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Abstract  
 
While research on the environmental impacts of engineered nanoparticles (ENPs) is growing, the 
potential for them to be chemically transformed in the atmosphere has been largely ignored. The 
overall objective of this work was to assess the atmospheric transformation of carbonaceous 
nanoparticles (CNPs). The research focuses on C60 fullerene because it is an important member 
of the carbonaceous nanoparticle (CNP) family and is used in a wide variety of applications.  
 
The first specific objective was to review the potential of atmospheric transformations to alter the 
environmental impacts of CNPs. We described atmospheric processes that were likely to 
physically or chemically alter aerosolized CNPs and demonstrated their relevance to CNP 
behavior and toxicity in the aqueous and terrestrial environment.  
 
In order to investigate the transformations of CNP aerosols under controlled conditions, we 
developed an aerosolization technique that produces nano-scale aerosols without using solvents, 
which can alter the surface chemistry of the aerosols. We demonstrated the technique with 
carbonaceous (C60) and metal oxide (TiO2, CeO2) nanoparticle powders. All resulting aerosols 
exhibited unimodal size distributions and mode particle diameters below 100 nm.  
 
We used the new aerosolization technique to investigate the reaction between aerosolized C60 
and atmospherically realistic levels of ozone (O3) in terms of reaction products, reaction rate, and 
oxidative stress potential. We identified C60O, C60O2, and C60O3 as products of the C60-O3 
reaction. We demonstrated that the oxidative stress potential of C60 may be enhanced by 
exposure to O3. We found the pseudo-first order reaction rate to be 9 × 10-6 to 2 × 10-5 s-1, which 
is several orders of magnitude lower than the rate for several PAH species under comparable 
conditions.   
 
This research has demonstrated that a thorough understanding of atmospheric chemistry of ENPs 
is critical for accurate prediction of their environmental impacts. It has also enabled future 
research in that vein by developing a novel technique to produce nanoscale aerosols from 
nanoparticle powders. Results of this research will help guide the formulation of appropriate 
environmental policy concerning the regulation of ENPs. 



 iii 

  
 
 
 

 

 

To HT for his love and encouragement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv 

Acknowledgements  

 
This dissertation would not have been possible without the support and encouragement of a great 
number of people. First and foremost, I would like to thank my husband, Himanshu Tiwari, for 
his unending support, patience, and belief in my potential. I would also like to thank my mother, 
Stephanie Dunker, for her patience throughout my graduate studies, and for instilling a strong 
work ethic, a sense of persistence, and diverse interests in me from my youth. 
 
I am grateful for the significant support I received from the faculty members on my committee: 
Drs. Peter Vikesland, Michael Hochella, John Morris, and (2009 – 2013) John Little. Their 
suggestions and perspectives have proven very valuable.  
 
As is likely the case with nearly anyone completing a dissertation in the Environmental & Water 
Resources area, I am indebted to Jody Smiley, Julie Petruska, Beth Lucas, and Betty Wingate for 
their assistance and experience. Jody, thank you for enduring my HPLC struggles; your help was 
indispensable. My research has also benefitted greatly from analyses conducted at Virginia 
Tech’s Nanoscale Characterization and Fabrication Laboratory (NCFL). There I have had the 
pleasure of working with, and having samples analyzed by, Andrew Giordani, Dr. Jerry Hunter, 
and Dr. Steve McCartney. I am also thankful to Dr. Mehdi Ashraf of the Chemistry department 
for being flexible and not insignificantly adventurous when it came to analyzing my complex 
samples. 
 
I am very fortunate to have been supported throughout my Ph.D. work by funding from a variety 
of sources. I would like to acknowledge funding from Virginia Tech’s EIGER (Exploring 
Interfaces through Graduate Education & Research) Fellowship; a US Environmental Protection 
Agency Science to Achieve Results (STAR) Graduate Fellowship; funding from the Center for 
the Environmental Implications of Nanomaterials (CEINT); and the Via Academic Prep program 
within the Civil & Environmental Engineering department, which provided me with the 
opportunity to expand my teaching experience to the undergraduate level. I would also like to 
thank Virginia Tech’s Institute for Critical Technology & Applied Science (ICTAS) for 
providing me with the infrastructure that has greatly enabled this research.  
 
One’s graduate experience and success are closely tied to the quality of colleagues one has; in 
this respect I have been very fortunate as well. I am so very grateful to all the members of the 
Environmental Nanoscience & Technology Lab (ENT) and AirVT groups for their collegiality, 
knowledge, perspective, and ever-present willingness to help. I am particularly indebted to Drs. 
Nina Quadros, Amara Holder, Eric Vejerano, and Jennifer Benning for all manner of aerosol-
related conversations.  
 
Lastly, I would like to thank my advisor, Dr. Linsey Marr, for her experience, creative thinking, 
patience, hard work, encouragement, and high standards. All of these factors have contributed to 
my completion of this work, and have helped to open doors for me that I would not have dreamt 
of when I first enrolled at Virginia Tech. 
 



 v 

Table of Contents   
Chapter	
  1	
  –	
  Introduction	
  ......................................................................................................	
  1	
  
Organization	
  of	
  the	
  Dissertation	
  ...............................................................................................................	
  6	
  
Attributions	
  ......................................................................................................................................................	
  7	
  
Complementary	
  work	
  ...................................................................................................................................	
  9	
  
References	
  .......................................................................................................................................................	
  11	
  

Chapter	
  2	
  –	
  The	
  Role	
  of	
  Atmospheric	
  Transformations	
  in	
  Determining	
  the	
  
Environmental	
  Impacts	
  of	
  Carbonaceous	
  Nanoparticles	
  ........................................	
  18	
  
Abstract	
  ............................................................................................................................................................	
  18	
  
Introduction	
  ...................................................................................................................................................	
  19	
  
Physical	
  transformations	
  in	
  the	
  atmosphere	
  ......................................................................................	
  22	
  
Oxidation	
  .........................................................................................................................................................	
  26	
  
Photolysis	
  ........................................................................................................................................................	
  33	
  
Solubility	
  ..........................................................................................................................................................	
  34	
  
Adsorption	
  of	
  organic	
  matter	
  ...................................................................................................................	
  37	
  
Attachment	
  to	
  environmental	
  surfaces	
  .................................................................................................	
  38	
  
Environmental	
  toxicology	
  ..........................................................................................................................	
  40	
  
Future	
  directions	
  ..........................................................................................................................................	
  44	
  
Acknowledgements	
  ......................................................................................................................................	
  47	
  
References	
  .......................................................................................................................................................	
  48	
  

Chapter	
  3	
  –	
  A	
  Cost-­‐Effective	
  Method	
  of	
  Aerosolizing	
  Dry	
  Powdered	
  Nanoparticles
	
  .....................................................................................................................................................	
  64	
  
Abstract	
  ............................................................................................................................................................	
  64	
  
Introduction	
  ...................................................................................................................................................	
  64	
  
Experimental	
  ..................................................................................................................................................	
  69	
  
Disperser	
  ..........................................................................................................................................................................	
  69	
  
Manufactured	
  Nanoparticles	
  ...................................................................................................................................	
  71	
  
Analytical	
  Techniques	
  ................................................................................................................................................	
  72	
  

Results	
  ..............................................................................................................................................................	
  73	
  
Size	
  distributions	
  ..........................................................................................................................................................	
  73	
  
Aerosol	
  mass	
  concentration	
  ....................................................................................................................................	
  77	
  
Particle	
  morphology	
  ...................................................................................................................................................	
  77	
  

Discussion	
  .......................................................................................................................................................	
  80	
  
Particle	
  size	
  and	
  size	
  distribution	
  .........................................................................................................................	
  80	
  
Aerosol	
  number	
  and	
  mass	
  concentration	
  ..........................................................................................................	
  83	
  
Morphology,	
  crystallinity	
  ..........................................................................................................................................	
  85	
  
Future	
  Work	
  ...................................................................................................................................................................	
  86	
  

Conclusions	
  .....................................................................................................................................................	
  87	
  
References	
  .......................................................................................................................................................	
  87	
  

Chapter	
  4	
  –	
  Oxidation	
  of	
  C60	
  aerosols	
  by	
  atmospherically	
  relevant	
  levels	
  of	
  O391	
  
Abstract	
  ............................................................................................................................................................	
  91	
  
Introduction	
  ...................................................................................................................................................	
  92	
  
Experimental	
  ..................................................................................................................................................	
  94	
  
Chamber	
  ...........................................................................................................................................................................	
  94	
  
Sample	
  collection	
  and	
  analytical	
  techniques	
  ...................................................................................................	
  95	
  

Results	
  ..............................................................................................................................................................	
  96	
  
Reactants	
  .........................................................................................................................................................................	
  96	
  



 vi 

Aerosol	
  Chemistry	
  .......................................................................................................................................................	
  98	
  
Oxidative	
  stress	
  potential	
  .......................................................................................................................................	
  104	
  

Discussion	
  ....................................................................................................................................................	
  104	
  
Reaction	
  rate	
  ................................................................................................................................................................	
  104	
  
Reaction	
  products	
  ......................................................................................................................................................	
  107	
  
Oxidative	
  stress	
  potential	
  .......................................................................................................................................	
  110	
  

References	
  ....................................................................................................................................................	
  113	
  
Chapter	
  5	
  –	
  Conclusions	
  ...................................................................................................	
  124	
  
Outcomes	
  of	
  Research	
  Objective	
  #1	
  ....................................................................................................	
  124	
  
Outcomes	
  of	
  Research	
  Objective	
  #2	
  ....................................................................................................	
  124	
  
Outcomes	
  of	
  Research	
  Objective	
  #3	
  ....................................................................................................	
  125	
  
Implications	
  .................................................................................................................................................	
  126	
  
Recommendations	
  for	
  Future	
  Work	
  ...................................................................................................	
  127	
  
References	
  ....................................................................................................................................................	
  129	
  

Appendix	
  A:	
  Supplementary	
  Information	
  to	
  Chapter	
  4	
  ........................................	
  131	
  
Schematic	
  of	
  Experimental	
  Setup	
  .........................................................................................................	
  132	
  
Ozone	
  Loss	
  Data	
  .........................................................................................................................................	
  132	
  
High-­‐resolution	
  XPS	
  Spectra	
  ..................................................................................................................	
  133	
  
SEM	
  images	
  of	
  impacted	
  aerosol	
  sample	
  ...........................................................................................	
  134	
  
Ozone	
  reaction	
  rate	
  as	
  a	
  function	
  of	
  mixing	
  ratio	
  ..........................................................................	
  135	
  
Raw	
  and	
  normalized	
  UV-­‐Vis	
  spectra	
  ...................................................................................................	
  136	
  
Commercial	
  information	
  and	
  operating	
  conditions	
  for	
  analytical	
  instruments,	
  samplers,	
  
and	
  sampling	
  substrates	
  .........................................................................................................................	
  137	
  
Further	
  experimental	
  details	
  ................................................................................................................	
  139	
  
Discussion	
  pertaining	
  to	
  potential	
  C60	
  dimerization	
  .....................................................................	
  140	
  
References	
  ....................................................................................................................................................	
  142	
  

 



 vii 

List of Figures 

Figure 1-1: Carbonaceous nanoparticles. From left to right: C60, C70, and an interior view of a 
carbon nanotube. Nanotube image used with the permission of James Hedburg.9 ................ 1	
  

Figure 2-1: Potential routes of carbonaceous nanoparticles (CNPs), depicted here by a C60 
fullerene, to the natural aqueous environment. CNPs may be discharged directly to a natural 
waterway, or may deposit there after having been emitted to the atmosphere. Between 
emission and deposition, a variety of atmospheric transformations may occur. These 
transformations could alter CNP behavior in the aqueous environment. Used with 
permission of Dr. Nina Eller Quadros. ................................................................................. 21	
  

Figure 3-1: Schematic and photo of disperser setup. .................................................................... 70	
  
Figure 3-2: Mean size distributions (error bars show standard deviation) of nanoparticle aerosols. 

Mean size distributions are normalized to the particle count. .............................................. 74	
  
Figure 3-3: Aerosol mode diameter as a function of nanoparticle mass loaded into the disperser.

............................................................................................................................................... 76	
  
Figure 3-4: Aerosol mass concentration as a function of nanoparticle mass loaded into the 

disperser. The mass concentrations for C60 are upper-bound values, while the concentrations 
for the metal oxides are lower-bound values. ....................................................................... 78	
  

Figure 3-5: TEM images of nanoparticle aerosols produced using this dispersion system. 
Clockwise from top left: C60 aerosol; inset of C60 particle showing lattice fringes; TiO2 
aerosol showing primary particles; CeO2 aerosol showing primary particles. All scale bars 
are 100 nm. ............................................................................................................................ 79	
  

Figure 4-1: a) Normalized size distribution of the C60 aerosols immediately after particle 
dispersion (n = 45 runs). The average particle number concentration was 1.04 ± 0.4 × 105 # 
cm-3. b-c) TEM images of C60 aerosols collected at t = 30 min during reaction with O3 
initially at a mixing ratio of 120 ppb. Particles exhibit irregular shapes and a layered, sheet-
like structure. The diffraction pattern in (c) was taken from the particle on the left and 
indicates crystallinity. ........................................................................................................... 97	
  

Figure 4-2: a) Percentage of oxygen on the aerosol surface as a function of initial O3 mixing 
ratio. b) High-resolution scan of C1s peak, fitted with four peaks indicating the different 
oxidation states of C (RH 10-15% sample). c) Relative contributions to the C1s peak (RH 
10-15% sample) for O3 mixing ratio ranging from 0 – 20 ppm. ........................................... 99	
  

Figure 4-3: a) Chromatogram of O3-exposed C60 aerosols, extracted in toluene. Several peaks 
follow the C60 peak (t = 8 min). b) Identification of the species represented by the smaller 
peaks by LC/MS. C60O, C60O2, and C60O3 form in the O3-C60 reaction. ............................ 101	
  

Figure 4-4: Relative abundance of a) C60O and b) C60O2 with time, as determined by HPLC. 
Both species are present at very low levels (relative abundance < 0.01 by t = 90 min). The 
initial O3 mixing ratio does not influence final abundance of either species, except in the 
case of ~0 ppb. See text for explanation. ............................................................................ 102	
  

Figure 4-5: Consumption of five different antioxidants by C60 aerosols extracted in phosphate-
buffered saline (PBS). a-b) Uric acid, ascorbic acid, dithiothreitol, and glutathione were 
depleted similarly by all C60 samples, filter blank, and/or H2O2 control. c) C60 exposed to O3 
oxidized dichlorofluorescin (DCFH) more readily than did unexposed C60. All samples 
collected at 10-15% RH. ..................................................................................................... 103	
  

Figure 4-6: Pseudo-first order rate constants for reactions between various cyclic carbonaceous 
compounds and O3, as a function of O3 mixing ratio. Data from this work are plotted as 



 viii 

black squares. Rate constants measured under humid and dry conditions were plotted 
together for all works. The legend indicates coating compound, followed by the 
composition of the aerosol core (or substrate, in the case of Pyrex). ................................. 105	
  

Figure A-1: Schematic of chamber, online and offline sampling. .............................................. 132	
  
Figure A-2: O3 loss during the 90-min reaction with C60 at 10-15% RH. (n = 10, 6, and 6 for 0, 

45, and 120 ppb, respectively), shown with error bars of ± 1 standard deviation. Losses at 
~65% RH were not significantly different. O3 loss at an intial mixing ratio of 1 ppm totaled 
84 ± 4 ppb (not shown for scale). ....................................................................................... 132	
  

Figure A-3: a) XPS C1s spectrum of ~65% RH sample, along with peak fitting scheme used for 
10-15% RH samples. b) O1s spectrum of RH < 15% sample. c) Surface oxygen content of 
C60 as received (as rec’d), post-milling (milled), and exposed to O3. The aerosol data are 
identical to those shown in Figure 4-2a. ............................................................................. 133	
  

Figure A-4: SEM images of a C60 aerosol sample collected via impactor for XPS analysis. All 
XPS samples covered the substrate completely; consequently, we presume that the XPS 
spectra represent the chemistry of the aerosols alone and would not be influenced by the 
copper tape or its adhesive. a) The strip of deposited fullerenes is visible on the copper tape 
(scale bar 100 µm). b) The texture of the deposited C60 aerosol sample from above (scale 
bar 200 nm). c) Side view of the C60 aerosol strip with a measured height of 20 µm (scale 
bar 10  µm). ......................................................................................................................... 134	
  

Figure A-5: O3 loss after injection of C60 aerosols at initial O3 mixing ratios of a) 45 ppb, b) 120 
ppb, and c) 1 ppm. In each panel the dashed black line is the average of all the colored lines, 
and the solid black line is the linear least-squares regression line for the average. ............ 135	
  

Figure A-6: UV-Vis spectra of pure C60 and O3-exposed C60 in ODCB (10-15% RH). a) The 
'residue’ sample was extracted in toluene and dried prior to extraction in ODCB in order to 
remove toluene-soluble species (such as unreacted C60) from it. b) Spectra are normalized to 
the peak at λ = 407 nm. O3-exposed aerosols at t = 65 min of exposure to initial O3 mixing 
ratios of 30, 45, and 75 ppb, with pure C60 in ODCB for comparison. C) Spectra are 
normalized to the peak at λ = 407 nm. C60 aerosols exposed to an initial O3 mixing ratio of 
30 ppb for t = 53 min, pre-extracted in toluene to remove toluene-soluble species 
(“residue”), and C60 aerosols exposed to 30 ppb O3 for t = 65 min which was not pre-
extracted in toluene (as shown in (a)), with pure C60 in ODCB for comparison. ............... 136	
  

 

 

 

 

 

 

 



 ix 

List of Tables 

Table 2-1: Results of gas-phase oxidation experiments with carbonaceous nanoparticles (CNPs).
............................................................................................................................................... 30	
  

Table 3-1: Particle statistics for produced ENP aerosols. ............................................................. 75	
  
Table 3-2: Statistics of nanoparticle aerosols generated by various dry powder dispersion 

techniques. All values are number weighted unless otherwise specified. ............................ 81	
  
Table A-1: Commercial information and operating conditions regarding analytical techniques, 

samplers, and sampling substrates. ..................................................................................... 137	
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 x 

List of Abbreviations 

aqu/nC60 an aqueous suspension of C60 colloids prepared without the use of intermediate 

solvents 

CNP  carbonaceous nanoparticle 

CNT  carbon nanotube 

DWNT  double-walled carbon nanotube 

ENP  engineered nanoparticle 

FTIR  Fourier transform infrared spectroscopy 

MWNT multi-walled carbon nanotube 

NOM  natural organic matter 

NP  nanoparticle 

SWNT  single-walled carbon nanotube 

THF/nC60 an aqueous suspension of C60 colloids prepared via the intermediate  

solvent tetrahydrofuran 

 

 

 

 

 

 

 

 

 

 

 



 1 

Chapter 1 – Introduction  
C60 fullerenes (C60) have generated intense interest among researchers in academia and industry 

due to their unique properties. C60 molecules act as electron acceptors and can be readily 

functionalized in a variety of ways. Since their discovery nearly 30 years ago,1 significant 

innovations have resulted from research on the potential application of this molecule and its 

derivatives to challenging problems such as photovoltaics,2, 3 non-linear optics,4 computer 

memory,5 drug delivery,6, 7 and treatment of cancer8 and inflammatory diseases.7 C60 and other 

carbonaceous nanoparticles (CNPs) are depicted in Figure 1-1.  

 

 

Figure 1-1: Carbonaceous nanoparticles. From left to right: C60, C70, and an interior view 

of a carbon nanotube. Nanotube image used with the permission of James Hedburg.9 

 

Manufactured C60 may enter the environment through accidental releases,10 via its use in 

environmental remediation activities,11 or through degradation or disposal of commercial or 

industrial products containing C60.12 It is also possible that C60 may be emitted to the 

environment as an “incidental” particle, produced unintentionally during human activities such 

as propane13 combustion, or industrial processes.14 C60 fullerenes (and in some cases C70 also) 

have been detected in the atmosphere in the United States15 and over the Mediterranean Sea,14 as 

well as in river sediment,16 wastewater effluent,17 sand,16 and rocks.18, 19 While these fullerenes 

are considered to be natural or incidental in origin, the possibility that some of them may have 
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been intentionally manufactured, and released to the environment through one of the pathways 

described above, cannot be ruled out. Nanotechnology is a rapidly growing industry,20 and future 

emissions of manufactured C60 to the environment are expected to rise.  

 

Toxicological research on C60 has shown that it is suspected to inhibit the activity of human 

enzymes,21 as well as exert various toxic effects on rodents22-24 and fish.25, 26 Conversely, C60 has 

shown no effect on the function of human serum albumin27 and macrophages,28 and slight, 

temporary, or no toxic effects on rats,29 rabbits,30 and fruit flies.31 Exposure to C60 is associated 

with toxic effects in plants,32, 33 worms,34, 35 and several different bacterial species.36-38 Numerous 

studies, however, have shown negligible or no effect of C60 exposure on a variety of 

organisms.39-41 In addition to effects on particular species, C60 has shown the ability to enhance 

the transport of organic contaminants in the environment42 and affect the ability of common 

crops to take up pesticides.33 Taken together, the seemingly contradictory findings on C60 toxicity 

and ecotoxicity and C60’s unique property of being able to both scavenge and generate reactive 

oxygen species43-45 result in an incomplete understanding of the potential environmental impacts 

of this nanomaterial.  

 

The scientific literature on the environmental impacts of nanotechnology is replete, especially in 

the early years of the research, with studies that examined the toxicity of pristine nanoparticles.46 

While the results of these studies may be illuminative in some respects, caution must be 

employed when relating their conclusions to real environmental matrices, in which nanoparticles 

are likely to undergo a variety of transformations.12, 47, 48 As this field has become more 

sophisticated, researchers now frequently incorporate environmental transformations into their 
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study designs and use a wider variety of starting materials. Despite this increased awareness, 

however, the atmosphere is frequently overlooked as a setting for nanoparticle transformation.49 

Processes such as oxidation, coagulation, and coating may significantly alter the surface 

chemistry of nanoparticles, and thus alter their environmental impact they will have once 

deposited to the earth’s surface,49 as well as potentially enhance radiative forcing in the 

atmosphere.50 These processes impact many facets of environmental research on nanoparticles, 

including transport and fate,51 detection,15 and toxicity.52, 53 These transformations and their 

implications are detailed for C60 and other carbonaceous nanoparticles in Chapter 2. 

 

For carbon-based compounds, oxidation by ozone (O3) is an important atmospheric 

transformation.54 Previous studies on the oxidation of C60 by O3 have shown significant 

oxidation, but they have either occurred in liquid (by bubbling gas-phase O3 through a solvent in 

which C60 is dissolved or suspended)55-57 or have used mixing ratios of gas-phase O3 that are five 

to six orders of magnitude more concentrated than found in the troposphere.58 Investigating the 

interaction of C60 with environmentally relevant mixing ratios of O3 is a necessary step towards 

assessing the environmental impacts of nanotechnology.  

 

Studying the atmospheric transformations of nanoparticles necessitates their aerosolization. 

Standard ‘wet’ aerosol generation methods (which start with a solution or suspension of the 

desired material) may produce aerosols with modified surface chemistry relative to the original 

material.59, 60 Alternatively, ‘dry’ aerosol generation methods produce particles that are 

frequently larger than one micron;60, 61 such particles are too large to be considered nano-scale, 

and are likely inappropriate for studying reactions involving nanoparticles. Both of these 
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variables – surface chemistry and particle size – can impact the process under study, whether the 

focus is inhalation toxicology or aerosol chemistry. Since aerosolization of manufactured 

fullerenes and other carbonaceous nanoparticles has been observed in manufacturing facilities;10, 

62, 63 developing an aerosol generation method that preserves nanoparticle surface chemistry 

while producing truly nano-scale particles would be of significant relevance and utility for 

several research fields, including toxicology and aerosol chemistry.  

 

Based on the motivations described above, we identified two primary concerns related to the 

environmental impacts of C60: (1) the generation of nano-scale C60 aerosols from dry 

nanoparticle powders without the use of solvents, and (2) the potential oxidation of aerosolized 

C60 by atmospherically relevant O3 levels. To address these concerns, we defined the following 

hypotheses and research objectives: 

 

Hypothesis 1.1: Atmospheric processing is likely to transform carbonaceous nanoparticles, their 

interactions in the environment, and toxicity. 

 

Objective 1: Review the potential for transformation of carbon-based nanoparticles in the 

atmosphere. 

 

Hypothesis 2.1: Nano-scale aerosol particles can be generated from dry powders using a simple, 

cost-effective method.  
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Objective 2: Develop a method to generate nano-scale aerosols from dry powdered C60 

nanoparticles. 

 

Hypothesis 3.1: Exposure to ambient levels of ozone causes C60 to oxidize and form several  

reaction products, including C60O. 

Hypothesis 3.2: Elevated water vapor concentrations enhance the C60 – O3 reaction. 

Hypothesis 3.3: Exposure to ozone enhances the ability of C60 aerosols to exert oxidative stress,  

as measured by cell-free assays. 

 

Objective 3: Identify and quantify the reaction rate, reaction products, and oxidative stress 

potential of aerosol-phase C60 nanoparticles due to exposure to atmospherically relevant levels 

of O3. 

 

This work represents a multifaceted approach to studying the environmental impacts of C60. The 

manuscript resulting from Objective 1 is the only work to date emphasizing that the atmosphere 

should not be regarded merely as an inert transport pathway, but rather has important 

implications for studies on the environmental impacts of nanomaterials. The aerosolization 

method developed in Objective 2 is unique among those described in the literature in its ability to 

produce nano-scale aerosols inexpensively without the use of solvents. This method is a more 

accurate representation of some forms of nanoparticle exposure, and it avoids chemical and 

physical artifacts that are associated with ‘wet’ aerosol generation methods. Work relating to 

Objective 3 is unique in that the C60-O3 reaction has never previously been examined under 

atmospherically realistic O3 levels. 
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Organization of the Dissertation 
Chapter 2, The Role of Atmospheric Transformations in Determining Environmental Impacts of 

Carbonaceous Nanoparticles, is a literature review that addresses Objective 1. In this review we 

show that carbonaceous nanoparticles (CNPs) will be subject to several transformations upon 

emission into, or exposure to, the atmosphere, and we detail how these transformations have 

implications for CNPs’ solubility, attachment to natural surfaces, and toxicity. We describe 

future research directions that have the potential to improve our understanding of the 

atmospheric transformation of CNPs and the implications of those processes for the 

environment.  

 

Chapter 3, A Cost-Effective Method of Aerosolizing Dry Powdered Nanoparticles, describes the 

development of an aerosolization method pursuant to Objective 2.  We describe the design and 

operation of a device capable of producing sub-100 nm aerosol particles from dry powdered 

nanomaterials without the use of solvents and characterize the resulting aerosols in terms of size 

and morphology. The aerosolization method produces aerosols from C60, TiO2, and CeO2 

powders with mode diameters of 91, 65, and 40 nm, respectively. Aerosol mass concentrations 

produced by the method vary linearly with the mass of nanomaterial powder loaded into the 

device. Due to its repeatable production of sub-100 nm aerosols without the use of solvents, this 

aerosolization method may be applicable to research in the fields of inhalation toxicology and 

aerosol chemistry.   
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Chapter 4, Oxidation of C60 Aerosols by Atmospherically Relevant Levels of O3, addresses 

Objective 3 and describes the products of the reaction between C60 aerosols and O3 and the 

resulting oxidative stress potential of the aerosols. We determine that this reaction results in a 

variety of oxygen-containing products: C60O, C60O2, C60O3, and potentially also cross-linked C60 

oligomers. Exposure to O3 results in the C60 aerosol exerting elevated oxidative stress in the 

dichlorofluorescein assay, but not in assays based on the consumption of dithiothreitol, 

glutathione, uric acid, and ascorbic acid. Our results suggest that C60 will be oxidized by realistic 

levels of ozone, and consequently, that C60 stored for use in laboratories and industrial 

environments is subject to becoming functionalized in a manner that may alter its behavior in the 

user’s intended application.  

 

Chapter 5 concludes this dissertation by describing the main outcomes of the work and making 

recommendations for future work. 
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Abstract 
In studies that have explored the potential environmental impacts of manufactured 

nanomaterials, the atmosphere has largely been viewed as an inert setting that acts merely as a 

route for inhalation exposure. Manufactured nanomaterials will enter the atmosphere during 

production, use, and disposal, and rather than simply being transported, airborne nanoparticles 

are in fact subject to physical and chemical transformations that could modify their fate, 

transport, bioavailability, and toxicity once they deposit to aqueous and terrestrial ecosystems.  

 

The objective of this paper is to review the factors affecting carbonaceous nanomaterials’ 

behavior in the environment and to show that atmospheric transformations, often overlooked, 

have the potential to alter nanoparticles’ physical and chemical properties and thus influence 

their environmental fate and impact. Atmospheric processing of naturally occurring and 

incidental nanoparticles takes place through coagulation, condensation, and oxidation; these 

phenomena are expected to affect manufactured nanoparticles as well. It is likely that 
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carbonaceous nanomaterials in the atmosphere will be oxidized, effectively functionalizing them. 

By influencing size, shape, and surface chemistry, atmospheric transformations have the 

potential to affect a variety of nanoparticle-environment interactions, including solubility, 

interaction with natural surfactants, deposition to porous media, and ecotoxicity. Potential 

directions for future research are suggested to address the current lack of information 

surrounding atmospheric transformations of engineered nanomaterials. 

 

Introduction 
In recent years, many scientists and policymakers have raised concerns about the potential health 

and environmental risks of manufactured nanoparticles (NPs).1-12 The great diversity of NPs 

being produced today supports a wide variety of industrial and consumer applications, such as 

appliances, surface coatings, automobile parts, electronics, sunscreen, and cosmetics, but also 

presents unknown health and environmental effects.3-6, 13 

 

Due to the unique physical and chemical properties of manufactured NPs, they may behave very 

differently in the environment from their bulk forms, as well as from natural and incidental NPs. 

Natural NPs are those produced in the environment by wildfires, volcanic eruptions, sea spray, 

erosion, and biological and geological processes. Incidental NPs are unintentional byproducts of 

human activities. For example, combustion of fossil fuels and industrial processes produce 

incidental NPs. The magnitude and nature of manufactured NPs’ potentially novel environmental 

impacts remain open questions. Concentrations of manufactured NPs in the environment have 

not yet been reported,3 but just as other industrial chemicals such as polychlorinated biphenyls 

have spread to all corners of the earth, from ocean sediment to Arctic air,14 manufactured 

nanoparticles are also likely to find their way into every ecosystem.  
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Inevitably, the production, use, and disposal of NPs will introduce them into groundwater, 

surface water, soil, and the atmosphere. Their movements within and between these media, and 

their effects on biota, remain largely unknown.3, 15, 16 They may flow directly into natural waters 

from domestic and industrial wastewater if they are not eliminated by wastewater treatment 

processes.17, 18 They may be emitted into the atmosphere by manufacturing facilities, consumer 

products during use, or accidental releases.3, 5, 19-22 The dominant cross-media transport of NPs in 

the environment is likely to be deposition from the atmosphere the surface, although it is also 

possible for NPs to be suspended from aqueous and terrestrial systems by waves, bubbles, and 

wind.  

 

The presence of manufactured NPs in the atmosphere is of concern to both human and 

environmental health. Inhalation of nanoscale particles has been linked to adverse effects on the 

pulmonary and cardiovascular systems.23, 24 In sufficient quantities, such particles could also 

affect visibility and climate. In studies that have explored the potential environmental impacts of 

manufactured nanomaterials, the atmosphere has largely been viewed as an inert setting that acts 

merely as a route for inhalation exposure. However, particles in the atmosphere can undergo 

physical and chemical changes, which could alter their health and environmental effects. Cross-

media effects (i.e., transformations in the atmosphere that may affect fate in the aquatic or 

terrestrial environments or vice versa) have been largely overlooked in discussions of the 

environmental impacts of NPs.  
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Figure 2-1: Potential routes of carbonaceous nanoparticles (CNPs), depicted here by a C60 

fullerene, to the natural aqueous environment. CNPs may be discharged directly to a 

natural waterway, or may deposit there after having been emitted to the atmosphere. 

Between emission and deposition, a variety of atmospheric transformations may occur. 

These transformations could alter CNP behavior in the aqueous environment. Used with 

permission of Dr. Nina Eller Quadros. 

A complete assessment of the environmental impacts of nanotechnology must consider the 

possibility that NPs could undergo physical and chemical transformations in the atmosphere that 

could alter their fate and transport when they deposit to aqueous or terrestrial settings, as 

depicted in Figure 2-1. Particles in the atmosphere are subject to coagulation, surface coating 

through condensation of semivolatile compounds, and heterogeneous reactions with gaseous 

pollutants. The atmosphere contains strong oxidants, such as the hydroxyl and nitrate radicals, 

and ozone. The oxidation of NPs could alter their surface chemistry enough to affect their 

solubility and/or their propensity to aggregate once they enter an aqueous or terrestrial 
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environment. These changes could then affect bioavailability, toxicity, and deposition in porous 

media. 

 

The goal of this review is to illuminate the importance of atmospheric transformations in 

determining the fate and transport of NPs in the environment, and to identify gaps in knowledge 

that should be targeted for future research. We focus on carbonaceous nanoparticles (CNPs), 

specifically C60 fullerenes and carbon nanotubes (CNTs), because of their large production 

volumes, probable toxicity, and relatively richer history in the literature. In an inventory of 

consumer products, those containing CNPs account for the second highest number of 

applications; only silver nanoparticles are used more extensively.25 Additionally, the wealth of 

studies involving soot, which consists mostly of amorphous carbon and possibly some fullerenes 

and carbon nanotubes, may inform the findings for fullerenes. The specific objectives of this 

review are to: (i) synthesize information on the physical and chemical transformations that CNPs 

may undergo in the atmosphere, (ii) propose how such transformations may affect fate and 

transport of CNPs in aquatic and terrestrial systems, and (iii) identify future research directions 

aimed at filling the gaps in knowledge regarding cross-media effects on CNPs’ fate and transport 

in the environment.  

Physical transformations in the atmosphere 
Atmospheric scientists describe NPs as ultrafine particles, a category consisting of particles 

smaller than ~10 nm (referred to as nucleation mode) and those from ~10-100 nm (referred to as 

Aitken mode). Particles in this size range originate mainly from combustion and photochemical 

reactions involving sulfuric acid or organic compounds with low volatility. Natural and 

incidental NPs dominate the number distribution of particles in the atmosphere. In polluted 
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urban, rural, remote continental, and marine atmospheres, typical concentration ranges are 105 – 

4 × 106 cm-3, 2000 – 10,000 cm-3, 50-10,000 cm-3, and 100-400 cm-3, respectively.26 The physical 

transformations that naturally occurring and incidental NPs undergo in the atmosphere are well 

understood and will apply to engineered NPs also. These transformations will change the 

particles’ size and morphology. NPs tend to grow larger and fewer by coagulation with other 

particles. They may also increase in size due to condensation of low-volatility compounds in the 

atmosphere onto the particles’ surfaces. 

 

For submicron particles, coagulation is dominated by Brownian (i.e., thermal) motion that leads 

particles to collide with each other, grow in size, and shrink in number. Coagulation could lead 

to a new class of particles that consists of an engineered NP combined with a naturally occurring 

one. Coagulation rates are low when particles are of the same size but increase by orders of 

magnitude as the difference in size grows. This occurs because of the synergism between a high 

Brownian diffusivity of the smaller particle and large surface area available for contact with the 

bigger particle. The timescale for coagulation is heavily dependent on the particle size of interest 

and background particle size distribution. In a monodisperse population of 20-nm particles, the 

timescales for coagulation in urban and rural settings are ~10 min and ~10 h, respectively. The 

timescale in polydisperse particle size distributions measured in urban to rural locations in 

Denmark has been estimated to be 16 to 25 h,27 and corresponding physical modeling predicts a 

decrease in number concentration of 13-23%.28 Coagulation of engineered NPs will be maximal 

when the size distribution is polydisperse and number concentrations are high. For incidental and 

natural NPs, such situations are most commonly encountered near roadways and during “bursts” 

of nucleation-mode particles29 involving sulfuric acid or ions.30 For engineered NPs, conditions 
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ideal for coagulation are most likely to be found in accidental industrial releases or in exhaust 

that contains a mixture of incidental and engineered NPs.  

 

Nanoparticles in the atmosphere may grow via condensation of semi-volatile compounds and 

water, where the NP forms the core of the particle and the condensed material the shell. Both 

inorganic compounds, often sulfate, nitrate, and ammonium, and organic compounds may coat 

pre-existing particles. Typical growth rates are 1-20 nm h-1 and are highest during the summer in 

urban and some marine areas.30 Over the course of a day, a 30-nm engineered NP could grow 

large enough to no longer be considered nanoscale, but the engineered NP would remain at the 

“fattened” particle’s core. In polluted atmospheres, fresh soot particles can become coated by 

ammonium sulfate in as little as 1 h.31 Common types of naturally occurring particles in the 

atmosphere consist of a black carbon, or soot, core covered by aqueous-phase components and 

organic compounds condensed on dust.32 Analogously, carbonaceous and metallic engineered 

NPs could become internally mixed by condensation of organic and inorganic compounds on the 

particle surface. Condensational growth not only makes particles larger but also makes particles 

more spherical,32, 33 so the high aspect ratio of CNTs could be reduced by this process. While we 

have treated coagulation and condensation separately in this discussion, both can occur 

simultaneously. 

 

Coagulation and condensation can obviously modify the morphology of the outline, or skin, of 

particles, but the skeletons of core particles may also undergo rearrangement. In laboratory 

experiments, fractal soot particles have been found to collapse to more compact structures on 

coating with an organic compound33 or wetting.34 Based on these results, it is possible that fractal 
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and non-spherical engineered NPs, such as aggregated fullerenes and tangles of CNTs, could 

become more spherical through atmospheric processing. 

 

Particles are removed from the atmosphere mainly by Brownian diffusion, gravitational settling, 

and wet deposition in precipitation to the Earth’s surface. The time scale for wet deposition is 

highly dependent on the frequency of precipitation events in any given location. During a 

precipitation event, atmospheric nanoparticles may be removed via wet deposition mechanisms 

in a matter of minutes to hours26, 35, 36 depending upon precipitation type and particle size. The 

timescale for removal by dry deposition (primarily diffusion and settling) in an urban area is ~20 

h for particle size distributions considered in Denmark with median diameters of 40 to 50 nm.27 

The efficiency of removal reaches a minimum for a particle size range of 100 to 1000 nm. So if 

engineered NPs grow into this size range by coagulation and/or condensation, their lifetimes in 

the atmosphere may be extended from hours to days. In this case, not only has their size changed, 

but because of their longer lifetimes, they have also become more susceptible to heterogeneous 

chemical transformations, which are described in the following section. Further processing can 

occur in cloud droplets, where aqueous-phase reactions take place. 

 

Observing and understanding physical transformations of engineered NPs in the atmosphere will 

require the ability to distinguish them from background (naturally occurring and incidental) NPs, 

which under most conditions will be dominant in number by orders of magnitude. Distinguishing 

between the two will be easier for exotic metals that are not present in ambient particles but 

especially challenging for carbonaceous particles because soot, a combustion byproduct, contains 

fullerenic compounds and carbon nanostructures.37 Recently, researchers developed a near-
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infrared fluorescence spectroscopic method capable of detecting single-walled carbon nanotubes 

in complex environmental matrices (Ferguson, L. P., 2009, personal communication), and future 

research in this vein is needed. A second topic for future research is to determine how the 

properties of engineered NPs change if atmospheric processing creates “internally mixed” 

particles, which may consist of combinations of material from different sources. Do engineered 

NPs retain any of their catalytic, therapeutic, or toxicological properties? A third topic for future 

research is the treatment of engineered NPs in atmospheric chemical-transport models. Those 

currently used for regulatory purposes lump NPs together with all “fine” particles smaller than 

~2.5 µm and treat them on the basis of mass, an approach that favors larger particles. Can 

existing aerosol modules be extended to account for engineered NPs simply as another chemical 

species? Or, are new or more detailed representations needed? It may be necessary to incorporate 

more highly resolved particle size distributions within models in order to address size-specific 

behavior of manufactured NPs.  

 

Oxidation  
It is well established that organic aerosols in the atmosphere are oxidized by reactions with 

hydroxyl radicals, ozone, and other oxidants, leading to the formation of oxide, carbonyl, 

hydroxyl, carboxylic acid, and other functionalities that make the particles more hydrophilic.38 

Evidence suggests that CNPs may undergo similar reactions. This section considers the oxidation 

of CNPs in both liquid and gaseous systems because results from one phase are expected to 

inform the other. Oxidation is important because it should increase CNPs’ solubility, which is 

critical for determining environmental effects.  
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The majority of studies on fullerene oxidation in liquids have involved an organic solvent, most 

commonly toluene. One of the earliest studies of solution-based fullerene oxidation showed that 

bubbling ozone (O3) gas through solutions of C60 and/or C70 in toluene produces fullerene 

dimers: C119, C129, and C139.39 In similar types of experiments, epoxides C60On (n = 1 – 5) are 

also produced.40-42 Dimerization is very unlikely to take place in atmospheric systems because 

dispersion would dilute fullerenes to levels that are unfavorable to the reaction. However, ozone 

in the atmosphere could be responsible for the formation of oxides. Oxides are likely to have 

lower octanol-water partitioning coefficients and thus to be more mobile in aqueous systems. 

Additionally, even short (5 min) ozone exposures in toluene result in the precipitation of highly 

oxidized derivatives of C60, exhibiting ester, ketone, and epoxide functionalities.43 These 

functionalities may have environmental implications, as discussed below. 

 

The kinetics and products of fullerene oxidation reactions in organic solvents are influenced by 

oxidizing species, temperature, and fullerene type. These three variables could all be relevant to 

atmospheric processing of fullerenes. Firstly, ozone is a much more effective oxidant of C60 than 

molecular oxygen, producing a reaction rate five orders of magnitude higher in a toluene 

solution.44 C60 and C70 oxidize readily in toluene solution at temperatures ranging from -78 ºC to 

100 ºC, and C70 seems to be more resistant to oxidation. Rupture of the fullerene cages may 

occur at C60O5 and C70O3. Cage rupture may be important for engineered NPs because it could 

result in the release of metals contained inside endohedral metallofullerenes, which show 

promising applications in medicine and energy. Although toluene itself had been thought to play 

a negligible role in the fullerene oxidation process, it is not completely inert to O3. An 

intermediate product of toluene ozonolysis could also serve as an oxidizing agent, complicating 
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the kinetics of the reaction. Toluene and other organic compounds are present in polluted 

atmospheres. So they too, in addition to traditional oxidants, might participate in chemical 

transformations of CNPs.  

 

Carbonaceous nanoparticles in the natural environment, however, will not be present in an 

organic solvent but rather in an aqueous solution. Aqueous C60 colloids prepared using 

tetrahydrofuran as an intermediate solvent (THF/nC60) oxidize readily upon exposure to an O2/O3 

gas stream. The reaction rate increases slightly at higher pH values.45 As many as 27 moles of O3 

are consumed per mole of C60, a ratio much higher than in organic solvents and in agreement 

with an earlier study.46 The resulting molecules are soluble in an aqueous system, exhibiting 

hydroxyl and hemiketal (R-O-C-OH) functionalities, and maintaining their carbon cage 

structure.45 These results could be relevant to fullerenes in the atmosphere that become coated by 

a film of water.  

 

Carbon nanotubes can also be oxidized in aqueous solutions when exposed to ozone. Bubbling 

5% ozone through a suspension of single-walled carbon nanotubes (SWNTs) results in increased 

particle stability in solution, decreased particle diameter, decreased zeta potential, and the 

formation of hydroxyl, carbonyl, and carboxyl groups.47 Interestingly, a separate study found that 

while electrophoretic mobility is poorly correlated with the stability of oxidized CNTs in 

solution, surface charge is a much more accurate indicator.48 As studies begin to investigate the 

aqueous behavior of atmospherically processed CNTs, surface charge will be an important 

parameter to monitor. 
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Of course, studies examining the reactions between O3 and fullerenes in the gas phase are the 

most informative for atmospheric processing. Summarized in Table 2-1, these studies, while 

fewer in number than those in the liquid phase, demonstrate that reaction pathways are 

influenced by temperature, oxidant identity, and fullerene type. Upon exposure to 2.6% O3 at 

room temperature, crystalline C60 disappears slowly, losing 80% of fullerenes after 7 d and 

producing no detectable oxides.44 Heating the crystalline C60 in ambient air to 250 ºC produces 

no definitive evidence of C60 oxidation. Compared to pure C60, a mixture of 90% C60 and 10% 

C70 is much more susceptible to oxidation from O2 in air at 300 ºC.49 As a result, fullerenic 

materials exhausted from various combustion sources50 at high temperatures may undergo 

oxidation if C70 molecules are present. It is evident that investigations into the reaction kinetics 

of fullerenes will have to carefully consider exact nanomaterial speciation. 

 

At high ozone levels, both C60 and C70 oxidize readily. Exposing C60 and C70 separately to O2 

with a 6.4% v/v concentration of O3 at room temperature results in the formation of gaseous CO2 

and the development of carboxyl, ketone, and aldehyde groups on the C60 sample; similar results 

are seen for C70.51 These functional groups could influence the reactivity, toxicity, fate, and 

transport of oxidized fullerenes on introduction to the aquatic or terrestrial environment, as 

discussed below. Here again, the atmospheric relevance of these results is unknown because the 

ozone concentration used in the experiments is six orders of magnitude higher than typically 

observed in the lower layer of the atmosphere. Plus, the atmosphere is composed of 78% 

molecular nitrogen and 21% O2 rather than pure O2. 
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Table 2-1: Results of gas-phase oxidation experiments with carbonaceous nanoparticles 

(CNPs). 

CNP 
species* 

Initial 
conditions Pressure T 

Oxidant and 
concentration 
(volumetric) 

Duration 
Functional 

groups/ 
results 

Reference 

C60 
> 0.01 

mol% other 
fullerenes 

N/A** 298 K 2.6% O3 7 d 80% C60 
lost 

44 

90% 
C60, 

10% C70 

C:O ratio = 
31.9 N/A** 573 K Air 24 h C:O ratio = 

2.3 
49 

C60 99+% pure N/A§ N/A§ 6.4% O3 ~16 min 
Carboxyl, 
aldehyde, 

ketone 
51 

C70 98+% pure N/A§ N/A§ 6.4% O3 ~16 min 
Carboxyl, 
aldehyde, 

ketone 
51 

SWNT 
No data; 

pretreated 
at 1073 K 

No data; 
low 

pressure 
298 K ~70% O3 

~100 
Torr·min 

Ester, 
quinone; 
CO, CO2 
produced 

52 

SWNT 
No data; 

pretreated 
at 373 K 

7·10-4 to 
1·10-2 
atm 

300 K ~70% O3 Up to 6 h 

Ester, 
quinone; 
CO, CO2 
produced 

53 

SWNT No data ~ 1 atm 298 K 

[O3] not 
monitored; 

~10 µW cm-2 
and 

1 mW cm-2 
UV lamps, 
ambient air 

Up to 400 
min 

Carbonyl, 
ether, or 

epoxide (1 
mW cm-2) 

54 

DWNT 

No data; 
pretreated 
at ~1000 

°C 

3·10-11 
to 2·10-

10 atm 
298 K Atomic 

oxygen 
Up to 260 

min 

Ether, 
epoxy 

(initially); 
carbonyls 

(ultimately) 

55 

MWNT 

90% pure, 
10% 

residual 
catalyst 

N/A§ N/A§ ≤ 6.3% Up to ~2 h Ketones 56 

* SWNT, single-walled carbon nanotube; MWNT, multiwalled carbon nanotube; DWNT, 
double-walled carbon nanotube. 
** Not specified, but the experiment is believed to have been conducted near standard pressure. 
§ Not specified, but the chamber is believed to be near standard temperature and pressure. 
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While O3 is a more efficient oxidant than O2, C60 will react with O2 under certain conditions. 

Subjecting crystalline C60 to mechanical stress in a vibrational ball mill in a pure oxygen 

atmosphere for several hours results in an average fullerene composition of C60O8.6.57 The 

reaction seems to require singlet molecular oxygen (1O2), which is generated by the process. 

Theoretical investigations of C60 oxides indicate that C60O should have two isomers, 

differentiated by the position of the oxygen bridge (over the 5-6 or 6-6 C-C bond on the fullerene 

cage), and that the most common isomer of C60O exhibits the 6-6 bridging.58, 59 The 

interconversion pathway between the two isomers presents a large energy barrier, so isolating the 

two isomers from one another should be possible.60 The addition of oxygen over 6-6 bonds only 

disturbs the local carbon network, leaving the majority of the fullerene cage unchanged 

electronically.61 The importance of this difference for environmental impacts is unknown.  

 

One of the earliest studies of CNT oxidation was conducted in the absence of a solvent and used 

Fourier Transform Infrared Spectroscopy to track the reaction of SWNTs with ozone. Upon 

exposure to 70% O3 and 30% O2 under low-pressure conditions, ester and quinone groups form, 

as do carbon monoxide and dioxide gases, indicating the removal of carbon from the SWNT 

sample.52 The authors suggest that the reaction slows with higher O3 exposures because SWNT 

endcaps are consumed, reducing the number of preferential reaction sites. Further work indicates 

the formation of hydroxyl and carboxyl groups on the surface, as well as the evolution of a broad 

carbonyl band.53 Other studies have found that O3 exposure leads to the formation of a variety of 

ketonic groups on multi-walled carbon nanotubes (MWNTs)56 and carbonyl and epoxide groups 

on SWNT sidewalls.54 Under low-pressure conditions, ether and epoxide groups may form on 

double-walled nanotubes (DWNTs) within a matter of minutes.55 If atmospheric processing of 
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CNTs results in the formation of oxygen-containing functional groups, as these studies suggest, 

this outcome may affect CNTs’ interactions with natural organic matter (NOM), deposition to 

porous media, and ecotoxicity. 

 

The extent to which oxidation of CNPs in the atmosphere will take place remains unknown. 

Most airborne CNPs would not come into contact with extremely high O3 levels or temperatures, 

and CNPs undergoing erosion would likely not be subject to the strain present in a ball mill. 

While the lowest O3 mixing ratio tested in the previously mentioned experiments was 2.6%, 

typical ambient concentrations are five to six orders of magnitude smaller. Other compounds, 

such as the hydroxyl and nitrate radicals, intermediates of photochemical ozone production, and 

acid gases, may also participate in CNP chemistry in the atmosphere. However, such reactions 

have not yet been investigated in laboratory studies. 

 

Future work is needed to determine the rates at which airborne CNPs will be oxidized, and to 

identify the reaction products. First, lower, atmospherically relevant oxidant concentrations 

should be investigated in carrier gases that have more similar composition to the actual 

atmosphere, including photochemically generated species. Second, the oxidation of CNPs in an 

atmospherically relevant state, such as aerosolized nanoscale particles, must be investigated, 

since some CNPs will be emitted in this form. Aerosolized CNPs will have a far greater specific 

surface area exposed for potential oxidation than the powders used in the studies described 

above. Thus, actual reaction rates could be higher than the apparent ones that have been reported. 

Studies of gas-phase kinetics of CNP oxidation will need to characterize carefully the species 

contained within an NP sample. Since a 90:10 C60:C70 mixture is much more prone to oxidation 
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than C60 alone, measures must be taken to understand not only the content of a sample, but the 

impact different CNP species may have on one another during an oxidative process. If 

aerosolized CNPs become oxidized to a greater extent than the oxidized CNPs used in the studies 

pertaining to solubility, natural surfactants, deposition, and ecotoxicology described below, then 

conclusions drawn from these studies may not be indicative of outcomes in natural settings. 

 

Photolysis 
It is well established that numerous natural and manmade compounds can undergo direct or 

indirect photolysis in both water and air.26, 62 Fullerenes appear to be susceptible to photolysis in 

laboratory studies and possibly in the natural aqueous environment. Exposure of C60 to UV light 

can produce reactive oxygen species (ROS) (OH•, 1O2 and O2
•-), in the presence of surfactants 

and clusters of hydroxylated C60, but not in pure aqueous solutions.63-65 Consequently, 

atmospheric processing (and thus functionalization) of C60 may influence fullerenes’ potential 

for undergoing photolysis in the natural environment. Exposing aqueous C60 clusters to sunlight 

and 300 to 400 nm lamplight results in a decrease in colloid size, loss of solution color, and the 

production of water-soluble products that either mineralize or volatilize.66 Oxygen is believed to 

play a role in the transformation. Aggregation of fullerenes in the aqueous phase reduces the 

photolysis rate significantly,67 so this transformation may not be significant in natural waters. 

However, in the atmosphere, aggregation is less likely under typical conditions, so photolysis 

may be important for C60 aerosols.  

 

Carbon nanotubes may also undergo photolysis. Single-walled carbon nanotubes dispersed in an 

aqueous solution with the aid of certain surfactants become hydroxylated on irradiation at 254 

nm.68 While the mechanism of this reaction is unknown, introduction of molecular oxygen as a 
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radical scavenger suppresses the hydroxylation, suggesting that ROS are being formed. Multi-

walled nanotubes exposed to UV radiation under a molecular nitrogen/oxygen atmosphere 

exhibit surface oxygen concentrations of 7.5% after 4 h and exhibit ether, epoxy, and carbonate 

moieties.69 

 

The extent to which photolysis of CNPs in the atmosphere may occur is unknown. The study of 

photochemistry at interfaces, specifically the air-particle one, is still in its infancy.70 The 

oxidation studies recommended in the previous section should be expanded to account for 

photodegradation. Future research on the potential for CNP photolysis in the presence of 

molecular oxygen could clarify the relative importance of ozone and molecular oxygen for 

atmospheric processing of CNPs. A second area of research would be to investigate the 

photolysis of aerosolized CNPs. 

 

Solubility 
One of the most obvious mechanisms by which atmospheric transformations may influence the 

environmental fate of engineered CNPs is through enhancement of their aqueous solubility. The 

solubility of unfunctionalized CNPs in water is extremely low, due to their highly hydrophobic 

nature.71, 72 While using organic intermediate solvents and surfactants may facilitate the 

preparation of aqueous CNP suspensions, these processes may not be relevant to the natural 

environment. Atmospheric transformations, in particular, may impact CNP fate and transport in 

aqueous systems due to the addition of various hydrophilic functional groups. Gas-phase 

oxidation of carbonaceous particles is known to cause an increase in hygroscopicity.73 
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Unmodified fullerenes introduced directly to water are estimated to have a solubility less than 10-

12 mg mL-1.74 Calculations based on various C60 solubility experiments predict aqueous 

solubilities ranging from 1.3 × 10-11 mg mL-1 75 to nearly 8 × 10-9 mg mL-1.76 Fullerene solubility 

in certain organic and inorganic solvents, however, is orders of magnitude higher,77-80 up to 51 

mg mL-1 in 1-chloronaphthalene.81  

 

Unfunctionalized CNTs have widely been considered insoluble in all organic solvents, as well as 

in aqueous solutions.72, 82 Their insolubility has been a major hurdle facing the industrial 

application of CNTs and has spurred a great number of studies on functionalization.72, 83, 84 More 

recent publications, however, provide solubility data for as-produced nanotubes in a variety of 

organic solvents,85, 86 including 3.5 mg mL-1 in cyclohexyl-pyrrolidinone.87 

 

Despite the hydrophobic nature of CNPs, aqueous suspensions may be attained through a variety 

of laboratory methods. Aqueous colloidal solutions of fullerenes have been successfully prepared 

via solvent evaporation,88-91 leading to an apparent solubility more than eight orders of 

magnitude higher than that of C60 in its hydrophobic, crystalline form.92 Some colloids exhibit a 

fractal structure, which could contain some water molecules or traces of the original organic 

solvent.89, 93, 94  

 

Aqueous solutions of C60 colloids can also be prepared via extended mechanical stirring of C60 in 

water,95, 96 a method thought to be more environmentally relevant. While a theoretical study 

argues that the fullerene colloid most stable in water should be a spherical cluster consisting of 

33 fullerenes at 3.56 nm in diameter,97 solutions prepared via mechanical stirring consist of 
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highly polydisperse colloids of diameters 20 to 500 nm, with both angular and rounded colloid 

morphologies.96 C60 colloids formed in natural aqueous systems would likely also be highly 

diverse in both size and morphology. These colloids can also have a net negative charge and a 

face-centered cubic crystal structure.95 Surface hydrolysis and charge transfer have been 

suggested as probable sources of this negative charge, which affords the colloids electrophoretic 

mobility.93 

 

C60 colloids generated in natural aqueous systems are likely to be polydisperse in size with 

varying morphologies. The increased hydrophilicity of these colloids (aqu/nC60) may be 

attributed to hydroxylation at the colloid surface. The formation of hydroxyl groups is likely to 

occur under conditions found in the natural aqueous environment98 and could also occur in the 

atmosphere. Certain functionalized C60 fullerenes also form colloids during extended stirring, 

although the functional groups can inhibit colloid formation up to a certain concentration. These 

colloids may be more persistent in the natural environment due to their hydrophilic functional 

groups.99 

 

Aqueous preparations of CNTs are most often accomplished through the use of surfactants or 

through functionalization.100-103 A variety of acids may be used to functionalize CNTs with 

hydrophilic groups.48 The concentration of oxygen-containing functional groups, particularly 

carboxyl, on the surface of MWNTs is correlated with colloidal surface charge and aqueous 

stability under environmentally relevant pH conditions.48 Thus, atmospheric processing (and thus 

potential functionalization) of CNTs may have significant impacts on CNT fate and transport 

within an aqueous system. 
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The aqueous solubility and resulting size distribution of CNPs is affected by their surface 

functionalization. Atmospheric processes, such as condensation of organic molecules, 

coagulation of CNPs, incorporation of CNPs into internally mixed aerosols, and oxidation, are 

likely to affect CNPs’ properties in the aqueous phase through the addition of a variety of 

hydrophilic functional groups on the CNP surface. The most efficient way to model this cross-

media effect would be to develop quantitative structure-activity relationships for CNP functional 

groups. Then, the solubilities of CNPs that have undergone atmospheric processing could more 

easily be predicted.  

 

Adsorption of organic matter 
Adsorption of natural organic matter (NOM) to CNPs is a key determinant of their fate and 

longevity in natural systems. Because it is dominated by surface characteristics, it can readily be 

affected by atmospheric processing. Furthermore, CNPs depositing from the atmosphere to 

aqueous and terrestrial systems are likely to carry their own coating of humic-like substances that 

are the end result of aerosol processing.38 The presence of NOM in an aqueous system can affect 

C60 colloid stability, size, and morphology.95, 104 Presumably interactions between NOM and 

atmospherically processed C60 would lead to different physical characteristics of the colloids. 

Sorption of NOM to colloids could potentially allow very small colloids to exist in natural waters 

and affect their toxicity.104 Humic acid’s effect on C60 colloids can differ depending upon the 

electrolytic composition of the solution.105  

 

Natural humic substances also help to stabilize CNTs in aqueous solution, resulting in a smaller 

average particle diameter and a less polydisperse particle population.106 The ability of a humic or 



 38 

fulvic substance to stabilize CNTs is influenced by chemical structure. Highly hydrophilic 

substances will exert a reduced stabilizing effect, whereas those containing some hydrophobic 

groups interact more readily with CNTs, stabilizing them more readily.106-108 The ability of some 

field-collected natural substances to stabilize MWNTs in aqueous solution may even surpass that 

of common industrial surfactants.109 Other natural molecules, such as tannic acid, peptone, and 

phenylalanine, also sorb readily to MWNT.110, 111  

 

Hydrophilic functional groups, such as hydroxyl and carboxyl groups, aid in MWNT stability in 

aqueous solution; this effect is significantly enhanced in the presence of NOM.112 These 

interactions are expected to be modified by atmospheric processing of the CNTs. Furthermore, 

CNTs that have passed through the atmosphere may become associated with airborne humic-like 

substances,113 which may affect the CNT’s stability once they deposit back to the earth’s surface. 

 

As CNP interaction with NOM is nearly inevitable upon the introduction of CNPs to an aqueous 

system, the effect of atmospheric processing on CNP – NOM interactions, as well as subsequent 

consequences for CNP fate, transport, and ecotoxicity, merits further study. 

 

Attachment to environmental surfaces 
Interactions with porous media and removal efficiency by filtration in water and wastewater are 

important to determining the fate and transport of CNPs in the environment. These interactions 

depend on aqueous chemistry, as well as the CNPs’ chemical and physical properties.  

 

By increasing the hydrophilicity of CNPs, atmospheric processing will probably enhance their 

mobility in the aqueous phase. C60 aggregates deposit more readily to sand at higher ionic 
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strengths and lower flow velocities.114 Surface functionalization is critical. A study with glass 

beads demonstrated that while approximately 45% of C60 colloids (prepared using organic 

solvents) remained trapped in the column, nearly all of the hydroxylated fullerenes [C60(OH)22-

26] flushed out.115 Hydroxylated fullerenes may have localized regions of hydrophobicity or 

hydrophilicity, which may reduce their attachment efficiency.115, 116 Sorption of humic acid to 

colloids, which is thought to occur in the presence of certain ions105 and is affected by 

functionalization of the fullerenes, could reduce the attachment efficiency of colloids to media 

such as soil and sand. Atmospheric processing may then have an impact on C60 deposition by 

affecting C60-NOM interactions.  

 

Carbon nanotube aggregates may deposit more readily than C60 aggregates in sand and soil due 

to their high aspect ratio. Their aspect ratio could be reduced in the atmosphere by condensation 

of semi-volatile compounds, or sorption and evaporation of solvents. While C60 aggregate 

deposition shows a strong sensitivity to ionic strength, physical straining likely influences 

carboxyl-functionalized SWNT deposition at lower ionic strengths and physicochemical filtering 

dominates at higher ionic strengths.117 Carbon nanotube deposition is also influenced by ionic 

composition and strength,118 flow rate,119 media composition,120 and functionalization. The 

presence of carboxyl groups on SWNTs is associated with the greatest change in the particles’ 

point of zero charge.121 These results illustrate that the fate of CNPs in water and soil is strongly 

influenced by environmental factors and the physical and chemical state of the CNPs themselves, 

which could be affected by atmospheric processing.  
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The results reviewed above provide an informative but incomplete picture of the influence of 

various environmental factors on CNP fate and transport in aqueous and terrestrial environments. 

Studies of CNP deposition to porous media must be continued and expanded to include a full 

suite of aquatic chemistry parameters and atmospherically processed CNPs. The ability of 

conventional water and wastewater treatment processes to remove NPs is of concern. A recent 

study demonstrates that C60 colloids, stabilized by NOM, are removed via conventional water 

treatment processes. Removal efficiency is greatly influenced by water quality parameters and 

coagulant used.122 While these findings may apply to C60 discharged directly to a waterway, 

atmospheric transformations of CNPs may influence how effectively they can be removed using 

standard water treatment methods. This question serves as another area of future research.  

 

Environmental toxicology 
The CNPs have a variety of effects on a broad range of organisms, from protozoa to fish. The 

route of exposure strongly influences toxicity, as may transformations in the environment – most 

notably functionalization. Given our focus on the atmosphere, we initially review toxicity 

associated with inhalation exposure and then compile evidence showing how atmospheric 

transformations may affect toxicity in aqueous environments. 

 

In vivo inhalation studies of C60 are few in number to date. The first study was published in early 

2008 and found no significant toxicological effects across a wide range of endpoints.123 Carbon 

black, an amorphous product of incomplete combustion, has been shown to be more toxic than 

either C60 or single-walled carbon nanotubes (SWNTs) to a mouse lung endothelial cell line in 

vitro.124 To our knowledge, no papers have yet been published on the inhalation toxicity of 

functionalized C60. However, tracheal instillation (deposition in a liquid solution) of C60(OH)x (x 
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= 22 or 24) is associated with dose-dependent oxidative stress and inflammation.125 These results 

suggest that atmospheric transformations of C60 may result in increased inhalation toxicity 

relative to untransformed C60.  

 

While at least two classic studies on the pulmonary effects of CNTs used instillation as an 

exposure method,126, 127 true inhalation studies began to appear in literature in 2007.128 Inhalation 

of SWNTs and MWNTs has been associated with oxidative stress, inflammation, fibrosis, 

multifocal granulomatous inflammation and pneumonia, free radical production, reduced cell 

viability, induction of apoptosis, and subpleural fibrosis, some of which exhibit dose-dependent 

behavior.129-132 To our knowledge, no inhalation studies with functionalized CNTs have yet been 

published. However, carboxylated SWNTs administered to rats via aspiration resulted in 

increased pulmonary toxicity and myocardial degeneration compared to unfunctionalized 

SWNTs.133 As with C60, it appears that atmospheric processing of CNTs could enhance their 

inhalation toxicity.  

 

Ecotoxicity studies of CNPs are great in number and do not yet present a cohesive picture of 

CNP toxicity in the aqueous phase. Factors affecting CNPs’ aqueous ecotoxicity include sample 

preparation method, coating with surfactants such as NOM, and functionalization. As 

atmospheric processing may influence these factors, CNPs’ toxicity may be modified if they pass 

through the atmosphere, but studies to date do not account for this cross-media effect. Each of 

the three factors is discussed here for both C60 and CNTs.  
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Exposure to an aqueous C60 suspension affects a variety of toxicity endpoints in many 

organisms,134-140 but a few studies show no change in health indicators.141, 142 The outcomes of 

toxicity studies can be impacted by the method of aqueous C60 colloid preparation,94, 139, 143-145 so 

atmospheric and aqueous processing of C60 have the potential to alter toxicity.  

 

The interaction of C60 aggregates and natural substances, which can be affected by atmospheric 

transformations, can also influence C60 toxicity. Attachment of C60 to soil may reduce toxicity, 

depending on soil type.146 The presence of dissolved NOM in the cultures also significantly 

reduces C60 toxicity. Functionalization of CNPs can either enhance or reduce their toxicity in 

aqueous suspensions. In a dermal culture, C60(OH)24 exhibits no cytotoxicity up to saturation 

concentrations, whereas unfunctionalized C60 reduces cell viability.147 However, C60(O)x(OH)y 

produced by ozonation of C60 colloids are more toxic to E. coli than unozonated C60 

aggregates.148 These results illustrate that C60 functionalization, one potential outcome of 

atmospheric processing, may have important implications for C60 toxicity and that the direction 

of the effect cannot presently be predicted.  

 

Carbon nanotubes have been shown to be toxic to a variety of organisms, not all of which are 

affected by C60 suspensions.140, 149-152 Evidence suggests that functionalization substantially 

impacts MWNT toxicity, and as with C60, the nature of the functionalization may change the 

toxic effect. Hydroxylated and carboxylated MWNTs affect C. dubia minimally,112 while 

MWNTs with alkyl and amine groups exert a stronger impact than do unfunctionalized 

MWNTs.153 Both functionalized and unfunctionalized CNTs may bioaccumulate in a variety of 
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organisms.112, 154-156 As atmospheric transformations of CNPs would likely result in their 

functionalization, atmospheric processing has important implications for toxicological outcomes. 

 

The current understanding of CNP ecotoxicity is far from complete. A number of reviews of the 

toxicology of NPs summarize additional studies and highlight the many unknowns surrounding 

this topic,157-161 although none address atmospheric processing of CNPs and the potential effects 

of this processing on human and ecological toxicity. Addressing the issue of atmospheric (and 

aqueous and biological) transformations would move research efforts toward a greater degree of 

environmental relevance. 

 

To develop a more comprehensive, reliable knowledge base of the ecotoxicological effects of 

CNPs, standardization must be introduced at several points. First, CNPs used in toxicity studies 

must be fully characterized to account for the potential presence of functional groups and metal 

contaminants. Second, CNP doses must be prepared via consistent, well-defined, 

environmentally relevant methods. A third need is to accurately characterize the ratio of CNP 

colloids vs. individual CNPs in toxicity testing.  

 

It is feasible that a non-negligible percentage of CNPs in an ecosystem could have undergone a 

variety of atmospheric processes, including coagulation, condensation, inclusion into internally 

mixed aerosols, oxidation, and photolysis. The impacts of atmospheric processing on 

ecotoxicology outcomes must be investigated in order to develop a comprehensive perspective 

on the environmental impacts of CNPs. Atmospheric transformations are also involved in all 

three preceding research needs: these processes will alter the surface functionality of CNPs, 
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which must be characterized prior to testing. Environmentally relevant preparation methods for 

atmospherically processed CNPs must be developed and adopted. And, atmospheric processing 

may alter CNP dispersion behavior in aqueous media – potentially affecting the outcome of 

toxicity tests. 

 

Future directions 
While some argue that CNPs’ levels in and impacts on the environment are far outweighed by 

those of black carbon,162, 163 investigations into the potential environmental impacts of CNPs 

must continue out of an abundance of caution. Examples of manufactured compounds that 

originally were thought to be inert or whose health and environmental impacts were not 

investigated fully but that were later found to be seriously harmful are plentiful. Examples 

include asbestos, chlorofluorocarbons (CFCs), polychlorinated biphenyls, and synthetic 

hormones. To justify the concern over atmospheric transformations, we invoke especially the 

history with CFCs, which are transformed through reactions in the atmosphere into catalytic 

destroyers of stratospheric ozone. 

 

A comprehensive risk assessment requires a cross-media approach to understanding the fate and 

transport of nanomaterials. Research needs specific to cross-media effects encompass 

investigating the possibility of physical and chemical transformations of CNPs in the atmosphere 

and propagating the effects of those transformations as the CNPs move throughout the 

ecosystem. Recommended future research can be categorized as CNP detection and 

characterization, atmospheric chemistry, modeling, aqueous-phase properties, and ecotoxicity. 

Many of the research directions can be extended to other types of nanomaterials as well. 
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CNP detection and characterization  

The ability to distinguish engineered NPs from naturally occurring and incidental NPs in the 

atmosphere is critical. CNPs pose a particular challenge here, since black carbon and other 

chemically similar soot products are widely found in the natural environment. The near-infrared 

fluorescence spectroscopic method capable of detecting single-walled carbon nanotubes in 

complex environmental matrices is a promising step in this direction. In all nanomaterial-related 

research, especially toxicological studies, the CNP sample should be fully characterized, 

preferably in terms of functional groups and metal contaminants. Carbonaceous nanoparticle 

functionalization impacts solubility, colloidal stability, deposition, and toxicity. So, having direct 

information on CNP functionalization before a particular study would help enhance the 

understanding of the relationships between functionalization and specific outcomes. 

Additionally, CNPs must be characterized in terms of species, since not all CNPs are equally 

susceptible to oxidation. One challenge will be studying the changes in properties after CNPs are 

incorporated into internally mixed aerosols (i.e., aerosols composed of both engineered NPs and 

aerosols or molecules already present in the atmosphere). 

 

Atmospheric chemistry 

Since CNPs will be released into the atmosphere, studies of their chemical transformations must 

be conducted on CNPs in aerosolized form. These types of experiments are classically conducted 

in a smog chamber or flow tube. Atmospherically relevant oxidant concentrations must be used, 

as most gas-phase CNP oxidation studies to date have used unrealistically high ozone levels. 

Reaction rates and oxidation products must be measured, and the potential for cage rupture of 

CNPs must be determined. The potential for CNPs to act as catalysts for reactions in the 
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atmosphere that could create or destroy compounds with health or climate impacts should also be 

investigated. At the intersection of oxidation and photolysis, the relative importance of molecular 

oxygen and ozone to CNP oxidation must be established in the presence of light. 

 

Modeling 

Synthesizing the variety of results from studies on the environmental impacts of CNPs and 

predicting future effects would benefit from the development of theoretical models. First, 

emissions, transport, transformation, and deposition of CNPs—in fact of all types of NPs—

should be incorporated into existing atmospheric chemical-transport models. Such updated 

models would provide guidance to experimentalists as well as policymakers. Additionally, the 

development of structure-activity relationships for the impact of atmospheric processing on CNP 

solubility would be of great value. Taken together, these two modeling efforts could greatly 

improve the current understanding of the aqueous fate and transport of atmospherically released 

CNPs. 

 

Aqueous-phase properties 

Measurements of solubility and colloidal size distributions should consider CNPs containing 

functional groups resulting from atmospheric oxidation; for example, oxides, hydroxyls, 

carbonyls, and carboxyls. Sorption isotherms are also likely to change with oxidation. Fate in 

water treatment plants is of interest because CNPs will be present in raw water. While 

conventional water treatment processes show promise at removing C60, the removal of 

functionalized C60 and CNTs has not yet been addressed. The ability of drinking water and 
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wastewater treatment systems to remove NPs is of great concern, so further research in this area 

is critical. 

 

Ecotoxicity 

Finally, the impact of atmospheric processing on ecotoxicity must be probed. Ecotoxicology of 

NPs, particularly CNPs, has been plagued with apparent self-contradictions, most notably the 

conflict over C60 toxicity and the potential interference of intermediate solvents. It is sensible to 

expect that atmospheric processing, which could result in CNP functionalization, could alter 

toxicity, perhaps substantially. Accounting for atmospheric processing in toxicity studies can 

only enhance their environmental relevance. 

 

Although this work has emphasized the role of atmospheric processing, we observed that 

environmental processing, in general, whether in the aqueous phase or involving organisms, 

should be taken into greater account in studies of the solubility, sorption, transport, 

transformation, and toxicity of manufactured nanomaterials. Inclusion of environmental 

processing in such studies is an important prerequisite to developing a realistic assessment of the 

environmental risks posed by nanotechnology.  
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Abstract 
The ability to produce nano-scale aerosols from dry powdered material is needed for studies of 

the toxicity and environmental transformation and fate of manufactured nanoparticles. Wet 

aerosol generation methods can alter particle chemistry, while dry methods often cannot produce 

truly nano-scale aerosols. We have developed a cost-effective dry dispersion technique for 

manufactured nanoparticles and have demonstrated its use with C60 fullerene, TiO2, and CeO2. 

The system disperses dry powders to create aerosols with mode diameters below 100 nm. 

Average mode and median diameters for each of the tested manufactured nanoparticles are 91 

and 107 nm for C60, 65 and 77 nm for TiO2, and 40 and 43 nm for CeO2. All aerosols exhibit 

right-skewed unimodal distributions and irregular morphology. Aerosol mass concentrations 

produced by the dispersion system vary linearly with the mass of nanomaterial loaded into it and 

are of a magnitude appropriate for inhalation nanotoxicology studies. This work demonstrates 

the ability of a simple device to produce nanoscale aerosols from powdered engineered 

nanoparticles.  

 

Introduction 
As part of the rapid growth in nanotechnology, potential inhalation exposure to manufactured 

nanoparticles (ENPs) has become a concern. ENPs have at least one, often three, dimensions that 
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measure 100 nm or less. ENPs are produced in industrial or research facilities, while “incidental” 

nanoparticles may be similar to ENPs in composition but are the unintentional byproducts of 

human activities. In addition to engineered and incidental nanoparticles, “natural” nanoparticles 

are produced in the environment independent of human activities. There are likely to be 

substantial chemical and morphological differences between incidental and natural nanoparticles 

and ENPs.1  

 

Animal studies indicate that inhalation of ENPs leads to a variety of effects. Inhalation of gold 

nanoparticles by rats is associated with accumulation of gold nanoparticles in the lungs and 

kidneys,2 while inhalation of multiwalled carbon nanotubes (MWNT) results in damage to DNA 

in rat lung cells.3 Iron oxide nanoparticle inhalation by rats is associated with enhanced levels of 

inflammation markers in blood4 as well as elevated levels of reactive oxygen species (ROS) in 

the lungs.4, 5 The complex biological effects of inhaled manufactured nanoparticles are just 

beginning to be understood, however. Furthermore, nanotechnology as an economic sector is 

growing and is projected to exhibit an annual growth rate of 19% during 2011-2014.6 Together, 

these facts underscore the need for more toxicology research focused on inhaled ENPs. Such 

research is important from several perspectives, including consumer safety and worker safety. 

 

ENPs are typically found as agglomerates in the environment. Agglomerates may exert different 

toxicological effects than their primary particle constituents. For example, rats exposed to sub-

100 nm and super-100 nm agglomerates of 5 nm TiO2 ENPs via inhalation exhibited different 

markers of pulmonary toxicity, suggesting the agglomerate size, not the primary particle size, 

influenced the biological response.7 Because both the physical and chemical characteristics of 
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inhaled particles can affect their toxicity, inhalation toxicology studies must take care to generate 

aerosols that represent fairly the substance of interest in a relevant exposure scenario. The choice 

of aerosol generation method, which can affect both of these characteristics, is an important one.  

  

Aerosols may be generated through a variety of methods, both with and without the use of 

liquids. “Wet” aerosolization methods include pneumatic (nebulizing), electrospray, and 

ultrasonic techniques,8 all of which create a spray from a liquid solution or suspension. Three 

types of aerosols can be produced: droplets from low-volatility liquids, or upon drying, salts of a 

dissolved compound, or solids from a suspension. If the drying is only partial, then some solvent 

may remain on the aerosols. The concentration of the solution/suspension and other process 

parameters can be adjusted to control characteristics of the resulting aerosol, such as size, 

morphology, and density.9-11 Because of this degree of control, high number concentrations and 

particle sizes well below 100 nm are achievable. These methods are well established and 

numerous commercial devices employing them are available.  

 

While wet methods can produce nano-scale particles with relative ease, there are drawbacks. 

Through interaction with impurities in the solvent or with the solvent itself, the particle surface 

may be chemically altered.8, 12 Sullivan et al.13 found that the hygroscopicity of wet-generated 

CaCO3 aerosols exceeded that of dry-generated CaCO3 aerosols by a factor of 100, and that the 

hygroscopicity increased with both increasing time spent in water and with decreasing particle 

size. The authors noted that any changes to CaCO3 aerosols generated through wet methods had 

previously been assumed to be minimal, owing to the low solubility of CaCO3 in water. In 

addition to chemical effects, the choice of aerosolization method can also have physical and 
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biological consequences. The viability of bacteria and fungi contained within grain dust aerosols 

(such as from wheat) is influenced by the aerosol generation method (wet or dry).14 Additionally, 

this difference in aerosol generation method also resulted in a 10-fold difference in size. 

Consequently, we should be hesitant to assume that aerosols produced via wet generation 

methods are chemically and physically equivalent substitutes for those produced via dry 

methods.   

 

There are several techniques for generating aerosol that do not involve the use of liquids. A 

variety of techniques, including eductors, nozzles, impaction plates, and fluidized beds has been 

used to disperse a dry powder into a gas flow.15 With any of these methods, though, creating 

aerosols smaller than 20 µm has been difficult,15 and achieving an aerosol size below 1 µm has 

been especially challenging.12 As particle size decreases interparticle interactions, such as van 

der Waals and electrostatic forces, increase in relative importance.16 Depending upon disperser 

design, forces supplied by the gas flow may not be able to overcome interparticle attraction, and 

the resulting agglomerates are mostly larger than 1 µm. 

 

Although improved designs of commercial dry powder dispersers are enabling the production of 

significantly smaller particles, the generation of truly nano-scale aerosol remains elusive. A 

recent intercomparison of three commercial dispersers supplied with metal oxide NP powders 

demonstrated that while all produced sub-micron aerosols, most size distributions had mode 

diameters ranging from 200 nm to 400 nm, and none were below 100 nm.17 
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Several research groups have developed custom aerosolization devices, but in most cases the 

aerosols produced were not nano-scale. Tang et al.18 used an inexpensive vacuum generator to 

disperse crystalline mannitol and amorphous bovine serum albumin, and produced aerosols with 

volume-weighted median diameters of 2.4 µm (mannitol) and 9.0 µm (BSA). These aerosols 

were only slightly larger than aerosols of the same materials generated by the Small Scale 

Powder Disperser (SSPD, TSI, Shoreview, MN) and Scirocco dry powder disperser (Malvern, 

Worcs, UK), suggesting that at least in the cases of mannitol and BSA, such a system may prove 

an adequate substitute for costly commercial dispersers. To produce TiO2 agglomerates for a rat 

inhalation study, Noel et al.7 coupled commercially available dispersion equipment with a 

custom-built venturi flow ejector; the median size of their aerosols was 185-194 nm.  A custom-

built system designed to aerosolize carbonaceous ENPs for inhalation toxicology studies 

produced single-walled carbon nanotube (SWNT) aerosols over 1 µm in size,19 while a rodent 

inhalation study used a proprietary brush technique to generate multi-walled carbon nanotube 

(MWNT) aerosols 0.7 – 2.0 µm in size as measured by cascade impaction.20 

 

To our knowledge, only two custom systems have produced nano-scale ENP aerosols. Schmoll 

et al.21 used a speaker and a function generator to produce sub-100 nm aerosol from SiO2 and 

SWNT. Size distributions for both particle types were bimodal, however, and the larger peak 

exceeded 100 nm. The system was not successful in aerosolizing TiO2. To et al.22 described a 

rapid expansion of high pressure or supercritical suspensions (REHPS) system, which used high 

pressure and temperature to produce aerosols from titania and alumina ENPs with primary 

particle sizes of 21 and 13 nm, respectively. Aerosols generated by this system exhibited mode 

diameters of 40 – 80 nm (titania) and 70 – 90 nm (alumina). One possible disadvantage of the 
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system is that the standard deviations of the size distributions were nearly as large as the mode 

diameter (70 – 80 for titania, 85 – 95 for alumina), indicating that the size distributions were 

quite wide.22 The REHPS system required high pressure (1.7 – 7.9 MPa) and temperature (45 

°C), which may be considered a drawback in some situations. 

 

Producing sub-100 nm aerosol from ENPs via a dry dispersion process remains challenging. 

Most custom-designed systems are complex or labor-intensive while often generating aerosols 

that are larger than can be considered nano-scale. Commercially available dispersers have not 

been demonstrated to generate nano-scale aerosol and can be expensive (~$10,000). The 

objective of this work is to develop a cost-effective method to disperse bulk ENP powders into 

nano-scale aerosols.  Based upon the work of Tang et al.,18 we use a venturi vacuum generator to 

disperse powdered manufactured nanoparticles by dispensing them into a high-velocity jet of air. 

We test the dispersion system using both carbonaceous (C60) and metal oxide (TiO2, CeO2) 

ENPs. The method shows promise for use in laboratory studies of both toxicity and 

environmental transformation and fate of ENPs. 

 

Experimental 

Disperser 
The powder dispersion system is based on that of Tang et al.18 and consists of a commercially 

available vacuum generating device (VCH10-018C, Pisco, Elmhurst, IL), which costs less than 

$100, and standard tubing and fittings. Joining the T-junction of the vacuum generator to tubing 

with a standard threading system requires an adaptor to fit the vacuum generator’s “R” threading. 
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Other components are 0.635 cm o.d. tubing and compatible ball valves. A schematic and 

photograph of the setup are shown in Figure 1.   

 

The vacuum generator is positioned so that the vacuum arm points upward; this is used as the 

entry point for the ENP powder. The filter and metal cap provided with the vacuum generator are 

removed to reveal a nozzle, which acts as the aerosol outlet. Compressed air or other gas is 

provided to the opposite end of the disperser via 8-mm o.d. tubing.  

 

 

Figure 3-1: Schematic and photo of disperser setup. 

 

The disperser setup developed in this work differs from that of Tang et al. in three ways: powder 

supply, aerosol destination, and pressure.18 First, the ENP powder is enclosed in a hopper for 

safety reasons, in contrast to the funnel used in Tang’s work, which was open to ambient air. 

Second, the Tang system dispersed the aerosol directly into an aerosol sizing instrument 

(Mastersizer S laser diffractometer, Malvern, Worcs, UK), not into an environment at ambient 
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pressure. Last, our system is operated at ~150 kPa gauge pressure, in contrast to the higher (up to 

620 kPa) pressures used in Tang’s work. 

 

In order to allow for safe handling practices while allowing for the dry dispersion of ENPs into 

an enclosed chamber, a nanomaterial hopper is attached to the vacuum arm of the disperser. A 

10-cm length of stainless steel tubing (6.4 mm o.d.) serves as the hopper, which is bookended by 

brass ball valves. The hopper may be detached from the disperser below the lower valve to allow 

the user to load the ENPs into the hopper in a safe handling environment, such as an air curtain 

hood or other enclosure.23 Upon reassembly, the upper valve is opened to allow ambient air to 

flow into the disperser during operation. A filter may be attached to the upper valve as an 

additional safety measure. Compressed breathing air is then introduced to the disperser at a flow 

rate of ~18 L min-1.  

 

The powder release valve controls NP entry into the disperser. When the valve is opened, ENP 

powder falls into the air stream flowing through the disperser. Within the disperser, the powder 

undergoes rapid, forceful collisions,18 breaking it apart. Because aerosol generation happens 

rapidly (within seconds), the airflow may be stopped shortly after the powder is introduced. 

 

Manufactured Nanoparticles  
The disperser’s ability to generate nano-scale aerosol was demonstrated with both carbonaceous 

and metal oxide ENPs: C60 (MER Corp., Tucson, AZ, USA), TiO2 (primary particle size 30 – 40 

nm, NanoAmor, Houston, TX, USA), and CeO2 (primary particle size 15 – 30 nm, NanoAmor, 

Houston, TX, USA). Attempts to generate aerosols from MWNT (NanoAmor) did not produce 
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repeatable results. These ENPs were chosen to facilitate comparison to other aerosolization 

techniques and because they are currently used in toxicity studies. 

 

As received from the manufacturer, C60 was in a crystalline form (with crystals > 0.1 mm) and 

required milling in order to reduce the particle size prior to use. Milling was performed using a 

beadbeater with 2-mL polypropylene vials and 1-mm glass beads (mini-Beadbeater-1, vials and 

beads from BioSpec, Bartlesville, OK, USA). After milling, the beads, which had become coated 

with pulverized C60, were decanted into a larger glass vial and shaken vigorously. The beads 

were decanted a second time, and C60 powder clinging to the walls of the glass vial was scraped 

off using a stainless steel spatula. TiO2 and CeO2 were used as received. Aliquots of all ENP’s 

were weighed in a capped 2-mL plastic vial before being loaded into the hopper. 

Analytical Techniques 
The ENP aerosols were dispersed directly into a ~500-L flexible, polyethylene chamber 

(AtmosBag, Sigma Aldrich, St. Louis, MO, USA). Each ENP type was dispersed in 9-12 

separate trials. Between trials, the bag was cleaned by evacuating it and refilling it with filtered 

breathing air; this cleaning process was repeated until the particle concentration in the bag was 

below 100 # cm-3. The compressed breathing air used to disperse the ENPs was confirmed not to 

introduce particles into the chamber.  

 

The aerosol size distribution was measured using a Scanning Mobility Particle Sizer (SMPS, 

TSI, Shoreview, MN) and an Aerodynamic Particle Sizer (APS, TSI). The size ranges measured 

by these instruments overlap slightly (SMPS: 14 – 750 nm; APS: 530 nm – 20 µm) and can be 

merged into a single size distribution using the software DataMerge (TSI). The SMPS was 
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equipped with the “long” differential mobility analyzer (DMA) and the 0.071 cm impactor, and it 

scanned the maximum size range (14-750 nm) over 5 min. Multiple charge correction was 

employed, and the CPC was set in low-flow mode. The size distribution measurement was 

initiated within 30 s of dispersion. 

 

Density values entered into the SMPS and APS software were 0.6, 0.4, and 0.2 g cm-3 for C60, 

TiO2, CeO2, respectively. The density of 0.6 g cm-3 for C60 was measured for C60 powder 

resulting from the milling procedure described above, while the values for TiO2 and CeO2 are 

relevant for the ENP powders, as reported by the manufacturer. While the true density of the 

generated aerosols may differ from these values, the size distributions as measured by the SMPS 

are independent of assumed particle density. The assumed densities influence the mass 

concentration estimates that are based on the size distributions. All particle size data shown in 

this work are from the merged distributions produced by DataMerge (TSI). 

 

Particle morphology was examined using transmission electron microscopy (TEM, Philips 

EM420, 120kV, LaB6 filament, spot size 2). Aerosol particles were deposited directly onto 

copper TEM grids using the third stage of an impactor with a cut size of 50 nm (MPS-3, 

California Measurements, Sierra Madre, CA, USA).  

 

Results 

Size distributions  
Figure 3-2 shows typical size distributions of the three ENP aerosols. The smallest aerosols were 

obtained using CeO2, which had the smallest primary particle size, while the largest were of C60.   
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Figure 3-2: Mean size distributions (error bars show standard deviation) of nanoparticle 

aerosols. Mean size distributions are normalized to the particle count. 
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All distributions were unimodal, right-skewed, and approximately lognormal. Particle size 

statistics are summarized in Table 3-1. All data are number-weighted and refer to the 

agglomerate, not primary, particle size. The geometric mean diameters differed from the median 

diameters by 3%, 14%, and 16% for C60, TiO2, and CeO2, respectively (in a perfectly lognormal 

distribution, these metrics would be identical). Mode diameters for aerosol particles of each ENP 

were approximately 90 nm, 65 nm, and 40 nm for C60, TiO2, and CeO2, respectively.  

 

Table 3-1: Particle statistics for produced ENP aerosols. 

ENP n Mode Median GMa GSDb 

C60 9 91 ± 4 107 110 1.7 

TiO2 12 65 ± 6 77 88 2.1 

CeO2 17 40 ± 6 43 50 2.1 

 

a Geometric mean 

b Geometric standard deviation 

 

 

The mode diameter of the aerosols was not influenced by the mass of ENP powder loaded into 

the disperser. Figure 3-3 shows the mode diameter as a function of loaded ENP mass for each of 

the three substances. For all ENPs, the relationship between the two variables was not 

significant.   
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Figure 3-3: Aerosol mode diameter as a function of nanoparticle mass loaded into the 

disperser. 
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Aerosol mass concentration 
Figure 3-4 shows the estimated aerosol mass concentration produced in the chamber as a 

function of ENP mass initially loaded into the disperser. For each type of ENP, increased loaded 

mass resulted in an increased aerosol mass concentration. The least-squares linear regression 

lines shown in Figure 3-4 are significant at the p < 0.005 level for all ENPs. For CeO2, the 

regression omits the five outlying points. The tendency of CeO2 to occasionally produce outlying 

aerosol mass concentrations in this system is discussed below.  

 

Particle morphology  
The morphology of the resulting aerosol was examined using TEM. Figure 3-5 shows TEM 

images for each type of ENP aerosol.  In both TiO2 and CeO2 aerosols, the primary particles 

could be seen easily, and their sizes agreed with the primary particle size range advertised by the 

manufacturer. Both TiO2 and CeO2 aerosols appeared tightly packed and of irregular rounded 

shape. The aerosols were larger than the mode diameter indicated by DataMerge; a potential 

reason for this discrepancy is discussed below. The C60 particles showed lattice fringes in a 

portion of the particle, which overall exhibited an irregular shape.  
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Figure 3-4: Aerosol mass concentration as a function of nanoparticle mass loaded into the 

disperser. The mass concentrations for C60 are upper-bound values, while the 

concentrations for the metal oxides are lower-bound values. 
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Figure 3-5: TEM images of nanoparticle aerosols produced using this dispersion system. 

Clockwise from top left: C60 aerosol; inset of C60 particle showing lattice fringes; TiO2 

aerosol showing primary particles; CeO2 aerosol showing primary particles. All scale bars 

are 100 nm. 
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Discussion  

Particle size and size distribution 
This work has demonstrated a cost-effective method of producing nano-scale aerosols from 

powdered ENPs. Particle size distributions achieved by this system exhibit modes below 100 nm, 

smaller than produced by other dry dispersion systems described in the literature, both 

commercial and custom-made, with the exception of the REHPS system described by To et al.22 

Particle statistics for the system described here and others from the literature are summarized in 

Table 3-2.  

 

While the MWNT aerosol produced by Ma-Hock et al.20 appears to be sub-100 nm, as measured 

by the SMPS, those authors question the validity of both SMPS and optical methods to 

accurately size MWNT aerosols due to their potential to form complex, tangled structures. This 

uncertainty is illustrated by the order-of-magnitude difference in aerosol size according to the 

two instruments used in the study. Titania and alumina ENP aerosols produced by the REHPS 

system exhibit median diameters from 40 to 90 nm, as shown in Table 3-2.22 However, the 

REHPS system utilizes both elevated temperature (45 °C CO2) and pressure (1.7 – 7.9 MPa), 

whereas the disperser described here operates at ambient temperature and significantly lower 

pressure (~150 kPa). Additionally, the system described in this work has been demonstrated to 

produce nano-scale aerosols from ENPs of various compositions (carbonaceous, metal oxide), 

whereas the REHPS system has been demonstrated for metal oxide aerosols alone. 
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Table 3-2: Statistics of nanoparticle aerosols generated by various dry powder dispersion 

techniques. All values are number weighted unless otherwise specified.  
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Aerosol size in this work is reported in terms of mobility diameter, dm. The accuracy of dm as a 

measure of an aerosol’s true size has been questioned, especially for irregularly shaped aerosols, 

such as those composed of carbon nanotubes.20, 26 While the aerosols in this work are not 

spherical, as is assumed when dm is calculated, the particle morphology is noticeably more 

densely packed than are carbon nanotube aerosols. Work by Shin et al.27 with silver nanoparticle 

aerosols demonstrates that the “projected area diameter,” dpa, determined from TEM images is 

equal to or less than dm for aerosols in the size range of ~80 – 250 nm. While dpa may exceed dm   

slightly for particles with dm  <50 nm, overall dm should be a fairly accurate proxy for dpa for 

these aerosols, given their size and morphology. Aerosols smaller than 100 nm deposit with 20-

70% efficiency in the alveolar region;28, 29 consequently, the aerosols in this work are relevant to 

inhalation toxicology studies in terms of size.  

 

In contrast to results from other dry dispersion techniques, the aerosol size distributions produced 

by this method are unimodal, approximately lognormal, and relatively narrow. Schmoll et al.’s 

ADAGE system21 produces bimodal distributions for all ENPs tested. TSI’s Small Scale Powder 

Disperser (SSPD) as tested by Tsai et al.17 produces unimodal, but very broad, size distributions 

(with ‘peaks’ that plateau over several hundred nanometers) for all three ENPs tested. The size 

distributions produced by the Palas RBG (rotating brush generator) and fluidized bed generator 

(FBG) utilized by Noel et al.7 are also relatively broad, with interquartile (D25 – D75) ranges of 

108 – 284 nm and 81 – 470 nm, respectively. In comparison, interquartile ranges for the aerosols 

produced in this work, shown in Table 3-2, suggest narrower size distributions and are as 

follows: C60, 77 – 151 nm; TiO2, 51 – 124 nm; CeO2, 29 – 69 nm. The size distributions in this 

work also appear to be comparable in terms of relative width to those produced by the REHPS 
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system, although a quantitative comparison is not possible. The size of the nozzle through which 

the ENPs are dispersed in each system (254 µm in To et al.22 v. 1 mm in this work) may affect 

the width of the size distribution. Tang et al.18 found that narrower custom nozzles resulted in 

wider size distributions of BSA and mannitol aerosols, although the applicability of that 

relationship to ENPs has not been directly investigated. 

 

Aerosol number and mass concentration  
This disperser can produce aerosol number concentrations that match or surpass those generated 

by other systems, as shown in Table 3-2. When dispersed into a ~500 L chamber, the ENPs 

produced number concentrations of 6.82 × 104 – 1.40 × 106, 1.12 × 105  – 7.95 × 105, and 2.95 × 

105 – 7.25 × 105 # cm-3 for C60, TiO2, and CeO2 respectively. Additionally, the number 

concentration can be controlled by changing the loaded ENP mass, chamber size, or both. In 

general, number concentrations higher than these are not desirable because coagulation would 

become important. 

 

Using bulk powder density values for all materials (0.6 g cm-3 for C60, 0.4 g cm-3 for TiO2 and 

0.2 g cm-3 for CeO2), these number concentrations translate into mass concentrations (Figure 3-

4) that are of similar order of magnitude to those used for inhalation nanotoxicology studies.3, 7, 

20, 24 The actual densities of aerosol particles, however, are likely to be higher than the bulk 

powder densities since the primary particles appear tightly packed within the aerosols, as 

discussed below. Since the density of the aerosol particles will likely lie between the density of 

the powder and the density of the nanoparticle material, the mass concentrations shown in Figure 

3-4 are conservative.  
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Direct comparison of aerosol number concentrations obtained in this study and by Tsai et al.17 

with the SSPD is challenging, as the SSPD results are normalized to aerosol mass. This direct  

method of aerosol mass measurement removes uncertainty about the density of ENP aerosols but 

can prohibit simple comparison of number concentration. A rough comparison can be made, 

however, by using the SMPS mass concentration estimate of the TiO2 aerosols and bounds on the 

density of TiO2 powder. Using the powder and nanoparticle densities of TiO2 ENP powder as 

provided by the manufacturer (0.4 vs. 3.94 g cm-3), we estimate that the number concentrations, 

normalized to mass, of the TiO2 aerosols produced via our method range from 1.0 × 107 to 1.0 × 

108 # cm-3 g-1. These concentrations exceed the normalized concentrations of TiO2 aerosol 

produced by the SSPD in Tsai’s work (2.6 × 106 # cm-3 g-1). While a firm conclusion is precluded 

by the uncertainty in aerosol density and the indirect estimate of mass concentration provided by 

the SMPS, it is likely that the number concentrations of TiO2 aerosol produced in this system 

match, and possibly surpass, those produced by the SSPD as measured by Tsai et al. 

 

The relationships between aerosol mass concentration and ENP mass loaded are statistically 

significant for all three materials, allowing the user to control the aerosol mass concentration 

produced. One exception is the group of outlying data points produced using CeO2.  The texture 

of CeO2 is notably different from that of the other two tested ENPs; CeO2 appears fluffy and 

does not pour well during handling. This cohesive behavior may affect the way the powder flows 

into the gas stream in the disperser.30 Cohesive powders pack into open structures (i.e., with 

more empty space between primary particles) that flow less well than their less cohesive, more 

densely packed counterparts.30, 31 Comparing the bulk and true densities of the metal oxide ENPs 
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provided by the manufacturer (0.4 vs. 3.94 g cm-3 for TiO2, < 0.2 vs. 7.132 g cm-3 for CeO2), it 

appears that CeO2 packs much less densely than does TiO2, and thus would flow poorly by 

comparison. This cohesivity may allow for less reproducible behavior within the disperser and 

result in occasional outlying mass concentrations. Both the 20-fold difference between bulk and 

true densities of MWNT (~0.1 vs. 2.1 g cm-3, #1228NMG, NanoAmor, Houston, TX), and the 

fibrous nature of MWNT that allows them to become irregularly intertwined with one another, 

suggest that cohesiveness of MWNT may also be a hurdle to their successful nano-scale 

dispersion. 

 

Morphology, crystallinity 
TEM examination of the resulting ENP aerosols shows particles of irregular shape, as one might 

expect following a chaotic dry dispersion process. The TEM images, especially for TiO2 and 

CeO2, show aerosols larger than the mode diameter indicated by the SMPS. This is likely due to 

the use of impaction, which favors larger aerosols, as the mechanism for collecting samples onto 

TEM grids. An alternative sampling mechanism, thermophoretic precipitation, may result in a 

more representative sample of nano-scale aerosols since aerosols of diameter ~100 nm and less 

deposit with equal efficiency under thermophoresis.32    

 

While the metal oxide ENPs have primary particle sizes from 10 to 40 nm, single C60 molecules 

are less than 1 nm across; the high-purity C60 molecules used in this study are packed into a 

crystal structure. The C60 crystals are milled as described above to reduce their size, and 

agglomerates of the crystalline C60 are broken up during dispersion. Consequently, the C60 

aerosols result from a top-down size reduction process. The visible lattice fringes in Figure 3-5 
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show that the crystallinity of C60 remains intact through both milling and dispersion processes. 

This fundamental difference between the C60 and the metal oxides (crystalline molecules vs. 

primary particles) aligns well with the observation that the C60 aerosols were the largest of the 

three. Breaking down crystalline C60 even further – so the aerosols exhibited the same mode 

diameters as did the metal oxide aerosols – would require even stronger forces during milling 

and dispersion.  By comparison, the formation of the metal oxide aerosols likely consists of both 

top-down and, possibly to a lesser extent, bottom-up processes, where as-received ENP 

agglomerates in powder form are broken up into both smaller agglomerates and possibly also 

into primary particles; these primary particles could re-agglomerate.  

 

Future Work 
One common feature of commercial dry dispersion equipment is the ability to produce a constant 

flow of aerosols over several minutes or more. If a continuous aerosol source is required, as in 

many toxicity studies, this method could be used to disperse aerosols into an upstream mixing 

chamber, from which a continuous stream of aerosols could be drawn. The disperser system 

could be converted into a continuous output aerosol generator through the addition of a feed 

mechanism to control the introduction of ENP powder into the disperser. Further work is 

required in order to determine if this method can successfully be adapted into an aerosol 

generation system that is capable of generating aerosols (a) continuously, (b) at target 

concentrations, and (c) smaller than 100 nm in size, as verified by several analytical methods, 

including TEM.  
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Conclusions 
This work describes the development of a dry dispersion technique capable of producing sub-100 

nm aerosols from manufactured nanoparticles cost-effectively at ambient temperature and an 

operating pressure near 150 kPa. The mass concentration of aerosols produced varies linearly 

with the mass of manufactured nanoparticles loaded into the system, and for the three tested 

materials, the generated aerosols exhibit a unimodal distribution and irregular morphology. For 

these three materials (C60, TiO2, CeO2), this system is capable of producing manufactured 

nanomaterial aerosols with smaller mode and geometric mean diameters than commercially 

available dry powder dispersion equipment.  
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Abstract 

Atmospheric processing of carbonaceous nanoparticles (CNPs) may play an important role in 

determining their fate and environmental impacts. This work investigates the reaction between 

aerosolized C60 and atmospherically relevant mixing ratios of O3 at differing levels of humidity. 

Results indicate that C60 is oxidized by O3 and forms a variety of oxygen-containing functional 

groups on the aerosol surface, including C60O, C60O2 and C60O3. The pseudo-first order reaction 

rate between C60 and O3 ranges from 9 × 10-6 to 2 × 10-5 s-1. The reaction is likely to be limited to 

the aerosol surface. Exposure to O3 increases the oxidative stress exerted by the C60 aerosols as 

measured by the dichlorofluorescein acellular assay, but not by the uric acid, ascorbic acid, 

glutathione, or dithiothreitol assays. The initial prevalence of C60O and C60O2 as intermediate 

products is enhanced at higher humidity, as is the surface oxygen content of the aerosols. These 

results show that C60 can be oxidized when exposed to O3 under ambient conditions, such as 

those found in environmental, laboratory, and industrial settings.  
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Introduction 
C60 fullerenes (C60) are one type of carbonaceous nanoparticle (CNP) that exhibit a 

closed cage structure of five- and six-membered rings of carbon atoms. C60 fullerenes have been 

noted for their semiconductive,1 photosensitizing,2, 3 and free radical-absorbing4 properties. 

While C60 naturally occurs in some meteorites and in certain high-energy 

geologic/environmental settings (extraterrestrial impacts, lightning strikes, and wildfires),5, 6 the 

potential release of purposefully engineered C60 due to the growth of nanotechnology could lead 

to its presence in a wider variety of ecosystems, and at higher concentrations, than is currently 

the case.7, 8 Release of manufactured C60 to the environment could occur during production, use, 

and disposal of C60 or C60-containing products.9, 10 In addition, C60 of presumably incidental 

origin has been detected in atmospheric aerosols over the Mediterranean Sea11 and North 

America.12, 13  

The environmental impact of C60 has been the subject of numerous investigations in a 

variety of environmental settings, including soil14, 15 and water.16, 17 Toxicology testing has 

shown that a variety of outcomes can result from C60 exposure. Such outcomes range from 

protection against free radicals in vivo18 to numerous harmful toxicological endpoints, which can 

include elevated oxidative stress in embryonic zebrafish,19 bioaccumulation in earthworms,20 and 

lysosomal destabilization in oysters, the degree of which is suggestive of reproductive failure.21 

Some investigations, however, show only minimal toxicological effects resulting from C60 

exposure.22-24 Many toxicology studies have been conducted using freshly generated C60 

molecules, featuring either no functionalization or very specific functionalizations, such as 

phenylalanine25 or well-characterized hydroxylation.26-28 However, C60 that is released into the 

environment will likely become functionalized through interactions with solar radiation,29 water 

and natural materials therein,30 air,31 soil, and biota.  
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Transformation of C60 in the atmosphere may have important implications for its 

environmental transport, fate, and effects.31 Atmospheric transformation describes several 

processes, including aggregation, coating, and reactions such as oxidation. Ozone (O3) is a major 

oxidant that plays an important role in atmospheric processing of many gas- and particle-phase 

organic species.32 Most of the studies on the oxidation of C60 by O3 have taken place in solution 

by bubbling O3 through toluene33, 34 or other solvents35-38 in which C60 has been dissolved. 

Reaction with O3 has been shown to increase the stability of C60 colloids in water.39, 40 Cataldo41 

has examined the reaction with dry, powdered C60 and documented the formation of various 

carboxyl groups on the C60 material as well as the production of CO2. The relevance of the 

results for environmental scenarios is not known, however, as the O3 mixing ratio employed in 

that work, 6.4% O3/O2, is six orders of magnitude higher than found in the troposphere. Davis et 

al.42, 43 have investigated the reaction rate and mechanism between gas-phase O3 and surface-

bound C60 in a series of ultrahigh vacuum studies. Although their work provides direct insight 

into primary ozonide formation, the chemistry may be significantly different under ambient 

conditions in which water, oxygen, and other species are present. 

 The goal of this work is to investigate the reaction between C60 and O3 at atmospherically 

relevant O3 mixing ratios by measuring the reaction rate and identifying reaction products. We 

use an aerosolized form of C60 to mimic the potential release of C60 into the atmosphere. Our 

results may inform studies of other engineered carbonaceous nanoparticles, as well as address 

key questions about the atmospheric processing of graphitic soot, for which C60 may serve as a 

well-characterized model system.  
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Experimental   

Chamber 
Reactions were carried out in a 6 m3 polytetrafluoroethylene (PTFE) chamber, which was 

operated as a batch reactor. The chamber was shielded from light and was mixed by a small fan 

located in the center of the chamber floor. After each experiment, the chamber was flushed 

overnight to clean it, using laboratory compressed air passed through particle and hydrocarbon 

traps. Prior to each experiment, the particle count in the chamber was verified to be below ~1 × 

103 # cm-3. Temperature and humidity inside the chamber were measured via a wireless sensor. 

A schematic of the experimental setup is shown in the Supporting Information (Figure A-1).  

O3 was introduced into the chamber by flowing O2 through a corona discharge ozone 

generator at 0.1 L min-1. The C60-O3 reaction was investigated at initial O3 mixing ratios of < 5 

ppb (referred to as ~0 ppb), 45 ppb, and 120 ppb. Water vapor was introduced into the chamber 

via a household humidifier filled with nanopure water. The influence of water vapor was 

investigated by conducting the reaction at two relative humidity (RH) levels: 10-15% and ~65%. 

C60 aerosols were introduced into the chamber by means of a custom nanoparticle powder 

dry dispersion system.44 The C60 was 99.9% pure (MER Corp., Tucson, AZ). Chromatography of 

it revealed no distinguishable peaks of C60 oxides. The C60 powder was milled in a plastic vial 

with glass beads using a cell disrupter (BeadBeater) prior to dispersion. Because the dispersion 

process created a burst of aerosols, the reaction clock started immediately after dispersion was 

complete. Each experiment was conducted for up to 90 min, during which aerosol samples were 

collected at 6, 18, 30, 42, 60, and 90 min.  
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Sample collection and analytical techniques    
The aerosol size distribution was measured using a Scanning Mobility Particle Sizer 

which consisted of a long differential mobility analyzer and a butanol-based ultrafine 

condensation particle counter. Larger particles were measured using an Aerodynamic Particle 

Sizer. Size distributions from each instrument were merged using DataMerge software. Details 

of instrument models and suppliers are provided in the SI. 

The O3 mixing ratio in the chamber was measured by a UV absorption analyzer. O3 loss 

during each experiment was corrected both for instrument drift (measured daily) and O3 losses 

under the given humidity and O3 mixing ratio. Pseudo-first order rate constants were calculated 

as the slope of the least-squares linear regression line of the natural log of O3 mixing ratio versus 

time. 

Aerosol samples were collected on PTFE filters at a flow rate of 9 L min-1 for 10 min for 

analysis by high performance liquid chromatography (HPLC), liquid chromatography/mass 

spectrometry (LC/MS), UV-Visible spectrophotometry (UV-Vis), and oxidative stress assays. 

The filters were extracted in toluene (HPLC, LC/MS) or o-dichlorobenzene (ODCB, UV-Vis) 

via sonication, and the solution was concentrated to 1.0 mL prior to analysis by evaporation 

under nitrogen. Toluene was selected due to C60’s high solubility in it, and ODCB was chosen to 

extract potential C60 oxidation products that were too oxygenated to be appreciably soluble in 

toluene. Samples for analysis by x-ray photoelectron spectroscopy (XPS) were collected by 

depositing C60 aerosols onto double-sided copper tape using the final stage (D50 = 250 nm) of a 

Sioutas impactor. These samples were collected at a flow rate of 9 L min-1 for 12 min.  

Products of the reaction between C60 aerosols and O3 were identified using LC/MS with 

electrospray ionization. Analyses were conducted in negative single ion mode, and analytes were 

separated using a pyrenylpropyl-bonded silica column using toluene as a mobile phase at 0.5 mL 
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min-1. The relative prevalence of selected products was monitored using HPLC. The oxygen 

content of the aerosol surface was measured using XPS and the MultiPak software package. 

Samples were analyzed in both survey and high-resolution modes, and the primary C1s peak was 

referenced to 285.1 eV.45 Particle morphology was observed using transmission electron 

microscopy (TEM).  

The potential of the C60 aerosols to exert oxidative stress was measured using a variety of 

cell-free assays.46-49 Selected antioxidants were uric acid (UA), ascorbic acid (AA), dithiothreitol 

(DTT), and glutathione (GSH), while dichlorofluorescin (DCFH), along with its oxidation 

product dichlorofluorescein (DCF), was used as a fluorescent probe. All assay procedures have 

been described in detail elsewhere.50 Briefly, each antioxidant was incubated for 1 h with 20 µL 

of a phosphate-buffered saline (PBS) extract of C60 aerosols. Antioxidant depletion was then 

determined either by quantifying the concentration of remaining antioxidant via UV-Vis 

spectroscopy (GSH and DTT) or HPLC (ascorbic and uric acids), or by monitoring the 

production of the oxidation product via fluorescence (DCFH/DCF).  

Further experimental details may be found in the SI. 

 

Results 

Reactants 
The particle number concentrations used in this work averaged 1.04 ± 0.40 × 105 # cm-3.  

Variability stemmed from the dry dispersion aerosolization method. Because of losses to the 

chamber walls, the number concentration decreased over the course of a 90-min experiment. 

First order loss coefficients ranged form 0.001 – 0.01 min-1, typical for a chamber of this size.51, 
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52 Figure 4-1a shows the average initial size distribution, normalized to the total particle count 

for each run, of the C60 aerosols for 45 chamber experiments. The mode diameter is ~100 nm.  

Figure 4-1b-c shows particle morphology. The aerosols exhibited an irregular shape, as 

expected from the chaotic dispersion process. Given a mode diameter of 100 nm and slightly 

irregular morphology, we estimate the fraction of C60 molecules at the aerosol surface to be ~1%. 

Portions of the particles were crystalline, as shown in Figure 4-1c. The C60 provided by 

the manufacturer was crystalline in nature, and the diffraction pattern suggests that the crystals 

were not disrupted completely through the milling and dispersion processes, although they were 

reduced in size. This (poly)crystallinity permits comparison of the results described below to 

those obtained in studies using vapor-deposited C60 films.42, 43  

 

 

Figure 4-1: a) Normalized size distribution of the C60 aerosols immediately after particle 

dispersion (n = 45 runs). The average particle number concentration was 1.04 ±  0.4 ×  105 # 

cm-3. b-c) TEM images of C60 aerosols collected at t = 30 min during reaction with O3 

initially at a mixing ratio of 120 ppb. Particles exhibit irregular shapes and a layered, 

sheet-like structure. The diffraction pattern in (c) was taken from the particle on the left 

and indicates crystallinity.  

 

O3 loss over time, corrected for wall losses, is shown in Figure A-2. O3 loss occurred 

continuously throughout the 90-min experiment, and greater O3 loss occurred at higher initial 
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mixing ratios. The shape of the curves suggested that the reaction could be described by a 

pseudo-first order rate constant. Pseudo-first order rate constants ranged from k = 9 × 10-6 to 2 × 

10-5 s-1 over the tested O3 mixing ratios and humidity levels. O3 losses were not significantly 

different at a RH of 10-15% v. ~65%.  

 

Aerosol Chemistry 
Figure 4-2a shows the oxygen content of the C60 aerosols after exposure to O3. Higher 

initial O3 mixing ratios corresponded to a higher degree of oxygenation of the aerosol surface. 

When plotted on log-linear axes, the relationship between surface oxygen and initial O3 mixing 

ratio was linear, and the slope was statistically significant at the p < 0.05 level for both RH 

conditions. In this analysis, we assigned the initial O3 mixing ratio of ~0 ppb a value of 5 ppb to 

enable inclusion of the data point on the log scale.   
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Figure 4-2: a) Percentage of oxygen on the aerosol surface as a function of initial O3 mixing 

ratio. b) High-resolution scan of C1s peak, fitted with four peaks indicating the different 

oxidation states of C (RH 10-15% sample). c) Relative contributions to the C1s peak (RH 

10-15% sample) for O3 mixing ratio ranging from 0 – 20 ppm.  

 

Additionally, surface oxygen content was higher under humid (~65% RH) relative to dry 

(10-15% RH) conditions for initial O3 mixing ratios up to 120 ppb. The surface oxygen contents 

of the as-received C60 and milled C60 powder (i.e., prior to aerosolization) were < 2% and ~3%, 
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respectively (see Figure A-3). These values were significantly lower than that of the C60 that was 

aerosolized and exposed to ~0 ppb O3. This pattern held for C60O content as well; as-received 

and milled C60 powders contained undetectable levels of C60O, while this reaction product was 

detected in the aerosols exposed to ~0 ppb O3. These differences suggest that the dispersion 

process exposed new C60 surfaces, which oxidized upon contact with air even at low O3 mixing 

ratios. 

A high-resolution scan of the C1s peak under RH 10-15% conditions is shown in Figure 

4-2b. The presence of multiple peaks indicated that carbon was in several different bonding 

environments at the aerosol surface. We fit the XPS spectra using peak positions and 

assignments from the literature for chemically similar systems. The primary peak at 285.1 eV 

represents underivatized fullerenic carbon,45 while the higher-energy peaks at 286.3, 289.1, and 

291.1 eV correspond to C-O, C=O, and COOH moieties, respectively.39, 53-56 The relative 

contribution of each of these peaks to the overall C1s spectrum is shown in Figure 4-2c. The 

prevalence of the C-C peak decreased with increasing initial O3 mixing ratio, while the area of 

peaks attributed to oxygen bonding increased. High-resolution scans of samples collected at  

~65% RH produced a more complex spectrum (Figure A-3) that was not fitted as well using the 

same peak positions. The fit showed the C-O peak to be much larger than the sp2 carbon peak; 

the reasons for this are unknown and should be the subject of further study. Additionally, the 

effect of RH on surface chemistry will require further study.  
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Figure 4-3: a) Chromatogram of O3-exposed C60 aerosols, extracted in toluene. Several 

peaks follow the C60 peak (t = 8 min). b) Identification of the species represented by the 

smaller peaks by LC/MS. C60O, C60O2, and C60O3 form in the O3-C60 reaction. 

 

As has previously been done with water-stable C60 colloids,40, 57 several reaction products 

were separated and identified using HPLC and LC/MS. Figure 4-3 shows (a) a typical 

chromatogram of C60 exposed to O3 and (b) chromatograms of selected ions at m/z ratios of 720, 

735, 751, and 768, corresponding to C60, C60O, C60O2, and C60O3, respectively. While oxides 

with more than four oxygen atoms per C60 cage may have formed, we did not investigate higher 

m/z ratios, as chromatograms did not reliably show peaks eluting after C60O3.  
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Figure 4-4: Relative abundance of a) C60O and b) C60O2 with time, as determined by 

HPLC. Both species are present at very low levels (relative abundance < 0.01 by t = 90 

min). The initial O3 mixing ratio does not influence final abundance of either species, 

except in the case of ~0 ppb. See text for explanation. 

 

The evolution of C60O and C60O2 during the reaction was followed via HPLC. Figure 4-4 

shows the relative prevalence of these two products over the course of the 90-min reaction, for 

both dry and humid (10-15% and ~65% RH) conditions, at all four tested O3 mixing ratios. The 

vertical-axis values represent the ratio of the product peak area to the C60 peak area. We 

employed this metric because quantifying the concentrations of the C60 oxidation products would 

have required high-quality analytical standards of them, which were not available. Both C60O 

and C60O2 formed under all tested conditions. The relative abundance of C60O was maximal 

around t = 5 min and stabilized by t = 40 min. The timing of the peak in C60O2 differed by O3 

mixing ratio. The peak appeared earliest at high initial O3 mixing ratios (1 ppm and 120 ppb) and 

shifted later in time at low mixing ratios (45 ppb and ~0 ppb). It is likely that the C60 aerosols 

exposed to 120 ppb and 1,000 ppb did experience a peak in their C60O2:C60 ratio, but that the 

peak occurred prior to the first sampling point at t = 6 min. These results suggest that C60O and 

C60O2 may be intermediates in a reaction mechanism that proceeds from C60 through one or both 

of these species to the formation of higher oxidation products. The increasing prevalence of both 
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C60O and C60O2 with time at ~0 ppb O3 suggests that these species may have formed 

comparatively slowly due to the lower O3 mixing ratio (1-5 ppb). The time series at ~0 ppb may 

represent a “slow-motion” version of the reaction at higher O3 mixing ratios; over a longer 

timescale, these two species may have reached similar final abundances as at the other mixing 

ratios.  

The presence of water vapor enhanced the formation of both C60O and C60O2; this effect 

was greatest at 45 and 120 ppb. Lastly, the relative concentrations of both species stabilized at a 

peak area ratio of < 0.01 under all O3 and RH conditions.  

 

 

Figure 4-5: Consumption of five different antioxidants by C60 aerosols extracted in 

phosphate-buffered saline (PBS). a-b) Uric acid, ascorbic acid, dithiothreitol, and 

glutathione were depleted similarly by all C60 samples, filter blank, and/or H2O2 control. c) 

C60 exposed to O3 oxidized dichlorofluorescin (DCFH) more readily than did unexposed 

C60. All samples collected at 10-15% RH.  
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Oxidative stress potential 
The ability of O3-exposed C60 aerosols to deplete a variety of antioxidants is shown in 

Figure 4-5. Results for hydrogen peroxide (H2O2) are shown as a positive control. No significant 

difference in antioxidant depletion, either between different mixing ratios of O3, or between any 

C60 aerosols and the filter blank, was observed for the uric acid and DTT assays. C60 aerosols 

exposed to 120 ppb of O3 consumed slightly more ascorbic acid than did those exposed at mixing 

ratios of 0 or 45 ppb. In the case of glutathione (for which the ratio between GSH and its 

oxidized form, GSSG, is considered an indicator of oxidative stress58), there was no trend 

between O3 exposure and glutathione loss. Results of the DCF assay are shown as a percentage 

increase over the blank, and C60 exposed to O3 oxidized dichlorofluorescin (DCFH) more readily 

than did unexposed C60. 

 

Discussion 

Reaction rate  
The reaction between C60 and O3 is of interest with respect both to the environmental fate 

and impacts of manufactured CNPs and to the atmospheric processing and aging of 

carbonaceous aerosols. The pseudo-first order reaction rates derived in this work (k = 9 × 10-6 – 2 

× 10-5 s-1) are more than one order of magnitude lower than two previously published C60-O3 

reaction rates, each of which were obtained under much richer O3 conditions.41, 42 The reaction 

rates calculated here are also several orders of magnitude lower than those for several polycyclic 

aromatic hydrocarbons (PAHs) on various aerosol cores or substrates, as shown in Figure 4-6.41, 

42, 59-65 Since the aerosols in this study are entirely composed of C60, we may consider C60 to be 

both the core and the surface of the aerosols. Multiple researchers, including those whose results 
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are depicted in Figure 4-6, have suggested that a Langmuir-Hinshelwood mechanism may apply 

to reactions between O3 and vinyl-terminated organic surfaces,66 PAH,60-63 and soot.64, 65  

 

 

Figure 4-6: Pseudo-first order rate constants for reactions between various cyclic 

carbonaceous compounds and O3, as a function of O3 mixing ratio. Data from this work are 

plotted as black squares. Rate constants measured under humid and dry conditions were 

plotted together for all works. The legend indicates coating compound, followed by the 

composition of the aerosol core (or substrate, in the case of Pyrex).  

 

The reaction between C60 and O3 first begins with a collision between the gas-phase O3 and the 

solid-phase C60 particle. The collision rate between a particle and a gas-phase species can be 

calculated using the following equation:32  

 # of collisions
unit area ×  s

= Ng
RT

2πM
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where Ng = trace gas concentration (molec cm-3); R = ideal gas constant (J mol-1 K-1); T = 

temperature (K); and M = molar weight of the gas (kg mol-1).32 For the conditions in the study 

described in Chapter 4, the collision rate is approximately 1.1 × 1016 collisions cm-2 s-1.  

The net uptake of a trace gas to a particle surface can be defined as “the ratio of the number of 

trace gas molecules removed from the gas phase (net loss) divided by the total number of trace 

gas collisions with the surface.”67 That is,  

 

Kolb et al. note that the uptake coefficient can be time-dependent; examination of the O3 loss 

data in the Chapter 4 experiments suggests this is likely the case here. The uptake coefficient for 

these experiments will be calculated for the integrated 90 min experiment on a unit volume basis.   

Removal from gas phase (numerator): In experiments using an initial O3 mixing ratio of 45 ppb, 

the final O3 mixing ratio was reduced by approximately 2 ppb, which translates to 5.4 × 1010 

molecules of O3 lost cm-3. 

Collisions with surface (denominator): The above collision rate must be normalized to an aerosol 

surface area concentration of 1 × 1010 nm2 cm-3 and extended it over the duration of the 90 min 

experiments. This results in approximately 6.0 × 1015 collisions cm-3.  

The final uptake coefficient is then on the order of 1 × 10-5. This value is well within the range of 

uptake coefficient values measured in a variety of O3-soot experiments.67-69  

 

gas uptake = γ0 =
# gas molecules removed from gas phase

# gas collisions with surface



 107 

Reaction products  

The reaction between C60 and O3 begins with the formation of a primary ozonide, when 

the ozone molecule attaches preferably across a 6,6 bond in the C60 structure.70 This unstable 

intermediate quickly decays to a Criegee biradical.43 As detailed by Shang et al.,71 the Criegee 

intermediate may decay into an epoxide structure, C60O, or into a diketone, C60O2. Including 

reactions in which the primary ozonide may form over the 5,6 bond, two isomers of C60O may 

form, and eight isomers of C60O2 are available.72 Of these, one (6,6 bond) is preferable for C60O, 

and three are preferable for C60O2. The final product described in this study, C60O3, may form as 

a sequential combination of two (one epoxide and one diketone) or three (three epoxide) 

ozonolysis reactions. Chapleski et al.73 have recently described the energetic favorability of the 

formation of various C60 ozonide isomers. Such work may be extended to explore the various 

potential isomers of C60O3. Such theoretical work may be informative regarding the potential 

isomers of C60O3 that may form under environmentally relevant conditions, whether containing 

only epoxide, or both epoxide and diketone, functionalities. 

The formation of C60O as a result of C60 exposure to O3 has been previously shown in 

aqueous, solvent-based, and ‘dry’ experimental systems.33, 34, 39, 40, 74, 75 To our knowledge, this 

work marks the first time that C60O2 and C60O3 have been identified as reaction products under 

atmospherically relevant O3 mixing ratios. These oxygen atoms may be located in epoxide, 

ketone, or other functional groups. Carbon nanotubes76-79 and graphene80 also form epoxide 

groups following exposure to O3.  Similar epoxide products have not been observed in studies of 

particle-phase PAH oxidation by O3; quinones and other carbonyl moieties are instead often 

observed.60, 63, 81 This difference between particle-phase PAHs and CNPs may be due to the 

attraction of the PAH molecules to the substrate to which they are sorbed and their consequent 
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thermodynamic tendency to oxidize into planar products.82 The influence of parent compound 

aromaticity on reaction product identity must also be considered. 

As shown in Figure 4-2a, exposure to O3 results in elevated oxygen content of the C60 

aerosol surface. XPS analyzes only the top few nanometers (< 5 nm) of the sample surface, so 

C60 molecules in the unreacted ‘core’ of the aerosol do not contribute to the measurements. The 

combination of O3 and water vapor, both at atmospherically relevant levels, alters the surface 

chemistry of the C60 aerosols. After calibrating the unreacted fullerenic carbon peak to 285.1 

eV,45 subsequent peaks at 286.3, 289.1, and 291.1 eV are assigned to C-O,54, 83, 84 C=O,39 and 

COOH groups,53, 85 respectively. The oxygen content and oxygen-containing functional groups in 

these C60 aerosols are similar to results shown for the ozonation of water-stable C60 clusters,39 

carbon nanotubes (CNTs),76, 86, 87 and soot.88 Similar oxygen-containing functional groups, and 

only slightly higher surface oxygen contents, have been detected on CNTs following acid 

treatment (used to enhance the hydrophilicity of the nanotubes)89 and following O3 exposure that 

greatly increased CNT stability in water.87 Increased stability in water may also be acquired via 

photolysis,55, 90 which was not addressed in this work.  

Along with epoxides,40 the oxygen-containing functional groups observed to result from 

atmospherically relevant O3 exposure may have an important impact on the aqueous stability of 

C60 fullerenes, and other similar CNPs, exposed to the atmosphere. Aqueous stability of C60 

aerosols in this work was investigated via UV-Vis and total organic carbon analysis (TOC) of 

aerosols extracted in water, but there were no significant differences with level of O3 exposure. 

In the case of TOC analysis, this may be due to the very low sample mass obtainable from these 

small aerosols. Negative results for both analyses may also indicate that 90 min of exposure to 

atmospheric levels of O3 may not result in enough surface oxygenation to stabilize the aerosols 
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in water. While Murdianti et al.40 suggest that C60 aggregates may be stable in water if ~1.7% of 

C60 molecules are functionalized with a single oxygen molecule, the hydrodynamic sizes of the 

particles used in their study ranged from 70-139 nm, and oxidation occurred in the presence of 

liquid water.40 The differences between this work and Murdianti et al.40 in terms of particle size 

distribution, presence of liquid water, and potential variability of oxidation products make it 

difficult to translate the water-based results to an air-based system. In addition to aqueous 

solvents, we also attempted extraction in acetone followed by UV-Vis analysis, but results were 

inconclusive.  

Although the final abundances of epoxide reaction products were low and independent of O3 

mixing ratio (Figure 4-4), surface oxygen levels were relatively high (Figure 4-2b), and O3 loss 

was continual throughout the exposure period (Figure A-2). Especially considering the diversity 

of O-containing functional groups present on the aerosol surface (Figure 4-2c), it seems plausible 

that unidentified O-containing reaction products may have formed. Chibante et al.75 note that 

toluene-insoluble products of the C60-O3 reaction form as the reaction proceeds, and that these 

products are rich in oxygen. In our experiments, a brown residue often remained on the air-dried 

Teflon filter following sonication in toluene, especially at higher O3 exposure as measured in 

ppb⋅min. The presence of this toluene-insoluble material may indicate the formation of a C60-

based substance that exhibits reduced hydrophobicity.  

While the addition of more than ~15 O3 molecules to the C60 cage is energetically unfavorable,73 

the presence of a crystal structure limits even further the number of oxygen atoms that may be 

added. Higher oxidation products such as C60O4, C60O5, etc. are possible, but it is unlikely that 

such an oxygen-rich C60 species could form without the molecule becoming cross-linked to 
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neighboring C60 molecules in the crystal structure. Due to the potential for neighboring cages to 

become cross-linked, this C60-based substance is likely to be chemically complex and diverse. 

The possibility of cross-linking (dimerization) is discussed further in Appendix A. 

While no detectable portion of the O3-exposed C60 samples in this work were stably 

suspendable in water, it is possible that more extensive atmospheric processing than occurred in 

this experiment (longer duration of O3 exposure, photolysis, etc.) may result in a water-stable 

fullerene-based material.91 Just as the oxidation of soot aerosols renders those particles 

hydrophilic enough to serve as cloud condensation nuclei,92 the atmospheric processing of C60 

may alter its hydrophobicity significantly. The formation of these diverse oxidation products 

under atmospherically relevant O3 conditions during a 90-min exposure suggests that 

atmospheric processing of CNPs may be an important determinant in the fate, transport, and 

environmental impact of these materials.  

 

Oxidative stress potential 
 Oxidative stress is an important mechanism by which inhaled particles cause negative 

health effects.93, 94 As expected, the response of the selected antioxidants to the C60 aerosols 

varied widely by antioxidant compound. The observation that ascorbic acid and glutathione were 

depleted while uric acid was not matches Zielinski et al.’s46 results for carbon black particles. 

Holder et al.47 found oxidized soot to deplete DTT more extensively than does unozonated soot, 

but our results with C60 do not show this trend. The extent of oxidation differs substantially 

between the two studies, however, (~35 times higher O3 exposure in terms of ppb ⋅ min in Holder 

et al.) so it is likely that their soot was more extensively functionalized. Additionally, the 
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existence of a well-defined molecular formula for C60, and the absence of one for soot, must be 

taken into account when comparing these results.  

C60 exposed to O3 enhanced the fluorescence of DCFH more extensively than did 

unexposed C60. This influence of functionalization on DCFH depletion corroborates the results 

of Pichardo et al.,95 who noted enhanced lipid peroxidation and reactive oxygen species (ROS) 

generation (as measured by DCFH depletion) when exposing human intestinal cells to 

carboxylated nanotubes. Yuan et al.96 exposed human hepatoma cells to carbon nanotubes and 

graphene sheets that exhibited a variety of carbon-oxygen moieties (C-O, C=O, COOH) and 

found that while the effects of graphene were less intense, nanotube exposure was associated 

with elevated levels of ROS and apoptotic cells, as well as interrupted protein synthesis. These 

carbon-oxygen moieties are also found on the oxidized C60 in our work. Despite the fact that 

neither grapheme nor CNT exhibit the defined molecular formula that characterizes C60 

fullerenes, the commonality in functional groups between the materials in the Yuan et al.96 and 

this work justify concern over the impact of atmospheric processing on the toxicity of C60 and 

other CNPs. As the current work focuses on the integrated effect of the O3-exposed C60 aerosols, 

future research could investigate the relationship between the oxidative stress potential of the 

aerosol and the speciation of its oxidation products.  

 While the current work does not investigate the influence of photolysis on the oxidative 

stress potential of oxidized C60, research with carboxylated nanotubes demonstrates that ROS 

[singlet oxygen (1O2), superoxide anions (O2⋅⋅
-), and hydroxyl radicals (⋅OH)] are generated when 

exposing water-stable carboxylated nanotubes to sunlight.97 Given the similarities in functional 

groups and surface oxygen content between O3-exposed nanotubes and the O3-exposed C60 
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discussed above, it is possible that photolysis of CNPs during atmospheric processing could 

contribute to their potential to generate ROS. 

 The limitations of this work include the exclusion of light from the reaction chamber and 

the use of pure C60 aerosols. As discussed above, photolysis may influence the C60-O3 reaction in 

terms of rate, distribution of products, and/or ROS generation potential. The variety of matrices 

or substrates to which manufactured or incidental C60 may be bound may alter its reaction with 

O3 and subsequent behavior in the environment. The results shown here suggest that atmospheric 

transformation of C60 fullerenes would alter them substantially and may result in the introduction 

of highly oxygenated and cross-linked fullerenes into the environment. Atmospheric 

transformation, including but not limited to oxidation, must be considered in order to more 

accurately understand the environmental impacts of nanotechnology.  

 

Associated Content 

Appendix A. Schematic of experimental setup. O3 loss during the C60-O3 reaction. XPS C1s, 

O1s spectra of RH ~65% C60 aerosol sample; oxygen content of as-received and milled C60 

powders. SEM images of XPS sample. O3 loss data with least-square regression lines. Raw and 

normalized UV-Vis spectra showing evidence suggestive of C60 dimerization. Table providing 

commercial information and operating conditions for analytical instruments. Specifics regarding 

experimental design. Discussion of potential dimerization/oligomerization of C60.  
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Chapter 5 – Conclusions  
 

Within the field of environmental nanotechnology, a knowledge gap exists regarding the role of 

the atmosphere in determining the transport, fate, and ecological consequences of ENPs. 

Oftentimes, it has been considered an inert compartment through which ENPs transit while on 

their way to and from the aqueous and terrestrial environments.1 

 

Outcomes of Research Objective #1 
Review the potential for transformation of carbon-based nanoparticles in the atmosphere. 

This work reviews how atmospheric processing may transform the chemical and physical 

attributes of carbonaceous nanoparticles (CNPs) and how those transformations may alter the 

CNPs’ environmental impacts. The conclusions of this work can help researchers design more 

environmentally relevant experiments when examining the environmental impacts of 

nanotechnology. This work may also help inform policymakers engaged in formulating 

nanotechnology-specific regulations about the role of the atmosphere in determining the 

environmental impacts of nanotechnology.  

 

Outcomes of Research Objective #2 
Develop a method to generate nano-scale aerosols from dry powdered C60 nanoparticles. 

This work describes a method to produce sub-100 nm aerosol particles from manufactured 

nanomaterial powders without the use of solvents. The aerosolization technique can create nano-

scale aerosols from both carbonaceous and metal oxide nanoparticles; this combination of size 
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and particle diversity has not been demonstrated by any custom or commercially available device 

to date. With the occasional exception of cerium dioxide, the technique produces aerosol mass 

concentrations that are related linearly to the mass of nanoparticle powder utilized, providing 

researchers with a reliable aerosol source. This technique will be useful for studies focusing on 

nanoparticle processes and may also be useful in toxicology experiments.  

 

Outcomes of Research Objective #3 
Identify and quantify the reaction rate, reaction products, and oxidative stress potential of 

aerosol-phase C60 nanoparticles due to exposure to atmospherically relevant levels of O3. 

This work describes the rate and products of the reaction between aerosolized C60 and 

atmospherically relevant levels of O3. We demonstrate that C60 reacts quickly, that C60O, C60O2, 

and C60O3 are produced in the reaction, and that the initial – but not final – abundance of C60O 

and C60O2 is enhanced by water vapor. We examine the oxidative stress potential of O3-exposed 

C60 aerosols and find it to be elevated according to one assay. We compare the pseudo-first order 

reaction rate in this reaction to those of other carbonaceous nanoparticles and PAHs and confirm 

that the rate is lower than for PAHs tested at a comparable O3 mixing ratio. As oxidation 

proceeds, C60 molecules may possibly become cross-linked with one another, forming dimers 

and perhaps more extensive oligomers. 

 

These results verify that atmospheric transformations are of significance with respect to the fate 

of CNPs in the environment. This work provides evidence to researchers and policymakers that 

the atmosphere must be considered as more than just a transport pathway with respect to CNPs. 
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This work will assist the scientific and regulatory communities in formulating more realistic 

investigations and nanotechnology-related policy, respectively.  

 

Implications 
The contribution of this work to the scientific literature is twofold: to facilitate research into the 

inhalation toxicity and atmospheric transformation of ENPs by demonstrating a way to create 

nano-scale aerosols from ENP powders, and to show that the environmental behavior of CNPs 

(specifically C60 fullerenes) can be substantially altered by atmospheric processing. Taken 

together, these contributions have made important progress towards determining the 

environmental impacts of nanotechnology. 

 

The development of an aerosolization technique that produces nano-scale aerosols from ENP 

powders will grant researchers more control over the surface chemistry and size of the aerosols 

they generate. This advance will enable researchers to expand into studies that may be more 

representative of realistic scenarios in the fields of aerosol chemistry, inhalation toxicology, and 

environmental nanotechnology. 

 

Demonstration that C60 fullerenes react with atmospherically relevant levels of O3 on a rapid 

time scale verifies that the atmosphere plays an important role in determining the environmental 

impacts of C60. This knowledge will enable environmental nanotechnology researchers to 

improve the accuracy and environmental relevance of their work. Improvement in the scientific 

understanding of the environmental behavior of ENPs will further assist in the development of 

scientifically sound environmental policy pertaining to nanotechnology.  



 127 

 

Recommendations for Future Work 
We recommend that future research pertaining to the environmental impacts of nanotechnology 

incorporate nanoparticles that bear chemical resemblance to those having been atmospherically 

processed. As noted previously, much of the research done in this field has used pristine, 

unfunctionalized nanoparticles for ecotoxicity and human health research; this level of purity 

may not often be realistic. Nanoparticles that have undergone functionalization and/or internal 

mixing with other atmospheric constituents should be tested for their ecological and human 

health impacts alongside their unfunctionalized predecessors.  

 

In order to potentially diversify the research applications of the aerosolization technique 

described in Chapter 3, we recommend development of a ‘feeder’ mechanism to enable 

continuous delivery of nanoparticle powder to the disperser. This would permit aerosol 

generation over a longer period of time (minutes, perhaps hours). Such a development could 

make the aerosolization technique much better suited for use in inhalation toxicology studies. In 

addition to enhancing the technique in this manner, we recommend confirming the size of the 

resulting ENP aerosols through TEM analysis of particles deposited via thermophoretic 

precipitation; this particle collection technique is far less biased to larger particle sizes than is 

impaction,2 and could provide a more accurate understanding of the size distribution of the ENP 

aerosol.  

 

In the interest of further exploring the importance of other atmospheric constituents to the 

atmospheric processing of C60, we recommend consideration of photons and hydroxyl radicals. 
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Hydroxyl radicals are highly reactive and are produced through photolysis of ozone followed by 

reaction of the O(1D) product with water vapor. Recently, their formation has also been predicted 

from the interaction of water vapor and the Criegee intermediate of limonene ozonolysis.3 

Hydroxyl radicals readily react with alkenes,4 and as fullerenes undergo many reactions similar 

to alkenes,5 their reaction with OH in the atmosphere can be presumed to be significant. Beyond 

their role in producing hydroxyl radicals, photons may also promote further reactions on alkene 

surfaces that have undergone ozonolysis.6 We can anticipate, then, that photons and hydroxyl 

radicals may play significant and interlinking roles in the atmospheric processing of C60; these 

reactions should be investigated experimentally. 

 

While we selected C60 fullerenes for this work due to the relative ease of aerosolizing them, CNT 

hold a larger share of the ENP marketplace than do fullerenes.7 As such, atmospheric processing 

of CNT must be explored, including oxidation, coating, and internal mixing. Unintentional 

aerosolization of CNTs has already been demonstrated,8 and multiple inhalation toxicity studies 

have demonstrated their deleterious effects on exposed organisms.9, 10 Beyond inhalation studies, 

ecotoxicological research on CNTs has shown that surface functionalization is an important 

variable;11 the impact of atmospheric processing aqueous-phase CNT ecotoxicology should not 

be overlooked. Pursuing these lines of research is an important next step to making research on 

the environmental impacts of nanotechnology more accurate.   

 

Lastly, we recommend that future work should investigate the issue of potential dimerization 

(and subsequent oligomerization) of C60 upon oxidation with O3. Results obtained during the 

work described in Chapter 4 suggest that oligomerization occurs, but more work is required to 
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substantiate this claim. If C60 molecules oligomerize with neighboring C60 molecules upon 

oxidation, the resulting oligomer could have different toxicological and environmental impacts 

than simpler reaction products. Future work should ideally go beyond C60 to investigate the 

possibility of cross-linking during CNT oxidation, and between a CNP and a neighboring 

carbonaceous substance that is not an ENP. If CNPs become chemically bonded to non-ENP 

substances (for example, humic or humic-like substances12) through environmental processing, 

this could significantly alter the way in which we think about the transport, fate, and impacts of 

CNPs in the environment.  
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Appendix A: Supplementary Information to Chapter 4 
 
 

This appendix contains the following information:  

• Schematic of experimental setup 

• Ozone loss data 

• High resolution XPS spectra 

• SEM images of impacted aerosol sample 

• Ozone reaction rate as a function of mixing ratio 

• Raw and normalized UV-Vis spectra 

• Commercial information and operating conditions for analytical instruments, samplers, 

and sampling substrates 

• Further experimental details 

• Discussion pertaining to potential C60 dimerization  
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Schematic of Experimental Setup 

 

Figure A-1: Schematic of chamber, online and offline sampling. 

 

Ozone Loss Data 

 

Figure A-2: O3 loss during the 90-min reaction with C60 at 10-15% RH. (n = 10, 6, and 6 for 

0, 45, and 120 ppb, respectively), shown with error bars of ± 1 standard deviation. Losses at 

~65% RH were not significantly different. O3 loss at an intial mixing ratio of 1 ppm totaled 

84 ± 4 ppb (not shown for scale).  
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High-resolution XPS Spectra 

 

Figure A-3: a) XPS C1s spectrum of ~65% RH sample, along with peak fitting scheme used 

for 10-15% RH samples. b) O1s spectrum of RH < 15% sample. c) Surface oxygen content 

of C60 as received (as rec’d), post-milling (milled), and exposed to O3. The aerosol data are 

identical to those shown in Figure 4-2a. 
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SEM images of impacted aerosol sample 

 

Figure A-4: SEM images of a C60 aerosol sample collected via impactor for XPS analysis. 

All XPS samples covered the substrate completely; consequently, we presume that the XPS 

spectra represent the chemistry of the aerosols alone and would not be influenced by the 

copper tape or its adhesive. a) The strip of deposited fullerenes is visible on the copper tape 

(scale bar 100 µm). b) The texture of the deposited C60 aerosol sample from above (scale 

bar 200 nm). c) Side view of the C60 aerosol strip with a measured height of 20 µm (scale 

bar 10  µm).  
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Ozone reaction rate as a function of mixing ratio 

 

Figure A-5: O3 loss after injection of C60 aerosols at initial O3 mixing ratios of a) 45 ppb, b) 

120 ppb, and c) 1 ppm. In each panel the dashed black line is the average of all the colored 

lines, and the solid black line is the linear least-squares regression line for the average.  
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Raw and normalized UV-Vis spectra 

 

Figure A-6: UV-Vis spectra of pure C60 and O3-exposed C60 in ODCB (10-15% RH). a) The 

'residue’ sample was extracted in toluene and dried prior to extraction in ODCB in order 

to remove toluene-soluble species (such as unreacted C60) from it. b) Spectra are 

normalized to the peak at λ  = 407 nm. O3-exposed aerosols at t = 65 min of exposure to 

initial O3 mixing ratios of 30, 45, and 75 ppb, with pure C60 in ODCB for comparison. C) 

Spectra are normalized to the peak at λ  = 407 nm. C60 aerosols exposed to an initial O3 
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mixing ratio of 30 ppb for t = 53 min, pre-extracted in toluene to remove toluene-soluble 

species (“residue”), and C60 aerosols exposed to 30 ppb O3 for t = 65 min which was not 

pre-extracted in toluene (as shown in (a)), with pure C60 in ODCB for comparison.  

 

Commercial information and operating conditions for analytical instruments, 

samplers, and sampling substrates 
 

Table A-1: Commercial information and operating conditions regarding analytical 

techniques, samplers, and sampling substrates. 

Analytical technique, 

sampler, or substrate 

Specifics 

Ozone generator HG500, Ozone Solutions, Hull, IA 

Ozone analyzer 49C, Thermo Scientific, Franklin, MA 

BeadBeater BioSpec, Bartlesville, OK 

Scanning Mobility Particle 

Sizer (SMPS) 

3936NL, TSI, Shoreview, MN 

Ultrafine Condensation 

Particle Counter 

3025A, TSI, Shoreview, MN 

Aerodynamic Particle Sizer 

(APS) 

3321, TSI, Shoreview, MN 

PTFE filter, 47 mm, 1 µm 

pore size 

JAWP04700, Millipore, Billerica, MA 

Triple quadrupole mass Thermo Instrument TSQ, Thermo Finnegan, San Jose, 
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spectrometry with 

electrospray ionization (ESI-

MS) 

CA 

BuckyPrep column (HPLC, 

LC/MS) 

091-3113, 4.6 × 250 mm, SES Research, Houston, TX 

High-performance liquid 

chromatography (HPLC) 

HP 1090, 1 mL min-1 toluene mobile phase, BuckyPrep 

column, 335 nm diode array detection 

X-ray photoelectron 

spectroscopy (XPS) 

Quantera XSM, Phi, Chanhassen, MN. Step size 1 eV 

and 0.1 eV respectively, spot size 200 µm, Al mono 

source 

Transmission electron 

microscopy (TEM) 

120 kV, FEI Philips EM420 

Sioutas impactor 225-370, SKC Inc., Eighty Four, PA 

HPLC-grade toluene 99.7%, JT Baker, VWR 

ODCB 99%, Sigma-Aldrich 
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Further experimental details 
At an O2 flow rate of 0.1 L min-1, 1.7 mL of O2/O3 flow resulted in an approximately 10 

ppb rise in the O3 mixing ratio of the chamber; thus, introduction of O3 at the mixing ratios 

utilized did not result in a significant increase in the O2 content of the chamber air. Therefore, the 

experimental results cannot be attributed to elevated exposure to O2.  

Samples were collected for HPLC analysis at t = 6, 18, 30, 42, 60, and 90 min into the 

reaction (sampling midpoints of a 12-min period). Samples for UV-Vis were collected at t = 65 

min and were extracted in o-dichlorobenzene (ODCB). A ‘residue’ sample was created for UV-

Vis analysis by collecting aerosols from the first 53 min of exposure to an initial O3 mixing ratio 

of 30 ppb, extracting them in toluene to remove toluene-soluble molecules, and drying them in a 

vacuum desiccator. These filters contained a toluene-insoluble, brown residue, which was 

extracted in ODCB for analysis.  

For XPS analysis, three samples were collected consecutively from one chamber run to 

represent each concentration, beginning at t = 90 min. The XPS spectral peaks are created from 

the energy of photoelectrons emitted from the top few nanometers into the sample, so the 

gathered data is representative of the surface of the collected aerosols only. To enable 

observation of particle morphology, aerosols were deposited onto copper TEM grids (FCF200-

Cu-50, Electron Microscopy Sciences, Hatfield, PA) by placing the grids in a custom 

thermophoretic precipitator (TP). The top of the aluminum precipitator was heated to 90 °C 

using a resistive heater and the bottom was cooled with flowing ice-cooled water. Chamber air 

was drawn through the TP at 1.5 L min-1. 

 



 140 

Discussion pertaining to potential C60 dimerization 
The potential for C60 dimers to form during O3 exposure was investigated using UV-Vis 

spectroscopy. Figure A-6 shows raw UV-Vis spectra for O3-exposed C60 aerosols at three 

different initial O3 mixing ratios (30, 45, and 75 ppb), as well as a ‘residue’ sample from an 

experiment at 30 ppb, from which toluene-soluble species (i.e., unreacted C60 as well as oxidized 

C60 still soluble in toluene) had been removed, as described above. Pure C60 is shown for 

comparison, and all samples were in ODCB. For pure C60, there was a significant decrease in 

absorbance between 430 and 500 nm relative to the region between 500 and 650 nm; the O3-

exposed samples did not show such a decrease. Additionally, the absorbance of all O3-exposed 

C60 in the 580 – 630 nm region was diminished relative to that of the pure C60, which showed 

notable absorbance features. 

While aqueous extractions of the residue did not produce meaningful results via either 

total organic carbon analysis or UV-Vis spectroscopy, the spectral features of the O3-exposed 

samples when extracted in ODCB (Figure A-6) suggest the presence of C60
 dimers.1 The muted 

absorbance of the residue sample at 590 nm relative to the aerosol samples may be attributed to 

the removal of toluene-soluble C60 and reaction products from that sample prior to extraction in 

ODCB. Normalizing the spectra to the peak at 407 nm (Figure A-6a) shows more clearly that 

elevated initial O3 mixing ratio is associated with higher absorbance between 430 and 500 nm, 

and decreased absorbance near 590 nm. Additionally, the removal of toluene-soluble species 

prior to extraction in ODCB further enhances the absorbance between 430 and 500 nm. These 

trends suggest that higher O3 mixing ratios lead to more extensive dimerization, and that the 

toluene-insoluble substance that forms during the C60-O3
 reaction consists of cross-linked C60 

molecules.   

Dimers may form during C60 reaction with O3 when a primary ozonide – the first step in 
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C60
2

 and alkene3
 oxidation by O3 – forms over two carbon atoms on neighboring C60 cages, as 

opposed to two carbons on the same cage (which decays into an epoxide). While the spectra 

shown in Figure A-6 suggest the presence of dimers, it is also possible that further cross-linking 

may occur, resulting in oligomers. Potential cross-linking of alkene-terminated self-assembled 

monolayers after exposure to gas-phase O3 has been mentioned previously;4
 cross-linking more 

extensive than that needed for dimerization may have occurred in these samples. 

Oligomerization has previously been observed during the reaction of gas-phase compounds with 

ozone5
 and during oxidation of aerosol surface species.6 It is possible that C60O and C60O2 may be 

intermediates as the reaction proceeds to the cross-linking of neighboring C60 cages, resulting in 

dimers and possibly larger polymers.7, 8 
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