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Abstract—Activated carbons were prepared from two polyarylamide fibres (Kevlar and Nomex) by
carbonization and subssquent steam activation to 25 and 50% burn-off. The porous structure of the
carbons has been investigated by physieal adsorption of CH.Cl, and N0 at 293 K and immersion
calorimetry into liquids of different molecular dimensions.

The activated fibres have good sorptive capacities and relatively narrow micropores. The materials
resulling from activation at low degrees of burn-off could therefore be of great interest in gas separation,
owing to their melesular sieve properties. Compared to indostrinl activated corbons, the fibres are
hydrophilic and have small external surface areas. Copyrigh
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1. INTRODLUCTION

The use of carbon molecular sieves (CMS) in gas
separation—in particular oxygen and nitrogen—has
grown steadily over the past years [ 1]. These carbons
are characterized by a high adsorption capacity and
by dimensions of their micropore openings, which
must be close to those of the potential adsorptives.
The latter ic of great importance in the separation of
gases since molecules with a kinetic diameter smaller
than the average opening rapidly diffuse into the
micropore volume, while the adsorption of larger
molecules is much reduced or excluded. Depending
on the regpective dimensions, a small change in
the size of the constrictions can affect considerably
the rate of diffusion of a given pas molecule. As
a consequence, gas miXtures can be separated
efficiently.

At present, the classical manufacture of carbon
molecular sieves requires the development of a suffi-
ciently large sorptive capacity in the precursor, which
15 achieved by physical of chemical activation. This
process often leads to relatively wide micropores and
requires a subsequent reduction of their width. This
is uswally achieved by the deposition of carbon
resulting from the cracking of hydrocarbons adsorbed
in the micropores [2], by varying the degree of heat
treatment, or through mild gasification [3]. Az a
result, the pore size decreases, as well as the pore
volume, and a substantial fraction of the initial
adsorpiion capacity is lost.

From a practical point of view, the use of activated
carbon fibres as selective molecular adsorbents pres-
ents many advantages over activated carbons, in view
of their unique characteristics [4]: Activated carbon
fibres often have a greater adsorption rate and a
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larger ndaorption capacity thon typical granular acti-
vated carbons used in gas filtration. They can also
be converted into a wide variety of forms 1o be used
i thin layers for treatment of high gas flow rates.
Fibres are also easy 10 handle and the problems
arising from the packing of the granules or powders
can be avoided. All these features increase the effi-
ciency of the adsorption bed and lead to simplifica-
tions in the design and in the size of regeneration
units wsed for environmental polletion control,

In the present work we describe the preparation
and the properties of activated carbon fibres obtained
from polyarylamide chars activated with steam. The
adsorption capacity and molecular-sieve properties
of the activated carbons were examined by techmiques
based on gas adsorption and on immersion calorime-
try with probes of various molecular dimensions.

As before, the theoretical background is provided
by Dubinin’s theory for the volume filling of micro-
pores [5] and its extension to immersion calorimetry
[6.7]. In the case of adsorption by typical micro-
porous carbons, the fundamental relation is the
Dubinin-Radushkevich equation

No=Nooexpl —(4/BE.)] (1)

whare N, represents the amount adsorbed ot tem
perature T and relative pressure pfp., N, is the lim-
iting amount adsorbed in the micropores and
A=RTInip/p) F and E, are specific parameters
depending on the adsorptive and on the adsorbent.
The latter is related to the average micropore-width
[8]- An important characteristic of the micropore
system 15 the micropore volume W, =NV, where
Vg 18 the molar volume of the adsorbate (it 15 usually
taken equal to the volume of the liquid at the same
temperaturel. W, may vary with the size of the
adsorptive, depending on the distribution of the



micropore sizes and/or on the presence of constric-
tions at the entrance of the pores. The latter corres-
ponds to so-called gate- or molecular-sieve effects,
which will be considered in this study.

2. EXPERIMENTAL

2.1 Raw materials

Two types of polyarylamide fibres were used as
starting materials, WNomex III T-455 {poly{m-
phenylene isophthalamide)) and Keviar (poly- p-
phenylene terephthalamide}). Both materials are rep-
istered trademarks of El. DuPont de MNemours,
Inc. The averape diameters of the fibres were around
10 pem.

12 Sample preparation

2.2.1 Carbonization. 2 g of polyarylamide fibres
were placed in a tubular gquartz reactor (3 cm id.)
and heated under a stream of nitrogen (1500
cm’/minutes) up to 850°C. The heating rate was
10°C/minute, with a soaking time of 1 hour at the

final temperature. Afler treatment, the samples were
cooled in N; to reom temperature. The carbomized
Nomex and Kevlar fibres will be designated here as
MN-0 and K0, respectively.

222 Activation. The activated carbon fibres
were obtained by gasification of the carbonized fibres
in a 28% w/w steam/nitrogen gas mixture (gas flow
rate: 500 cm®minule) at TH0°C. The reaction was
carried out in a quartz reactor {2 em internal diame
ter) placed in a vertical furnace. Samples activated 1o
burn-offs of 25% (K-25 and MN-25) and 50% {K-50
and N-30) were produced by this technique,

2.3 Sample chavacterization

The microporosity of the activated carbon fibres
was characterized by techniques based on Dubinin's
theory and on its extensions. They have been
described in detail elewhere [7]. The technigues
used in this study include the adsorption of CH,Cl,
and N;O vapours at 293 K. and immersion calorime-
try at the same temperature, using molecular probes
of different critical dimensions such as dichloro-
methane, benzene, cyclohexane, carbon tetrachloride,
1,5 9-cyclododecatriene (CDIDT) and  tri-2 dexylyl-
phosphate (see Table 1). Complementary information
on the hydrophibic/hydrophobic character of the

Table 1. Characteristics of the liquids at 293 K [7]
L, «[10°9 Vo

Liquid {nm) (K™Y demYgl

Dichloromethane 033 1.34 o402 O.eb
Benzene 0] 124 #2091 LODD
Cyclohexane 0.54 0,36 10 104

Carbon tetrachloride 063 122 96.50 105
i,59.Cyclododecatriene  0.76 076 18202 1.9
Tri-2 4-xylviphosphate 1.50 .66 36004 405

2

carbon sutface was obtained from immersion into
waler,

The CH.Cl; and N.0O adsorption isotherms wene
determined gravimetrically, using a quartz spring
balance of the McBain type. All samples were out-
gastsed at 400°C fof 12 hoiirs To a residuial pressune
around 10 % Torr prior to adsorption and immersion
experiments. The enthalpies of immersion were mea-
sured in a calorimeter of the Calvet type, described
elsewhere [9].

As discussed elsewhere [7]. the micropore volume
WL, filled by a liquid of eritical molecular dimen-
sion L., can be calculated by using the expression
derived from eqn (1)

WL )= (Ahfexp)— hS)2V. /BES ] +2T)m"?
(2}

where Ahjlexp) is the experimental enthalpy of immer-
sion of the carbon into the liguid, = and V_, are the
thermal expansion coefficient and the molar volume
of the liquid and #k; is the specific enthalpy of wetting
of the external (non-microporous) surface 5, of the
carbon.

For carbons with relatively small external surface
areas, the gquantity hS, can be neglected in the
calculation of WL} W,(CH3Cl,). the ratio between
the limiting volumes filled by the different probes and
the micropore volume accessible to a small molecule
lin our case, CH,Cl,). This rato can be estimated
with a good approximation from the enthalpies of
immersion alone, without considering b5, in eqn (2).
Examples are provided in the following section
(Figs ¢ and 7)

This approach shows that immersion calorimetry
alone can already provide a reasonable picture of the
accessibility of the micropores. By comparing the
profiles obtained for the different samples within an
activation series, it is possible to follow the evolution
of the microporosity. However, the absolute values
of the volumes W, require at least one isotherm for
every sample {usually CH,Cl, or benzene at 293 K
or nitrogen at 77 K).

3. RESULTS AND DISCUSSION

31 Carbonized fibres

The two original polymers differ only in the posi-
tion of substitution of the aromatic rings. However,
this leads to differences in a number of physical and
mechanical properties (density, thermal behaviour,
tenacity, ete. [10]). As a consequence, the polymers
undergo different transformations during pyrolysis.
A first indication is provided by the chars obtained
under identical conditions: After heating in nitrogen
al 107 C/minute, up to 550°C, NMomex and Kevlar
vielded respectively 51 and 39% of solid residues
(samples MN-0 and K-0). These results are in agreement
with those obtained by other auwthors [11,12].
Freeman er al [12] sugpest that the much higher



crystallinity of Kevlar fibres favours the formaion of
volatile compounds by depolymerization reactions.

The difference in the original polymer structures is
also reflected, to some extent, by the adsorption
characteristics of the corresponding chars. For exam-
ple, the enthalpies of immersion of the carbonized
samples into a series of liquids with different molecu-
lar sizes, as shown in Table 2. The low enthalpies
obtained with the Kevlar char K-0 suggest a poorly
developed or inaccessible porous structure. On the
other hamd, fur the Mumer cliar M0 one observes 3
relatively high enthalpy of immersion into CH,Cl,
(43 J/g, as opposed to 9 J/g for K-0), followed by a
significant drop for the liquids with larger critical
dimensions. This evolution ¢learly indicates the pres-
ence of a relatively important microporosity in sample
MN-0, but with molecular-sieve properties around
04=0.5 nm. On the other hand, the parameters E,
and W, obtained for the activated fibres (Table 2)
suggest that the sample K-0 probably has a small
system of narrow micropores, rather than a “gate”
effect.

The higher enthalpies of immersion of both samples
into CDDT and TXP suggest that the structure of
the samples is not rigid and that very large molecules
may induce deformations in the micropore aystem.

Both chars appear 10 be relatively hydrophilic, as
indicated by the high enthalpies of itamersion into
water, A= —62 J/g. Usually, this enthalpy iz smaller
than that obtained with typical organic Hguids such
as CH,Cl; or benzene (see Table 2). Therefore, one
may assume the presence of a high concentration of
oxypen-containing groups or of residual nitrogen
[13,14] on the wallz of the micrapores of our chars.

At this stage, it is also interesting to point out that
the activation rate of the Nomes char N-O (31%
hour ') is five times slower than that of Kevlar char
KE-0 {155% hour™!. This evolution cannot be
explained by taking into account the crystallinity of
the original precursor alone: Kevlar is more crystal-
line than Nomex [15] and the corresponding carbon-
ized matenals should be less reactive, due o the
presence of fewer highly reactive centres. Tomlinson
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&l gl [15] suggest that the higher reactivity of Keviar
char may be a consequence of the presence of metallic
residues. However., scanning electron micrascopy
studies of the external surface of the fibres did not
show the existence of detectable foreign residues. The
surfaces of activated fibres and chars are smooth and
do not show the existence of pitting. On the other
hand, the difference in the elemental composition of
carbonized samples reported by other authors
[15,16], does not suggest great differences in the
reactivity. Under these circumsrances, the high reag-
tivity of Kevlar char could be related to the existence
of a more disordered structure than in the Nomex
char.

3.2 Activated carbon filires

The steam activation of the Kevlar and Nomex
chars K-0 and N-0 to burn-offs of 25 and 0% leads
to samples K-25, K-50, N-25 and N-50, respectively.

As illustrated by Fig 1. the CH,Cl, adsorption
isotherms are all of type I This indicates that the
activated fibres are essentially microporous, the meso-
and macroporosity being negligible, The structural
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Fig 1. Adsorption isothorms of CHaC1, at 2¥5 K on
activated carbon fibres K-25 (@), N-25 (), K-50 () and
M-50 (O,

Tahle 2. Characteristics of porous structure of fibres and enthalpies of immersion into

different carbons

Sample K0 K-25 K-50 MN-0 N-25 N-50
W, [cmg) - 024 0.3 - 19 0.54
E, (kJjmal) - 34,5 260 - 0.6 225
Linm} - 047 0.74 = 0.56 097
& (mfg) 1021 319 1036 1114
5, (m'ig) - § 34 = 4. o

8o (m'fg) - 1029 953 - 1040 1123
AR[CH,CL] (Fg) al 1317 1315 43.0 1400 1550
AR[CH,] (g 10.8 1179 1336 7.2 1346 1559
ARCgH, 3] (15D 4.0 74.0 978 59 96.1 116.9
AR[CCL] (1/g) 4.1 9.3 99.4 B2 1024 119.3
Ah[CDDT] (I/g) 138 306 835 B2 150 86.2
AR[TXP] {J/e) 8.5 51.8 440 301 247 7.9
ah[H,07 ()2} 616 93.3 920 624 0.1 933

— W[ H,07 im)/m?) - 95.5

Q6.5 - 674 £3l




data, derived from the Dubinin egn {1} and from the
logarithmic plots of the isotherms {Figs 2-5), is given
in Table 2. It appears that the micropore volume W,
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Fig. X D=R plot for the adsorption of N30 and CH,Cly at
293 K by Momex fibre activated to 25% burn-off.
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Fig. 3. DR plot for the adsorption of CH,ClL; an 293 K by
Kevlar fibre activated to 25% burn-off.
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Fig. 4. DR plot fn the adsorption of N0 and C10C00; at
293 K by Nomex fibre activated to 50% burn-off.
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Fig. 5. DR plot for the adsorption of CH,CL, at 293 K by
Kevlar fibre activated to 50% burn-off.

and the average pore-width Lof the activated fibres
both increase with the degree of burn-off, as expectad.
However, the yield is systematically higher for the
Momex series than for Kevlar.

For 50% activation, the Kevlar-based fibres shows
a micropore volume of 0.34 cm/g against 0.54
cir’/g obtained by activation of the Nomex char. The
latter value is high and compares favourably with
typical active carbons. One may also expect further
activation to increase W, up to 0.6 or 0.7 cm¥/g,
before the fibre loses its mechanical properties. The
difference between the two types of active fibres is
significant and it is probably related to the pore
structure of the precursors. As observed previously,
the pore system is more developed in the Nomex
char than in the Kevlar char, Moreover and, accord-
ing to Tomlinzon et ol [15], the slower reachon
observed between steam and the Nomex fibre char
may reduce the diffusion limitations and favour a
larger pore volume formation. The balance between
the formation and the destruction of micropores
during the activation process can be illustrated by
the ratio of the micropore volume to the weight of
initial char {Table 3). It is clear that the ratio is much
mote favourable in the case of the Nomex-based
activated fibre.

The evolution of the microporosity itsell is
illustrated by the profiles of the relative micropore
volumes WL WLICH,Cl;) shown in Figs 6 and 7
and based oo mmersivn alorimetey, 10 appears that
for both types of fibres the apparent micropore
distributions become wider as the degree of burn-off

Table 3. Micropers volume of samples expressed by unit
weight of carbonized fibres ag a function of weight loss

Micropore volume (em®/g char)

Weight loss (%) Kevlar Momex
25 018 .22
50 017 .27
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Fig 6. Ratio between the micropore volume W(L.) accessi-
ble to liquids with different molecular sizes and the toial

micropore velume H,(CH;Cl,) for Kevlar fibre activated to
25 and 50% burn-off.
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Fig. 7. Ratio between the micropote volume W(L) accessi-

ble to liquids with different molecular sizes and the total

micropore volume W{CH.CL,) for Momex fibre activated to
25 and 50% burn-off,

increases. The average pore-widihs L, derived from
the characteristic energies E, of the CH,Cl, isotherms,
are in agreement with the values suggested by the
profiles, in particular at 50% burn-off. On the other
hand, at 25% burn-off the pore systems are still
narrow (averages of 0.45 and 0.56 nm for the K-25
and N-25 samples, respectively). Experimental evi-
dence (time nesded to reach adsorption eguilibcium)
and the deviations in classical Dubinin plots of the
isotherms (Figs 2 and 3) sugeest the presence of
constrigtions in sample K-25. This is clearly
illusirated in the case of CH.,Cl, adsorption, as
opposed 10 MN,0, a somewhat smaller molecule
(Fig. 2). Such constrictions have been observed pre-
vipusly in chars and activated carbons obtained from
a bituminous coal [17], as well as in carbons pre-
pared from phenclic resin [18]. On the other hand,
CH,Cl; and MO show identical patterns for the
fibres activated to 50% burn-off (Figs 4 and 5). This

5

means thal the constrictions have been eliminated by
further activation from 25 to 5086 burn-off.

It is well known, that the materials obtained by
steam activation have wider micropores than those
obtained with CO; [19]. However, in the present
case, steam activation also leads to relatively narrow
micropores, even &t 50% burn-off. The comparizon
shows that the textural properties of our samples
(micropore volume and average pore-widths) are sim-
ilar to those obtained by COy,; activation of phenclic-
and pitch-bavel carbon fibres [ 19].

4 COMCLUBIONMNS

Steam activation of polyarylamide fibres leads to
materials with a large adsorplion capacity, but rela-
tively narrow micropores, which makes them attrac-
tive for selective adsorption. Thus, by controfling the
conditions of manufacture of the chars and the subse-
quent activation {essentially the activating agent, the
degree of burn-off and its rate), activated carbon
fibres with molecolar-sieve properties can be pro-
duced from polyarylamide fibres. Such adsorbents
could be of great interest in gas separation processes,
where the physical properties of the fibres present a
number of advantages over granular active carhons
However, it must be taking into account that these
fibres are relatively hydrophilic, as opossed to typical
active carbons, and that they have small external
surface areas.
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