMPOS., 31:77–82,
2010. ª 2009 Society of Plastics Engineers

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 environmental 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 producing new materials by filling

polymers with inorganic natural (minerals) and/or syn-

thetic (carbon black and silica) compounds [1–5]. Typi-

cally, inorganic fillers like talc, mica, chalk, smectite, and

bentonite are used in these new materials. In recent years,

polymer/clay (P/C) nanocomposites have become increas-

ingly important because they combine the structural,

physical, and chemical properties of both clay and poly-

mer [6, 7]. The efficiency of clay modifies many different

properties of the polymer, such as sorbancy, ion exchange

capabilities, and thermal and solvent resistance. They give

improved mechanical properties, gas barrier properties,

and decreased flammability relative to the simple poly-

mers [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 50 years, polymer scientists

have been interested in the influence of fillers on gas dif-

fusion through polymer membrane [9–12]. This analysis

provides us important knowledge about the effect of min-

eral fillers on the performance of oxygen sensors. Gorrasi

et al. [10] studied the transport properties of n-pentane
and dichloromethane vapors in polypropylene-organo-

philic layered silicates nanocomposites with different clay

concentrations. It was found that the permeability of both

solvent vapors was reduced, mainly due to the decreased

diffusion, because 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 decrease was observed in oxygen

diffusion coefficients, D with increasing silica content.

This reduction in D was attributed to the tortuous path

toward diffusing gas molecules and reduced molecular

mobility of polymer chains caused by the filler particles.

Bharadwaj [12] also addressed the modeling of gas barrier

properties in polymer-layered silicate nanocomposites

based on a tortuosity argument. It was considered that the

presence of filler introduces a tortuous path for a diffusing

penetrant. The reduction of permeability arises from the

longer diffusive path that the penetrants must travel in the

presence of the layered silicate.

The usual procedure used to measure the diffusion

coefficients of gases through polymeric system are based
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upon measurements of the amount of gas which perme-

ates a given area of polymer in a given time. In addition

to this direct method of determination, depending upon

the properties of the gases being investigated there are

also indirect methods based on the quenching or bleach-

ing action of these gases on the molecular probes

imbedded uniformly in the polymer. Several spectroscopic

techniques that utilize oxygen quenching to determine the

rate of oxygen diffusion through polymer films have been

reported [13–15]. Guillet obtained values of diffusion

coefficients of oxygen in different polymer matrix by

luminescent quenching experiments [14]. Fluorescence

method has also been used for monitoring diffusion of

small molecules in polymer films [14, 15]. The diffusion

coefficient of oxygen into poly(methyl methacrylate)

(PMMA) was determined by the quenching of phospho-

rescence of phenanthrene added into polymer [16]. Barker

has utilized the bleaching action of oxygen on color cen-

ters produced by electron beam irradiation of polycarbon-

ate and PMMA by following optically the moving bound-

ary [17]. The quenching of fluorescence of naphthalene in

PMMA was studied by oxygen in thin films after dis-

placement of nitrogen atmosphere over the sample by

oxygen [18]. In some of our earlier studies, we examined

the effects of annealing and packing on the oxygen diffu-

sion coefficient, D, in PMMA [19, 20] by using steady

state fluorescence (SSF) and photon transmission (PT)

techniques. Values of D were recorded depending on the

film thickness and annealing temperature for polymer

samples exposed to ambient oxygen atmospheres. It was

found that while the D values increased by increasing the

film thickness [19], no temperature effect [20] was ob-

served on the diffusion coefficient, D.
The present study involves the diffusion behavior of

oxygen in PS/MNaLB composite films depending on tem-

perature with varying MNaLB contents. Three different

sets of composite films were prepared from pyrene la-

beled PS latex and MNaLB clay mixtures with 0, 5, and

20 wt% MNaLB content by annealing at 2008C for 10

min. SSF technique was used to study oxygen diffusion

into these films over the temperature range of 25–708C.
The time drive mode of SSF spectrometer was employed

to monitor the intensity change of excited pyrene (P) dur-

ing oxygen penetration into composite films. A model

was developed for low quenching efficiency to measure

oxygen diffusion coefficient, D.

EXPERIMENTAL

MNaLB Clay

The Na-activated bentonite (NaLB) was obtained from

natural bentonite, which was collected from the bentonite

deposits in Lalapaşa-Edirne, Thrace, Turkey (courtesy of

Bensan) (35% humidity) by treating the clay with 4% (w/

w) NaHCO3 solution. NaLB was dispersed in distillated

water at room temperature mixing for 24 h (6 wt.%

NaLB stock dispersion). Meanwhile, the natural pH value

of NaLB was found to be 10.7. Benzyldimethyltetradecyl

ammonium chloride (BDTDACl) cationic surfactant was

dissolved in water at 20 mmol/l concentration. Then 5 ml

BDTDACl stock solution, 6.25 ml 6 wt.% NaLB stock

dispersion, and 1.25 ml distillated water were mixed, and

the dispersion was shaken in order to obtain 3 wt.%

NaLB þ 8 mmol/l BDTDACl (modified clay). This dis-

persion was shaken overnight and an adsorption time of

24 h was adopted for surfactant. As a result, modified

clay (MNaLB) dispersion was obtained and diluted to

contain 0.0141g/ml MNaLB. The particle size distribu-

tions (PSDs) of bentonitic clays were determined by the

sedimentation technique and was measured to be in the

range of 50–0.4 lm, and average particle size of NaLB

was 10 lm. After the modification of clay, the PSD of

MNaLB was measured to be in the range of 10–0.4 lm,

and average particle size of sample was 1 lm. In original

NaLB dispersion, coarser than 10 lm fractions are 49.8%,

but no clay particle above 10 lm was found after the

addition of BDTDACl [21]. On the other hand, although

the particle size was decreasing, the surface area of par-

ticles increased. As a result, MNaLB contains much

smaller clay particles due to their strong dispersion per-

formance [22].

PS Latex

Pyrene labeled polystyrene particles were produced

via emulsifier-free radical polymerization process. The

polymerization reaction was carried out under emulsifier-

free radical polymerization conditions in a 200 ml ther-

mostated round-bottomed four-necked flask, equipped

with a glass anchor-shaped stirrer, condenser and nitro-

gen inlet. Styrene monomer was first introduced in the

reactor containing boiled and deionized water and the

fluorescent monomer 1-pyrenylmethyl methacrylate (Pol-

yFluorTM394) was first dissolved in small amount of sty-

rene. The potassium persulfate (KPS) initiator was dis-

solved in water and added when the polymerization tem-

perature was equilibrated at 708C. The stirring rate was

adjusted to 300 rpm. The recipe of the prepared latex is

summarized as follows: 100 ml water, 4 g of styrene,

0.1 g of KPS (dissolved in 2 ml water), and 0.0129 g of

fluorescent monomer (dissolved in 1 g styrene). The po-

lymerization reaction was conducted during 18 h under

nitrogen condition. The particles are spherical and fairly

monodisperse, having all very similar mean diameters

(320 nm).

Film Preparation

PS/MNaLB composite films were prepared by the

casting method. Distilled water was used to disperse the

used materials. Three different films with 0, 5, and 20

wt% MNaLB content were prepared from the dispersion
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of PS latex/MNaLB clay. Dry films were obtained by

placing the same number of drops on a glass plates

with the size of 0.8 3 2.5 cm2 and allowing the

water to evaporate. Film samples then were annealed

at 2008C, above Tg of PS (¼1058C) for 10 min.

Before fluorescence measurements were performed. Film

thicknesses were measured and found to be around

13 lm.

Films were placed in a quartz cell filled with nitrogen,

and fluorescence measurements were performed for oxy-

gen diffusion experiments, in Perkin Elmer Model LS-50

fluorescence spectrophotometer. Slit widths were kept at

8 nm. Experiments were carried out at 25–708C tempera-

ture range. A thermistor-based digital temperature probe

in spectrophotometer chamber was used to monitor tem-

peratures which were observed to remain constant within

628C during the course of diffusion measurements. In all

experiments, P was excited at 345 nm and the emission

maximum at 395 nm was used for fluorescence intensity

measurements. P intensity, I was monitored against time

by using time-drive mode of spectrophotometer at differ-

ent temperatures for each clay content composite film,

after the quartz tube was open to the air for O2 diffusion

experiments. Because the diffusion measurements required

that oxygen permeate only one surface of the film, then to

be ensured to eliminate the lateral diffusion of oxygen,

the opposite side of the cell window was masked using

black tape on.

THEORETICAL CONSIDERATIONS

Fluorescence Quenching by Oxygen

The mechanism of oxygen quenching involves a

sequence of spin allowed internal conversion processes,

which takes place within a weakly associated encounter

complex between probe and oxygen. The product is

either a singlet ground state or an excited triplet species

[23].

Data generated from oxygen quenching studies on

small molecules in homogeneous solution are usually ana-

lyzed using the Stern–Volmer relation (Eq. 1), provided
that the oxygen concentration [O2] is not too high [24].

I0
I
¼ 1þ kqs0 O2½ �: ð1Þ

In this equation, I and I0 are the fluorescence inten-

sities in the presence and absence of oxygen, respectively,

kq is the bimolecular quenching rate constant and s0 is the
fluorescence lifetime in the absence of O2. This equation

requires that the decay of fluorescence is single exponen-

tial 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 s0 is

known.

Diffusion in Plane Sheet

Fick’s second law of diffusion was used to model dif-

fusion phenomena in plane sheet. The following equation

is obtained by assuming a constant diffusion coefficient,

for concentration changes in time [25]

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 concen-

tration 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 solu-

tion is obtained [25]:

Mt

M1
¼ 1� 8

p2
X1
n¼0

1

2nþ 1ð Þ2 exp �Dð2nþ 1Þ2p2t
d2

 !
ð4Þ

where Mt and M∞ represent the amounts of diffusant enter-

ing the plane sheet at time t and infinity, respectively.

RESULTS AND DISCUSSIONS

Oxygen Diffusion

Normalized pyrene intensity, It curves are presented in

Fig. 1 as a function of time for the 5 wt% MNaLB con-

tent film exposed to oxygen at elevated temperatures. It is

seen that as oxygen diffused through the planar film, the

FIG. 1. The time behavior of the pyrene, P, fluorescence intensity, I,
during oxygen diffusion into the 5 wt% MNaLB content film at various

temperatures. Numbers on each curves indicate the temperature.
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emission intensity of the pyrene decreased according to

Eq. 1 at each temperature. The rate of decrease in inten-

sity was higher at high temperatures predicting that higher

temperature allows more O2 molecules diffused into the

films, and as a result rapid quenching of excited pyrene

molecules takes place. The curves reached their equilib-

rium value almost in the same fashion, as oxygen diffused

through and equilibrated in the film. To interpret the

above findings, Eq. 1 can be used by expanding in a se-

ries for low quenching efficiency, i.e. kqs0[O2] � 1 which

then produces the following useful result

I � I0 1� kqs0 O2½ �� �
: ð5Þ

During diffusion into the films, excited P molecules

are quenched in the volume which is occupied by O2

molecules 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 � kqs0I0
V

Z
dv O2½ � ð6Þ

where dv and V are the differential and total volume of

the film as shown in Fig. 2. In Fig. 2, oxygen diffusion

into the film is presented at different time steps, where

pyrene quenching take place at t [ 0 and levels off at

t ¼ ∞. Performing the integration, the following relation

is obtained

It ¼ I0 1� kq
s0
V
O2ðtÞ

� �
ð7Þ

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

cules diffuse into the film at time t. Here, it can be

assumed that O2(t) corresponds to Mt in Eq. 4. Combining

Eq. 4 for oxygen diffusion with Eq. 7 the following relation

is produced to interpret the diffusion curves in Fig. 1:

It
I0

¼ Aþ 8C

p2
exp �Dp2t

d2

� �
ð8Þ

where d is the film thickness, D is the diffusion coeffi-

cient of oxygen, C ¼ kqs0O2ð1Þ=V and A ¼ 1� C. Here
O2(∞) is the amount of oxygen molecules diffuse into

the film at time infinity. The logarithmic form of Eq. 8
can be written as follows:

Ln
It
I0
� A

� �
¼ Ln

8C

p2

� �
� Dp2

d2
t: ð9Þ

Figure 3a–c presents Ln(It/I02A) versus diffusion time

for the 5 wt% MNaLB content film at various tempera-

tures. Equation 9 is fitted to these data by using the linear

least square method and the oxygen diffusion coefficients,

D at different temperatures were estimated from the

slopes of the plots. Similar fittings were done for the oxy-

gen diffusing into the other MNaLB content films. kq and

D values, obtained at different temperatures are collected

in Table 1. The average kq and D values were determined

FIG. 2. Cartoon representation of oxygen diffusion into the film at

elevated time intervals.

FIG. 3. Logarithmic plot of the data in Fig. 1 according to Eq. 9 in the

text. The slopes of the curves produced diffusion coefficients, D. Num-

bers on each curve show the temperatures.

TABLE 1. Experimentally obtained diffusion (D) and quenching rate

constants (kq) at various temperatures.

T (8C)

D 3 10210 (cm2 s21) kq 3 107 (M21 s21)

0 5 20 0 5 20

24 7.3 21.0 27.7 3.8 3.0 4.9

40 7.4 20.4 27.9 3.3 5.4 6.3

50 9.4 24.4 27.7 4.5 3.6 7.3

60 11.4 24.8 28.2 5.0 6.8 5.7

70 12.0 25.7 28.5 5.2 5.4 5.7
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from 3 or 5 sequential measurements for different samples

in each case. D values versus temperatures are plotted for

three MNaLB content films in Fig. 4. It is seen that D
coefficients are strongly dependent on both temperature

and MNaLB fraction in the film. It is worthy to note that

D values increase with increasing temperature for all

composite films, as expected. However, the rate of

increase in D values for 0 and 5 wt% MNaLB is found to

be greater than that of 20 wt% MnaLB content film. Only

a slight increase is seen in D values of 20 wt% MNaLB

content film with respect to temperature. In addition, for a

given temperature D values for 5 and 20 wt% MNaLB

content films are �2–4 times greater than that of pure PS

film. These results suggest that increasing the clay content

in the film screens the PS latex by preventing the interdif-

fusion of polymer chains to form a continuous film [26].

This behavior would suggest a rather bad adherence of

clay particles to the polymer matrix, which results in the

formation of defects or voids in the films that enhance the

diffusion rate of oxygen along the film by increasing the

surface area against oxygen molecules. From here one

expects more rapid oxygen diffusion [20] into 5 and 20

wt% MNaLB content films due to presence of a large

numbers of microvoids created in these films. The slight

variation of D with respect to temperature in 20 wt%

MNaLB content film can also be explained with the high

porosity of this film, which presents a similar medium for

oxygen diffusion at all temperatures.

It is known that the addition of a filler into polymer

films above a critical percentage creates voids [27, 28] in

the polymer matrix. Ponomarev and Gouterman [27] have

reported that the addition of high amounts of titanium

oxide (TiO2) in PSP film 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. Kneas et al. [28] studied the effect of

silica (S) on diffusion coefficients, D of oxygen for

pTMSMMA films. They found a two-fold decrease in D
with increasing amounts of silica. They explained this

decrease as a result of the strong adsorption of oxygen

onto the hydrophobic amorphous silica particles due to

their large surface area which acts as a trap for oxygen

molecules. Cox and Dunn [13, 29, 30] investigated the

influence of temperature on diffusion of oxygen into silica

filled silicone films by using fluorescence quenching

method. Despite the increase in diffusion coefficients with

temperature, they observed a decrease in D values with

increasing silica content. They explained the decrease in

D both by obstacle effects of filler and oxygen adsorption

on its surface.

On the other hand, oxygen diffusion coefficients

obtained in this study (10210 cm2 s21) is in the same

order of magnitude with those previously obtained for

PMMA films [20] of different thicknesses (10–100 lm)

by using the same technique. Because of high packing of

latex particles, thicker films contain cracks and pores

which can cause faster diffusion of oxygen molecules into

these films. However, D values for this study (10210 cm2

s21) is one order larger than that obtained for PMMA

films (10211 cm2 s21) annealed at various temperatures

[19]. Because the thickness of PMMA films (�12 lm) is

almost the same with the films used in this study, this dif-

ference can be originated from the absence of voids in

PMMA films due to the formation of a mechanically

strong, void-free continuous matrix during annealing,

which hinders the diffusive processes from the film

surface.

Diffusion Activation Energies

The transport of gases through the membranes can be

described as thermally activated process that obeys the

FIG. 4. Plot of the diffusion coefficients, D versus temperatures, T for

the 0, 5, and 20 wt% MNaLB content films.

FIG. 5. Plot of the logarithmic form of Eq. 10 for the data in Table 1.

DED values are obtained from the slopes of the straight lines for each

MNaLB content film, respectively.
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Arrhenius behavior. The temperature dependence of D
coefficient can be written as follows:

D ¼ D0 exp
�DED

kBT

� �
ð10Þ

Here kB is the Boltzmann constant, D0 is pre-exponen-

tial factor, DED is the activation energy as associated with

the oxygen diffusion. The activation energy was deter-

mined from the logarithmic plots of the D coefficient

against the reciprocal of the absolute temperature. In Fig.

5, Ln(D) is plotted versus 1000/T for the different clay

fractions, respectively. The value of activation energy

associated with oxygen diffusion (DED) for different clay

fractions was calculated from the slope of these plots fit-

ting the data in Fig. 5 to the Eq. 10 by a least square fit.

The results are given in Table 2 where DED decreases

with increasing clay content, which confirms our above

assumption. In other words, the energy need for the oxy-

gen diffusing in the porous medium is much less than

they do in rigid environment.

CONCLUSION

The diffusion of oxygen into PS-MNaLB composite

films was studied at elevated temperatures for different

clay contents by using fluorescence quenching method.

The oxygen diffusion (D) coefficients and related activa-

tion energies in these composite films were determined

and compared. The results showed that diffusion of oxy-

gen was accelerated by both an increase in clay fraction

and temperature. The high diffusion rate of oxygen in the

composite is attributed to the formation of voids (pores)

in the film which facilitates oxygen diffusion. The

decrease in the activation energy associated with the oxy-

gen diffusion process (DED) is observed with increase in

clay fraction. In conclusion, this work has shown that

simple SSF technique can be used to measure the diffu-

sion coefficient of oxygen molecules into composite films

quite accurately.
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