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ABSTRACT

This PhD thesis focused on nanomaterial (NM) engineering for occupational health and
safety, in the frame of the EU proje@t{ I S bl y2 2 2 NJ] S NSANGNORKEdINS
Following a safety by design approach, surfaogineering gurface coating, purification
process, colloidal force control, wet milling, film coating deposition and granulation) were
proposed as risk remediation strategies (RRS)ecreaseoxicity and emission potentiaf
NMs within real processing lines

In thefirst case investigated, the PlasmaChem 4ranufacturing, the colloidal force
control applied to the washing of synthesis rector, allowed to reduce ZoGtamination in
wastewater, performing an efficient recycling procedure of A&govered.

Furthernmore, ZrQ NM was investigated in the ceramic process owne@MRISTE@nd
GEANiIro; the spray drying and freeze drying techniques were employed decreasing NM
emissivity, but maintaining a reactive surface in dried NM.

Considering the handling operationf manofibers (NFs) obtained through Elmarco
electrospinning procedure, the film coating deposition was applied on polyamidevoeen
to avoid free fiber release. For TiNF the wet milling was applied to reduce and homogenize
the aspect ratio, leading ta significant mitigation of fiber toxicity.

In the Colorobbia spray coating line, Ag and>Tm@nosols, employed to transfer
respectively antibacterial or depolluting properties to different substrates, were investigated.
Ag was subjected tsurface coatig and purification, decreasing NM toxicity. FiWas
modified by surface coating, spray drying and blending with colloidal, 8i@rovingits
technological performance.

In the extrusion of polymeric matrix charged with carbon nanotube (CNTs) owned by
Letat, the CNTs used as fillewere granulated byspray drying and freeze spray drying
techniques allowing to reduce their exposure potential.

Engineered NMs tested by biologists were further investigated in relevant biological
conditions, to improve the kowledge of structure/toxicity mechanisms and obtain new
insights for the design of safest NMs.
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GLOSSARY

AAS flame atomic absorption spectrometer

APS aerodynamic patrticle sizer

ATRIR attenuated total reflection infrared

BET BrunauerEmmettTeller method

BSA bovine serum albumin

BSA/PBSbovine serum albumin in phosphate buffered saline
CFC colloidal force ontrol

CFE colony forming efficiency

CFU centrifugal filter unit

CNRISTECNational Research Couneihstitute for Science and Technlogy for Ceramics
CNT carbon nanotube

CPCcondensation particle counters

DCFH dichlorofluorescin oxidation assay

dv hydrodynamic diameter

DLS dynamic light scattering

DMEMDulbecco's modified Eagle's medium, culture medium
DSC/TGAdifferential scanning calorimetry thermal gravimetric analysis
DTG differential gravimetric analysis

EA exposure assessment

EDS energy dispersive-)ay spectrometry detector

E band gap energy

ELS electrophoretic light scattering

ENM engineered nanomaterial

EPR electron paramagnetic resonance

FBS fetal bovine serum

GSH reduced glutathione

I Y Q2 nurient mixture added in culture medium

HRTEM high resolution

ICROES inductively coupled plasmaptical emission spectrospg

IEP isoelectric point



IOM Institute of occupational medicine
LAICRMS laser ablatiorinductively coupled plasmmass spectrometry
LDH lactate dehydrogenase

LPS lipopolysaccharide

MEM minimum essential medium, culture medium
MPS mini particle sampler

MWCNT multi-walled carbon nanotube
NAS nano aerosol sampler

NF nanofilbre

NM nanomaterial

NP nanopatrticle

P25 aeroxide P25

PA polyamide 6

PC protein corona

PDM optical particle counter

PEG 600polyethylene glycol 600

PL processing line

PL 1 processing line 1

PL 2 processing line 2

PL 3 processing line 3

PL 4 processing line 4

PL 5 processing line 5

PL 6 processing line 6

PNC plastic nanecomposite

PP polypropylene

PVP polyvinylpyrrolidone

RhB Rhodamine B

ROS reactive oxygen species

RRS risk remediation strategy

ShyD safety by design

SC solventresistant stirred cell

SEM scanning electron microscope
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SEMFEG SEMwith field emission gun

SERSsurface enhanced Raman spectroscopy

SPR surface plasion resonance

SSA specific surface area

STEMHAADF high angle annular dark field scanning transmission electron microscopy
SWCNTsinglewalled carbon nanotube

TBARSsthiobarbituric acid reactive substances assay

TEM transmission electron microscep

TEMBF TEM in bright field mode

TEMEDSTEMwith an energy dispersiveray spectrometry detector
TEOStetraethylorthosilicate

TG thermal gravimetric analysis

WP work package

XPS X-Ray photoelectron spectroscopy

XRD X-ray diffraction

XRF X-ray fluorescence

z-b zerobackground

ZP zeta potential

Zr-Pr Zirconiumpraseodymium
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1. Introduction

1.1 Safety by design concept

TheSbyDmay be defined as an approatiat encourages to deeply define health and
safety risks during material planning and/or development. In such a way, along with product
or process quality and efficiency, also the related health and safety issues, may be determined
and managed during thearly planning stagé 2, to reduce or avoid the likelihood of risks to
emerge at a further step. This concept, arising from construction sector, may be extended to
other fields, including that of nanotechnology, being a novel way to control and mahage
risk related to NM, production, use and disposal.

The NM engineering following th8byDconcepts was highlighted as a strategic and
priority area in the European Nanosafety Cluster and in the EU {Safety Strategy 2015
2025 Agend&!. Such as repted in this latter, the development and implementation $yD
control strategies, with its primary prevention value of risk management, represents one of
the biggest challenge of nanotechnology that should guarantee its sustainable development.
TheSbyDapproach in nanotechnology, suggests to focus on the design for safety during the
development and application of new NMs, to control risks that may arise at a later stage. The
key features that drive to design safe NMs follow the conceptual framel#@mdematized in
figure 1.

DATA GENERATION / GATERING
* NM physicochemical properties
COMPUTATIONAL DATA ANALYSES

* Biological charcterization
* Bio — Nano interaction AND MODELING

* Nanoinformatics

* Bioinformatics

+ Nanotoxicity models * Nano toxicity

* Bio — Nano interaction
* Exposure

*+ Cost / Benefit

N H * Integration within industrial PL

Towards the design of safe NMs

Figure 1- Conceptual framework driving the design of safe NMs

At a first level, the design of safe NMs started from data generation/gathering; it
included the investigation of NM physicochemical properties and toxicity, to undetsten
mechanism that governed both the adverse effects of NMs on biological systems and the NMs
emission/exposure potential. At a second level, the observed evidences on NM emission,
exposure pathway and bipano interaction, should be supported by predigi models.
Finally, at a third level, the design of safe NMs should be implemented within real industrial



processing lines, allowing a cost/benefit analysis and the promotion of SbyD risk control
measure.

1.1.2 The NM surface engineering as RRS

From the frst investigation on NM&: 6 7. 8] the research field of nanotechnology
experienced an impressive growth giving rise to many related research fields. Among them,
the NM engineering was aimed to obtain, manipulate and integrate NMs into more eampl
structure, creating novel materials with new or improved technological feattffek parallel,
with the development of nanotechnology, the nanotoxicology emerged as new research field
aimed to investigate the toxicity, environmental, health and safssues related to NM&Y,

In recent years, taking advantage from the experience gained and shared within this new
research field, great attention was posed on the identification of some NM property/activity
relationships, that allowed the control ofN\Nhazard properties. Although these relationships
are not yet fully understood and elucidated, is it now commonly accepted that some
physicochemical properties of NMs may influence their uptake, transport and fate. These
include NM size, shape, surface ofistry and stability under some environmental and
biological conditions (e.g., acquisition oPg 2],

To date, different strategy and surface engineering were developed to decrease and
control NM toxicity and emission potential, improving thereforeittbiocompatibility. In the
case of nanofibrous materials, that trigger the toxicity mechanism due to their shape (e.g.,
high aspect ratio), it was found a toxicity paradigm that dictated if a fiber must be considered
an hazardous material. Following tGeF A 6 SNJ LI 6 K23SyAO0A (& LI NI RAI
should have a certain diameter and length and, moreover, should be not biopersiSten
aerodynamic diameter > 3 um, did the NM too thick to be inhalable, being theftdor
inhalation in hy ya& | NR2dzyR p >Y +a | SNREReylIYAO RALl Y!
diameter may be approximately evaluate atirBes the actual diameteB*. A fiber length <
p >Y g1 & RSY2Yy&aiNIXdSR (G2 0SS I @4 %¥zHEnallydl & KA\
NF should be not biopersistent to undergo a rapid dissolution in the lungs.

For NM that exerted a toxicity mechanism due to dissolution phenomena and ion
leaching, a different surface engineering was exploited. As reference, for ZnO NP the control
of particle solubility/dissolution were achieved by ion dopify For Ag NP, the control of ion
release from Ag NP surface were obtained through surface modification on Ag particles,
including peroxidation, sulfidation and thiol ligand exchary® Moreower, surface
modifications, including surface coating, surfactant and ligand addiction, were widely
investigated to improve biocompatibility and successfully accomplished biomedical
applications of Alt® and iron oxide NF&. Following é&8byDapproachdifferent NM surface
engineering was investigated in SANOWORK project as a tool to control the risk related to
NMs (Fig. 2).
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Figure 2- Surface engineering proposed as RRS

The surface coating and purification strategy were aimed to control the surface
chemistry of NMs. The control of colloidal forces, spray drying and freeze drying were
employed to consolidate nanosized particles in bigger aggregates. The immobilization by film
coating deposition and the wet milling were investigated, respectively, tdrabfree NF
release or their aspect ratio. Due to their character of preventive measures and their
contextualization within real industrial scenarios, surface engineering of NMs investigated in
the SANOWORK project were considered and identified as RRS.

1.2 European project SANOWORK

1.2.1 Contest

Strong nanotechnology proponents, such as Lux Rese@fchanticipate that
nanotechnology applications will affect nearly each type of uiactured assets in the next
bS@SNI KS{ @rifisant cantkbtion_iypayidtekiBologyfo | &
boost the economy, live standards and improve the quality of life may be outweighed by the
perceived occupational, environmental, health and safety risks. The fast development of
nanotechnology raises occupatial, environmental, health and safety concerns and among
the possible exposure locatiorthe workplaces where NMs are intentionally produced, used,
disposed and recyclegose specific risk assessment and management chall&gésThese
worrying issies were considered to be of primary importance for the European Commission,
that has introduced the call NMP.2011.423inviting European researchers to cooperate,
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(SANOWORKé¢ ¢l a FAYSR (2 RRRAS fthatldonsisy iR NMu¥acdt
engineering, with a balanced approach betwedesign for manfacturing and for safety,
proposed to prevent workers from exposure and/or potential hazards related to NMs.

1.2.2 Consortium

TheSANOWORK consortilrings together large and medium size enterprises together
with private research centers, academics apdblic entities, that possess considerable
experience in the field of NM occupational health and safety. Partners involved and their
location in the European community are shown in figure 3.
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Figure 3- Partners involved in the EU SANOWORK project andititaition

CNRISTEQG governmental organization for scientific research in the field of traditional,
structural, bio and functional ceramic materials, coordinated the project and provided
expertise in NM synthesis, NM surface functionalization and impfgation of RRS within
processing line. The industrial partnerBJasmaChem,GEANiro, Elmarcq Bayer and
Colorobbig extensively involved in R&D and industrial production, let available their
processing lines for the implementation of RRS and providedvibrger exposure scenario.
IOM, a private research center in the fields of occupational and environmental health, hygiene
and safety, was involved in the toxicological investigation, especially concerning fibrous NMs.
Leitat, a private technological centeprovided a pilotscale set up for the implementation of
RRS and the related exposure scenario. Moreover Leitat performed plyyseooical and
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mechanical characterization of plastic materials produced within its PLURhersity of
Parma and Universitpf Pisacollaborated performing cytotoxicity and genotoxicity assays for
the toxicological characterization of NMs involved. Tmversity of Limerickperformed NM
surface characterization and insurance risk quantificatioeris, a French publiceseach
body, offered its expertise and performed th&A Inail, the Italian workers compensation
authority, provided information on the rules and regulations in the fields of occupational
health and safety.

In relation to knowout and facilities available, ehgartner was involved in different
tasks, that were organized in 7 WP, area highlighted in blue in table 1 show the contribution
from each partner to the different WPs.

Table 1- Partner involved in SANOWORK Project and WP in which they are involved.

WP1 WP2 WP3 WP4 WP5 WP6 WP7
Dissemina
tion &

WP/ Partner Admlnllstrg'qve Risk Exposure Design Toxicological Implemen
& scientific for risk hazard tation in

management

analysis | assessment exploitation
activity

control assessment PL

CNRISTEC
IOM

PlasmaChem

Elmarco

GEANiro

Colorobbia

Bayer

Ineris

University of
Limerick

University of
Parma

University of
Pisa

Leitat

Inail




1.2.3 Approach

In SANOWORK projecfive target NMs (Zr§) Ag, Ti@ polyamide and CNT),
corresponding to three different nanostructured samples (nanoparticles, nanofibers,
nanotubes) and including main risk determinant properties were considered (Table 2).

Table 2- NM involved, its riskleterminant properties and RRS proposed.

Possible risk determinant

NMs Form : RRS proposed
properties
A Nanosize A Spray and freeze drying
710 A Photoreactivity A Surface coating
A High charged surface A CFC
A Nanosize A Surface coating
Ag Nanoparticles Reactivity A Purification

A Solubility (Agleaching)

A Nanosize A Spray driyng
Tio A Photoreactivity A Surface coating
A High charged surface A Blending with colloidal SO
A High aspect respirable A Film coating deposition
Polyamide particle

A High aspect respirable A Wet ball milling
Nanofibers particle

Tio A Photoreactivity

A High charged surface

A High aspect respirable A Spray and freeze spray drying

particle
CNT Nanotubes A Surface coating

A Redox reactivity

Depending on structural alerts of involved NMs agosure critical stepglentified
within their nano-manufacturing processing linegifferent RRS based on NM surface
engineering were proposed. The resulting ES\Weredeveloped to control key risk relevant
properties (structural alerts), exposure and hazard potential, still maintaithiegdesired
performance in NMs or final products. Such RRS were integrated in the involved processing
lines,that identify industrially relevant sectors and applications (Table 3).
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Table 3- SANOWORK processing line, company involved,-mamufacturing pocess and NM application.

SANOWORK F Company Nano-manufacturing process NM application
1 PlasmaChem ZrQ, production Optical materials
CNRISTEC & Ceramic ZrQmaterial
2 GEANiro production & ZrQspray drying Ceramic pigments
3 Elmarco & BAYEH PA shet production Air filter materials
4 Elmarco & BAYEF TiQ, NF production Photocatalytic materials
] ] ) Functionalized surface
5 Colorobbia Ag and Ti@sol production )
coatings
) _ Plastic nanecomposite i .
6 Leitat & GEANiro ) Plastic nanecomposites
production

As $&iown in figure 4, following thétroduction and application of RR@thin PLs, two
different situations have been outlined, tHBEFOREBnd AFTERNe: in the former, pristine
NMs were produced by the original process, while in the latter, modified ENdvisabtained
through RRS application, introducing novel production steps.

[RRS |NTODUCT\ON]
BEFORE

Original Process Modified Process
PristineNM Modified ENM

[ RRS E\:’ALUATION]

§Functiona| Properties Functional Properties

[ RRS V.:ALIDATION ]

Economy

Figure 4 The SANOWORK approach.

In SANOWORK approach, to evaluate RRS effectiveness, different parameters,
concerning respectively technology, safety and economics aspects, wesglered in the
BEFORE and AFTER situations. Relevant NMs performance were evaluated to ensure that RRS
did not results detrimental for NM production/application. NMs toxicity was assessed by



biologist and correlated with NM characterization performed ioldgical conditions, to
define a sound structuréoxicity mechanisms. Exposure to NMs in each PL during the critical
step were investigated directly esite or through offline experiments. A cost/benefit analysis

of NM production was performed to corrétathe cost of introduction of RRS with the benefit
arising from their application, to promote a safest industrial use of ENMs.
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2. Processindine 1: washing/disposal line (Zronanopowder)

2.1 Introduction

2.1.1 ZrQnanomaterials

Different synthetic procedures have been developed and reported in literature to obtain
Zr& nanopowders and colloids with desired propes, including sagel %2 and co
precipitation processes®4, microwave assisted synthesi® €, microwave assisted
combustion synthesis”, spray pyrolysis®l and two phases route reactior®. Various
properties of Zr& were enhancedby its nanscale and among these the photocatalytic
properties, mechanical resistance, electribemical and electroptical properties, mak&rQ
one of the most attractive oxides for several applications.

ZrQ exhibits photocatalytic activity in many reactions doets relatively wide gvalue
and the high negative value of the conduction band poterit?hl The Eshows a value range
between 3.25 and 5.1 eV, depending on the synthetic preparation technique, and the most
frequent and accepted value is 5.0 BVZrQ has been widely employed as photocataliyst
different reactions such athe decomposition of water, the reduction of carbon dioxiéfe,
the photodegradation of organic compounds as nitropheRdlor the exchange of isotopic
oxygen!®3l, Pd over K, catalyses the methanol decomposition to carbon monoxide and
hydrogeni*4, while nanocomposite Au/Zeas been used as catalyst for CO oxidalfigin

Due to its high conductivity, loAgrm durability and high dispersion, Zr@as been
employed as da proton conductor for fuel cell electrode¥l. ZrQ possessesdequate
chemical and mechanical properties to be an excellenifiéot ceramic material for medical
devices!'] especially inthose applications that require highly strength and toughsess
dentistry[18l,

For nano Zr@photocatalytic and oxidizing/reducing surface properties are known and
considered potentially very interesting, mainly for nano heterogeneous catafysi¥’]
Furthermore, the high dispersion in agueous medium of éxisle does it very useful for a lot
of different applications, nevertheless make it as well a potentiayardous material
because ofthe easy mechanism of transport and uptake in aqueous cellular systems.

Especially when applications in medical fiedols envisaged, hazardous properties of
NMs should be considered. As reported, within toxicological paradigms nano size dimension
(201 presence of contaminaf!, high aspect ratishape??, redox and acidic/basic properties
as well as surface char@ mayinfluence NMs toxicity.

2.1.2 Description oProcessindine 1

PL 1 represents the manufaring procedure owned by Plasma€n, that provided
ZrQ NMs as well asnformation on synthetic procedure, letting available the industrial
scenario for theevaluation and implementation oRRS Plasmaftem ZrQ NPs were
synthesized by forced hydrolysis and hydrothermal treatment in acidic environment, starting
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from different zirconium (V) alkoxides, nitric acid and distilled water. The main stequd- of
gelsynthetic procedure are reported in figufie

Fresh zirconium hydroxide preparation
by hydrolysis of zirconium alkoxide
Milky-white colloid of Zr0{0H), dissolve with
formation of transparent sol.

il
Oligomer formationin presence of acid
\,
Forced hydralysis
k4
~
Large Palymeric cluster formation
\
Evaporation at boiling.
Condensation (oxolation) inside cluster.
4

[ Final product ; ZrQ,, particle size 3-10 nm ]

Figure 1- PlasmaChem synthetic procedure.

Zirconium hydroxide was prepared by a diwfse addition of zirconium alkoxide to
water in a tank. Once formed, Zr(QHhWas left to settle down over 12 h, then theclear
supernatant was discarded by decantation and the precipitate washed by distilled water to
remove alcohol produced from alkoxide hydrolysis. In a second step, the Z5@igEnsion
was transferred into a rountbottom glass reactor and nitric acid wadded. The obtained
reaction mixture was left to boil for 24 h, leading to the formation of tetramers or octamers
[ZOy(OH)ax2yy (¥2X)HO, where y > x and x = 4, 8jdatheir clusters with size >®nm. The
formation of hydrous zirconia colloids dng boiling was revealed by the change in solution
transparency that turned from rainitial milklike appearancdo transparent one. Further
removal of ca. 90 % v/v of water by distillation led to the formation of a viscous yellowish
suspension, which wasén transferred and dried at above 100 °C in an oven. Oxolation
reactions proceeded leading to 12 nm sized particles, with ca. 4.0 gfmensity (for
comparison, ZrO(Oklensity is ca. 2.g/cn?). As last stearticleswere crystallized for few
daysat 105°C. Picnometric density, refractive index and Raman spectra of nanoparticles were
checked at 12 h time intervals asonitoring parameters andrQ aging was ended when the
refractive index oparticles achieves values 0B%.2.0.
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2.1.3 Criticabktep identified and RRS proposed

A general scheme of the PL 1 was reported in figure 2.

| BEFORE |
WATER GRAVITY NO RECYCLE
1SUSTEP -, —= 2™ STEP —— —— 3 STEP —— —— 4" STEP ——
Synthesis Reactor Washing Sedimentation Solubilization
") i
4 | PL1
o W
ZrO, NP Waste water Powder Recovery | | Powder Recycling
WATER + silica GRAVITY + Base RECYCLE
Citrate
| AFTER
RRS proposed f ‘
RRS applied ﬁ
PERFORMANCE ZrO, NP t

valuated in term of properties and quality

Figure 2- Scheme of processing line 1, showing process steps in which RRS were applied and evaluated.

Along PL 1, the relevant steps for health hazard BAdvere the synthetic reactor
washing,the sedimentation and the following waste water disposal and recycle operations.
The two scenarios that took shape with the introduction of RRS are defined as BEFORE and
AFTER one, in which the RRS were implemented.

2.1.3.1Reator washing

The first critical step to be monitored was the washing of the synthesis reda®to
the relevant amount of Zrgstuck on the wallsDuring this stepthe RRS of CFC was proposed
to increase the washing efficiency by improving Zv@ter dispersion adding stabilizing
agents. The introduction of RRS may lead to an higher recovery sNEf@roduced, with
the possibility to perform a recycling procedure. Moreover, from the process point of view,
the control of the dispersion state may also Wseful for those production steps that require
the best degree of powder dispersion. The BEFORE scenario was represented by the washing
of the synthesis reactor only by water, while the AFTER scenario was represented by the
reactor washing performed by wiar addedof dispersing agent.

2.1.3.2Sedimentation

The second critical step to be monitored is referred to the sedimentation of ZrO
material contained in waste water produced during the reactor washingz gu€pensions
should be allowed to settle dowitn separate supernatant (waste water) from solid sediment
that, once formed, has a lower exposure potential. Nevertheless thisepsotequires long
times and mayot be effective if Zr@particles are stable and do not aggregate, hindering the
sedimentaton. RRS based on tiF-QGvere proposed to force the sedimentation process and
achieve a better sedimentation efficiency that may lead to a fgs@ses separation, without
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Zr& NPs contamination in the supernatant. Moreover, Zg@diment recovered mayeb
solubilized with mineral acid and employed as inorganic salt precursor for further applications.
In the BEFORE scenario, NMs dispersions were let to sediment by gravity, before water
discharge; in the AFTER one, the sedimentation by gravity was enhaarg@ty pH, to obtain

a faster and more efficient process.

2.1.3.3.Recycle

The last step considered in PL 1 was the recycle of the @ollected after the
sedimentation. During this sgethe introduction of RRS wervaluated taking into account
both qudity and recycle efficiency of regenerated Zr&dhe BEFORE scenario was realized
through the discarding of the waste water without its regeneration, while the AFTER one was
represented by the recycle of the Zr@el produced applying the RRS in the prasisteps,
followed by a mineral acid treatments to recover a solution of inorganic precursor that may
be employed again for further synthesis.

2.2 Experimental

2.2.1Preliminary Characterization of Zeanopowder

Pristine ZroNPs, encoded a&Q,_1_NR was provided by Plasmh@&m and subjected
to preliminary characterizations. Powder morphology was at first observed byFEHEMZeiss
Gemini, GE) taking images at different magnifications, using low current accelerati®EMIR
(JEOL JEINO0F, USAyas use to assess the presence of a smaller particle fraction as well
as to evaluate the presence of a crystalline phase. Crystalline phase was investigated by XRD

(D8 ADVANCE, Bruker AXS, GE) and Raman Spectroscopy (Renishaw RM 1000, UK). Thermal

behavior was ealuated by thermal analysis @I A 1500,PL Thermal Science, UK).
2.2.2Application of RRS at labcale level
2.2.2.1 Reactor washing

To better disperse pristine Zs@uring reactor washing, two different stabilizing agent
were tested at lab scale levek commercial silica colloidal dispersion, Lut¢t$40, and
Trisodium Citrate Dihydrate. Samples involvedtha simulation of the synthesiseactor
washing were described and listed below.

w Pristine Zr@ nanosol, encoded aZrQ,_2_so| was obtained dispensg pristine Zr@
powder in distilled water by ultrasonic method. The nominalf@centration of 3 wt.%
was tosen in accordance with Plasnie®n to reproduce the typical Zp@oncentration
in the washing water. This sample represents the BEFORE sitaati@imulates the ZrO
dispersion obtained by reactor washing performed only with water.

w Modified sample,Zr&_7_sil_sol was obtained by mixing pristine Zr@anosol with
commercial colloidal SEdSiQ/ZrO; = 4; total solid concentration 3 wt.%) and theall
milling for 24 h the sample to promote homogenization. This sample represents the AFTER
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situation and simulates the Zg@ispersion obtained from the reactor washing performed
with water and colloidal silica as dispersing agent.

w Modified sample,ZrO,_10_cit_solwas obtained by mixing pristine Zr@anosol with
Trisodium Citrate Dihydrate (Z#@itrate weight ratio = 1/@1; total solid concentration
3 wt.%) and then ball milling for 24 h the sample to promote homogenization. This sample
represents he AFTER situation and simulates the >ZiBpersion obtained from the
reactor washing performed with water and citrate salt as dispersing agent.

w Modified sample,Zr&_13 cit_solwas obtained by mixing pristine Zr@anosol with
Trisodium Citrate Dihydrat(ZrQ/Citrate weight ratio = 1/1; total solid concentration 3
wt.%) and then ball milling for 24 h the sample to promote homogenization. This sample
represents the AFTER situation and simulates the Ar€persion obtained from the
reactor washing perfaned with water and citrate salt as dispersing agent.

Samples underwent ZP titrations versus pH using an AcoustoSizer (Colloidal Dynamics,
AU), equipped with a titrating system that employ 1 M KOH or HCI solutions for pH variations.
Samples were analyzed 3 wt.% concentration and moving the dispersion by means of a
peristaltic pump, to achieve sample homogenization.

2.2.2.2 Sedimentation

To force the sedimentation of Zs@Ms both pristine ZreXZrQ_2_so) or Si@modified
sample from previous steZ(Q_7_sil_sol were considered. The ZP vs pH titrations showed
that in both cases the colloidal stability decreased towards basic pH. Therefore the
sedimentation of samples was forced through base addition. Samples involved in the
simulation of forced sedimdation were reported below:

w Pristine Zr@nanosolZrQ,_2_sol described in the above paragraph.

w Modified sampleZzr®_14.2_sol(composed of Zr9 14.2_gel and ZrD14.2_SURN) was
obtained by adding NaOH 10 Mto 2404 ¢ & 2 f  dzgZripAl#.2 BURRamplewas
collected by decanting (after 48 h) the supernatant water, wiil€, 14.2 gelsample

was collected from the bottom of the flask. These samples simulates the AFTER situation
where the ZrQ@dispersion to sedimdanwas obtained by washing the reactortiviwater

and then adding a bade force the sedimentation.

Modified samplezrQ,_7_sil_so] described in the above paragraph.

Modified sampleZrQ,_15_sil_solcomposed of Zr© 15 sil_gel and ZeO15_ sil_ SURN)

was olained by adding NaOH 10 M to 2001 y{ A f a2 f dzy G A f NE |
Zr&_15.2_Sil_SURNample was collected by decanting (after 48 h) the supernatant
water, whileZrQ,_15.2_Sil_getample was collected from the bottom of the flask. These
samples simulates the AFTER situation where the di€persion to sediment was
obtained by washing the reactor with water plus £O dispersing ageand then adding

a base to force the sedimentation.

€€

The presence of ZeOn the decanted water measured by XRF (Panalytical Axios
Advanced, NL), sedimentati rate were determined from visual observations.
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2.2.3 Implementation of RRS withiRrocessing line 1
2.2.3.1 Recycle

Both washing and sedimentation steps previously tested at lab seaiel Wwere
implemented by Plasmd@m at pilot scale level. Thenrecycling procdure was performed.
By this waythe introduction of RRS in the PL has been evaluated in terms of quality and
improved recycle efficiency of recovered Zrdo simulate the recyclerocedures, the
materials used were:
w Pristine Zr@sample, esoded aZrQ,_PCHEM_sdhominal [Zr@] 10 wt.%) represented
the BEFORE situation, wherethe Z6a 4y Qi NBX O& Ot SR®
w Modified samplesZrQ PCHEM_sol_&nd ZrQ,_ PCHEM_sol_2epresent the AFTER
situation where the Zr@recycle was performed as follows: X3 0,5 M was added to
the wastes containing Ze®anoparticles (concentration is variable, normally in the range
of 0.001:0.n1 p°2 0 dzy G A £ {UBdbtéirfing § Gkl thall (&fter xa. 1 day) formed a
precipitate, which could be easily separated from the supéant. The supernatant was
collected by decantation and discharged (contamination with.4sOnot detected as
reported above). One half of the sample was dissolved in a small amount of 65% HNO
(sample Zr@ PCHEM_sol_1), and another half in a small amhaf 36% HCI (sample
ZrQ_PCHEM_sol_2). The undissolved particles (ca. 1% from the total dry weight) were
collected by centrifugations and discarded as chemical wastes. For both batches, the
remaining solutions were diluted and hydrolyzed by ammonia igldzirconium
hydroxide, which was further used as a reagent according to the original manufacturing
procedure. These samples simulate the after situation where the> ZeQycle was
performed starting from a gel and using HXTHz or by HCI/NKto recoverthe ZrQ
precursor of the synthesis.

2.2.4Characterization of Zredispersion in biological medium

Samples considered by biologists for toxicological characterizations, described above
(pristine Zr&,_2_sol and modified ZrQ&,_7_sil_sol Zr&,_10_cit_soland ZrQ,_13_cit_so),
were also subjected to some chemitalkK @ &8 A OF f OKI NI OGSNAT FGA2Yya
O2yRAGAZ2Yyaédd ¢2 dzy RSNA UG yblodidhlhteractioasSchemitd O dzZNNA
physical characterization should be contextualized ahdyefore, performed in conditions
(timing, temperature, NMs concentration, solvents, 0 G KI G Of 2a St & &A Ydz |
systems in which NMs will move and react.

Being the dispersion state and stability relevant parameters for the -Niglsgical
interactions, an investigation on both size and ZP of pristine and modifiedNEi®dispersed
in both deionized water and complete cell culture medium were performedrdl ZP were
obtained by DLS technique (Zetasizer nano ZSP, UK). The standard opemteduie
described hereafter was followed for all samples. ZdSpersion was ultrasonic treated for
15 min and two set of samples were prepared. For samples dispersed in culture medium,
aliquots of ZrQ dispersions were first added to BSA/PB90%, w/] to obtain an
intermediate which was then added to cell culture medium supplemented with FBS [10 %, v/V]
to reach a final Zr@concentration of 125 3 Kk Y { @
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The further set of Zr@samples were prepared diluting, with MilliQ water, up to 125
> 3 k Y b dispekklons. Dispersion were left to equilibrated for 1 h, then were vemesed
to ensure samples homogenization before size and ZP measurerdgmtere obtained from
DLS data expressed by intensity, in backscattering detection mode (scattering angle of 173 °)
and setting measurement duration on automatic. After 2 min of temperature equilibration at
25 °C, 1 ml of sample volume was subjected to threeseoutive measurements which were
averaged to obtain

After particle size determination, samples underwent ZP measurement by ELS. The
Smoluchowski approximatio*], consistent with the high dielectric constant of water, main
component of all above spdied solvents, was applied to convert the electrophoretic mobility
to ZP. Measurements were performed on 700 pl of sample, measurement duration was set to
automatic as well as attenuator position and applied voltage. After 2 min of temperature
equilibraton, samples underwent five measurements spaced out by 120 sec delay to avoid
Joule heating. Before and after ZP analysis, a size measurement was performed to check that
the samples have not changed. Analyses of NMs dispersed in cell culture medium were
cadlected in monomodal mode due to the high medium conductivity, thus obtaining a mean
ZP value.

2.3 Results and Discussion

2.3.1 Reliminary characterization oZr& nanopowder

Pristine powder morphology was at first observed by SEHME taking images atfeifent
magnifications, using low current acceleration. As shown in figure 3, powder had a broad size
distribution being composed by botaggregates of few microns argiall nanometers
particles.

Figure 3 Pristine powder morphology by SEHMEG images

Sample was observed by HIEM with a field emission source operating between 80
200 kV, figures 4 and 5, tssess the presence of a smaller particles fraction as well as to
evaluate the presence of a crystalline phase.
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Figure 5 TEM image with underlined the spot used for EDS determination.

HRTEM lattice imagine®btained at different magnificationsconfirmed that the
presence of a crystalline phase, vehihe TEMEDS spectrum obtained by spot mode showed
the presence of Zr and @he crystalline phase of pristine sample was investigated by XRD (Cu
K radiation; 10-80 ° 2 range, scan rate.02 2 , 185 s equivalent per step) and the spectra

of pristinesample and powders after 1h calcination at 400°C aB@@° C are reported, from
up to down, in figure 6.

-\

\

Figure 6- XRD spectra of pristine sample and powders calcined at 400°CGOGfC.
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Pristine and calcined (1h at 400°C) powders showed XRD speattcidmot match bulk
monoclinic Zr@structure; in fact, only after 1h of calcination abDQ0°C the sample showed
the structure of bulk, monoclinic ZsOPristine sample spectrum showed a broadened
diffraction patterns typical of NMs, but hardly compalalwith those reported in literature
251 probably due to very small crystallite size. Due to marked peak broadening, it was not
possible to calculate the crystallite size, but according to the literature, also Raman
spectroscopy may be employed to invigstte both crystalline phadé®l and sizd?®! of NMs.
Raman spectrum of pristine sample was obtained using a laser Raman microscope equipped
with Argon 514 nm and Diode 785 nm lasers for excitation in the frequencies ranfy8@0
cnmt (Fig. 7).

Zr0,

12000

10000

8000 [\ -

6000 !

4000

2000

T T T T T
0 200 400 600 800 1000 1200

Figure 7- Raman spectra of pristine zirconia.

Raman spectrum of pristine sample showed the typical features of a-siaed Zr@
material. As previously reportéd?, for sample with size under 20 nm, a new Raman peak at
1 035 cm' arised attributable to suface vibrational mode, that strengthened and shifted
toward higher frequencies (050 cm!) as the grain size decreases up to 5 nm. As further
reported, the crystalline size of nano Zn@ay be calculated from the intensity050 cm/475
cm! peak ratio.Exploiting this phenomenon, Zs@Ms yielded a calculated diameter of 3
nm.
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Pristine sample was subjected to DSC/TGA analysis to check the thermal behavior (Fig. 8).

Sample: ZrO2 1.2
Size: 12.3450 mg DSC-TGA

RT - 1000°C 10°C/min N,

29.79%from RT to 400°C
[3.678 mg)

16.94% from 400to 550°C
(2.092 mg)

Residue:
52.57 at1000°C
(6.490 mg)

449 65°C ) ) ) i
43120°C
42517°C
4.491J
f 4 433.18°C
|| \'||9 1923.68)ig

Weight (%)
Wt Corrected Heat Flow (W/g)

v T T T T T T T T
50 150 250 350 450 550 650 750 850 950
Exo Up Temperature (°C)

Figure 8 DSETGA analysis of pristine Zr@wder.

Figure 8 showed a slow weidbts of ca. 30 wt.% up to 400 °C, then in the temperature
range 400- 500 °C, the sample lost ca. 17 wt.%; this weight lost was associated with two
exothermic peaks probably due to the nitrate thermal decomposition. Heating the sample
until 1000 °C, it wa detected a further weight lossf 47 wt.%, with a residue of53 wt.%.

2.3.2Application of RRS at labcale level

2.3.2.1 Reactor washing

The washing procedures efficiency was related to the: Zooidal dispersion stability,
evaluated in term of ZFActually, it is a general rule of thumb that an absolute ZP value above
60 mV yields an excellent stability, above 30 results in a good stability, above 20 an acceptable
short term stability and a value less than 5 mV generally leads to particle aggregaiil
phase separatiof’. There are two fundamental mechanism that affect dispersion stability:
the steric and electrostatic stabilization. Steric repulsion usually involves the use of polymers
that, adsorbing on the particle surfaces, avoid their elosntact and prevent agglomeration
and/or aggregation phenomena. Electrostatic stabilization is achieved adding charged
molecules or ions that modify the particle interaction, due to the distribution of charged
species in the system. Each mechanmmserns advantages and disadvantagesjymers
used in steric stabilization provided the best effect, but may be expensive. Generally, their
adsorption on the surfaces is an irreversible process and, thus, it is difficult to subsequently
destabilize the systenif required. Thus, for these reasons, their use are limited to those
applications in which the presence of polymer does not affect the final product properties.
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The electrostatic or charge stabilization, involving an alteration of the ions in solutiorhenay
potentially inexpensive, reversible and moreover it may be used both to stabilize and
destabilize the system.

To simulate the reactor washing, two different dispersing agents, colloidal &®i®D
Trisodium Citrate Dihydrate, were employed exploitingspectively, steric and electrostatic
stabilization. Table 1 reported some of the characterizations performed on sample involved in
the simulation of reactor washing.

Table 1- Characterization data for the samples involved in the introduction of RRSLin PL

Di -
[ZrCp] wt. % 'Spersing Z potential® | Isoelectric
Sample code pH . agent/ZrQ .
(nominal) _ . [mV] point (IEP)
weight ratio
Zr&_2_sol 1.62 3.00 - + 50 No, positive
ZrO2_7_sil_sol | 2.44 0.60 4 + 164 5.04
ZrQ®_13_cit_sol | 6.53 3.00 1 -32.8 No, negative

1Measues performed at pH reported

Pristine and modified samples were subjected to ZP vs pH titration and the curves
obtained were compared to identify the pH region in which thex£hSpersion was improved
(ZP2 + 50 mV in comparison to the pristine sample)imwhich the system destabilization
occurred (aroundEB. Figure 9 showed the ZP vs. pH titration curves of pristine and modified
samples.

Z potential vs pH
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Figure 9 ZPversus pH titration curves for the different Zr&amples

Pristine sample ZHD2_sol gave rise to sanslucent, stable dispersion at acid pH (ZP
>30 mV at pH < 5), while at higher pH values dispersion started to destabilize, forming a gel
network at pH > 8. Sidnodified sample, Zr97_sil_sol, was a whitish, stable dispersion in
the range 3 < pH < 7RZ100 mV for pH < 3 and ZP > 50 mV for pH >7), while in the range 4
< pH < 7 the dispersion reach the IEP and solid material dispersed, started to aggregate and
precipitate. Citrate modified sample, ZrQ3_cit_sol, was a translucent with a good stapilit
in pH range taken into account (Z potential3® mV for pH 2 to 7), showing no IEP.

According to the data obtained, pristine Zr@as really watedispersible and stable,
also without any dispersant. The addition of @annecessary dispersing agent repeated a
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useless extra cost and may negatively affect the following steps. On other hand, modified
materials may result less toxic respect to the pristine one and, from data obtainegl, SiO
addition improves the Zr©dispersion stability. Thus, it was deed to study next
sedimentation step employing both pristine and Sitbdified samples.

2.3.2.2 Sedimentation

To force the sedimentation process, colloidal dispersion was destabilized by means of
pH variation towards sample IEP. Basing on ZP vs pH measusertitee pH region for
destabilization and gel formation was identified and sedimentation rates were compared for
both pristine and modified samples. After phase separation (Fig. 10) the amount of precipitate
was evaluated and the presence of Zi®the decanted water measured by XRF.

1’0,1‘ i b J “ X'O, 15 sl

Figure 10 Picture of the samples involved in the sedimentation study.

Table 2- Characterization data of the samples involved in the sedimentation study.

[ZrOg] wit.% [2rC] Sedmentation
S le Cod H ZP[mV
ampie L€ | ominal) | wt.o (XRE) P MV rate [h]
Zr&_2_sol 3.00 1.88 1.6 + 50 >168
Zr&_14 gel -
3.00 11 +10* 48
Zr&_14 SURN 0.00
ZrQ_7_sil_sol 0.60 0.33 2.4 >168
ZrQ&_15_sil_gel -
- 0.60 11 -70* 48
ZrQ&_15_sil_SURN 0.00

*ZP measurement performed on the sample beftigrid from solid separation

The aim of the sedimentation process was the separation of the-gclidphase fom
the decanted wastavater. To evaluate the efficiency of RRS, two parameters were
considered the material sedimentation rate and the purityf the decanted waste water
(samples supernatant).

Pristine sample ZrD2_sol was a very stable dispersion at pH6=obtained using water
as solvent; in this condition the dispersion formed a very small amount of precipitate only
after a week (168 h). Tlsuit was impossible to measure the sedimentation rate of pristine
material as well as the purity of the supernatant obtained. ZP of modified samplgslarGol
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was measured just before gel formation; liquid was let to separate and precipitate to
sediment. The formation of a compact precipitate, that facilitate the separation of waste
water, was considered for sedimentation rate determination. Zn®© precipitate samples
(ZrQ_14 gel) was about 6 wt.%. 2rQ4 SURN sample, that represent the decanted waste
water, was analyzed by XRF and no.4n@s identified (detection limit about 10 ppm),
obtaining a clean decanted waste water. Modified samplexZt® sil_sol was treated as the
previous one showing comparable sedimentation rate and obtaining a good pépaason.

ZrQ in precipitate material (Zr9© 15 _sil_gel) collected was about 7 wt.%, also in this case was
not found any Zr@contamination in the supernatant.

Once Zr@sediment was collected, it was studied the possibility to solubilize it using a
mineral acid and recover a solution of inorganic salt precursor, that may be recycled for
further applications. Considering the possibility to recycle the precipitate material,
ZrQ_14 gel sample was selected, because of the possibility to obtain.avihout a further
purification step that may be required for ZtQA5_sil_gel sample that contained also SiD
was so decided to integrate silica coating strategy only if the results of toxicological
characterization may justify the presenceadess toxic NMs

2.3.3 Implementation of RRS within Processing line 1
2.33.1 Recycle and quality of Zr@anopowder

The recycling procedures was aimed to obtain, after the introduction of the RRS; a ZrO
material with the same properties of the Zr@roduced using thelBsma®em manufacturing
procedures. This objective was used to evaluate pre@sl product performances. lalile
3 were reported some data referred to both pristine and modified materials.

Table 3- Characterization data of the samples involved in theoiduction of the RRS.

Hydrodinamic . Loss on tempering

[ZrCy] . Refractive .

Sample Code pH diameter i at 900 °C

wt.% index

[nm] ? [wt.%)]
Zr&_PCHEM 10 F N 2.4 1.9 36.7
Zr&_PCHEM sol 1 10 F N 2.4 1.9 334
Zr, PCHEM_sol_2| 10 Fon 3.8 1.9 32.7

L by number; 2 for 30 min
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7 — Original manufacturing procedure

from regenerated wastes, batch 1
fom regenerated wastes, batch 2
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Figure 11- Raman and optical spectra of Zn@articles obtained from wastes; the blu line represented the
pristine sample Zr© PCHEM _sol, while the black and red line represented the2ZEMHEM_sol_1 and
Zr&_PCHEM_sol_2, respectively.

Amim, %
" %
AamimiaT, %

Figure 12- TG (left) and DTG (right) analyses of2A\@s obtained from zirconium wastes.

Figure 11 reported the Raman and optical spectra of thedl#ed samples in order to
compare their properties. The parameters of crystallographic structure, optical transparency
and refractive properties were of primary importance for this material, which was used in
optical applications. Raman spectra indicatsanoclinic structure of the nanoparticlé¥:
peaks at ca. 110 cf 181 cm, 380- 475 cm* and 615- 760 cm® and especially that at @50
cntl, evidenced the presence of particles of crystalline size below 28&hifhe relatively low
intensity ard broadening of the peaks were typical for NMs. The intens@$d cm'/475 cm
! peak ratio may be used to calculate the crystallite size, that in case of these particles yielded
to a calculated diameter of 23 nm. This value correlated very well with®mean diameter
for all three samples. By comparison of the spectra reported, the use ot HiN(D g reagent
regeneration delivered slightly better results than HCI.

Figure 12 showed the TG analysis of Pla&@mae ZrQ, of ZrQ synthetic precursors as
Zr(CH) and ZrO(N@)w E20 and of Zr@samples obtained after the recycling procedures. To
better detect the weight losses of the different zirconia samples, the TG curves were
differentiated obtaining the DTG ones. Few peaks in DTG curves appeared at abfstit 150
- 200°C and 300350°C. The first two peaks mag Associated with the loss of water and the
third one to the elimination of nitrates. Weight loss above 4@860°C dealt with crystallization
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and crystal growth. From curves obtained, the sampbespared from zirconia waste
displayed a thermal behavior comparable with that of original-fr&ticles.

2.34 Toxicity outcomes

An important parameter to evaluate the health hazard reduction following the
introduction of RRS was the toxicity of pristiard modified NMs towards cells. Cell lines
employed have been chosen by biologists in relation to involved industrial scenario and NMs
application. In all processing lines the exposure was supposed to occur mainly via inhalation,
thus forviability and cyotoxicity tests, two cell lines were selected: A549 and RAW 264.7 cells,
alveolar epithelial cells and macrophages, respectively. Bmth types were typically
encountered by NMs upon inhalation and their interaction determined the biological outcome
of the exposureAs a result of prolonged exposure to nanomaterial, genotoxicity tests were
performed with Balb/3T3 cellsmouse embryonic fibroblastsSamples considered in the
reactor washing step, pristin€r®_2_sol and modified Zr&_7_sil_sol ZrG,_10_ct_sol,
ZrQ_13_cit_solsamples, were hvitro tested by biologists partners dBANOWORIEU
project. ZrQ materials, abng the range of dose tested 2k to 80> 3 k2D &kerted no or low
toxicity towards epithelial cells A549, as showumfigure 13.
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Figure 13 Cell viability, measured byFEassay, in A549. Cells were exposed for 24, 48 and 72 h to increasing
concentrations (1.25y 1 > 3 RLQA YroNM. Daa are presented as mean % CFE normalized to the
untreated control (€ black bar) + standard error of the mean (SEM), n =9. *p < 0.05, * p < 0.01, ** p <
nonanm® /[ bY wm>a blu/ Nhn GKIG AYyRdzZOSR n
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In addition, oxidative stress, anloalance between antbxidant and oxidant in cells, and
pro-inflammatory activity were taken into account in the toxicity evaluation. Oxidative stress
determined in cell free conditions suggested that ZNMMs were not able to seljenerate
ROS. By contragh epithelial cells, pristine material significantly induced oxidative stress and
Zr&_10_Cit_Sol slightly increased it. Nevertheless, no cell lipid peroxidation, another effect
of oxidative stress, were evidenced after incubation with.AM®IS. Preinflammatory activity,
assessed as increase in NO production by macrophages, was significant, although modest, in
both pristine and modified ZENMs.

To investigate the effect of prolonged exposure to nanomaterial, genotoxicity tests were
performed withBalb/3T3 cellsFrom results obtained all Zsg@amples induced comparable
genotoxicity in vitro. Taking into account the carcinogenic potential, high doses of modified
ZrQ_10_cit_sol and ZrD13 cit_sol samples showed more severe effects than pristine and
silica modified Zr@ 7_sil_sol ones, but the presence of silica seemed to protect Balb/3T3
from morphological transformatiorgharacteristic of tumorigenic cells

To discriminate between NMs and other components contribution to genotoxicity,
solvent control egeriments/?® were performed, filtering out NMs from solvent and testing
only the latter toward cells. Despite NMs were removed from samples to be tested, they
showed genotoxic and carcinogenic effect, suggesting that observed genotoxic potential
might ndi 65 RdzS SEOf dzaA@gSte (2 baax odzi a2
O2 y i | Y ARfomythé foticdlogical data reported here, the toxicity of pristine NM was
comparable with those of modified ZsGsamples, obtained following RRS application.
Theefore RRS of CFC through the employ of stabilizing agent as colloidal silica or sodium
citrate, were not able to decrease Zr@M toxicity, only maintaining the NM toxicological
profile.
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2.35 Characterizations of Zr£In biological medium

A further godwas to find a relationship between toxicological response and chemical
physical property (as size and ZP) of NMs such as testedagiballsystems. Table 4 showed
the results of wet state characterizations (pH, ZP and mdaby intensity) of pristine
ZrQ_2_so| and modified Zr@samples2 Ny T ¢ & A¥% Njipav2nty O andvgNievio Y OA G P& 2 f
dispersed in deionized water and complete culture medium, at 125 pg/ml.
Table 4- ZP, mean diameter and Pdl of Zgamples and P25 dispersed at 125 pg/ml in deiediwater and

complete culture medium. Data in italics, of not sufficiently good quality, were reported only to establish a
general trend

MilliQ water MEM

Sample Code
pH | ZP (mV) | du(nm) Pdl pH ZP (mV) | dn(nm) Pdl
Zr» 2 sol | 3,6 410 261 0.36 74 -109 1376 0.84
Std. De\ 20 79 0.08 04 460 0.28
ZrQ_7 sil_sol| 4,6 404 276 0.38 75 -10.2 172 1.00
Std. Dey 18 85 0.08 04 3 0.00
Zr&_10 cit sq 3,4 40.3 83 0.76 7.3 -109 1713 0.79
Std. Dey 2.7 32 0.22 0.3 236 0.20
Zr® 13 cit s 6,5 -470 173 0.39 74 -111 36 0.47
Std. Dey 0.0 13 0.08 0.1 0 0.00
P25 4,1 374 286 0.30 7.7 -115 468 0.44
Std. Dey 09 4 0.04 0.3 16 0.02

For most of Zr@samples investigated, in both solvents, it was impossible to obtained
sound size dta due to samples polydispersity and the presence of large, settling particles
during the analyses. These size data suggested poor samples stability and presence of
aggregation phenomena at investigated conditions. Only, Zk® cit_sol, upon dispersion in
culture medium, showed good quality data; its DLS graph by intensity showed two peak at 11
nm and 73 nm diameter size, the relative abundance of which, from the particle size
distribution by volume, was respectively 97 % and 3 %. Comparing pristine tezig ci
modified samples, the presence of citrate in ZrB_cit_sol seemed to prevent Zr®om
aggregation in biological media. The ZP of all the samples in water were, as absolute value,
higher than 40 mV, that stated a good colloidal stability..A@nges dispersed in medium
showed lower stability than in water and their ZP levelled off at valued@f11 mV. This
levelling effect may be related to proteadsorptionon NM surface or to PC formation, being
ZP measured close to the values of serum @rd at the same pHThe observed ZP
encouraged to investigate other parameter inherent to NMslogical interactions, such as
guantity, identity and secondary structure of adsorbed proteins, that may be related to the
presence oflesigned surface modifition and toxicity exerted by NM&.
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2.3.6 Exposure assessment: esite measurements

Being inhalation one of the main way of exposure to NMs, in all processing lines the EA
were focused on contamination by NMs in air. EA started from a "basic measotem
campaign" within PL 1 to verify the exposure to NMs during the steps supposed to be critical.
Measurements were carried out in Plas@h@m workplace, during different process
operations like as the transport of a Zr€uspension in the laboratory or thendling of final
ZrQ powder under the fume hood. The instruments used were the CPC and the TEM grid
sampler system. The CPC were used between main potential sources and outlets, to
determine, in real time the total particle concentration in number, fré@Ghnm down to one
>Y® ¢KS ¢9a INRAR &l YL SNJ dzaSR ¢l & dzaSR G2 YS
in this instrument, through a sampling pump, particles were sampled on specific TEM grids,
which were observed.

Measurement of the background angmt aerosol was performebtiefore to start with
the testsduring process operations, to discern for the specific contributions by the process to
air pollution.For background, due to maintenance operation on the air handling system, the
concentration in nmber measurement were not analyzed being the particle concentration
fluctuations probably affected by changes in the air system. Thus, only results from
microscope image analysis were taken into accolfrom sampling grids used during
background measurenms, different particle sizes were observed (Fig. 14).

Figure 14 Photos of grid during background measurement, sampling from fume hood containing tpel sol
reactor

CNRY (GKS RFGF NBLERZ2NISRI LI NIAOf Sa nficeiINBSNI
elements characteristic of construction materials. Around a half of the population in the 0.1
M >Y NIy3aS 46SNBE FAYR (2 0SS 4220 ONRIKG LIK20G:z
of particles degraded under microscope beam. From EDS asalgmall particles were
composed mainly by carbon, calcium, sodium and silicium. No particle containing zirconium
were detected in the grid analysis. Data obtained showed that Aa@dling under the fume
hood and transport of Zr&suspension in the labatory did not influence NM concentration
in number, as recorded by CPC. The EDS analyses of material collected on the grids used during
sampling confirmed the absence of 2 IMs.
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2.3.7 Cost/benefit analysis

For PL 1, a qualitative cost/benefit analysess carried out by UL in collaboration with
partners involved inSANOWORKroject. Table 5 show hazard, exposure, toxicity and
associated cost data in relation to the reactor washing, sedimentation and recycling operation.
Exposure data were taken from theeasurement campaign carried out by INERIS, while
toxicity data derived from the tests performed by biologists. 4¥@perties, production time

and costs were evaluated together with the partner PlasmaChem.

Table 5 Toxicity, exposure and risk data areinediation costs for the step considered in PL1.

In\;?;\éed Manufacturing Reactor washing Sedimentation Recycling
Sg?dli:e ZrG_2_sol ZrQ_7_sil_sol| Zr&_13_cit_sol ZrQ_gel ZrG_PChem
None, . . . . Control of colloidal
RRS unmodified CNT SiQ blending | Citrate coating forces -
Reduced
environment
Human Human Human al exposure
exposure low | exposure low | exposure low since the
Exposure because the because the | because the NP - waste water
NPs are in a NPs are in a are in a wet has be@
wet form wet form form cleaned and
rQ
recovered
o No influence ngher effects
Similar to both in terms of
- on the o
Toxicity reference toxicoloaical oxidative stress - -
material P25 . 9 and NO
profile .
production
Functional None by
Change | definition ] ] None None
Cost
[KWH Kg] 674 - - - 627
5, together with
Production No significant impact on washin aﬂg?;gﬁigﬁ;ﬁz;
Time 2.74.4 efficiency in terms of ZrD . - 1.2
. o with positive
[h/Kg] dispersion in wastewater .
environmental
impact

For processing lines 6, the RRBeted on the reduction of wastes production during
manufacturing of Zr@ohas been developed and successfully implemented at pilot scale,
achieving a reduction gbroductionself cost by 6. Moreover RRS application resulted to
lower both the productiortimes and costs without affecting the ZrQuality and properties.

28




2.4 Conclusions

Technological, safety and economics aspects were taken into account to evaluate the
RRS effectiveness. RRSC&Cvere applied on ZroNMs during different process stepsdan
implemented atpilot-scale level. The reactor washing and Zs@dimentation steps were
improved by the application of RRS as demonstrate by faster and highaeZery, further
obtaining clean waste water. The introduced recycling step gave aNlQvith quality and
properties comparable with those of Zr@roduced by theoriginal manufacturing procedure
achieving aeduction of wastes quantity, production time and cost

To evaluate an health hazard potential mitigation due to RRS applicationng@réd
modified samples toxicity were evaluated and compared. From in vitro tests, allNAi®
exerted no or low cytotoxicity, slight oxidative stress and modestipilammatory activity.
Moreover, ZrQ samples and their respective solvent controigluced genotoxic and
carcinogenic effect, suggesting a genotoxicity for both solvents and dissolved materials. On
the basis of the results obtaineddted RRS did not seem to influence the toxicological profile
of pristine ZrQNMs. To find a relationshigetween toxicological response and NM chemical
physical properties, sizeand ZP of Zba & ¢ SNB Ay @Sa i A3l G§SBizehy Go)
data sowed aggregation and destabilization in biological medium, with the exception of
Zr&_13 cit_sol sample. Th&P levelling, which underwent samples after dispersion in cell
culture media, suggested the formation of .PC

In term of exposure, no Ze®IM contamination in air, eithan the background oduring
the considered process steps, were found in a basic nreasent campaign. Theolgel
synthesis procedurprevent worker from Zre&NM inhalation, which may occur when the final
product was dried and handled without the proper engineering control measures.
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3. Processing line 2: ceramic process line (Zr@nopowder)
3.1 Introduction

3.1.1 Zr@nanomaterials

Different synthetic procedures have been developed and reported in literature to obtain
ZrQ directly in form of NPs Ke spray pyrolysidl, microwave assisted combusti&hand gas
solid reaction® 4. In other procedures, particles are obtained by different wet synthetic
routes, separate by precipitatiof, filtration 61 or centrifugation/decantatior”? and then
dried, to obtain the NMs in form of powder.

Main ZrQ applications have been reported in chapter 2, whereas further applications
were proposed recentlyZrQ thin film was deposited on different substrates, to confer them
hardnesd® photoluminescencé” and optical propertiedt?. ZrQ-polystyrene hybrid nano
composite was recently investigated as adsorbents for lead in environmental appliéation
In ceramic field, nan@rG was mainly employed aso-inert component for medical devices
(121 butit was also used to synthetize coloring pigment for ceramic gl&z&d

3.1.2 Description of Processingé 2

PL 2 is a process that employ Zr@Ms provided by RBsmahem for ceramics
applications. This processing line were reproduced atstzdie level by CNRISTEC, that
provided information on experimental procedure and-sgt The main steps involved in the
production of ceramic bodies are reported in figure 1.

[ Pre-consolidation Processing ]

Milling and sizing of powders, wet formulation /rheology,
drying/granulation of slurries

[ Green Forming Operation ]

Additives addiction, dry pressing, slip/pressure (wet
pressing)/electrphoretic  casting, injection molding,
extrusion, sol-gel processing and gel casting

D

Consolidation and Drying ]

Solid or liquid state sintering, hot pressing
y

[ Final Product ]

Figure 1- Main steps in the production of ceramic bodies

The manufacturing of a cemac products may be summarized in three main steps: i)
pre-consolidation processing, i) green forming and iii) consolidation. During pre
consolidation, materials are treated to provide specific properties to final ceramics and to
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obtain a suitable materia for the next forming operations. Milling and sizing were employed
to decrease average particle size and shrink particle size distribution of ceramic powders. In
wet formulation, slurry dispersion state and composition were defined by adding proper
amourt additives, plasticizer and binders. In the following step, slurry obtained was dried
using different techniques, forming powders by decantation/filtration/centrifugation and
drying them in an oven, by freezing or by spray drying. The latter was botlgiregdand
granulation process, and was widely diffused due to the good control of powder quality
standards, as particle size distribution and shape, residual moisture content and bulk density.
In green forming, ceramic materials were formed to obtain dekinear net shape
before densification. Before forming, other specific additives were added. Then powders were
dry pressed and the slip, a blend of powders and additives, subjected to slip casting, wet
pressing, freeze casting, injection molding or extraosprocesses. Hot consolidation was
achieved by firing at high temperature the shaped green body; during this step solid or liquid
state sintering and hot pressing were the most commonly employed techniques. Following
consolidation a rigid, finished produaias obtained'®.

3.1.3 Critical step Identified and RRS proposed

A general scheme of the PL 2 is reported in figure 2.

BEFORE OVEN Pristine POWDER

11STEP -, ——= 2" STEP —— —— 3" STEP —, 4t STEP
Zr0, Wet Wet -Formulation Handling, Heating cycle
[ [formulation Drying Uniaxial Pressing
PSRE PL 2
H PUNCHER
. | L-POWDER Y

SPRAY DRYING SPRAY DRIED
FREEZE DRIED

|AFTER | FREEZE DRYING POWDER

RRS proposed ‘

. 1) Density after die pressing
RRS applied
PP ﬁ and after sintering
PERFORMANCE ' ' 2) ZrSiO,:Pr yellow pigment
evaluated in term of properties

Figure 2- Scheme of PL 2, showing the process steps in which RRS was applied and evaluated

Along PL 2, the relevant steps for héatiazard andeAwere the wet formulation drying,
the handling and uniaxial pressing operations. The two scenarios that took place with the
introduction of RRS, were defined as the BEFORE and the AFTER one, in which the RRS were
implemented
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3.1.3.1 Wet fomulation drying

The first critical step to be monitored was referred to the wet formulation drging to
the possible dispersion by aerosol of nano Zrthat became a potential source of NMs
exposure.During this step the RRS proposed were two altereativying techniques, the
freeze drying and spray drying, aimed to decrease NMs emission in the workplace. The
introduction of RRS may lead to a Zg@wder with controlled size distribution, residual
moisture content, density and shape, all relevant paréene for final ceramic quality. The
BEFORE scenario was represented by the drying efNaviS in an oven, while in the AFTER
scenario ZroNMs was dried by freeze or spray drying.

3.1.3.2 Uniaxial Pressing

The second critical step to be monitored, refertecceramic processing operations, like
uniaxial pressing, du® possible NMs inhalation by the workeBuring this step, the control
of powder characteristics (size distribution, residue humidity and particles shapes), obtained
after RRS application, mdead to a process improvement in term of decreasing potential
exposure to NMs and improving ceramic product quality. The BEFORE scenario was
represented by the employ of Zsg@IM dried in an oven, while the AFTER scenario, involved
ZrQ NMs dried by freez or spray drying.

3.1.3.3 Zircon pigment manufacturing

Another step considered and proposed as possible application of MKD was the
Zr-Pr yellow pigment manufacturing. During this step, the control of potential exposure to
NMs by the colloidalsynthetic route together with the spray drying technique as RRS, may
lead to a process improvement in term of both decreasing potential exposure to NMs and
improving quality of ceramic pigment. The BEFORE scenario was represented by preparation
of ZrPr ggment by traditional mechanical mixing of powders, while in the AFTER scenario,
Zr-Pr pigment were synthetized by colloidal route and spray drying.

3.2 Experimental
3.2.1 Preliminary characterization of Zsg@anopowder

Pristine ZrQNM, encoded aZr&»_1 NP, was provided bylBsmaChenand employed
for both PL 1 and PL 2. Powder preliminary characterizations have been reported in chapter
2.

3.2.2 Application of RRS at lab scale / pilot scale level
3.2.2.1 Wet formulation drying

The study of drying step ¢fie ZrQ wet formulation was performed at pilescale level
by GEANiro using aspray drier (Mobile Minor, GENiro) and at labscale level b NRISTEC
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using a freeze drier (MDFO.1, 5Pascal). For the spray drying, the process parameters were

optimized byGEANiIro to obtain a dry, norsticking and microssized powder. For freeze

drying, the freezing cycle was performed @t37 °C for 5 h, then the temperature was
increased up to 25 °C under vacuum. Samples involved in the wet formulation drying step, are
described below:

1 Pristine Zr@powder, encoded a&rQ,_1_NR was the RssmaChenNM dried in an oven
and used as BEFORE material.

1 Modified sample,Zr&_9 NP_SPwas prepared dispersing pristine Zr@owder in
distilled water by ultrasonication. The dispersiobtained were spray dried giving a
granulate powder, that was considered as modified sample for following process
operation performed in the AFTER scenatrio.

1 Modified sample,Zr&,_12_NP_FPwas prepared dispersing pristine Zr@owder in
distilled water byultrasonication. The dispersion obtained was freeze dried giving a white
translucent needldike powder, that was considered as modified sample for following
process operation performed in the AFTER scenario.

Samples were observed by SIHHRG (Zeiss, D&)d employed as raw ceramic material
for the following consolidation step.

3.22.2 Uniaxial pressing

The study of cold consolidation step was performed atdahle level b NRISTEC due

to the knowhow and facilities existing. For the die pressing, thatemials obtained and

compared are described below:

1 Pristine sample was a ceramic pellet obtained employing pristine powder and encoded as
CPZr&_1 NP Pristine powder was sprayed with an aqueous solution of PEG 600 (10
wt.%) to facilitate the densificain and then sieved (258 YO (2 NBY2 @S (KS
fraction. An amount of 5 g was used to fill the mold (15 mm diameter) for the cold die
pressing, performed applying a P 6Q0 kg/cm. After pressing, the ceramic pellet, or
GANBSY 02Re&¢3X ¢l a NBY2 dflded in AiRoYen dt ROB°CYigd t R | v
air, heating rate = 100 °C/h; residence time = 1 h; cooling by inertia) giving rise to a
consolidate ceramic pellet.

1 Modified sample was a ceramic pellet obtained employing modified powder
ZrQ_9 NP_Sknd encoded a€PZrO,_9 NP_SDModified powder was wetted with an
aqueous solution of PEG 6(ID wt.%) to facilitate the densification and then sieved (250
>Y0 G2 NIPafrdréction.Ribamount of3.g were used to fill the mold (15 mm
diameter) for the cold die pressing, performed applying a P80lkg/cni. After pressing,
the ceramiclJSt £ SGZ 2NJ aaINBSY 062Reé¢s gl a NBY20SR
an oven at 200 °C (in air, heating rate = 100 °C/h; residence time = 1 h; cooling by inertia)
giving rise to a consolidate ceramic pellet.

1 Modified sample was a ceramic pellet abted employing modified powder
ZrQ_12 NP_FRnd encoded a€PZr&_12 NP_FDModified powder was wetted with
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an aqueous solution of PEG 600 (10 wt.%) to facilitate the densification and then sieved
OHpn >YO ( 2oardeBiadidh SAn anfodnt odd.g were used to fill the mold

(15 mm diameter) for the cold die pressing, memed applying a P =QD0 kg/cni. After
LINBaaAy3adr GKS OSNFYYAO LISttSGZ 2N GaNBSy o+
sintered in an oven at200 °C (in air, heating rate = 100 °C/h; residence time = 1 h; cooling

by inertia) giving rise to a coolgdate ceramic pellet.

Density of each materials after cold die pressing and after sintering were calculated from
pellet volume and weight. Pellets were weighted using an analytical baldfide245,
Sartoriug and pellets height and diameter were meast trough calipers.

3.22.3 Zircon pigment manufacturing

A further investigated process was theRir pigment manufacturing, being a possible
application of ZroNM in ceramic field. The study of the above mentioned ceramic application
with pristine and nodified materials were performed at ladcale level exploitin@ENRISTEC
facilities. For ZPr pigment production, samples compared were:

1 Pristine sample, encoded @14 SilPr_NRyas obtained by the traditional method
of mechanical mixing of a rigatmount of ZrQNM, SiQfused (CE MINERAL 44 CSS) and
PrsO11 dry powders, followed by calcination in closed alumina crucibles, using an electric
kiln in static air, at the maximum temperature of0DO °C, to obtain the yellow -Ar
pigment.

1 Modified sample encoded asZr®_15 SilPr_NP_SDwas obtained bymixing ZrQ
[pristine powder dispersion3 wt.%], colloidal SKJLudoxH$10, 3 wt.%] in 1:1 molar
ratio, the chromophore R©11 [0.05 atoms per formula unit] and LiF [5 wt.%], used as
mineralizer. Sample & mixed and ball milled for 24 h to promote homogenization. The
dispersion was then dried in a lab scale atomizer (spray dry®5SDabPlant) obtaining
a granulated powder which was then calcined in closed alumina crucibles, using an
electric kiln in &atic air, at the maximum temperature of Q00 °C, to give the yellow
Zr-Pr pigment.

XRD (Bruker D8 ADVANCE) equipped with a LynxEye detector, set to discriminate Cu
Y horadiation, in the 10- 80° 2 angle range, with an equivalent counting time of 16 s per
0.02° 2 step, was used to investigate the pigment reaction yield through ctystgbhases
determination. Quantitative interpretation of full pattern was performed by Rietveld
refinement using the GSASXPGUI software package. Colour was measured on grot#rd Zr
pigment by diffuse reflectance spectroscopy (HunterLab Miniscan MSXP400@lata are
expressed as L*a*b* coordinates.
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3.3 Results and Discussion
3.3.1Application of RRS at lab scale / pilot scale level
3.3.1.1 Wet formulation drying

Pristine freeze and spray dried powders morphology was observed byF§BEMaking
images adifferent magnifications, using low current acceleration (Fig. 3).

EHT = 200KV
WB=32mm  mun

Figure 3- Morphology of a) pristine ZeED1 NP, b) spray dried Zt®_ NP_SD and c) freeze dried
ZrG_12_NP_SD samples observed by $1H@ at different magmifation.

As shown in figure Janel g pristine powder had an irregular morphology and a broad
size distribution being composed by both aggregates of few microns and small nanometer
particles. Sample obtained by spray drying (Fig. 3, panel b), was cothpgsgranules of
spherical shape typical of spray dried materials. Freeze dried sample (Fig. 3, panel c) exhibited
thin and irregular sheelike particles, showing that in this case the expected granulation
process did not occur.
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3.3.1.2 Uniaxial pressing

Dried samples obtained in previous step underwent uniaxial pressing obtaining ceramic
pellets, that was weighted and measured before and after sintering, for density
determination. Picture of representative pellets sample and results on pellets density a
reported in figure 4 andable 1.

&0y - 1-2 - NP
(PRISTINE)

20, 12-NP_ 5D
Cstny - BRIED)

>

&0, 9_N- D
Lm )R.u:‘B)

Figure 4- Picture of the pellets obtained by pressing and sintering; from the top to the botjopnistine CP
Zr&_1 NP, ii) spray dried CP Z2r® NP_SD, and iii) freeze dried CP,Zt@ NP_SD sample

Table 1- Pelets densities after cold die pressing or sintering

After cold die pressing After sintering
Sample Code - - - -
Density [g/cnT] % Density* Density [g/cny] % Density*
CP Zr@ 1_NP 21 36 35 59
CP Zr@ 9 NP_SD 19 32 34 58
CP Zr@ 12_NP_FD 24 41 29 49

* related to monoclinic Zro= 59 g/cm?

After pressing, modified CP ZrQ2 NP_FD sample displayed the higher density per
cent followed by the pristine CP ZQ_NP and CP zZz®_ NP_SD samples. This trend
changed after sintering, pristine and modified pelgstmples showed a similar density per
cent, higher than that of the pellet obtained employing freeze dried.Zn@erial. The small
differences detected by comparing density per cent of ceramic pellet obtained by pristine and
modified samples, did not allote appreciate how the different drying process affected the
final powder structure. From a visual observation, sintered pellet, obtained by freeze dried
powder was broken by an extensive crack (Fig. 4, bottom). On the contrary, the modified
ZrQ_9 NP_SDaqwder best looked, because no crack or rift on the pellet was noted after
sintering, as shown in figure 4.
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3.3.1.3 Zircon pigment manufacturing

Zr& NM was tested in a further ceramic application: the manufacturing ePrZr
pigment, one of the best yeMa pigment for optical properties and chemical/physical stability
in ceramic applications. The most important requirement was to display an intense and long
lasting coloration and in the case of zirebased yellow pigments, these property strictly
dependedon the reaction yield. From this standpoint, the performances of pristine and
modified material were evaluated in terms of colour obtained and reaction yiel@r Zolour
was measured by diffuse reflectance spectroscopy and data expressed as L*a*bihetesd
where: L* defined the brightness (0 = black, 100 = white), while a* (+ gréen) and b* (+
yellow, - blue) represented the chroma. In the colorimetric CIE L*a*b* space system, the b*
parameter representing one of the axis (thébbaxis) and & positive values described the
yellow, while negatie values denoted the blue. Imlile 2 are reported a summary of the
colorimetric measurement performed on the investigated pigments.

Table 2- Summary of the colorimetric measurement

CIE L*&b* parameters
Sample Code L* a* b* Cab*
Brightness Chroma Chroma Saturation
ZrQ_14 SilPr_NP 91.14 + (02 -6.23 + 001 37.51 + 02 36.98 + 02
ZrQ_15 SilPr NP_SI  90.92 + 01 -7.73 + 003 42.12 + 004 42.74 + 05

From the data obtained, the modified sampleosved a more positive b* value, thus
GY2ZNE eStt2¢g aKIFIRSé¢Z Ay O2YLI NRazy ¢AGK GKS
coloration of the sample was taken into account also the Cab* parameter, useful to evaluate
GKS al Gdz2NT GA 2y 2 Noéthathe aledNf CatiNadhdi B pabamelaxsP thie 6
modified sample Zr© 15 SilPr_NP_SD displayed a better coloration in comparison to the
pristine one. The pigment reaction yield was investigate throughr$t@ crystalline phases
determination; theXRDpatterns of pristine and modified samples were reported in figure 5.
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Figure5 - XRD patterns of pristine ZsgQl4_SilPr_NP (black) and modified Zrt®_SilPr_NP_SD (red) pigments

Quantitative interpretation ofpristine samplepattern (black pattern) showed a ~ 85
wt.% of yield in the desired FirSiQ crystalline phase, accompanied by ~ 10 wt.% ot ZrO
polymorphs (monoclinic Zepredominated over tetragonal ones) and, not discernible in the
XRDpattern, a ~ 5 wt.% of silieach amorphous phase, expected on thasis of unreacted
ZrQ. The modified sample (red pattern) showed a nearly full reaction yield, as evidenced by
the presence of RErSiQ as main crystalline phase together with two very small peaks,
attributed to tetragonal and monoclinic zirconia phases.

3.3.2 Exposure assessment: diffie measurement

To evaluate RRS of wet formulation drying by freeze or spray dB#wggre performed,
focusing on contamination by NMs in air. INERIS performed &"besasurement campaign”
in GEANiro, industrial parter in theSANOWORtoject, to evaluate if ZrEeNM was emitted
in the workplace due to spray drying and associated operations. As demonstrated by INERIS,
the spray drying did not cause a significant increase in the particulate count, therefore the
introduction of spray drying process may be accepted as RRS.

Unfortunately, the same exposure measurement was not possible for the freeze drying
process, but INERIS performed on all samples aslineffexposure experiment called
GRdza i Ay Saa SE LIS NBdYiSigvastigate poivdedusiness! | TRig offline
experiment simulated the emission of NMs during handling and allowed to compare their
emissivity. The experimental sap, schematized in figure 6, comprised a vortex shaker
instrument which, by theeombined effect of shaking and air flow, allowed the powder to be
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tested to pass in the aerosol phase. The aerosol phase contains the inhalable fraction and for
this reason it was considered for the analysis, collection and TEM observation of NMs.

AIr&  pjrin

particle *

Figure6 - Scheme of experimental seip for dustiness test

To quantify the concentration of NMs released by each sample, two-tireal
measurement instruments were used: the CPC, that delivers a concentration in number of
particles from4nmto® >Y Bjfepdrted ¥sparticle/cm?3) and the APS, that take into
account particlesbetweenp | YR HAn >Y® ¢KS LI NIAOf Sa NBf S| :
sampled by a sampling pump on specific TEM grids employing a MPS. NM size and shape were
investgated by TEM; representative TEM pictures were reported in figure 7.

=4 4 b

¥
{

e e = o

Figure7 - ZrQ particles from aerosol generated from (left to right): i) pristine ZID NP, ii) Zro1 NP,
Zr&_9_NP_SD and iii) ZrA2_NP_FD samples.

As observed by TEM sanmg grids, pristine sample Z#Q_ NP was composed by
particles with jagged and irregular outlines and an high percent of them was of size lower than
100 nm. In the spray dried sample 2r® NP_SD spherical shaped granules were observed,
mainly bigger tharl um. The particle emitted from freeze dried sample were mainly bigger
than 1 pm with irregular but smooth outlines. A summary of the results obtained byneff
dustiness tests are reported iable 3.
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Table 3- Summary of main results of the dustindssts on Zr@powders.

Average particles concentration Dustiness
[particle/lcm?] | [particle/lcm?] by dn by APS
Sample Code by CPC APS Number cor;c. Number cor;c. Op >V
(4 nmc 25 (500 nm- 20 [particle/cm?) [particle/cm?) HAa o >
S Y'L'). V0 (Anm-Hn > (4 nm-330nm)
Zr_1 NP 5585 3065 6400 3000 21
Zr, 9 NP_SD 21 32 46 <10 3'12 ‘21'7 G
Zr&_12_NP_F[ 16 40 38 <10 24

A significant difference in powder dustiness was measured during the experiments.
From the average particle concentration obged both intherange4na2p >Y o0ée [t/ |
500nm-Hn >Y o6& |t {3 letekufied thiNdiode erhissi®e oael Ofltde contrary,
modified samples were of some orders of magnitude less emissive in comparison to the
pristine one. The @of coaser particle measured by AP$OM>Hun >YI &dK2gSR T2
pristine and freeze dried sarfgs the presence of particles ddeut2-2p >Y RAl YS{ SNE
in the spray dried sample were found bigger particles, posed by three population witB.1
-4.7-6H >Y RAI YSGSN®

3.4 Conclusions

NM surface control by both freeze and spray drying teghes were applied on ZpO
NM during formulation drying step anichplemented atpilot-scale level by GENiro. From
the density percentages of green and sintered samples, it was not possible to establish if
granulation process had improved the cold and bonsolidation of ZreNMs; nevertheless,
it was hypothesized a better densification for the modified spray dried ZONP_SD sample.
The manufacturing of ZPr pigment, showed that modified sample was produced with an
higher reaction yield, and showed raore effective color evolution in comparison to the
pristine sample, as confirmed by colorimetric determinations.

To evaluate a possible decrease in powder emissivity by freeze and spray drying as RRSs,
I a0l aAO0 YSIadaNBYSyd OF YLNid Suidg thg Spkils drfidg NJF 2 NJY
operations of ZroNMs. The exposure measurement in workplace proved that spray drying
process did not cause any significant increase in the particulate count and, therefore, the
introduction of spray drying process as RRS rbaypromoted. The offine dustiness
experiment resulted a useful tool to compare, in an-lofe setting, the emissivity of the
involved samples and let to evaluate the efficiency of proposed drying techniques to decrease
the nano aereosol dispersion Zr@owders.
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4. Processing line 3: electrospinng line (polyamide
nanofibres)

4.1 Introduction

4.1.1 Polyamide nanofibre

Several fabrication techniques have been employed to produce NFs, ranging frem, self
assembly! 2, template synthesi& 4, phase separatioff! and electrospinnind®!. Among
them, electrospinning is the most widely studied technique for its industrial scalability and the
potential for NFs mass production. Electrospun NFs were employed in different technological
applications, including filtration embraned” &, sensord?, catalysid'® 11l dyesensitized
solar cell§'? 13 14and fuel cell§®,

Recently, NFs received growing interest in the field of tissue engineéfiirigr the
possibility to tune their compositions and structuresymt those of target tissues. NFs were
employed as scaffolds for the repair of damaged tissues as cérljaone!® and neural*®
tissue. The high surface area of nanofibrous network conferred oxygen permeability and
prevented fluid accumulation ahe wound site, making them ideal substrates for wound
dressings and drug delivef§ 21 22]

PA was employed to fabricate NFs, either alone as filters mat&tiat in composite
NFs, together with lecithi, calcium lactaté®lor chitosan 28], for medical applications.
Notwithstanding the biocompatibility of NF matrices and their wide employ in medical field,
the industrial scale production raised occupational health and safety issues, due to the free
fibres toxicity!?”l and the possible relse during handling®), likely occurring also in related
manufacturing operations.

4.1.2 Description oProcessindine 3

PL 3 focused on a PA nammven nanofibrous material, suitable for filtration purpose,
obtained by the electrospinning process desdrby Elmarco, that provided information on
experimental procedure and sefp. Bayer was also involved in this PL as user of the Elmarco
electrospinning machine. The main steps involved in PA NF production are reported in figure
1.
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[ Polymer solution formulation ]

Palymer precursor, solvents and additives

i

[ MF creation by electrospinning ]

Optimization of process parameter
i

-

[ Deposition on substrate and drying

o

P& material collection
L

[ PA product

Figure 1- Main step inPA electrospinning procedure

Electrospinning is a versatile process by which polymeric NFs, with diameters ranging
from few nanometers to several micrometers, were produced by an electrostatically driven
jet of polymer solution or polymer melt. For PA NEse precursor, Ultramid B27, was
dissolved in acetic and formic acid and then stirred to homogenize the solution. Then, the
polymer solution was feed into the electrospinning machine and process parameter optimized
to obtain desired characteristics. Dt high voltage applied between electrodes, NFs were
created and deposited onto a carrier substrate that allowed the solvent evaporation before
to collect nornwoven nanofibrous material on a roll. PA was deposited on a thin PP support,
air dried and recoved.

4.1.3 Critical step identified and RRS proposed

A general scheme of the PL 3 was reported in figure 2.

| BEFORE | AS ELECTROSPUN
15t STEP 2nd STEP —— 3" STEP ——
PA nanofibers Recovery of PA Manifacturing
—— | supported on PP - .. -
s L3
IMMOBILIZED BY
GELATINE
|AFTER | COATING
RRS proposed A.s
RRS applied ﬁ
PERFORMANCE ' PA nanofiber
evaluated in term of Air permeability

Figure 2- Scheme of processing line 3, showing process step in which RRS were applied and evaluated
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Along PL 3, the relevant steps for health hdzand EA were the recovery and
manufacturing of the nofwoven material (pleating, cutting, drilling) during product
finalization. The two scenarios that took shape with the introduction of RRS were defined as
BEFORE and AFTER.

4.1.3.1 Handling and manufaging

The steps supposed to be critical for the potential of exposure to free NFs, were the
recovery and manipulation operations, like the cutting of PA material, performed at the end
of the PL. During these steps, the RRS of film coating depositionpw@ngplthegelatin as
protective layer,was proposed to avoid free fib release. Thegelatin layer removal from
coated samples was also investigated, to maintain the same filtration performance of NFs
after RRS application. The BEFORE scenario was repesgnhandling of the pristine PA
non-woven materials, while the AFTER scenario was represented by the galatof coated
samples.

4.2 Experimental
4.2.1 Preliminary characterization of polyamide nanofés

The materials used to test the namoven mandiacturing, were pristine PA NFs provided
by Elmarco and encoded &A_1.1_NFPristine sample morphology was observed by SEM
taking images at different magnifications, while the air permeability, linked to filter efficiency,
was measured by Elmarco.

4.2.2 Application of RRS at labcale level
4.2.2.1 Handling and manufacturing

To laver the possibility of free fite inhalation during manufacturing stepgalatin layer
was deposited on PA nemoven. Samples involved are described below:

1 Modified sample, enmded asPA 4.1 gel was obtained by spraying on the pristine
sample four layers of gelatin solution (0.25 wt.% dissolved in 0.01 M PBS, pHi) 7.
using an automatic spragoater equipment (>)CEL MULTITESTA, Aurel).

1 Modified samplePA_4.1_gel_W]lwas oltained performing on PA_4.1_gel sample one
washing treatment with warm water and then drying the sample at room temperature.

1 Modified samplePA_4.1_gel_W_2was obtained performing on PA_4.1_gel two washing
treatments with warm water and then drying thersgle at room temperature.

Samples washing procedures were optimized by Bayer, that perform SEM observations
to evaluate the removal of thgelatin layers. EImarco evaluate the filtration performance of
the samples involved by measuring their air permespbili
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4.3 Results and discussion
4.3.1 Preliminary Charaerization of polyamide nanofilbes

Pristine sample morphology was observed by SEM taking images at different
magnifications. As shown in figure 3, most of NFs showed diamateuosid 100 nm, but also
few fibres aggregates with diameter close to 1 um, were found in the sample.

Figure 3 Pristine PA_4.1_gel sample morphology by SEM images.
4.3.2Application of RRS at labcale level
4.3.2.1 Handling and manufacturing

Modified sample obtained adr the gelatine deposition were observed by SEM (Fig. 4).

PA_4 1_NF Mitte “unten” Nanovies

PA_4.1_NF A W, Nanoylies
A LS S v

20000 1 )
L021003RE106 200001 L021004RE 106

Figure 4- Morphology of the gelatine coated PA_4.1_gel (left) and washed PA_4.1_gel W1 (right) samples by
SEM images.

The images obtained showed that the gelatine layer was homogenouggdpn the
fibres surface, taking the shape of a continuous coating, especially in those region in which
fibres were more closely arranged. After the gelatine washing, performed with warm water,
only few spots of coating were found in the sample. Howewbserving the NF morphology,
the heat treatment seemed to cure the fibres structure, reducing the space between fibres
and, therefore, the porosity of the materials.

Air permeability of pristine PA_1.1 NF and modified PA_4.1 NF, PA 4.1 NF W1,
PA 4.1 NF_W=2amples was measured by Elmarco, according the European Standards for
Filtration Materials (Table 1).
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Table 1- Summary of the air permeability measurement

Sample code Ai[rmp;/errnmzlergiai]lity
PA 1.1 NF 244
PA 4.1 NF 0.97

PA 4.1 NF W1 0.72
PA 4.1 NF W2 0.03

The permeability of modified samples PA_4.1 NF was lower than that of pristine
material due to gelatine film deposition. Unfortunately, as evidenced by the data collected,
the washing treatment applied to check the NF structure recoveftgr avashing out the
protective gelatine coating, was detrimental for the performance of the samples, because air
permeability decreased with the number of applied treatments.

4.3.3 Exposure assessment: difie and onsite measurements

EAstarted fromad o F &aA O YSIF adzNBYSyid OF YLI A3Iye SAGKA
emission of PA NFs during the handling and manufacturing steps, supposed to be €otical.
identify the presence of PA NFs, thewas chosen as tracer element, being the component
of NFdess commonly detected in the ambient air. Therefore, the exposure investigation was
focused on fibrous Montaining materialsThe instruments used by Ineris were the same used
in the other measurement campaign to compare the results obtained. The ne@l@PC was
used between the main potential sources and outlets, to determine the total particle
concentration in number, intherange 10mm >Y® | ¢9a 3INAR al YLIX SN
measure the NPs near to the respiratory system, collecting them on gp€EiM grids, which
were observed.

The characterization of the background aerosol noise revealed a high number of
particles,in the order of 3000 particles/crd, with k6 SG6SSYy mn yY YR m >°
droplets, soot and debris, that were commonly falim ambient air and typical of building
materials, but Ncontaining filses were not detected. During the cutting operations of the
sheet of PA NFs, no significant increase was found in the particle count, that fluctuated
between 3000 and 4600 particles¢n?. Despite a detailed study of the material found on the
grids, no PA fibrous species were identified, the only particulates observed being the same
found in the background aerosol.

Fibrerelease during cutting operations was further investigated by Baye Ineris in
an oftline setting. To avoid interference by ubiquitous particles and perform safe
experiments, the cutting experiments were carried out izlabox rebuilt into a glove box.

The SMPS, the optical particle counter PDM and the NAS werecid to the z box and
when PDM stably showed zero, the NAS was switched on to start the experiment. Prior to
start, it was performed a measurement test in the glove box without tools and samples, just
moving the gloves. Results gave an uncertaintybmfua + 3 particles/crismaller than 300

nm and + 0.02 particles/cfrbigger than 300 nm, depending on the user. After that the zero
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background was reached again in thb box, the PA layer was detached from the substrate

and cutted. During this operatioparticles detected were 2/cfof diameter < 100 nm and
2.20/cm?® of diameter < 300 nm. Therefore, from the data obtained, free NFs were not
emitted, as shown by the insignificant change in their concentration during PA cutting
operation. To investigate theorphology and composition of the emitted particles, sampling

grids were subjected to TEM observation and particles found to EDS analysis (Fig. 5). From
SEM image and EDS analysis, neither PA NFs were found in SEM image nor nitrogen was
detected by EDS, nfirming the absence of PA NFs emitted during the cutting.

50000 - 1 i

Figure 5 Sampling grid image showing two area subjected to EDS analysis and respective spectra.
4.4 Conclusios

RRS of film coating deposition were applied on PAwowen materials to contl free
fibre emission during handling operations. The gelatine coating process was successful, but air
permeability of modified samples, both before and after washing treatment, was impaired.
These results may be justified by the delicate structure ofnifErix, that may be easily
damaged by coating and washing procedures, that worsened the properties of the finral non
woven materialsin term of exposure, no PA NFs contamination in air was found in a basic
measurement campaign, either in the backgroundloring the cutting operations. This result
was obtained also when cutting experiments were performed in thebox, confirming the
unlikely exposure to PA NFs by the workers.
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5. Processing line 4: electrospinning line (i®anofibres)

5.1 Introduction
5.1.1 TiQ nanofibres

Among several fabrication techniques reported to produce NFs, the electrospinning is
the most widely studied for its industrial scalabiléynd potential for mass production.
Electrospun NFs of Ti@ere employed in different technological applications; for example,
in catalysis Ti©NFs decorated by Pt nanowires were employed to produce filtration
membranes showing excellent catalytic aittes for the hydrogenation of methyl rét?l. A
catalyst with excellent sintering resistance was synthetized supporting Pt nanoparticles on
TiQ NFs, followed by porous Si€oating®l. Moreover TiQNFs doped by Ag N or with
CNT#®! were emploed for dyesensitized solar cells.

Electrospun TieENFs, employed as send@yexhibited an exceptional sensitivity to NO
Nanograins of polyaniline enchased on electrospun, N® surface were employed as
ultrasensitive nanostructured sensor for Nd¢tectionl”). Furthermore an highly sensitive and
stable humidity nanosensor based on tdGped TiQ NFs was prepared through
electrospinning and calcination techniqués Recently, NFs received interest in the field of
tissue engineering! for the possibility to tune their compositions and structures, mimic those
of target tissues. Nanofibrous network, being able to confer oxygen permeability and prevent
fluid accumulation at the wound site, has been employed especially for wound dressings and
drug ddivery 1911121 Hybrid Polyurethane/ T®ONP membrané!® and silk fibroin/Ti@
nanofibrous mat$'¥l were employed as wound dressing. Furthermore,TNB's containing
hydroxyapatité'® and Ag NP or TikONFs immobilized on Ti(lates!*6l were invesigated as
future materials for implant applications.

Despite the biocompatibility of NF matrices and their employ in medical field, the
industrial production raises occupational health and safety issues, due to free fibres hazardous
properties 171 and the possible release during handliri¢gf! and related manufacturing
2LISNI GA2yad C2fft2Ay3d GKS GaFAONBE LI GK23ISYyAO)
biopersistence, dictate whether or not a fibre will be pathogenic when inhaled from an
airborne cloud!®. Therefore irSbyDapproach, these fibres parameters have to be controlled
to lower the NF health hazard.
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5.1.2 Description of the Pcessindine 4

PL 4 focused on a Ti®@anofibrous material, suitable for solar energy application,
obtained by tke electrospinning process designed by Elmarco, that provided information on
experimental procedure and sefp. Bayer was also involved in this PL as user of the Elmarco
electrospinning machine. The main steps involved in Ni©production are reported iigure
1.

Palymer precursor, solvents and additives

[ MF creation by electrospinning

Dptimization of process parameter

k.
-
[ Deposition on substrate and drying
Til), material collection
k J
[ Calcimatiomn
P »rraval
k.
[ TiD, MF product

Figure 1- Main steps inTiQ electrospinning procedure

Electrospinning is a versatile process by which polymeric NFs, with diameters ranging
from few nanometers to several micrometers, were produced by an electrostatically driven
jet of polymersolution or polymer melt. For T¥kFs, the precursor, titanium butoxide, and
the template, PVP R0, were dissolved in ethanol and then stirred to homogenize the
solution. Then, the polymer solution was feed into the electrospinning machine and process
parameter optimized to obtain the desired NF characteristics. Due to high voltage applied
between electrodes, NFs were created and deposited on a carrier substrate, that allowed the
solvent evaporation before to collect nemoven nanofibrous material on a lioTiQ was
deposited on a thin PP support and air dried. To remove the PVP template, the electrospun
non-woven was peeled off from the PP substrate and calcined, obtaining a whiteNFO
powder.
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5.1.3 Critical step identified and RRS proposed

A geneal scheme of th PL 4 is reported in figure 2.

| BEFORE | AS ELECTROSPUN

15t STEP 2n STEP 3rd STEP —— 4th STEP ——
TiO, NF Recovery, Calcination Manufacturing

Weighting, o
HH[ Handling ﬂ 5,
|AFTER | DECREASED A/R

RRS proposed '

RRS applied G

PERFORMANCE 4 Ti0, nanofibers
evaluated in term of Band Gap Energy

Figure 2- Scheme of PL 4, showing the process step in which RRS were applied and evaluated

Along PL 4, the relevant steps for health hazard BAavere the recovery and handling
of the NFgluring product finéization. The two scenarios that took shape with the introduction
of RRS were defined as BEFORE and AFTER.

5.1.3.1 Handling and manufacturing

The steps supposed to be critical for the potential of exposure to free NFs, were the
recovery and manipulation @pations, like the weighting of TiOperformed at the end of the
PL. The RRS of wet milling was proposed to homogenize fibres AR (i.e. NF length /NF diameter)
to decrease NF health hazard. The BEFORE scenario was represented by handling of the
pristine TO> NFs, while the AFTER scenario was represented by the use of wet milled samples.

5.2 Experimental

5.2.1 Preliminary characterization of Ti@anofibres

The material used to test the Ti@andling was pristine TEONFs provided by Elmarco
and encoded a%$iG;_1_NF Pristine sample morphology was observed byTH (JEOL JEM
2100F, USA) and SHMEG (Zeiss, DE) taking images at different magnifications, used for
particle size distribution. The thermal behavior of fiborous material was evaluated by TGA and
DSCThermal analysis was performed in a simultaneous thermal analyzer STA 449C (Netzsch,
GE) using a temperature ramp of 10 °C/min from 25 up @0Q °C. Thdy, selected as
functional properties, was determinatey CNRISTEC through spectrophotometric meth
employing a LAMBDA 35 spectrophotometer (Perkin Elmer, USA) equipped with integrating
sphere LABSPHERE R&20.
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5.2.2 Application of RRS at lsdzale level
5.2.2.1 Handling and manufacturing

To decrease NM toxicity and lower the possibility of fifgge inhalation during
manufacturing step, a wet milling was performed on2NB. Samples involved are described
below:

1 Modified sampleTiC;_8_sol_BMwas obtained by dispersing the pristine sample in acid
(pH = 3) distilled water (nominal [T wt.9%9 and then ball milling the sample for 9 h
using Zr@beads of 3 mm diameter as grinding media.

1 Modified sampleTiG:_9 sol _BM was obtained by dispersing the pristine sample in acid
(pH = 3) distilled water (nominal [BIB wt.%) and then ball milling ¢hsample for 2 h
using Zr@beads of 3 mm diameter as grinding media.

1 Modified sampleTiOQ:_10_sol_BMwas obtained by dispersing the pristine sample in acid
(pH = 3) distilled water (nominal [TAC wt.%) and then ball milling the sample for 4 h
using Z©; beads of 3 mm diameter as grinding media.

1 Modified sampleTiQ_11_ sol BMwas obtained by dispersing the pristine sample in acid
(pH = 3) distilled water (nominal [TAC wt.%) and then ball milling the sample for 6 h
using Zr@beads of 3 mm diametas grinding media.

{FYLX Sa 6SNB FTA{GSNBR dzy RSNJ @I Odzdzy dza Ay 3
°C to regain the NFs in form of powder. After drying, further handmade grinding was not
performed to avoid changes in the samples. The modified sammorphology and AR were
assessed by SENEG (Zeiss, DE) images and particle size distribution. gTdfentodified
samples were investigated by GISIEC through spectrophotometric method, employing a
LAMBDA 35 spectrophotometer (Perkin Elmer, USA) eqdipgth an integrating sphere
LABSPHERE RI220.

5.3 Results and discussion

5.3.1 Preliminary characterization of Ti@anofibres

Pristine sample morphology was observed by THERI and SENMEG, taking images at
different magnifications (Fig. 3).
a)
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b)

Figure 3- Pristine Ti@_1_NF sample morphology by a) TBMand) STEMSE images.

From TEMBF and STEMAADF images, pristine sample appeared to consist of discrete
units of primary NPs. TEMDS spectra showed the presence of Ti and O. iy NFs
significantly varied in length and diameters because of the agglomeration of the fibres.

AR distribution Pristine

8

6

4

| |

o Il . [} |

3 8 131823283338434853586368 7378 83889398
Nanofibre length (um)

Frequency

Figure 4- Pristine Ti@ 1_NF sample morphology and AR distribution by SEM images.

SEM images showed that samples were agglomerated together (Fi§ingle fibre
diameter was found to be between 20 nm, while agglomerated fibres showed a diameter
of 150- 500 nm, depending on the amount of single fibres connected. The average AR
calculated for pristine sample was.38

sty (cps]

Intensity feps)

Z-theta(deg)

Figure5 ¢ XRD spectrum giristine TiG:_1_NFsample.
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Figure6 - TGA/DSC analysis of pristine IiD NF sample.

From XRD spectra provided from Elmarco jidhe crystalline phase in pristine sample
was anatase. The thermal analysis (B)gshowed an overall weight loss ofv.% ca. up to
1000 °C, confirming that no PVP residue was present on pristine NFs after calcination.

5.3.2 Application of RRS at ledrale level

5.3.2.1 Handling and manufacturing

¢ KS TAO0NRdza

AKIFILS 2F | ba

KI &

bESYULORYAAR!

of failed phagocytosis and the translocation in various biological compartments. Moreover,
long fibres cannot be phagocytized and cleared, resulting in an higher toxic pot&htial
Therefore RRS of wet ball milling was proposeddmbgenize and decrease NF length, and,
as a consequence, their aspect ratio. Modified samples, obtained after different ball milling
time, were observed by SENEG (Fig).
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Figure7 ¢ Morphology of theball milleda) TO._8_NF, b) Ti©9_NF, c) Ti©10_NF, d) TiD11l_NF samples
and their AR distributions calculated from SEMG images.

The AR of pristine T#O1L_NF and modifiedamples was calculated from féength and
diameter obtained by SEIMEG images (Table 1).

Teble 1- Summary of AR determination for the TilF samples.

Sample cods Milling Average lengtt _ Average AR AR AR
time [h] [um] diameter [um] Min. Ave. Max.
TiO_1_NF 0 9.93 0.34 453 2854 89.90
TiO,_8_NF 9 2.78 0.36 411 7.82 1693
TiO,_9_NF 2 842 042 3.90 19.80 7856
TiO,_10_NF 4 5.84 0.38 267 15.09 6055
TiO_11_NF 6 3.68 0.35 1.72 1027 4081

Thus, the process of ball milling seems to be an efficient method to homogenize and

decrease NF AR. The pristine material showed a broad AR distribnatiying from about 5

to 90. Increasing milling time, the NF lengthas reduced from 9.9 to .um, giving a lower

l'w YFGSNRAFE® C2ff20Ay3 (KS aFAONBE LI K23ISYyAO
a certain diameter and length and, moreover, lie not biopersistent?l. An aerodynamic

diameter >3um, make the NM too thick to be inhalable, being the-offtfor inhalation in

KdzYl ya I NRdzyR p >Y Fa SNRReylIYAO RAFYSGSNI 6
approximately evaluate as-tdnes the actual diameter}??l. A fibre length @ >Y g 3
demonstrated to be a value that hinder frustrated phagocyt88ig'. Finally, a NF should be
not biopersistent to undergo a rapid dissolution in the lungs. Modified samples maintained

Q
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the samediameter of pristine sample:34-0nH >Y3X 06St2¢ GKS alFS NIy
reached a length lower than 5 um only after 6¢thXn m m YamdCOh ¢ Ay Y lofCniling
treatment. Due to the high inhomogeneity of the pristine sample, long fibres remaaisal
after milling, affecting the value of the average AR. To remove the longer fibres, a preliminary
filtration should be applied and coupled, if required, with a longer milling time.

The intrinsic production of ROS of 7NIFs and the bench mark contsdlcrocidolite and
P25 TiQ were assessed by @ocubation of the particles with a spin trap (Tempeig to
detect the release of oxygen centered free radicals. The signal created by the production of
ROS was compared to vehicle control (phosphate buFfey)R I L2 AA G A GBS O2y (N
pyrogallol) and the results are shown in figu8 with some representative spectra shown in
figure9.

koK
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Figure8 - EPR signal intensity after-tacubation with long Ti©) 1 _NF, ball milled T#O8 NF, UICC crocidolite
andP25. Results are expressed as mearstadndard error of thanean(sem) (n = 3). *** p < 0.001, ** p <
0.01, * p < 0.05 versus vehicle control.
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P25

Figure9 - Representative EPR spectra aftefigoubation with long TiO2_1_ NF, ball milled TiO2_8_NF,
UICC mcidolite and P25

The long and ball milled TAIFs did not induced significant ROS production above
vehicle control, showing a signal not significantly different from that of P25, employed as
benchmark material. These results suggested that the reactivas primarily due to bulk
chemistry, as demonstrated by the fact that there was no difference in ROS production
between the long and ball milled TA®IF with the same bulk chemistry, while crocidolite,
characterized by different bulk chemistry, causeghhlevels of ROS production.

To evaluate if the RRS of wet milling preserved the functional properties of the material
in energy applications, the N was evaluated througlspectrophotometric method. As
reported in literature the variations d&; for NFsample may be attributed to their morphology
and sizé?22324and usually an increase of & expected decreasing the material size. This
phenomenon, described as "quantum confinement effect”, was mainly caused by the high
surface energy of NF. Thefeeence values difor bulk TiQ materials were 3.2 eV for anatase
phase and.0 eV for the rutile one. Irable 2 are reported the particle size aBgfor pristine
and modified samples.

Table 2- i of the TiQ NF samples.

e i B
Tio,_1_NF 0 9.93 2854 3.022
TiO, 8 NF 9 278 7.82 3.108
TiO, 9 NF 2 8.42 19.80 3.096
TiO,_10_NF 4 584 1509 3.064
TiO, 11_NF 6 368 1027 3.127

58



As general trend, extending milling time the fibresgéndecreased and thek; became
wider; therefore RRS of wet milling may be a good method to homogenize and reduce NF AR,
increasing their functional properties. Basing on the AR, EPRgaedults, the Ti@ 8 NF
sample was selected for toxicity evaluatj being this sample expected to be less toxic (lower
AR and ROS production) still maintaining a good functional performance.

5.3.3 Toxicity outcomes

To evaluate the health hazard reduction following the introduction of RR&,
toxicological profile of iD, NF and its modified, bathilled, form were studied in vitro and
compared.Cell lines employed have been chosen by biologists as a function of the involved
industrial scenario and NM application. In all processing lines the exposure was supposed to
ocaur mainly by inhalation, thus fatiability and cytotoxicityests, two cell lines were selected:

A549 and RAW 264.7 cells, alveolar epithelial cells and macrophages, respectivebelBoth
types were typically encountered by NMs after inhalation andrtivgtieraction determined

the biological outcome of the exposureor toxicity evaluationJICC crocidolite and P25 were

used as benchmark materials. UICC crocidolite significantly increased the EPR signal detected,
suggesting its ability to seffenerate ®S. However, neither ROS or signs of oxidative stress
were found in the DCFH assay. On the contrary, the results of the tests performed, indicated
that crocidolite significantly reduced the level of GSH in macrophages and increased the level
of lipid peroxdation in both cell types, indicating an oxidative stress.

Pristine Ti@_1_NF exhibited a marked cytotoxicity versus A549 epithelial cells, but was
found to be only mildly toxic for RNV 264.7 macrophages. Both pristine and modified NFs
gave a small EPRysal suggesting they may intrinsically produce ROS. However, in cell culture
medium, no ROS production was evidenced employing the acellular DCFH assay and no sign
of oxidative stress was evidenced by the DCFH assay in both macrophages and epithelial cells
The oxidative stressvas associated with a significant decrease in the level of GSH in
macrophages following incubation with the pristine, but not with the modified> TBONF
sample. Finally, a small signal for TBARSs suggested that both pristine artiatsidéorms of
Ti NF may induce a slight lipid peroxidation in macrophages. The results obtained showed
that ball milling procedures significantly reduced the cytotoxic effects ob TIONF on
epithelial cells, as well as their effects on the epithdbairier and oxidative changes, thus
confirming the relevant role of AR in determine the cytotoxicity of fibrous materials. On the
other hand, the modified Ti©8 NF sample exhibitednahigher capacity to activate
macrophages and, therefore, it was expadto be more prenflammatory than the pristine
sample.

To study how cells interact with NF materials tested, IOM treated macrophages with
sub-lethal concentration of the NF material involved, to observe cell morphology and sign of
GFNHzA ONI §SRE LIKE 320980 dEATDP p0P 2 KSY YI ONRLKI
crocidolite fibres, they tried to engulf the NF material by spreading along it. However, when
ONRPOAR2fAGS FTAONBAa ¢6SNB G22 f2y3 F2NI oSAy3d A
phaglDeé 12arAaé¢d ¢KS alyYS aAadda drzy g a 20aSNBS
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pristine TiQ_1_NF sample. On the contrary, when cells were treated with either Aeroxide®
P25 or the ball milled T¥EO8 NF sample (Fi@0), they kept their round shape and no sigf
GFNHZA OGN SR LIKFI20802araé oa 20aSNUSRO

a)

b)

d)
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Figurel0- Charaterization of cell/materials interactions by SEM. Macrophages were seeded on coverslips and
GNBFGSR F2NJ un K ¢A0K R $heprgparations wedeHixed and deN@ratdd deforeli mn >
being mounted on stub for SEM analysis. Representatiages at increasing magnification were taken a)
untreated cells, b) UICC crocidolite, c) pristine2TIONF sample, d) modified Bi@_NF sample, e) P25

The ability of long fibres, or high AR materials, to engage with macrophages and to
0 NA 3ISNSRa FINRKHEATIND &l 2 aAaé 61 & | f NBlFRe PBE({ISyanc
Altogether, these results showed that the pristine 7®DC Ay RdzOSR LI G K2f 2 3A C
LIKF3208i2ardaé Ay YIONRLKIISE dzytA1S (&S Y2R]
material for this particular engboint. RRS strategy proposed seemed to significantly mitigate
cytotoxicity, frustrated phagocytosis and oxidative stress, although producing a modified
material with a greater pranflammatory activity, likely related taPS contamination during
the ball milling procedure.

To investigate the effect of prolonged exposure to ;TNF, genotoxicity tests were
performed with A549 and Balb/3T3 cells; in both cell lines; $&Mples showed a genotoxic
potential in vitro. Genotoxcity, evaluated by different endpoints, showed that Ti© NF
induced chromosome damage, DNA strand breaks and oxidation and cell morphological
transformation characteristic of tumorigenic cell¥he modified TiQ 8 NF sample and the
benchmark material ©@cidolite resulted carcinogenic towards Balb/3T3 cells in vitro, showing
that balkmilling did not affect the genotoxic potential of involved NF sampfsch as
previously observed for the PL 1 and PL 5 NM, the solvent controls showed genotoxic and
cardnogenic potential, suggesting that the effects observed may be not due exclusively to
badx odzi Ffaz2z G2 GKSANI az2ft@Syidsz GaKFG Yle& L
O2y il YAYlLYy(aéo

5.3.4 Exposure assessment: diffie and onsite measurements

EAstarted from a "basic measurement campaign” in Elmarco settings to verify the
emission of Ti@NFs during the handling and manufacturing steps, supposed to be critical.
The exposure investigation was focused ostdritaining fibrousThe instruments used by
Ineris were the same used in the other measurement campaign to compare the results
obtained. The real time CPC was used between the main potential sources and outlets, to
determine the total particle concentration in number, in the range 10qwvn > Y ® gtid ¢ 9 a
sampler was employed to measure the NPs near to the respiratory system, collecting them on
specific TEM grids, which were observed by TEM.
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The characterization of the background aerosol noise revealed an high number of
particles,in the order of 3000 ¢ 4 000 particles/crd. From TEM grid observation, these
particles were mainly composed by oil droplets, soot and debris, commonly found in ambient
air and typical of building materials. But from EDS analysis, none of these particles seemed to
arise from TO, NFs, because Ti was not detected. Different common handling operations were
considered and evaluated, from the oven opening to the fibre transport, ground and

packaging (Fig.1).
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Figure 1 - Temporal monitoring of particle concentration evolutionrthg preliminary campaign by Elmarco

The count increased sharply, reaching a maximum of ne@i06articles/cm, during
NF handling operations. Concurrently with the increased particle cénomh the observation
and EDS analysis of sampling grids,heicles collectedavealed the presence of TAQIFsS,
that did not represent a numeric majority, but were immediately apparent due to their size.
The TiQ fibres were generally of sulmicron length, whereas their diameter was generally
between 150 nm an&00 nm.

5.4 Conclusions

To reduce the related health hazard, TiIOF samples were subjected to a wet ball
milling treatment as RRS. The milling procedure allowed to homogenize and redudeFTiO
AR. From the evaluation of LHI®F functional performance, amprovement of functional
properties may be hypothesized, as extending the milling time the NF length decrease and
their By become wider.

To evaluate an health hazard potential mitigation due to RRS application, pristine and
modified samples toxicity werevaluated and compared.he RRS strategy proposed seemed
to significantly mitigate cytotoxicity, frustrated phagocytosis and oxidative stress, although
producing Ti@ NF with a greater pranflammatory activity, likely referable to LPS
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contamination. Balimilling significantly reduces the cytotoxic effects of2INB's on epithelial
cells as well as their effects on the epithelial barrier and oxidative changes, confirming the
relevant role of AR in the cytotoxicity of fibrous materials. The modified BIONF sample,
exhibited an higher capacity to activate macrophages and, therefore, it was expected to be
more proinflammatory than the pristine sample.

During preliminary exposure measurement campaign, ne@ @mdssion was detectable,
neither by a particleount nor through sampling, until the TA®F material was manipulated.
As soon as handling operations begun, under a switgfeflme hood, a significant peak was
observed. The sample collected on sampling grid during the transfer and grinding operations
revealed the presence of TiONFswith diameter between 150 and 500 nm and sub
micrometer length.
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6. Processing line 5: spray coating line (Ag and Aianosol)
6.1 Introduction

6.1.1 Ag and Ti&nanomaterials

The extensive literature on Ag NP synthesis and engineering, demonstrates an
increasing attention on this material, already known and broadly used since long time for its
strong antibacterial effect8l. Nano Ag has been synthetized in different size and shape
employing many methods, including chemical reductfof, polyol methal [* 5 61 and more
environmentally friendly methods such as photochemi@alpolysaccharide or biological
methods(®l. Ag nanomaterial has been also synthetized in form of nanocompésfte core
shell- 12 and nanoalloy!3 14

The antibacteal activity of Ag material together with the possibility to obtain controlled
size and shape, have been exploited in many field, first of all in biomedical applié&tion
Nano Ag has been investigated as promising candidate in wound dré¥3jrayosthetic
devicell”l andin bone repair compositésl. As a further application, in recent years, nano Ag
was investigated for antibacterial coatifi§ 2% and as antibacterial additive in pait, by
which the antibacterial property of Ag material svaonferred to different substrate.

Different synthetic procedures have been developed and reported in literature to obtain
nano TiQ dispersion and powders, including sgél 22 23 241 and modified sobel 2%,
hydrothermal (261, combustion?l or flame [?8] synthesis.TiO, is a semiconductor and
photocatalytic oxide, that by interaction with light of comparable energy to its band gap,
produces electron hole/pairs that reacts with adsorbed water and dissolved oxygen to
produce ROS. These radicals @admnaterials adsorbed on thEO; surface, leading to their
degradation to C@and HO™?. For this propertyenhancedby its nanoscale, Tihas been
extensively employed in catalysis, either alone, doped, or in nanocomposite, for-water
splitting!2%31 to oxidize organic mattd#3l andto decompose environment pollutant®- 33
34 Nanosized Tighas been employed in many coating application..Til® has been used
for air and water purification, heat transfer/dissipation and as anticorrosigana®.. TiQ
allows to obtain antibacterial and sedferilizing®®®! surfaces. Ti@coating has been used in
anti-fogging application because it can phetaluce hydrophilicity®” 38 39 on treated
substrate. The ability to decompose organic molesulinder UV irradiation suggested its
employ as seltleaning coating for different surfacéd, especially for textilél 42

When NM are involved in different applications in medical fields, their hazardous
properties should be carefully considerefis reported, within toxicological paradigms nano
size dimensiont*3, presence of contaminarit4, high aspect ratioshape!*®, redox and
acidic/basic properties as well as surface ch&%enayinfluence NM toxicity.
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6.1.2 Description oProcessigline 5

PL 5 consider the procedure owned by Colorobbia, that provided Ag apthdndsols
as well as information on synthetic and spray coating procedure, letting available the
industrial scenario for the evaluation and implementation of RRS. The steps of schel
synthetic procedure are reported in figure 1.

TiO, alkoxide precursor in acid
environment and surfactants

[ Preparation of precursor solution ]

Controlled addiction
[ Reduction of Ag salt precu.r.sor in ] [ Large particle aggregates ]
presence of PVP as stabilizer
Control of process parameter Control of process parameter
[ Ag® nanacluster formation ] [ Peptization ]
Formation of PYP@Ag particles Formation of primary particles
[ Dark brown Ag sol ] [ TiO, bluish milky sol ]

Figure 1- Colorobbia Ag (left) and Ti@Qight) nanosol synthetic scheme

Ag NPs were obtained by reduction of a solution of Ag salts in presence of PVP, glucose
and NaOH. In the synthesis, themperature control was critical for final Ag nanosol
properties and characteristic. The final sol appeared as a-lolankn solution, due to the
plasmon band of Ag NPs and their high concentration in the dispersion.

Titanium dioxide NPs were produced hbywl temperature solel technique. The
precursors were titanium alkoxide, inorganic acid, surfactants and water. The reaction
temperature was a key parameter and had to be controlled to promote the peptization
process of the large particle aggregates ob¢girat the beginning of the reaction. The sol
200N AYSR I FGSNI I LINBRSTAYSR NBIFOGA2Y GAYS
effect.

The sols, as they were synthesized, or after their dilution with water or alcohol, were
sprayed on the surfacef anaterial to be coated by spray gun technigliée coated ceramic
or glass tile was conveyed along an electric kiln where a thermal treatment allowed to fix the
coating to the surface of the material. Depending on the nature of surface, the thermal
treatment were carried out at temperature about 500 @0 °C, for glass and ceramic tile
respectivelyAt the end of process line, the tiles coming out from the oven were removed and
let to cool.
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6.1.3 Critical step identified and RRS proposed

A general schrme of PL 5 is reported in figure 2.

BEFORE UNCOATED NP

LUSTEP - —= 2" STEP —— 3 STEP 4t STEP
Ag & TiO Spray-coating Curing Quality check

COATED NP
TiO;: silica, citrate

AFTER | Ag: silica, gelatine

RRS proposed '
RRS applied ﬁ

*

Figure 2- Scheme of PL 5, showing process steps in which RRS were applied and evaluated

Along PL 5, the key step for health hazard BAdvas the spray coating operation. The
two scenarios that took shape with the intfuction of RRS were defined as BEFORE and AFTER
one, in relation to NMs employed.

6.1.3.1 Spray coating

The critical step to be monitored was the spray coating of the substrhte,to the
potential NM emission that may imply a critical exposure spotiforkers. During this step,
different RRS were proposed both to decrease NM exposure and toxicity and maintain or
improve NM technological performance. Ag was subjected to blending with colloidal SiO
purification and surface coating. Tias modified byblending with colloidal Si) surface
coating andspray drying. The BEFORE exposure scenario was represented by the spraying of
the pristine sol, while in the AFTER exposure scenario modified sols were employed. For
clearness, in the following paragraplietexperimental activity involving Ag and Fm@nosols
will be reported and discussed separately.

6.2 Experimental
6.2.1 Preliminary characterization of involvatanosols
6.2.1.1 Preliminary characterization of Ag sample

Pristine Ag, encoded a8g_1 sol was provided by Colorobbia and subjected to
preliminary characterizations. NP size distribution, shape and presence of a crystalline phase
were obtained by HREM (JEOL JEMOOF, USA).nchnd ZP were evaluated by a Zetasizer
nano ZSP (Malvern InstrumentdK). XRF (Panalytical Axios Advanced, NL) or AAS (Perkin
Elmer, USA) were employed to evaluate Ag concentration. To assess the presence and amount
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of stabilizers, an aliquot of sol sample was dried and subjected to thermal analysis; TGA tests
were performed in a PASTA 1500 (PL Thermal Science, UK), using a temperature ramp of 10
°C/min from 25 up to 600 °C in air. Different techniques were employed to separate the Ag
NPs from its cationic fraction; the SC (100 kDa, Merck Millipore) and the CFU (Amieen Ult
15, 10 kDa, Merck Millipore) were employed, allowing to retain Ag NPs and filtrating the Ag
ions.

Sample antibacterial activity against Escherichia Coli was selected as material functional
property and assessed by Colorobbia laboratory. Escherichiat@ah ATCC8739 was chosen
as model microorganism for inactivation experiments. For the antibacterial activity assay the
pristine and purified Ag samples were diluted with Mdllwater and used as Ag stock solutions.
The inoculum containing 1 ml of baci@ suspension (Exell/ml) in 9 ml of MilliQwater was
used for unexposed control, in the other test 1 ml of bacterial suspensidhc&ldml) was
added to 9 ml of the Ag stock solution. After 2, 24, 1 ml from each sample was recovered,
diluted, inoculated in a culture agar plate and incubated, then after 48 h the viable cell count
was performed. The antibacterial activity of Ag nanosols was calculate using the following
equations:

R log = [log(B/A¥, (log(C/A))] = [log(B/C)]
where:
R log valueof antibacterial activity
A: average of viable bacterial cells on untreated samples at 0 h of exposure time
B: average of viable bacterial cells on untreated samples at 24 h of exposure time
C average of viable bacterial cells on Ag nanosol treated samgie24 h of
exposure time

R % =100 x (BA)x B
where:

R % value of antibacterial activity

A: average of viable bacterial cells on Ag nanosol treated samples at 24 h of
exposuretime

B: average of viable bacterial cells on Ag nanosol untreated sangle?! h
exposure time

Before the antibacterial activity assay the total Ag concentration in the Ag stock solution
was determined by a Liberty 200 FOES (Varian, AU), as well as thédsgpcentrations. The
Ag' content in the samples were obtained filtag an aliquot of these through CFU (Amicon
Ultra-15, 10 kDa, Merck Millipore) and measuring the Ag concentration in the filtrate, being
the filter able to retain Ag NPs. Each test was conducted in triplicate.
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6.2.1.2 Preliminary characterization of T&ample

Pristine TiQ encoded asTiOG;_6_so| was provided by Colorobbia and subjected to
preliminary characterizations. HREM (JEOL JEMOOF, USAyas used to assess the particle
size distribution and shape. Size and ZP were evaluated with a ZetasiweZ 82 (Malvern
Instruments, UK). XRF (Panalytical Axios Advanced, NL) were employed to measure TiO
concentration in the dispersion. Crystalline phase of;Tw@s investigated by XRD (D8
ADVANCE, Bruker AXS, GE) on a dried sample.

Selfcleaning propertis in pristine and modified samples were evaluated by the
photodegradation efficiency of RhB dye, performing test on sols at room temperature. In each
test, the total volume of the dispersion to be tested and its RhB angchi@ent, were kept
constant repectively at 25 ml, @07 mg/ml and 3 wt.%. The sol samples T8 sol,
TiQ_18 sil_sol or TiD36_cit_sol or the TiHD15 NP_SD dispersion, were placed in a becker;
then, under magnetic stirring, the RhB was added and the dispersion irradiated with an UV
radiation intensity of 3 mW/cn? (Osram ULTRXitalux lamp). The RhB degradation progress
were monitored at regular times by collecting 3 mL of thepdrsion and measuring the
F6a2NblyOS G < I' ppn Y WisAingle beanj spetctphbton@ezd S G G S
S22 (Boeco, GE). After UV determination, the measured aliquot was added again to the
dispersion, to keep constant the total volume durihg test. According to the LambeBeer
law, the degradation or conversion rate of the RhB dyes was calculated by the formula:

Conversion % = 6 G) / G x 100 = (A- A) / Ao x 100
where:

Go: initial RhB concentration

G: concentration of RhB aftehe photocatalysis reaction

Ao: initial RhB absorbance

A:: absorbance of RhB after the photocatalysis reaction

The photo degradation activities were compared by measuring the RhB conversion % at
60 min, also defined as RhB degradation efficiency %.

6.2.2 Aplication of RRS at lalcale level

To decrease the potential toxicity of NMs involved and the potential emission during
spray process, different surface engineering were applied, producing the samples described
and listed below.

6.2.2.1 Ag samples

w Modified sample Ag_15_sil_sgl was obtained by mixing pristine Ag nanosol with
commercial colloidal SKJSIQ/Ag = 02 and [Ag] = I8 wt.%) and then ball milling for 24
h the sample to promote homogenization.
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w Modified sample Ag_31 sol UFwas obtained starting rom the diluted pristine
Ag_1.3 sol (JAg] = 1 wt.%) applying ultrafiltration treatments to remove the unreacted
Ad’ cations.
w Modified sampleAg_35 sil solg I & LINBLI NBR T2t @ keftiig { G1 0 S
Ag:SiQweight ratio 1:02 and Ag content equab 0.08 wt.%. Pristine Ag sol was diluted
up to 04 wt.% in water/ethanol (weight ratio = 1:4), followed by /0t and TEOS
addition. The mixture was magnetically stirred for 24 h at room temperature. Afterwards,
synthesized nanosol underwent ultrafiltratiavith a SC to remove synthesisfpducts
and obtain neutral pH.

NP size distribution and shape were obtained byTHR1 (JEOL JEMOOF, USA) +énd
ZP were evaluated with a Zetasizer nano ZSP (Malvern Instruments, UK). Total Agzand SiO
content was masured by XRF (Panalytical Axios Advanced, MA$Perkin ElImer, USA). SC
(100 kDa, Merck Millipore) and CFU (Amicon Ulfa 10 kDa, Millipore) were used to
separate the Agfraction from Ag NPAntibacterial activity of selected modified sample was
assessed by Colorobbia laboratory against Escherichia Coli following the experimental
condition explained in paragraph 6.211

6.2.2.2 TiQsamples

w Modified sampleTiQ,_15 NP_SDwvas prepared by spray drying of thgistine TiQ
sample in a lab scale atoner (spray dryer SD5, LabPlant), obtaining a granulated
powder.

w Modified sampleTiQ; 18 sil _sal was obtained by mixing pristine Bi@anosol with
commercial colloidal SKJSiIQ/TIO, = 3; total solid concentration 3 wt.%) and then ball
milling for 24 hthe sample to homogenize.

w Modified sampleTiQ,_36_cit _solwas obtained by mixing pristine Li@anosol with
trisodium citrate dihydrate (Tigxitrate weight ratio = 1.00/0.83 and [T#D>= 3 wt.%) and
stirring overnight the dispersion.

HRTEM (JEOL JEMOOF, USAyas used to assess the particle size distribution and
shape, EDS to evaluate the amount of ;Si®RRF (Panalytical Axios Advanced, NL) was
employed to measure TiOand SiQ concentration in the dispersion. Size and ZP were
measured with a Zetagr nano ZSP (Malvern Instruments, UK). Spray dried sample was
subjected to BET measurement of SSA by a Sorpty 1750, usagyadsorption gas (Carlo
Erba, 1) to evaluate the presence of a nanostructured surface, then XPS AXIS 165 (Manchester,
UK) was emplyed to assesdhe powder surface compositionelscleaning properties of the
samples were evaluated by the photodegradation efficiency of RhB, following the
experimental conditions reported in paragraph 6.2.1
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6.2.3 Inplementation of RRS within th&rocessindine 5

Ag and Ti@modified samples showing the better functional properties at lab scale
level, have been selected for the implementation within PL. Samples involved are described
below.

6.2.3.1 Ag samples

w Pristine Ag sampl€T Ag_1_saVas oliained by Colorobbia applying pristine Ag_1_sol by
spray coating on ceramic tiles.

w Modified sampleCT Ag_31_sol_Ufkas obtained by Colorobbia employing Ag_31_sol_UF
for the spray coating of ceramic tiles.

Antibacterial activity of ceramic tiles coated pyistine and modified samples were
assessed by Colorobbia laboratory against Escherichia Coli. Pristine and modified Ag samples,
respectively Ag_1 sol and Ag_31 sol UF, were diluted withQMikater till a final Ag
concentration of QL wt.% and used to e¢der antibacterial properties; one ceramic tile for
each Ag sample was prepared. Ag coating was applied by spray gun to obtain a nominal Ag
content of Q5 g on each tile. The coating was thermally treated using an electric muffle with
a thermal cycle of 3 h ramp and 30 min dwelling at 700°C. Finally the tile surface was cleaned
up with isopropyl alcohol 70 vol.%. The resulting tiles were used without further treatments
for microbial tests. Culture plates were built on tile surface using a plastic hguptasouter
limit, allowing the bacterial suspension to go in touch with the treated tile surface. The stock
strain was sufzultured in tryptic soy agar overnight. Then, for each test, the bacterial
suspension was diluted in 10 ml of water reaching d8l/ml concentration and used as
inoculum. For each sample, three tests were performed. After 24 h, the inoculum from each
sample was recovered, diluted, inoculated in a Plate Culture Agar and incubated; after 48 h
the viable cell count was performed. Thg Boated tile antibacterial activity was calculate
following the equations reported in paragraph 6.2.1.

The presence and distribution of Ag within the coated tiles were evaluated by
Colorobbia employing a LIERMS X series 2 (Thermo Fischer Scientif8A). One ceramic
tile without treatment was measured for comparison, making two line raster composed by 9
measurement point. The coated tiles CT Ag_1 soland CT Ag_31_sol_UF were analyzed making
5 line raster composed by different measurement point.

6.23.2 TiQsamples

w Pristine Ti@ sample, encoded a€T Ti@ 6_so| was obtained by Colorobbia applying
pristine TiQ_6_sol by spray coating on a ceramic tile.

w Modified sample CT Ti@ 18 sil_sol was obtained by Colorobbia employing
TiQ_18_sil_sol for the spiy coating of a ceramic tile.

w Modified sample CT Ti@ 36_cit_sol was obtained by Colorobbia employing
TiO,_36_cit_soffor the spray coating of a ceramic tile.
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Ceramic tiles coated by pristine and modified samples were assessed and compared by
Colorobbiain term of photocatalytic degradation of NO and N@ristine and modified TtO
samples, respectively TiG5_sol, Ti@ 18_sil_sol and T¥©O36_cit_sol, were diluted with Ml
Q water till a Ti@final concentration of 1 wt.% and used to confer depollutingperties to
the ceramic tiles. NM coating was applied by spray gun to obtain a nominatdn@nt of
0.5 g for each tile. The coating was thermally treated using an electric muffle with a thermal
cycle of 25 h ramp and 30 min dwelling at 700°C. Foralkpion test, the coated ceramic tile
was placed in a measurement chamber in which dry air, humid air and the pollutant NO were
fed and recirculated using a peristaltic pump. A quartz windows above the chamber allowed
the irradiation of the tile sample.hE system conditions were controlled and managed by a
software. A model 42i (NBG-NQ) analyzer (ThermoScientific, USA) was connected to the
system for the odine monitoring of the NO, N&nd NQ concentration versus reaction time.

6.2.4 Characterizavn of Ag and Ti@dispersion in biological media

Ag and Ti@samples tested by biologists for toxicological characterizations were also
subjected to size and ZP measurement performed in biological relevant conditions, to
understand the processes occurridgring NMsbiological interactions. The dispersion state
and colloidal stability, relevant parameters for the Nbislogical interactions, were
investigated measuring size and ZP of pristine and modified nanosol, dispersed both in
deionized water and cetlulture media. d and ZP were obtained by DLS technique (Zetasizer
nano ZSP, UK) following the standard operating procedure described hereafter. NM dispersion
was ultrasonic treated for 15 min, then two sets of samples were prepared. For samples
dispersedin culture medium, aliquots of NM dispersiongre first added to BSA/PBS({PD.
vol.%) to obtain an intermediate that was added to cell culture medium supplemented with
C.{ é6mn @2t @0 (2 NBFIOK I FAYIlIf ba Q@APOSyYy i NI
samples respectively. The further set of samples were prepared diluting, with MilliQ water, Ag
az2f dzLd 2 MupgzZll>HeYMHpYRIGNXE O S5AALISNBAZYA ¢S
then were vortexmixed to ensure sample homogenization befeize and ZP measurements.

d+ were obtained from DLS data expressed by intensity, in backscattering detection
mode (scattering angle of 173 °) and setting measurement duration on automatic. After 2 min
of temperature equilibration at 25 °C, 1 ml of samplelume was subjected to three
consecutive measurements which were averaged to obtam After particle size
RSGSNNAY I GA2YS &l YL S& dzy RSNBSyYy Ul %t YSI adz
approximationi*®l, consistent with the high dielectric constant of wgtenain component of
all the above specified solvents, was applied to convert the electrophoretic mobility to ZP.
Measurements were performed on 700 pl of sample, measurement duration, attenuator and
applied voltage were set up automatically. After 2 mirtenperature equilibration, samples
underwent five measurements spaced out by 120 sec delay to avoid Joule heating. Before and
after ZP analysis, a further size measurement was performed to check that the samples have
not changed. ZP of NMs dispersed @l culture medium was collected in monomodal mode
due to the high medium conductivity, thus obtaining a mean ZP value.
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6.2.4.1 Interaction between AgNPs and BSA

Furthermore during the research period at the University of Limerick, Ag NP tested by
biologsts, were investigated, studying the interaction between Ag NPs and BSA. The material
used in the experiments was:

BSA MW= 66000 g/mole, was obtained from Sigma Aldrich with 99% purity.

Phosphate buffered saline (PBS) was freshly prepared using Na®IHRCl and

NaeHPQ™2HO0 obtained from Sigma Aldrich to give pH 7 at 25 °C.

w BradfordUltra reagent was obtained from Expedeon and used to estimate the
protein concentration. Bradford assay allow to shift the absorbance maximum of
BSA from 280 nm to 595nm.

w MilliQ water was used in all experiments.

w
w

Preparation of BSAg conjugated

To simulate the biological condition, for each Ag sample a series eAg$88njugates
were prepared. The concentration series of BSA in PBS were prepared in 1 ml microcentrifuge
tubes to obtain, after the addition of Ag sol under stirring, the appropriate BSA/Ag mass ratio.
The investigated BSA/Ag mass ratio ranged frdrt®300 (11 samples) and in each case, also
one Ag sample only diluted in PBS (without BSA) was preparedofoparison. In all
experiment the Ag concentration was kept constant a @ng/ml. Solutions were left to
equilibrate for 1 h at room temperature in a biology shaker before analysis and separation
experiments.

Separation of Ag NPs with strongly bound piotieom the weakly interacting proteins

After 1, 24, 48 and 72 h of incubation with BSA, samples were subjected to 3 purification
steps. During each step an aliquot of the solution was centrifuged in a -uiicexentrifuge
from 3 to 30 min at 1@00 rpm,then the supernatant were separated, the pellet collected
and resuspended in fresh PBS. This protocol allows to separate strongly bounded proteins
from the weakly interacting or the excess of these. After different equilibration times, ranging
from 1 to72 h, the samples were subjected to different characterizationsvig'¥pectra were
acquired with a NanoDrop 1000 Spectrophotometer in the-Z00 nm range to evaluate the
BSA adsorption on Ag and to monitor the Ag SPR band in presence and absenceAgf BSA.
BSA conjugated were analyzed before and after the purification process. For the analysis, a
solution drop (2ul) \as pipetted at the end of a filb optic cable and a second one was then
brought into contact with the drop forming a liquid column acting euvette. ATHRR
spectroscopy were measured with a Spectrum 100 Series (Perkin Elmer, UK), to assess possible
conformational changes in the secondary structure of BSA. For the study, a solution drop was
placed directly on the crystal and 24 scans wererded at a resolution of 4 ctin the range
800-3 000 cm!. Raman spectra were recorded with a Dilor XY Labram spectrometer
(Dilor/JobirYvon/Horiba, USA) equipped with an Olympus BX40 confocal microscope and an
ArHe 10 mW green laser, that were collett®ith a Peltier cooled CCD detector. Different
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sets up were employed to test the opportunity to investigate a possible changes in the BSA
secondary structure due to the interaction with Ag NP exploiting also a possible enhancement
of the Raman signal. X®@re acquired with an AXIS 165a¢ photoelectron spectrometer

bal YOKSAaUSNE ! YO dzaAy3 Y2y 2 0486i@eY.IFarXPs study, Ybh
spray dried sample was placed on stainless steel holder. C 1s peak at 284.8 eV was used as
charge reérence to determine core level binding energies. A survey spectrum was collected

to show the elements present on the sample surface and to set up subsequentsigiation

XPS spectra acquisition.

6.3 Results and Discussion

6.3.1 Preliminary characterizain of pristine Ag and Tie&nanosols
6.3.1.1 Ag sample

Pristine Ag nanosol was observed by-FERMwith a field emission source operating
between 40300 kV Figure 3 showed that pristine Ag sample was mainly composed by
discrete particles, but few aggregest were also present (Fig. 3, image on the right). Particles
with size below 20 nm appeared spherical, while among bigger particles, also truncated
triangular shape was observed.
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Figure 3- HRTEM images of pristine Ag nanosol
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HRTEM lattice imagies confirmed the presence of a crystalline phase (Fig. 4) and the
TEMEDS spectrum obtained by spot mode, showed the presence of Ag (Fig. 5).
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Figure 4 HRTEM image of pristine Ag (left) and its crystalline phase (right)
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Figure 5 HRTEM image with utherlined the spot used for EDS determination
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Figure 6¢ Particle size distribution based on HEM images

The size of the particles varied betweert 3im to 734 nm among the considered
distribution (Fig. 6) of 557 NPs. The size and ZP of pristine sau@@aneasured by DLS after
dilution with water up to 128 pg/ml. Sample showed a monomodal particle size distribution,
obtaining an average value;df 130 + 2 nm and a Pdl o0+ Q02. At pH = 3 achieved after
water dilution, the sample ZP wak4 + 02 mV.

75



Despite the mechanism whereby Ag exert antibacterial and toxic actions is still under
debatel*® 50 Ag has been considered one of the major responsible. Therefore theohtent
was investigated, being a relevant parameter to understand Agtikggcand toxicity
mechanism. The total silver, Ag NP andcdamtents in pristine sample were measured by XRF.
The separation of cationic silver fraction were carried out using two different methods to
obtain more sound data and evaluate if the separati@chnique may influence the Ag
amount detected in the filtrate. For the ultrafiltration by the SC (Fig. 7), pristine sample were
diluted up to 1 wt.% with water, placed in the cell and maintained under stirring.
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Figure 7- Image of SC device
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A slight overpressure (0.3 bar) was applied to force the sample to pass through the
filtration membrane placed on the bottom of the cell. Four washing steps were performed
and in each step, the output stream (filtrate) was collected in a graduate beakearaequal
amount of fresh solvent was added into the cell, continuing with the following washing steps.
The washed sample was collected from the cell and analyzed by XRF, to know thE Ag
content; the filtrate of each step was measured calculating tth& amount of Agwashed
(Table 1).

Table 1¢ XRF measurement of total and ionic Ag content in pristine sample

Sample code Agot [wt.%)] Ag' [wt.%]* Ad’ [wt.%] Ag/Agor %
Ag_1_sol 1.00 0.55 0.44 55

From the difference between Agand A in the washé sample, the Agshould be
about 0.56 wt.%. This value correlate very well with the sum dffegsured in the filtrate of
each washing step, that gave a value of 0.55 wt.%. Thus, from the data obtained using the SC,
55 % of the Ag in pristine sample waghe cationic form. The filtration was carried out also
in the CFU (Fig. 8), in a eaeep filtration.

| = —~— I

Concentration | Concentrate

J: by \ & )
Centrifugation == Filtrate

Figure 8 Image of CFU device
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The pristine sample was diluted up to 0.50 wt.% with water and loaded on the filtration
device on the top of the al, that was closed and subjected to centrifugation for a fixed time.
The Agt concentration in pristine sample and Ag the filtrate were measured by XRF (Table
2).

Table 2- XRF measurement of total and cationic Ag content in pristine sample

Sample ode Agot [wt.%] Ad' [wt.%]* Ad/Agwt %
Ag_1 sol 0.50 0.28 56

From the Agrevealed in the filtrate and Agpresent in the sample before the filtration,
the Ad/Agwt ratio was calculated to be around 56 %, value in agreement with the previous
one obtined by SC ultrafiltration. 4F separation technique was also used, exploiting its
separation channel as an dime purification membrane. During the analysis, samples smaller
than membrane cubff exit from it and may be collected from the creffsw lineand analyzed
by AAS. Carrying out the Agpparation in 4F, the ABAgwt ratio was found to be about 50 %
511, Therefore, the separation technique did not influence thé damtent detected in pristine
sample.

The thermal analysis (Fig. 9) was perfodmon a dried aliquot of the sample, showing
an overall weight loss of 60.0 wt.% at 600 °C, attributable to the decomposition of PVP used
as stabilizer and synthesis-pyoducts. Figure 9 shows a slow weight loss of 3.0 wt.% ca. up
to 100 °C, due to watenmporation, then in the temperature range 2380 °C, the sample
lost 15.5 wt.% plus 15.5 wt.% ca.; these weight losses may be associated with two exothermic
peaks due to the glucose thermal decompositfdh Another weight loss of 10.0 wt.% ca. at
400°C, was associated with an exotermic peak generated by the PVP comidstiRetween
500 and 600 °C, it was detected a further weight loss of 17.0 wt.% ca., associated with an
exothermic peak due to nitrate thermal decomposition. The residue at 60a3G&bout 40.0
wt.%.
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Figure 9 DTATGA analysis of pristine and purified Ag sample
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For comparison, also the DAASA of purified sample Ag_31_sol_UF were reported.
Purified sample showed a greater weight loss of 7.0 wt.% ca. due to water and a lower weight
lost, about 5.5 wt.%, associated with glucose decomposition. Moreover around 400 °C may be
noted two exothermic peaks, while no other peaks were detected, with a residue at 600 °C of
40.0 wt.%. The different thermal behaviors of pristine and purified daswere consistent
with the purification procedure, that should lower the amount of synthesipimducts in the
purified sample.

6.3.1.2 Ti@sample

Pristine nanosol was observed by -FIRM with a field emission source operating
between 40300 kV FigurelO shows that pristine TigOsample was mainly composed by
discrete spherical particles with size below 5 nm.

Figure 10 Pristine Ag nanosol shape by-HIRM images
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Figure 11- Particle size distribution from HREM images

The size of the particld&ig. 11) was found to be very small and agglomerated. The size
of the primary particles varied in the range of 1.2 AmM.6 nm. The size and ZP of pristine
sample were measured by DLS after dilution with water up to 125 pug/ml (Table 3).

Table 3¢ DLS meagement of pristine Ti@sample

Sample code| pH | Zave size [d. nm] Pdi ZP [mV]
TiO_6_sol 39 45+1 0.48 + 009 412 +Q0

Sample showed a two different peak in the intensity particle size distribution, therefore
to evaluate the relative amount of eacleg@k in the distribution, the volume patrticle size
distribution was considered. From this latter, the relative volume of the population8&04
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nm diameter (Peak2, % PD = 15) was found to be the 2 %, suggesting the presence of a little
amount of aggregat@articles in the pristine sample. Pristine T80l sample was subjected

to XRF to check the atomic composition and to XRD for the phase determination, for this latter
an aliquot of the sample was dried (Table 4).

Table 4¢ XRF and XRD results of pristin€ sample

XRF XRD
Sample code i i
P Nominal TiQ TiCe [wt.%)] Anatase % Brookite %
[wt.%]
TiO_6_sol 3.00 3.39 84 16

The TiQ concentration measured by XRF was slightly higher than the nominal one
declared by the producer, probably due to aging phenomérragexample the evaporation of
the solvent. From the XRD the main crystalline phase detected in the pristine samples was
anatase, together with a few percent of brookite.

6.3.2 Application of RRS at lszale level
6.3.2.1 Ag samples

Ag toxicity towarddbiological systems was commonly correlate with the release of toxic
Agions from the surface, that mainly arised from the oxidation of the expos@€tlRgurface,
due to the cooperative effects of dissolved oxigen and protethsTherefore, the differen
surface modification were focused on the possibility to decrease, control or block the release
of toxic Ad. The Si@has been selected as possible coating material to reduce the toxicity of
silver®®land other NM#£% 571 Ag_15_sil_solas obtainedy blending with Sig) by this way
Ad'ions may interact with the negatively charged S0rface, reducing the availability of free
Agd'ions in the system. Ag_35_sil_sol sample were synthetized with core shell structure, in
which the compact silica shellas aimed to isolate the Ag surface and, therefore, to avofd Ag
release. The samplaég 31 sol UF, was obtained removing by ultrafiltration thé exgess
present in the pristine sample, allowing Ag NP surface to establish a nesgéifibrium and,
therefore, concentration in theolution.

The modified samples were observed by-HERM (Fig. 12), to obtain the morphology
and mean size of Ag particles.

a)
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Figure 12 Images by HREM ofmodified Ag samples: &g_15_sil_sol, b) A1 sol_UF, c) Ag_35_sil_sol and
its related EDS pattern

In Ag_15 sil_sol sample (Fig. 12 panel a), the colloidal silica, light grey spherical object,
and the darker Ag NPs appeared homogeneously dispersed. As expected, purified sample
Ag_31_sol (Fig. 12 pel b) showed particle shape and size similar to those of the pristine
material, being obtained by the removal of silver ion from it. Ag_35_sil_sol (Fig. 12 panel c)
showed the Ag core and the Sighell structure and EDS showed Ag particles coated bg.sili
From TEM images, the particle size distribution was calculatethe data obtained are
reported in \ble 5.

Table 5 Primary patrticle size distribution data obtained from TEM images

Size Average size Typicalsize Typical size
Sample code distribution g range, MAX yp
[nm] range, MIN [nm]
[peack at] [nm]

Ag_1_sol 20 24 74 3
Ag_15 sil_sol 21 18 72 3
Ag_31_sol_UF 18 15 158 3
Ag_35_sil_sol 40 38 140 20

The pristine Ag_1 sol and modified Ag_15_sil sol and _Ag_31 sol UF samples showed
similar particles sizdistribution and average size, with diameters around 20 nm. Only the
silica core shell sample Ag_35_sil_sol showed bigger particle dimensions, with an average size
of 40 nm. Mean dand ZP were measure by DLS on diluted samples, obtaining the data
reported in table 6.
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Table 6- Mean dy, Pdl and ZP of modified Ag samples diluted up to 128 pg/ml in deionized water.

Sample code pH dr[nm] Pdl ZP [mV]
Ag_15_sil_sol 32 169+1 | 024+002 | -3.2+01
Ag_31 sol_UF 45 103+2* | 0.24+£200* | -16.3x0M4
Ag_35 sil_sol 65 184+0 | 0.21+002 | -346+11

* Bimodal size distribution, size of each peak and relative volume of
the two populations such as reported in the discussion below.

According to the data obtained, silica modified samples (Ag_15 and Ag_35¢d@ow
monomodal size distribution with similar value of the mean(dr Zaverage) and Pdl. Ag
purified sample, Ag_31_sol_UF was characterized by a bimodal size distribution, therefore the
intensity of particle size distribution should be considered far #ssignment of the size of
each peak. Ag_31_sol_UF sample showed a peak centered on 140 nm (Peak 1, %PD = 43) and
another on 20 nm (Peak 2, %PD = 14). Being the intensity size distribution really sensitive to
the presence of aggregates and large particlégecause scattered light intensity is
proportional to the sixth power of scattering particle diameter, to estimate the relative
amount of each peak in the distribution, the volume particle size distribution was considered.
From this latter, the relativealume of the two populations at 140 nm (Peak 1, %PD = 43) and
20 nm (Peak 2, %PD = 14) resulted almost the same, being respectively 49 % and 51 %. From
the ZP measured, the Ag_15_sil_sol and Ag_31 sol_UF resulted the less stable, while the core
and shell nodified samples Ag_35_sil_sol showed a good colloidal stability, being the absolute
value of its ZP above 30 ri#¥l. The increasing @&Pnegative value in silica modified samples
may be justified by the presence of silica coating that showed a negZiet the pH
investigated, being its isolelectric point around pH 2. Thus, the comparison between the two
silica coated samples confirmed the expected presence bbanogeneous and compastlica
coating in he case of Ag_35_sil_sol, on the contrAry 15 sil_solshowed an homogeneous
dispersion of Ag NP and colloidal silica.

The cationic Ag content, was measured and compared with that of pristine sample, to
understand the influence of the surface modification on the" Agount detected in the
sample. Theeparation of Agfrom Agot was performed by SC or CFU and samples obtained
were analyzed by XRF or AAS, where specified (Table 7).

Table 7- Results ofAg" separation and determination in pristine and modified Ag samples.

Filtration

Sample code | Agot [Wt.%)] Agd' [wt. %]* Ad’ [wt.%] Ag/Agt % method
Ag_1_sol 1.00 0.55 044 55 SC
Ag_15_sil_sol 0.88 057 031 65 SC
Ag_31_sol_UF 044 0.0137 * MFU
Ag_35_sil_sol 0.075 * 22 x10P* MFU

* Measured by AAS




From the analysis of data reported, the sllislending seemed to increase the*Aans
in the modified sample Ag_15_sil_sol in comparison to pristine Ag_1_sol. On the contrary Ag
purification by ultrafiltration gave the expected results, decreasing thé damtent in
Ag_31 _sol UF sample. In the eand shell sample Ag_35_sil_sol, the low amount ¢f Ag
detected (002 ppm by AAS) suggested that the synthetic procedures, that ended up whit an
ultrafiltration procedures, eliminated synthesis-pyoducts and Ageventually present in the
sample. Moreove allowed to hypothesize that the presence of silica shell controls the Ag
release in the final Ag_35_sil_sol, because the sample was analyzed at t = 0 and after few days
after its preparation and no increase in the*A&gnount detected was observed. ThIRRS of
purification by ultrafiltration and silica coating by chemical synthesis were so effective to
decrease the Agcontent in related samples.

Sample Ag_31_sol_UF was selected for antibacterial tests, because maintained a certain
amount of Ag, necesary to exploit the antibacterial activity. Moreover purified sample
allowed an easier comparison with the pristine one, differing from it mainly for the Ag
content. The antibacterial tests were performed by Colorobbia to evaluate if RRS may be
detrimentd for an antibacterial activity and, therefore, for the performances expected within
industrial spray coating application. Before the antibacterial tests, the totat Agd Ad
concentration in the Ag stock solution was determined. Samples for the detation of Ad
content were obtained filtering an aliquot of stock solution through CFU and measuring the
Ag concentration in the filtrate. A summary of the results of antibacterial activity assay of Ag,
concentration in stock solutions and theirZAmpntent, are reported in &ble 8

Table 8 Data of Ag samples employed and antibacterial activity results

Ag dispersiorused for the

Starting i . Antibacterial test
Sample code conc antibacterial tests
) L Agot Ad 24h R
wt.% Dilution Inoculum R%
Lt 3%] [ppb] | [ppb] [cell/m] [log]
Unexposed control 0 0 115x16 | 85x 10 - -
Ag_1 sol 4 1:10¢ 394 2210 115x 16 31x16 99.90 3.2
Ag_31 sol_UF 044 1:10 447 153 115x 16 44 x 10 0 0

Ag_31_sol_UF 044 1:106 447 153 115x 16 34x10 | 9996 4.4
Ag_31_solUF 044 1:1¢° 4470 153 115x 16 <10 >9999 >5
Ag_31_sol_UF 044 11 44700 | 1530 | 115x10 <10 >9999 >5

The amount of Agrevealed in the pristine Ag_1 sol sample was about the 56 wt.% of
total Ag content , value that correlated well with that @eted in a previous separation
experiment. This relevant Agontent detected may be attributed to an unreacted fraction of
starting reagent (AgN§D In the modified Ag_31.3_sol_UF sample, th&Ago: was around 3
wt.%, in accordance with other data olma&d, especially considering the really low
concentration involved. In this sample the*Agntent may be ascribed to a Afgaction still
remaining in the sample or due to a new equilibrium between the AgNP surface and released
Ad'. In fact, during Ag_3Xol_UF preparation, the Agxcess was removed and AgNP came
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in touch with fresh water, in aerobic conditions. Therefore, Ag NP remaining in the sample
may release further Ago restore the equilibrium between the Agons adsorbed on Ag NP
surface and tbse dissolved in the water dispersion.

Observing the data of antibacterial assay, the pristine sample Ag_1_sol, with 39 ppb of
total silver and about 22 ppb of Aghowed a full antibacterial activity. Comparing the pristine
sample with the Ag_31_sol_UR\ing a close Ag concentration of 45 ppb, the modified
samples did not show any antibacterial activity. On the contrary, comparing the two samples
with close Agcontent (22 ppb and 15 ppb, for Ag_1 sol and Ad_31_sol_UF respectively) they
exerted compaable antibacterial activities. These results suggested ah dégendent
antibacterial activity rather than a particle specific activity as previously reported for other Ag
NP B9, Considering these data, the ultrafiltration strategy resulted detrimerital the
antibacterial activity of modified Ag_31_sol_UF sample. However, it was decided to further
investigate the antibacterial activity of sol samples within their real industrial application, that
is the functionalization of ceramic tile through sprayating and thermal treatment. During
this latter in fact, the AAgwt ratio could be modified, affecting the antibacterial properties
of the final ceramic tile.

6.3.2.2 TiQsamples

The photocatalytic activity?? of TiQ was commonly correlated with & ROS
production, that may cause oxidative damage of a range of key structures and components of
cells including DNA, proteins and lipids, leading to significant functional changes to the cell,
cell death, induction of inflammatory pathways or alterationsterms of cell signaling or
communicatiori®?,

For these reasons, the ROS production was taken into account as relevant parameter in
TiQ NP induced toxicity and therefore the different surface modifications were focused on
the possibility to decreasend control the formation and/or release of ROS and other active
species. The Si@vas selected as coating material being known to reduce the toxicity ef TiO
61 and other NM&°%: 56. 571 TiQ_15 NP_SD spray dried samphas produced to lower the
pristine material emissivity, although maintaining a nanostructured surface that should
guarantee an highly reactive material. Ti@8_sil_soWas obtained by blending with Siy
this way the photocatalityc activity of Ti©ould be improved as demonstratédr the rattle-
type TiQ@void@Si® composite particles?d, where the improvement of photocatalytic
activity was ascribed to void space and presence of silica, that allowed active sitestof TiO
contact more dye molecules, as well as to the better disppility of the compositein
comparison to the original TiONMs. In a recent papefs! the addition of Si@in the
production of a thin Ti&dSiQ, film, resulted in an improvement of the optical properties and
photocatalytic activity. The promoting effe of SiQ was ascribed to an increase of the
roughness of the TIBIG thin film, with consequent increase of the active surface area,
and/or to the capacity of SgOto act as an adsorbent for the test molecule used in
photocatalytic tests. The citratayer on Ti@ 36_cit_sol sample may shield the active sites of
TiQ particles or react with ROS and/or other intermediates, controlling the production and/or
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availability of these active species in the system. The above mentioned modified samples were
obsewved by HRTEM (Fig. 13) to obtain the morphology and mean size of NPs.
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Figure 13 Modified TiQ sample, a) SEMEG, bright field TEM and EDS o£ Ti6 NP_SD, b) bright field TEM,
STEMHAADF images and STEMSine scan of Ti® 18_sil_sol, c) bright field TEM, STEHNMADF images and
STEMEDS line scan of Ti(6_cit_sol

TiQ_15 NP_SD sample was composed by msaed particles with irregular
morphology, as observed by SEH¥G. From the TEEDS spot mode, theresence of Ti and
O in the secondary micsparticles was confirmed. TEM imagesTo®:_18 sil_sokamples
showed the presence of discrete units of different primary NP homogeneously dispersed. In
the images (Fig. 13 panel b) the bigger spherical particie® the colloidal Si§) with
diameters around 20 nm, while the smaller were those o TEXYEMEDS line scan showed
the presence of Ti along with Si and T@Q_36_cit_solsamples showed patrticles size and
morphology close to those obtained for pristisample, composed by small primary NPs with
diameter around 4 nm, that formed nanometre sized agglomerates. From TEM images, the
particle size distribution was calculate (Table 9).
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Table 9- Primary particle size distribution data obtained from TEM iesag

Size Average size Typical size Typical size
Sample code distribution d range, MAX P
[nm] range, MIN [nm]
[peack at] [nm]

TiC_6_sol 4 4 8 2
TiO_15 NP_SD - 3000 5000 900
TiO:_18_sil_sol 16 15 24 10
TiQx_36_cit_sol 4 5 9 2

The pristine TiO2_6_sol, amibdified TiO2_36_cit_sol samples showed similar particles
size distribution and average size, with diameters around 4 nm. Theb&0&sd sample
TiO2_18_sil_sol showed bigger particle dimensions, with an average size of 15 nm. The
TiO2_15 NP_SD samplkepsed micron sized particles typical of spray dried materMésan
dxand ZP were measure by DLS on diluted samples (Table 10).

Table 10- Mean d4, Pdl and ZP of modified ti€amples diluted up to 125 pg/ml in deionized water

Sample code pH dn [nm] Pdl ZP [mV]
TiO®_6_sol 2.3 45+1* 0.48+009 | 412+05
TiO_18_sil_sol 438 156 £22* | 0.11+000 | 3202+ 41
Ti®_36_cit_sol 55 39+1* | 0.28+000 | -34.2+12

* Presence of aggregates ** Bimodal size distribution, size of each peak and relative
volume of the two populations such as reported in the discussion below.

According to the data obtained, Sihodified sample Ti® 18_sil_sol showed a peak
on 156 nm together with a peak higher size, similar tthat found in the pristine sample, for
both peak size and relative volume population (2 %). Citrate codi€r 36_cit_soksample
was characterized by a bimodal size distribution, therefore the intensity particle size
distribution was considered for the assignment of the size of each peak. Theseemeeed
on 14 nm (Peak 1, %PD = 8) and 60 nm (Peak 2, %PO& é&fi)mate the relative amount of
each peak in the distribution, the volunparticle size distribution wasonsidered. From this
latter, the relative volume of the population at 14 nm (PdakoPD = 8) was 100 % suggesting
the presence of only few bigger aggregate (Peak 2, d.= 60 nm, %PD = 56, vol% = 0). From the
ZP measured, all samples showed a good colloidal stability, being the absolute value of its ZP
above 30 mVFel,

To evaluate the msence of a nanostructure on granule surface, the spray dried
TiQ_15 NP_SD sample underwent BET and XPS analysis (Fig. 14 and Table 11).
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Figure 14 BET analysis gpray dried Ti@ 15_NP_SD sample

Table 11- Summary of BET and XPS data for the sgrigy TiQ:_15 NP_SD sample.

BET specific surface| BET pore radius| BET pore volumg o
Sample Code area [Aig] [nm [cn/g] XPS [atomic %]
. Ti:17.9,0:50.9,
Ti®x_15_NP_SD 1536 1.65 0.02 C312

The high value of SSA obtained by BET analysis confirmed thetmahos of the
powder surface, while XPS analysis confirmed the presence of Ti, O and C.
The pristine and modified sample ROS production was investigated, being related to the
TiG® NM photocatalytic activity and thebility to induce oxidative stressihe intrinsic
production of ROS of pristine and modified 7$@mples was assessed by IOM. Involved NMs
were caincubated with a spin trap (Tempo#d) to detect the release of oxygaentered
free radicals. The signal created by the production of ROS wapatred to vehicle control
(phosphate buffered saline) and a positive control (0@ 2 F LI NR3ILff2f 0 ¢
representative spectra are shown in figure 15 and figure 16, respectively.
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Figure 15 EPR signal intensity after co incubation with pristine TéOsol and modified T¥O36_cit_sol,
Ti_15 NP_SD, TiO18 sil_sol sampleSignal intensity of a silica SiQ_NP_SD sample and the benchmark
control Aeroxide® P25 were also reported for comparison. Results were expressed as nseardard error

mean (n = 3). ** P <0.001, **P <0.01,* P <0.05 vs. vehicle contrd?, #6801, ## P < 0.01 vs. pristine
TiQ_6_sol.
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TIO2_36.2_CIT_SOL
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TIO2_18_SIL_SOL

SI02_2_NP_SD
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Figure 16- Representative EPR spectra after 1 h efrmmbation of the spin trap Tempore with pristine
TiQ_6_sol and modified TiO36_cit_sol, Tie) 15 NP_SD, TiOl8 sil_sol samples. Spectra of thécall
SiQ_2_NP_SD sample and the benchmark Aeroxide® P25 were also reported for comparison.

From the lower to the higher quantity of ROS detected, samples may be classified, as
follow: TiQ_6_sol < Ti® 15 NP_SD < TiG6_cit_sol < Ti©18 sil_sol sample.riBtine
TiQ_6_sol sample showed a low level of intrinsic ROS production, with a signal intensity
below that of the vehicle control and significantly lower than that of benchmark material P25.
TiQ spray dried Ti@ 15 NP_SD sample produced moderate leeélROS, although higher
than those observed for pristine sample. The presence of the citrate layer in3GCrit_sol
increased the ROS production. Highest level of ROS production was found in presenge of SiO
in the sample Ti® 18 sil_sol. Form data obted by EPR, all RRS applied enhanced ROS
production of involved Ti@materials. However as recently reportéél the amount of radical
species detected with a methodology may be not predictive of the photocatalytic activity
exerted, being this latter depalent from many other factor that may strongly affect the final
functional properties of the material produced.

Totest the selected nanomateridlinctional properties, pristine and modified sample
photocatalytic activity were evaluated in a model systemasuring of the photalegradation
efficiency of RhB by WUWsible light. The graph of RhB degradation efficiency % versus time
and RhB degradation efficiency % after 60 min were reported respectively in figure 17 and
table 12.
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RhB degradation efficiency % vs time

100
90 |
80 |
70 |
60 |
50 |
40 |
30 HfH
20 {5
10 HF
0 ; | :

0 20 40 60

Time [min]

Ti02_6_sol

Ti02_15_NP_SD

TiO2_18_sil_sol (Ti02 3
Wt%)

------- Ti02_18_sil_sol (solid 3
wt.%)

e TI02_36_cit_sol

RhB degradation efficiency %

Blank

Figure I - RhB degradatio efficiency % of pristine T:35_sol and modified TiO15_NP_SD, TiOL8_sil_sol
(TiG@ 3 wt.%), Ti@ 18 _sil sol (solid 3 wt.%) and TiG2_cit_sol samples.

Tablel2 - RhB degradation efficiency % after 60 min of reaction of pristing Bi®&ol and modifieé
Tix_15 NP_SD, TiO18 sil_sol (TigB wt.%), Ti@ 18_sil_sol (solid 3 wt.%) and TiG6_cit_sol samples.

Sample code pH Efficiency %
TiG:_6_sol 23 997
TiC:_15_NP_SD - 949
Tiox_18_sil_sol (Ti©3 wt.%) 48 914
TiG:_18_sil_sol (solid 3 wt.%) 48 89.0
TiG_36_cit_sol 55 47
Blank 6.7 293

Pristine sample T#D6_ Sol showed best photocatalytic performances under these
experimental conditions, raising a RhB conversion % more than 90% in the first 10 min and
close to 100 % after 1 h of reaction timEhe spray dried T¥O15 NP_SD sample, containing
nanostructured micrometesized granules of TiDperformed a good photocatalytic activity,
with a final RhB conversion of about 95%. The presence of ®#3 evaluated keeping
constant at 3 wt.% both th&iG content and the total solid content, i.e. @nd SiQ,
investigating Ti® 18 _sil_sol (Ti©3 wt.%) and Ti® 18_sil_sol (solid 3 wt.%) samples,
respectively. These samples showed similar photocatalytic activities, lower in comparison with
that of pristine sample, with a RhB degradation efficiency around 90% after 1 h of reaction.
The presence of the citrate coating in Ti®6_cit_sol sample, dramatically decreased the
sample photoreactivity, that was found to be lower than that of the reference saifigpank).

From the comparison of ROS production and photocatalytic activity observed, it may be noted
that pristine sample with the lower level of ROS detected showed best photocatalytic activity,
suggesting that different factors, more than ROS produntmay influence the Teksample
photocatalytic reactivity.
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6.3.3 Implementation of RRS withiRrocessingihe 5
6.3.3.1 Ag samples

Pristine Ag_1_sol and purified Ag_3bl UF samples, diluted up tdlOwnt.% with water,
were employed to coat ceramiclés within the industrial setting. The typical set up for
microbial test on treated ceramic tiles are shown in figure 18.

Figure 18 Typical set up for microbial tests on treated ceramic tiles

Table 13 Data obtained for microbial tests on treated cerarmiles

Sample Code IN((%(ﬁ/l;lnLl)U M RE((C:EI)I\//rEII)Q 240 R % R log
Control 495x 10 292 x 16

Ag_1_sol 495 x 10 956 x 10 673 0.48

Ag_31 sol_UF 495x 106 262 x 10 103 0.05

From antibacterial tests performed on tiles coated with thensaAg.: concentration
(Table 13)the pristine material conferred a higher antibacterial activity to ceramic tiles in
comparison to the modified sample Ag_31_sol_UF. Nevertheless, in the antibacterial tests
performed on Petri plate, using almost total égncentration, Ag_1_sol showed antibacterial
activity, unlike purified Ag_31 sol _UF sample. When the Ag samples were applied on the
ceramic tiles at the same total Ag content, it is noteworthy that Ag_1 sol showed only 10
times higher antibacterial actiwit (R log) in comparison to that of tile treated with
Ag_31 _sol UF. This result suggested that during application and thermal treatment, the
sprayed Ag may be involved in different process, that modified the total Ag content and/or
the Ad/Adguw: ratio in final coated ceramic tiles. The possible hypothesis were:

1 different Ag amounts were sprayed and, therefore, immobilized on the tile
surface;

{1 part of the Agions in pristine sample were reduced to®Agading to a more close
Ag NP content in both coatedds;

1 part of the excess of Agn pristine sample were involved in a coordination
complexes within the ceramic matrix, or were lost during the final washing
treatment that did Agnot available to exert antibacterial effects.
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In both hypothesis the antdrcterial grade of the two treated tiles should became less
marked as in the experiment reported below. To better understand the mechanism involved,
the Ag present on the coated tiles was estimate byJCRMS on the tile surface to check the
Ag coating horageneity and the possible presence of Ag under the tile surface. In all spectra,
the signal intensity was reported as a function of the ablation time and each peak
corresponded to a sampling point in the line raster. The spectrum obtained analyzing an
uncaated tile sample, considered as blank, was reported in figure 19.
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Figure 19 Uncoated ceramic tile spectra (blank), 9 measurement point belonging to one line raster

For CT Ag_1 sol sample, different area were analyzed through 5 line raster, each one
composed respectively by 6, 7, 8, 9, 10 points. Three consecutive ablation on same sampling
points, were performed for each line raster (Fig. 20).
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Figure20- CT Ag_1_sol spectra, a) 6 point line raster, b) 7 point linerragt8 point line raster, d) 9 point line
raster, €) 10 point line raster. Three consecutive ablations for each raster were reported.

In all spectra obtained, comparing consecutive ablations on the same measurement
point, the Ag signal in the first ablah was of high intensity, decreasing and becoming
comparable, during the second and third ablations. This result may be attributed to different
concentration of the Ag coating, that was mainly located on the tile surface.

Comparison of the signal intensity of the first ablation for each line raster
considered in the pristine CT Ag_1_sol sample
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Figure 21- Comparison of the si@l intensity of the first ablation for each line raster considerethia pristine
CT Ag_1_sol sample.

From the comparison of the signals relative to the first ablations of blank and coated tile
CT Ag_1 sol, showed in figure 21, it may be noted the preseh the Ag coating in CT
Ag_1 sol sample, as showed by the significantly higher intensity signal obtained. Anyway CT
Ag_1 sol showed different signal intensity in relation to the ablation point considered,
indicating that the Ag coating was not homogeneson the area considered. For CT Ag_31_sol
sample, different area were analyzed through 5 line raster, each one composed respectively
by 4, 5, 6, 7, 8 measurement point. Three consecutive ablation on the same sampling points,
were performed for each lineaster (Fig. 22).
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Figure 22 CT Ag_31_sol spectra, a) 4 point line raster, b) 5 point line raster, c) 6 point line raster, d) 7 point
line raster, e) 8 point line raster. Three consecutive ablations for each raster were reported

In the CT Ag_31 sol UF sample, comparing consecutive ablations on the same
measurement point, the Ag signal collected during consecutive ablations was of low intensity.
Plotting the intensity signal of the first ablation for pristine CT Ag_1_sol, radd@T
Ag_31 sol UF and blank sample (Fig. 23), the signal of CT Ag_31_sol UF was comparable of
that obtained for the blank, suggesting a low Ag concentration, probably due to some
drawbacks during Ag coating application.

Figure 23; Comparison of the sighiatensity of CT Ag_1 s@&T Ag_31_saind blank.

These data were in agreementth the antibacterial activity showed by the coated tiles,
but not allowed to hypothesize different fates of sprayed Ag during the application. Further
tiles will be coateda perform antibacterial and laser ablation test, in order to obtain a larger
panel of data and best understand the effectiveness of the purification stratetmyn real
industrial applications.
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