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Multi-walled carbon nanotubes (CNTs), pristine and subjected to treatments, are compar-

atively characterized from N2 and Kr (77 K) adsorption measurements. The CNTs are

lab-synthesized by in situ chemical vapour deposition of an iron-based organometallic

compound at 895 �C. The treatments applied to the CNTs include low temperature gas-

phase oxidation, mild temperature annealing and ultrasonic dispersion in ethanol, in an

attempt to examine possible changes in adsorption characteristics. N2 and Kr adsorption

measurements give rise to steadily increasing and stepped isotherms, respectively. The for-

mer are representative of a multilayer adsorption phenomenon, while the latter indicate

successive monolayer condensation. The treatments affect differently gas adsorption

capacities of the CNTs. Oxidation leads to CNTs with higher BET specific surface area

and increased adsorption capacity, though the effect is more pronounced for Kr adsorption.

Ultrasonic dispersion of the CNT brings about a significant reduction only in N2 adsorption

capacity. Modifications in the characteristic steps in Kr adsorption isotherms of the CNTs

subjected to annealing can be appreciated, although no remarkable changes are observed

in N2 adsorption isotherms. Present results demonstrate that determination of Kr adsorp-

tion isotherms represents a more suitable tool to obtain a more reliable textural character-

ization of CNTs than does N2 adsorption.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Physical adsorption on powdered carbon-based materials of-

fers the opportunity of studying surface properties of a large

variety of adsorbates, regardless of the different forms of

these solids. Gas adsorption studies are furthermore of great

interest in determining the morphology of a huge variety of

industrially important porous materials. From the adsorption

point of view, the possible uses of carbon nanotubes (CNTs)

cover many different applications, including gas purification
er Ltd. All rights reserved
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and storage, heterogeneous catalysis, and nanowire manu-

facture [1–4]. Physisorption on CNTs corresponds to an inter-

mediate situation between disordered substrates, such as

activated carbons, and uniform surfaces approaching the

ideal case of a crystalline plane without defects, such as exfo-

liated graphite. Since the nanotube surface is closely related

to that of graphite, the adsorption properties of which have

been extensively studied, it can thus be taken as a reference

to determine qualitatively, from the comparison between

the adsorptive properties on those two substrates, the degree
.
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of CNT crystallinity. Particularly, Kr adsorption isotherms

measured on exfoliated graphite exhibit vertical steps, repre-

sentative of successive monolayer condensation [5].

Most studies in the literature have examined gas adsorp-

tion on single-walled CNTs and only a few have been con-

cerned with multi-walled CNTs. In particular, research

concerning N2 adsorption on multi-walled-CNTs (MWCNTs)

has been focused on relatively thin MWCNTs produced by dif-

ferent synthesis methods for fixed experimental conditions

and/or using commercial samples. BET specific surface areas

varying between 20 and 300 m2 g�1 have been reported from

N2 adsorption measurements [6–9]. Besides, previous own re-

sults have shown that the degree of alignment of nanotubes

forming the arrays of MWCNTs plays a key role in N2 adsorp-

tion. A reduction in BET specific surface area of MWCNTs was

achieved after the rupture of the their self-aligned structure

by ultrasonic dispersion [9]. On the other hand, to the best

of our knowledge, only a few couple of studies have been con-

cerned with adsorption of Kr on CNTs, exclusively examining

pristine single-walled CNTs or thin multi-walled CNTs

[7,10,11].

Within this context, the present work deals with N2 and Kr

adsorption on both as-synthesized multi-walled CNTs and

further subjected to different treatments. Comparison of re-

sults enables to deepen knowledge on their textural charac-

terization by adsorption of different gases as well as to

analyze the effect of treatments on the surface properties of

the CNTs.
2. Experimental section

2.1. Synthesis of CNTs

Self-oriented multi-walled CNTs were lab-synthesized by cat-

alytic chemical vapour deposition under flowing Ar/H2, by

using analytical grade iron (II) phthalocyanine (C32H16N8Fe)

as precursor, according to the technique described in [12].

Briefly, CNT synthesis was carried out in a semi-continuous

quartz tubular reactor (20 mm-inner diameter, 1000 mm-

length) of horizontal configuration under accurately con-

trolled flow of H2 and Ar. The reactor was externally heated

by a two-zone furnace commanded by independent program-

mable temperature controllers. Experiments were carried out

at a reaction temperature of 895 �C, under a total gas flow rate

of 30 cm3 (STP) min�1, H2 molar fraction of 0.5, and total reac-

tion time of 90 min. The CNTs were deposited on the reactor

walls and on quartz substrates conveniently placed in the

reactor. They were separated by scratching the surface of

the walls or substrates. As reported earlier, the lab-synthe-

sized CNTs have a length between 16 and 20 lm, and are built

by individual nanotubes with inner and outer average diame-

ters of 24 and 50 nm, respectively [9].

2.2. Treatments of the synthesized carbon nanotubes

Oxidation was performed according to the procedure reported

earlier [12], by treating a batch of the as-synthesized CNTs

(CNTs-P, P for pristine) in an O2 atmosphere (O2 molar fraction

of 0.10) at 375 �C for 90 min, using the same set-up employed
for the synthesis. The oxidized CNTs are denoted as CNTs-O

(O for oxidized). It should be emphasized that many works

in the literature concerned with gas-phase oxidation of CNTs

have mainly involved pure air (i.e. O2 molar fraction of 0.21),

as oxidation agent. These conditions, however, have led to

an over-oxidation of CNTs, often causing severe damage to

the CNTs, in addition to removing the amorphous carbon

and other impurities, thus resulting in low yields of the oxi-

dized CNTs [13].

Besides, a batch of the pristine CNTs was annealed at

1000 �C during 120 min under N2 atmosphere in the same

set-up employed for the synthesis, in order to reduce the

amorphous C structures. The resulting CNTs are indicated

by CNTs-A (A for annealed). On the other hand, to further

compare the effect of alignment on Kr adsorption characteris-

tics of the CNTs with previously reported own results [9],

small amounts of the as-synthesized CNTs were dispersed

in ethanol. The dilute dispersions were subjected to ultrason-

ication at room temperature for 120 min. Afterwards, ethanol

was eliminated by evaporation, and the samples were dried at

100 �C overnight up to constant weight. These samples are la-

belled as CNTs-S (S for sonic).

2.3. Characterization of the as-synthesized and post-
treated carbon nanotubes

The pristine and post-treated CNTs were examined by scan-

ning electronic microscopy using a Quanta 250 SEM instru-

ment. N2 and Kr adsorption measurements at (77 K) were

conducted to determine the adsorption characteristics of

the as-synthesized CNTs, without any further treatment,

and the post-treated CNTs. N2 adsorption–desorption iso-

therms were carried out using a Micromeritics ASAP 2020

HV surface analyser and Kr adsorption isotherms were deter-

mined with a CE Instruments Sorptomatic 1990 surface ana-

lyser. All the samples were overnight outgassed in vacuum

at 250 �C to constant weight. Triplicate measurements were

carried out for each sample and average values of the SBET

specific surface are reported.
3. Results and discussion

Fig. 1 shows N2 adsorption–desorption isotherms for the

CNTs, pristine and subjected to treatments. Volumes of gas

adsorbed at standard temperature and pressure conditions

(STP) per sample mass unit (Vads) are represented as a func-

tion of the relative pressure (p/p0), where p is the equilibrium

pressure and p0, the saturation pressure of the adsorbate at

77 K. Differences in N2 adsorption capacity may be noticed,

depending on the treatment applied to the lab-synthesized

CNTs.

The shape of the N2 adsorption isotherms for the pristine

CNTs, exhibits features of Type II adsorption isotherms

according to IUPAC classification, with a sharp increase as

the relative pressure approaches unity (Fig. 1). It agrees with

some other reported results [9,14]. The gradual increasing

adsorption in the relative pressure range between 0.05 and

0.80 generally takes place on solids with primarily mesopor-

ous (2–50 nm) or macroporous (>50 nm) structures. The stea-
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Fig. 1 – Effect of treatments on N2 (77 K) adsorption–desorption isotherms for the lab-synthesized self-aligned CNTs (CNTs-P)

and further subjected to oxidation (CNTs-O), thermal annealing (CNTs-A) and ultrasonic dispersion in ethanol (CNTs-S). The

inset magnifies the low pressure range. In all cases, the size of the symbol (open symbols: adsorption, closed symbols:

desorption) is representative of the size of the error bars.
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dily increased adsorption of N2 is related to the multilayer

adsorption phenomenon on the surface of an adsorbent, i.e.

the gradually increased film thickness of N2 and likely capil-

lary condensation in some mesopores [15]. Adsorption and

condensation of N2 occur in the relative pressure range of

0.95–0.98, that correspond to the largest pores. As seen in

Fig. 1, even though the treatments may affect the volumes

of N2 adsorbed, the shape of the isotherms remains similar

to that determined for the pristine CNTs. The N2 volumes ad-

sorbed on the ultrasonicated samples significantly decrease

over all the range of relative pressures, attributable to the pro-

nounced loss of alignment of the CNTs. The loss of alignment

results in a reduction of the number of interstices between

the individual nanotubes; moreover, it has also to be stressed

that the outer surface of non-touching nanotubes has a posi-

tive curvature, which is very unfavourable for adsorption

[9,16]. The loss of alignment of the individual nanotubes

forming the arrays of CNTs can be appreciated in Fig. 2(a)

and (d). On the contrary, oxidation of the CNTs leads to

slightly enhance N2 adsorption capacity over the whole range

of relative pressures. In view of the fact that the degree of

alignment of the individual CNTs forming the arrays is the

key factor in N2 adsorption [9] and that, for the oxidized sam-

ple, it remains similar to that for the pristine CNTs (Fig. 2(b)),

the slight increase in N2 volume adsorbed would be related to

the creation of new adsorption sites accessible to N2 and/or to

the opening of previously closed CNTs. N2 adsorption occurs

mainly by capillary condensation in the interstitial spaces be-

tween individual neighbouring carbon nanotubes. Hence, de-

spite intratube spaces become available to adsorb N2 after

oxidation, the amount of N2 adsorbed at the low pressure

range does not vary considerable due to their relatively large

size compared to interstitial spaces. Comparing the N2

adsorption isotherm obtained for the CNTs subjected to the
annealing treatment with the one for the pristine samples,

no significant differences can be appreciated (Fig. 1). As seen,

both adsorption isotherms show similar shapes and volumes

adsorbed, indicating that N2 adsorption would not be a com-

pletely reliable tool in order to characterize the surface of the

individual nanotubes making up highly-ordered CNTs

(Fig. 2(a) and (c)).

The specific surface areas were evaluated applying the BET

model and considering that the area occupied by a nitrogen

molecule is 0.162 nm2. Straight lines over the range of relative

pressures 0.03–0.20 with high correlation coefficients

(r2 P 0.99) for which the BET model is valid were obtained in

all cases. Estimated values of SBET(N2) are listed in Table 1.

The standard error was less than 5% in all cases.

Furthermore, the Kr adsorption isotherms of the pristine

and post-treated CNTs are shown in Fig. 3. All isotherms ex-

hibit two steps, and correspond to Type VI according to IUPAC

classification. Nevertheless, the treatments applied to the

pristine CNTs lead to appreciable modifications in the Kr

adsorption capacity. The Type VI adsorption isotherms corre-

spond to the successive formation of monolayers on uniform

or quasi-uniform (Q-U) surface patches as when the pressure

is progressively increased. Interestingly, the monolayer con-

densation phenomenon occurs only on surfaces that are

smooth at the atomic level. The influence of surface smooth-

ness has been demonstrated by studying annealed graphitic

samples [17], and this has also been recently analyzed theo-

retically by non-local density theory [18]. In the case of multi-

walled carbon nanotubes, the uniform surface is thought to

be the crystalline outer surface of the tubes, as opposed to

the amorphous impurities that may also be present in the

samples. The shape of the steps and the slope of the plateaux

between them are related with the extent of non-crystalline-

like (NCL) regions in the sample; the more rounded are the



Fig. 2 – Effect of treatments on morphological characteristics of lab synthesized CNTs at 895 �C. SEM images of: (a) pristine

CNTs (CNTs-P), (b) CNTs-P after being subjected to low temperature oxidation (CNTs-O), (c) CNTs-P after applying a mild

temperature annealing (CNTs-A) and (d) loss of alignment in CNTs-P after ultrasonic dispersion in ethanol (CNTs-S).
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steps and the more increased is the slope, the larger the ex-

tent is [19]. These steps are neither vertical nor are the pla-

teaux between the steps completely horizontal, pointing to

the existence of some NCL regions in the CNTs. Accordingly,

it is apparent that the physical constitution of the surface of

the CNTs may be considered as composed by two different

kinds of structures. In Q-U patches, the Kr adsorption phe-

nomenon would occur as monolayer condensation at certain

pressure (resulting in stepped adsorption isotherms with qua-

si-vertical steps and horizontal plateau between them),

whereas in the NCL regions, it would occur as a multilayer

adsorption phenomenon on the surface as the pressure

is increased (resulting in steadily increased adsorption

isotherms).

Considering the effect of the treatments over the adsorp-

tion capacity of the CNTs, the Kr volumes adsorbed on the

ultrasonicated samples slightly decrease over all the range

of relative pressures, suggesting that no capillary condensa-

tion takes place in the interstitial volumes present in the

CNTs. This should imply that the degree of alignment of the
Table 1 – Specific surface area estimated values for the
pristine and post-treated CNTs.

Sample (m2 g�1) CNTs-P CNTs-O CNTs-A CNTs-S

SBET(N2) 56.4 62.3 55.2 32.0
SKr 35.4 55.4 41.8 35.0
individual nanotubes in the multi-walled CNTs is not the

key factor in Kr adsorption, as it is in N2 adsorption [9]. Fur-

thermore, the oxidized samples exhibit a noticeable increase

in Kr adsorption capacity over all the range of relative pres-

sures in comparison with the pristine CNTs. As shown in

Fig. 4, the volume of Kr adsorbed by the oxidized sample at

each relative pressure tends to be proportional to that ad-

sorbed by the pristine CNTs at the same relative pressure.

This indicates that the gain in the Kr adsorption capacity

would be related to an increase in the available surface that

maintains similar surface characteristics to that of the pris-

tine CNTs, thus meaning a similar ratio between the extents

of Q-U patches and NCL regions. The opening of the CNTs is

produced by the oxidation treatment and the inner surfaces

of the hollow nanotubes, which have the same surface char-

acteristics than the outer ones, are exposed. Besides, as men-

tioned above, the degree of alignment of the individual

nanotubes on the oxidized arrays remains similar to that of

the pristine ones (Fig. 2(b)). Therefore, the inner surfaces of

the partially opened CNTs should be the main cause of the in-

crease in the Kr volumes adsorbed over all the range of rela-

tive pressures. An improvement of the adsorption capacity

of the original surfaces by reduction of the extent of NCL re-

gions would result in a reduction of the multilayer adsorption

phenomenon, leading to the loss of proportionality between

the volumes of Kr adsorbed by the two samples.

In the case of the Kr adsorption isotherms of the annealed

CNTs, the slope of the plateau between the steps differs from

the one of the pristine sample. In Fig. 3, it can be appreciated



Fig. 3 – Effect of treatments on Kr (77 K) adsorption isotherms for the lab-synthesized self-aligned CNTs (CNTs-P) and further

subjected to oxidation (CNTs-O), thermal annealing (CNTs-A) and ultrasonic dispersion in ethanol (CNTs-S). The inset

magnifies the low pressure range. In all cases, the size of the symbol is representative of the size of the error bars.

Fig. 4 – Representation of the volume of Kr adsorbed at each

relative pressure by oxidized (CNTs-O), thermal annealed

(CNTs-A) and ultrasonic dispersed in ethanol (CNTs-S) CNTs

in comparison with that adsorbed by the as-synthesized

sample. The slope of the dash line is equal to 1.
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that the slope of the plateau is lower than the one associated

with the pristine sample, with a better approach to a horizon-

tal line. The annealing at 1000 �C would reduce the extent of

the NCL regions of the CNTs, changing the shape of the steps

and the slope of the plateau between them in the Kr adsorp-

tion stepped isotherms. Since the ratio between the Q-U

patches and the NCL regions on the surface of the annealed
CNTs is apparently different from that of the pristine sample,

there is no longer a proportional relation between the vol-

umes of Kr adsorbed by the annealed and pristine samples

at each relative pressure, as observed in Fig. 4.

The Kr specific surface areas (SKr) were evaluated by

means of the volume of the monolayer of Kr adsorbed (vm)

[17]. As mentioned before, it can be considered that Kr

adsorption isotherms arise from the contribution of two dif-

ferent types of isotherms: a stepped adsorption isotherm with

horizontal plateaux between steps, and a steadily increased

adsorption isotherm. Therefore, the first step of the Kr

adsorption isotherms, in the range of relative pressures below

0.35 (p/p0 < 0.35) (inset of Fig. 3), was fitted with a two terms

mathematical expression, one related with the layer by layer

adsorption phenomenon, and the second with the multilayer

phenomenon. The following mathematical expression was

used:

Vads ¼ vm � f1ðp=p0Þ þ f2ðp=p0Þ ð1Þ

where f1ðp=p0Þ represents a normalized step function, and

f2ðp=p0Þ, a growth exponential expression [17]. The Kr specific

surface areas were then evaluated by considering the values

of vm obtained as a parameter from (1), and that the area

occupied by a krypton molecule is 0.147 nm2. Estimated val-

ues of SKr are also listed in Table 1. The standard error was

less than 5% in all cases. As seen in Table 1, lower SKr values

than those of SBET(N2) are estimated in all cases.

4. Conclusions

Adsorption of N2 and Kr on lab-synthesized highly oriented

CNTs, pristine and subjected to different thermal and/or dis-

persive treatments, has been comparatively examined.

According to IUPAC classification, N2 adsorption isotherms
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are Type-II and Kr adsorption ones are Type-VI (stepped iso-

therms), the shapes being held even after applying the treat-

ments to the pristine CNTs. N2 and Kr gases exhibit a

remarkably different interaction with the CNTs. While the de-

gree of alignment of the individual CNTs, namely the outer

interspaces between neighbouring nanotubes, plays a key

role in N2 adsorption, the characteristics inherent to the sur-

face of the CNTs are crucial in Kr adsorption.

Present results show that N2 adsorption isotherms are

slightly modified after applying the thermal treatments, while

a pronounced decrease of the volume of N2 adsorbed all over

the range of relative pressures is achieved after the dispersion

of the as-synthesized CNTs. On the other hand, the Kr

adsorption isotherms corresponding to both, the as-synthe-

sized and the dispersed CNTs, are rather similar, although

appreciable differences are observed after the pristine CNTs

are subjected to the thermal treatments. Low temperature

oxidation leads to an opening of the individual CNT increas-

ing the volume of Kr adsorbed in the hollow surface, main-

taining the shape of the steps and the plateaux between

them. In opposition, the mild temperature annealing intro-

duces surface modifications that lead to changes in the shape

of the steps and the slope of the plateaux between them.

Overall, the present work demonstrates that Kr adsorption

isotherms represent a more complete tool to perform surface

characterization of multi-walled CNTs than N2 adsorption

ones.

Acknowledgments

Financial support from Consejo Nacional de Investigaciones

Cientı́ficas y Técnicas (CONICET), Universidad de Buenos

Aires (UBA), and Agencia Nacional de Promoción Cientı́fica y

Tecnológica (ANPCYT-FONCYT) from Argentina is gratefully

acknowledged.

Kr adsorption measurements were performed during the

stay of D.Z. in Belgium, supported by a grant of the ALFA Pro-

gram of the E.U. (Project ALFA II 0412 FA FI). C.J.G. is grateful to

the Belgian National Fund for Scientific Research (FNRS) for a

postdoctoral researcher position. D.Z., P.B., and A.L.C.

acknowledge financial support from CONICET, UBA, and AN-

PCYT-FONCYT from Argentina. J.P.P., C.J.G. and S.B. acknowl-

edge financial support from the IAP-P6/17 INANOMAT from

Belgium.
R E F E R E N C E S
[1] Sayago I, Terrado E, Lafuente E, Horrillo MC, Maser WK, et al.
Hydrogen sensors based on carbon nanotubes thin films.
Synth Met 2005;148:15–9.
[2] Wang Y, Cao G. Developments in nanostructured cathode
materials for high-performance lithium-ion batteries. Adv
Mat 2008;20:2251–69.

[3] Zhang H, Cao G, Yang Y, Xu B, Zhang W. Novel carbon
materials for electrochemical double layer capacitors and
their applications. Prog Chem 2008;20:1495–500.

[4] Zhang H, Cao G, Yang Y. Carbon nanotube arrays and their
composites for electrochemical capacitors and lithium-ion
batteries. Energy Environ Sci 2009;2:932–43.

[5] Thomy A, Matecki M, Duval X. Adsorption de krypton sur
membranes et fibres de carbone. Carbon 1971;9:587–92.

[6] Li Z, Pan Z, Dai S. Nitrogen adsorption characterization of
aligned multiwalled carbon nanotubes and their acid
modification. J Colloid Interface Sci 2004;277:35–42.

[7] Gommes CJ, Noville F, Bossout C, Pirard J-P. Qualitative
assessment of the purity of multi-walled carbon nanotube
samples using krypton adsorption. Stud Surf Sci Catal
2007;160:265–71.

[8] Bera D, Johnston G, Heinrich H, Seal S. A parametric study on
the synthesis of carbon nanotubes through arc-discharge in
water. Nanotechnology 2006;17:1722–30.

[9] Zilli DA, Bonelli PR, Cukierman AL. Effect of alignment on
adsorption characteristics of self-oriented multi-walled
carbon nanotube arrays. Nanotechnology 2006;17:5136–41.

[10] Masenelli-Varlot M, McRae E, Dupont-Pavlovsky N.
Comparative adsorption of simple molecules on carbon
nanotubes: dependence of the adsorption properties on the
nanotube morphology. Appl Surf Sci 2002;196:209–15.

[11] Gommes C, Blacher S, Dupont-Pavlovsky N, Bossout C, Lamy
M, et al. Comparison of different methods for characterizing
multi-walled carbon nanotubes. Colloids Surf A
2004;241:155–64.

[12] Zilli DA, Bonelli PR, Cukierman AL. Effect of synthesis
conditions and sequential treatments. In: Huang X, editor.
Nanotechnology research: new nanostructures, nanotubes
and nanofibers. New York: Nova Science Publishers; 2008. p.
197–225.

[13] Xing Y, Li L, Chusuei ChC, Hull RV. Sonochemical oxidation of
multiwalled carbon nanotubes. Langmuir 2005;21:4185–90.

[14] Ovejero G, Sotelo JL, Romero MD, Rodrı́guez A, Ocaña MA,
et al. Multiwalled carbon nanotubes for liquid-phase
oxidation. Functionalization, characterization, and catalytic
activity. Ind Eng Chem Res 2006;45:2206–12.

[15] Gauden PA, Terzyk AP, Rychlicki G, Kowalczyk P, Lota K, et al.
Thermodynamic properties of benzene adsorbed in activated
carbons and multi-walled carbon nanotubes. Chem Phys Lett
2006;421:409–14.

[16] Gommes C, Blacher S, Pirard J-P. Nitrogen adsorption on silica
xerogels or the odd look of a t plot. Langmuir 2005;21:1703–5.

[17] Gregg KSW, Singh SJ. Adsorption, surface area and porosity.
2nd ed. London: Academic Press; 1982.

[18] Ravikovitch PI, Neimark AV. Density functional theory model
of adsorption on amorphous and microporous silica
materials. Langmuir 2006;26:11171–9.

[19] Larher Y, Angerand F, Maurice Y. Wetting of graphite (0 0 0 1)
by carbon monoxide. A stepwise adsorption isotherm study. J
Chem Soc, Faraday Trans 1987;1:3355–66.


	Krypton adsorption as a suitable tool for surface characterization of multi-walled CNTs
	Introduction
	Experimental section
	Synthesis of CNTs
	Treatments of the synthesized carbon nanotubes
	Characterization of the as-synthesized and post-treated carbon nanotubes

	Results and discussion
	Conclusions
	Acknowledgments
	References


