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Enhancement of Carbon Fiber Cloth Reactivity to Air
by Potassium Addition using lon Exchange
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Enhancement of the reactivity to air of polyacrylonitrile-based carbon fiber cloth has
been achieved by the addition of metals to the cloth. Prior to metal addition, the cloth was
oxidized in 54 wt% nitric acid in order, barh, to increase the surface area of the cloth and
to add carboxy! groups to the surface. Meral addirion was then achieved by soaking the cloth
in metal acetate solution to effect exchange between the metal catior and hydrogen on the
carboxyl groups. The addition of potassium, sodium, calcium, and barium enhanced fiber
cloth reactivity to air at 573 K. Extended studies using potassium addition showed chat
success in enbancing fiber cloth reactivity to air depends on: extent of cloth oxidation in
nitric acid, time of exchange in potassium acetate solution, and the tharoughness of removing
metal acetate from the fiber pore structure following exchange. With increased porassium
loading on fiber cloth which has undergone a fixed extent of prior oxidation, cloth reactivity
in air reaches a maximum and in some cases decreases. Optimum loading is associated with
potassium added by exchange; additional leading is associated with potassinm added by
decampasition of acetate not removed from the fiber pore system by washing. Cloth
reactivity increases essentially linearly wich increase in potassium addition via exchange.

surface area {ASA) of the carbon and by adding

1. INTRODUCTION inarganic catalysts to the carbon®3}. There have

Concern has arisen over the potential for acci- been a number of studies on increasing the surface

dental release of carbon fibers from resin matrix area of carbon fibers using oxidative etching in

composites should the composite become involved
in a fire!’. Once released from the resin marrix
which is consumed in the fire, the light and fine
carbon fibers can be carried in the atmosphere
over large distances. Because of their high electrical
conductivity, falling out of carbon fibers onto
unprotected electrical and electronic circuits can
cause a variety of problems, including resistive
loading, temporary short circuits, and arcing. Thus
for some applicacions there is interest in enhancing
the reactivity of carbon fibers to air so that they
will be consumed, along with the resin matrix, in
a fire,

fv is known that reactiviry of carbon to oxidizing
gases can be increased by increasing rhe active

* Present Address: Corporate Research, Standard
Oil of Indiana Research Center, Naperville, 1L,
60540,

order to subsequently enhance their bonding to

4).

the resin matrix®). Prabably the use of nitric acid

has been the most common®*™",

Until recently,
inorganics have been added to carbon primarily by
impregnation of the carbon with a salt sclution,
followed by drying, and decomposition of the
salt’). More recently, it has been shown that well
dispersed inorganics (cations} can be effectively
added to carbons using ion exchange with the
hydrogen on carboxyl groups®, This has been the
approach used in this study in an attempt to
enhance fiber reactivity to air.

2. EXPERIMENTAL STUDIES

2.1 Materinls

Studies were made on carbon fiber cloth woven
by Woven Structures Inc. from T-300 carbon fiber
yarn grade WYP 30 1/0 manufactured by Union
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Table 1 Selected properties of fibers in
T-300 carbon cloth.
Surface Area, m*/g 0.37
L., nm 1.1
Interlayer spacing, nm 0.354
Hg density, gfcc 1.71
X-ray density, gfcc ~2.14
He density, glec 1.79
Total Porosity, cc/g 0,117
Open Porosity, cclg 0.026
Closed Porosity, cefg 0.091

Carbide®. The polyacrylonitrile-based (PAN) yarn
consisted of 3000 filaments (7 #m in diameter) in
a one-ply construction. The surface was treared
with about 1.0-1.5 wt%
Selected properties of the fibers in the cloth are
given in Table 1. The small cryscailite size {L,) of
the fiber cloth and its high nitrrogen content {rhat
is, 6.5 wt%) is consistent with its having been
heated to less than 1800 K111
basal plane alignment along the fiber axis results

proprietary sizing.

Preferential

in a low surface area for the fibers, as measured
from Kr adsorption at 77 K (using the BET equa-
tion} and a small amount of porasity accessible ta
helium at room temperature. In fact, the Kr
surface area of 0.37 m%/g agrees well with the
geometrie area of the filaments (0.33 m*/g) based
on a diameter of 7xm and density of 1.71 g/ce.
It is significant that the fibers had a substantial
total pore volume as calculated from xray and
mercury densities, that is a toral porosivy of 20%,
but that about 78% of the total pore volume was
inaccessible to helium.

A semi-quantitative spectroscopic analysis of
inorganic elements present in the fibers in the
cloth is given in Table 2. Consistent with the
findings of others!?), the concentration of sodium*
is found to be considerably higher than that of any
other metal in the treated PAN fibers.

# In discussions with JPL personnel, they report
finding wide wvariations in sodium content in
PAN fibers, It is to be emphasized that our analy-
sis was on just one batch of T-300 fiber cloth.
Variations in sodism content in PAN may be due
to such variables as: type of initiator used in
polysmerization, whether a sodium compound
"was present during the PAN spinning operation,
and cation content in the wash water.
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Table 2 Inorganic elements present in T-300
fiber cloth.
Element Amount, wt%h

Na 0.2

K 0.015

Ca 0.03

Ba 0.003

Fe 0.02

Mg 0.004

Zn 0.1

Ti 0.003

Al 0.01

Si 0.03

Not detected: B, Sh, Pb, Ge, In, Bi, V, Ni, Co,
Be, Sr, Ce, La, Zr, Y. Mn, Cr,
Ag, Cd, 8n.

2.2 Oxidative Etching

Different weights of cloth were refluxed in 54%
HNO; solution (normality of 11.7) at about 388 K
for 10 hr to: (i) increase the fiber accessible total
surface area and ASA and (i) add carboxyl groups
to active carbon sites. Even for the highest cloth
to solution ratic used (30 mg cloth/cc solution),
the acid concentration of the solution was still
high following oxidation; that is, it had a normaliry
of 10.2.
distilled water under refluxing conditions for 40 hr
and then dried at 383 K.
2.3 Jon Exchange

Replacement of hydrogen on the carboxyl
groups of the HNO;z-oxidized fibers by metal

Oxidized samples were washed with

cations was accomplished by shaking about 0.25g
of fiber cloth in a 50ce 2.0 molar solution of metal
acetate in a Ny atmosphere ar 343 K for various
periods of time. The procedure is described in
more detail elsewhere!®}. Following exchange, the
samples were washed either in flowing, cold dis-
tilled water or by refluxing in hat distilled water
for varying periods of time.
2.4 Reactivity Measurements

Reactivity of fiber cloth samples to 0.1 MPa
of dried air was measured using a Fisher Model
460 TGA unit. About 5 mg of sample were held
in a platinum pan, suspended from a Cahn electro-
balance. In all cases, samples were first heated to
383 K ar a rate of 20 K/fmin in Ny and held for

30 min to remove weakly adsorbed water. For
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reactivity runs ar 573 K, heating was continued in
Ny at 20 K/min up to temperature and held for
30 min before switching to air. Rates of burn-off
ar 573 K were expressed on a dry-ash free basis,
that is following removal of water at 383 K. Gas
tlow rate through the reactor and sample weight
in the platinum pan were such that an external gas
mass transport effect on reactivity was absent®,

3. RESULTS AND DISCUSSION

3.1 Nitric Acid Oxidized Fiber Cloth

Oxidation of carbon fiber cloth in nitric acid
decreased the level of inorganic impurities, in-
creased surface ares, reduced cloth reactivity to
air, but produced a negligible change in L, or
interlayer spacing within the crystallice.  For
example, oxidation for 10 hr, using a cloth wo
HNOj; ratio of 6.0 mgfce, reduced the sodium
concentration from 0.2 to 0.03 wt%, calcium
below 0.03%, and barium below 0.003%.

As seen in Table 3, surface area development
depends upon the ratio of weight of fiber cloth
oxidized to volume of acid used for a 10 hr oxi-
dation time. Surface areas were measured using Kr
adsorption at 77 K and the BET equation with
30 min allowed for equiltbration of each adsarp-
tion point. Qutgassing temperatures berween 383
and 573 K prior to adsorption had a negligible
effect on Kr adsorption. The particularly large
increase in surface area in going from a cloth to
acid ratio of 6.6 to 6.0 mg/ce was accompanied by
a significant change in the chemical analysis of the
fiber cloth. Thar is, the ariginal cloth and those
oxidized using cloth to acid ratios of 6.6 and
greater had carbon contents between 93.2 and
88.4%, nitrogen contents between 6.3 and 6.8%,
negligible hydrogen and sulfur, and the remainder
oxygen and water. The cloth oxidized using a
cloth to acid ratie of 6.0 had the Following
analysis: C, 70.9%; N, 4.9%; H, 0.73%; and balance

Table 3 Surface area development in T-300

fiber clath upon HNO; oxidation.

23.5%. Obviously chere is a large increase in
oxygen and water content in this sample; but
oxidation added negligible additional nitrogen to
the cloth, for example as nitra groups.* Heating
the sample to 383 K in N; resulted in a weight
loss of 11% which is attributed primarily to release
of water which was hydrogen bonded to oxygen
functional groups on the fiber cloth surface.
Further heating of the sample to 573 K in N,
resulted in an additional weight loss of 10% of the
dried fiber cloth, which is ateributed primarily to
loss of CO, following decompasition of carboxyl
groups from the [iber surface!®),

Assuming that 12.5% of the oxidized fiber cloth
(Sample D) is oxygen in the form of carboxyl
groups and chat each carboxyl group occupies an
arga of 0.083 nm® (associated with an active site
in the prismacic surface of a carbon crystallite),
the area occupied by carboxyl groups is estimated
to be 195 m*/g. This area is considerably in excess
of that measured by Kr adsorption at 77 K on
this sample and suggests molecular sieving'®), That
is, HNQj at 388 K was able to penetrate significant
pore volume which was inaccessible ta Krat 77 K.
Or possibly HNO; gained access by swelling the
fiber. That oxidized fiber cloth sample D was a
molecular sieve was further confirmed by measur-
ing CO, uptake at 298 K. From the Dubinin-
Polanyi plo'™, a micropere sarface area of 139
m*/g is estimated, again a value considerably in
excess of the area measured by Kr adsorption at
77 K.

Reactivity of the asreceived fiber cloth in air
at 573 K was very low; that is less than 1% weight
loss in 10 hr and less than 4% weight loss in 70 hr,
Reactivity of the HNO;j-oxidized sample D was
still lower, that is 0.6% in 10 hr, Presumably this
decrease in reactivity can be ateributed to redue-
tion in inorganic impurity content over that of
the as-received cloch.

3.2 Ton Exchanged Fiber Cloth

In exploratory studies, potassium, sodium,

calciumm, and barium were exchanged onto the

S Cloth to Acid Surface Area
ample 2
mg/fcec m?/g
A 390 1.0
B 25 1.2
C 6.6 1.5
D 6.0 2.3

* The latrer finding is consistent with results of
Deno whao reports that a significant number of
nitro groups are added to aromatic systems only
when reacted with nitric acid at concentrations
considerably in excess of the 54 wr% used in
this scudy!®.




e ingrease in

sample; but
il nitrogen to
ips.* Heating
d in a weight
wily to release
ed to oxygen
Hoth surface.
573K in N,
of 10% of the
d primarily o
n of carboxyl

zed fiber cloth
a of carboxyl
1p occupies an
an active site
on crystallite),
ps is estimated
rably in excess
a at 77K on
eving“”. That
rate significant
to Krat 77 K.
iy swelling the
imple D was a
1ed by measur-
1 the Dubinin-
ce area of 139
:onsiderably in
: adsorption at

ser cloth in air
than 1% weight
he loss in 70 hr.
sample D was
Jresumably this
suted to reduc-
it over that of

ssiume,  sodium,
nged onto the

with results of

cant aumber of
tic systems only
t concensrations
34 we% used in

st

1982 (No. 108)

fiber cloth surface. As expected®™!®), chey all
catalyzed cloth reactivity to air av 373 K. How-
ever, for each cation, reactivity did nat increase
monotonicaily with increased loading; instead it
went through a maximum., This would not be
expected if the metal was added only by ion
exchange®). It was thought that some metal may
have been derived from the metal acetate solution
which was not completely removed from the cloth
pore structure by washing. A more thorough study
was performed using potassium, which is described
herein, in an attempt to understand relations
between cloth reactivity and how the metal was
added,

In the first set of experiments, the cloth which
had been oxidized using a cloth to HNOQ; ratio of
30 mg/ec (Sample A) was exchanged in a potassium
acetate solution {starting pH of 8.4} for 50 hr. The
samiple was then washed hy refluxing in hot
distilled water for varying lengths of time to
remove potassium from the pore system. Figure 1
presents results for the amount of potassium
remaining on the cloth as a function of washing
time. It is clear that mertal loading will be a
function of not only the extents of oxidation in
HMNQ; and subsequent cation exchange bur also
the severity of final washing. The curve in Figure 1
is characteristic of two concurrent processes of
significantly different races. [r is supgested that
the rapid process involves removal of the acerate

2.3

624

2.3+

Porassium Remaining, We %

Time, hr

Figure 1. Effect of time of washing by refluxing in
hot water on potassium content in cloth
sample A,
Sample A previously exchanged with
potassivm acetare for 50 hr.
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from the pore system and the slow process involves
back-ion exchange of hydrogen from hot water
replacing potassium on the carboxyl groups. Extra-
polation of the lower curve back to the ordinace
yields a potassium concentration on the cloth ar
zera time of about 0.07%, which is saken as the
maximum value of cation loading under the con-
ditions of previous cloth oxidation and ifon ex-
change used. [t is concluded that following washing
by refluxing for about 5 hr essentially alf porassium
derived from the acetate has been removed from
the pore system and the potassium remaining is
associated with carboxyl groups. For refluxing
times progressively shorter than 5 hr, the contribu-
tion of potassium derived from the acetate to
tatal potassium present increases sharply.

If we reason that the rate of back-ion exchange
is more temperature dependent (that is, has a
higher activation energy for its rate constant) than
the rate of washing of the acetate from the pore
system, then the use of cold wacer should separate
the effects of these two processes still beceer than
hot water. Thus washing of the cation exchanged
cloth was also conducted in a continuous flow of
fresh cold water (where an acetate ion concensra-
tion was not allowed to build up in the wash water
as with refluxing). Following washing in cold
water for 1 hr, the potassium concentration on the
cloth was 0.078%, suggesting that essentially all
acetate was washed out of the pore system bur
that little potassium cation associated with carbo-
xyl groups had been removed.

Reactivity plots for the fiber cloth samples
containing amounts of potassium varying from
0.006 to 0.265% are shown in Figure 2 for reacticn
times up to 8 hr. In some cases ciupiicate rung were
made; in these cases data points give the average
values and bars give the spread in values. Even
though there is a monotonic increase in reactivity
with increasing potassium loading, it is obvious
that the specific activity of the caralyst decreases
ac higher loadings, as seen in Figure 3 where burn-
off following reaction for 8 hr is plotted against
potassium loading. This could be due to at least
three reasons: (i) decreasing dispersion of the
exchanged potassium with increasing concentra-
tion, (1) poorer dispersion of the potassium
derived from potassium acetate than thar derived
from the exchanged cation, and (iii) blockage of
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Figure 2. Reacsivity plots of cioth sample A in air
at 573 K for various potassium loadings,

in wt%: O, 0.006; &, 0.031;
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Figure 3. Extent of burn-off in 8 hr in air acr 573 K
of cloth samples loaded with varying
amounts of potassium.

Sample: ©, A; A, C: v, D,

some of the pore system. Krypton surface areas
of samples loaded to 0.133 and 0.265% potassium
actually increased (1.9 m*/g) over that of the
oxidized fiber (1.0 m*/g), and thus pore blockage
at this level of loading was not present. The
possibility that the degree of dispersion of the
metal (or its oxide) is different following decom-
position of the metal carboxylate which is bonded
to the surface compared to decomposition of

&
i

X ®

metal acetate particles (agglomerates) sitting on
the surface is interesting to contemplate. A defini-
tive answer does not come from this study, but
is an important question when considering cazalyst
addition to carbon substrates and subsequent
catalyse efficiency.

In additional experiments, cloths oxidized using
cloth to HNQO4 ratios of 6.6 and 6.0 mgfcc were

-exchanged with potassium acetate. For sample C,

exchange was conducted for 30 hr, followed by
washing for 1 hr using either refluxing in hot water
or flowing cold water, Concentrations of potassium
remaining in the fiber were 0.71 and 0.31%,
respectively, It is supgested, as just discussed, that
the loading of 0.30% essentiaily represerits potas-
sium derived from carboxyl groups and that the
loading of 0.71% represents potassium derived
both from carboxyl and acezate entities. Enhanced
loading from these two sources onte cloth sample
C over that found on exchanged cloth sample A is
consistent with the larger surface area (and pore
volume) in the former sample.

The reactivity plor for the 0.30% potassium
loaded sample is shown in Figure 4, Over the 8 hr
reaction period, reactivity continuously decreases
with increasing reaction time despite a build-up
in catalyst concentration in the carbon remaining.
This suggests that: (i) increasing agglomeracion
{sintering} of catalyst parcicles is occurring with
increasing burn-off, that is catalyst dispersion is
decreasing and/or (ii) the cacalyst is losing contact
with the carbon surface. McKee and Chatrerji
have shown that the mechanism of catalysis of
carbon gasification by potassium involves oxi-
dation-reduction steps'®). That is, the higher oxide
K,0; is reduced by the carbon to K,0O which,
in turn, is reoxidized to K, 0, by air. The rate of
agglomeration is dependent upon the mohility of
the caralyst species on the surface. Even though
reaction temperature was below che melting point
of K;0, (663 K), Thomas and Walker®®) have
shown that solid catalyst particles can have high
mobiliey on carbon surfaces, particularly in an
oxygen environment, Further, Baker has shown,
frem in-sity electron microscopy studies, that
species on carbon surfaces in an O, atmosphere
commence having significant mobility above their
Tammann temperature, that is one half their
melting temperature, expressed in degrees K21,
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Figure 4. Reactivity plots of cloth samples with

various potassium loadings in air at

573 K.

Sample:-i', A-0.006% K: @, A-0.031% K;
v,C-030% K; O, D-0.52% K;
A,D.0.79% K.

Thus, at a reaction temperature of 573 K, K;0,
(having a Tammann temperature of 332 K) would
be expected to have significant mobility on carbon
surfaces.

Burn-offs in 8 hr for the samples loaded to 0.30
and 0.71% porassium are given in Figure 3. As
with cloth sample A, it is suggested that there is
an optimum potagsium loading to achisve maxi-
mum cloth reactivity for Sample C. Additional
loading increases reactivity only slightly or may,
in some cases, even decrease reactivity, as will now
[Je seen.

For sample D, exchange was conducted for 10,
30, and 50 hr in potassium acetate followed by
washing in running cold water for 1 hr. Loadings
of potassium were 0.52, 0.79, and 1.8%, respec-
tively. These results supgese that transpore of the
acetate solution into and out of the fiber cloth
pore system was slow, This is consistent with this
oxidized sample having some molecular sieve
characrer, as previously discussed. Figure 4 presents
reactivity plots for the samples loaded o 0.52 and
0.79% potassium. Again reactivicies decrease con-
tinually wich increasing time of reaction. Burn-offs
in 8 hr for all samples are given in Figure 3. For
sammple D, again an optimum potassium loading is
suggested; at higher loadings there is a significant

Enhancement of Carbon Fiber Cloth Reactivity to Air

decrease in cloth reactivity, prabably due to pore
blockage and/or coverage of the earbon surface
with more than a monolayer of porassium. That is,
washing the sample, which was exchanged for 50
hr, in running ecld water for 1 hr appears to have
not removed all potassium acetate from the pore
system, If optimum loading is taken as about
0.79% potassivm and i it is assumed tha: each
potassium atom was previously assaciated with a
carboxyl group, it is calculated that the potassium
carboxylate occupied about 10 m*/g of surface.
Again this is larger than the Kr area of oxidized
cloth sample D and is consistent with molecular
sieving. However, the area is much less than that
which was estimated to be occupied by carboxyl
groups following nicric acid oxidation (that is,
195 m*/g). This suggests that: (i) potassium only
exchanged on a small fraction of the carboxyl
groups following oxidation, (if) oxidation in nitric
acid added both carboxyl, acidic phenolic and
lactone groups to the fiber surface, andfor (ii)
aitric acid was not completely washed from the
pore system.

4. CONCLUSIONS

The reactivity of PAN fiber cloth to air can be
substantially increased by the addition of metals
to the cloth via ion exchange from metal acetate
solutions, However, since the surface area of PAN
fibers (even those heated to less than 1800 K) is
very low, significant meral addition via ion ex-
change can only be achieved if the fiber is first
treated with nitric acid to increase surface area
and, as importantly, te add carboxyl groups. The
amount of metal which can be added to the fiber
is a funcrion of the severity of axidative trearment,
the time of subsequent exchange, and the degree
of subsequent removal of metal fram the fiber by
washing. Fiber cloth reactivity to air appears to
increase essentially linearly with increase in potas-
Additional
potassium loading originating from potassium

sitm loading via ion exchange.
acetate left in the pore system of the fibers
following washing appears to increase reactivity
only slightly in some cases and in other cases to,
in fact, result in reduction in fiber cloth reactivity.
It is suspected thac there will be an optimum in
the extent of fiber oxidation to achieve enhanced

reactivity. At the optimum, both fiber clath
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reactivity and mechanical properties of composites

made therefrom will be enhanced. Too much fiber

oxidation will lead to an unacceptable reduction

in mechanical properties of che composites suhse-

quently fabricated, even though fiber reactivicy

to air may be further enhanced.
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