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Abstract. In our previous work, buckypapers (BPs) were fabricated for use as sorbents for the air 
sampling of vapors. The fabrication methods used suspended arc discharge (AD) single-walled carbon 
nanotubes (SWNTs) in a surfactant and water solution, then subsequently vacuum filtered the 
suspension to remove the supernatant. The BPs were then heat-treated to remove any residual 
surfactants remaining from fabrication, which was corroborated by gravimetric and surface analysis. 
The present work sought to validate these findings using Fourier-transform infrared spectrometry 
(FTIR) analysis of heat treated (HT) and non-heat treated (NHT) BPs. The effect of humidity on 
FTIR spectra was also considered to determine proper storage of BPs. This was assessed by storing 
BPs in three different environments over the course of four weeks and performing FTIR analyses 
weekly to determine changes due to humidity. The findings of FTIR analyses appear to indicate 
surfactants were removed in the heat treatment process, though water interference in the spectral 
data prevents conclusive evidence. It was also concluded that storing BPs in an airtight container of 
desiccant, under a dry nitrogen gas was the best way to prevent water retention overtime. 
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1   Introduction 

The development of a method for fabricating carbon nanotubes (CNT) into self-supporting buckypapers 
(BPs) has been investigated for use in electronics[1,2], composite materials[3], and recently for volatile 
organic compound (VOC) sampling[4,5]. One of the most common fabrication methods is performed by 
suspending CNT in a surfactant-water solution, vacuum filtering against a membrane, and washing the 
resulting CNT cake with water to remove surfactants[2–6]. The inclusion of a water rinsing step is often 
thought to remove excess surfactants[6], but some studies have shown additional cleaning measures are 
needed[4,7]. Removal of surfactant is essential to increase conductivity[7] and maximize BP surface area 
by opening pores. 

In our previous work, BPs were fabricated for use in air sampling and photothermal desorption 
(PTD)[4]. PTD is a novel desorption technique that uses broad spectrum light to directly heat BPs and 
desorb collected VOCs[8]. The concentration of desorbed VOC is then monitored by an inline detector 
such as a photo ionization detector or sent to a gas chromatograph for separation and quantitation[8]. 
BPs made for use with PTD were fabricated using arc discharge (AD) single-walled carbon nanotubes 
(SWNTs)[5] dispersed in water with surfactant, vacuum filtered over a porous membrane, and cleaned 
with alternating acetone and deionized water rinses. Cleaned BPs were subject to an array of heat 
treatments, and it was determined that heating the BPs to 300°C for 90 minutes after rinsing was the 
preferred treatment to reduce surfactant load and increase surface area, while incurring minimal 
material loss from oxidation. Because non heat treated (NHT) BPs weighed more than their theoretical 
yield[5], the study concluded that heat treatment was necessary to fully remove surfactants. In previous 
studies[4,5] we used only gravimetric analysis to confirm BP purification. In the present work, the 
chemical composition of adsorbates on BPs was examined using Fourier-transform infrared spectrometry 
(FTIR). FTIR and Near-IR spectrometry have been utilized in many studies to characterize the 
chemical properties of CNT, however, most reports focus on raw CNTs[9,10], functionalized CNTs[11–
13], and BP composites[14,15]. Though FTIR has been used to investigate CNTs for materials usage, 
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this paper is the first to use the spectrometric technique to determine the purity of BPs, an important 
quality assurance metric for sorbent materials. 

2   Methods 

2.1  Buckypaper (BP) Fabrication 

Arc discharge (AD) SWNTs (94.5% pure, 1.2-1.7 nm diameter, 0.1-4 µm length), pre-suspended in 
1mg/mL solution of 1% w/v sodium cholate (SC) or sodium dodecyl sulfate (SDS) in water, was 
purchased from Nanointegris Inc. (Quebec, Canada). In accordance with the BP fabrication method 
suggested by the manufacturer, 50 mL of a 1 g/L AD SWNT suspension was mixed with 400 mL of 
acetone for 13 hours. The suspended solution was then vacuum-filtered using a polytetrafluoroethylene 
(PTFE) membrane filter (47 mm diameter, 5 µm pore size, EMD Milipore, Darmstadt, Germany). 
Immediately following filtration, the still wet SWNT cake underwent a series of two cleaning cycles; 
each cycle consisted of a rinse with 250 mL of deionized water (18.2 MΩ cm), followed by a rinse with 
40 mL of acetone (ACS grade). The SWNT cake was allowed to vacuum dry for 30 minutes, followed by 
2 hours of air drying without vacuum. The resulting BP was delaminated from the PTFE membrane to 
form a self-supporting sorbent. 

2.2  Heat Treatment 

Heat treatment of BPs was performed using a muffle furnace (ThermolyneTM -F48025-60-80, Thermo 
Fisher ScientificTM, Waltham, MA) as previously reported[4]. Samples (n=3) were held at 300°C for 90 
minutes in the furnace, using a ramping rate of 10°C/min, and allowed to cool to room temperature. 

2.3  Storage Effects on FTIR spectra 

To observe the effects of sample storage, three non-heat treated (NHT) BPs were subjected to various 
conditions immediately after fabrication. BP-1 was placed in a beaker of DrieRite®, covered with 
parafilm and stored at room temperature. BP-2 was placed into an air-tight jar with DrieRite®, purged 
with dry N2 gas and stored at 100°C in an oven. BP-3 was placed in an open container at 100°C in an 
oven according to the typical method[5]. Each BP was allowed to stay in its respective storage condition 
for 4 weeks, only disturbing them for weekly FTIR analysis. For the N2 stored BP, the container was 
purged with N2 after each analysis, to keep the storage environment consistent.  

2.4  FTIR Characterization of BPs 

Using an attenuated total reflectance fourier-transform infrared spectrometer (ATR-FTIR) (ALPHA II 
Platinum ATR, BrukerTM, Billerica, MA), with a single-reflection, diamond, optical crystal, BP spectra 
were collected for 3 samples before and after heat treatment so that the effects of heat treatment could 
be assessed. FITR Spectra were also obtained for each storage sample (i.e. BP 1-3) at one-week intervals 
over the course of a month (Week 1-4). Prior to and following each experimental scenario, the optical 
crystal and sample clamp were cleaned with ethanol to remove any residue. In addition, all BPs were 
placed directly placed onto the FTIR unit, with no additional sample preparations. The resulting 
spectra were then used to identify all moieties of interest, and the presence of residual fabrication 
materials was determined. 

3   Results and Discussion 

Transmissivity data was collected for 3 BPs, pre- and post-heat treatment, via FTIR (Figure 1). Peaks 
of interest for NHT BPs can be seen as the alkane stretch near 2900 cm-1 and the primary –OH stretch 
near 3400 cm-1. Though the fingerprint region of the spectra (1500 cm-1 to 500 cm-1) are obscured by 
water interference, these two stretches appear to be consistent with the spectra of both SDS and SC16, 
indicating the presence of remaining surfactant from SWNT suspension in the NHT samples. The 
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spectra of for HT BPs have mostly been obscured by interference, however, there appears to be a 
carbonyl peak near 1700 cm-1, suggesting potential oxidation of SWNTs. Furthermore, the peaks of 
interest for NHT BPs, have decreased after heat treatment. 

 

Spectral data was collected for 3 NHT BPs stored in different conditions over four weeks (Figure 2). 
The absorption spectra labeled “initial” were collected immediately following fabrication (i.e. prior to 
storage). Differences observed in initial conditions are likely due to the lab environment on the time of 
fabrication and relative changes should be considered rather than absolute values. The idea of time 
variability is suggested by the differences in initial spectra of the DrieRite® (DR) BP and Oven (O) BP, 
considering they were fabricated on the same day. By Week 1, the interference on each BP was reduced. 
However, with each passing week the DR and O tend back to a similar level of interference as initial, 
while the N2 BP stays constant from Week 1 to 4.  

According to the study performed by Oh et al., when surfactants are removed from BPs during heat 
treatment, surface area increased by an average of 354% as adsorption sites were vacated[4]. Similarly, 
we observe a decrease in the peaks of interest for Figure 1, with an increase in interference, which 
suggests that heat treatment has been successful in removing majority of remaining surfactants. 
However, part of the alkane stretch (2900 cm-1) has been obscured by increased interference (indicated 
by decrease in % transmission), limiting the ability to conclusively state that all of the surfactant has 
been removed. This increase in interference is likely due to the presence of surface water which could be 
due to more available adsorption sites and surface oxidation that increases the affinity for water. The 
potential for surface oxidation is noted by an obscured carbonyl peak in Figure 1, though this peak is 
ultimately inconclusive due to a low signal to noise ratio. If surface oxidation has occurred, the hydrogen 
bonding capabilities of oxygen containing functionalities could further explain the increased affinity for 
water. Conversely, it has been reported that functionalities can decrease tube surface area[17], which 
conflicts with our previous findings[4]. It is possible that the 300°C, 90 min heat treatment causes 
enough surface oxidation to increase water affinity but not erode pore structures and reduce surface 
areas. With this in mind, we hypothesize that the increase in interference is primarily due to water 
adsorption likely related to the increase in available adsorption sites that have some surface oxidation. 
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Figure 1. Comparison of the FTIR spectral data for triplicate BP samples before heat treatment (NHT) and
after a 90-minute heat treatment at 300°C 
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All storage types (figure 2) were initially effective at removing some interference present in NHT 
samples. DrieRite® at room temperature appeared to be the most effective at reducing interference, but 
this particular sample had the least initial interference and the improvement was only retained for the 
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Figure 2. FTIR spectra of varying storage methods at one-week intervals. A) Spectra of BP stored in air tight 
container of DrieRite®. B) Spectra of BP stored uncovered in a 100°C oven. C) Spectra of BP stored at 100°C
container of DrieRite® under dry N2 gas 
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first 2 weeks. This could have been due to the DrieRite® becoming saturated with water vapor. Oven 
storage at 100°C was initially effective but after 3 weeks of storage it too was the same-as or worse-than 
initial interference. N2 storage with DrieRite® and 100°C appeared to be the least effective at removing 
interference, but this sample showed the most initial interference of the three BPs tested and was clearly 
the most consistent across the study period. Degassing of the N2 storage sample removed the large 
interference bands but not the C-H stretching associated with the surfactant (3900-3600 cm-1). Though 
there was substantial difference in the initial interference of the three samples, it is reasonable to 
conclude that using an air tight container with desiccant and purged with dry N2 gas is the best storage 
method to preserve freshly prepared BP sorbents.  

A potential limitation of the present work is the variability between each BP. Due to the fabrication 
method used (i.e. suspension and vacuum filtration), SWNTs are not necessarily deposited uniformly 
across the membrane filter, meaning that the thickness may vary across the material. Therefore, there is 
a potential for spectral differences across a single BP, based on the region of the BP measured. 

4   Conclusion 

This study set out to identify if FTIR could be used to quickly evaluate surfactant removal from 
buckypapers prepared from a surfactant aided SWNT suspension. FTIR analysis was able to capture a 
decrease in surfactant after heat treatment, as indicated by the reduction of signal between 3900 and 
3600 cm-1. However, heat treatment seems to have caused a permanent increase in the absorption 
spectra that largely resembles the removable interference in non-heat-treated samples. This heat 
treatment absorption obscures surfactant absorption at 2900 cm-1 which leaves the less specific 
hydrocarbon stretches from 3900-3600 cm-1 to be used as the indicator of surfactant presence. FTIR 
analysis was suitable as a fast, qualitative check to confirm surfactant removal, but could not provide 
quantitative results correlated to previous studies. Along with determining the removal of surfactants, 
this study was able to determine that storage of BPs in an airtight jar with desiccant, and purging with 
dry N2 gas, is a satisfactory way to store freshly prepared or regenerated BP samples. 
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