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Life Cycle Impact Assessment of Solution Combustion
Synthesis of Titanium Dioxide Nanoparticles and Its
Comparison with More Conventional Strategies

Roberto Rosa,*™ Enrico Paradisi,” Magdalena Lassinantti Gualtieri,”” Consuelo Mugoni,”
Grazia Maria Cappucci,” Chiara Ruini,” Paolo Neri,”’ and Anna Maria Ferrari®

This paper represents the first attempt to quantitatively and
reliably assess the environmental sustainability of solution
combustion synthesis (SCS) with respect to other soft chemistry
strategies, which are more conventionally employed in the
preparation of engineered oxide nanomaterials, namely hydro-
lytic and non-hydrolytic sol-gel syntheses (i.e., HSGS and
NHSGS). Indeed, although SCS is well known to rely on
significant reduction in the energy as well as time required for
the obtainment of the desired nanocrystals, its quantitative
environmental assessment and a detailed comparison with
other existing synthetic pathways represents an absolute
novelty of high scientific desirability in order to pursue a more
sustainable development in the inorganic chemistry as well as
materials science research fields. TiO, nanoparticles were

Introduction

In the evaluation and selection of a synthetic strategy for the
preparation of a desired chemical compound, conventional
parameters like yield, reaction time and cost of the precursors
needed, are those on which the choice is typically based.
Moreover, further considerations on the size and shape of the
desired nanocrystals are required in the synthesis of inorganic
engineered nanomaterials,"”’ since these aspects are of para-
mount importance for the displaying of the quantum size effect,
thus, for the plenty of their exciting possible applications.**
With the diffusion of sustainable practices in chemistry and
engineering fields of study,*® the so-called green metrics”®
started covering a significant role, even if mainly limited to
organic chemistry. However, by bearing in mind the significant
lack of information on long-term environmental as well as
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selected as the material of choice, for the production of which
three slightly modified literature procedures were experimen-
tally reproduced and environmentally evaluated by the applica-
tion of the comprehensive life cycle assessment (LCA) method-
ology. Particularly, SCS was compared from an environmental
perspective with sol-gel approaches performed both in water
and in benzyl alcohol. The results of the present study were
also framed among those recently obtained in a systematic
study assessing seven further chemical, physical, and biological
routes for the synthesis of TiO, nanoparticles, comprising also
flame spray pyrolysis (typically used in industrial productions),
highlighting and quantifying the excellent environmental
performances of SCS.

human health impacts of nanomaterials, the existence of
trustworthy green metrics parameters also for the different
preparation strategies of these inorganic materials appears of
great importance, to pursue a more sustainable development.
Indeed, the production of nanoparticles was recognized as
more environmentally impacting with respect to other bulk
chemicals” with the production phase being the largest
contribution to the environmental impact of their life cycle."”

Among the existing soft chemistry strategies, that allow a
subtle control over the phase, the size and the shape of
engineered nanomaterials, solution combustion synthesis
(SCS)" is considered one of the most attractive, due to its low
amounts of energy and time required.""'? Indeed, SCS exploits
exothermic self-sustaining reactions occurring typically in
aqueous solutions containing a mixture of an oxidizer (e.g., a
metal nitrate) and an organic fuel among which urea, thiourea,
citric acid and glycine are the most widely employed. After
homogeneously mixing the reactants, the resulting solution is
concentrated to obtain a viscous medium which is subse-
quently ignited, the latter being the only energy requirement
from the surrounding environment, due to the high amount of
heat released by the combustion reaction itself. As a result of its
exothermic character, the reaction ignited is typically com-
pleted in seconds and the high temperatures attained (
~1500°C) promote the crystallization of the nanomaterials
obtained, so that additional calcinations treatments are typically
unnecessary.

Although originally developed for the preparation of oxides,
SCS has nowadays reached a high level of controllability and

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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versatility,"¥ allowing synthesizing different nanosized com-
pounds like sulfides,"*'® metals and alloys,"”*” by playing on
the fuel selected as well as on the fuel to oxidizer ratio.
Furthermore, SCS up scaling possibility was demonstrated by
exploiting a continuous process able to reach a nanoparticles
productivity of 0.5-2 kgh~".2"*?

Although several researchers recognized SCS as a
sustainable strategy of synthesis, mainly due to the low
amounts of necessary energy and time, there is still a need for a
reliable, accurate and quantitative environmental assessment.

In this study we have performed a comparison between SCS
and routinely employed synthetic pathways such as hydrolytic
sol-gel synthesis (HSGS) and non-hydrolytic sol-gel synthesis
(NHSGS), by applying the life cycle assessment (LCA) method-
ology. The latter consists in a modeling framework to assess
resource use, emissions, and related environmental impacts
throughout the life cycle of a given product, process, service or
system.”¥

TiO, nanoparticles have been identified as the ideal
candidate material for this study, since it represents one of the
most studied and applied semiconductors and photocatalysts,
owing to its unique physicochemical properties.”>** Moreover,
several TiO, nanoparticle syntheses have been evaluated by
employing the LCA methodology,”” including also a study
performed by some of the present authors,®?” devoted to the
environmental sustainability assessment of the hydrolytic sol-
gel synthesis of titania nanoparticles, according to a patented
procedure.®" In that study, the environmental impact of the
batch production of a 6 wt% TiO, nanoparticles suspension,
was mainly caused by the energy consumptions needed for
mixing and heating the reaction mixture, followed by the
contributions deriving from the use of titanium(lV) isopropoxide
precursor.”® The Altair hydrochloride process®” for the produc-
tion of TiO, nanoparticles was instead assessed by Grubb and
Bakshi,””” who highlighted the major contributions of ilmenite
mining and the steam generation for most of the impact
categories considered.

Synthetic approaches for the continuous flow production of
titania nanoparticles were evaluated from an environmental
perspective by Caramazana-Gonzalez etal.”® and by Tsang
et al® Particularly, different titanium precursors and different
reaction conditions (i.e., solvothermal and hydrothermal ones)
were evaluated in the first work,”® and it was found that the
hydrothermal synthesis employing titanium oxysulphate pre-
cursor resulted in the lowest values of global warming potential
(<12 kQco, equv. kg ' TiO, nanoparticles) and cumulative energy
demand (<149 MJkg™' TiO, nanoparticles). Supercritical fluid
(i.e., water +ethanol) flow synthesis of TiO, nanoparticles was
shown to possess lower environmental impacts with respect to
a conventional precipitation approach, independently of the
impact category considered in the study by Tsang et al.,*” with
a 30% reduction in cumulative energy demand and a 55%
reduction in climate change potential.

The main limitation of such studies was the lack of
consistency with respect to the scope definition, functional unit
and impact assessment method considered during the LCA
analyses, thus making the comparison of the environmental

[12,13,23]
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performances among different synthetic routes not possible at
all. On the opposite, very recently Wu et al.®® performed a
systematic study aimed at comparing from an environmental
perspective seven different synthetic strategies for titania nano-
particles, including chemical, biological and physical routes, the
latter comprising also flame spray pyrolysis, that represents the
technology adopted by Degussa to produce the standard P25
TiO, photocatalyst.¥

In that systematic study, for the first time different TiO,
nanoparticles synthesis methods were compared not only on
the basis of the amount of product, but also by accounting for
its quality, in terms of specific surface area, crystallinity and
photocatalytic activity. Independent of the functional unit
considered (i.e., mass based, surface area based or photo-
catalytic activity based) the chemical methods resulted signifi-
cantly less environmental impacting with respect to physical
approaches, mainly due to the higher amounts of gases and
electricity required by the latter ones. The bacterial culture
media, and the low degree of development and optimization
were mainly responsible for the high environmental burdens
associated to biosynthesis.

Although systematically conducted, the work by Wu et a
assessed published procedures without experimentally replicat-
ing them, thus it necessarily neglected potentially fundamental
contributions, like for example the reaction waste and the
amounts of solvents used for the reaction workup. Further
contributions which were not included in the systematic study
include emissions of chemicals and transport ones.

On the opposite the present work is devoted to the
environmental sustainability assessment of SCS, HSGS and
NHSGS procedures, that were experimentally replicated in the
laboratory, in order to account also for the above-mentioned
contributions which are typically neglected. Therefore, in
pursuing the natural continuation of our previous research,®”
and in order to add further very promising synthetic techniques
to those environmentally assessed and to make them compara-
ble on a reliable basis with those recently evaluated by LCA
methodology,”® this manuscript represents a step nearer to the
establishment of environmental rankings comprising the major-
ity of the existing preparation procedures of a desired nano-
material, provided with reliable and quantitative data which will
be easily accessible by inorganic chemists and materials
scientists worldwide. These data could potentially act as guide-
lines for the responsible production of engineered oxide
nanomaterials, thus, partially contributing to the pursuing of at
least number twelve of the United Nations Sustainable Develop-
ment Goals (UN-SDGs).®* Indeed, in order for nanotechnology
to effectively enable sustainability, some research outcomes in
the field have been identified as highly needed, including the
use of sustainability metrics in the synthesis of nanomaterials of
any kind and at any scale, as well as the overall energy balance
of their life cycle.

| [33]
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Life cycle assessment

The LCA methodology was applied according to the ISO
14040%" and 14044:%% its constituting phases are detailed
hereafter.

Goal and scope definition
Goal definition

The goal of this study was to quantify, “from cradle to gate”
(i.e., from raw materials extraction to manufacture) the environ-
mental impacts of SCS of TiO, nanoparticles and to compare
them with those associated to more conventionally employed
hydrolytic and non-hydrolytic sol-gel syntheses, the first one
assisted by HCl and the second one employing the benzyl
alcohol route (BAR). A further goal was to reliably compare the
three assessed chemical strategies with further TiO, synthetic
strategies assessed in the systematic study performed by Wu
etal® (i.e, sol-gel, hydrothermal, solvothermal, microemul-
sion, flame spray pyrolysis, radio frequency thermal plasma and
a biological route).

System, functional unit, and function of the system

The system object of the present study is the synthesis of TiO,
nanoparticles (NPs) performed by SCS as well as by HSGS and
NHSGS.

Similar to the systematic study performed by Wu et al.!
one kilogram of TiO, NPs was selected as the initial functional
unit. The yield of the synthesis considered was accounted for,
by considering the mass of the as-isolated powders, their
crystallinity degree (as determined by XRD analysis) and their
humidity degree (as determined before the BET analysis).

Since the function of the system object of the present study
is various, including the high absorption capacity as well as the
photocatalytic activity that are dominated by the surface area,
size and crystallinity, a further comparative assessment among
the synthetic procedures, was performed by considering a
surface area-based functional unit, as also proposed in further
works.2** At this purpose, the environmental impacts were re-
scaled in order to refer them to 1000 m? of surface area.
Moreover, to reduce the number of independent variables in
comparing the different synthetic strategies, standard P25
Degussa TiO, nanoparticles, synthesised by flame spray
pyrolysis®¥ and consisting in a 3:1 of anatase to rutile ratio,"”
was used as reference. In doing so, an additional energy
contribution (necessary to obtain the desired 3:1 ratio) was
considered in the three assessed synthetic strategies as also
performed by Wu et al.*¥

The system boundaries considered for the assessment of
the three synthetic approaches range from the cradle to the
gate, thus neglecting their use as well as their end of life. They
are summarised in the flowcharts reported in Figures S1-S3 of
the Supporting Information.

33]
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Life cycle inventory (LCI) and life cycle impact assessment (LCIA)

The data employed for the LCI phase were directly collected in
the laboratory during replication of the synthetic procedures
selected. Replication of the procedures allowed to account in
the LCA for the energies effectively involved, the equipment
used, as well as the waste generated during synthesis and
work-up steps. For the electric energy consumptions, the power
of the equipment employed and their time of usage were
considered, similarly to other works devoted to the assessment
of lab-scale procedures.®**

The inventories of the equipment used are detailed in
Tables S1-S13, together with the considerations and assump-
tions made for their modelling.

The possible emissions into the atmosphere were also
included in the present study. At this latter regard, instead of
basic process calculations, advanced process calculations™?
were performed to account for emissions of at least the liquid
chemicals employed. Particularly, the working losses, L, thus
those related to handling of chemicals, were adapted, and
considered in the present study. The details for the calculation
of Ly, used in this study are reported in Equation (1), where V is
the volume of the chemical employed [L], V,, is the molar
volume [L] the unit was modified to match journal style, of ideal
gas at 0°C and 1 atm, T is the average ambient temperature [K],
P*' is the vapour pressure of liquid [mmHgl, MW is the
molecular weight of chemical [gmol™'], Ky is the turnover factor
(dimensionless) and K, is the working loss product factor
(dimensionless). The value of Ky is dependent on the number of
turnovers N [yr''] of the chemical tank as defined by
Equation (2), where V, is the tank capacity.”” Particularly, when
N> 36, Ky is given by Equation (3), while Ky=1 for N <36. Due
to the lab scale character of this study, thus to the small
volumes of chemicals employed, Ky was considered equal to 1.
By definition," K; is equal to 1 for all the organic liquids, except
for crude oil for which it assumes the value of 0.75. Therefore,
in this study K, was considered equal to 1.

V (273.15\ [P
4
N= @
(180 +N)
=" ®

The 99% of each emitted substance was considered to be
retained by an aspiration system endowed with an activated
carbon filter.*” The inventories of the aspiration system and the
filter are detailed in Tables S14 and S15, respectively.

It is worthy to be reminded that the above-mentioned
emission calculations would need to be re-considered in the
up-scaling of the assessed syntheses to industrial processes.

The potential release of nanoparticles, together with the
potentially associated nanospecific impacts, were not consid-
ered in this study.

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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The environmental impact contribution of the transport of Qurying = ZmHv 5)

materials and equipment was also considered. In doing so,
100 km was assumed as a reasonable average distance.***”
Particularly, the road freight transportation by diesel EURO 6
(i.e., meeting the six and the last European Union emissions
standard)“® lorries, with two lorry capacities, i.e., 3.5-7.5 and
16-32 metric tons were considered.”**”

The modelling of the processes was done by employing
datasets of the Ecoinvent database (EID, version 3.8).*
Particularly, an attributional approach was followed,”” thus the
“Allocation at the point of substitution” (i.e., APOS) system
model was employed. The precise datasets employed are
detailed in the inventory tables in the Supporting Information.

To make our results comparable with those obtained in the
systematic study performed by Wu etal,®¥ their same
inventories were considered in modelling of electricity mix and
titanium(lV) isopropoxide precursor (Tables S16 and S17). The
electricity mix used and detailed in Table S16 considers the U.S.
electricity generated by each fuel source in 2017.5

For their modelling, the U.S. Life Cycle Inventory Database
(USLCN™ was also employed.

The inventories of the modelled SCS, HSGS and NHSGS are
detailed in Tables S18-520.

The inventories were modelled in SimaPro 9.3.0.2.°” The
LCIA was performed by using the global scale-oriented
ReCiPe2016 method both at midpoint and endpoint levels, with
a hierarchist (H) perspective and average weighting set (A).""
The selected impact assessment method is one of the most
widely accepted and scientifically applied global methods,**
since it accounts for a significantly higher number of impact
categories with respect to other methods.””

However, to frame the impacts of SCS, HSGS and NHSGS
within the results obtained in the systematic study by Wu
et al,®¥ our inventories were re-adjusted. Particularly, they were
modified in terms of some of the energy contributions, since
that systematic study® was performed on not-replicated
procedures. Thus, the energy requirements for heating and
drying were calculated according to Equations (4) and (5)
respectively, where m is the mass [kg] of the compound to be
heated, C, is its heat capacity [kikg™'K™'], AT the temperature
difference [K] between its temperature and the environment,
and H, is its heat of vaporization [kJkg™']. More importantly, the
contributions of transport, equipment, emissions and waste
treatment were completely neglected in the systematic study,
thus they were also eliminated in the adjusted inventories for
SCS, HSGS and NHSGS, which are reported in Tables S21-523.

Qheating = meAT (4)

For this latter comparison, the LCIA was performed by the
midpoint-oriented TRACI 2.1 method,”*™ as performed in the
work by Wu et al.®*

Results and Discussion
Characterization of the synthesized TiO, nanoparticles

The physicochemical characteristics of the TiO, nanoparticles
synthesized by SCS, HSGS and NHSGS are summarized in
Table 1. The results slightly differ from those reported in the
works of reference, highlighting the importance of experimen-
tally reproducing the published procedures before performing
any environmental assessment. The Rietveld refinement outputs
for the three synthesis methods are reported in Figures S4-S6,
whereas galleries of bright-field TEM images collected from the
nanopowders are shown in Figures S7-S9. The particle size
determined from manual processing of TEM images possibly
corresponds to the crystallographic coherent length as a good
agreement is found with XRPD data (see Table 1).

As visible from Table 1 the three synthetic procedures led to
different crystalline polymorphs percentages, thus to different
materials not necessarily interchangeable in their final
application.®® This is, indeed, the main reason why two differ-
ent functional units (i.e., 1 kg and 1000 m? surface area) were
selected in this study and why an additional energy contribu-
tion was considered for all the three syntheses to reach a 3:1
anatase-to-rutile ratio.

Environmental impacts of SCS, HSGS and NHSGS

The environmental impacts of the three assessed synthetic
strategies, are detailed at a midpoint level in Tables 2 and 3, for
1kg and 1000 m? functional units respectively. The relative
impacts among the three syntheses are depicted in Figure 1.

Independent of the functional unit considered, the environ-
mental impacts follow the general trend: SCS < HSGS < NHSGS.

By considering the mass-based functional unit (Figure 1a),
SCS possesses the lower environmental impact with respect to
HSGS and NHSGS for all the impact categories considered,
except for SOD (stratospheric ozone depletion, kgcec.11equiv)- SCS
has a higher SOD than HSGS.

Table 1. Summary of physicochemical characteristics of the TiO, nanoparticles synthesized by SCS, HSGS and NHSGS strategies. The isotropic size of
coherently diffracting domains determined by XRPD are reported together with the size determined by TEM.

Synthetic Phase [wt %] Crystallite size [nm] Particle size Humidity BET SSA
procedure anatase rutile brookite amorphous anatase/rutile/brookite [nm] [%] [m’g™"]
SCS 87.0+0.7 1.6+0.1 - 11.4£0.7 9.940.1/172+42/- 743 5.76 130.6
HSGS 54.7+0.6 - 40.9+0.6 44408 4.640.1/-/4540.1 541 20.70 1954
NHSGS 100 - - - 9.440.1 106 14.09 119.7

ChemSusChem 2023, 16, €202202196 (4 of 15)
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Table 2. Midpoint environmental impacts (ReCiPe 2016, H) associated with the laboratory scale production of 1 kg of TiO, nanoparticles by SCS, HSGS, and
NHSGS, as modelled with the complete inventories reported in Tables S18-520.
Impact category Unit Synthetic procedure
SCS HSGS NHSGS
global warming 10° Kgco, equi. 2.00 3.22 13.4
stratospheric ozone depletion 10™* KQcrer equiv. 4.98 4.31 15.7
ionizing radiation kBQco-s0equiv. 14.3 23.5 54.3
ozone formation, human health KGnoxequiv. 4.28 7.25 293
fine particulate matter formation KGpm2.5 equiv. 3.80 7.02 283
ozone formation, terrestrial ecosystems KGnoxequiv. 4.64 7.68 313
terrestrial acidification kg _ 12.0 221 92.7
SO, equiv.
freshwater eutrophication KGp equiv. 0.331 0.505 1.28
marine eutrophication 107% KO equiv. 3.50 5.12 12.0
terrestrial ecotoxicity 10° kg1 4.0cs 572 14.3 27.9
freshwater ecotoxicity K91 4008 48.9 11 255
marine ecotoxicity kg 4008 64.5 147 333
human carcinogenic toxicity K91 4008 106 283 549
human non-carcinogenic toxicity 10% kg1 4-0c8 9.57 21.7 471
land use M’ Agropequ. 14.1 23.2 50.8
mineral resource scarcity k9cyequiv. 851 16.7 29.5
fossil resource scarcity 10% KQoiequiv. 6.36 9.87 42.0
water consumption m? 5.39 7.60 21.0

Table 3. Midpoint environmental impacts (ReCiPe 2016, H) associated with the laboratory scale production of 1000 m? of TiO, nanoparticles by SCS, HSGS
and NHSGS, as modelled with the complete inventories reported in Tables S18-5S20.

Impact category Unit Synthetic procedure
SCS HSGS NHSGS

global warming KGco, equn 153 16.5 112
stratospheric ozone depletion 107° k9crcr1 equi. 3.81 2.21 13.1
ionizing radiation kB0l co-g0equi. 0.110 0.121 0.453
ozone formation, human health 1072 KGNoxequiv. 3.28 3.71 24.5
fine particulate matter formation 1072 KGpmzsequiv. 291 3.59 23.6
ozone formation, terrestrial ecosystems 1072 KGnoxequiv. 3.56 3.93 26.1
terrestrial acidification 1072 kdso, equn. 9.21 1.3 77.4
freshwater eutrophication 1073 KGp equiv. 253 2.59 10.7
marine eutrophication 107* KOy equiv. 2.68 2.62 10.1
terrestrial ecotoxicity K91 4.0c8 43.8 733 233
freshwater ecotoxicity kg1 4.0c8 0374 0.570 2.13
marine ecotoxicity kg1.4.0c8 0.494 0.755 2.78
human carcinogenic toxicity kg1 4.0c8 0.809 1.45 458
human non-carcinogenic toxicity ngMDCB 7.33 1.1 39.3
land use M*Acropequiv. 0.108 0.119 0.425
mineral resource scarcity 1072 kgp]:uequiv, 6.52 8.55 24.7
fossil resource scarcity KQoilequiv. 487 5.05 35.1
water consumption 1072m? 4.12 3.89 17.6

Particularly, the impact of SCS to this category results 4.98 x
10 KGcrc11equiv. (Table 2) and it is due (for 92.73 %) to dinitrogen
monoxide released into air mainly (for 50.12%) as a conse-
quence of the production of nitric acid (i.e., to the process
“Nitric acid, without water, in 50% solution state {RoW}| nitric
acid production, product in 50% solution state|APOS, U"),
necessary for the nitration reaction.

The large differences in most of the impact categories
considered are related to the significantly different amounts of
energy necessary for the three synthetic strategies assessed, as
a consequence of their different reaction times (as detailed in
the Experimental Section and in the inventories reported in
Tables S18-520).

Particularly, the higher percentage of difference between
SCS and NHSGS for 1 kg functional unit (-87 % for SCS) is found
for the terrestrial acidification (TA) impact category. The

ChemSusChem 2023, 16, €202202196 (5 of 15)

contributions to this impact category are mainly due to the
electric energy needed for the heating plate operation (58.5%
for SCS and 69.2% for NHSGS). In both cases, the impact is due
for 89.4% to SO, released in air, mainly (52.5%) associated to
the process “Electricity, bituminous coal, at power plant/US
System - Copied from USLCI” comprised in the US electricity
mix employed (Table $16).

Similarly, the fine particulate matter formation (FPMF)
impact category values for SCS and HSGS are respectively the
13.4% and the 24.8% of the corresponding FPMF value for
NHSGS. The contributions to this impact category are again
mainly due to the electric energy needed for the heating plate
operation (54.1% for SCS, 35.5% for HSGS and 66.2% for
NHSGS). Independent of the synthetic strategy, the impact is
due for 88.7% to SO, released in air, mainly (52.5%) associated
to the process “Electricity, bituminous coal, at power plant/US

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 1. Relative environmental impacts, calculated at a midpoint level
(ReCiPe 2016, H), associated with the laboratory scale production of 1 kg (a)
and 1000 m? surface area (b) of TiO, nanoparticles by SCS, HSGS, and NHSGS,
as modelled with the complete inventories reported in Tables $18-520. The
impact categories considered by the impact assessment method are: global
warming (GW, kgco, equiv.), Stratospheric ozone depletion (SOD, kgcec.11equiv)s
ionizing radiation (IR, kBQco.goequiv)s ©ZONe formation-human health (OFHH,
KQnoxequi)s fine particulate matter formation (FPMF, kgpyy5equv)s 0ZONe
formation-terrestrial ecosystems (OFTE, kgyoyequw), terrestrial acidification (TA,
kgso, equiv.), freshwater eutrophication (FE, kgpequv.), Marine eutrophication
(ME, kg equy). terrestrial ecotoxicity (TE, kg; 4.ncp), freshwater ecotoxicity (FET,
kg1 4.pcs), Marine ecotoxicity (MET, kg, 4.pcg), human carcinogenic toxicity
(HCT, kg, 4.0c8), human non-carcinogenic toxicity (HNCT, kg, 4.ncg), land use
(LU, mzacmpequiv_), mineral resource scarcity (MRS, kgcyequv): fOssil resource
scarcity (FRS, kQgiiequv), and water consumption (WC, m?).

|n

System—copied from USLC
mix employed (Table S16).
Slightly different is the situation for the ionizing radiation
(IR) impact category. Its values for SCS and HSGS are
respectively the 26.4% and the 43.4% of the value for NHSGS.
In the case of SCS, the contribution to this impact category is
mainly (26.8%) due to the acetone employed for washing the
glassware. Particularly, its impact is mainly due (90.8%) to
emissions of radon-222 in air, associated principally to the
process “Tailing, from uranium milling {GLO}|treatment of|
APOS, U". The latter process is related to the mix of electric
energy necessary for the wastewater treatment, comprised in
the Ecoinvent process “Isopropanol {RoW}|production|APOS,

comprised in the US electricity
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U”, needed for the synthesis of acetone. The contributions to IR
for HSGS and NHSGS are instead mainly due to the process
used to model the activated carbon air filter (for 42.7% and
31.9% respectively). In both cases, the impact is due for 92.1%
to radon-222 released in air, mainly (97.2%) associated to the
process “Tailing, from uranium milling {GLO}|treatment of|
APOS, U”. The latter is in this case mainly related to the
electricity mix considered in the Ecoinvent process “Activated
carbon, granular {RoW}|activated carbon production, granular
from hard coal | APOS, U".

In marine eutrophication (ME), the values for SCS and HSGS
are the 29% and the 42.5% of the corresponding value for
NHSGS. In the case of SCS, the contribution to ME is mainly
(23.8%) due to the treatment of the water used for the ice bath,
and its impact is due for 55.4% to nitrate released in water,
associated for 99.6% to the process “Wastewater, from
residence {RoW}|treatment of, capacity 1.1x10'°Ly™'|APOS, U”
(Table S18). The contributions to ME for HSGS and NHSGS are
instead mainly due to the process used to model the cotton
lab-coat production (for 37.2% and 27.2% respectively). In both
cases, the impact is due for 79.7 % to nitrate released in water,
mainly (66.9%) associated to the process “Seed-cotton {RoW}|
seed-cotton production, conventional | APOS, U”.

When considering 1000 m? functional unit (Figure 1b), SCS
has greater environmental impact than HSGS in two additional
categories (i.e.,, marine eutrophication, ME, kgyequ,. and water
consumption, WC, m®). The production of an amount of TiO,
nanoparticles by SCS corresponding to 1000 m? (i.e., ca. 7.66 g)
leads to an impact of 2.68x10 " kgyequ,. in the ME impact
category. This latter contribution is due for 64.15% to the
release of nitrate in water, the latter associated for 28.67 % to
the process “Spoil from hard coal mining {GLO} | treatment of, in
surface landfill| APOS, U”, describing the landfill disposal of
lignite spoils, and mainly (for 51.74 %) comprised in the process
used to model the activated carbon air filter (Table S15).

The contribution of 1000 m? surface area of TiO, nano-
particles to WC impact category is 4.12x 1072 m? (Table 3), and
it is due to the consumption of water (i.e., water, turbine use,
unspecified natural origin, RoW) associated to the US electricity
mix (Table S16) used mainly (for 69.21%) in the evaporating of
the reaction mixture to 90°C and its ignition at 180°C.

By grouping the results of the eighteen impact categories
into the opportune damage categories and referring them at
the point at which the environmental effects potentially occur,
the endpoint results are obtained as depicted in Figure 2 and
quantitatively detailed in Tables S24 and S25 for 1kg and
1000 m? functional units, respectively.

By considering the mass-based functional unit, SCS pos-
sesses the lowest environmental impacts within the three
damage categories considered, i.e., Human health, Ecosystems
and Resources (Figure 2a). When instead the surface area-based
functional unit is considered, the impact of SCS in the damage
category Resources becomes higher with respect to the one of
HSGS (Figure 2b). In details it is equal to 1.25 USD2013
(Table S25) and it is mainly (for 56.95%) due to the consump-
tion of 2.36 m® of natural gas considered (for 72.60%) in the
USLCI database process named “Natural gas, at extraction site/
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Figure 2. Relative impact [%] associated to the production of 1 kg (a) and
1000 m? surface area (b) of TiO, nanoparticles synthesised by SCS, HSGS and
NHSGS (as modelled with the complete inventories reported in Tables S18-
$20) and calculated at the endpoint level, i.e., in terms of the damage
categories Human health (DALY), Ecosystems (species year) and Resources
(USD2013).

US”. This process is comprised in the US electricity mix
(Table S16) and its impact is mainly (for 53.69%) due to the
electricity needed for the use of the magnetic stirrer heater
plate, and secondly (for 17.00%) to the electric energy required
by the aspiration system.

To better compare the lab-scale productions of TiO, nano-
particles by SCS, HSGS and NHSGS, their environmental loads
can be expressed as a single score (i.e., in terms of the eco-
indicator point, Pt: the bigger its value is, the higher the impact
of that particular process on the environment is), as calculated
after normalization and weighting operations. The single score

. E Chemical
ChemSusChem doi.org/10.1002/cssc.202202196 Societies Publishing
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Figure 3. Single score results for the lab-scale production of 1 kg (a) and
1000 m? surface area (b) of TiO, nanoparticles synthesised by SCS, HSGS and
NHSGS (as modelled with the complete inventories reported in Tables S18-
S20).

results are depicted in Figure 3 and detailed in Tables 4 and 5,
for 1 kg and 1000 m? functional units, respectively.

From Figure 3 it is clearly inferable that SCS can effectively
be considered a more environmentally sustainable synthetic
protocol, with respect to both HSGS and NHSGS. Indeed,
independent of the functional unit considered SCS is charac-
terized by the lowest single scores, i.e., 84.15 Pt (considering
the mass-based functional unit, Figure 3a) and 0.64 Pt (consid-
ering the surface area-based functional unit, Figure 3b). Oppo-
sitely, the NHSGS performed in benzyl alcohol represents the
most environmentally impacting route, with a total impact of
577.68 Pt when considering 1kg of TiO, nanoparticles, and

Table 4. Detailed single score results for the lab-scale production of 1 kg of TiO, nanoparticles synthesised by SCS, HSGS and NHSGS (as modelled with the

complete inventories reported in Tables S18-S20).

Damage category Unit Synthetic procedure

SCS HSGS NHSGS
human health Pt 80.48 147.66 553.71
ecosystems Pt 2.50 4.21 17.14
resources Pt 1.16 1.56 6.83
total Pt 84.15 153.43 577.68

ChemSusChem 2023, 16, 202202196 (7 of 15)
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Table 5. Detailed single score results for the lab-scale production of the amounts of TiO, nanoparticles corresponding to 1000 m? of surface area,
synthesised by SCS, HSGS and NHSGS (as modelled with the complete inventories reported in Tables S18-5S20).

Damage category Unit Synthetic procedure

SCS HSGS NHSGS
human health Pt 0.62 0.76 4.63
ecosystems Pt 0.02 0.02 0.14
resources Pt 0.01 0.01 0.06
total Pt 0.64 0.79 4.83

4.83 Pt when considering the amount of powders correspond-
ing to 1000 m? of surface area.

To highlight the role of the different sub-processes into the
total impact, the single score results, referred to 1 kg functional
unit, are detailed for each synthetic protocol in Tables S26-528
and graphically reported in Figures S10-512.

The results in Table S26 and Figure S10 highlight that the
major contributions to the lab-scale production of 1 kg of TiO,
nanoparticles by SCS are due to the electric energy necessary
for the operation of the heating plate (45.22%) and the
aspiration system (14.32%), to the construction of the aspiration
system (10.71%) and the activated carbon air filter (9.27 %), and
to the acetone employed for washing the glassware (7.78 %).

Similarly, the main contributions to the impact of HSGS and
NHSGS are related to the operation of the heating plate
(30.09% and 60.05% respectively) and the aspiration system
(25.22% and 11.53% respectively), and to the construction of
the aspiration system (18.87% and 8.63 % respectively) and the
activated carbon filter (16.33% and 7.47 % respectively) plants
(see Tables S27, S28 and Figures S11, S12).

Necessarily, the three synthesis methods assessed in this
work are quite specific and not necessarily optimized from an
environmental perspective, but rather in terms of the yield and
quality of the target nanoparticles. This means that any
potential change performed on the experimental conditions of
each strategy, will affect not only the amount and quality of the
synthesised TiO, nanoparticles, but also the environmental
impacts associated to each synthesis.

Therefore, in order to allow the readers and further
researchers in the field to re-calculate (at the endpoint level
with ReCiPe 2016 H/A impact assessment method) the environ-
mental impacts associated to SCS, HSGS and NHSGS eventually
performed with some experimental modifications (e.g., amount
of reagents, solvent, energy, etc.) with respect to the proce-
dures here described, the authors developed a simple tool,
named “LCIA tool for TiO, NPs synthesis by SCS, HSGS and
NHSGS”, available in Supporting Information. This tool simply
consists in three different Excel worksheets (one for each
synthesis method assessed) in which it is possible to modify the
amounts of the input and output variables as well as the yield
and the quality (i.e., crystallinity and humidity degrees) of the
obtained TiO, nanoparticles. The tool will report both numeri-
cally and graphically the new environmental impacts (reported
as single scores, Pt) associated to the modified procedures.
Hopefully this tool will contribute to further optimizations of
the SCS, HSGS and NHSGS, not only on the basis of the amount
and quality of the obtained product, but also concurrently

ChemSusChem 2023, 16, €202202196 (8 of 15)

accounting for their environmental performances, in order to
pursue an always more environmentally sustainable synthesis
of TiO, nanoparticles.

Sensitivity analysis: the role of electric energy country mix

Since the major contributions to the environmental impacts of
the three synthetic strategies assessed in this work are related
to the electric energy consumption, a sensitivity analysis was
performed to see how the LCA results may vary by employing
different electric energy country mixes.

Particularly, the process modelled for the synthesis of
titanium (IV) isopropoxide precursor (inventory of Table S17) as
well as those related to the synthesis of TiO, NPs by SCS, HSGS
and NHSGS (inventories of Tables S18-520) were modified by
replacing the electricity mix of Table S16, with those of the six
regional entities of the North American Electric Reliability
Corporation, NERC (i.e., Western Electricity Coordinating Council
WECC, Midwest Reliability Organization MRO, Texas Reliability
Entity TRE, Northeast Power Coordinating Council NPCC,
ReliabilityFirst Corporation RFC, and South-eastern Electric
Reliability Council SERC), the Italian (IT) as well as the State Grid
Corporation of China (SGCC) ones.

The single score results (ReCiPe 2016 H/A) of the sensitivity
analysis are summarised in Figure 4 and detailed (together with
the description of the Ecoinvent datasets used) in Tables S29-
S31 for 1 kg of TiO, NPs obtained by SCS, HSGS and NHSGS,
respectively. Independent of the electric energy mix considered,
being equal the latter, the general trend of the environmental
impacts (i.e, SCS<HSGS <NHSGS) is still satisfied. The NPCC
electricity grid results the one leading to the higher reduction
of the environmental impact (from —43.6% for HSGS to
—55.2% for NHSGS).

On the opposite, the use of the MRO electricity grid leads to
the most significant increase of the environmental impact
independent of the synthesis method considered (from
+60.0% for SCS to +76.0% for NHSGS).

The observed differences are mainly due to the different
mixes characterizing the electricity available on the high
voltage level in these regional entities. Particularly the NPCC
grid results mainly generated (according to the Ecoinvent
dataset “Electricity, high voltage {NPCC, US only}| market for|
APOS, U") by nuclear energy (ca. 30%) and by natural gas (ca.
30%).5*¥ Differently, the MRO grid is generated (according to
the Ecoinvent dataset “Electricity, high voltage {MRO, US only} |
market for|APOS, U") principally by wind power plants (ca.
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Figure 4. Single score results (ReCiPe 2016 H/A) of the sensitivity analysis for the preparation of 1 kg of TiO, nanoparticles by SCS (a), HSGS (b) and NHSGS (c),
replacing the electricity mix of this work (i.e., the one reported in Table S16) with those of the six regional entities of the North American Electric Reliability
Corporation, NERC (i.e., Western Electricity Coordinating Council WECC, Midwest Reliability Organization MRO, Texas Reliability Entity TRE, Northeast Power
Coordinating Council NPCC, ReliabilityFirst Corporation RFC, and South-eastern Electric Reliability Council SERC), the Italian (IT) as well as the State Grid

Corporation of China (SGCC) ones.

26 %), by burning of lignite (ca. 22%) and by natural gas (ca.
20 %)'[57,58]

The ltalian country energy mix, i.e, the one effectively
employed for conducting the synthesis experiments represents
a trade-off scenario, since its use leads to reductions of 25.59%,
25.4% and 32.2% to the environmental impacts of SCS, HSGS
and NHSGS respectively (Figure 4). At the high voltage level it
results (according to the Ecoinvent dataset “Electricity, high
voltage {IT}| market for| APOS, U") mainly derived by natural gas
(ca. 37 %), by hydroelectric power plants (ca. 17 %) and by hard
coal (ca. 10%).°"*

Environmental impact comparison with further chemical,
physical and biological synthetic routes

Although the results of Tables S26-528 and Figures S10-512
demonstrated the not negligible contribution of the environ-
mental impacts associated to equipment, work-up procedures
and reaction-waste treatments, to compare SCS, HSGS and

ChemSusChem 2023, 16, 202202196 (9 of 15)

NHSGS to the seven TiO, synthetic routes assessed by Wu
et al.®¥ their inventories were modified (Tables $21-523). Partic-
ularly, these changes involved the energy contributions that
were calculated by Equations (4) and (5), and the contributions
of transport, equipment, emissions, and waste treatments that
were neglected.

These changes led to a decrease of the impacts of more
than 90% (according to ReCiPe 2016 H/A and considering 1 kg
functional unit) independent of the synthesis considered (Fig-
ure S13). Moreover, the new trend followed by the environ-
mental impacts of the three synthetic strategies is slightly
modified in HSGS < SCS < NHSGS (by considering 1 kg
functional unit).

The results of the ten synthesis methods compared are
visually reported in terms of relative impacts in Figure 5 and
accurately detailed in Table 6 (for 1kg) and Table7 (for
1000 m?).

By considering first the mass-based functional unit (i.e,
Figure 5a and Table 6), the HSGS assessed in the present study
represents the less environmentally impacting synthetic meth-
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Figure 5. Relative environmental impacts of the ten synthesis methods (i.e.,
the three of the present study and the seven of the systematic study
performed by Wu et al.?), as calculated by TRACI 2.1 method, considering
the mass-based (a) and the surface area-based (b) functional units. The ten
impact categories considered are ozone depletion (OD, kgcec.11equv), 9lobal
warming (GW, kgco, equw.)» SMOg (PS, Kgo, cquv.), acidification (AC, kgso, equiv.)r
eutrophication (EU, kgyequy), carcinogenics (HHC, CTUh: i.e., Comparative
Toxic Unit for human toxicity impact), non carcinogenics (HHNC, CTUh),
respiratory effects (RE, kQpy.sequiv), €COtoXicity (EC, CTUe: i.e.,, Comparative
Toxic Unit for ecotoxicity), and fossil fuel depletion (FF, M, is)-

od for all the impact categories considered, except for
carcinogenics (HHC) and ecotoxicity (EC), for which instead its
impact results higher only with respect to the sol-gel synthesis
assessed by Wu et al.*

SCS is the third less impacting synthesis in the impact
categories ozone depletion (OD), eutrophication (EU), respira-
tory effects (RE) and fossil fuel depletion (FF), while for the
other categories it gets position fourth, with the exception of
ecotoxicity (EC) category, for which SCS is at the fifth place.

Oppositely to the good performances of HSGS and SCS,
NHSGS in benzyl alcohol occupies always one of the first four
positions among the most impacting methods, with the first
position occupied in the fossil fuel depletion category and the
second one for the ozone depletion.

When re-scaling the environmental impacts based on the
surface area of the obtained nanoparticles (Figure 5b and
Table 7), the situation improves further for HSGS and SCS. The
production of 1000 m? of TiO, nanoparticles by HSGS possesses

ChemSusChem 2023, 16, €202202196 (10 of 15)

the lowest environmental impact among the ten synthesis
methods, independent of the impact category. SCS lies always
among the four less impacting synthetic strategies, occupying
the second position in the fossil fuel depletion impact category
and the third one in the categories ozone depletion, smog,
eutrophication and respiratory effects. Some environmental
improvements are also reached by NHSGS. It never occupies
the worst two positions while it lies at the third place or at the
fourth one among the most impacting strategies in most of the
impact categories considered, with the exception of eutrophica-
tion one with respect to which it gets the fifth position.

Independent of the functional unit considered, it can be
concluded that also this latter comparison with further chem-
ical, physical and biological synthetic strategies, highlighted the
good environmental performances of both HSGS and SCS as
assessed in the present study. Although, HSGS represents the
less environmentally impacting synthesis method, it should be
reminded that these results were obtained by neglecting
significant contributions to the life cycles of the ten syntheses
assessed (e.g., transport, direct emissions, equipment employed
and reaction waste treatments), as a consequence of the lack of
primary data employed in the systematic study by Wu et al.,®*
since the latter considered published procedures without
replicating the experiments. This means, that the final environ-
mental sustainability ranking obtained, could be potentially
upset.

However, by bearing in mind the previously obtained results
concerning the comparison between SCS, HSGS and NHSGS as
modelled with their complete inventories, in which SCS
demonstrated a lower environmental impact with respect to
other methods, it can be argued that SCS can be considered an
environmentally sustainable synthetic strategy for the obtain-
ment of TiO, nanoparticles.

Conclusions

Solution combustion synthesis (SCS) of TiO, nanoparticles has
been for the first time assessed from an environmental
perspective and compared with hydrolytic sol-gel synthesis
(HSGS) and non-hydrolytic sol-gel synthesis (NHSGS), by the life
cycle assessment (LCA) methodology.

The possibility to experimentally replicate the procedures
described into the literature allowed to model the inventories
of the studied systems in a more detailed and trustworthy way,
thus accounting also for information that are typically neglected
(e.g., amount of solvents used for the work-up and waste
generated), while instead constituting fundamental inputs to
build up the life cycle stages of a given synthetic protocol
performed at a lab scale.

Independent of the functional unit considered, i.e., 1 kg of
nanoparticles or 1000 m? of surface area, the SCS, assessed in
this study, demonstrated to be more environmentally sustain-
able with respect to sol-gel strategies performed both in water
and in benzyl alcohol, at least in the specific experimental
conditions considered in this study. Particularly, its environ-
mental impact resulted 45.15% and 85.43% lower with respect
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A g & The environmental impacts of these three different synthe-
2 g%‘ NY v = Boonan ses were also reliably compared with those associated with
@ 8| m QNS . . .
£z =8|-N ~-~ o caoanmaa seven further strategies recently assessed in a systematic study,
‘é i.e., sol-gel, hydrothermal, solvothermal, microemulsion, flame
2 é: spray pyrolysis, radio frequency thermal plasma and biological
©
< 2 synthesis. In doing so significant contributions to the whole
;c:> % impacts needed necessarily to be neglected. This latter
S e MmN M 0 SN N A comparison highlighted the highest environmental perform-
2 € aN o = QR NmX . .
= - = - ONMme- -3 ances of the HSGS as modelled in the present study, with SCS
ks laying however among the less environmentally impacting
é @r_u procedures. On the contrary, NHSGS performed by following
é S the benzyl alcohol route positioned itself among the most
[
g £ - < o impacting ones like the radio frequency thermal plasma and
2 3 3§33 $3853q3 the biological synthetic route, especially when considering the
S a —S f ©C OMme=N<YM™ . .
ZE, mass-based functional unit.
g g - Based on the two comparison studies, SCS can be
3 2 HTEG considered a more environmentally sustainable procedure, at
f_a g least for the synthesis of TiO, nanoparticles, now with
i? g 03 0 & Do o s ~aun quantitative environmental impact data at support of this
= = MO © M —mKNmMmOoN . .
B £z NS Mm S S =wmeme statement. However, to obtain trustworthy environmental
2 'g' impact assessments, it should be highlighted the need to
g 2 3 comprise also the contributions of transport, equipment, work-
2 £
a0 %’* NS o P S~ up procedures, waste treatment and emissions. At this latter
< 5 MY M N —NOnmY; . . . . .
3C a MS N S S=0VaN = regard, replication of the published synthetic procedures is
£73 highly recommended, even because the experimental results
= 3 ~ can slightly differ from the published ones, thus potentially
iE 2 o3 ENggqed ffecting th lts of th i tal t per-
ap Z N gL Sdsdng affecting the results of the environmental assessment per
s 5 . formed by LCA methodology.
s 3 0 o o 1A The here presented results refer to lab-scale procedures that
EE § % cm R 258 E ~a8 typically are not optimized, therefore they do not necessarily
=~ NS « S O~ - & -
Es g reflect the results of upscaled industrial syntheses (usually
_g § g o ~ characterized by significant reductions of materials and energy
ga <Y A8 =M cSRemd consumptions), which instead would need to be considered on
c @ wv T O m O OMNOWOMLWN —
o5 a case-to-case basis.
> O P . .
S5 s S Therefore, it is highly desirable that future LCA research
fg o iz i . studies will be always more frequently accompanied by simple
o 8 . £ < o 2 " . .
%f S s i i PRESS tools as the “LCIA tool for TiO, NPs synthesis by SCS, HSGS and
2 g f3 = N g .
Ev . &2 s oy C= NHSGS” presented in this work since it would allow to partially
o <€ oS v ggooo0ovo S
ol > e X XN s overcome the process specificity related limitations of the
g 'g presented results, concurrently contributing to the optimization
«5@ 5 g o of a given process/product (also at a lab-scale) by considering
= s 8 g Q2 L uUoPZTwo in real time its environmental impacts, without having to
pe ES oG & <amrrEob perform a new LCA study
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P Experimental Section
£ L
= g Materials and methods
el
@ o
T S S L:r 23 % a@n8 § Similar to the work by Wu et al.,*¥ laboratory scale procedures were
2 assessed in this work due to both the recently recognized
) ﬁ importance of framing also lab-scale processes in the context of
vy Y their life cycles®™*? and the typical lack of synthesis information at
§ 3 an industrial scale.
=z >
W 5 § The selection of the solution combustion synthesis of TiO, nano-
§ =R particles and the sol-gel approaches was performed based on
7 £ B some of the criteria considered by Wu et al.*® like for example the
& Lx T2 o3 e use of the same precursor and the presence of a full character-
2 ES|db i §F =qdaRmm ization of the obtained product. However, all the synthetic
< protocols selected were replicated in the laboratory to experimen-
€ . tally determine data typically neglected in the published proce-
= g2 dures (e.g., amount of solvent needed for the work-up, etc.), to
§ g—;‘ 0T o m NO®N O model them more accurately.
~ B[ NR O = AN =
Q il IR A Titanium(lV) isopropoxide (97%), glycine (>99%), Triton X-100
S (laboratory grade), benzyl alcohol (>99%) and acetic acid (>
] EC 99.8%) were purchased from Sigma-Aldrich (Milan, ltaly), while
z g HNO; (65%) and HCI (37%) from Fischer Scientific (Milan, Italy),
3 E petroleum ether (40-60) from Carlo Erba reagents s.r.I (Milan, Italy)
2 g _ and acetone (technical grade) from Incofar s.rl. (Modena, Italy).
e g A% 3 8 =8 They all were used as received, without further purification.
o NO & & &N — N1 —
§ The environmental performances of SCS, HSGS and NHSGS
5 = considered in the present study for the preparation of TiO,
5a K nanoparticles were assessed according to the reaction mechanisms
I ﬂ,—c % and conditions reported in the following subsections.
85 £
o= > — = < 1NN Q< 0N M
= ] M= on oM =0 NN ;O
15 2 2 N A e e @ A e Solution combustion synthesis of TiO, nanoparticles
=
%‘B @ SCS of TiO, nanoparticles, was performed according to the
‘g S 0= procedure reported by Lopera et al.”®® with a few modifications. In
g‘g % a typical experiment, 3mL of TiV isopropoxide were dropwise
E, 1] % o - e added to 25 mL of deionized water in a round bottomed flask and
e '§ AT 52 @8gIBFL8E the mixture was stirred at 0°C for 1 h in order to obtain titanyl
S £ < moe A N o-oan— hydroxide according to Equation (6), as visually indicated by the
B £ appearance of a white precipitate.
=% &
o v =
o9 [2) . .
2 & 2 Mo Mmoo Do oo Ti(C;H,0), + 3H,0 — TiO(OH), + 4C;H,0H (6)
¢ 3 |BITIERERRE
5% 2 == -
;C? 'g' Subsequently the as prepared solution was added with 4.17 mL of
“é; 4 65% HNO,; to quantitatively produce titanyl nitrate according to
N2 2 |®8923I]383g2 the following Equation (7).
O ‘; =z T DN O NI < —
<< & )
Ec 5 TiO(OH), + 2HNO; — TiO(NO;), + 2H,0 7)
23 98 |mR 2K B8AYR~MA
S22 80 |95 @ 9 moudwinng
ég aT -9 e e ececoe—-o° The as obtained titanyl nitrate (in a solution state) was mixed under
=2 é stirring with 1.04 g of glycine fuel to form the precursors solution.
€ S . 0SS N ow Bunlmme The latter was transferred to an alumina crucible that was then
E & A A w3 N Na82883C heated on a hot plate at 90°C to slowly remove the water, until a
o ;' viscous white mass was obtained. The hot plate was then set to the
QE) =0 2. . temperature of ca. 180°C in order to ignite the combustion
25 H 502 3 synthesis reaction reported in Equation (8).
g T s L siss @
c o] 5 o » Z a " . .
= g2 222002 3 9TIO(NO;), + 10C,HsNO, — 9TiO,+
@ = e g7 T DF 8
2% 5 e g2 oececef: 14N, + 20CO, + 25H,0 ®
s o
2 9
D, £ > After reaction completion, the crucible was removed, allowed to
P g S % LY cool down to room temperature and 845 mg of foam type powder
a9 Qo
8z EF 9 vy ¥YaITuyw were recovered.
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Hydrolytic sol-gel synthesis of TiO, nanoparticles

The present authors already assessed from an environmental
perspective a hydrolytic sol-gel synthesis of TiO, nanoparticles,®”
i.e., the procedure patented by Colorobbia S.p.A (one of the most
important ltalian suppliers of chemicals for the building sector).?"
That procedure yielded as product a 6 wt% TiO, suspension in
water, characterized by TiO, nanoparticles of 30 nm in size. In order
to account for the optimization steps performed over the recent
years by the patent owners as well as the necessary steps to obtain
TiO, powders rather than a water suspension, the previously
studied procedure was slightly updated and performed at a
laboratory scale as follow, in order to obtain results more reliably
comparable with those of other syntheses.

A three necked round bottomed flask equipped with an additional
funnel, a mechanical stirrer and a thermometer, was charged with a
solution of Triton X-100 in H,O/HCl (77 mL). The amounts of
reactants in this mixture were adjusted to have 100 ppm of Triton
X-100 and 2.38 wt % (0.25 equiv.) of HCl in the final mixture. 23 g of
TiV isopropoxide were then dropwise added over 5min while
stirring at 400 rpm. At the end of the additions, the temperature of
the reaction mixture (white flakes suspension) was of approximately
40°C. The round bottomed flask was placed in a pre-heated oil
bath at 50°C under continuous stirring. The mixture was left on
stirring at 50°C for an overall reaction time of 24 h, then it was
cooled down to room temperature, transferred into an aluminum
bowl and then dried in an oven for 4 days at 120°C. The as
obtained white powders (8.182 g) were then carefully grinded and
subjected to subsequent characterization.

The stoichiometric reaction describing the overall hydrolytic sol-gel
synthesis of TiO, nanoparticles can be expressed by Equation (9).

Ti(C3H,0), + 2H,0 — TiO, + 4 C;H,0H (9)

Non-hydrolytic sol-gel synthesis of TiO, nanoparticles via the
benzyl alcohol route

For the non-hydrolytic sol-gel synthesis of TiO, nanoparticles, the
well-known BAR was performed.®” Particularly a procedure slightly
modified from the work by Melcarne et al.” was followed.

In a typical experiment, 3 mL of Ti(OPPr), were dropwise added to
benzyl alcohol (14.4 mL) at room temperature in a Schlenk tube
under stirring, and then 0.6 mL of acetic acid were introduced. The
closed Schlenk tube was then introduced in a pre-heated oil bath
at 200°C and the reaction was prolonged under stirring for 24 h,
during which a white precipitate was formed. The reaction mixture
was then allowed to cool down to room temperature and trans-
ferred to a Falcon tube. The Schlenk was rinsed with acetone
(18 mL) and the washings merged with the reaction mixture, which
was then centrifuged (4000 rpm, 15 min). After removal of the
supernatant, the white solid obtained was again suspended in
acetone (35 mL), stirred 5 min, and centrifugation was repeated in
the same conditions. After removal of the supernatant, the white
solid was suspended in petroleum ether (50 mL), stirred 5 min, and
centrifugation was repeated again in the same conditions. The
solvent was removed and the solid was dried in air and then under
vacuum (50 mbar, 3 h) to give the final product in quantitative yield
(961 mg).

The stoichiometric reaction describing the overall non-hydrolytic
sol-gel synthesis of TiO, nanoparticles can be expressed by
Equation (10). The reaction is catalytic in acetic acid and has a

ChemSusChem 2023, 16, €202202196 (13 of 15)

complex ligand exchange followed by insertion and elimination
mechanism, as reported by Zimmermann et al.*®”!

Ti(C3H,0), + 4C4HsCH,OH — TiO, +

10
4C4H,0H + 2C4HsCH,OCH,C4Hs (10)

Characterization

The specific surface area (SSA) of the as synthesized nanoparticles
was determined using a Gemini 2360 surface area analyzer from
Micromeritics (Norcross, GA, 30093, USA). The powders were
degassed under N, flux at 105°C for 24 h before measurements,
which were performed on dried specimens. The weight difference
before and after degassing operation allowed determining the
humidity degree of the as synthesized nanoparticles. Gas adsorp-
tion data were evaluated by the BET theory.

X-ray powder diffraction (XRPD) data and Rietveld refinements
were used to quantify the various phases in the powders (i.e., TiO,
polymorphs in addition to amorphous material) and to obtain
microstructural information in term of crystallite size. Data were
collected using a PANAlytical (Enigma Business Park, Grovewood
Road WR14 1XZ, United Kingdom) X'Pert PRO diffractometer
(Cu—Ko. radiation, A1=1.5405A) equipped with a fast detector
(X'Celerator). The incident beam size was restricted by a divergence
slit and an anti-scattering slit (both 0.25°) as well as by a beam
mask (15 mm). Soller slits (0.04 rad) were mounted both in the
incident and the diffracted beam pathways. The diffracted beam
also passed a Ni filter and an antiscatter blade (5 mm) before
reaching the detector. Data in the 26 range 10-90° were collected
using a virtual step scan of 0.0167°26 with a counting time of 50 s
per step. Powders for XRPD analyses were prepared as follows: the
as-synthesized powders were dried under inert gas flux at 105°C
for 24 h and subsequently mixed with a known amount of internal
standard (10 wt% NIST SRM 676a, a-Al,O;). The resulting powder
was subsequently mounted in a glass sample holder by side-
loading. The addition of an internal standard allowed to quantita-
tively determine the amorphous fraction in the as-synthesized and
dried powders, as described elsewhere

Rietveld refinements were accomplished with the GSAS package'™
and its graphical interface EXPGULY” The background was fitted
with a Chebyshev function with 9 coefficients. The peak profiles
were modelled using a multiterm Simpson’s rule integration of the
pseudo-Voigt function (denoted as profile function 2 in GSAS). A
Lorentzian size broadening term (LX in GSAS) was refined whereas
a Lorentzian strain broadening term (LY in GSAS), a Gaussian term
(GW in GSAS) as well as peak asymmetry term were fixed to values
refined for a line profile standard (NIST RSM 660c, LaBg). The XRPD
data for the standard were collected using the same instrumental
set-up as the one used for sample analyses. The lattice constants of
the TiO, polymorphs, scale factors for all phases and the zero shift
were refined. The weight fractions of the crystalline sample phases
as well as the standard (i.e., a-Al,0O,), that were obtained as output
from the Rietveld refinements, were subsequently used to
determine the actual phase composition of the sample including
the amorphous fraction according to previously described
procedures.*® The crystallite size (D) in A was calculated according
to the following Equation (11),*” where K is the Scherrer constant, 1
is the wavelength [A], and X is the Lorentzian-Scherrer sample
broadening.

_ 18000K7

b aX
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This latter parameter was the refined value of LX following
subtraction of the instrumental contribution of this profile parame-
ter (represented by the refined value of this coefficient for the line
profile standard NIST RSM 660c).

Transmission electron microscopy (TEM) analyses were performed
using a Talos F200s G2 instrument (Thermo Fisher Scientific)
equipped with a Schottky field emitter (S-FEG). The particles were
deposited on the sample holder, a copper grid with carbon film, by
immersion in a previously prepared ethanol dispersion of the TiO,
powders. The grids were dried under ambient conditions before
analyses.

Manual image processing was applied on calibrated micrographs
using Image J.”" The size of the particles composing SCS and HSGS
powders were rather isotropic. For these samples, the horizontal
diameter of the particle was measured. The particles composing
the NHSGS powder were elongated wherefore the minimum and
maximum dimensions were measured regardless of orientation.
Reported values are means and standard deviations of at least 50
particles.
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