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Anticipatory Life Cycle Assessment of Gold
Nanoparticles Production: Comparison of

Milli-Continuous Flow and Batch Synthesis

Fabio Grimaldi, Martina Pucciarelli, Asterios Gahdlis, Peter Dobson, Paola Lettieri
Chemical Engineering Department, University College London, Torrington Place, London WC1E 7JE, United Kingdom

ABSTRACT

The demand of gold nanoparticles (AuNPs) is grovwstegeply as a result of the remarkable advancdkein
applications of this product in the healthcare ambnostics sectors. To this end, having an efficend
sustainable production system is of paramount itapoe for achieving low environmental impacts and
avoiding depletion of capitals. In this respecg giresent work gives insights on the environmentphct and
costs of the production of AuNPs for nano-enableedical applications, by looking at two production
technologies: the conventional batch production amdnnovative milli-continuous flow production, reently

at lab scale. Life Cycle Assessment (LCA) and asstessment are used to evaluate the sustainadoility
economics of the continuous-flow technology in aticpatory fashion; this means capturing the esrvinental
impacts and production costs of the emerging teloigydbefore it reaches full-scale and is deployete aim is
to prevent waste of resources in the process dewelot and avoid having a non-optimized final systatnich
would lead to high costs and reduce competitivenilss milli-continuous flow production was subjett® a
scale up/out-analysis enabling the comparison thighbatch production, already established at lacgée. The
life cycle of both production systems is describ@adg the results of the assessment comprise a lisatien
analysis, which frames the environmental impactefgold nanoparticles production in the Europaamext,

a scenario analysis, a comparative analysis aratspdt analysis. The results show that signifieahtantages
can be gained from the adoption of the continudms-production in place of the batch system, batterms of
environmental impact and production costs. Spedlfic the environmental impact is reduced in terofs
human toxicity (cancer effect), ecotoxicity of fregter and depletion of gold resources; these itpac
categories were identified as the main carriethef@nvironmental impact in the conventional promctThe
main contributors to savings for the flow produntiare primarily milder cleaning procedures, recdhrctof
hazardous wastes produced, and less labour redoire¢de operation and control of the process.alynthe
depletion of gold resources associated to the mtomiu of AUNPsS emerges as a major issue. It is lhard
addressable by using second-hand gold, and tH&foalthe necessity of recycling the product & ¢md of its
life cycle or complementing AuNPs with alternativ@no-products.
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HIGHLIGHTS:

» The sustainability and economics of gold nanoplediproduction is assessed

* Main impacts concern depletion of gold, freshwatsstoxicity and human toxicity

» Continuous flow synthesis has better environmegreaiormance than batch synthesis
* Inthe flow system OPEX is reduced by 42%, andreféefaster return on investment

» Process development shall prioritize anticipat@sessments at early stages

1 INTRODUCTION

In the last two decades, gold nanoparticles (AuNRs)e captured the attention of academic researcret
industries. The number of AuNPs related papersighdxd since 2000 has reached the astonishing nuafiber
50,415 and half of these have been published duhiedast 5 years (according to Thomson Reuterd) \bfe
Science database; search conducted in March 202@)area of interest spans from electronics to oneeli
Several publications have reviewed the advancespanspectives of AuNPs in these fields by summagisi
their immunological properties (Dykman and Khlebts2012) and their use in biomedicine (Yang et2015),

by focusing on synthesis methods (Elahi et al.,.820d4r by exploring their use in drug delivery (Kanet al.,
2013) and sensing applications (Qin et al., 20M8jjth their unique chemicophysical properties, @itbptical
(Eustis and El-Sayed, 2006) or unexpected magnéfisadel, 2011), AuNPs are suitable candidateshéing
used in healthcare fields such as in diagnostiesk(Bt al., 2017; Kircher et al., 2012) and cartteatment
(Govindaraju and Yun, 2018). To this end, AuNPsehdneen widely implemented as one of the leading
nanomaterials for combinatorial cancer therapyKB@eial., 2019). For instance, AUNPs emerge astpiarly
promising platform to combine photothermal and cbdrarapy by co-incorporating AuNPs as photothermal
agent, with cisplatin as anticancer drug, intoratg hydrogel (Alamzadeh et al., 2019; Mirrahimalket 2019),

or by amplifying the effectiveness of chemotheragyd chemoradiation with plasmonic nanobubbles
(Lukianova-Hleb et al., 2014).

Accordingly, the global market for nanoparticledtie life sciences is forecast to reach USD 9714by the
end of 2020 registering a healthy compound annuaitlh rate (CAGR) of 22% (James et al., 2014). The
biggest increase is expected to come in the areluyf delivery: AUNPs based applications are esécthéo
represent a 21% share of the total market of nang-delivery applications by 2021 (Sezer, 2014). s
consequence of the this, gold nanoparticle prododtias been increasing at a sustained rate to rttegciast-
growing demand of the product. In 2015, on the asdiboth nano-enabled medical applications thideei
were on the market or had the potential to be dhteed in the market, the annual mean prospectigeofis
AuNPs for the UK and US was estimated to be ardattikg and 2700 kg respectively, with tumour targgt
and drug delivery being the main contributors (7&36 24% respectively) (Mahapatra et al., 2015).ofaing

to WHO's prediction, annual cancer cases are egfdctincrease from 16.4 M in 2018 to 22 M in 20GZ0,



2018; WHO, 2018). Considering an average amounb@i0 mg/person for the whole treatment cycle
(Mahapatra et al., 2015), the employment of goldoparticles could potentially reach 110 t/y in 2032

Each year approximately 2,500-3000 t of gold arteaexed. At present the total amount of above giogwid
stocks is 190,040 t being divided among: jewell@®¥.7%), private investment (21.1%), official secteentral
banks) (17.1%) and other (14.1%) (World Gold Colir&118). Below ground gold reserves are estimaiduk
around 54,000 t (Ed Prior (BBC), 2013; O’'Connellatt, 2018). Should the gold stocks above ground be
represented visually, they would appear as a 1d-tailding, with below ground reserves being eqlént to

an extension of mere four additional floors (Figliye
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Figure 1 — Gold stocks distribution: visual represatation of above and below ground gold stocks

The extraction costs are increasing (Mudd, 2007® grade have been decreasing over the last decade
(Schodde, 2011) and there are thoughts of havingassed the peak gold: date at which the maximuenata

gold extraction is reached (Kerr, 2012). Furthemndhe volumes required to sustain the gold nartiopes
industry are limited (Starr and Tran, 2008), eveugh the demand is steeply going up (Roco, 2011)

In the light of current and potential applicatiogsowing markets and gold availability, a rigoramsalysis of
the production routes of AUNPs is needed. To this a holistic method such as Life Cycle AssessriebA),
complemented with a cost analysis, serve this mafry covering most of the critical aspects of @alpction
cycle. LCA is a methodology - regulated by the in&ional Standard Organization through ISO 14040
(International Organization for Standardization,18p and ISO 14044 (International Organization for
Standardization, 2006) - that enables the qualiiceand quantification of environmental impactsl afentifies
improvement options throughout the life cycle ofpeoduct, process or activity. In this paper, theALC
methodology is applied to an emerging technologymely a milli-continuous flow production of AUNPg&v
the Turkevich method with the aim of providing agpective assessment of such production technabgy

large scale and hence understanding the consequehite full exploitation. The conventional methofigold



nanoparticle production is batch-type. On the othend, micro/milli-continuous flow (CF) technologiare
innovative solutions in the synthesis of nanopksi¢Huang et al., 2018; Zhao et al., 2011), ancergenerally

in the intensified synthesis of chemicals (Elvinaat, 2013). These type of CF technologies argelgr
investigated because of their attractive featusesh as high controllability of the product qualiBase of
operation and scalability (Zhang et al., 2017), effitiency in the recovery of energy and in thduetion of
wastes (Kralisch and Kreisel, 2007). To this erd transition from batch to CF production is a pss
intensification step that is currently being looksdn great detail by many academic and indusseators (i.e.
COSMIC project as part of the Horizon 2020 program(@uropean Union’'s EU Framework Programme for
Research and Innovation Horizon 2020, 2016)).

With regards to the synthesis method, the Turkeweithod has been one of the main routes of systludsi
AuNPs for many years (Turkevich, 1985). Recently, rasult of the growing application of AuNPs, this
synthesis method has received renewed attentidnthét aim of investigating more in depth on the rof pH
in the synthesis (Ji et al., 2007; Kettemann et2016) and on the growth-mechanism (Wuithschiclalet
2015), exploring the possibility of in-situ charadsation (Polte et al., 2010), and intensifying gynthesis
through continuous-flow systems (Bayazit et al1®0as opposed to conventional batch systems. iscetid,
the sustainability of new intensified systems needse assessed in order to capture the futurengialiey of
these systems. In research-intensive industriesh@althcare), it is paramount to filter emerdiachnologies at
early stages to prevent waste of resources, wigelsl to high costs and reduce competitiveniss.all
processes reach in fact commercial scale, anduims into loss of human and capital resourcesthEumore,
early assessments can grasp the consequencespiingdsuch systems after the scale up/out to comialer

scale, in place of conventional production systems.

LCA can be used in this respect to provide a faltievaluation of the environmental impact of innve
production systems in an anticipatory fashion (Cachi et al., 2018; Grimaldi et al., 2020), at #zely stages

of the process development. To the best of theoasittknowledge, no LCA and cost assessment on gold
nanoparticles production systems at large scale Hmen published yet. Currently available publorati
consider only syntheses at lab scale (Leng eR@ll5) either focusing on different recipes (Patalet 2014;
Virkutyte and Varma, 2011) or nano-waste recovégi(et al., 2017), but without investigating a faltale
production inclusive of high impacting peripherééps such as cleaning or waste disposal (Bhatdral.,
2018), or offering a comparison with conventionedguction systems. Therefore, the whole life cyaiehe
production of gold nanoparticles needs to be pilgpassessed prior to its large-scale deployment in
consequence of the imminent growth of gold nandgast demand. This anticipatory assessment would he
establishing optimized production plants (Falsinak, 2018) and hence prevent waste of resourdeshws

usually synonymous of high costs and high enviramaiémpacts.

LCA and cost assessments are used in this worknterlace three macro topics, namely sustainable
development, process intensification and scale-figeroerging technologies. The synthesis of AuNPs is
investigated by taking into consideration two pratthn systems, batch and milli-CF. The batch systemors
a standard industrial production, hence it is talisrthe reference case, while the continuous flgstesn is
extrapolated from the lab scale, scaled up/outbemthmarked against the batch production at largle sBoth

production systems refer to the synthesis of 1@yoid nanoparticles- of Optical Density 1 (OD1), ¢woed via



the Turkevich method- a product that is used intehgin nano-enabled medical applications. The letset of
operations typically involved in an industrial pleare considered: cleaning, separation, energyraaigrial
recovery. In addition, the modelling of the lifectsy of the production systems comprises all thaepperal
activities supporting the synthesis of gold nanbgias, such as the production of chemicals, engegeration,

raw material extraction and waste treatment.

On the whole, the primary goal of the present stisdp give insights on the environmental impaal anst of
batch and CF production at large scale, and iryatgtion how sustainable the full exploitation ofN®Rs

products in nano-enabled medical applications wbeléh the near future.

2 MATERIALAND METHODS

2.1 Framework

The basic structure of this work is represente#figure 2. It consists of three main phases: systefimition,

assessment, comparative analysis.
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Figure 2 — Framework: system definition, assessmeanhd comparative analysis

e System definition
In this phase the process flow diagrams (PFD), nahtand energy flows are defined for both the

continuous flow and batch system. The batch systedesigned to represent a typical commercial



production scale (approximately 45°rmf AuNPs product, OD1 namely 5.76x10ng/ml, with a
maximum coefficient of variation of 10%, equivaleat2.5 kg of dry gold nanoparticles per year) and
its scale is used as the reference to which théreaius flow system is based on. With regards & th
latter, the construction of the PFD originates fratab scale and brought, through a scale up/ady/st

up to a commercial scale matching the reference&liparoductivity. Continuous-flow synthesis of
AuNPs is a novel, under-development technology tzartte LCA and cost analysis serve the purpose
here of optimizing the projected full-scale PFDotigh a loop-system, by performing an anticipatory
assessment of the interim system and providingbfeels on the inputs used in the PFD definition.
These inputs - coming from the first iteration efassment - enable the optimisation of the contimuo
flow system. The modified system is then re-asskeasel used as basis for the successive iterations.
After a sufficient number of iterations, the itévatloop is ended, and the results of the assedsanen
further benchmarked in the comparative analysis. Ste goal of the explained approach is to take th
system to its optimum point in terms of costs andirenmental impact, keeping the product quality
unvaried. Subsequently, the defined continuous feystem and the reference batch system are
compared. The full set of operations involved ifullrscale PFD is taken into account, namely, the
precursors’ preparation, pumping, synthesis, hgatind mixing, cleaning, separation and waste
disposal.

Assessment phase

The assessment phase is composed of three mas &iép cycle inventory (LCI), environmental

impact assessment and cost assessment.

Life Cycle Inventory

This is an inventory analysis in which all the kelet inputs and outputs of the product system
are quantified by means of data collection anduatmon procedures (indicated by the 1SO
14040 (International Organization for Standard@ati2016)). This step serves the purpose of
qualifying and quantifying material and energy atns throughout the life cycle of the
production and is the basis from which the envirental impacts and costs are calculated.

At the basis of the inventory analysis there isdbénition of the Functional Unit (FU), that
guantifies the function of the product under stahd serves the purpose of providing a
reference to which input and output data are nam@dl Specifically, the chosen FU for this
study is 1 litre of AUNPs product (OD1, 10 nm).

The data for the LCI are quantified for each unibgess included into the defined system
boundaries (Figure 3). System boundaries are sigedivinto two macro systems: foreground
and background systems. The foreground system rigpased of the array of operations
occurring in the production phase, separation,nifepand waste processing. The background
system is composed of the set of operations andcssrthat revolve around the synthesis,
and whose impacts were taken into account in tisesasent: electricity production, raw
materials extraction, chemical production and wdsposal.

Each process has been built into the model by dorgpthe material and energy balance
occurring in them (see supporting information) tigb the standardised approach indicated in
the ISO 14040 (International Organization for Stdization, 2016) and these include:



- Energy inputs, raw materials, ancillary inputs,esthhysical inputs,
- Products, co-products and waste,

- Emissions to air, discharges to water and soil,@thdr environmental aspects
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Figure 3 — System boundaries: foreground and backgund systems

The functional unit and the system boundaries éefiare the same for both continuous flow

system and batch system, this @& qua non condition for a coherent comparison.

Environmental impact assessment

The environmental impacts of the batch and contisuflow production systems are
calculated. This step is called Life Cycle Impaas@ssment (LCIA) and aims at translating
the elementary flows described in the life cyclgeimtory into environmental impacts. It
assigns to each flow (i.e. emissions or resoureeafisa product system) an impact on the
environment. This is achieved by means of impategmies: an impact category covers a
specific aspect of the environmental consequendesh® emissions arising from the
production system. The environmental impacts apgessed on the basis of the declared FU.
An environmental impact can be defined as a setrnwironmental changes due to causes
originating in human activities. These impacts generally calculated by means of a
Characterisation Factor (CF), namely the impactrdaution per unit of elementary flow, to a
specific environmental issue (Impact categoriipact; =Zj(CFj *Ej) where, i is the
considered impact category and j is a given emissiaesource extractiok).

The impact is then obtained as the sum over adinmentions j, of the elementary flows,
classified within a specific impact category i, tiplled by their respective CF. The unit is

given by the characterisation factor and it is édmaall elementary flows classified under the



same impact category. CF is calculated using @asiae models based on the cause-effect
chain of events leading to the impact on the emvitent (adverse effects). For instance, 1 kg
of methane emitted into air does not have the dampact on climate change as 1 kg of £O
even though their emitted quantities are the sane snethane is a stronger greenhouse gas
(GHG). LCIA characterisation methods essentiallydeidhe environmental mechanism that
underlies each of the impact categories as a aaffsset-chain starting from the environmental
intervention (emission or physical interaction) #le way to its impact. To this end, the
impact can be expressed throughout midpoint and@ntimethods, depending on the type of
output the analysis is meant to provide (i.e. iasegl chemical concentration in a lake vs
extinction of species). As a general rule, the Hartthe outcome of the assessment is
expressed in the cause-effect chain, the morea$idts can be biased. In the present study,

the chosen LCIA method implies a midpoint leveleassnent in order to minimize errors.

Cost assessment

This provides a detailed breakdown of all the castslved in the production of AUNPs. The
production cost is calculated for both batch andticoous flow system on the basis of the
inventorial information defined through the LCI. dhachemical, activity or service involved
in the production phase is included in the cosessmment. It hence enables a comparison

between the two systems analysed in terms of ¢ficieacy.

e Comparative analysis
The results of the LCIA and cost assessment a@n@gd, and an uncertainty analysis is performed.
With regards to the LCIA, the environmental impaats further examined through normalisation and a
scenario analysis is undertaken. This contextualibe environmental impacts of the production of
gold nanoparticles in the broader context of Euampemissions. It also provides a projection of the
environmental impacts of the AuNPs production ia fizenario in which gold nanoparticles are fully
adopted in nano-enabled medical applications.
A hotspot analysis is also performed with the afridentifying the steps in the production procedss t
cause most of the environmental impacts.

Finally, the output of these analysis, for the baind CF systems, are compared and discussed.

2.2 System definition

The full-scale process flow diagrams are preseimetis section for the batch and the CF systerasciibing
the production phase of AuNPs in detail. The détiniof these systems provides all the inventandrmation
for the LCI. The production phase is highly impattéor the description of the life cycle of AuUNPsoduct. In
fact, it determines all the peripheral activitibattorbit around it, such as electricity productioraste disposal

and production of chemicals, which are considenettié assessment.

In the assessed systems, the synthesis of AuNBsvéothe Turkevich method. This has been one ofrthén
routes of synthesis of gold nanoparticles for mgegrs (Turkevich, 1985) and hence a large amoudéataf and

knowledge on it is available in literature. Thitetature-based information was used to complententata



from the lab experiments and from the industri@gtice, in order to fully describe a full-scale gwotion
system for both batch and CF. In fact, on one side,batch production is conventionally adopted tfox
production of gold nanoparticles at commercial scalnd the description of this system has beereaeti
mainly by means of data collection and only pantigrated with literature data to cover missingade. On
the other side, the CF production system is an gimgtechnology and it has not been scaled upTyet.full-
scale CF system described in this section is aptiojn, and therefore its definition required adbinformation
based on lab experiments and on information availab literature. The maturity of the continuouswil
production system developed in the lab and compiéadewith the data coming from literature (Kettemaat

al., 2016; Polte et al., 2010; Wuithschick et 2015) was adequate to enable a scale up/out analysi

With regards to the details of the Turkevich methibeé synthesis of gold nanoparticles occurs viucgon of
tetrachloroauric acid trihydrate (HAuglby trisodium citrate (N&£it). The target product is 10 nm gold
nanoparticles suspended in water with optical dgi3D1, equal to 5.76><1‘L_Oggo|dll, and maximum coefficient

of variability (CV, calculated by dividing the s@ard deviation of the nanoparticle size by the mean

nanoparticle size) of 10%. The recipe adopted foththatch and CF synthesis is the safifduCl,] =

mol NazCit __
mol HAuCl,

0.5 mM;

A schematic representation of the PFD of the twsiesy is shown in Figure 4.
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Figure 4 — Schematic representation of the proceflew diagram of batch and continuous flow system



There are a number of substantial differences & RiFD of the two systems. The CF setup involves a
segmenting fluid, heptane, to achieve a Taylor flovthe reaction step. This is necessary in ordemprove
residence time distribution and avoid fouling thah affect product quality. Furthermore, a sepanasitep is
included in the CF system for the separation ofgfeeluct from the segmenting fluid and the recitoh of

the latter. The cleaning of the two systems alfovig different procedures.
The summary of the LCI information regarding théchaand CF systems is reported in Table 1.

Table 1 — Inventory list for the batch and continuows flow system: materials, energy consumption and beur

Quantity
Continuous
Flow system

Batch system

HAuCI, trihydrate 4.33 4.33
Chemicals Trisodium citrate 19.7 19.7 kg
Water 44000 44000
Heptane 134.4 0
Water 23010 289575
Aqua regia 0 223
Cleaning IPA 0 43018 kg
NaOH 0 7596
Heptane 95.7 0
Reactor equipment and Teflon capillary 120 0 m
service fluids Silicone oil 3880 100 kg
Peripheral equipment Membrane separator 1 0 unit
Pumps 27 16
Electricity (Heating) 21609 1686
. Electricity (Mixing) 171 5081
Energy consumption  —p % Hcity 97306 20167  fWh
(Pumping)
Labour Technicians 2920 5072 person*h
Waste disposal Water treatment 1500 1500 m®
Hazardous waste 230 340 kg

The full description of the PFD of the batch and €§/8tem is reported in the ‘Supporting Informatiohhis
includes a quantitative and qualitative report leé procedure of cleaning and maintenance observebdei

production systems, along with the full list of timaterial and energy inputs used in the LCI.

3 CALCULATIONS

This section reports the approach followed for tadculation of environmental impacts and costs. éren
detailed explanation is presented in the ‘Suppgrtifiormation’ along with the calculation of theaamtainties

associated to the results of the assessment.

3.1 Environmental impact assessment
ILCD/PEF recommendation 1.09 (Hauschild et al.,1)04 the chosen method for the LCIA. This methiadd

the quantitative modelling to early stages in thase-effect chain to limit uncertainties. Resutts grouped in
midpoint categories. The database used for the hisd&aBi ts 8.7 (SP36) professional + extensidhs\,

IX, XVII) and Ecoinvent 3.5 (integrated SP36): thetasets are in compliance with the ISO 14044 rfhatéonal
Organization for Standardization, 2006), ISO 14Q8#ernational Organization for Standardization12pand
ISO 14025 (International Organization for Standzatdon, 2015) standards. The LCIA results are esg@é on
the basis of the functional unit - by standard medi in ISO 14044 (International Organization for

Standardization, 2006) as the “quantified perforoeanf a product system for use as a reference unit”



specifically 1 litre of AuNPs product (OD1, 10 nmbtained from a yearly production of around 45 oh
product. In accordance to the ISO 14044, with régén a comparative analysis, the functional uiet to be
the same for all the compared product systems.elmeigl, environmental impacts were estimated uaing
cradle-to-gate boundary for European productiorothrer words, the activities that compose thedifele (e.g
electricity production) are region-specific and amodelled on the basis of European activities. The
environmental impacts of the batch and CF system®@pressed for different impact categories; eaqiact
category covers a specific aspect of the environah@onsequences associated to the emissionsgafieim

the production system. These impact categories sekected from the LCIA method ‘ILCD/PEF
recommendation 1.09’ (Hauschild et al., 2011) &=y tare reported in Table 2.

Table 2 — Impact categories used for the LCIA and desiption: the impact categories are selected fromhe LCIA
method ‘ILCD/PEF recommendation 1.09’

Impact category Description Unit Abbreviation
Acidification IStO|s mainly caused by air emissions of NHNO, and [mole H' eq.] A

2
Climate change, excluding Contributions of the greenhouse gases to the global [kg CO, €q.] cc
biogenic carbon warming and climate change 9 2 €7
Ecotoxicity freshwater Toxic effect on aquatic freshwater species in the
midpoint water ecosystems. [CTUe] EcoTOX
Eutrophication freshwater Eutrophication effects in the freshwater [kg P eq.] E fw
midpoint compartment. 9 g
El_mop_h|cat|on marine Eutrophication effects in the marine compartment. kg N eq.] E mw
midpoint
El_mop_h|cat|on terrestrial Eutrophication effects in the terrestrial compartmhe [mole N eq.] Et
midpoint
Human toxicity midpoint, Toxic effect on humans referring to potential cance [CTUR] HT ¢
cancer effects effects.
Human toxicity midpoint, non- Toxic effect on humans referring to potential non- [CTUR] HT non-c

cancer effects cancer effects.

Human exposure to ionizing radiation with potential

lonising radiation alterations in the DNA

[kBg U235 eq.] IR

[kg CFC-11 oD
eq.]

Ozone depletion Depletion of the ozone layer at theatosphere level.

Direct and indirect contribution to particulate nmat

Particulate matter .
formation

[kg PM2.5 eq.] PM

Contributions of VOC (volatile organic compounds)

For:(rifg'fiZEmn;ic(?I:if](tme and non-VOC to the formation of ozone at Lkg]NMVOC POF

P troposphere level. a.
Resource depletion, water Water resource depletion. [m3] RD water
Resource depletion, minerals, Depletion of mineral and fossil resources. [kg Shle RD m, f, ren

fossils and renewables

Normalisation

Through the normalisation, the environmental impaidtthe LCIA results are compared to the enviromiale
impacts arising from a defined geographical regiosector, for each impact categories. This step ahables
the comparison of the environmental impacts acdifésrent impact categories. The normalised imgalt} is

calculated by multiplying the impact of the prodbgtthe normalisation factoNF):
NI; = Impact; 4o * NF; (10)
Where,i is the considered impact category.

The chosen normalisation method is ILCD/PEF recondagon 1.09 (Benini et al., 2014): the normalisati

factor is expressed in impact per person equivel@hrepresenting the reference region, EUROPE) per. year



1
Impacti,EU> (11)

NFi:( P

Where,i is the considered impact categoPyjs the European (EU-27) population equal to 49@kabitants
(Benini et al., 2014).

3.2 Cost assessment

The production cost is calculated for both batcd aantinuous flow system on the basis of the ingnt
information defined through the LCI. Each chemicattivity or service involved in the production gkais
included in the cost assessment. The list of tieeprrelated to these elements is reported in Spporting
Information’. The source of data is mainly Sigmai#t¢h (for chemicals) and EUROSTAT (for electriciand
labour cost). With regards to the cost of the cloaisj a correction factor is applied to the pridess is done
with the aim of taking into account the favourahlgotations that can be obtained in the case oflangk
orders or in the case of tailored agreements withpkers for large scale productions (see ‘Suppgrti
Information’). The evaluation of the economics bé tproduction systems is based on Operational EBgsen
(OPEX), Capital Expenses (CAPEX), and Payback EdR@P).

Specifically, OPEX comprises the cost of chemicabsl cleaning agents involved in the syntheses,ulabo

energy consumption and waste management. The sestiated with a generic chemical i, for a year of

production, is expressed esst; = (é) * kg of chemical iused in a year of production.

L

CAPEX is estimated in accordance with the followimgthods, and the obtained values are subsequently

averaged:

+ Lang’s correlation (Lang, 1948 = Fqng Xi=1 Cpi» WhereCr is the capital cost of the plard, ; is
the purchased cost for the major equipment units,the total number of units, aify,,, is the Lang
factor.

- Percentage of Fixed capital Investment (Peterk,2G03)

(ANcI—OPEX;)(1-TAX)
CAPEX;

With regards to the PBP, this is calculatedP8®; = ( ) wherei is the production system

consideredd,; is the annual revenue, afidX is the applied tax rate. For the comparison ofRB® of batch

and CF process, the ratio of their PBPs is caledlas follow:

PBPBatch 1- OPEXBatch ) (CAPEXContinuous flow)

=4 (12)
PBPContinuous flow et (1 - OPEXContinuous flow CAPEXBatch

This indicator gives an idea of the relative amaoaintime needed to recover the investment, and itsied for

the comparison of the economic performances ofweproduction systems.



4 RESULTS AND DISCUSSION

Results are organised into two sections: envirotaiémpact assessment and cost assessment. Eamnsec

offers an analysis on the results related to thglsiproduction systems, as well as a comparatiaéysis.

4.1 Environmental impact assessment

The results of the LCA are divided into three sewdi each one offering a different perspective loa t

environmental impact of the AUNPs production system

» Normalisation and scenario analysis
This section contextualises the environmental irtgpatthe AuNPs production in the broader context
of European emissions. It also provides a projactié the environmental impacts of the AuNPs
production in the scenario in which gold nanop&eticare fully adopted in nano-enabled medical
applications.

e Technology comparison
The absolute environmental impacts of the batch @nttinuous flow production technologies are
compared and discussed.

* Hotspot analysis
A hotspot analysis is undertaken. The goal of $bigtion is identifying the causes of the environtalen

impacts of the AuNPs production systems.

4.1.1 Normalisation and scenario analysis
Through the normalisation, the environmental impaate expressed in “persons equivalent”. It is § ofa
expressing the weight of the environmental impatttle production system considered on the total

environmental impact arising from a geographicglar, which in this case is Europe.

The results of the normalisation are showed in ilgdufor batch and CF production systems. The &gefers

to the case in which gold nanoparticles are fullged in nano-enabled medical applications in UK.
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* The estimated demand of gold nanoparticles in92i81594 kg — on the basis of the nano-enabled cakdpplications already on the market or that Haee
potential to be introduced in the market (Mahapatral., 2015). In 2032, the demand of gold nartaglas in UK is estimated to increase and reach k.0
This value is obtained on the basis of World He@lthanisation’s prediction of cancer cases in 2@QO, 2018; WHO, 2018); tumour targeting is in féet

main medical application of AuNPs and hence theatehof AUNPs is expected to grow accordingly wihaer cases.

Figure 5 — Normalised LCIA results for a) batch prodiction and b) continuous flow production: each grap refers to
the scenario in which gold nanopatrticles are fullyadopted in nano-enabled medical applications in UKfor two time

horizons.

In the analysis, two scenarios are outlined: agesituation and a projection of the impacts mfilture. With
regards to the 2032 scenario, this takes into atcthe growth of cancer-cases estimated by the WiHO);
latter could eventually reflect in an additionalngend of AUNPs and consequently increased producfisn
mentioned in the Introduction, it is paramount émsider the potential evolution of the market idearto grasp
anticipately the consequences of a burdened priotusystem in relation to issues such as the aiifiaof
gold resources. Evidently, by looking at Figure th&, batch production system has high environmémiadcts,
primarily with respect to Human Toxicity (canceffegts). In this impact category, the normalised aotpis
equal to nearly one million persons equivalent 012 and exceeds 1 M persons equivalent in 2032. As
explained previously, each bar of the graphs i€ is obtained by dividing the environmental awipof the
production system in a specific impact categorythey environmental impact of all European activititee
number obtained —that is the share of the totarenmental impact arising from Europe — is thentiplied by

the European population (see section 3.1 for aetaiiformation on the Normalisation). Therefords tmeans
that the environmental impact of the batch producsystem in Human Toxicity (cancer effects) in 204
equal to the 0.2% of the environmental impact agsfrom Europe in the same impact category. This
percentage share may seem small, but instead tisydarly high considering that: firstly, it refeanly to a
specific industrial field of application (gold ngrerticles for nano-medical applications); secondlyefers

only to a specific region (UK) and not to the dechaf gold nanoparticles in Europe.

The first main output of the normalisation is herhbat the full exploitation of gold nanoparticles mano-
enabled medical applications can have a magnitiidexaronmental impact of continental scale, aref¢fore,
the production system of gold nanoparticles needsetproperly considered before its large scaldegement.

To this end, it is also worth noting that the potgel environmental impact of the AUNPs productigsteams is



expected to increase - by 33% circa in 2032 (g in Figure 5). This additional environmental aopis a
consequence of the increase of lung and neck caases expected in the next years. This will tleeclead to

an increase of cancer treatments, which is the maitical application of gold nanoparticles.

Figure 5b offers a different perspective on the esamatter by reporting the environmental impact lof t
production of gold nanoparticles in the case inclhthe innovative continuous flow technology is pigal in
place of the conventional batch technology. Theage considered is the same, namely the full atqiion of
gold nanoparticles applications in UK. In this gasawever, the results show that the normalised@nmental
impact of the CF production systems is on averagel than the batch production systems, in allithgact
categories considered. For example, Resource Dapléninerals, fossils, renewables) is the impategory
showing the highest impact for the CF system; hawethis impact is equal to 200k persons equivail@og,
which translates into a mere 0.04% of the totaloBaan environmental impact in the same impact oayeg
This is circa one order of magnitude lower compaedhe highest normalised impact of the batchesyst

(0.2% in HT, cancer effects).

In light of the above, it is clear that an enhanpedduction technology, such as the continuous flosuld
significantly reduce the emissions related to thedpction of gold nanoparticles. This is especialiycial
when we consider the large scale-deployment ofpfagluction system that is needed for fulfilling thotential
demand of gold nanoparticles. In this respecktailbd comparison of batch and CF production teldgies is

reported in the following section ‘Technology comipan’.

Another major output of the normalisation is thag¢mables a comparison of the environmental impactess
different impact categories and hence it is possiblhave a criterion of selection of the impadegaries of
major relevance. In order to enable such selecttos, necessary to look at the shares of the totahct of
batch and CF production for each impact categongiciered in the analysis. The total impact of adpobion
system is the sum of the normalised impacts ofhalimpact categories. The total impacts of batuth GF
production are respectively 1.29 M and 0.22 M pessequivalent. Consequently, the share of the totphct
for each impact categories is obtained by dividhmynormalised impact of a given impact categoryheytotal
impact of the production system considered. Formgta, the normalised impact for Human Toxicity (can
effects) in the batch system is 0.88 M personsvadgmt and hence the share of the total impac?%.5The
same procedure is followed for the rest of the ichjgategories and the results are reported in Table

Table 3 —Share of the total impact for batch and camuous flow production for the impact categories onsidered in
the normalisation

Share of the total impact*

Batch Continuous flow Relevance
Human toxicity, cancer effects 57% 9%
Resource depletion, mineral, fossils and renewables 16% 49% HIGH
Ecotoxicity freshwater 10% 4%
Human toxicity, non-cancer effects 4% 3%
Eutrophication freshwater 3% 2%
Acidification 2% 4%
Climate change 2% 2% MODERATE
Particulate matter 2% 4%
Photochemical ozone formation, human health 2% 3%
Resource depletion, water 1% 13%
Eutrophication marine 1% 2%
Eutrophication terrestrial 1% 2% LOW
lonizing radiation 1% 3%
Ozone depletion <1%

*Total impact is the sum of the normalised impact of all the impact categories and is equal to: 1.29 M persons



equivalent for the batch system and 0.88 M persons for the continuous flow system

As it emerges from Table 3, the highest sharesharge related to Human Toxicity (cancer effectgptBxicity
and Resource depletion (minerals, fossils and rabs) whilst Eutrophication marine water and ttrial,
Ozone depletion and lonising radiation contributdyomarginally to the overall impact of the system.
Therefore, these impact categories are excluded fiee following analyses (‘Technology comparisonda
‘Hotspot analysis’) with the aim of narrowing dowhe scope of such analyses to the most critical
environmental consequences. It is worth noting thatorder of relevance of the impact categorist®di in
Table 3 changes significantly for the CF system gamad to the batch system. For example, Humanitgxic
(cancer effects) and Resource depletion (minei@dsjls and renewable) showed the highest contaby67%
and 16% respectively) in the batch production systehile the result is inverted for the CF systédm the
other hand, the impact related to Resource Depldtinneral, fossils and renewables) takes 49% efttial
impact of the CF production. This share is incrdasih respect to the batch system (16%) and h#risenay
suggest an increase of the impact; on the contharympact is reduced. The reason behind thighiasthe total
environmental impact of the continuous flow sysistower than the batch system: 0.22 M and 1.29k$@ns

equivalent respectively, as reported before.

In order to capture the factors that make the ooptis flow system have a reduced environmental énpa
compared to the batch system, it is necessaryrplemnent the results of the normalisation analysib the
direct comparison of the absolute environmentalaotp of the two production systems. Such comparison
offered in the next section and it shows that tlfiferént shares of the total impact highlightedTiable 3 are
generally attributable to drastic reductions of éln@ironmental impacts of the CF production witbpect to the

batch production in certain impact categories.

4.1.2 Technology comparison

The comparison of the absolute environmental ingpast the batch and continuous flow production
technologies is shown in Figure 6: the graph ref@rs | of product obtained from the yearly prodaictof gold
nanoparticles. In this section the environmentgbadnis are expressed through absolute units insiEdlde
normalised unit (persons equivalent) adopted imthvenalisation. Therefore, it is no longer posstbleompare
the environmental impacts across different impatégories and the columns in Figure 6 must be coedpa
only within the same impact category. The colummsesjualised for sake of readability: every colunwatue
needs to be multiplied by the factor reported oa itside top of the graph’s area. The boxes refiat

percentage change of the environmental impacteo€Ctk production with respect to the batch produactio
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Figure 6 — Absolute LCIA results and comparison: abslute impacts per 1 | of AUNPs product for batch ad

continuous flow system

The continuous flow production achieves signifitaribwer environmental impacts compared to the katc
production in every impact category with the exwaptof Resource Depletion (water). The percentage
reduction of environmental impact span from -1086RD minerals, fossils, renewables) to -95% (in ¢dificer
effects) with the major savings being in the impeategories: Climate Change, Ecotoxicity of frestena
Eutrophication of freshwater, Human Toxicity (can@nd non-cancer effects) and Photochemical Ozone

Formation.

The relative importance of the percentage changesns in Figure 6 is appreciable relating these qaiage
changes to the values reported in Table 3 thatibigk the relative weight of each impact categeith respect

to the total impact of the production system. Frareple, Figure 6 may give the impression that Resou
Depletion (Water) is the category with the mostevaht impact change when comparing batch to CF
production. However, this change (+290%) must lmkdo at also considering the normalised analysiblEr

3); this showed that the impact of Resource DemtefiVater) is marginal when compared to the tatgdact of

the batch production (1% of the total environmeitgdact). Therefore, the percentage change ofrtipaét in
Resource Depletion (water), in Figure 6, is negliggiwhen compared to the percentage change in thgssect
categories that have a higher share of the totphanof the production systems. These impact categare
highlighted in Table 3 and are, in order of impod®, Human Toxicity (cancer effects), Resource atepi

(mineral, fossils and renewables) and Ecotoxicitireshwater.

It is worth noting that the CF production showerkduction of the environmental impact in all ofshémpact
categories compared to the batch production. Spaltyf, the impacts of the CF production are redliog 95%
in Human Toxicity (cancer effects), by 88% in Ecdtity of freshwater and by 10% in Resource Depleti

(mineral, fossils and renewables). The latter is kbwest percentage reduction compared to othemdtmp



categories. This suggests that the primary caus® agmpact in RD (mineral, fossils and renewapleght be
elements in common between the batch and CF systaumb as the synthesis method. In fact, Resource
Depletion (mineral, fossils and renewables) takés account the depletion of gold, which is usedhasmain

raw material for the production of the gold precuréHAuUCl,) for both the batch and the continuous flow
production systems. More insight on the causeb@fhvironmental impact of the two systems aregortes! in

the next section through the hotspot analysis.

4.1.3 Hotspot analysis
The previous sections profile that the batch amatinaous flow production systems have a radicaiffecent
environmental impact. In this section, the causgabedifferent environmental impacts are idendfibrough a

hotspot analysis. The latter was performed by ¥alhy two approaches:

» By groups (Figure 7); the environmental impacts soged on the basis of the inventory group that
caused the impact. These groups are the same giefiped during the Life Cycle Inventory, namely,
chemicals, energy consumption, reactor equipmedtsamvice fluids, cleaning and waste disposal.
Through this approach, it is possible to localise generic source of the impact in the production
system

» by activity (Figure 8); the environmental impacte aorted on the basis of the activity that caubed
impact (i.e. incineration, sodium citrate produnti@tc.). It is worth remembering that each agtivit
belongs to a specific group (see Table 4); thuesstim of all the environmental impacts or costéhef
activities in a given group is equal to the envinemtal impact of that group. For example, the
environmental impact of the group ‘Chemicals’ ie teum of the environmental impacts of the
activities belonging to ‘Chemicals’, namely: HAyGQiroduction, sodium citrate production, heptane

production and water use.

Table 4 — List of the inventorial groups and relatedactivities

Groups Activities*

HAuCl, trihydrate production

Sodium citrate production

Water use

(CF) Heptane

(B) Aqua regia production

(B) IPA production

Cleaning (B) NaOH production

(CF) Heptane

Water use

(B) Borosilicate reactor manufacturing

(CF) Teflon capillaries manufacturing

Silicone oil production

Electricity production, heating

Energy consumption Electricity production, mixing

Electricity production, pumping

Wastewater treatment

(B) Hazardous treatment incineration

*the activities that are specific only to a produmt system are preceded by
brackets: (B) batch production system, (CF) contos flow production system

Chemicals

Reactor equipment and
service fluids

Waste disposal

This approach to the hotspot analysis brings duigher level of information than the hotspot analys

sorted by groups, and hence it is possible to titaeg@rimary causes of the environmental impacts.



The results of the hotspot analysis, sorted byggpare reported in Figure 7.

a) Batch production b) Continuous flow production
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Figure 7 —Hotspot analysis (sorted by group) for: pBatch system, b) Continuous flow system

On one hand, the main contributors to the envirartedeimpact of the batch system (Figure 7a) aretavas
disposal, chemicals and cleaning. Energy consumati@ reactor equipment and service fluids conteilounly
marginally to the overall environmental impact. iFlentributions is negligible (<2% of the total piaact of the
batch production) in every impact category exceptitade for Resource Depletion (water) but, as beéure,

the latter is an impact category of minor relevaficable 3).

On the other hand, the largest share of the enviemtal impact of the CF system (Figure 7b) is dased to
reactor equipment and service fluids, chemicals @amdninor part, energy consumption. Waste disposal

cleaning contribute to less than 1% of the totalttdtal impact of the CF production in all the iropeategories.

By cross comparing the results of the hotspot amlwith the absolute impacts reported in the mpnevi
section, it is clear that the reduced environmeimgdact of the CF system compared to the batchesyss
mainly attributable to the differences in the ciegnprocedures and treatment of wastes. To captiseit is

necessary to consider three factors:

» the largest share of the total environmental impédhe batch production is associated to the impac
categories of Human Toxicity (cancer effects), Rese depletion (mineral, fossils and renewables)
and Ecotoxicity of freshwater, as emerged fromrthemalisation in Table 3.

* In these impact categories, the continuous flowdpetion showed major percentage reductions of the
impact (Figure 6): respectively, -95%, -10% and%88mpared to the batch production.

» The hotspot analysis showed that, in these impatetgories, the main differences between batch and

CF production are due to waste disposal and clgapecifically, this is shown in Figure 7a (HT c.,



EcoTOX and RD m., f., ren.) where waste disposal aleaning are the “hotspots” of the batch

production whilst they are practically untraceahbléhe CF system, see Figure 7b.

The second part of the hotspot analysis investiga® the causes of the environmental impact imenaepth

by looking at the single activities -composing fife cycle of the production systems- responsilde the

impacts. Each activity belongs to a specific gr¢age Table 4); thus, the sum of all the envirortalémpacts

or costs of the activities in a given group is édaahe environmental impact of that group. Fenglicity, the

group to which each activity belongs is indicatdterathe name of the activity, in brackets (i.e HAu

production (Chemicals), electricity production, imgx (Energy consumption), etc.).

The results of the hotspot analysis, sorted byiagtiis reported in Figure 8.

a) Batch production

b) Continuous flow production
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[ ] Hazardous waste incineration (Waste disposal)

[ |HAuCI4 production (Chemicals)

[ ]IPA production (Cleaning)

[ | Electricity production, pumping (Energy consumption)

[ ] silicone oil production (Reactor equipment and service fluids)
"] Sodium hydroxide production (Cleaning)

[ | Electricity production, mixing (Energy consumption)

[ water use (Cleaning)

Others (below 5%):

- Waste water treatment (Waste disposal)

- Electricity production, heating (Energy consumption)

- Teflon reactor manufacturing (Reactor equipment and service fluids)

- Borosilicate reactor manufacturing (Reactor equipment and service fluids)
- Heptane production (Cleaning)

- Aqua regia production (Cleaning)

- Heptane production (Chemicals)

- Water use (Chemicals)

- Na3Cit production (Chemicals)

Figure 8 - Hotspot analysis (sorted by activity) fo a) Batch system, b) Continuous flow system

The activities that take most of the share of theirenmental impact of the production of gold naadjzles

are:

» Hazardous waste incineration (Waste disposal), HAyZoduction (Chemicals), IPA production

(Cleaning) and Sodium hydroxide production (Clegiifior the batch system (Figure 8a)

» Silicon oil production (Reactor equipment and sevfluids), HAuUC} production (Chemicals) and

Electricity production, pumping (Energy consumpjifor the continuous flow production (Figure 8b)

It is worth noting that each one of these actigiiethe main cause for the environmental impathefgroup to

which they belong (indicated in brackets). Thisajgpreciated by looking at the percentage sharéheset



activities in Figure 8 in comparison with the perizgye share of the related groups in Figure 7etlhesvities

take nearly the whole share of the environmentahich of the group to which they belong.

The hotspot analysis is particularly useful fomtfying the causes of the environmental impadhivse impact
categories that, through the normalisation, wersdbto be the most relevant for the LCA: Human Tibyi
(cancer effects), Resource depletion (mineral,ifoasd renewables) and Ecotoxicity of freshwaliemust be
stressed that the total environmental impact ofté® production systems is coming for the majort ieom

these impact categories. Therefore, the activitias contribute the most to the environmental impad¢hese
impact categories are the mere primary causeseatfotial environmental impact of the two systemzandous

waste incineration and production of HAyCI

It must be also noted that the CF system showeégh#fisant percentage reduction of the environmkeimtgpact
compared to the batch system in each of these yhigiévant impact categories. This must be takda in
account when looking at the results of the hototalysis of the continuous flow system (Figure S&r
example, the fact that silicone oil production mrddy present in Figure 8a (batch hotspot) whilsing a
predominant contributor in Figure 8b (CF hotspddes not indicate an increase of the environmeémiaédct of
the production of silicone oil in the CF systemisTéffect is the result of the absence or strodgieton, in the
life cycle of the CF system, of those ‘high impagti activities that are present in the life cycletloe batch
production, namely, hazardous waste disposal, IRAlyction and sodium hydroxide production. Therefor
some ‘low impacting’ activities, such as silicon& production, that were out of the radar of thetspot
analysis of the batch system, emerge in the hotspibe CF system: their relative share of the ictjiecreases

compared to the batch system even though theilatesenvironmental impact does not change.

In consequence of the previous considerations;g$ieof the activities investigated through theshot analysis
have negligible effects on the total environmemmtabact of the production systems. These ‘low impagt
activities are listed in the legend of Figure 8 aut not easily traceable in the graphs as theiresbf the

environmental impact was found to be below 5% ierg¥mpact category.

Lastly, further insight is offered with regardsthe two activities that emerged from the hotspatiygsis as the
major causes to the environmental impact of thedyetion of gold nanoparticles, namely hazardoustavas

incineration and production of HAuLI

* Hazardous waste incineration
Hazardous waste incineration is the main contribtdadhe life cycle emissions of the batch systém:
takes 96% and 98% of the environmental impact imbiu Toxicity (cancer effects) and Ecotoxicity of
freshwater (Figure 8a). The wastes of the batckesysre composed for the major part by the high
volumes of aggressive cleaning agents arising fiftwercleaning procedures. The cleaning of the batch
reactors requires, in fact, abundant quantitiedR¥, aqua regia and sodium hydroxide that are
disposed after the cleaning phase. The resultingtenstream has to be treated as hazardous waste,
according to the SDS of these compounds, via imatim. The environmental impact of the

incineration is mainly attributable to emissionscompounds that contain sulphur, nitrogen, halogens



(such as chlorine), and toxic metals. These emissawe of primary concern, owing to their potential
effects on human health and the ecosystem.

On the other side, the CF system produces primarihpn-hazardous waste stream and hence has a
much lower environmental impact associated withtevdisposal. The wastes of the CF production are
in fact principally composed by mild cleaning agentsed in the cleaning procedures (only small
guantities of heptane are used, around 230 kg/ghs€quently, the impact of the hazardous waste
incineration is negligible: virtually the entire sta stream is processed into wastewater treatment
facilities whose resulting impact takes less th#ndf the total environmental impact of the CF syste

in all the impact categories considered in theymislsee Figure 8b).

HAuCI 4 production

HAuUCI, is used as the gold precursor in the synthesigotf nanoparticles. Its production strongly
affects the environmental impact of the batch amttinuous flow production systems.

The high environmental impact of the productiorHéfuCl, is caused predominantly by the extraction
of the gold needed for its production. The goldraotion activities are, in fact, highly energy-
demanding and resource consuming, and have a highct on acidification, climate change and
resource depletion. The standard method of goldetkon worldwide is the cyanide method (Karahan
et al., 2006). The mining, comminution (crushingd agrinding) and cyanidation stages make the
greatest contribution to the environmental impdahts process, with electricity being responsifile

just over half of the greenhouse gas footprint dte and Haque, 2012). It is worth noting that the
environmental footprint of the extraction of gold expected to increase in the next years in
consequence of falling gold ore grades.

With regards to how this affects the comparisonttef two production technologies, it is firstly
necessary to recall that the LCA emphasized thede@mvironmental impact of the continuous flow
system, compared to the batch system, in nearthalimpact categories considered. Among these, the
percentage reduction of the impact in Resource &igpl (mineral, fossil, renewables) was the lowest
reduction of impact achieved by the continuous flpreduction (-10%, Figure 6). This impact
category emerged from the hotspot analysis as gliratependant on the environmental impact of
HAuUCI, production (between 88% and 99%, Figure 8). Howeiteis impossible to reduce the
environmental impact associated to HAyYGInd hence further reduce the total environmentphct

of the CF system, without either changing the sgsith method or the source of gold as its use is a
direct consequence of the synthesis method.

To this end, second-hand gold could theoreticaiyubed to manufacture HAuCGAnd consequently
reduce the depletion of gold. It has been estimttatiabout 15% of all gold ever mined was used in
dissipative industrial applications or is unacceadntor or unrecoverable, leaving about 85% (between
133,000 and 153,000 t) still in use and availablerécycling (Muller and Frimmel, 2010). However,
the use of recycled gold would imply a redistribuatiof these gold stocks, today distributed in major
part in the investment and jewellery sector. Thamesfthis would eventually lead to increase thelgol
demand in those sectors deprived of the gold resour consequence of the redistribution; thus,

resource depletion would be only shifted and ndticed. The last viable option could finally be the



recycling of gold nanoparticles products at the efhtheir cycle of use but the feasibility of thuption
needs to be further investigated (Pati et al., 2016

4.2 Cost assessment

Figure 9 reports the capital and operating expefsehe batch and continuous flow systems.
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Figure 9 —Comparison of operating expenses (OPEX)ith relative contributions, and capital expenses (BPEX) for

batch and continuous flow process

In the CF system, the operating expenses are ar@88t lower than the batch production. The main
contributors to this significant reduction are tlests associated with cleaning, waste disposalaoalir. The
cost of the cleaning and waste disposal are claz®ipected as the waste arising from both produaystems
is mainly composed of the cleaning agents usechupé synthesis. In the batch system, the sumettsts
associated to cleaning and waste disposal is #h&stihigher than the CF system. Aqua regia, IPAN®QH
are used in large quantities during the cleaningcguures of the batch system and they are dispased
hazardous wastes. In the continuous flow systeecldaning is milder and involves water and smallimes
of heptane, and the associated cost of disposaégdsigible compared to the overall production cd&fith
regards to the labour cost, this is a major coatob with around 32% of OPEX in both the systemBe T
easiness of the operations, maintenance and ctpahithe CF system translate into less labour amté less
labour cost (42% lower than the batch system):pifeeluction requires only a technician working ftithe.
Furthermore, the cost of chemicals is virtuallyritieal in the two production systems (black bar&igure 9);
the recipe used for the synthesis in the two systisnin fact the same, except for the heptane, usétte CF
system as a segmenting fluid. The additional cbbeptane, however, does not impact heavily orofferating
costs of the CF system, as it is recirculated f@ major part. With regards to the energy costrgne
consumption is slightly higher in the CF systemwdwer, the associated cost is relatively low, tbss 5% of

the OPEX in the CF system, and hence contributg mialrginally to increasing the production cost.

Figure 9 provides a summary of the capital expefaehe batch and CF systems. CAPEX has a sinmipact
on the economics of both production systems, betagectively around £323 k for the batch system£388 k

for the CF system. The difference is marginal; fladopting the CF system in place of the batchesystoes



not have a tangible effect on the capital expengitOn the other hand, the similar CAPEX but a bigtiower
OPEX, contribute to reduce the overall expenditwempared to the batch system. This translates anto
reduced payback period in the CF system, as odtim&igure 10.
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Figure 10 — Comparison of the payback period (PBFpr batch and continuous flow system under variableannual

revenue

The PBP of the CF system is in fact shorter th&nRBP of the batch system across the whole speaifum
annual revenues. The ratio of RRR, to PBRoninuous flowdecreases with higher annual revenues as a dfsalt

relatively high operating expenses of the two pobidun systems compared to capital expenses. Owtitiode,

the reduction of OPEX is identified in the costemssnent as the main business driver for the Clemsysthe

latter emerges as a financially robust system,rwpai shorter payback period than the batch systathhence

being more attractive to investments.

5 CONCLUSIONS

We have performed an anticipatory life cycle aspess and a cost assessment on the production df gol

nanoparticles. The life cycles of two productioohieologies were compared, a conventional batchyatazh,
used as reference, and an emerging productiona@mnbased on milli-continuous flow.

A major trend is clearly visible. Significant ad¥ages can be gained from the adoption of the Gintdogy in

place of the conventional batch technology, botbnemically and in terms of environmental perfornesc

(summary in Figure 11).
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Figure 11 — Summary of the results: comparison offerating expenses and total environmental impact dfatch and

continuous flow production of AUNPs

With regards to the cost assessment, these adeasntagsist of a notably lower OPEX (-38%) and atsho
payback period. In the CF system, the lower OPEtnst from milder cleaning procedures and from the
reduction of hazardous wastes produced (-32% irs/madso, less labour is required compared to thetb
system, and this translate into reduced expenstésimespect (-42%), thanks also to a more autedngtocess

that enables an online control system and invaimemanual cleaning operations.

In terms of environmental performances, a nhumbedrafvbacks come to light from the LCA of the batch
production system, namely, the production of agivescompounds used intensively as cleaning agants,
the necessity of resorting to incineration to tréa high volumes of hazardous wastes producechén t
synthesis. These factors translate into a highrenmiental impact that primarily concerns the imp=tegories
of Human Toxicity (cancer effects), Ecotoxicity &leshwater and Resource Depletion (minerals, fossil
renewables); these impact categories emerge frenmdhmalisation analysis as the major contributorthe
total impact of the batch production, accounting da. 83% of the total impact. Furthermore, thenace
analysis highlights that, in the scenario in whihid nanoparticles are fully adopted for nano-esdlshedical
applications in UK, the large-scale deployment leé tonventional batch production technology woudd b
unfavourable compared to the CF production. Thgriimarily evident with regards to Human Toxicigaficer
effects), Ecotoxicity of freshwater and ResourceplBgon (minerals, fossil, renewables), in whicle t&F
production system has an environmental impact msdy 95%, 88%, and 10% lower than the batchesyst
This significant reduction mainly springs from lawlumes of hazardous waste generated during thibesis,

as shown in the hotspot analysis. A special rermhaduld be made for the drop of carcinogenic emissio the
CF production. This is particularly relevant asdyolanoparticles are a product that has the majofitits
medical applications in tumour targeting 75% (Madteg et al., 2015); thus, this severe reductiothefimpact
avoids the paradox of having a production systeat tiontributes to an increase in cancer cases andeh

hampers the effectiveness of its product.



Amongst the chemicals used in the synthesis of galtbparticles, the gold precursor (HARG$ the highest
contributor to the environmental impact. Its praitut strongly hinges on gold extraction activitisat have
the principal consequence of aggravating the diepleif gold resources; moreover, the impact is etqueto
further increase in the next years as a consequrfeling ore grades. Unfortunately, mitigatirfietimpact of
HAuCl,, is not an easy task. Second-hand gold could ¢ieally be used to manufacture this gold precursor
However, the use of recycled gold would imply ais&tbution of gold resources. The redistributiohgold
resources would eventually lead to an increaseotd demand in the sector deprived of its resoutias,
resource depletion would be shifted and not reduéegbotential solution might be the recycling oflgo

nanoparticles after their use, but the feasibdityhis option needs further investigation (Patakt 2016).

Finally, it is worth noting that nano-enabled mediapplications are growing significantly, and wevisage
that gold nanoparticles will be complemented bgraktive nano-products. To this end, a numberratares
have been produced, such as selenides and oxitktsaafl Bi (Zhang et al., 2014), Gd (Le Duc et2011) and

Fe (Giustini et al., 2011), but have not been atthjet to the same level of scrutiny as gold narniges.

On the whole, the findings of this paper highligie need for anticipatory assessment on emergaimédogies
during the early stages of their development. Type of assessment provides insights on their agdition and
on the future consequences of their implementattwurs, this can be used for the screening andetleetson of
these technologies along process conditions anehpak raw materials. We hence envisage the apjuitaf
this approach to other emerging technologies withaim of reducing waste of resources and capitalke

process development.
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