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attempt of this nature has not been carried out earlier. In the present work, The permeation experiments were carried out in a specially designed U
permeation of cationic dyes like Rhodamine B (RhB) and methylene blugype cell consisting of two flat grourehds of standard flanged joints FG 15
(MB) have been studied using Nafion membranestieated in dferent (Quick Fit, UK) conmrected to a bent glass tubBidure 1b). The circular
ways. In order to understand the mechanism of the sorption, the dyeieces of the clean membrane (meated differently) were placed tightly
incorporated membranes were characterized using different techniques liketween the clamps and the system is leak proof with the two conepstm
spectrophotometry and image analysis to get an insight into the change& Feed (F) and Receiving (R) on either side of the membranes. The feed
occurring during préreatment. 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 weoatinuously stirred using magnetic

2. Experimental stirrers to reduce concentration polarization. The dye concentration in the
] receiving phase was monitored by measuring the absorbance at 554 and 662
2.1. Materials nm for Rhodamine B and Methylene blue, respectively.

Nafion 117 obtained from DuPont was used for all studies. The
membrane was cut into small pieces of 1cm x 1cm for the uptake studies. TBeResults and dscussion
permeation studies were carried out using circular pieces of 35 mm diameter.
The menbrane pieces were pretreated differently and stored in distilled water  Permeation studies were carried out with the Nafion membrane pre
prior to their use. The aqueous dye solutions of Rhodamine B and Methylengeated differently (N, AT, WT) prior to use. Our earlier studies showed that
blue were prepared from the dyes obtained from Merck without anyhe pretreatment procedurgl0-12] has an effect on the sorption and
purification. permeation properties. Thus, iiecame very interesting to see if we can
understand the changes occurring using various characterization techniques.
2.2. Instrumentation
3.1 Characterization Studies of pteesated Nafion membranes
Thermal gravimetric analysis (TGA) was performed using a Setaram
equipment (Setsys Evolution 1750) at a heating rate of 10°C/min under Wat er sorption analysis w20, whichr r i
flowing Ar atmosphere. The sample size was with# #hg. The images for s normally used for food products like chickpeas, &e major advantage
analysis were acquired using an optical microscope GREDM ILM) of the Peleg model is that the analysis can be carried out using short time
coupled with digital camera. Interpretation of data was carried out using asxperimental data unlike the Darcy Watt Analysis reported edfligd2]
image analysis software (Metal power image analyser version 3.0.0.9 bynother important aspect of tHeeleg model is that there is no criterion set
Metal Power India (Pvt. Ltd).). Spectrophotometric measurements wergor the selection of the last data. However, certain researchers strongly felt
carried out using JASCO-850 Series double beam spectrophotometer in thethat selection criterion was needed as the data selected could affect the

wavelength range of 19800 nm. constants obtained from the model. The linearized forthefeleg model is
given by Eqg.1, wherein M is moisture content (%) at time §,iMinitial
2.3. Procedure moisture content (%), Kis the Peleg rate constant (R)and k is the Peleg

capacity constant (%). The increase in mass (+ in Eq.1) denotes absorption

Pretreatment of the Nafion membranes were carried out in three differenjhile decrease in massif Eq.1) denotes the desorption reaction. The rate of
manners (i) immersion of as received membrane in cold 2 M HCI for 2 hsorption R is given by Eq.2.
removed and wagtd well with distilled water to give sample labellsd (ii)
membrane pieces refluxed with 1:1 HN@r 1 h and then boiled with t
distilled water D60 °C) for 1h and samples labelléd, (i) membrane M:MOiKﬁKZt @
pieces boiled with distilled water for 2 h and then immersed in cold 2 M HCI
for 2h and sample labellayT .

The experimental setup for sorption and permeation experiments iR =
shown inFigure 1 Both wder and dye sorption studies were carried out in
batch mode using the experimental setup showirigure 1a For water
sorption studies, the accurately weighed amouriiafion membrane (pre R _1
treated in different ways) was soaked in 200 mL of deionisedr aat@om 0 Ky
temperature. The increase in weight was measured as a function of time until
the moisture content attained an equilibrium value (incremental change of The peleg rate constant k6 related to sorption rate at theginning
sample mass < 0.001 g for 1 h). The water sorption studies were carried OUt(iﬁI@o)7 R att =¢as given by Eq.3 and gives an idea of mass transfer, while the

triplicate. Thedye loaded membrane samples were prepared by equilibratingeleq coefficient constant;is related to maximum possible moisture content
0.25 g of Nafion membrane (pteeated differently) with 25ml of dye , ¢ ¢ = o,

solution for 6 h.
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Fig. 1. Experimental setup for (a) sorption and (b) permeation studie
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Fig.2Results of data modelling using Peleg’s model.

The plot of amount of water sorbed (%) as a function time is given incomparison of the plots, it is to be noted that the spectra in the present study
Figure 2A. The data of water sorption is the average of triplicate studies witldoes not show a strong peak at 196 nm unlike that reported 2tjiebut in
a 0.05% coefficient of variation. As dle exists no concurrence on the that work the authors have also seen a change in the spectra upon pre
protocol for data selection, the sorption curvegfre 2A) could be divided treatment and variation of counter cation. In the present work, the spectra of
into different linear segments. It is seen that for sample WT, there are only, AT and WT show a maxima &kax of 266, 248 and 257 nm, respectively.
four linear segments whereas the plots of N and AT have five lineapll the spectra are assoatwith a shoulder @tma~ 220 nm. The shoulder
segments. The different parameters correlating to the plots are giVablen  at),,.,~ 220 nm could be due to theFogroups or the diene structures, while
1. From E|gure 2A andTable 1 it is seen that preatment has an effect on the peaks neaty~ 260 nm could be attributed to the presence of the water
the maximum amount of water taken upefM ~ The ¢ al cul a tjst@r8preSeht in thé NafioB membrane. It isepied that the peak &b~
constants Kand K; are obtined from the linear plot of AM vs t Figure2B) 220 nm is shifted to higher wavelengths while the peak at 266 nm is shifted to
and given inTable 1(with a standard error value being less than 0.002). Fromger values upon prereatment. Thus, it is seen that freatment increases
Peleg’s model, it is understood tyfeadgree of Kydratidh.i Hydratidn leatid fo eHanges fhimbrpHoBgieo f © ¢
sample occurs at a higher rate (seen by lowevelGe). The lower values of  memprane, local aggregate structures and dissociation of the ions and this
K of AT and WT samples give an indication regarding the maximum watefeads to reorganization of water clusters along the polymer geometry. These

capacity (the lower the \{alue of, khe higher the amount of water Faken up). changes are reflected in the spectra of the pretreated Nafion membranes.
The plot of rate of sorption (R) versus time is giverFigure 2C. It is seen

that AT has a high initial sorption rate and this is in accordance with the
results shown inFigure 2B. With an increase in time, the sorption rate

030
decreases. —N
Spectrophotometric analyses of the samples were carried out to see if pre 1 ——AT
treatment induces somgextral changes. The results of the samples®in H 0.25 —WT
form are shown irfrigure 3.
0.20 4
Table 1
Data selection for fit of Peleg model and calculated values. 5
o 015 -
Sample Mo Me Calculated values -
O
Ki (h *%7) Ka (%) R (%*h?) <
0.10 4
N 1.0 8.5 0.1122 0.1237 9.09
AT 1.8 137 0.08133 0.0824 13.75
WT 1.4 10.6 0.12902 0.0885 9.94 0.05
. . 0.00 - T T T
It is to be noted that the spectra obtained for all three membranes have a 200 250 300 350
broad maxima in the range of 2880 with a small shoulder at 230 nm. The Wavelength (nm)

shoulder at 230 nm could be attributed to th& Group, while the strong
maxima could be due to the water clusters present in the Nafion. Before a Fig. 3.UV Spectra 6Nafion membranes (N, AT, WT).
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Fig. 4. Thermal data (A) TG and (B) DTA traces of Nafibnpretreated differently.
Table 2 ) ] decomposition occurs at a higher temperature as compared to N. This could
Data of thermal degradation of Nafion. be attributed to increased rigidity of the backbone dueadalitional
Memb. Step | €C) Step 2 (C) Step 3 (C) 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

Desulphonation sidechain PTFE backbone d he f h Its in the i in th . f th
p decomposition decomposition Iue to the fact that prteeatment results in the increase in the size of the
m ORIl 401441 4510 clusters. AII tese changes are reflected in the difference in thermal behaviour
of the Nafion membrane due to greatment.
AT 286403 402472 472510
wT 294415 415479 479530 3.2. Characterization studies of dye loaded Nafion membranes

The uptake of cationic dyes by Nafion is well known, but the main aim of
Thermal studies were carried out to get an insight of the effect of prethis workwas to understand the interactions between the dyes and membrane
treatment on the membrane structure and the results are shdguie 4. during sorption.The UV-Vis spectra of the dye loaded samples (RhEnd
Earlier studieg22] reported that the gases liberated in the temperature rang¥B-X) are given inFigure 5 and these are compared with the spectrum of
of 25-355°C were HO, SQ and CQ while in the range of 47660°C HF,  pure dye in the solution (given in inset).

SiF, and COFR were liberated. The thermogram of Nafigd form pretreated It is seen that spectra of pure solution of RhB shows a peak maxima at
differently (Figure 4A shaws very interesting features. The weight losses 554 nm with a shoulder at 513 nm. The spectra of pure solution of MB shows
measured for N, AT and WT are 79%, 73% and 71%, respectively. two broad peaks at 613 and 662 nm, respectively. The presence of dimers in

The thermal degradation is seen to occur stepwise corresponding tBe solution for RhB[23] and MB [24] are indicated by the presence of
desulfonation, sidehain and PTFE backbone decompositions and details arghoulders at 513 and 613 nm, respectively. From 5 (A) it is seen that the
given in Table 2 The decomposition pattern of the Nafion is found to be interaction of the RhB on the three samples is quite different. The spectrum of
affected by the préreatment proceduréigure 4. RhB-N shows peaks at 257 and 549 nm. The peak at 257 nm corresponds

For all the membranes, it is seen that up to the temperature of onset Water clusters. However, in the unloaded form, sample N shows a peak at 266
Step 1 (desulphonation), the weight change correspondihg torbed water  hm. Thus, upon dye incorporation, it is seen that the water cluster peak has
loss is quite less. It is interesting to note that the onset and rate d&feen shifted from 266 to 257 nm. This indicates that the dye loaded is present
desulphonation is greatly affected by reatment. Step | starts at a lower Within the water clster and is chemically bound. The peak at 549 nm
temperature, but is spread over a larger temperature range for both AT aggrresponds to that of RhB and this is left shifted in the membrane phase as
WT as compamto N. Another important feature thaircbe seen in the TG compared to the pure solution (554 nm).
plots Figure 4A) is that for AT and WT, and the PTFE backbone
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Fig. 5.UV visible spectra of (A) RhB and (B) MB loaded Nafion samples (Inset: Speaif pure dye solution).
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The blueshift could be due to the increase of electron density of azo dye aswere calculated and represented-igure 6B. It is observed that the fraction
result of the ppi stacking interactions of azo dye immobilized within the of area covered by the dye (RhB and MB) follows the order AT > WT > N.
membrane phase. There is a small shoulder at around 511 nm. Thideould This indicated that upon boiling with acid or watdne topening of ionic
attributed to the presence of dimers which exhibit a blue shift from 513 nm afhannels results in increased sorption of dye molecules.
pure dye. Thus, it is seen that the nature of the dye incorporated within the Thermal studies of dye incorporated Nafion membranes were carried out
membrane phase is not affected. However, for sample AT and WTand compared with that of bare membranes and pure dyes. The TG and DTA
interesting features are seennfrahe spectra. For sample AT, there are plots of pure MB and MB loaded Nafianembranes are given Figure 7.
distinct peaks at 236, 253, and a very broad peak between 400 to 450 withB shows an initial water loss followed by two step decomposition in which
jumps at 406 and 436 nm. The water clusters in -RfiBshow blue shift liberation of N and Cl atoms take place in the first step followed by breakage
changes much more than the RNBsample. The main interesting feature is of the GS bonds. The exotherms at low temperature in DTA plotsateli
that the nature of RhB in AT is quite different from its pure form. The peakstepwise cyclization following the liberation of N and Cl atoms.
corresponding to the pure dye at 554 nm is not present. Moreover, the peak of Figure 7A1-C1 gives the TG plots of the Methylene blue incorporated
the dimers is more prominent. This can be visualized as in AT, the RhBlafion membranes. For methylene blue loaded N[B), the initial short wt
molecules within the clustetsave an increased tendency to form dimers orloss step is not prominent and the finaljonavt loss takes place sluggishly as
probably give a polymeric kind of structure. The spectra of RhB incorporatedompared to bare N. The DTA plot also indicates the absence of the short
WT sample shows a peak at 257 nm and a broad peak between 410 to 440 emdotherm at around 350°. The total % weight loss dfiBlis ~79% and
with a hump at 438 nm. The situation in sample WT is sindlakT but to a quite similar to that of N. Membran&T incorporated with MB (ATMB)
lesser extent. Therefore, for both AT and WT, different interactions betweeshowsa weight loss of 74 % which is the same as that for bare AT (73%) and
waterwater, watelRhB and RhBRhB molecules may occur leading to the decomposition patterns for both are similar. The DTA plot ofME&
spectra completely different from sample Mgure 5B shows the results of shows the presence of two merging endotherms &C2&0d 35€C, and the
sorption of methylenelbe by different samples. For sampleMB, there are  highest temperature endotherm is nearlyhat same position as in the bare
two peaks at 260 and 771 nm. The peak of 260 nm corresponds to that AT membrane. The thermal studies of WT incorporated with MB -(MB)
water clusters in the presence of MB. This shows that MB interacts with thehow similar weight loss (68%) as that of WT. However, the DTA pattern of
water clusters and hence a shift in the peak maximurmrecdhe peak WT-MB is different from that of bare WT. The endotherm at°856f WT-
corresponding to MB is seen at 650 nm. The spectral changes indicate tMB is muchbroader than in bare WT and the highest temperature endotherm
interaction between MB and sample N. For-KB, it is seen that the peak has shifted to a much higher temperature 0as compared to that in bare
corresponding to the water clusters is reduced in intensity. This could indica#®T(550°C). The above TETA results indicate that there is probably some
that in the preence of MB, pure water clusters do not exist. The peak of MBbonding between the dye and Nafion inwoty both the side chains and the
is seen around 670 nm showing that there is not much change in the naturenadin backbone, which affects the desulfonation behaviour as well as the
MB in sample AT. However, it is more interesting to observe the spectrum gbattern of main PTFE backbone decomposition of the membrane. A similar
WT-MB. Firstly, the water cluster peakugell shifted to around 289 nm. This type of bonding between polymerethylene blue composites have been
indicates the presence of strong interactions between the water moleculeported inthe literature[25]. Thermal analysis of RhB loaded membranes
amongst each other and also with the MB molecules. The two peaks at 6@6igure 8) involves four decomposition steps. The initial step is associated
and 582 nm were correlated to that of MB and its dimer, respectivaly. It water loss while the remaining three steps involve successive breakdown of
seen that the dimer peak is shifted to 625 nm and there are many smtie side chains, ether linkage and the mmiaaickbone. The corresponding
humps. These suggest that in the WT sample, MB sorbed is present as bothDfEA results show broad endotherms. Membrane N loaded with RHBh@)
monomeric and dimeric forms and there also exists some possibility afhowed a weight loss of 86% (bare N showed 79%). The final decomposition
interactions between these formadeg to some kind of polymeric structure occurs at a higher temperature compared to bare N. The DTA pattem of N
within the membrane phase. RhB is sigificantly different from that of bare Nafion as the endotherm at
The optical microscopic evaluation of N, AT and WT membranes werdower temperature (358C) is not present and the only endotherm at higher
carried out. Preliminary studies with the bare membranes did not show angmperature ot 500°C is more sluggish than N. AT loaded with RhB (AT
clear features. Hence, the dye incorporatethbranes were analyzeddthe RhB) showed a net weight loss of 70% andBfféA patterns of AT and AT
results are shown iRigure6. FromFigure 6A, the difference in the structural RhB match with each other in terms of number of endotherms and their
features upon prereatment is clearly seen. Unlike sample N, both AT andtemperature of initiation. WT loaded with RhB (WRhB) showed a weight
WT showed lucid features. In AT, the clusters and the ionic channets weross of 64% which is much lower than the bare WT membrane. The DTA
quite clear. Thus, the ptesatment by boiling (with acid or water) leads to the patterns showed broadendotherms at 356C and 550°C, but unlike the
opening up of the clusters and ionic channels, but the degree of openingWg¢T-MB, it is seen that for W-RhB, the highest endotherm temperature is
more with acid boiling (Sample AT). From these analyses, the area fractiothe same as bare WT (5%0).
occupied by the dyenieach of the representative frames of N, AT and WT

12 4

Area fraction covered by dye (%)

N AT

B

Fig. 6.(A) Optical microscopic images of Nafion membranes and (B) extent of dye coverage.
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Fig. 8. Thermal data (AXC1) TG and (A2C2) DTA traces of RhB loaded Nafion membranes.

All the above results indicate that incorporation of methylene blue withinprobably indicate that since the structure is not open, the dyes are just
Nafion membranes (N,AT,WT) shows no significant change in weight lossexchanged and not present within the clusters and channels. These studies
but a major change in DTA patterns (peak shape, temperature ) are observgiye an insight that although bothethdyes are cationic in nature, the
In the case of RhB incorporated membranes, it is seen that there isimteraction with Nafion membranes (gireated differently) is different.
significant decrease in the total weight ldepending on the piteeatment of
Nafion and also changes in DTA patterns. It is also interesting to note th&3. Permeation studies of dyes using-eated Nafion membranes
without any pretreatment, the TG patterns resemble that of pure N
irrespective of the incorporated dye. This indicates that in dye loaded N Permeation of dye samples through Nafion samples were carried out to
menbranes, the thermal decomposition of the dyes get arrested. This coufghin aninsight 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 catidesorption slower than that MB.
exchange membrane, it was thought that the pH of the external solutionwould The permeation flux of the solute
affect the affinity of the membrane towlardifferent cations. However, a high correlated29, 30]to changes in the concentration in the membrane phase and
degree of selectivity in the uptake cannot be achieved by controlling only thalso to changes in the solute concentratignirCa known volume of the

pH. Earlier studies indicated that dye uptake by various sorbents could receiving phase ¥ upon permeation through an available area A and
carried out at a pH of-8 [26]. This was due to the competitiohH" at lower represented by Eg4.and5.
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; _D*(C., —Cxg,,)
reported that a change in pH of the solution results in the formation of]_

different ionic pecies Figure9).
V, 3C,
J=| IR |* R
Ca ) (5) ©

Thus by combining Egs. 4 and 5, the value of D can be calculated as

4)

follows:
B
A 8t ) (Cey—Cau) (6)
Cationic form Zwitterionic form In the presenttady, the membrane thickness and area of permeation are
0.01778 cm and 0.79 énrespectively and the volume of receiving solution
Fig. 9.Molecular species of RhB. (Vr) was 10 mL. The slope of the plot of amount permeated with time (Fig.

10) can give the concentration variation with timEhe permeability
coefficient in the feed phase is given by Eq. 7, wherein P is the permeability
At pH values lower than 2, the aggregation of RhB is known toCoefficient (cm/s), €and C the concentration of dye initially and at time t in
occur[26]. Up to a pH of 4, the RB ions have a cationic and monomerideed phase, A effective membrane area’)cmthe membrane porosity, V
molecular form. Thus, RB ions can enter into the pore simicit a pH (cm®) volume of the feed phase and t is the elapsed time. The porosity is given
value higher than 4, the zwitterionic form of RB in water may increase thdédy Eq. 8, where A and are area and thickness of the membraned p t h
aggregation of RB to form a bigger molecular form (dimer) and becomelensity of water.
unable to enter into the pore. Ghanadzadetal. [27] have studied the
aggregation of RhB in the mroporous solid hosts. Lopez Arbelegal. [28] Ingz_g* P*t*i @
determined the equilibrium constant for the dien@nonomer transition of C, A
RhB in aqueous solution. The greater aggregation of the zwitterionic form is
due to the attractive electrostatic interactions between the carboxyl and \yatercontat
xanthene groups of monomers. At a pH value higher than 8, th@:W 8)
preponder ageneratep & conipktition betweeN+ and-C O O — P
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 Hence, the treatment of permeation data was carried out using the
were carried out at pH of 6. The permeation was carried singuhe different equations and diffusion and permeability coefficients were
membranegretreaed differently in H forms. calculated and given ifiable 3
The concentration profiles for the transport of the cationic dyes
(Rhodamine B (RhB) and methylene blue (MB)) through Nafion in H+ form
are given inFigures 10A and 10B, respectively. Interesting feaes are  Table3 y o o
observed from the plots. It is seen that the net amount of RhB permeat&qfuswn (D) and Permeability (P) coefficients for RhB and MB using different pretreated
(Figure 10A) is more than MBFKigure 10B) for all the three different types of membranes in Fform.
membranes. However, it is to be mentioned that saturation in th  pyamp.
concentration profiles wereeen at an earlier time period for MB (~4h) as
compared to RhB (~6h). This can be explained as follows. The permeation is Dx 1@ (ent/s) P x16G(cm/s) Dx1C(cnv/s) P x 16 (cmis)
a combination of both the sorption and desorption process. Therefore, it -
thought that the RhB molecules within the membrane mayeatesorbed
with the same rate and therefore the saturation occurs at a later time period. AT 4.9 31 5.9 3.9
This is possible due to the enhanced interaction between dye molecul--

Rhodamine B Methylene Blue

N 0.29 0.52 0.704 0.49

amongst each other and also within the membrane sites, thus makil 22 &0 < g
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Fig. 10.Permeation studies of (A) Rhodamine B and (B) Methylene Blue.
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FromTable 3 it is seen that the values of P are 100 orders more than that membrane, Memtbr. Sci. 125 (1997) 26274
of D and the order followed by both D and P is AT > WT > N for the three[8] J. Ramkumar, K.SShrimal, B.Maiti, T.S. Krishnamoorthy, Selective permeation
different pretreated Nafion membranes. Thus, it is very clear that the pre  of C** and UQ?" through a Nafion ionomer membraneMembr. Sci. 116 (1996)
treatment has an effect on the permeation parameters. This can be understood 31-37.
from the fact that upon piteeatment with acid, an open structure is generated(9 J. RamkumayS. Chandramouleeswarana, Metah uptakebehaviour of Nafion in
(as seen from microspi studies) and therefore the diffusion of molecules ~ Presence obrgaric complexingreagentsMOJ Bioorg. Org. Chem 1 (2017) 1-3.
within the membrane structure and the overall permeation becomes moktJ J. RamkumayT. Mukherjee, Role ofon exchange in permeation processes, Talanta
favourable as compared to the untreated membranes. It is also seen that when 71 (2007) 1054060
P is large, solutes will diffuse rapidly across a memnbrunder a given [11] J. Ramkumar]T. Mukherjee, Effect of aging on the water sorption and ion exchange
concentration gradient. It is understood that P symbolizes several factors; Studies onNafion and Dowex resins: Transition metal igmston exchange
partitioning between the solution and membrane, membrane thickness and systems, SefRurif. Technol. 54,(2007),610' ) .
diffusion coefficient of the solute in the membrane. It is observed Traple ~ [12 J RamkumayB. Venkataramani, Alkali metal ion proton exchange equilibria and
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