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Abstract

A per¯uoro-sulphonate-ionomer membrane (Na®on-117), incorporated with inorganic ion exchanger (IIE), was evaluated

using thermogravimetric analysis and FT-IR spectroscopy to ascertain its thermolytic degradation behavior. The two-step

decomposition shown by derivative scans in the Na®on±polyantimonic acid composite was studied by obtaining FT-IR spectra

of thermally treated specimens under dynamic conditions up to 2008, 3508 and 4008C. Similar studies were carried out for

Na®on±zirconium phosphate and Na®on±zirconium oxide composites. Incorporation of IIE invariably decreased the thermal

stability of the per¯uoro polymer matrix of Na®on. However, the decomposition patterns of ±SO3H groups remained

unaffected. Comparative studies of the TGA and DTA scans of these composites show presence of water of crystallization in

the incorporated IIEs. # 1998 Elsevier Science B.V.
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1. Introduction

Ion-exchange membranes have recently acquired

great signi®cance owing to their applications in many

electrochemical processes [1,2]. Per¯uoro-ionomer

membranes posses many advantage over other types

of membranes, which include excellent chemical,

mechanical, and thermal stabilities. The incorporation

of electrocatalysts like dispersions of noble metals [3±

5], semiconductors [6], and surface modi®ers to

enhance the hydrophilicity [7] has been accomplished.

In a similar effort, the total ion-exchange capacity

(IEC) of Na®on was attempted to be enhanced by the

incorporation of inorganic ion exchangers (IIEs).

These IIEs have reasonable IECs and were stable

towards temperature and ionizing radiations. The

choice of IIE depended upon their chemical stability

and IEC in different pH environments.

Polyantimonic acid (PAM) was chosen on the basis

of its high ion-exchange capacity and good thermal

and chemical stability in several hot alkaline and

acidic conditions. Membranes for water electrolysis

are reported in the literature [8]. They are made by

dispersing PAM in the polymeric backbone. IIEs such

as zirconium oxide and zirconium phosphate are

potential candidates for use in the preparation of

inorganic membranes [9,10]. Zirconium oxide

behaves as an anion exchanger in acidic and neutral

medium and as a cation exchanger in alkaline solu-

tions [11]. Zirconium phosphate in its crystalline state
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of Zr(HPO4)2�H2O has two exchangeable hydrogen

ions. The protons can be exchanged with alkali-metal

ions [12]. Crystalline zirconium phosphate is more

stable in alkaline conditions than the amorphous form.

Since the electrolysis of water involves highly alkaline

conditions, hydrous ZrO2 was chosen as the cation

exchanger. Besides imparting ion-exchange function-

ality, the incorporated ion exchangers were also

assumed to behave as ®llers or additives. The addition

of ®llers and additives in plastics is well recognized to

impart desired properties such as improvement of

strength, ®re retardancy and UV resistance [13,14].

Since the method of incorporation of IIEs, which may

be regarded as ®llers, is different from the conven-

tional procedures, the thermal behavior is expected to

change. Further, the proximity of IIE particulates to ±

SO3H groups and ±COC± linkages may affect the

thermal stability of these groups.

The present investigation deals with the thermolysis

of IIE incorporated Na®on-117, employing IR spec-

troscopy and thermal analysis (thermogravimetry,

derivative thermogravimetry and differential thermal

analysis).

2. Experimental

Na®on-117, having equivalent weight of 1100 and

thickness of �180 mm was obtained from E.I. DuPont

de Nemours, USA. The membrane was pretreated by

boiling in concentrated nitric acid and distilled water

(1 : 1) for 30 min followed by rinsing with distilled

water. The membrane was subsequently boiled in

distilled water for 1 h [15].

Antimony pentachloride (SbCl5) was obtained from

Fluka (Switzerland) and was untreated. Aliquots of

6.5% w/v antimony pentachloride solutions were pre-

pared in chloroform (Merck).

Zirconyl oxychloride (ZrOCl2�8H2O) was obtained

from Fluka (Switzerland) and was used as supplied.

Aliquots of 0.06 M solutions of ZrOCl2�8H2O were

prepared in methanol.

2.1. Preparation of polyantimonic acid (PAM)

incorporated Nafion

The pretreated samples were converted into Na�

form by keeping them in 0.1 M sodium chloride for

1 h, followed by washing and boiling in distilled water

to remove the excess sorbed sodium chloride. The

specimens were then vacuum-dried at 1108C for 4 h.

The dried ®lms were weighed and again subjected to

drying under the aforementioned conditions for

another 15 min. The dry specimens were immediately

transferred into methanol at 608C for 5 min and

allowed to swell. The methanol swelled ®lms were

then transferred to antimony pentachloride solution in

chloroform.

While incorporating any IIE, the equilibration with

electrolyte was carried out under identical conditions,

at 3±58C, since evaporation of solvent would take

place at room temperature, thereby effecting change in

concentration. Methanol was the solvent of choice as

maximum swelling of Na®on could be achieved [16].

To keep uniform concentrations for all the incorpora-

tions, these conditions were adopted throughout.

Therefore, methanol-swelled Na®on ®lms were equi-

librated with antimony pentachloride solutions in

chloroform at 3±58C. Chloroform was used as solvent

to avoid precipitation of Sb2O5 in the solution because

a solution made in methanol may contain water.

After equilibrating for 24 h at 3±58C, the membrane

samples were transferred to a 0.5-M hydrochloric acid

solution at 608C for 4 h to allow the precipitation of

PAM. Polyantimonic-acid-incorporated Na®on mem-

branes are designated as Na®on±polyantimonic-acid

composite membranes. The amount of PAM in

Na®on±polyantimonic acid composite membrane

was further increased by repeating the procedure.

The percentages of ion exchanger incorporated in

each loading are given in brackets.

2.2. Preparation of zirconium-phosphate

{Zr(HPO4)2�H2O}-incorporated Nafion

The pretreated Na®on samples were kept in 0.06-M

zirconyl oxychloride solution at 3±58C for 24 h. The

zirconyl oxychloride sorbed ®lms were then trans-

ferred into a round-bottom ¯ask containing 8% ortho-

phosphoric acid at 608C and re¯uxed for 30 min.

Formation of zirconium phosphate was indicated as

the ®lm turned white. Zirconium-phosphate incorpo-

rated membranes are designated as Na®on±zirconium

phosphate composite membranes. The amount of

zirconium phosphate incorporated in Na®on±zirco-

nium phosphate composite was further increased by
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repeating the incorporation procedure. The percent

quantity of incorporated zirconium phosphate is

shown in brackets.

2.3. Preparation of zirconium oxide (ZrO2)-

incorporated Nafion

The soaking of Na®on specimens was carried out as

explained under the zirconium phosphate composites.

The soaked ®lms were subjected to hot boiling 0.1-M

NH4OH aqueous solution for 25 min. The composite

was not stable in acidic conditions and, therefore, for

further incorporations, the composites were not pre-

treated. The loadings were increased by keeping the

dried samples in zirconlum oxychloride solutions and

then treating with warm NH4OH solution. Zirconium-

oxide incorporated membranes are designated as

Na®on±zirconium oxide composite membranes and

the percent incorporated quantity is similarly shown in

brackets.

3. Characterization

3.1. Thermal analysis

All thermogravimetric analyses were carried out on

a Perkin±Elmer TGA (7-Series) equipped with 7700

data station. The rate of heating was 208C/min with

sample purge of nitrogen at 4±6 psi and balance purge

at 1±3 psi. DTA studies were carried out on a DuPont

thermal analyzer equipped with 2100 control system.

The heating rate was a 208C/min for all analysis.

3.2. FT-IR spectroscopic analysis

A Perkin±Elmer 1720 X FT-IR was used for IR

spectral data. The range of the FT-IR was 4000±

400 cmÿ1 and the resolution was 4 cmÿ1.

To understand various decomposition steps

observed in the scans, the composite samples were

run on TGA from 408 to 3508 and 4008C under

nitrogen atmosphere and the heating rate was kept

at 208C/min. The thermally treated samples were

subjected to IR analysis to monitor the changes in

characteristic spectral bands of per¯uoro matrix of

Na®on. For the sake of comparison, the control speci-

men of na®on was also subjected to various thermal

treatments and, thereafter, IR evaluation. The ratios of

different bands, viz. ±CF2±, ±SO3H and ±COC±

appearing at 1152, 1060 and 984 cmÿ1, respectively,

were analyzed to ascertain the decomposition beha-

vior.

X-ray diffraction studies of these composites were

carried out to determine the crystal structure [17]. The

percentages of incorporated IIEs were determined by a

weight differential method, i.e.

Percent incorporated IIE � Wi ÿWv

Wv
� 100

where, Wi is the weight of IIE incorporated composite

membrane, and Wv the weight of virgin Na®on.

4. Results and discussion

4.1. A. Nafion±polyantimonic-acid composites

The thermal decomposition patterns of Na®on±

polyantimonic acid composites are given in Table

and 2. The representative thermogravimetry (TG),

derivative thermogravimetry (DTG) and differential

thermal analysis (DTA) curves of Na®on and Na®onÐ

polyantimonic acid composite (8 : 1) are represented

in Figs. 1 and 2, respectively. The DTG curve exhibits

two peaks, in the regions 250±3508C and 350±5508C.

The DTA curve reveals one broad endotherm from

40±2508C and two exotherms in 250±3508 region.

While the endotherm indicates the removal of 3±4

water molecules of crystalline polyantimonic acid

PAM the two exotherms suggests the decomposition

of the polymer matrix (Na®on) composite. The third

exotherm (shoulder) in 450±5508C region may be due

to the conversion of Sb2O5 to Sb6O13 [18].

The thermogravimetry, derivative thermogravime-

try and differential thermal analysis curves of virgin

Na®on show a nominal weight loss in the 300-4008C
region which was suggested to be due to the loss of ±

SO3H groups [19]. On comparison, the ®rst exotherm

of the composite, which falls in the same region is

conspicuous by its appearance and represents higher

weight losses that can be justi®ed by assuming the

partial loss of the hydrocarbon backbone in Na®on

along with ±SO3H groups.

In order to ascertain the degradation behavior of the

Na®on±polyantimonic acid composite, the composites
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vis-aÁ-vis neat Na®on were subjected to thermal treat-

ment in TGA as explained in the experimental section.

The resulting mass was subjected to IR spectrophoto-

metric estimations. Ratios of areas of various char-

acteristic peaks of Na®on and PAM were obtained and

are given in Table 3.

The percent weight of ±SO3H and ±COC± groups

were calculated from the structural formula of Na®on

[19] which turns out to be �11%. It was further noted

that Na®on consisted of three regions; (a) ¯uorocar-

bon, (b) interfacial zone, and (c) ionic clusters [16].

The weight percent of the chains present in (b) and (c)

regions was calculated to be �40%.

Barring the loss of free water, no loss of polymer

matrix was observed up to 3508C in the case of

unmodi®ed Na®on. This could be substantiated by

considering ±CF2± group as an internal standard. It

may be considered that the thermal stability of ±CF2±

is very high as is associated with PTFE and, therefore,

this group will remain unaffected at this temperature.

Table 1

Thermal characteristic data of various composite membranes

Composite Decomposition

1st Step 2nd Step 3rd Step

maxima assignment maxima assignment maxima assignment

Nafion 3508C SO3H�COC (partial) 4108C SO3H�COC (complete) 4908C fluorocarbon matrix

NAF PAM (8.1) 3008C SO3H�COC�CF2 3708C SO3H�COC�H2O

with PAM

4508C fluorocarbon matrix

NAF PAM (31.2) 2808C SO3H�COC�CF2

(partial)

4408C SO3H�COC�CF2

(complete)

NAF PAM (39.7) 2758C SO3H�COC�CF2

(partial)

4208C SO3H�COC�CF2

(complete)

NAF ZRP (36.6) 3208C interstitial H2O with

ZrP�SO3H�COC�CF2

4008C SO3H�COC 4908C Fluorocarbon matrix

NAF ZRP (46.4) 2908C -do- 3908C SO3H�COC 4408C flurocarbon matrix

NAF ZRP (64.7) 2908C -do- 4208C flurocarbon matrix

NAF ZRO (9.6) 3008C SO3H�COC�CF2

(partial)

4708C fluorocarbon matrix

(complete)

NAF ZRO (14.1) 3008C SO3H�COC�CF2

(partial)

4608C fluorocarbon matrix

(complete)

NAF ZRO (16.2) 3008C SO3H�COC�CF2

(partial)

4608C fluorocarbon matrix

(complete)

Table 2

Decomposition patterns of various composite membranes

Composite Onset of decomposition/8C Weight loss of polymer matrix/%

1st 2nd 3rd 1st 2nd 3rd

NAFION 300 400 420 7 5 88

NAF PAM (8.1) 250 350 380 16 22 62

NAF PAM (31.2) 220 Ð 350 22 Ð 78

NAF PAM (39.7) 210 Ð 340 23 Ð 77

NAF ZRP (36.6) 280 340 430 13 23 64

NAF ZRP (46.2) 250 325 410 15 30 55

NAF ZRP (64.7) 250 Ð 325 16 Ð 84

NAF ZRO (9.6) 280 Ð 350 17 Ð 83

NAF ZRO (14.1) 280 Ð 340 35 Ð 65

NAF ZRO (16.2) 280 Ð 340 42 Ð 58
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As no observable loss of polymer matrix was seen up

to 3508C, the peak area ratios of various groups of neat

Na®on with respect to its ±CF2± group (3508C) were

taken as the reference.

The ratios obtained for Na®on±polyantimonic acid

composites suggest the decomposition of Na®on

matrix which probably would be as the loss of the

B and C regions of Na®on. It may further be inferred

Fig. 2. Derivative thermo grvimetry, thermogravimetry and differential thermal analysis curves of NAF PAM (8.1) composite.

Fig. 1. Derivative thermogravimetry, thermogravimetry and differential thermal analysis curves of Nafion.
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that the presence of IIE has a catalytic effect on

decomposition of Na®on.

From DTG and DTA curves, it is further observed

that there is a gradual shift in the ®rst- and third-step

decomposition towards lower temperatures. It may

also be observed from maxima the Tables 1 and 2

that the second decomposition step is absent because

of the early onset of the third decomposition step. This

observation suggests that incorporation of PAM cat-

alyzes the decomposition of Na®on matrix.

4.2. B. Nafion±zirconium phosphate composites

The representative thermogravimetry, derivative

thermogravimetry and differential thermal analysis

curves of Na®on±zirconium phosphate (36.6) compo-

site are shown in Fig. 3. The DTG curves show a

three-step decomposition. The ®rst step occurred in

the 250±3508C region while the second step occurred

in the 350±4508C region. The third step, which

occurred in the 450±5508C region, involved the max-

imum weight loss.

DTA curves show a broad endotherm accompanied

by one weak and one strong and broad exotherm. The

endotherm suggests the loss of three crystallographi-

cally different water molecules [20] attached to a-

zirconium phosphate. FT-IR studies of thermally trea-

ted samples further substantiate this view owing to the

disappearance of vibrational frequencies of free water

molecules at 3756 (�3), 3652 (�1) and 1595 (�2) cmÿ1.

The second weight loss can be suggested to be due to

Fig. 3. Derivative thermogravimetry, thermogravimetry and differential thermal analysis curves of NAF ZRP (36.6) composite.

Table 3

Ratios of different peak areas after thermal treatments at 3508 and

4008C

Composite Treatment

(8C)

SO3H/

CF2

COC/

CF2

SO3H/

COC

NAFION 350 0.82 0.81 1.04

400 0.80 0.75 1.08

NAF PAM (8.1) 350 0.82 0.79 1.04

400 0.75 0.70 1.12

NAF PAM (31.2) 350 0.74 0.74 1.00

400 0.53 0.51 1.04

NAF PAM (39.7) 350 0.71 0.74 0.96

400 0.52 0.50 1.04

NAF ZRO (9.6) 350 0.77 0.76 1.01

400 0.01 Ð Ð

NAF ZRO (14.1) 350 0.74 0.75 0.99

400 Ð Ð Ð

NAF ZRO (16.2) 350 0.73 0.73 1.00

400 0.01 Ð Ð
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the decomposition of ±SO3H groups along with

¯uorocarbon backbone of Na®on.

The identi®cation of the moieties responsible for

weight losses at various temperatures was dif®cult as

the absorption bands of incorporated zirconium phos-

phate in the Na®on were very strong in the region

where most of the characteristic peaks of Na®on

occur, i.e. 1300±900 cmÿ1.

A gradual shift in decomposition maxima (deriva-

tive thermogravimetry) towards lower temperatures

with increase of incorporated zirconium phosphate

can be observed from Table 1. This may be attributed

to the catalytic effect of incorporated zirconium phos-

phate on the decomposition of Na®on.

4.3. C. Nafion±zirconium-oxide composites

Fig. 4 represents the thermogravimetry, derivative

thermogravimetry and differential thermal analysis

curves of Na®on±zirconium-oxide (14.1) composite.

The thermal decomposition pattern can be observed

from Tables 1 and 2. A two-step decomposition of

Na®on matrix could be seen from the DTG curve. The

®rst step occurred in the 250±3508C region. However,

it was much sharper in comparison to that observed

in the other two types of composites. This step may

be due to the partial decomposition of the Na®on

matrix. DTA curves showed two exotherms, the ®rst

being very strong and sharp. The endotherm repre-

senting the loss of water was practically absent, thus

indicating very small quantities of water in the com-

posites. The studies to determine water contents have

also revealed the presence of very low quantities of

water [17].

IR spectra were unable to provide much information

regarding the weight loss during the ®rst step of

thermal decomposition as weak bands of zirconium

oxide were completely overlapped by strong vibration

bands of Na®on. The high weight loss, however, can

only be attributed to the decomposition of the Na®on

matrix which includes all three groups.

An almost complete loss of ±SO3H and ±COC±

groups was observed for the samples treated up to

4008C. Comparatively speaking, the IR spectra of

Na®on±polyantimonic acid composites showed pre-

sence of weak bands of the ±SO3H and ±COC±

groups. This ®nding suggests faster decomposition

of these groups in zirconium-oxide incorporated

Na®on.

From Tables 1 and 2 it is evident that the onset and

decomposition maxima of polymer matrix is gradually

shifted towards lower temperatures with increase in

Fig. 4. Derivative thermogravimetry and differential thermal analysis curves of NAF ZRO (14.1) composite.
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incorporated zirconium oxide content. This also indi-

cates the catalytic effect of incorporated zirconium

oxide on decomposition on Na®on matrix.

5. Conclusions

It may be concluded that all types of composites

show a gradual decrease in decomposition tempera-

tures contradictory to the view which suggests

increase in decomposition temperatures by addition

of ®llers and additives. Incompatibility of IIEs with

the polymer may be the reason to this effect.
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