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In recent years, there have been a number of studies on the textural properties of 

aramid-based activated carbon fibres (ACFs). Freeman et al. [1,2] first used aramid fibres 

as feedstock materials expecting to obtain ACFs with distinctive adsorbent properties as a 

result of the high cristallinity of the precursor. Stoeckli et al [3] examined the pore 

structure of steam activated carbon fibres coming from Nomex and Kevlar through 

adsorption of CH2Cl2 and N2O vapours and immersion calorimetry into liquids of different 

molecular sizes. In one of the authors’ laboratories, Kevlar pulp and Nomex have been 

activated with CO2 and studied by N2 and CO2 adsorption and SEM [4-7]. The general 

conclusion of all these studies is that aramid (especially Nomex) based ACFs have pore 

size distributions (PSDs) narrower than those of conventional activated carbons and even 

than those of ACFs coming from less ordered polymeric precursors [8]. This narrow PSD 

suggests a possible application of these materials in gas separations. 

In this context, a detailed study on the textural properties of these ACFs focusing 

on the determination of their PSD can be useful to predict if they could be used as 

molecular sieves either directly or after modification of their textural characteristics with 

further treatments. With this aim, in this work, N2 (77 K) and CO2 (273 K) adsorption 



 

 

isotherms have been measured on a series of steam-activated Nomex-based ACFs trying to 

elucidate PSDs in an indirect way through different calculation methods. Moreover, 

immersion calorimetry using adsorptive molecules of different size as molecular probes 

has been used to obtain a direct measurement of the amounts of pores of different sizes. 

The starting material was commercially available Nomex [poly (m-phenylene 

isophtalamide) in a variety known as Crystalline Nomex (T450 2.2 dtex.). All treatments 

were carried out in a tubular quartz reactor. Batches of about 10 g of as received Nomex 

were pyrolysed in argon (flow rate: 50 cm
3 

min
-1

) up to 1073 K (heating rate: 10 K min
-1

) 

and then cooled down to 1053 K and activated with a steam/argon mixture (720 cm
-3

 min
-1 

/ 50 cm
-3

 min
-1

) during certain periods of time to attain different burn-offs (BO), namely, 0, 

10, 21, 42 and 63%. 

Adsorption isotherms of N2 (77 K) and CO2 (273 K) were assessed in a 

Micromeritics ASAP 2000 and a Quantachrome NOVA 1200 volumetric adsorption 

analyser, respectively. Samples were outgassed overnight under vacuum at 523 K prior to 

every adsorption experiment. The densities employed for adsorbed N2 (77 K) and CO2 

(273 K) were respectively 0.813 and 1.182 g cm
-3

 [9]. BET surface areas, SBET, were 

obtained by the standard BET method in the relative pressure range from 10
-6

 to 0.1 [10]. 

The value used for the affinity coefficient for CO2 in Dubinin-Radushkevich (DR) 

calculations is 0.42. PSD from the N2 and CO2 adsorption data were obtained through the 

application of non local density functional theory (NLDFT) procedure [11] using softwares 

provided by Micromeritics Instrument Corporation (N2) and Quantachrome (CO2) [12]. 

The heats of immersion of the samples into liquids with different minimal 

molecular dimensions such as CH2Cl2 (0.33 nm), C6H6 (0.37 nm) and C6H12 (0.48 nm) 

were determined at 298 K with a Tian–Calvet differential microcalorimeter (Setaram, 

Model C80D). The samples (~0.1 g) were outgassed overnight under vacuum at 523 K. 



 

 

The experimental procedure to determine enthalpies of immersion has been described 

elsewhere [13]. The accessible surface areas of the samples from immersion calorimetry 

data were determined following the method proposed by Denoyel et al. [14], using as a 

reference the areal enthalpies of immersion of  Vulcan 3 (SBET= 82 m
2
g

-1
). 

The N2 adsorption isotherms obtained for the samples under study are shown in 

Fig. 1. The adsorption isotherm on the simply pyrolysed sample is not included because its 

porosity is too narrow to be accessible to N2 at 77 K. All isotherms belong to type I 

according to the IUPAC classification [15], although distinctions can be established among 

them according to the opening of their knee as the BO increases, pointing to a certain 

widening in the microporosity barely extending to mesoporosity in the most activated 

sample, as shown by the appearance of a very narrow hysteresis loop in its isotherm. From 

the comparison of the textural properties of Nomex-derived materials with ACFs coming 

from other precursors in literature [16-18], the usual widening of the porosity at high BO 

when activating with steam, leading to pronounced slopes and hysteresis loops is not found 

here. This is remarkable, most of all, taking into account the “drastic” experimental 

conditions (high steam concentration) used in the steam activation carried out in this work. 

CO2 adsorption isotherms (not shown) for the series evidence that CO2 uptake 

increases with BO degree in the earliest stages of activation throughout all the relative 

pressure range covered while a decrease in the uptake at low pressures is observed for the 

further activated samples, reflecting the disappearance of some of the narrowest 

microporosity. 

Table 1 shows different parameters deduced from N2 and CO2 adsorption: BET 

surface areas (SBET) and total pore volumes (Vp (N2)) derived from N2 adsorption as well as 

textural parameters deduced from the application of the DR equation to N2 or CO2 

adsorption data such as micropore volumes (Vp (DR, N2) and Vp (DR, CO2), respectively) and  



 

 

 

Figure 1. Adsorption-desorption N2 isotherms (77 K) for the samples under study. Filled 

symbols, adsorption; empty symbols, desorption. 

 

 

Table 1.   Textural parameters derived from N2 (77 K) and CO2 (273 K) adsorption. 

 

 

% BO 

SBET  

(m
2
 g

-1
) 

Vp (N2)  

(cm
3
 g

-1
)  

Vp (DR, N2)  

(cm
3
 g

-1
) 

Vp (DR, CO2)  

(cm
3
 g

-1
) 

L(DR, CO2)  

(nm) 

0 - - - 0.16 0.93 

10 560 0.23 0.23 0.22 1.01 

21 936 0.38 0.38 0.26 1.25 

42 1329 0.56 0.56 0.29 1.12 

63 1580 0.69 0.68 0.38 1.33 
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mean pore widths (L(DR, CO2)). The very low relative pressures from which BET plots show 

linearity (~10
-6

-10
-5

) for all the samples are already an indication of the highly 

microporous nature of their texture [19]. This is also confirmed by the fact that  Vp (N2) and 

Vp (DR, N2) are coincident with each other except for a slight difference found for the 63 % 

BO sample. This indicates that porosity develops mainly through the creation of new 

micropores. SBET , Vp (N2), Vp (DR, N2) and Vp (DR, CO2)  increase with increasing BO degree 

over the range covered by this series. In comparing Vp (DR, N2) and Vp (DR, CO2), while for the 

lower BO degrees the V p (DR, CO2) are either greater (0 % BO) or comparable (10 % BO) to 

Vp (N2), they become comparatively lower for the higher ones (21, 42, 63 %). These 

situations arise from the different relative importance of the dissimilar porosity ranges 

covered by the two adsorbates [12], which are thought to be 0.3 nm to about 1.4 nm [21] 

for CO2 adsorption (273 K) and 0.4 nm to about 50 nm for N2 (77 K). Thus, the pyrolysed 

sample would have porosity restricted to the pore width interval 0.3-0.4 nm. For the rest of 

the samples, a further development of porosity beyond the upper limit of 1.4 nm covered 

by CO2 adsorption takes place. L(DR, CO2) rather increases with increasing BO showing 

values around 1 nm. Comparing with previous results obtained in one of the authors’ 

laboratories for samples activated with CO2 [5, 6], steam-activated samples show greater 

SBET and Vp (N2) at similar BO values indicating a further development of porosity (namely 

microporosity, as Vp (N2) and Vp (DR, N2) continue to be coincident with each other as BO 

increases). However, Vp (DR, CO2) is slightly lower for steam activated samples than for CO2 

activated ones, indicating that the narrowest porosity is more retained in the latter. 

Nevertheless, the differences between the series prepared in those different ways are not 

perhaps so drastic as with other precursors [16-18], most of all when comparing Vp (DR, 

CO2) or L(DR, CO2). Therefore, the precursor material seems to have a marked effect on the 



 

 

porosity of the final ACFs, limiting the widening of porosity and the differences between 

samples resulting from activation with different activating gases. 

PSDs derived from N2 and CO2 adsorption isotherms through NLDFT calculations 

are shown in Fig. 2. In the PSDs derived from N2 adsorption all samples present maxima 

around 0.6 nm, the largest pore size being 1.6, 2.0, 3.2 and 7.0 nm, respectively, for the 

samples arranged in increasing BO sequence. The PSDs reflect a widening in the 

micropore size distribution with increasing BO, which takes place in a restricted pore size 

range mainly below 2.0 nm, i.e., in the microporosity range, for all the samples except the 

one activated at 63% BO. As concerns the PSDs from CO2 adsorption data, widening of 

the pores is also appreciated in the porosity range covered, as one has PSDs with maxima 

around 0.35 and 0.50 nm (0% BO), 0.50-0.60 nm (10% BO), 0.60 nm (21% and 42% BO) 

and 0.82 nm (63% BO). Both PSDs rather consistently show maxima around 0.5-0.6 nm 

for all the samples but that activated to 63 % BO. Moreover, if pore volumes calculated 

from both PSDs (not given) are compared for the same samples for pore widths under 

approximately 0.7 nm, they result to be similar to each other. Slight differences arise from 

the fact that the two adsorptives have different accessibilities to the micropore system and 

so the lower pore width reached is different. Comparing with the L(DR, CO2) values resulting 

from the DR method, PSDs are shifted to lower pore sizes. 

Table 2 shows the experimental enthalpies of immersion of all the samples but the 

one activated to the highest BO in the different studied organic liquids as well as the 

calculated accessible surface areas. That sample (63 % BO) has been useful to set an upper 

limit for the development of exclusively microporosity through activation, but it has been 

excluded from this further analysis because it is not interesting in the context of its possible 

application as a molecular sieve carbon. The values for the experimental enthalpies of  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. PSDs obtained from the N2 (a) and CO2 (b) adsorption isotherms through 

application of the NLDFT method. 
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immersion are consistent with those previously obtained by Stoeckli et al. [3] for samples 

with similar BOs, irrespective of the different activation conditions used to reach them.   

 

Table 2. Experimental enthalpies of immersion at 298 K into different liquids and surface 

areas derived from them and from N2 adsorption at 77 K. 

 

% BO -Himm (J g
-1

) Surface areas (m
2 

g
-1

) SBET (m
2 

g
-1

) 

 CH2Cl2 C6H6 C6H12 CH2Cl2 C6H6 C6H12  

0 45.3 11.0 10.0 338 100 96 -
a 

10 92.1 65.9 47.6 687 600 460 560 

21 123.1 122.4 81.6 918 1116 787 936 

42 138.1 146.7 107.6 1029 1337 1038 1329 

 

a 
Only geometrical surface 

 

The low activated samples (0 and 10 % BO) show surface areas accessible to 

CH2Cl2 higher than those accessible to C6H6. However, the rest of the samples show the 

opposite trend. The occurrence of a transformation of the texture leading to a pore network 

mainly composed of slit-shaped pores, favouring the access of planar molecules as C6H6 is 

a possible explanation for this effect. In fact, typical activated carbons are supposed to 

possess a porous network of that kind, but the samples activated to low BO might depart 

from this picture, with other pore shapes, restricting the accessibility of C6H6 molecules. 

Surface areas accessible to C6H6 are systematically higher than the corresponding BET 

(N2) surface areas. The minimal dimensions of N2 (0.36 nm) and C6H6 (0.37 nm) being 

nearly the same, both molecules should have access to similar microporosity ranges. It has 

been asserted [14] that this difference arises from the underestimation of the actual surface 

of microporous carbons having pores with widths similar to one adsorbate molecule by the 

calculation of BET surface area considering that one molecule is in contact with only one 

planar surface. Instead of that, in the immersion method, the interaction of the molecule 



 

 

with both walls of the pore is taken into account leading to higher, more realistic values. 

Therefore, the largest differences between surface areas derived from N2 and C6H6 

adsorption appear in the samples with the narrowest porosities accessible to both 

molecules, being hardly noticeable in the sample activated to 42% BO. For the next probe 

molecule, cyclohexane, the values for accessible surface areas are lower than BET surface 

areas for all the samples except the pyrolysed one. The different sizes of N2 (0.36 nm) and 

C6H12 (0.48 nm) molecules justify the differences as the bigger molecules will access a 

smaller fraction of microporosity on the samples. However, for the pyrolysed sample, the 

surface area accessible to cyclohexane is higher than the BET surface area (assuming this 

to be the geometrical one). Similar effects have been explained as a consequence of  a 

possible wrong value for N2 density [24]. 

In conclusion, the use of Nomex fibres as a precursor yields ACFs with rather 

narrow PSDs irrespective of the activation conditions (type and concentration of activating 

agent, etc.) used, in contrast with what happens with other precursors [16-18]. From the 

deduced PSDs and the observed molecular sieve effects, the pyrolysed  sample could be in 

principle a good molecular sieve, al least from the point of view of selectivity. The usual 

drawback against the use of simply pyrolysed carbonaceous materials as molecular sieves 

is their low adsorption capacity. However, this is not the case here, as the micropore 

volume of the sample (Vp (DR, CO2)=0.16 cm
3
 g

-1
 ) is well inside the range of those exhibited 

by commercial and non-commercial carbon molecular sieves in literature [25, 26]. 

Moreover, the densities used in literature for CO2 adsorbed at 273 K are typically lower 

than the one used in this work and consequently the values for micropore volumes are 

“enlarged” in relation with ours. As for the activated samples, their rather small and 

uniform pore sizes make them promising as CMS precursor through carbon chemical 

vapour deposition [27]. However, the sample activated to the highest BO shows a small 



 

 

amount of mesopores that makes doubtful its possible application even as precursor of 

carbon molecular sieves [27]. Moreover, such a high BO is not admissible from a practical 

point of view even in a conventional activated carbon.  
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