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ABSTRACT

Despite the large production of carbon nanotub@T&}, which has been widely
applied in the industrial sector and reached huislod tonnes, an integrated study
that focuses not only on CNT synthesis and chaiiaaten but also on the
environmental footprint of the process life cydehitherto scarce. This work goes
beyond state-of-the-art, combining and comparing different CNT synthesis routes
by taking into account all the appropriate dattutly evaluate them not only in terms
of material characteristics and process produgthwitt also incorporating a
comprehensive life cycle overview indicating theaa of concern that should be
thoroughly considered and appreciated prior tartinelustrial scale production. The

resulting environmental impacts and uncertaintyhyaigmoffer insights into areas
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where significant environmental gains could be eedd, thus providing a stepping
stone towards “greener” CNT-based nanoproductgamihg the way for their

sustainable industrialisation.
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1. Introduction
Carbon nanotubes (CNTSs) (lijima, 1991), among otfaromaterials, are of
enormous scientific interest owning to their extdaeary mechanical and electrical
properties, rendering them promising candidatesndustrial applications (De
Volder et al., 2013). In 2015, CNT market value®2£6 billion and forecasted to
grow to $5.64 billion by 2020 at a Compound Ann@Gabwth Rate of 20.1% (RnR
Market Research, 2015). Laser ablation, arc digghand chemical vapour
deposition (CVD) are extensively used for CNT swsih (Charitidis et al., 2014;
Rafique and Igbal, 2011). However, CVD based metladter the potential of high
purity CNT production in a controlled manner. CNEBs be grown directly on
different substrates, using a variety of carborcrgors and catalysts, resulting in the
development of numerous synthetic routes (KumarAsmb, 2010). Typically, most
commercially available CNTs are in the form of Bl@owder, consisting of
entangled spaghetti-like CNT networks; their apgilmn spectrum is rather wide,
ranging from composite materials, as reinforceméhtash et al., 2014) in coatings
and films, energy storage to biotechnology (De ¥olet al., 2013; Zhang et al.,
2013). However, the latest cutting edge technok(field-emission displays, micro
and nano- electronic devices (X. Sun et al., 2043¢rgy storage (H. Sun et al., 2015)
and chemical or biological sensors (Bajpai et241Q4; Patton et al., 2009)), require
CNT structures with specific orientation, such agieally aligned (VA)CNT arrays.
Ge et al. (2012) used camphor as carbon sourceeadene as catalyst to produce
long, continuous, high purity, uniform and align@NTs with high crystallinity and
density. The main advantages of this appproackharanidirectional alignment of
nanotubes and uniform length resulting in excetlitimermal and electrical

conductivity (Chen et al., 2010; Souier at al., 201



Despite the benefits of CNT-based products, CNTispeaentially contribute to
multiple negative environmental impacts resultindparmful effects on ecosystems
and human health (Singh et al., 2008; Singh e@09). There were over 100
companies around the world manufacturing CNTs ih12atel et al., 2011) and this
number is continuously increasing, rendering the@eustanding of the environmental
implications of CNT production a prerequisite. Mover, the quantification of
environmental impacts via LCA in the early stageprocess design is essential for
new CNT prospective applications ensuring commevigdility and sustainability
(Dahlben et al., 2013; Gilbertson et al., 2014;dtoand Kishawy, 2012). However,
applying LCA to CNT synthesis is rather challengidge to the lack of robust
information, the multivariate nature of nanoproduand the uncertainties derived
from the application of each LCA calculation methodly a handful of studies track
the environmental impacts of CNTs. Most of the mit#dd LCA studies deal with the
interpretation of literature results or are basedhgpothetical scenarios (Gavankar et
al., 2014) without considering all the criticalgterequired to fully describe the
process from synthesis to end-of-life. Upadhyawtlal. (2012) reviewed recent LCA
studies on CNT manufacturing and found out thatdbk of data availability is the
main obstacle for obtaining reliable LCA resultatébly, the quantification of the
impacts of air emissions and waste stream dischasgather challenging; precise
estimations of the waste flows are still missingdjterature. Namely, Healy et al.
(2008) compared three of the most common CNT prii@luprocesses in terms of
their environmental footprint and revealed thataeig arise mainly from the
generation of electricity, although they modelled butput without considering the
formation of by-products. Griffiths et al. (2013ydied the environmental impact of

300 mg of CNTs produced by CVD and found that thatimg of the furnace is the



most impactful part of the process. Additionallyey applied a detailed approach for
determining the exhaust emissions, based on thg sfuPlata et al. (2008; 2009),
which is a quantified evaluation of the potentiavieonmental implications of CNT
manufacturing.

Despite CNTs having entered market and being imidlised, their production
technologies are multiple, and precise data dasgriine whole process are quite
scarce, irrespective of the production method. ldetie introduction of uncertainties
into the LCA model can lead to distorted decisicakinmg and future studies should
shed more light on this important issue. The extaarily high levels of uncertainty
in LCA for CNT production require more careful tie@nt than is customarily
applied in LCA of other products. Indeed, quantifyiand managing uncertainty in
LCA of nanomaterials generally is more demandiramtfor other materials.
Interestingly, this holistic study takes advantafjgvo optimized laboratory-scale
CVD processes with fully characterised CNT architezs and compares their life
cycle performance. It also constitutes a detaileg mhich embraces all the
appropriate steps in order to gain a better groundf the environmental impacts of

CNT production process, when looking to fulfil anxustrial application.

2. Material and methods

2.1. Process description

A thermal CVD reactor was used to synthesize nwitiied (MW) CNI's. The reactor
consists of a horizontal quartz tube (3.4 cm irdi@ameter, length of 100 cm) housed
in a three-zone cylindrical furnace 80 cm long,veh@chematically in Fig. 1.

Synthesis of CNTs was performed via two CVD roubeshe first case, camphor and



ferrocene were used as carbon source and catagpgctively (ROUTEL), while in
the latter, acetylene and iron particles suppastedeolite were used as carbon source
and catalyst, respectively (ROUTE2).

For ROUTE1L (CNT1 product), a pyrex flask containthg reagent mixture which

was composed of camphor (96% purity in weight, &hly as carbon precursor and
ferrocene (98% purity in weight, Aldrich) as catdlyin a 20:1 mass ratio, was
connected to the tube close to the nitrogen iAldteating plate was located below
the flask, to achieve the heating and sublimatiathe reactants (Fig. 1a). Nitrogen
gas flow was used to carry the gas mixture of piaws inside the furnace, where
pyrolysis of the gases took place at 860and thick CNT carpets were deposited onto
a silicon substrate.

For ROUTEZ2 (CNTZ2 product), the catalytic partickesre placed on a ceramic boat
which was located inside the quartz tube, in thedhei of the isothermal zone of the
reactor (Fig. 1b). Firstly, nitrogen passed throtlghquartz tube to remove the air;
then, the reactor was heated to 70Qunder continuous nitrogen flow. Subsequently,
nitrogen was replaced by a mixture of acetylenen{Z0min) and nitrogen (230
mL/min). In both cases, when the reaction was ceted| the raw products were
cooled down to room temperature under a nitrogetosphere.

For catalyst preparation, wet impregnation of zeoti (Alfa Aesar; particle size

~1um:; specific surface area 975/y) support was used. The appropriate amounts of
zeolite and Fe(Ng€);  9H,O (Sigma Aldrich) were dissolved in water to obtain
catalyst with the desired Fe content (20% wt). fidseilting slurry was kept under
continuous stirring until nearly all the solvendhevaporated. Then, the residue was
dried at 120C for 4 h. Finally, the obtained material was aadted at 556C under

nitrogen flow for 1h.



2.2. CNT Characterisation

The CNT morphology was studied via scanning electnicroscopy (SEM) using a
Nova NanoSEM 230 (FEI company) microscope with Wig@sten) filament and
transmission electron microscopy (TEM) with a Teca2a Spirit Twin 12 microscope
(FEI) after dispersing CNTs in distilled water. Térgstallinity of CNTs was
measured with a Bruker D8 Advance Twin X-ray di¢t@neter equipped with a Cu
K, radiation source, at a wavelength of 1.5418 Aalynthe purity of the produced
materials was determined via thermogravimetricysisl(TGA) conducted in an
oxidative atmosphere (atmospheric air flow: 120 mik/, heating rate: 3C/min)

using a Netzsch 409 EP instrument.
2.3. Life Cycle Assessment M ethodology

Life cycle assessment is used for the evaluatiqroténtial environmental impacts
associated with a chemical process or a materthlsaa standardized method which
is based on two international environmental stasgldSO 14040: Principles and
Framework and ISO 14044: Requirements and Guide(ii80, 2006). Life cycle
assessment methodology comprises of four stegstliie goal and scope of the study
should be defined, second the life cycle invensiguld be specified, subsequently
the impact assessment takes place and finallyntkepretation of results is carried
out. In order to enable the quantification of tbhadtion of a studied system (product
or process) and to compare with similar systems,ithportant to choose the
appropriate unit of assessment, which is calleduhetional unit. SimaPro8 software
(PRe Consultants) was used to conduct the LCA.calmilations for the impact
assessment have been executed using the ReCiPedni@ibedkoop et al., 2013),

which brings together the advantages of two oftiost established calculation



methods; Eco-Indicator 99 and Centrum Milieukuneéeden—IA, giving results both
to midpoint and endpoint level. ReCiPe method éaidor assessing the impacts of
materials synthesis processes (Griffiths et all320due to its broad set of midpoint
impact categories and the global scope of its impechanisms. The cultural
perspective that has been chosen for the anabytie iHierarchist (H), which
represents a consensus scientific model for a #@@sytimeframe, according to ISO
14044 (Goedkoop et al., 2013). Lab data were gatheuring the process, from the
system indicators (e.g. temperature, flow), as aglirom direct energy readings,
using an energy power meter (HQ, EL-EPMO02HQ). Sawaaita, especially for the

materials used, were retrieved from the softwateliese (Ecoinvent Database v3.1).

2.3.1. Goal & Scope

The main goal of this LCA study is the determinatad the environmental footprint
of each production route and the major contributorthe predicted impact. The
scope of the study extends solely to the synthpsisess using an optimized
laboratory scale CVD reactor and is a cradle—ta-gaslysis. In both routes, the
functional unit for which all the measurements aattulations have been performed
is 1 kg of MWCNTSs (Fig. 2), allowing a comparisoitiwalternative systems (e.g.

metal nanomaterials) fulfilling the same function.

2.3.2. Inventory Analysis

Data collection is the most important step in LEGAemstrom and Palsson, 2003); the
main assumptions are discussed below. Data for lsangnd ferrocene are not
included in the software database. Camphor is @elafrom camphor tree
(Cinnamomum camphora) leaves by a steam distillation process (Frizzal.e2000).

Generally, camphor is considered an eco-friendipaa precursor as it is a natural

8



product (Kumar and Ando, 2007). Despite the exiwachf natural resources being
deemed as a “clean” process when compared withyleksmical industries, its
environmental footprint is not negligible, so itcigicial to introduce camphor into the
inventory data (Chemat et al., 2012). Given thé& @anformation in the software
database, we used data for palm olil, since stestiflation is applied for the
extraction of both oil types (Cassel et al., 20@8sango, 2005; Morais et al., 2010;
Stichnothe and Schuchardt, 2011).

Concerning ferrocene, Griffiths et al. (2013) uiesl patent of Cordes (1965), who
simulated the ferrocene synthesis process usingnémical engineering software
Aspen Plus (Aspen Technology Inc, 2011). In theenirstudy, ferrocene was
introduced into the inventory using data from ttisdy.

Modelling the exhaust wastes produced during CVilitsgsis of CNTs seems to be
quite complicated. Plata et al. (2008, 2009) qdiadtihe released wastes and found
that unreacted carbon, volatile organic compouR@®ds), polycyclic aromatic
hydrocarbons (PAHs) and soot are present. Schtratt £006), showed that benzene
was the main by-product during acetylene decomipos#t elevated temperatures
(750°C). Musso et al. (2009) also showed that benzesetieamain product from
the thermal degradation of camphor. The benzenereacted precursor ratio varies
according to the experimental conditions (reactiove, carbon feedstock
percentange, etc.). Based on these data (Liu,&dl1; Musso et al., 2009; Plata et
al., 2009; Schmitt et al., 2006; Titirici, et #015) and given the uncertainties, the
following assumption was made: the exhaust emissioe considered to be a mixture
consisting of 50% unreacted carbon feedstockgcetylene or camphor) with the
remaining 50% consisting of VOCs (~40% includingzene), PAHs (~0.5%) and

soot (~9.5%). In order to maintain the mass balatigetotal amount of the wastes



was calculated as the subtraction between thertwat of the carbon precursor and
CNTs obtained.

The data for the electricity are based on the etattenergy production in EU-27 by
mixed resources (coal, natural gas, crude oil aadium). Data for iron nitrate are
not included in the LCA database, so the equivedembunt of iron chloride was used
as iron source. Transport activities for the seeamaaterials are not included in the
assessment. The catalyst end-of-life is not indumsuming that catalytic particles
are encapsulated into the CNT structure. The staigesckaging and transportation
to the laboratory have not been taken into accdéinte this work is a cradle-to-gate
analysis, the CNT disposal is not considered (BigAll assumptions concerning the
CVD synthesis processes are summarized in Taldesl 2 for ROUTEL and

ROUTEZ2, respectively.

2.3.3. Impact assessment

When presenting LCA outcomes, various methods eamsbd, giving different levels
of detail, while focusing on different stages ie ttause-effect chain to calculate the
impact. Impact assessment transforms the aggregededrce usage to emissions
which are weighted together into the impact catiegdo which they potentially
contribute; at the midpoint level, eighteen impaatiegories are included (e.g. global
warming, eutrophication, acidification, aquatic &ogacity, etc.). At the endpoint
level, most of these midpoint impact categoriesnanétiplied by damage factors and
summarized into three endpoint categories thahanmalized, weighted and
aggregated into a single score (Goedkoop et &l3&0 The impact categories, along
with their correlation to the endpoint categories presented in Fig. S1. An endpoint

method looks at environmental impacts at the entlisfcause-effect chain, while a

10



midpoint method looks at impacts occurring eaii@ng the cause-effect chain
before the endpoint is reached (Brilhuis-Meijerl2)) Regarding CNTs, an endpoint
is associated with ecotoxicity to a specific spgcvehile a midpoint method might
look at the increased concentration of CNTs inhthieitat of that specific species. In
terms of result accuracy, midpoint indicators pné$awer uncertainty, while
indicators near endpoint level require further niliaig for the environmental
mechanism to be unravelled. On the other hand,@ntimdicators are often easier to
understand by decision makers than those in thpamitllevel (Goedkoop et al.,

2013b).
2.3.4. Uncertainty analysis

The standard procedure for the quantification afeutainty developed by
Frischknecht et al. (2004) is used to evaluatgorameter uncertainties at the
process level. To quantify the Life Cycle Impacs@ssment (LCIA) uncertainties
owed to the statistical variability and the tempogaographical or technological gaps
in the Life Cycle Inventory (LCI), Monte Carlo sination (1000 runs at the 95%
confidence level) was applied. Lognormal distribathas been assumed for all data,
by selecting the standard deviatief)(according to the pedigree matrix (Goedkoop,
2013) introduced by Wiedema and Wesnees (1996)dé&tagled uncertainty factors

and calculations are presented in Table S1.

3. Resultsand Discussion

3.1. CNT characterisation
After CNT synthesis, their structure, chemical cosipon and purity degree were

examined. Table 3 summarizes the characteristitsegbroduced CNTs. For

11



ROUTEL, the results revealed that a CNT carpetistng of long (>10Qm in

length) vertically aligned (VA) MWCNTSs with outeraieter distribution from 60 to
80 nm was grown on the silicon substrate with thesds in the range of 1-2 mm (Fig.
3a), while MWCNTSs in bulk powder form with uniforouter diameter distribution
between 20-40 nm and length 310 were produced via ROUTE2 (Fig. 3b).

TEM images (Fig. 3c and 3d) of the tested CNTsatse depicted. Hollow
filamentous structures are revealed, with innemeéiers 10-13 nm and 12-16 nm for
both CNT1 and CNT2. Additionally, iron particlesutd be seen encapsulated within
the MWCNT core.

Thermogravimetric analysis (Fig. 4a) was used terdane the carbon content and
purity of the as—synthesized carbon products. mhial weight loss is 2.3 and 1.3%
for CNT1land CNT2, respectively, being observeaatgeratures up to 46C and is
assigned to the burning of amorphous carbon méaté&ha % residual weight at the
end of the thermal oxidative curve for CNT1 is 26.4nd corresponds to the iron
catalytic particles, being relatively higher comgzhwith CNT2 (5.9%). The
differential thermogravimetric (DTG) curve for CNBRows a single narrow peak
located at 568C indicating high thermal stability in air atmosph@nd uniform
structure; a shift of ~2%C to lower oxidation temperature is evident for ANpeak
at 537°C) owing to the higher iron content (McKee and \léog2006). Thus, the
overall purity (Table 3) reaches ~88% and ~93%NT1 and CNT2, respectively.
XRD patterns of both samples are illustrated in Elyg revealing similar XRD peaks.
A prominent and sharp peak at abo@it=226’ is evident for all samples, which is
assigned to the (002) reflection of graphite. Addially, there is a second
asymmetric peak aB2= 43.5, which is enhanced for the CNT2 sample (the fiest

is located at @ = 43.2 corresponding to the (100) reflection of graphithjle the

12



other part is at@= 44.75 corresponding to the (101) reflection of graph{iilippe

et al., 2009).

3.2. Productivity assessment
To study the productivity of each synthesis proessthe carbon yield and the carbon
conversion are used (Das et al., 2006). Carbod gi@h be calculated by the

following equation (Louis et al., 2005):

Carbon yleld = (mcarbon,product -m catalysy (1)
- m catalyst

where:
Mearbon, product 1S the mass of the obtained carbonaceous matanidl,

MeatalystiS the mass of the catalyst, which was utilizeddtalyze the reaction.

Carbon conversion is calculated as follows (Daa.e2006):

Carbon _ conversion (%) = M carbon p’°d“% x100% (2)
carbon _ feedstock

Where:m_ .. resou 1S giVen by:

_ N XA (©)

mcarbon _ feedstock — Mr (

m 3
source) )

where: N is the number of carbon atoms contained in thiearasource,

Ar (C) is the atomic weight of carbon, and,

Mr (source) is the carbon source’s molecular wieigh
From a scale-up perspective, both carbon yieldcangersion should be taken into
account for the process evaluation, since theifirstlated to the catalyst

effectiveness, whereas the latter reflects thewopsion of raw materials, and thus is
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indicative of lower side-products and less wadtshould be pointed out that carbon
conversion (usually referred as atom efficiencyne of the key principles of Green
Chemistry and thus, one of the most important fadio consider for a sustainable
development (Anastas and Warner, 1998). Table 4rgrimes the productivity per
batch, carbon yield and carbon conversion obtaifreed the two studied synthetic
routes, derived from an average of 15 experimestsqute. It is clear that ROUTEL
is characterised by low carbon conversion, sincéhf® production of a4 —5 g CNT
batch (with average thickness 1-2 mm) more thangl®@Ocamphor are required.
ROUTEZ2 is more efficient as more than 50% of thdbaa mass (as given by Eq. 3)
that passes through the reaction zone is converte@arbonaceous material. Hence,
this method offers a feasible path for the up-sgadif CNT production, since a small
guantity of the catalyst can result not only iglalCNT quantities (30 — 40 g of CNTs

are produced per gram of catalyst) but also ingpectgiwith high quality.

3.3. Lifecycle impact assessment results

3.3.1. Contribution analysis

Quantification of the impacts of the materials uaad the energy consumption
during CNT production were considered so as tortaoethe life cycle of both CVD
routes. Figure 5 illustrates the comparative diagb&tween the two alternatives,
giving the characterisation values for each impgategory. As it is observed,
ROUTEL has the highest impact across all categdriest, this fact could be
attributed to the higher energy demands neededmigtor the higher growth
temperatures (851C), but also for the supply of additional heatinddcilitate the

evaporation of the raw materials. Secondly, thédigroductivity of ROUTE2

14



results in a drop of the environmental load, whiaplies that more ROUTEL batches
are necessary to achieve the same production volsmehe heating stage is the
most impactful part of CNT life cycle and thusoadl point when considering the
processes up-scaling. Apart from energy, the usdiobn substrate, which is
essential for the orientation of the final matenslanother contributor to the
ROUTEL environmental footprint.

Figure 6 depicts the % share of each contributéinedmpact characterisation results;
the greatest contributor to CVD’s environmentaltpomt is the electrical
consumption in most of the categories. GeneralWD@s an energy intensive
process, with heating requirements ranging fromt48220,000 MJ/kg CNTs
(Upadhyayula et al., 2012). In our case, the cpoeding values are around 2,480
MJ/kg CNTs for ROUTEL and 1,100 MJ/kg CNTs for RCREZT Other high impact
factors could be camphor and the use of silicostsate for ROUTE1L as well as the
acetylene for ROUTEZ2, to which a significant shiarassigned across most of the
impact categories. Despite camphor being a napuoaluct, it has a significant
contribution to several impact categories, sucimasne eutrophication, agricultural
land occupation, natural land transformation, neend terrestrial ecotoxicity, since
the exploitation of natural resources, camphoragtiton process and disposal of
biomass wastes result in an extra environmental llmacase of acetylene, its
production process (as it is included in the Ecemt\Database) involves partial
oxidation of natural gas and cleaning of flue géa& wlectrofilters, which reflect on
several impact categories, such as freshwaterghutation, agricultural and urban
land occupation, natural land transformation antewdepletion. The impact of
catalyst is also non-negligible, mostly affecting tmetal depletion category in both

synthesis routes. It is also deduced that ROUTE&gnts higher environmental load,
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as greater catalyst quantities are required foptbduction of the same product
volume (lower carbon yield). In terms of the impatexhaust emissions, these were
found to influence the following categories: hunta@xicity, freshwater, marine and
terrestrial eco-toxicity. Photochemical oxidantnf@tion is only present in case of
ROUTEZ2 due to the acetylene flow in the exhausssions.

Due to the fact that the characterisation resuéishat expressed in the same unit for
each impact score, the impact categories canncotogared to each other and the
overall magnitude of impacts cannot be determifiedovercome this obstacle, the
normalisation factors of the endpoint ReCiPe metheck used (Norris, 2001;
Sleeswijk et al., 2000). The normalized impacthatthree endpoint categories is
presented in Fig. S2. It is evident that humantheaid resources exhibit the greatest
impact. Also, ROUTEL1 appears to have an environatéodd 3 times greater than

that of ROUTEZ2 which is in accordance with the eletgrisation results.

3.3.2. Sensitivity and uncertainty analysis
As pointed out previously, when conducting an LGédy, many assumptions are
adopted in order to get a first insight of the stddsystem, despite uncertainties being
entailed. These uncertainties may affect the rditiglof LCIA results and can derive
from partial ignorance or lack of perfect knowledBgrklund, 2002). The main
uncertainties coupled with their importance areetisn Table S2.
Electricity use is the most influential contributmross all impact categories. Thus,
the geographical origin of data can lead to sigaiit variation in LCIA results (De
Smet and Stalmans, 1996). A comparative scenaalysia between European Union
and Greek electricity production mix was appliedl&ermine their influence on the

overall output. The results revealed that the ndéfierences are limited only to three
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categories: ozone depletion, ionizing radiation iaghwater ecotoxicity (Fig. S3).
This can be attributed to the different energy sesiyin European Union, electric
energy is produced mostly by solid fuels, nucleaxgr and renewables, whereas
Greece exploits mainly solid fuels, renewables gebs (EU Commission, 2015).
The different composition of the electricity protioa mix affects the LCIA results,
making the choice of electricity sensitive to tle@graphical location.

For the current study, the main source of datamaicey lies in the estimation of the
exhaust emissions (based on literature data). €peatethe results reliability and
given the large number of different scenarios, Mddarlo simulation was applied to
estimate LCA uncertainties between the two produactoutes; the absolute
uncertainty is of no use when comparing two altevea (Guo and Murphy, 2012).
Comparative approaches other than a single assessfrenvironmental impacts are
likely to be of more practical benefit to decisimakers (DM) (Seager et al., 2008).
Figure 7, on the left, presents the results oltheertainty assessment in terms of the
probability of ROUTEL having lower impacts than RTER, and, on the right, the
probability of ROUTEZ2 having lower impacts than RTEL. It can be deduced it was
certain (almost 100% probability) that, in most ampcategories, ROUTE2 delivered
better LCA results than ROUTEL. However, for watepletion, human toxicity,
marine, terrestrial and fresh water eco-toxicityepdials, the uncertainty analysis
discloses that no clear statement can be giventaiduah production route would

offer the most environmentally friendly choice indmoint impact categories.

3.3.3. LCA classification
According to Herrmann et al. (2014), the uncertalavel can be assessed based on

an LCA classification matrix. The uncertainty of l&@A statement increases when
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the breadth of the LCA space expands - in otheds;awhen moving away from the
upper-left corner in the LCA classification matr8tudies located in the same cell of
the matrix can be comparable. According to thestli@ation matrix, our LCA study

is retrospectively described as “Tangible, Singteigd, Micro-Retrospective,
Change, Physical” TSi-RCY, because most of the wata based on direct
measurements, derived from a lab scale productitnand were less than six
months old. The main source of uncertainty arise® fthe fact that we did not use a
relevant baseline process from the LCA databadeybused alternatives to model
the functional unit of each CNT route. However, study is categorized as TSi-RCV
when we consider normalization results, as moretainties are introduced

associated with the normalization factors (Benimd &ala, 2015).

3.4. Decision making
Despite considering 1 kg of MWCNTSs the functionaitwf our study, CNT1 and
CNT2 nanoproducts should not be regarded as 100%tisues, since they do have
their distinct characteristics and properties @lectrical conductivity), serving
different applications. So, no unique answer toghestion: “Which is the most
favourable synthetic route over the other?” caeXteacted. Remarkably, the answer
lies in the fact that each DM, i.e. manufactured aser, environmentalist and
regulator, should focus on specific criteria toflélled from their perspective. In
other words, a manufacturer will place emphasistiyos cost analysis of the
product (energy consumption and process efficiemeyalso included) without
considering LCA. In contrast, end users are assumbd equally concerned about
health risks and costs, taking no heed of energguwoption. From an

environmentalist perspective, the concerns fortheaks, energy dissipation, process
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efficiency (mainly in terms of carbon conversiongdanvironmental impacts are
shared, while cost is of no or less importance.régulators, environmental impacts
(e.g. greenhouse gases emissions) and healtharslet the top of their agenda, while
they feel indifferent for cost and process efficgiiCanis et al., 2010). Last but not
least, synthesis technologies should be match#tetmaterial characteristics which
are most advantageous upon the end-use applicatiarife cycle basis.

In our case, the up-scaling potential of ROUTERentigh cost associated with the
relatively low carbon yield and the additional eyedemands, but is potentially
preferable to manufactures and end users, whottar@geal products in which the
CNT orientation is highly required (Hooijdonk et,&013). ROUTE2 alternative is
likely to satisfy environmentalists and regulatbesause of the lower energy
demands and mitigated impact results. Also, ROUM&AY fulfil manufactures who
do not invest in products’ special orientation, they care about high productivities.
However, health issues remain among the criticabfa that should be regarded
during selection of one synthesis route over themtn the current study, a DM
could consider this study as a weak-point analgange significant uncertainties are
revealed in impact categories (e.g. human toxieityen comparing the two
alternatives and contradictory toxicity results amported for CNTs (Liu, 2013). In
other words, further investigation in ascertainnaglth risks is required. At that
point, it is worth mentioning that the as-receivedpets (ROUTEL) are easier to store
and manipulate due to their bulk form (Boulangealet2013). On the other hand,
CNTs in powder form, need special handling to @lénd use them, due to the
possible release of floating aerosol particles.sT tioey evoke important potential

health issues (Aschberger et al., 2010) prior &ir thse in the final application.
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4. Conclusions

This study includes a full description of two opized laboratory-scale CVD
processes able to achieve either VAMWCNTSs or eéahifWCNTs and compares
their environmental footprint. LCA is considerediategral tool for both researchers
and industrial practitioners to ensure savingergy dissipation and material
resources, supporting sustainable and competita@iesip of CNT production to
meet the growing market. The LCA results showed ttr@energy consumption has a
significant share in the overall embodied impadbath CVD approaches, owing to
the high applied temperatures for the carbon deositipn. The proposed synthesis
processes offer a feasible path for the up-scalfr@NT production (ROUTEZ2), in
terms of environmental aspects, while through ROUT&mplex carbon nano-
architectures can be obtained, albeit at lowedyaeld efficiency. However, a DM
may feel uncertain on the decision to be takenesuacious uncertainties are
introduced. To make our LCA results more transpeaiad useful, sensitivity and
uncertainty analysis were applied, while the LCasslfication matrix was used to
assess the uncertainty level of our study. We denshat understanding realistic
process parameters and life time performance, tfirdetter engagement with
industry and experts, should be the first targetéducing uncertainty (particularly
for the major factors of energy demand, ancillaatenials and waste generation in
CNT manufacture).

Although researchers have been synthesizing CNEslaboratory scale, the
optimisation of their industrial synthesis remainshallenge and may lead to
significant reduction in environmental burdens. @s¢o focus on here could be the
reduction of the heating demands, filtering anching of the waste outputs prior to

their release, or development of uses for the benbg-product such that it is not
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considered a waste, but could be further proceggsatt from the improvements in
synthesis procedure, for CNT mass production thgontant issues about human
health (particularly that of production and trangpeorkers, and end-users
incorporating CNTSs into products) should also bestdered. The realisation of these
implications mitigates the unintended consequentesvel materials and offers
insights into the sustainable development of CNabkéed technologies and
opportnuties for lowering environmental impacttigh economies of scale,
selection of routes with lower G@quivalents and facilitation of holistic and niult
factorial approaches to regulation.

Despite the subjective nature of the results, tudyscan assist researchers in getting
a better consideration of the environmental burdewsived. This holistic analysis
underlines areas of high priority in the futuree@sh of nanomanufacturing and
provides a life cycle inventory for potential amgaliion of CNTs, e.g. as
reinforcement material in polymer composites. Is ttase, it would be desirable to
include the disposal stage, taking into accounptitential release of CNTs, which
may be decisive for choosing environmentally-frigntanoproducts. Finally, this
work can be considered as a useful tool for agsgsslevant routes in terms of trade-
off between required material specifications andrenmental implications of the
selected production process, paving the way farséamable industrialisation of CNT
nanoproducts.
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FIGURES

Fig. 1. Schematic representation of (a) ROUTEL and (b) RERQJ

Fig. 2. Schematic representation of CNT synthesis protedsiding the inflows and
outflows for the system boundaries.

Fig. 3. Representative SEM and TEM images of CNTs produ@dROUTEL (a),
(c) and ROUTEZ2 (b), (d).

Fig. 4. (a) TGA and DTG curves and (b) XRD diagrams of Clgiaduced via the
two approaches.

Fig. 5. Comparative characterisation diagram of both rqutethod: ReCiPe
Midpoint (H) V1.11 / World Recipe H / Characterisai’ Excluding long-term
emissions.

Fig. 6. Environmental impacts for 1kg of CNTs produced®QUTEL' and
'ROUTEZ2"; Method: ReCiPe Midpoint (H) V1.11 / WoR&cipe H /
Characterisation/ Excluding long-term emissions.

Fig. 7. Uncertainty analysis of 1 kg CNTs produced via RE&U (A) minus 1 kg

CNTs produced via ROUTEZ2 (B), Method: ReCiPe MidpdH) V1.11 / World
Recipe H, confidence interval: 95 %.

TABLES

Table 1. Assumptions and inventory data per typical batch ¢4of CNT1) for ROUTEL.

Table 2. Assumptions and inventory data per typical batch ¢7of CNT2) for ROUTEZ2.
Table 3. Specifications for CNT1 and CNT2.

Table 4. Process effectiveness for the CNT production rout
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Natural land transformation
Urban land occupation
Agricultural land occupation
lonising radiation

Marine ecotoxicity
Freshwater ecotoxicity
Terrestrial ecotoxicity
Particulate matter formation
Photochemical oxidant formation
Human toxicity

Marine eutrophication
Freshwater eutrophication
Terrestrial acidification
Ozone depletion

Climate change
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Synthesis process per 4.5 g of

CNT1 Quantities Comments/ Assumptions
Input
Camphor 100 g Camphor as Palm oil
Ferrocene as catalyst 59 (Griffiths et al., 2013)
Silicon wafer as substrate 30 cm? -
Pre-heating: 1 hr x 230 mL/min
Nitrogen as carrier gas 175.7 g Reaction: 2 hrs x 400 mL/min
Cooling: 5 hrs x 230 mL/min
Pre-heating (1 hr, 0 — 850 °C) &
o Reaction (2 hrs, 850 °C): 2.4 kWh
Electricity input (EU-27) 3.1kwh Reactant mixture evaporation (2.5 hrs,
250 °C): 0.9 kWh
Output
Nitrogen as carrier gas 175.7 g Mass balance
Camphor 50¢ Un-reacted camphor (50%)
VOCs 409 By-products (~40%)
PAHSs 059 By-products (~0.5%)
Soot 109 By-products (~9.5%)




Synthesis process per 7.5 g of

CNT2 Quantities Comments/ Assumptions
Input
Catalytic particles 0.220 ¢ As modelled by the process below
Acetylene as carbon source 18.4 ¢ Reaction: 4 hr x 70mL/min
Pre-heating: 1 hr x 230 mL/min
Nitrogen as carrier gas 160.8 g Reaction: 4 hrs x 230 mL/min
Cooling: 5 hrs x 230 mL/min
o Pre-heating: 1 hr (0 — 700 °C)
Electricity input (EU-27) 2.3 kWh Reaction: 4 hrs (700 °C)
Output
Nitrogen as carrier gas 160.8 ¢ Mass balance
Acetylene 5459 Un-reacted acetylene (50%)
VOC 49 By-products (~40%)
PAH 0.05¢g By-products (~0.5%)
Soot 1lg By-products (~9.5%)
Synthesis process per 10g of
catalytic particles (20% wt. | Quantities Comments/ Assumptions
iron)
Input
. . Equivalent with 18.0 g Iron 111 Nitrate
Iron 111 chloride, 40% in water 54.12 g non-anhydrate (40% in water)
Zeolite as supporting material 109 -
Deionized water 100 g -
Pre-heating: 1 hr x 300 mL/min
Nitrogen 126 g Calcination: 1hrs x 300 mL/min
Cooling: 4 hrs x 300 mL/min
Stirring (12 hrs): 0.18 kWh
Electricity input (EU-27) 0.9 kWh Drying (4 hr, 120 °C): 0.24 kWh
Calcination (1hr, 120 °C): 0.48 kWh
Output
Nitrogen 126 g Mass balance




Geometrical characteristics Purity
Code | Outer diameter Inner diameter  Length Metal Amorphous  Overall
(nm) (nm) (um) | content (%) carbon (%) (%)
CNT1 60 — 80 10-13 >100 10.1 2.3 87.6
CNT2 20-40 12 -16 >10 5.9 1.3 92.8




Productivity per Carbon

Code batch Carbon yield conversion
(g) (gcarbon product/ gcatalyst) (%)
ROUTE 1 4-5 08-1 5—17
ROUTE 2 6-9 30—-40 >50




Highlights

Lab-optimised CNT synthesis via chemical vapour deposition.

Evaluation of material quality and productivity assessment.

Comparative environmental impact assessment of two CNT synthesis alternatives.
Uncertainty and sensitivity analysis to assess consistency of LCA results.

Highlight tradeoffs pertinent to decision making.





