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≡─ ⌐ ⇔≡ ≢ ⌂ ╩ ⇔⁸ ╩ ∆╢√╘⌐⁸1970

─ 91-596 ⅜ ↕╣√⁹↓─ ⌐╟╡⁸ ─

≤⁸ ₁⌂ ⌐⅔™≡ ⌂ ˈ ⌐╟╢ ─ ⁸ ─

⁸╕√│ ─ ╩ ╠⌂™ ↓╣╠⌐ ⇔⌂™ ˈ╩ ∆╢↓≤⅜⁸

NIOSH ⌐ ⌡╠╣≡™╢⁹ 

 

NIOSH│⁸ ─ ⌐ ∆╢ ⇔™ ╩ ╘╢√╘⌐ CIBs ╩

⇔≡™╢⁹CIB│⁸╙≤╙≤ ↕╣≡™⌂⅛∫√ ⌐ ⇔⁸ ─ ⌐ ∆

╢ ╩♃כ♦™⇔ ⇔⁸Ɫ◙כ♪◖fi♩꜡כꜟ⌐ ∆╢ ╩ ╘╢⁹CIB│⁸ ╛

⁸ ⁸ ⁸ ⁸ ─ ╩ ∆╢

─ ⌐ ↕╣╢⁹NIOSH │⁸ ≤♫ⱡ♥◒ⱡ꜡☺כ─ ⌐ ∆╢

╩ ™⁸ ╩ ∆╢⁸ ─ ≢№╢⁹♫ⱡ♥◒ⱡ꜡☺כ│№╠╝╢

⌐ ⇔ ↑≡™╢√╘⁸ │ ⇔™♫ⱡ ⌐ ∆╢ꜞ☻◒─ ⌐↕╠↕

╣╢∞╤℮⁹ ⁸♫ⱡ │⁸ ⅛╠ ⁸ ╛ ╕≢⁸ ╙─

⌐╖╠╣╢⁹↓╣╠♫ⱡ☻◔כꜟ⌐ ≠ↄ │⁸ ⌐⁸♫ⱡ♥◒ⱡ꜡☺₈─כ

₉ ≤™╦╣╢⁹↓╣╠♫ⱡ☻◔כꜟⱬכ☻ ─ ↄ│⁸ ⌐⁸ ⁸

♫ⱡ♅ꜙכⱩ⁸♫ⱡ꞉▬ꜘ⁸כ fi꜠כꜝⱲfiⱨכ◌⁸♩♇♪ Ᵽ♇◐כⱲכꜟ ≤™

∫√ ♫ⱡ ⅛╠ ╢⁹ ─ ⌐╟╡⁸↓╣╠♫ⱡ☻◔כꜟ ─ ⌐│⁸

╟╡ ⅝⌂Ᵽꜟ◒ ╟╡╙ ꜞ☻◒⅜ ⅝™╙─⅜№╢↓≤⅜ ↕╣≡⅝√⁹ 

 

─ ─ Ⱪכꜙ♅Ⱳfi♫ⱡכ◌⁸ CNT כⱲfi♫ⱡⱨ□▬Ᵽכ◌≥ CNF

⅜ ╩╙≈ ⅜ ↕╣√⁹CNT╛ CNF│⁸≤≡╙ ↕ↄ⁸ ≢⁸▪☻Ɑ

◒♩ ⅜ ⅝ↄ⁸ ⅜ ↕╣√ │כⱩ╛♫ⱡⱨ□▬Ᵽכꜙ♅Ⱳfi♫ⱡכ◌⁹≈╙╩

♃▬ⱪ≢│⌂ↄ⁸ ⁸◘▬☼⁸ ╛ CNT⅔╟┘ CNF─ ⁸

∕─ ─ ⅜∕╣∙╣ ⌂╢⁹↓─╟℮⌂ ╛◘▬☼─ ⅜⁸CNT ╛

CNF─ ⌐ ∆╢ ╩ ⇔ↄ⇔≡™╢⁹CNT╛ CNF┼─ │⁸∕╣╠

─ ∞↑≢⌂ↄ⁸↓╣╠─ ╩ ─ ⌐ ╖ ╪∞╡ ⇔√╡∆╢ ≢╙

↓╡ ╢⁹→∫ ╩ ™√ ↄ─ ≢⁸ ─ CNT╛ CNF≢╙⁸ ╛

⌐ ∆╢ ⌂≥ ┼─ ╩ ⇔√⁹CNT╛ CNF⌐ ⇔√ ⁸

ⱥ♩≢╙ ─ ┼─ ⅜ ∂╢⅛≥℮⅛│╦⅛∫≡™⌂™⅜⁸ ─ │⁸

╩ ⌐∆╢ ⅜№╢↓≤╩ ⇔≡™╢⁹ 

 

↓─ NIOSH CIB│⁸ 1 CNT╛ CNF⅜ ╓∆ ≢⌂™ ┼─ ─
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⌐ ∆╢⁸ ╛∕─ ─ ⁸╢∆כꜙⱦ꜠╩♃כ♦ 2 ─ ⌐♃כ♦

≠ↄ ⌂ꜞ☻◒ ╩ ∆╢⁸ 3 ≤⇔≡ 1 µg/m
3

8 ─

TWA ─ REL ╩ ∆╢⁸ 4 ╩

⇔⁸ ╩ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘ ∆╢√╘─ ╩ ∆╢⁹NIOSH REL

│⁸ ─ ⅔╟┘ ─ꜞ☻◒╩ ∆╢↓≤⅜ ↕╣╢⁹⇔⅛⇔⁸REL ≢╙⌂⅔

↓╡ ╢ꜞ☻◒╛⁸№╢♃▬ⱪ─ CNT⅜⅜╪╩ ∆╢⅛╙⇔╣⌂™⌂≥─ ⌂

⌐ ╦╢ ─√╘⌐⁸≢⅝╢ ╡ ╩ ╠∆ ╩ ↑╢═⅝≢№╢⁹ 

 

↓─ CIB─ ⌐⁸NIOSH│⁸ ─ 2013 3 11 ≢⁸ⱴ►☻

╩ Ⱪכꜙ♅Ⱳfi♫ⱡכ◌ MWCNT ⌐ ↕∑√ ⇔™ ─

╩ ⇔√ http://blogs.cdc.gov/niosh-science-blog/2013/03/mwcnt/ ⁹MWCNT⅜⅜╪

╩ ⅝ ↓∆╕√│ ∆╢ ⅜№╢⅛≥℮⅛╩ ═╢√╘⌐ ╩ ⇔√⁹ ⅜

╪ initiator ≤MWCNT ─ ╩ ↑√ⱴ►☻│⁸ ⅜╪

─╖╩ ⅎ╠╣√ⱴ►☻╟╡╙ ╠⅛⌐ ╩ ∂╛∆ↄ 90% ⁸ ╙ ⅛∫√⁹

↓╣╠─ │⁸MWCNT ⅜ ─ ⅜╪ ⌐ ⇔√ⱴ►☻─⅜╪ꜞ☻◒╩ ╘╢↓

≤╩ ∆⁹↓─ ≢│⁸MWCNT ⌐╟∫≡ⱴ►☻─⅜╪╩ ⅝ ↓∆≤™℮↓

≤│ ↕⌂⅛∫√⁹↓─ │ MWCNT ⌐ ∆╢ ─ ⌐⅔™≡ ⌂☻♥♇ⱪ

≢№╢⅜⁸MWCNT ⅜ ⅜╪ꜞ☻◒╩╙≈⅛≥℮⅛╩ ∆╢ ⌐⁸ ⌐≈

™≡⁸╕√ ≢ ↕╣≡™╢ MWCNT ─♃▬ⱪ╛ ⁸↓─ ≢ ™√ ≤

≥─╟℮⌐ ∆╢⅛⌐≈™≡⁸╟╡ ↄ─ ⅜ ≢№╢⁹ ╛⁸MWCNT

╛∕─ ─♃▬ⱪ─CNT╛CNF┼─ ⌐ ∆╢ ꜞ☻◒⌐≈™≡╟╡

╢√╘⌐⁸NIOSH ≢│ ⅜ ≢№╢⁹ ─ ─ ⅜ ≢⅝╢╟℮⌐

⌂╡ ⁸NIOSH⅜ CNT⅔╟┘ CNF⌐ ∆╢ ╩ ⇔⁸ ⌐ ∂≡ ⌂

╩ ℮⁹ 

 

NIOSH│⁸ ⅜↓─ ╩ ╛ ≤ ∆╢↓≤╩ ∆╢⁹╕√⁸CNT╛ CNF

─ ⌐≈™≡⁸ ╛ ⁸ ⅜∕─ⱷfiⱣכ⌐ ╩ ∆

╢↓≤╩ ∆╢⁹ 

 

John Howard, M.D. 

Director, National Institute for Occupational 

Safety and Health 

Centers for Disease Control and Prevention 
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Ⱪכꜙ♅Ⱳfi♫ⱡכ◌ CNTs ⅔╟┘♫ⱡⱨ□▬Ᵽכ CNFs │⁸♫ⱡ♥◒ⱡ꜡☺כ⌐

∆╢ ╙ ⌂ ≢№╢⁹↓╣╠─ ╛↓╣╠╩ ™√ ─ │↓─ 10 ≢

⌐ ⇔√ Thostenson╠ 2001; Invernizzi 2011⁹ ─ ⌐⅔↑╢ CNT╩ⱬכ☻

⌐⇔√▪ⱪꜞ◔כ◦ꜛfi─ │⁸ ⅝⌂ ╩╙√╠∆↓≤⅜ ↕╣⁸∕─

╩ ∆╢√╘⌐ ╩ ∫≡ ↕∑╢↓≤⅜ ≢№╢ Sanchez╠ 2009 Schulte ╠

2012⁹ │⁸ ♥◒ⱡ꜡☺כ─ №╢ ─ ≢№╢⁹⌂−⌂╠⁸

│ ⌐⅔™≡∕─♥◒ⱡ꜡☺כ─ ⌐ ↕╣╢ ─ ≢№╡⁸ │

№╢ ╩ ⇔ ∆╢ ─ ∞⅛╠≢№╢⁹ 

 

↓─ ⌐⅔™≡⁸ ⅔╟┘ꜞ☻◒╩ ∆╢√╘⁸╕√ ╩

∆╢√╘─●▬♄fi☻╩ ∆╢√╘⌐⁸ ╙ ⌂ ╩ ™╢↓≤╩ ↑

≡™╢⁹↓╣╠─♫ⱡ ⅔╟┘▪ⱪꜞ◔כ◦ꜛfi│ ≢№╢√╘⁸ ╩

℮√╘─ ⅜ ╠╣≡™╢⁹↓╣╕≢─≤↓╤ NIOSH│⁸CNT╛ CNF╩ ╕√│

⇔≡™╢ ⌐⅔↑╢ ─ │ ↄ ⇔≡™⌂™⁹⇔⅛⇔⁸ ╩

™√CNT⅔╟┘CNF ─ ⅜⁸ⱥ♩ ⌐ ∆╢ ╩ ∆╢─⌐ ≢№╡⁸

↓╣│ ⅜ꜞ☻◒ ╩ ╘╢℮ⅎ≢ ╩♃כ♦⌂℮╟─⧵⌐ ™≡⅝√↓

≤≤ ∆╢⁹NIOSH ⅜ 54 ─ ╩ ⌐ ⇔√≤↓╤⁸CNT CNF

⅜⁸ 44/54⁸ 27/54⁸ 25/54 ⌂≥─ ╩ ⅝ ↓⇔ ╢

↓≤⅜ ↄ─ ≢ ↕╣≡™√ 3-1 3-8 ⁹NIOSH│⁸↓╣╠─ ─ ⅜ⱥ

♩ ꜞ☻◒⌐ ⇔≡™╢≤ ⅎ≡™╢⁹⌂−⌂╠⁸ ─ ⅜⁸ ≢ ─

─ ⌐ ⇔√ ⌐⅔™≡ ↕╣≡™╢ Rom and Markowitz 2006; 

Hubbs╠ 2011 ⅛╠≢№╢⁹ ─ ≤⁸ ╛ ─ ⌐ ⇔√

⌐⅔↑╢ ≤─ ⌐⁸ ╢⅞⌂™ ⅜№╢ NIOSH 2002, 2006, 2011a, b⁹

↕╠⌐⁸CNT ≤⁸ ╩ ⅝ ↓∆↓≤⅜ ╠╣≡™╢ ─ ◦ꜞ◌⁸▪☻ⱬ☻

♩⁸ ≤⌂◒♇ꜝⱲfiⱩכ◌ ≤╩ ⇔≡™╢ ⌐⅔™≡⁸CNT ⌐│

⅛∕╣ ─ⱳ♥fi◦כ⅜№╡ Lam╠ 2004 Muller╠ 2005 Shvedova ╠ 2005 Murray

╠ 2012⁸ ⌂≥─ ⅜ ∆←⌐╖╠╣⁸ ⇔√ Shvedova╠ 2005, 2008Porter

╠ 2010 Mercer╠ 2011⁹↓╣╠│⁸ ⅜ ≢№╢ ≤⌂╢ ≢№╢⁹NIOSH

│⁸ ⌂ ╩♃כ♦ ⇔√ ⁸∆⌂╦∟ 2≈─ 90

Ma-Hock╠ 2009 Pauluhn 2010a⅔╟┘⁸ ─ ╕√│ ⌐≈™≡ ╦╣√ 5≈─

Lam╠ 2004 Muller╠ 2005 Shvedova╠ 2005,2008 Mercer╠ 2011 ╩ ™≡⁸ꜞ
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☻◒─ ╩ ∫√⁹╙⇔ ─ NIOSH 5040 ≢№╢ 1 µg/m
3

8

─ TWA ⁸ ≤⇔≡ ─ CNT ⌐ ⇔√ ⁸ ─

⌐╦√∫≡ ╦∏⅛⌐⁸╕√│ ─ ─ ⅜ ∆╢ ꜞ☻◒│⁸

0.5% 16% ≢№╢ A-8 ⁹↕╠⌐⁸ ⌐⅔↑╢ CNT╛ CNF─

NOAEL ⅛╠ ╠╣√ ─ ╙╕√⁸ 1 µg/m
3

8 TWA

≢№∫√ A.6.3.3 ⁸A.7.6 ⁹⇔√⅜∫≡⁸NIOSH│⁸CNT⅔╟┘ CNF┼─ ╩⁸

REL ≢№╢ 1 µg/m
3 ⁸8 TWA ⌐ ≈↓≤╩

∆╢⁹ ⌐│⁸CNT╛ CNF ─ ╩ →╢ ─ ⅜ ∆╢

⅜№╢√╘⁸ ⌂≥─ ─ ⅜ ─ ╩ ╠⅛⌐∆╢─

⌐ ≈∞╤℮⁹ ⌐≈™≡─ Ᵽ♇◒◓ꜝ►fi♪ ─⁸⅔╟┘

─ ⅜ ╦╣≡™⌂™◄ꜞ▪─ │⁸ 1 µg/m
3 ≢№╢↓≤⁸╟∫≡

⌐⅔↑╢ ┼─ ─ │⁸CNT╕√│ CNF ─ ⌂ ≢№╢↓≤⅜

⌐╟∫≡ ↕╣√ Evans╠ 2010 Birch 2011a, b Dahm╠ 2011⁹╕√⁸™ↄ≈⅛─

⌐⅔™≡⁸ ╩ ™╢≤⁸ ╩ REL ⌐ ⅎ╠╣╢↓≤╙ ↕╣√

Dahm╠ 2011⁹CNT CNF ─ꜝ▬ⱨ◘▬◒ꜟ⌐⅔™≡≥─ ╩ ≢⅝

╢─⅛⌐≈™≡ NIOSH│ ⇔≡™⌂™⅜⁸ CNT CNF│ ⌂◄▪꜡♂ꜟ≤

⌐ ╢ ℮√╘⁸ ─ │⁸ ⌂ ─ ∂ ╘⁸

⌂≥ ≢ ≢№╢╟℮⌐ ╦╣╢ NIOSH 2009a⁹ ⱤⱩꜞ♇◒◖ⱷ

fi♩─√╘⌐ ⇔√↓─ CIB─ 2010 ♪ꜝⱨ♩⌐⅔™≡⁸NIOSH│⁸1 µg/m
3 ─

≢ꜞ☻◒⅜ ∂╢ ⅜№╢≤⇔√⅜⁸ ─ │7 µg/m
3≢№╢≤⇔√⁹NIOSH

│⁸∕─ ─◘fiⱪꜞfi◓ ╛ ─ ⌐ ≠⅝⁸ ─ ≢№╢ 1 

µg/m
3╩ ≤⇔≡ ∆╢↓≤⌐∆╢⁹ 

 

CNT CNF ─ ꜞ☻◒╩ ≡ ╠⅛⌐∆╢√╘⌐│⁸↕╠⌐ ⅜ ≢№╢⁹

╛ ─ ⅜ ⌐ ≢№╤℮⁹⇔⅛⇔⁸ ≢╖╠╣╢

│⁸ ⅜ ≢№╢↓≤╩ ⇔≡™╢⁹ │⁸ √╡─ ≤

™℮ ≢ ↕╣≡™╢⅜⁸ ⌐⅔↑╢ ⅜↓─ ≢ ↕╣≡⅔╡⁸╕√⁸

↓╣⅜ ─ ⌐ ⇔≡ ™╠╣╢ ≢№╢⁹ ⌐⁸╟╡ ↄ

⅜♃כ♦─ ╠╣╣┌⁸ │⁸ ≤╟╡ ─№╢ ─

CNT CNF ⌂≥ ⌐ ≠ↄ⅛╙⇔╣⌂™ Schulte╠ 2012⁹ 

 

CNT CNF ⌐ ∆╢ ─ꜞ☻◒ ⌐│⁸ ↄ─ ⅜ ∆╢⁹↓╣╠─

│⁸ ≢ ⁸ ⇔≡™╢╟℮⌐⁸ ╩ ╠∆╙─≢╙ ─ ╩ ⌂℮

╙─≢╙⌂™⁹ ─ ╛ ⅜ ╩ ⇔⁸CNT⌐ ⇔≡ 1 50 µg/m
3 ─

OEL ╩ ⇔≡⅝√ Nanocyl 2009 Aschberger╠ 2010 Pauluhn 2010b

Nakanishi 2011a,b⁹↓╣╠ ↕╣√ OEL─ │⁸ ⇔™⁸∕⇔≡╟╡
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↕╣√ ≤⇔≡ CNT CNF╩ ∆╢ ╩ ⇔≡™╢⁹↓╣╩ ⌐ ╣╢≤⁸

CNT CNF⌐ ∆╢ OSHA ─ PEL ⅜ ⇔⌂™⅛

╠≤™∫≡⁸◓ꜝⱨ□▬♩⌐ ∆╢ PEL 5,000 µg/m
3 ⌐◒♇ꜝⱲfiⱩכ◌│√╕ ∆╢

PEL 3,500 µg/m
3

NIOSH 2007 ╩⁸CNT CNF┼─ ╩ ∆╢√╘─ ≤

⇔≡ ™╢─│ ≢№╤℮⁹ ⌐ ↕╣≡™╢ ⌐ ≠ↄ≤⁸◓ꜝⱨ□▬♩╛◌

⌐◒♇ꜝⱲfiⱩכ ∆╢ PEL│⁸CNT CNF⌐ ∆╢ ╩ ∆╢↓≤│≢⅝⌂™⁹ 

 

NIOSH⅜ ∫√ │⁸ ─ ≢ ™╠╣≡™╢ ─ CNT⅔╟┘ CNF⌐

╩ ╦∑√⁹ │⁸↕╕↨╕⌂ ─ CNT⅔╟┘ CNF ╕√│↕╕↨╕⌂ ╩

∆╢ ⁸ ⌂╢ ⌐╦√∫≡ ⌐╟ↄ ≡™√ Lam╠ 2004 Shvedova ╠

2005, 2008 Muller╠ 2005 Ma-Hock╠ 2009 Pauluhn 2010aPorter╠ 2010 Mercer╠ 2011

Murray╠ 2012 DeLorme╠ 2012⁹ ⌐⅔↑╢ │⁸

≢ CNT╕√│ CNF⌐ ⇔√ ↄ⌐ 2⁸3 ⇔⁸ ─

1 6⅛ ⁸ ╕√│ ⇔√ Shvedova╠ 2005, 2008 Mercer╠ 2008 Porter

╠ 2010 Pauluhn 2010a Murray╠ 2012⁹⇔⅛⇔⁸ ⌐ ™╠╣√ CNT╛ CNF│⁸

≢╕√│ ⌐ ─CNT⅔╟┘CNF─╒╪─ ╩ ⇔≡™╢∞↑≢№╡⁸

⌂╢ ⁸ Ɽꜝⱷכ♃╩╙≈ │⁸ ⅜ ⌂╢≤ ↕╣╢⁹⇔⅛⇔⌂⅜

╠⁸ ≢│⁸ ─ ⌐ ≠⅝⁸NIOSH│№╠╝╢ CNT⅔╟┘ CNF┼─ ╩

1 µg/m
3

8 TWA ⌐ ⇔⁸ ≢ ═≡™╢ꜞ☻◒ ●▬♄

fi☻⌐ ℮↓≤╩ ∆╢⁹ ⌐╟╡ CNT╛ CNF─ ╩ ∆╢

⅜ ⌐ ╠⅛⌐⌂╢╕≢⁸№╠╝╢ ─CNT⅔╟┘CNF╩ ≤╖⌂⇔⁸

╩ REL ⌐ ∆╢ ⅜№╢⁹ 

 

╩ REL ⌐ ∆╢↓≤⌐ ⅎ⁸ ⌂≥─ ─ ╩≢⅝╢ ╡

∆╢ ─√╘⌐⁸ │⁸CNT╛ CNF⌐ ∆╢ ╩ ≤⇔√ כ◘

ⱬ▬ꜝfi☻⅔╟┘☻◒ꜞכ♬fi◓ⱪ꜡◓ꜝⱶ╩ ∆╢─⅜ ≢№╢⁹ ─

⅜ ⌂≤⅝⌐│⁸∕─╟℮⌂ ⅜ ꜠ⱬꜟ─ ╩ ⇔≡ↄ╣╢∞╤℮⁹

2009 ⌐ NIOSH│⁸ ─כꜞ◗♥◌─ ♫ⱡ ⌐ ∆╢ ╩ ≤⇔√

─ ╩ ∆╢─⌐ ⌂ ⅜⌂™≤ ↑√⅜⁸ ∆╢ ⅜

⌐⌂∫√≤⅝⌐⁸ ─ ⅜◓fi♬כꜞ◒☻ ↕╣╢≢№╤℮ NIOSH 

2009b ≤⇔√⁹ ⌐ ⇔≡™╢╟℮⌐⁸ ─ ☻┘╟⅔☻ⱬ▬ꜝfiכ◘

≡™≈⌐◓fi♬כꜞ◒ ─ ╩ ⅎ╢╒≥⁸CNT CNF ⌐ ∆╢ ⅜

⇔√⁹∆⌂╦∟⁸ ⌐╟∫≡ ⌐ ∆╢ ⌂ ⅜ ╠╣⁸↓─ ╩

⌐╟∫≡ ≢⅝╢≤™℮ ⅜⁸NIOSH ⅜ ─ ╩◓fi♬כꜞ◒☻

∆╢ ≤⌂∫≡™╢⁹ ╛ ⌐☻ⱬ▬ꜝfiכ◘ ⅎ≡⁸NIOSH │ ─ꜞ☻◒

╙ ∆╢ ⅎ┌⁸ ─ ╛ ⁸ ⁸ ⁸
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⌂≥─ ⌂≥ ⁹ 

 

∆╢≤⁸ ⌐⅔↑╢ ╛ │⁸ ─ 1 µg/m
3⁸

8 TWA⁸45 ⁸CNT╛ CNF╩ ∆╢√╘─◘fiⱪꜞfi◓⅔╟┘ ⁸

fi◓⁸♬כꜞ◒☻┘╟⅔☻ⱬ▬ꜝfiכ◘ ─●▬♪ꜝ▬fi╩ ∆╢↓≤⌐╟∫≡⁸CNT

╛ CNF┼─ ⌐ ∆╢ ꜞ☻◒╩ ⌐∆╢↓≤╩ ≤⇔≡™╢⁹

╛ ─√╘─ CNT CNF ─ ⌐╟╡⁸↓╣╠─ ⅜ ≢№╢⁹ 

 

 

 

 

Ⱪכꜙ♅Ⱳfi♫ⱡכ◌─↓ CNT כⱲfi♫ⱡⱨ□▬Ᵽכ◌┘╟⅔ CNF ⌐ ∆╢

●▬♪ꜝ▬fi─ │⁸ ⌐⅔↑╢ ─ ╩ ←↓≤≢№╢⁹

↓╣╕≢─≤↓╤⁸NIOSH│⁸CNT ╛ CNF╩ ╕√│ ∆╢ ─

─ ⌐≈™≡│ ⇔≡™⌂™⁹CNT⅔╟┘ CNF╩ ™√ ─ ─

⅛╠⁸CNT╛ CNF┼─ ⌐ ∆╢ ⅜ ∂≡™╢⁹ ─ CNT ╕√│

⁸ ╕√│ ╩ ⁸ ⁸ ⌐╟╡ ↕╣√ꜝ♇♩╛ⱴ►

☻╩ ™√ ⅔╟┘ ⌐╟╡⁸ ⁸ ⁸ ⌂≥─

⇔√⁸⅜╪≢│⌂™ ⅜╖╠╣√⁹ ⌐⅔↑╢↓╣╠─ ─⁸⅜╪≢

│⌂™ ⌐│⁸ ─╟℮⌂╙─⅜№╢⁹ 1 CNT ⱴ►☻⌐⅔↑╢ ─

⅔╟┘ Shvedova et al. 2005, 2008; Porter et al. 2010; Mercer et al. 2011⁸ 2

⅜ ╠╣≡™╢ ─ ◦ꜞ◌⁸▪☻ⱬ☻♩⌂≥ ≤ ⇔≡⁸ ╕√

│∕╣ ⌐ CNT⅜ ─ ⅔╟┘ ╩ ⅝ ↓∆ Lam╠ 2004 Shvedova╠ 2005

Muller╠ 2005] ⁸ 3 ─ CNT⌐ ⇔√ⱴ►☻╛ꜝ♇♩⌐⅔↑╢ ◒ꜞ

▪ꜝfi☻─ Mercer╠ 2009 Pauluhn 2010a⁹CNF⌐ ⇔√ⱴ►☻⌐⅔™≡⁸

─ ─ ⅔╟┘ ╙ ↕╣√ Murray ╠ 2012⁹↓╣╠─ ╠⅛♃כ♦

─ ⌐ ⌂ ╩≥─ ≢⅝╢⅛│╦⅛∫≡™⌂™⁹⇔⅛⇔⁸NIOSH

│⁸CNT⅔╟┘ CNF ⌐ ∆╢ ─ ⁸ ⁸ ⌐≈™≡─↓╣╠─

⅜⁸ⱥ♩ ꜞ☻◒ ⌐ ∆╢≤ ⅎ≡™╢⁹⌂−⌂╠⁸ ⌐ ⇔≡

™╢ ⌐⅔™≡⁸ ─ ⅜ ↕╣√⅛╠≢№╢ Rom and Markowitz 2006

Hubbs╠ 2011⁹ 

 

№╢ ♬♇◔ꜟ 26% ╩ ∆╢ CNT Lam╠ 2004 ╕√│⁸╟╡ ↄ─ ╩

17.7% 0.2% ∆╢ CNT│⁸in vitro⅔╟┘ in vivo⌐⅔™≡╟╡ ⅜ ™↓≤╩

∆ ╙№╢ Shvedova╠ 2003, 2008⁹⇔⅛⇔⁸ ⌐⅔™≡⁸ CNT

⅔╟┘ CNT ⅜≤╙⌐⁸ ─ ╛ ⁸ ─ ⌐
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⇔≡™╢ Lam ╠ 2004 Shvedova╠ 2005 2008 ⁹ ─ ≢│⁸

functionalization ╛ ⌂≥─ ─ ™⌐╟∫≡⁸ ⅔╟┘

⅜ ╦╢ ╩ ⇔≡™╢ Kagan╠ 2010 Osmond-McLeod ╠ 2011 Pauluhn 

2010a Oyabu╠ 2011⁹ ↄ─ ⌂╢ ─ CNT⅔╟┘ CNF⅜ ↕╣≡™╢⅜⁸ ⇔

™ CNT⅔╟┘ CNF⌐ ⇔≡ ─ ╩ ™≡ ∆╢⌐│⁸ ⅜

∆╢⁹ 

 

⌐⅔↑╢ ─⁸⅜╪≢⌂™ ⌐ ⅎ≡⁸ ╕√│ ╩ ™√ ≢⁸

╛ ⅜╪ ⅜ ╠⅛⌐⌂∫≡™╢⁹ⱥ♩ ╩ ™√ in vitro ≢│⁸

Ⱪכꜙ♅Ⱳfi♫ⱡכ◌ SWCNT ⅜⁸ ⌐ ∆╢↓≤⌐╟∫≡

⅔╟┘ ╩ ⅝ ↓⇔ ╢↓≤⅜ ↕╣√ Muller╠ 2008b Sargent╠ 2009, 

2011 Kisin╠ 2011⁹ ─ in vitro ≢│⁸№╢MWCNT─ ─ │ ↕╣⌂⅛

∫√ Wirnitze╠ 2009 Kim╠ 2011⁹ 

 

Ⱪכꜙ♅Ⱳfi♫ⱡכ◌ MWCNT ⌐ ⇔√ⱴ►☻⌐≈™≡─ ≢│⁸ ⅛╠

☻Ɑכ☻┼─ MWCNT ─ ⅜╖╠╣√ Hubbs╠ 2009; Porter╠ 2010; Mercer╠

2010⁹ ☻Ɑ⁸│☻כ▪☻ⱬ☻♩ ⌐╟╡ ─ ⅜ ∆╢ ≢№╢⁹

ⱴ►☻┼─ CNT ⌐╟╡⁸ ™ MWCNT ↕> 5 µm ≢│ ⅜╖╠╣√⅜⁸

™MWCNT ↕< 1 µm ╛ ╕∫√ CNT≢│ │╖╠╣⌂⅛∫√ Poland╠ 2008

Takagi╠ 2008 Mulle╠ 2009 Murphy╠ 2011⁹ ⌐╟∫≡ CNT╩ ↕╣√ꜝ♇

♩≢│⁸ ⅔╟┘ ─ │⁸ ⅜ ↄ ™ ─ MWCNT ≤ ⇔≡™√

Nagai╠ 2011⁹MWCNT╕√│◒꜡◦♪ꜝ▬♩╩ ⌐╟∫≡ ↕╣√ꜝ♇♩⌐

∆╢ ≢│⁸≥∟╠⅛─ ┼─ ⌐╟╡⁸ ⅔╟┘ ≢─ ⁸↕╠⌐

⅜ ∂√ Xu╠ 2012⁹ 

 

CNT ┼─ │⁸ ⱷ♦▫◄כ♃כ─ ╛⁸ ≢─ ☻♩꜠☻⁸▪

ⱶכ꜡♥ ⱴ►☻⸗♦ꜟ⌐⅔↑╢ⱪꜝכ◒ ─ ⌂≥⁸ ╙ ⅝

↓∆ Li ╠ 2007 Erdely╠ 2009⁹╕√⁸MWCNT ┼─ │⁸ ⅜ ⌐

∆╢ ╩ ↕∑╢ Stapleton╠ 2011⁹↓╣╠ ┼─ │⁸ ─

⅛╠─ ◦◓♫ꜟ⅜ ⅛╙⇔╣⌂™⁹ ⅎ┌ ◦◓♫ꜟ╛ ⅜

↓╣╠─ ╩ ⅝ ↓∆≤™℮╟℮⌂ⱷ◌♬☼ⱶ│⁸ ≢№╢⁹ 

 

CNT⅔╟┘ CNF⌐ ∆╢ ─ⱷ◌♬☼ⱶ╛⁸ ─ ╩ ⌐ ∆╢

√╘⌐│⁸↕╠⌂╢ ⅜ ≢№╢⁹™ↄ≈⅛─ ≢ ↕╣√

╛ ─ │⁸CNT⅔╟┘ CNF┼─ ╩ ∆╢√╘⌐ ⅜

≢№╢↓≤╩ ∆⁹ 
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CNT⅔╟┘ CNF│⁸ ⁸◄꜠◒♩꜡♬◒☻⁸ꜞ♅►ⱶ▬○fi ⁸ כⱤכ☻⁸

◐ꜗⱤ◦♃⁸ ⱪꜝ☻♅♇◒⁸ⱳꜞⱴכ ⁸ ⁸ ⁸Ᵽ▬○☿fi◘⁸כ

↕╣√ ▬ⱷכ☺fi◓ ⁸▬fi◒⁸ ⌂≥─⁸

ↄ─ ⅔╟┘ ⌐ ↕╣≡™╢⁹ ╛ ⱪꜝfi♩⁸

CNT⅔╟┘ CNF╩ ⁸ ⁸ ⁸ꜞ◘▬◒ꜟ∆╢ ≢⁸CNT⅔╟┘ CNF

⌐ ⇔℮╢⁹CNT⅔╟┘ CNF┼─ ⌐ │♃כ♦╢∆ ⌐ ╠╣≡™╢

⅜⁸CNT⌐ ∆╢ ─ Maynard╠ 2004 Han╠ 2008a Bello╠ 2009, 

2010; Tsai╠ 2009 Lee╠ 2010 Cena and Peters 2011Dahm╠ 2011 ⅔╟┘ CNF⌐ ∆╢

Methner╠ 2007 Evans╠ 2010 Birch 2011a Birch╠ 2011b ⌐╟╡⁸ ↄ─ ╛

ⱪ꜡☿☻⌐⅔↑╢ ─ ╛⁸ ╩ ™╢≤ ⅜ ⇔√╡

↕╣√╡∆╢↓≤⅜ ↕╣≡™╢⁹ 

 

 

 

 

NIOSH │⁸ ꜞ☻◒ ⌐ ™╢√╘⌐│⁸╕√ REL ─ ≤⇔≡

│⁸CNT ⅛╠ ╠╣√ ≢⌂™ ⅜♃כ♦─ ╙ ≥╢№≢♃כ♦™ ⇔√⁹

≢⁸⅜╪⅔╟┘ ┼─ ⌐ ⁸│♃כ♦╢∆ ─ ꜞ☻◒

⌐│ ⇔≡™⌂™⁹NIOSH │⁸ ╩ ™√ ⅔╟┘ ⌐⅔™≡

↕╣√ ╛ ⌐ ∆╢ ⅜⁸ⱥ♩⌐╙ ∆╢≤ ⅎ≡™╢⁹⌂−⌂╠⁸ ─

⅔╟┘ ┼─ ⌐ ─№╢ ⌐⅔™≡╙⁸ ╛

⅜ ↕╣╢⅛╠≢№╢⁹↓╣╠─ ⌐⅔↑╢ ⅜≥─ ⌐ ⇔

≡™╢─⅛⁸╕√ ─ ⅜ ─ ≢ ⌐ ⌂─⅛≥℮⅛│ ⅛≢№╢⁹

⇔⅛⇔⌂⅜╠⁸™ↄ≈⅛─ ≢ ↕╣≡™╢↓╣╠─ │⁸

⌐ ∆╢ ─ 28 ⌂≥ ⌐ ⇔≡⅔╡⁸╕√⁸ ╙

╕√│ ⇔≡™√ Shvedova╠ 2005, 2008 Ma-Hock╠ 2009 Pauluhn 2010a Porter

╠ 2010 Mercer╠ 2011 DeLorme╠ 2012 Murray╠ 2012⁹↓╣╠─♃▬ⱪ─ ≤ⱥ

♩≤─ ╩ ⇔≡⁸ ─ ⅔╟┘ ─ ⌐⅔↑╢⁸CNT ⌐ ∆

╢ ─ ⅔╟┘ ⌐ ∆╢ ╩♃כ♦ ™≡ REL╩ ⇔√

5 ⅔╟┘ A ⁹ 

 

╠⅛♃כ♦ ↕╣√⁸⅜╪≢│⌂™ ⌐ ∆╢ ꜠ⱬꜟ BMD

ⱬfi♅ⱴכ♪◒כ☻ ⅔╟┘ BMDL BMD─ 95% ⌂≥ ╩⁸∕╣∙╣

─ ⌐⅔™≡ ⌐ ╩ ⅎ╢ ╩ ∆╢↓≤⌐╟∫≡⁸ⱥ♩┼ ⇔√⁹

≢ ↕╣√ NOAEL ⅔╟┘ LOAEL ╙⁸
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꜠ⱬꜟ≤⇔≡ ⇔√⁹ │⁸ 40 ⁸ 50 ≢ 45 ⁸8

─ TWA ╩ ⇔⁸ ╕√│ ↕╣√ CNT─ ─

⌐ ≠™≡ ⇔√⁹MWCNT Ma-Hock╠ 2009 Pauluhn 2010a─

BMD ⸗♦ꜞfi◓⌐ ≠™≡⁸0.2 2 µg/m
3

8 TWA ─ ⅜⁸

─ ─ 10% ꜞ☻◒ 95% ⌐ ∆╢≤ ↕╣√

5-1⁸A-5 ⁹ ⅛╠ ↕╣√ꜞ☻◒ A-3⁸A-4 │⁸↓╣╠─

≤ ⇔√⁹ 

 

BMD ⌐ ≠™√ꜞ☻◒ ⌐ ⅎ⁸NOAEL╕√│ LOAEL ╩ ─ ꜠ⱬꜟ≤⇔

≡ ™√⁹ ╛ ╩ ™√⅜⁸BMD(L) ≤ ⌐⁸ⱥ♩

╩ ⇔√ A.6.3 ⁹↓─▪ⱪ꜡כ♅⌐ ≠™√ⱥ♩

─ │⁸ ™√ ⁸ ⁸ ⌐ ⇔≡⁸ 4 18 µg/m3

8 TWA ∞∫√⁹↓╣╠─ ⌐♃כ♦╩ ⇔√ 20~60─ UF ≢

╡⁸╕√ ⸗♦ꜟ╩ ∆╢↓≤≢⁸♀꜡ꜞ☻◒꜠ⱬꜟ╩< 1 µg/m
3 ─ 8

TWA ≤ ⇔√⁹ ─ꜝ♇♩╩ ™√ CNF─ 13 3

⅛ DeLorme╠ 2012 ≢│⁸ ⌐╟∫≡ⱴ►☻⌐ CNF╩ ⇔

√ 28 Murray╠ 2012 ≢╖╠╣√─≤ ⌐╟ↄ √ ⅜╖╠

╣√ 3.5 ⁸A.7 ⁹NOAEL╩ⱬכ☻⌐⇔√▪ⱪ꜡כ♅╩ ™╢≤⁸ⱥ♩ ─

─√╘⌐ ╛♃כ♦√™ ⌐ ⇔≡⁸ⱥ♩ │ 1 4 µg/m
3

8 TWA ≢№∫√ A.7 ⁹ 

 

2010 ─♪ꜝⱨ♩ CIB □Ⱳfi♫ⱡⱨכ◌┘╟⅔Ⱪכꜙ♅Ⱳfi♫ⱡכ◌₈

▬Ᵽכ┼─ ₉≢│⁸NIOSH│⁸NIOSH 5040─ LOQ ─ ≤⇔≡

⇔√⁸7 µg/m
3

EC ⁸8 TWA ╩ REL≤⇔≡ ⇔√ NIOSH 2010a ⁹

♪ꜝⱨ♩ CIB≢│⁸ ⇔√ REL≢ ⌐╦√∫≡ ⇔√ ⁸ ⅜

⌂≥─ ─ ╩ ∆╢ ꜞ☻◒⅜╕∞ ∆╢↓≤╩NIOSH│ ⇔

≡™√⁹↓╣╠─ ꜞ☻◒─ ⅛╠⁸╕√◘fiⱪꜞfi◓ ⅔╟┘ ─ ─

⅛╠⁸NIOSH│⁸NIOSH 5040⌐╟╡ ⇔√ 1 µg/m
3

EC⁸8 TWA

╩ REL≤⇔≡ ∆╢↓≤⌐∆╢ 6.1 ⁸ C ⁹1 µg/m
3

8 TWA

≢─⁸ ⌐╟∫≡ ↕╣√ꜝ♇♩─ ꜠ⱬꜟ ♪כ꜠◓ 1 ─ ⌐≈

™≡─ 45 ─ ꜞ☻◒ │⁸2.4% 33% MLE ⅔

╟┘ 5.3% 54% 95% UCL ≢№╢ A-7 ⁹1 µg/m
3

8 TWA

≢─⁸╦∏⅛⌂ ─ ♪כ꜠◓ 2 ⌐≈™≡─ 45 ─

ꜞ☻◒ │⁸0.23% 10% MLE ⅔╟┘ 0.53% 16% 95%UCL ≢№╢ 5-2⁸A-8 ⁹

↓╣╠─ │⁸2 ─ MWCNT ⌐ ∆╢ꜝ♇♩ ⅛╠ ╠╣√

╩♃כ♦ ™√ꜞ☻◒ ⌐ ≠™≡™╢⁹↓╣╠─ꜞ☻◒ ─ │⁸
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─ ⅔╟┘ ╕√│ MWCNT ─ ─ ™╛⁸ ─ CNT ─ ⌐⅔

↑╢ ╩ ⇔≡™╢⁹ ─ │⁸ ─◒ꜞ▪ꜝfi☻ ╕√

│ ◒ꜞ▪ꜝfi☻⌂⇔ ─≥∟╠⅛⌐ ≠™≡™╢⁹CNF ⌐ ∆╢ ⅛╠

⌐╠↕│♃כ♦√╣╠ ╠╣≡™╢⅜ Murray╠ 2012 DeLorme╠ 2012⁸CNT≤ CNF

─ ╛⁸CNF ⌐ ⇔√ ⌐⅔™≡ ⅔╟┘ ⅜╖

╠╣√ Murray╠ 2012 ↓≤│⁸CNF┼─ ╙ REL 1 µg/m
3
 EC≢ ∆╢

╩ ∆⁹ꜞ☻◒ ⌐⅔↑╢ ─√╘⌐⁸REL ≢╙⁸ ⌐ ∆╢ ꜞ

☻◒⅜™ↄ╠⅛ ∆╢ ⅜№╢⁹⇔√⅜∫≡⁸CNT⅔╟┘ CNF─ ╩≢⅝╢

∞↑ ↄ ⅎ╢ ╩∆═⅝≢№╢⁹ ─ ⌐╟╡⁸∕╣╠─ ╩

⌐ ╘╢╕√│ ╘╢ⱷ◌♬☼ⱶ ⁸◘▬☼⁸ ⁸ ⌂≥ ⅜ ⌐

≢⅝╢╕≢│⁸№╠╝╢ ─ CNT⅔╟┘ CNF⅜ ≢№╢≤╖⌂⇔⁸

╩ REL 1 µg/m
3⌐ ∆╢ ⅜№╢⁹ 

 

 

 

 

№╠╝╢ ─CNT⅔╟┘CNF┼─ │⁸NIOSH 5040╩ ™≡ ≢⅝╢⁹CNT

⅔╟┘ CNF┼─ ╩ ∆╢√╘⌐⁸ ╩ ∆╢ 6.1 ⁹

─ ─ EC ≤⌂◒♇ꜝⱲfiⱩכ◌⁸∆∆ꜟ♀כ▫♦ ┼─ ⅜⌂™⅛╕√│ ≢

⅝╢ ⁸CNT╛ CNF⅜ ⁸ ↕╣≡™╢ ⌂≥≢─ Ᵽ♇◒◓ꜝfi♪ EC

│⁸ < 1 µg/m
3≢№╢ Evans╠ 2010 Birch 2011a, b Dahm╠ 2011⁹⇔√⅜∫≡⁸Ᵽ

♇◒◓ꜝfi♪ ⅔╟┘⁸ ─ⱪ꜡☿☻╩ ∫≡™⌂™◄ꜞ▪ ⌐ ∆╢

EC ─ │⁸CNT╛ CNF ─ ⌂ ≢№╢⁹ ─ ─ EC┼─ ⅜ ⅎ

╠╣╢ │⁸ ─ ╩╟╡ ╠⅛⌐∆╢√╘⌐⁸↕╠⌂╢ ⅜ ≢№╤℮⁹

ⅎ┌⁸◄Ⱡꜟ◑כ X EDS ╩ ⅎ√ TEM ⌐╟╢

◘fiⱪꜟ─ │⁸CNT╛ CNF─ ╩ ∆╢─⌐ ≈ 6.1.2 ⁹ 

 

NIOSH 5040 EC ╩ ™√ CNT⅔╟┘ CNF┼─ ⌐ ∆╢ │ ╠

╣≡™╢⅜⁸Dahm╠ 2011 ⌐╟╢ ≢│⁸CNTⱷכ◌כ≢ ⇔√ ─

PBZ ◘fiⱪꜟ│⁸ ⅜ ╦╣≡™╢ │⁸ ≢ EC ⅜ ⅛∫

√ ⁹Birch╠ 2011a ⌐╟╢ ≢│⁸4 2⅛ ™ ⌐╦√╢

│╒╓ ∂≢№╡⁸ 0.5 µg/m
3≢№∫√⁹ ─ EC◄ꜞ▪ │

─ 6 68 ≢№╡⁸ ⁸ ◘fiⱪꜟ│ 170 ⌐╙⌂∫√⁹ ╩⁸

CNT⅔╟┘ CNF─ ─ ≤⇔≡ ™√ ≢│⁸

⁸ ─ ⁸ⱥꜙכⱶⱨכ♪ ◄fi◒꜡כꜗ☺כ⌂≥ ─ ⅜⁸

╩ ∆╢─⌐ ≢№╢╟℮⌐ ╦╣√ Han╠ 2008 Bello╠ 2009 Tsai╠ 2009
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Methner╠ 2010a Cena and Peters 2011 2.1 ⁹⇔⅛⇔⌂⅜╠⁸↓╣╠─ ≢ ™╠╣

√ │⁸ ⁸╡№≢ꜟכ♠ ™ ≢│ ⌐⁸ ─ ⌐╟∫≡╟ↄ

╩ ↑╢ Evan╠ 2010 Birch╠ 2011⁹™ↄ≈⅛─ ⌐╟∫≡ ↕╣√

╛ │⁸ⱴ▬◒꜡ⱷכ♃כ◘▬☼─ ⱪ꜡☿☻╩℮╕ↄ ∆╢↓≤⅜

↕╣≡⅔╡⁸CNT⅔╟┘ CNFⱪ꜡☿☻ ─ ╩ ∆╢√╘⌐ ∆═

⅝≢№╢⁹ ≤⇔≡⁸ Association Internationale de la Savonnerie, de la 

D®tergence et des Produits dôEntretien AISE ⌐╟∫≡ ─ ─ ⌐ ⇔

≡ ↕╣√●▬♄fi☻⅜№╢ AISE 2001⁹↓╣╠─●▬♪ꜝ▬fi⌐ ℮≤⁸ ⌂ↄ≤╙⁸

┼─ ╩⁸60 ng/m
3 ⌐ ⇔≡ ⌐ ⅎ╢↓≤⅜≢⅝╢⁹↕╠⌐⁸

ISPE ⌐╟╢⁸╟╡ ─ⱪ꜡☿☻╛ ┼─▪ⱪ꜡כ♅⌐ ∆╢●

▬♄fi☻⅜ ≢№╢⁹↓─ │⁸ ⅛ↄ ⇔√ ╩ ℮↕╕↨╕⌂

ⱪ꜡☿☻─ ⁸ ∂ ╘⁸ ⌐ ∆╢●▬♄fi☻╩ ⇔≡™╢⁹ ⌐⁸ⱬכ☻ꜝ▬

fi●▬♪ Vol. 1 2 ₈Ᵽꜟ◒ ⌐ ∆╢ ₉Baseline Guide 

Volume 1, 2nd Edition: Active Pharmaceutical Ingredients Revision to Bulk Pharmaceutical 

Chemicals ─ │⁸CNT⅔╟┘ CNF─ⱪ꜡☿☻⌐ ↄ ≢⅝⁸ISPE⅛╠ ≢

№╢ ISPE 2007⁹ ⌐⁸Institute for Polyacrylate AbsorbentsIPA ⅜ ⌐ ⇔≡⁸

ⱴ▬◒꜡ⱷכ♃כ◘▬☼ ─ ⱳꜞ▪◒ꜞꜟ ⱳꜞⱴכ ┼─ ─

⌐ ≈╟℮⌐⁸ ≤ ≤─ ╖ ╦∑╩ ™√●▬♪ꜝ▬fi╩ ⇔√

IPA 2013⁹≥─ CNT⅔╟┘ CNF┼─ ╩ 1 µg/m
3

8

TWA ⌐ ≢⅝╢─⅛│ ≢№╢⅜⁸ ⅜ ╡ ╣╠╣≡™≡⁸↕╠⌐

⅜ CNT CNF ─ ⌂ ╡ ™⌐≈™≡ ↕╣≡™╣┌⁸╒≤╪≥─

╛ ≢ ∞╤℮⁹ 

 

⌐╟∫≡⁸CNT⅔╟┘ CNF─ ╩ ∆╢∕╣╠─ ⅜ ⌐

↕╣╢╕≢│⁸№╠╝╢ ─ CNT⅔╟┘ CNF╩ ≢№╢≤╖⌂∆═⅝

≢№╡⁸ ⅜ REL ⌐⌂╢╟℮⌐≢⅝╢ ╡ ↕ↄ ⅎ╢ ⅜№╢⁹ ─ ●

☻ ⌐⅔™≡ ⅜ ↕╣√√╘⁸REL│⁸CNT⅔╟┘ CNF─

⌐ ≠™≡™╢⁹₈ ₉≤│⁸ ↕╣√≤⅝⌐⁸ ─ ⌐ ≢⅝

╢ ─ ◘▬☼≤⇔≡ ↕╣╢ ICRP 1994⁹ ─ ╩

∆╢√╘⌐⁸◘fiⱪꜞfi◓ ⅜ ↕╣≡⅝√ ACGIH 1984 CEN 1993 ISO 1995

NIOSH 1998⁹ EC ⱬכ☻─ REL⌐ ∆╢↓≤≢⁸CNT⅔╟┘ CNF┼─

─№╢ ╩ ∆╢√╘─ ⅜ ╠╣╢∞╤℮⁹∕⇔≡ ╩ ∆╢

√╘⌐ ⌂ ╩≤╢↓≤⅜≢⅝╢⁹ 

 

 



13 

 

 

 

─CNT⅔╟┘CNF─ ⌐ ∆╢ ⅛╠ ╠╣√ ╩

∆╢≤⁸ ⅔╟┘ ╩☻ⱬ▬ꜝfiכ◘ ╗ ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘

╩ ∆╢√╘─ ╩ ∂╢ ⅜№╢⁹NIOSH│⁸ ≤ ⌐ ⇔≡⁸CNT⅔

╟┘ CNF┼─ ⌐ ℮ ꜞ☻◒─ ╩ ⌐ ⅎ╢√╘⁸ ─ ╩ ∂╢

↓≤╩ ∆╢⁹  

 

 

1.  

 

─┼CNT⅔╟┘CNF─≢ ה ⌐ ℮ ─ ⌂ ╩ ⇔≡

∆╢√╘⁸╕√⁸ ─ ╩ ∆╢√╘─ ⌂ ◘fiⱪꜞfi◓╛

⁸ ╩∆╢√╘⌐⁸ ⌂ ╩ ™╢⁹ ⌂ↄ≤╙⁸OSHA─

CFR 1910.1200(h)⅔╟┘⁸ ≤ 29 CFR 

1910.120 ─ ⌐ ℮⁹ 

 

◒ꜟⱣ⅜ ה ⱨꜞכ⌂ ─ CNT╛CNF⁸CNT CNF╩ ∆╢

⌂≥ ⌐ ∆╢ⱪ꜡☿☻╛ ╩ ⇔⁸∕─ ╩ ╠⅛⌐∆╢⁹ 

 

⁸CNT╛CNF╩⁸┌╠⌂ ה ─⁸╕√│╟╡ ─ ⌂™ ⌐ ∆╢⁹ ⅜

⌂ │⁸CNT╛CNF┼─ ╩ ⌐ ⅎ╢ ─ ≤⇔≡

╩ ™╢⁹ 

 

⌂ ה ╩ ∆╢√╘⌐⁸ ─ ⁸ ⁸ ⌐ ∆╢

≤ ╩ ∆╢⁹ ◦☻♥ⱶ⌂≥ ─♅▼♇◒ ╛ ⌐≈™

≡⁸ ⅜ ∏ ╩ ↑╢╟℮⌐∆╢⁹ 

 

⅜ ה ⌐ ⇔≡™╢↓≤⁸╕√NIOSH 5040╩ ™≡ ⇔√

⅜NIOSH REL 1 µg/m³ ⌐ ↕╣≡™╢↓≤╩ ∆╢√╘⌐⁸ ╩

⌐ ∆╢ 6 ⅔╟┘ C ⁹ 

 

⁸ ה ⁸ ⌂≥─ ⌂ ─ ⅔╟┘ ╩ ∆

╢√╘⌐⁸ ⅔╟┘ ╩ ∆╢ 6 ⁹ 

 

⌐CNT╛CNF ה ∆╢⅛╙⇔╣⌂™ ≤ ⌐ ⇔≡ ╩ ⇔⁸ ╩
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⌐ ⅎ╢√╘⌐⁸ ⌂ ⁸ ⁸ ╩≥─╟℮⌐ ™╢⅛⌐

≈™≡ ╩ ∆╢ 6.3 ⁹ 

 

─™ ה ╩ ⇔⁸ ⁸ ⁸ ╩ ╣╢ ⌐ ╩ ℮╟℮ ⌐

∆⁹ 

 

▪ꜞ◄ ה ≢─ ─ ⌐ ∟ ╢ ╩ ╗ ╩ ∆╢√╘⁸

◦ꜗ꞉כ ≤ ╩ ⇔⁸ ─ ╩ ∆╢√╘─ ─ ╩ ∆╢⁹ 

 

╢╟⌐CNT╛CNF™ ה ╣╩╟╡ ↑╛∆ↄ∆╢√╘⌐⁸ ╢™ ─ ⁸ ⁸

─ ╩ ∆╢⁹ 

 

─CNT⅔╟┘CNF√╣╓↓ ה ╛⁸ ─ ╩ ℮ ╩ ⇔⁸ ∆╢⁹ 

 

╘√─ ה ╩ ∆╢ ⁸OSHA 29CFR 

1910.134 │⁸ ─ ╩ ╗ ⱪ꜡◓ꜝⱶ╩ ∆╢╟℮ ╘≡™╢⁹  

 

ƺ ╩ ⇔⌂⅜╠ ╩ ℮ ─ ─   

ƺ ─ ⌂   

ƺ ⌂ ⸗♬♃ꜞfi◓  

ƺ ╩ ∆╢  

ƺ ─ ♥☻♩  

ƺ ─ⱷfi♥♫fi☻⁸ ⁸ ⁸   

 

─ ה │ ╘╠╣≡™╢⅜⁸CFR 1910.134(c)(2)(i)⅔╟┘ CFR 

1910.134(c)(2)(ii)⌐ ↕╣≡™╢ ⌐ ╦⌂↑╣┌⌂╠⌂™⁹ 

 

⌐CIB ה ↕╣≡™╢ ꜞ☻◒╛ ꜞ☻◒ ⌐ ∆╢ │⁸ ⌂

ↄ≤╙⁸ꜝⱬꜟ╛ ♩כ◦♃כ♦ SDS ╩ ∆╢≤⅝⌐│⁸ ⌐ ∂≡

∆═⅝≢№╢ http://www.osha.gov/dsg/hazcom⁹ 

 

 

1.1  

 

⌐╕≤╘╠╣√ │⁸CNT⅔╟┘ CNF⌐ ⇔√ │ ─ꜞ

☻◒⅜№╢⅛╙⇔╣⌂™≤™℮ ╩ ⅝ ⇔≡™╢⁹↓╣╠─ │⁸ √∟─
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╩ ∆╢√╘⌐⁸ ⌐fi◓ⱪ꜡◓ꜝⱶ♬כꜞ◒☻ ∆╢↓≤≢ ╩ ↑╢⅛

╙⇔╣⌂™ 6.7 ⁹ 

 

 

1.1.1  

 

 ─╟℮⌂ │⁸ ╡╟⌐◓fi♬כꜞ◒☻ ─ ╩ ↑╢⅛╙⇔╣⌂™⁹ 

 

╡╟REL ה ™ ─CNT╕√│CNF⌐ ∆╢ ∆⌂╦∟⁸8 TWA≢1 

µg/m
3
 EC╟╡ ™ ─ CNT╕√│CNF⌐ ∆╢ ≡─  

 

─CNT╕√│CNF ה ⅜ ⌐ ∆╢ ⅜№╢≤ ⌐ ⱪ꜡◓ꜝⱶ

╩ ∆╢ ⌐╟∫≡ ↕╣√◄ꜞ▪⌐™╢ ╕√│∕─╟℮⌂

╩ ℮ ∆⌂╦∟⁸Ᵽꜟ◒─CNT╕√│CNF─ ⇔ ⅎ⁸ ⁸ ⁸ ╛⁸

CNT╕√│CNF╩ ╗ ─ ╛ ⌐ ╦╢ ⁸╕√│∕─╟℮⌂

⅜ ─ ⌐╟∫≡ ╦╣≡™╢◄ꜞ▪⌐™╢ │⁸ ─ ╣⅜№╢ ⁹ 

 

 

1.1.2  

 

─ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘ ⌐│⁸CNT⅔╟┘CNF⌐ ∆╢

⁸ ⁸ ┼─ ─ ⌐≈™≡ ה ─ ⌂⁸ ─№╢ ─

⅜ ↕╣╢═⅝≢№╢⁹ 

 

 

1.1.3  

 

 

fi▬ꜝ☻כⱬ ה │⁸ ─№╢ ⅜ ∆╢╙─≤⇔⁸ ⌐

→╢ ╩ ╡ ╗↓≤⁹ 

 

ƺ ╛ ⁸⅔╟┘ Ferris 1978 ⌂≥─ ⁸

╕√│ ─ ─╙─╩ ™≡ ⇔√ ⁹ 

ƺ ⌐ ╩ ™√ ⁹ 

ƺ ⁹ ─fi◓ⱪ꜡◓ꜝⱶ♬כꜞ◒☻ ≤⇔≡

╩ ∆╢─│⁸NIOSH ─ ⅛∕╣⌐ ∆╢ ╩
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╖─ ꜡ⱬ▬ꜝfi☻ⱪכ◘┘╟⅔◓fi♬כꜞ◒☻⁸⌐╠↕⁹™⌂╠⌂┌╣↑⌂≢

◓ꜝⱶ╩ ∆╢ │⁸ ╩ ⇔⁸ ⌐ ∂≡

⅜≢⅝╢ ≢⌂↑╣┌⌂╠⌂™⁹   

ƺ ⌂ X ♦☺♃ꜟ╕√│ⱨ▫ꜟⱶ☻◒ꜞכfi꜠fi♩◕fi ⁹

≡─ ⌂ │⁸board eligible/certified ≢ ╩ ↑╢

⅜№╢ │board eligible⁸ ⌐ ⇔≡™╢ │board certified≤™℮

╛⁸ ─board eligible/certified ⌂≥ ⌂ ╩╙∫√

⅜⁸ ⌐ ∆═⅝≢№╢⁹ ⌂ X ⅜ ↕╣╢⅛╙

⇔╣⌂™⅜⁸ ─≤↓╤⁸ ╩ ∆╢ ⌂ ⅜⌂™⁹⇔⅛⇔⁸╙⇔

⌂ ⅜≢⅝╢⌂╠⁸ ─ X ILO 2011╕√│∕─

╩ ™≡⁸NIOSH Bꜞכ♄כ⅜ ╩ ⌐ ⇔ ∆╢↓≤╩

∆╢⁹ 

ƺ ↓─╒⅛⁸ √╢ ⅜ ≤╖⌂∆ ╛ ⁹ ─

─ │⁸ ≢ ↕╣√ ⌂≥─ ⌐╟∫≡ ╕╢⁹

ⅎ┌⁸ X ⌐⅔™≡ ─ ⅜ ↕╣√ ⁸ ─ CT

☻◐ꜗfi╩ ∆╢⌂≥─↕╠⌂╢ ╩ ℮═⅝≢№╢⁹   

 

 

⁸│ ה ⌂ ⅔╟┘ ≢№╢≤ ⅎ╢ ─ ⌂≥ ⌐⁸

√╢ ⅜⁸ ⁸♃כ♦─ ─ ⁸ ⇔™ ╛ ⌂≥─

─ ⁸ ─ ⌐ ≠™≡ ∆═⅝≢№╢⁹╕√ ≢─

ⱪ꜡☿☻ ⅜ ∂√≤⅝ ⅎ┌⁸CNT╕√│CNF─ ╛ ⅜ ╦∫

√≤⅝⁸ ∑⌠₈↓╓╣₉⅜ ⇔√≤⅝ ⌐⅔™≡╙ ∆═⅝≢№╢⁹

⌐│⁸ ⌐ →╢ ╩ ╡ ╗↓≤⁹  

 

ƺ ⅔╟┘ ─ ─ ⌂≥ ⁹╕√⁸ ⌂ ╩ 1

⁹ 

ƺ ˈ3 ⌐1 ╟╡ ⌂™ ≢ ℮↓≤│ ⇔⌂™ OSHA 

NIOSH 2011 ⁹ 

ƺ ─ X ⌂≥ ─ ⁹ 

 

 

⁸│ ה └≤╡└≤╡⌐⁸ ─ ╩ ⇔√ ╩ ∆╢═

⅝≢№╢⁹ 

 

ƺ ─ ⁹ 



17 

 

ƺ ─ ≤ ─ ⌐ ∆╢ ╛▪♪Ᵽ▬☻⁸

─ ╛ ─ ⌐ ∆╢ ⁸ ╕√│ ⁹ 

 

⁸│ ה ╩ ↑√ └≤╡└≤╡⌐ ∆╢ ╩ ⌐ ⇔

≡⁸ ─ ⌐≈™≡ ╠⅛⌐∆╢═⅝≢№╢⁹  

 

ƺ ─ ⌐ ≠ↄ ─ ╛ ─  

ƺ ─ ⌐ ∆╢▪♪Ᵽ▬☻  

ƺ ─ ⅜ ⌐╟∫≡ ⅝ ↓↕╣√╕√│ ⇔√ ⌐ ∆╢

  

 

─↑ ה ⌐│⁸CNT╕√│CNF╩ ™╢ ⌐ ∆╢ ─

≤ ─ │ ↄ═⅝≢│⌂™⁹№╠╝╢ ⅔╟┘●▬♪ꜝ

▬fi⌐ ∫≡⁸ ─ ─ ╩ ∆╢ ⅜№╢⁹  

 

 

1.1.4  

 

─ ⁸ ꜞ☻◒⁸ ⁸ ╩ ∆╢√╘─ ╩

∆╢─⌐ ⌂ ╩ ⌐ ∆╢ ⅜№╢⁹╕√⁸ ─◓fi♬כꜞ◒☻

⁸ⱪ꜡◓ꜝⱶ─ ⁸ ∆╢ ⌐ ∆╢ ╩ ⌐ ∆╢ ⅜

№╢⁹ 

 

 

1.1.5  

 

⌂ ה ╩ ≤∆╢ ≤ ⅜№╡∕℮⌂ Ɽ♃כfi╩

╠⅛⌐∆╢√╘⌐⁸ ⇔√ ╩♃כ♦─◓fi♬כꜞ◒☻ ⌐ ⇔

∆╢ ⅜№╢⁹↓─ │⁸ ╛ ≤ ⅜№╡∕℮⌂ Ɽ♃כ

fi╩ ∆╢√╘⌐⁸ ─№╢ ╛∕─ ─ ⌂ ⅜ ℮╙─≤

∆╢⁹№╠╝╢ ⅔╟┘●▬♪ꜝ▬fi⌐ ∫≡⁸ ─ ─

╩ ∆╢ ⅜№╢⁹ 

 

│ ה ─fi◓ⱪ꜡◓ꜝⱶ♬כꜞ◒☻ ╩ ⌐ ⇔≡⁸ ⱪ꜡◓ꜝ

ⱶ⅜⁸ ⌐ ∆╢ ─ ╛⁸CNT⅔╟┘CNF ⌐╟╢ ⌐ ∆╢

─ ≤ ⇔⌂™╟℮ ╘⌂↑╣┌⌂╠⌂™⁹  
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╩◓fi♬כꜞ◒☻┘╟⅔☻ⱬ▬ꜝfiכ◘ ╗ ─ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘

∕─ ─ ⌂ ⌐≈™≡│⁸ B≢ ∂≡™╢⁹ 

 

 

2.  

 

─┼CNT⅔╟┘CNF ה ⌂≥⁸ ⌐ ∆╢ ⅛╠≥─╟℮⌐ ╩

╢─⅛⌐≈™≡─ ╩ ⌐ ∆╢⁹ 

 

╩CNT╛CNF ה ⌐ ↕∑⌂™⁸⅛≈ ⌐≈⅛⌂™╟℮⌐∆╢ ⅔

╟┘ ╩ ┘⁸ ∆╢⁹  

 

⅜ ה ∆╢≢№╤℮ ⅔╟┘ ─ ⁸ ⁸

ⱷ●Ⱡ⌂≥ ╩⁸™≈≥─╟℮⌐ ∆╢─⅛╩ ∆╢⁹  

 

⌂כꜞ₈ⱨ ה ₉ ⌂≥ ─CNT⅔╟┘CNF─ ™╩ ↑╢⁹  

 

⌐ ה ⇔≡™╟℮≤ ≢№╤℮≤⁸ ⌂ │™≈≢╙CNT╛CNF╩ ├

∫√╡≤ ∂╠╣√ ⌐ ∆╢⁹  

 

♃ꜟ▫HEPAⱨ ה ⅝ ╕√│ ╠∑√╙─≢┤⅝ ╢ ╩ ™⁸ ⌂ↄ≤╙

∕╣∙╣─ ◦ⱨ♩─ ╦╡⌐ ◄ꜞ▪╩ ∆╢⁹ ◄ꜞ▪╩ ∆╢─

⌐⁸ ™√ ≢ ™√╡⁸◄▪ⱱכ☻╩ ∫√╡⇔≡│™↑⌂™⁹ 

 

Ᵽꜟ◒─CNT╛CNF⁸╕√│CNT ה ╕√│CNF ⅜ ╦╣≡™╢ ≢⁸

═ ╛ ╖ ╩ ה ⇔≡│⌂╠⌂™⁹ 

 

─ ה ─ ╦╡⌐◦ꜗ꞉כ╩ ┘√╡⁸⅝╣™⌂ ⌐ ⅎ√╡∆╢↓≤⌐╟

╡⁸ ◄ꜞ▪ ─ ─ ─ ┼ ∟ ╢ ╩ ╗ ╩ ∆

╢⁹  
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  ╕√│  

AF adjustment factor  

ALvSA  Alveolar lung surface area  

APS  aerodynamic particle sizer ◄▪꜡♄▬♫Ⱶ♇◒Ɽכ♥▫◒ꜟ◘▬

  כ◙

APF  assigned protection factor  

BEL  benchmark exposure limit ⱬfi♅ⱴכ◒  

BET  Brunauer-Emmett-Teller   

BMC  benchmark concentration (maximum 

likelihood estimate) 

ⱬfi♅ⱴכ◒  

BMCL  95% lower confidence limit estimate of 

BMC 

BMC─95% BMC─

─ ⌐ ∆╢

⌐⅔↑╢ ─

⌂ ⌐NOAEL⌐ ™

╩≤╢≤™╦╣╢   

BMC(L)  Refers to both the BMC and BMCL 

estimates 

BMC≤ BMCL─ ╩ ∆ 

BMD  benchmark dose (maximum likelihood 

estimate) 

ⱬfi♅ⱴכ◒  

BMDL  95% lower confidence limit estimate of 

BMD 

BMD ─ 95% BMD ─

─ ⌐ ∆

╢ ⌐⅔↑╢ ─

⌂ ⌐ NOAEL⌐

™ ╩≤╢≤™╦╣╢  

BMD(L)  Refers to both the BMD and BMDL 

estimates 

BMD ≤ BMDL ─ ╩ ∆ 

BMDS  benchmark dose software EPA ⅜ ⇔≡™╢

ⱬfi♅ⱴכ◒─⸗♦ꜞfi◓♁ⱨ♩ 

BMR  benchmark response ⱬfi♅ⱴכ◒ 1%, 5%, 10%⌂≥⁸

─ ─ ꜠ⱬꜟ  

BW  body weight  

C  carbon  

CIB  Current Intelligence Bulletin  

cm
2
  centimeter squared ☿fi♅ⱷכ♩ꜟ 

CNF  carbon nanofibers ◌כⱲfi♫ⱡⱨ□▬Ᵽכ 
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CNM  carbon-based nanomaterial ♫ⱡ  

CNT  carbon nanotubes ◌כⱲfi♫ⱡ♅ꜙכⱩ 

Co  cobalt ◖Ᵽꜟ♩ 

CPC  condensation particle counter  

CVD  chemical vapor deposition  

d day  

DAF  dosimetric adjustment factor  

DF  deposition fraction  

DPM  diesel particulate matter ♦▫כ♀ꜟ  

EC  elemental carbon  

EDS  energy dispersive spectroscopy ◄Ⱡꜟ◑כ X  

ELPI  electrical low pressure impactor ▬fiⱤ◒♃כ 

EPA  Environmental Protection Agency  

ESP  electrostatic precipitator  

Fe  iron  

FMPS  fast mobility particle sizer ꜞ▪ꜟ♃▬ⱶ  

FPSS  fast particulate size spectrometer ╩ꜞ▪ꜟ♃▬ⱶ≢ ∆╢

 

g  grams ◓ꜝⱶ 

GM  geometric mean  

GSD  geometric standard deviation  

HCL  hydrogen chloride  

HEC  human equivalent concentration ⱥ♩  

HEPA  high efficiency particulate air ◄▪ ⱨ▫ꜟ♃  

hr  hour(s)  

ISO  International Organization for 

Standardization 

 

IT  intratracheal instillation  

kg  kilogram ◐꜡◓ꜝⱶ 

L  liters ꜞ♇♩ꜟ 

LCL  lower confidence limit  

LEV  local exhaust ventilation  

LOAEL  lowest observed adverse effect level  
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LOD  limit of detection  

LOQ  limit of quantitation  

lpm  liters per minute 1 №√╡─ꜞ♇♩ꜟ  

m
2
  meter squared ⱷכ♩ꜟ 

mg  milligram(s) Ⱶꜞ◓ꜝⱶ 

mg/kg  milligram per kilogram body weight 1◐꜡◓ꜝⱶ№√╡─Ⱶꜞ◓ꜝⱶ

 

mg/m
3
  milligrams per cubic meter 1 ⱷכ♩ꜟ№√╡─Ⱶꜞ◓ꜝⱶ

 

m/s  meters per second 1 ⌐ ╗ ⱷכ♩ꜟ  

min  minute  

ml  milliliters Ⱶꜞꜞ♇♩ꜟ 

MLE  maximum likelihood estimate  

MMAD  mass median aerodynamic diameter  

MPPD  multiple-path particle dosimetry ⸗♦ꜟ 

MWCNT  multi-walled carbon nanotubes ◌כⱲfi♫ⱡ♅ꜙכⱩ 

NEDO  New Energy and Industrial Technology 

Development Organization 

◄Ⱡꜟ◑הכ

 

NF  normalizing factor  

Ni  nickel ♬♇◔ꜟ 

NIOSH  National Institute for Occupational 

Safety and Health 

 

nm  nanometer(s) ♫ⱡⱷכ♩ꜟ 

NOAEL  no observed adverse effect level  

NR  not reported ⌂⇔ 

NTRC  Nanotechnology Research Center ♫ⱡ♥◒ⱡ꜡☺כ ☿fi♃כ 

OC  organic carbon  

OEL  occupational exposure limit  

OSHA  Occupational Safety and Health 

Administration 

 

PA  pharyngeal aspiration  

PBZ  personal breathing zone  

PMN  polymorphonuclear neutrophils  

POD  point of departure  
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PPE  personal protective equipment  

REL  recommended exposure limit  

ROS  reactive oxygen species  

RPD  relative percent difference  

RSD  relative standard deviation  

RT  retention half-time  

SD  standard deviation  

SDS  Safety Data Sheets ♦כ◦♃כ♩ 

SEM  scanning electron microscopy  

SMPS  scanning mobility particle sizer  

SWCNT  single-walled carbon nanotubes ◌כⱲfi♫ⱡ♅ꜙכⱩ 

TC  total carbon  

TD  toxicodynamic ♩◐◦◖♄▬♫Ⱶ◒☻ 

TEM  transmission electron microscopy  

TK  toxicokinetic ♩◐◦◖◐Ⱡ♥▫◒☻ 

TP  thermal precipitator  

TWA  time-weighted average  

UF  uncertainty factor  

µg  microgram(s) ⱴ▬◒꜡◓ꜝⱶ 

µg/m
3
  micrograms per cubic meter 1 ⱷכ♩ꜟ№√╡─ⱴ▬◒꜡◓ꜝⱶ

 

µm  micrometer(s) ⱴ▬◒꜡ⱷכ♩ꜟ 

UCL  upper confidence limit  

U.S.  United States  

VE  ventilation rate  

wk  week  

Y  yttrium ▬♇♩ꜞ►ⱶ 

yr  year  

%  percent  
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1  

 

⁸ ↄ─♫ⱡ☻◔כꜟ─ ⅜ ↕╣≡™╢⁹↓╣╠─ ⌐│⁸♫ⱡ☻◔כꜟ

─ ⁸ ⅔╟┘ ∞↑≢⌂ↄ⁸♫ⱡ ╩ ╗ ╛ ╙ ╕╣╢⁹

ISO │⁸♫ⱡ ⌐ ∆╢ ╩ ⇔√ ISO/TS 2008⁹ISO 

27687:2008⌐╟╢≤⁸♫ⱡ nano-object ≤│⁸1⁸2 ╕√│ 3 ─ ⅜⅔╟

∕ 1⅛╠ 100♫ⱡⱷכ♩ꜟ nm ╕≢─ ≢№╢⁹♫ⱡ │⁸↕╠⌐ ─ 3≈⌐

↕╣╢⁹(1) ♫ⱡⱪ꜠כ♩ nanoplate 1 ─ ⅜♫ⱡ☻◔כꜟ ∆⌂╦∟ 1

100 nm ≢№╢♫ⱡ ⁹(2) ♫ⱡⱨ□▬Ᵽכ nanofiber 2 ─ ⅜♫ⱡ☻◔כ

ꜟ≢№╢♫ⱡ ⁹♫ⱡ♅ꜙכⱩ│ ─♫ⱡⱨ□▬Ᵽ⁸≢כ♫ⱡ꜡♇♪│ ≢│⌂™

♫ⱡⱨ□▬Ᵽכ≤ ↕╣╢⁹(3) ♫ⱡ nanoparticle 3 ≡─ ⅜♫ⱡ☻

ⱡ♫╢№≢ꜟכ◔ ⁹ ⌐⁸♫ⱡ │⁸♫ⱡ nanomaterial ≤ ┌╣╢╟╡

⅝⌂ ╛ ⌐ ╕╣╢⁹↓─ │⁸↓─ CIB כꜙ♅Ⱳfi♫ⱡכ◌₈ꜟ♩▬♃─

Ⱪ≤◌כⱲfi♫ⱡⱨ□▬Ᵽכ┼─ ₉⌐╟∫≡ ↕╣╢ ≤│ ⌂╢⁹↓

─♃▬♩ꜟ≢│⁸NIOSH ⅜ ╩ ⇔≡™╢─≢│⌂ↄ⁸↓╣╕≢ ╛

⌐⅔™≡ ↕╣≡⅝√♫ⱡ ♫ⱡ☻◔כ◌─ꜟכⱲfiⱨ□▬Ᵽכ

Ⱪכꜙ♅╛ ╩ ⇔≡™╢─≢№╢⁹ 

 

Ⱪכꜙ♅Ⱳfi♫ⱡכ◌ CNT │⁸ ≢≢⅝√♫ⱡ☻◔כꜟ─ ⅞ ─⌂™╟℮

⌐ ╘√◓ꜝⱨ▼fi◦כ♩ ≢⁸▪☻Ɑ◒♩ ╩ ⌐ ⅝ↄ∆╢↓≤⅜≢⅝╢⁹◌כⱲ

fi♫ⱡ♅ꜙכⱩ⌐│™╤™╤⌂ ⅜№╡⁸ ⁸ ⁸ ⁸ ⁸

⁸ ⌂≥⅜ ⌂╢⁹↓─ ⌐│⁸ ╩ ╗₈ ₉CNT ≤╒≤

╪≥─ ╩ ⇔√₈ ₉CNT ─ ╙ ╕╣╢⁹1 ─◓ꜝⱨ▼fi◦כ♩╩

╘≡≢⅝╢ Ⱪכꜙ♅Ⱳfi♫ⱡכ◌ SWCNT │⁸ │ ⅔╟∕ 1 2 nm≢№╢⁹

™ↄ≈╙ ╩Ⱪכꜙ♅ ⌐ ⌡√ Ⱪכꜙ♅Ⱳfi♫ⱡכ◌ MWCNT ─ │⁸

CNT ╩ ∆╢ ─Ⱪכꜙ♅ ⌐╟∫≡ 2 100 nm≢№╢⁹SWCNT≤ MWCNT─

↕│ ₁≢⁸ 10ⱴ▬◒꜡ⱷכ♩ꜟ─╙─╙№╢ Thostenson╠ Ⱳfi♫ⱡכ◌2001⁹

ⱨ□▬Ᵽכ CNF │⁸∕─ │ MWCNT⌐ ≡™╢⅜⁸ │ 40⅛╠ 200 nm

≢№╢ Ku╠ 2006⁹CNF─ ↕│ 10ⱴ▬◒꜡ⱷכ♩ꜟ⅛╠ ☿fi♅⁸▪☻Ɑ◒♩

↕≤ ─ ─ │ 100 ≢⁸◌♇ⱪ ╛ ╖ ⌡√◓ꜝⱨ▼fi ⌂≥ ₁⌂

⅜№╢⁹ ⌐ CNF≤ CNT╩ ⇔≡™╢─│◓ꜝⱨ▼fi ─ ≢№╢⁹◓ꜝⱨ▼fi

≤ⱨ□▬Ᵽכ ⅜ ≢⌂™ │ CNF⁸◓ꜝⱨ▼fi ≤ⱨ□▬Ᵽכ ⅜ ⌂

│ CNT≤╖⌂↕╣╢ ISO/TS 2008⁹ 

 

CNT╛ CNF─ ⌐│ ≤◄Ⱡꜟ◑כ ⅜ ≢№╢ Sanchez╠ 2009⁹CNT╛ CNF
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│⁸ CVD ◒כ▪⁸ ⁸꜠ כ◙כ ⁸ HiPco

⌂≥™ↄ≈⅛─ ⌂╢ ⌐╟∫≡ ↕╣╢⁹ ⅔╟┘ ⌐╟∫≡⁸ ╛

─ ╩ ╘⁸ ╩ →╢√╘⌐ ⅜ ™╠╣╢⁹ⱨ□▬Ᵽכ─ │⁸

≤⇔≡ ™╢ ♫ⱡ ─ ⌐ ∆╢⁹ ─ ⁸ ⁸ ⁸ ⁸

│⁸ ╛ ⁸ ⁸ ─ ┘ ⌐╟∫≡ ╩ ↑╢⁹ ⁸ ⌂

╢ ─ ⅜╟ↄ╖╠╣╢⁹∕─√╘⁸ ─ ╩ ╘╢√╘⌐ ─ ⅜

╦╣╢⁹ ╙ ⌂ │⁸ ≢ ⅔╟┘ ╕√│ ╩

⌐ ⇔⁸ ™≡ ╩ ∆╢√╘⌐ HCl⁸HNO3⁸H2SO4 ╕√│ NaOH

≢ ╩ ∆╢⅛ ∆╢╙─≢№╢⁹ ⱪ꜡☿☻⌐│ ↄ─ ⅜№╢─

≢⁸ CNT╛ CNF│⁸ ╛ ─ ⅜ ⌂╢ Liu ╠ 2008 Hou╠

2008⁹ 

 

─┼כⱩ╛♫ⱡⱨ□▬Ᵽכꜙ♅Ⱳfi♫ⱡכ◌─ ⌐╟╢ ┼─ ⌂

╩ ∆╢ ⅜ ⅎ≡™╢⁹→∫ ╩ ≤⇔√ ↄ─ ≢⁸

─ CNT⌐╟╡⁸ ─ ╛ ⌐ ∆╢ ─ ╩ ╗ ┼─ ⅜ ↕

╣≡™╢ 3-2⁸3-7 ⁹CNF┼─ ⌐≈™≡╙ ─ ⅜ ↕╣√ 3-6 ⁹

↓℮⇔√ ⅜≥─ ≢№╢⅛⁸≈╕╡≥─ ─ CNT╛ CNF⌐ ⇔√

⌐╙ ↓╢─⅛⁸╕√ ─ ⸗♦ꜟ⌐╙ ↓╢─⅛≥℮⅛│ ⅛╠⌂™⁹ ╙ ⌂↓

≤│⁸CNT╛ CNF⌐ ⇔√ⱥ♩⌐╙ ─ ⅜ ∂╢⅛≥℮⅛⁸№╢™│≥─╟

℮⌐⇔≡ ⌐⅔↑╢ CNT ≤ ≢ ↕╣√ CNT ◄▪꜡♂ꜟ─◘▬☼╛

╩ ∆╢⅛⁸╕∞ ⅛∫≡™⌂™↓≤≢№╢⁹ 

 

CNT≤ CNF│⁸∕─ ↕╛ ⁸ ↕™ ─√╘⌐Ᵽꜟ◒ ≢│ ∆╢↓≤

⅜ ⇔ↄ⁸⅛≈ ⌐ ↕╣╢≤ ⌐ ∆╢ ⅜№╡⁸∕╣╠│ ─

╛ ≢─ ─ ⌐ ╩ ╓∆⁹ ⅜♃כ♦ ╠╣≡™╢√╘⌐⁸ ⁸

╕√│ ╛Ⱪכꜙ♅─ ≤⇔≡─CNT╛CNF⌐ ⅜≥─ ⇔≡™╢⅛│

≢№╢⅜⁸ ≢ ⇔√ ◘fiⱪꜟ≢│⁸ ≤ ─ ⅜ ↕╣

≡™╢ Johnson╠ 2010 Methner╠ 2010b Birch╠ 2011b Dahm╠ 2011⁹ 

 

CIB │⁸SWCNT⁸MWCNT⁸CNF ╩ ™√ ≢ ↕╣√

┼─ ⌂ ╩╕≤╘≡™╢⁹ ─ ─ꜞ☻◒╩ ⌐⇔⁸CNT

╛ CNF┼─ ─ ⅔╟┘ ─●▬♄fi☻≤⌂╢╟℮⁸CNT≤ CNF─

REL ╩ ⇔≡™╢⁹ 
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2  

 

CNT⅔╟┘ CNF⌐≈™≡│⁸∕─ ─ ⁸ ─√╘⁸ ⇔™▪ⱪꜞ◔כ◦

ꜛfi⅜ ↄ ↕╣≡™╢⁹CNT╛CNF│ ⅜№╡ ≢ ⁸╕√ ⌐ ↄ⁸

⅜ ™ Walters╠ 1999 Yu╠ 2000⁹CNT⅔╟┘ CNF─ │ 10 ≢ ⌐

∆╢≤ ↕╣ Lux Research 2007⁸2013 ─ │⁸MWCNT⅜ 2,000

♩fi⁸SWCNT⅜ 6♩fi≢№╢≤ ↕╣≡™╢ Nanotech 2013⁹◌כⱲfi♫ⱡ♅ꜙ

⌐fiꜛ◦כ◔ꜞⱪ▪⌂╕↨╕↕⁸│כⱩ≤♫ⱡⱨ□▬Ᵽכ ↕╣≡™╢⁹ ≤⇔≡⁸

◄꜠◒♩꜡♬◒☻⁸ꜞ♅►ⱶ▬○fi ⁸ Ɽ◦♃⁸ꜗ◐כⱤכ☻⁸ ⱪꜝ

☻♅♇◒⁸ⱳꜞⱴכ ⁸ ⁸ ⁸Ᵽ▬○☿fi◘⁸כ ↕╣√

▬ⱷכ☺fi◓ ⁸▬fi◒⅜ →╠╣╢⁹╕√⁸ ⁸ ⁸ ⁸

⌐ ∆╢ ⌐ ↕╣≡™╢ WTEC 2007; Milne╠ 2008⁹ 

 

CNT ╛ CNF ─ ─ꜝ▬ⱨ◘▬◒ꜟ ⁸ ⁸ ⁸ꜞ◘▬◒ꜟ ╩ ⇔≡

CNT╛ CNF┼─ ─ ⅜№╢ Maynard and Kuempel 2005 2-1 ⅜⁸

⅜ ∆╢ │ ⌐│ ╠⅛⌐↕╣≡™⌂™⁹ ◒ꜟ⁸Ᵽ│♃כ♦⌂

─ ⇔ ⅎ⁸ ⁸ ⁸ ⌐⁸╕√│ CNT ╛ CNF─ ─ ╛ ⌐⁸

CNT╛ CNF┼─ ⅜ ↓╡ ╢↓≤╩ ⇔≡™╢⁹ ♫ⱡ ╩ ∆╢

─ ╩ ≤⇔√ ─ ⌐╟╡⁸43 ⅜ CNT╩ ⇔≡™╢ 14 ⁸

18 ⁸ ⅔╟┘ 11 ↓≤⅜ ╠⅛⌐⌂∫√ Schubauer-Berigan 

╠ 2011⁹↓─ ─ │⁸ ≢ ♫ⱡ ╩ ⇔≡™╢ ╕√│ ─

≢ ⇔≡™╢ ╩ ∆╢↓≤⁸∕⇔≡ ≤♫ⱡ ─

╩ ∆╢↓≤≢№╢⁹CNT ⌐ ⇔≡™╢ │ 375 ≤ ↕╣⁸ ─

│ 15 17%≤ ⇔≡™╢⁹ ⌐╟╢ CNT SWCNT⅔╟┘ MWCNT

│⁸0.2 2500 kg≢№╢≤ ⇔≡™╢⁹CNT CNF ╛ ─ ╕√

│ ™⌐ ∆╢ ─ │╦⅛∫≡™⌂™⅜⁸ ⅜ ⅛╠ ─

⌐ ∆╢⌐ ∫≡ ∆╢↓≤⅜ ↕╣╢ Invernizzi 2011⁹ 

 

 

2.1 

 

 

MWCNT ─ ה ╩ ℮№╢ ≢ ⇔√ MWCNT ⌐ ∆╢ ─

≢⁸ ⅜⌂™ ⌐⁸ │ 37 µg/m
3 ⅛╠ 430 µg/m

3

≢№╢↓≤⅜ ⅛∫√ Han╠ 2008⁹ ⅎ┌ MWCNT ╩ ™ ╪
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≢ ∆╢ ╩ ∆╢≤⁸ ⅜ ⌐ ⇔⁸ ꜠ⱬꜟ╩ ╢

╙ ⅛∫√⁹MWCNT ⌐ ⇔√ PBZ ◘fiⱪꜟ≤◄ꜞ▪◘fiⱪꜟ⌐≈

™≡ ∫√ TEM ⌐╟╢ NIOSH 7402 ─ ⁸

─ │ Ⱪ/cmכꜙ♅ 172.9
3 ◄ꜞ▪◘fiⱪꜟ Ⱪ/cmכꜙ♅ 193.6

3
PBZ◘fiⱪ

ꜟ ≢№∫√⁹ ⌐ ╩ ⇔≡ ⇔√ ⁸ MWCNT │ 0.018 0.05 ♅

Ⱪ/ cmכꜙ
3⌐ ⅝ↄ ⇔√⁹◄▪꜡♂ꜟ ⇔√MWCNT │⁸ 52 56 nm⁸ ↕

1473 1760 nm 1.5 µm ≢№╢≤ ↕╣≡™╢⁹ 

 

Maynard╠ 2004 │⁸ ≢ ─ SWCNT ╩ כ◙כ꜠⁸≥⅝≥╢∆

▪Ⱪ꜠כ◦ꜛfi≤ ╩ ⇔≡ SWCNT ╩ ∆╢ 4 ≈─ SWCNT 

≢ ╩ ╡ ℮ ⅛╠─ ⁸ ⇔ ⅎ⁸ ⌂≥ ≤⅝─⁸SWCNT

⅜ ↕╣╢ ╩ ⇔√⁹ ≢─ ─ ⌐ ∫√ ≢│⁸

⌐ ⅜ ⌐ ↕╣ │∫⅝╡≤ ⅎ╢╙─╙№╢ ⁸∕─ ⁸ ─ ≤≤╙

⌐ ⌐◄▪꜡♂ꜟ < 0.5 µm ⅜ ⇔√↓≤╩ ⇔≡™╢⁹ ⇔≡™

⌂™≤⅝╙⁸ 0.1 µm─ ⅜ SWCNT ⅛╠ ↕╣≡™╢╟℮⌐ ⅎ√⅜⁸↓

╣│⅔∕╠ↄ ─ ─ ─√╘≢№╤℮⁹4≈─ ≢│⁸ ↕╣≡™⌂

™ ─ ⌂ SWCNT │⁸0.7⅛╠ 53 µg/m
3 ◄ꜞ▪◘fiⱪꜟ ≤

╩ ≤⇔≡ ™≡ ↕╣√⁹ SEM ≢◘fiⱪꜟ╩ ∆╢

≤⁸◄▪꜡♂ꜟ ⇔√ SWCNT─ ⅜ ⇔≡⅔╡⁸ ─ ⅝↕│ ⇔≡ 1 µm╩

ⅎ≡™√⁹ 

 

Bello╠ 2008 │⁸ ⌐ ⇔√ CNTⱨ▫ꜟⱶ─ CVD ⁸ ⁸∕⇔≡∕─

─ ─ ≤MWCNT─ ╩ ╘√⁹ꜞ▪ꜟ♃▬ⱶ FMPS ≤

CPC ╩ ™≡⁸ ─ ╩ ⇔≡ ⇔√⁹ ⅛╠

MWCNT ╩ ╡ ∆≤⅝╛ ⅛╠ MWCNT ╩ ∆╢≤⅝ ≢♪כ꜠Ⱪכ◙כ꜠

MWCNT╩ ⅛╠ ∆╢ ⌐│⁸ Ᵽ♇◒◓ꜝ►fi♪≤ ⇔≡

─ │ ↕╣⌂⅛∫√⁹ ─ ⌐⅔™≡ ⇔√ PBZ◘fiⱪꜟ─

≢│⁸ ╙≡⇔≥Ⱪכꜙ♅─ ≤⇔≡╙ ≢⅝╢ ─ MWCNT │⌂⅛∫√⁹

MWCNT ╩ ←√╘─ ⁸ⱥꜙכⱶⱨכ♪⌂≥ ─ ⌐≈

™≡│ ↕╣≡™⌂™⁹ 

 

CVD ╩ ™≡SWCNT≤MWCNT╩ ∆╢ ─ ≢⁸ ⌂ ⁸SWCNT

⅔╟┘MWCNT─ ╩ ⇔√ Tsai╠2009 ⁹CNT ─ ⅜≥─╟℮⌐ ◘

▬☼≤ ⌐ ╩ ⅎ╢⅛╩ ∆╢√╘⌐⁸ ╩ ⅎ≡SWCNT≤MWCNT╩

⇔ SWCNT ⌐ ╩ ∆╢ ⇔⌂™⁸ ≢ ╩ ∑∏⌐MWCNT╩

↕∑╢⌂≥ ⁸∕─ ─ ╩ ⁸◄▪꜡♂ꜟ◘▬☼⌂≥ ⇔√⁹FMPS
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≤◄▪꜡♄▬♫Ⱶ♇◒Ɽכ◙▬◘ꜟ◒▫♥כ APS ╩ ™≡ ≤ ╩⸗♬♃⇔√⁹

⅔╟┘ ─SWCNT≤MWCNT─ ╩ ∆╢√╘⌐⁸Ᵽ♇◒◓ꜝ►fi♪

╩ ╘√⁹╕√⁸ ─ ≤ ╩ ∆╢√╘⌐TEM ─◘fiⱪꜟ╙

⇔√⁹SWCNT ⌐ⱥꜙכⱶⱨכ♪ ≢ ∫√ ≢│⁸ 50 nm≢10
7

/cm
3╙─ ™ ⅜ ╘╠╣√⁹ⱥꜙכⱶⱨכ♪ ↄ─ ⅛╠ ⇔√PBZ◘fiⱪꜟ│

⅛⌂╡ ⅛∫√ < 2,000 /cm
3 ⁹ ╩ ™√SWCNT ⌐ ╠╣√ ≤

♃כ♦ ⌂⇔ ≤─ │ ↕ↄ⁸↓╣│⁸SWCNT⅜ ↕╣≡™⌂™≤⅝⌐╙ ─

⅛╠ ⅜ ↕╣≡™╢ ≢№╢≤ ↕╣√⁹MWCNT ⌐ ∫√

≢│⁸ⱥꜙכⱶⱨכ♪ ≢ ⇔√4 × 10
6

/cm
3⅜ ≢№∫√⁹MWCNT─ ⌐

╩ ⇔√≤⅝─ │25 100 nm≢⁸ ╩ ⇔⌂⅛∫√ │20 200 nm≢№∫√⁹

≤ │⁸ ≢│ ⅜ ↄ⅛≈ ⅜ ↕™⌂≥⁸ ─ ⌐

╟∫≡ ╦╢↓≤⅜ ⅛∫√⁹MWCNT ⌐ⱥꜙכⱶⱨכ♪ ↄ─ ⅛╠ ⇔√

PBZ◘fiⱪꜟ≢│⁸Ᵽ♇◒◓ꜝ►fi♪ ≤ ─ ≢№∫√⁹MWCNT◘fiⱪ

ꜟ─TEM ≢│⁸╦∏⅛20 nm─ ╛⁸300 nm╙─ ─ ⅜ ↕╣√⁹

─MWCNT⅜ ↕╣√⅜⁸╒≤╪≥│ ≤ ╩כ♃☻ꜝ◒─ ∫≡™√⁹

─Ⱪכꜙ♅ │⅔╟∕50 nm≤ ↕╣≡™╢⁹ ≢ ↕⅜№╡⁸ 0.7 m/s─

─ ≢ ↕∑√ⱥꜙכⱶⱨ⁸│♪כⱨכ♪─ ≢ ⅜ ∆╢─╩ ⌐

ⅎ╢ ⅜№╡⁸∕╣⌐╟∫≡⁸ⱥꜙכⱶⱨכ♪⅜ ⌐ ┼ ↕╣╢SWCNT

≤MWCNT╩ ∆╢↓≤⅜≢⅝√≤ ╦╣╢⁹ 

 

Lee╠ 2010 │⁸MWCNT─CVD ⅛ ⁸ ⌂≥ ─™∏╣⅛╩ ∫

≡™╢7≈─ ╛ ⌂≥ ≢⁸MWCNT⅜ ⌐ ↕╣╢

╩ ⇔√⁹ ≤ ╩ ═╢√╘⌐⁸ SMPS ≤CPC╩

™≡ꜞ▪ꜟ♃▬ⱶ◄▪꜡♂ꜟ⸗♬♃ꜞfi◓╩ ∫√⁹

╩ ╘╢√╘⁸╕√ ─ ≤ ╩ ≤⇔√TEM NIOSH 7402 ⅔╟┘SEM

─√╘⌐⁸PBZ◘fiⱪꜟ≤◄ꜞ▪◘fiⱪꜟ╩ ⇔√⁹ ♫ⱡ ─ⱬכ☻ꜝ▬

fi╩ ╘╢√╘⌐⁸7≈─ ─℮∟2≈≢⁸ ⌐ ♫ⱡ ─Ᵽ♇◒

◓ꜝ►fi♪ ╩ ⇔√⁹ ≤▪ⱪꜞ◔כ◦ꜛfi ─MWCNT─ ™─ │⁸

─ⱥꜙכⱶⱨכ♪ ≢ ╦╣≡⅔╡⁸╒≤╪≥─ ⅜∕↓≢ ╦╣√⁹

─ │⁸ ◘fiⱪꜟ≢0.0078 0.3208 mg/m
3⁸◄ꜞ▪◘fiⱪꜟ≢0.0126

0.1873 mg/m
3≢№∫√⁹ⱨ▫ꜟ♃◘fiⱪꜟ─TEM ≤SEM ╩ ⇔√≤↓╤⁸

MWCNT ≢ ≤⇔≡ ↕╣√ ╛▪ꜟⱵ♬►ⱶ⌂≥─ ─ ⅜ ⅛

∫√∞↑≢⁸ ⌂ ─MWCNT│ ╘╠╣⌂⅛∫√⁹ ┼─ ⅜ ╙ ⅛

∫√─│⁸ ⌐ ⇔√◄ꜞ▪◘fiⱪꜟ 20 30 nm─ ⅜18,600 75,000

/cm
3 ≤CVD ╩ ↑√≤⅝⌐ ⇔√◄ꜞ▪◘fiⱪꜟ 20 50 nm─ ⅜

6,974 16,857 /cm
3 ≢№∫√⁹CNT ⁸ ⁸CNT ─◌Ᵽכ╩ ↑╢⌂≥
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∕─ ─ ⌐╙♫ⱡ ⅜ ↕╣√⁹CNT─ ≢ ⇔√ │120 300 

nm≢⁸∕╣ ─ ≢ ↕╣√ ╟╡╙ ⅝⅛∫√⁹ 

 

─ ╣╩ ╘≡◘♇◦╩ ↑√ ─ ─ⱥꜙכⱶⱨכ♪ ≢⁸MWCNT

10 20 nm ⁸ⱨꜝכ꜠fi⁸◌כⱲfiⱩꜝ♇◒ 15 nm ─ ⇔ ⅎ≤ ╩

∫√≤⅝─ ♫ⱡ CNM ─ ⌐≈™≡ ═√ Johnson╠2010 ⁹

CNM╩ ⇔⁸ ╩ ╗ ≤ ╕⌂™ ╩ ╣√ⱦכ◌כ┼ ⇔≡

╩ ∫√≤⅝─ ╩ ⇔√⁹↓─ │⁸ ⱴ♩ꜞ◒☻ ⁸

⁸ ⌂≥ ─ ─√╘─ ╛ ⌐ ⇔≡⁸ ♫ⱡ ─ ⌂

╩ ═╢√╘⌐ ╦╣√⁹ ꜞ▪ꜟ♃▬ⱶ CPC⁸OPC

⌂≥ ╩ ™≡ ╩ ╘⁸∕─ ╩ ─ ⌐ ≢ ⇔√

⌂ ◘fiⱪꜟ─ ≤ ⇔√⁹╕√⁸CNM─ ╩ ∆╢√╘─TEM

⌐╙◘fiⱪꜟ╩ ⇔√⁹ ⇔√ ≡⌐⅔™≡ │Ᵽ♇◒◓

ꜝ►fi♪ ╩ ╡⁸∕─ │ ⌐ ⇔⁸ │  < 1 µm─

CNM─ ⌐ ∫≡™√⁹ ◘fiⱪꜟ─ ─MWCNT≤◌כⱲfiⱩꜝ♇◒─

│⁸ CNM─ ≤ ⇔ ⅎ ─ ╩ ⅝ↄ ∫≡™√⁹

◄ꜞ▪◘fiⱪꜟ─TEM ╩ ⇔√≤↓╤⁸ ≡─CNM⅜ ⌐⌂∫≡™≡⁸

500 1,000 nm─MWCNT ⅜ ╘╠╣√⁹ 

 

NIOSH │⁸ ♫ⱡ ╩ ╕√│ ⇔≡™╢12◘

▬♩⌐⅔™≡ ⅔╟┘ ╩ ∫√ Methner╠2010a ⁹SWCNT⁸MWCNT⁸CNF⁸

ⱨꜝכ꜠fi⁸◌כⱲfi♫ⱡⱤ⁸ꜟכ ⁸ ♫▬꜡fi⁸ ♪♇♩╩ ∫≡

™╢ ⁸Ɽ▬꜡♇♩ⱪꜝfi♩⁸ ⌐⅔™≡ ╩ ∫√⁹↕╕

↨╕⌂ CPC⁸OPC⁸TEM⌂≥ ╩ ™≡ ╩ ⇔√ Methner╠2010b ⁹

↓─ ─ │⁸↓╣╠─ ♫ⱡ ┼─ ⅜ ↓╢─⅛≥℮⅛╩ ∆╢↓

≤⁸╕√⁸ ╩ ∆╢↕╕↨╕⌂ ─ ╩ ∆╢↓≤≢№∫√⁹CNF╩ ℮

⌐⅔↑╢ CPC⌐╟╡ │⁸ ⌐│4000

/cm
3⁸ ⌐│5000 /cm

3≢№∫√≤ ↕╣≡™╢⁹↓╣╠─ │⁸ ↕╣

√Ᵽ♇◒◓ꜝ►fi♪ 19,500 /cm
3╟╡ ⌐ ↕⅛∫√⁹ ◘fiⱪꜟ─TEM

╩ ∫√≤↓╤⁸CNF─◄▪꜡♂ꜟ ⅜ ↕╣√⁹ ⅔╟┘CNF ─

─↓⅞╡ ⌐ ⇔≡│ ≡ ⱨכ♪ HEPAⱨ▫ꜟ♃Ᵽ◐ꜙכⱶ ≢CNF╩

∫√⁹ ≢CNF╩ ⇔≡™╢ ≢│⁸CPC ⅜5,400 /cm
3

300 500 nm ⅛╠ 139,500 /cm
3

500 100 nm ≢№∫√⁹ ⅜⌂

™ ≢ ≢CNF╩∆ↄ™ →√≤⅝⌐⁸ ⅜╟╡ ⅛∫√⁹ ◘fiⱪꜟ

─TEM ╩ ∫√≤↓╤⁸CNF─◄▪꜡♂ꜟ ⅜ ↕╣√⁹ ─

≢│⁸ ⁸ ⁸ ─MWCNT┼─ ─ ╩ ⇔√⁹MWCNT─
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™│ ≡ ⱨכ♪ HEPAⱨ▫ꜟ♃Ᵽ◐ꜙכⱶ ⌐≡ ╦╣√⁹ │CPC

10 1000 nm ⅔╟┘OPC 300 500 nm⁸500 100 nm ≢ ⇔√⁹CPC≢

⇔√ │1480 1580 /cm
3 ⱨכ♪ ≢─MWCNT ⅛╠2200 2800 /cm

3

MWCNT─ ∞∫√⁹CPC≢ ⇔√Ᵽ♇◒◓ꜝ►fi♪ │700 /cm
3

∞∫√⁹OPC≢ ⇔√ │⁸3,900 123,400 /cm
3 ⅛╠6,500 42,800

/cm
3 ∞∫√⁹OPC≢ ⇔√Ᵽ♇◒◓ꜝ►fi♪ │⁸700 /cm

3

1 10 µm ⅛╠13,700 /cm
3

300 500 nm ∞∫√⁹OPC≢ ⇔√ ⅜╟

╡ ⅝™≤™℮↓≤│⁸╟╡ ⅝⌂⁸ ⌐╟∫≡│ ⇔√ ⅜ ∆╢↓≤╩ ⇔

≡™√⁹ ⇔√◘fiⱪꜟ─TEM ⌐╟╡⁸ ⇔√MWCNT─◄▪꜡♂ꜟ ⅜

╘╠╣√⁹ 

 

NIOSH⌐╟∫≡ ─ ⅜ ╦╣⁸6≈─ ⅔╟┘ Ɽ▬꜡♇♩╕√│

SWCNT⁸MWCNT⁸CNF ⌐⅔™≡⁸PBZ╩ ∆╢√╘─ⱨ▫ꜟ♃ⱬכ☻─◘fiⱪ

ꜟ≤⁸ ─ ⅔╟┘ ─EC ⁸╕√TEM ⌐╟╡CNT╛CNF

─ ╩ ⇔√ Dahm╠2011 ⁹EC NIOSH 5040 ─√╘⌐ 83─ⱨ▫ꜟ♃ⱬ

ꜟfiⱪ◘☻כ ≢30◘fiⱪꜟ⁸ ≢22◘fiⱪꜟ ╩ ⇔⁸TEM NIOSH

7402 ─√╘⌐31◘fiⱪꜟ ⇔√⁹3≈─CNT ⅔╟┘3≈─

≢ ─ ⅔╟┘ ⅜ ↕╣√⁹↓╣╠─ ⅔╟┘ │ ─≤⅔╡≢№╢⁹ 1

⌐⅔↑╢ ─CNT ⅔╟┘ ─ ⁸ ─ ⱷfi♥♫fi☻ ⁹

2 ⌐⅔↑╢⁸ ⁸ ⁸ ⁸ ≢─ ⇔ ⅎ⁸ ⁸☻ⱪ

◓fi▫♥כ◖כ꜠ ⌂≥─ ─CNT ™ ⁹ ⌐⅔↑╢ PBZ

│⁸0.68 5.25 µg/m
3
 EC≢№╡⁸ │2.42 µg/m

3∞∫√⁹EC ─◄ꜞ

▪◘fiⱪꜟ─ │ 4.62 µg/m
3≢№╡⁸ ⁸ ─Ᵽ♇◒◓ꜝ►fi♪◘fiⱪꜟ│

0.89 µg/m
3∞∫√⁹ ↓╣╠│ ≢№╡⁸ ↕╣≡™⌂™

≤ ≢│⌂™⁹⇔√⅜∫≡⁸↓╣╠─ ╩ NIOSH REL≤ ∆╢

↓≤│≢⅝⌂™⁹ │⁸ ⅜≤╠╣≡™⌂™ ≢CNT╩ ╡

∫√≤⅝⌐ ╘╠╣√⁹ ⌐⅔™≡⁸PBZ EC │ 7.86 

µg/m
3≢⁸◄ꜞ▪◘fiⱪꜟ │ 2.76 µg/m

3∞∫√⁹ Ᵽ♇◒◓ꜝ►fi♪ ◘

fiⱪꜟ≢│EC│ ↕╣⌂⅛∫√⁹ │⁸ⱥꜙכⱶⱨכ♪╩ ⇔≡CNT─

⇔ ⇔╛ ╩ ∫√≤⅝≢⁸ⱥꜙכⱶⱨכ♪│ ⌐ ⇔≡™√╦↑≢│⌂™⅜⁸

™ ⌐│ ⌐ ↕╣≡™√↓≤⅜ ↕╣≡™╢⁹ ⅔╟┘ ⌐⅔™≡

↕╣√EC ─ │⁸NIOSH 5040─LOD≤LOQ─ ─ ─EC╩ ╗

◘fiⱪꜟ⌐ ≠™≡™╢⁹ 

 

◘fiⱪꜟ PBZ⅔╟┘◄ꜞ▪ ◘fiⱪꜟ≤ ╡ ╦∑≢ ↕╣√ ─TEM ⌐╟╡⁸

PBZ◘fiⱪꜟ─CNT │ 1.613 /cm
3≢⁸◄ꜞ▪◘fiⱪꜟ─ │



36 

 

0.295 /cm
3∞∫√⁹ ╡ ╦∑─ ≤TEM ≤─ ⅜ ↕

╣ p-0.01 ⁸ ∆╢Ⱨ▪♁fi─ │0.44∞∫√⁹PPE ⱴ☻◒⁸ ⁸

ⱷ●Ⱡ⌂≥ ─ ╛⁸ ⌂╢ כⱶⱨכꜙⱩⱲ♇◒☻⁸◔Ⱶ◌ꜟⱥכ꜡◓

≤⌂ⱶכꜟfiכꜞ◒⁸♪ ─ ⌂≥⁸↕╕↨╕⌂ ─ ⅜╒≤╪≥─

⌐≈™≡ ↕╣≡™╢⁹ ─ ≤⌂∫√─│ ─ ⅜CNT CNF╩ⱨꜟ◦ⱨ

♩≢ ∫≡™⌂⅛∫√↓≤≢№╡⁸⇔√⅜∫≡⁸ ╛ ⅜ ≢№∫√√╘

™◘fiⱪꜞfi◓ ≢ ↄ─◘fiⱪꜟ╩ ⇔√⁹ 

 

CNT ╩ ה ∆╢≤⅝─CNT─ ╩ ∆╢ ≢│⁸ ◘fiⱪꜟ

╩ ⇔≡⁸ ⁸ ⁸♫ⱡ♅ꜙכⱩ ╩ ═√ Bello╠2009 ⁹

─↓╕√│ ⱱ▬⁸≢ꜟכMWCNT 10 20 nm ╩ ╪≢™╢2≈─ ⌂╢

╩ ⇔√⁹ ≢─↓─ │⁸CNT ─ ⌂ ╩◦Ⱶꜙ꜠כ

♩∆╢↓≤╩ ≤⇔≡™√⁹ ⌂⇔ ≤ ⱱ▬כ

ꜟ─ ⌐ ╩♪כ● ⌐⁸PBZ≤◄ꜞ▪◘fiⱪꜟ ↄ ╩ ⇔√⁹

─ │1 3 ⅛⅛∫√⁹Ᵽ♇◒◓ꜝ►fi♪ ≤ ⇔√≤⅝⌐⁸

≢│⁸ ⌐ p < 0.05 ⌂ ─ ♫ⱡ☻◔כꜟ ≤ ⅜ ⇔√⁹

│ ⌐♫ⱡ☻◔כꜟ╛ ≢№∫√⅜⁸ ─71 89 │⁸

1⅛╠10 µm ◄▪꜡♂ꜟ ≢№∫√⁹ ↕╣√ ─ ─PM10

─ │⁸◄ꜞ▪◘fiⱪꜟ≢2.11 ≤8.38 mg/m
3⁸PBZ◘fiⱪꜟ≢0.8≤2.4 mg/m

3≢№╢⁹

≥─ ─ ⌐╙⁸◘ⱩⱵ◒꜡fiⱨ□▬Ᵽכ≤ ⱨ□▬Ᵽכ⅜ ⇔√⁹

◄ꜞ▪◘fiⱪꜟ─TEM ≢│⁸ ⅜1.6ⱨ□▬Ᵽכ/cm
3

CNT-▪ꜟⱵ♫─ ⅛╠

3.8ⱨ□▬Ᵽכ/cm
3 ─ ≢№∫√⁹ⱬכ☻-▪ꜟⱵ♫ ─

⌐│⁸PBZⱨ□▬Ᵽכ ⅜0.2ⱨ□▬Ᵽכ/cm
3∞∫√⁹ ─ ⌐≈™≡

│⁸ⱨ□▬Ᵽכ ─♃כ♦ │↕╣≡™⌂™⁹ ─ ⌐ ⇔√3≈─

◄ꜞ▪◘fiⱪꜟ─℮∟─2≈≢⁸PM10 ─ │╖╠╣⌂⅛∫√⁹3≈╘─◘

fiⱪꜟ≢│ ⅜ ↕╣√⅜⁸↓╣│ ⱱ▬כꜟ ─ └⅜♪כ●

≥ↄ ⇔√√╘≢№∫√⁹ 

 

Bello╠ 2010 │╕√⁸2 ─ ─CNTⱢ▬Ⱪꜞ♇♪ ─ ⌐♪ꜞꜟ≢

╩№↑╢≤⅝─⁸CNT⅔╟┘ ─♫ⱡ◘▬☼─ⱨ□▬Ᵽכ─ ╩ ⇔√⁹2

─CNTⱢ▬Ⱪꜞ♇♪ ≤│⁸ 1 ⱪꜝ☻♅♇◒ ꜝⱵⱠכ♩ ▪ꜟⱵ♫ⱨ□

▬Ᵽכ⅔╟┘CNT ⁸ 2 ◓ꜝⱨ□▬♩-◄ⱳ◐◦ ┘╟⅔כⱲfiⱨ□▬Ᵽכ◌

CNT ≢№╢⁹ ╩ ⇔√ ≢ ⌐ ╩ ↑√≤⅝─ ╩ ∆

╢√╘⌐⁸ PBZ◘fiⱪꜟ⅔╟┘◄ꜞ▪◘fiⱪꜟ╩ ⇔√⁹ ─4≈─ ─

╩ ⇔√⁹ 1 ─ ⁸ 2 ♪ꜞꜟ─ ⅔╟┘ ⁸

3 ─ ↕⁸ 4 ⁹ ⌐≈™≡⁸5 ─ 10
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30 ╩ ∫√⁹FMPS⁸◄▪꜡♄▬♫Ⱶ♇◒Ɽכ◙▬◘ꜟ◒▫♥כ APS ⁸CPC⁸

╩כ♃◒fiⱤ▬♪כ◔☻◌⁸ ™≡⁸ ⅔╟┘PBZ≢─ꜞ▪ꜟ♃▬ⱶ◘fi

ⱪꜟ⅔╟┘ ◘fiⱪꜟ╩ ⇔⁸◄▪꜡♂ꜟ ◘▬☼╛ ─ ⁸ ╩

∫√⁹ ESP ╛ TP ╩ ™≡TEM◓ꜞ♇♪⌐

╩ ⇔⁸ ╩ ∫√⁹♪ꜞꜟ⅜ ─ │⁸ ≡─

⌐≈™≡╒≤╪≥─ ╟╡╙ ⅝ↄ⁸▪ꜟⱵ♫ ─≤⅝─ ⅜╟╡

⅝⅛∫√⁹ ♪ꜞꜟ≢│ 10 nm╟╡ ⅝™ ─ ⅜ ⅎ╠╣≡™√⁹NIOSH

7400⌐⅔↑╢ ⅔╟┘ ↕ > 5 µm⁸▪☻Ɑ◒♩  > 3 ╩ ™≡ ▪☻Ɑ◒

♩ ⱨ□▬Ᵽכ ╩ ⇔√⁹▪ꜟⱵ♫ⱨ□▬Ᵽכ≤CNT ─ ⌐ ∆╢

⅜ ╘╠╣⁸PBZ◘fiⱪꜟ≢─ │1.0ⱨ□▬Ᵽכ/cm
3 ▪ꜟⱵ♫ ⅛╠1.9ⱨ

□▬Ᵽכ/cm
3 ⅔╟┘CNT ⁸◄ꜞ▪◘fiⱪꜟ≢╙ ─ ∞∫√⁹◘fiⱪ

ꜟ─ ⅔╟┘ⱨ□▬Ᵽכ─ ⅜ⱷ♁♇♪7400─ ╩ ∫≡™√√

╘⁸ⱨ□▬Ᵽכ │ ≤⇔≡ ⇔√⁹ ◄Ⱡꜟ◑כ⅜ ⅝™ ♪ꜞꜟ

⅜ ⅝™⁸♪ꜞꜟⱦ♇♩⅜ ⅝™⌂≥ ╒≥⁸╕√ ─ ╖⅜ ∆↓≤⌐╟∫≡

♪ꜞꜟ ⅜ ↄ⌂╢╒≥⁸ ⇔≡ ∂╢ ╙ ⅝ↄ⌂╢≤ │ ↑≡™╢⁹╕

√⁸CNT ─♪ꜞꜟ ⌐╟∫≡⁸ CNT ╩ ⇔√≤⅝ Bello╠2009

╟╡ ↄ─♫ⱡⱨ□▬Ᵽכ⅜ ∂√≤ ↑≡™╢⁹ 

 

Cena and Peters2011 │⁸Ᵽꜟ◒CNT─ ⅔╟┘12.5 × 1.3 × 0.5 cm◘▬☼─◄ⱳ◐◦

♫ⱡ◖fiⱳ☺♇♩ ─ ─ CNT╩ ⇔√⁹ ◄ⱳ◐◦♥☻♩◘fiⱪꜟ│⁸

10 50 nm⁸ ↕1 20 µm─MWCNT Baytubes
® ╩ ™≡ ╠╣√⁹ ─ │⁸

1 Ᵽꜟ◒CNT─ ™ ⅔╟┘CNT ─ ─ ╩ ∆╢↓

≤⁸2 CNT ─ ⌐╟∫≡ ∂√ ╩ ∆╢√╘⌐⁸ LEV

ⱨכ♪─ ╩ ∆╢↓≤≢№∫√⁹CPC 0.01 1 µm ⅔╟┘OPC 0.3 20 

µm ╩ ™≡⁸ ⅔╟┘ ╩ ⇔√⁹ │OPC

╩♃כ♦ ™≡ ⇔√⁹ ╛CNT─ ─√╘⌐⁸TEM ─◘fiⱪꜟ╙

⇔√⁹Ᵽꜟ◒CNT─ ⅔╟┘◄ⱳ◐◦♫ⱡ ─♥☻♩ ─ ─2 ⌐⅔↑╢⁸

PBZ⅔╟┘ ─ ╩ ⇔√⁹ ⌐ ⇔≡3 ╡─

⌂⇔⁸ ⱥꜙכⱶⱨ⁸♪כ ◐ꜗⱦⱠ♇♩ ≢ ╩ כ꜡◓⁹√∫

ⱩⱲ♇◒☻ ≢Ᵽꜟ◒CNT 600 mg ╩2≈─50 mLⱦכ◌כ ≢ ⇔ ⅎ╩⇔⁸Ⱳ♇◒☻

─CPC⅔╟┘OPC ╩ ⇔√⁹Ᵽ♇◒◓ꜝ►fi♪ │⁸∕─ ╩ ℮

☻◒♇ⱩⱲכ꜡◓─ ≢ ⇔√⁹ ⌐≈™≡ ═╢√╘⌐⁸CNT╩2 wt% ╗♥☻

♩ ╩ ⅜ ≢ ⇔√⁹ ─ ⅔╟┘ ⌐ ⇔√ ≢⁸◄

▪꜡♂ꜟ ╩15 20 ⇔√⁹ ⌂⇔≢─ │⁸1.2 m×2.2 m─

─ꜟⱩכ♥ ≢ ╦╣√⁹ │ ⱥꜙכⱶⱨכ♪ ≢╙ ╦╣√⁹↓─ⱥꜙכⱶⱨ

│♪כ ⌂ ◄fi◒꜡כꜗ☺כ⅛╠ ╡⁸ ⱤⱠꜟ─ ≡─ ⌐ ∫≡ ⅜ ╣
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╢⅜⁸ ◘♇◦╛ Ᵽ♇ⱨꜟ│⌂™⁹ⱥꜙכⱶⱨכ♪─ │76 ft/ ≢№∫

√⁹ ◐ꜗⱦⱠ♇♩ Class II type A2 ╩ ™√≤⅝─ ⌐╟╢ ╙

⇔√⁹ 

 

≢─ │Ᵽ♇◒◓ꜝ►fi♪◘fiⱪꜟ≤╒≤╪≥ ╦╠⌂⅛∫√

≤Ᵽ♇◒◓ꜝ►fi♪─ P/B = 1.06 ⅜⁸ ⌐│ ╩ ╓⇔√ P/B = 1.79 ⁹

☻◒♇ⱩⱲכ꜡◓ ≢─ │⁸ GM ≢0.03 µg/m
3≤ ↕╣√

Ᵽ♇◒◓ꜝ►fi♪GM│0.02 µg/m
3 ⁹ ⌂⇔⁸ⱥꜙכⱶⱨכ♪ ⁸

◐ꜗⱦⱠ♇♩ ╩ ╗ ≢│⁸PBZ♫ⱡ │⁸Ᵽ♇◒◓ꜝ►fi♪

≤ ⇔≡ ≢⅝╢ ∞∫√ P/B  = 1.04 ⁹ ⌐ ⇔√ │ ⌐Ⱶ

◒꜡fi◘▬☼≢CNT⅜ ⅝ ≡⅔╡⁸ ⅝⌂ > 1 µm ╕∫√ ≤⇔≡ ∆╢

⅜№╢Ᵽꜟ◒CNT≤│ ⅝ↄ ⌂╢↓≤⅜ ↕╣√⁹ ─ ⌐⅔↑╢

│ ⇔√⁹⇔⅛⇔⁸ ◐ꜗⱦⱠ♇♩ ≢ ╩ ∫√ ─ GM 

= 0.2 µg/m
3 │⁸ ⌂⇔ GM = 2.68 ╛ⱥꜙכⱶⱨכ♪ GM = 21.4⁸p < 0.0001

≢ ∫√ ─ ╟╡ ⅛∫√⁹ⱥꜙכⱶⱨכ♪─ ⅜ ⅛∫√─│⁸ ◘♇◦╛

Ᵽ♇ⱨꜟ⅜⌂ↄ⁸ ⅜ ↕⅛∫√√╘≢№╢⁹ 

 

2.2  

 

CNT╛ Ⱳfi♫ⱡכ◌─ ⁸ ⌂≥ ┼─ │⁸ ●☻╛ⱪ꜡Ɽfi⁸∕

─ ⱷ♃fi ●☻─ ⌐ ↓╡ ╢⁹CNT │⁸ ⅜Ⱪכ♩☻☻●│≢ ╦╣≡

™╢ ⁸ ≢│●☻⅜ ⅎ≡™╢ ◘▬♩ ↄ≢╖╠╣╢ Murr╠2004 a, b ⁹ⱷ♃

fi CH4 ─ ↄ≢ ↕╣√◘fiⱪꜟ│⁸0.4 2 µm─ ♫Ⱳfiכ◌─↕⅝

ⱡ ╩ ⇔⁸ ─ MWCNT╛ 20 nm─ ─♫ⱡ

╩ ╪≢™√⁹ 

 

 

2.3  

 

כⱲfi♫ⱡⱨ□▬Ᵽכ◌⁸≢╕╣↓ CNF ┼─ ⌐≈™≡⁸™ↄ≈⅛─ ⅜

╦╣≡⅝√ Methner╠2007 Evans╠2010 Birch 2011a Birch╠2011b ⁹NIOSH⌐⅔™

≡ ─ ≢─ ⅜ ╦╣⁸ꜞ▪ꜟ♃▬ⱶ◄▪꜡♂ꜟ CPC⁸

ELPI⁸◄▪꜡♂ꜟ ⌂≥ ⌐╟╡↕╕↨╕⌂ ⌐⅔↑╢ CNT─ ⅜

╘╠╣√ Methner╠2007 ⁹ ≢─ ≢│⁸ ╛ ─CNF─ ⇔ ⅎ

⁸ⱳꜞⱴכ ─ ╛ ─↓⅞╡ ─ ⅔╟┘ │⁸

Ᵽ♇◒◓ꜝ►fi♪ ⅔╟┘ ≤ ⇔≡╦∏⅛⌐ ⇔√⁹
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≢─ NIOSH 5040⌐╟∫≡⁸ ●☻ №╡ │⁸

ↄ─ ╟╡2 64 ⅝ↄ⁸ 1094 µg/m
3 │CNF ─ ─↓⅞╡

⌐ ↕╣√⁹ ─Ᵽ♇◒◓ꜝ►fi♪ ╩ ⅎ√ │⌂⅛∫√⁹

400 nm ─ │ ─↓⅞╡ ⌐╟╡ ↄ ╠╣√⅜⁸ 500 nm ─

─ │CNF─ ⅔╟┘ ⌐ ⇔√⁹CNF─ ╩ ∆╢√╘⌐⁸TEM◓ꜞ

♇♪⌐ ⇔√ ◘fiⱪꜟ╩ ⇔√⁹♫ⱡⱨ□כⱣכ─ ⌐ ™╠╣╢ 100 

nm╟╡╙ ⅝™ ─ⱨ□▬Ᵽכ⅜™ↄ≈⅛TEM⌐╟∫≡ ↕╣√⅜⁸↓╣│Ku╠

2006 ⌐╟∫≡ ↕╣√ ≤ ∆╢⁹↓─Ku╠─ ⌐╟╢≤⁸◄▪꜡♂ꜟ ↕

╣√CNF─ │60 nm╟╡ ⅝ↄ⁸⸗כ♪ │ 700 nm≢№∫√⁹TEM⌐

╟∫≡ ↕╣√CNF─ │ ─ⱨ□כⱣכ≢│⌂ↄ⁸╝╢ↄ ⇔≡⅔╡⁸ꜞ ▪ꜟ♃

▬ⱶ ⌐╟∫≡ ↕╣√ ◘▬☼≤ ⇔≡ ⇔≡™√⁹ 

 

14,000 kg ─CNF╩ ∆╢№╢CNF ≢⁸ ⌂╢ ⌐⅔↑╢ ─

⌂ ⅜ ╦╣√ Evans╠2010 Birch 2011a Birch╠2011b ⁹ⱨ▫ꜟ♃╛ ⁸◌

⁸Ᵽꜟ◒⁸כ♃◒fiⱤ▬♪כ◔☻ ◘fiⱪꜟ≤⁸ ≤─ ╖ ╦∑⌐╟╡⁸

⌐ ∆╢ ⅜ ╠╣√⁹◘fiⱪꜟ─ ⁸ ⁸

OC + EC = TC ⁸ ⁸ PAHs ╩ ⇔⁸CNF─ ≤⇔≡

EC╩ ™√⁹TEM-◄Ⱡꜟ◑כ X TEM-EDS ╙ ⇔√⁹ ⱨ▫

ꜟ♃ ◘fiⱪꜟ⌐ ∆╢ ⅜ ≢ ↕╣≡⅔╡⁸OC-EC⅔╟┘

⁸ │Ɽכ♩I Birch╠2011b ≢⁸PAH─ │Ɽכ♩II Birch╠2011a ≢

↕╣≡™╢⁹ ⁸ ─ ™∆∆⁸PAHs⁸ ⅜ ≤⇔≡ ∂

√⁹ ─ EC─◄ꜞ▪ │ ─6 68 ≢№╡⁸PBZ◘fiⱪꜟ│170 ⌐ ⇔

√⁹ 

 

∂ ─ ≤⇔≡⁸ ⌂ CPC⁸ELPI⁸◘▬◒꜡fi ⁸

⁸ FPSS ⌂≥ ≤ ╩ ™≡⁸ ≢─CNF

≤ ─ ╩ ⇔√⁹ ⌐╟╢ ─ ╘ ⌐

⅜ ⌐ ⇔√⅜⁸↓╣│◄▪꜡♂ꜟ ⇔√CNF⌐╟╢╙─≢№╢⁹ ─ ╩ ⅎ

≡ ∂╢≤⅝⌐⁸ ─ ⅛╠CNF⅜ ⌐ ⇔√─≢№╢⁹ ╩ ↑╢≤⅝≤

CNF ╩ ≢ ∆╢≤⅝⌐ ≤ ⅜ ™↓≤⅜╦⅛∫

√⁹↓╣│⁸ ⅛╠ ↕╣╢ ≤⁸CNF─ ⌐ ↕╣╢

≤⇔≡─ ⌐ ∆╢⁹↓╣╠─ ⌐│ ─ │╖╠╣∏⁸↓

╣│⁸CNF⅜ ⌐∕╣╒≥ ↕╣⌂⅛∫√↓≤╩ ⇔≡™╢⁹⇔⅛⇔⁸ ⅛

╠♪ꜝⱶ⌐ ↕∑√CNF╩ ⇔ ╣√╡⁸∕─ ⌐ ╩ ⌐ ╘ ⅎ√╡∆╢≤⅝

⌐⁸ ─ ⌂ ⅜ ⌐⌂╡⁸∕─ │ ⇔ ╣ ⅜1.1 mg/m
3⁸

╘ ⅎ ⅜0.5 mg/m
3≢№∫√⁹ ╠│⁸ ⌐⅔↑╢CNF⅛╠─ ─ ╩
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∆╢─⌐⁸ ╛ │ CPC≤ ╩ ™≡ ≢│⌂

™≤ ↑≡™╢ Evans╠2010 ⁹⌂−⌂╠⁸ ─ ┌⅛╡╩ ⇔≡⇔╕℮

⅛╠≢№╢⁹ ≢ ⇔√ ⅜⁸ ╩ ™√CNF ⌐⅔

™≡ ╙ ⅛≈ ⌂ ≢№╢≤ ⅎ╠╣√⁹ⱨ▫ꜟ♃◘fiⱪꜟ⌐≈™≡ ╠╣√

│⁸ ─ ╩ ∆╢⁹◘▬☼ ⌂◄ꜞ▪◘fiⱪꜟ─TEM ≢│

⅝⌂ⱨ□▬ⱣכⱣfi♪ꜟ─ ⅜ ↕╣√ Birch╠2011b ⁹↕╠⌐⁸◘▬☼ ◘fiⱪ

ꜟ ▬fiⱤ◒♃כ╩ ™≡ ─EC NIOSH 5040⌐╟╢ ≢│⁸ⱴ▬◒꜡ⱷכ♃כ

꜠fi☺≢CNF ⅜ ╘╠╣√ Birch╠2011b ⁹ 
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3  

 

⌂ ╩ ∆╢√╘⌐⁸CNT⅔╟┘CNF⌐ ⇔≡⁸ ⌂╢ ╩ ™√ ₁⌂

─ ⅜ ╦╣≡™╢ 3-1 3-8 ⁹↓╣╠─ ≢│⁸ ⁸

⁸ ⌐⅛⅛╦╠∏ ⇔√ ─ ╛ ⌂≥ ⅜ ↕╣≡™╢⁹SWCNT

╛MWCNT⁸CNF│ ↕⌂ ≢№╢√╘⌐⁸∕─ ⌐≈™≡│ ⌐ ⅜╙√╣≡

™╢⁹∕─ │♫ⱡⱷ⁸ꜟ♩כ ↕│ⱴ▬◒꜡ⱷ⁸≢☼▬◘ꜟ♩כ ▪☻ⱬ☻

♩⌂≥ ─ ⌐ ⌐╟ↄ ≡™╢⁹SWCNT╛MWCNT⁸CNF─ ─ ╙⁸™

ↄ≈⅛─ ╛ ⌐≈™≡ ↕╣≡™╢─≤ ─ ╩ ⇔≡™╢⁹

™ↄ≈⅛─ ⌐⅔™≡│⁸ ≥◒♇ꜝⱲfiⱩכ◌ ─™∏╣≤ ═≡╙⁸CNT

─ ⅜ ⌐ ⇔⁸⅛≈ ∞∫√ Lam╠2004 Shvedova╠2005

Ryman-Rasmussen╠2009b ⁹CNT┼─ │⁸ ⱷ♦▫◄כ♃כ─ ╛⁸

⌐⅔↑╢ ⱶכ꜡♥▪⁸☻꜠♩☻ ─ⱴ►☻⸗♦ꜟ⌐⅔↑╢ⱪꜝכ◒

─ ⌂≥⁸ ╙ ⅝ ↓⇔√ Li╠2007 Erdely╠2009 Stapleton╠2011 ⁹ 

 

CNT╛CNF─ ⌐⁸ ≢№╢ ╩ ╕√│ ⌐╟∫

≡ ⌐ ∆╢ ⅜№╢√╘⌐⁸CNT╛CNF│ ⌐⅔™≡ ⅜№╢≤ ↄ ╘╠

╣≡™╢ Sanchez╠2009 ⁹ Osmond-McLeod╠2011 ⅜⁸4 ─CNT⁸1 ─

⁸2כⱨ□▬Ᵽꜟכ►☻ꜝ◓ ─▪☻ⱬ☻♩ ─ ╩ Gamble ≢

⇔⁸ⱴ►☻─ ⌐ ⇔√≤⅝─ ╩ ⅝ ↓∆ ╩ ⇔√⁹

╩ ⇔√4 ─CNT─℮∟3 │ ─ ╙ ↕∏⁸ ─ ╙⁸ⱨ□▬Ᵽ

─כ ↕─ ╙⁸ ╙ ↕⌂⅛∫√⁹4 ─CNT╩ⱴ►☻─ ⌐ ∆╢

≤⁸ ™ ╩ ⇔≡™√3 ─CNT≢│ ⅔╟┘ ⅜ ∂√⅜⁸

⅜ ↕ↄ╟╡ ™ ─⁸⅔╟┘ ╕√│ ↄ ╕∫√Ᵽfi♪ꜟ╩ ⇔≡™√⁸╙℮

≈─CNT⅜ ⅝ ↓⇔√ │ ∞∫√⁹↓─ │⁸ⱴ►☻⌐ ⇔√

─▪☻ⱬ☻♩╛◓ꜝ☻►כꜟⱨ□▬Ᵽכ⌐ ⇔≡ ╠╣√ ≤ ⇔≡⅔╡⁸ ⅜

№╡ ™ ╩ ╪≢™╢2 ─▪☻ⱬ☻♩◘fiⱪꜟ≢│ ⅔╟┘ ⅜

∂√⅜⁸╒≤╪≥ │≢כⱨ□▬Ᵽꜟכ►☻ꜝ◓™⌂⅜ ─ ⅜ ∂√∞↑

∞∫√⁹ 

 

CNT≤CNF│⁸ ∆╢ ⌐ ∂≡ ⁸ ⁸ ⌂≥ ╩

ⅎ╢↓≤⅜≢⅝╢⁹↕╠⌐CNT╛CNF╩ ╕√│ ⇔⁸∕╣⌐╟∫≡ ╩

ⅎ╢↓≤╙≢⅝╢⁹CNT─ Muller╠2008a Fenoglio╠2008 ⁸ Sayes 

╠2006 ⁸ Allen╠2008 ⁸ ◓Ⱨfiכ♪ Carrero-Sanchez╠2006 ⁸

Liu╠2010 ⁸ⱳꜞⱴכ ⱬכ☻⅔╟┘ⱳꜞ☻♅꜠fiⱬכ☻ Tabet╠2011
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⅜⁸∕─ ⌐ ╩ ╓⇔ ╢≤™℮↓≤╩ ∆ ⌂ ⅜№╢∞↑≢⁸↓

℮⇔√ ─ ⌐≈™≡│╒≤╪≥ ═╠╣≡™⌂™ Yan╠2011 ⁹ ─ ⌐

╟╢≤⁸MWCNT╩COOH ≢ ∆╢≤ⱴ►☻⸗♦ꜟ⌐ ─ ⅔╟┘

⅜ ⅝ↄ Sager╠2011 Wang et al. 2012⇔⁸SWCNT╩◌ꜟⱲ◐◦ꜟ ⇔≡ⱨ□

ⱶכ♁♁ꜞ◗ ⌐↕╠∆≤⁸ ⌐ ─Ⱪכꜙ♅⁸↑ ⅜ ↓∫√ Liu╠2010⁹

Kagan╠ 2010 │⁸ PMN ⌐ ≢╖╠╣╢Ⱶ◄꜡Ɑꜟ○◐◦♄⁸⅜♀כ

in vitro≢SWCNT╩ ⇔√↓≤╩ ⇔≡™╢⁹⇔⅛⇔⁸PMN Ⱶ◄꜡Ɑꜟ○◐◦♄כ

♀⅜in vivo ⌂≥ ≢SWCNT╩ ∆╢⅛≥℮⅛│ ≢№╢⁹∕─ │⁸1) SWCNT

─PMN │ ≤™℮╟╡╙ ⌂ ≢№╢⁹2) PMN⌐╟╢SWCNT ─

⌂ │⌂™⁹3) ⅛╠ ⅛ ⌐ⱴ►☻─ ≢SWCNT⅔╟┘MWCNT⅜

⅛∫√ Shvedova╠2005 Mercer╠2008 Porter╠2010 ⁹ 

 

╕√ ─ ≢⁸MWCNT⅔╟┘SWCNT─◘▬☼ ↕⌂≥ ⅜ ∕─ ⌐

∆╢ ⅜ ↕╣≡™╢ Takagi╠2008 Poland╠2008 Muller╠2009 ⁹ ™MWCNT

↕20 µm ╩ⱴ►☻⌐ ∆╢≤⁸ 2 ⌐ ⌐ ⅜

∂√⅜⁸ ™MWCNT ↕ < 5 µm ≢│ ∂⌂⅛∫√ Poland╠2008 ⁹ 28%─♅ꜙ

─Ⱪכ ↕⅜ > 5 µm≢№╢MWCNT⌐ ⇔√ ⁸ ⅔╟┘ ╙ ↕

╣√ Takagi╠2008 ⁹⇔⅛⇔⁸ ™MWCNT ↕ <1 µm ⌐ ⇔√ꜝ♇

♩≢│⁸ ⅜ ↕╣√∞↑≢⁸ 2 ⌐╦√∫≡ ─ │ ↕╣⌂

⅛∫√ Muller╠2009 ⁹ 

 

Nagai╠ 2011 │⁸MWCNT─ ⅜╪ ⅜⁸ⱨ□▬Ᵽכ ─ ⅔╟┘ ⅝↕⌐

∆╢⅛╙⇔╣⌂™≤™℮ ╩╙√╠⇔√⁹ ⌂╢ ⅝↕⅔╟┘ ─5 ─MWCNT─1

≈╩⁸1╕√│10 mg ≢⁸Fischer 344/Brown Norway ⅔╟┘ ⁸6 ⌐ ⇔√⁹

⅜ ↄ≡ ⅜ ↕™MWCNT ╒╓50 nm ≢│ ⅔╟┘ ⅜ ∂√⅜⁸

⅜ ⅝™ ╒╓150 nm ╕√│ ╕∫√ ╒╓2 20 nm ─MWCNT│⁸ ╙⁸

╙⁸ ⅜╪ ╙╒≤╪≥⌂⅛∫√⁹ ⌐⅔™≡ Cdkn2a/2b

⌐ ∆╢ ⅜ ↕╣√⅜⁸↓╣│▪☻ⱬ☻♩⌐╟∫≡ ⅝ ↓↕╣√▪☻ⱬ☻

♩ ⌐⅔™≡ ↕╣√╙─≤ ≢№╢⁹ ╩ ™√in vitro ≢│⁸

™MWCNT⅜ ╩ ⇔⁸ ╩ ⅝ ↓∆↓≤⅜ ↕╣√⁹ 

 

CNT─ ⌐≈™≡ ↄ─ ⅜ ╦╣≡⅔╡⁸in vitro▪♇☿▬─ ⅛╠⁸

SWCNT⅔╟┘MWCNT ⅜⁸DNA ⁸ ⁸ ─ ⁸ ─

╩ ⅝ ↓⇔ ╢↓≤⅜ ↕╣≡™╢ Li╠2005 Kisin╠2007 Muller╠2008a Pacurari 

╠2008 Lindberg╠2009 Sargent╠2009 Asakura╠2010 ⁹MWCNT─ ─in vitro ≢│⁸

─ │ ↕╣⌂⅛∫√ Wirnitzer╠2009 Kim╠2011 ⁹ ─ ⅜
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ROS ─ ╩ ⇔⁸⇔√⅜∫≡DNA ─ ⅜ ╕╢↓≤╙ ↕

╣√ Pulskamp╠2007 Barillet╠2010 ⁹CNF╩ ™√in vitro ─ ╙╕√⁸ ⅜⁸

╛ ⌂≥─ ╩ ⅝ ↓⇔ ╢↓≤╩ ⇔≡™╢

Magrez╠2006 Lindberg╠2009 Kisin╠2011 ⁹↕╠⌐⁸ ─SWCNT╕√

│MWCNT┼─ ⁸ ≢│⁸↓╣╠─ ╩ ⌂ ╩ ∆╟℮⌐ ⅎ╢

↓≤╛⁸ ─ ─ ⁸ ╛ ─ ⁸solf agar─ ⅜ ↕╣≡™╢

Stueckle╠20011 ⁹ ─☻►ⱴ♪כ♯ ╤ ⌐SWCNT⌐╟∫≡ ⇔√

╩ ⇔√≤↓╤⁸ 1 ≢ ↕⌂ ⅜ ↕╣√⁹ ─ ─

⁸ ─ ╛⁸ ─◘▬fi⌂≥⁸ ⌂⅜╪ ─ ⅜╖

╠╣√ Wang╠2011 ⁹ 

 

CNT≤CNF⅜♥☻♩ ⌐ ⇔≡™╢ ⌐│⁸ ₁⌂ ⅝↕─ ⅜ ∂≡™╢↓≤

⅜ ™⁹↓─↓≤│⁸ ⁸ ╕√│ ⅜ ⌐ ⇔

≡™╢ ─™∏╣⅛─ ≢ ╩CNT ⌐ ↕∑√ ─ ≢ ↕╣√

♥☻♩ ⌐⅔™≡⁸ ⌐ ╠⅛⌐⌂∫≡™╢⁹CNT╛CNF─ ◘▬☼│⁸ ⁸

⌐ ⇔≡™╢ ╟╡╙ ◄▪꜡♂ꜟ─ ─ ⅜ ↕™⁹ ╩ ™

√ ⅛╠ ╠╣√ │⁸ ⅜ ↕ↄ⌂╢≤ ⌐ ∆╢ ⅜ ⅝ↄ⌂╢

↓≤╩ ⇔≡™╢ Shvedova╠2007, 2008 Mercer╠2008 ⁹ ⌂≥ ≢CNT

╛CNF─ ⅜≥─ ∆╢⅛│╕∞ ⅛∫≡™⌂™⁹⇔⅛⇔⁸ ⇔√ ⅜⁸

─CNT─ ╩ ⌐ ↕∑╢↓≤⅜ ↕╣√ Porter╠2008 Wang╠

2010a ⁹ 

 

 

3.1 SWCNT 

 

 IT ╕√│ ≢SWCNT⌐ ↕∑√ⱴ►☻╕√│ꜝ♇♩⅜⁸ SWCNT 

─ ⅜ ⇔√ ─ ≢ ╩ ⇔√ Lam╠2004 Warheit╠2004 ⁹

↕╠⌐⁸ ╙ ↕╣≡™╢ Shvedova╠2005 Mangum╠2006 ⁹↓─

│⁸╟╡ ↕⌂SWCNT ⅜ ╛ ⌐ ∆╢↓≤⌐ ⇔≡™√ Mercer

╠2008 ⁹ 

 

 

3.1.1  

 

Lam╠ 2004 │⁸3≈─ ⌂╢≤↓╤⅛╠ ⇔√⁸ ⌂╢ ─ ╩ ╗SWCNT

─ ╩ ═√⁹ⱴ►☻╩⁸IT⌐╟∫≡ 0.1 mg╕√│0.5 mg─SWCNT3 ∕╣∙╣
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27%⁸ 2%⁸♬♇◔ꜟ26%⅔╟┘▬♇♩ꜞ►ⱶ5%╩ ╗ ◒♇ꜝⱲfiⱩכ◌⁸ 0.5 mg ⁸

0.5 mg ⌐ ↕∑√⁹ 7 ╕√│90 ⌐ⱴ►☻┼─ ╩ ⇔√⁹ ≡─

─SWCNT ≢⁸ ⌐ ⇔√ ⌂ ⌐ ≤

⌐◒♇ꜝⱲfiⱩכ◌⁹√╣╠╖⅜ ⇔√ⱴ►☻⌐│ │ ↕╣∏⁸

≢│ ⅛╠ ─ ─╖⅜ ↕╣√⁹♬♇◔ꜟ≤▬♇♩ꜞ►ⱶ ─

SWCNT╩0.5 mg ⇔√ⱴ►☻│⁸4 7 ⌐ ⌐ ⇔√ 9 5 ⁹ 

 

Warheit╠ 2004 │⁸ ⌐╟∫≡ꜝ♇♩╩1 mg/kg╕√│5 mg/kg ─SWCNT ⁸

⁸◌ꜟⱲ♬ꜟ ╕√│ ⌐ ↕∑⁸ 24 ⁸1 ⁸1⅛ ⁸3⅛ ⌐⅔

↑╢ ╩ ⇔√⁹SWCNT ─ │1.4 nm⁸ ↕│ > 1 µm ≢№╢≤ ↕╣≡⅔╡⁸

⇔≡ⱴ▬◒꜡ⱷכ♃כ◘▬☼─ ⌐⌂╢ ⅜№∫√⁹↓─ ≢│⁸SWCNT╩

↕╣√ꜝ♇♩─ 15 ⅜ 24 ⌐ ⇔≡⅔╡⁸∕─ │SWCNT⅜

╩┤↕™∞√╘≢№∫√╟℮∞⁹ ╡─ꜝ♇♩⌐≈™≡│⁸ ─ ─

1⅛ ╕≢ ↕╣√ ≤ ─ │ ≢│⌂™ ⅜

↕╣√⁹ ⌐ ⇔√ꜝ♇♩─╖⁸ ─ ╩ ⇔⁸3⅛ ⇔√⁹

◌ꜟⱲ♬ꜟ ╕√│ ┼─ ≢│⁸ ⌂ │ ⅝ ↓↕╣⌂⅛∫√⁹ 

 

 

3.1.2  

 

⌐╟∫≡ 10⁸20⁸40 µg/ ─ SWCNT⌐ ↕∑√ⱴ►☻⌐≈™≡│⁸

≢─ ─ ╙ ↕╣≡™╢ Shvedova╠2005 ⁹Lam╠ 2004 ≤

Warheit╠ 2004 ─ ≤ ∂ↄ⁸ ⅜⁸ ╛ ⌐⅔↑╢

SWCNT ─ ⌐ ⇔≡™√⁹↓─ │ 7 ≢ ≢

№╡⁸ 60 ⌐╦√∫≡ ⇔√⁹SWCNT ─ ⅛╠ ™ ≢⁸

≢ ⁸ ─ ─ ⅜ ↕╣√⅜⁸↓╣│⁸╟╡ ⇔√

SWCNT ─ ⌐ ⇔≡™╢≤ ⅎ╠╣√⁹ ∂ ─ ≢│⁸♫ⱡ◘▬☼─

│◒♇ꜝⱲfiⱩכ◌ ⌂ ╩ ╙ ⅝ ↓↕⌂⅛∫√⁹↓╣╠─ │⁸

⌐╟∫≡2 mg/kg─SWCNT⌐ ↕∑√ꜝ♇♩⅜⁸ 21 ⌐SWCNT ─ ≢

╩ ⇔⁸╕√⁸┘╕╪ ╩ ⇔√≤∆╢Magnum╠ 2006 ─ ≤

⇔≡™╢⁹↕╠⌐ ∆═⅝│⁸ ⱴ◒꜡ⱨ□כ☺╩Ⱪꜞ♇☺fi◓∆╢CNT ─

≢№╡⁸↓╣│ ─ ⅔╟┘ ╕√│ ⌐ ╩ ╓∆ ⅜№╢⁹

⌐╟∫≡ⱴ►☻⌐⁸╟╡ ⇔√SWCNT╩ 10 µg ∆╢≤⁸ ⅜⌂™

≢⁸ fi◕כꜝ◖≢ ⅜ ⌐ ⇔⁸ │╒≤╪≥ ⇔⌂⅛∫

√ Mercer et al. 2008⁹ ⇔√SWCNT─◘Ⱪⱴ▬◒꜡ⱷכ♩ꜟ◘▬☼ ─ ⅜⁸

ⱴ◒꜡ⱨ□כ☺⌐ ╛ ↕╣╢↓≤⌂ↄ⁸ ─ ⌐ ⌐ ∆╢─⅜
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↕╣√⁹ 

 

 

3.1.3  

 

Shvedova╠ 2008 │⁸ ⌐╟╢ Shvedova╠2005 ≤╟╡ ⇔√SWCNT

─ ⌐╟╢ Baron╠2008 ╩ ⇔√⁹ ─ⱴ►☻│1 5 ⁸4 ⌐╦√

∫≡5 mg/m
3⌐ ↕∑⁸╙℮ ─ ⌐╟╡ ↕∑√ⱴ►☻⌐│10╕√│20 µg╩

⇔√⁹≥∟╠─ ≢╙SWCNT─ │0.8 1.2 nm⁸ ↕│100 1000 nm≢⁸

Brunauer-Emmett-Teller BET │508 m
2
/g≢№∫√⁹ ≤╙⁸ ─

⌐ ™≡ ≤ ─ ╩ ⇔√⁹↓╣╠─ │⁸ SWCNT

0.2% Shvedova╠2005 ≢╙ SWCNT 17.7% Shvedova╠ 2008 ≢╙

↕╣√⁹ ⌐ │ ⇔√⅜⁸ │ ∆╢⅛ ⇔√

≤™℮─│⁸ ─ ≢ ↕╣√ ≤ ∆╢≤ ⇔™ ≢№╢⁹↓╣│⁸

⇔√SWCNT⅜ ⌐ ⇔≡ ╩ ∆╢≤™℮ⱷ◌♬☼ⱶ╩

⇔≡™╢ Wang╠2010a, b ⁹ ⌐│⁸№╕╡ ⇔≡™⌂™SWCNT⌐ ⌐⅔↑╢

─ ≢ ↕∑√ⱴ►☻≤ ═╢≤⁸ ⇔√SWCNT ⌐

↕∑√ⱴ►☻─ ⅜⁸ ⁸ fi◕כꜝ◖ ⁸ ╩ ∆╢ ⅜4 ⅛

∫√⁹ OSHA ─ ◓ꜝⱨ□▬♩─ PEL ≢

№╢5 mg/m
3⅜⁸CNT─ ⌐ ™╠╣╢↓≤⅜№╢√╘⁸ⱴ►☻┼─5 mg/m

3
 

SWCNT─ Shvedova╠2008 ─ │ ⅝™⁹ 

 

 

3.2 MWCNT  

 

3.2.1  

 

10 80 µg/ ─ ≢╟ↄ ⇔√MWCNT⌐ ↕∑√ⱴ►☻≢│⁸ ≤

─ ─ Han╠2008b Wolfarth╠2009 Hubbs╠2009 Han╠2010 Porter╠2010  

Mercer╠2011 ≤ ┼─ Sriram╠2007 Sriram╠2009 ⅜╖╠╣√⁹10⁸20⁸

40╕√│80 µg─ ≢ MWCNT─ ⌐ ↕∑√ⱴ►☻≢│⁸ ─ ≤

⁸ ⁸ ≢ ─ ⅜╖╠╣√ Porter╠2010 ⁹ ⌐╟

╡⁸ ⅜ ≢№╡⁸ 56 ⌐╦√∫≡ ⇔≡™√↓≤⅜

↕╣√ Mercer╠2011 ⁹MWCNT⅜ ⌐ ∆╢ ⅜№╢ Porter╠2010 ≤™℮

╛⁸MWCNT╩ ╗ ⱴ◒꜡ⱨ□כ☺⅜ꜞfiⱤ ⌐ ⇔ꜞfiⱤ ╩ ↕∑╢

⅜№╢ Hubbs╠2009]≤™℮ ╙№╢⁹™ↄ≈⅛─MWCNT 49 nm⁸ 4.2 
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µm ⅜⁸ ╩ ╡ ↑≡ ⌐ ∆╢↓≤⅜ ↕╣√ Hubbs╠2009 Mercer

╠2010 ⁹ ⌐╟╡⁸80 µg─MWCNT⌐ ⇔√56 ⌐⁸12,000─MWCNT⅜

⌐ ∫≡™╢↓≤⅜ ↕╣√ Mercer╠2010 ⁹ 

 

 

3.2.2  

 

IT ⌐╟╡ꜝ♇♩⌐0.5⁸2⁸5 mg─ ≢⁸ ™ 5.9 µm MWCNT╕√│

™ 0.7 µm MWCNT ⇔≡™⌂™MWCNT╕√│ ⇔√MWCNT ⌐

↕∑⁸ 60 ╕≢ ═√≤⅝⌐╙⁸ ─ ≤ ⅜ ↕╣√ Muller╠2005  ⁹

⇔√MWCNT 0.7 µm ╩ ⇔√ꜝ♇♩─ ⅜ ≢─ ⅜ ⅝ↄ⁸

⅜ ≢ ↕╣√⁹ ⇔≡™⌂™MWCNT 5.9 µm ╩ ⇔√ꜝ♇

♩≢│⁸ │ ⌐ ≢│⌂ↄ ⌐╖╠╣√⁹ ⇔≡™⌂™MWCNT─

│⁸ ⇔√MWCNT─ ╟╡╙ ⅛∫√ 81% 36% ⁹

≢│⁸ ⇔√MWCNT│⁸◒ꜞ♁♃▬ꜟ▪☻ⱬ☻♩≤ ─ ╛

╩ ⅝ ↓⇔⁸ ╙╡╟◒♇ꜝⱲfiⱩכ◌ ⅝⌂ ╩ ⅝ ↓⇔√ Muller

╠2005 ⁹ ─ ⅜Aiso╠ 2010 ⌐╟∫≡ ↕╣≡⅔╡⁸0.04⁸0.16 mg ─

MWCNT 5 µm⁸ 88 nm ╩ ≢ ↕∑√ꜝ♇♩│⁸ ─

⁸ ─ ⁸ ─ ╩ ∂√⁹ 12.5 mg ─⸗ꜟ⸗♇

♩ Grubek-Jaworska╠2005 ⁸15 mg ─⸗ꜟ⸗♇♩ Huczko╠2005]⁸0.05 mg 

50 nm⁸ 10 µm ─ⱴ►☻ Li╠2007 ⁸5⁸20⁸50 mg/kg ─ⱴ►☻ Park

╠2009 ⁸1⁸3⁸5⁸7 mg─ 40 60 nm⁸ ↕0.5 5 µm ─ꜝ♇♩ Liu╠ 2008

≢ ─ ⅜ ↕╣≡™╢⁹↓╣⌐ ⇔≡⁸Elgrabli╠ 2008a │⁸1⁸10⁸100 µg

─MWCNT 20 50 nm⁸ ↕0.5 2 µm ⌐ ↕∑√ꜝ♇♩⌐≈™≡⁸ ─

│⇔≡™╢⅜⁸ ╛ ─ │⇔≡™⌂™⁹ ⌐⁸ ╠ 2010

│⁸MWCNT─ 0.04 1 mg/kg ⌐ ⇔√ꜝ♇♩⌐⅔™≡⁸ ─ ⁸

⅔╟┘ ─╖ ⇔√⁹ │ ↕╣≡™⌂™⅜⁸ ╠│⁸

─ ⅔╟┘ ╩ ↕∑╢≢№╤℮⁸ fi◕כꜝ◖─╘√─ ╩ ™⌂

⅛∫√⁹ 

 

MWCNT╕√│◒꜡◦♪ꜝ▬♩▪☻ⱬ☻♩╩ IPS ⌐╟∫≡ ⇔√ꜝ♇♩⌐

∆╢ ⌐⅔™≡⁸≥∟╠⅛─ ┼─ ⌐╟╡⁸ ⅔╟┘ ≢─ ⁸↕╠⌐

⅜ ∂√ Xu╠2012 ♩♇ꜝ─ⱪכꜟ◓⁹4 6 ⱪכꜟ◓ ∕╣∙╣⌐⁸

500 µg╩ ╗0.5 mL─ ╩1 ⅔⅝⌐5 ⁸9 ⌐╦√∫≡ ⇔⁸∕─ ⇔√⁹

⁸MWCNT⅔╟┘◒꜡◦♪ꜝ▬♩⅜ ⅛╠ ⌐ ⇔≡™╢─⅜ ↕╣√⁹

MWCNT⅔╟┘◒꜡◦♪ꜝ▬♩│ ꜞfiⱤ ≢╙ ↕╣⁸↓╣│ⱨ□▬Ᵽכ─
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⅜ꜞfiⱤ ─ ╣≢№╢↓≤╩ ⇔≡™╢⁹ ─ ⌐╟∫≡⁸MWCNT⅔╟

┘◒꜡◦♪ꜝ▬♩⅜⁸ ─ ╛⁸ ⱴ◒꜡ⱨ□כ☺ ≢ ↕╣

√⁹ 

 

 

3.2.3  

 

MWCNT ⌐╟╢ ┼─ Mitchell╠2007 Arkema 2008Ma-Hock╠2009 Porter╠2009; 

Ryman-Rasmussen╠2009b Pauluhn 2010aWolfarth╠2011 ≤ ─ ┼─ Mitchell 

╠2007 ╩ ∆╢√╘⌐⁸ⱴ►☻╕√│ꜝ♇♩╩ ™√ ⅜™ↄ≈⅛ ╦╣

≡™╢⁹Mitchell╠ 2007 │⁸ 0.3⁸1⁸5 mg/m
3≢⁸MWCNT 10 20 nm⁸ ↕5

15 µm ⌐7 ╕√│14 6 / ↕∑√ⱴ►☻╩ ™√⁸ ─

─ ╩ ⇔≡™╢ ↓╣╠─ ⅜ ⌐MWCNT⅛≥℮⅛⌐ ⇔≡│ ⅜ ⅜∫

≡™╢ Lison and Muller 2008 ⁹ ⇔√ ─ ─ │⁸ ™ ╩ ╪∞

ⱴ◒꜡ⱨ□כ☺╩ ⇔√⅜⁸ ╛ │ ↕╣⌂⅛∫√⁹14 ⌐ ─

╩ ⇔√⅜⁸ ≤ ─ │ ≢│⌂⅛∫√⁹Mitchell╠ 2009  │⁸MWCNT

─ ⱷ◌♬☼ⱶ⅜⁸ ♀כ♫◕◦◐○꜡◒◦─ ╩ ∆╢⁸ ⅛╠ ╢

⌐ ⇔≡™╢≤ ╦╣╢≤ ⇔≡™╢⁹Porter╠ 2009 │⁸╟ↄ ⇔√MWCNT

─ 10 mg/m
3⁸5 / ⁸2 12 ⁹ 1.3 µm⁸◌►fi♩ 0.4 µm

1 ≢ⱴ►☻⌐ ⌂ ─ ≤ ⅜╖╠╣√≤ ⇔≡™╢⁹↕╠⌐⁸ ─

≢⁸ ⅜MWCNT╩ ∂ ╘≡™╢─╙ ↕╣√⁹ⱴ►☻╩30 

mg/m
3─MWCNT ↕0.5 50 µm ⌐6 ↕∑√ ─╖ ≢⁸ ™

10 ─℮∟9 ≢ ⅜ ⅝ ↓↕╣√ Ryman-Rasmussen╠2009b ⁹

1 ≢ ─ ≢MWCNT⅜ ⅛╡⁸ 2 ≢ ⅜ ⇔≡⁸∕─

6 ⌐╦∫≡ ⇔√⁹1 mg/m
3─MWCNT⌐ ↕∑√ⱴ►☻╛⁸30 mg/m

3─♫ⱡ☻◔כ

⌐◒♇ꜝⱲfiⱩכ◌─ꜟ ↕∑√ⱴ►☻≢│⁸ │ ↕╣⌂⅛∫√⁹  

 

┼─ ╩ ⅝ ↓∆ ⌂ ≤ ╩ ∆╢√╘⌐⁸ꜝ♇♩╩ ™√

MWCNT─ ╙ ≢ ╦╣≡™╢ Arkema 2008 Ma-Hock╠2009 Pauluhn 

2010a ⁹Ma-Hock╠ 2009 │⁸6 ⁸5 ≢13 ⁸0.1⁸0.5╕√│2.5 mg/m
3

─ ≢MWCNT BASF Nanocyl NC 7000⌐ ↕∑√ꜝ♇♩ │ ⌐47 1170 

µg/ ╩ ™√90 ─ ╩ ⇔≡™╢⁹ │ ↕

╣⌂⅛∫√⅜⁸ ≡─ ⌐⅔™≡⁸ ≤ ≤ ⌐ ⌐╟╢

⅜ ∂⁸ ⅔╟┘ ⌐ ∆╢ꜞfiⱤ ⌐ ⅜ ↕╣√⁹ ─

≤ │ ⌐ ⇔≡™√⁹ │ ↕╣⌂⅛∫√⅜⁸ ⌂ ─ꜞⱳ♃

fiⱤ◒ ⅜ ⇔√⁹ 
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Ellinger-Ziegelbauer and Pauluhn2009 │⁸⅛⌂╡ ⇔≡™≡ ─◖Ᵽꜟ♩

╩ ╗1 ─MWCNT Bayer Baytubes
® ┼─ ⌐╟╢ ─ ╩ ═╢√

╘⌐⁸ Pauluhn 2010a─ ─ ⌐ ╩ ⇔√⁹ ⌐╟╢

≤─ ™╩ ∆╢√╘⌐⁸ꜝ♇♩ ╩0.53%╕√│0.12%─◖Ᵽꜟ♩╩ ╗11 mg/m
3─

MWCNT⌐ ↕∑√⁹Ɫ◙כ♪─ ─√╘⌐⁸ ─ꜝ♇♩ ╩241 mg/m
3─MWCNT ◖

Ᵽꜟ♩0.53% ⌐ ↕∑√⁹ ≡─ ⌐ ─╖─6 ─ ╩ ⇔⁸∕

─ 3⅛ ⇔√⁹ ─ ≤⁸ ⌐ ∆╢ ─

╩ ⌐≢⅝╢ ╡ ∆╢√╘⌐⁸ 1⁸4⁸13 ─MWCNT ─ ─

╩⁸ ⇔√ꜝ♇♩≤ ⇔√⁹ ╕√│MWCNT─™∏╣⅛⌐ ⇔√ꜝ♇♩│⁸

─ ≢™ↄ╠⅛ √Ɽ♃כfi─ ─ ╩ ⇔√⁹ ⅜ ⇔√

│ 3⅛ ─ ⌐ ⇔√⅜⁸MWCNT⅜ ⇔√ ─ │⁸ ⌐ ⇔≡

⇔√⁹ MWCNT⌐ ∆╢ ─ │⁸ ◖Ᵽꜟ♩─ ⌐│ ⇔≡

™⌂™⁹Pauluhn 2010a │⁸Ellinger-Ziegelbauer and Pauluhn2009 ⅜ ≢ ™√╙─

≤ ∂MWCNT ◖Ᵽꜟ♩0.53% ╩ ⇔≡⁸0.1⁸0.4⁸1.5⁸6 mg/m
3─ ≢6 ⁸

5 ⁸13 ꜝ♇♩╩ ─╖ ↕∑√⁹◄▪꜡♂ꜟ MWCNT│⅛⌂╡ ⇔

≡™√ 3 µm ≤ ═≡™╢⁹ ⌐⅔↑╢MWCNT─ ◒ꜞ▪ꜝfi☻│ ↄ⁸

1.5≤6 mg/m
3≢◒ꜞ▪ꜝfi☻─ ⇔™ ⅜№∫√⁹ 6⅛ ─ ≢│⁸0.4⁸

1.5⅔╟┘6 mg/m
3─ ≢ ↕∑√ ≢⁸ ─ ⅜ ⅔╟

┘ ╕√│ ⌂≥ ≤ ─ ⌂≥ ⌐╖╠╣⁸╕√Ma-Hock

╠ 2009 ⅜ ⇔√╙─≤ ─ ≢─ ⅜ ╘╠╣√⁹6 mg/m
3≢

↕∑√ꜝ♇♩≢│⁸ ─ ≤⁸ ─ fi◕כꜝ◖⁸

─ fi◕כꜝ◖⁸╣╠╖⅜ │ 39 ─ ⌐╦√∫≡ ⇔√⁹0.1 

mg/m
3≢ ↕∑√ꜝ♇♩≢│ ─ │ ↕╣≡™⌂™⁹ 

 

Arkema 2008 ⅜EPA⌐ ⇔√ ⌐╟╢≤⁸0.1⁸0.5⁸2.5 mg/m
3─ ≢6 ⁸

5 MWCNT(Arkema)─ ⌐ ─╖ ↕∑√ ꜝ♇♩≢⁸Ma-Hock╠ 2009 ⁸

Ellinger-Ziegelbauer and Pauluhn 2009 ⁸Pauluhn 2010a ⅜ ⇔√╙─≤ ∆╢

⅜ ↕╣√⁹0.5≤2.5 mg/m
3─ ≢⁸ ─ ≤≤╙⌐⁸ ≢─↕╕

↨╕⌂◘▬♩◌▬fi⅔╟┘◔⸗◌▬fi─ ⅜╖╠╣√⅜⁸0.1 mg/m
3≢│ ─

│ ↕╣≡™⌂™⁹ 

 

 

3.3 SWCNT MWCNT  

 

ⱥ♩─ ⌂ ⌐ ◓fi♬כꜞ◒☻╢∆ ≤⇔≡⁸→∫ ─
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⅜⇔┌⇔┌ ™╠╣≡™╢⁹↓╣╕≢─≤↓╤⁸™ↄ≈⅛ ─ ⌐ ⇔√

⌐ⱥ♩≢ ⅜ ∆╢↓≤⅜ ╠╣≡™╢⁹∕─ ⌐│⁸▪☻ⱬ☻♩ ≤◄ꜞ○

fi ⅜№╢⁹MWCNT╛SWCNT─ ⅝↕╛ ⌐≈™≡ ⅜╪ ╩ ⅝ ↓∆

╩ ═╢√╘⌐⁸™ↄ≈⅛─ ⅜ ╦╣≡™╢ Takagi╠2008 Poland╠2008

Muller╠2009 Varga and Szendi 2010Murphy╠2011 ⁹Takagi╠ 2008 │⁸p53
 +/- ⱴ►

☻ ⁸ ⱴ►☻⸗♦ꜟ ⌐3 mg─MWCNT ─ 28 ⅜ ↕> 5 µm

≢ │100 nm ╩ ⇔√ ⌐≈™≡ ⇔≡™╢⁹25 ⁸MWCNT

╩ ⇔√ⱴ►☻─88%⌐⁸ ⅛╠ ─ ⁸ ⁸⅔╟┘ ™

≢ ⅜ ╘╠╣√⁹ ≢│⁸ ≤ ─ ⌐

─ ⅜ ⅛∫√⁹◒꜡◦♪ꜝ▬♩▪☻ⱬ☻♩╩ ⇔√ ⱴ►☻≢╙ ∂

⅜ ╘╠╣√⁹ ─C60ⱨꜝכ꜠fi ≢│⁸ ─ ╙ ≢

│ ⅝ ↓↕╣⌂⅛∫√⁹Poland╠ 2008 │⁸ ™MWCNT≢│⌂ↄ ™MWCNT╩

⌐ ⇔√≤⅝⌐⁸ 1 ≢ ─ ⌐ ≤ ⅜ ⅝

↓↕╣√≤ ⇔≡™╢⁹Takagi╠ 2008 ─ ≤│ ⌐⁸↓─ ≢│ ⱴ

►☻╩ ∫≡⅛⌂╡ 50 µg ─MWCNT⌐ ↕∑≡™╢⁹↓─ ≢│ ─

⅜ ↕╣≡™╢⅜⁸↓─ ⅜ ⇔≡ ⌐ ∆╢⅛≥℮⅛─ │⇔≡™⌂

™⁹Murphy╠ 2011 │⁸C57BI/6ⱴ►☻≢ ─ ╩ ≡⅔╡⁸ ╠│ כꜙ♅╢⌂

Ⱪ ⅔╟┘ ╖ ∫≡™╢⌂≥ ╩╙≈ ⌂╢ ─MWCNT╕√│⁸™╤™╤⌂

↕⅜ ↨∫≡™╢▪⸗◘▬♩▪☻ⱬ☻♩╩ ⇔√⁹5 µg ╩ ⱴ►☻─ ⌐

⇔⁸24 ⅔╟┘1⁸4⁸12⁸24 ⌐ ⇔√⁹ ™MWCNT > 15 µm ╕√│▪

☻ⱬ☻♩╩ ⇔√ⱴ►☻≢│⁸ 24 ⌐⁸ ≤ ⇔≡⁸ ─

⅜ ⌐ ⇔≡™√⁹ ™MWCNT│⁸ 24 ≢⁸ ⅔╟┘

⁸ ⁸ ⌐⅔↑╢ ─ ╩ ⅝ ↓⇔√⁹ ™MWCNT < 4 

µm ╛ ╕∫√MWCNT│ ─ ╩ ⅝ ↓↕∏⁸24 ⌐╒≤╪≥⅜

⅛╠ ↕╣√⁹ 

 

ꜝ♇♩⌐≈™≡│Muller╠ 2009 ⅔╟┘Varga and Szendi2010 ⅜⁸ⱴ►☻⌐≈™≡│Liang 

╠ 2010 ⅜⁸MWCNT╕√│SWCNT─ ╕√│ ⌐⁸ ⅜╪ ⅜⌂⅛∫

√↓≤╩ ⇔≡™╢⁹2╕√│20 mg─ ≢MWCNT╩ ⇔√ꜝ♇♩≢⁸

⅛╠2 ⌐ │ ╘╠╣⌂⅛∫√ Mulle╠2009 ⁹╕√⁸10⁸50⁸250 mg/kg

─MWCNT╩ ⱴ►☻⌐ ⇔⁸28 ⌐ ⇔√≤↓╤⁸ │ ╘╠╣⌂⅛∫√

Liang╠2010 ⁹⇔⅛⇔⁸Muller╠ 2009 ≤Liang╠ 2010 ─ ≢ ™╠╣√MWCNT

◘fiⱪꜟ│ ⌐ ↄ Muller╠ 2009⌐╟∫≡ ↕╣√ │ < 1 µm⁸Liang╠ 2010

⌐╟∫≡ ↕╣√ ↕│ < 2 µm ⁸↓─ │⁸ⱴ►☻╩ ™MWCNT⌐ ↕∑

√Poland╠ 2008 ─ ≢ ↕╣√ ≤ ∆╢⁹Varga and Szendi 2010

│⁸10 mg 25 mg/kg ─ ≢MWCNT ╕√│SWCNT╩ ⇔√F344ꜝ ♇♩ 1 6
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⌐≈™≡ ⇔≡™╢⁹SWCNT  < 2 nm⁸ ↕4 15 µm ⁸MWCNT 10

30 nm⁸ ↕1 2 µm ⁸ ─™∏╣⅛╩ ╗♀ꜝ♅fi◌ⱪ☿

ꜟ╩ ⌐ ⇔√⁹12⅛ ─ ≢⁸CNT ─ ⌐ ≤

╩ ℮ ∞↑⅜ ╘╠╣√⁹♀ꜝ♅fi◌ⱪ☿ꜟ─ ─SWCNT╛

MWCNT⅜⁸CNT ≤⌂╢ ⌐⅔™≡⁸↓╣╠─ ⌐≥─╟℮⌂ ╩ ╓

⇔√⅛⌐≈™≡│ ⅜⌂™⁹SWCNT╛MWCNT⅜ ╙ ─╕╕≢№∫√⌂╠┌⁸

∕╣╝ⅎ ╩ ⅝ ↓∆╟℮⌂ ⅜⌂⅛∫√≤™℮ ⌐⌂∫√─⅛╙⇔╣⌂™⁹

↓─ ≢ ↕╣√ ™MWCNT◘fiⱪꜟ ֔2 µm ⌐≈™≡ ↕╣√ │⁸

∂ↄ ™MWCNT ╩ ⇔√Poland╠ 2008  ⁸Muller╠ 2009 ⁸Liang╠ 2010 ─

≤ ∆╢⁹ 

 

 

3.4 SWCNT MWCNT  

 

Li╠ 2007 │⁸Apo E
 -/-ⱴ►☻⌐SWCNT╩ 20 µg/ ⁸2 ⅔⅝⁸2⅛

↕∑╢≤⁸ ⱪꜝ71%⅜◒כ ⇔√≤ ⇔≡™╢⁹ꜝ♇♩─MWCNT 26 

mg/m
3≢5 ⁸ │22 µg ≢│⁸ 24 ≢⁸ ⌐ ∆╢ ─

⅜92% ⇔ Stapleton╠2011 ⁸ ⁸MWCNT─ ≢│ꜝ♇♩─ ─

⅜╖╠╣√ Legramante╠2009 Coppeta╠2007 ⁹↕╠⌐⁸MWCNT─ 80 

µg/ⱴ►☻ ≢│⁸ 24 ⌐⁸ ─ ⱷ♦▫◄כ♃כ⌐ ╦╢ RNA⅜ ↕╣⁸

╕√⁸ ⁸ ⁸ ⁸ ≤™∫√ ⌐⅔↑╢ ─ⱴכ◌כ⅜

↕╣√ Sriram╠2009 ⁹↓╣╠─ ╩ ∆╢√╘⌐⁸ ─╟℮⌂™ↄ≈⅛

─ⱷ◌♬☼ⱶ⅜ ↕╣≡™╢⁹ 

 

3.4.1 CNT  

 

↕╣√MWCNT⅜ ⅛╠ ┼ ∆╢↓≤⅜ ↕╣≡™╢ Liang╠2010 ⁹

⇔⅛⇔⁸ ↕╣√ ⅜⁸ ⅛╠ ┼─CNT─ ⌐ ⇔≡™╢≤™℮

│⌂™⁹ ≢ꜝⱬꜟ⇔√SWCNT─ 2 ⌐⁸≥─ ≢╙SWCNT│ ↕

╣⌂⅛∫√ Mercer╠2009 ⁹ 

 

 

3.4.2  

 

┼─ │⁸ ─ ⅜ ⇔√ ≢ ─ ╩ ⅝ ↓∆⁹Erdely╠

2009 │⁸SWCNT╕√│MWCNT─ 40 µg/m ⌐╟∫≡⁸ ⁸mRNA ⁸
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─ ─ ⱴכ◌כ⌐ ∆╢♃fiⱤ◒ ꜠ⱬꜟ⅜⁸ 4 ≢╦∏⅛≢│№╢⅜

⌐ ⇔√↓≤⁸⇔⅛⇔∕─ │ ⇔⌂⅛∫√↓≤╩ ⇔≡™╢⁹CNT ≢

╙⁸ 4 ≢⁸ ╛ ⌐⅔↑╢Hif -3Ŭ╛S100Ŭ⌂≥─ⱷ♦▫◄כ♃כ⌐ ∆╢

⅜ ⌐ ⇔√⁹ ┼─ ⌐╟╡⁸ ╩ ↑√ ─↔ↄ ─

╩ ╣╢↓≤≢PMN⅜ ↕╣⁸ ─ ⅜ ╦╢≤™℮ ╙ ∆

╢⁹↓╣╠─ ↕╣√ PMN│ ⌐ ⇔⁸ ⌐╟∫≡ ↕╣√NO

╩ ∆╢ ╩ ∆╢ Nurkiewicz╠2006 Nurkiewicz╠2009 ⁹⇔√⅜∫≡⁸

⌐╟∫≡ ↕╣╢NO⅜ ⌐№╕╡ ∑∏⁸ ⅜ ↕ↄ⌂╢⁹ 

 

 

3.5 CNF  

 

─ ≢⁸CNF ⌐╟∫≡⁸CNT ─ ≢ ↕╣╢─≤ ─ ┼─

⅜ ⅝ ↓↕╣╢↓≤⅜ ↕╣≡™╢ Murray╠2012 ⁹↓─ ≢│⁸ ⱴ►☻╩SWCNT

40 µg ⁸CNF 120 µg ⁸◒꜡◦♪ꜝ▬♩ 120 µg ⌐ ↕∑⁸ 1⁸7⁸

28 ⌐ ╩ ∫≡™╢⁹ ≢─ ⇔√ ─ ⅔╟┘ │⁸

SWCNT≢1.89 × 10
6⅔╟┘0.042 m

2⁸CNF≢4.14 × 10
6⅔╟┘0.05 m

2⁸▪☻ⱬ☻♩≢660 × 10
6

⅔╟┘0.001 m
2∞∫√⁹SWCNT⅔╟┘CNF│ ↕╣≡™≡ │∕╣∙╣0.23%⁸1.4%

≢№╡⁸▪☻ⱬ☻♩◘fiⱪꜟ─ │18%∞∫√⁹SWCNT─ ⅜1 4 nm⁸ ↕⅜1 3 

µm≢№╢─⌐ ⇔≡⁸CNF─ │60 150 nm⁸ ↕⅜⅔⅔╗⌡5 30 µm≢№∫√⁹▪☻

ⱬ☻♩─ │2 30 µm∞∫√⁹ ⱬ⁸─≢☻כ 1 ─ ⅔╟┘ ─

│SWCNT > CNF > ▪☻ⱬ☻♩∞∫√⁹ ─ ⅜⁸ 1 ─TNF⅔╟

┘IL-6 ≢╖╠╣√⁹SWCNT │ ─ 7 ⌐ ⇔≡™√⅜⁸CNF

⅔╟┘▪☻ⱬ☻♩ ╟╡ ⇔≡™╢ │≥∟╠╙ ╩ ⅝ ↓↕⌂⅛∫√⁹

TGF ⁸ fi⁸◕כꜝ◖ ─◦ꜞ►☻꜠♇♪ ≤⇔≡ ╘╠╣╢

⅜ 28 ⌐ ↕╣⁸ ⱬכ☻─ │SWCNT > CNF = ▪☻ⱬ☻♩∞∫√⁹

─ ⌐│⁸ ⌐ ↕╣√ ─ ╛ BET●☻ ⌐╟∫≡ ↕╣√

≤─ │╖╠╣⌂⅛∫√⁹⇔⅛⇔⁸●☻ ⅜⁸ ⌐ ↕╣√SWCNT

─ ╩ ⇔≡™╢ ⅜№╢⁹ ⌂≥─ ─ ⌐ ≠™√

─ │⁸CNT╛CNF⌐ ∆╢ ⌐ ∆╢⁸ ↕╣√ ╩ ⇔

√⁹ 

 

CNF  > 99.7% ⌐ꜝ♇♩╩ ↕∑√ ─ ⅜⁸ DeLorme╠ 

2012 ⌐╟∫≡ ↕╣√⁹ ─SD Sprague Dawleyꜝ♇♩╩⁸ 0⁸0.54⁸

2.5⁸25 mg/m
3─CNF VGCF-H ⌐6 / ⁸5 / ⁸90 ⌐╦√∫≡

↕∑⁸ 1 ⌐ ⇔√⁹ ≤⇔≡⁸ BALF
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╛⁸ ⁸ ⁸ ─ ─ ╩ ∫√⁹25 mg/m
3

⅔╟┘ ⇔≡™⌂™ ⌐≈™≡│⁸3⅛ ─ ⌐╙ ╩ ∫√⁹

NIOSH 7400⌐ ∫≡⁸SEM⅔╟┘TEM╩ ™≡◘▬☼ ⅔╟┘ⱨ□▬Ᵽכ ╩

⇔⁸ꜝ♇♩─ ⌐≈™≡ ⇔√⁹◄▪꜡♂ꜟ 0.54 mg/m
3≢─ⱨ□▬Ᵽכ

│4.9ⱨ□▬Ᵽכ/cc⁸MMAD│1.9 µm GSD│3.1 ⁸2.5 mg/m
3≢─ │56ⱨ□▬Ᵽכ/cc⁸

MMAD│3.2 µm GSD│2.1 ⁸25 mg/m
3≢─ │252ⱨ□▬Ᵽכ/cc⁸MMAD│3.3 µm GSD

│2.0 ∞∫√⁹ⱨ□▬Ᵽכ─ ⅔╟┘ │⁸∕╣∙╣5.8 µm⁸158 nm≢№╡⁸

BET⌐╟╢ │13.8 m
2
/g∞∫√⁹ 1 ⌐⁸2.5 mg/m

3 ─ ꜝ♇♩⁸

2.5⅔╟┘25 mg/m
3 ─ ꜝ♇♩│⁸ ≤ ⇔≡ ⅜ ⅝ↄ ⇔≡™√⁹

2.5 mg/m
3 ─ꜝ♇♩≢│⁸ ⅔╟┘ ─ ⅜╦∏⅛⌐ ⇔√∞

↑∞⅜⁸25 mg/m
3 ─ꜝ♇♩─ ≢│⁸ ⅔╟┘ ─

─ ≤≤╙⌐⁸ ─ ⁸II ─ ⅜ ↕╣√⁹

0.54 mg/m
3 ≢│⁸ ⌐ ™ │ ↕╣≡™⌂™⁹3⅛ ─ ⁸

25 mg/m
3 ─ ⅔╟┘ ─ │ ⇔√╕╕≢№∫√⁹25 mg/m

3⌐ ⇔√ꜝ♇♩

─ ≢│⁸ ╛⁸ⱨ□▬Ᵽכ╩ ⇔√ ⱴ◒꜡ⱨ□כ☺─ > 70% ⅜╕∞ ⇔

≡⅔╡⁸ │ ≢│№∫√⅜⁸ ⇔≡™⌂™ ≤ ∆╢≤

⌐ ⇔≡™√⁹25 mg/m
3⌐ ⇔√ ≡─ꜝ♇♩⌐≈™≡⁸ 3⅛ ⌐⁸ ≢╙

ⱨ□▬Ᵽכ⅜ ∫≡™╢─⅜ ↕╣⁸↓╣⅜ ─ ⌐⌂╢⁹Murray

╠ 2012 ≤│ ⌐⁸↓─ ≢│ │ ↕╣⌂⅛∫√⁹↓─ ─

≤⇔≡ ╙ ⅜№╢─│⁸Murray╠ 2012 ─ ≤DeLorme╠ 2012 ─ ≤≢

│ ⅜ ℮↓≤≢№╢⁹ ─ │⁸1ⱴ►☻─ №√╡120 µg∞∫√⁹

⌐⁸DeLorme╠ 2012 ─ꜝ♇♩ ≢│⁸ │ ↕╣≡™⌂™⁸╙╕√│ ↕

╣≡™⌂™⁹⇔⅛⇔⌂⅜╠⁸MMAD⅜3.3 µm≤ ⅝ↄ⁸ ⌐╟╢╤ ⅜ ™⌐ ≢⅝╢

√╘ │ ↕™≤ ╦╣╢⁹ 
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4  

 

SWCNT≤MWCNT─ ╩ ™√ ─ ⁸ ⁸

⁸ ™ ≢ ⌐ ∆╢ ⌂≥⁸ ⌐╟ↄ ⇔√

⅜ ↕╣≡™╢ 3 ╩ ⁹CNT⅔╟┘CNF╩ ™√ ⌐╟╡⁸ ⅜

╠⅛⌐⌂∫≡™╢⁹ 

 

1. ⅔╟┘ ─ ≢SWCNT⁸MWCNT⁸CNF⌐ ⇔√ ⌐⁸ ∆╢

─ ⅜ ╘╠╣╢ Shvedova╠2005, 2008 Mercer╠2008 Ma-Hock╠

2009 Porter╠2010 Pauluhn 2010a Mercer╠2011 Murray╠2012 ⁹ 

 

2. SWCNT⅔╟┘ SWCNT⌐ ⇔√ ⌐│⁸ ∆╢ ─

⁸ ⌂≥ ⅜ ╘╠╣╢ Lam╠2004 Shvedova╠2005, 2008 ⁹ 

 

3. ─ ⱲfiⱩꜝ♇◒╛⁸כ◌ ◦ꜞ◌⁸▪☻ⱬ☻♩ ≤

∆╢≤⁸SWCNT⁸MWCNT⁸CNF⅜ ╛ ╩│∂╘≤∆╢ ┼─ ╩

⅝ ↓∆ │⁸ ╕√│∕╣ ≢№╢ Shvedova╠2005 Muller╠2005 Murray╠ 

2012 ⁹ 

 

4. CNT─ │⁸ ─ ╛ ⌐ ╩ ╓∆⁹ ⅝™ │

╛ ⌐ ⇔≡ ╩ ⅝ ↓∆ ⅜№╡⁸ ⁸╟╡ ⇔

√ │⁸ ─ ⌐ ⇔≡ ╩ ⅝ ↓∆ Mercer╠2008 Porter

╠ 2010 ⁹ ⇔√SWCNT│ ╩ ∆╢ ⅜№╢⅜⁸╟╡ ⇔√CNF╛▪

☻ⱬ☻♩│ ⇔⌂⅛∫√ Murray╠2012 ⁹ 

 

5. ⱴ►☻⌐ ™MWCNT > 5 µm ╩ ∆╢≤⁸ ╛ ╩

⅝ ↓∆ Takagi╠2008 Murphy╠2011 ⁹ 

 

SWCNT⅔╟┘MWCNT⌐ ∆╢ │ ⌐ ⇔≡™╢⅜⁸ ─ ⅜

↕╣≡™╢⁹CNT⌐ 10 µg/ ⇔√ⱴ►☻⌐⅔™≡⁸ 1 ⌐⁸SWCNT

│MWCNT╟╡╙ ⅝™ ╩ ⅝ ↓⇔√ Shvedova╠2005, 2008 Porter╠2010 ⁹

⌐╟╡⁸╟ↄ ⇔√ SWCNT  < 0.23% │ ⱴ◒꜡ⱨ□כ☺⌐№

╕╡ ↕╣∏ ⱴ◒꜡ⱨ□כ☺─⌂⅛≢ ⅜№╢─│10%─╖ Shvedova

╠2005 ⁸ ⇔√SWCNT ─90%⅜ ╩ ╡ ↑≡ ⌐ ╢ Mercer

╠2008 ↓≤⅜ ↕╣≡™╢⁹ ⌐⁸ ─MWCNT─ 70%⅜ ⱴ◒꜡ⱨ□כ☺
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⌐╟∫≡ ╡ ╕╣⁸8%⅜ ⌐ ⇔⁸22%⅜ ≢╖╠╣╢ Mercer╠

2010, 2011 ⁹↓╣╠─ │⁸ ─ ╩ ⌐∆╢≤⁸╟ↄ ⇔√SWCNT

⅜MWCNT╟╡╙ ↄ ╩ ∆╢ ⅜№╢ Mercer╠2008 ≤™℮↓≤╩

⇔⁸╙⇔⅛∆╢≤↓╣│SWCNT─ Ⱪכꜙ♅─╡√ ⅜╟╡ ™ Mercer 

2011 Wang╠2010a,b Mercer╠2011 ⅛╠⅛╙⇔╣⌂™⁹↕╠⌐⁸SWCNT≤MWCNT─

⌐≈™≡⁸ ─ ⌐ ∆╢↓≤⅜ ↕╣≡™╢ Mercer╠2008  

Ryman-Rasmussen╠2009 ⅜⁸ ╩ ⇔≡ ⌐ ∆╢↓≤⌐≈™≡│

MWCNT≢─╖ ↕╣≡™╢ Hubbs╠2009 Mercer╠2010 ⁹↓╣╠─ ™⌐ ╦╠∏⁸

─↕╕↨╕⌂ ─CNT⅜ ⌐⅛⅛╦╠∏ ≡⁸ ⌂

⌐ ∆╢╟℮⌂ ≢╙⁸ꜝ♇♩╛ⱴ►☻⌐ ⇔≡ ┼─ ╩ ⅝

↓⇔≡™╢⁹ 

 

⅛╠⁸CNT─ ⅜ ↄ ≢№╢≤⁸▪☻ⱬ☻♩─╟℮⌂ ⅜╖╠╣╢↓

≤╙ ╠⅛⌐⌂∫≡™╢ Poland╠2008 Takagi╠2008 Murphy╠2011 ⁹ ™MWCNT

↕5 20 µm ─ ╩ ↑√ⱴ►☻⌐⅔™≡⁸ ─ ⅜ ↕╣≡™╢ Takagi

╠2008 Murphy╠2011 ⁹ ⁸ ™MWCNT(∕╣∙╣ ↕⅜  <1 µm⁸< 2 µm)╩ ™

√ Muller╠2009 Liang╠2010 ≢│⁸ ─ │╖╠╣⌂⅛∫√⁹↓╣╠

─ │⁸ⱴ►☻╕√│ꜝ♇♩─ ⌐ ↕╣√MWCNT⅜ ⅔╟┘

╩ ⅝ ↓⇔⁸∕╣⅜CNT─ ⌐ ⇔≡™√≤™℮ ╠ 2010 ⅔╟┘Nagai╠

2011 ─ ≤ ∆╢⁹↓╣╠─ ─ │⁸ ⌂ ╛ ╩

╙≈CNT⅜⁸ⱴ►☻╛ꜝ♇♩⌐⅔™≡ ╛ ⁸ ╩ ⅝ ↓⇔ ╢↓≤╩ ⇔

≡™╢⅜⁸ ─ ─√╘⌐↕╠⌂╢ ⅜ ≢№╢⁹ 1 ⌂╢ ─CNT

─⁸ ⌐⅔↑╢ ⌐≈™≡⁸ ╩♃כ♦⌂ ∆╢⁹ 2 ⌂≥─⅜╪

⌐ ⇔≡ ꜞ☻◒╩╙≈CNT─ ⌂ ⅔╟┘ ⌐╟∫≡│ ─

⌐ ∂≡⁸ ⌂ ⌐ ╡ ╗⁹ 

 

↕╣√╕╕─⁸ ─ CNT│⁸30% ─ ╩ ╪≢™╢⁹

⁸ ⅎ┌ ⅜ ™SWCNT│⁸ ╛ ─ ≢ⱥ♪꜡◐◦

ꜟꜝ☺◌ꜟ╩ ⇔ Kagan╠2006 ⁸ⱥ♩─ ╩ SWCNT⌐ ↕∑╢

≤ in vitro ⁸ ⅜ ∂╢ Shvedova╠2003 ⁹ ⅜ ™ CNT

╩ ╢√╘⌐⁸↓╣╠─ ╩ ╕√│ ⌐╟∫≡ CNT⅛╠ ∆

╢↓≤⅜≢⅝╢⁹ ─ ⌐╟╡⁸SWCNT╛MWCNT⅜ⱥ♪꜡◐◦ꜟꜝ☺◌ꜟ╩

∆╢ │⌂ↄ⌂╢⁹⇔⅛⇔⁸ ≢│⁸SWCNT─ ─ ⅜⁸ ─

⌐╟∫≡ ╩ ↑≡™⌂™╟℮⌐ ╦╣╢⁹Lam╠ 2004 │⁸ⱴ►☻┼─

⌐╟╢ ⌐≈™≡⁸ SWCNT ⅜25% ≤ SWCNT 2%

╩ ⇔⁸ ⅜ ⌐ ⇔⌂™↓≤╩ ╠⅛⌐⇔√⁹ ⌐⁸
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SWCNT 30% ≤ SWCNT  < 1% ╩ ↕∑√ ─ⱴ►☻─ │⁸

⌐╟∫≡ ╩ ↑⌂⅛∫√[Shvedova et al. 2005, 2008]⁹ 

 

CNT┼─ ⱶכ꜡♥▪⁸│ ⱴ►☻⸗♦ꜟ⌐⅔™≡⁸ ─ ⱷ♦▫◄כ

─כ♃ ⁸ ⌐⅔↑╢ ☻♩꜠☻⁸ⱪꜝכ◒ ─ ⌂≥─ ╩

⇔√ Li╠2007 Erdely╠2009 ⁹╕√⁸MWCNT┼─ │⁸ ⅜ ⌐

∆╢ ╩ ↕∑╢ Stapleton╠2011 ⁹↓╣╠─ ┼─ │⁸ ─

⌐ ∆╢ ⅛╠─ ◦◓♫ꜟ⅜ ≢№╢⅛╙⇔╣⌂™⁹↓╣╠─

╩ ⅝ ↓∆ ◦◓♫ꜟ╕√│ ≤™∫√ⱷ◌♬☼ⱶ│⁸ ≢№╢⁹ 

 

in vitro ─ ⌐╟╡⁸ ─√╘⌐⁸∆⌂╦∟ ╩ ⇔

─ Ⱪꜞ♇☺─ ╩ ∆╢ ⌐⁸ ╩ ↕∑╢↓≤⌐╟∫≡⁸

SWCNT⅜ ⅔╟┘ ╩ ⅝ ↓∆≤™℮↓≤⅜ ↕╣√ Sargent╠

2009 ⁹╕√⁸in vitro ⌐╟∫≡⁸CNF ⅜⁸ ROS ─ ≤⇔≡

╩ ⅝ ↓⇔ ╢≤™℮↓≤⅜ ↕╣≡⅔╡⁸ROS│ ₁⌐DNA≤ ⇔⁸

⌐DNA ⅔╟┘ ╕√│ ⌐ ∆╢ Kisin╠2011 ⁹

╩MWCNT⌐ ⁸ ↕∑╢≤⁸ ⅜ ⅝ ↓↕╣⁸↓╣╠─

⌐☻►ⱴ♪כ♯╩ ∆╢≤ ⅜ ∂╢↓≤⅜ ↕╣≡™╢ Stueckle╠

2011 Wang╠2011 ⁹ 

 

─≤↓╤⁸CNT╛CNF╩ ╕√│ ⇔≡™╢ ─ ⌐ ⇔≡⁸ ≢

↕╣≡™╢ │ ≢№╢⁹√∞⁸ⱥ♩╙ ╛ ╩ ∆╢≤ ─ ⅔╟┘

╩ ∆╢√╘⁸ ⅜ ╛ ≤ √≤ⅎ┌ ⌐ ∆

╢ ─CNT⅔╟┘CNF⌐ ∆╣┌⁸↓─╟℮⌂ ┼─ ╩ ↑╢ꜞ☻◒⅜№╢

≤ ⅎ╢─│ ⌐⅛⌂∫≡™╢⁹ 

 

≢─CNT╛CNF┼─ ⌐ │♃כ♦╢∆ ╠╣≡™╢⅜⁸CNT⅔╟┘CNF─ ⁸

⅔╟┘ ─ ≢│⁸ ⇔ ⅎ⁸ ⁸ ⁸ ⌂≥⁸ ↄ─ ≢CNT ⅔╟

┘CNF⅜◄▪꜡♂ꜟ ↕╣≡™╢↓≤⅜ ╠⅛⌐⌂∫≡™╢⁹ ─ CNT⅔╟┘CNF

┼─ │⁸ ⌐ ≢ ⅜ ™↓≤⅜ ⌐ ↕╣≡⅔╡⁸ ╩

↕∑╢ ⌂ ╩ ™⌂↑╣┌⁸ ╛ ≤⇔≡⇔

┌⇔┌ ↕╣╢ ⅜Ᵽ♇◒◓ꜝ►fi♪ ╩ ╢↓≤⅜ ╠⅛⌐⌂∫≡™╢

Maynard ╠2004 Methner╠2007 Han╠2008a Bello╠2009 Tsai╠2009 Bello╠2010

Evans╠2010 Johnson╠2010 Lee╠2010 Cena and Peters 2011Dahm╠2011 ⁹CNT

⌐ ↕╣╢ ─ ╛ ⇔≡™╢CNT⌐ ⇔≡ ⇔≡™╢

CNT │⁸ Ᵽ♇♅╛ ⌐╟∫≡ ™⌐ ⌂╢↓≤╙ ⌐╟∫≡ ↕╣≡™
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╢⁹↕╕↨╕⌂ ╛ ≢─CNT╛CNF┼─ ─ ╩ ╠⅛⌐⇔ ∆╢√

╘⌐⁸╕√⁸ ─ ╩ ↕∑╢ ╙ ⌂ ╩ ╘╢√╘⌐⁸

⌂ ⅜ ≤↕╣≡™╢⁹  

 

─ ┼─ ( ⁸ )╛ ⌐ ∆╢ │⁸CNT

⅔╟┘CNF⌐ ∆╢ ─ ꜞ☻◒╩ ∆╢√╘⌐ ⅜ ≢№╢↓

≤╩ ⇔≡™╢⁹ ⌂ ⌐╟╡⁸MWCNT─ ┼─ ⅜⁸ ≤≤╙⌐

⌂≥─ ╩ ⅝ ↓∆ ╛ ╩ ∆╢ ⅜№╢≤™℮↓≤╙ ↕

╣≡™╢⁹ ≢─ ⌐ ∆╢ ≢⁸ ⌂ ⅔╟┘

─CNT ⅔╟┘CNF⌐ ⇔√ ⅜⅜╪╩ ∆╢─⅛╩ ╠⅛⌐∆╢√╘⌐│⁸ ─

⅜ ≢№╢⁹↕╠⌐⁸ ⌐CNT⅜ ╩ ╡ ↑≡ ⇔⁸ ≤≤╙⌐

⌐ ∆╢ ⌐ ⇔≡⁸ ╙ ╩ ⌡≡™ↄ ⅜№╢⁹CNT⅔╟┘CNF─

⅜ ┼─ ╛ ─№╢ ╩ ⅝ ↓∆ ⅜ ─ ⌐╟

∫≡ ⌐ ↕╣╢╕≢│⁸№╠╝╢ ─CNT⅔╟┘CNF╩⁸ ╩ ⅛∆ ─

Ɫ◙כ♪ occupational respiratory hazard≢№╢≤ ⅎ≡⁸ ┼─ ╩ ⌐ ⅎ╢

√╘⌐⁸ ─╟℮⌂ ╩ ╠⌂↑╣┌⌂╠⌂™⁹  

 

1. ╩ ⌐ ⅎ╢⁹  

2. CNT ⅔╟┘CNF⌐ ∆╢ ╩ ⌐⁸ ⱪ꜡◓ꜝⱶ╩ ∆╢ 6 ⁸

B ⁹  
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5 CNT  

 

5.1 REL  

 

NIOSH│⁸ ⌂ ╡⁸ ꜞ☻◒ ⌐ ≠™≡ RELs ╩ ╘≡™╢⁹

ꜞ☻◒ ≢│⁸ ┼─ ⌐╟╢ ─ ≤ ∂╢ ⅜ ╙

╠╣╢⁹ ⅔╟┘ ꜞ☻◒ 4 ⅔╟┘ A │⁸CNT⅔╟┘CNF⌐ ∆╢

REL ╩ ∆╢√╘─ ╩ ∆╢⁹ ⌐ ≠™√ ─

│⁸NIOSH⅜REL╩ ╘╢≤⅝⌐ ⌐ ⅜↑≡™╢↓≤≢№╢⁹REL─ ⌐⅔™≡⁸

CNT⅔╟┘CNF┼─ ─ ╙ ⌐ ╣╢ 6.1 ⁹ 

 

⁸ ꜞ☻◒ │ ─╟℮⌂ ╩ ╪≢ ℮⁹ ⌐⁸ ╩ ╙╟

ↄ ╩♩♇☿♃כ♦╢™≡⇔ ┬⁹ ─ │⁸ ⌐⅔↑╢CNT ≤ ≤─

≢№╢⁹∕╣⅛╠⁸ ─ ⌐⅔↑╢ ╩ ∆╢⁹ ─ ≤⇔≡╟ↄ

™╠╣╢─│ⱬfi♅ⱴכ◒ BMD ≢№╡⁸↓╣│⁸ ─Ᵽ♇◒◓ꜝ►fi♪꜠ⱬ

ꜟ⅛╠─ ↕⌂ 10%⌂≥ ⌐ ∆╢ ≤⇔≡ ↕╣≡™╢ Crump 1984 ⁹

⌐⁸ⱥ♩⌐⅔↑╢ ╩⁸ ─ ≤ ⇔™╙─≤⇔≡ ∆╢⁹↓╣⌐│ ≤

ⱥ♩≤─ ⌐ ∆╢ ⅜ ≤⌂╢⁹ ™⌂⅜♃כ♦─ ⁸ ≤ⱥ♩≢│ ∂

ⱷ◌♬☼ⱶ─ ⅜ ™≡™╢≤™℮ ⌐ ≠™≡⁸ ≤ⱥ♩≤≢ ⅜ ⇔↑╣┌

─ ─ꜞ☻◒⅜ ∂╢≤ ∆╢⁹ ─♩⁸ⱥ╠⅛♃כ♦─ ≢─

╩ ⇔√ ⁸ ⱨꜟ♃▬ⱶ ∆╢ ⌐≈™≡ ─ ╩ ⅝ ∆⁹

™≡⁸↕╕↨╕⌂ ─ ⌐ ⇔√ ⁸ ⇔√ ⁸ ↕╣√

╩ ∆╢√╘⌐⁸ ⅔╟┘ ⸗♦ꜟ╩ ™╢ Kuempel╠2006 Schulte╠

2010 NIOSH 2011a ⁹ ─◘Ⱪ ⌂≥⁸ⱥ♩─ ⌐⅔↑╢┌╠≈⅝╛⁸

┼♩ⱥ╩♃כ♦ ∆╢ ─ │⁸ ™⌂⅜♃כ♦─ │ ⁸

≢ ∆╢⁹ 

 

NIOSH⅜ ⇔√ ꜞ☻◒ ⌐ ™╢√╘─ ─REL√╕⁸♃כ♦─ ≤⇔≡

⁸│♃כ♦─ ⅔╟┘ ⅛╠ ╠╣√ ─ ╣↓⁹╢№≢♃כ♦

╠─ ≢│⁸CNT ↕╕↨╕⌂ ─MWCNT⅔╟┘SWCNT⁸ ⅔╟┘ ⁸

╕√│ ⁸ ⌂╢ ⌂≥ ┼─ ⌐╟╡⁸ ─ ⁸ ⁸ ⁸

⌂≥⁸ ─ ┼─ ⅜ ∂√ 3 ⅔╟┘ A ⁹NIOSH│⁸↓╣╠─

┼─ ⅜ ⌐ ⇔≡™╢≤ ⅎ≡™╢⁹⌂−⌂╠⁸↕╕↨╕⌂ ─

╛ ┼─ ⌐ ∆╢ ≤⇔≡ ─ ⅜ ≢╙ ↕╣╢⅛╠

≢№╢ Rom and Markowitz 2006 Hubbs╠2011 ⁹ⱥ♩ ─ꜞ☻◒ ╩ ꜝ♇
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♩⅔╟┘ⱴ►☻ ─ ╠⅛♃כ♦ ⅝ ⇔√⁹45 ─ ⌐╦√╢ⱥ♩

⅜⁸ ─ ─ ─ꜞ☻◒꜠ⱬꜟ 10%⌂≥ ╕√│ ⌐ ≠ↄ

≤ ∆╢≤ ⇔√⁹CNT─ ⌂ ⸗♦ꜟ⅜⌂™─≢⁸ ╩

ⱬכ☻⌐⇔√⸗♦ꜟ╛CNT ╩♃כ♦☼▬◘ ™≡ ╩ ⇔⁸ ╕√│ⱥ♩⌐

⅔↑╢ ╕√│ ╩ ⇔√⁹ 

 

↓─ ─ ⁸45 ─ ─ CNT⌐ ⇔√ ⁸ │ ≢─

╩ ∆╢ꜞ☻◒⅜ ™ ⅜№╢↓≤⅜ ↕╣√⁹ ⌐♃כ♦─ ≠™√10% ꜞ

☻◒⌐ ∆╢ 8 TWA ─ ╩ 5-1⌐ ∆⁹1 µg/m
3

8 TWA REL≢ ↕╣╢ꜞ☻◒─ ╩ 5-2⌐ ∆⁹MWCNT╩ ™√

─ Ma-Hock╠2009 Pauluhn 2010a⌐ ≠™≡⁸ ─ ⅜0.2 2 µg/m
3
 

(8 TWA )─ ⁸ ─ 1♪כ꜠◓ ─ ─ ╕√│

─10% ꜞ☻◒ 95%─ LCL ⌐ ∆╢≤ ⇔

√ 5-1⁸A-5 ⁹╦∏⅛⌂ ─ 2♪כ꜠◓ ⌐ ∆╢

│0.7 19 µg/m
3

8 TWA ⁸95% LCL ≢№╢ 5-1⁸A-6 ⁹SWCNT

╛ ─ ─MWCNT╩ ™√ ─ 90 ⌂≥ ⅛╠ ╠╣√ꜞ

☻◒ A-3⁸A-4 ⁸∆⌂╦∟0.08 12 µg/m
3

8 TWA 95% LCL │⁸

↓╣╠─ ≤ ∆╢⁹↓╣╠─ ─ │⁸⅔⅔╟∕2 ─ ⅜№

╢ ⌂╢ ─CNT⁸ ⁸ ⅔╟┘ ⁸ ⁸ ◄fi♪ⱳ▬fi

♩⌐╟╢ ⅜⁸↓╣╠ ≡─ │ ™ ≢№╡⁸╒≤╪≥⅜ 1 10 

µg/m
3

8 TWA ⌐⅔↕╕╢⁹NIOSH│⁸ ─ ⌐╦√╢10% ꜞ☻◒⅜↓

╣╠ ─ ⌐ ≢№╢≤│ ⅎ≡⅔╠∏⁸REL╩ NIOSH 5040

─ ⌂ LOQ ⌐ ⇔≡™╢ C ⁹ 

 

↕╠⌐MWCNT─ꜝ♇♩ Pauluhn 2010a Ma-Hock╠2009 ⌐⅔↑╢

NOAEL ╕√│ LOAEL ⅛╠ ╩ ⇔√ A.6.2 ⅔╟┘A.6.3 ⁹

ⱥ♩ ─ 4 18 µg/m
3

8 TWA ⅜ꜝ♇♩─ NOAEL╕√│

LOAEL≢№╢0.1 mg/m
3≤ ≢№╢≤ ⇔√ A-13 ⁹ ⌂ ⸗

♦ꜟ╩ ⇔√⁸ ⌐│♀꜡ꜞ☻◒ ╩ ⌐♃כ♦⁸⌐╘√╢∆ ⇔√

A-14⌂≥ ╩ ≡│╘╢≤⁸45 ─ ⌐≈™≡ 1 µg/m
3 ⅜ ╠╣╢⁹ 

 

╛⁸ ⁸ ꜠ⱬꜟ ⌐╟∫≡ ↕╣√ ─╟╡

⌂ ╩ 5-3⌐ ∆⁹ 5-4⌐│⁸CNTꜞ☻◒ ⌐ ∆╢ ╛ ⁸○ⱪ◦ꜛfi╩╕≤

╘≡™╢ ⌂ ⌐≈™≡│ A ⁹↓╣╠─ꜞ☻◒ ⌐⅔↑╢┌╠≈⅝╛

─ │⁸5.3 ⁸A.4 ⅔╟┘A.6 ⌐ ⇔≡™╢⁹ 
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╩♃כ♦ ™√↓─ꜞ☻◒ ⌐⅔↑╢ ─ ⌐⁸ⱥ♩⌐⅔↑╢

─ ╩ ∆╢√╘⌐⁸ ╕√│ ≢ ↕╣√ ╩

∆╢↓≤⌐≈™≡─ ⅜№╢⁹ ™⌂⅜♃כ♦ ⁸REL ⌐ ™╢ ꜞ☻

◒─ ╩ ⅝ ∆√╘⌐⁸↓╣╠─ ⅜ ╙ ⌂ ╩ ⇔≡ↄ╣╢⁹

╟╡ ™ ╛ ╩ ⇔√ ╙⁸CNT ≤ ─ ⌐≈™≡ ⌂

╩ ⇔≡ↄ╣╢⅜⁸ 13 ⅜ⱥ♩─ ꜞ☻◒ ⌐ ™╠╣╢

⌂ ≢№╢⁹ ⌐ ∆╢ ⅜⁸╟╡ ─↓╣╠─ ≢

↕╣╢≤™℮ ╡≢│⁸ ⅔╟┘ꜞ☻◒ ⅜⁸ ─ ⅔╟┘ ⌐ ∆

╢ ⌂ ╩╙√╠∆↓≤⅜ ≢⅝╢∞╤℮⁹ ⅛╠ ╠╣√ⱬfi♅ⱴכ◒

⌐│⁸ ╛ ⌐╟╢ ⅜№╢⅜⁸↓─ │∕╣╠─

≢ ↕╣≡™╢NOAEL ╛LOAEL Ma-Hock╠2009 Pauluhn 2010a≤╟ↄ ≡

™╢ A-12 ⁹ 

 

╟╡ ─ Shvedova╠2005, 2008 Mercer╠2008, 2011 ≢ ™╠╣√ ─

─└≤≈│⁸ ─ ↕ fi◕כꜝ◖ ⌐╟╢ ╩ ═╢╙─≢№╢⅜⁸

↓╣│ EPA─○♂fi ≢ ™╠╣≡™√⁹↓─ │₈ ─ ₉

╩ ∆√╘⁸EPA│⁸ ╩╕√™∞ ─ ─√╘⌐↓─ ╩ ─ ≤⇔

≡ ╪∞ EPA 1996 Stockstill╠1995 ⁹ 

 

↓╣╠─ ─™ↄ≈⅛│CNT─ⱳ♥fi◦כ≤ ─ ╛ ─ⱳ♥fi◦כ╩ ⇔√♦

╩♃כ ⇔≡⅔╡⁸↓─√╘ ≤ⱥ♩─♦כ♃╩ ─ ⌐ ≢⅝╢⁹

↓╣╠─ ⌐╟╡⁸ ⱬ⁸≢☻כCNT⅜ ╛◒♇ꜝⱲfiⱩכ◌ ◦ꜞ◌⁸

◒ꜞ♁♃▬ꜟ▪☻ⱬ☻♩≤ ╕√│∕╣ ─ⱳ♥fi◦כ ⅎ╠╣√ ⌐⅔↑

╢ ╕√│ ╩╙≈↓≤⅜ ↕╣√ Lam╠2004 Muller╠2005 Shvedova 

╠2005 ⁹CNT≤⁸ ─╟ↄ ↕╣≡™╢ ╛ ≤─ │⁸ ⌐

⅔↑╢ ⅜CNT─ ─ ⌐ ⇔≡™╢─⅛≥℮⅛⌐ ∆╢

╩ ∆╢─⌐ ≈⁹ ⌂CNT⅔╟┘CNF⌐ ⇔≡ ─ ╩ ™√ ⌂

⅜ ╠╣≡™╢√╘⁸ ─ ⌂╕↨╕↕⁸⌐≥╙╩♃כ♦⌂ ─CNT╛CNF

─ ╩ ∆╢─│ ⇔™⁹↓╣╠ ⌂ │⁸→∫ ─ ╛ ⁸

╩ ∆╢ ╛ ⁸ ╛ ⌂≥─ ⅜ ⌂╢⁹ ⌐

™╠╣╢SWCNT╛MWCNT─ ╛ │↕╕↨╕∞⅜⁸ ⌂╢ ─CNT⅔╟┘

⌐╦√∫≡⁸ꜞ ☻◒ │ ™ ≤ ⇔≡™╢⁹CNF╩ ™√

│♃כ♦─ ╠╣≡™╢⅜⁸CNF≤CNT│ ≤ ┼─ ⅜ ⇔≡⅔╡⁸

↓─ ⅜⁸CNF┼─ ╩CNT⌐≈™≡ ↕╣√REL≢ ∆╢ ╩ ↑≡™

╢⁹ 
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NIOSH│⁸ ⌐╦√∫≡ ┼─ ⅜ ∂╢ꜞ☻◒╩ ⌐ ⅎ╢√╘⌐⁸

CNT⅔╟┘CNF─ ╩ ⇔≡™╢⁹ ⱬכ☻─ ╩ ⇔≡™╢

⅜⁸↓╣│⁸↓─ ⅜⁸ ⌐⅔↑╢ ╩ ╠⅛⌐⇔⁸ꜞ☻◒

╩ ⅝ ∆─⌐ ™╠╣╢ ≤ ∂≢№╡⁸╕√⁸CNT⅔╟┘CNF┼─

╩⸗♬♃ꜞfi◓∆╢ ⌐↓╣╕≢ ╙╟ↄ ™╠╣≡™╢ ∞⅛╠≢№

╢⁹ ⌐⅔↑╢ ┼─ ⅜ ●☻ ≢ ↕╣≡™╢√╘⁸REL

│ ◘▬☼ ⌐ ≠™≡™╢⁹₈ ₉≤│⁸ ⇔√≤⅝⌐ ─

⌐ ∆╢↓≤⅜≢⅝╢ ─ ◘▬☼≤⇔≡ ↕╣≡™╢ ICRP 1994 ⁹

─ ╩ ∆╢√╘─◘fiⱪꜞfi◓ ⅜ ↕╣≡⅝≡™╢

ACGIH 1984 CEN 1993 ISO 1995 NIOSH 1998 ⁹ │⁸ ⅜ ∆╢№╠

╝╢ ꜞ☻◒╩ ╡ ↄREL╩ ∆╢↓≤≢№╢⅜⁸↓╣╕≢─ ⌂

─◘fiⱪꜞfi◓ ⅔╟┘ ╩ ™≡ CNT⅔╟┘CNF╩ ⌐ ∆╢⌐│

⅜№╢⁹NIOSH│⁸ CNT⅔╟┘CNF┼─ ╩ ∆╢√╘⌐⁸

NIOSH 5040 NIOSH 1994 Birch 2004a, b ╩ ™╢↓≤╩ ⇔≡™╢⁹ 

 

NIOSH 5040─ LOQ ─ 7 µg/m
3 ╩⁸CNT⅔╟┘CNF⌐ ∆╢♪

ꜝⱨ♩REL 8 TWA ≤⇔≡ ⇔√ NIOSH 2010 ⁹↓─ │⁸ ⌂╢ ⅔

╟┘꜡♇♩─ⱨ▫ꜟ♃⌐≈™≡⁸ ⌂╢ ⌐╟∫≡⁸6⅛ ─ ⌐ ╠╣√

TC ⌐ ≠™≡™╢⁹ ⌐│⁸LOQ╩ ∆╢√╘⌐⁸◘fiⱪꜟ≤≤╙⌐

↕╣√ⱨ▫ꜟ♃Ⱪꜝfi◒─ EC ─ ╩ ™╢≤⁸⅛⌂╡ ™ ⅜ ≢

⅝╢ 6.1 ⁹NIOSH 5040─LOQ⅜⁸ⱨ▫ꜟ♃Ⱪꜝfi◒─┌╠≈⅝⁸ ⇔√ⱨ▫ꜟ♃

⁸ ⇔√ⱨ▫ꜟ♃ ╡ ⅝ ⁸◘fiⱪꜟ ─ ⌐ ∆╢↓≤╩ ╘≡⅔ↄ

↓≤⅜ ≢№╢⁹6.1 ≢ ⇔≡™╢╟℮⌐⁸ ⌂ ─╙≤≢⁸25 mmⱨ▫ꜟ♃⌐4 

L/ lpm ─ ≢8 ◘fiⱪꜟ╩ ⇔√ ⌐LOQ 1 µg/m
3⅜ ╠╣╢⁹ 

 

ꜞ☻◒╩ ∆╢ ─ ⌂ ⅔╟┘ ─ ─ ╩ ⇔⁸

NIOSH│⁸8 TWA ≤⇔≡1 µg/m
3
 EC─REL 40 ╕≢ ╩

⇔≡™╢⁹1 µg/m
3≢─ ⌐ ⇔≡⁸╦∏⅛⌂ ─ MWCNT─

ꜝ♇♩ ⌐ ≠™≡ ─ꜞ☻◒ ─MLE │⁸ꜝ♇♩

⅔╟┘CNT ╩ ∆╢ ⌐ ™√ ⌐ ⇔≡⁸0.23% 10%≢№╡⁸95%UCL

│0.53% 16%≢№╢ 5-2⁸A-8 ⁹ꜝ ♇♩ ⌐⅔™≡⁸

꜠ⱬꜟ─ ─╟╡ ─ ™◄fi♪ⱳ▬fi♩≢│⁸MELꜞ☻◒ ⅜2.4%

33%⁸95%UCL ⅜5.3% 54%≢№∫√ 5-2⁸A-7 ⁹ꜝ ♇♩ ⌐╟╢NOAEL

╕√│LOAEL ⌐ ≠™√⁸45 8 TWA ─

│⁸< 1 µg/m
3

8 TWA ≢№╢ A.6.3 ⁹ꜝ♇♩⅔╟┘ⱴ►☻╩ ™√SWCNT⅔╟

┘MWCNT─ ⌐ ≠™√ │⁸MWCNT─ꜝ♇♩ ⅛╠ ╠╣√
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≤ ∆╢ A.3 ⁹ 

 

REL⅜ ⌐ ╩ ∆╢↓≤⅜≢⅝⌂™ ⅜№╢↓≤⁸↓╣╠─ꜞ☻◒ ⌐│

⅜№╢↓≤╩NIOSH│ ⇔≡™╢⅜⁸⇔⅛⇔⁸ ╩REL ⌐ ∆╢↓≤│⁸

─ ⌐╦√∫≡ ─ ─ ꜞ☻◒╩╟╡ ↕ↄ∆╢─⌐ ≈

│∏≢№╢⁹╕√⁸↓─CIB⌐ ↕╣≡™╢REL⅔╟┘ ─ ⅜⁸ ⅔╟┘ ◘

─☻ⱬ▬ꜝfiכ ╩ ╗ ╩ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘ ∆╢ ─ ↑

≤⌂╢│∏≢№╢⁹CNT╛CNF┼─ ╩ ∆╢ ⅜ ↕╣╢╕≢⁸ ╩

≢⅝╢ ╡REL╟╡ ↕ↄ∆╢ ╩ ↑╢═⅝≢№╢⁹◘fiⱪꜞfi◓╛ ╩ ⌐

∆╢▪ⱪ꜡⁸6.1│≡™≈⌐♅כ ⅔╟┘ C≢ ⇔≡™╢⁹CNT╛CNF┼─

╩ ╠∆╕√│ ∆╢√╘─ ─ │⁸6.2 ≢ ╡ →≡™╢⁹ ⁸

ⱴ☻◒⁸♩꜠כ♬fi◓⁸ ⱬ▬ꜝfi☻⌂≥─●▬♄fi☻│⁸6.3כ◘ 6.7 ⌐

⇔≡№╢⁹ ⌂ ⌐♃כ♦ ≠™≡⁸CNT╛CNF ⅜ ∂╢ ≡─

⌐NIOSH REL⅜ ≡│╕╢⅛≥℮⅛╩NIOSH⅜ ∆╢↓≤│≢⅝⌂™⁹⇔⅛⇔⁸

↕╣≡™╢ ⁸│♃כ♦ ⌂ ╩ ∆╢↓≤≢⁸ ╩

╕√│ ⅝ↄ ≢⅝╢↓≤╩ ⇔≡™╢ Han╠2008a Methner╠2008 Tsai╠2009

Johnson╠2010 Lee╠2010 Cena and Peters 2011Dahm╠2011 ⁹ 

 

 

5.2 CNT  

 

╙ ⌐ ↕╣√CNT OEL ─└≤≈⌐⁸ ⌐╟╢╙─⅜№

╢ BSI 2007 ⁹ ⅜ ∆╢ⱬfi♅ⱴכ◒ BEL │⁸0.01ⱨ□▬Ᵽכ/cm
3

≢№∫√⁹↓─ │⁸ ─▪☻ⱬ☻♩ ─1/10⌐ ∆╢ 5-5 ⁹Nanocyl

2009 │⁸ a.k.a 40╩⁸Ma-Hock╠ 2009 ⅜ ⇔√MWCNT

─ ꜝ♇♩ ─LOAEL 0.1 mg/m
3⌐ ⇔≡⁸8 TWA ⌐≈™≡─OEL 2.5 

µg/m
3╩ ⅝ ⇔√⁹Aschberger╠ 2010 │⁸ꜝ♇♩ ⱥ♩─ ⅔╟┘ ⌐

⇔≡0.1 mg/m
3≢ ⇔⁸╕√ 50⅔╟┘25╩∕╣∙╣ ∆╢↓≤⌐╟∫≡⁸

Ma-Hock╠ 2009 ⌐╟╢MWCNT ⌐≈™≡OEL 1 µg/m
3╩⁸Pauluhn 2010a ─MWCNT

⌐≈™≡2 µg/m
3╩ ⇔√⁹ 

 

Pauluhn 2010b │⁸MWCNT Baytubes
® ╩ ⇔√ꜝ♇♩─ ♃כ♦ Pauluhn 2010a

╩ ™≡⁸OEL╩ ⅝ ⇔√⁹↓─▪ⱪ꜡⁸│♅כ ⱴ◒꜡ⱨ□כ☺⅜ ∆╢⁸ꜝ♇♩

⅛╠─ ◒ꜞ▪ꜝfi☻⌐ ∆╢ ≤™℮ ⱷ◌♬☼ⱶ⌐ ≠ↄ╙─≢

№╢ Morrow 1988 ⁹ 0.1⁸0.4⁸2.5⁸6 mg/m
3─MWCNT Baytubes

® ╩ ⌐

⇔√ꜝ♇♩⌐≈™≡⁸ ◒ꜞ▪ꜝfi☻ ─ ─ ⅜
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↕╣√⁹ꜝ♇♩ ◒ꜞ▪ꜝfi☻─ │⁸ ─ ≤ ∆╢≤⁸

─MWCNT Baytubes
® ≢ ↕╣√⁹∕⇔≡⁸CNT╩ ╗ ⌐⅔™≡⁸

⅜╟╡ ≤ ⇔≡™√ Pauluhn 2010a, b⁹Pauluhn 2010b │⁸

fi◕כꜝ◖╛ ≤™℮ꜝ♇♩ ⌐ ∆╢ⱬfi♅ⱴכ◒ BMC ╩⁸0.16

0.78 mg/ m
3≤ ⇔≡™╢⅜⁸ⱥ♩ ╩ ⅝ ∆√╘⌐⁸╟╡ ™NOAEL 0.1 

mg/m
3╩ ⇔√⁹ ↕╣╢ ⌐ ╩ ╓∆ ─ⱥ♩≤ꜝ♇♩≤─ ∕

╣∙╣─ ⌐⅔↑╢⁸ ⁸ ⁸ ⁸ ⱴ◒꜡ⱨ□כ☺─

⌐ ⇔≡⁸NOAEL╩ ⇔√⁹↓╣╠─ ─ ╖ ╦∑⌐╟∫≡⁸ ⌂

│2≤⌂╡⁸ꜝ♇♩─NOAEL╩↓─ ≢ ╡⁸MWCNT Baytubes
® ─OEL≤⇔≡⁸ⱥ♩

0.05 mg/m
3

8 TWA ⌐ ⇔√⁹↓─ ╩ ⅝ ∆─⌐ │

™╠╣≡™⌂™⁹ 

 

─ ◄Ⱡꜟ◑כ NEDO ─ ⌐╟╢ ⌐ ≠™≡⁸

AIST │⁸CNT⌐ ∆╢OEL 30 µg/m
3╩ ⇔√ Nakanishi 2011a,b⁹SWCNT

⅔╟┘MWCNT─4 ⌐≈™≡⁸ ─ ⌐ ∆╢ꜝ♇♩NOAEL╩ ⇔√

Morimoto╠2011a,b ⁹ ⁸ ⁸ ⁸ ⌐⅔↑╢ꜝ♇♩≤ⱥ♩─

╩ ∆╢↓≤⌐╟∫≡ⱥ♩ NOAEL╩ ⇔√ Nakanishi 2011b ⁹ 6

⌐╟╢ ╩ ∫≡⁸SWCNT⅔╟┘MWCNT∕╣∙╣⌐≈™≡⁸ⱥ♩≢│0.03⅔╟┘0.08 

mg/m
3⌐ ∆╢≤ ꜟ♃כ♩─↓⁹√⇔ ⌐│⁸ ⅛╠ ┼─ ⌐

⅔↑╢ ⌐≈™≡─ 2≤⁸ꜝ♇♩≤ⱥ♩─♩◐◦◖◐Ⱡ♥▫◒☻─ ⌐⅔↑╢

⌐ ∆╢ 3⅜ ╕╣╢ ꜝ♇♩≤ⱥ♩─♩◐◦◖♄▬♫Ⱶ♇◒☻─ ⁸

─ ⌐≈™≡│∕╣∙╣ 1╩ ⇔≡™╢ ⁹↕╕↨╕⌂ ─CNT─BET

≤ ⌐⅔↑╢ ─ ≤─ ⅜ ↕╣√

Nakanishi 2011b V.2 ⁹⇔√⅜∫≡⁸ 1,000 m
2
/g≤™℮ ™ ╩╙≈

SWCNT⌐ ⌐♃כ♦╢∆ ≠™≡⁸OEL 0.03 mg/m
3╩⁸ ≡─ ─CNT⌐ ⇔≡ ⇔

≡™╢ ⅜╟╡ ↕™ ─CNT⌐≈™≡│╟╡ ≢№╢↓≤⌐ ∆╢ ⁹

─ ╩♃כ♦╢⌂╠↕⁸√╕⁸╘√─ ™≡ ⌐ ┘ ╩ ∆

≤™℮ ⌐ ≠™≡⁸ 15 OEL╩ ⇔√ Nakanishi 2011a ⁹ 

 

∆╢≤⁸NIOSH REL 1 µg/m
3╩ ╗↓╣╕≢⌐ ↕╣≡™╢CNT⌐ ∆╢OEL│⁸1

50 µg/m
3

8 TWA Aschberger╠2010 Nanocyl 2009 Pauluhn 2010b Nakanishi 

 2009a ≢№╢⁹ꜞ☻◒ ╛ ⅜ ⌂╢⌐╙⅛⅛╦╠∏⁸CNT⌐≈™≡ ↕╣

√ ≡─OEL│⁸╟╡ ⅝⌂ ─OEL≤ ⇔≡⁸ ™ ≢№╢⁹

ⅎ┌⁸◓ꜝⱨ□▬♩╕√│◌כⱲfiⱩꜝ♇◒⌐ ∆╢ ─ OEL│⁸ 2.5 5 mg/m
3

≢№╢⁹ CNTꜞ☻◒ │⁸ ─ ╩ ╢√╘⌐⁸ ⌐⅔↑╢CNT ╩

⇔≡⁸ ™ µg/m
3 ⌐ ⅎ╢ ╩ ⇔≡™╢⁹ 
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5.3 CNT REL  

 

CNT⅔╟┘CNF┼─ ─ ⅔╟┘ꜞ☻◒╩ ∆╢√╘⌐⁸ ⅜♃כ♦

™╠╣≡™╢⁹ ⌂ⱥ♩ │♃כ♦ ╠╣≡⅔╡⁸╕√NIOSH│⁸ ≢⁸CNT

╕√│CNF╩ ╕√│ ∫≡™╢ ⌐⅔↑╢ ╠⅛─ ⌐ ∆╢ ╛

╩ ╠⌂™⁹ ╩ ∆╢√╘─ ─℮∟ ╙ ⌂ │⁸2

─MWCNT⌐≈™≡─ 13 ⁸SWCNT⅔╟┘ ─ ─MWCNT

⌐≈™≡─╟╡ ─ ⌐╟∫≡ ╠╣√╙─≢№╢⁹ 

 

↓─ꜞ☻◒ ⌐⅔↑╢ ─♃כ♦ │ ─ ╩ ╗⁹ 1 ⌐⅔™≡CNT

⅔╟┘CNF┼─ ⌐ ─№╢ ╩ ∆╢⁹ 2 ─ ≤ⱥ♩≤─

╩ ∆╢⁹ 3 ⌐⅔↑╢ⱥ♩ ⅔╟┘ ─ ꜞ☻◒

╩ ∆╢⁹╙⇔1 8 ⁸ 40 ⁸45 ─ ⌐╦√∫≡ ⇔√≤⇔≡

╙⁸ ⌐ ─ꜞ☻◒⅜♀꜡⌐⌂╢╟℮ ↕╣√ ╩ ∆╢√╘

⌐⁸ ⌂ ⅜ ↕╣╢⁹⇔⅛⇔⌂⅜╠⁸ ⅜♃כ♦ ╠╣≡™╢√╘⌐⁸↓╣

╠─ ╛ꜞ☻◒ ⌐ ⇔≡ ⅜ ∂╢⁹∕─ ─ ╩ ╠⅛⌐⇔⁸

╩♃כ♦─╠╣⧵ ∆╢↓≤⅜≥─ ꜞ☻◒ⱴⱠ☺ⱷfi♩─ ⌐

⌂─⅛╩ ╠⅛⌐∆╢↓≤│⁸ꜞ☻◒ ⌐⅔™≡ ⌂☻♥♇ⱪ≢№╢⁹ ⸗♦ꜟ╛

⅜ꜞ☻◒ ⌐⅔↑╢ ─ ≢№╡⁸╕√⁸ ◄fi♪ⱳ▬fi♩⁸

⸗♦ꜟ⁸ ╛ ─ ⅜⁸ ↓╡ ╢ⱥ♩ ╩ ╙╟ↄ ∆╢ ⅜

№╢⁸≤™℮ ⅛↕⅜№╢⁹ 

 

 

5.3.1 CNT CNF REL  

 

NIOSH╛ ─ ╠│⁸ ⌂ ─CNT⌐≈™≡OEL╩ ∆╢√╘⌐⁸ ↕╣≡

™╢ ─ ╩♃כ♦ ™≡™╢ 5.2 ⁹↓╣╠─ ≢│ ╛ │

⌂╢⅜⁸ ⱬכ☻≢─OEL 1 µg/m
3

50 µg/m
3╩ ⇔≡™╢⁹CNT─ⱬfi♅ⱴכ◒

BEL 0.01 ⱨ□▬Ᵽכ/cm3╙ ↕╣≡™╢ BSI 2007 ⁹ 

 

NIOSH─ꜞ☻◒ A ⌐⅔™≡⁸⅜╪≢│⌂™ ─ ⁸

⁸ ⌐≈™≡─ ─ ꜠ⱬꜟ ⅔╟┘ ─ ╙ │⁸

⁸CNT─ ⁸ ⌐ ⇔≡ 2 ─ ™⅜№╢ A-3 A-6⁸ A-13 ⁹

⇔⅛⇔⁸↓╣╠─ ↕╣√ⱥ♩ 45 8 TWA │⁸ ≡
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™ ≢№╢ ⌐⅔↑╢ ╩ ∆╢ ─ ⅜ 0.1 19 

µg/m
3 ⁹ 

 

CNTꜞ☻◒ ⌐⅔™≡ ⅜ ∆╢ ⌂◄ꜞ▪│⁸ 1 ─꜠ⱬꜟ⌂≥⁸

⌂ ╕√│ ─ ⁸ 2 ╕√│ ⅛╠ⱥ♩─ ┼─

─√╘─ ⅔╟┘ ⁸ 3 10%ⱬfi♅ⱴכ◒ ─ꜞ☻◒╩ ∆╢

√╘⌐ⱬfi♅ⱴכ◒ ╩ ™╢ ─ ⁸≢№╢⁹ ⱴ▬♫כ⌂ ⅜

∆╢◄ꜞ▪│⁸ 1 ⱬfi♅ⱴכ◒ ⁸ 2 ─ ⁸ 3 ꜝ♇♩

⁸≢№╢⁹↓╣╠─ ⌐╟╡⁸ ⅎ╠╣√ ◦♫ꜞ○⌐⅔↑╢ ─ ─

ꜞ☻◒╩ ╕√│ ∆╢ ⅜№╢⁹↓╣╠ ◄ꜞ▪⌐≈™≡⁸↓─

↕╠⌐ ∆╢⁹ 

 

 

5.3.2  

 

1 ≤ ꜠ⱬꜟ 

 

REL│⁸⅜╪≢│⌂™ ─ ─ ꜞ☻◒─ ⌐ ≠™≡⅔╡⁸NIOSH⅜ ⇔

√ │ⱥ♩ ꜞ☻◒ ⌐ ⇔≡™╢ A.2.1.3 ⁹↓╣╠─ ⅜⁸ ─

╛⁸ⱥ♩⌐⅔↑╢ ⌐ ⌂ ⌐≥─ ⇔≡™╢─⅛│ ╠⅛≢⌂™⁹

⇔⅛⇔⁸↓╣╠─ ⌐│⁸ ⌐ ⇔≡ ╙ ╕√│ ⇔√ ⅜

╕╣≡™╢ Shvedova╠2005. 2008 Porter╠2010 Mercer╠2011 ⁹ ╠╣√ ≢│№

╢⅜⁸↓╣╠─ ⅜⁸ ─№╢ ⱴ►☻⌐⅔↑╢ ─ ⌐

⇔≡™╢ ╩ ∆╢ ⅜№╢ Shvedova╠2008 ⁹ ─

╕√│ Shvedova╠2005, 2008 Mercer╠2011 │⁸ ⁸ ─

≢№╢○♂fi⌐ ∆╢ ⌐ ⇔≡⁸ ─ ⌐ ™╠╣

√ EPA 1994 ⁹EPA│⁸↓─ ◄fi♪ⱳ▬fi♩╩ ⌐⅔↑╢ ⌂ ≤⇔⁸

↓─ ⌐ ∆╢ ╩ⱥ♩⌐ ⇔√ EPA 1996 Stockstill╠1995 ⁹↕╠⌐⁸

↓─CNTꜞ☻◒ ⌐│⁸ ╕√│╟╡ ⅝⌂ ⁸ ⁸ ⌂

≥─⁸ꜝ ♇♩╛ⱴ►☻⌐⅔↑╢ ─ ─ Pauluhn 2010aMa-Hock ╠2009

Lam╠2004 ╩ ™√⁹ 

 

⌐⅔↑╢ ◄fi♪ⱳ▬fi♩⅔╟┘ ꜠ⱬꜟ─ ⌐╟╡⁸REL ⅜

⅛╠1 ⌂╢ ≤⌂∫√ A-5⁸A-6 ⁹⅜╪≢│⌂™ ⌐ ∆╢ꜞ☻◒ ≢─

⌂ ⌐ ⅎ⁸⅜╪⌂≥─ ─ ◄fi♪ⱳ▬fi♩─ꜞ☻◒⌐≈™≡

╙ ∆╢⁹ ⌂⅜╪ꜞ☻◒ ⌐ ∆╢⌂≥ │CNT⅔╟┘CNF⌐⅔↑
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╢ ⌂ ─ ≢№╡⁸ꜞ☻◒⅜ ╠⅛⌐⌂╢╕≢⁸ ╩ ∫√ ⅔╟┘

⌂ ╩ ≤∆╢ Schulte╠2012 ⁹ 

 

2 ⅔╟┘  

 

A-6≢│⁸ꜞ☻◒ ⅔╟┘REL ⌐≈™≡⁸ ≤ ─ ─ ⌂

╩ ∆√╘⌐⁸™ↄ≈⅛─ ╩ ⇔≡™╢ A-5⁸A-6⁸A.6.3.2.2 ⁹ │⁸

⌐⅛⅛╦╠∏⁸ ⌐ ⇔≡™╢≤ ⇔√⁹╙⇔1 √╡─

╩ ∆╢≤ ∆⌂╦∟⁸ꜝ♇♩╕√│ⱥ♩─◒ꜞ▪ꜝfi☻ ⌐ ™⅜⌂™ ⁸ⱥ♩

⅜ICRP 1994 ◒ꜞ▪ꜝfi☻⸗♦ꜟ⌐ ≠ↄ ─ 30 ⁸ ⌂ ╩

⇔√≤⅝ Snipes╠1989 Pauluhn 2010b─ 10 ≤⌂╢⁹ ◒ꜞ▪ꜝfi☻⅜

⌂™≤ ⌐ ≠ↄⱥ♩ 8 TWA ─ │⁸ ↕╣╢

─◒ꜞ▪ꜝfi☻╩ ⌐ ≠ↄ ╟╡⁸ 5 7 ↕™ A-5⁸A-6 ⁹ 

 

3  

 

─ ⌐≈™≡≥℮™℮ ╩ ∆╢⅛⌐╟∫≡⁸ⱥ♩ ⌐≈

™≡⅛⌂╡ ⌂╢ ╩ ∂╢ ⅜№╢⁹NIOSH│⁸ⱥ♩≤ ─ ─

⌐ ≠™≡ ╩ ⇔√⁹ ─ ≤⇔≡⁸Pauluhn 2010b │⁸

ⱴ◒꜡ⱨ□כ☺ ⌐ ≠™≡ꜝ♇♩⅛╠ⱥ♩┼ ╩ ⇔√⁹↓─ ™⌐╟

╡⁸ⱥ♩ ⅔╟┘ ─8 TWA ⌐⅔↑╢ │ 4≤⌂∫

√ A-13 ⁹ 

 

4  

 

↓╣╠ ≡─ ╛♃כ♦ ⌐╟╡⁸ ─ │ ↄ⌂╢⁹

─NOAEL⁸LOAEL⁸BMD⅔╟┘BMDL BMD(L) ⁸ ─ⱥ♩

│⁸45 ─ ⌐╦√╢ 8 TWA < 0.1 19 µg/m
3 ╩

∆╢ 95% LCL⁸ A-3 A-6 ⁹A.2.1 ≢ ═≡™╢╟℮⌐⁸ⱬfi♅ⱴכ◒ ─

√╘─⁸CNT ⌐╟╢ │♃כ♦ ╠╣≡™╢ ╕√

╩ √⇔≡™╢ ⁹ ⌐♃כ♦⁸╖─≡∫╟⌐ꜟ♦⸗ ∆╢ ─MLE

⅜ ╠╣√⁹∕╣⌐╙⅛⅛╦╠∏⁸ꜝ♇♩─10% BMD(L) │⁸NOAEL⅔╟┘LOAEL

≤╟ↄ ≡⅔╡⁸↓─↓≤│⁸BMD(L) ⅜ ⌐ ⇔≡™╢↓≤╩ ⇔≡™

╢ A-12 ⁹ 

 

⌂ꜞ☻◒ ⌐⅔™≡ EPA 1994, 2012 Kuempel╠2006 Schulte╠2010 ⁸
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BMDL⁸NOAEL⁸LOAEL│⁸♦כ♃ ─ ─ POD ≢№╢⁹↓─

│⁸ ⌐ ∆╢ ⌐ ⇔≡ ╕√│ ⸗♦ꜞfi◓⌐╟╢ꜞ

☻◒⌐ ≠™√╙─≢№╢ ⅎ┌10% BMDL⅛╠ ⅜№╢⁹╕√│⁸ ⅜╪ꜞ☻◒

⌐⅔™≡│⁸ ⅛╠ⱥ♩┼─ ⌐⅔↑╢ ╛∕─ ─ ╩ ∆╢√╘

⌐⁸POD⅜ ↕╣╢ ⅜№╢ A.6.3.3 ⁹ 

 

⅔╟┘ ⌐ ≠™√ꜞ☻◒ A.3 │⁸ ⁸10% ─ꜞ☻◒

⅜1 µg/m
3

8 TWA ─ ≤ ∆╢↓≤╩ ∆⁹↓╣│⁸ ╕√

│⸗♦ꜟ⌐ ≠™√ꜝ♇♩BMDL ─ ⌐╟∫≡ ↕╣╢ A.3.3 ⁹

─ ⌐ ∆╢ ≢⅝╢╟℮⌂ ꜠ⱬꜟ─ꜞ☻◒│╕∞ ↕╣≡™⌂™⅜⁸1 

µg/m
3

8 TWA ≢─™ↄ≈⅛─ ꜞ☻◒ │⁸10% ≢№╢ ꜝ

♇♩ ⌐⅔↑╢╦∏⅛⌂ 2♪כ꜠◓─ ⌐ ⇔≡ 0.5% 16%⁸

95% ULC A-8 ⁹ ─ ⌐ ∆╢ ⅔╟┘ ─

⅜ ⅎ╠╣╢≤⁸ ─ꜞ☻◒│⅛⌂╡ ↄ⁸ ╙⇔ ⅜ ╟╡ ↕™≤ ╒

╓♀꜡⌐⌂╡ ╢⁹╕√⁸ ⌂ ╩ ™≡POD╩ ∆╢≤⁸ ⁸

│ < 1 µg/m
3

8 TWA ≤⌂╡⁸ ∆═⅝ ꜞ☻

◒⅜⌂™ ⅜ ™ A.6.3.3 ⁹ 

 

 

5.3.3  

 

1 ꜠ⱬꜟ  

 

꜠ⱬꜟ│⁸ ─ ╕√│ ↕╣╢ ⅜⌂™ ⌐ ∆╢ ≢№╢⁹BMD

│⁸ ꜠ⱬꜟ─ ≢№╢ Crump 1984, 1995 EPA 2012 ⁹BMD │⁸

≡─ ╩♃כ♦ ™╢⁸◘fiⱪꜟ◘▬☼╛ ╩ ⌐ ∆╢⁸

─♃כ♦ ⌐⅔↑╢ ꜠ⱬꜟ 10%⌂≥ ─ ⌂⁸ꜞ☻◒⌐ ≠™√ ≢№╢

⌂≥⁸NOAEL⅔╟┘LOAEL ╟╡™ↄ≈⅛─ ≢ ∫≡™╢⁹BMD(L)╩ ∆╢√

│♃כ♦─╘ ╠╣≡™√⅜ A ⁸NIOSH│⁸↓╣╠─♦כ♃⅜ ╩

√⇔≡™╢≤ ⅎ⁸ꜞ☻◒ ⌐ ╕╣╢ ≡™≈⌐♩♇☿♃כ♦ ⌂ ⅜

╠╣√ A ⁹ 

 

─ ⅜ ╛ ⌐ ⇔ ╢√╘⁸NOAEL⅔╟┘LOAEL│ ⅛≢╙№╢⁹

ⅎ┌⁸ ⌐ ™╢ ⅜ ⌂™≤ ⌐╟∫≡ ⅛↑─NOAEL⇔⅛ ╠╣⌂™⅛╙

⇔╣⌂™⅜⁸ ⁸◘fiⱪꜟ◘▬☼⅜╟╡ ⅝™≤╟╡ ╩ ∆╢ ⅜№╢∞╤℮⁹

NOAEL≤BMD ╩ ⌐ ∆╢≤⁸NOAEL│ ⌐10%BMD ≤ ⇔
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√ A.6.2 ⁹ ─≤↓╤⁸BMD(L) │LOAEL╛NOAEL ≤╟ↄ ≡™╢─≢⁸

꜠ⱬꜟ │ꜞ☻◒ ╛REL ⌐╒≤╪≥ ⇔⌂™ A-12 ⁹ 

 

2 ─  

 

IT ⁸ PA ⁸ ⌂≥⁸CNT ⌐│ ⌂╢ ⅜ ™

╠╣√⁹IT╛PA│∕╣∙╣ ↕╣⁸ ™≡⁸ ↕╣╢ ⅜ ⌂─⅛⁸

∆╢─⅛⁸ ∆╢─⅛╩ ∆╢√╘⌐ 1 2⅛ ─ ⅜ ↑╠╣≡™√⁹

PA│⁸IT╟╡╙ ⇔√ Ɽ♃כfi≤⌂╢╟℮ ─ ⌐ ╩ ∆╢√╘⁸╟╡

⌐ ≡™╢⁹ │⁸ ⌐ ╙╟ↄ ┼─ ⌐ ⇔≡™╢⁹SWCNT

⌐ ∆╢ⱴ►☻─ ╩PA≤ ≤≢ ⇔√ ≢│⁸ ⌐│ ─ ⅜

╖╠╣√⅜⁸ ≢│ ─ ⅜4 ⅜№∫√ Shvedova╠2008 ⁹

↕╕↨╕⌂ ⅔╟┘ ⌐⅔™≡ A-3 A-5 ⁸ ─ ─ ⌐╟╢

≤ ⇔≡ ⌐ ∆╢ ≤ꜞ☻◒ ─ ╠⅛⌂ │ ╘╠╣⌂™⁹ 

 

3 ꜝ♇♩  

 

CNT⌐ ⌂ ⸗♦ꜟ⅜⌂™√╘⁸ ╕√│ ╩ ∆╢√╘⌐⁸

⌂ꜝ♇♩⅔╟┘ⱥ♩ ⸗♦ꜟ╩ ™√⁹↓╣╠2≈─ │⁸ ↕╣╢

─ ╕√│ ╩ ∆⁹ ↕╣╢ ◒ꜞ▪ꜝfi☻⌂⇔ ≤

─◒ꜞ▪ꜝfi☻ ─ ╩ ∆╢≤⁸ 5 ─ ™⅜ ∂√⁹⇔⅛⇔⁸ ─ │↓

─ ⌐№╢≤ ↕╣╢⁹ ─ ─10% ꜞ☻◒⌐ ∆╢

│⁸ ╟╡╙ ⌐ ≠™√ ⅜ ↕⅛∫√ A⁸

A-5 ⁹ 
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6  

 

CNT⅔╟┘CNF─ ⌐ ∆╢ ─ ⌐ ╠⇔ ╦∑⌂⅜╠⁸ꜞ ☻◒

ⱪ꜡◓ꜝⱶ─ ⅔╟┘ ─ ╩ ⇔≡⁸ ╩ ⌐ ⅎ╢√

╘⌐ ⌂ ╩ ∂╢ ⅜№╢⁹∕─ⱪ꜡◓ꜝⱶ⌐│⁸ ─ ╩ ╡ ╕⌂↑╣

┌⌂╠⌂™⁹ 

 

1  CNT⅔╟┘CNF┼─ ╩⁸ 40 ─ ⁸ 1 

µg/m
3

8 TWA ⌐ ∆╢⁹ 

 

2  ⌂ ⱪ꜡◓ꜝⱶ─ ≤⇔≡ ⌂ ─ ┼

─ ╩ ╗ ╩ ∆╢⁹ 

 

3  ⁸ ◦☻♥ⱶ⌂≥ ─ ⁸ ⁸ ⌐ ∆╢●▬♪ꜝ

▬fi╩ ∆╢⁹ 

 

4  Ᵽꜟ◒CNT⅔╟┘CNF╛⁸CNT⅔╟┘CNF ╩ ╡ ℮ ⌐⁸ ⅜

╩ ⇔ ⌂ ╩ ⅎ╢╟℮⁸ ⅔╟┘ ∆╢⁹ 

 

5  ⁸ ⁸ ⱴ☻◒ ─ ≤ ⌐ ∆╢ ╩ ∆╢⁹ 

 

6  CNT ╕√│CNF⌐ ∆╢ ─№╢ ╩ ≤⇔√ ⱬ▬ꜝfi☻ⱪכ◘

꜡◓ꜝⱶ╩ ∆╢⁹ ⌂ ⅜№╢ ⌐│⁸ ─ ♩☻♥◓fi♬כꜞ◒☻

╩ ∆╢ 6.7 ⁹ 

 

7  CNT╕√│CNF─ ╛ ╡ ™ ⌐ ⅜№∫√≤⅝⌐│⁸CNT╕√│CNF┼

─ ⌐≈™≡ √≤ⅎ┌ 1 ⁸ ⌂ ╩ ∆╢⁹  

 

8  ⁸ ⁸ ╩ ╣╢ ⌐ ╩ ℮↓≤╩ ⌐ ∆⁹ 

 

9  ⌐╟╢ ─ ─ ⌐ ∟ ╢↓≤╩ ╘≡ ╩ ←√╘⌐⁸◦ꜗ꞉

כ ╛ ⅎ─√╘─ ╩ ⇔⁸ ≢⌂™ ╩ ∆╢√╘─ ╩ ⌐ ↑

╢⁹ 
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6.1  

 

NIOSH│⁸ ─ ╛ ─ ⅜ ─ ╩ ╢─⌐ ≢№╢↓≤╩

∆ ⅜♃כ♦⌂ ↕╣╢╕≢│⁸№╠╝╢♃▬ⱪ─CNT⅔╟┘CNF┼─ ╩

∆╢─⌐⁸ ⱬכ☻─ ╩ ™╢╟℮ ╘≡™╢⁹NIOSH│ ⁸

CNT⅔╟┘CNF─ ⌐ ™╢ ₁─◘fiⱪꜞfi◓ ─ ╩ ⇔≡™╢≤↓╤≢№

╡⁸ ⁸ ╩ ∆╢ ≢№╢⁹ 

 

CNT╛CNF┼─ │⁸NIOSH 5040 NIOSH 1994 Birch 2004a,b ⌐╟∫≡⁸

EC ≤⇔≡ ╘╠╣╢⁹ ⌐ ∆╢ ⱪ꜡ⱨ□▬ꜟ╩ ∆╢√╘⌐⁸

⌂╠™≈≢╙⁸CNT CNF ─Ᵽꜟ◒◘fiⱪꜟ╩ ∆═⅝≢№╢ C ⁹

∆╢EC ⅜ ⌐CNT╕√│CNF≢№╢ │⁸NIOSH 5040╩ ™≡ ∆╣┌⁸

NIOSH REL 1 µg/m
3

8 TWA ⌐⅔↑╢ ─CNT⅔╟┘CNF┼─ ⌐ ∆

╢ ⌂ ╩ ╠╣╢│∏≢№╢⁹ 

 

 

6.1.1  

 

CNT╛CNF┼─ ⅜REL ⌐ ↕╣≡™╢↓≤╩ ∆╢√╘⌐⁸ ⸗♬♃

ꜞfi◓ⱪ꜡◓ꜝⱶ╩ ∆═⅝≢№╢⁹ⱪ꜡◓ꜝⱶ⌐│⁸ ─ 1 4 ╩ ℮╟℮

↕╣√ⱪꜝfi╩ ╡ ╗═⅝≢№╢⁹ 1 ≡─ ⇔√ ⌐≈™≡⁸ ╩

╩ ╠⅛⌐∆╢⁹ 2 CNT⅔╟┘CNF┼─ ─ ╩ →╢ ⅜№╢

⌂EC ≤⌂◒♇ꜝⱲfiⱩכ◌⁸∆∆ꜟ♀כ▫♦ ╩ ∆╢⁹ 3 ⅜REL

╩ ⅎ╢⁸╕√│ ⅎ╢ ⅜№╢ ─ ◄ꜞ▪╛ ╩ ∆╢⁹ 4

╩ ∆╢─⌐ ™╠╣╢ ⁸ ⁸PPE⁸ ⁸∕─ ─ ─ ╩

∆╢⁹ⱪꜝfi╩ ∆╢√╘⌐⁸ ╩ ∆═⅝≢№╢⁹ ─ │⁸

CNT╕√│CNF⌐ ∆╢ ─№╢ ─ ╛⁸ ─ ─ ⅔╟┘

↔≤─ ≤™∫√ ↄ─ ⌐ ∆╢∞╤℮⁹ 

 

─ ⌐⅔↑╢ ⌂ ─☻♥♇ⱪ│⁸ ╩ ─ ⌐↕╠∆ ╛

─ ™⁸ ─ ⌂≥ ─ ╩ ∆╢↓≤≢№╢⁹ ─ ─

№╢ ╩ ⇔√╡⁸ ─ ⅜ ╙ ™ ╛ ⌐ ∆╢ ╩

∫√╡∆╢√╘⌐↓─ ╩ ™╢↓≤⅜≢⅝╢⁹ 

 

₈ Ɽ♃כfi♦₉♃כ Duan and Mage 1997╩ ∆╢√╘⌐⁸ ─ ╕√│

⌐⅔™≡ ∂╢CNT⅔╟┘CNF─ ╩ ∆╢ ╙ ⌐ ╡ ╗═⅝≢№
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╢⁹ Ɽ♃כfi♦⁸│♃כ ⅎ╠╣╢ ─ ╩ ⇔≡ ∆╢─⌐ ≈⁹⇔

│♃כ♦─╠╣↓⁸⇔⅛ ⌐≈™≡ ─ ╩ ↑╛∆ↄ⁸ ─

⌐ ™╢═⅝≢│⌂™⁹ ⅎ┌⁸Birch╠ 2011b ⌐╟╢ ⌐⅔™≡⁸CNF┼─

│⁸ ⌐ ⇔≡⁸◄ꜞ▪◘fiⱪꜟ╟╡╙⅛⌂╡ ⅛∫√⁹2 ─ ⌐ ∆╢

EC │⁸ ⌐ ◄ꜞ▪≢ ╩⇔≡™╢ ≢│ 45 µg/m
3⁸ ⌐CNF

◄ꜞ▪≢ ╩⇔≡™╢ ≢│ 80 µg/m
3∞∫√⁹ ⁸ ∆╢◄ꜞ▪◘fiⱪꜟ│⁸

◄ꜞ▪≢│ 32 µg/m
3⁸CNF ◄ꜞ▪≢│13 µg/m

3∞∫√⁹ ◄ꜞ▪─EC

│ ◄ꜞ▪─ ╟ꜞ ⅛∫√⅜⁸ ◄ꜞ▪≢ ⇔√ ◘fiⱪꜟ│2 ↄ

⅛∫√⁹◄ꜞ▪◘fiⱪꜟ⅛╠ ╩ ≢⅝⌂™↓≤⅜╟ↄ№╢─≢⁸◄ꜞ▪

⅛╠ ┼─ ⌂ ⅜ ⅛≥℮⅛ ∆╢√╘─ ─ ⌂ ╩⇔

⌂™≢ ┼ ∆═⅝≢│⌂™ Birch ╠2011b ⁹NIOSH NIOSH 2009a ⅔╟┘

─ Brouwer╠2009 Methner╠2010a Ramachandran╠2011 │⁸ ♫ⱡ ─

╩ ╠⅛∆╢√╘─ ●▬♄fi☻╩ ⇔√⁹↓╣╠│CNT⅔╟┘CNF┼─

─ ╩ ╠⅛⌐∆╢√╘⌐ ≢⅝╢╙─≢№╢⁹ 

 

CNT⅔╟┘CNF┼─ ⅜REL ⌐ ↕╣≡™╢↓≤╩ ∆╢√╘⌐⁸™ↄ≈

⅛─ ⅜ ≢№╢ NIOSH 1977 Corn and Esmen 1979Leidel and Busch 

1994 Rappaport╠1995 Lyles╠1997 Bullock and Ignacio 2006⁹↓╣╠─ │⁸

╛⁸ ─ ↕ ⅔╟┘ ⁸ ⁸ ─ ⅔╟┘

⁸ ⌂ ⌐ ⇔≡⁸ ─ ⌐ ⇔ ╢⁹ ╩ ╠⅛

⌐∆╢√╘─▪ⱪ꜡כ♅─ ≈│⁸ ⌐ ⇔√ ╩ⱪכꜟ◓ ⌐ ≤∆╢

Corn and Esmen 1979Leidel and Busch 1994⁹↓─ ─◘fiⱪꜞfi◓ │⁸REL╩

ⅎ╢CNT╕√│CNF⌐ ⇔√ ╩ ∆╢─⌐⁸╟╡ ⅜ ↄ⁸ ⌂

⅜╟╡ ⌂™⅛╙⇔╣⌂™⁹⇔⅛⇔⁸↓─ │⁸ ⅜ ⌐ ⇔ ™ ⌐│⁸

⌂⁸ ⌐ ∫√ ╩ ∆╢ ⅜№╢ Kromhout 2009 ⁹⇔√⅜∫

≡⁸ ⌐⅔↑╢ ⅔╟┘ ─ ╩ ∆╢√╘⌐⁸ ⌐

╪∞ ⌐≈™≡ ╡ ⇔ ∆╢ ⅜№╢⅛╙⇔╣⌂™ Rappaport╠1995 Lyles ╠

1997 ⁹ ≡─ ⌐ ≢⅝╢₈ ─₉ │⌂™√╘⁸CNT⅔╟┘CNF

─ ─ ⌂ ╩ ℮√╘⌐⁸ ─ ⌐⅔↑╢ ─ ◘fi

ⱪꜞfi◓ ╙⇔ ⇔√ ⅜ ⌂™⌂╠⁸ ⅜ ≢№╤℮⁹ 

 

 

6.1.2 CNT CNF  

 

CNT⅔╟┘CNF┼─ ╩ ╠⅛⌐∆╢√╘⌐⁸ ⌂ ╩ ∆╢

6-1 ⁹ ─ ⅔╟┘◘fiⱪꜞfi◓╩ ℮ │⁸ ⸗♬♃ꜞfi◓ⱪ꜡◓
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ꜝⱶ⌐ ⇔≡ ↕╣√●▬♪ꜝ▬fi⌐ ℮═⅝≢№╢ 6.1.1 ⁹CNT⅔╟┘CNF┼─

─ ─ ≤⇔≡⁸EC ─√╘─₈Ᵽ♇◒◓ꜝ►fi♪₉◘fiⱪꜟ╩⁸ ╕

√│ ─ ⅔╟┘⁸ ─CNT╕√│CNF ⅜ ↓╡∕℮⌐⌂™ ≢ ∆╢⁹

⅜REL╩ ⅎ≡™╢⅛≥℮⅛╩ ∆╢√╘⌐⁸₈Ᵽ♇◒◓ꜝ►fi♪₉◘fiⱪꜟ

⅛╠ ╠╣√EC NIOSH 5040╩ ™≡ ╩⁸EC ◘fiⱪꜟ ⅛╠ ⇔ ↄ⁹

│⁸ ╩ ╠⅛⌐∆╢√╘⌐⁸╟╡ ↄ─◘fiⱪꜟ⅜ ⅛╙⇔╣⌂™⁹↓

─ │⁸◘fiⱪꜞfi◓ ╩ ⇔⁸EC ⅜ ≢№╢⅛≥℮⅛╩ ╠⅛⌐∆╢

─⌐ ≈∞╤℮⁹ Ᵽ♇◒◓ꜝ►fi♪⌐≈™≡─ ™ ⅜ ≢№╢⁹ ⅎ┌⁸

─ ◦☻♥ⱶ⌐ ⇔≡⁸ ─EC─ ⅜ Ᵽ♇◒◓ꜝ►fi♪╟╡╙ ™↓

≤⅜№╢⅛╙⇔╣⌂™⁹╙⇔∕℮⌂╠⁸ ─ECⱣ♇◒◓ꜝ►fi♪⅜⁸◄ꜞ▪◘fiⱪꜟ⅔

╟┘ ◘fiⱪꜟ╩╟╡ ⇔≡™╢ ⅜№╢⁹ 

 

─ ─EC ≤⌂◒♇ꜝⱲfiⱩכ◌⁸∆∆ꜟ♀כ▫♦ ┼─ ⅜ ⅝≡™╢ ⅜

№╢ ⌐≈™≡│⁸ ─ ≤⇔≡⁸ EC◘fiⱪꜟ≤

TEM⁸SEM⌂≥ ─√╘─ ◘fiⱪꜟ─ ╩ ℮═⅝≢№╢⁹◄Ⱡꜟ

כ◑ X EDS ⅜ ⇔√ ⌐╟╡⁸CNT⅔╟┘CNF╩ ≢⅝

╢⁹↕╠⌐⁸ ⌐╟╡⁸CNT⅔╟┘CNF ─◘▬☼ ⅔╟┘ ╩ ℮

↓≤╩ ∆╢ ⅜№╢⁹↓╣│⁸ ╩ ∆╢√╘─ ─ ╡ ╖⅜⁸ ⌂

╢ №╢◘▬☼ ⌐⅔↑╢ CNT⅔╟┘CNF ─ ⌂≥ ⌐

≠ↄ⌂╠ ≢№╤℮⁹CNT⅔╟┘CNF ─◘▬☼ ╛ ─√╘─ ─

TEM⁸SEM⌂≥ │ ⇔⌂™⅜⁸ ─₈ ₉ ─ ⌐ ™╠╣╢ ⅜

≢№╡ NIOSH 1994a ISO 1999, 2002 ⁸ ─ ╩ ╠⅛⌐∆╢↓≤⌐

≢⅝╢∞╤℮⁹ 

 

NIOSH─ │⁸CNT⅔╟┘CNF ⅔╟┘ ╕√│ ⌐ ⇔≡ ↄ─

╩ ∫≡⅝√ Evans╠2010 Birch 2011a Birch╠2011b Dahm╠2011 ⁹ ↄ─ ₈Ᵽ

♇◒◓ꜝ►fi♪₉EC │ < 1 µg/m
3∞∫√⁹Dahm╠ 2011 ⌐╟∫≡ ↕╣√ ≢

│⁸NIOSH 5040╩ ™√PBZ◘fiⱪꜟ─ │⁸ ₈ ₉╕√│LOD≤LOQ

─ ∆⌂╦∟ ≢№∫√⁹↓╣╠─ ≢│ Dahm╠2011 ⁸ ─

─╖ ∫≡⅔╡⁸ │ ≢ ╦∫≡™√⁹⇔√⅜∫≡⁸ ⌐╦√∫≡ ⇔√

│ ─┼⁸CNT⅔╟┘CNF│♃כ♦─╠╣↓⁹√∫⅛ ⅜ ↕™↓

≤⅜ ↕╣╢ ⁸╕√│ ⅜ ╕√│ ≢№╢╟℮⌂

⌐⅔™≡│⁸ ⌐ ∆╢◘fiⱪꜟ─ ╩ ╛∆√╘⌐⁸╟╡ ⅎ┌4 lpm

─ ♄☻♩◘fiⱪꜝכ ◘▬◒꜡fi ⅔╟┘25 mmⱨ▫ꜟ♃╩ ™╢ ╩ ⇔≡™

╢⁹ 
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CNT CNFⱳꜞⱴכ ─ ⁸ ⁸ ⌐ ⅜ ∂╢╟℮⌂ ≢│⁸ ─

EC ─ ─ │⁸ⱳꜞⱴכ≤◘fiⱪꜟ─ ⌐ ⇔≡ ╦╢ ⅜№╢

C ⁹ⱳꜞⱴכ─ OC │ ™√╘⁸ ⌐╟∫≡│⁸◘fiⱪꜟ

│ ⌐OC ⌐⌂╡ ╢⁹ ─ ≢╙⇔∕╣╠⅜ ≤⇔≡ ↕╣≡™√

⁸OC ⅔╟┘ ╕√│ⱳꜞⱴכ ⅜ ≢⁸NIOSH 5040≢│CNT⅔╟┘

CNF ─ ⅜≢⅝⌂™⅛╙⇔╣⌂™⁹↕╠⌐⁸╙⇔ ─ ─EC ⅜ ⌂

≢ ≢⅝√≤⇔≡╙⁸ⱳꜞⱴכ ⁸ ─ ╦∑√CNT⅔╟┘CNF⅜ ╙

⇔ ⇔≡™╣┌ ⁸NIOSH 5040⌐╟∫≡ ↕╣╢⁹╕√⁸ⱳꜞⱴכ ≢│⁸

⁸CNT CNF⅜ⱳꜞⱴכ ╕√│ ⱴ♩ꜞ♇◒☻ ≢ ⇔≡⅔╡⁸ ─

≤│ ⌂╢⁹ ≢◘fiⱪꜟ╩ ∆╢↓≤≢⁸ⱴ♩ꜞ♇◒☻ ⅔╟┘

CNT╕√│CNF─ ╩ ≢⅝╢ ⅜№╡⁸ ⌐⅔↑╢ ╩ ∆╢

─⌐ ≈⅛╙⇔╣⌂™⁹ⱳꜞⱴכ ─ ╩ ╗◘fiⱪꜟ─ ╩ ↕∑╢

╖⅜ ≢№╢⁹ 

 

NIOSH│⁸CNT CNF─ ⌐ ≤⇔≡ ™╠╣╢ ╙⁸CNT CNF ─

ⱴכ◌כ≢№╢≤ ⅎ√⅜⁸ CNT╛CNF─ │ ™ 1 wt% ⁹

ⱪꜝ☼ⱴ ICP-AES ─ │⁸ ─CNT/CNF⌐│ ⌂

⅜№╢ Birch╠2011b ⁹CNT CNF ⁸ ╛ %⁸ ⌐ ∆╢ ─◄

▪꜡♂ꜟ ⅜№╢⅛≥℮⅛⌐╙╟╢⅜⁸ ⱪꜝ☼ⱴ ICP-MS │⁸

⅜ICP-AES⌐ ∫≡™≡ ≢№╢⅛╙⇔╣⌂™⁹⇔⅛⇔⁸╙⇔ ╩CNT CNF─

≤⇔≡ ™╢≤∆╢≤⁸Ᵽ♇◒◓ꜝ►fi♪ ⅜ ≢№╢↓≤≤⁸CNT CNF

╕√│ ─ ∆╢ ≤─ ⅜ ≢№╤℮ Birch╠2011b ⁹Birch╠ 2011b

⌐╟╡ ↕╣√ ≢│⁸ │⁸CNF ─ ⌂ ≢│⌂⅛∫√⁹ ⌂ │CNF

≢│⌂⅛∫√√╘⁸CNF ≢ ↕╣√ ≤CNF ─ ⌐│ │⌂⅛∫

√⁹↕╠⌐⁸ICP-AES─LOD│⁸ EC EC─LOQ ⌂≥ ─ ⌐ ⇔≡™⌂⅛∫

√⁹ 

 

 

6.1.3 NIOSH 5040  

 

№╠╝╢ ≤ ⌐⁸LOD│↕╕↨╕≢№╢⁹⇔⅛⇔⁸NIOSH 5040⌐≈™≡

↕╣√ EC─LOD 2 µg/m
3 ╛⁸LOQ 7 µg/m

3│⁸ ™ ≢№∫√ NIOSH 2010⁹

LOD│⁸ ⌂╢ⱨ▫ꜟ♃꜡♇♩─ ╖ⱨ▫ꜟ♃Ⱪꜝfi◒╩⁸6⅛ ⁸ ⌂╢2≈─

─ ⌂╢ ⅜ ⇔√ ╩ ⌐⇔√⁹↕╠⌐⁸EC─ ≢│⌂ↄ TC

─ ─┌╠≈⅝╩LOD─ ⌐ ™√⁹↓╣╠─ ⌐╟╡⁸ ⌂ ™

EC LOD ⅜ ╠╣√⁹ 
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LOD LOQ ─√╘⌐ ◘fiⱪꜟ☿♇♩≤≤╙⌐ ↕╣√ ─ Ⱪꜝfi◒─

EC ⌐ ∆╢ ⅜⁸ TC ⌐≈™≡ ↕╣√╙─╟╡╙⅛⌂╡ ↕™

√╘⁸ ⌐│⁸ ↕╣√ ╟╡╙⅛⌂╡ ™EC LOD⅜NIOSH 5040⌐╟∫≡ ╠

╣√⁹⇔√⅜∫≡⁸CNT CNF ≤ ⌐⁸╙⇔EC⅜ ⌂ ≢№╡⁸ OC

─꜠ⱬꜟ⅜ OC⅔╟┘TC LOD⌐ ⇔≡ ⌂╠⁸ ↑ ∫√ ─ⱨ▫ꜟ♃

─EC ╩EC LOD─ ⌐ ™╢═⅝≢№╢ C ⁹ 

 

№╢└≤≈─꜡♇♩─25 mm⁸37 mm ⱨ▫ꜟ♃╩ ™⁸ ≢ OC-EC ╩ ⇔

≡ ⇔√EC─LOD⅔╟┘LOQ─ │ µg EC/cm
2 ╩ 6-1⌐ ∆⁹ⱨ▫

ꜟ♃Ⱪꜝfi◒⌐ ∆╢OC-EC │⁸ ⅜ ↕╣╢ⱳ▬fi♩⌐ ⇔√─≢⁸EC⅜ⱨ

▫ꜟ♃⅛╠ ↕╣╢ ↕╣╢ ⌐ⱬכ☻ꜝ▬fi◦◓♫ꜟ⅜ ╕╣╢⁹ 

 

OC │ ↄ ∆╢↓≤⁸╕√⁸Ᵽꜟ◒CNT CNF│OC╩╒≤╪≥ ⇔≡™⌂™↓≤⅛

╠⁸EC│TC╟╡╙ ™ ≢№╢⁹≤│ ℮╙──⁸ ™ OC │ ╩

⇔⁸╙⇔OC⌐╟╢ⱨ▫ꜟ♃ ─ ⌐ ╩ ⅎ╢─≢№╣┌⁸↓╣╠─♦כ♃│

⌂ ⌐ ∟ ╢ C ⁹EC≤│ ∫≡⁸ ⱨ▫ꜟ♃─OC

ⅎ┌⁸ ↕╣√ ≤─ ⅔╟┘ ╕√│ ╩ ⇔≡ │╟ↄ╖╠╣╢⁹

≤⇔≡⁸OC ⅔╟┘TC ─LOD│EC╟╡╙ ↄ⁸╕√⁸OC ⅔╟┘TC ─ │ ⇔™

Ᵽ▬▪☻⌐⌂╢ ⅜№╢⁹ OC ⅜ ™ ╛ ⇔√ ⅜ ⌂™

⌐⁸Ᵽ▬▪☻⅜≤╡╦↑ ≈⁹╟╡ ⌂ OC ─ ╩ ╢√╘⌐

│⁸OCⱩꜝfi◒ ╩ ∆═⅝≢№╢⁹Ⱪꜝfi◒ │⁸OC─ⱨ▫ꜟ♃Ⱪꜝfi◒╩ ⇔

ↄ⅛⁸ ≢⅝╣┌ ♃fi♦ⱶⱨ▫ꜟ♃ ⌐╟╡ ∆╢↓≤⅜≢⅝ C─

◘fiⱪꜞfi◓▪כ♥▫ⱨ□◒♩─ ⁸ ─ ⅜ ⇔≡╟╡ ≢№╢⁹25 mm⅔╟┘37 

mm ⱨ▫ꜟ♃─ OCⱩꜝfi◒⁸LOD⁸LOQ╩ 6-2⌐ ∆ │µg OC/cm² ⁹ 

 

37 mmⱨ▫ꜟ♃─2≈─ ☿♇♩ 5ⱨ▫ꜟ♃─☿♇♩∕╣∙╣⌐ ⇔≡n = 10 ╩⁸2010

─ ₁─ ⅛ ⌐ ⇔√⁹ ╦∑√EC─ ╩ ⌐ ╠╣√ ≤ ∆╢⁹

─☿♇♩─OC ≤ ─TC ≤╙⌐µg C/cm
2 ╩ 6-3⌐ ∆⁹ 6-3│⁸5ⱨ▫ꜟ♃

─2☿♇♩╩2 ⇔√ ╩ ⇔≡™╢⁹ 

 

─≤⅔╡⁸NIOSH 5040 LOD│⁸ ⁸ⱨ▫ꜟ♃◘▬☼⁸◘fiⱪꜟ─ ⇔√ ╡

⅝ 1.5 cm
2 ⁸ⱨ▫ꜟ♃Ⱪꜝfi◒─┌╠≈⅝⌐ ∆╢⁹ │⁸µg/cm

2 ─

LOD╩ ∆╢√╘⌐ ™╠╣╢⁹ ≤⇔≡ ∆≤⁸ⱨ▫ꜟ♃Ⱪꜝfi◒╩ ™≡

⇔√EC LOD µg/cm
2 ∆⌂╦∟⁸LOD = Ⱪꜝfi◒─ ─3 ⌐ ∆╢EC LOD

µg/m
3 │⁸ ─ ⌐╟∫≡ ∆╢↓≤⅜≢⅝╢⁹ 
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EC LOD µg/m
3

= 
EC LOD µg/cm

2
× cm

2
 

m
3

 

 

↓─ ⌐╟╡⁸⌂−╟╡ ™LOD µg/m
3 ⅜⁸ⱨ▫ꜟ♃◘▬☼ ─ ⁸

─ ⁸ⱨ▫ꜟ♃Ⱪꜝfi◒ ∆⌂╦∟EC LOD µg/cm
2 ─┌╠≈⅝─ ⌐╟∫≡

╠╣╢─⅛⅜╦⅛╢⁹╟╡ ↕™ⱨ▫ꜟ♃╩ ™╢≤⁸ №√╡─ ⅜

ↄ⌂╢√╘⁸LOD⅜ ↕╣╢⁹ ∂↓≤⅜LOQ⌐╙ ≡│╕╢⁹LOQ│⁸ Ⱪꜝfi◒

─ SD ─10 ≤⇔≡ ↕╣≡⅔╡⁸∆⌂╦∟LOD─3.3 ≢№╢⁹ 

 

≢OC-EC ╩ ⇔≡ ⱨ▫ꜟ♃Ⱪꜝfi◒─SD≤⇔≡0.02 µg EC/cm
2╩ ⌐≤╢≤⁸

⌂╢ ⁸25 mm⅔╟┘37 mmⱨ▫ꜟ♃⁸ ⇔√ⱨ▫ꜟ♃ ╡ ⅝ 1.5 cm
2⌐≈™≡⁸

LOD⅔╟┘LOQ µg EC/m
3 │ 6-4─╟℮⌐⌂╢⁹↓─2 ─SD ∆⌂╦∟SD = 0.04 µg 

EC/cm
2 ⌐≈™≡─ ╙꞉כ◔♩☻כ☻─ ≤⇔≡ ⇔≡™╢⅜⁸↓─╟℮⌂

™ │╘∫√⌐⌂™⁹╙⇔ⱨ▫ꜟ♃Ⱪꜝfi◒─SD⅜ ⌐0.02 µg EC/cm
2╩ ⅎ╢⌂╠┌⁸

Ⱪꜝfi◒─┌╠≈⅝⅜ ↄ⌂╢ ╩ ⇔≡ ∆═⅝≢№╢⁹ 

 

ⱨ▫ꜟ♃Ⱪꜝfi◒⌐ ∆╢EC 6-1⁸6-3 ⌐ ≠ↄ≤⁸ⱨ▫ꜟ♃ ⅜ 0.3 µg/cm
2

∆⌂╦∟ 6-1⅔╟┘6-3⌐ ↕╣≡™╢EC LOQ╕√│∕╣ ≢№╣┌ ⅜

╠╣╢⁹ 

 

─╟℮⌐ 6.1.2 ⁸25 mm◌☿♇♩╩ ™√╟╡ ─ ◘fiⱪꜝכ ◘▬◒

꜡fi │⁸◘fiⱪꜟ ╩ ↕∑╢↓≤⅜≢⅝⁸ⱨꜟ ◦ⱨ♩ ≢ ⇔√◘fiⱪ

ꜟ⌐ ⇔≡⁸LOQ 1 µg/m
3 ╩ ⅎ╢CNT⅔╟┘CNF─ ⅜≢⅝╢⁹ 0.5 m

3 ─

─ ↑ ⅜ ╠╣╢◘fiⱪꜞfi◓ ≤ ─ ╩ 6-5⌐ ∆⁹ⱨ▫ꜟ♃

╡ ⅝ ╩╟╡ ⅝ↄ∆╢↓≤≢╙⁸╟╡ ↕™LOD╩ ╠╣╢⅜⁸ ⅜ ↕⌂

Ⱪכꜙ♅ Ⱪfi≢№╢↓≤≤⁸כ○ ⌂◘fiⱪꜟ ⅜ ≢№╢↓≤⅛╠⁸ ≢⅝

╢◘fiⱪꜟ─ ⅜ ↕╣╢⁹ 

 

 

6.2  

 

CNT⅔╟┘CNF ⌐╟╢ ╩ ← ─ ─ ≈│⁸ ╛ כ◙כꜚ─

ⱪ꜡☿☻─ ╕√│ ─ ™ ≢ ╩⌂ↄ⇔⁸ꜞ☻◒╩ ⌐∆╢↓≤≢№╢

NIOSH─⁸ ⌐⅔↑╢ ─ PtD ⁸URL

www.cdc.gov/niosh/topics/PtD/⁹↓╣│⁸ⱪ꜡☿☻ PSM ⱪ꜡◓ꜝⱶ─ ╩
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⇔≡ ↕╣╢⁹ ⱪ꜡☿☻≢ ™╠╣╢ ╛ ⅜ ≢№╡⁸ ⌐

↕╣≡™╢↓≤╩ ∆╢√╘⌐⁸PSM│ⱪ꜡◓ꜝⱶ╕√│◦☻♥ⱶ─ ⅔╟┘ ╩

℮⁹PSMⱪ꜡◓ꜝⱶ─ ⌂ │⁸ ╩ ∆╢ ⌐ⱪ꜡☿☻ ╩ ∆

╢↓≤≢№╢⁹↓╣│⁸ ꜞ☻◒╩ ⌐∆╢╟℮ ╩ ╕√│ ≢⅝╢

╟℮⌐⁸CNT╛CNF ⅜ ↓╢ ╩ ∆╢─⅜ ≢№╢⁹ ⌂ↄ≤╙⁸PSMⱪ꜡

◓ꜝⱶ─ │⁸OSHA─ⱪ꜡☿☻ 29 CFR 1910.119≢ ↕╣≡™╢

≤ ∆═⅝≢№╢⁹ 

 

CNT╕√│CNF╩ ─ ™ ╛ ⌂ ⌐ ∆╢↓≤⅜≢⅝⌂™ ≢│⁸

─CNT⅔╟┘CNF┼─ ╩ ←√╘⌐⁸ ≡─ⱪ꜡☿☻─ ⅔╟┘ ─CNT╛

CNF─ ™⌐ ╦╢ ⌐⁸ ⌂ ╩ ╡ ╣╢═⅝≢№╢⁹CNT⅔╟┘

CNF⌐ ⇔≡ ↕╣≡™╢ ⅜♃כ♦ ╠╣≡™╢√╘⁸ ─CNT⅔╟┘

CNF ⅜⁸ ≡─ ≢1 µg/m
3
 EC 8 TWA ─NIOSH REL ⌐

√╣≡™╢⅛ ╠⅛≢│⌂™⁹√∞⇔⁸ ─ ∂ ╘ ╩ ⅛╠ ∆╢

↓≤ ╩│∂╘≤∆╢ ╛⁸ HEPA ⱨ▫ꜟ♃ ⅝─╟ↄ♦◙

▬fi↕╣√ LEV ◦☻♥ⱶ⅜⁸CNT ╛CNT╩ ╗ ♫ⱡ ╩ ╠ⅎ╢

─⌐ ≢№╢↓≤⅜ ↕╣≡™╢ Old and Mether 2008NIOSH 2009a Evans╠2010 ⁹

⅔╟┘∕╣╠─ ⁸ ⌐≈™≡─ ╩ 6-6⌐ ∆⁹ ─

≢│⁸♫ⱡ ─ ⅔╟┘ ⅎ┌⁸ ⇔╛∆™ ⁸ ⁸ⱴכꜞꜝ☻

♩ꜞ♇◒☻⌐ ╕╣≡™╢⌂≥ ⁸ ⁸ ⅜ ⌐ ∆╢ ╩ ⌐

╣⌂↑╣┌⌂╠⌂™ 6-7 ⁹ ⅎ┌⁸ ⌐ ↕╣√ CNT ╕√│CNF

╩ ™╢ ⌐│⁸╟ↄ ⇔√ⱨꜞכ─ ─CNT╛CNF ╩ ⌐ ℮≤⅝≤

│ ⌂╢ ◦☻♥ⱶ⅜ ⌐⌂╢∞╤℮⁹CNT╛CNF╩ ∆╢ ─ ╛

⁸♪ꜞꜟ≢─ ╩ ╗ⱪ꜡☿☻≢│⁸◄▪꜡♂ꜟ─ ╩ ←√╘⌐⁸ ⌂

⌂≥ ╩ ╡ ╣╢ ⅜№╢⁹ ⁸ ⇔√Ᵽꜟ◒─CNT╕√│

CNF─ ≢─ ╛ │⁸ ≢ ∆╢⅛⁸∕╣⅜╛╗╩ ⌂™

⌐│HEPA ◦☻♥ⱶ⌐⅔™≡ ∆═⅝≢№╢⁹HEPA╤ │⁸♫ⱡ☻◔כꜟ ╩

ↄ ⅎ╢↓≤⅜ ↕╣≡⅔╡⁸ ⅜ ≢№╢ ╛ⱪ꜡☿☻⅜ ╡ ↕╣╢

⁸ ╩ ⅝ ↓∆╒≥ ⌐ ™╢ ⌐ ∆═⅝≢№╢⁹ ≢ ─

∞↑CNT⅔╟┘CNF╩ ℮≤⅝⌐│⁸ ╩♪כfiⱨ♥כ◌▪◄⁸╛─╙─ ⅎ√

ⱥꜙכⱶⱨכ♪╩ ™╢ Tsai╠2010 ⅛⁸ ╩ ♇ⱩⱲכ꜡◓⌐╘√╢∆⌐

◒☻╩ ™╢ NIOSH 2012 ─⅜ ╙ ™⁹№╠╝╢ ◦☻♥ⱶ│⁸ ─ ╩

∆╢√╘⌐⁸ ⌐♦◙▬fi↕╣√ ╖─╙─≢⌂↑╣┌⌂╠∏⁸ ⌂ⱷfi

♥♫fi☻─ ⅜ ≤↕╣╢ ACGIH 2007 ⁹ 
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6.3  

 

⌐╟╢ ╩ ←√╘⌐│⁸CNT⅔╟┘CNF─ ╛∕╣╠─ ⌂

╡ ™⌐ ∆╢ ─ ╛ ╩ ╡ ╪∞ⱪ꜡◓ꜝⱶ╩ ∆╢↓≤⅜ ≢№

╢⁹ ⌐╟╡⁸ ─╟℮⌂ ⌐⁸ ⌐╟∫≡ ─ ⅔╟┘ ⅜ ↕╣

╢↓≤⅜ ╠⅛⌐⌂∫√ NIOSH 2010b ⁹ 1 ⅜ ─ ─ ⌐≈

™≡ ╩ ↑╢⁸ 2 ╛ ⌐ ⅜╖╠╣╢⁸ 3 ⅜ ─ ╩

⌐ ℮√╘⌐ ⌂☻◐ꜟ╩ ⅎ╠╣╢⁸ 4 ⌐ ∆╢ ╛

⅜№╢⁹OSHA─ 29 CFR 1910.1200⁸ ≤

29 CFR 1910.120⁸♫ⱡ ⌐ ⇔√ ⌐ ∆╢Kulinowski and Lippy 2011

─ ⌐ ↕╣≡™╢⁸ ─ ⅔╟┘ ─ │⁸ ⅔╟┘ ⱪ꜡◓

ꜝⱶ╩ ∆╢√╘⌐ ≢⅝╢●▬♪ꜝ▬fi─ ☿♇♩╩ ∆╢⁹ ∆╢ⱪ꜡◓

ꜝⱶ⌐│⁸ ⌐ ∆╢ SOP ⌂≥ ╩ ∆═⅝≢№╢⁹ a

╩ ∆╢√╘⌐ ╩ ∆╢⁹ b ⌐ ∆╢ ╩ ⇔

∆╢⁹ c CNT⅔╟┘CNF┼─ ╩ ∆╢⁹ d ⅔╟┘

╩ ⇔ ∆╢⁹ e ↕╣√ꜞ☻◒ ╩ ∆╢⁹ f ⅔╟┘

─ ─ ╩ ⌐ ∆╢⁹ │↓╣╠─ ╩ ⌐ ⇔≡

⇔≡™⅝⁸ ─ ╛ ─√╘⌐≤╢═⅝ ╩ ⌐ ⅎ≡™ↄ

⅜№╢⁹ 

 

╩ ∆╢√╘─ⱪ꜡◓ꜝⱶ⌐│⁸ ⌐≈™≡ ∆╢√╘─ ≤ ╙

╡ ╗═⅝≢№╢⁹ 

 

─┼CNT⅔╟┘CNF ה ⌐ ∆╢ ꜞ☻◒⁹ 

 

⌂ ה ─ ⁸ ⱴ☻◒⁸ ⌂≥ ─ ⁸

⌂≥⁸ ╛ ─ ╩ ⌐∆╢√╘─⁸CNT⁸CNF⅔╟┘

↓╣╠╩ ∆╢ ─ ⌂ ™ 

 

 

6.4  

 

↓╓╣√CNT⅔╟┘CNF╛⁸CNF╛CNF⌐ ↕╣√ ╩ ∆╢ ⌐⁸CNT⅔╟┘CNF

─ ⅛╠ ╩ ╢√╘⌐⁸ ╩ ╘╢ ⅜№╢⁹ ⅔╟┘

⅜⁸ ─ꜞ☻◒≢№╢≤ ╦╣╢⁹ ─ ─ │⁸CNT⅔╟┘CNF⅜

⌐ ∆╢ ⌐ ↕╣╢⁹Ᵽꜟ◒─CNT⅔╟┘CNF │⁸ ─CNT
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⅔╟┘CNF ╟╡╙ ─ ⅜ ™⁹ ⁸ ─╙─│⁸CNT⅔╟┘CNF╩

∂ ╘√ ╟╡╙ ꜞ☻◒⅜ ⅝™⁹  

 

ꜞ☻◒⌐ ∆╢ ⌂ ╩ ⌐⇔⌂⅜╠⁸ ↕╣≡™╢ ⌐╙

≤≠⅝⁸↓╓╣╛ ─ ╡ ™─ ╩ ╢─⅜ ≢№╤℮⁹↓╓╣√ ╩

∆╢√╘─ │⁸CNF⅔╟┘CNF≢ ↕╣√ ─ ⌐ ™╢↓≤⅜≢⅝╢⁹

∕─╟℮⌂ ≤⇔≡⁸HEPAⱨ▫ꜟ♃ ⅝ ╩ ∆╢⁸⌠╣ ≢ ─ CNT

⅔╟┘CNF╩ ⅝ ╢⁸ ⅝ ╢ ⌐ ╩ ╠∑╢⁸⌂≥─ ⅜ →╠╣╢⁹CNT⅔╟

┘CNF╩ ∆╢ ⅜↓╓╣√╠⁸ ⁸ ╛ꜞ◐♇♪♩ꜝ♇ⱪ╩ ⇔≡ ∆╢

≤╟™⁹ ╩ ™╢ │⁸HEPAⱨ▫ꜟ♃╩ ⇔ↄ ╡ ↑╢↓≤≤⁸ⱷכ◌כ─

≥⅔╡⌐Ᵽ♇◓≤ⱨ▫ꜟ♃╩ ∆╢↓≤⌐ ⇔⌂↑╣┌⌂╠⌂™⁹ ◄ꜞ▪╩

∆╢≤⅝⌐│⁸ ™√ ≢ ™√╡⁸◄▪ⱱכ☻╩ ⇔√╡⇔≡│⌂╠⌂™⁹  

 

№╠╝╢ ╩ ╘√ ╛ ─ ↕╣√ ⅎ┌⁸ ⌂≥ ─ ╡

™⅔╟┘ │⁸№╠╝╢ ⅎ┌⁸ ⁸ ⁸ ⌂≥ ⌐ ∫≡ ⇔⌂

↑╣┌⌂╠⌂™⁹ 

 

 

6.5  

 

CNT⅔╟┘CNF┼─ ╩ ← ╛∕─ ─ ─ ⌐ ⇔≡⁸ ╛●▬♪ꜝ▬fi

│ ⇔⌂™⁹√∞⁸ OSHA │⁸ ⌐ ⇔≡⁸Ɫ◙כ♪⌐ ↕

╣╢≤⅝│ ⌐ ─ ╩ ∆╢╟℮ ╘≡™╢ OSHA 1910.138(a)⁹ ─≤

↓╤⁸ ≤⁸CNT⅔╟┘CNF┼─ ⌐╟╢ ╩ ∆╢─⌐ ≢⅝╢

│ ╠╣≡™╢⁹ ⅔╟┘ ™ ─SWCNT─ ⅔╟┘ ╩ ⇔

√ ≢│⁸ ⅜ ∫≡™╢╟℮⌐◗ⱶ ─ ⌐ ─ ╩ ⌡≡☿♇♩⇔≡⁸

─ ╩ ⇔√ Maynard╠2004 ⁹ ₁─ Ɫfi♪◄ꜞ▪ ⅛╠

╘√SWCNT─ ─ │⁸217 µg⅛╠6020 µg─ ⅜№∫√⁹SWCNT ─╒≤

╪≥⅜⁸ ⌐ ⌐ ⇔√ ─ ⌐ ╠╣√⁹↕╕↨╕⌂ ─♫ⱡ ╩ ™√

─ ≢│⁸ ─ √≤ⅎ┌⁸ ─ ≢│⁸♫ⱡ ─

⅜ ⅝╢ ⅜№╢↓≤⅜╦⅛∫√ Ryman-Rasmussen╠2006 Rouse╠2007 ⁹╕√⁸

◘▬☼⁸ ⁸ ⁸ ─≤⌂◓fi▫♥כ◖ ⅜⁸♫ⱡ ⅜ ╩ ∆╢

⌐ ╩ ╓∆↓≤⅜ ╠⅛⌐⌂∫√ Sayes╠2004 Ryman-Rasmussen╠2006 ⁹

ⱥ♩ ─ ╕√│ ≤ ⱥ♩ ╩ ™√in vitro ─ ⅛╠⁸

SWCNT⅔╟┘MWCNT⅜ ⌐ ⇔≡ ◘▬♩◌▬fi─ ╩ ⅝ ↓⇔⁸

ⱨꜞכꜝ☺◌ꜟ ⅔╟┘ ☻♩꜠☻╩ ⇔≡⁸ ─ ╩ ↕∑╢↓≤⅜
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↕╣√ Shvedova╠2003 Monteiro-Riviere╠2005 Murray╠2009 Vankoningsloo╠2010 ⁹

Vankoningsloo╠ 2010 │╕√⁸MWCNT─ ⅜ ≤─ ⌐ ⇔≡

╩ √∆↓≤⁸♫ⱡ♅ꜙכⱩ ⅜ ∆╢≤◔ꜝ♅ⱡ◘▬♩⌐ ∆╢ ⅜

∆╢↓≤╩ ╠⅛⌐⇔√⁹SKH-1ⱴ►☻⌐SWCNT╩ 160µg ⇔√≤↓╤⁸

─ ╛ ⌐ ↕╣√ ⅜ ∂√⅜⁸ 40µg ≢│⁸ ⌂ │

↕╣⌂⅛∫√ Murray╠2009 ⁹> 80 µg/ ─ SWCNT⌐ ∆╢≤⁸ⱨꜞכ

ꜝ☺◌ꜟ ⁸ ☻♩꜠☻⁸ ⅜ ↕╣╢≤ ↑╠╣√⁹⇔⅛⇔⁸ ─

MWCNT Baytubes
® ╩ ™√ ≢│⁸OECD─♥☻♩●▬♪ꜝ▬fi⌐ ∫≡

⇔√ ⌐⁸ ─ ╕√│ ─ │╖╠╣∏⁸►◘◑⌐ ─

─ ⅜╖╠╣√∞↑∞∫√ Pauluhn 2010b⁹ 

 

CNT⅔╟┘CNF─ ⌐ ♃כ♦│≡⇔ ⅜ ╠╣≡™╢√╘⁸ ─╟℮⌂≤⅝⌐│

⅔╟┘ ╩ ∆╢─⅜ ≢№╤℮⁹  

 

─┼CNT⅔╟┘CNF ה ╩ ╕√│ ∆╢√╘─ ⅜™∏╣╙ ⌐

╦∫√≤⅝⁹  

 

  ⁹ ה

 

╛ ╩ ∆╢ │⁸ ─ ╡╗↑√ ╛ ⌐CNT⅔╟┘CNF⅜

⇔⌂™╟℮ ⌐ ∆╢ ⅜№╢⁹ ╠╣√ ─ ⌐╟╢≤⁸ ─ ─

™ ─ ⅜⁸ ╛ⱳꜞ◄☻♥ꜟ╩ ∫√ ╟╡╙⁸♫ⱡ ⅛╠ ╩ ╢⌐│

⌂╟℮≢№╢ Golanski╠2009 Golanski╠2010 ⁹♫ⱡ ⅔╟┘◘ⱩⱵ◒꜡fi

─↕╕↨╕⌂ ⌐ ∆╢ ╩ ∆╢√╘⌐ ↕╣√ ─ ⁸ ╛ⱨ

⁸ꜟכ○כⱣ◌™⌂─♪כ ─ ▪fi◘fiⱩꜟ⌐ ™╠╣╢ ╩ ⇔√

< 100 nm ─ ─ < 5% ⅜╖╠╣√ Gao ╠2011 ⁹ ⌂

╩ ∆╢ ≢─ │⁸ ↕≤ ─ ╡ ™╩≈↑╢↓≤≢№╢⁹ ─

╩╙√╠∆ ⅎ┌⁸ ─꜠ⱬꜟA☻כ♠ │⁸ ⌐ ∆╢⌐

│ ╙ ⅝⌂╙─≢№╢⁹ ⁸ ⅜ ╙ ™≤ ╦╣╢ ─ ─

⌂≥ │⁸ ╙ ⌐ ╪≢™≡ ⌐ ╢↓≤⅜≢⅝╢⁹ ↕╣≡™╢

⅜♫ⱡ ─ ╩≥─ ≢⅝╢⅛│⁸ ─ ╛ ╖⁸ ™

⁸ ─ ┼─ ⌂≥ ⌐╟∫≡ ╦∫≡ↄ╢ NanoSafe 2008 Golanski╠2009, 

2010 ⁹ ╩ ⌐ ∆╢⌐│⁸♫ⱡ ≤ ⌐ ⇔≡™╢ ≢№╣┌

─ ⅛╠─ ⌐ ∆╢ ─ ╩ ⌐ ╣╢ ⅜№╢ USDOE 

2007 ⁹ ♬♩ꜞꜟ ⁸Ⱡ○ⱪ꜠fi ⁸ꜝ♥♇◒☻ ⌂≥ ╩ ∆╢≤

⅝⁸ ⌂ ∞↑≢⌂ↄ ⌂ ╙ ╘╠╣╢ ∫√ ╩ ™╢ ⌂
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≥ ⌐│⁸₈ ─2 ⌡₉⅜ ⌐⌂╢⅛╙⇔╣⌂™⁹ ╩ ←√╘⌐⁸ ↕

╣√ ─ ╡ ⇔≤ ⌐╙⁸ ⌂ ⅜ ≢№╢⁹ ─ ╣╩ ≢ ⇔⁸

⌐ ⇔≡™ↄ ╙№╢⁹ 

 

 

6.6  

 

⅔╟┘ ╩╙∫≡⇔≡╙⁸ ─CNT⅔╟┘CNF┼─ ╩REL ⌐

ⅎ╢↓≤⅜≢⅝⌂™≤⅝│⁸ ⌐ ╩ ∆╢ ⅜№╢⁹CNT⅔╟┘

CNF─Ⱨכ◒ ⅜ ⌐ ™ ╣⅜№╢ ↓╓╣√CNF⅔╟┘CNF╛ ─

⁸CNT⅔╟┘CNF ─ ─ⱷfi♥♫fi☻⁸CNT ⅔╟┘CNF─◄▪꜡♂ꜟ╩

∆╢╤ ◦☻♥ⱶ─ ╛ ⌂≥ ≢╙⁸ ─ ⅜ ↕╣╢⁹OSHA─

29 CFR 1910.134│⁸ ─ ≤ ─ ⌐ ∆╢

╩ ╘≡™╢⁹OSHA │⁸ ─√╘⌐ ╩

∆╢ ⌐│⁸ ⱪ꜡◓ꜝⱶ╩ ∆╢↓≤╩ ╘≡™╢ 29 CFR 1910 (c)(1) ⁹

⅜ⱪ꜡◓ꜝⱶ─ ≢№╢⁹ 1 ─ ─ ⌐

∆╢ ⁸ 2 ☻♃♇ⱨ⌐ ∆╢ ⁸ 3 ─ ⸗♬

♃ꜞfi◓⁸ 4 ─ ⁸ 5 ─ ♥☻♩⁸ 6

─ⱷfi♥♫fi☻⁸ ⁸ ⅔╟┘ ⁹ⱪ꜡◓ꜝⱶ─ │ ⌐ ∆

╢ ⅜№╡⁸∕─ⱪ꜡◓ꜝⱶ─ ≢№╡⁸ ≤ ─ ⌐≈

™≡ ⇔≡™╢ ⅜ ╩ ∆═⅝≢№╢⁹ ─ ⅜ ╘

╠╣≡™╢⅜⁸CFR 1910.134(c)(2)(i)⅔╟┘1910.134(c)(2)(ii)⌐ ↕╣≡™╢ ⌐ ╦⌂

↑╣┌⌂╠⌂™⁹ 

 

CNT Maynard╠2004 Han╠2008a Bello╠2008, 2009, 2010 Dahm╠2011] ⅔╟┘CNF 

Methner╠2007 Evans╠2010 ⌐ ∆╢ ─ ⸗♬♃ꜞfi◓♦⁸≥╢╟⌐♃כ

NIOSH ⱨ▫ꜟ♃ ⅝ⱴ☻◒⁸∆⌂╦∟⁸95╕√│100◦ꜞכ☼─ⱨ▫ꜟ♃╩ ⇔√◄

ꜝ☻♩ⱴכ ⱴ☻◒│⁸ ⌐ ∆╢ ╩ ⌐ ⇔≡™≡ Shaffer 

and Rengasamy 2009 ⁸⌂⅔⅛≈ ╩ ∆╢√╘─ ╩ ∫≡™╢ ⌐│⁸

⌂ ╩╙√╠∆⁹ ╩ ⌐ ⇔√ ⱴ☻◒╛ⱨ▫ꜟ♃

⅝ⱴ☻◒≢№╣┌⁸REL─10 ─ ╕≢⁸ ╩ ∆╢∞╤℮⁹╟╡ ™

╩ ╢⌐│⁸ ─◒ꜝ☻─ ⅜ ≢№╢ 6-8 ⁹NIOSH│⁸₈NIOSH 

─꜡☺♇◒2004₉─ ≢⁸ ⌂ⱴ☻◒╩ ∆╢√╘─●▬♪ꜝ▬fi╩

⇔≡™╢ NIOSH 2005 ⁹  

 

ⱪ꜡◓ꜝⱶ─ │⁸ ⌂ ╩ ∆╢≤⅝⌐⁸ ⅜
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∆╢ ─№╢ ◘▬☼ Rengasamy and Eimer 2011╛⁸ ─ ◄▪꜡♂ꜟ

─ ╩ ⇔⌂↑╣┌⌂╠⌂™⁹↓─ ⌐ ≠⅝⁸ ⱪ꜡◓ꜝⱶ─

│⁸ APF ⅜╟╡ ™ ╩ ┬⅛⁸╟╡ ™╤ ╩╙≈

╩ ┬⅛ ⅎ┌⁸N95⅛╠P100⌐ ⅎ╢ ╩ ∆╢⁹N-95ⱨ▫ꜟ♃ ⅝ⱴ☻◒

─╤ ⌐╟∫≡⁸40 nm─ ─ ꜠ⱬꜟ│1.4% 5.2%≢№╢↓≤⅜ ╠⅛

⌐⌂∫√⁹↓╣│⁸95╕√│∕╣ ⌐ ⌂ⱴ☻◒ ⱨ▫ꜟ♃⅜⁸ CNT⅔╟┘CNF

─ ⌐ ≢№╢↓≤╩ ∆ Balazy╠2006 Rengasamy╠2007, 2008  ⁹ ─

≢│⁸ ─ ⌐╟∫≡ ↕╣√╟℮⌐⁸NIOSH ⱨ▫ꜟ♃ ⅝ⱴ☻◒⌐╟∫≡< 

20 nm─♫ⱡ ╙ ⌐ ↕╣╢↓≤⅜ ↕╣≡™╢ Rengasamy╠2008, 2009 ⁹ 

 

 

6.7  

 

⌐╕≤╘√ ⅛╠⁸ ╩ ∂≡CNT⅔╟┘CNF⌐ ∆╢ ⌐│⁸

─ꜞ☻◒⅜№╢≤™℮ ⌐ ∆╢⁹↓─╟℮⌂ │⁸ ╩ ╢

─⌐ ≈≤⇔≡ ↕╣≡™╢ ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘┘╟⅔◓fi♬כꜞ◒☻

⌐ ∆╢↓≤⌐╟∫≡ ╩ ↑╢↓≤⅜≢⅝╢ 6-2 NIOSH 2009b ⁹ 

 

 

6.7.1  

 

╠⅛◓fi♬כꜞ◒☻ ─ ╩ ↑╢ │⁸ ─≤⅔╡≢№╢⁹  

 

╩REL ה ╢ ─CNT╕√│CNF⌐ ∆╢ ∆⌂╦∟⁸8 TWA≤⇔≡1 

µg/m
3
 EC╩ ⅎ╢ ─ CNT╕√│CNF⌐ ∆╢ ⁹ 

 

⌐ ה ─ CNT╕√│CNF⌐ ∆╢ ⅜№╢↓≤⅜ ⱪ꜡◓ꜝⱶ

⌐╟∫≡ ⌐ ↕╣≡™╢◄ꜞ▪⌐™╢ ⁸╕√│∕─╟℮⌂

╩ ℮ ∆⌂╦∟⁸Ᵽꜟ◒─CNT╕√│CNF─ ⇔ ⅎ⁸ ⁸ ⁸ ╛⁸

CNT╕√│CNF╩ ∆╢ ─ ╛ ⁸♪ꜞꜟ≢─ ⌐ ╦∫≡™╢√╘

⌐ ─ꜞ☻◒⅜№╢ ╛⁸ ≢ ↄ ─ ⅜↓↓⌐ →√ ╩

⇔≡™╢√╘⌐ ─ꜞ☻◒⅜№╢ ⁹  

 

 

6.7.2  
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─ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘ │⁸ ─№╢ ≢⁸ ≢ ↓╡

╢ ⁸ ⁸CNT⅔╟┘CNF⌐╟╢ ⌐≈™≡ ∆╢ ⌐ ∆╢

⅜№╢⁹ 

 

 

6.7.3  

 

 

 

fi▬ꜝ☻כⱬ ה │⁸ ─№╢ ⅜ ∆╢╙─≤⇔⁸ ⌐

→╢ ╩ ╡ ╗↓≤⁹ 

 

ƺ ╛ ⁸⅔╟┘ Ferris 1978 ⌂≥─ ⁸

╕√│ ─ ─╙─╩ ™≡ ⇔√ ⁹ 

ƺ ⌐ ╩ ™√ ⁹ 

ƺ ⁹ ─fi◓ⱪ꜡◓ꜝⱶ♬כꜞ◒☻ ≤⇔≡

╩ ∆╢─│⁸NIOSH ─ ⅛∕╣⌐ ∆╢ ╩

╖─ ꜡ⱬ▬ꜝfi☻ⱪכ◘┘╟⅔◓fi♬כꜞ◒☻⁸⌐╠↕⁹™⌂╠⌂┌╣↑⌂≢

◓ꜝⱶ╩ ∆╢ │⁸ ╩ ⇔⁸ ⌐ ∂≡

⅜≢⅝╢ ≢⌂↑╣┌⌂╠⌂™⁹   

ƺ ⌂ X ♦☺♃ꜟ╕√│ⱨ▫ꜟⱶ☻◒ꜞכfi꜠fi♩◕fi ⁹

≡─ ⌂ │⁸board eligible/certified ≢ ╩ ↑╢

⅜№╢ │board eligible⁸ ⌐ ⇔≡™╢ │board certified≤™℮

╛⁸ ─board eligible/certified ⌂≥ ⌂ ╩╙∫√

⅜⁸ ⌐ ∆═⅝≢№╢⁹ ⌂ X ⅜ ↕╣╢⅛╙

⇔╣⌂™⅜⁸ ─≤↓╤⁸ ╩ ∆╢ ⌂ ⅜⌂™⁹⇔⅛⇔⁸╙⇔

⌂ ⅜≢⅝╢⌂╠⁸ ─ X ILO 2011╕√│∕─

╩ ™≡⁸NIOSH Bꜞכ♄כ⅜ ╩ ⌐ ⇔ ∆╢↓≤╩

∆╢⁹ 

ƺ ↓─╒⅛⁸ √╢ ⅜ ≤╖⌂∆ ╛ ⁹ ─

─ │⁸ ≢ ↕╣√ ⌂≥─ ⌐╟∫≡ ╕╢⁹

ⅎ┌⁸ X ⌐⅔™≡ ─ ⅜ ↕╣√ ⁸ ─ CT

☻◐ꜗfi╩ ∆╢⌂≥─↕╠⌂╢ ╩ ℮═⅝≢№╢⁹   
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⁸│ ה ⌂ ≢ ∆╢⅛⁸ √╢ ⅜⁸ ⌐ ⇔≡

≢№╢≤ ⅎ╢ ─ ⌂≥ ⌐ ∆╢ ⅜№╢⁹ │⁸

⁸♃כ♦─ ─ ⁸ ─ ⌐╖╠╣╢ ⇔™ ╛ ⌂≥ ⁸

≢─ⱪ꜡☿☻ ⅎ┌⁸CNT╕√│CNF─ ╛ ⅜ ╦∫√

≤⅝⁸ ∑⌠₈↓╓╣₉⅜ ⇔√≤⅝ ⌐ ∂≡ ∆╢⁹ ⌐│⁸

⌐ →╢ ╩ ╡ ╗↓≤⁹  

 

ƺ ⅔╟┘ ─ ─ ⌂≥ ⁹╕√⁸ ⌂ ╩ 1

⁹ 

ƺ ╩3 ⌐1 ╟╡ ⌂™ ≢ ℮↓≤│ ⇔⌂™ OSHA 

NIOSH 2011 ⁹  

ƺ ─ X ⌂≥ ─ ⁹ 

 

 

 

⁸│ ה └≤╡└≤╡⌐⁸ ─ ╩ ⇔√ ╩ ∆╢═⅝

≢№╢⁹ 

 

ƺ ─ ⁹ 

ƺ ─ ≤ ─ ⌐ ∆╢ ╛▪♪Ᵽ▬☻⁸

─ ╛ ─ ⌐ ∆╢ ⁸ ╕√│ ⁹ 

 

⁸│ ה ╩ ↑√ └≤╡└≤╡⌐ ∆╢ ╩ ⌐ ⇔≡⁸

─ ⌐≈™≡ ╠⅛⌐∆╢═⅝≢№╢⁹  

 

ƺ ─ ⌐ ≠ↄ ─ ╛ ─  

ƺ ─ ⌐ ∆╢▪♪Ᵽ▬☻  

ƺ ─ ⅜ ⌐╟∫≡ ⅝ ↓↕╣√╕√│ ⇔√ ⅜№╢⅛

≥℮⅛⌐ ∆╢   

 

─↑ ה ⌐│⁸CNT⅔╟┘CNF╩ ™╢ ⌐ ∆╢ ─

≤ ─ │ ↄ═⅝≢│⌂™⁹№╠╝╢ ⅔╟┘●▬♪ꜝ▬fi

⌐ ∫≡⁸ ─ ─ ╩ ∆╢ ⅜№╢⁹  

 

 

6.7.4  
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─ ⁸ ⁸ ╩ ∆╢√╘─ ╩ ∆╢─⌐ ⌂

╩ ⌐ ∆╢ ⅜№╢⁹╕√⁸ ─◓fi♬כꜞ◒☻ ⁸ⱪ꜡◓ꜝⱶ─

⁸ ∆╢ ⌐ ∆╢ ╩ ⌐ ∆╢ ⅜№╢⁹ 

 

 

6.7.5  

 

⌂ ╩ ≤∆╢ ╛ ≤ ⅜№╡∕℮⌂ Ɽ♃כfi╩

╠⅛⌐∆╢√╘⌐⁸ ⇔√ ╩♃כ♦─◓fi♬כꜞ◒☻ ⌐ ⇔ ∆╢

⅜№╢ ∆⌂╦∟⁸ ☻ⱬ▬ꜝfiכ◘ ⁹↓─ │⁸ ╛ ≤ ⅜№╡

∕℮⌂ Ɽ♃כfi╩ ∆╢√╘⌐⁸ ─№╢ ╛∕─ ─

⌂ ⅜ ℮╙─≤∆╢⁹№╠╝╢ ⅔╟┘●▬♪ꜝ▬fi⌐ ∫≡⁸ ─

─ ╩ ∆╢ ⅜№╢⁹ 

 

│ ─fi◓ⱪ꜡◓ꜝⱶ♬כꜞ◒☻ ╩ ⌐ ⇔≡⁸ ⱪ꜡◓ꜝⱶ⅜⁸

⌐ ∆╢ ─ ╛⁸CNT⅔╟┘CNF ⌐╟╢ ⌐ ∆╢ ─ ≤

⇔⌂™╟℮ ╘⌂↑╣┌⌂╠⌂™⁹  

 

╩◓fi♬כꜞ◒☻┘╟⅔☻ⱬ▬ꜝfiכ◘ ╗ ─ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘

∕─ ─ ⌂ ⌐≈™≡│⁸ B≢ ∂≡™╢⁹ 
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7  

 

NIOSH⅜CNT⅔╟┘CNF╩ ™√ ⌐ ∆╢ ─ ╩ ∆╢ ⌐ ≈⁸

╛♃כ♦ ⅜ ≢№╢⁹≤╡╦↑ ⌂─⅜⁸CNT⅔╟┘CNF┼─

⌐ ⁸≥♃כ♦╢∆ ≢─ ⌂≥ ╛ ⅜ ─

⌐ ≢№╢⅛╩ ∆╢√╘─ ≢№╢⁹NIOSH 5040─↕╠⌂╢ ⅜⁸

╛ ─ ⌐ ∆╢ ╩ ╘╢√╘⁸ ─ ⅔╟┘ ╩ ╘╢√╘⁸

╩ ™≡ ╩ ∆╢√╘⌐ ≢№╢⁹↕╕↨╕⌂ ─CNT⅔╟┘CNF

╩ ™√ ─ │⁸ ⌂ ⱷ◌♬☼ⱶ─ ╩ ↑⁸ ╩ ╙

ↄ ∆ Ɽꜝⱷכ♃ ⁸ⱨ□▬Ᵽכ ⁸ ⌂≥ ⌐≈™≡ ╩ ╘

╢─⌐ ≈≢№╤℮⁹ ⌐⅔↑╢ ─ ꜞ☻◒╩╟╡ ↄ ∆╢√╘⌐⁸

⅜ ≢№╢⁹ 

 

─╟℮⌂♃▬ⱪ─ ⅔╟┘ ⅜ ≢№╢⁹ 

 

 

7.1  

 

─┼CNT⅔╟┘CNF─ ה ╩ ∆╢⁹  

 

NIOSH ה 5040╛⁸∕─ ─ ⌂◘fiⱪꜞfi◓ ⅔╟┘ ╩⁸CNT⅔╟┘CNF

╩ ™╢ ⌐⅔™≡ ∆╢⁹ ⅎ┌⁸EC ⌐ ∆╢NIOSH 5040─

╩ ⇔⁸ ─CNT⅔╟┘CNF⌐ ∆╢ ╩ ╘╢⁹ 

 

NIOSH ה 5040⅔╟┘⁸CNT╛CNF─ ╩ ∆╢√╘─ ─ ⌂ ─⁸

⅔╟┘ ╩ ∆╢⁹ ⌂ ⌐│⁸ ≤╟╡ ⌐ ∆

╢ ⅜№╢ ⌐ ≠ↄ ╩ ™√CNT╕√│CNF ─

⌂≥ ⅜ ╕╣╢⁹ 

 

─┼CNT⅔╟┘CNF ה ─ ⌐ ™╢◘fiⱪꜞfi◓ ⅔╟┘ ╩

∆╢⁹ ⌐⅔↑╢ ◄fi♪ⱳ▬fi♩╩ ╙╟ↄ ∆╢ ╩

∆╢√╘⌐⁸ ⌐⅔™≡↓╣╠─ ⌂╢ ╩ ∆╢⁹  

 

─┼CNT⅔╟┘CNF ה ╩NIOSH REL 1 µg/m
3 ⌐ ⅎ╢√╘⌐⁸ ─

╩ ╠⅛⌐∆╢⁹  
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┼─CNT⅔╟┘CNF ה ╩ ∆╢√╘─ ◦☻♥ⱶ⌐HEPAⱨ▫ꜟ♃╩ ™╢

╩ ∆╢⁹  

 

─CNT⅔╟┘CNF ה ⌐⅔↑╢⁸ ⌂≥ Ᵽꜞ▪ ─ ╩ ╠

⅛⌐∆╢⁹ 

 

┘╟⅔ ה ⌐ ™╢CNT⅔╟┘CNF─ ╩ ⁸ ⁸ ∆

╢⁹  

 

ⱡ♫ ה ⌐ ∆╢ ⌐ ⇔≡ ─ ╣ TIL ╩ ∆╢√╘⌐⁸

╩ ℮⁹ 

 

 

7.2  

 

─⧵╛ ה ─ ╩│∂╘≤∆╢ ⌐ ∆╢ ╩ ∆╢√╘

⌐⁸ ─ ╩ ∆╢⁹ ⅔╟┘⅜╪ ─ꜞ☻◒ ╩ ⌐

∆╢ ⅜№╢⁹ ≢│⁸↕╕↨╕⌂ ─CNT⅔╟┘CNF╩ ⇔⁸╕√⁸

─√╘⌐ ⌂ ╛Ⱪכꜙ♅⁸ ─ ⁸ ⌂≥

╩ ™╢ ⅜№╢⁹ 

 

⅜CNT⅔╟┘CNF ה ⌐⅔™≡ ⌂≥ ╩ ⅝ ↓∆ⱷ◌♬☼ⱶ╛⁸

─ √≤ⅎ┌⁸♅ꜙכⱩ╛ ⁸ ─◘▬☼⁸ ⁸

╩ ╠⅛⌐∆╢⁹ 

 

⅜CNT⅔╟┘CNF ה ⌐ ╕∫≡⁸ ™ ≢ ╛⅜╪─ ⅔╟┘

╩ ⅝ ↓⇔√ ─ ╩ ⌐⁸CNT⅔╟┘CNF┼─ ⅔╟┘ ─

ⱴכ◌כ╩ ∆╢⁹ 

 

≢ ה ™╠╣╢CNT⅔╟┘CNF ≤⁸ ─ ≢ ↕╣╢CNT⅔╟

┘CNF ╩⁸ ⅛≈ ⌐ ∆╢⁹ 

 

⅜CNT⅔╟┘CNF ה ⌐ ⇔≡ ╩ ⅝ ↓∆ ╩ ╠⅛⌐∆╢⁹ 

 

⌂╕↨╕↕ ה ─CNT⅔╟┘CNF─ √≤ⅎ┌⁸ ─ ╩ ∆╢
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√╘⌐in vitro☻◒ꜞכ♬fi◓♥☻♩╩ ™√≤⅝─ ╩ ∆╢⁹ 

 

☻ⱬ▬ꜝfiכ◘┘╟⅔ ה ╩ ∆╢√╘⌐⁸CNT⅔╟┘CNF⌐ ∆╢

─№╢ ─ ╩ ∆╢↓≤─ ╩ ∆╢⁹ 

 

⌐CNT⅔╟┘CNF ה ∆╢ ╩ ⌐⁸ ⅔╟┘ ⅝ ╩ ∆╢⁹ 
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A.1  

 

CNT─ ≤ ⅜ ⇔⁸ ⌐ ⌂ ⅜ ⌐ ╠╣√↓≤⅛╠⁸↓╣╠

─ ╩ ╕√│ ∆╢ ─ ⌐ ∆╢ ─ ⅜ ⌐⌂∫≡™

╢⁹ꜞ☻◒ │⁸ ↕╣√ ╛ ╩ ™≡ ⌂╙─⌐ ⇔√≤⅝─ ꜞ

☻◒╩⁸∕╣╠─ꜞ☻◒ ⌐ ∆╢ ╙ ╘≡◐ꜗꜝ◒♃ꜝ▬☼∆╢ⱪ꜡☿☻

≢№╢⁹ ⁸ ⁸ ⅔╟┘∕─ ─ ─ ⌐╟╡⁸↓╣╠─ꜞ☻◒

╩ ∆╢√╘⌐ ⅜♃כ♦⌂ ╠╣╢⁹ ⌐⅔↑╢ꜞ☻◒ ─ Ɽꜝ♄▬ⱶ

⌐│⁸ ─ 4≈─ ⌂☻♥♇ⱪ⅜№╢⁹∕╣│⁸ ⁸ ⁸

]╢№≢fiꜛ◦כ♀ꜞ♃◒ꜝꜗ◐◒☻ꜞ┘╟⅔ NRC 1983; 2009] ⁹ꜞ ☻◒ │⁸╕√ ₁

⌂ꜞ☻◒ ○ⱪ◦ꜛfi─ ─ ≤ ⌐⅔↑╢ ─☻♥♇ⱪ⅜ ≢№╢

[ NRC 2009] ⁹ ─●▬♄fi☻[ NRC 2009] ≢│⁸ ─ ⌐ ∆╢ ╩ ⇔≡™

╢ ₈∆≢⌐ ↕╣≡™╢ ╛ ╩ ╠∆√╘⌐ ⌂ │ ⅛⁸╕√⁸

ꜞ☻◒ │ ₁⌂ ─ ╩ ∆╢√╘⌐≥─╟℮⌐ ∆╢↓≤⅜≢⅝╢─

⅛ ₉ꜞ☻◒ │⁸ꜞ☻◒ ─ ╩ ∆╢√╘⌐ ⌂ ╩ ∆╢↓≤╩

≤∆╢⁹ 

 

ꜞ☻◒ ─ ≢│⁸ ⅔╟┘ ⌐ ∆╢ ─ ≤⇔≡⁸

⌂ ┘╟⅔♃כ♦─ ╩ ™╢↓≤╩ ╘≡™╢[ NRC 2009] ⁹ ⌂

⅜♃כ♦ ⅎ┌⁸ ⌐╟╡ ⌂ ⌐│⁸ ꜞ☻◒ ╩ ℮

↓≤⅜ ≢№╢⁹ ⌐ꜞ☻◒╩ ≢⅝╣┌⁸ ┼─ ⌐ ℮ ─

≤∕╣⅜ ∂╢ ╩ ∆╢↓≤⅜≢⅝╢[ Piegorsch and Bailer 2005NRC 2009] ⁹

ꜞ☻◒ │⁸ ─ ⁸ ╛ ─ ╩ ╢√╘⌐ ⌂∕─

─ꜞ☻◒ ─ ╩ ⇔ ∆╢ ⌐ ™╠╣╢⁹ 

 

ꜞ☻◒ ⌐ ⌂ ╩⁸CNT│♃כ♦─ ╕√│ ∆╢ ─ ⅜⌂

™ ⌐⅔™≡⁸CNT╩ ™√ ≢№╢⁹↓╣╠─ ⌐│⁸ꜝ♇♩⌐⅔↑╢

CNT─ ⅔╟┘⁸ꜝ♇♩╕√│ⱴ►☻⌐⅔↑╢ CNT⁸ CNT

╕√│ CNF─™ↄ≈⅛─ ⅜ ╕╣╢⁹↓╣╠─ ⅛╠⁸ ╛ CNT

⌐╟╢ ─ ⅔╟┘ ─ ⌐⅔↑╢ ⌐ ⅔♃כ♦╢∆

╟┘ ⅜ ╠╣╢⁹↓─ꜞ☻◒ ≢│⁸CNT─ │ ™≡™⌂™⁹ 

 

↕╣√ ⅛≈ ─╟℮⌂ CNT≤ CNF─ ⁸│♪כ⸗ ⌐ ⅔╟

┘ ⌐ ∆╢⁹↓╣╠─ │ ╩ ╪≢™╢ (1) ♫ⱡ ⁸∆⌂╦∟

⅜ ⇔⁸ ╛ ⌐ ∆╢ (2) ⁸∆⌂╦∟ ─ ╛
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⌐ ∆╢ ⁸ ™ ─◒ꜞ▪ꜝfi☻│ ∆╢⅛╙⇔╣⌂™ (3) CNT≤ CNF─◓

ꜝⱨ□▬♩ ⁸∆⌂╦∟∕╣⅜∕╣╠─ ≤ ⌐ ╩ ⅎ╢[ Donaldson

╠ 2006 Shvedova╠ 2009 Castranova 2011] ⁹CNT⅔╟┘ CNF│ heterogeneous⌂

≢№╡⁸∕─ ≤⇔≡⁸◘▬☼ ↕⅔╟┘ ⁸ ♃▬ⱪ⅔╟┘ ⁸

⅔╟┘ aggregate/agglomerate ⅜ →╠╣╢⁹CNT⅔╟┘ CNF│

⌐⅔™≡ ╩ ∆╢─⅜ ≢№╢⅜⁸ ₁─ ≤⇔≡ ∆╢↓≤╙№╢

[ Johnson╠ 2010 Methner╠ 2010 Dahm╠ 2011] ⁹ ⌐╟╢ ⅔╟┘ ⅛╠⁸

CNT│ ⌐⅔™≡ ╩ ∆∞╤℮≤™℮ ⅜№╢[ Muller╠ 2005 Deng╠

2007 Elgrabli╠ 2008b Mercer╠ 2009 Pauluhn 2010a,b] ⁹⇔⅛⇔⁸™ↄ≈⅛─ ⅛╠⁸

⌐╟╡ CNT─ ╩ ↕∑╢↓≤⅜ ↕╣≡™╢[ Kagan╠ 2010

Osmond-McLeod╠ 2011] ⁹ ⌐⅔™≡⁸CNT╕√│ CNF⌐ ∆╢ ⌐ ≠↑

╠╣≡™╢ ─ ≤⇔≡⁸ ⁸ ⁸ ⅔╟┘ ⅜ →╠╣╢⁹CNT─

│⁸ꜝ♇♩ ⌐⅔↑╢ CNT◒ꜞ▪ꜝfi☻─ ⅔╟┘ ≢─ ≤ ≠↑╠╣

≡™╢ Pauluhn 2010a⁹ ₁⌂♃▬ⱪ─ CNT─ m
2
/g │⁸ꜝ♇♩⌐⅔™≡ ─

≤ ≠↑╠╣≡™╢ Nakanishi 2011a ⁹Mercer╠ 2011 │⁸ ╩ ⌐⁸

SWCNT│MWCNT╟╡ ╩ ⅝ ↓∆↓≤╩ ⇔√⅜⁸↓─ ™│⁸MWCNT⌐

═≡ SWCNT─ ⅜╟╡ ⅜ ⅝™↓≤⅜╦⅛∫√√╘⌐ ⇔√⁹Murray╠

2012 │⁸ ⅛╠ ⇔√ ⅛╠ ⅜⁸ⱴ►☻⌐

⅔™≡ ─ ╛ ≤╟╡ ⌐ ∆╢↓≤╩ ⇔√⁹ 

 

─ and/or ≤ ∂ ╩™ↄ≈⅛ ∆↓≤⌐ ⅎ⁸CNT⅔╟┘

CNF─♫ⱡ☻◔כꜟ │⁸╙∫≤ ─ ╕√│ⱷ◌♬☼ⱶ ⌐

∆╢⅛╙⇔╣⌂™⁹ ⅎ┌⁸in vitro ⌐⅔™≡⁸ ↕╣√ CNT│ ≤⇔≡ ⇔⁸

─ fi◕כꜝ◖┘╟⅔ ╩ ∆╢ ⅜ ↕╣≡™╢ Wang╠

2010 ⁹↓─ⱷ◌♬☼ⱶ│⁸┘╕╪ ╩ ⌐ ⇔√ⱴ►☻─ ≤ ⇔

≡⅔╡⁸ ⌐╟∫≡ SWCNT╕√│MWCNT ⁸ ⌂ ⅜⌂™ ≢

⇔√ Shvedova╠ 2005, 2008 Porter╠ 2010⁹ ─ ⌐ ™⁸∕╣│⁸

/ ─ ╩ ⅝ ↓⇔⁸∕─ ⁸ ≤ ─●☻ ─ ╩╙√╠∆

Hubbs╠ 2010 ⁹ 

 

↓─ ꜞ☻◒ ─ │⁸ ⅜♃כ♦ ⌂ꜝ♇♩≤ⱴ►☻─ ⅛╠⁸

─ ⅜╪ ⅔╟┘ ⌐№╢⁹↓╣╠─ │⁸ ╕╖╣─

⌐ ∆╢ ≢ ↕╣√ⱥ♩⌐ ⅜№╢ Rom and Markowitz 2006 Hubbs ╠

2011⁹ │⁸ ⌐ ≠™≡⅔╡⁸∕╣│ CNT⅔╟┘ CNF─ ⅜ ≡─

⌐⅔™≡ ─ ≤ ⇔≡™╢↓≤⁸⅔╟┘ ⌐ ⌐⅔↑╢

─ ⌐ ↕╣≡™╢ ≢№╢↓≤⌐ ∆╢ 6 ⅔╟┘ C ⁹CNT⅔╟
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┘ CNF⌐ ∆╢⅜╪ ─ 3,4 │⁸ ꜞ☻◒ ⌐│ ≢№╡⁸╕

√⁸CNT╕√│ CNF ─ ─♃▬ⱪ⌐ ∆╢⅛╙⇔╣⌂™ Donaldson╠ 2011 Nagai

╠ 2011 Schulte╠ 2012⁹ 

 

 

A.2  

 

NIOSH≢│⁸SWCNT╕√│MWCNT⌐ ⇔√ꜝ♇♩⅔╟┘ⱴ►☻─ ⅔╟┘

≢ ╠╣√ ╩♃כ♦ ™≡⁸ ─ ⌐⅔↑╢ ╛ ⌐

∆╢ ╩ ⇔√⁹→∫ ─ ◒כⱬfi♅ⱴ─♃כ♦ BMD ⸗♦ꜟ

[ Crump 1984; 1995 EPA 2010] ╩⁸ ╩ ╓∆꜠ⱬꜟ ─ ─ 10%

ꜞ☻◒ ╩ ∆╢√╘⌐ ™√⁹ ─ BMD │⁸ ─ꜞ☻◒╩ ∆

╢√╘⌐ⱥ♩⌐ ↕╣⁸CNT─ NIOSH REL ╩ ∆╢√╘─ ⌂

≤⌂∫√⁹SWCNT╕√│MWCNT⌐ ↕∑√ꜝ♇♩⅔╟┘ⱴ►☻─ ⅔╟┘

≢ ╠╣√ ╩♃כ♦ ™⁸ ─ ─ ⅔╟┘ ─ⱬfi

♅ⱴכ◒ BMR ⌐ ∆╢ BMD ╩ ⇔√⁹ ─ ╩ ≤⇔≡

∆╢↓≤≢→∫ ⅛╠ ↕╣√ BMD ╩ⱥ♩⌐ ⇔⁸CNT─ ⌐╟╢

─ꜞ☻◒╩ ⇔√⁹ꜞ☻◒ ⌐⅔↑╢ ₁⌂ ╛ ─ ╩ ∆╢√

╘⌐ ╩ ∫√⁹ 

 

NIOSH│⁸ ⌂ ⌐│⁸ꜞ☻◒ ⌐⅔™≡ LOAEL ╕√│

NOAEL ╩ ™╢─≢│⌂ↄ⁸BMD ╩ ⇔≡™╢⁹∕─ │ ─≤⅔╡≢

№╢⁹(1) BMD │ ↕╣√ꜞ☻◒ ≢№╢↓≤⁸(2) BMD ≢│ BMD

≤ 95% BMDL ⅜™∏╣╙ ≥☼▬◘ꜟfiⱪ◘─♃כ♦│╠╣↓⁸⅝≢

╩ ⌐ ╣≡™╢↓≤⁸∕⇔≡(3) BMD │⁸BMD(L)╩ ∆╢ ⌐ ─♃כ♦

╩ ⌐ ™≡™╢↓≤≢№╢⁹∕╣≤│ ⌐⁸NOAEL⅔╟┘ LOAEL≢│⁸

(1)ꜞ ☻◒⌐ ≠ↄ╙─≢│⌂™  (2) ⌐ ─ ≤ ↕╣╢⁸╕√(3) ≤

─ ⌐ ↕╣╢⁹⇔⅛⇔⁸BMD ─ ⌐│ NOAEL╕√│ LOAEL╟╡╙ ↄ

─ ╩♃כ♦ ╢№≢╠┌╕⅜♃כ♦⁹╢∆≥ │ BMD ⌐ ⌂ │

↕╣⁸⸗♦ꜟ⌐╟╢ ⅜ ∆ ⅜№╢⁹╕√⁸NOAEL─ │⁸ ⌐

∆╢ ⅜№╡⁸ ⅎ┌ ⌂ ≢│ ↕™ ≢ ⅜

↕╣╢⁹↓─╟℮⌂↓≤│ BMD ╩ ™√ │ ↓╠∏⁸ ─ ⌐╟╡Γ

⌐ ─ BMD ⌐ ≠ↄΔ⁹BMD(L)─ ╩ LOAEL╕√│ NOAEL≤ ∆╢↓≤≢⁸

─♃כ♦ ≢ ⇔√ ≤ ⌐ ↕╣√ ╩ ∆╢↓≤⅜≢⅝╢ ∕

⇔≡⁸↓╣╠─ ⌐⅔↑╢ ≤ ─ ╩ ℮↓≤≢⁸↓╣╠─ꜞ☻◒─
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⅛≈ ⌐ ∆╢ ≤ OEL⅜ ⅝ ↕╣╢ A.6 ⁹ 

 

 

A.2.1  

 

A.2.1.1  

 

CNT⌐ ∆╢ ⌐ ⇔≡↓╣╕≢⌐ ↕╣√→∫ ─ 3 ⁸ 1-3c

⌐≈™≡⁸↓─ꜞ☻◒ ⌐╕≤╘╢↓≤⅜≢⅝╢⅛≥℮⅛╩ ⇔√⁹ ─

CNT⌐ ∆╢ ─№╢ ⌐≤∫≡ ⌂ ┼─ ╩ ═√⁹BMD ⌐ ⇔

√ ⌂ ⅜♃כ♦ ╠╣√ ╩⁸↓╣╠─ ⌐ ╡ ╣√⁹∕╣╠─

≢│⁸CNT─◘▬☼╛∕─ A-1 ─ ⁸ ⁸ ⁸ ╕√│ ─

⁸1 ─ ⅔╟┘ ⌐⅔↑╢ ⌐≈™≡ ↕╣≡™╢⁹ ⌐⁸CNT─

⅜♃כ♦│≢ ╠╣⁸ №√╡─ ⅜ ⌂ↄ 4 20 ⁸ ⌐

─ ™ ≢│ ─ ⅜╕┌╠≢№╢⁹↓╣╠─ ─℮∟─™ↄ≈⅛│⁸BMD

─♃כ♦─╘√─ ╩⌂╪≤⅛ √⇔⁸∆⌂╦∟⁸ ↕╣√◄fi♪ⱳ▬fi♩⌐

⅔™≡ ⌂ ⅜╖╠╣√  EPA 2000⁹ⱬfi♅ⱴכ◒ ⅎ┌

10% ⌐ 1≈╕√│∕╣ ─ ⅜№╢↓≤⅜ ╕⇔™⅜  EPA 2000⁸™ↄ≈⅛─

≢│ ≢─ │ ╘≡ ⅛∫√ 30 100% Lam╠ 2004 Ma-Hock

╠ 2009 Pauluhn 2010a⁹↕╠⌐⁸№╢ Shvedova╠ 2008 ≢│⁸ ⌐

⇔√ │ 1≈∞↑≢№∫√⅜⁸↓─ │∕─ ≢ ⅜ ⌂ SWCNT─

≢№╡⁸ ─ ⌂ ⅜≢⅝╢↓≤⅛╠⁸↓╣╙ ─ ⌐ ╘

√⁹∕─ ⁸ ⇔√ ⅜ ⅛╠ ╣╢╟℮⌂ │ ╘╠╣⌂⅛∫√⁹ 

 

─ ₁─ │√╕⁸♃כ♦ ─ ≤ ─™∏╣⅛⅜⁸BMD⸗♦ꜟ┼─

ⱨ▫♇♥▫fi◓⌐ ≢№╢⁹∕─ │⁸ IT ╕√│ PA ─

≢ ⇔√ mg/ ╕√│ mg/m
3 ≢№╢⁹ ─

│♩♇☿♃כ♦─ ⇔⌂⅛∫√⁹ ⌐ ↕╣√ CNT ⅎ┌⁸ CNT ╛⁸

⸗♦ꜟ ⅎ┌⁸ⱦ♃Ⱶfi E ╩ ™√ │♃כ♦ ╘⌂⅛∫√

⁸│♃כ♦─╠╣↓⇔⅛⇔ ⸗♦ꜟ╩ ∫√ ╩ ™⁸ ─ ™ⱥ♩

⌐⅔↑╢ ⱷ◌♬☼ⱶ╩ ⇔⁸╕√ CNT─ ⅜ Ɫ◙כ♪⌐ ╓∆

╩ ∆╢ ⌐│⁸ ™⅛╙⇔╣⌂™ ⁹ 

 

ꜞ☻◒ ─√╘⌐ ⇔√ ─♃כ♦ ╩⁸ A-1⌐ ∆⁹↓╣╠─ ⌐│⁸

↕╣√ꜝ♇♩╩ ™√ 2≈─ MWCNT Ma-Hock╠ 2009 Pauluhn 

2010a─╒⅛⁸ꜝ ♇♩╕√│ⱴ►☻╩ ™≡⁸SWCNT Lam╠ 2004 Shvedova╠ 2005, 2008
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╕√│MWCNT Muller ╠ 2005 Mercer╠ 2011 ┼─ 4 26 ⇔√ IT⁸

PA╕√│ ⅜ ╕╣≡™╢⁹ ≢│⁸ꜝ♇♩│

Ma-Hock╠ 2009 ╕√│ ─╖ Pauluhn 2010a≢⁸3╕√│ 4 ─ ⌂╢

≢ 13 1 6 ⁸ 5 ⇔≡™╢⁹ ─ │⁸™∏╣─ ⌐⅔

™≡╙ 13 ⌐ ═╠╣⁸Pauluhn 2010a ─ ≢│⁸ 6⅛ ╕≢

↕╣≡™╢⁹ 

 

IT⁸PA⅔╟┘ ⅛╠⁸ ⌂╢ ╛ ─ ╩ ╗∕─ ─ MWCNT╕

√│ SWCNT≤ ∆╢√╘─ ⅜♃כ♦ ╠╣≡™╢⁹IT ⅔╟┘ PA│™∏

╣╙ ╩ ⇔≡ CNT ╩ ⅔╟┘ ┼ ↑╢ ≢№╢⅜⁸PA│

⌐ ∆╢ ╩╟╡ ↕∑╢↓≤⅛╠⁸PA│ IT ╟╡╙ ⌐ ⇔≡™╢≤ ⅎ╠╣

╢ Shvedova╠ 2005; 2008⁹ 1 ⁸ ⅎ┌⁸1⁸7⁸28⁸60⅔

╟┘/╕√│ 90 ╩ ⇔⁸ ╩ ⇔√⁹↓╣╠─ ⌐≈™≡⁸ ─

─℮∟ ╙ ™ ╩♃כ♦─ ꜞ☻◒ ⌐ ⇔≡™╢⁹↓╣╠─ ─

⌐│⁸MWCNT╕√│ SWCNT─ ╛ ≤─ ╩ ℮√╘⁸ ─ ╕√│

ⅎ┌⁸ ⱲfiⱩꜝ♇◒⁸כ◌ ◦ꜞ◌⅔╟┘▪☻ⱬ☻♩ ⌐ ∆╢ כ♦⌂

♃╙ ╕╣≡™╢ Lam╠ 2004 Muller╠ 2005  Shvedova╠ 2005⁹ 

CIB NIOSH 2010 ─ ♪ꜝⱨ♩⌐ ╕╣≡™√ 2≈─ ⌂╢ Porter

╠ 2010 ⅔╟┘ Ellinger-Ziegelbauer-Pauluhn 2009 │⁸ ─ ⅛╠ ⇔≡™╢⁹

↓╣│⁸ ⅜♃כ♦ BMD ─ ♃כ♦─ ⌐ ⌂ ≢№╢↓≤⁸╕√

↓╣╠─ ─ ⅜ ∂ CNT ≢ ∂ ∆⌂╦∟⁸Mercer╠ 2011 ⅔╟

┘ Pauluhn 2010a ⅛╠ ≢№╢↓≤⅜∕─ ≢№╢⁹∕╣╠─ │ ꜞ☻◒

⌐ ╕╣≡™╢⁹ 

 

 

A.2.1.2  

 

ꜝ♇♩⌐MWCNT Baytubes® ╩ 1 ↕∑√ 13 ⇔√

Ellinger-Ziegelbauer⅔╟┘ Pauluhn 2009 ⅛╠⁸1 ≤ 13

Pauluhn 2010a ─ꜝ♇♩ ⌐⅔↑╢ ─ ╩ ∆╢√╘─

╩ ∆╢ ⅜ ╠╣√⁹↓╣╠─ │⁸SWCNT╛ ─MWCNT─

─ ╛ ⌐ ⇔≡™╢⁹ 

 

 

A.2.1.3  
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│⁸CNT─ ≢╖╠╣╢╟℮⌐ ╩ ∆ ≢№╢ 3,4 ⁹

⁸ ⅔╟┘ │⁸↓─ꜞ☻◒ ≢ ∆╢ⱬfi♅ⱴכ◒ ≢

№╢ A-1 ⁹↓╣╠─ │⁸ ⅔╟┘ ⅜ ₁⌂♃▬ⱪ─ ╛

⌐ ∆╢ ≤ ⇔≡™╢─≢⁸ ⌐ ∆╢≤ ⅎ╠╣≡™╢ Rom and 

Markowitz 2006⁹ ⌐⅔™≡↓╣╠ ─ ╛ │⁸ ≢ ↕╣╢

⅜⁸∕╣╠│ SWCNT⌐ ↕╣√ⱴ►☻─ ⅜ ≤⇔≡ ╠╣╢ ◦ꜞ◌⌐

↕╣╢╟╡╙ ↄ ∆╢ [ Shvedova╠ 2005 Lam╠ 2004] ⁹ 

 

─ ╙ ⌂ ≤⇔≡⁸ ─●☻ ─ ╕√│ ─

fi◕כꜝ◖√⇔ ─ ≢╖╠╣╢╟℮⌐ ⌐╟╢ ╩

⇔√ ⅜ ↕╣≡™╢ Mercer╠ 2010, 2011 Shvedova╠ 2005, 2008 Hubbs╠ 2011]⁹

↓─ │⁸PA⌐╟╢ ─ⱴ►☻⌐⅔™≡ ≤≤╙⌐ ∆╢↓≤⅜

↕╣√[ Shvedova╠ 2005 Mercer╠ 2008 Porter╠ 2010 Mercer╠ 2011] ⁹

│ ≢╙ ↕╣⁸ꜝ♇♩⌐⅔™≡ 13 6⅛ ╕≢ ⇔≡™√

Pauluhn 2010a ⁹ ─ ─ ↕│⁸∕╣⅜Γ ⌂ Δ╩

∆─≢⁸ ─ꜞ☻◒ ○♂fi ─ ≤⇔≡ ↕╣≡™╢⁹ 

 

│ ♪♇꜠☻►ꜞ◦─fi◕כꜝ◖ ⌐╟∫≡ ∆╢↓≤⅜ ≢

№╢[ Hubbs╠ 2011] ⁹ ⌐ ℮ │⁸SWCNT╕√│MWCNT⌐ ⇔√ⱴ

►☻ ─◦ꜞ►☻꜠♇♪ ≢ ↕╣≡™╢[ Shvedova╠ 2005, 2008 Mercer╠ 2011] ⁹

SWCNT⌐ ⇔√ⱴ►☻≢⁸ ─ ⅜ ≢╙ ↕╣√[ Mercer╠

2008] ⁹Pauluhn[ 2011a] ╙MWCNT⌐ ⇔√ⱴ►☻⌐⅔™≡ ╩ ⇔≡™╢

⅜⁸0.4 mg/m
3≢╖╠╣╢ ⌂ ≤∕╣╟╡ ™ ≢ ∂╢∕╣╠≤╩ ⇔

≡™╢⁹∆⌂╦∟⁸Pauluhn[ 2011a] │⁸ ─╟℮⌐ ⇔≡™╢⁹Γ fi◕כꜝ◖ ◦

ꜞ►☻꜠♇♪ ─ ⅜ 1.5⅔╟┘ 6 mg/m
fi◕כꜝ◖⁹√╣╠╖≢3 ≢ ⇔√

⌂ ⌐│⁸ ⇔≡ ─ ≤ 0.4 mg/m
3⅛╠⁸ 3 ⅜╖╠╣

√⁹ ⇔√ fi◕כꜝ◖ │ ≤╒╓ ≢№╢↓≤⅜ ↕╣√

│⁸ 12 Δ↓─ ⌐⅔™≡⁸ ─ 1כꜞ◗♥◌ ╕√│∕╣ ⅜ 0.4, 1.5, 

6 mg/m
3─™∏╣⌐⅔™≡╙ 13 26 ╕≢ ╕√│ ⇔√[ Pauluhn 

2010a⁸ 3] ⁹ ≤ ─ ⌐⅔↑╢ ⅜⁸↓╣╠─ ∂ ≢ ↕╣⁸

↓╣⅜ ╙ ⇔√⅜⁸0.4 mg/m
3 ≢│ 39 ≢ ⇔√⁹0.4 mg/m

3

│ ─ ⌐⅔™≡ LOAEL≢№╡⁸ ⁸0.1 mg/m
3⅜ NOAEL≤ ⅎ╠╣√[ Pauluhn 

2010a] ⁹0.4 mg/m
3≢ ⌂ ⅜ ↕╣╢↓≤⌐ ⇔≡⁸ ─ ⌐╟∫

≡│↓╣╠ ─ ⅜ ≤╖⌂∆╕√│ ⌐⌂╢ ⅜№╢≤⇔≡⁸ ↕╣

╢⅛╙⇔╣⌂™⁹NIOSH│⁸0.4 mg/m
3⅔╟┘∕╣ ─ ⌐⅔↑╢ ⅔

╟┘∕╣⌐ ∆╢∆╢ ⌐≈™≡⁸ ┼ ∆╢ ─ ─ ≤
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⅛╠⁸ⱥ♩─ ꜞ☻◒ ⌐ ∆╢ ⌂ ≢№╢≤ ⇔√⁹↓╣╠─

⌐╟╡⁸ ╕√│╟╡ ™ ─ ∆⌂╦∟⁸↓─ ╩ ↓⇔√ꜝ♇

♩─ ⁸0.4 mg/m
3⅔╟┘∕╣ ─ ≢ ↕╣√ꜝ♇♩╩ ╗ ╩ Pauluhn [2010a]

─ ⌐⅔↑╢ⱬfi♅ⱴכ◒ ≤⇔≡ ⁸│♃כ♦─╠╣↓⁹∞╪ ─

☻◖▪≤⇔≡ ↕╣√╙─≢№╢⅜[ Pauluhn 2010a⁸ 3] ⁸ BMD⸗♦ꜞfi◓

─√╘⌐ ≢№∫√─≢⁸NIOSH│ ╩♃כ♦ ↓⁸│♃כ♦─╠╣↓⁹√⇔

─ ⌐ ∂≡ Pauluhn ⅛╠ ↕╣√ ⁸J. Pauluhn⅔╟┘ E. Kuempel⁸2010

1 27 ⁹ 

 

─ │ ─ ⅔╟┘ ─ ≤ ⇔≡⅔╡⁸∕╣⅜ⱥ♩⌐⅔↑╢

─ ≢№╢⁹∕╣│╕√ꜝ♇♩⌐⅔™≡ ⌐ ∆╢ ⅜╪─ ≢╙№╢ IARC 

2010 NIOSH 2011a⁹ ─ │⁸CNT╩ ╗ ₁⌂ ⌐ ⇔√ ─

BAL ─ PMNs ─ ⌐╟╡ ∆╢↓≤⅜ ≢№╢⁹⇔⅛⇔⁸

№╢ CNT│⁸ │ ╕╢⅜ ─ ⅜ ∆╢ Shvedova╠ 2005,2008 Mercer╠

2010 Pauluhn 2010a⁹↓╣│⁸BAL ─ ─ ⅜⁸™ↄ≈⅛─ CNT⌐╟╢

⌂ ┼─ ⌐ ∆╢ ╣√ ⌐⌂╠⌂™⅛╙⇔╣⌂™↓≤╩ ⇔≡⅔╡⁸↓╣│⁸

╛ ─ ─ ─≤│ ⌂╢ⱷ◌♬☼ⱶ ⌐ ⇔⁸ ⌂ ╩

∆╢↓≤⌂ↄ ─ⱨ꜠כⱶ꞉כ◒≤⇔≡ ∆╢ ⌐╟∫≡ ⅜

↕╣╢╟℮⌐╖ⅎ╢ Wang╠ 2010b⁹ ─ ≢│⁸ ─ Ma-Hock╠ 2009

╛⁸╟╡ ⌂ ─ ≢№╢ ꜞⱳ♃fiⱤ◒ ⌐ ∆╢MWCNT─

⅜⁸MWCNT─ ≢ ↕╣√ Ma-Hock╠ 2009⁹ 

 

╕√│╟╡ ™꜠ⱬꜟ─ ─↓╣╠ ⌐⅔↑╢ │⁸ⱬfi♅ⱴכ◒ ≤⇔≡

↕╣√⁹↓╣⌐│⁸ ⌐╟∫≡ ↕╣╢╟℮⌐⁸ ─ ─ ꜠ⱬꜟ ◓

♪כ꜠ 1 Ma-Hock╠ 2009 ╕√│ Pauluhn 2009 ⅜ ╕╣≡™√⁹

⌂ ─ ꜠ⱬꜟ⌐⅔↑╢ ⁸│♃כ♦ ⌂ ─ ⌂ ╩ ⇔⁸∕

╣│ ꜞ☻◒ ─√╘⌐ ≢№╢⁹ ≢ ↕╣√ ≤ⱥ♩≢ ⌂

⅜⁸ ─ ╛ ⌐ ↑╠╣╢⅛≥℮⅛│ ╠╣≡™⌂™⁸╕√│↓╣╠

─ ⅜ ─ ≤⇔≡ ⇔√ │⁸╟╡ ⌂꜠ⱬꜟ─↓≤⅜ ⇔ ∆

╢⅛╙⇔╣⌂™⁹ ꜠ⱬꜟ─ ╩ ∆╢↓≤⌐ ∆╢ꜞ☻◒ ─ ╩ ∆

╢√╘⌐⁸ ⌐⅔™≡ ─꜠ⱬꜟ─ ♪כ꜠◓ 2 ⌐ ⇔≡╙ꜞ☻

◒ ╩ ⇔√⁹ 

 

↓─ꜞ☻◒ ⌐⅔↑╢ ─ │⁸ ◄fi♪ⱳ▬fi♩⌐≈™≡

↕╣√ ─ ╕√│ ₁─ ⌐⅔↑╢ ╕√│ ꜠ⱬꜟ ─™∏

╣⅛≢№╢ A-1 ⁹ │⁸ Lam╠ 2004⁸ Ma-Hock
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╠ 2009 ⅔╟┘ ─ Pauluhn 2004a ─ ╩ ╪

≢™╢⁹ │⁸ⱥ♪꜡◐◦ⱪ꜡ꜞfi─ ⌂≥ Muller╠ 2005 ╛

─ ↕⅜ ╕╣╢ Shvedova╠ 2005, 2008 Mercer╠ 2011⁹ 

 

 

A.2.1.4  

 

∆╢≤⁸CNT─ꜞ☻◒ ⌐ ⁸│⌐♃כ♦╢⅝≢ ─→∫ ─ ≤ ⁸

≤ ⁸ ₁⌂ ≤ ─ ╩ ╗ ─ SWCNT⅔╟┘MWCNT⅜ ╕╣≡™

╢ A-1 ⁹↓─ꜞ☻◒ ≢ ™√ ─ │⁸ ─ CNT─ ⁸∆⌂╦

∟ ╕√│ ─ ─ ╕√│ ─ ◘▬☼ ⅔╟┘

⌐♃כ♦ ≠™≡ ⇔√ ╕√│ ─ ≢№

╢⁹ ╩ ™√─│⁸ ≡─ ⅜↓─ ╩ ⇔≡™√↓≤╛⁸

⅜ ⌐⅔™≡ ╛ ≤ ⇔≡™√⅛╠≢№╢⁹ 

 

 

A.2.2  

 

IT ⅔╟┘ PA ─ Lam╠ 2004 Shvedova╠ 2005 Muller

╠ 2005 Porter╠ 2010 ⌐ ⇔≡│⁸ ⇔√ CNT─ │ ─ ≤ ⇔™≤

⇔√⁹ Shvedova ╠ 2008 Ma-Hock╠ 2009 Ellinger-Ziegelbauer and Pauluhn 2009

Pauluhn 2010a≢│⁸ ⅔╟┘ ⁸ ⌂ ⅔╟┘ CNT─

⌂ ╠⅛♃כ♦ ⇔√╙─ ⌐ ≠⅝⁸ ─ ╩ ─≤⅔╡ ⇔

√⁹ 

 

A-1  

ɛg  

ɛg /m
3 × / × / × × L/min × 0.001 m

3
/L 

× 60 /  ×  

 

⅔╟┘ │⁸ ≢ ↕╣√≤⅔╡≢№╡⁸ A-1⌐ ⇔≡™╢⁹

─ ⌐ ⇔√ │⁸ ≤ ⌐ ≠⅝⁸ⱴ►☻≢│ 0.037 L/min  EPA 

1988; 2006⁸Pauluhn 2010 ─ ꜝ♇♩ 369g ≢│ 0.25 L/min⁸Ma-Hock╠ 2009

─ ꜝ♇♩≢│⁸ ╩ 300g  EPA 1994, 2006 ≤ ⇔≡ 0.21 L/min ≤⇔√⁹

ꜝ♇♩─ │⁸SWCNT≤ MWCNT⌐ ⇔≡ ↕╣√

MMAD ⅔╟┘ GSD ╩♃כ♦─ ™⁸ ↕╣√ ⌐
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∆╢MPPD 2.0⸗♦ꜟ CIIT ⅔╟┘ RIVM 2006 ⌐ ≠™≡ ⇔√ A-2 ⁹ⱴ►☻

Shvedova╠ 2008 ⌐⅔↑╢ │⁸MMAD A-2 ⌐ ≠⅝⁸Raabe╠

1988 ─ 2≢ ↕╣≡™╢ ─ ⅛╠ ⇔≡ 0.01≤ ⇔√⁹

MWCNT⌐ ∆╢ 2≈─ Ma-Hock╠ 2009 Pauluhn 2010a≢│⁸

⌐ ⅎ≡⁸ꜝ ♇♩─ ⌐≈™≡╙ ╩ ∫√⁹MPPD 2.0⸗♦ꜟ CIIT ⅔╟┘ RIVM 

2006 ╩ ™⁸ MPPD 2.0⸗♦ꜟ≢ ⌂ ╩ ⇔⁸↓╣╠─ ≢

↕╣√ ─MMAD ⅔╟┘ GSD A-2 ⌐ ≠™≡⁸13 ⌐⅔↑╢

╩ ⇔√⁹Ma-Hock╠ 2009 │ MWCNT─ ╩ 0.043 g/mL≤ ⇔⁸Pauluhn

2010a │ MWCNT─ ╩ 0.1 0.3 g/mL≤ ⇔≡™╢⁹ 1 ≤ ⇔√

─ ─ ⌐≈™≡│⁸A.6.1.1 ≢ ∆╢⁹MPPD⸗♦ꜟ ver.2.0╕√│ 2.1

╙ ─ ⌐ ™╢⁹ ─ MPPD2.0 CIIT ⅔╟┘ RIVM 2007 ⅛╠MPPD2.1 ARA 

2011 ┼─▪♇ⱪ♦⁸≡∫╟⌐♩כRaabe╠ 1988 ─ ⌐ ≠ↄꜝ♇♩ head/extra

─ ⅜ ↕╣⁸∕─ ꜝ♇♩ ⌐⅔↑╢ ⅜╟╡ ↄ⌂∫√

⁸O.Price⅔╟┘ E. Kuempel⁸2010 9 24 A.6.1.1 ⁹ 

 

↓╣╠─ ⸗♦ꜟ≢ CNT⅜ ↕╣√↓≤│⌂™⁹⇔⅛⇔⁸ ↕╣√

│⁸ ⌐⅔™≡CNT⅜ⱴ▬◒꜡ⱷכ♩ꜟ◘▬☼ ─MMAD ─ A-2 ⁸

⌂ ╩ ⅎ╢╙─≤ ⅎ╠╣╢ ↕╠⌂╢ │ A.6.1.1 ╩ ⁹ ⌐⅔↑

╢ CNT◒ꜞ▪ꜝfi☻⅔╟┘ ─ │⁸ ─ ≢⅛⌂╡ ™◒ꜞ▪ꜝfi☻≢№

∫√≤ ↕╣≡™╢√╘ Mercer╠ 2009 Pauluhn 2010a,b⁸ ╟╡╙ ⅛⅛╙⇔

╣⌂™⁹CNT ─ ─ ⌐⅛⌂∫√ │⁸ ⌐ ≠ↄ⸗♦ꜟ MPPD, 

CIIT ⅔╟┘ RIVM 2007, ARA 2011 ⅛╠ ↕╣╢ ◒ꜞ▪ꜝfi☻⌂⇔ ≤

─◒ꜞ▪ꜝfi☻ ⌐╟╢≤ ⅎ╠╣╢⁹↓╣│⁸ ⌐ ⇔√ CNT│№╢ ◒ꜞ

▪ꜝfi☻╩ ↑╢√╘≢№╢⅜⁸ ⅛╠─ ≢│⁸ꜝ♇♩╛ⱴ►☻⌐⅔™≡

™ ≢ ─ ╟╡╙◒ꜞ▪ꜝfi☻ ⅜ ™↓≤⅜ ↕╣≡™╢

Deng╠ 2007 Mercer╠ 2009 Pauluhn 2010a, 2011Elgrabli╠ 2008b⁹ 

 

 

A.2.3 BMD  

 

SWCNT╕√│MWCNT⌐ ↕∑√ꜝ♇♩⅔╟┘ⱴ►☻─ ⁸ⱬfi♅ⱴ│♃כ♦

◒כ Crump 1984  EPA 2010 ╩ ™≡⸗♦ꜟ ⇔√⁹ⱬfi♅ⱴכ◒ ≤│⁸

Γ Ᵽ♇◒◓ꜝ►fi♪⌐ ⇔≡ ₈ ⌂₉ ꜠ⱬꜟ⌐ ─ ╩╙√╠∆

─ ⌂ ₉≤⇔≡ ↕╣≡™╢ Crump 1984⁹BMD ⌐ ∆╢

꜠ⱬꜟ─ ⱬfi♅ⱴכ◒ ╕√│ BMR≤ ┌╣╢ │ ⁸ ─♃כ♦ ™

⌐№╢ ⅎ┌⁸10 ─ ꜞ☻◒ ⁹ ⌐⅔™≡⁸BMD ≤™℮ │
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⌐ ≠ↄ ╩ ∆ ⌐ ™≡⅔╡⁸BMDL ≤™℮ │ 95% ╩ ⇔

≡™╢ ∆⌂╦∟⁸Crump 1984 ⅜ ⌐ ⇔√≤⅔╡ ⁹ ─Ᵽ▬○▪♇☿▬

⌐⅔™≡ 10%⅜ ─ ╕√│∕╣⌐ ™↓≤⅛╠  EPA 2012 Crump 2002⁸

╕√│ ⌐♃כ♦ ≠ↄ ꜞ☻◒│ 10%╩ ™≡™╢⁹10%BMR⌐ ∆╢

BMDL│⁸ ╕√│ ─ ⌐ ∂≡ ⌂╢ ╩ ™⁸

─ POD ≤⇔≡ ∆╢  EPA 2012 ⁹↓─ │⁸ ⌐⅔↑

╢ ⅎ┌⁸ ⅛╠ⱥ♩┼─ ⁸ ⁸ ─♃כ♦  EPA 2012

╩ ∆╢↓≤⌐╟∫≡⁸ ╕√│ ꜞ☻◒⌐ ≠⅛⌂™ ≢─

╩ ≢⅝╢⅛╙⇔╣⌂™⁹ 

 

A.2.3.1  

 

dichotomous ♃כ♦ │™/™™ⅎ─ ⌐ ⇔≡⁸BMD │⁸ ⅎ╠╣√ ─

⌐⅔↑╢ ─ ⌐ ∆╢ ≤ ↕╣⁸ ꜞ☻◒ ∆⌂╦∟⁸Ᵽ♇◒◓ꜝ

►fi♪╩ ╢ ╕√│ ꜞ☻◒ ∆⌂╦∟⁸ ╩ ∆Ᵽ♇◒◓ꜝ►

fi♪ ≤ ⇔≡ ≤⇔≡ ™╠╣╢ Crump 2002⁹ 

 

⌐⅔™≡ BMD ╩♃כ♦ │⁸ ─ ⌂ BMR ╩ ∆

─ ─℮∟ ─ ꜞ☻◒ ⅎ┌⁸10 ⌐ ∆╢ ≢№╡⁸ ─

╟℮⌐ ↕╣╢⁹ 

 

A-2  

BMR = P(d)  P(0) 

 

P(d)│ BMD ≢─ ─ ╩⁸P(0)│ ≢─∕─ ─ ╩ ∆

Crump 2002  EPA 2010⁹ 

 

⌂BMR─ ⌐│⁸ Ma-Hock╠2009╕√│ Paulhn 

2010a ─ ─ ⅜ ╕╣╢ A-1 ⁹ ╕√│∕╣ ─ ≢ ∆╢ ─

╩⁸ⱬfi♅ⱴכ◒ ≤⇔≡ ⇔√⁹BMD(L)─ │⁸ ─ BMR⌐ ∆╢

→∫ ─ SWCNT╕√│MWCNT─ ≤⇔≡ ↕╣╢⁹↓╣╠─ כ♦

♃⌐ ≠™√ BMD(L)│⁸ CNT ⅔╟┘ ─ ⌐⅔↑╢ ⌂ ⌐

≠™≡ⱥ♩┼ ↕╣╢ A.2.4 ⁹ 

 

A.2.3.2  
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continuous ╩♃כ♦ ™╢ BMD ≢│⁸ ∆╢ ⌐ ∫≡ BMR꜠ⱬꜟ╩

⇔⌂↑╣┌⌂╠⌂™⁹ ⁸│╠⅛♃כ♦ ─ ╕√│ ⌐ ∆╢

⅜ ╠╣╢⁹ ─ ⌐│⁸ ⌂ ╕√│ ⌐ ∆╢♀꜡ ─ ꜠

ⱬꜟ╩ ╘╢↓≤⅜≢⅝╢ ⅎ┌⁸ ⌂ ⌐⅔↑╢ ─ ╕√│♃fiⱤ◒

⁹↓╣╠─꜠ⱬꜟ│ ⌐ ⇔≡ ⇔⁸№╢ ≢ ⌂ ─ ╩

⅝ ↓∆ ⅜№╢ NIOSH 1986⁹♦כ♃⅜ ⌂ ⌐│⁸BMR│⁸ ⌂

⌐ ∆╢⅛╕√│∕╣╩ ⅝ ↓∆≤ ⅎ╠╣ ╢ ⌐ ⌂ ─

⌐∆╢↓≤⅜≢⅝╢⁹⇔⅛⇔⁸ ⌂ ⌐ ∆╢ ⌂꜠ⱬꜟ╩ ∆

╢∞↑─ ™⌂⅜♃כ♦⌂ ⅜№╢⁹∕─ ⌐│⁸ ─♃כ♦ BMR≤⇔≡

╩ ™╢ Crump 1995 ⁹ 

 

Crump 1995 │⁸№╢ │₈Ɫ▬Ⱪꜞ♇♪₉ ≤ ┌╣≡™√ ⌐≈™≡

⇔≡⅔╡⁸ ╕√│ ⌐ ⌂ │ ─ 99Ɽכ☿fi♃▬

ꜟ ≢№╢≤ ⇔⁸ ⌐♃כ♦ ≠ↄ ꜞ☻◒ 10%⌐ ∆╢ BMD(L) ╩⁸

╠⅛♃כ♦ ⇔≡™╢⁹↓─ ⌐╟╢≤⁸ ─ ≤ ⇔≡₈

─ ─≤⅝⁸BMR 0.1⅔╟┘ Po 0.01≤ ∆╢↓≤│⁸ ─ 1.1

─ ─ ╩╙√╠∆ ≤⇔≡∕─ BMD ╩ ∆╢↓≤≤ ∂≢№╢₉ Crump 

1995 ⁹∆⌂╦∟⁸ ⌐⅔↑╢ ─ ─ ⅜ ─ ─ 1%

≢№╢≤ ∆╢⌂╠┌⁸ ─ ╩ ⅎ╢ 1.1─BMR╩ ∆╢↓≤│⁸

≢♃כ♦ ↕╣√ 10%BMD ≤ ⌐⌂╢⁹ 

 

ⱴ►☻⌐⅔↑╢ CNT─ ⌐♃כ♦ ≠ↄ BMR─ ─ ⌐⅔™≡⁸

⌐ ≠ↄ BMR⅜ ⌐ ∆╢ ╩ ╩ ≢⅝╢

⅛ ∆╢√╘⌐⁸ꜝ♇♩╩ ™√ ○♂fi ─ ⅜ ™╠╣√ Chang╠

1992 Costa╠ 1995 Stockstill╠ 1995⁹⇔⅛⇔∕╣╠ꜝ♇♩─ │⁸Shvedova ╠ 2005, 

2008 ⌐╟╢≤ⱴ►☻⌐℮╕ↄ ≢⅝⌂⅛∫√╟℮≢№╢⁹∆⌂╦∟⁸ꜝ♇♩≢ ↕

╣√ ∆╢ ⌐ │⁸ ─ ─ ↕─ ⌐

⇔≡ 36% ⇔≡™√⅜ Chang╠ 1992 Costa╠ 1995⁸↓─ │ Shvedova ╠ 2005, 

2008 ─ ⱴ►☻≢ 30%⌐ ∂≡⅔╡ ∕╣⌐ ⇔≡ Chang╠ 1992

≢│ 2.5% ⁸∕─ ─ ≈⌐⁸ ⱴ►☻─ ─ ⌐│╟╡ ⅝™┌╠≈⅝⅜

№∫√↓≤⅜ →╠╣╢⁹↕╠⌐⁸ꜝ♇♩╕√│ⱴ►☻─ ─ⱥ♪꜡◐◦ⱪ꜡ꜞfi ⌐

⇔≡⁸ ⌐ ─№╢ BMR─♦כ♃⅜ ⅛╠⌂⅛∫√⁹ ╕√

│ⱥ♪꜡◐◦ⱪ꜡ꜞfi ─ ⌐ ∆╢ BMR╩ ↑╢ ⅜⌂™√╘⁸

NIOSH│ Crump 1995 ⅜ ⇔√ ╩ ™≡™╢⁹↓─ │⁸ ─ ─

─ 99Ɽכ☿fi♃▬ꜟ ⅜ ╕√│ ⌐ ≢№╢≤ ⇔⁸ ─

╩ ╢ 1.1─ BMR│ ╢↑⅔⌐♃כ♦ ꜞ☻◒ 10%≤ ⇔™≤∆╢╙
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─≢№╢⁹ 

 

∆⌂╦∟⁸ ♃כ♦ ─ ↕╕√│ⱥ♪꜡◐◦ⱪ꜡ꜞfi ≢ ™╢ BMR

│ ─≤⅔╡ ≠↑╠╣╢⁹ 

 

A-3  

BMR  ɛ(d)  ɛ(0) 

 

ɛ(d)│ BMD(d)≢─ ⁸ɛ(0)│ ─ ⁸BMR│ ─ SDs ∆

⌂╦∟⁸↓╣╠─ ≢│ 1.1 ≢№╢⁹⇔√⅜∫≡⁸ ⌐♃כ♦ ≠ↄ BMD │⁸

d≢ ↕∑√≤⅝─ ─ ⌐⅔↑╢ ─ 99Ɽכ☿fi♃▬ꜟ ╩ ╢

╩ ⇔√ ─ ─ 10% ⌐ ∆╢ ≢№╢⁹ɛ(d)⅔╟┘ɛ(0)─ │⁸ ∆

╢ ⸗♦ꜟ ⸗♦ꜟ ⅛╠ ⅛╣√╙─≢№╢ A.2.3.3 ⁹ 

 

 

A.2.3.3 BMD  

 

─ ♩fi◓♁ⱨꜞ♦⸗─◒כ⁸ⱬfi♅ⱴ│♃כ♦ BMDS 2.1.2 ╩ ™≡ⱨ▫

♇♥▫fi◓↕∑√  EPA 2010⁹ │♃כ♦ ─ 2 ⸗♦ꜟ⌐

≡│╘√⁹ ⌐ ♃כ♦╢∆ Ma-Hock╠ 2009 Pauluhn 2010⌐│⁸◄fi♪ⱳ▬

fi♩ ⁸ ⁸ ♪כ꜠◓╢╟⌐ 1 ─♀꜡≤

100%─ ─ ⌐∕╣∙╣ 1 ⇔⅛ ⇔⌂⅛∫√⅜⁸ ⌐♃כ♦ ⌐ⱨ▫

♇♥▫fi◓≢⅝╢ ─⸗♦ꜟ≢№∫√⁹∕─ ─ BMDS⸗♦ꜟ│ ⌐ ╕√│∕─

─ ⌐⅔™≡ ─Ɽꜝⱷכ♃ ⅜ ╠╣⌂⅛∫√⁹ ⁸3│♃כ♦

≈ ─ ─ ⌐♃כ♦ ⇔≡│ 2 ⁸2≈─ ⌐♃כ♦─ ⇔≡│ 1 ─

⸗♦ꜟ⌐ ↕∑√ A-1─ ╩ ⁹ 

 

─ P │⁸ ₁─ BMDS⸗♦ꜟ↔≤⌐ ⌐ ≠⅝ ⇔√  EPA 2007 ⁹

⌐ ≠ↄ P │⁸1 №√╡─ ⅜ ⌂™ ⌐⅔™≡│⸗♦ꜟ ─

≤⇔≡│ ⌐ ↑╢⅛╙⇔╣⌂™⅜⁸⸗♦ꜟ─ │ p 0.05 ─ ≢№

╣┌ ≤╖⌂⇔√⁹ ⌐⅔↑╢ №√╡─ ╩ A-1⌐ ⇔≡™╢⁹EPA

│ ⌐⁸BMD ⸗♦ꜟ ─ ≤⇔≡ p 0.1╩ ™≡™╢  EPA 2012 ⁹™∏╣─

╙ ≤ ⅎ╠╣⁸ ╕√│ ╩ⱨ○♪כ꜠♩╢↑⅔⌐ ∆⁹∆⌂

╦∟⁸p 0.1≢│ ⌂⸗♦ꜟ╩╟╡ ⌐ ≢⅝╢ ≢⁸p 0.05≢│ ⌂⸗♦

ꜟ╩ ∆╢ ⅜ ╢⁹ ─┼♩♇☿♃כ♦ BMD⸗♦ꜟ─ ╩⁸ A-1

⁸ A-2 ⁸ ⅔╟┘ A-3 ⁸ ⌐ ⇔≡™╢⁹ 
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A.2.3.4  

 

→∫ ─ BMD(L)╩⁸ ─ №√╡─ ≢ ─

⌂ ⌐ ≠⅝⁸ⱥ♩⌐ ⇔√⁹ⱥ♩≤ │⁸ ∆⌂╦∟ ─

√╡─ CNT─ ⌐ ⇔≡ ⇔™ ╩ ∆╙─≤ ⇔≡™╢⁹ⱥ♩ BMD ⅔

╟┘ BMDL │ ⌐ ™╢ ≢№╡⁸∕╣∙╣⁸45 ─ ⌐

⅔↑╢ 8 ─TWA ≤⇔√≤⅝─⁸ MLE ⅔╟┘ 95% 95

LCL ≢№╢⁹ 

 

ⱥ♩ BMD ⅔╟┘ BMDL │ ─≤⅔╡ ⇔√⁹ 

 

A-4  

ⱥ♩ BMD(L)  

→∫ ─ BMD(L)  × Alv SAⱥ♩ / Alv SA→∫  

 

Alv SA ⌐ ⇔√ │⁸102 m
2 ⱥ♩ Stone╠ 1992⁸0.4 m

2 ꜝ♇♩

⅔╟┘ 0.055 m
2 ⱴ►☻ ≢№∫√ Mercer╠.2008⁹ A-3 A-5≢│⁸ⱥ♩ BMD(L)

⌐ 0.001 mg/ɛg╩ ∂≡⁸ №√╡─ mg╩ ╘≡™╢⁹ 

 

ⱥ♩ BMD(L)│⁸ ⌐⅔↑╢ CNT─ mg ≤⇔≡ ↕╣╢⁹BMD(L)─ⱥ♩

─ ╩╙√╠∆≤ ⅎ╠╣╢ ─ │⁸ ⌐ ∆≤⅔╡⁸

─╖ ◒ꜞ▪ꜝfi☻⌂⇔ ╕√│ ≤ ◒ꜞ▪ꜝfi☻ ─™∏╣⅛⌐

≠™≡ ⇔√⁹ 

 

a  ─  

 

A-5  

8 TWA─ ɛg/m
3

  

ⱥ♩ BMD(L) (ɛg) 8 ─ m
3
/ × ×   

 

8 ╩ 9.6 m
3

ICRP 1994 ≤ ⇔⁸ ⌐ ≠ↄ

A-2 ⁸⅔╟┘ 250 / ×45 ╩ ⇔√⁹ 

 

b  ─  
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⇔√ ⌐ ∆╢ MPPD 2.0ⱥ♩⸗♦ꜟ CIIT ⅔╟┘ RIVM 2006 ╩ ™

≡⁸ⱥ♩ BMD(L)─ ╩╙√╠∆≤ ⅎ╠╣╢ ╩ ⇔√⁹

↓╣│⁸ ─ ╩ ⇔√ 45 ─ ⌐╦√╢ 8 ─

TWA ╩ ∆╢≤™℮ ⌂ ⌐╟╡ ∫√⁹MPPDⱥ♩⸗♦ꜟ Yeh

≤ Schum─ⱥ♩ ⸗♦ꜟ○ⱪ◦ꜛfi ≢ ⇔√ Ɽꜝⱷ⁸≡⇔≥♃כCNT─

MMAD⁸GSD A-2 ⁸ ─ ⁸ ─ ⌂ oronasal normal 

augmenter ─╒⅛⁸1 8 ─ 9.6 m
3

1 √╡─ 17.5 ⁸1

1143 mL≤⇔√ ⅔╟┘ 1 8 ⁸ 5 ⁸ 50 ≢ 45 ≤™∫√ ─

╩ ™√⁹ 

 

MWCNT⌐ ∆╢ 2≈─ ⌐⅔™≡⁸ ꜞ☻◒ │⁸ ↕╣√

╕√│ ↕╣√ ─™∏╣⅛⌐ ≠™≡ ⅝ ↕╣√╙─≢№╢ Ma-Hock 

╠ 2009 Pauluhn 2010a⁹ 

 

 

A.3  

 

A.3.1  

 

→∫ ─BMD(L)⁸ⱥ♩ BMD(L)⁸∕⇔≡∕╣╠⌐ ∆╢ 8 TWA

MLE ⅔╟┘ 95%LCL ─ ⱬfi♅ⱴכ◒ BMC ≤ BMCL BMC

─ 95%LCL ≤ ┌╣╢ ╩⁸ A-3⅛╠ A-5⌐ ∆⁹ꜞ☻◒ ≢ ∆╢ ⸗

♦ꜟ│ ≡⁸BMD(L) ⌐ ∆╢→∫ ⌐♃כ♦─ ⌐ p 0.05 ⇔≡™√

A-3⅛╠ A-5⌐⁸Ⱨ▪♁fi─ X
2 ⌐ ∆╢ p ╩ ∆ ⁹ 

 

A-3≢│⁸BMD(L)⅔╟┘ BMC(L) │⁸ ⅜ ╠╣√ SWCNT╕√│

MWCNT─ IT ⁸ PA ╕√│ ⌐ ≠™≡™╢⁹→

∫ ─ ≢─ │⁸ ─ ⅛╠ 32 60 ⌐ ⇔√⁹→∫ ┼─

│⁸ IT ╕√│ PA ╕√│ ≢№╢⁹BMR│⁸→∫ ─

─ ─ ╩ ╢ 1.1─ ─ ─ ∆⌂╦∟⁸

─ ↕╕√│ⱥ♪꜡◐◦ⱪ꜡ꜞfi ≢№╢ A.2.3.2 ≢ ⇔√≤⅔╡ ⁹

─ⱥ♪꜡◐◦ⱪ꜡ꜞfi ╩◄fi♪ⱳ▬fi♩≤⇔√ Muller╠.2005⁸8 TWA

│⁸╟╡ ⅜ ™ ─ ─ ≢№╢ Mercer╠ 2008 ─

↕╩◄fi♪ⱳ▬fi♩≤⇔√ ≤ ═≡⁸ ⇔ↄ ↄ ↕╣╢⁹ 
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A-4≢│⁸BMD(L)⅔╟┘ BMC(L) │⁸ ╩ ⇔√ SWCNT─

⌐ ≠™≡™╢⁹ ≢─ │⁸ ─ ⅛╠ 90 ⌐ ↕╣√⁹BMR│⁸

─ ─ꜝ♇♩─ ─ 10% ꜞ☻◒≢№╢⁹Lam╠ 2005 │⁸

SWCNT─ 3≈─ ⌂╢ 2%⁸ 27%⁸♬♇◔ꜟ 26%─™∏╣⅛╩ ⌐ ∆

╢ ╩♃כ♦ ⇔≡™╢⅜⁸BMD(L)⅔╟┘ BMC(L) │⁸ 2%╩ ╗ SWCNT

⌐ ⇔≡─╖ ╠╣≡™╢⁹≤™℮─╙ Lam╠ 2005 ⅜ ⇔√ ─♩♇☿♃כ♦─≈3

≢⁸ ∕╣⅜ BMD ⸗♦ꜟ⌐ ⇔√⅛╠≢№╢ A-4 ⁹ 

 

A-5≢│⁸ ╩ ⇔√ MWCNT─ 2≈─ ⌐ ≠ↄ BMD(L)⅔

╟┘ BMC(L) ╩ ⇔≡™╢⁹ ≢─ │⁸13 91 ─ ─

⌐ ↕╣√⁹→∫ ─ │⁸ ⌐⅔↑╢ ─ ╕√│

≢№╢⁹BMR│⁸ ─ ╕√│ ♪כ꜠◓ 1 ─

─ 10% ꜞ☻◒≢№╢⁹ ≥⅔╡⁸ ⌐ ≠ↄ │⁸

─ ╟╡╙ ⅛∫√⁹⌂−⌂╠⁸ │◒ꜞ▪ꜝfi☻⅜⌂™≤ ⇔≡™╢

√╘⁸ ≤⇔≡ⱥ♩ BMD(L)─ ╩ ╢√╘─ 8 TWA ─ ⅜ ⅜╢

⅛╠≢№╢⁹ꜝ♇♩─ ⌐ ≠ↄMWCNT ▪ꜟⱵ♫ 9.6% ─

│⁸ꜝ♇♩─ ⌐ ≠ↄMWCNT Baytubes® ◖Ᵽꜟ♩ 0.53% ─

╟╡╙ ™⁹ 

 

A-6≢│⁸ ≤ⱥ♩─ BMD(L) ⅔╟┘ 8 TWA

─ ≢№╢ BMC(L)╩ ⇔≡⅔╡⁸↓╣╠│ ♪כ꜠◓─≢ 2

/ ╕√│∕╣ ─ ⌐ ⇔⁸ ↕╣√ ⌐ ≠™≡™╢⁹ ≥

⅔╡⁸BMD(L)⅔╟┘ BMC(L)│⁸ ♪כ꜠◓ 1 A-5 ⌐ ≠ↄ

≤ ♪כ꜠◓⁸≡═ 2╕√│∕╣ ─ A-6 ⌐ ≠ↄ ─ ⅜ ™ ╩

⇔√⁹∕─ │⁸ ─ ⌐ ♪כ꜠◓≡⇔ 1 ─ ╩ ∆ ─ ⅜ ⅛∫

√⅛╠≢№╢ ∆⌂╦∟⁸ ♪כ꜠◓ 1 ─ ⅜╟╡ ⅜ ™ ≢№

╢ ⁹ 

 

 

A.3.2  

 

MWCNT Baytubes® ─ 2≈─ ⌐╟╡⁸ ≢ ⇔√ ∂ ⌐ ⇔≡

⅜ ╓∆ ╩ ⌐ ═╢ ⅜ ╠╣√⁹Wistarꜝ♇♩⌐ 1 6 Ellinger- 

Ziegelbauer≤ Pauluhn 2009╕√│ 13 6 / ⁸5 / Pauluhn 2010a

⇔√⁹ ≤╙⌐ ⅛╠ 13 ─ ⅜ ═╠╣√⁹∕╣∙╣─ ⅛╠⁸
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⌐ ∆╢ ☻◖▪⅜ ╠╣√⁹ ╕√

│∕╣ ╩ ⇔√ ꜝ♇♩─ ⅔╟┘∕╣∙╣─ ╩ ⌐ ∆  

 

 ̧ Ellinger-Ziegelbauer ≤ Pauluhn 2009 0⁸11.0⅔╟┘ 241.3 mg/m
3─ ⌐ ⇔≡ꜝ♇

♩ 1⁸0⅔╟┘ 6 1 6  

 ̧ Pauluhn 2010a⁸ ♃כ♦╡╟⌐ 0⁸0.1⁸0.45⁸1.62⅔╟┘ 5.98 mg/m
3─

⌐ ⇔≡ 0⁸0⁸9⁸10⅔╟┘ 10 1 10  

 

↓─ ⌐ ™√ ─ │⁸∕╣∙╣─ ≢ ↕╣√ ♃כ♦☼▬◘ MMAD

⅔╟┘ GSD ⅔╟┘ꜝ♇♩─ ⌐ ≠⅝⁸MPPD 2.0 CIIT ⅔╟┘ RIVM 2006 ⌐╟

╡ ↕╣√ ≢№╢⁹ 

 

♃כ♦─╠╣↓ Pauluhn 2010a Ellinger-Ziegelbauer ≤ Pauluhn 2009 ╩ ∂

⌐╟∫≡ ≢⅝╢⅛≥℮⅛╩ ∆╢√╘⁸ ─ 2 ⸗♦ꜟ  

EPA2010 ⌐∕─ ╩♃כ♦ ≡│╘√ A-4 ⌐♃כ♦─⧵│ꜟ♦⸗─↓⁹ ⌐

⇔ p 0.37⁸∕─ ∆⌂╦∟ 1 ⅛⁸91 ⅛ ⌐╟╠∏⁸

╩ ╩♃כ♦─╠╣↓⁸╡╟⌐≥↓╢™ ∂ ⸗♦ꜟ≢ ≢⅝╢↓≤⅜

↕╣√⁹↓─ │⁸Pauluhn 2010a ⅜ ⇔√╟℮⌐⁸↓╣╠─ ⌐⅔™≡ꜝ♇♩

⌐ ⇔√MWCNT─◒ꜞ▪ꜝfi☻ ⅔╟┘ ≤ ⇔≡™╢⁹ 

 

 

A.3.3 MWCNT ─ ⌐╟╢ ꜞ☻◒─  

 

⅜╪╩ ↄ◄fi♪ⱳ▬fi♩─ ⌂ꜞ☻◒ ─ │⁸ ⅎ┌  EPA 1994 ─╟

℮⌐⁸ ⌐ ⸗♦ꜟ╩ ⇔≡⅔╡⁸ ⌐ ≠ↄ ╩ ⅎ╢ ╩

℮⁹NRC 2009 ╛ ╩╪⅜ⱪ≢│⁸כꜟ◓─ ↄ◄fi♪ⱳ▬fi♩⌐ꜞ☻◒⌐ ≠ↄ

Risk-based low-dose extrapolation╩ ™╢↓≤╩ ⇔≡™╢⁹NIOSH─

╙╕√⁸⅜╪╩ ↄ◄fi♪ⱳ▬fi♩⌐ ⇔ ╩ ™≡™╢⁹ ⌐⅔™

≡ ─ ⌐ ∆╢ ⅜⌂™ ⁸ ≤ ─ ⸗♦ꜟ⌐ ≠ↄ ╩

≤∆╢↓≤⅜≢⅝╢⁹ ≤╖⌂∆ ⅜ ╙ ∆⌂╦∟⁸ꜞ☻◒╩

∆╢ ⅜ ™ ≢№╢⁹⇔⅛⇔⁸ ─ꜞ☻◒│⁸♀꜡≢№╢↓≤ ╘⁸╙∫≤ ™

⅛╙⇔╣⌂™⁹ 

 

A-5⌐ ∆⁸ ─ 10% ꜞ☻◒ ⌐ ∆╢

≤ ≢│⁸0.1% ꜞ☻◒ Ma-Hock╠ 2009 ╕√│ Pauluhn 2010a ⌐ ∆

╢ BMC BMCL │∕╣∙╣⁸0.051 0.019 ɛg/m
3╕√│ 0.077 0.038 ɛg/m

3≢№
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╢⁹ ⸗♦ꜟ⌐ ≠ↄ │⁸BMC≢ ™⅜ BMCL≢╒≤╪≥ ∂ 1% ꜞ☻

◒≢ 0.16 0.019 ɛg/m
3╕√│ 0.24 0.042 ɛg/m

3
0.1% ꜞ☻◒≢ 0.050 0.0020 ɛg/m

3

╕√│ 0.075 0.0042 ɛg/m
3 ∕╣∙╣⁸Ma-Hock╠ 2009 ╕√│ Pauluhn 2010a ≢

№╢⁹ 

 

A-7⅔╟┘ A-8│⁸8 TWA ≤⇔≡⁸1⁸2╕√│ 7 ɛg/m
3≤⇔√≤⅝─

─ ╕√│ ─ ╕√│∕╣ ─ ◓꜠

♪כ ⌐ ∆╢ ─ ꜞ☻◒ ╩ ∆⁹↓╣╠─ │⁸ ⌐⅔

↑╢ CNT ─√╘─ NIOSH 5040 ─ ⌐⅔™≡ LOQs

─ ⅜№╢≤⇔≡ ↕╣√⁹↓╣╠─ │⁸ ◒ꜞ▪ꜝfi☻⌂⇔

╕√│ ≢⁸ ⱬכ☻─◒ꜞ▪ꜝfi☻ ─≥∟╠⅛╩ ⇔√

─ ⌐ ≠™≡™╢⁹ꜞ☻◒ │⁸minimal ♪כ꜠◓ 1 A-7 ╕√│ ⅛

♪כ꜠◓ 2 A-8 ⌂ ─™∏╣⅛─ ⌐⅔™≡⁸ ─◒ꜞ▪ꜝfi☻

╩ ∆╢╟╡╙◒ꜞ▪ꜝfi☻⌂⇔≤ ∆╢ ⅜ ™⁹↓╣╠─ ⌐ ∆╢

ꜞ☻◒ │⁸ A-5⅔╟┘ A-6⌐ ∆╟℮⌐⁸ꜝ♇♩ ─♃כ♦

2 ⸗♦ꜟ┼─№≡│╘╕√│ 10%BMC(L) ─ ⌐╟╡ ⇔√⁹ 

 

 

A.4  

 

NIOSH│⁸ ─ ⁸ ╕√│ ⁸ 1 ╕√│

⅔╟┘ 26⅛ ⌐╟╡⁸ ─ SWCNT╕√│MWCNT

⌂╢ ◖fi♃Ⱶ╩ ╗ ⌐ ↕∑√ꜝ♇♩⅔╟┘ⱴ►☻─ ─ ─

⌐ ∆╢ ╩♃כ♦ ∆╢↓≤⌐╟╡⁸CNT─ ⌂ꜞ☻◒ ╩ ∫√⁹

♦◙▬fi╛→∫ ≢ ™√ ─◄fi♪ⱳ▬fi♩⅜ ⌂╢√╘⁸ ╠╣√

⅛╠⁸ ─ꜞ☻◒ ─ ™⅜ CNT ─ ™⌐╟╢╙─≢№╢⅛⁸╕√│ ─

─ ™⌐ ∆╢─⅛╩ ⇔√⁹№╢ ─ ♬♇◔ꜟ 26 ╩ ╗ CNT Lam

╠ 2004 ╕√│╟╡ ↄ─ 18  vs 0.2 ╩ ╗ CNT Shvedova╠ 2005, 2008

│⁸ ⅜╟╡ ↄ ⅜ ™↓≤╩ ∆╢ ⅜№╢⁹⇔⅛⇔⁸ ⅔╟

┘ ⅜ ⌂™ CNT│≤╙⌐⁸ ≢ ─ ≤

⌐ ⇔√↓≤⅜ ↕╣≡™╢ Shvedova╠ 2005, 2008⁹MWCNT ▪ꜟⱵ♬

►ⱶ 9.6%╕√│◖Ᵽꜟ♩ 0.5%╩ ─ LOAEL│⁸0.1 mg/m
3

Ma-Hock╠ 2009 ⅔╟┘

0.4 mg/m
3

Pauluhn╠ 2010a ≢⁸↓╣╠─ │ ∂ ⅛≈ ♦◙▬fi ꜝ♇♩ 13

⁸√∞⇔ │ ⌂╡⁸Wistar Pauluhn 2010a ≤ F-344 Elder╠ 2005

⌐⅔™≡ ╩◒♇ꜝⱲfiⱩכ◌ ™√ Elder╠ 2005─ LOAEL 7 mg/m
3≤ ═≡⁸
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™⁹ 

 

─ ╕√│ CNT╩ ה ∆╢ ─ ⌐≈™≡│⁸ ≢│╕∞

↕╣≡™⌂™─≢⁸ꜞ☻◒ ─√╘⌐ ≢⅝╢ ♇ꜝ─⁸MWCNT│♃כ♦─

♩ Ma-Hock╠ 2009⁸Pauluhn 2010a ≢№╢⁹SWCNT│ ≢⅝╢

⅜⌂ↄ⁸ꜝ♇♩╕√│ⱴ►☻─ ⁸ ╕√│

≢ SWCNT Lam ╠ 2004 Shvedova╠ 2005, 2008 ⅔╟┘ ─♃▬ⱪ─ MWCNT

⅜ ⌂╢ Muller ╠ 2005 Mercer╠ 2011 ─ ⅜♃כ♦ ≢⅝╢─╖≢№

╢ A-1 ⁹ 

 

↓╣╠─ ─ ≡≢⁸ ⁸ ⁸⅔╟┘/╕√│ⱥ♩─ ꜞ☻◒ ⌐ ∆╢

─ ┼─ ⅜ ↕╣≡™╢⁹ ⌐⅔↑╢↓╣╠ ┼─ │⁸

≢№∫√⅜⁸ ⅔╟∕ 6⅛ ╕≢ ⌐ ╠⌂⅛∫√ Pauluhn 

2010a⁹ ─ ╩ ↑√ ≢│⁸ ─ │⁸╟╡ ™ ⌐⅔

™≡ ╕√│ ⇔√ Shvedova╠ 2005⁸2008 Mercer╠ 2008 Porter╠ 2010; Pauluhn 

2010a⁹ Shvedova╠ 2005⁸2008 Mercer╠ 2008, 2011]≢ ™╠╣╢ ─

≈─ ≢№╢ CNT ⌐ fi◕כꜝ◖╢∆ ⅜

│⁸ EPA─○♂fi ─ ⌐╙ ™╠╣≡™╢⁹↓─ ◄fi♪ⱳ▬fi♩│

₈ ⌂ ꜞ⸗♦ꜞfi◓₉╩ ⇔≡™╢≤™℮ ⅛╠  EPA 1996 Stockstill

╠ 1995⁸ ≢─ ─ ⌐ ™╢↓≤⅜≢⅝╢ ⌂ ≤⇔≡ EPA⅜

⇔√─≢№╢⁹ 

 

⅔╟┘ ─ MWCNT≤ SWCNT─ ⌐ ≠ↄ ꜞ☻◒─ ⅛╠⁸CNT─

─√╘─ NIOSH 5040 NIOSH 2010a ⌐ ≠ↄ LOQ 7 ɛg/m
3≢

⌐╦√╡ ⇔√ ⁸ ─ ─ ─ ⁸ ⁸

⅔╟┘/╕√│ ╩ ∆╢ ─ ꜞ☻◒⅜ 10%╩ ⅎ╢↓≤⅜ ↕

╣╢ C A-3⅛╠ A-8 ⁹ ─ 8 TWA ─ 0.51

4.2 ɛg/m
3
 MLE ⅔╟┘ 0.19 1.9 ɛg/m

3
 95 LCL│⁸ ⌐ ≠ↄ ─

┼─ ♪כ꜠◓ 1╕√│∕╣ ─ 10% ꜞ☻◒⌐ ⇔≡™√

A-5 ⁹ ♪כ꜠◓ 2 ⅛ Ma-Hoch╠ 2009 ⁸ ⅛ Pauluhn 2010a

≢│⁸10% ꜞ☻◒⌐ ∆╢ 8 TWA │ 1.0 44 ɛg/m
3
 MLE⅔╟┘ 0.69

19 ɛg/m
3
 95 LCL≢№╢⁹ 

 

A.2.3 ≢ ═√╟℮⌐⁸10%BMDL │⁸╟╡ ™ꜞ☻◒⌐ ∆╢√╘─ ⌂

POD≢№╢⁹NIOSH│⁸╙⇔ ─ ⅜ ⌐╦√╡ CNT⌐ ↕╣√

⌐ ↓╢⌂╠┌⁸↓╣╠ ─ ┼─ ─ 10%╕√│∕╣ ─ ꜞ☻◒꜠ⱬ
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ꜟ⅜ ≢№╢≤│ ⅎ≡™⌂™⁹ A-14 ╩ ⇔√

≢⁸╟╡ ™ 8 TWA ⌐∆╢↓≤⅜≢⅝╢∞╤℮⁹⇔⅛⇔⁸NIOSH 5040─ ╙

™ LOQ 1 ɛg/m
3 │⁸ ≢╒≤╪≥─ ≢ ≢№╡⁸╕√ ◓

♪כ꜠ 1 ─ 10% ꜞ☻◒⌐ ∆╢≤ ↕╣╢ 8 TWA ≤ ⅛∕╣ ≢

№╢⁹LOQ 1 ɛg/m
3

8 TWA ≢│⁸™ↄ≈⅛─ꜞ☻◒ ⁸ ⌐ ⅛ ◓꜠

♪כ 2 ─ꜝ♇♩ ┼─ ⌐ ≠™≡™≡⁸⅛≈ ─◒ꜞ▪ꜝfi☻╩ ⇔√ꜞ☻◒

│ 10% ≢№╢ A-8 ⁹ 

 

↓╣╠─ ⌐│ ⅔╟┘ ⅜№╢⅜⁸ ╩ ⌐ ⅎ╣┌⁸1 ɛg/m
3

─ ⌐ ∆╢ ╩∕─ ⅜ ⇔≡™╢⁹↓╣╠─ꜞ☻◒ │⁸

⌐⅔↑╢ CNT─ ⌂ ╩ ∆╢ ⁸ ⌂ ⁸∕⇔≡

╛∕─ ─ ─ ⁸ⱷ♦▫◌ꜟ☻◒ꜞכ♬fi◓─╟℮⌂↕╠⌂╢ꜞ☻◒

─ ╩ ⇔≡™╢⁹ Ᵽ▬○▪♇☿▬♦כ♃╙ CNT┼─ ─ ⌐ ℮

⌂ ┼─ ─ ⌐ ∆╢ ╩ ╠∆√╘⌐ ≢№╢⁹ꜞ☻◒

╛ ─ ⌐ ╩ ⅎ╢ ─ │⁸ ≢ ═╢⁹ 

 

 

A.4.1  

 

⅜♃כ♦ ⇔⌂™ ≢⁸CNT ⌐╟╢⅜╪ ─ⱥ♩ ─ꜞ☻◒─

╩ ╢⌐│⁸↓╣╠─ ⅔╟┘ ─ ⅜♃כ♦ ≢№╢⅛╙⇔╣⌂™↓≤⅜⁸

™ↄ≈⅛─ ⌐╟∫≡ ↕╣≡™╢⁹╕∏ ≢─ Muller╠ 2005 Deng╠ 2007

Elgrabli╠ 2008b Mercer╠ 2009 Pauluhn 2010a,b⅔╟┘ⱥ♩ ⌐⅔↑╢∕─ ─

─ ICRP 1994 Kuempel╠ 2001 Gregoratto╠ 2010 ⌐ ≠↑┌⁸ ⌐ ⇔

√ CNT─ │ ⅜№╢≤ ⅎ╠╣╢⁹ ⌐⁸ │╟╡ ™ ≢

⇔≡⅔╡⁸ ─ ⌐⅔™≡ ∂ ≢ ⇔√∕─ ─ ╕√│

♩☻ⱲfiⱩꜝ♇◒⁸▪☻ⱬכ◌⁸◌ꜞ◦ ─ ⌐ ↕╣√ ≤ ═╢≤⁸

│ ⅛╕√│∕╣ ≢№∫√ Shvedova╠ 2005 Muller╠ 2005⁹ ⌐⁸ ─

│⁸SWCNT╕√│MWCNT─ ╕√│ 90 ⌐╦√╡ Lam

╠ 2004 Muller╠ 2005 Shvedova╠ 2005, 2008 Ellinger-Ziegelbauer and Pauluhn 2009Porter

╠ 2010⁸╕√│MWCNT Baytubes® ─ 13 26 ⌐╦√╡ pauluhn 2010a

╕√│ ⇔≡™√⁹ 

 

╕√│ ⅛╠⁸∕⇔≡⅔∕╠ↄ⁸╟╡ ─ ⅛╠ ─

ꜞ☻◒╩ ∆╢↓≤⌐│ ⅜№╢⁹ ─ │⁸∕╣╠⅜

CNT⌐ ⇔√ ⅜ ∆╢≢№╤℮ ⌐ √ ╩ ∆╢↓≤⌐№╢⁹
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⇔⅛⇔⁸ꜝ♇♩ ⌐⅔↑╢ ≤ ─ ⌐≈™≡⁸A.6.1 ╩

⌐ ⇔≡ ⌂≤↓╤⅜№╢⁹ ╕√│ ⌐⅔™≡⁸ ↕

╣√ │╦⅛╢⅜⁸ ┼─ Ɽ♃כfi│ ⌐ IT ≢│ ≤│ ⌂╢

⅜№╢⁹ ⅔╟┘ ─ │ ≢ ↕╣≡⅔╡⁸∕

╣╠│ ─ ⌐≈™≡─╟╡ ™ ╩ ∆╢↓≤⅜≢⅝╢⁹⇔⅛⇔⁸

⌐⅔™≡⁸ ☻◖▪⌐ ≠ↄ ⌐ ─ ⅜

↕╣⁸ ╕√│╟╡ ™ ♪כ꜠◓ 1 ⌐ 100% ⇔√ A-1 │♃כ♦⁹

10% ꜠ⱬꜟ ≢╕┌╠≢№╢⅜⁸BMD(L) │⁸ ⌐↓╣╠─

≢ ↕╣√ LOAEL╛ NOAEL A.6.2 ⅔╟┘ A-12 ≤ ⇔≡™╢⁹ 

 

ꜝ♇♩⌐⅔↑╢ 1 ⅔╟┘ 13 ♃כ♦─ Ellinger-Ziegelbauer ⅔╟┘ Pauluhn 

2009 Pauluhn 2010a ╩ ∆╢≤⁸↓╣╠ ≈─ │ ⅜ ⌂╢⌐╙⅛⅛╦╠∏⁸

│ ⇔√↓≤⅜ ↕╣≡™╢ A-4 ⁹↓─ │⁸ ∂ ≢ ∂

⅜ ↕╣√ ⌐│⁸IT⁸PA⅔╟┘ ─ ⅜ ─

≤ ∆╢≤ ∆╢↓≤│ ≢№╤℮↓≤╩ ⇔≡™╢⁹⇔⅛⇔↓─ ╩

∆╢⌐│⁸↕╠⌂╢ ⅜ ≢№╢⁹BMC(L) │⁸ ≤ A-3⅛╠

A-5 ≢ ⌐ ⇔≡™╢⁹ 

 

 

A.4.2  

 

⌐⅔↑╢ CNT─ ⅜ √∆ ╩ │♃כ♦─╘√╢∆ ╠╣≡™

╢⁹ꜝ♇♩⅔╟┘ⱴ►☻ ⅔╟┘ⱥ♩≤ ⌂ A-3⅛╠ A-6 ≢⁸ ─

⌐ ∆╢ ⌐ ™⅜№╢⅜⁸ ≡─ ⅜ ™ ≢№╢⁹

™─ ─ ⅎ┌⁸ ⁸ ⁸ ⁸ ⅛╠⁸↓╣╠─

⌐ ╩ ⅎ╢ CNT⌐ ─ ╩ ⅝ ∆↓≤│ ≢№╢⁹ 

 

∂ ♦◙▬fi 13 ≢ ∂ Wistarꜝ♇♩ ╩ ™√ MWCNT

─ 2≈─ Ma-Hock╠ 2009 Pauluhn 2010a ⌐╟∫≡ ⅜ ≤⌂╢⁹

⌂╢ ─MWCNT∕⇔≡ ⌂╢◄▪꜡♂ꜟ ⅜∕╣∙╣─ ⌐ ™╠╣√

⅜⁸ ↕╣√ ◘▬☼│ ⇔≡™√ │ 10 nm⁸ ↕│ 0.1 10 ɛm⁸

│ 250 300 m
2
/g Ma-Hock╠ 2009 Pauluhn 2010a⁹ ∕⇔≡

⌐⌂╢ ╙⅛⌂╡ ⇔≡™√ A-2 ⇔⅛⇔⅛↕ │ ⌂∫≡™√ Ma-Hock

╠ 2009 ≤ Pauluhn 2010a │⁸∕╣∙╣ 0.04 g/mL⁸0.2 g/mL⁹ ╙ ⌂╡⁸

Ma-Hock╠ 2009 ─ │ 9.6% ▪ꜟⱵ♬►ⱶ MWCNT⌐ ⇔⁸Pauluhn 2010a

─ │ 0.5%◖Ᵽꜟ♩ MWCNT Baytubes® ≢№∫√⁹ ─ │ ⌐╙ ⌐╙
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⌂╡⁸Ma-Hock╠ 2009 │₈ ⌂ ⁸┘╕╪ ⅔╟┘ ⁸

ꜞⱳ♃fiⱤ◒ ₉⌐╟╡ LOAEL╩ 0.1 mg/m
3≤⇔√─⌐ ⇔⁸Pauluhn 2010a

│₈ ─ ⅔╟┘ ─fi◕כꜝ◖ ₉⌐╟╡ LOAEL╩

0.45 mg/m
3≤⇔√⁹⇔⅛⇔⁸ ─ MWCNT ≤╙⌐⁸ ─◒♇ꜝⱲfiⱩכ◌ 13

Elder╠ 2005 ≢ ↕╣√ LOAEL 7 mg/m
3 ⌐ ═≡ 1 ™ LOAEL

╩ ⇔√⁹ 

 

─ ≢⁸ ─ ⌐ ∆╢ SWCNT≤ MWCNT─ ⌐≈™≡─ ⌂

⅜⌂↕╣√ Mercer╠ 2011⁹↓─ │⁸MWCNT⅜™ↄ≈⅛─ ⌂╢ 0

, 10, 20, 40, 80 ɛg ≢ⱴ►☻⌐ ⌐╟╡ ↕╣⁸ 56 ─ ◦ꜞ►

☻꜠♇♪╩ ─fi◕כꜝ◖√™ ⅜ ═╠╣√⁹MWCNT 80 ɛg─ ≢⁸ ─

─ ↕⅜ 28 ⌐ ⌐ ⇔⁸56 ╕≢ ⌂ ↕─ ⅜╖╠╣√⁹

40 ɛg MWCNT ≢╙⁸56 ⌐ ─ ⌂ ⅜╖╠╣√⁹↓╣╠─♦

⁸╩♃כ ∂ ♦◙▬fi╩ ™√ SWCNT⌐ ∆╢ ─ Mercer╠ 2008 ≤

⇔√⁹ ₁─MWCNT│⁸ 49 nm⁸ 3.9 ɛm≢№∫√⁹ ₁─ SWCNT│⁸

1 4 nm⁸ ⅜ nm≢№∫√⁹ ≢ ↕╣√ ╡ ╖ SWCNT─

90% │ MWCNT─ 8% ╟╡⅛⌂╡ ⅛∫√╙──⁸SWCNT≤ MWCNT

│≤╙⌐ ⇔√ CNT╕√│ CNT─ ⅜ 1 ⌐ ↕╣√ ⌐

⌐ ╡ ╕╣√⁹ ─ ─ ™╩ ⇔≡╙⁸SWCNT│ MWCNT╟╡⌂⅔ 8.5

─ ⅜№∫√⁹⇔⅛⇔⁸SWCNT─ │ MWCNT≤ ⇔≡ №√

╡ 20 ⅝ↄ SWCNT⅜ 508 m
2
/g⌐ ⇔ MWCNT⅜ 26 m

2
/g ⁸SWCNT─ ⅝⌂

│⁸∕─ ⅝⌂ ⌐ ∆╢ ⅜№╢↓≤╩ ⇔≡™╢⁹ ─ ╩

CNT №√╡≢ ⇔√≤↓╤⁸SWCNT│╙│╛ ≢│⌂ↄ⁸MWCNT─ ⅜

№√╡ 2.5 ╟╡ ≢№∫√⁹In vivo⌐⅔™≡⁸↓╣╠─ ─ ─ ╝ⅎ

⌐ ⌂ ⌐ ⌂≤↓╤⅜№╡⁸↓─↓≤⅜ ⌂ ─ ╩ ∆

╢ →≤⌂∫≡™╢ Mercer╠ 2011⁹⇔⅛⇔⁸↓╣╠─ │⁸ ⌐╟╢ SWCNT

─╟╡ ⅝⌂ │⁸⅔∕╠ↄ ≤ ⌂ ⅝⌂ ╩╙≈↓≤⌐ ∆

╢↓≤╩ ⇔≡™╢⁹ 

 

─ CNT─ ≤ ≤─ │⁸ ⌐⁸ ♦◙▬fi─ ™⌐╟∫≡ →╠╣

╢⁹ ⌂╢ ─ CNT≢ ⇔√ ⌂™ ─└≤≈≤⇔≡⁸Lam╠ 2004 │⁸

2%─ ⁸27%─ ╕√│ 26%─♬♇◔ꜟ─™∏╣⅛╩ ∆╢ SWCNT─ⱴ►☻

⌐╟╡⁸ ⅔╟┘ ⅜ ∂√↓≤╩ ⇔√⁹ 5 ⌐╟∫≡

╩ ⇔√ⱴ►☻─ │ ─≤⅔╡≢№╢⁹ 

 

ה 0.1 mg 2 2% ⁸5 27% ⁸0 26%♬♇◔ꜟ  
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ה 0.5 mg 5 2% ⁸5 27% ⁸5 26%♬♇◔ꜟ  

 

ⅎ≡⁸3 ─ⱴ►☻⅜⁸26%♬♇◔ꜟ ─ 0.5mg ⌐⅔™≡⁸ ─ ⌐ ⇔√⁹ 

 

≢╠┌╕⅜♃כ♦ ⌂ ╩ ⇔√↓≤⅛╠⁸2% ╩ ∆╢ SWCNT─╖

⅜ BMDS⸗♦ꜟ⌐ ⇔√⁹♬♇◔ꜟ╩ ∆╢ SWCNT⌐ ↕╣√ⱴ►☻─

⅜ ™↓≤⅛╠⁸↓─ ⅜ ™ ╩╙≈↓≤⅜ ↕╣╢⁹27% 5/5 ╩ ∆

╢ 0.1 mg ─ SWCNT⌐ ↕╣√ⱴ►☻⅜⁸2% 2/5 ╩ ╗ ─ SWCNT

≤ ⇔≡╟╡ ⅝⌂ ≢№∫√↓≤⅛╠⁸ CNT│⁸ CNT╟╡

╙↕╠⌐ ⅜ ™↓≤⅜ ↕╣╢⁹ 

 

Shvedova ╠ 2005 2008 ⌐╟╢≤⁸ ™ │╟╡ ⅝™ ≤ ⇔⁸∕╣⌐

™ BMD(L)╙ ↄ⌂╢⁹18% SWCNT─ BMD(L) │⁸0.2% SWCNT─

⅜ ⅜ ⅛∫√ 60 vs 28 ⌐╙⅛⅛╦╠∏ Shvedova╠ 2005, 2008⁸

0.2% SWCNT─∕╣╟╡╙ ⅛∫√ A-3 ⁹CNT│ ≡─ ╕√│

╩ ╦∏ SWCNT≤ MWCNT╩ ╖⁸ ∆╢ ─ ≤∕─ │ ₁≢№╢ ⌐

⅔™≡⁸♥☻♩⇔√ ─ ─ ╕√│ ▪☻ⱬ☻♩⁸◦ꜞ◌⁸ ⱲfiⱩכ◌

ꜝ♇◒ ≤ ⇔≡⁸↓╣╠─ ⌐⅔™≡ ╕√│╟╡ ⅝⌂ ╩ ⇔√ ∆

⌂╦∟ ─ ⌐ ⇔≡⁸ ╕√│∕╣ ─ ╩ ⇔√ Lam╠ 2004

Muller╠ 2005 Shvedova╠ 2005, 2008⁹ 

 

A.4.3  

 

CNT─≥─ꜞ☻◒ ⌐⅔™≡╙⁸ ⌂ CNT─ ─ ─ ⅜⁸ ─

⌐ ∆╢ ╟╡╙ ⅜ ⅝™⁹⌂−⌂╠ ─ ⸗♦ꜟ│ ⌐ ↕

╣⁸ ╖∞⅛╠≢№╢⁹ ─ ⅎ┌ ╛ ⅜ⱥ♩─ ≢─ CNT─

╛ ⌐╙√╠∆ ⁸⅔╟┘ CNT─◒ꜞ▪ꜝfi☻╛ ⌐╙√╠∆ ⌐

≈™≡│⁸╕∞ ⅜↕╣≡™⌂™⁹⇔⅛⇔⁸CNT─ ◘▬☼⌐ ⇔≡

♩⁸ⱥ⌐≥╙╩♃כ♦⌂ ∕⇔≡ ⌐ ●☻ ⌐⅔↑╢ CNT─

─ ⌐ ⇔≡ ↕╣√⸗♦ꜟ⌐ ≠ↄ ⅜ ╠╣≡™╢⁹

≢│⁸ ⅜ ⅝ↄ ─ ™ ≤ ═╢≤⁸ ⅜╟╡ ™ ⌐ꜝ♇♩─

⌐⅔↑╢ CNT─◒ꜞ▪ꜝfi☻⅜ ∆╢↓≤╩ ⇔≡™╢↓≤⅛╠ Pauluhn 2010a,b⁸

⅛╠─ CNT◒ꜞ▪ꜝfi☻ │↕╠⌐ ⅛╙⇔╣⌂™⁹NIOSH─ꜞ☻◒ │⁸

⇔√ CNT─ ⌂◒ꜞ▪ꜝfi☻⅛╠◒ꜞ▪ꜝfi☻♀꜡╕≢╩ ⇔⁸ ⌂

─ ⌐ ≠™≡ꜞ☻◒ ╩ ∫≡⅔╡⁸↓─ ╩ ╠⅛⌐∆╢↓≤⌐ ∫

≡™╢⁹╕√↓─▪ⱪ꜡⁸│♅כ ⅜ ↕╣√ CNT─ ⸗♦ꜟ⅜ ⌐⌂
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∫√ ⌐│⁸ ↕╣√ ╩ ∆╢ ╖⌐╙⌂╢⁹ 

 

─ ⌐ ™╠╣╢ │⁸ⱥ♩ NOAEL─ ≤ ⌐ A.6.3 ⁸ ⅔╟

┘ⱥ♩ BMD(L)╕√│ BMC(L) ⌐╙ ⅝⌂ ╩ ⅎ╢⁹ꜝ♇♩

⌐ ↕╣√ ⌐ ≠ↄꜝ♇♩ BMD(L) │⁸ ⅛╠ ↕╣√∕╣╠

╟╡╙ ⅜ ™ A-5 ⁹↓╣│⁸ ─ ⅜⁸ꜝ♇♩⌐⅔™≡ 13 ↕╣╢

⌐ ∂╢ ◒ꜞ▪ꜝfi☻╩ ⇔≡™╢√╘≢№╡⁸╟╡ ™ │╝ⅎ⌐ ↕

╣√ ≤ ┘≈™≡™╢⅛╠≢№╢⁹ ⌐ ≠ↄⱥ♩ BMD(L) ╙╕√ ™

─│⁸ꜝ♇♩ BMD(L)⌐ ∆╢ ∆⌂╦∟⁸ꜝ♇♩ ─ ⌐ ∆╢ⱥ♩─

⌐ ≠™≡ ↕╣╢ ⅛╠≢№╢⁹⇔⅛⇔⁸ ─ ⌐ ≠™≡ ↕╣√

8 TWA ⁸BMC(L)│⁸ ─ ⌐ ≠ↄ∕╣╠╟╡╙ ⅜ ™⁹

↓╣│⁸ ⅛╠─ 45 ─ ⁸ ─ ⅛╠─№╢ ─ ◒ꜞ▪

ꜝfi☻╩ ⅜⁸ⱥ♩ BMD(L) ⌐ ∆╢√╘⌐╟╡ ™ ─

╩ ∆╢⅛╠≢№╢⁹ 

 

CNT─ ─ ◒ꜞ▪ꜝfi☻╩ ⇔⌂™ │⁸ ─ ♇ꜝ⅜♃כ♦

♩╛ⱴ►☻⌐⅔↑╢ CNT◒ꜞ▪ꜝfi☻╩ ∆≤ ∆╢≤⁸ ─ ╟╡╙ ↄ

╙╡ ⅞╢ ⅜№╢ Muller╠ 2005 Deng╠ 2007 Elgrabli╠ 2008b Mercer╠ 2009

Pauluhn 2010a,b⁹∕─ ≢⁸CNT─ ─ │⁸ ─⸗♦ꜟ⌐

≠™≡⁸╕√MWCNT Baytubes® ⅜ ─ ╟╡╙ ™ ≢ꜝ♇♩ ◒ꜞ

▪ꜝfi☻─ ⅜ ↕╣√↓≤╩ ≤∆╢≤ Pauluhn 2010a,b⁸ ↕╣√ CNT

╩ ⌂ↄ ╙╡ ⅞╢ ⅜№╢⁹⇔√⅜∫≡⁸ ⅔╟┘ⱥ♩ ⌐⅔↑╢ CNT

─ ⅔╟┘ ⌐ ⇔≡│ ⅜ ∆╢⅜⁸↓─ꜞ☻◒ ≢ ∆╢

⅔╟┘ ─ │⁸ ─ ─ ≤ ╩ ⌐ ⇔≡™╢⅛╙⇔╣⌂

™⁹ 

 

 

A.4.4  

 

CNT─↓╣╠ ⌐⅔↑╢ ─ ◄fi♪ⱳ▬fi♩ │⁸ ≡ ─

─ ≢№╢⁹ ⌐╟∫≡│ ╙∕╣╠─ │ ╕√│ ⇔√⅜⁸

∕╣╠─ ⅜ ⌂ ─ ≤ ⇔≡™╢⅛≥℮⅛─ │⌂⅛∫√⁹↕╠⌐

⇔√ ♪כ꜠◓ 2 ─ ⌐ ≠ↄ ≢╙ ╩ ∫√≤↓

╤⁸ ≥⅔╡⁸↓╣╠─ │╟╡ ™ꜞ☻◒ ≤⌂∫√ A-6 ⁹↓╣╠─

╠⅛♃כ♦ ⅝ ⇔√ │⁸ ⌐ ⅝√ ⌐ ≠™≡ ↕╣╢ ≤

═≡⁸╟╡ ╩ ∆╢↓≤⌐⌂╢≤ ↕╣╢⁹∕─ ≢⁸ ⅜ ⇔
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≡™╢√╘⁸ ⌂ ─ ◄fi♪ⱳ▬fi♩⌐≈™≡│⅛⌂╡─ ⅜

∆╢⁹ 

 

ꜝ♇♩ ⌐♃כ♦ ≠ↄ⁸ A-7 ╕√│ ⅛ A-8 ⌂ ┼─

⌐ ⇔≡⁸NIOSH 5040─ LOQ 1 ɛg/m
3 ─ ꜞ☻◒ │⁸ LOQ 7 ɛg/m

3

⌐ ═≡⅛⌂╡ ™⁹ A-7≤ A-8⌐⅔↑╢ ─ │⁸ ─♃כ♦ ─ ↕≤

⌐⅔↑╢ CNT ⌐ ∆╢ ⅜ ↕╣≡™╢⁹ ─ ⌐≈™≡╙⁸

⅜ ∆╢⅛ ⅛╙ ╘⁸ ⅜ ∆╢⁹ ⅎ┌⁸ ⅛ ⌂ ┼─

A-8 ⌐ ⇔≡⁸ ─ꜞ☻◒│⁸1 ɛg/m
3─ REL≢♀꜡≤ ⌐ ™⅛╕√│ 16%≤

─ ↕⅛╙⇔╣⌂™⁹ 

 

NIOSH│⁸ ─ꜞ☻◒ ─√╘─ ↕╣√ ╩ ∆╢√╘⌐⁸ ⌂

꜠ⱬꜟ ∆⌂╦∟⁸ ⌂ ╛ⱬfi♅ⱴכ◒ ⌐ ∆╢ ╩ ∆╢ BMD ⸗♦

ꜞfi◓ ╩ ⇔√⁹∕╣≤│ ⌐ NOAEL⌐ ≠ↄ▪ⱪ꜡⁸│≢♅כꜞ ☻◒╩ ∆

╢─≢│⌂ↄ⁸ ⅝ ⇔√ OEL╩ ╢ ⌂ ╕√│♀꜡ꜞ☻◒╩ ∆╢⁹╕√⁸

BMD ⸗♦ꜞfi◓│⁸NOAEL⌐ ≠ↄ▪ⱪ꜡כ♅≤│ ⌂╡⁸NOAEL╕√│ LOAEL≤™

∫√ ─ ∞↑╩ ™╢─≢│⌂ↄ⁸◘fiⱪꜟ◘▬☼╩ ⌐ ⌐ ⇔⁸ ≡

─ ╩♃כ♦ ∆╢⁹⇔⅛⇔⁸↓╣╠─ CNT♦כ♃⌐⅔↑╢ BMD ⸗♦ꜞfi◓─

○ⱪ◦ꜛfi│⁸♦כ♃⅜ ⌂™ ⅛╠ ↕╣⁸100%─ ╩ ∆

≢╖╠╣╢ │⁸↓─ BMD ⌐ ⇔≡╒≤╪≥ ╩╙√╠↕⌂™⁹ꜞ☻◒

⌐⅔↑╢ ─ │⁸ ⌂◄fi♪ⱳ▬fi♩⌐ ⇔≡ ⌐ ─№╢ ╩

≠↑╢↓≤≢№╡⁸∕╣│↓─ꜞ☻◒ ⌐⅔™≡╙ ⇔√ ≢№╢⁹ ─

─ ⅔╟┘ ─ ─ ∆╢ ⌐ ⅜♃כ♦╢∆ ⇔⌂™ ≢⁸

↓↓≢│ⱬfi♅ⱴכ◒ ─ ╩ ™╢≤™℮ ⌐╟╡⁸ ⌂ BMD

─ ╩ ∫√ A.2.3.2 ⁹ 

 

CNT⌐ ⇔≡⁸ ─ ≤ ⌐⁸ ⌐⅔↑╢ ╕√│ ─ NOAEL╕

√│ BMDL ⅜ ≢╖╠╣╢⅛≤™℮ ⅜ ∆╢⁹ ⅎ┌⁸Pauluhn─

2010a ≢│⁸0.1 mg/m
3⅜ꜝ♇♩ ⌐ ≠ↄ NOAEL≢№∫√⅜⁸ ◒ꜞ▪

ꜝfi☻─ │∆≢⌐ ╕∫≡™√ ⅜№╢ ∆⌂╦∟⁸ ⌐╟╢

↕⌐ ⅜ ≢│№╢⅜⁸ ─ ⅜ ─ 2 ⅛∫√ Pauluhn 2010a,b ⁹

BMD ≤ NOAEL ╩ ⇔√ ⁸↓╣╠─ │ ⌐ ⇔≡™√ A.6.2

⁹⇔√⅜∫≡⁸0.1 mg/m
3≢ ⇔√≤⅝⌐ ≢╖╠╣⌂⅛∫√ ⌂ ┼

─ ⅜ ∆╢ ⅜№╢⅛≥℮⅛⌐ ⇔≡ ≢№╢⁹╕√⁸↓╣╠─

⌐╟╢ ⌂⇔ ⅜╟╡ ™ Pauluhn 2010a ─ ≢│

26 ╩ ╢↓≤⌐╟╡ ∆╢⅛≥℮⅛╙ ≢№╢⁹⇔⅛⇔⁸ │⁸
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ⅎ┌ ─ ⁸ ⌐ ╡ CNT⌐ ↕╣╢ ⅜№╢⁹NIOSH REL

│⁸45 ─ ─ ⁸CNT⅔╟┘ CNF─ ⌐╟╢ ─ꜞ☻◒╩ ∆╢

↓≤╩ ⇔≡™╢⁹ 

 

 

A.4.5  

 

CNT⌐ ⇔≡ ⅜♃כ♦ ⇔⌂™ ⁸2 ─MWCNT╩ ™√ 2≈─

⌐ SWCNT≤ MWCNT─ ╙ ⅎ√ ⅜⁸CNT ⌐ ℮ ─ ⌂

─ꜞ☻◒⌐ ∆╢ ╩ ∆╢√╘⌐ ╙ ⌂ ╩♃כ♦ ⇔

≡™╢⁹ ⌂╢ ─ CNT⌐ ∆╢ ─ ─♃כ♦ ⁸ ∕⇔≡

BMCL(L) ─ │⁸∕╣╠─ꜞ☻◒ ⅜⁸SWCNT⅛ MWCNT⅛⁸ ⅛

⌂╢ ╛ ─ ╩ ╗ ⅛⁸ ⅛ ⅛≤™∫√ CNT─ ⌐

⇔≡ ⌂ ╩ ↑⌂™ ↓≤╩ ∆╢⁹ ♦◙▬fi⅜ ⌂╢√╘⁸ ⌂

╢ CNT─ ⌐ ∆╢ ⇔™ │ ≢№╢⅜⁸↓╣╠─ ≢│ ⇔≡⁸ꜝ♇♩

⅔╟┘ⱴ►☻⌐⅔™≡ ™ CNT ≢ ─ ⌂ ≤─ ⅜╖╠

╣√⁹∕─ ⁸∕╣╠─ ⅛╠ ⅝ ↕╣√ⱥ♩ ⱬfi♅ⱴכ◒ ⅔╟┘

╙⁸ ≢ ↄ⌂∫√⁹CNT⌐ ∆╢ ─ ⌂

─ ꜞ☻◒ │ ⌐⁸CNT─ ╛ ⌐⅛⅛╦╠∏ A-3⅛╠ A-5 ⁸

NIOSH 5040 ─ LOQ 7 ɛg/m
3 ≢│ 10% 95% ╩

ⅎ╢⁹ ─ A-7⅛╠ A-8 ⌐ ⇔≡⁸╟╡ ™ꜞ☻◒⅜⁸ LOQ 1 ɛg/m
3

≢ ↕╣╢⁹ 

 

↓─ CNT─ꜞ☻◒ ⌐⅔↑╢ ─ ⌐⅔↑╢╟╡ ⌂ │⁸A.6 ≢

═╢⁹↓─ ⌐│ REL ─√╘─ CNTꜞ☻◒ ⌐ ↕╣╢ ╛ ⌐ ∆╢

⅜ ╕╣≡™╢⁹ 

 

 

A. 5  

 

ꜞ☻◒ │⁸ ₁⌂♃▬ⱪ─ SWCNT⅔╟┘MWCNT─ ╕√│ ─

─ ⌐ ⇔≡ ╠╣√→∫ ─ ╩♃כ♦ ⇔√ⱬfi♅ⱴכ◒

╩ ™≡ ↕╣√╙─≢№╢⁹CNT⌐ ∆╢ ↕╣√ ⸗♦ꜟ⅜ ⇔⌂™

√╘⁸ │ ╕√│ⱥ♩⌐⅔↑╢ ╕√│ ╩ ⇔ ⇔√⁹↓╣╠

─ │⁸ ⅜ ⌐╦√╡ CNT┼ ⇔√ ⌐│⁸ ─ ⅔╟┘
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╩ ╗ ⌂ ╩ ∆╢ꜞ☻◒⅜№╢↓≤╩ ⇔≡™╢⁹2 ─ MWCNT

⅜ ⌂╢ ⌐ ∆╢ 2≈─ ⌐ ≠↑┌⁸ ⌐╦√╢ 0.2

2 ɛg/m
3

8 TWA⁸95 LCL ─ │⁸ ─ ─ ─ 10%

ꜞ☻◒⌐ ∆╢ ─ ♪כ꜠◓ 1 A-5 ⁹ ⅛ ♪כ꜠◓ 2 ⌐ ∆

╢ 45 ⌐╦√╢ ꜞ☻◒ │⁸⅔╟∕ 0.7 19 ɛg/m
3

8 TWA⁸

95 LCL ≢№╢ A-6 ⁹ 

 

↓╣╠─ 8 TWA │⁸8 TWA ≤⇔≡ ─ CNT

╩ ∆╢ NIOSH 5040⌐╟╢ LOQ 7 ɛg/m
3 ╩ ∫≡™╢⁹SWCNT⅔╟┘

MWCNT─ ⅛╠ ↕╣√ꜞ☻◒ ⌐≈™≡╙⁸LOQ≢ ∆╢≤ CNT─

─ ─ ╛ ⅜ ⌂╢ ⌐╟╠∏⁸ ≢⁸0.08 12 ɛg/m
3≢№╢ A-3⅔

╟┘ A-4 ⁹ LOQ1 ɛg/m
3≢╟╡ ™ꜞ☻◒⅜ ↕╣⁸↓╣│⁸ ⅛ ⌂ ⌐

∆╢ꜝ♇♩ ⁸┘╟⅔♃כ♦ ⌂╢ 95% UCL ⌐ ≠

ↄ≤⁸⅔╟∕ 0.5%⅛╠ 16%≢№╢ A-8 ⁹╟╡ ™ꜞ☻◒│⁸ ⅜ ♪כ꜠◓─

1≤™℮⁸╟╡ ─ ™◄fi♪ⱳ▬fi♩⅛╠ ⇔√⁹ A-7 ⁹ ─ ╛ ⌐

≠ↄ↕╠⌂╢ ╛ꜞ☻◒ │⁸A.6 ≢ ═╢⁹ 

 

 

A. 6  

 

↓─ CNTꜞ☻◒ ⌐⅔↑╢ ⌐ ∆╢ ─╟℮⌂ ─ ╩⁸↓─ ≢ ∆

╢⁹ 1 ꜝ♇♩ ─ 2 ⌐⅔↑╢ ⌂ ꜠ⱬꜟ─ ≤ⱥ♩≤─

3 OEL ⌐ ™╠╣╢ ─ ⁹↓─ ⌐⅔↑╢ │⁸♪ꜝⱨ♩ REL

NIOSH 2010 ⌐≈™≡─ ⌂╢○ⱪ◦ꜛfi╛ ─ ╩ ⅔╟┘ ⌐ ∆

╢√╘⌐ ∫√⁹ 

 

 

A.6.1  

 

ꜝ♇♩≤ⱥ♩⌐⅔™≡ CNT─ ─ ⌐ ╩ ⅎ╢ ⌂ │ ─≤⅔╡≢№

╢ a ─ ≤ ─ ⁸ b ≤ Ɽꜝⱷכ♃ ⁸ ⁸

⅔╟┘ ╩ ╗ ⁸ c ─ ⁸ d ⌐⅔↑╢ ─ ⁹

│⁸ ◘▬☼ ∕⇔≡№╢ ─ ⁸ Ɽ♃כfi ⁸ ⁸

╕√│∕╣╠─ ╖ ╦∑ ⅔╟┘ ⁸⅔╟┘ ─ ⌐ ≠™≡™╢⁹

│⁸ ≤ ꜠ⱬꜟ⌐ ∆╢⁹ꜝ♇♩⅔╟┘ⱥ♩─ ⌐≈™≡ ⅜

≢№╢ EPA1988, 1994 ICRP1994⁹ꜝ♇♩≤ⱥ♩⌐⅔↑╢ CNT─ │⁸
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⌐ ≠ↄ⸗♦ꜟ╩ ™√ ♃כ♦☼▬◘ ⌐⅔™≡ ↕╣√╙

─ A-2 ⅛╠ ↕╣≡™╢⁹ ◒ꜞ▪ꜝfi☻─ │⁸ꜝ♇♩

Anjilvel ≤ Asgharian 1995 Asgharian╠ 2001,2003 ⅔╟┘ⱥ♩ ICRP 1994 Kuempel╠ 

2001a, b Gregoratto 2010, 2011⌐⅔™≡ ─ ≢╟ↄ ↕╣╕√ ↕

╣≡™╢⅜⁸CNT─√╘─ ⌂⸗♦ꜟ│╕∞≢⅝≡™⌂™⁹ 

 

↓─ ≢│ ─ ⌐ ™╠╣╢™ↄ≈⅛─ ⌂Ɽꜝⱷכ♃ ╩ ⇔⁸ ─⸗♦

ꜟ╛ ⅜╙√╠∆ ⌂ ⌐≈™≡╙ ╠⅛⌐∆╢⁹ ⌐ →╢ 2≈─ ⅜⁸ꜝ

♇♩⌐⅔↑╢ ─ ⌐ ≢№∫√⁹Pauluhn 2010a ⅔╟┘

Ellinger-Ziegelbauer≤ Pauluhn 2009 ⌐╟∫≡⁸◖Ᵽꜟ♩♩꜠כ◘כ ⌐ ≠™≡ CNT

─ ⌐ ∆╢◖Ᵽꜟ♩♩꜠כ◘כⱬכ☻─ ⅜ ╩♃כ♦─╠╣↓⁹√╣↕

MPPD⸗♦ꜟⱬכ☻ ─ ⌐ ™√⁹⌂−⌂╠⁸MPPD⸗♦ꜟⱣכ☺ꜛfi 2.0⅛╠ 2.1

┼─ ─ ⌐ ™⁸ꜝ ♇♩ ─ ⅜ ╩ ↑√√╘ A.2.2 ≢ ⁸

◖Ᵽꜟ♩♩꜠כ◘כⱬכ☻─ ⅜∕╣∙╣─⸗♦ꜟ─Ᵽכ☺ꜛfi─ ⌐ ↕╣√

A.6.1.2 ⁹MPPD⸗♦ꜟ─Ᵽכ☺ꜛfi 2.0≤ 2.1─ ─ ⌐ ⅎ≡⁸CNT─

⌐⅔↑╢ ─ ╩ ⇔√ A.6.1.1 ⁹▪꜡ⱷ♩ꜞ♇◒ⱬכ☻ כ◔☻

ꜟ ─ ⌐≈™≡╙ ∂╢ A.6.1.3 ⁹ 

 

 

A.6.1.1  

 

⌐ ∆╢ CNT─ │⁸◄▪꜡♂ꜟ─ ⅛╠ ↕╣╢⁹ ─ⱷ◌♬☼ⱶ

│⁸ ⁸ ⁸ ⁸∕⇔≡ ≢№╢⁹ ⌐╟╢≤⁸ │⁸ ⌐╟

∫≡ ∆╢ ─ ⅝≢ ↕╣╢ Hinds 1999⁹ ─ │⁸

≤ ⌐ ⇔≡⁸1 g/mL ≢ ↕╣≡™╢⁹ ─ │⁸

∕─ ╛ ⌐ ╠∏⁸ ≤ ∂ ╩╙≈ ─ ≢№╢⁹ ⁸

│⁸ ⌂ ◘▬☼─ ⌐╦√╡ ⌐⅔↑╢ ╩ ∆√

╘─ ≤⌂╢ ≤⇔≡ ↕╣≡™╢⁹MPPD CIIT ⅔╟┘ RIVM 2006 ARA 2011

─╟℮⌂⸗♦ꜟ│⁸ ≡∫╟⌐כ◙כꜚ ↕╣╢⅜ ╩ ™⁸

╩ ⌐ ╕√∕─ ╙ ╡≢№╢⅜⁸∕─╟℮⌐⇔≡⁸ ⌂ ⌐≈™

≡─ ⱷ◌♬☼ⱶ╩≤╠ⅎ≡™╢⁹ 

 

⇔⅛⇔⁸ ▪☻Ɑ◒♩ ─ ≢ 500 nm ≢№╡⁸ ─ CNT ╕√│ CNT─

╩ ╪≢™╢√╘⁸ │∕╣╠─ ∆⌂╦∟⁸

ⱷ◌♬☼ⱶ≢≤╠ⅎ√ ─ ╟╡╙│╢⅛⌐ ↕™ Baron╠ 2006 Kulkarni╠

2009⁹ ⌂∫√ ⅜ ⅝ↄ ⌂╢ ⅜№╢ │⁸∕╣╠─ ╩



138 

 

⌐ ⇔⁸ ™≡ ₁⌐ ∆╢ ⱷ◌♬☼ⱶ─ ─№╢ ╩ ∆╢√╘⌐⁸

⸗♦ꜟ⌐ ╩ ™╢↓≤╩ ∆╢ Kulkarni╠ 2011⁹ 

 

╩ ™√ CNT─ Shvedova╠ 2008 Ma-Hock╠ 2009 Pauluhn 2010a⌐⅔

™≡⁸ ◘▬☼ MMAD │ⱴ▬◒꜡ⱷכ♩ꜟ◘▬☼ 1 3 ɛm ≢№╡ A-2 ⁸

∕╣╠─ ≢ ─ CNT │⁸⅔⅔╟∕ ─ ≢№∫√⁹↓─↓≤⅛╠ ⱷ

◌♬☼ⱶ⅛╠─ │ ≢⅝╢ ≢⁸ │ ⌐⅔↑╢ CNT─

─ ⌂ ╩ ∆╢ ⅜№╢↓≤╩ ⇔≡™╢⁹⇔⅛⇔ ─

│⁸MPPD⌐⅔↑╢ ─ ⌐ ╩ ⅎ╢ ARA 2011⁹ꜝ♇♩ ⌐⅔↑

╢ CNT ─ ─ ─ │⁸ ≢ ═╢⁹ 

 

ꜝ♇♩⸗♦ꜟ≢│⁸MPPDⱣכ☺ꜛfi 2.1 2.0≢│⌂™ │⁸ ─ ⅜Ᵽכ☺ꜛfi 2.0╟

╡ ↕ↄ⌂╢⁹ ꜝ♇♩ ≢ ↕╣√ MMAD GSD │⁸ ≤◘fi

ⱪꜞfi◓ ⌐╟∫≡╦∏⅛⌐ ⇔√ Ma-Hock ╠ 2009 Pauluhn 2010a⁹MMAD GSD

─ │⁸ ⅔╟┘ ─ ⌐ ⇔√⁹ ─ ◘▬☼ ─ │

⌐ ↕╣╢↓≤│⌂⅛∫√⅜⁸ ─ MPPDꜝ♇♩⸗♦ꜟⱣכ☺ꜛfi╛

≤ ═╢≤ ≢№╢╟℮⌐╖ⅎ√⁹ 

 

╕√⁸ꜝ♇♩⌐⅔↑╢ CNT ─ ─MPPD ⸗♦ꜟ ╩⁸2 ─ꜝ♇♩ ⅛

╠ ↕╣√ CNT ─ ≤ ⇔√⁹Pauluhn 2010a │⁸ꜝ♇♩ ─◖Ᵽꜟ♩♩

כ◘כ꜠ ⌐ ⅎ⁸CNT ⌐ⱴ♩ꜞ♇◒☻ ⇔√◖Ᵽꜟ♩─ ╙ ⇔√⁹

Ellinger-Ziegelbauer≤ Pauluhn 2009 │ 1 91 ⇔√◖Ᵽꜟ♩─♦

╙♃כ ⁸MPPD│♃כ♦─╠╣↓⁹√⇔ ⸗♦ꜟ⅛╠─ ╩ ∆╢√╘─

╩ ⇔√⁹ 

 

A-9⌐ ╩ ∆≤⅔╡⁸ꜝ♇♩ ∂ │⁸MPPD⸗♦ꜟ 2.0╕√

│ 2.1 ─Ᵽכ☺ꜛfi⌐ ⇔≡⁸ⱨ□◒♃כ⌐╟∫≡ ∆╢⁹A.2.2 ≢ ═√╟℮⌐⁸

MPPD 2.1≢│ꜝ♇♩⸗♦ꜟ⌐⅔↑╢ ─ ─ ╩ ⇔√↓≤⅜ ╠⅛≢

№╡⁸∕╣⌐╟∫≡ ─ ⅜ ⇔≡™╢⁹ ⅜╟╡ ↄ⌂╢≤↕╠⌐

│ ∆╢⁹↓╣╠─ │⁸MPPD 2.1⌐ ≠ↄꜝ♇♩ ─

⅜⁸ ─ ⌐ ⌂ↄ CNT─ ╩╟╡ ⅝ↄ ↕∑╢↓≤⌐⌂╡

│ ─√╘ ⁸╝ⅎ⌐ꜝ♇♩⌐⅔↑╢ BMD(L)≤ OEL ⅜ ⅔╟∕ 2 ↄ⌂╢

↓≤╩ ⇔≡™╢⁹ A-9 ╙ MPPD 2.0⅔╟┘ 2.1 Yeh≤ Schum─ ⸗♦ꜟ ⅛╠─

ⱥ♩ ─ ╩ ⇔≡™╢⁹MPPD2.0⅔╟┘ 2.1│⁸1 g/mL─ ⌐⅔™≡

⌂ ╩ ⅎ╢⁹ ─ ⅜ ⌂∫≡╙⁸ MPPD 2.1─ ≢ │ ⌂⅛

∫√ ⅔╟∕ 20% ⁹ 
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A.6.1.2 MWCNT  

 

A-10│⁸2≈─ Pauluhn 2010a Ellinger-Ziegelbauer and Pauluhn 2009 ≢ ↕╣

√◖Ᵽꜟ♩♩꜠כ◘כ ⅛╠ MPPD 2.0╕√│ 2.1ꜝ♇♩ ⸗♦ꜟ≢ ⇔√

╩ ⇔√╙─≢№╢⁹ 

 

A-10│⁸ꜝ♇♩ ⌐⅔↑╢ CNT─◖Ᵽꜟ♩ ─ │⁸ ⌐│MPPD 2.0

1 ⌐╟∫≡ ↕╣√ ≤ ─ ⌐⌂╢↓≤╩ ⇔≡™╢⁹

MPPD 2.11⸗♦ꜟ 0.2 Pauluhn 2010b │⁸ ◒ꜞ▪ꜝfi☻⌂⇔≤

≢↕ⅎ╙⁸◖Ᵽꜟ♩ ─ ╩ ⇔√⁹↓╣╠─ │⁸ MPPD 

2.0⁸ 1 ⌐╟╢ꜝ♇♩ ⅔╟┘ ─⸗♦ꜟ⌐ ≠ↄ ⅜⁸ ↕╣╢

─ ⌐ ∆╢ ⌂ ≢№╢↓≤╩ ⇔≡™╢⁹↕╠⌐↓╣╠─ │⁸

╛ ⅜╟╡ ↕™ ⌐ ⇔≡╟╡╙⁸╟╡ ↕™ ≢ CNT⅜

◒ꜞ▪ꜝfi☻⌐ ╩⅛↑╢↓≤╩ ∆⁸ ─ ♩◐◦◖◐Ⱡ♥▫◒

☻ ≥♃כ♦ ⇔⁸∕─ ⁸ ─ ─ ⌐╟╢ ╟╡╙⁸ꜝ♇♩╛ⱴ►

☻ ≢─ CNT─ ⅜ ∆╢↓≤⌐⌂╢ Pauluhn 2010a Mercer╠ 2009 ⁹◖Ᵽꜟ♩♩

כ◘כ꜠ ⅜ ─ ≤ ─ ≢№∫√≤™℮ │⁸ ≤ ═≡ CNT

─◒ꜞ▪ꜝfi☻⅜ ⇔≡™√↓≤≤ ⇔⌂™⁹ 

 

─ ⅜⁸◖Ᵽꜟ♩♩꜠כ◘כ╕√│ꜝ♇♩ 1 A-11 ─ MWCNT

⸗♦ꜟ≢⌂↕╣√⁹∕─ ⁸MPPD 2.0⸗♦ꜟ≢│⁸Ellinger-Ziegelbauer≤ Pauluhn

2009 ─ ⌐╟╢◖Ᵽꜟ♩♩꜠כ◘כ⌐ ≠ↄ ≤ ═≡⁸CNT─ ╩⅔

╟∕ 2 ≢ ⌐ ∆╢↓≤⅜╦⅛∫√⁹↓╣│⁸ꜝ♇♩⸗♦ꜟ⌐⅔↑╢

◒ꜞ▪ꜝfi☻ MPPD 2.0 ─ ⌐ ≠™≡ ↕╣╢╟╡╙⁸↓─ 241 mg/m
3

≢│╟╡ ⅝⌂◒ꜞ▪ꜝfi☻≢№∫√↓≤╩ ⇔≡™╢⁹◖Ᵽꜟ♩♩꜠כ◘כ⌐╟∫≡

↕╣√ ⅜ ─ ⌐ ╙ ™ ≤ ∆╢≤⁸↓╣│⁸

╩ ∆╢⸗♦ꜟ╩ ™√ BMD │⁸ ∆╢ ∆⌂╦∟⁸ ⅜ ↓╢

─ ⅜╟╡ ™⅛╙⇔╣⌂™⅜⁸ │ ≢№╢√╘ ╩ ∆╢

↓≤╩ ⇔≡™╢⁹™ↄ≈⅛─◄ꜝכ⅜MWCNT ─◖Ᵽꜟ♩♩꜠כ◘כ ⌐

∆╢ ╙№╢ Ellinger-Ziegelbauer≤ Pauluhn 2009 ─ 2⅛╠ ⁹ 

 

 

A.6.1.3  
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│⁸ ⅔╟┘ ⌐ ╩ ⅎ╢⁹ꜝ♇♩─ │

─ ™⌐╟╡ ⌂∫≡™╢  EPA 1994 Pauluhn 2010a⁸Snipes 1989╩ ⁹

│⁸ ⌐ ∆▪꜡ⱷ♩ꜞ♇◒☻◔כꜟ ⌐ ≠™≡ ≢⅝╢⁹ 

 

A-.6 

ln(VE) = b0 + b1 ln(BW) 

 

VE│ L/min ⁸BW│ ⁸b0+b1│ Ɽꜝⱷכ♃╩ ∆⁹ 

 

ꜝ♇♩⌐⅔↑╢ b0+b1│⁸∕╣∙╣⁸-0.578≤ 0.821≢№╢  EPA 1994 ─ 4 6 ⁹

300 g─ꜝ♇♩─ ⁸ │⁸ ─≤⅔╡ ≢⅝╢⁹ 

 

A-7 

0.21 L/min = Exp [-0.578 + 0.821 × Ln(0.3)] 

 

↓╣│⁸MPPD─ ─ ♦ⱨ◊ꜟ♩ ≢╙№╢⁹ 

 

Pauluhn 2010a ⌐╟∫≡ ↕╣≡™╢ꜝ♇♩─ │⁸13 ≢ 369g

⁸245 g ≢№∫√⁹Pauluhn 2010a ─ ⌐⅔↑╢ ♃כ♦─

│⁸ ꜝ♇♩─╖⌐ ≠™≡⅔╡⁸∕─ ≢│ ╩ 0.25 L/min A-6⅛╠

≤⇔≡ ꜝ♇♩─ ⌐ ™≡™╢⁹ 

 

Ma-Hock╠ 2009 │ꜝ♇♩ ⌐≈™≡ ⇔≡™⌂™⅜⁸ꜝ♇♩─ Wistar ⅔╟

┘ 13 │ Pauluhn 2010a ≤ ∂≢№╢⁹Ma-Hock╠ 2009 ─

⁸│♃כ♦─ ─ 10 ─ꜝ♇♩╩ ╖ ╦∑√╙─∞⅜ ⅜

⌐ ∞∫√√╘ ⁸ ꜝ♇♩─ │ 300 g≤ ⇔√⁹↓╣╠│⁸Pauluhn2010a

⅜ ⇔√ ꜝ♇♩ 307 g⅔╟┘ MPPD─ 300 g≤ ⌂ ≢№╢⁹∕

─ ⁸Ma-Hock╠ 2009 ─ ─ ⌐ ∆╢ ⅜ ╠╣√ ⁸L.Ma-Hock and E. 

Kuempel, 2010 10 14 ⁹13 ꜝ♇♩─ │⁸Pauluhn 2010a ╠─

≤╒╓ 305 g ≢№∫√⁹ ─ꜝ♇♩ 0.8 1 L/min/kg Pauluhn 2010a⁸Snipes 

1989╩ │⁸ ╩╛╛ ╘⌐⇔≡⇔╕℮∞╤℮⁹ 

 

A-6⌐ ≠⅝⁸Ma-Hock╠ 2009 │ ꜝ♇♩─ ╩ 0.21 L/min≤ ⇔⁸

Pauluhn 2010a │ ꜝ♇♩╩ 0.25 L/min≤⇔√⁹ │⁸ ≤ ─

≢№╢⁹ ⅜ ∂ 102 min
-1 ≤ ∆╢≤⁸ ⅜ 2.45 mL≤

A-6 ↕╣⁸Pauluhn 2010a ♩♇ꜝ│≢♃כ♦─╠ ─ ⌐⁸MPPD 2.0 CIIT 



141 

 

and RIVM 2006 ⌐ ╦╡⁸↓─ ⅜ ™╠╣√⁹ 

 

ⱥ♩≢│⁸MPPD 2.0⸗♦ꜟ CIIT and RIVM 2006 ⌐ ≠ↄ≤⁸ │ 7.5 L/min≢

№╡⁸↓─ │ ─ 12 min
-1≤ 625 mL⌐ ≠™≡™╢⁹Γ

Δ─ │ 20 L/min ICRP 1994 ╕√│ 9.6 m
3
/8 hr 0.001 m

3⁸480 min/8 hr╟╡

≢№╢⁹↓╣╠─ ─ ≢⁸ ─ 20 L/min≤ ∆╢⁸

17.5 min
-1⁸ 1143 mL NIOSH 2011a ╩ MPPD 2.0⌐ ™√⁹ 

 

 

A.6.2  

 

№╠╝╢ꜞ☻◒ ─ ⌐⅔™≡ ≤⌂╢ │⁸ ⌂ ꜠ⱬꜟ╩ ∆

╢≤↓╤≢№╢⁹ ⅛╠─ ⌂ ꜠ⱬꜟ│⁸ ─ POD╩ ⅝ ∆√╘

⌐ⱥ♩⌐ ↕╣╢ A.2.3 ⁹ ⌂ ≤│⁸ ⌐⁸∕╣ ⅜ ╕√│ ⌐

┘≈ↄ ≤⌂╢ ─ ⌐ ℮ ╙ ⌂ ∆⌂╦∟⁸ ⅜╖╠╣√

─↓≤≢№╢⁹A.2.1.3≢ ═√ ─ ─ │⁸ ⌂ꜞ☻◒ ≤∕╣

╠─ ─ ≢ ™╠╣╢ ⌂ ≢№╢⁹ ⌐ ↕╣√ ⌂ │⁸

─ ╕√│ ─ ⅜ ♪כ꜠◓ 1 ╕√│∕╣ ─ꜝ♇♩─

≢№╢ Ma-Hock╠ 2009 ⅔╟┘ Pauluhn 2010a ─ ⌐╟╢ ♪כ꜠◓⁸⌐╠↕⁹ 2

⅛ ╕√│∕╣ ─ Ma-Hock╠ 2009 ⅔╟┘ Pauluhn 2010a ─

⌐╟╢ ╙ ─◄fi♪ⱳ▬fi♩≤⇔≡ ↕╣╢⁹⌂−⌂╠⁸ ⌐╟

♪כ꜠◓⁸≥╢ 2─ ♪כ꜠◓│ 1╟╡╙ ⅜ ↕™ ⅜№╢↓≤╛⁸ⱥ♩⌐⅔™

≡ ⌐ ⌂ ╩ ╓∆ ⌐╟╡ ⇔≡™╢ ╙№╢⅛╠≢№╢⁹ 

 

⌂ ⌐⅔↑╢ ⌂ ꜠ⱬꜟ│⁸ꜝ♇♩ ╕√│ ─

⸗♦ꜟ⌐ ∆╢ BMD(L) ≢№╢╡⁸ⱥ♩ ⌐ ™╠╣╢⁹ ◘▬

☼ ⌂ ─╖ ◒ꜞ▪ꜝfi☻⌂⇔≤ ⅛╕√│ ─

─◒ꜞ▪ꜝfi☻╩ ╩ ∆╢↓≤⌐╟∫≡⁸ ⁸∕╣⅜∆⌂

╦∟ ⌐⌂╢⁸╩ ⇔√⁹ 

 

⌂ꜞ☻◒ ≢│⁸™ↄ≈⅛ ⅜№╢√╘⁸BMD ╩NOAEL╕√│LOAEL

⌐ ╦╡ ⇔√ A.2 ⁹⇔⅛⇔⁸BMD(L) ╙⁸ ⅎ┌⁸CNT─

A-1⅔╟┘ A-4 ≢ ⅝√╟℮⌂ ─ ⅜ ≢⌂™ ⌐│⁸ ⅛╙⇔╣⌂™⁹

↓─ ⌐⅔™≡│⁸ ≢ ↕╣√ NOAEL⅔╟┘ LOAEL Ma-Hock

╠ 2009 Pauluhn 2010a │⁸OEL ╩ ∆╢√╘─ ─ ⌐⅔™≡⁸ ꜠

ⱬꜟ≤⇔≡ ™╠╣╢⁹ ⅎ╠╣╢ ⌂ ꜠ⱬꜟ─ ⌂ ╩ A-12⌐ ∆⁹
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BMDL │ NOAEL ≤ ∆╢ 1 4 ─ ≢ ⅜⁸↓╣│

⌐⅔↑╢ ∏╠╦⅛⅛╙⌐↕╠┌╕─♃כ♦─ A-1 ⁸BMDL ⅜

⅛╙⇔╣⌂™↓≤╩ ⇔≡™╢⁹ 

 

NOAEL≤ BMD ↓─ ≢│⁸BMD │ ╕√│ BMC ╩ ∆╢√╘─

⅜ ╦╣√⁹0.1 mg/m
3⌐⅔↑╢ ꜞ☻◒ ─ minimal╕√│╟

╡ ♪כ꜠◓™ ─ │⁸Pauluhn 2010a ─ ─ ╩♃כ♦ ≡│╘√

BMD ⸗♦ꜟ⌐ ≠⅝ A-12 ⁸0.10 ∆⌂╦∟ 10% ≢№∫√⁹⇔⅛⇔⁸0.1 mg/m
3│⁸

⅜ ↕╣⌂⅛∫√ NOAEL≤⇔≡ ↕╣√ ≢№╢⁹↓─ NOAEL⌐ ∆╢

ꜞ☻◒ ─ ╩ ∆╢√╘⌐⁸NOAEL ≤ ─♃כ♦╢↑⅔⌐ ⅜⁸

↕╣╢ ─ ≤ ™─ ⅛╠⁸ Ɽꜝⱷכ♃ ↕╣√⁹∕⇔≡ ™─

│⁸ ─ ≢ ⇔√⁹ 95%─ ╩ ⇔√

≤⅝⁸0.17 ∆⌂╦∟⁸17% ≤™℮ ⅜ ™─ UCL≤⇔≡ ╠╣√⁹╝ⅎ⌐⁸NOAEL≤

⇔≡ 0.1 mg/m
3╩ ™╢↓≤╩ ∆╢≤™℮ │⁸⸗♦ꜟ⌐ ≠ↄ ꜞ☻◒─ MLE

⅜ UCL ≢№╢√╘⁸BMD ⸗♦ꜟ⅛╠─ ≤ ⌐ ⇔⌂™⁹ 

 

⌂ꜞ☻◒ ─▪ⱪ꜡⁸│≢♅כBMDL │⁸ꜞ☻◒ ⌐⅔↑╢ POD≤⇔≡

™╠╣╢ NOAEL⌐ ∆╢≤ ⅎ╢↓≤⅜≢⅝╢ EPA 1994⁹ ⅎ╠╣√

⅛╠ ꜠ⱬꜟ⅜ ↕╣╢≤⁸ⱥ♩ ꜠ⱬꜟ ⅎ┌⁸8 TWA ≤⇔≡

╕√│ⱥ♩ HEC ⌐ ↕╣╢⁹↓─ HEC_POD ⱥ♩ │⁸╟╡

™ ⌂ ꜞ☻◒꜠ⱬꜟ⌐ ↕╣╢⅛╕√│ OEL─ ⌐ ╩ ∆

╢√╘─ POD≢№╢⁹↓╣╠─ ⌐≈™≡⁸A.6.3 ≢ ⇔ↄ ═≡™╢⁹ 

 

 

A.6.3 OEL  

 

≢ ═√╟℮⌐⁸ ╩♃כ♦─ ™√ ⌂ꜞ☻◒ │⁸ ⌐⁸ ⌐

⅔↑╢ ⌂ ꜠ⱬꜟ ⅎ┌⁸NOAEL╕√│ BMDL ╩ ⌐ ∆╢↓≤⅜ ≢

№╡⁸↓╣╩ PODanimal≤∆╢⁹HEC_POD│⁸ ╩ ⅎ≡ ⌐ ╩ ⅎ╢

⅔╟┘ ⌂ ╩ ∆╢↓≤⌐╟╡⁸ ─ ╩ⱥ♩⌐ ⇔≡ ∆╢β⁹

⸗♦ꜟ│⁸ ╩ ∆╢↓≤⅜ ≢⁸ ≤ ⁸ ≤

Ɽ♃כfi⅔╟┘◄▪꜡♂ꜟ─ ╩ ⅎ╢↓≤⌐╟╡⁸ ╛ⱥ♩⌐⅔↑╢

╩ ∆╢↓≤⅜≢⅝╢⁹ ⸗♦ꜟ─ ≤⌂╢ ↕╣√ ▪

ⱪ꜡⁸≡⇔≥♅כ ╩ ─ ꜠ⱬꜟ⌐ ∆╢ ⅜№╢ A.6.3.1 ⁹

↓─ │⁸ ⸗♦ꜟ⅜ CNT≤⇔≡ ⌐ ↕╣≡™⌂™↓≤╩ ∆

╢≤⁸ ─▪ⱪ꜡כ♅─ ⌐ ≢№╢⁹ 
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βHEC_POD│ ⌐⁸∕─ ─ ≤ ╩ ∆╢√╘⌐ ⌂ UFs ≢ ╢

A.6.3.3 ⁹ 

 

 

A.6.3.1  

 

⌐⅔↑╢ PODanimal ⅎ┌⁸NOAEL ⌐ ∆╢ⱥ♩ HEC │ ─╟℮

⌐ ≢⅝╢⁹ 

 

A-8  

HEC_POD = PODanimal / DAF 

 

DAF│ ╩ ⇔⁸ 

 

A-9  

DAF  =   (VEH/VER)×(DFH/DFA)×(RTH/RTA)×(NFA/NFH) 

 

VE│ⱥ♩ H ╕√│ꜝ♇♩ R ⌐⅔↑╢ ⅎ┌⁸ №√╡─

⁸m
3
/d ╩ ∆⁹DF│ ⁸↓─ │ ─ ⌐⅔↑╢ ╩

∆⁹RT│ ⌐⅔↑╢ ─ ╩⁸NF│ ╩ ∆⁹ 

 

A-9⌐ ∆ ⌂ │⁸ RfC EPA 1994⅔╟┘ Pauluhn2010b

⅜ ™√ ≤ │⌂™⁹# 
Pauluhn 2010b ⅜ ⇔√ NOAEL 0.1 mg/m

3⅔╟┘

specific adjustment factors│⁸HEC_POD╩ ∆╢√╘─ ⌂ꜞ☻◒

─ ≤⇔≡ ⌐ ∆≤⅔╡ ™╠╣≡™╢⁹ 

 

A-10  

AF
#
  =  (0.14/0.29)×(0.118/0.057)×(10/1)×(8.66×10

10
/4.99×10

11
)  =  1.73 

 

VE A-9⅔╟┘ A-10 │⁸Pauluhn 2010b ≢│ √╡─ m
3
/kg ≢ ↕╣≡

™╢⁹ꜝ♇♩─ 0.29≤™℮ │⁸ 0.8 L/ /kg ×360 ∆⌂╦∟ꜝ♇♩│ 1

6 ×0.001 m
3
/L≢ ↕╣√⁹ⱥ♩─ 0.14≤™℮ │⁸9.6 m

3
1 8

√╡ / 70 kg⌐ ≠™≡™╢⁹ DF│⁸MMAD ─ 3 ɛm⌐ ⇔⁸↓╣│ MPPD2.0

ꜝ♇♩⅔╟┘ⱥ♩⸗♦ꜟ⅛╠ ↕╣√ CIIT and RIVM 2006⁹RT│⁸ⱥ♩≢ 1 2 ⁸

ꜝ♇♩≢ 60 ─ ⌐ ≠™≡™╢ Snipes╠ 1989 Pauluhn 2010b │↓─
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╩ 10⌐ ╘≡™╢ ⁹NF│⁸∕╣∙╣─ ⌐⅔↑╢ kg √╡─ ⱴ◒꜡ⱨ□כ

☺ ɛm
3 ╩ ⇔⁸ ⱴ◒꜡ⱨ□כ☺ AM ꜝ♇♩ 1166 ɛm

3⁸

ⱥ♩ 4990 ɛm
3 ⁸ √╡─ AM ꜝ♇♩ 2.6×10

7⁸ⱥ♩ 7.0×10
9 ⅔╟┘ꜝ♇♩

≤ⱥ♩─ ∕╣∙╣⁸0.35kg⁸70kg Pauluhn  2010b A-2 ⅛╠ ↕╣√⁹ 

 

AF─ 1.7│⁸Pauluhn 2010b ⌐╟∫≡ 2⌐ ╘╠╣⁸╟∫≡⁸ 

 

A-11  

HEC_POD  =  0.1 mg/m
3
/ 2  =  0.05 mg/m

3
 

 

A-8⅛╠ A-11≢ ⇔√ │⁸Pauluhn 2010b ⌐⅔↑╢ⱥ♩ NOAEL─ ⅝ ≤

≢№╢↓≤⅜ ⅛╢⁹∕─ ≢│⁸HEC_POD │ UFs ≢ ↕╣≡│

™⌂™⅜⁸OEL≤⇔≡ ↕╣≡™╢ Pauluhn 2010b ⁹ 

 

↕╠⌐ ⌐∆╢√╘⌐⁸ A-10─ ─ⱨ□◒♃כ╩ ∆╢↓≤⅜ ≢№╢⁹

─ │⁸ ⅜↓╣╠─ ⌐ ↕╣≡™╢⅛ ⅛╟╠∏⁸ ⅜ ∂≤⌂╢╟℮⌐

↕╣╢⁹╝ⅎ⌐⁸ A-10─ kg №√╡≢ ↕╣√ ╩⁸ ╕√│ⱥ♩ VEH/VER

9.6/0.1015 ⅔╟┘ NFA/NFH 3.03×10
10

/3.49×10
13 ⌐ ⅎ≡╙⁸ ≤⇔≡ AF│

∂ 1.7≤⌂╢⁹ 

 

# HEC_POD╩ ∆╢√╘─ ⌂ ─ ╛ ⌐™ↄ≈⅛─ ™⅜№╢⁹ ⅎ┌⁸ ─ ╕

√│ ─ ╕√│ⱥ♩─ │⁸ ꜠ⱬꜟ⅜ DAF≢ ∂╠╣≡™╢⅛╕√│ ↕╣≡™╢⅛

≢ ∆╢⁹AF≤™℮ Pauluhn 2010b │⁸DAF EPA 1994 ≤™℮ ─

≤ ∂≢№╢⁹AF│⁸↓↓≢│⁸↓↓≢ ⇔√ ⅜ Pauluhn 2010b ─ ≢ⱥ♩ ─

⌐ ⌐ ™╠╣√ ≢№╢↓≤╩ ⌐∆╢√╘⌐ ⇔√⁹ 

 

 

A.6.3.2  

 

A.6.3.1 ⅔╟┘ A-9≢ ⇔√╟℮⌐⁸ DAF ╩ ∆╢ 4≈─

│ ─≤⅔╡≢№╢  

1.  

2.  

3.  

4.  
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─ ─ⱥ♩┼─ ⌐⅔™≡⁸ ─ ⌐╟╢ ⌂ ╩ ∆╢√╘⌐⁸↓

╣╠ 4≈─ A-9 ─ ╩ ∆╢↓≤│ ≢№╢⁹ ─ 2≈─

VE ≤ DF │⁸ ─ ⅔╟┘ ╛⸗♦ꜟ⌐

≠™≡™╢√╘⁸ ₁⌂ ─ ≢№╕╡ ⇔⌂™⁹CNT─ DF │⁸∕╣╠⅜

◄▪꜡♂ꜟ⸗♦ꜟ⌐ ≠™≡⅔╡╕√ ⅜ DF ⌐ ╩ ⅎ╢√╘⁸

™ↄ╠⅛ ⌂≤↓╤⅜№╢⅜⁸╟╡ ⅝⌂ 2 ⅜ ⸗♦ꜟ⌐ ≠ↄ

─ ™ ⅎ┌⁸MPPD 2.0 2.1 ⌐ ⇔≡™╢ A.2.2⁸A.6.1.1⅔╟┘ A.6.1.2

⁹ 

 

NIOSH 2010 ⅔╟┘ Pauluhn 2010b ⅜ ™√ VE⁸DF─ │ ⇔≡⅔╡⁸ⱥ♩⅔╟

┘ꜝ♇♩⌐≈™≡∕╣∙╣⁸ 

 ̧ VE m
3
/d 10≤ 0.015 Pauluhn  2010b⁸9.6≤ 0.09 NIOSH 2010  

 ̧ DF 0.018≤ 0.057 Pauluhn  2010b⁸0.086≤ 0.046 NIOSH 2010  

 

─ 2≈─ RT ≤ NF │⁸ ⌐ ⇔√ CNT

⅜ ╩⅛↑≡ ≤≥─╟℮⌐ ∆╢⅛⌐ ∆╢ ⌐ ∂≡ ⅝ↄ

⌂╢ ⅜№╢⁹↓╣╠─ ⌐≈™≡⁸ ≢ ═╢⁹ 

 

A.6.3.2.1  

 

NF│⁸CNT ╩ ─ ⅝↕ ╛ ─ ™≢ ∆╢√╘─ ≢№╢⁹

─ ╛ ─ │⁸ ≢─ CNT ⌐╙ ⅛╙⇔⌂™ⱷ◌♬☼ⱶ ╩

∆╢↓≤⌐№≡│╕╢⁹ ─ ⅔╟┘ ─ ⌐ ∆╢ ⌂ ⌐│⁸

CNT─ ⁸ ⁸╕√│∕╣∙╣─ ⌐⅔↑╢ ╕√│ ⱴ◒꜡

ⱨ□כ☺ √╡─ ⌂≥⅜№╢⁹ꜝ♇♩╛ⱥ♩ ⌐⅔↑╢ ⱴ◒

꜡ⱨ□כ☺ ⌐ ∆╢ ╩ ⅎ√ ─ ⅎ┌⁸NOAEL │⁸

╕√│ ⌐ ⇔√ꜝ♇♩⅔╟┘ⱴ►☻─ ◒ꜞ▪ꜝfi☻⅜ ⌐⌂∫√

⌐ ≠™≡™╢ Bolton╠ 1983 Morrow 1988 Bellmann╠ 1991 Elder╠ 2005

Pauluhn 2010b⁹ 

 

a ⱴ◒꜡ⱨ□כ☺  

 

⌐ ™ ≢│⁸ ⱴ◒꜡ⱨ□כ☺⅜ ∆╢◒ꜞ▪ꜝfi☻─ ⌐╟∫≡⁸

◒ꜞ▪ꜝfi☻⅜ ⌂╦╢↓≤⌐⌂╢⁹ꜝ♇♩─ ⁸ ⅜ 1 mg/g

⅔╟┘ 1 ɛg/g Morrow 1988 Muhle╠ 1990⁸ 200

300 cm
2

/ꜝ♇♩ ≢ ↕╣≡™╢ Tran╠ 2000⁹ ≢│⁸ ≤⌂╢
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─ │⁸ ─ 6% 60%⌐ ⇔⁸6%⅛╠ ⅜ ╕╡⁸60%≢

⌐⌂╢ Morrow 1988⁹ ◒ꜞ▪ꜝfi☻─ │╙∫≤ ™ ⅛╠

╕∫≡™╢⅛╙⇔╣⌂™⅜ Bellmann╠ 1988 Kuempel╠ 2001a⁸60%─ ⅜ ⌐

↕╣≡™╢ Oberdörster╠ 1992⁹ ─ ─ ╩ ⌐ ∆≤⁸ ⌐

⅔↑╢ ⅜ ↕╣√ⱴ◒꜡ⱨ□כ☺─ ⁸ Ᵽꜞ▪─ ─ ⁸

⌂ ⁸ ─ ⅔╟┘ ꜞfiⱤ ┼─ ⌐ ⅎ≡ ─ ⁸

ꜞⱳ♃fiⱤ◒ ⁸ ⅔╟┘ Muhle╠ 1990, 1991⁹ 

 

ꜝ♇♩⌐⅔↑╢ ─ ⅜╟ↄ ↕╣≡™╢─⌐ ⇔⁸ ↕╣√ ⌐ ∆

╢ⱥ♩ ⌐ ∆╢ ─ │⁸ꜝ♇♩≤ⱥ♩─ ⅔╟┘ Ɽ♃כ

fi─ ≢ ↕╣√ ™≤⇔≡ ⌐⌂∫≡™⌂™⁹ꜝ♇♩⌐⅔↑╢ ◒ꜞ▪ꜝfi☻

⅜ ⌐ ∆╢ ─ ≢ ≢№╢─⌐ ⇔⁸ ─ ≢│⁸

─ ◒ꜞ▪ꜝfi☻│⁸ ™ ≢↕ⅎ ≢⌂™↓≤⅜ ↕

╣≡™╢ Kuempel 2000  Kuempel╠ 2001 Tran and Buchanan 2000Gregoratto╠ 2010, 2011⁹

∆⌂╦∟⁸ ⌐ ∆╢ ─ ⅛│⁸ ⌐ ™ ⌐ ┬

↕╣╢─≢№╢ ICRP 1994 Kuempel ╠ 2001 Gregaratto╠ 2010⁹ꜝ♇♩│

─ ╩ ∆╢─⌐ ⇔⁸ⱥ♩│ ╠⅛⌐ ─ ─ ╙ ⇔≡

™╢ Nikura╠ 1997, 2001⁹ ⅜ ™─≢⁸ⱥ♩≢─ ─

⌐ ∆╢ │⁸ ∂ ⌐ ∆╢ꜝ♇♩ ≢─ ≤ ═≡ ™⅛╙⇔╣⌂™⁹ꜝ♇

♩≤ⱥ♩⌐⅔↑╢ ◒ꜞ▪ꜝfi☻ ⅔╟┘ Ɽ♃כfi─ ™╩ ∆╢≤⁸ ⱴ

◒꜡ⱨ□כ☺─ ⌐ ≠™≡ ╩ ⅎ√ ─ ╩ ℮↓≤│⁸ⱥ♩⌐⅔™≡

⌂ ╩ ∆╢ ─ ⌐⌂╠⌂™⅛╙⇔╣⌂™⁹ 

 

b  

 

─ ⅔╟┘ ⌐ ∆╢ ─№╢╙℮└≤≈─ │⁸ ─

√╡─ ╕√│ CNT ≢№╢ EPA 1994 Donaldson╠ 2008⁹∕╣│⁸

⅜ ┼ ╩ ⇔≡ ∆╢≤⅝⌐ ≤ ∆╢ ≢№

╡⁸ │ ⅔╟┘ ─ ⌐╙ ⇔≡™╢ Bohning and Lippmann 

1992 Driscoll╠ 1996 Tran ╠ 2000⁹↓─√╘⁸ ⌐ ≠™≡ ╩

∆╢≤⁸ⱥ♩ ─╟╡ ™ ≤⌂╢⅛╙⇔╣⌂™⁹⇔⅛⇔⁸ ⱴ◒꜡ⱨ□

≥☺כ ─ ⅜ ─ ⌐ ⇔≡™╢─≢⁸™ↄ≈⅛─ ╩ ╖

╦∑╢↓≤⅜⁸ ⌐♄▬♫Ⱶ♇◒⌂ ◦☻♥ⱶ─ ╙╟™ ⅛╙⇔╣⌂™⁹

╟╡ ⌂ ⌐ ≠™√⸗♦ꜟ⅜⌂™ ≢⁸∕╣∙╣─ ↕╣╢

ⅎ┌⁸ ⱴ◒꜡ⱨ□כ☺─ ╕√│ ─≥∟╠⅛⌐ ≠ↄ ─

⌂ ╩ ∆╢↓≤≢⁸ꜞ☻◒ ─ ╛ ⌐╟∫≡ ↕
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╣╢ OEL⌐ ∆╢ ⅜ ╠╣╢⁹╝ⅎ⌐⁸ A-10─ ⱴ◒꜡ⱨ□כ☺ ≢№╢

NFA/NFH╩ 0.4 m
2/
/102 m

2
Stone╠ 1992 ┼ ∆╢≤⁸AF│ 4.5 ⌐⌂╢⁹∆⌂╦

∟⁸ 

 

A-12  

AF  =   (9.6 m
3
/0.012 m

3
)×(0.118/0.057)×(10/1)×(0.4 m

2
/102 m

2
)  =  7.7 

 

A-13  

HEC_NOAEL  =  0.1 mg/m
3
/ 7.7  =  0.013 mg/m

3
 

 

AF⅜╟╡ ⅝⌂ ⌐⌂╢≤⁸ ⇔≡ⱥ♩ │╟╡ ↕ↄ⌂╢⁹↓╣│⁸CNT─ꜞ

☻◒ │ ─ ─ꜞ☻◒ ⌐ ⇔≡ ⁸ ⌐ ∆╢

⌐ ≢№╢↓≤╩ ⇔≡™╢⁹ 

 

A.6.3.2.2  

 

─ │⁸ ⅜ ∆╢ ─ ─◒ꜞ▪ꜝfi☻ ⌐╟∫≡ ╩ ↑

╢⁹ 2─ RT Pauluhn 2010b ≢│ │⁸ꜝ♇♩≤ⱥ♩─

─ ™╩ ∆╢√╘─ ≢№╢⁹↓─ ╙ ⌐ ∆╢ ⌐

↕╣╢⁹ꜝ♇♩─ ⁸ ◒ꜞ▪ꜝfi☻⅜ ╩ ↓∆ ∆⌂╦∟⁸ ≢ ╟╡

™ ─ │⁸ ─ ⌐ ⇔⌂™≢№╤℮≤ ↕╣╢ ⅜

№╢⁹ ─ │⁸ ⌐ ⇔√ ⌐│ ─ ≤◒ꜞ▪ꜝfi

☻ ⅜ ⇔™↓≤╩ ⇔⁸ ⅜ ╦╠⌂↑╣┌ │ ╩ ⅎ≡ ∂

╩ ∆╢∞╤℮⁹ ⅎ┌⁸ 13 ≢ ⅎ╠╣√ ⌐╟∫≡

⌐ ⇔√ ─ │⁸∕─ 2 ⌂ ⅜ ∂ ≤◒ꜞ▪ꜝfi☻⅜

ⅎ╠╣╢↓≤⌐╟╡⁸ ∂╟℮⌐ ↄ∞╤℮⁹⇔⅛⇔⁸ ─ │⁸13 ≢│

⌐ꜝ♇♩╛ⱥ♩≢─ ≢ ⇔≡™⌂™ ⅜ ⅎ╠╣╢⁹ꜝ♇♩─

⌐ ≠⅝⁸Pauluhn 2010b │⁸ ⱴ◒꜡ⱨ□כ☺⌐⅔↑╢ ≤ ─

≢ ꜝ♇♩─ 3⅛ ⅜ⱥ♩─ 10 ─ ≤⅔⅔╟∕ ⁸ⱥ♩≢

─ ⌐ ∆╢∞╤℮≤ ⇔√⁹ⱥ♩/ꜝ♇♩ ─ 10/1≤™℮

⅜ ™╠╣√⅜ Pauluhn 2010b⁸∕─ │ꜝ♇♩≤ⱥ♩─ ⌐⅔↑╢ ⅛╠─ ◒ꜞ

▪ꜝfi☻─ ⌂ ◒ꜞ▪ꜝfi☻ ⸗♦ꜟ⌐ ≠™≡™╢ Snipes╠ 1989⁹ꜝ♇♩⌐

⅔™≡ ≤ ∆╢ CNT─ │⁸ ─ ≤ ═≡ ™

⌐⌂∫√ Pauluhn 2010b, 2011⁹↕╠⌐⁸ⱥ♩ ⁸╠⅛♃כ♦ ⌂ ◒ꜞ▪

ꜝfi☻⸗♦ꜟ⅜ⱥ♩ ╩ ∆╢≢№╤℮↓≤⅜ ↕╣√ ICRP 1994

Kuempel ╠ 2001 Gregoratto╠ 2010⁹∆⌂╦∟⁸ⱥ♩≢ ↕╣╢ │⁸ꜝ
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♇♩⸗♦ꜟ⅛╠ ↕╣╢ ─ ╩ ∆╢↓≤⅜ ↕╣╢ ∆⌂╦∟⁸

⌂ ─ ◒ꜞ▪ꜝfi☻⁸╕√│ ∆⌂╦∟ ⌂ ⌐ ⇔

√ ─ ◒ꜞ▪ꜝfi☻ ⁹ 

 

↕╣√ ─ │⁸ ⌐╦√╡ⱥ♩⌐ ↕╣√ ╩ ∆╢

MPPD2.0 CIIT and RIVM 2006ⱥ♩ ⸗♦ꜟ╩ ™╢↓≤≢№∫√⁹↓─ │⁸

∆⌂╦∟⁸∕─ ⌐ ∆╢√╘⌐ ∆╢ ⌐ ⌂ↄ⁸

⅜ ─ ⌐ ∆╢≤™℮ ╩ ⇔≡™╢⁹↓─ ×

─ ⅎ │⁸₈ⱢכⱣכ─ ₉≤⇔≡ ╠╣⁸ ™⌂⅜♃כ♦─ ─ ─ꜞ

☻◒ ⌐⅔™≡ ⌂ ≢№╢ EPA 1994⁹ ⌐ ∆╢™ↄ

≈⅛─ ≢│⁸ ≤ ⅜⁸ ╩ ∆╢↓≤⌂ↄ⁸

╟╡╙ ─ ⌐╟™↓≤⅜ ↕╣≡™╢ NIOSH 2011b⁹⇔⅛⇔⁸

⌐ ↑√ ⅜⁸ ∂ ╩ ↑√ ∆⌂╦∟ ≢ ─

╩≥╣∞↑╟ↄ ≢⅝╢≢⅝╢─⅛⌐ ∆╢ ↕⅜ ∫√╕╕≢№╢⁹ ─

⌐ ∂≡⁸ ∫√ ⌐ ╗ ⅜№╢⁹ ⅎ┌⁸ ≢│⁸ ⌐

∆╢ ─ ⅎ┌⁸◒ꜞ▪ꜝfi☻─ ╕√│ ⅜ ⅝⁸ ─ ≢

─ ╩ ↕∑╢↓≤⅜ ⅛╙⇔╣⌂™⁹ ⁸ ⅜ ≤ ∆╢↓

≤≢ ⅜ ⇔⁸ ─ ≢╟╡ ⌂ ⅜ ╢⅛╙⇔╣⌂™⁹ ─ │⁸↓

╣╠─ ─ ╖ ╦∑⅛╙⇔╣⌂™⁹ 

 

ⱥ♩⅔╟┘ꜝ♇♩─ retention kinetics╩ ∆╢√╘⌐ ™╠╣√ ╩ ∆

╢√╘⌐⁸MPPD2.0 ⸗♦ꜟ CIIT and RIVM 2006 ≤ Pauluhn 2010a ⅜ ™√

RTH/RTA─ 10/1─ ⅛╠─ ╩ ⇔√⁹ꜝ♇♩⅔╟┘ⱥ♩ ⸗♦ꜟ│⁸

⁸ ┼─ ◘▬☼⁸ ╛ Ɽ♃כfi⁸ vs ╛

─ ◒ꜞ▪ꜝfi☻ ⅜ ↕╣≡™╢⁹Pauluhn 2010a ╠─ ⌐╟╢ ◘▬☼

≤ ─ ╩ ™╢≤ A-2 ⁸0.1 mg/m
3≢─ 13 ⌐ꜝ♇♩⌐ ↕╣

√ │⁸ 12 ɛg⌐⌂╢≤ ↕╣╢ A-10 ⁹↓╣│⁸◖Ᵽꜟ♩♩꜠כ◘כ⌐ ≠

ↄ ⅛╠ ↕╣√ 8.7 ɛg≤ ∆╢ A-10 ⁹ 

 

ꜝ♇♩⅜ 0.1 mg/m
3≢─ 13 ⌐ ⌐ ⇔≡™╢≤ ∆╢≤⁸

╙ 12 ɛg§⌐⌂╢│∏≢№╢⁹ꜝ♇♩ ─ 0.012 mg╩ⱥ♩ ⌐

∆╢≤⁸ ─™∏╣⅛⌐⌂╢∞╤℮⁹ 

 

 ̧ 13.5 mg ⱴ◒꜡ⱨ□כ☺ ⅛╠ ↕╣√ NF≢ꜝ♇♩

╩ ⇔≡ ∆⌂╦∟⁸3.03×10
10 
ɛm

3
/3.49×10

13 
ɛm

3 ꜝ♇♩/ⱥ♩  

 ̧ ⌐ ≠ↄ 3.0 mg 0.4
 
m

2
/102

 
m

2 ꜝ♇♩/ⱥ♩  
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∆╢ 45 ─ 8 TWA│⁸ⱥ♩ MPPD2.0ⱥ♩⸗♦ꜟ CIIT and RIVM 

2006 ⅛╠ ⁸∆⌂╦∟ ⱴ◒꜡ⱨ□כ☺ ╕√│ ⌐ ≠

ↄ ─ ⅛╠⁸∕╣∙╣⁸16 ɛg/m
3⅔╟┘ 3.5 ɛg/m

3⌐⌂╢∞╤℮ A-13 ⁹16 ɛg/m
3

≤™℮ │⁸Pauluhn 2010b ⅜ ⇔√ꜝ♇♩ NOAEL⅛╠ ╘√ⱥ♩ ─ 50 

ɛg/m
3╟╡╙ 3 ™ ╕√│⁸AF╩ 2≤ ╘∏⌐ 1.7╩ ⇔√ ─ HEC_LOAEL

─ 58 ɛg/m
3╟╡╙ 3.5 ™ ⁹↓─ ™│⁸ ─ ⌐ 10 ⅛⅛╢≤⇔≡ ↕

╣√ 45 ⌐⅔↑╢ ⅜ 3 ™↓≤⌐╟╢ A-14

Pauluhn 2010a⁹↓╣│⁸RT 10⅜ꜝ♇♩ ⱥ♩─ ─ ╩ ⇔≡™

╢↓≤╩ ⇔⁸ 35 ∆⌂╦∟⁸10×3.5 ⅜╟╡ ⅛╙⇔╣⌂™↓≤╩ ⇔≡

™╢⁹MPPD⸗♦ꜟ│ ⌐ ⅔╟┘ ⅜ ↕╣≡™╢─≢⁸ⱥ♩

─ ™│⁸MPPD⸗♦ꜟ ICRP 1994 ◒ꜞ▪ꜝfi☻⸗♦ꜟ╩ ╗ ⌐╟∫≡ ↕╣

√ ⅜⁸10/1─ ⌐ ™╠╣√ 1 ⸗♦ꜟ Snipes╠ 1989 Pau1uhn 

2010b ⌐ ═≡ ⅝⅛∫√↓≤⌐╟╢⁹ 

 

↓─ ∂ ╩Ma-Hock╠ 2009 ─ ─ꜝ♇♩ LOAEL 0.1 mg/m
3⌐ ⇔

√≤⅝⁸√∞⇔ ♩♇ꜝ≥♃כ♦☼▬◘ ─ │∕─ ╩ ™√⅜

A-2⅔╟┘ A.2.2 ⁸ ⌂ⱥ♩ ⅜ ╠╣√⁹╦∏⅛⌐ ⅜ ⅝⅛∫√─│⁸

Ma-Hock╠ 2009─ ⌐⅔↑╢MWCNT─DF⅜ ⅝⅛∫√↓≤⌐╟╢⁹↕╠⌐⁸Ma-Hock

╠ 2009 ─ ⅛╠─ POD│⁸LOAEL Pauluhn 2010b ─ NOAEL⌐ ⇔≡ ⌐ ≠

™≡™╢⅜⁸↕╠⌂╢ ⅜ ↕╣≡™╢ │ ≢ ═╢ ⁹∕╣∙╣─

⌐⅔™≡⁸ ⌐ ≠ↄ ╩ ™√ │⁸ 4

™⁹ A-13⌐ ∆ │⁸ꜝ♇♩ NOAEL╕√│ LOAEL⅛╠↓╣╠─ ⌐

╩ ∑∏⌐ ╘√ ⌐⅔↑╢ⱥ♩ ≢№╢⁹╙⇔MPPD 2.1╩ ™≡

1 g/mL ≤⇔√ │⁸╟╡ ™ꜝ♇♩ ⅔╟┘ⱥ♩ ∕⇔≡ ∆

╢ ⌐⌂╢↓≤⅜ ↕╣╢ A.6.1.1 ⅔╟┘ A-9 ⁹ 

 

§2 ≢⁸MPPD⸗♦ꜟ│ ⅜ 13 ɛg⁸ ≤ ꜞfiⱤ ─ ⅜ 23 ɛg≤ ⇔√⁹ 

 

 

A.6.3.3 OEL  

 

⅜╪ ─ ⌂ꜞ☻◒ ≢│⇔┌⇔┌ ⸗♦ꜟ⅜ ↕╣⁸OEL╟╡ ™ ≢

│ ⌐ꜞ☻◒│♀꜡≤ ≠↑╠╣√ ⌐⌂∫≡™╢⁹ UFs │⁸

⌐ ≠ↄ OEL⌐ ∆╢ POD ⅎ┌⁸HEC_NOAEL ⌐ ↕╣╢⁹

│⁸ꜞ☻◒ ≢ ↕╣╢⸗♦ꜟ≤ ─ ╩ ∆╢∞↑≢⌂ↄ⁸ⱥ♩



150 

 

⌐⅔↑╢ ─ ─ ╙ ∆╢↓≤⅜ ╕╣╢⁹ A-14⌐ ⌂

╩ ∆⁹ ╩ ∆╢√╘⌐ ₁⌂ ╛◦☻♥ⱶ⅜ ↕╣≡™╢ ⅎ

┌⁸ EPA 1994 WHO 2005 ⁹NIOSH│◔כ☻Ᵽ▬◔כ☻≢ REL─ ⌐⅔↑

╢ ╩ ∆╢√╘⌐↓╣╠ ◦☻♥ⱶ╩ ⇔≡™╢⁹ ─ ⅛╠ UF

╩ ∆╢↓≤│⁸ ⌐⁸ ™╠╣√ ╛◦☻♥ⱶ⅔╟┘∕─◦☻♥ⱶ ≢

⌂ ≤ ─♃כ♦ ⌐ ∆╢↓≤⌐⌂╢⅛╙⇔╣⌂™⁹ ╩ ™≡

™╢ ─ CNT─ꜞ☻◒ ⌐│⁸Aschberger╠ 2010 ╛ Nakanishi 2011a ⅜№╢⁹ 

 

ꜝ♇♩NOAEL╕√│LOAEL♦כ♃⌐ ≠ↄOEL ╩ ╢√╘⌐│⁸ⱥ♩ NOAEL

╕√│ LOAEL ⅎ┌⁸ A-13 │ ⌐♃כ♦│√╕ ≠ↄ UF≢ ╠╣╢∞╤℮

ⅎ┌⁸ A-14 ⁹↓─ ╩ ™╢≤⁸ⱥ♩ NOAEL╕√│ LOAEL ≢№╢ 3.5

18 ɛg/m
3

A-13 ⅜⁸ ─ ─ 20╕√│ 60 A-14 ≢ ↕╣≡⁸ 1 

ɛg/m
3 ⌐⌂╡⁸↓─ │ ─ꜞ☻◒⅜⅛⌂╡⌂™≤ ╦╣╢

≢№╢⁹∕─╟℮⌂ OEL │⁸ CNT╩ ∆╢ NIOSH 5040 ─

LOQ 7 ɛg/m
3 ╩ ∫≡⅔╡⁸ LOQ─ 1 ɛg/m

3
NIOSH 5040 ≤╒╓ ∂⅛

╟╡ ™ ≢№╢⁹↓╣╠─ │ BMD ⌐ ≠ↄ ≤ ⇔≡⅔╡⁸ ꜠ⱬꜟ ◓

♪כ꜠ 1+╕√│ 2+ ─ BMR ⅔╟┘ ╕√│ ─ ⌐ ⇔

≡⁸ LOQ⌐⅔™≡> 10% ꜞ☻◒╩ ∆ A-3⅛╠ A-6 ⁹∆⌂╦∟⁸

⌐⅔↑╢ 10% BMCL(L) │⁸ ⇔≡ 1 ɛg/m
3 ╕√│ 7 ɛg/m

3≤⌂╢⁹∕─ ─

│⁸ ♪כ꜠◓ 2 ─ ꜠ⱬꜟ BMR ⌐ ≠™≡ 1 ɛg/m
3─ LOQ

≢─< 10 ꜞ☻◒╩ ⇔≡™╢⁹1 ɛg/m
3─ REL≢│⁸MWCNT─ꜝ♇♩

⌐ ≠ↄ 45 ─ ⌐⅔↑╢ ⅛ ♪כ꜠◓ 2 ─ꜞ☻◒ ⅜⁸

MWCNT─ ╛ ╛ⱥ♩─ ⌐ ∆╢╙──⁸⅔╟∕ 0.5⅛╠ 16% 8

TWA 95% UCL A-8 ≢№∫√⁹ 

 

ꜝ♇♩≤ⱴ►☻⌐⅔↑╢SWCNT⅔╟┘MWCNT─ ⌐ ≠ↄ ꜞ☻◒ │⁸

ꜝ♇♩ ⅛╠─∕╣╠≤ ⇔≡™╢ A-3⅔╟┘ A-4 ⁹⇔⅛⇔⁸

⌐ ↕╣√ │ Nakanishi 2011a⁸ ─∕╣╠╟╡╙ ↄ⌂╢

ⅎ┌⁸2 ↓≤⅜ ↕╣╢⁹ 

 

 

A.6.4  

 

CNT⌐ ∆╢↓╣╠─ꜞ☻◒ ⌐⅔↑╢ ─ ─ ↄ│⁸ ╕√│ ─

⌐♃כ♦ ≠ↄ ─ ⌂ꜞ☻◒ ⌐⅔™≡╙ ∂╢⁹ ⅜♃כ♦

≢⅝⌂⅛∫√─≢⁸CNT─ ⌂ │⁸ ─ ⌂ ≢№╢⁹CNT─
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╛ ╩ ∆╢√╘─ ⸗♦ꜟ─ ╛ ⅜ ⇔≡™╢√╘⁸

≢─ ⌐ ∆╢ ⅜ ⇔≡™╢⁹ ╙╕√⁸ ─ ™⅜

№╢√╘⁸ ⌐⅔™≡ ⌂∫√ ─ CNT⅜ ─ ╩ ∂↕∑╢ ⌂

⌐ ∆╢╙─⌐ ↕╣≡™╢⁹ ₁⌂ ─ CNT⌐╦√∫≡ꜞ☻◒ ⅜ ∆╢⌐

╙⅛⅛╦╠∏⁸ ≡─ꜞ☻◒ │ ⅔╟┘ LOQ ⁸∆⌂╦∟⁸

7⅔╟┘ 1 ɛg/m
3 ≤ ⇔≡™√⁹ 

 

≤⇔≡⁸↓╣╠─ │⁸ ⌐ ≠ↄ OEL ⅜ BMD ⌐ ≠ↄꜞ☻◒

⌐∕╣╒≥ ↄ ⇔⌂™↓≤╩ ⇔⁸╕√⁸╙℮└≤≈─ POD/ UF ─ │⁸

№╠╝╢ ─ CNT⌐ ⇔≡ ™꜠ⱬꜟ─ ─ ∂ ╘≤ ─ ╩ ∆ ↑≤

⌂╢ ╩ ⇔≡™╢⁹ 

 

 

A.7  

 

ꜝ♇♩≤ⱴ►☻⌐⅔↑╢◌כⱲfi♫ⱡⱨ□כⱣכ CNF ⌐ ∆╢ 2 ─ in vivo ⅜

↕╣√ Murray╠ 2012 DeLorme╠ 2012⁹↓╣╠─ ≢ ↕╣√ CNF⌐ ∆

╢ ─ ╩ ∆╢√╘⌐⁸ ≢│⁸ ≢ ↕╣√ ─ ⌐≈™≡

═╢⁹ 

 

A.7.1  

 

CNF│ ≤╙ ≢ ↕╣√╙─≢№╢⅜⁸ ⌂∫√ ⅛╠ ⇔≡™

╢⁹Murray╠ 2012 ─ CNF │ Pyrograf Products ⅛╠ ↕╣√⁹ │⁸

98.6% ⁸ 1.4% ≢№∫√⁹CNF─ │⁸ 80 160 nm⁸ ↕ 5 30 ɛm

≢№∫√⁹BET ⌐╟∫≡ ↕╣√ SSA │⁸35 45 m
2
/g │

21 m
2
/g≤ ↕╣√ Murray╠ 2012⁹DeLorme╠ 2012 ─ CNF │

⅛╠ ↕╣√⁹ │⁸  >99.5%⁸  0.03%⁸  <0.003%≢№∫√⁹CNF

─ │⁸ 40 350 nm 158 nm⁸ ↕ 1 14 ɛm 5.8 ɛm ≢№∫√⁹BET

│⁸13.8 m
2
/g≢№∫√ DeLorme╠ 2012⁹ 

 

 

A.7.2  

 

≤ ╙∕─ 2≈─ ≢│ ⌂∫≡™╢⁹Murray╠ 2012 │⁸6 ─
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C57BL/6ⱴ►☻ 8 10 ⁸ 20.0 ± 1.9 g ⌐ CNF╩ 120 ɛg ⇔⁸

1⁸7⁸28 ⌐ ⌐ ⇔√ Murray╠ 2012⁹DeLorme╠ 2012 │⁸ Crl:CD 

SDꜝ♇♩ 5 ⌐ CNF╩ 0⁸0.54⁸2.5⅔╟┘ 25 mg/m
3

6 / ⁸5 / ≢

13 ≢ ⅛╠─╖ ↕∑√⁹13 ─ ⅛╠ 3⅛ ╕≢─ꜝ♇♩⅜

⌐ ↕╣√⁹ │⁸ 252 ± 24.2 g⁸ 520 ± 63.6 g 1 ─

⁸ 329 ± 42.2 g⁸ 684 ± 45.8 g 3⅛ ─ ≢№∫√ DeLorme

╠ 2012⁹ 

 

 

A.7.3  

 

ⱴ►☻⌐⅔™≡⁸CNF⌐ ∆╢ ─ │⁸ ─ BALF ≢

↕╣√ PMN ≤⇔⁸ 1 ─ CNF ⱴ►☻⌐⅔↑╢ PMN─ │⁸

⌐ ⇔≡ 150 ≢№∫√⁹ 28 ≢│⁸CNF ─ BALF PMN│

⌐ ⇔≡ 25 ⌐ ⇔√⁹∕─ ─ ─ │⁸ ─ BALF ♃fiⱤ◒

─ ⁸ LDH ─ ⅜╖╠╣⁸↓╣╠│ 28 ─

≤ ⇔≡ ⌐ ⇔√╕╕─ ╩ ⇔≡™√⁹ 4-ⱥ♪꜡◐◦ⱡⱠⱡ

ꜟכ 4-HNE─ ⁸⅔╟┘ ⌐ ↕╣√♃fiⱤ◒ ⁸∆⌂╦∟◌ꜟⱲ♬ꜟ ♃fi

Ɽ◒ ⅜ 1 ⅔╟┘ 7 ⌐ ⌂ ⅜╖╠╣√⅜⁸ 28 ⌐│╖╠

╣⌂⅛∫√⁹ 28 ─fi◕כꜝ◖╢↑⅔⌐ │⁸ ⅛╠ CNT ─

⅜ ≤ ═≡ 3 ⅛∫√⁹ ≤ ⇔≡⁸ ⌐⅔↑╢

◦ꜞ►☻꜠♇♪ з ⅔╟┘й ─fi◕כꜝ◖ ≢│⁸ 28 ─ ╟

╡ ⌂ ╩ ⇔√ Murray╠ 2012⁹ 

 

ꜝ♇♩⌐⅔™≡⁸DeLorme╠ 2012 ─ ≢ ↕╣√ ┼─ │⁸Murray╠ 2012

─ ⌐⅔™≡╖╠╣√╙─≤ ⌐ ⇔≡™√⁹ ─ │⁸ 1 ─

ꜝ♇♩ 25 mg/m
3
CNF ⅔╟┘ ꜝ♇♩ 2.5≤ 25 mg/m

3
CNF ≢ ⌐ ═≡

⌐ ⇔≡⅔╡⁸ 3⅛ ─ 25 mg/m
3 ⌐⅔™≡ ∕╣∙╣≢ ─ │

↕╣≡™√⁹ 1 ─ ≤⇔≡⁸2.5⅔╟┘ 25 mg/m
3 ≢

⅔╟┘ ─ ╛и ╩ ℮ ⅜ ╘╠╣√⁹

⌐⅔™≡⁸ ⌐⅔↑╢ ⁸ ⁸ ≢ ─

⅜ ↕╣⁸↓─ ─ │⁸3⅛ ─ ─ ╦╡╕≢⌐│ ꜝ♇♩≢

≢⅝⌂⅛∫√⁹3⅛ ─ ─ ꜝ♇♩≢ │ ⇔√╟℮⌐╖ⅎ√⅜⁸

⌐│ ≤ ⌐⅔™≡ ↄ ⇔≡™√⁹3⅛ ─ ⌐⅔™≡⁸

⅔╟┘ ╩ ╡ ╪∞ⱴ◒꜡ⱨ□כ☺─ ≤™℮ ─ ⅜

↕╣√⅜⁸ ≤⇔≡ ≢│ ⇔≡™√⁹ ─ BALF ─ PMN꜠ⱬ
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ꜟ≢ │⁸25 mg/m
3
CNF ꜝ♇♩⌐⅔™≡─╖ ⌐ ≢№∫√⁹⇔⅛⇔⁸Ɽ

♩fi☿כ PMN│⁸ ⌐ ⇔⁸1.2 (± 0.81)⁸1.4 (± 0.79)⁸2.7 (± 0.67)⅔╟┘ 11 (± 2.0)⁸

∕╣∙╣ 0⁸0.54⁸2.5⅔╟┘ 25 mg/m
3 ≢№∫√⁹LDH ⅔╟┘ ─ BALFⱴ⁸│כ◌כ

13 ⌐⅔™≡ 25 mg/m
3 ─╖≢ ⅜╖╠╣⁸∕─ │ 3⅛

⌐⅔™≡╙ ⅜ ↕╣≡™√⁹ꜝ♇♩─ NOAEL │⁸0.54 mg/m
3≢№╢

≤ ↕╣√⁹ LOAEL │⁸₈ ꜝ♇♩─ ⅔╟┘ ≢

↕╣√ ⌂ ⌐ ≠⅝ ₉⁸2.5 mg/m
3≢№╢≤ ↕╣√ DeLorme╠ 2012⁹ 

 

◘fiⱪꜟ◘▬☼≤ⱴכ◌כ╛ ─ │⁸↓╣╠─ ⌐⅔™≡⁸ ⌐ ∆

╢ ─ ╛ ⌐ ╩ ╓∆ ⅜№╢ ≢№╢⁹Murray╠ 2012

│⁸1 6 ─ ╩ ™≡⁸BAL ⁸ ⁸ ☻♩꜠☻ⱴכ◌כ⅔╟

┘ fi◕כꜝ◖ ╩ ∫√⁹DeLorme╠ 2012 ─ ≢│⁸1 5 ╩ ™≡⁸BAL

⅔╟┘ ╩ ∫√ │♃כ♦─ ↑≡ ↕╣√ ⁹Murray╠ 2012 ─

≢│⁸╟╡ ─ ™⁸ ─ ╩ ∆╢ ─ⱴכ◌כ╩

™≡™√⅜⁸DeLorme╠ 2012 ─ ≢│∕─ ╩ ™√ │⌂⅛∫√⁹ 

 

 

A.7.4  

 

ꜝ♇♩⌐⅔™≡⁸ 1 ─ 25 mg/m
3 ─ ⌐ CNF⅜ ↕╣⁸∕╣

│ ⌐⅔™≡ ⌂ ╩ ∫≡™√⁹CNF│ ⌐⅔™≡ 3⅛ ─

≢ ⌐ ∫≡™√ DeLorme╠ 2012⁹ ⌐⅔™≡⁸CNF│ ꜞfi

Ɽ ┼ ⇔⁸╕√ CNF │ ⁸ ⁸ ⁸ ⁸ ⁸ ⁸ ⅔╟┘ ꜞfi

Ɽ ≢ ↕╣√⅜⁸ ∆╢ │ ↕╣⌂⅛∫√ DeLorme╠ 2012⁹

CNF⌐ ⇔√ⱴ►☻≢│⁸T ◖fi◌♫Ᵽꜞfi A ⅜⁸

28 ─ ⌐⅔™≡ T ╩ ↕∑╢↓≤⅜ ↕╣√⁹ 

 

 

A.7.5  

 

ꜝ♇♩≤ⱴ►☻─ 2 ─ CNF ─ ╩ ⌐ ∆╢√╘⌐⁸ ╛ ◘▬

☼ ─ ∕⇔≡ ⌐⅔↑╢ ─ ╕√│ ─ ⌐╟╡⁸

╩ ⇔√⁹ ⅜╖╠╣√ │⁸ ⁸ ≢⁸∕↓≢│

╩ ⅎ≡ ◦☻♥ⱶ ≢●☻ ⅜ ╦╣╢≤↓╤≢№╢⁹ⱴ►☻≢│⁸

│ ⌐ ⌐ ∆╢≤ ↕╣╢ ⌐╟╢ ─

≢№╢ Murray╠ 2012⁹Mercer╠ 2010 │⁸ ⌐╟╡ ⇔√MWCNT─ 81%
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⅜ⱴ►☻─ ⌐ ∆╢↓≤╩ ⇔√⁹↓╣╩ Murray╠ 2012 ─ ⌐ ⇔

√ ⁸ 120 ɛg─ ─ 97 ɛg⅜ ⌐ ∆╢↓≤⌐⌂╢∞╤℮⁹CNF

⅜♃כ♦─ ⇔⌂™√╘⁸ ─ 100%⅜ ⌐ ∆╢↓≤╙ ⇔√⁹ 

 

ꜝ♇♩≢│⁸ ⁸╩♃כ♦─☼▬◘ ↕╣√ ≤ ◘▬☼ ⌐ ≠⅝

DeLorme╠ 2012⁸ ⁸ ⅔╟┘ CNT─ ─ ⌐ ™√⁹ⱴꜟ

♅Ɽ☻ ⸗♦ꜟ MPPD 2.90 ARA 2009 ⅜⁸↓╣╠─ ╩ ∆╢√╘

⌐ ™╠╣√⁹MPPD 2.11 ⅜ ₁™ↄ≈⅛─ ╩ ╢√╘⌐ ™╠╣√⅜⁸

─ ─ ⌐⅔™≡™ↄ≈⅛─ ⅜ ╟╡ ↄ⌂╢≤™℮

╩כꜝ◄ ⇔√⁹↓─ │⁸ 2.90 ≢ ╠⅛⌐ ↕╣√⁹ 

 

MPPD≢ ↕╣╢ ─ ⌐│⁸ MMAD ⁸

GSD ⅔╟┘ ⅜№╢⁹ ⌐╟∫≡ ↕╣√MMAD ⅔╟┘ GSD

│⁸ ─≤⅔╡≢№╢ 0.54 mg/m
3

MMAD 1.9 ɛm GSD 3.1 2.5 mg/m
3

MMAD 3.2 

ɛm GSD 2.1⅔╟┘ 25 mg/m
3

MMAD 3.3 ɛm GSD 2.0⁹↓─ CNF─ │⁸0.08 g/mL

≢№╢⁹ │⁸DeLorme╠ 2012 ⌐╟∫≡ ↕╣≡™⌂™⅜⁸DeLorme╠ 2012

⅜ ⇔√╙─≤ ∂ ≢№╢↓≤╩ ∆ ♃כ♦ ╠⅛♩כ◦ ⇔√⁹ 

 

≤Ɽꜝⱷכ♃─♦ⱨ◊ꜟ♩ ╩ ⇔⁸ ─ ╩ ∫√⁹MPPS 2.90

≢│⁸ ╙ ⌐ ∆╢↓≤╙ ≢№╢⅜⁸DeLorme╠ 2012

│ Ɽꜝⱷכ♃─ ≤ ↕≤─ ─ GSD ╩ ⇔≡™⌂™⁹∕─√╘⁸

≤╖⌂⇔ ▪☻Ɑ◒♩ 1.0 ⇔√⅜⁸ │ ↕ 5.8 ɛm─ CNF

│∕╣╟╡ ™ CNF╒≥≢│⌂™ ⅜№╢↓≤⅛╠⁸ ⌂ ≢│⌂™⅛╙⇔╣

⌂™⁹ ─ Ɽꜝⱷכ♃ 0.21 mL⁸102 / │⁸ ─ 300 g

⌐⅔↑╢ Kuempel and Castranova 2011⌐ ≠™√ DeLorme╠ 2012 ─ ─

SDꜝ♇♩⌐ ∆╢↓≤│ ⅛╙⇔╣⌂™⅜⁸ SDꜝ♇♩⌐│ ∆⅞╢ ⅜

№╢⁹13 ⅔╟┘ 90 ─ ꜝ♇♩ ─╖ ─ │

│⁸∕╣∙╣⁸252⅔╟┘ 329 g ⁸520⅔╟┘ 684 g ≢№∫√ DeLorme╠ 2012⁹

13 ─ ╙⁸ ─ ╩♃כ♦☼▬◘ ™≡ ™√MMAD

⅔╟┘ GSD │ MPPD 2.90≢ ⇔√⁹ 

 

ꜝ♇♩≤ⱴ►☻─ │⁸ ╩ ⅎ√ ╩ ∆╢√╘⌐⁸ ╕√│

⅛╠ ↕╣√⁹ꜝ♇♩─ │⁸DeLorme╠ 2012 ─ ⌐╟

╢ 1 ─ ꜝ♇♩ ∕╣∙╣⁸ 1.9 g⁸ 1.3 g ╩ ™√⁹ⱴ►☻─

│ 0.15 g ⁸A. Shvedova⅛╠ E. Kuempel┼⁸2012 8 ╩ ™√⁹

│⁸ꜝ♇♩ ⅜ 0.4 m
2

Stone╠ 1992⁸ⱴ►☻─∕╣⅜ 0.055 m
2

Mercer╠ 2010 ≤
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⇔√⁹ 

 

─ CNF │⁸DeLorme╠ 2012 ─ ─ꜝ♇♩⅛╠ ─ ≢ ⇔√⁹ 

 

mg = 

mg/m
3 × / × / × ×ⱴ►☻ L/ ×0.001 m

3
/L 

×60 / ×  

 

│ 0.54⁸2.5╕√│ 25 mg/m
3 │ 6 / ⁸5 / ⁸13

│ 0.21 L/ │ A.7.5 ≢ ⇔√⁹ 

 

 

A.7.6  

 

ꜝ♇♩⌐⅔↑╢ CNF─ │⁸DeLorme╠ 2012 ⅛╠ꜝ♇♩≢ ↕╣√ 0.54 

mg/m
3 ─ ◘▬☼ MMAD 1.9 ɛm GSD 3.1 2.5 mg/m

3 ─ ◘▬☼ MMAD 

3.2 ɛm GSD 2.1 25 mg/m
3 ─ ◘▬☼ MMAD 3.3 ɛm GSD 2.0 A.7.4 ≢ ═

√╟℮⌐⁸MPPD 2.90 ARA 2009 ⌐ ≠ↄ ⌐⅔™≡⁸∕╣∙╣ 0.79⁸0.73⁸0.72≢

№∫√⁹ │⁸0.54⁸2.5⅔╟┘ 25 mg/m
3 ≢∕╣∙╣⁸0.0715⁸0.0608⁸

0.054≢№∫√⁹ⱴ►☻⅔╟┘ꜝ♇♩ CNF ╕√│ CNF

⅔╟┘ ∆╢ │⁸ A-15⅔╟┘ A-16⌐ ∆⁹ⱴ►☻─ ⁸

│⁸ꜝ♇♩─ LOAEL 2.5 mg/m
3 ⌐⅔↑╢ ≤ ∂⅛╟╡ ™

≢№╢⅜⁸ꜝ ♇♩─ 25 mg/m
3 ⌐⅔↑╢ ╟╡ ⅛∫√ A-15

⅔╟┘ A-16 ⁹ⱴ►☻ │⁸MPPD 2.90 ARA 2009 ─ ⸗♦ꜟ◒ꜞ

▪ꜝfi☻─ ≢⁸ ≡─ ≢ꜝ♇♩ ╟╡╙ ™⁹╙⇔ CNF⅜

Pauluhn 2010b ⅜ MWCNT≢ ⇔√─≤ ∂╟℮⌂ ≢◒ꜞ▪ꜝfi☻↕╣╢≤∆╢

≤⁸ꜝ♇♩≢ ⌐ ∆╢ │⁸ ↕╣√ ≤ ↕╣╢ ─

⅛╙⇔╣⌂™⁹⇔√⅜∫≡⁸ⱴ►☻ ⅜⁸LOAEL≤ ↕╣╢ꜝ♇♩ ≤

╕√│∕╣ ─ ≢ ↕╣√⁹↓╣│⁸↓╣╠ 2 ─ ⅛╠─ ↕

⌐♃כ♦√╣ ≠™≡™╢⅜⁸CNT─ꜝ♇♩≤ⱴ►☻ ⌐⅔↑╢ ≤⅔⅔╟∕

∆╢↓≤╩ ⇔≡™╢⁹ 

 

A.7.3 ⇔√╟℮⌐⁸CNF⌐ ∆╢ⱴ►☻ 120 ɛg ≢ ≤⇔≡⁸◦ꜞ►

☻꜠♇♪ ⅔╟┘ ─ ↕ ⌐╟∫≡ fi◕כꜝ◖√╣↕

⌐ ≠ↄ ≤ ↕╣≡™╢ ⅜№∫√ Murray╠ 2012⁹DeLorme╠

2012 ─ ≢│⁸ ⌐ ⇔√ ⅜ 25 mg/m
3

A.7.3 ≢ ═√╟℮⌐ ≢
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↕╣√⁹DeLorme╠ 2012 │⁸25 mg/m
3≢ ╩ ⇔≡™⌂™⅜⁸ ─ │

Murray╠ 2012 ⅜ ⇔√ ─ ≤ ⇔≡™╢⁹ 

 

NOAEL│⁸DeLorme╠ 2012 ⅛╠ CNF─ 1 ⁸Pauluhn 2010a ⅛╠ MWCNT─ 1

⅜ ↕╣≡⅔╡⁸∕╣╠│∕╣∙╣⁸0.1 mg/m
3⅔╟┘ 0.54 mg/m

3≢№╢⁹↓╣│⁸

NOAEL⌐╟╢ⱥ♩ ⅜ CNF─ ⅜MWCNT╟╡⅔⅔╟∕ 5

™↓≤⌐⌂╢ ≢│⌂ↄ⁸╕√ ◘▬☼─ ™╛ ⌐╟╢⅜ ⁹ A-13

⌐ Pauluhn≤ Ma-Hock╠─ ⌐⅔↑╢ ꜠ⱬꜟ⌐ ∆╢ⱥ♩

╩ ∆⅜⁸ꜝ♇♩ ⅛╠ⱥ♩┼ ∆╢⌐№√╡ ⌂╢ ⌐ ≠™≡™╢⁹

DeLorme╠ 2012 ─ ≢ ™╠╣√ CNF─ ⅎ┌⁸ A-14 ╩ ∆

╢≤⁸ⱥ♩⌐⅔↑╢ ꜠ⱬꜟ│⁸⅔⅔╟∕ 1 4 ɛg/m
3⌐⌂╢∞╤℮⁹ 
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B          

 

 

CNT CNF
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B.1  

 

ⱬ▬ꜝfi☻≢│⁸כ◘ ╛↑⅜╩ ∆╢ ≢⁸ ≡™≈⌐ⱪכꜟ◓─

─ ≤ ─♃כ♦ ≢ ⌂ ⁸ ⁸ ⅜ ╦╣╢⁹Ɫ◙כ♪⅔╟┘

╩☻ⱬ▬ꜝfiכ◘ ╗ ⱬ▬ꜝfi☻│⁸כ◘ ⌂ ⱪ꜡◓ꜝⱶ

─ ⌂ ≢№╡ Harber╠ 2003 Baker and Matte 2005 NIOSH 2006 Wagner and Fine 

2008 Trout and Schulte 2009⁸NIOSH≢│ ⌂ꜞ☻◒ ⱪ꜡◓ꜝⱶ─ ⌂ ≤

⇔≡ ╩☻ⱬ▬ꜝfiכ◘ ⇔≡ ⇔≡™╢⁹ 

 

Ɫ◙כ◘♪כⱬ▬ꜝfi☻│⁸Ɫ◙כ♪ ⅔╟┘ ─ ╩ ╪≢™╢⁹ 

 ̧ Ɫ◙כ♪ │⁸ ─ ⌐ ∆╢ ─ ⌂ ╩ ∆╢↓≤≢№╢⁹

↓─╟℮⌂ ⁸♩☻◐♥⁸☻כⱬ♃כ♦⁸│ ↕╣√ ⁸╕√│ ⌂

╛●▬♪ꜝ▬fi ⅎ┌⁸NIOSH ╛ OSHA ⅛╠ ⌐ ∆

╢∞╤℮⁹ ╛ ╕√│ ─╟℮⌂ⱥ♩─ ╛ ╙

⌂ ╩ ∆╢∞╤℮⁹CNT ⌐ ⁸│≢☻כ◔─≤╪≥╒╢∆ ⌂Ɫ◙כ

♪ ╩∆╢⌐│ │♃כ♦ ≢№╡ ╙♃כ♦ ⇔≡™╢⁹ 

 ̧ │⁸ ∆╢ ⁸ ⁸ ⁸⅔╟┘ ╕√│ ⁸ ⁸

⁸ ⌐ ⅎ⁸ │ ⅛⁸∕⇔≡≥─╟℮⌐∕╣╠╩

⇔≡™╢⅛⁸⌂≥─ ⅜ ⅜♃כ♦⁹╢╣╕ ≢⅝⌂™ ⁸↓╣│ ⌂

ⱪ꜡☿☻≤⌂╢∞╤℮⁹ 

 

 

B.2  

 

ⱬ▬ꜝfi☻│⁸כ◘ ⇔√ⱥ♩╛ ⌐⅔↑╢ ─ ╕√│

─ ⌐ ╩ ╘≡™╢⁹ ⱬ▬ꜝfi☻│⁸כ◘ ╩ ⇔⁸ ⱪ꜡◓

ꜝⱶ─ ╩ ∆╢ ≢⁸ ─♃כ♦ ≤ ╩ ⇔≡ ≈

─ ─ⱪכꜟ◓ ╩ ⌐ ∆╢↓≤╩ ℮⁹NIOSH │⁸ ⅜ ⌂

⌐ ⇔⁸∕╣⌐╟╡ ─ꜞ☻◒⅜№╢ ⁸ ╩☻ⱬ▬ꜝfiכ◘

⇔≡™╢⁹ fi◓│⁸♬כꜞ◒☻ ─≈≥└─☻ⱬ▬ꜝfiכ◘ ≢⁸ ─

╕√│ ─ꜞ☻◒╩ ∆╢√╘⌐⁸ │ ⌂ ⌐♥☻♩╩ ⇔⁸

└≤╡─ ─ ─ ╩ ∆╢↓≤╩ ≤⇔≡™╢⁹ │◓fi♬כꜞ◒☻

⌐ 2 ╩ ⇔≡™╢⁹ 
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ⱬ▬ꜝfi☻│⁸כ◘ ⁸ ⁸ ╩ ╗

─ ─ ⌐ ╢ ≢№╢⁹Ɫ◙כ◘♪כⱬ▬ꜝfi☻≤ ☻ⱬ▬ꜝfiכ◘

─ ⅜ ⌂ ⌐ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘ ≢№╡⁸ ⌂Ɫ◙כ◘♪כ

ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶ╩ √∏⌐ ╛ ╩☻ⱬ▬ꜝfiכ◘─ ╘╢═⅝≢│⌂™⁹ 

 

 

B.2.1  

 

╩☻ⱬ▬ꜝfiכ◘ ∆╢ ─ ⌂ ╩ ⌐ ∆  

1. ⌐ ↕╣√ ╕√│  

2. ⌐ ↕╣√  

3. ↕╣√ ╩ ∆╢√╘─ ─ ⁹ ⌐│▪fi◔⁸♩כ

⁸ ⌂≥─ ╩ ╗ 

 

╩ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘ ╘╢ ⌐│⁸ ⌐ ∆ ⌂ ⅜ ↕╣≡™

⌂↑╣┌⌂╠⌂™⁹∕─ ╩ ⌐ ∆  

─☻ⱬ▬ꜝfiכ◘ .1 ─  

2. ─ ⌐ ∆╢  

3. ╩ ↑√ ─ ⅔╟┘ ⌐ ∆╢  

4. ⇔√ ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘ ─ ─ ≡─☻♥♇ⱪ─ Harber╠

2003  

 

─ ─ⱬ▬ꜝfi☻ⱪ꜡◓ꜝⱶכ◘ ╩ ⌐ ∆  

1. ─ ⅔╟┘⁸ ≤ ─  

2. ╕∫√ ≢─ ⌐ ∂≡ ─ ╩♩☻♥◓fi♬כꜞ◒☻

╗  

3. ↓╣╠─ ─ ⌐ ≠⅝⁸ ⅜№╣┌╟╡ ≢ ⌂  

4. ╕√│ ⌂⁸ ה ─╟℮⌂ ─ ⅔╟┘ ☻

 ◓fi♬כꜞ◒

5. Ɫ◙כ♪⌐ ⇔√≤⅝─ ⌐ ≠ↄ√╘─  

6. ─  

7. ⌂ ─ ⌐ ∂√ ─  
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C          

 

NIOSH 5040 
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C.1  

 

NIOSH 5040│⁸ OC ≤ EC ─ ה Birch and Cary 

1996 ⌐ ≠™≡™╢⁹↓─ │⁸◘fiⱪꜟ ─ TC ╩ OC≤ EC─ ≤⇔≡

∆╢⁹↓─ │⁸ ꜟ♀כ▫♦─≢ DPM ╩ ∆╢√╘

⌐ ↕╣√⅜⁸ ─♃▬ⱪ─ ◄▪꜡♂ꜟ⌐╙ ≢№╢⁹↓╣│⁸ ╛

⸗♬♃ꜞfi◓⌐ ↄ ™╠╣≡™╢⁹ 

 

ה ≢│⁸ ⱨ▫ꜟ♃ ─ ⌐ 1.5 cm²─ ─Ɽfi♅

⅜ ╡ ╠╣⁸∕╣╩ ↕⌂ ┼╠─ ⌐ ↄ⁹∕─┼╠╩ ─◘fiⱪꜟ○כⱩ

fi⌐ ╩Ⱪfiכ○⁸⇔ ∆╢⁹ │ 850°C ─ ⅜ ↕╣╢─≢⁸◘fiⱪ

ꜟ ⌐│ ⱨ▫ꜟ♃⅜ ≢№╢⁹ ה ─ ≤⇔≡│⁸ⱨ▫ꜟ

♃ ─ ⸗♬♃ꜞfi◓⅜ ⌂Ɽꜟ☻♄▬○כ◙כ꜠♪כ≤ ╩ ⇔≡

™╢⁹↓─ │⁸ ⌐ ↕╣╢ ─ ─ ⌐╟╢₈ ₉─ ╩ ∆

╢⁹ 

 

ה │ ≤ ─ ≢ ╦╣╢⁹ ⌐⅔™≡⁸

∆╢ │ ⌐ ↕╣ CO2 ⌐⌂╢⁹∕╣⅛╠ CO2│ⱷ♃fi CH4

⌐ ↕╣⁸CH4⅜ ▬○fi FID ⌐╟╡ ↕╣╢⁹OC ╙⇔ ∆╢

│ ╙ │⁸ ⌐Ⱬꜞ►ⱶ ≢⁸ ⅜ ⌐ ∆╢ ⌐⁸

∆╢⁹╙⇔◘fiⱪꜟ⅜ ⌐⌂∫√ │⁸ ⅜ ∆╢⌐≈╣⁸ⱨ▫ꜟ♃ │ ⅜

╢⁹OC⅜Ⱬꜞ►ⱶ ≢ ⇔√ ⁸ ≤Ⱬꜞ►ⱶ─ ●☻⅜ ↕╣⁸ ╡─

╩ ↕∑╢√╘⌐⁸ ╩ ┘ 850°C ⁸ ⌐╟∫≡ ⌂╢ ⌐ ⅛∫≡

⌐ ↕∑╢⁹ ∆╢ ⌐ EC╛ ⅜ⱨ▫ꜟ♃⅛╠ ↕╣╢⌐≈╣⁸

ⱨ▫ꜟ♃ │ ∆╢⁹ⱨ▫ꜟ♃ ─ ⱬכ☻ꜝ▬fi ⌐ ∆╢≤⅝

⅜⁸OC≤ EC╩ ↑╢ ≢№╢⁹OC-EC ─ ⌐ ≡⅝√ ≡─ │ OC

≤╖⌂⇔⁸ ─ ⌐ ≡⅝√ │ EC ≤╖⌂∆⁹╙⇔ ⅜ ⇔⌂™ │⁸

EC⅜ ≡ↄ╢ ╩ ≤∆╢⁹╙⇔◘fiⱪꜟ⅛╠ ⅜ ⇔√ │⁸ ⅜ⱬכ☻ꜝ

▬fi ⌐⌂╢─⌐ ⌂ ⅜ ≡ↄ╢╕≢⁸ ⅜╦⅛╠⌂™⁹ 

 

OC≤ EC─ │⁸ⱨ▫ꜟ♃ ─◘fiⱪꜟ ─ 1 ☿fi♅ⱷכ♩ꜟ№√╡─ⱴ

▬◒꜡◓ꜝⱶ ɛg/cm² ≤⇔≡ ╘╢⁹ⱨ▫ꜟ♃─ ─ OC≤ EC─ │⁸ ╠╣√

⌐ ╩ ∂≡ ∆╢⁹ ─╒╪─ ⇔⅛ ≢⅝⌂™√╘⁸∕─ ⅜

╩ ⇔≡™╢ ⅜№╢⁹⇔√⅜∫≡⁸ ⌐ ⇔≡™╢↓≤⅜ ≢№╢⁹

╙⇔ⱨ▫ꜟ♃┼─ ⅜ ≢⌂™ │⁸ⱨ▫ꜟ♃ ╩ ⇔⌂↑╣┌⌂╠⌂™ ╙
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⇔ 37 mm─ⱨ▫ꜟ♃⅜ ╦╣√ │⁸ ⁹ 

 

 

C.2  

 

NIOSH 5040≢ ↕╣≡™╢ ↕ │⁸ ⌂╢◘fiⱪꜟ ─ TC ⌐ ≠™

≡™╢⁹ ⅛╠ ╢ ◄▪꜡♂ꜟ─ OC-EC ╩ ∆╢ ⅜⌂™√╘⁸

│ TC⌐ ≠™√⁹ ─ ⌐⅔™≡⁸ ─ ⅜ ⌐ ∆╢⅛≥℮⅛

╩ ∆╢√╘⌐ 5 ─ ⌂╢ ╩ ⇔√⁹5 ─♃כ♦─≡

43 │⁸ ⅝≤ r ⅜╒╓ 1 ⅝=0.99 ±0.01⁸r²=0.999, n=43

≢№╡⁸↓╣│ ⌐ ⇔⌂™ ≢№╢↓≤╩ ⇔≡™╢⁹↕╠⌐ 8 ─ ⌂╢

╙ 3≈─ ₁─ ה ≤⁸ ─ 2 ≢ ╦╣√ ─ 2

≈─ ⌐╟╡ ↕╣√⁹◘fiⱪꜟ ≤⇔≡⁸DPM⁸ ⁸ ─ ⁸ⱨⱵfi

⅜ ™╠╣√⁹ ה ─ │⁸ ─ 2≈─ ⌐╟╡ ↕╣√

≤╟ↄ ⇔≡™√⁹↓╣╠ 3 ⌐⅔↑╢ TC─ ─┌╠≈⅝│ 1% 7%≢№∫

√⁹↓╣╠─ Birch and Cary 1996 ⅛╠⁸ │⁸ ╛◘fiⱪꜟ♃▬ⱪ⌐╟╠∏

⌐ ≢№╢↓≤⅜ ⅛╘╠╣√⁹ 

 

DPM─◘fiⱪꜞfi◓⌐⅔™≡⁸ ⌂╢◘fiⱪꜝכ ≢╙ ─ EC─ ⅜

╠╣√⅜⁸∕╣│ ⅛╠─ ⅜√™≡™ 1 ɛm ∞⅛╠≢№╢⁹ │

™ ≢ ↕╣ ╒╓ 100%⁸ⱨ▫ꜟ♃ ⌐ ⌐ ∆╢⁹ ─ ≢│⁸

⌂╢◘fiⱪꜝכ─♃▬ⱪ ─☻▬▼ⱪfiⱨכ○ 25mm≤ 37mm─◌☿♇♩⁸298─Ɽכ♁♫

┘╟⅔fiⱤ◒♃⁸▬♪כ◔☻◌ꜟ 4≈─ⱪ꜡♩♃▬ⱪ▬fiⱤ◒♃ ⅜⁸ ≢─

─ꜟ♀כ▫♦ ◄▪꜡♂ꜟ─ ⌐ ↕╣√⁹EC ─ ─ RSD

│ 5.6%≢№∫√ Birch and Cary 1996⁹ ─ 95% 19% 13⁸n = 14 ⌐

≠⅝⁸NIOSH─ Keendy╠ 1995 │ √↕╣√⁹OC─ ─┌╠≈⅝│╙

∫≤ ⅝⅛∫√ RSD=12.3% ⅜⁸↓╣│⁸ ⅔╟┘ ╩ ╗◄▪꜡

♂ꜟ─ ⌐ ⌂╢◘fiⱪꜝכ⅜ ↕╣╢≤⅝│⁸∕╣╠⅜ⱨ▫ꜟ♃ ─ ⌐

∆╢≤ ⅎ╠╣╢─≢⁸ ≥⅔╡─ ≤™ⅎ╢⁹DPM─ 37 mm ⱨ▫ꜟ♃

╩ 3 ⇔√≤⅝─ RSD │⁸⅔⅔╗⌡ 5%╟╡ ↄ⁸2% ─╙─╙ ⅛∫√

NIOSH 1994a ⁹ 

 

─ ⌐⅔™≡⁸ LOD │ 2≈─ ≢ ↕╣√ 1 ─

╩ ™√ ╩ ∂≡⁸ 2 ↕╣√ⱨ▫ꜟ♃╩Ⱪꜝfi◒⌐ ™√ ╩

∂≡⁹ ─ ≢│⁸OC ◦ꜛ ≤◄♅꜠fi☺▪Ⱶfi EDTA ≢ 0.23
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⅛╠ 2.82 ɛg C ╕√│ 0.15⅛╠ 1.83 ɛg C/cm²─ⱨ▫ꜟ♃ ╩ ⌐ ™√⁹

10 ɛL ─ ╩⁸ ⌐◘fiⱪꜟ○כⱩfi≢ ⇔√ 1.5cm² ⱨ▫ꜟ♃ ╡

⅝ ─ ⌐ ⇔√⁹ⱨ▫ꜟ♃ ╡ ⅝ │ OC ◖fi♃Ⱶ ╩ ╡ ↄ√╘⌐

⇔√⁹TC─ ⅛╠ EC╩ ∆╢ ⌐│⁸OC ⅜ EC─ LOD╩ ⌐ ↄ

∆╢⁹ⱨ▫ꜟ♃ ╡ ⅝ ─ ⁸ ─Ⱨfi☿♇♩╩ ™≡◘fiⱪꜟ○כⱩfi⅛╠∕

─ ╡ ⅝ ╩ ∑√ ─┼╠╩ ╡ ─Ⱪfiכ○⁹√⇔ ≢⁸┼╠⅛╠ⱨ▫ꜟ♃

╡ ⅝ ╩ ╡ ↕∏⌐ ╩ ≢⅝╢╟℮⌐⁸┼╠╩ Ⱪꜝ◔♇♩⌐╟∫≡

∆╢⁹↓╣⌐╟╡ ™⌐╟╢ ─ ╩ ↑╢↓≤⅜≢⅝╢⁹ 

 

─♃כ♦ ─ ⅛╠⁸LOD│ 3 ůy/m≤ ↕╣√ ůy│ ─

⁸m│ ─ ⅝≢№╢ ⁹ │⁸ ─ ─ ⌐ ↕╣√ ≡─

╩ ≢⅝≡™⌂™⅛╙⇔╣⌂™√╘ ◘fiⱪꜟ ─ כ◙כ꜠│√╕/┘╟⅔⁸↕⌂

⌐⅔↑╢ⱨ▫ꜟ♃─ ─√╘ ⁸OC≢│⌂ↄ TC─ ╩ ™√⁹╙⇔∕℮⇔⌂↑┌⁸

─ OC⅜ EC≤⇔≡ ↕╣⁸OC─ ─┌╠≈⅝⅜ LOD╩ ↄ∆╢↓≤⌐⌂╢⁹

─ ⅛╠ ↕╣√LOD│⁸ⱨ▫ꜟ♃ ╡ ⅝ √╡0.24 ɛg C⁸╕√│0.15 ɛg/cmĮ

≢№∫√⁹ 

 

LOD╩ ∆╢√╘─╟╡ ⌂ │⁸ⱨ▫ꜟ♃╩Ⱪꜝfi◒⌐ ™√ ≢№╢⁹↓─

│⁸ ↕╣√ⱨ▫ꜟ♃─ 1.5cm² ╡ ⅝ ─ TC─ ╩ ™≡⁸LOD

⅜ ↕╣╢⁹TCⱩꜝfi◒─ n=40 │⁸0.03±0.1 ɛg TC≢№∫√⁹⇔√⅜∫≡⁸

↕╣√ⱨ▫ꜟ♃Ⱪꜝfi◒⌐⅔↑╢ ─ 3 3ůⱩꜝfi◒ ≤⇔≡ ⇔√

LOD│⁸ 0.3 ɛg C≢№∫√⁹↓─ │⁸ ─ ╩ ⇔≡ ↕╣√ 0.24 ɛg 

C ≤╟ↄ ⇔√⁹37 mmⱨ▫ꜟ♃─ ⌐ ⇔√ ◘fiⱪꜟ⅜ 960L ≢№╢↓≤≤⁸

─◘fiⱪꜟ ╡ ⅝ ⅜ 1.5cm²≢№╢↓≤╩ ∆╢≤⁸↓─ LOD│ ≢

2 ɛg/m³ 0.3 ɛg TC/1.5 cm
2

8.5 cm² /0.960 m³ = 1.78 ɛg/m³)≤⌂╡⁸ ⇔√ LOQ

─ 7 ɛg/m
3

LOQ= 3.3×LOD ≤ ∆╢⁹ 

 

─ ≡─ ≤ ⌐⁸LOD│ ∆╢ ≢№╢⁹⇔⅛⇔⁸NIOSH 5040≢ ⇔

√ EC LOD 2 ɛg/m³╕√│LOQ⅜ 7 ɛg/m³ │⁸ ™ ≢№╢⁹ CIB ─

6 ≢ ═√⅜⁸∕─ │⁸ ⌂╢꜡♇♩─ⱨ▫ꜟ♃╩ ⇔√ⱨ▫ꜟ♃Ⱪꜝfi◒

─ ⌐ ≠™≡⅔╡⁸6⅛ ─ ╩ ⇔≡ 2≈─ ⌂╢ ─ ⌂╢ ⌐╟╢

⌐ ≠™≡™╢⁹↕╠⌐⁸LOD─ ⌐⁸EC─ ─┌╠≈⅝≢│⌂ↄ TC─ ─

┌╠≈⅝⅜ ™╠╣√⁹↓╣╠─ ⅜ EC LOD─ ⅎ╘⌂ ╘─ ⌐ ┘

™√⁹╙∫≤ ⌂ ⌐≈™≡│⁸ ─◘fiⱪꜞfi◓ ≢⁸ ─ 6.1 ≢ ═╠╣

≡™╢⁹ 
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C.3  

 

─ ─ ⅜ ↕╣√≤⅝ Birch and Cary 1996⁸ ה ─

│ ≈─ ⌐⇔⅛⌂⅛∫√─≢⁸ ─ │≢⅝⌂⅛∫√⁹™ↄ≈⅛─

⅜ ה ─ ╩ ⇔√─≢⁸ꜝ►fi♪꜡ⱦfi Birch 1998 ⅜

╦╣√⁹ ◄▪꜡♂ꜟ ─ ⌂╢♃▬ⱪ╩ ╗ⱨ▫ꜟ♃ ⅜ ╖ ╦↕∫√☿

♇♩⅜ 11ﬞ ─ ⌐ ↕╣√⁹11ﬞ ─℮∟─ 6ﬞ │ NIOSH 5040⌐ ∫≡◘

fiⱪꜟ╩ ⇔⁸5ﬞ │ ⌂ ≈╕╡⁸ ⌂⇔ ╩ ™√⁹NIOSH  5040

╩ ™√ 6 ─ ≢│ ⌐ ⇔√ ⅜ ╠╣√⁹DPM╩ ╗ ─ ≢│⁸

EC─ ─┌╠≈⅝ RSD │ 6%⅛╠ 9%≢№∫√⁹ ≤♃Ᵽ◖─ ─ ⅛╠│⁸

─ EC⅜ ↕╣√∞↑≢№∫√⁹⇔√⅜∫≡⁸↓╣╠│ EC─ ⌐⅔™≡│╒≤╪≥

⌐⌂╠⌂™⁹ ⅎ≡⁸↔ↄ╦∏⅛⌂ ─ EC⅜⁸ ⅜ ∂√ 2≈─ OC ─

⅛╠ ↕╣√ ◦ꜛ ≢│ 1%⁸◄♅꜠fi☺▪Ⱶfi ♫♩ꜞ►ⱶ EDTA ≢

│ 0.1%⁹OC ─ 2≈─ ╩ ™≡⁸ ─ ─ ≤ TC─ ─

╩♅▼♇◒∆╢√╘─ ╩ ∫√⁹2≈─ ≤ 5≈─ⱨ▫ꜟ♃ ╩ ™√

TC─ ─┌╠≈⅝ RSD │⁸3%⅛╠ 6%─ ≢№∫√⁹ 

 

2 ─ NIOSH 5040╩ ™√ ─ ╙ ↕╣√ Schauer╠ 2003 ⁹7≈

─ ◄▪꜡♂ꜟ ⅜ 8ﬞ ─ ⌐⅔™≡ 2 duplicate ≢ ↕╣√⁹4≈

─ │▪ⱷꜞ◌─ ≢⁸3≈│▪☺▪≢ ↕╣√⁹EC─ ─ ─┌╠≈⅝

│⁸0.7⅛╠ 8.4 ɛg/cm²─EC ╩╙≈ 6 ≢ 6%⅛╠ 21%≢№∫√⁹6 4 │ EC

⅜ ⌂⅛∫√ 0.7 ɛg/cmĮ⅛╠1.4 ɛg/cmĮ)⁹OC─ ─┌╠≈⅝│ 4%⅛╠ 13% OC

│ 1 25 ɛg/cmĮ≢№∫√⁹TC─ │ ↕╣≡™⌂™⅜⁸ │ ⌐ OC 75%⅛╠

92% ≢№∫√√╘⁸OC─ ─┌╠≈⅝⅜ TC─ ╩ ⇔≡™╢│∏≢№╢⁹ ⌂

⅜ Chai╠ 2012 ⅛╠ ↕╣⁸ ╠│ 7ﬞ ─ ≢ OC≤ EC╩ ╗ 4≈─

ⱨ▫ꜟ♃☿♇♩⌐≈™≡ NIOSH 5040╩ ™≡ ⇔√⁹EC─ ─ RSD│⁸4

☿♇♩ ≡≢ 12% ≢№∫√⁹ 

 

 

C.4  

 

─ │⁸Ⱬꜞ►ⱶ ⌐⅔↑╢ 4 ─ ─ ─ ™Ⱨכ◒

≤⇔≡ ∆╢ Birch 2004a⁹∕─ │⁸ ⌐ⱨ▫ꜟ♃─ ─ ╡ ⅝ ╩
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HCl ≢ ∆╢↓≤⌐╟∫≡ ≢⅝╢⁹ ⇔√ ╡ ⅝ ⅜ ↕╣√≤

⅝⁸4 ─ ─ ─Ⱨכ◒⅜ ╕√│ ∆╢ │○ꜞ☺♫ꜟ ⌐

⅜ ∆╢↓≤╩ ⇔≡™╢ Birch 2004a⁹ ─ │ ⇔≡╒≤╪≥ №╢≤

⇔≡╙ ╩ ╪≢™⌂™⅜⁸ ─ ─ ⌐│ ⅎ┌⁸ ⁸

♩꜡♫⁸◖fi◒ꜞכ♩ ⅜ ⌐ ↄ ╕╣≡™╢↓≤╙№╢⁹∕─╟℮⌂ │⁸

─ ─ ─ ⌐ ≡─ ⅜ ↕╣√↓≤╩ ∆╢↓≤⅜ ≢№╢⁹

⌐ ╡ ⅛╣≡™⌂™ │⁸ ⅜ ™√╘ ◘fiⱪꜟ⅜ ∆╢≢№╤℮⁹ 

 

 

C.5  

 

OC╩ ⱨ▫ꜟ♃ ⌐ ∆╢≤⅝⌐⁸₈◘fiⱪꜞfi◓⌐⅔↑╢▪כ♥▫ⱨ□

◒♩₉≤ ┌╣╢ ⅜ ⌐ ∂╢↓≤⅜ ♩◒□ⱨ▫♥כ▪─╠╣↓⁹╢™≡╣↕

│ EC─ ⌐ ∆╢╙─≢│⌂™⅜⁸ OC ⅔╟┘ TC ─ ⌐⅔™≡ ╕√│

─ ╡╩ ↓∆⁹Eatough╠ 1995,1996 │⁸◘fiⱪꜞfi◓─ ⌐ ⅛╠ ─

OC⅜ ╢↓≤⌐ ≠⅝⁸↓╣╩₈ ₉─╕√│ ≥♩◒□ⱨ▫♥כ▪ ↑√⁹↓─▪

ⱨ□◒♩│⁸▫♥כ OC ⅔╟┘ TC ⌐ ─ ╡╩ ↓∆⁹⌂−⌂╠

≤⇔≡ ⌐ ↕╣√ OC⅜⁸∕─ ◘fiⱪꜞfi◓ ⌐ⱨ▫ꜟ♃⅛╠─ ⌐╟╡ ╦╣

╢⅛╠≢№╢⁹∕╣⌐ ⇔≡⁸ OC─ⱨ▫ꜟ♃ ⌐╟╢₈ ₉╕√│ ⱨ▫♥כ▪

□◒♩╩ ⇔√ ╙ №╢⁹ ⱨ▫ꜟ♃│ ─ ╩ ⇔⁸●☻

≤ │ ↕∑╢⅜⁸ ─ ⅔╟┘ OC│ ⇔⁸∕─ ⁸ ─

OC ⌐ ⇔ ∆╢↓≤⌐⌂╢ Turpin╠ 2000 McDow and Huntzicker 1990

Turpin and Huntzicker 1994Olson and Norris 2005 Kirchstetter ╠ 2001 Mader╠ 2003

Subramanian╠ 2004 Mader╠ 2001 Noll and Birch 2008 Schauer╠ 1999⁹ 

 

◘fiⱪꜞfi◓⌐⅔↑╢▪כ♥▫ⱨ□◒♩⌐ ∆╢╒≤╪≥─ │⁸ ◘fiⱪꜞ

fi◓⌐ ∆╢╙─≢№╢⁹ ⌐⅔↑╢◘fiⱪꜞfi◓ ≤ │⁸ ⌐ ─╙

─≤│⅛⌂╡ ⌂∫≡™╢⁹ ◘fiⱪꜟ│ ╟╡ ⅝™ ≢ ↕╣╢

◘fiⱪꜟ─ 3 4 cm/s⌐ ⇔⁸20 80 cm/s)⁹↕╠⌐⁸ │⁸ ─ ─

⅜╒≤╪≥─ ╟╡╙⅛⌂╡ ↄ Fruin╠ 2004 Sheesley╠ 2008⁸╕√⁸ ↕

╣╢◄▪꜡♂ꜟ─♃▬ⱪ⅜ ⌂╢ ⅎ┌⁸ ─ ⅛╠─ ╩ √◄▪꜡♂

ꜟ≤⁸∕╣⌐ ⇔ ⌐ ™◄▪꜡♂ꜟ─╟℮⌐ ⁹↓╣╠─ ™│ ≢№╢⁹⌂−⌂

╠⁸OC─◘fiⱪꜞfi◓─▪כ♥▫ⱨ□◒♩│⁸ⱨ▫ꜟ♃─ ⁸ ─ ⁸

◘fiⱪꜞfi◓ ⅔╟┘ⱨ▫ꜟ♃⌂≥─ ⌐ ∆╢⅛╠≢№╢⁹ ─◘fiⱪꜞ

fi◓⌐ ─⅛⌂╡ ™ⱨ▫ꜟ♃ ╩ ∆╢≤⁸ ─◘fiⱪꜞfi◓≢│
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╟╡╙ ∆⌂╦∟⁸ ♩◒□ⱨ▫♥כ▪─ ⅜ ↕╣╢⁹Turpin and Huntzicker 

1994⁸Kirchstetter╠ 2001 ⁸ Noll and Birch 2008 ⅔╟┘ Schauer ╠ 1999 │⁸

─ ⅜ ≥╢№≢♩◒□ⱨ▫♥כ▪⌂ ⇔≡™╢⁹ 

 

─ ─♩◒□ⱨ▫♥כ▪ ─√╘⁸♃fi♦ⱶ ⱨ▫ꜟ♃⅜ ↕╣≡™

╢⁹♃fi♦ⱶⱨ▫ꜟ♃≢◘fiⱪꜞfi◓∆╢≤⅝⁸ │ ─ⱨ▫ꜟ♃⌐ ↕

╣╢⅜⁸ ≤ 2 ─ⱨ▫ꜟ♃ ⌐ ≤ ─ OC│ ⇔⁸ ∆╢⁹ ⅜

⌐⌂╢√╘⌐│⁸ ─ⱨ▫ꜟ♃⅜◘fiⱪꜟ─ ≤ ⌐⌂╢↓≤⁸ ∂ ─

/ ─ OC╩ ∆╢↓≤⁸ ⌐╟╢ OC─ ⅜∕╣╒≥⌂™↓≤⁸⅜ ≢№╢⁹

⇔√ OC │⁸1 ─ⱨ▫ꜟ♃─ OC⅛╠ 2 ─ⱨ▫ꜟ♃─ OC╩ ™≡ ╘╢⁹ 

♃fi♦ⱶⱨ▫ꜟ♃ ⅜ ╩♩◒□ⱨ▫♥כ▪ ∆╢↓≤╩ ⇔√ ⅜™ↄ

≈⅛№╢⅜ Turpin ╠ 2000 McDow and Huntzicker 1990 Turpin and Huntzicker 1994 Olson 

and Norris 2005⁸ ⅜ ≢№╢↓≤╩ ⇔√ ╙№╢ Kirchstetter ╠ 2001 Mader

╠ 2003 Subramanian╠ 2004 Mader╠ 2001 Noll and Birch 2008⁹ 

 

OC─ ─♩◒□ⱨ▫♥כ▪─ ⌐⁸♥ⱨ꜡fi®╛ ⱨ▫ꜟ♃╩ ╗◄▪◘fiⱪꜝכ╙

™╠╣≡™╢⁹ │⁸♥ⱨ꜡fi®─ ─ⱨ▫ꜟ♃⌐↔ↄ╦∏⅛⌂ OC─ /

≤≤╙⌐ ⅜ ↕╣╢─≢⁸∕─∆← ─ ⱨ▫ꜟ♃⌐─╖ ≤

OC⅜ ∆╢⁹♃fi♦ⱶⱨ▫ꜟ♃ ─ ≢⁸♥ⱨ꜡fi®─∆← ─ ⱨ▫ꜟ♃│

─∆← ─ ╟╡ OC ⅜ ⅝ↄ⌂╢↓≤⅜ ↕╣√ Turpin╠ 2000 Olson and Norris 

2005⁹↓─ │⁸ ─∆← ─ ⅜◘fiⱪꜟ─ ≤ ╩ ∫≡™⌂™↓≤⁸⅔

╟┘ ─♩◒□ⱨ▫♥כ▪ ⅜ ≤↕╣√⁹ ─ ╠│⁸ ⱨ▫ꜟ♃─

╦╡⌐♥ⱨ꜡fiⱨ▫ꜟ♃╩ ∫√≤⅝⌐ ╡╟⅜♩◒□ⱨ▫♥כ▪ ↄ╖╠╣╢↓≤

⅜ ≤⇔⁸♥ⱨ꜡fi─ ─ ⅜ ─♩◒□ⱨ▫♥כ▪ ─ ≢№╢≤

⇔√ Subramanian╠ 2004 ⁹≥∟╠─♃▬ⱪ─ ╩ ™≡╙ ™│⌂⅛∫√≤∆╢

╙™ↄ≈⅛№∫√ Mader╠ 2003 Mader╠ 2001 ⁹ 

 

Noll and Birch 2008 │⁸♃fi♦ⱶ ⱨ▫ꜟ♃ ─ ╩♥☻♩∆╢√╘⌐

◘fiⱪꜟ─ OC◘fiⱪꜞfi◓─▪כ♥▫ⱨ□◒♩⌐ ∆╢ ╩ ∫√⁹ ≤⇔≡⁸

ⱨ▫ꜟ♃≤Ⱪꜝfi◒ⱨ▫ꜟ♃─ ⅜ ∂◘fiⱪꜝכ─ ⌐№╢√╘⁸ ◘fiⱪꜞ

fi◓⌐ 2 ─ ⱨ▫ꜟ♃╩ ℮ ⅜⁸♥ⱨ꜡fi®≤ ─ ╖ ╦∑╟╡ ╕⇔™⁹♃fi

♦ⱶ ⌐╟╡⁸ ─ ≤ⱨ▫כꜟ♪ ─ ≤╙⌐ ─ ╡⅜ ⌐

⇔√⁹ ─ │⁸ ⌐⅔™≡ DPM◘fiⱪꜞfi◓╩◦Ⱶꜙ꜠כ♩⇔√

≢ ⇔√⁹ ⌂⇔≢│⁸ ─ 50%≢◘fiⱪꜟⱨ▫ꜟ♃─ TC│ ─ TC╟╡

30% ⅛∫√⅜⁸♃fi♦ⱶ ≢│◘fiⱪꜟⱨ▫ꜟ♃─ TC│ TC─ 11%

⌐⌂∫√⁹ⱨ▫כꜟ♪ ⌐ ⇔≡│⁸↓─ │⁸OC─ ╟⌐♩◒□ⱨ▫♥כ▪
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╢ ─ ╡╩⅛⌂╡ ↕∑√⁹ ⅜ ╦╣√ ♩◒□ⱨ▫♥כ▪│ ⅜╒≤╪≥╖

╠╣⌂ↄ⌂∫√⁹ 

 

 

C.6  

 

NIOSH 5040│⁸ ⌐⅔↑╢DPM ─√╘⌐ ↕╣√⅜⁸ ─♃▬ⱪ─

◄▪꜡♂ꜟ┼ ∆╢↓≤⅜ Ⱪכꜙ♅Ⱳfi♫ⱡכ◌╛◒♇ꜝⱲfiⱩכ◌⁹╢№≢ ◌

כⱲfi♫ⱡⱨ□▬Ᵽכ CNT/CNF ⌂≥─ ⌐ ∆╢≤⁸↓╣╠─ ─ │DPM

╟╡│╢⅛⌐ ⅝™─≢⁸ⱨ▫ꜟ♃┼─ ─ │⁸╟╡┌╠≈⅝╛∆™⅛╙⇔╣⌂™⁹

┌╠≈⅝│◘fiⱪꜝכ─ ⌐ ⇔⁸ ↕╣╢╟℮⌐⁸◘fiⱪꜝכ ⅎ┌⁸◘▬◒

꜡fi⁸○כⱪfiⱨ▼▬☻◌☿♇♩⅔╟┘◒꜡כ☼ⱨ▼▬☻◌☿♇♩⌂≥ ⅜ ⌂╢≤⁸

◘▬☼ ⌐ ⇔≡ Birch╠2011 ⁸ │ ⌂╢ ⅜ ꜟ♀כ▫♦⁹╢╣╠

≤ ◄▪꜡♂ꜟ│⁸ ⌐ 100 nm ≢ ↕╣≡™╢⁹∕─

↕⌂◘▬☼⅛╠⁸DPM│ ⁸◘fiⱪꜟ ⌐ ™╠╣╢ ⱨ▫ꜟ♃⌐ ⌐

∆╢⁹ ⌐ ═√╟℮⌐⁸ │ⱨ▫ꜟ♃─╒╪─ ⇔⅛ ⌐ ↕╣⌂™√╘⁸

⌐ ⇔≡™╢↓≤⅜ ↕╣╢⁹∆⌂╦∟⁸∕╣⅜ ─ ╩ ⇔≡™⌂

↑╣┌⌂╠⌂™⁹ 

 

NIOSH 5040╩CNT/CNF⌐ ∆╢⌐№√╡⁸ ⌂ ⱨ▫ꜟ♃כ─ ─

⌐ ≠ↄ ╩ ∆╢√╘⌐│⁸ⱨ▫ꜟ♃┼─ ⅜ ≢№╢↓≤─ ⅜ ≢№

╢⁹ ─ ≤⇔≡⁸ ⅜ ─ ⁸ⱨ▫ꜟ♃ ╩ ∆╢↓≤╙ ≢№╢

⅜⁸ ─ ◘fiⱪꜟ○כⱩfi─ 1 cm ⅜ ↕™√╘⁸37 mmⱨ

▫ꜟ♃─ ─ ╡ ⅝ ─ ⅜ ≤⌂╢⁹ ⌐⁸ ⅜ ≢⌂™╟℮⌂ │⁸

⌐│ ╩ ∆╢√╘⌐37mmⱨ▫ꜟ♃─2 duplicate ╩ ╘╢═

⅝≢№╢⁹25 mmⱨ▫ꜟ♃╩ ⇔√ │⁸ⱨ▫ꜟ♃ ╩ ⌐ ∆╢↓≤⅜ ≢№

╡⁸LOD╩ ⇔ ⌐ ↕∑╢ ╙⌂ↄ⌂╢⅜⁸ⱨ▫ꜟ♃ ⅜ ↕╣╢↓≤

⌐╟╡ ─ ─ ╩ ╗ ⅜ ≤⌂╢⁹↕╠⌐⁸ⱨ▫ꜟ♃╩ ╡

⅛⌂↑╣┌⌂╠⌂™↓≤⌐ ⅎ⁸ ─ ⅜⸗♬♃≢⅝╢╟℮⁸ ⌐∕─ⱨ▫ꜟ♃

╡ ⅝ ╩ ─⁹NIOSH 5040™⌂╠⌂┌╣↑⌂⇔♪כ꜡⌐ ≤ ⌐ ∆╢

─ │ ─ ≢ ↕╣≡™╢ Birch and Cary 1996 Birch 1998 Birch╠1999

Birch 2002 Birch 2003 Birch 2004a ⁹ 

 

CIB≢ ═≡⅝√╟℮⌐⁸NIOSH 5040│⁸CNT/CNF─ ─ ⌐ ↕╣≡™╢

Methner╠2007  Birch╠2011b Dahm╠2011 ⁹№╢ ≢│⁸ⱳꜞⱴכ ─



168 

 

⌐⅔™≡CNF╩ ∆╢ ─ ≢─◄ꜞ▪⸗♬♃ꜞfi◓⌐ ↕╣√ Methner

╠2007 CNT│⁸≥כⱲfi♫ⱡⱨ□▬Ᵽכ◌⁹ ╙⇔№∫√≤⇔≡╙ OC⅜╒≤╪≥ ≢

⅝╢ ⇔⅛⌂™─≢⁸EC│↓╣╠─ ─ ™ ≤⌂∫≡™╢⁹TC⌐ ∆╢ ─

⅜ ↕╣√⅜ TC│OC─ ⌐ ↕╣╢ ⁸ ─◘fiⱪꜞfi◓▪כ♥▫ⱨ□◒♩╩

⌐∆╢√╘⌐⁸OC─ │⁸ ♩◒□ⱨ▫♥כ▪ ≢ ═√♃fi♦

ⱶⱨ▫ꜟ♃ ≢ ↕╣√Ⱪꜝfi◒≤⇔√⁹↕╠⌐⁸ ≤Ᵽꜟ◒ CNF≤

─ ⌐ ≠⅝ ∆╢≤⁸Ⱪꜝfi◒ ↕╣√TC│⁸CNF ─

⌂ ≤⌂∫√⅜⁸ ⅜ ⇔≡™√◄ꜞ▪│ ≢№∫√⁹∕─◄ꜞ▪≢│⁸

TC│ ─ ⌐ ↕╣√ ◄▪꜡♂ꜟ─ ≢⁸∕─◄▪꜡♂ꜟ ⌐│

™OC ≢№╢ ─ ⅜ ╕╣≡™╢⁹ 

 

CNT/CNF ╩ ⁸ ╕√│ ⌐ ∆╢ ╩ ∆╢≤⅝⁸ ↄ─

╛ ⅜№╢⁹ 1⌐⁸ⱳꜞⱴכ ─EC ╩ ∆╢ ⅜⁸ⱳꜞⱴכ─ ╛◘fi

ⱪꜟ ⌐ ⇔≡⁸ ╦⇔⅛∫√╡ ⇔√╡∆╢↓≤⅜ ↕╣╢↓≤≢№╢⁹↕

╠⌐⁸ⱳꜞⱴכ≤Ᵽꜟ◒CNT/CNF ─ ⅜ ∆╢ │⁸∕╣╠╩ ╦∑√EC⅜

↕╣╢ ∆⌂╦∟⁸ ↕╣⌂™ ⁹╕√⁸ⱳꜞⱴכ ⌐⅔↑╢EC │⁸

™ ⅎ┌⁸1% ≢№╢⁹⇔√⅜∫≡⁸ ⅜ ─EC ≢№╡⁸⅛≈∕

─EC ⅜ ⌐ ↕╣√≤ ∆╢≤⁸EC ⅜2 ɛg/m
3─≤⅝⁸ 1%EC─

│EC ╟╡╙⅛⌂╡ ™200 ɛg/m
3⌐ ∆╢⁹↓─╟℮⌐⁸ ™OC ≢№╢

≤⁸◘fiⱪꜟ│ ⌐OC≢○כⱣ⁹╢∆♪כ꜡כ ™OC │⁸ כ○─

Ᵽכ꜡כ♪≤EC─ ⌐ ─ ╡─ ╩╙√╠∆⁹↕╠⌐⁸ ─ ⁸

CNT/CNF│ⱳꜞⱴכ ╕√│ ⌐ ⇔≡™╢√╘⁸ ─ ≤ ≢

│⌂™⁹ⱳꜞⱴכ ─ ╩ ╗ ─ ╩ ∆╢√╘─ ⅜ ≢

№╢⅜⁸NIOSH REL─ ⌐⅔™≡⁸ ⇔√▪ⱪꜞ◔כ◦ꜛfi│ ─ ╕√│

─CNT/CNF≢№╢⁹CNT/CNF─ │ ⌐ ∆╢ ⅎ┌⁸CNF⁸SWCNT⁸MWCNT⁸

↕╣√╕√│ ─ √╘⁸ ≢№╣┌⁸ ─Ᵽꜟ◒ ⅜ ∕⇔≡⁸≢

⅝╣┌◄▪꜡♂ꜟ ≢⅝╢ ─ ╙ ⌐ ↕╣╢═⅝≢№╢⁹Ᵽꜟ◒ ─OC-EC

│⁸∕─ ╩ⱨ▫ꜟ♃Ɽfi♅⌐ ╡≈↑╢ ⌐ ∆╢√╘ │⌂™⅜⁸∕─

─ ─ ≤ ╩ ∆╢√╘⌐ ─CNT/CNF─ │ ℮═⅝≢№╢⁹ 

 

NIOSH─ │╕√⁸CNF╩ ⅔╟┘ ∆╢ ≢ ⌂ ⸗♬♃ꜞfi◓╩

⇔√ Evans╠2010 Birch 2011a Birch╠2011b ⁹ ⅜ ∆╢ ≤◄ꜞ▪◘fiⱪ

ꜟ─ ╩ ⇔√⁹ ─ ╩ ∆╢√╘⁸ ─ ╩ ⇔⁸ⱨ▫ꜟ♃─ ╡

⇔ ╩ ∫√⁹ ─ ⌂╢◄ꜞ▪≢ ↕╣√12 ─ ╡ ⇔ ⌐⅔↑╢

RPD ≤RSD % ╩ ⌐ ∆⁹ ∂╪⁸ ⅔╟┘

⅜ ╕╣≡™╢⁹ │37 mm ◌☿♇♩≢ ⇔⁸ ⅔╟
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┘ │◘▬◒꜡fi╩ ™≡ ⇔√⁹RPD│⁸ ∂ⱨ▫ꜟ♃⅛╠─2Ɽfi♅

duplicates ╕√│2≈─ ⌂╢ⱨ▫ꜟ♃⅛╠─1Ɽfi♅ paired samples╩ ∆╢↓≤

⌐╟╡ RSD│1≈─ⱨ▫ꜟ♃⅛╠─3Ɽfi♅ triplicate ─ ⅛╠ ⇔√⁹RPD⅜

22%∞∫√1≈─ ╩ ⅝⁸EC ─ │ 3%⅛╠14%≢№∫√⁹22%≤™℮

™┌╠≈⅝│⁸ ⇔√2≈─ⱨ▫ꜟ♃─Ɽfi♅⅜ ⌂╢◘fiⱪꜝכ⅛╠─╙─≢№∫√

≤™℮⁸ ⌐ ⇔≡™╢⅛╙⇔╣⌂™⁹ ⌐⌂∫√◘fiⱪꜝכ─ ─ ≈─☿♇

♩⅜ ™┌╠≈⅝╩ ⇔≡™⌂™↓≤⅛╠⁸◘fiⱪꜝ⁸╤⇔╗╙╡╟℮™≥⅝≈╠┌─כ

⅜↓─ ⌂ ⌐ ⌂ ∞╤℮⁹↓╣╠─RPD│ 8%⅔╟┘13%≢№╡⁸

ⱨ▫ꜟ♃⅛╠ Ɽfi♅⇔√ ≤ ≢№∫√⁹ 
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