
1 

 

Extraction of boron nitride nanotubes and fabrication 

of macroscopic articles using chlorosulfonic acid 

Mohammed Adnan,1,† Daniel M. Marincel,1 Olga Kleinerman,2 Sang-Hyon Chu,3 Cheol Park,4 

Samuel Hocker,4 Catharine Fay,4 Sivaram Arepalli,1 Yeshayahu Talmon,2 and Matteo 

Pasquali1,‡ 

1Department of Chemical and Biomolecular Engineering and Department of Chemistry, The 

Smalley-Curl Institute, Rice University, Houston, TX 77005, USA. 

2Department of Chemical Engineering, Technion-Israel Institute of Technology and the Russell 

Berrie Nanotechnology Institute (RBNI), Haifa 3200003, Israel. 

3National Institute of Aerospace, 100 Exploration Way, Hampton, VA 23666, USA. 

4NASA Langley Research Center, Hampton, VA 23681, USA 

Nanotechnology; Boron nitride nanotubes; Chlorosulfonic acid; Nanotube extraction; Thin films; 

Foams  

Due to recent advances in high-throughput synthesis, research on boron nitride nanotubes 

(BNNTs) is moving towards applications. One future goal is the assembly of macroscopic articles 

of high aspect ratio, pristine BNNTs. However, these articles are presently unattainable because 

of insufficient purification and fabrication methods. We introduce a solution process for extracting 















 

 

 

8 

 

Figure 2. BNNT foam (0.5 cm3) foam fabricated by coagulating a BNNT/CSA solution in cold 

diethyl ether. 

In conclusion, solubility-driven separation was used to extract BNNTs from byproducts in CSA. 

ATR IR showed that CSA does not chemically functionalize or react with BNNTs at room 

temperature and pressure. The preferential solubility of BNNTs in CSA permits scaled solution 

processing to extract BNNTs. The solution can be filtered and collected on various surfaces to 

form thermally conductive, chemically resistant thin films that can protect a substrate from 

extreme heat and corrosion. In addition, the suspension of as-produced BNNT material in CSA 

provides the first route for molding BNNT foams into any desired shape. The mats and films 

produced herein may be used for low-density thermal protection articles capable of withstanding 

high temperatures in an oxidizing environment.  
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 Extraction of boron nitride nanotubes and 

fabrication of macroscopic articles using 

chlorosulfonic acid 

Supporting Information: Spectroscopy of Precipitates  

1 HR-SEM of As-synthesized Material 
High resolution SEM of the BNNTs as-synthesized and after CSA extraction are shown in Figure 
S3. A higher percentage of the objects observed are fibrils after extraction compared to before. 

Star-shaped structures can be seen in the extracted material, indicating that impurities attached to 

BNNTs are not fully removed. 

 

 

Figure S3: HR-SEM of BNNTs (a) before and (b) after CSA extraction. Note that the small 

particles are silicon dioxide contaminants from cutting the glass slide after the BNNTs were 

collected. 
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2 X-Ray Photoelectron Spectroscopy (XPS) 
2.1 Survey Scans 
XPS survey scans show approximate elemental compositions of the as-synthesized material and 

the precipitates using a pass energy of 26 eV (Figure S4). The as-synthesized BNNTs have boron, 

nitrogen, oxygen, and carbon at concentrations of 48.8 at.%, 48.1 at.%, 2.4 at.%, and 0.7 at.%, 

respectively. Adventitious oxygen and carbon are likely contaminants on the sample surface and 

in the XPS stage. After exposure to CSA followed by direct quenching in chloroform and washing 

in isopropanol and water (i.e. no centrifugation), the material consisted of approximately 35 at.% 

of boron and nitrogen in a 1:1 ratio. However, approximately 21 at.% oxygen along with 10 at.% 

adventitious carbon was detectable. The remaining 2 at.% was composed of sulfuric acid. 

 

Figure S4. Survey scans of as-synthesized BNNTs and precipitates between 100 �– 1100 eV 

showing presence of sulfur, boron, carbon, nitrogen, and oxygen before (top, gray) and after 

(bottom, red) exposure to CSA. 

 

2.2 Deconvolution on As-Synthesized Material 
Deconvolution of the scans indicates the presence of elemental boron, and BxNyOz species as the 

chief impurities present in as-synthesized BNNTs (Figure S5). Presence of elemental boron, BN 

and BxNyOz, and B2O3 species were observed at binding energies of 187.7 eV, 190.6 eV, 192.8 

eV, and 193.4 eV, respectively, for B1s signals. N1s signals also confirm the presence of BN at 

398.3 eV, BxNyOz species at 400.3 eV, along with presence of possible contamination at 395.4 eV. 

XPS peaks obtained due to oxygen and carbon were too noisy to be delineated.  

1003506008501100

In
te

n
si

ty
 (

a
.u

.)

Binding Energy (eV)

Precipitate Raw

-S
2
p-B

1
s

-C
1
s

-N
1
s

-O
1

s

-O
 K

L
L

B1s: 48.8 %

N1s: 48.1 %

O1s: 2.4%

C1s: 0.7 %

B1s: 35.0 %

N1s: 32.3 %

O1s: 20.6%

C1s: 10.1 %

S2p: 2.0 %



 

 

 

15 

 

 

[1] BN 
Position: 190.62 eV 
Height: 0.3 
FWHM: 2.0 eV 
[2] BxNyOz 
Position: 192.82 eV 
Height: 0.2 
FWHM: 1.6 eV 
[3] B2O3 
Position: 193.4 eV 
Height: 0.2 
FWHM: 1.3 eV 
[4] BNxO(1-x) 

Position: 189.5 eV 
Height: 0.2 
FWHM: 1.5 eV 
[5] B 
Position: 187.3 eV 
Height: 2E-5 
FWHM: 0.5 eV 
 

2: 0.262 

 

[1] BN 
Position: 398.3 eV 
Height: 0.5 
FWHM: 2.5 eV 
[2] BxNyOz 
Position: 400.3 eV 
Height: 0.3 
FWHM: 2.1 eV 
[3] CxHyNz (contamination) 
Pos: 395.4 eV 
Height: 0.2 
FWHM: 1.4 eV 
 

2: 0.048 

Figure S5. Deconvolution of B1s and N1s spectra of as-synthesized BNNTs showing the presence 

of elemental boron, BxNxOy species, and BN species. 

2.3 Deconvolution on CSA Processed BNNTs 
Deconvolutions of the oxygen, carbon, sulfur, boron, and nitrogen peaks for the pellet after 

centrifugation and quenching with water are shown by Figure S6. Full deconvolution fit data is 

provided in the figure. 
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[1] BxNyOz 
Position: 533.2 eV 
Height: 0.7 
FWHM: 2.8 eV 
[2] H2SO4*2H2O 
Position: 536.0 eV 
Height: 0.3 
FWHM: 2.7 eV 


2: 0.234 
 

 

[1] 
Position: 285.6 eV 
Height: 0.4 
FWHM: 1.8 eV 
[2] 
Position: 287.1 eV 
Height: 0.3 
FWHM: 0.9 eV 
[3] 
Position: 289.0 eV 
Height: 0.3 
FWHM: 1.1 eV 
 

2: 2.482 
 

 

Position: 169.5 eV 
FWHM: 2.8 eV 


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Figure S6. XPS on BNNT precipitates showing B1s, N1s, O1s, S1s, and C1s binding energies. 
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Data on the XPS deconvolutions for as-synthesized BNNTs and after quenching from CSA is 

shown in Table S1 to assist in comparison for the reader. 

 

Table S1: Peak-fit deconvolution of XPS peaks for as-produced BNNT and CSA treated BNNT 

solids. 

B(1s) BNNT 

CSA 
treated 

BNNT N(1s) BNNT 

CSA 
treated 

BNNT O(1s) BNNT 

CSA 
treated 

BNNT C(1s) BNNT 

CSA 
treated 

BNNT S(2p) BNNT 

CSA 
treated 

BNNT 

BN     BN           [1]     [1]     

Position 190.6 190.7   398.3 398.2   - -   - 285.6   - 169.5 

Height 0.3 0.6   0.5 0.5   - -   - 0.4   - - 

FWHM 2 1.3   2.5 1.6   - -   - 1.8   - 2.8 

BxNyOz     BxNyOz     BxNyOz     [2]           

Position 192.82 191.6   400.3 402.2   - 533.2   - 287.1   - - 

Height 0.2 0.1   0.3 0.2   - 0.7   - 0.3   - - 

FWHM 1.6 1.2   2.1 1.8   - 2.8   - 0.9   - - 

B2O3     CxHyNz (contamination) H2SO4*2H 2O   [3]           

Position 193.4 194   395.4 -   - 536   - 289   - - 

Height 0.2 0.2   0.2 -   - 0.3   - 0.3   - - 

FWHM 1.3 2.2   1.4 -   - 2.7   - 1.1   - - 

BNxO(1-

x)     
N-H 

                      

Position 189.5 -   - 399.3   - -   - -   - - 

Height 0.2 -   - 0.3   - -   - -   - - 

FWHM 1.5 -   - 1.4   - -   - -   - - 

[5] B                             

Position 187.3 187.7   - -   - -   - -   - - 

Height 2E-05 0.03   - -   - -   - -   - - 

FWHM 0.5 1.8   - -   - -   - -   - - 

χ2 0.262 0.269   0.048 0.206     0.234     2.482     2.039 
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3 X-Ray Diffraction 
X-Ray Diffraction (XRD) on precipitates of as-synthesized BNNTs processed with CSA and 

quenched in water was conducted on a Rigaku D/Max Ultima II equipped with a Cu-K�. radiation 

source to characterize the phases present in the sample. A mortar and pestle was used to grind the 

solid samples into powder that was then placed in a cavity backfill powder diffraction holder for 

XRD analysis. 

 

Figure S7. XRD on precipitate from BNNT/CSA solution. Peaks of elemental boron are marked 

with blue line, B2O3 with orange line, B2S3 with green line, B13O2 marked with red line. h-BN with 

different interlayer spacings are marked with purple, brown and grey lines. 

In order to purify BNNTs from non-nanotube structures, it is imperative to analyze the nature of 

the by-products. The results from XRD on precipitates are shown in Figure S7. It was found that 

h-BN with a range of interplanar spacing is present in the sample, as shown by multiple peaks near 

�������� �������� �$�G�G�L�W�L�R�Q�D�O�O�\���� �H�O�H�P�H�Q�W�D�O�� �E�R�U�R�Q�� �L�V�� �R�E�V�H�U�Y�H�G���� �3�H�D�N�V�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�R�� �E�R�U�R�Q-sulfur 

compounds can be observed in the sample, which may be due to elemental boron or boric acid in 

the as-synthesized material reacting with CSA to produce boron sulfonic acid1 which then degrades 

to boron sulfide. Similarly, boron oxide may develop due to extended exposure to atmosphere or 

washing the precipitate with water after saturation with CSA. XRD analysis is unable to 

differentiate BNNTs from h-BN as both polymorphs have the same diffraction pattern. It is 

observed that phases in as-synthesized BNNTs having poor solubility in CSA precipitated and 

primarily consisted of elemental boron, h-BN, and BNNTs filled with CSA. 

4 Fourier Transform Infrared Spectroscopy 
Comparison between the chemical structure of the as-synthesized BNNTs before and after 

treatment with CSA was observed by attenuated total reflectance infrared spectroscopy (ATR IR, 

Nicolet Nexus 670 FTIR with a Smart iTR Attenuated Total Reflectance Sampling Accessory) 

(Figure S8). A sharp peak appearing between 775 cm-1 to 819 cm-1 corresponds to the B-N-B 
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radial buckling (R) mode. The sharp peak between 1324 cm-1 and 1361 cm-1 (at which the spectra 

were normalized) corresponds to the h-BN in-plane stretching and BNNT stretching along the tube 

length (L). A shoulder observed around 1480 cm-1 correspond to the tangential (T) B-N in-plane 

stretching around the tube circumference. The broad T mode vibrational band is attributed to the 

polydispersity in BNNT radii and chirality.2 An additional peak of lower intensity around 3250 

cm-1 appears due to stretching of O-H bonds of residual moisture.  

After exposure to CSA, the longitudinal peak shifts from 1361 to 1324 cm-1 and broadens. Due to 

the absence of additional peaks, it is inferred that no permanent chemical reaction between BNNTs 

and CSA had occurred. 

 

 

Figure S8. ATR IR spectroscopy of as-synthesized BNNTs and CSA processed BNNTs. The inset 

shows the mat that was fabricated via filtration from a CSA solution and used for ATR IR 

characterization. Each square of the grid in the image of the inset represents 1 cm. 
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5 Thermogravimetric Analysis with Differential Scanning 
Calorimetry 

 

Figure S9. TGA and DSC analysis of precipitates. Solid line represents the TGA graph, while the 

dotted line represents the heat flow. 

Thermogravimetric analysis (TGA) and differential scanning colorimetry (DSC) scans between 

25C to 1100C on 4.24 mg of precipitates exposed to a dry air flow at 100 ml/hr are shown in 

Figure S9. The DSC curves were used to find the onset points and nature of the reaction. A 

description of the reactions with corresponding change in mass is provided in Table S2. 

Evaporation of water at 100C is marked by the endothermic DSC profile, and loss of 7.9% of the 

mass. Further loss of 3.2% mass at 223C, 17.1% at 335C and 1.9% at 455C. Mass gain at 545C 

by 2.5% is most likely oxidation of boron with the dramatic increase at 1010C showing high 

temperature stability of the BN polymorphs. The unchanged mass after 1100oC is assumed to be 

boron oxide. 

 

Table S2. Reactions and corresponding mass changes from the TGA/DSC of precipitates between 

25 oC to 1100 oC with dry air flowing at 100 mL/min 

Temperature (C) Mass Change (%) 

100 -7.9 

223 -3.2 

335 -17.1 

455 -1.9 
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545 +2.5 
1010 +17.3 

6 Backscattered SEM Images 
Backscattered SEM image of the thin film fabricated from the supernatant is shown in Figure S10. 

Particles with higher density or higher Z (marked with arrows) tend to appear brighter than the 

BNNT fibrils. These particles are likely silicon oxide that originate from cutting the glass slide 

after collecting the BNNTs. Other non-BNNT material shows a similar contrast in backscatter to 

BNNTs. 

 

 

Figure S10. (a) Secondary and (b) backscattered images of the thin film deposited on the glass 

slide. Arrows show particles that are brighter in backscatter than BNNTs, implying a higher 

electron density, likely silicon oxide from the glass slide. 
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