
Precipitation of Ferrites in Nafion@ Membranes 

LOUISE RAYMOND,' 1.-F. REVOL,' D. H. RYAN: and R. H. MARCHESSAULT',* 

'Pulp and Paper Research Centre and Chemistry Department, McGill University, 3420 University Street, Montreal, 
Quebec H3A 2A7, and *Physics Department, McGill University, 3600 University Street, Montreal, Quebec H3A 2T8, 
Canada 

SYNOPSIS 

Iron oxide particles were precipitated in Nafion@ 117 perfluorinated ion-exchange mem- 
branes using four different methods. Precipitated ferrites yielded magnetically responsive 
nanocomposite films and probed structural variations in the membrane. Optical microscopy, 
transmission electron microscopy, vibrating sample magnetometry (VSM), and Mossbauer 
spectroscopy were used to characterize the materials. Microscopy showed that the ferrites 
were distributed unevenly across the films with a dense skin making up the surface layers. 
Higher temperature enhanced accessibility to iron and increased ferrite loadings were ob- 
tained for these samples. Nanosize particles of magnetite (Fe,O,) were present as disks or 
as clusters of disks in all the treated films. Needles and bundles of needles of maghemite 
(y-Fe,OJ were produced in the films that were reacted a t  the boil. All the samples exhibited 
superparamagnetic response by VSM. Due to the shorter time scale of the Mossbauer 
measurement (- s ) ,  ferrimagnetic response was detected for boiled and autoclaved 
samples. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Nanocomposite materials based on cellulosic sub- 
strates, such as wood pulp and sodium carboxy- 
methylcellulose crosslinked pulp, have been re- 
ported.',' An in situ synthesis of ferrites was used 
to prepare these cellulosic nanocomposites. This 
approach biomimicked magnetic b a ~ t e r i a ~ - ~  that in- 
tracellularly biomineralize ferrites of very small size 
( - 500 A ) .  Nanocomposites are of growing interest 
because of the unique magnetic, electrical, and op- 
tical properties exhibited by particles of nanoscale 
 dimension^.^ Magnetically responsive cellulosic fi- 
bers containing superparamagnetic ferrites, have 
potential applications in security paper and as mag- 
netic filters for biotechnological separations and air 
purification. A process using an ion-exchange step 
to transfer ferrous ions into the cellulosic cell wall 
was followed by precipitation of ferrous hydroxide 
(alkali treatment) and oxidation to create super- 
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paramagnetic magnetite (Fe,O,) and maghemite ( y -  
Fez03) .' Similar reaction schemes have been used 
to synthesize superparamagnetic particles in syn- 
thetic ion-exchange resins for magnetic xerographic 
toners!-'' 

For comparison with our work using wood pulp, 
a perfluorinated ion-exchange membrane ( NafionO 
117, Du Pont) was chosen for this study to examine 
the influence of its homogeneous chemical compo- 
sition on the distribution of precipitated ferrites. 
Nafion@ 117 has a similar equivalent weight of sul- 
fonic acid groups as the sulfonated thermomechan- 
ical wood pulp used previously.2 It is also hydrophilic 
but much less swellable in water a t  room tempera- 
ture than the wood pulp. The uniformity of clusters 
of sulfonic acid groups in this membrane was ex- 
pected to prevent surface deposition of ferrites, as 
was observed for the microfibrillar wood pulp? 

Nafion@ products are generally prepared by co- 
polymerizing tetrafluoroethylene with a perfluoro- 
vinyl ether sulfonyl fluoride to form a melt-pro- 
cessable polymer that is extruded and hydrolyzed." 
The result is an ionomer composed of a polytetra- 
fluoroethylene backbone with pendant sulfonic acid 
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groups on perfluorinated ether side chains. NafionQ 
has been used as a separation membrane in electro- 
chemical cells, particularly by chlor-alkali producers, 
because of its exceptional chemical, thermal, and 
electrical stability in addition to good ionic conduc- 
tivity and perm~electivity.'~,'~ It is used as a super- 
acid solid catalyst for acylation, alkylation, alcohol 
dehydration, esterification, and nitration, 13*14 and as 
a metal-cation exchanged Lewis acid for the alkyl- 
ation of ar0mati~s.l~ Techniques such as small-angle 
neutron l6,I7 and X-ray scattering, 16~18-20 Mossbauer 
spectro~copy~'-~~ and extended X-ray absorption of 
fine structure (EXAFS)" have been used to probe 
the molecular architecture of the membrane. The 
microstructure of this membrane has been the topic 
of much debate, 16-20 but it is generally accepted that 
ion-rich regions (clusters) exist in a hydrophobic 
backbone matrix. 

Nanocomposite materials are often prepared by 
synthesizing small particles ( -  100 A )  in polymer 
resins that have a morphology that provides particle 
size controL8-l0 For example, monodispersed silver 
particles (20-30 A )  have been grown and oxidized 
in NafionO films by ion exchange and reduction of 
the Ag(1) form of the membrane, followed by ex- 
posure to oxygen.25 Iron oxide26 and iron hydrox- 
ides23 have also been synthesized in NafionQ mem- 
branes using standard ion-exchange and precipita- 
tion methods. In this study iron oxide particles were 
precipitated in situ in a NafionO 117 membrane by 
four different approaches. The nanocomposite films 
were characterized using four major techniques: op- 
tical microscopy, transmission electron microscopy 
(TEM) , vibrating sample magnetometry (VSM) , 
and Mossbauer spectroscopy. Structural variations 
inside the membrane seemed to be replicated by the 
distribution of ferrites: the "skin" of the membrane 
was found to be more loaded with ferrite as opposed 
to the membrane interior. 

EXPERIMENTAL 

Materials and Functional Group Quantification 

Nafion@ 117, a 0.007-in. thick perfluorinated mem- 
brane (Du Pont), was purchased from Aldrich 
Chemical Co. This transparent film is hygroscopic 
in nature, therefore, it was stored in its sealed pack- 
age in a dessicator. An equivalent weight analysis 
of 1.100 eq/kg of material was provided by Aldrich. 

Conductometric titration, according to a previ- 
ously published m e t h o d o l ~ g y , ~ ~ , ~ ~  was used to quan- 

tify the number of sulfonic acid groups. Approxi- 
mately 1 g of the film, as purchased in protonated 
form, was cut into 2 X 2 cm squares and stirred in 
a 0.001 M NaCl solution, to create a Donnan equi- 
l ibri~m.~'  The automated burette added 0.5 mL of 
0.100M NaOH titrant every 10 min. The membrane 
was found to contain 1.05 -+ 0.04 eq/kg of sulfonic 
acid groups, in good agreement with the supplier's 
analysis. 

In Situ Syntheses 

Method A: In Situ Method Using Oxygen Gas as 
Oxidant 

Approximately 1 g of the film was cut into 2 X 2 cm 
squares and stirred in 100 mL of 0.01 g/mL of 
FeC12. 4H20 solution for 3 days, changing the so- 
lution daily.I5 The colorless films turned a trans- 
parent yellow with time. Ferrous hydroxide was pre- 
cipitated by the addition of 50 mL of 0.100M NaOH. 
The films turned a transparent greenish-black color. 
The suspension was heated to 65" k 5°C in a water 
bath and oxygen was bubbled through the suspen- 
sion at  a rate of 6 mL/min for 2 h.',2 The films turned 
a transparent ruby-red color during this period. The 
material was cycled through the reaction five times 
with a square of sample collected after each cycle. 
The samples were washed several times by stirring 
vigorously in deionized water. The cycling, collec- 
tion, and washing steps were performed for the four 
different methods of ferrite synthesis. 

Method B: In Situ Method Using Hydrogen 
Peroxide as Oxidant 

The same procedure as in method A was used with 
the exception of the oxidation step: 100 mL of a 10% 
hydrogen peroxide solution was added to the sus- 
pension over a period of 30 min, followed by stirring 
for 3 h at room temperature. The oxidized films were 
a deeper ruby-red than those obtained from the 
method described in method A. This color deepened 
upon cycling, reflecting higher iron loadings. 

Method C: Synthesis at Boil 

The film squares were boiled for 1 h in 100 mL of 
0.01 g/mL of FeC12 - 4H20 solution. The films turned 
a deep, transparent yellow over this period. Precip- 
itation of ferrous hydroxide was achieved by im- 
mersing the films in 50 mL of boiling 0.100MNaOH 
with stirring for 1 h. The films at  this time were an 
opaque greenish-black color. Hydrogen peroxide was 
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added as in method B, but at the boil. The oxidized 
films turned an opaque reddish-black color. 

Method D: Autoclaving 

The film squares were placed in 100 ml of 
FeClz 4H20 (0.01 g/mL) solution, covered, and au- 
toclaved in a Model 9000-D autoclave, Napco E se- 
ries, for 1 h ( 130"C, 23 psi). The films turned a 
deep, transparent yellow after this step. The films 
were then transferred into 50 mL of 0.100M NaOH 
and autoclaved again for 1 h. The opaque greenish- 
black films were then oxidized as in method C. The 
oxidized films were an opaque rusty-brown color 
with some visible dark brown streaking. 

Swelling Measurements 

The degree of swelling of the Nafion@ film, after each 
stage of the various treatments, was measured by 
comparing the average thickness ( t )  of a film square 
with the measured thickness of a dried ( t d )  piece of 
film oven-dried overnight at 70"C.30 Squares of film 
were removed after each step of the treatments, 
blotted between absorbent papers, and the thickness 
was measured at 10 different places along the film 
with a micrometer to within three decimal places 
(k0.005 mm) and averaged. The ratio of the differ- 
ence in thickness between the two ( t  - t d )  and the 
thickness of the dried piece of film ( t d )  , multiplied 
by 100, gave the percentage increase in the thickness 
(+-2% ) of the membrane. This value was used as a 
measure of the degree of swelling of the film. 

VSM 

The magnetic properties of the NafionO films were 
studied using VSM. A small strip of film was cut 
( -15 mg) , folded, and placed in the sample holder. 
The materials were vibrated within a magnetic field 
of up to 1.5 T at  room temperature. The response 
of the materials (magnetization) was obtained as a 
function of the applied magnetic field. 

TEM and Ultrathin Sectioning 

TEM was performed on thin sections of NafionO 
after one, three, and five cycles of each of the treat- 
ments. For sectioning, thin strips'of film were cut 
from the treated NafionO film squares and placed in 
propylene oxide overnight to dehydrate the material. 
The films were embedded in a Spurr resin cured at 
70°C overnight. Ultrathin sectioning of the resulting 

blocks was performed with a Reichert Ultracut E 
microtome equipped with a diamond knife. The 
TEM instrument was a Philips EM 400 operated at  
120 kV for imaging by diffraction contrast in the 
bright field mode and for selected area (SA) electron 
diffraction. 

Optical Microscopy 

A Nikon microphot-FXA optical microscope (Nikon 
Corporation) was used to measure the thickness of 
the skin layer of all Nafion@ samples. Sections (12 
pm) were cut with a glass knife from the blocks of 
embedded samples prepared for TEM, and mounted 
onto glass slides. The relative skin thickness was 
calculated by measuring the average skin thickness 
(cf. Fig. 1: thickness of the dark surface layer of the 
NafionO film) and dividing by the average width of 
the section (cf. Fig. 1: width of the section where 
the embedding process has not swollen the section). 

Energy-Dispersive X-Ray Spectrometry 

The microtomed sections were mounted on Cu 
grids for TEM. Energy-dispersive X-ray spectro- 
metric (EDS) microanalysis was used to determine 
the iron and sulfur distribution across a NafionO 
membrane. The ultramicrotome sections were ex- 
amined using an analytical electron microscope 
(Philips CM30) at  an accelerating voltage of 100 
kV with an X-ray energy-dispersive spectrometer 
(Link AN10/85S system) equipped with an ultra- 
thin window, allowing the analysis of light ele- 
ments down to boron. Measurements were made 
in the TEM imaging mode with a focused 80-nm 
diameter electron probe. Spectra were acquired in 
about 300 s. 

Mossbauer Spectroscopy 

Mossbauer spectra were recorded at room temper- 
ature with a conventional constant-acceleration 
spectrometer in transmission geometry using a 1 
Gbq 57Co Rh source. Spectra were obtained for the 
films after one, three, and five cycles of each treat- 
ment. Low temperature Mossbauer measurements 
were performed on one sample using a Mossbauer 
cryostat (Janis Research Company, Inc.) for tem- 
peratures from room temperature down to 80 K, and 
an APD Cryogenics Inc. HC-2 fridge for measure- 
ments in the 11-60 K range. One to three layers of 
film were mounted onto the spectrometer. The 
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Figure 1 Optical micrograph of a section of Nafiona film after three cycles of boiling 
(method C). The skin is seen as the dark band. The left and right sides of the section are 
swollen during the embedding process. 

spectra were fitted using a standard Mossbauer 
computer fitting program. 

RESULTS AND DISCUSSION 

Optical Microscopy 

Figure 1 is an optical micrograph of a section of 
NafionO following three cycles of method C. The 
dark border indicates that the skin of the NafionO 
film is highly loaded with iron, whereas the interior 
region of the material appears less dense. The left 
and right sides of the section show where the film 
has been swollen during the embedding process. 
Sections for TEM were cut mainly from these swol- 
len areas to minimize chattering of the diamond 
knife through the sample. 

The skin thickness, as a function of the method 
of sample treatment and iron content, was measured 
using optical microscopy (see Experimental). A plot 
of relative skin thickness as a function of method 
and iron loading is shown in Figure 2.  The skin 
thickness is shown to vary with the method of ferrite 
synthesis and iron content. At approximately 2% 
iron, methods A and B show similar ranges of pen- 
etration, whereas methods C and D result in skin 

thicknesses two to three times larger. This is an ef- 
fect of the higher temperature conditions of methods 
C and D that promotes swelling of the skin (see 
swelling discussion). The iron content of these sam- 
ples increases with cycling without an increase in 
skin thickness. The skin layer seems to have been 
swollen to its maximum capacity after one cycle of 
higher temperature treatment. Method B shows an 
increase in skin thickness with iron content. A max- 
imum of 10% of the film seems to be occupied by a 
highly accessible skin layer. 

Transmission Electron Microscopy 

Figure 3 shows a TEM micrograph of a section of 
NafionO after five cycles of the in situ reaction using 
oxygen as the oxidant (method A). A skin of uni- 
formly distributed disklike ferrites, having an av- 
erage size of 200 A, is observed. Inside the film (right 
side of the micrograph), the concentration of iron 
decreases sharply to smaller particles less than 100 
A in size. The ferrites having disklike morphology 
were identified by electron diffraction as magnetite 
(Table I). Magnetite was present in all of the treated 
films as disks or as clusters of disks. The clusters, 
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content. A maximum of 10% of the material is occupied by the skin. 

Relative skin thickness as a function of method of sample treatment and iron 

Figure 3 TEM micrograph of a section of Nafion@ after five cycles of the in situ reaction 
using oxygen as the oxidant (method A). The skin of the film is seen at  the left side of the 
micrograph and is loaded with ferrites (Fe,04) approximately 200 A in size. A lower con- 
centration of smaller ferrites extends into the interior of the film (right side of the micro- 
graph). 



1078 RAYMOND ET AL. 

Table I 
A) for Magnetite (Fe,O,) Synthesized In Situ 
Using Nafion@' after One Cycle of Method B 

Electron Diffraction Data (d Spacings/ 

In Situ Ferrites XRD3' 

2.82 
2.38 
2.01 
1.59 
1.54 
1.41 

2.860 
2.439 
2.022 
1.650 
1.557 
1.429 

on average, were comprised of less than 10 aggre- 
gated disks. 

Films treated as in methods B, C, and D display 
ferrite density fluctuations across the skin of the 
sections. A typical example of this is seen from TEM 
micrographs of the first and fifth cycle NafionO 
samples oxidized with peroxide (method B). A sec- 
tion of the first cycle sample (Fig. 4) shows the skin 
composed of several layers having different iron 
concentrations. The average iron profile across this 
sample was studied using EDS, confirming the pres- 
ence of a higher concentration in the skin. A uniform 
distribution of sulfur across the membrane was also 

observed for this sample. Disks less than 60 A in 
size are visible at the exterior surface of the film 
(top of the micrograph). The size of the disks in- 
creases to about 400 as the interior of the film is 
approached, with the ferrites being most concen- 
trated at the interior border of the skin. The mem- 
brane interior (very low iron concentration) is com- 
posed primarily of a dispersion of disks that range 
from 25 to 60 A in size and clusters of disks that 
average 100 A in size. 

Figure 5 shows dramatic fluctuations in ferrite 
concentration across the skin after the fifth cycle of 
method B. Disks approximately 60 A .  in size are con- 
centrated at the surface (left side of the micrograph) 
and increase in size to about 300 A as the skin is 
penetrated. The interior (right-hand side of the mi- 
crograph) is composed mainly of uniformly distrib- 
uted disks having an average size of about 80 A. The 
fifth cycle peroxide-treated sample contains 6.61 % 
iron versus 2.54% iron for the first cycle sample. It 
appears that iron deposits unevenly and a layered 
structure is produced with cycling. Heterogeneity in 
fine structure seems to account for the observed lay- 
ering of iron distribution: porous skin layers over a 
dense core. The latter develops only fine ferrites ex- 
tending from the interior border of the skin. This 

Figure 4 TEM micrograph of a section of Nafion@ film after one cycle of method B. The 
skin of the film is seen at  the top of the figure and is layered with a gradient of increasing 
iron concentration. 
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Figure 5 TEM micrograph of a section of NafionO film after five cycles of method B. 
The skin of the film (left side of the micrograph) has more pronounced layering of ferrite 
distribution than seen in Figure 4. 

overall structure is mirrored on the other side of the 
membrane. Morphological differences arising from 
quenching and calendering effects of the melt-ex- 
trusion process'' could explain the observed layered 
structure. 

Figure 6 is a TEM micrograph of a section of 
NafionO film after one cycle of boiling (method C). 
Higher temperature treatment of the film produced 
greater accessibility, resulting in increased ferrite 
loadings for the higher cycle samples (Table 11), 
while still retaining the skinlike structure. Changes 
in ferrite morphology and size are observed across 
the film. The skin, shown at the left side of the mi- 
crograph, shows a pronounced gradient of ferrites 
having disklike morphology, ranging from 20 to 300 
A in size. A small concentration of clusters of disks 
(less than 600 A) and needles (- 600 A long X 60 
A thick) is found adjacent to the border of the skin. 
Large bundles, approximately 3500 A in size, of nee- 
dles form a layer a t  the edge of the skin, extending 
to widely distributed disklike ferrites (- 160 A) in 
the interior shown at  the right side of the micro- 
graph. TEM of sections of the material after three 
and five cycles of reaction demonstrated that the 
concentration and size of the ferrites increase upon 
cycling, with a higher concentration of iron remain- 

ing in the skin. A second layer of bundles of needles 
is formed following three cycles. Most notable is that 
high temperature treatment removes the layering 
feature of the skin (cf. Fig. 5). 

The TEM micrographs of the boiled samples 
confirm that the skin of the membrane is porous 
and more accessible to iron than the interior. This 
morphological feature may be related to the man- 
ufacturing conditions used (melt extrusion)." The 
needlelike ferrites, identified as y-FezOs by electron 
diffraction (Table 111), were produced from boiling 
due to an increase in rate of oxidation under these 
conditions. The deposition of needles and bundles 
of needles in the inner skin (i-e., boundary between 
the skin and the film interior) of the membrane is 
probably due to higher accessibility of this area. 

Figure I is a section of film after one cycle of 
autoclaving (method D), showing similar character- 
istics to the boiled films (method C). A larger con- 
centration of 100-A disklike ferrites and 300-A clus- 
ters of disks is visible in the skin shown at the bot- 
tom of the micrograph. The size of the clusters 
increases to about 500 A as the interior layer is ap- 
proached (top of the micrograph). Bundles, approx- 
imately 4500 A in size, of needles border the interior 
layer composed of widely distributed needles (- 600 
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Figure 6 TEM micrograph of a section of NafionO film after one cycle of boiling (method 
C), showing the skin of the film at  the top left of the micrograph. Bundles, approximately 
3500 A in size, of needles form a layer in the inner skin of the film (right side of the 
micrograph). Inset: higher magnification of the needle-bundle layer (T-Fe,03). 

long X 60 A thick) and disks (less than 300 A) 
and aggregates of both oxides. TEM of sections of 
film after three and five cycles show (as seen for the 
boiled samples) an increase in size and concentration 
of ferrite. Two and three layers of needle bundles 
were observed for the third and fifth cycle samples, 
respectively. 

The accessibility, or swellability, of the films was 
measured using the increase in thickness of the film 
following the various stages of the treatments (see 

Table I1 
Function of Treatment and Number 
of Reaction Cycles 

Iron Composition of NafionO Film as a 

~ 

Cycle (%Fe) 

Method 1 3 5 

A 2.12 2.41 2.17 
B 2.54 4.68 6.61 
C 1.92 6.18 8.48 
D 2.02 6.73 9.67 

The iron composition (+1%) of the samples was determined 
by digesting a weighed sample in an acid mixture and analyzing 
spectrometrically using atomic absorption. 

Experimental). It was found that during the steps 
of the oxygen and peroxide treatments, the films 
increased approximately 10% in thickness, as they 
do at  room temperature in deionized water. Boiling 
brought about an increase of about 20% in thickness 
and autoclaving showed the highest increase 
(- 30%). Increased iron loadings for the higher cycle 
boiled and autoclaved samples were observed due to 
greater accessibility of the membrane under higher 
temperature conditions. Larger disklike ferrites, as 
well as bundles of needlelike ferrites, were precipi- 

Table 111 
A) for Maghemite (y-Fe20,) Synthesized In Situ 
Using NafionO after One Cycle of Method D 

Electron Diffraction Data (d Spacings/ 

In Situ Ferrites XRD3’ 

4.11 
2.44 
2.27 
2.13 
1.64 
1.42 
1.19 
1.07 

4.180 
2.519 
2.230 
2.079 
1.609 
1.480 
1.205 
1.087 
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tated in the skin of the film under these conditions, 
probably as a result of larger pores arising from 
swelling. This might account for the removal of the 
layering feature of the skin with higher temperature. 
Uniformly distributed clusters of disks were ob- 
served in the skin of the autoclaved samples (cf. Fig. 
7), possibly for the same reasons. 

Magnetic Properties 

VSM showed that all of the materials were super- 
paramagnetic in character, showing no hysteresis, 
remanence, or coercivity. Superparamagnetic ma- 
terials are easily magnetized in a magnetic field but 
do not retain magnetization once removed from the 
field. The magnetization curves for the films treated 
as in method A are shown in Figure 8. Disklike fer- 
rites in the 100-200 A size range and a low iron 
concentration (Table 11) for these samples produced 
a magnetic response that was rather noisy. The sat- 
uration magnetization was estimated to be about 
0.25 J/T/kg. Figure 9 shows the magnetization 
curves for the samples oxidized using peroxide 
(method B). Higher saturation values than the oxy- 
gen-treated samples were obtained. The first cycle 

Magnet i za t ion  o.J 31 
( J / T / k d  ..-. .. : , +-- - 

0'. I 
0.2 

I L .  I 

0.1 - 

0 . 0  - 

-0.1 - 

-0.3 
-2.0-1.5-1.0-0.50.0 0.5 1.0 1.5 2.0 

Magnetic  Field (T) 

Figure 8 Magnetization curves for the NafionO film 
treated as in method A. All cycle samples are superpara- 
magnetic. 

sample saturates at about 0.3 J/T/kg, increasing to 
0.7 J/T/kg for the fifth cycle sample. 

Figure 10 shows that the samples prepared using 
method C exhibit superparamagnetic behavior, while 
having greater saturation than the materials treated 
as in methods A and B. The fifth cycle sample con- 

Figure 7 TEM micrograph of a section of NafionO film after one cycle of autoclaving 
(method D). Disks and clusters of disks are present in the skin (bottom of the micrograph), 
in addition to a layer of bundles of needles adjacent to the border of the interior (top of 
the micrograph). Inset: higher magnification of the clusters of disks and bundles of needles. 
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Figure 9 Magnetization curves for the Nafion@ film treated as in method B. A small 
increase in saturation magnetization is observed with cycling and all the samples are su- 
perparamagnetic. 

tains 8.48% iron and saturates at a value of about 
6 J/T/kg. The autoclaved materials (method D, Fig. 
11) exhibit similar magnetic behavior and have 
comparable iron contents (Table 11) to the boiled 
samples. The magnetization curves show that all the 
autoclaved samples have lower saturation values 
than the boiled samples. 

Information on the average particle size can be 
obtained from the magnetization data by converting 
the measurements to joules/tesla/kilogram of iron 
using the iron contents given in Table 11. Because 
the small superparamagnetic particles of magnetite 
respond more weakly to an applied field than larger 
particles, the same amount of magnetite in fine par- 

Magnetization 
(J/T/kg) 8 cycle # I  

= Cycle /2  . Cycle # 3  
0 cycle 1 4  
= Cycle # 5  

- 8  I I I I I I I I 

-2 .0-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0 
Magnetic Field (T) 

Figure 10 Magnetization curves for the NafionO film treated as in method C. The samples 
are superparamagnetic and have higher saturation values than the samples prepared using 
methods A and B. 
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Figure 11 Magnetization curves for the NafionO film treated as in method D. These 
samples exhibit similar behavior to the boiled films, although less saturation is observed 
for all cycles. 

ticle form will give a lower magnetization than that 
in the form of coarser particles. The results in Figure 
12 show that for methods A and B, the magnetiza- 
tion is small and cycle independent indicating that 
the iron is deposited as quite fine particles and that 
the particles do not grow on cycling, results that are 
in agreement with the TEM data presented. By 
contrast, methods C and D exhibit much larger 
magnetizations that also show marked increases on 
cycling, reflecting initial deposition of larger parti- 
cles and their subsequent growth on cycling, obser- 
vations that are again consistent with the earlier 
TEM data. While it is clear that methods C and D 
lead to larger particles, they are still in the super- 
paramagnetic regime as the observed magnetization 
falls short of the saturation value of 124 J/T/kg of 
iron for bulk magnetite. 

Mossbauer spectroscopy was used to study the 
magnetic properties of the treated films and for 
characterization purposes. The time scale of the 
Mossbauer measurement (- lo-'' s) allowed the de- 
tection of static magnetic components not detectable 

obtained after cycle 3 for each method are shown in 
Figure 13. Samples prepared by methods A and B 
showed only the paramagnetic component a t  all 
stages, confirming the TEM and magnetization ob- 
servation of no particle growth in materials prepared 
by these methods. The ordered component in the 
spectra of samples prepared by methods C and D 
increases relative to the paramagnetic part on cy- 

$ 1  40 
L I  

2 301 
10 I 

1 

I 

4 
~~ 4 by the magnetic measurement (VSM) that has a 

seconds time scale. Spectra of samples prepared by 
methods A and B were paramagnetic, reflecting the 
very fine particles present; all Samples Prepared by 
methods c andD showed an additional magnetically 
ordered component from particles large enough to 
appear blocked at room temperature. Typical spectra 

' 0 1 2 3 4 5 6  
Cycle number 

Figure 12 Magnetization in J/T/kg of iron as a function 
of cycle number and method of treatment. Samples pre- 
pared by methods C and D show increases in magneti- 
zation with cycling, indicating increasing particle size. 
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cling, providing further evidence of particle growth 
during cycling. 

The fifth cycle sample of the peroxide-treated 
film (method B) was chosen for a blocking tem- 
perature study, because this sample seemed to 
have a relatively narrow particle size distribution 
and an iron content high enough for sufficient ab- 
sorption. Figure 14 shows a series of Mossbauer 
spectra a t  different temperatures. A gradual de- 
velopment of the magnetic sextet, characteristic 
of magnetite, was observed as the temperature was 
decreased. The area of the paramagnetic peak 
(*lo%) was plotted as a function of temperature 
in Figure 15. An oversimplification would suggest 
that there are two blocking temperatures a t  ap- 
proximately 290 and 125 K, indicating that 
roughly two size populations are present. It ap- 
pears from this plot that approximately 30% of 
the particles appear large and 70% small. Com- 
parison with TEM data (cf. Fig. 5) shows that this 
is not unreasonabIe because disks of about 60-80 
A in size are present in the skin and also in the 
interior of the film. Larger disklike ferrites (- 300 
A) predominate in the inner skin. The relative 
proportions of magnetite and maghemite were not 

Method C 

w 

1 15% Abs. 
I /  I I I I 

-10 -5 0 5 10 
Velocity [mm/s] 

Figure 13 Room temperature Mossbauer spectra of the 
Nafionm film after three cycles of treatment for all meth- 
ods. Samples prepared using methods A and B show 100% 
paramagnetic behavior, whereas those prepared using 
methods C and D have a ferrimagnetic component. 

1 11K 

I I *  I I I I 1  
-10 -5 0 5 10 

Velocity [mm/s] 

Figure 14 Low temperature Mossbauer spectra of the 
Nafionw film treated as in method B, after five cycles of 
reaction. A gradual reduction of the paramagnetic com- 
ponent was observed with decreasing temperature. 

quantifiable because the sample blocks below the 
Verwey' transition of magnetite (between 110 and 
120 K).32 

CONCLUSIONS 

It has been shown that magnetism can be easily in- 
duced in Nafion@ membranes without compromising 
the physical integrity of the material. Methods A 
and B (low temperature) produced superparamag- 
netic films containing nanosize magnetite ( Fe,O, ) 
ranging from 25 to 300 A in size. Higher temperature 
treatments (methods C and D)  increased the size 
and concentration of ferrite in the films as a result 
of swelling. Needles and bundles of needles of 
maghemite ( y-Fe,03) were precipitated under these 
conditions due to more rigorous oxidation. The 
presence of the membrane, during the synthesis of 
iron oxide, appears to influence the properties of the 
resulting particles: control experiments performed 

' Verwey transition: Electron hopping occurs between Fe2+ 
and Fe3+ ions on the octahedral (B) sites in the magnetite structure 
below 120 K, producing a completely averaged spectrum. Spectra 
obtained below this temperature are complex? 
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Figure 15 Area of the paramagnetic peak plotted as a 
function of temperature of the Nafion@ film described in 
Figure 14. Roughly two particle size populations can be 
estimated from the curve. 

without membrane showed the presence of non- 
magnetic amorphous hydroxides that were larger 
than the nanoparticles precipitated in situ. Vibrating 
sample magnetometry detected superparamagnetic 
behavior for all Nafion@ samples; the shorter time 
scale of the Mossbauer measurement enabled de- 
tection of ferrimagnetism for the samples prepared 
using methods C and D. 

The precipitation of ferrites in Nafion@ served to 
replicate the internal structure of the membrane. 
The distribution of iron was found to be uneven with 
a greater concentration at both surfaces, producing 
a skin effect for all  treatment^.^^ A layering texture 
was more pronounced for the lower temperature 
treatments. Higher temperature conditions de- 
creased the layering deposition of the particles as a 
result of swelling, while still retaining the skin 
structure. The relative skin thickness was found to 
be a function of both iron content and method of 
treatment: a maximum of 10% of the film seems to 
be occupied by the skin layer. A structure having 
porous skin layers over a dense interior was implied. 
This morphological feature is probably related to 
the film manufacturing conditions used (melt ex- 
trusion) .I1 

As shown from our studies with wood pulp fibers? 
accessibility seemed to be a factor for the precipi- 
tation of ferrite, primarily at the surface of the fibers. 
This phenomenon was also observed for the Nafion@ 
material, showing ferrites arranged in layers that 
are part of the skinlike structure of the melt-pro- 
cessed film. Recent work on wet-spun filaments of 
cellulose, which have a skin-core structure, produced 
a ferrite distribution similar to the Nafion@ films. 

Magnetized Nafion@ could have applications as 
coatings for conductive oxide catalytic electrodes.'' 
Uses for the superparamagnetic films in biotech- 
nology for magnetic separations could be investi- 
gated due to the possibility of reuse of the material. 
The catalytic properties of these films have yet to 
be determined. 
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