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Abstract. The sensing properties of pristine and hexamethylene diamine (HDA)-treated multiwall
carbon nanotube networks (MWCNT-Ns) to selected primary, secondary (sec-) and tertiary (ter-)
alcohols were examined by resistance measurements. It was seen that sensor responses, S (%), of
MWCNT (HDA)-N to these alcohols were much higher than those of the pristine network. An
increase in the S (%) values per mm Hg of both networks was observed from propanol to butanol,
when their values from primary alcohols to sec-/tert-ones decreased due to the change in the
interaction area of these alcohols with the MWCNT-Ns.

Introduction

In the last five years there has been a huge increase in the number of published papers
related to nanomaterial-based gas or vapor sensors involving also carbon nanotubes [1-6]. One way
of improving sensing properties of carbon nanotubes (CNTs) is functionalization of their surface by
various methods. Different surface modifications of carbon nanotubes including chemical [1-3] and
plasma treatments [4-7] have been reported for enhancing the sensitivity properties of carbon
nanotubes to iso-pentane, diethyl ether [2], formaldehyde [3], ethanol [1,4-6], acetone [2,6],
methanol [2,6], benzene, toluene [6], nitrogen dioxide and ammonia [7].

In literature there is limited systematic experimental data showing sensing behavior of CNT
networks to different members of the same organic compound group such as alcohols, aromatic
hydrocarbons, etc., as far as we know. Such data can help us understand the factors influencing
vapor sensing properties of CNT networks and prepare a suitable CNT sensor for required
gas/vapor. In this study, hexamethylene diamine (HDA) treated multiwall carbon nanotubes,
MWCNT (HDA), were prepared via the reaction of HDA with acyl chloride on the surface of the
MWCNT obtained by the treatment of thionyl chloride. The sensing properties of pristine and the
modified MWCNT networks (Ns) to vapors of primary, secondary (sec-) and tertiary (tert-) alcohols
involving propanol, iso-propanol, butanol, sec-butanol, iso-butanol and tert-butanol were examined
by resistance measurements.

Experimental

MWCNTs (BAYTUBES C70 P) used in this study were supplied from Bayer Material Science
AG, Germany. Preparation of MWCNT (HDA) involves three steps [8] as given below:

Step 1: 0.3 g of pure MWCNT was added to 20 mL of the mixture of H,SO4 and HNOs (3:1). The
mixture was sonicated in water bath for 2 h and stirred with a mechanical mixer for 15 h at 35°C.
Then it was diluted with distilled water and washed till pH 7.
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Step 2 : The mixture of 0.3 g of MWCNT (HNO3-H;SO4) and 30 mL of SOCI, was stirred at 80 °C
for 24 h after that the dispersion was decanted and the rest of unreacted SOCl, was removed under
vacuum.

Step 3 : The obtained product from Step2 was added to the solution of HDA in DMF and dispersed
by sonication in a water bath at 35 °C for 30 min. Finally the reaction was conducted at 65-75 °C
for 24 h in the presence of triethylamine as a catalyst. The resulting product was then refluxed with
acetone and ethanol to remove any residue of HDA.

MWCNT networks were prepared according to the procedure described in the previous study
[2]. The time of the sonication was 5 minutes differently from the study. The obtained stripes
(Iength 15 and width 5 mm) were placed on a planar holder with Cu electrodes fixed on both sides
of the specimen and their resistances were measured along the specimen length during adsorption
and desorption cycles by the two-point technique using multimeter Sefram 7338. The measurements
were conducted in saturated vapors at atmospheric pressure and temperature 25°C and repeated
three times. Fourier-transform infrared (FTIR) analyses of the MWCNT samples in form of KBr
tablets were performed on Thermo Scientific Nicolet IS5 by using ID1 Transmission accessory. The
structures of MWCNT networks were analyzed by scanning electron microscope (SEM) Vega
LMU, produced by Tescan Ltd.

Results
Characterization of MWCNT (HDA)

FTIR spectra of MWCNT, MWCNT (HNO3-H;SO4) and MWCNT (HDA) in Fig. 1 show that
the carbonyl stretch at 1716 cm™, of carboxylic acid groups on the surface of MWCNT (HNO:;-
H,S0,), shifts to about 1650 cm™ in the spectrum of MWCNT (HDA) and there are still unreacted
carboxyl groups on its surface. These findings indicate the conversion of some carboxyl groups to -
CONH (amide) groups [8] on MWCNT (HDA).
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Fig.1 FTIR spectra of MWCNT (1), MWCNT (HNOs-H,SO.) (2) and MWCNT (HDA) (3).

Fig. 2 SEM images of upper surfaces of MWCNT (pure) (A) and MWCNT (HDA) (B) networks.
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Fig. 2 shows SEM images of pristine MWCNT and MWCNT (HDA) networks which have
smooth and rough surfaces, respectively.

Resistance Measurements

Stripes made of the MWCNT-Ns were cyclically exposed to saturated vapors of the alcohols in
this study at intervals of 6 min. During this time the adsorption of organic molecules causes the
increase in resistance of MWCNT-Ns with time. Gas response or sensitivity (S) is defined as in Eq.
(1):

R,~R, AR

A W

a a

where R, represents specimen resistance in air and R, resistance of the specimen exposed to
gas/vapor, AR stands for the resistance change. Fig. 3 shows S (%) values of MWCNT (HDA)-N to
positional isomers of butanol for two cycles of adsorption /desorption as an example.
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Fig. 3 S (%) values of MWCNT (HDA)-N exposed to the saturated vapors of position isomers of
butanol at 25°C for two cycles.
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Fig. 4 S (%) values per mm Hg for MWCNT and MWCNT (HDA) networks measured for primary,
secondary and tertiary alcohol vapors.
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Fig. 4 shows S (%) values per mm Hg of MWCNT and MWCNT (HDA) networks to the
primary, secondary and tertiary alcohol vapors. An increase in these values of both networks was
observed from propanol to butanol, when they had a decrease in their values from primary alcohols
to sec-/tert-alcohols. The reason of the decrease could be that straight chain molecules interact with
the surface of carbon nanotubes more effectively than branched chain molecules and therefore
larger interaction area occur between them. This can lead to more increase in the intrinsic and
contact resistance of CNTs. It was found in other study related to adsorption kinetics of alcohols on
CNTs that linear alcohols bind more strongly on single wall carbon nanotubes than branched
alcohols [9]. However, the difference among S (%)/mm Hg values belonging to these alcohols is
more evident for MWCNT (HDA) and its sensor response values are much higher than those of
pure MWCNT, which can be associated with higher inter molecular interactions (hydrogen bonding
and London interactions) between alcohols and MWCNT (HDA)-N.

Summary

In this study, the network of hexamethylene diamine treated multiwall carbon nanotubes,
MWCNT (HDA), were prepared by using chemical and vacuum filtration methods, respectively. Its
vapor sensing properties determined by resistance measurements to selected primary, secondary and
tertiary alcohols were compared with those of pure MWCNT-N. The S (%) values per mm Hg of
both MWCNT-Ns to these alcohol vapors decreased as primary>secondary>tertiary. However, it is
better to use MWCNT (HDA)-N for determining the positional isomers of propanol and butanol
than the pristine network due to its higher sensitivity responses to the alcohols and clear differences
among the responses.
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