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Pretreatment with boiling acid or water changes the hydration of membrane
The formation of water clusters identiﬁed by changes in the UV Vis spectra.
Thermal studies also indicate the probable change in structure due to pretreatment procedure.
Change in permeation properties of membrane as a result of pretreatment procedure.
The nature of dye within the membrane also aﬀects the thermal properties.

Abstract
The eﬀect of pre-treatment on the permeation property of the Naﬁon ionomer membrane has been evaluated. The membranes were subjected to diﬀerent pre-treatment procedures,
viz treated with acid at room temperature, boiling with acid or boiling with water followed by cold acid. Diﬀerent characterization techniques were used to understand the changes.
From UV-Visible spectra, it was possible to identify the presence of water clusters and this was found to be maximum when the membrane was boiled with acid. Thermal analysis of
the membranes also reﬂected the changes in structure due to pre-treatment. The characterizations of dye loaded membranes were also carried out. Image analysis reﬂected the changes
in structure due to pre-treatment. The spectrophotometric and thermal studies of the dye loaded membranes carried out showed that the two dyes interacted diﬀerently with Naﬁon.
The permeation of dyes through Naﬁon showed that values of permeability and diﬀusion coeﬃcients were also dependent on the nature of both the dye and pre-treatment procedure.

1. Introduction
Naﬁon, a perﬂuorosulphonate ionomer (PFSI) with polyﬂuoroethylene
backbone and regularly spaced perﬂuorvinyl ether pendant side chains
terminated by a sulphonate ionic group containing 10-mol% ionic content
has unique properties of ionomers due to the formation of ionic clusters
dispersed in the polymer backbone [1,2]. A study of the transport process
in membranes is useful for both separation and process understanding [3-5].
The property of perm selectivity of ion exchange membranes is dependent on
various external parameters [6-9]. For ion exchange membranes, the diﬀusion
coeﬃcient is dependent on selectivity coeﬃcient indicating that the initial
stage of permeation is governed by the ion exchange process [10]. Shelf-life
has a very strong eﬀect on the ion exchange and water sorption properties
of membranes [11, 12]. The role of modiﬁers within the membrane and the
eﬀect on permeation across the membrane is of sustained interest [13-15].
Ion exchange membranes are extensively used for diﬀerent separations.
However, the studies on the structural aspects are also of great interest.
Earlier studies showed the use of diﬀerent techniques to probe the cluster
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model proposed for Naﬁon structure [1, 16-19]. These models showed
that the ionic clusters present in the membrane swell when the membrane
is hydrated. The structural studies give an idea of the mechanism of water
transport through Naﬁon membranes, which makes it very useful in fuel cell
applications.
The eﬀects of diﬀerent experimental conditions like pre-treatment of
Naﬁon membrane and external conditions of pH and presence of complexing
agents were found to aﬀect the sorption or permeation behaviour for the
Naﬁon membrane [6-12, 15]. The eﬀect of the pre-treatment procedure on
the sorption/permeation property of Naﬁon could be attributed to the changes
occurring within the Naﬁon structure. The external solution conditions like
pH or presence of diﬀerent complexing agents also aﬀect the sorption /
permeation. This could be due to the fact that the complexing agents convert
metal ions into anionic complexes and the property of perm selectivity
is found to have a crucial role. Based on these ﬁndings, it was thought
meaningful to study the permeation of cationic dyes through Naﬁon, since an
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attempt of this nature has not been carried out earlier. In the present work,
permeation of cationic dyes like Rhodamine B (RhB) and methylene blue
(MB) have been studied using Nafion membranes pre-treated in different
ways. In order to understand the mechanism of the sorption, the dye
incorporated membranes were characterized using different techniques like
spectrophotometry and image analysis to get an insight into the changes
occurring during pre-treatment.

2. Experimental

2.1. Materials
Nafion 117 obtained from DuPont was used for all studies. The
membrane was cut into small pieces of 1cm × 1cm for the uptake studies. The
permeation studies were carried out using circular pieces of 35 mm diameter.
The membrane pieces were pretreated differently and stored in distilled water
prior to their use. The aqueous dye solutions of Rhodamine B and Methylene
blue were prepared from the dyes obtained from Merck without any
purification.

The permeation experiments were carried out in a specially designed U
type cell consisting of two flat ground ends of standard flanged joints FG 15
(Quick Fit, UK) connected to a bent glass tube (Figure 1b). The circular
pieces of the clean membrane (pre-treated differently) were placed tightly
between the clamps and the system is leak proof with the two compartments
viz Feed (F) and Receiving (R) on either side of the membranes. The feed
compartment contained 20mL of dye solution of known concentration
maintained at a particular pH while receiving 20 mL of 0.01M acid. The
solutions in both the compartments were continuously stirred using magnetic
stirrers to reduce concentration polarization. The dye concentration in the
receiving phase was monitored by measuring the absorbance at 554 and 662
nm for Rhodamine B and Methylene blue, respectively.

3. Results and discussion
Permeation studies were carried out with the Nafion membrane pretreated differently (N, AT, WT) prior to use. Our earlier studies showed that
the pre-treatment procedure [10-12] has an effect on the sorption and
permeation properties. Thus, it became very interesting to see if we can
understand the changes occurring using various characterization techniques.

2.2. Instrumentation
3.1. Characterization Studies of pre-treated Nafion membranes
Thermal gravimetric analysis (TGA) was performed using a Setaram
equipment (Setsys Evolution 1750) at a heating rate of 10°C/min under
flowing Ar atmosphere. The sample size was within 4-5 mg. The images for
analysis were acquired using an optical microscope (LEICA-DM ILM)
coupled with digital camera. Interpretation of data was carried out using an
image analysis software (Metal power image analyser version 3.0.0.9 by
Metal Power India (Pvt. Ltd).). Spectrophotometric measurements were
carried out using JASCO V-650 Series double beam spectrophotometer in the
wavelength range of 190-900 nm.
2.3. Procedure
Pre-treatment of the Nafion membranes were carried out in three different
manners (i) immersion of as received membrane in cold 2 M HCl for 2 h,
removed and washed well with distilled water to give sample labelled N, (ii)
membrane pieces refluxed with 1:1 HNO3 for 1 h and then boiled with
distilled water (∼60 °C) for 1h and samples labelled AT, (iii) membrane
pieces boiled with distilled water for 2 h and then immersed in cold 2 M HCl
for 2h and sample labelled WT.
The experimental setup for sorption and permeation experiments is
shown in Figure 1. Both water and dye sorption studies were carried out in
batch mode using the experimental setup shown in Figure 1a. For water
sorption studies, the accurately weighed amount of Nafion membrane (pretreated in different ways) was soaked in 200 mL of deionised water at room
temperature. The increase in weight was measured as a function of time until
the moisture content attained an equilibrium value (incremental change of
sample mass < 0.001 g for 1 h). The water sorption studies were carried out in
triplicate. The dye loaded membrane samples were prepared by equilibrating
0.25 g of Nafion membrane (pre-treated differently) with 25ml of dye
solution for 6 h.

Water sorption analysis was carried out using Peleg’s model [20], which
is normally used for food products like chickpeas, etc. The major advantage
of the Peleg model is that the analysis can be carried out using short time
experimental data unlike the Darcy Watt Analysis reported earlier [11,12].
Another important aspect of the Peleg model is that there is no criterion set
for the selection of the last data. However, certain researchers strongly felt
that selection criterion was needed as the data selected could affect the
constants obtained from the model. The linearized form of the Peleg model is
given by Eq.1, wherein M is moisture content (%) at time t, M0 is initial
moisture content (%), K1 is the Peleg rate constant (h%-1), and K2 is the Peleg
capacity constant (%-1). The increase in mass (+ in Eq.1) denotes absorption
while decrease in mass (- in Eq.1) denotes the desorption reaction. The rate of
sorption R is given by Eq.2.
M  M0 

R

t
K1  K 2 t

K1

(2)

(K 1  K 2 t ) 2

R0 

1
K1

(3)

The Peleg rate constant K1 is related to sorption rate at the beginning
(R0), R at t = t0 as given by Eq.3 and gives an idea of mass transfer, while the
Peleg coefficient constant K2 is related to maximum possible moisture content
at t = ∞.

Dye
solution
Stirrer
Nafion

(A)

(1)

(B)

Fig. 1. Experimental setup for (a) sorption and (b) permeation studies.
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Fig. 2. Results of data modelling using Peleg’s model.

The plot of amount of water sorbed (%) as a function time is given in
Figure 2A. The data of water sorption is the average of triplicate studies with
a 0.05% coefficient of variation. As there exists no concurrence on the
protocol for data selection, the sorption curves (Figure 2A) could be divided
into different linear segments. It is seen that for sample WT, there are only
four linear segments whereas the plots of N and AT have five linear
segments. The different parameters correlating to the plots are given in Table
1. From Figure 2A and Table 1, it is seen that pre-treatment has an effect on
the maximum amount of water taken up (Me). The calculation of Peleg’s
constants K1 and K2 are obtained from the linear plot of t/M vs t (Figure 2B)
and given in Table 1 (with a standard error value being less than 0.002). From
Peleg’s model, it is understood that the initial water sorption for the AT
sample occurs at a higher rate (seen by lower K1 value). The lower values of
K2 of AT and WT samples give an indication regarding the maximum water
capacity (the lower the value of K2 the higher the amount of water taken up).
The plot of rate of sorption (R) versus time is given in Figure 2C. It is seen
that AT has a high initial sorption rate and this is in accordance with the
results shown in Figure 2B. With an increase in time, the sorption rate
decreases.
Spectrophotometric analyses of the samples were carried out to see if pretreatment induces some spectral changes. The results of the samples in H+
form are shown in Figure 3.

comparison of the plots, it is to be noted that the spectra in the present study
does not show a strong peak at 196 nm unlike that reported earlier [21], but in
that work the authors have also seen a change in the spectra upon pretreatment and variation of counter cation. In the present work, the spectra of
N, AT and WT show a maxima at max of 266, 248 and 257 nm, respectively.
All the spectra are associated with a shoulder at max ~ 220 nm. The shoulder
at max ~ 220 nm could be due to the C-F groups or the diene structures, while
the peaks near max ~ 260 nm could be attributed to the presence of the water
clusters present in the Nafion membrane. It is observed that the peak at max ~
220 nm is shifted to higher wavelengths while the peak at 266 nm is shifted to
lower values upon pre-treatment. Thus, it is seen that pre-treatment increases
the degree of hydration. Hydration leads to changes in morphology of the
membrane, local aggregate structures and dissociation of the ions and this
leads to reorganization of water clusters along the polymer geometry. These
changes are reflected in the spectra of the pretreated Nafion membranes.

Table 1
Data selection for fit of Peleg model and calculated values.
Sample

M0

Me

Calculated values
K1 (h *%-1)

K2 (%-1)

R (%*h-1)

N

1.0

8.5

0.1122

0.1237

9.09

AT

1.8

13.7

0.08133

0.0824

13.75

WT

1.4

10.6

0.12902

0.0885

9.94

It is to be noted that the spectra obtained for all three membranes have a
broad maxima in the range of 250-280 with a small shoulder at 230 nm. The
shoulder at 230 nm could be attributed to the C-F group, while the strong
maxima could be due to the water clusters present in the Nafion. Before a

Fig. 3. UV Spectra of Nafion membranes (N, AT, WT).
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Fig. 4. Thermal data (A) TG and (B) DTA traces of Nafion-H pretreated differently.

Table 2
Data of thermal degradation of Nafion.
Step I (oC)

Step 2 (oC)

Step 3 (oC)
PTFE backbone
decomposition

Desulphonation

side-chain
decomposition

N

303–401

401-441

441-510

AT

286-403

402-472

472-510

WT

294-415

415-479

479-530

3.2. Characterization studies of dye loaded Nafion membranes

Thermal studies were carried out to get an insight of the effect of pretreatment on the membrane structure and the results are shown in Figure 4.
Earlier studies [22] reported that the gases liberated in the temperature range
of 25–355oC were H2O, SO2 and CO2 while in the range of 470–560 oC HF,
SiF4 and COF2 were liberated. The thermogram of Nafion –H form pretreated
differently (Figure 4A) shows very interesting features. The weight losses
measured for N, AT and WT are 79%, 73% and 71%, respectively.
The thermal degradation is seen to occur stepwise corresponding to
desulfonation, side-chain and PTFE backbone decompositions and details are
given in Table 2. The decomposition pattern of the Nafion is found to be
affected by the pre-treatment procedure (Figure 4).
For all the membranes, it is seen that up to the temperature of onset of
Step 1 (desulphonation), the weight change corresponding to the sorbed water
loss is quite less. It is interesting to note that the onset and rate of
desulphonation is greatly affected by pre-treatment. Step I starts at a lower
temperature, but is spread over a larger temperature range for both AT and
WT as compared to N. Another important feature that can be seen in the TG
plots (Figure 4A) is that for AT and WT, and the PTFE backbone
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The uptake of cationic dyes by Nafion is well known, but the main aim of
this work was to understand the interactions between the dyes and membrane
during sorption. The UV-Vis spectra of the dye loaded samples (RhB-X and
MB-X) are given in Figure 5 and these are compared with the spectrum of
pure dye in the solution (given in inset).
It is seen that spectra of pure solution of RhB shows a peak maxima at
554 nm with a shoulder at 513 nm. The spectra of pure solution of MB shows
two broad peaks at 613 and 662 nm, respectively. The presence of dimers in
the solution for RhB [23] and MB [24] are indicated by the presence of
shoulders at 513 and 613 nm, respectively. From 5 (A) it is seen that the
interaction of the RhB on the three samples is quite different. The spectrum of
RhB-N shows peaks at 257 and 549 nm. The peak at 257 nm corresponds to
water clusters. However, in the unloaded form, sample N shows a peak at 266
nm. Thus, upon dye incorporation, it is seen that the water cluster peak has
been shifted from 266 to 257 nm. This indicates that the dye loaded is present
within the water cluster and is chemically bound. The peak at 549 nm
corresponds to that of RhB and this is left shifted in the membrane phase as
compared to the pure solution (554 nm).
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decomposition occurs at a higher temperature as compared to N. This could
be attributed to increased rigidity of the backbone due to additional
interactions between the protons within the clusters and F from the PTFE
backbone leading to the formation of some kind of cyclic structures. This is
due to the fact that pre-treatment results in the increase in the size of the
clusters. All these changes are reflected in the difference in thermal behaviour
of the Nafion membrane due to pre-treatment.
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Fig. 5. UV visible spectra of (A) RhB and (B) MB loaded Nafion samples (Inset: Spectrum of pure dye solution).
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The blue-shift could be due to the increase of electron density of azo dye as a
result of the pi-pi stacking interactions of azo dye immobilized within the
membrane phase. There is a small shoulder at around 511 nm. This could be
attributed to the presence of dimers which exhibit a blue shift from 513 nm of
pure dye. Thus, it is seen that the nature of the dye incorporated within the
membrane phase is not affected. However, for sample AT and WT,
interesting features are seen from the spectra. For sample AT, there are
distinct peaks at 236, 253, and a very broad peak between 400 to 450 with
jumps at 406 and 436 nm. The water clusters in RhB-AT show blue shift
changes much more than the RhB-N sample. The main interesting feature is
that the nature of RhB in AT is quite different from its pure form. The peak
corresponding to the pure dye at 554 nm is not present. Moreover, the peak of
the dimers is more prominent. This can be visualized as in AT, the RhB
molecules within the clusters have an increased tendency to form dimers or
probably give a polymeric kind of structure. The spectra of RhB incorporated
WT sample shows a peak at 257 nm and a broad peak between 410 to 440 nm
with a hump at 438 nm. The situation in sample WT is similar to AT but to a
lesser extent. Therefore, for both AT and WT, different interactions between
water-water, water-RhB and RhB-RhB molecules may occur leading to
spectra completely different from sample N. Figure 5B shows the results of
sorption of methylene blue by different samples. For sample N-MB, there are
two peaks at 260 and 771 nm. The peak of 260 nm corresponds to that of
water clusters in the presence of MB. This shows that MB interacts with the
water clusters and hence a shift in the peak maximum occurs. The peak
corresponding to MB is seen at 650 nm. The spectral changes indicate the
interaction between MB and sample N. For AT-MB, it is seen that the peak
corresponding to the water clusters is reduced in intensity. This could indicate
that in the presence of MB, pure water clusters do not exist. The peak of MB
is seen around 670 nm showing that there is not much change in the nature of
MB in sample AT. However, it is more interesting to observe the spectrum of
WT-MB. Firstly, the water cluster peak is well shifted to around 289 nm. This
indicates the presence of strong interactions between the water molecules
amongst each other and also with the MB molecules. The two peaks at 666
and 582 nm were correlated to that of MB and its dimer, respectively. It is
seen that the dimer peak is shifted to 625 nm and there are many small
humps. These suggest that in the WT sample, MB sorbed is present as both its
monomeric and dimeric forms and there also exists some possibility of
interactions between these forms leading to some kind of polymeric structure
within the membrane phase.
The optical microscopic evaluation of N, AT and WT membranes were
carried out. Preliminary studies with the bare membranes did not show any
clear features. Hence, the dye incorporated membranes were analyzed and the
results are shown in Figure 6. From Figure 6A, the difference in the structural
features upon pre-treatment is clearly seen. Unlike sample N, both AT and
WT showed lucid features. In AT, the clusters and the ionic channels were
quite clear. Thus, the pre-treatment by boiling (with acid or water) leads to the
opening up of the clusters and ionic channels, but the degree of opening is
more with acid boiling (Sample AT). From these analyses, the area fraction
occupied by the dye in each of the representative frames of N, AT and WT

N

were calculated and represented in Figure 6B. It is observed that the fraction
of area covered by the dye (RhB and MB) follows the order AT > WT > N.
This indicated that upon boiling with acid or water, the opening of ionic
channels results in increased sorption of dye molecules.
Thermal studies of dye incorporated Nafion membranes were carried out
and compared with that of bare membranes and pure dyes. The TG and DTA
plots of pure MB and MB loaded Nafion membranes are given in Figure 7.
MB shows an initial water loss followed by two step decomposition in which
liberation of N and Cl atoms take place in the first step followed by breakage
of the C-S bonds. The exotherms at low temperature in DTA plots indicate
stepwise cyclization following the liberation of N and Cl atoms.
Figure 7A1-C1 gives the TG plots of the Methylene blue incorporated
Nafion membranes. For methylene blue loaded N (N-MB), the initial short wt
loss step is not prominent and the final major wt loss takes place sluggishly as
compared to bare N. The DTA plot also indicates the absence of the short
endotherm at around 350°. The total % weight loss of N-MB is ~79% and
quite similar to that of N. Membrane AT incorporated with MB (AT-MB)
shows a weight loss of 74 % which is the same as that for bare AT (73%) and
the decomposition patterns for both are similar. The DTA plot of AT-MB
shows the presence of two merging endotherms at 250 oC and 350oC, and the
highest temperature endotherm is nearly at the same position as in the bare
AT membrane. The thermal studies of WT incorporated with MB (WT-MB)
show similar weight loss (68%) as that of WT. However, the DTA pattern of
WT-MB is different from that of bare WT. The endotherm at 350 oC of WTMB is much broader than in bare WT and the highest temperature endotherm
has shifted to a much higher temperature (650 oC) as compared to that in bare
WT(550 oC). The above TG-DTA results indicate that there is probably some
bonding between the dye and Nafion involving both the side chains and the
main backbone, which affects the desulfonation behaviour as well as the
pattern of main PTFE backbone decomposition of the membrane. A similar
type of bonding between polymer-methylene blue composites have been
reported in the literature [25]. Thermal analysis of RhB loaded membranes
(Figure 8) involves four decomposition steps. The initial step is associated
water loss while the remaining three steps involve successive breakdown of
the side chains, ether linkage and the main backbone. The corresponding
DTA results show broad endotherms. Membrane N loaded with RhB (N-RhB)
showed a weight loss of 86% (bare N showed 79%). The final decomposition
occurs at a higher temperature compared to bare N. The DTA pattern of NRhB is significantly different from that of bare Nafion as the endotherm at
lower temperature (350 oC) is not present and the only endotherm at higher
temperature of  500oC is more sluggish than N. AT loaded with RhB (ATRhB) showed a net weight loss of 70% and the DTA patterns of AT and ATRhB match with each other in terms of number of endotherms and their
temperature of initiation. WT loaded with RhB (WT-RhB) showed a weight
loss of 64% which is much lower than the bare WT membrane. The DTA
patterns showed broader endotherms at 350 oC and 550 oC, but unlike the
WT-MB, it is seen that for WT-RhB, the highest endotherm temperature is
the same as bare WT (550 oC).
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Fig. 6. (A) Optical microscopic images of Nafion membranes and (B) extent of dye coverage.
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All the above results indicate that incorporation of methylene blue within
Nafion membranes (N,AT,WT) shows no significant change in weight loss,
but a major change in DTA patterns (peak shape, temperature ) are observed.
In the case of RhB incorporated membranes, it is seen that there is a
significant decrease in the total weight loss depending on the pre-treatment of
Nafion and also changes in DTA patterns. It is also interesting to note that
without any pre-treatment, the TG patterns resemble that of pure N
irrespective of the incorporated dye. This indicates that in dye loaded N
membranes, the thermal decomposition of the dyes get arrested. This could

probably indicate that since the structure is not open, the dyes are just
exchanged and not present within the clusters and channels. These studies
give an insight that although both the dyes are cationic in nature, the
interaction with Nafion membranes (pre-treated differently) is different.
3.3. Permeation studies of dyes using pre-treated Nafion membranes
Permeation of dye samples through Nafion samples were carried out to
gain an insight of various processes in the membranes and the effect of pre-
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treatment on the membrane transport process. Since Nafion is a cation
exchange membrane, it was thought that the pH of the external solution would
affect the affinity of the membrane towards different cations. However, a high
degree of selectivity in the uptake cannot be achieved by controlling only the
pH. Earlier studies indicated that dye uptake by various sorbents could be
carried out at a pH of 4-6 [26]. This was due to the competition of H+ at lower
pHs for the sorption sites and at higher pHs, hydrolysis of dyes occur, thus
reducing the amount of dye present in its cationic form. Moreover, it is
reported that a change in pH of the solution results in the formation of
different ionic species (Figure 9).

desorption slower than that of MB.
The permeation flux of the solute across a membrane thickness (δ) can be
correlated [29, 30] to changes in the concentration in the membrane phase and
also to changes in the solute concentration CR in a known volume of the
receiving phase VR upon permeation through an available area A and
represented by Eqs. 4 and 5.
J  D * (CFM  CRM )

(4)



 V   C 
J   R * R 
 A   t 

(5)

Thus by combining Eqs. 4 and 5, the value of D can be calculated as
follows:
 VR

 A

Fig. 9. Molecular species of RhB.

At pH values lower than 2, the aggregation of RhB is known to
occur [26]. Up to a pH of 4, the RB ions have a cationic and monomeric
molecular form. Thus, RB ions can enter into the pore structure. At a pH
value higher than 4, the zwitterionic form of RB in water may increase the
aggregation of RB to form a bigger molecular form (dimer) and become
unable to enter into the pore. Ghanadzadeh et al. [27] have studied the
aggregation of RhB in the microporous solid hosts. Lopez Arbeloa et al. [28]
determined the equilibrium constant for the dimer⇔monomer transition of
RhB in aqueous solution. The greater aggregation of the zwitterionic form is
due to the attractive electrostatic interactions between the carboxyl and
xanthene groups of monomers. At a pH value higher than 8, the
preponderance of OH− generates a competition between –N+ and –COO−
and will decrease the aggregation of RB, which causes an increase in the
adsorption of RB ions on the carbon surface. Hence, the permeation studies
were carried out at pH of 6. The permeation was carried out using the
membranes pre-treated differently in H+ forms.
The concentration profiles for the transport of the cationic dyes
(Rhodamine B (RhB) and methylene blue (MB)) through Nafion in H+ form
are given in Figures 10A and 10B, respectively. Interesting features are
observed from the plots. It is seen that the net amount of RhB permeated
(Figure 10A) is more than MB (Figure 10B) for all the three different types of
membranes. However, it is to be mentioned that saturation in the
concentration profiles were seen at an earlier time period for MB (~4h) as
compared to RhB (~6h). This can be explained as follows. The permeation is
a combination of both the sorption and desorption process. Therefore, it is
thought that the RhB molecules within the membrane may not be desorbed
with the same rate and therefore the saturation occurs at a later time period.
This is possible due to the enhanced interaction between dye molecules
amongst each other and also within the membrane sites, thus making

ln

(7)

watercontent
A **

(8)



Hence, the treatment of permeation data was carried out using the
different equations and diffusion and permeability coefficients were
calculated and given in Table 3.

Table 3
Diffusion (D) and Permeability (P) coefficients for RhB and MB using different pretreated
membranes in H+ form.
Memb.

Rhodamine B
5

0.002

2

Methylene Blue

D x 10 (cm /s)

3

P x 10 (cm/s)

5

D x 10 (cm2/s)

P x 103 (cm/s)

N

0.29

0.52

0.704

0.49

AT

4.9

3.1

5.9

3.9

WT

2.2

1.7

5

3.0

Amount permeated ([M])

0.004

(6)

C
A
  * P * t *
Co
VF

MB_N
MB_AT
MB_WT

0.006

0.006



D
*
 (C FM  C RM )

In the present study, the membrane thickness and area of permeation are
0.01778 cm and 0.79 cm2, respectively and the volume of receiving solution
(VR) was 10 mL. The slope of the plot of amount permeated with time (Fig.
10) can give the concentration variation with time. The permeability
coefficient in the feed phase is given by Eq. 7, wherein P is the permeability
coefficient (cm/s), Co and C the concentration of dye initially and at time t in
feed phase, A effective membrane area (cm2),  the membrane porosity, V
(cm3) volume of the feed phase and t is the elapsed time. The porosity is given
by Eq. 8, where A and  are area and thickness of the membrane and ρ the
density of water.

RhB_N
RhB_AT
RhB_WT

0.008

Amount permeated ([M])

  C R
*
  t

0.004

0.002

0.000

0.000
0

2

4

6

8

0

2

Time (h)

(A)

4

6

Time (h)

(B)
Fig. 10. Permeation studies of (A) Rhodamine B and (B) Methylene Blue.
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From Table 3, it is seen that the values of P are 100 orders more than that
of D and the order followed by both D and P is AT > WT > N for the three
different pre-treated Nafion membranes. Thus, it is very clear that the pretreatment has an effect on the permeation parameters. This can be understood
from the fact that upon pre-treatment with acid, an open structure is generated
(as seen from microscopic studies) and therefore the diffusion of molecules
within the membrane structure and the overall permeation becomes more
favourable as compared to the untreated membranes. It is also seen that when
P is large, solutes will diffuse rapidly across a membrane under a given
concentration gradient. It is understood that P symbolizes several factors:
partitioning between the solution and membrane, membrane thickness and
diffusion coefficient of the solute in the membrane. It is observed from Table
3 that P is more for MB as compared to RhB. This can be understood as
follows. MB is a smaller ion as compared to RhB. The steric hindrance is
caused due to the bulky 3D structure of RhB leading to its lower P values.
Thus, it is clear that permeation of dyes not only depends upon the cation
exchange property of Nafion but also its structural changes due to pretreatment, which affects the overall permeation.

4. Conclusions
Nafion membrane was subjected to different pre-treatment procedures
prior to its use. UV-Visible spectroscopic analysis of these different samples
showed that pre-treatment with acid under boiling conditions leads to the
presence of more water clusters within the membrane. Thermal studies
showed that pre-treatment also affects the rigidity of the PTFE backbone.
UV-Visible spectroscopic analysis of dye loaded membranes indicate that the
dye is present within the water clusters and the formation of dimers occurs.
Optical microscopic evaluation of dye loaded N, AT and WT samples
revealed a clear difference in structural features as a result of pre-treatment.
Thus, the pre-treatment by boiling with acid or water leads to the opening up
of the clusters and ionic channels. Thermal studies establish the presence of
bonding between the dye and Nafion involving both the side chains and the
main backbone. These studies give an insight that though both the dyes are
cationic in nature, the interaction with Nafion membranes (pre-treated
differently) is different. Permeation studies reveal that the bulky nature of
rhodamine dye results in its low permeability coefficient. Thus, it is clear that
permeation of dyes depend both on the nature of dye as well as the structural
changes within the membrane structure due to pre-treatment.
Permeation of cationic dyes like Rhodamine B and methylene blue were
carried out. Dye permeation through the uptake of cationic dyes like
Rhodamine B and methylene blue occurs via a cation exchange process. This
is dependent on the nature of the dye. However, the permeation of the dyes
across the membranes depends on the structural aspects of the membranes.
The pre-treatment procedure has a marked effect on the structure of the
membranes, as ascertained by various techniques. Characterization studies
also confirm the presence of dimeric forms of the dye within the membrane
surface. The changes in structure due to pre-treatment results in a change in
the diffusion flux across the membrane.
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