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Correspondence to: D. Suleiman (E-mail: David.Suleiman@upr.edu)

ABSTRACT: Nafion
VR

-117 was exposed to supercritical fluid (SCF) CO2 and a cation solution using two different approaches: first was

processed with SCF CO2, and then exchanged using six different cations: Kþ1, Caþ2, Baþ2, Cuþ2, Feþ3, and Alþ3. The second method

performed the cation substitution first, followed by the SCF CO2 processing. The resulting composite membranes were characterized

using several techniques: thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), Fourier transforms infrared

spectroscopy (FT-IR), small angle X-ray scattering (SAXS), and X-ray diffraction (XRD). These techniques were used to identify the

changes in the chemical and thermal properties of the membranes, as well as to evaluate changes in the resulting morphologies and

crystallinities. Proton conductivity and methanol permeability were measured to understand how the different approaches promoted

or inhibited the transport of certain substances through the membrane. Significant differences in their thermal, physical and transport

properties were observed when Nafion
VR

was processed with SCF CO2 and exchanged with cations. VC 2012 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Nonfluorinated polymers, like sulfonated poly(styrene-isobuty-

lene-styrene),1 sulfonated aromatic poly(etheretherketone),2 sul-

fonated polyarylenethioether sulfones, poly(arylenene ether sul-

fone)3 and fluorinated polymers like poly(arylene ether

benzonitrile) containing hexafluoroisopropylidene diphenol4

have been studied as proton exchange membranes (PEMs) for

direct methanol fuel cells (DMFC). Unfortunately, even today

most of these PEMs have either low proton conductivity (r) or

high methanol permeability limiting their performance in

DMFC. Nafion
VR

is a sulfonated fluoropolymer that is com-

monly used in DMFC. This membrane consists of a polytetra-

fluoroethylene backbone and regularly spaced long perfluoro-

vinyl ether pendant side chains terminated by a sulfonate ionic

group.5 Nafion
VR

remains the standard in DMFC, because it has

very high proton conductivity and excellent thermal and me-

chanical properties; unfortunately, it also has higher than

desired methanol permeability leading to the well-known meth-

anol cross-over limitation.6

Different researches have investigated the incorporation of acidic

inorganic–organic fillers to Nafion
VR

with the objective of

obtaining Nafion
VR

membranes with lower methanol permeabil-

ity; however, some of these composite Nafion
VR

membranes

decreased the proton conductivity similar to the reduction in

methanol permeability.6–8

Supercritical fluid (SCF) processing with CO2 has been another

alternative used to modify the morphology of fluoroelastomers.

SCF CO2 possesses gas-like mass transport properties (e.g., high

diffusivity and low viscosity) and liquid-like densities to easily

penetrate the membrane, while aligning functional groups

according to physico-chemical affinities. NMR studies suggest

specific interactions between 19F isotope and supercritical CO2

which may support the high solubility of many fluorocarbon

polymers in SCF CO2.9

A limited number of studies have evaluated the effect of SCF

CO2 processing on polymer membranes. Akin and Temelli10

processed two commercial polyamide membranes using SCF

CO2. They found out that there was a reorganization of the

polymeric network induced by the processing time and depres-

surization. Su et al.11 prepared perfluorosulfonic acid mem-

branes and then treated them with SCF CO2. Their membranes

showed a change in the size of the ion cluster and the relative

crystallinity, which led to a reduction in the methanol perme-

ability. Gribov et al.12 incorporated zeolite (Fe-silicalite-1) to

Nafion
VR

-115 assisted by SCF CO2. Their membranes had lower

methanol permeability than nonprocessed Nafion
VR

-115. Pulido
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and Suleiman13 modified the morphology of Nafion
VR

-117 using

SCF CO2 with different cosolvents. A significant reduction in

the methanol permeability was observed with a smaller loss of

proton conductivity.

Two major factors influence the transport properties throughout

polymer membranes, morphology and physicochemical interac-

tions. SCF CO2 processing seems to have a strong influence in

the morphology of perfluorosulfonic membranes. Therefore, the

goal of this investigation was to evaluate if the changes in the

morphology of Nafion
VR

-117 when exposed to SCF CO2 and dif-

ferent metallic cations affected their transport, thermal and physi-

cal properties and to determine if the order of the processing

affected these properties. The selection of cations included the

evaluation of different size and electronegativity within the same

group (e.g., Caþ2 and Baþ2) and cations of different number of

valence electrons within the same period (e.g., Kþ1, Caþ2, Feþ3,

and Cuþ2). In addition, Alþ3 was evaluated since a previous

study showed changes in the thermogravimetric properties of

Nafion
VR

-117,14 but lacked the evaluation of transport properties.

The SCF processed membranes were then characterized for meth-

anol permeability, proton conductivity, and water swelling; the

results were explained with some additional materials characteri-

zation techniques (e.g., FT-IR, TGA, DSC, SAXS, and XRD).

EXPERIMENTAL

Materials

Ultrahigh purity CO2 (99.998% purity) was acquired from

Linde Gas Puerto Rico. Nafion
VR

-117 (from now on Nafion
VR

)

was obtained from Ion Power. Other chemicals used include:

potassium chloride -KCl-, (Sigma–Aldrich, anhydrous powder,

99.99%), calcium chloride anhydrous -CaCl2-, (Acros Organic,

anhydrous powder, 96%), barium chloride -BaCl2-, (Fisher

Scientific, anhydrous powder, 99.99%), cooper chloride -CuCl2-

(Sigma–Aldrich, anhydrous powder, 99.99%), aluminum

chloride -AlCl3- (Acros Organic, extra pure anhydrous,

99.99%), ferric chloride -FeCl3- (Sigma–Aldrich, anhydrous

powder, 99.99%), hydrogen peroxide -H2O2- (3 wt % solution

in water stabilized) and sulfuric acid -H2SO4- (Sigma–Aldrich,

ACS reagent, 95.0–98.0%) were employed as received.

Sample Preparation

Nafion
VR

membranes used in this study were first pretreated to

convert them into their acid form using the following proce-

dure: the membrane was first treated with a hydrogen peroxide

solution (3 wt %) during 1 h at 80�C, and then washed with

deionized water also for 1 h at 80�C. After the initial wash, the

membrane was protonated with sulfuric acid (1 M), and finally

washed with deionized water; both of those steps for 1 h at

80�C each.

Nafion
VR

membranes were processed with SCF CO2 at 40�C and

100 bar during 1 h in a supercritical fluid extractor (Isco SFX

2-10). The SCF CO2 flowed parallel to the membrane during

the experimentation. After the SCF processing, the membrane

was submerged in a 1 M solution of KCl, CaCl2, BaCl2, CuCl2,

AlCl3, or FeCl3 depending on the desired cation for 48 h. The

resulting cation-exchanged Nafion
VR

membranes were washed

using deionized water and dried at 60�C during 24 h.

Thermogravimetric Analysis (TGA)

The thermal degradation behavior and water loss for each mem-

brane was determined using a Mettler Toledo 851e instrument.

In each experiment, polymer samples weighting � 5–10 mg

were used. Degradation temperatures were determined after

heating the polymer samples to 800�C at 10�C min�1 under a

nitrogen atmosphere.

Differential Scanning Calorimetry (DSC)

The thermo physical properties were determined using differen-

tial scanning calorimetry (DSC). A Texas Instrument DSC

Q2000 unit was used for this purpose. In each experiment,

polymer samples weighting � 5–10 mg were used. The samples

were pre-heated from 30 to 110�C at 10�C min�1 and then

cooled down from 110 to �90�C at 5�C min�1. Phase transi-

tions (Tg) and melting points for each membranes were deter-

mined after heating the polymer samples from �90 to 350�C at

10�C min�1 under a nitrogen atmosphere.

Fourier Transform Infrared Spectroscopy

Fourier-transform infrared (FT-IR) spectroscopy uses vibrational

energy to characterize organic compounds. An attenuated total

reflectance (ATR) cell was used with an FT-IR (Varian 800 FT-

IR) to analyze the peak position and intensities of the perfluor-

ocarbon backbone, the perfluoroether segment and the sulfonic

groups, before and after processing with SCF CO2 and cation

substitution. Nafion
VR

membranes were clamped on the ATR cell

and all infrared spectra were collected using 64 scans, 4 cm�1

resolution and a range of 600–4000 cm�1.

Small Angle X-ray Scattering (SAXS)

The morphology of the membranes was studied using small

angle X-ray scattering (SAXS). SAXS was performed on a beam-

line X27C. Two-dimensional scattering patterns were collected

on a pinhole-collimated system using Fujitsu image plates and

read by a Fujitsu BAS 200 image plate reader. The SAXSQuant

software
VR

was used to reduce two dimensional data to one-

dimensional intensity versus scattering vector (q) plots after

background subtraction by circular averaging. The X-ray wave-

length employed was 1.6 Å. The calibration standard was silver

behenate and the sample distance to the detector was 210 cm.

Methanol Liquid-Phase Permeability

The methanol liquid-phase permeability was measured using a

side-by-side glass diffusion cell discussed in detail elsewhere.13

One side contained the permeant (e.g., methanol) in a 2M

methanol–water solution, while the other side only contained

deionized water. The concentration of the compound that per-

meated through the membrane was determined using a gas

chromatograph (GC) equipped with a thermal conductivity de-

tector (TCD) (Shimadzu GC-8). First a calibration curve was

created, and then measurements were determined after different

times. The liquid permeability was obtained from the continuity

equation for diffusion in plane geometry15 [eq. (1)]:

CBðtÞ ¼
PCAA

VbL
t � L2

6D

� �
(1)

where CA (mol cm�3) is the methanol concentration (perme-

ant), CB (mol cm�3) is the concentration of the compound that
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permeated thought the membrane after different times, L is the

membrane thickness, Vb the volume of the receptor compart-

ment (0.39 cm3), A the diffusional cross-sectional area of the

membrane (0.64 cm2), and P the permeability (cm2 s�1). The

permeability (P) was determined from the slope of the concen-

tration CBðtÞ versus time.16

Proton Conductivity

The proton conductivity (r) of each membrane was measured

normal to the plane using AC electrochemical impedance spec-

troscopy (EIS). The measurements were carried out on an AC

Solartron impedance system: 1260 impedance analyzer, 1287

electrochemical interface, Zplot software. The range of fre-

quency and voltage used were from 0.1 Hz to 1.0 MHz and 10–

15 mV, respectively at room temperature and 100% relative hu-

midity. The membranes were first immersed in an excess of

deionized water at 25�C before the experimentation during 24

h. The proton conductivity was calculated from the impedance

data, using the following relation [eq. (2)]17:

r ¼ L

RXA
(2)

where L is the distance between electrodes (0.3 cm), A (cm2) is

the area obtained from the product of the thickness and the

width of the membrane. RX was obtained from the low intersect

of the high frequency semicircle (Nyquist plot) on the complex

impedance plane with the real component of the impedance

axis (Re(z)).

X-ray Diffraction (XRD)

The crystallinity of the membranes was obtained using an X-ray

diffraction (XRD) instrument (Bruker D8 Discover with

GADDS). The X-ray wavelength employed was 1.54 Å and the

2-theta range was from 20� to 90�. No previous sample prepara-

tion was performed before the measurements, including humid-

ity pretreatment.

Water Swelling

Water absorption or water swelling in the membranes was

measured immersing each membrane in an excess of deionized

water at 25�C. The weight of the sample initially dried at 75�

for 24 h in an oven was originally recorded, as well as the

weight of the membrane after immersion in water. The weights

of the wet membranes were measured after different time inter-

vals until swelling equilibrium was reached. Each reported result

represents the average of at least three repetitions.

RESULTS AND DISCUSSIONS

FT-IR Spectroscopy

Figure 1 presents the FT-IR spectrum of Nafion
VR

, three distinc-

tive regions can be observed in this figure. The sulfonic group

appears as a medium band around 1055 cm�1 (*2). This band

was caused by an asymmetric stretching vibration of the sulfo-

nated functional group attributed to the S¼¼O bond. The poly-

mer backbone (ACF2A) has a strong band from 1100 to 1300

cm�1 (*3) and the ether linkage (AOA) from the perfluorovinyl

ether appears around 980 cm�1 (*1).

Figure 2 shows the FT-IR spectrum for Nafion
VR

and Nafion
VR

processed with SCF CO2 with cation-exchanged Kþ1, Caþ2,

Cuþ2 [A], and Feþ3, Baþ2, Alþ3 [B]. Nafion
VR

processed with

SCF CO2 and cation-exchanged presented significant reductions

in their intensities in all regions (*1, *2, and *3). These results

can represent the interaction of the cation-exchanged and the

SCF processing with all the groups mentioned, not with a spe-

cific group. FT-IR results for cation substituted sulfonated

poly(styrene-isobutylene-styrene) show that the cations interact

with the sulfonic group only shifting the asymmetric S¼¼O band

*218; this is not the case for Nafion
VR

.

Table I shows the reduction or increase on the transmittance for

each peak in the FTIR spectra. The intensity increased when

Nafion
VR

is processed with SCF CO2, but decreased when

exchanged with all the cations. This behavior is the same for

Figure 1. FTIR spectra for Nafion
VR

( ). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. FTIR for Nafion
VR

and Nafion
VR

processed with SCF CO2 and

cation-exchanged: Kþ1 ( ), Caþ2 ( ), Cuþ2 ( ) [A] and

Feþ3( ), Baþ2 ( ), Alþ3 ( ) [B]. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Nafion
VR

exchanged with cations first and then processed with

SCF CO2. Other experiments are presented ahead to understand

the impact of the cation substitution in the membranes.

Water Swelling

The water absorbed by Nafion
VR

is related to the molecular

structure of the ionomer domains, and the morphology of the

membrane.19 Figure 3 presents the percent of water swelling vs.

time for each of the membranes studied. Equilibrium for all

Nafion
VR

membranes was obtained after 70 h of the membranes

submerged in water.

Figure 4 shows the water swelling comparison between Nafion
VR

processed with SCF CO2 first and then cation-exchanged and

Nafion
VR

cation-exchanged first and then processed with SCF

CO2. Unprocessed Nafion
VR

obtained the highest water swelling

and this was reduced when the membrane was processed with

SCF CO2. This can be attributed to the rearrangement of the

sulfonic groups, the polymer backbone and the perfluorovinyl

ether after exposure to the SCF CO2.

The incorporation of cations into the membrane produced even

lower but unique water swelling for each of the cations studied.

The incorporation of cations inverted all ionic domains toward

a more hydrophobic environment.20 Nafion
VR

processed with

SCF CO2 and exchanged with Kþ1 obtained the lowest percent

of water swelling and Nafion
VR

processed with SCF CO2 and

exchanged with Caþ2 produced the highest amount of water

swelling for all the cations studied. This behavior could be

attributed to a complex arrangement in their morphologies due

to the cation substitution and SCF CO2 processing. This will be

further evaluated with the additional materials characterization

studies. Table II summarizes the water swelling results for these

experiments.

Thermogravimetric Analysis (TGA)

Figure 5(a) shows the TGA curve for unprocessed Nafion
VR

observing five degradation temperatures, the first one corre-

sponds to water absorbed inside the membrane, the second deg-

radation region represents the sulfonic group, and all the other

degradations represent different fluorocarbon backbones.21

Table I. Reduction or Increase on Transmittance Nafion
VR

Processed with SCF CO2 and with Cation-Exchanged

Polymer backbone (CF2)

Sample Peak 1 (%) Peak 2 (%)
Ether linkage
(AOA) (%)

Sulfonic
group (%)

Effect in the
intensity

NafionVR SCFCO2 14 10 4 6 Higher

NafionVR SCF CO2 Kþ1 60 46 17 18 Lower

NafionVR SCF CO2 Caþ2 46 35 15 19 Lower

NafionVR SCF CO2 Baþ2 64 46 18 20 Lower

NafionVR SCF CO2 Cuþ2 14 10 10 10 Lower

NafionVR SCF CO2 Alþ3 32 21 11 15 Lower

NafionVR SCF CO2 Feþ3 55 39 18 20 Lower

Figure 3. Water Swelling for Nafion
VR

( ) processed with SCF CO2

( ) and then cation-exchanged. Kþ1 ( ), Caþ2 ( ), Baþ2

( ), Cuþ2 ( ), Feþ3 ( ), Alþ3 ( ). [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. Comparison between water swelling for Nafion
VR

processed with

SCF CO2 and then cation-exchanged and Nafion
VR

cation-exchanged and

then processed with SCF CO2. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Nafion
VR

processed with SCF CO2 presented two regions in the

TGA that remained unchanged, but the fluorocarbon backbone

only showed one degradation temperature at 465�C [Figure

5(b)]. This behavior confirmed the interaction between the

fluorocarbon backbone and the perfluorovinyl ether of Nafion
VR

with SCF CO2.

When Nafion
VR

processed with SCF CO2 was exposed to differ-

ent cations; different degradation temperatures were obtained

depending on the cation exchanged. Table III shows the exact

degradation temperatures for each of the cations studied. A

unique feature was observed for potassium-substituted Nafion
VR

;

although its structure degraded at 459.10�C, its second degrada-

tion region, (corresponding to the sulfonic group), is absent.

This suggests that potassium interacts directly with the sulfonic

groups. In addition, the fluorocarbon backbone and the ether

linkage from the perfluorovinyl ether changed their thermal

degradation [Figure 6(a)]. The thermal stability of Nafion
VR

sig-

nificantly improved after the cation-substitution of the mem-

brane using potassium, calcium and barium. For those cations,

the second degradation (sulfonic group) was absent; suggesting

that the cation interacted with the sulfonic group, but each cat-

ion presented a different and unique behavior with the other

degradation regions. Calcium increased the thermal stability of

Nafion
VR

even further than potassium and barium.

The thermal stability of Nafion
VR

was adversely affected when

exchanged with aluminum, iron and copper. The aluminum cat-

ions gave rise to a catalytic decomposition of the perfluorovinyl

ether side chains of Nafion
VR

.14 During this step of the

Table II. Water Swelling for Nafion
VR

Membranes

Membrane Water swelling (%)

NafionVR 15.5 6 0.4

NafionVR SCF CO2 14.9 6 0.4

NafionVR SCF CO2 Caþ2 11.7 6 0.1

NafionVR Caþ2 SCF CO2 11.7 6 0.8

NafionVR SCF CO2 Cuþ2 9.5 6 0.04

NafionVR Cuþ2 SCF CO2 11.1 6 0.7

NafionVR SCF CO2 Feþ3 6.7 6 1.2

NafionVR Feþ3 SCF CO2 7.6 6 1.0

NafionVR SCF CO2 Alþ3 6.5 6 0.4

NafionVR Alþ3 SCF CO2 7.4 6 0.8

NafionVR SCF CO2 Baþ2 5.6 6 1.0

NafionVR Baþ2 SCF CO2 6.8 6 1.6

NafionVR SCF CO2 Kþ1 4.9 6 0.8

NafionVR Kþ1 SCF CO2 4.9 6 0.6

Figure 5. Thermogravimetric analysis (TGA) for Nafion
VR

(a) processed with SCF CO2 (b) and processed with SCF CO2 first and then the cation

exchanged [Baþ2 (c) and Alþ3 (d)]. Derivative weight curves (short dot line). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38689 5

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


decomposition, one or both of the two ether bonds are broken

and a series of small fluorocarbon molecules are formed, which

leave primarily the fluorocarbon backbone main chains.14 Part

of the fluorocarbon backbone and sulfonic group suffered ther-

mal degradation below 350�C and the remaining polymer chain

was degraded up to 475�C [Figure 5(d)].

Figure 6(c,d) shows the TGA curve for Nafion
VR

SCF CO2

exchanged with iron and copper. In the case of copper, the sul-

fonic group degraded at 360.38�C and the fluorocarbon back-

bone was thermally unstable and began the thermal degradation

at 395.85�C. Nafion
VR

SCF CO2 exchanged with Feþ3 had a small

loss weight to 335.54�C (sulfonic group region), but the fluoro-

carbon backbone was also thermally unstable. Major weight loss

for this cation occurred at 423.22�C. Nafion
VR

membranes

exchanged first with the cations and then processed with SCF

CO2 showed the same behavior than Nafion
VR

processed with

SCF CO2 and then cation-exchanged, but had a small difference

in the degradation temperatures (Table IV).

Table III. Degradation Temperatures for Nafion
VR

Processed with SCF CO2 First and then Cation-Exchanged

Membrane
1st degradation
(�C)

2nd degradation
(�C)

3rd degradation
(�C)

4th degradation
(�C)

5th degradation
(�C)

NafionVR 65 330 450 470 500

NafionVR SCF CO2 55 340 Absent 465 Absent

NafionVR SCF CO2 Kþ1 Absent Absent 459.10 Absent 533.02

NafionVR SCF CO2 Caþ2 55 Absent Absent 479.44 Absent

NafionVR SCF CO2 Baþ2 Absent Absent Absent 469.54 514.78

NafionVR SCF CO2 Cuþ2 Absent 360.38 395.85 Absent 511.64

NafionVR SCF CO2 Alþ3 Absent 350 Absent 475 Absent

NafionVR SCF CO2 Feþ3 Absent 335.54 423.22 Absent Absent

Figure 6. Thermogravimetric analysis (TGA) for Nafion
VR

processed with SCF CO2 first and then the cation exchanged [Kþ1 (a), Caþ2 (b), Feþ3 (c) and

Cuþ2 (d)]. Derivative weight curves (short dot line). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Differential Scanning Calorimetry (DSC)

Figure 7 present DSC curves for unprocessed Nafion
VR

and

Nafion
VR

processed with SCF CO2. Unprocessed Nafion
VR

presents two endothermic peaks; the first thermal transition at

156.8�C corresponds to the transition of the ionic domains,

while the peak at higher temperature (191.7�C) is attributed to

the crystalline regions.22 Nafion
VR

processed with SCF CO2 also

presents the two endothermic peaks, the first at 154.82�C and

the second peak at 194.58�C. The changes in temperature with

respect to unprocessed Nafion
VR

, are related to the energy

needed to overcome the crystalline bonding forces and changes

in the molecular conformation of the chains in the polymer.23

Figure 8 presents the comparison between DSC for unprocessed

Nafion
VR

, Nafion
VR

processed with SCF CO2 [A] and Nafion
VR

processed with SCF CO2 and then cation-exchanged [B]. The

incorporation of cations to the membrane produced unique

DSC curves for each of the cations studied. Nafion
VR

processed

with SCF CO2 and exchanged with potassium presented a dif-

ference in both the energy and temperature required to produce

the endothermic transitions. The endothermic transitions for

the ionic cluster and crystalline regions shifted towards higher

temperature and the energy required for the endothermic tran-

sition of the crystalline region presented the highest reduction

for all the cations in comparison with unprocessed Nafion
VR

.

The other cations also presented changes in the energy required

to produce the endothermic transitions but showed a reduction

in temperature. Nafion
VR

SCF CO2 Caþ2 presented only one

endothermic peak; in this case the incorporation of the cation

reduced the temperature of the crystalline region and the ionic

cluster to a single temperature. The other cations presented two

endothermic peaks. Table V summarizes the endothermic transi-

tion temperatures and their corresponding energies for the

Nafion
VR

membranes studied.

Small Angle X-ray Scattering (SAXS)

SAXS profiles for Nafion
VR

membranes are shown in Figures 9

and 10. Unprocessed Nafion
VR

shows three characteristic regions

in the SAXS profile: (1) corresponds to the matrix knee. The in-

tensity of this region depends on the crystallinity of the mem-

brane24; (2) the ionomer peak (this region plays an important

Table IV. Degradation Temperatures for Nafion
VR

Exchanged with Cation First and then Processed with SCF CO2

Membrane
1st degradation
(�C)

2nd degradation
(�C)

3rd degradation
(�C)

4th degradation
(�C)

5th degradation
(�C)

NafionVR 65 330 450 470 500

NafionVR SCF CO2 55 340 Absent 465 Absent

NafionVR Kþ1 SCF CO2 Absent Absent 459.92 absent 527.13

NafionVR Caþ2 SCF CO2 Absent Absent Absent 489.19 Absent

NafionVR Baþ2 SCF CO2 Absent Absent Absent 468.55 512.40

NafionVR Cuþ2 SCF CO2 Absent 360.52 397.97 Absent 513.76

NafionVR Alþ3 SCF CO2 Absent 354.51 Absent 492.35 Absent

NafionVR Feþ3 SCF CO2 Absent 340.39 421.72 Absent Absent

Figure 8. Comparison between DSC for Nafion
VR

(Straight line), Nafion
VR

processed with SCF CO2 (short dash dot line) [A] and Nafion
VR

processed

with SCF CO2 and then cation-exchanged [B]. Kþ1 ( ), Caþ2

( ), Baþ2 ( ), Feþ3 ( ), Alþ3 ( ). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. DSC for Nafion
VR

(Straight line) and Nafion
VR

processed with

SCF CO2 (short dash dot line). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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role in the transport of certain compounds, like methanol or

protons, through the membrane) and (3), correspond to large

q-vectors, the ultra low angle area.5

Nafion
VR

processed with SCF CO2 presented changes in regions

*1, *2, and *3 in the SAXS profile with respect to unprocessed

Nafion
VR

(Figure 9). This behavior agrees with the results

obtained with FTIR, where the different intensities from FTIR

spectra were related with the interaction between the perfluoro-

carbon backbone and the ionomer group with the SCF CO2.

The SAXS results also agree with the DSC experiments where a

different ionic configuration and crystallinity was obtained

upon SCF CO2 processing.

Nafion
VR

membranes processed with SCF CO2 and crosslinked

with cations showed different positions for the ionomer peak

with respect to unprocessed Nafion
VR

(Figure 10). The positions

of these peaks for some cations obtained by the scattering vec-

tor appear from 1.58 to 2.04 nm�1. In other cases this peak dis-

appears due to the interaction between the cation and the ion-

omer group (Figure 10). Combining Bragg’s law with the

scattering vector (Q) obtained from the SAXS plot, the intersti-

tial distance for the ionic domains was obtained. Table VI shows

the Bragg’s distance for the ionomer peak for Nafion
VR

and

Nafion
VR

processed with SCF CO2 and then exchanged with cati-

ons. The variations in the ionomer peak agree with the previ-

ously presented DSC results, where a new and unique ionic

configuration was obtained depending on the SCF CO2 process-

ing and the cation selected.

Another important parameter that was obtained from the

SAXS data is the radius of gyration (Rg). For polymers, this

parameter represents the dimension of a polymer chain and

can be used to evaluate changes with the variables studied.

This parameter was obtained using the Guinier equation,

which provides the relation between Rg, the intensity in a

SAXS profile and the scattering vector (Q). Rg was estimated

using the slope of the linear relationship between Ln(I(Q))

and Q2.25 Nafion
VR

processed with SCF CO2 presented a reduc-

tion in the radius of gyration of 2.29% with respect to unpro-

cessed Nafion
VR

. The incorporation of cations into the Nafion
VR

membrane produced unique Rgs. Nafion
VR

processed with SCF

CO2 and exchanged with cations had an even greater reduction

in the radius of gyration. Nafion
VR

SCF CO2 with Alþ3 reduced

Rg by 5% with respect to unprocessed Nafion
VR

. The incorpora-

tion of barium reduced this parameter the most (54%) and

was the lowest Rg for all the membranes studied. The Rg results

for Nafion
VR

processed with SCF CO2 and cation-exchanged are

summarized in Table VII. SCF CO2 processing and the incor-

poration of cation substitution compacted all the polymeric

chains, creating a new molecular configuration. These results

agree with the water swelling, DSC and TGA experiments,

where a new configuration for the ionic domain and the per-

fluorocarbon backbone was obtained depending on the proc-

essing and the cation selected.

Table V. Endothermic Transition Temperatures and Corresponding Energies for Nafion
VR

Membranes

Membrane Ttransition (�C) (1) DH (J g�1) (1) Ttransition (�C) (2) DH (J g�1) (2)

NafionVR 156.8 4.7 191.7 60.7

NafionVR SCF CO2 154.8 2.8 194.5 70.7

NafionVR SCF CO2 Cuþ2 154.4 43.9 Absent Absent

NafionVR Cuþ2 SCF CO2 152.3 2.6 198.2 83.7

NafionVR SCF CO2 Caþ2 149.9 64.6 Absent Absent

NafionVR Caþ2 SCF CO2 149.3 51.3 Absent Absent

NafionVR SCF CO2 Baþ2 146.7 0.75 152.8 34.8

NafionVR Baþ2 SCF CO2 149.7 1.9 156.2 35.99

NafionVR SCF CO2 Kþ1 171.9 1.01 200.8 9.96

NafionVR Kþ1 SCF CO2 163.8 0.43 178.9 7.4

NafionVR SCF CO2 Alþ3 147.5 1.15 156.5 54.1

NafionVR Alþ3 SCF CO2 151.5 3.2 194.9 89.6

NafionVR SCF CO2 Feþ3 144.8 0.61 151.0 94

NafionVR Feþ3 SCF CO2 149.2 2.76 183.1 93.8

Figure 9. SAXS profile for Nafion
VR

(straight line) and Nafion
VR

processed

with SCF CO2 ( ). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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X-ray Diffraction (XRD)

X-ray diffraction measurements were performed to evaluate

changes in the crystallinity of the Nafion
VR

membranes. Figure

11 shows the XRD patterns of Nafion
VR

membranes processed

with SCF CO2 and exchanged with different cations. Nafion
VR

presents a large peak at the 2h angle of 17�, which is formed by

the superposition of amorphous scattering at 16� in the poly-

meric chain and the crystalline scattering at 17.5�.26 A wide

peak appears at the 2h angle of 38�–39� (amorphous region).26

Crystallinity values were obtained using the area of the decon-

voluted crystalline peak divided by the total area (crystalline

plus amorphous peaks).

The crystallinity of Nafion
VR

processed with SCF CO2 increased 11%

compared with unprocessed Nafion
VR

. This behavior agrees with the

results in the literature, where perfluorosulfonic membranes

increased their crystallinity after processing with SCF CO2.11,12,27

The incorporation of cations into the membrane produced

changes in the intensity of both peaks in the XRD pattern. The

crystallinity of Nafion
VR

membrane increased or decreased

depending on the cation-exchanged. Figure 12 presents a frontal

view of the XRD patterns for Nafion
VR

membranes. The incorpo-

ration of potassium reduced the crystallinity of Nafion
VR

by 12%

and was the lowest value for all the membranes studied.

Figure 10. SAXS profile Nafion
VR

processed with SCF CO2 and cation exchanged: Kþ1 ( ), Caþ2 ( ), Baþ2 ( ) [A], and Cuþ2 ( ),

Feþ3 ( ), Alþ3 ( ) [B]. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table VI. Bragg Distance for Ionomer Peak for Nafion
VR

Membranes

Sample dbragg (nm)

Atomic
radius of
the cation (nm)

NafionVR 3.97 –

NafionVR SCF CO2 3.47 –

NafionVR SCF CO2 Caþ2 3.53 0.18

NafionVR SCF CO2 Cuþ2 Absent 0.135

NafionVR SCF CO2 Baþ2 3.53 0.215

NafionVR SCF CO2 Feþ3 3.08 0.14

NafionVR SCF CO2 Alþ3 3.69 0.125

NafionVR SCF CO2 Kþ Absent 0.22

NafionVR Caþ2 SCF CO2 3.29 0.18

NafionVR Baþ2 SCF CO2 3.81 0.215

NafionVR Cuþ2 SCF CO2 3.98 0.135

NafionVR Alþ3 SCF CO2 3.90 0.125

NafionVR Feþ3 SCF CO2 4.39 0.14

NafionVR Kþ SCF CO2 Absent 0.22

Table VII. Radius of Gyration for Nafion
VR

Membranes

Membrane Radius of Gyration (nm)

NafionVR 2.66

NafionVR SCF CO2 2.59

NafionVR SCF CO2 Kþ1 1.89

NafionVR SCF CO2 Caþ2 2.36

NafionVR SCF CO2 Baþ2 1.22

NafionVR SCF CO2 Cuþ2 2.20

NafionVR SCF CO2 Feþ3 1.83

NafionVR SCF CO2 Alþ3 2.51
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Nafion
VR

processed with SCF CO2 and then exchanged with cal-

cium presented the largest value for the crystallinity of all the cati-

ons studied. These results agree with the DSC, TGA and SAXS

results presented in the previous sections, where the reordering

induced by the SCF CO2 processing and the cation exchanged on

the polymeric matrix changed the ionic cluster and matrix knee

configuration (related to Rg). Table VIII summarizes the changes

in crystallinity for all the Nafion
VR

membranes studied.

Methanol Permeability

Methanol permeability for Nafion
VR

membranes processed with

SCF CO2 and exchanged with cations are presented in Figure 13.

The methanol permeability of Nafion
VR

was reduced by 15% 6 2%

compared with unprocessed Nafion
VR

after processing with SCF

CO2. The permeability of small molecules through a membrane is

defined as the product of a solubility coefficient and a diffusion

coefficient. The limiting step of the diffusion process in a poly-

meric membrane is determined by the capacity of the compound

to move through the free volume available in the system, which is

related to morphology and crystallinity.28 Nafion
VR

processed with

SCF CO2 presents a reduction of the methanol permeability, one

explanation for this is related to the results presented in the previ-

ous sections (e.g., TGA, DSC, SAXS), where the reordering

induced by the SCF CO2 processing on the polymeric matrix

changed the morphology and crystallinity and produced a unique

molecular configuration. This new molecular configuration inhib-

ited the diffusion process reducing the methanol permeability.

The incorporation of cations significantly reduced the methanol

permeability of the Nafion
VR

membranes ever further. Nafion
VR

SCF CO2 with Cuþ2 reduced by 32% 6 2% the methanol per-

meability with respect to unprocessed Nafion
VR

. The incorpora-

tion of potassium reduced the permeability of methanol by 79%

6 2% and was the lowest methanol permeability for all the

membranes studied.

Figure 11. XRD patterns for Nafion
VR

membranes processed with SCF

CO2 and exchanged with cation. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 12. XRD patterns for Nafion
VR

( ) membranes processed

with SCF CO2 ( ) and exchanged with cation. (Frontal view): Feþ3

( ) Kþ1 ( ), Caþ2 ( ), Cuþ2 ( ), Alþ3 ( ),

Baþ2 ( ). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table VIII. Percent of Crystallinity of Nafion
VR

Membranes

Membrane Crystallinity (%)

NafionVR 26.9

NafionVR SCF CO2 29.8

NafionVR SCF CO2 Baþ2 29.0

NafionVR SCF CO2 Caþ2 32.0

NafionVR SCF CO2 Cuþ2 28.0

NafionVR SCF CO2 Feþ3 30.3

NafionVR SCF CO2 Alþ3 25.1

NafionVR SCF CO2 Kþ1 23.6

Figure 13. Comparison between methanol permeability for Nafion
VR

proc-

essed with SCF CO2 and then cation-exchanged. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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These results agree with the previously presented DSC, SAXS,

and XRD results, where the variation of the methanol perme-

ability for each cation is linked to the new sulfonic group con-

formation and the change in the crystallinity; each cation pro-

duced a unique morphology (related to its free volume)

inhibiting the methanol permeability. Table IX presents the

methanol permeability corresponding to each Nafion
VR

mem-

brane studied. Nafion
VR

membranes exchanged first with cation

and then processed with SCF CO2 obtained the same tendency

that Nafion
VR

SCF CO2 and then cation-exchanged but had a

different methanol permeability value.

Proton Conductivity

Proton conductivity of Nafion
VR

membranes processed with SCF

CO2 and cation exchanged are presented in Figure 14. The pro-

ton conductivity of Nafion
VR

processed with SCF CO2 compared

with unprocessed Nafion
VR

improved 14% 6 1%; after the proc-

essing with SCF CO2. When the Nafion
VR

membranes were

exchanged with cations, the proton conductivity of these mem-

branes was significantly reduced over one order of magnitude

for all of them. Kim et al.29 used molecular dynamics to study

the transport mechanism of protons through the membrane.

They proposed a transport of protons using hydrated sulfonic

groups and suggested that the predominant mechanism consists

in a series of Eigen–Zundel–Eigen or Zundel–Zundel transfor-

mations depending on: the sulfonic group, the water contained

inside the membrane, and the polymeric structure.29 The trans-

port of certain compounds was also associated with their free

volume available in the system.28

The processing with SCF CO2 produced a reordering of the per-

fluorinated and perfluorovinylether chains in Nafion
VR

. This is

due to the affinity of perfluorinated and perfluorovinyl ether

chains with CO2, described by their polarizability per volume.30

The cations interact with the ionic domains that inhibit the

complex formation between the proton, water, and the sulfonic

group described above. Also the transport was inhibited since

each cation created new morphologies and changed the mobility

of the proton through the membrane. These results are related

to the changes induced by the SCF CO2 and the cation on the

molecular conformation of the polymeric chains in the mem-

brane showed in the DSC, SAXS, and XRD experiments. Table

X shows the results for all the membranes studied.

Figure 15 presents the normalized selectivities (proton conduc-

tivity/methanol permeability) for Nafion
VR

membranes proc-

essed with SCF CO2 and exchanged with cation (normalized

with the selectivity of unprocessed Nafion
VR

). SCF CO2 process-

ing alone presents the largest effect in selectivity. The incorpo-

ration of counter-ions significantly reduced the normalized se-

lectivity of Nafion
VR

, primarily due to the reduction in proton

conductivity.

Table IX. Methanol Permeability for Nafion
VR

Membranes

Membrane
Methanol permeability
� 107 (cm2 s�1)

NafionVR 4.93

NafionVR SCF CO2 3.80

NafionVR SCF CO2 Cuþ2 3.36

NafionVR SCF CO2 Caþ2 3.08

NafionVR SCF CO2 Baþ2 2.04

NafionVR SCF CO2 Feþ3 2.11

NafionVR SCF CO2 Alþ3 1.94

NafionVR SCF CO2 Kþ1 1.05

NafionVR Cuþ2 SCF CO2 2.92

NafionVR Caþ2 SCF CO2 2.43

NafionVR Baþ2 SCF CO2 1.64

NafionVR Feþ3 SCF CO2 2.20

NafionVR Alþ3 SCF CO2 1.73

NafionVR Kþ1 SCF CO2 0.4

Figure 14. Comparison between proton conductivity for Nafion
VR

proc-

essed with SCF CO2 and then cation-exchanged and Nafion
VR

cation-

exchanged and then processed with SCF CO2. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Table X. Proton Conductivity for Nafion
VR

Membranes

Membrane
Proton conductivity;
r (s cm�1)

NafionVR 0.18 6 0.006

NafionVR SCF CO2 0.21 6 0.009

NafionVR SCF CO2 Cuþ2 0.017 6 0.0007

NafionVR Cuþ2 SCF CO2 0.016 6 0.0005

NafionVR SCF CO2 Caþ2 0.014 6 0.002

NafionVR Caþ2 SCF CO2 0.011 6 0.001

NafionVR SCF CO2 Baþ2 0.010 6 0.0002

NafionVR Baþ2 SCF CO2 0.010 6 0.001

NafionVR SCF CO2 Kþ1 0.016 6 0.0004

NafionVR Kþ1 SCF CO2 0.0068 6 0.0001

NafionVR SCF CO2 Alþ3 0.0038 6 0.0002

NafionVR Alþ3 SCF CO2 0.0025 6 0.0002

NafionVR SCF CO2 Feþ3 0.0061 6 2.06E-05

NafionVR Feþ3 SCF CO2 0.0481 6 0.001
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CONCLUSION

Nafion
VR

membranes were processed with SCF CO2 and exchanged

with different types of þ1, þ2, and þ3 cations. The SCF process-

ing with CO2 promotes the transport of protons through the

membrane and inhibits the methanol permeability. The molecular

interaction between CO2 and the fluorocarbon backbone makes a

unique rearrangement in the polymer changing its water swelling,

thermal degradation, crystallinity and morphology.

Nafion
VR

processed with SCF CO2 and cation exchanged inhibited

both the transport of protons and methanol through the mem-

brane. The incorporation of cations into Nafion
VR

influences the

ionic domains uniquely for each cation studied, but also influences

the crystallinity, the morphology, and the water swelling, which are

very important in the transport of protons through the membrane.

Although the transport properties of both protons and methanol

were reduced upon the incorporation of cations, suggesting some

similarities in their transport mechanism, the magnitude of the

changes were significantly different, suggesting that there are funda-

mental differences in their transport mechanism that can be further

explored to create more selective membranes.

The best normalized selectivity (proton conductivity/methanol

permeability, normalized with unprocessed Nafion
VR

) was

obtained using only SCF CO2 (higher than unprocessed

Nafion
VR

). The use of cations significantly reduced the normal-

ized selectivity of Nafion
VR

, primarily due to the reduction in

proton conductivity.

The processing order (SCF processing vs. cation substitution)

shows that although the magnitude of the methanol permeability

and proton conductivity are affected, the trends are primarily

limited by the nature of the cation and not the order, suggesting

that the physical changes induced by the supercritical fluid,

although important; do not limit the chemical modifications.
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