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EATOS & LCA (1)

* The synthesis of nanomaterials is currently one of the

main research areas of inorganic chemistry and materials
science.

* No completely environment and human health
impacts of nano-sized materials have been still

At

established.

a greener synthetic strategy of nanoparticles through
an environmental assessments is important to be
developed.
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EATOS & LCA (2)

COLOROBBIA
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A green metrics evaluation of the

bottom-up hydrolytic sol-gel synthesis of nano-TiO,
has been performed following:

EATOS software and LCA methodology

Publication
Pini M., Rosa R., Neri P, Bondioli F. and Ferrari A.M. (2015) Environmental

assessment of a bottom-up hydrolytic synthesis of TiO, nanoparticles, Green
Chem., 17 (1), 518 — 531.
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EATOS vs LCA

Software EATOS
(Environmental Assessment tool for
Organic Synthesis)

» immediate
» user friendly data
»no energy consumptions and
emissions
» free of charge

Metodologia LCA
(Life Cycle Assessment)

» complex and detailed
» data not always available in the LCA
software Database
» energy consumptions, transport,
distribution, emissions, waste materials,
end of life treatment
» from cradle to grave
» it requires expensive software

(SimaPro software)
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The hydrolytlc sol-gel synthesis of nano-TiO,

Ti(OiPr), + 4H,0 > TiO, +2H,0 + 4iPrOH

The reaction mechanism involving subsequent
hydrolysis and condensation reactions:

Ti(OiPr), + nH,O > Ti(OiPr),_,(OH), + niPrOH

=Ti-OH + HO-Ti= > =Ti-O-Ti= + H,0
=Ti-OiPr + HO-Ti= > =Ti-O-Ti= + iPrOH
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Flow chart of hydrolytic sol-gel synthesis of nano-TiO,

Chemicals wit%
Titanium isopropoxide 23.22
Water 73.40
Nitric acid 63% 2.38
Triton X-100 1
Total 100
Recycled Isopropanol (co-product)| 12 : Ti(OCH(CH3),)4 \
Remaining 88% % <‘ Titanium isopropoxide />
TiO, nanoparticlessuspension (main product) | 85.71 —
H,0 (co-product) 14.29 HNO, H,0
Total 100 Mitric acid Water
| |
Tap water — Scrubber [ "
— Electric energy SOL
Maintenance consumption Mixing time= 16 hours, T= 80°C
operation: cleaning [ Reactor
with water (1% of .F TX-100
1X-100+50L) Heat TX-100+50L
| consumption Mixing time= 8 hours; T= 25°C
Reverse 0smosis |

filtration
1% HNO4 nanoTiO,, HNO4 and TX-100 in 1% . TiO, nanoparticles
. |sopropancl
emissions in air of TX-100+50L releases in water Water deionized suspension prop

COLOROBBIA - US 2008/0317959 A1, Dec. 25, 2008.

Method for preparation of aqueous dispersion of TiO, in the form nanoparticles, and dispersions obtainable with this method. Inventors: Baldi G. et al.
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Flow chart of Titanium Isopropoxide

Air
Powdered coal T= 50°C
105 kg 250 kah
FeTiCy limenite Cl, gas 1020 Powdarad coal
2
B0 kg'h kg/h 90 kg'h |
Air
T=450-C
a70 kag'h
Inflow inlo a mixed chamber Inflow into a combustion chamber
T=1020°C T= 1550°C
Synthesis of Emission in air:
TiCl, '[EWBS:EWSJ. FE'E":. ':':'3 EF.?- Particulates
!
Coaling a1 T=150°C by coal liquid Ticl, into
dust chambgr&———— ————
\1 Separation of FeCl,
I==== === ="=="=== el wileniiesaa i I
| Separation of liquid TiCl, 920 kg'h 1
: ¥
I

I {CH.),CHOH 1
I Issprapanc :
| - . i
N i S e i HCI : "
| THOCH(CH, k) { Hydrochloric acid | "
Method for preparatior I Titanium isopropoxide i {coproduct) H 1
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Life cycle assessment (LCA)

Goal definition: assess the environmental impacts of the nanoTiO,
suspension obtained by a liquid-phase process.

Functional unit: multi output process

Products UF Unit Mass allocation
Nano TiO, suspension 0.75425=1kg*88%*85.71% kg 75.425%
Coproduct

Isopropanol 0.12=1kg*12% kg 12%

H,O deionized 0.12575=1kg*88%*14.29% kg 12.575%

Function of the system: functionalizing building materials.

System boundaries: “from cradle to gate”.

Data quality: primary data and secondary data (literature and DB data).

Calculation software: SimaPro 7.3.3

LCIA method: modified IMPACT 2002+
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LCIA method: modified IMPACT 2002+

Kl_and use: basic indicators of transformation

* Mineral extraction: additional resources (silver, gravel, sand, lithium, bromine and water)

* Radioactive waste category was added. Waste and its occupied volume have been
evaluated.

* Toxicity of TiO, nanoparticles released in water on:

v’ freshwater ecosystem (Salieri B., Righi S., Pasteris A., Olsen S.I. “ Freshwater ecotoxicity
characterisation factor for metal oxide nanoparticles: A case study on titanium dioxide
nanoparticle”, Sci. Total Environ., 2015, 505:494-502. DOI: 10.1016/].scitotenv.2014.09.107)

v" human health (Pini M., Neri P, Montecchi R., Ferrari A.M., “Life Cycle Assessment of nanoTiO2
functionalized porcelainized stoneware tiles”, 247th ACS National Meeting & Exposition, Dallas,

\ Texas, March 16-20, 2014) /
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LCIA results of 1kg of nano-TiO, suspension

4,50E-04 - Mﬂmz carcinogensin freshwate
EManoTiO2 ecotoxicity in freshwater
i 2Q 70/
4,00E-04 JO.70VU/0 B Radioadive wasie
“Mineral extraction
350E04
EMNonsenewable energy
®Global warming
3,00E04
¥ Aguatic eutrophication
2 50E04 ® Agquatic acidification
19 38Cy B Land occupation
. 0
2,00E-04 B Terrestial addinutri
BT errestrial ecotoxicity
+9.UJ570 B Aguatic ecotoxicity
10.33% B Hespiratory organics
1,00E-04
8 0zone layer depletion
5 DOEOS - Blonizing radiation
B H espiratory inorganics
0,00E+00 4 T T T . T -\ BNon-carcinogens
TIP Mitric  Water Tx-100 PA T H1 H2 E1 EZ GR V5 v
acid B arcinogens

TIP = titanium isopropoxide; TX-100 = Triton X-100; PA = packaging of raw materials; T = transport of raw materials; H1 = heat to warm up
the solution at 80 °C; H2 = heat to maintain the solution at 80 °C; E1 = electric energy to mix the sol for 16 hours; E2 = electric energy to mix
the sol and TX-100 for 8 hours; GR = glass reactor; VS = vacuum system; P = water purification
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EATOS calculation

Performed by Roberto Rosa (roberto.rosa@unimore.it)

List of the product and coupled products considered in the EATOS
environmental assessment.

Molecular

weight
Substance Category (g mol™) Quantity (g)
Ti(OiPr), Key substrate 284.2308 232.2
H,O Substrate 18.0152 58.87
H,O Solvent 18.0152 675.13 (recyclable

quantity = 100%)

HNO;, 63% Catalyst 63.0128 23.8
Triton X-100 Auxiliary material 646.8572 10

List of starting substances used for the EATOS environmental
assessment of the hydrolytic sol-gel synthesis of TiO, nanoparticles.

Molecular Useful Yield (%),

weight quantity referred to the
Substance Category (gmol™) (%org) keysubstrate
TiO; Product 79.8788 — 69.34
H,0 Coupled product 18.0152 69.34%  —

C3;HO Coupled product 60.0956 120 g —
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EATOS results

1,80E+01
MI - > substrate(g) + solvent(g) + auxiliaryumaterials(g) + catalyst(g) + ...
1,608 501 - product(g)
E-factor = 2 waste(g)
1406401 product(g)
ESolvents
L =sevageiiater  EATOS software allows you to calculate four
mpniies environmental parameters:
1,00E+01
— Catalysts .
PR — — 1. mass index [MI] (S-1)
= 8By-products 2. impact factor E
A0 = Coupled products 3. El In Corresponding to Ml and E, but weighted
= Substrates on a specific risk category (human toxicity,
4,00E+00 - 4. El_out . . . .
- ecotoxicology, ozone creation, air pollution,
S degradability, greenhouse effect, etc.)
0,00E+00 - . . . |
51 (kofkg) E (kafka) EL_in (PEIfkg) EI_out PE Iikg)
S™" (kg of starting E (kg of waste/ EL in EI_out
Cate Substance material kg of product kg of product PEL kg™ PEL kg™
gory gotp gotp 4 4
Substrates Titanium isopropoxide and water 6.4728 0.0402 13.4997 —
Coupled products Isopropanol and water — 3.4604 — 7.5233
By-products Unspecified — 1.9723 — 1.18
Auxiliaries Triton X-100 0.2278 0.2278 0.3418 0.2848
Catalysts Nitric acid 0.3416 0.3416 1.3665 0.5124
Impurities Unspecified 0.1587 0.1587 0.3968 0.119
Sewage/water Water + unspecified 0.2006 0.2006 0.1003 —
Solvents Water 0.7691 0.7691 0.3845 —
Total 8.1706 7.1707 16.0896 9.6195
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EATOS and LCA results comparison

-excluding energy consumptions and transports-
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Conclusions

The environmental assessment of the bottom-up hydrolytic sol-gel synthesis of nano-
TiO, was concurrently performed by the software EATOS and by LCA methodology =
similar conclusions.

The present work represents the first example in which the synergy between LCA
methodology and EATOS software has been applied to a green metrics evaluation of the
inorganic synthesis of nanoparticles.

The LCA results showed that most environmental loads are generated by the total
electric energy consumption (58.14%), followed by TIP (13.65%) and heat consumption
(10.33%).

A better environmental performance can be achieved by the following:
— using renewable energy sources (e.g. solar power, geothermal, biomass, etc.);
— using microwave dielectric heating of reaction mixture;
— substituting titanium tetraisopropoxide with a different metal oxide precursor.

The main conclusion is to always combine an environmental assessment with any new
proposed strategy for the synthesis of nanoparticles, so that the strict requirement of
using the most environmentally friendly procedure could very soon accompany
traditional requests of a desired size and shape.
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