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Abstract-Life Cycle Assessment of Nanotechnology has concrete conclusions about the impact of nanoproducts.
been suggested to evaluate claims about the potential bene- The point here is not to discount the benefits of these tech-
fits of this emerging technology. This paper presents one of nologies for human welfare. However, the underlying mes-
the first LCAs and Life Cycle Energy Analysis of Vapor sage is that the costs of failure to see beyond the early hype
Grown Carbon Nanofibers (CNF) synthesis. Life Cycle into the broader implications of any technology can be
inventory data is compiled with data reported in the open enormous.
literature. CNFs are compared with traditional materials In the case of nanotechnology, this entails following a
on an equal mass basis to quantify the life cycle energy proactive approach to ensure smart and sensible research
intensity and environmental burden. The results of the and development thereby leading to a sustainable nanotech-
study indicate significantly higher life cycle energy re- nology industry. There is an immediate need to study the
quirements and higher environmental impact of CNFs as toxicity, fate and transport, and mechanism of damage of
compared to traditional materials like aluminum, steel and the products and byproducts of nanotechnology [3]. How-
polypropylene. Savings in life cycle energy consumption ever, focusing attention on one process without sufficient
and possibly a reduction in environmental burden are en- attention to others in a product's supply chain can lead to
visaged if higher process yields of these fibers can be the unintended environmental tradeoff of one problem for
achieved in continuous operations. Since the comparisons another. The use of a holistic and systems approach can
are performed on an equal mass basis, these results cannot help avert such problems. One such methodology is Life
be generalizedfor CNF based nanoproducts and quantity Cycle Assessment (LCA) that considers environmental
of their use may decide their cradle to grave impact. Spe- impact of products or processes over their entire life cycle.
cific CNF based applications need to be studied to evaluate Researchers have identified the need for the LCA of po-
their environmental performance and are the topics offu- tential nanoproducts [4-6]. However, LCA of nanotechnol-
ture work. ogy poses several formidable challenges. Firstly, the exist-

I. INTRODUCTION ing life cycle inventory databases are limited in scope and
Carbon Nanofibers (CNFs) belong to a new class of mate- are useful for evaluating only common products and proc-

rials that have except l m a pesses. Secondly, there is very little quantifiable data avail-rias tat aveexcptinalmecanial roprtis lke igh able on the human health and ecosystem impacts of prod-
tensile strength (12000 MPa) that is approximately 10 times an y do f nanomanufcturing. Besides these,
that of steel [1-2]. Besides mechanical strength, CNFs pos- nucts and byproducts of nanomanufacturng.Besndes these,
sess novel electrical properties like high electrical conduc- inocessesare ing rapdy In t lgo fathes
tivity. These properties of CNFs are being explored in a icallenges, LCA of Nanotechnology has received very little
variety of ways by imparting functionalities in various inm- aention Lloy andLecemploy edte OL frame
termediate and final value-added consumer products. Ap- w ork tos d nanote aplicatin fOr famoe
plications include the use of CNFs as polymer additives for bwork to study nanotechnologyapplncateons for automoble
hihsrnt oye aoopsts s of CNF in body panels and catalytic converters [7-8]. Osterwalder andhigh strngth Polmer Nanoomposite ,us ofCFsi coworkers [9] compared the wet and dry synthesis methods
carbon-lithium batteries, start capacitors for electronic de- f .oroe n oparticlepdtion wit respc toer
vices and electrically conducting polymers [2]. High spe- con ionanoparticle producthonwrth respect to energy

cific surface area of these fibers is an additional attribute sonsuring nanomanuct are no act in ese
that has been investigated for use of these Engineered sies posibl dueotonlackufinformationter, eqi
Nanoparticles as catalyst support material especially for men leely informationt and emuisso
liquid phase reactions [1]. Although these properties make for te snthes iso p ticeseis missi ough
CNF based nanoproducts commercial attractive, they also fothsyheiofnoprclssmsig.AhuhCNF beno dtc m iatcthese studies represent first important step towards LCA ofraise concerns and pose difficult questions about the human n
and ecosystem impact of these materials. The bitter lessons seeto amn 'lentvs o aoatcese i
of the unfounded technological exuberance of some of the LCseitnthltrauehtuesdaldpocslvl
earlier technologies such as chlorofluorocarbons, asbestos, nomto n obnsta ihdtisfo te tp
insecticides etc. should be remembered before reaching any
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in the life cycle to quantify the energy and environmental Catalyst-
burden associated with the production of nanomaterials. Ferrocene!
Such studies will be especially useful since they will lay the Fe(CO)5 Off
basis for compiling the life cycle inventory for nanoparticle gases

synthesis and hence pave the way for LCA of specific Hy~drogen
nanoproducts. This is especially important at an early stage
of research to evaluate the economic-environmental trade- Slu
offs among manufacturing processes and among alternative PrecursorCNF
products to aid in sensible engineering decision-making.
This paper presents one of the first LCAs for synthesis of Feedstokk__- J

Carbon Nanofibers along with an analysis of Life Cycle
C

Energy requirements. Section II describes the details of the Fig. 1. Typical Process Schematic of VGCNF Synthesis
process considered for the synthesis of CNFs along with a However, despite great advances in synthesis methods and
description of the data sources and assumptions. Section III efforts at understanding the mechanism of nucleation and
of the paper briefly introduces the concept of life cycle growth of CNFs, continuous production of these fibers has
assessment and the tools and techniques used in this study. proven to be challenging and several issues need to be ad-
Section IV presents the results of the Life Cycle Energy dressed. In recent years, a new method capable of synthe-
Analysis of CNF synthesis. A comparison of CNFs with sizing these Carbon Nanofibers on a continuous scale
traditional materials is presented to get insights into the life namely the Vapor Grown Carbon Nanofibers (VGCNF) has
cycle energy intensity of CNF production. Section V de- emerged [14-17]. A schematic of the VGCNF synthesis is
scribes the results of the "cradle-to-gate" Environmental shown in Figure 1. VGCNFs are produced by catalytic py-
LCA of CNFs and a comparison of CNFs with traditional rolysis ofhydrocarbons in the presence of a transition metal
materials on an equal mass basis. Both midpoint and end- acting as the catalyst. Trace amounts of Sulfur is added to
point indicators are presented. Finally, Section VI briefly the feed to promote the formation of CNFs. Ferrocene dis-
summarizes the conclusions of this study and the directions solved in a suitable solvent or Iron Pentacarbonyl, Fe(CO)5
for future work. are commonly used catalyst sources. The organometallic

catalyst decomposes forming clusters of Fe particles that

DESCRIPTION act as nuclei for the formation and further growth of CNFs.DESavodancefformaionfcarIPTon depositshThe fibers coming out of the reactor along with the off-
The avoidance of formation of carbon deposits has been gases are trapped or separated using a series of cyclone

of utmost importance in refinery applications like steam separators or trap mechanisms located downstream of the
reforming of hydrocarbons, hydrocracking, hydrotreating reactor. The entire reactor assembly is enclosed within an
etc. primarily because these carbon filaments leads to deac- electric furnace to supply sufficient heat to maintain the
tivation of the catalyst surface, blockage in reactor systems pyric fumace o 1100-1200°C.
and reduction in heat transfer [1,10]. However, in recent pyrolysis temperature of 1 100-12000C.
years, CNFs have received a great deal of attention both III. TOOLS AND TECHNIQUES
from the research and industrial community because of Traditional engineering approaches tend to focus on the
their novel properties that can be realized in a variety of process level details without caring about other steps in a
ways in various applications. Several academic and indus- product's life cycle. Such reductionist thinking can lead to
trial research groups have directed their efforts towards a shifting of the problem outside the analysis boundary.
synthesizing and optimizing the growth of these CNFs. In This however, can be resolved by the use of a more holistic
its simplest form the catalytic synthesis ofCNFs consists of life cycle approach which is the underlying theme of this
formation of these fibers on metallic catalysts in the form study. Process energy requirements are first calculated by
of powders, foils, gauzes or supported particles. The proc- applying an overall energy balance around the CNF synthe-
ess consists of reduction of the catalyst sample in a hydro- sis reactor. The indirect life cycle energy requirements due
gen-inert gas stream at a somewhat lower temperature fol- to the consumption of other inputs like hydrocarbon feed-
lowed by heating the catalyst up to the reaction temperature stock, carrier gas and sulfur source are obtained directly
subsequent to which the reaction mixture consisting of hy- using the SimaPro software. The above two are combined
drocarbon, hydrogen and inert gas is introduced into the to get the overall life cycle energy requirements for the
system [11-13]. Several different metallic and bimetallic synthesis of CNFs. Here "life cycle energy consumption"
catalysts can be used. Most commonly used catalysts are primarily refers to the cumulative fossil energy require-
iron, cobalt, nickel and copper both in bulk and supported ments for the synthesis of CNFs and does not include the
form. Lower hydrocarbons like methane, ethylene, acety- contribution of ecosystem goods and services. Thus, it
lene or benzene and CO are the common source of carbon quantifies the non-renewable energy requirements along the
material. supply chain of CNFs.

A natural follow up and a relevant question to the life cy-
cle energy analysis is the Environmental burden associated
with CNF production. This is estimated using the Process
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LCA. Life Cycle Assessment is a methodology to quantify pretable damage indicators. These damage indicators are
the environmental impact of a product or a process over its described in detail along with the results in Section V. It is
entire life cycle. In its simplest form, LCA methodology important to mention here that the level of uncertainty in-
involves four basic steps: Goal and Scope Definition, In- creases as we move from midpoints to the endpoints.
ventory Analysis, Impact Assessment, and Interpretation. Therefore, a hierarchical approach is used to provide a set
Goal and Scope Definition- In general, the scope of a of metrics at various levels.
LCA study comprises of the resource extraction, inputs In this study, the CML approach developed by the Leiden
synthesis, product manufacture, waste treatment, packag- University Insititute of Environmental Sciences is used to
ing, use phase and finally ends when the product is finally obtain midpoint indicators. Ecolndicator 99 methodology is
disposed off or recycled back. Such an analysis is termed as used to obtain Damage Indicators [21]. Under Eco-
"Cradle-to-grave". This study however, is a "Cradle-to- indicator, only three kind of environmental damages are
gate" analysis of CNF synthesis since no specific nanopro- weighed, namely damage to human health, damage to eco-
ducts are being investigated at this stage. The aim is to system quality and damage to resources. Damage to Human
quantify and compare the environmental burden of CNF Health is expressed in terms of DALYs (Disability Ad-
synthesis with traditional materials on an equal mass basis. justed Life Years). DALYs scale originally developed by
In the case of CNF synthesis, since a lot of data is either Murray et.al. for WHO and World Bank incorporates dam-
missing or proprietary information, certain assumptions age to human health in the form of Years of life lost (YLL)
have to be made to carefully define the process boundary. and years of lives disabled (YLD) as a result of emissions
For example, emissions from CNF synthesis are not in- of substances along the supply chain of a product. Damage
cluded due to lack of information. In addition, emissions to ecosystem quality refers to the damage caused to non-
corresponding to the catalyst life cycle are not included human species that is plant and animal species. Under Eco-
again due to the lack of data. These omissions are likely to indicator 99, Damage to Ecosystem is expressed in terms of
introduce some error and uncertainties in the final results, PDF times area times year (PDF*m2*yr), where PDF
but will still represent and yield a first set of "conservative " stands for potentially disappeared fraction and includes
estimates for the LCA of CNFs. Emissions corresponding percentage of species that are threatened or that disappear
to the production of all other inputs required for CNF syn- from a given area in a given time.
thesis are incorporated in the study. IV. LIFE CYCLE ENERGY ANALYSIS
Inventory Analysis- As discussed in Section I, performing VGCNF sythesis from hydrocarbons is considered for
LCA of nanotechnology is a daunting task because of the yn y
severe lack of data about the inputs and outputs of nano- Lfe Cycle Energy Requirements. Process
manufacturing. In this study, this challenge is addressed by energy requirements are first calculated by applying an
compiling life cycle inventory for VGCNF synthesis based overall energy balance around the reactor. The boundaries

for the process scale energy requirements are limited to theon laboratory experience and data available in the open reactor. Feed is introduced at 220C with the cracking ofliterature [15-17]. Missing data is reconciled based on suit-
hydrocarbons occurring at 1 100°C. An yield value of 0.5 asable assumptions and ensuring the conservation laws of reported by Tibbetts et.al. [15] is assumed though Fan et.al.mass and energy. Life cycle inventory data for commony[ g

inputsis takdenergy.directlycfrom "Simanro 6
aDmor v on" [17] reports yield values ranging from 15% to a maximum

Simprois a widelyueLC Sotare D i esif. of 30 00 by weight. Material inputs are compiled based on

CycleroisInventorydatafor severalrmnera andinchdemcs.Ldata available in the published literature [15-17]. A purifi-Cycl Inentoydta or sverl mieras ad chmicls. cation efficiency of 90% is considered for the CNFs. TheSimaPro consists of "cradle-to-gate" life cycle inventory indeciency of 9000iseconsid re ortheCNFs.the
data for WestenEuropean technologies. Inventory data for indrect lfe cycle energy requrements are obtaed directly
traditional materials like aluminum, steel and polypropyl- usige the SimaPro softre. Te aoerg twouarementscomned... .-. ~~~~~~~tovet the overall life cvcle enerv re uirements for theene iS obtained dilrectly from SimaPro too. g Xg
ImpactAssobtainessmirent-yfromThismpase involvesocla synthesis of CNFs. It is important to point out that the en-Impact emissions in vas imactoes to ergy requirements for separation and purification of the

pharovidcserazindemicators ftor vanalyzin thatptenria con produced CNFs from the fiber mixture are not accountedprovidebutionslofntheresourcerextrctions and wateseissions for thus resulting in conservative estimates of the life cycletributions of the resource extractions and wastes/emissions
eeg eurmns

in an inventory to a number of potential impacts. Several energy requirements.
Life Cycle Impact Assessment (LCIA) approaches exist Tene drentifeed to i.e the ethylene and ben-
an ths hav bee decie and crtcal asese in............. zene are considered to quantify the life cycle energy inten-and these have been described and critically assessed in sities of VGCNFs. Different scenarios for catalyst and car-detail in the literature [19,20]. In this study, a hierarchical rier gas recycle rates are evaluated to address uncertaintyapproach as described by Bare etal. [20] is used. The emis-

and evaluate the bounds on the life cycle energy consump-sions are classified and characterized based on their impact . . .
into various impact categoris of tion and emissions. Figure 2 represents the life cycle energy

Indicators.Mipitidctr. a b ute grgtdt requirements for CNF synthesis for different feedstocks.
obai Enpon Iniaos Enpon iniatr ar often Figure 2 presents a direct comparison of the life cycle en-

combne tgetert prvidemoremeaingfl ad iner- ergy requirements for CNF synthesis with those of tradi-
tional materials namely Aluminum, Steel and Polypropyl-
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ene. The plot shows that the life cycle energy requirements on the savings in energy consumption that can be achieved
for CNF synthesis ranges from 654 MJ/kg for Benzene when a carrier gas separation and recycle system is em-
feedstock to around 1807 MJ/kg for Methane with Hydro- ployed. A comparison of the CNFs with traditional materi-
gen as the carrier gas. A further comparison with alumi- als like aluminum, steel and polypropylene reveals that life
num, steel and polypropylene reveals that the life cycle of cycle energy requirements for CNFs is 6-60 times that re-
CNFs is energy intensive with the life cycle energy re- quired by these traditional materials. Several reasons can be
quirements being 86, 30 and 119 MJ/kg for aluminum, steel attributed to this enormous difference. Firstly, processes
and polypropylene respectively. required for manufacturing traditional materials are well-

Life CycleEnergyRequirements studied and have been optimized with respect to material
2000 and energy consumption over the last century or so. On the

1800 nother hand, although researchers have been synthesizing
1600 CNFs on a laboratory scale, industrial synthesis of these1400 nanoparticles remains a challenge. Secondly, industrial

1200 ,(x X Xyields of these fibers are low even for continuous opera-

tions, i.e. in the range of 10-30 % by weight of the feed-
stock. This again entails research efforts for process im-

___ provement to increase the yield of these nanoparticles to
200 make them competitive with alternatives for a given appli-
0 cation. In addition, economies of scale have still not been

CNF(NU-) CNF(M/IL-a+ CiNF(Eth+ CNF(B-) sil&-I Polyaroe realized for the production of CNFs. Unless, these materials
H2) H2) _

Fig2. tifeCWleFne yRenrtm-s-Ca lNofibersvs.ThitionalMatenals are used in a widespread way especially in large volume
applications like nanocomposites, it will be challenging to

Life Cycle hiergyRequiremnents exploit the economies of scale and hence make these mate-
1 IndrectEffects rials cost competitive with other alternatives. Researchers

2000 OPrceessEffects are also exploring the possibility of other low temperature
x>18 ggprocesses like the Plasma enhanced CVD for the synthesis

1600 ofCNFs [18]. These processes are expected to be operating
1400> n at room temperatures thus eliminating the need for process

=0 = ==heating. However, converting these laboratory scale proc-
esses to full-fledged continuous industrial operation will be
challenging. Needless to mention, LCA of these new proc-

200i g | | | Hesses should be an integral component of research efforts in
0 order to ensure that savings in energy and material re-

abneio tnedo±+N. Nre+t50% tned+100% E11:4o+O0% Et1:4e±+50Y/o Eth:4o±+100%H2Recycle H2Rc H2Recycl H2Rc 2Ry H2R sources are not offset by increased consumption in other
FeedstockType phases of the life cycle.

Fig 3. Life CydeFneyRequiremnts- Effect ofQCiier s Reydecle

The catalyst life cycle is not accounted for in the absence V. ENVIRONMENTAL LCA OF CNFs
of life cycle inventory data for the catalyst thus resulting in
lower bounds on the CNF life cycle energy requirements. Environmental Impact Assessment is carried out for the
The plot in Figure 2 indicates the lowest energy require- synthesis of CNFs and both midpoint and endpoint indica-
ments for the benzene followed by methane feedstock tors are obtained. Since the scope of this study is restricted
alone, however most industrial synthesis is carried out in to a "cradle-to-gate" LCA of CNFs alone and no specific
the presence of a carrier gas that is generally H2, NH3 or nanoproducts are evaluated, the results of CNF LCIA is
some other inert gas. A sensitivity analysis is further car- compared with traditional materials on an equal mass basis.
ried out to study the influence of carrier gas recycle rates Figures 4 and 5 present a comparison of some of the mid-
on the life cycle energy requirements. The results are dis- point indicators for CNFs with aluminum, steel, and poly-
played in Figure 3. Considering the methane feedstock, it is propylene on a per kg basis. Two base cases are evaluated
observed that even with complete recycle of the hydrogen for CNF synthesis, one with Methane and the other with
stream that is only theoretical in nature, the total energy Ethylene as the feedstock. Both cases are considered to
requirements decreased from 1807 MJ/kg to 1702 MJ/kg. have hydrogen as the carrier gas in accordance with the
This corresponds to a 6% decrease in the overall life cycle current industrial schemes.
energy requirements. A similar trend is observed for ethyl-
ene feedstock where a complete recycle of the hydrogen
stream corresponds to a 5.6% reduction in the overall en-
ergy requirements. It is noteworthy to mention here that the
energy required for separating H2 from the off-gases com-
ing out of the reactor is not accounted here. Therefore, the
numbers presented in Figure 3 represents an upper bound
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Global Warning Potential emissions from the catalyst life cycle have been ignored
due to lack of data. More importantly, release and impact

l.OOE 02 of CNFs on humans and ecosystem species during manu-
9.OOE+01 facturing are not accounted. Studies exist in the literature
8.OOE+O01 that present evidence of size-dependent hazardous and
7.OOE+O1I toxic effect of CNFs [23].
6.OOE+O1I Endpoint hidcator-Daniige to HuniinHealth
5.OOE+OlI

4..OOE+O 0.000025 DALY- DisabiytAdusted Life Yeas
3.OOE+01

2.OOE+O1 0.00002

l.OOE+01 - ._½OzoneLyer
o~~~~~~~~~~~...E RaidiationO.OOE 00-1- l_0.000015 hflSRaChabon

CNF-Ilthane CNF-E hylene Pnmay Steel Polyproylene0.00015c e
Alurnimd X N0 Rsp. Inor s

F- Rcsp. Org cs

Fig 4. Midpoirt Indicator- Global Wanring Potertial 0(.0000 [ Cacricnogm

Marine Aquatic Ecotoxicity Potential 0.000005

0

3.50E 04 CNF-Itiane+ CNF-FUhylene Polypropylene Pri y Steel
1 ~~~~~~~~~~~~~~~~~~~~~~H2Ah

3.OOE-04
e 2.50E+04 - Fig. 6. EndpointIndicator- Daimge to HuimnlHealth

2.50E-104

, 2.OOE-04 EndpointIndicator-Damnage to Ecosystenms
o ~~~~~~~ ~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~P1)-PotctlDisapetdFra*ton

E 1.50E 04 0.9 ll. OEH_04 09 EcotoxEcity

,404 L1Ed@04-

Fi 5.OE-0 08pitnlco-M rnAutcctoiiyoe a tid.i o opi o

0 LandUse
5.OOEH-03 -0.7-

0.6 -__O.OOEH-00
CNF-IVthk CNF-Ethylen nii Steel Polypropylene 05

Fig 5. Mdlpoirt Indcatr- Nlref Ac--ic EcotoxicityPotential04______19 ~~~~~~~~~~~~~~0.3
Figure 4 shows a higher Global Warming Potential
(GWP) for both methane and ethylene based CNFs when 0.2

compared with aluminum, steel and polypropylene on an 01
equal mass basis. Similar trends are observed for Acidifica- n
tion Potential, Eutrophication Potential, Human toxicity CNr-Xa+M CNr-Ethy1n PolyproWXen Pri-ay Aluri- 51e1
Potential and Photochemical Smog Formation Potentials. Fig. 7. Endpofit Indicatcr- Da1g to Ecsster
One argument that is often given in favor of the potential Figure 6 and 7 present the Endpoint Indicators that are
impact of nanomaterials is the relative small quantities in obtained based on Eco-indicator 99. These are obtained
which these materials are required in various end product directly from SimaPro. These figures indicate higher im-
applications. However, the estimated production rates are pact of CNFs in the category of damage to human health
58000 metric tonnes of ENPs in the period from 2011-2020 and damage to resource consumption compared with tradi-
[4,22]. This can have an impact equivalent of 5 million and tional materials on an equal mass basis. As observed for
50 billion metric tones of conventional materials when ac- midpoint indicator, Figure 7 shows a higher ecotoxicity
counted for their size [22]. Figure 5 presents the results of impact of aluminum on ecosystems as compared to CNFs.
midpoint indicators for the impact category of marine However, the overall impact of CNFs in the category of
aquatic ecotoxicity potential. It is observed that traditional Damage to ecosystems is higher based on both methane
materials especially aluminum seems to have a higher envi- and ethylene feedstocks. This is because the damage caused
ronmental burden in this category when compared with to ecosystems because of higher acidification and eutrophi-
CNFs. Higher ecotoxicity of aluminum can be attributed to cation potential for CNFs outweighs the higher ecotoxicity
the emissions of a variety of heavy metals with higher impact because of aluminum. It is important to reiterate that
ecotoxicity during ore extraction and processing. However, human and ecosystem impact of CNFs emitted to the envi-
the impact numbers for CNFs represents only lower bounds ronment is not accounted due to lack of information about
whereas those for traditional materials are more precise the human and ecotoxicological impact of these engineered
since detailed and relatively more complete inventory data nanoparticles. Detailed knowledge and quantifiable data
is available in the literature for traditional materials. On the about possible fate, transport and mechanism of damage of
other hand, the emissions and hence their impact from the CNFs is not available. Thus, the impact numbers presented
CNF synthesis step are not accounted. In addition, the

1-4244-0861-X/07/$25.00 2007 IEEE 132



here reflect only the material and energy use during the [3] Colvin, V. L., Nature Biotech., 21, 10, 1166-1170,
synthesis of CNFs. 2003

VI. CONCLUSIONS AND FUTURE WORK [4] The Royal Society and the Royal Academy of Engi-
A Life Cycle Energy Analysis of CNF synthesis is pre- neering (RS RAEng) Report, available at

sented and compared with traditional materials on an equal www.nanotec.org.uk/finalReport.htm, last accessed,
mass basis. Preliminary results indicate 6-60 times higher Jan. 20th, 2007
life cycle energy requirements for CNFs when compared [5] The NNI, Report on Environmental, Health, and Safety
with aluminum, steel and polypropylene. High energy re- Research Needsfor Engineered Nanoscale Materials,
quirements and hence the resulting high cost of these engi- Septemeber 2006, available at www.nano.gov, last ac-
neered nanomaterials will tend to restrict their use only in cessed, Jan 20th, 2007
very niche applications and hinder their use for large vol- [6] Karn, B. P., ISIE Newsletter, Vol. 4, Issue 4, 2004
ume applications like polymer composites. Research ef- [7] Lloyd, S. M., L. B. Lave, Env. Sci. Tech., 37, 15, 3458-forts are required to increase the process yields and opti- 3466 2003
mize the growth of CNFs so that the novel properties of

L

these ENPs can be realized to yield products with superior [8] Lloyd, S. M., L.B. Lave and H.S. Matthews Env. Sci
properties. A preliminary "cradle-to-gate" LCA of Carbon Tech., 39, 17, 1384-1392, 2005
Nanofiber synthesis is also presented. Midpoint and End- [9] Osterwalder N., Capello C., Hungerbuhler K., Stark
point Impact Assessment methods suggest that CNFs may W.J., Journal ofNanoparticle Research, 8,1-9, 2006
impose a higher environmental burden as compared to tra- [10] Rodriguez N.M., Journal ofMaterials Research, 8, 12,
ditional materials per kg of product. Results indicate a 3233-3250, 1993
lower ecotoxicity impact of CNFs compared with tradi-

[
tional materials. However, the human and ecotoxicological [11]Kim M.S., Rodriguez N.M., and R.t.K. Baker, Catal.
impact ofCNFs themselves are not accounted for due to the 131, 60, 1991
lack of information about the release and impact of CNFs. [12] Katsuomi T.,, Takenori O., Tetsuya S., Tomonori K.,
The comparisons of CNFs with traditional materials are Ken T., App. Cat. A. General, 283, 137-145, 2005
presented on an equal mass basis with traditional material [13] Seongyop L., Seong-Ho Y., Yozo K., Isao M., Car-
to get insight into the life cycle energy intensities and envi- bon, 42, 1765-1781, 2004
ronmental burden. However, products based on CNFs [14] Chambers A., Rodriguez N.M., and Baker R.T.K.,
might be greener than alternatives for a given application. Journal A., Resez 11, and 1996
Quantity will be the deciding factor and hence specific Journal ofMaterials Research, 11, 430-438, 1996
nanoproducts and applications need to be evaluated. [15] Tibbetts G.G., Gorkiewicz D.W., Carbon, 31, 5, 809-
Future Work is expected to use these results to evaluate 814, 1993

claims about the potential benefits of specific CNF based [16] Tibbetts G.G., Bernardo C.A., Gorkiewicz D.W., and
nanoproducts and nanoprocesses. One of the potential ap- Alig R.A., Carbon, 32, 4, 569-576, 1994
plications is the use of Carbon Nanofiber (CNF) Reinforced 17] Fan Y., Cheng H., Wei Y., Su G., and Shen Z., Car-
Polymer Composites in the body panels of automobiles as bon, 38, 921-927, 2000
an alternative to traditional materials like aluminum and
steel. Statistical techniques will also be useful for address- [18] T. M. Minea, S. Point, A. Granier, M. Touzeau, App.
ing the uncertainty in the Life Cycle Inventory data. These Physics Letters, 85, 7, 1244-1246, 2004
studies also ignore the possible emissions and impact of [19] Goedkoop, M., Hofstetter, P., Mu"ller-Wenk, R.,
nanoparticles, and thermodynamic LCA methods are also Spriensma, R., Int. J. ofLCA, 3, 6, 352-360, 1998
being explored as proxy indicators in the absence of emis- [20] Bare, J., Gloria, T.P, Env. Sci. Tech., 40, 4, 1104-1113,
sions and impact information. In the long term, integration 2006
of this work with the detailed fate and transport studies of [21] Ecoindicator 99 Reports, available online at
these nanomaterials can provide useful insights about the httpe//www.pre.nl/eco-indicator99/ei99-rep.orts.htm,ecotoxicity of these nanomaterials. Last accessed Jan. 20th, 2007
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