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Abstract

Purpose The study aimed to identify the environmental hotspots of lab-scale preparation of high purity porous Al,O; pellets
with suitable feature to work properly as metal layer-based deposition substrates for hydrogen separation membranes. The
work intention was providing hints that may help the designing of upscaled systems, fundamental for the development of a
possible future industrial production of hydrogen separation metal layer-based membranes technology.

Methods The goal of this study was achieved assessing and analyzing environmental impacts of Al,O; pellet production
at lab scale. Primary data were collected in Padua laboratories of National Research Council of Italy. Secondary data were
retrieved from Ecoinvent 3.7 database. Life cycle assessment (LCA) was performed using Environmental Footprint 3.0
method employing SimaPro 9.3 as software. Moreover, the CML LCIA method v. 4.7 was used to verify the robustness
analysis of characterized results.

Results Life cycle impact assessment highlighted as the main driver of environmental impacts was mainly associated to
the pellet consolidation process and their morphological characterization stage. In particular, the impact of the first energy
consuming process resulted strictly related to the peculiar energy mix used (linked to the laboratory geographical location).
Conversely, morphological characterization stage was found to affect mainly the mineral resource depletion category due to
the Au coating used for performing scanning electron microscope (SEM) analyses.

Conclusions The study identified the environmental hotspots related to lab-scale preparation of porous alumina pellets as
substrate for hydrogen separation metal layer-based membranes. The optimization strategies evaluated in this work were
addressed to improve the environmental profile of experimental activities considering several scenarios, in view of a pos-
sible industrial scale-up.

Keywords Hydrogen separation - Porous alumina - Life cycle assessment - Lab-scale analysis - Environmental impacts -
Industrial ecology

1 Introduction

The strategy outlined in the European Green Deal consid-
ers the hydrogen technology as a key technology for the
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stefania.fiameni @cnr.it hydrogen is mainly obtained by steam reforming of natural

gas (Dincer and Acar 2014), although the biomass gasifica-
Institute of Condensed Matter Chemistry and Technologies

tion seems to be gradually a more forthcoming prospective
for Energy, National Research Council of Italy, C.so Stati ) & ,y_ & Prosp
Uniti 4, 35127 Padua, Ttaly (Demirbas 2008; Hosseini et al. 2015). In both cases, the

H,-rich gas mixture contains several by-products (carbon
Department of Chemical Sciences and Materials Technology, 2, g . K K yp (
National Research Council of Italy, Piazzale A. Moro, oxides, sulfides, and hydrides), which must be removed
00185 Rome, Italy through purification and separation steps.

Department of Chemical Sciences, University of Padua, Via At industrial scale, separation of gas mixtures present
Marzolo 1, 35131 Padua, Italy in the syn gas is usually carried out by doing multiple

Communicated by Chris Yuan.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11367-023-02179-5&domain=pdf
http://orcid.org/0000-0003-1316-5368

118

The International Journal of Life Cycle Assessment (2023) 28:1117-1131

consecutive cycles of steps, which involves gas absorption
and adsorption, cryogenics, and membrane technologies
(Scott 1995; Bernardo et al. 2009). For instance, pressure
swing adsorption or cryogenic separation systems can be
coupled with molecular sieves, exploiting the different
physical behavior of gasses at different pressures and tem-
peratures. The continuous alternation of conditions allows
to increase gas purity (Scott 1995).

Between the several continuous hydrogen separation
strategies, metal-based membrane technology is considered
one of the most promising, permitting to simplify the whole
process, limiting working steps, and decreasing energy con-
sumption and costs (Gallucci et al. 2013).

Nowadays, metal membranes are mainly composed by
palladium alloys, as, for example, Pd—Ag, Pd-Cu, and Pd-Au
(Hatlevik et al. 2010; Yun and Ted Oyama 2011; Barison
et al. 2018; Lee et al. 2021). Palladium is the preferred metal
for this application, due to its capability to catalyze molecu-
lar hydrogen breaking and dissolution in its lattice. Dense
metal membranes can allow to achieve infinite hydrogen
selectivity with respect to helium or nitrogen (Tong et al.
2005; Huang and Dittmeyer 2006; Kim et al. 2022).

The drawback of this metal is related to its criticality. In
fact, the high content of critical raw materials represents one
of the main problems for a large-scale employment of such
membranes. The two main strategies to decrease the critical
raw material use are the substitution of the critical elements
(Fasolin et al. 2022) and the membrane designing based on
a thin selective metallic layer on top of a supporting porous
inert substrate. This latter configuration is depicted in Fig. 1:
several molecules of the syn gas are physically blocked by

Fig.1 Scheme of metallic film-
based membrane for hydrogen
separation
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the membrane. The adsorbed hydrogen molecules on the
metallic surface can be dissociated by Pd. Thus, the absorbed
hydrogen atoms can diffuse through the entire membrane,
desorbing and recombining inside the alumina pores. The
hydrogen molecules can be finally released by the membrane
driven by the pressure difference.

In this context, porous supports play an important role
on the development of these kind of membranes. In fact, the
metallic membrane density is strictly related to substrate
surface morphology, and the substrate porosity strongly
affects the hydrogen permeation. Among the tested sub-
strates for hydrogen separation membranes (Xomeritakis
and Lin 1997; Yun and Ted Oyama 2011; Li et al. 2019;
Lu et al. 2020), alumina is considered an excellent mate-
rial being mechanically and chemically stable in operating
conditions. Moreover, using alumina as substrate, the inter-
diffusion phenomena typical in the case of steel substrate
at high temperatures are avoided, thus ensuring the hydro-
gen permeation (Ayturk et al. 2007). A previous work on
membrane substrate showed the experimental procedure to
achieve alumina pellet disks with fine surface porosity, ideal
for deposition of a dense micrometric metallic layer with no
need of any interlayer, that would increase the processing
time, costs, and complexity (Barison et al. 2018). In order
to evaluate the environmental impacts of the membrane
substrate production, one of the most appropriate methods
is life cycle assessment (LCA), a structured and interna-
tionally standardized method to quantify all relevant emis-
sions and consumed resources (ISO 14040-14,044). LCA
analysis may assess all the related environmental, health
impacts, and resource depletion issues related to products
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or processes. LCA may cover the whole chain (from the
extraction of resources, production, use, recycling, up to
the disposal of the remaining waste), or only a part of it:
“cradle to grave” or “cradle to gate” approach, respectively.

In the last years, life cycle studies of laboratory activi-
ties have been assuming an important role in scientific
literature, focusing both on emerging technologies (Pallas
et al. 2020) and on consolidated synthesis routes (Bauer
et al. 2008; Fiameni et al. 2020). The main aim of a life
cycle analysis at lab scale is to identify the possible envi-
ronmental hotspots of new technologies which are going
to be developed at industrial scale (Walser et al. 2011;
Villares et al. 2016; Pallas et al. 2020). Indeed, previous
works showed that 70% of the total environmental impact
can be related to the early development phases of a new
process (Jeswiet and Hauschild 2005). In particular, for
emerging technologies at low technology readiness levels
(TRL), lab-scale production was considered to be a crucial
step to identify the most relevant environmental hotspots
that may strongly affect pilot and industrial processes
(Pérez-Lopez et al. 2014; Elginoz et al. 2020).

The goal of this work was to evaluate the environmental
footprint of high purity porous alumina pellets as suitable
for supporting metallic selective film of hydrogen separation
membranes. Optimal synthesis conditions which can mini-
mize impacts were identified by analyzing several scenarios
which provided useful information in view of a possible
industrial scale-up of the process.

To the best of our knowledge, similar studies discuss-
ing the LCA of porous alumina pellet preparation are not
reported in literature, neither at lab nor industrial scale. For
these reasons, the results of this work may represent the
basis for planning environmentally sustainable large-scale
production of alumina-based devices for metallic mem-
branes for hydrogen production.

2 Methods

2.1 System description: preparation of alumina
porous pellets

The main steps and the system boundaries of the whole
process for obtaining optimized porous alumina pellets are
depicted in Fig. 2.

It can be divided into two main phases: the “experi-
mental trials” and the “pellet production.” The first phase
(described in the inventory paragraph 3.7 “Experimental
trials phase”) is aimed at identifying the optimized experi-
mental conditions appropriate for carrying out the second
one (treated in Sect. 3.8 inventory paragraph and showed
in Fig. 3).

In particular, the “pellet production” was addressed to
prepare a certain number of pellets suitable for being used
as substrate for deposition process of the active metal layer
(Fasolin et al. 2018, 2022; Barison et al. 2018). This latter
stage was not considered in this work, being out of the sys-
tem boundaries.

In the “experimental trials” phase, a-Al,0; and poly-
methyl methacrylate powders (PMMA) were ball milled
testing deionized water, ethanol, and isopropanol as mill-
ing medium. Zirconia jars of 45 mL and zirconia balls with
diameter of 5 and 10 mm were used for the process. Later,
increased powder volumes were treated using of 250 mL jar,
while the use of isopropanol was excluded, since this solvent
behavior seemed not so different from the ethanol one (for
further details, see the inventory paragraph 3.1 “Milling and
drying”). The experimental set-ups and conditions of this
stage are listed in Table 1.

Milled powders were then dried and uniaxially pressed
and sintered in furnace obtaining consolidated pellets.
After the free cooling process, the sintered disks were
polished and cleaned in an ultrasonic bath of acetone (for
further details, see the inventory paragraphs Sect. 3.2 and
Sect. 3.3).

Field emission secondary electron microscopy (FE-
SEM) analysis permitted to verify the fine and homogenous
pore size along the samples (Fasolin et al. 2018), supporting
the identification of experimental conditions for produc-
ing pellets. For increasing the electrical conductivity of the
pellet surfaces, samples were coated with an Au thin film
(20 nm) by physical vapor deposition (PVD) direct current
magnetron sputtering (for further details, see the inventory
paragraph Sect. 3.5).

Figure 4 depicts a secondary electron image of a pellet
with the typical porosity suitable for hydrogen permeation.

The identified optimized synthesis conditions to be
used in the successive “pellet production” phase for
obtaining porous alumina pellets were finally confirmed
performing gas permeability tests at room temperature,
300, and 350 °C (for further details, see the inventory
paragraph Sect. 3.6).

2.2 Functional units

A first life cycle impact assessment (LCIA) was carried
out with a functional unit (FU) of 7.6 g of dried powder
(obtained using a 45 mL jar), aiming to identify the milling
medium with lower environmental impact.

The main FU, used for the LCIA of the whole process
addressed to the development and fabrication of porous
alumina pellets with features suitable to work properly
as substrate for hydrogen separation membrane deposi-
tion, was set as the production of 40 polished disk-shaped
high purity alumina pellets possessing 20 mm of diameter,
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Fig.2 Main steps with related inputs and outputs of the research and development process for obtaining porous alumina pellets optimized as

hydrogen separation membrane substrate

thickness of 0.9 mm, and a weight of 0.9 g. It is worth
noting that FU unit was chosen since, to authors experi-
ence, it is the minimum number necessary for carrying out
a small experimental deposition campaign, even though
this process was not considered in the boundary system
of this work.

Fig.3 Main steps with related
inputs and outputs of the
Sect. 3.8 INPUTS

a-Al,O; powder

PROCESSES

2.3 Modelling assumptions
The following assumptions were taken to model the system:

e The infrastructures, the labor, and the instrumentations
(and their maintenance) were not considered since
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Table 1 Resume of powder amounts produced with different jars and
solvents

Milling condition Number of Total

batches powder
amount
45 mL jar, with ethanol 5 380¢g
45 mL jar, with water 2 152¢
45 mL jar, with isopropanol 1 76¢g
250 mL jars, with deionized water 1 485¢
250 mL jars, with deionized water test2 1 679¢g
250 mL jars, with ethanol 1 582¢g

they have a lifetime of decades and are used for many
other purposes and projects. Previous literature works
reporting life cycle studies similar to that proposed in
this article showed that at laboratory scale, the type of
instruments used is not comparable to the equipment
and machineries of an industrial plant. For this reason,
a LCA study at lab scale is reasonable to neglect the
contribution to the impact of the infrastructures and
the instrumentations manufacturing (Bauer et al. 2008;
Piccinno et al. 2016, 2018; Ang et al. 2021).

e The electrical energy consumption of weighting devices
was not considered, because its contribution can be con-
sidered negligible.

e Based on operator experience on milling processes, it was
reasonable to consider the performing of the jars cleaning
only at the end of the “experimental trials” phase.

e The cleaning of jars after the “pellet production” phase was
not considered due to its negligible environmental burden.

¢ Unused powder obtained by the optimized milling condi-
tions was not discarded as waste but kept for any future
possible laboratory activities.

e The wear of zirconia jars and zirconia balls were not
considered relevant, due to the high long lifetime of such
kind of ceramic items.

Fig.4 Secondary electron image (by FE-SEM) of the pellet surface

e The mortar and sieve wear used after the milling step
was considered negligible due to their long lifetime. The
same assumption was utilized for the alumina plates used
in sintering process.

e The transportation of gasses used in the characteriza-
tion processes (N,, Ar, and H,) and the transportation
of Al,O; for jar cleaning were also excluded, due to the
very low quantities used in this process (few grams) and
to the proximity of the production plant to the laboratory
(less than 1 km).

e The sample end-of-life stages were not taken into account
because they are used in a successive experimental phase
(deposition of hydrogen separation membranes), outside
of the system boundaries considered in this work.

2.4 Data sources

Activity data about milling and sintering processes (i.e.,
electricity consumption), consumables (gasses, solvents,
etc.), characterization analyses, wastes, and emissions were
directly collected during the Al,O; pellet production carried
out at the National Research Council of Italy laboratories in
Padua (Italy) between 2020 and 2021.

Distances between supplier locations of raw materials
and solvents were calculated using Google Maps and Sea-
Distances.org.

Life cycle inventory data on electricity generation, gas
production, transport, etc., were retrieved from Ecoinvent
3.7 database, with a good temporal representativeness (data
from 2004 to 2020). A detailed description of life cycle
inventory data is provided in Section 4.

3 Inventory analysis

The system boundary of the Al,O; pellet production process
is shown in Fig. 2. The discussion on inventory data used for
modelling the system is presented for each activity separately.

3.1 Powder milling and drying

Corundum powders (a-Al,05, 99%, size < 1 um) were pur-
chased by Alfa Aesar (Germany), while PMMA in beads
form was furnished by Soken Chemical & Engineering
(average size 1.5 pm, Shanghai product MX-150). Trans-
port from Shanghai (China) to Padua (Italy) was calculated
to be 19,500 km to reach Rotterdam by container ship and
1300 km up to Padua (Italy).

Solvents employed as milling medium were deionized
water (Milli-Q Millipore apparatus at Padua CNR Labs, 18
MQ), ethanol (Carlo Erba Reagents, 99.9%), and isopropanol
(Honeywell, 99.8%). Transport for organic solvents from the
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production plant to the laboratory was estimated by an average
distance of 1000 km by lorry (Euro 5 emission profile). This
assumption was made considering an average of the distances
between the plant production and Padua CNR laboratory.

The electricity consumption (from low-voltage Italian
grid mix) was directly measured in CNR labs. In the case
of using 45 mL zirconia jars, planetary micro mill (Fritsch
Pulverisette 7) was employed and the electricity consump-
tion for a milling process of 12 cycles (20 min with 15 min
pause for every cycle) was 236 Wh, independently from the
solvent used. Using the 250 mL and a planetary mono mill
(Fritsch Pulverisette 5), the electricity consumption for a
milling process of 12 cycles (20 min with 15 min pause for
every cycle) was 580 Wh as average.

Drying processes were performed by an oven (Memmert
UFE 500) for 2 h at 35 °C in the case of ethanol and isopro-
panol and 50 °C in the case of H,0. The process gave rise
to “emissions to air” as a function of the solvent used. The
electricity consumption varied from roughly 160 to 985 Wh.
The powder residues stitched onto jar walls produced during
the milling and drying processes were estimated of about
3% of the precursor weights; these residues were treated as
“municipal solid waste.” At the end of dried process, 7.6 g
of dried powder was obtained for each milling batch using
45 mL jar and from 48.5 to 67.9 g using 250 mL jar as a
function of the different solvent and precursor quantities.
For each solvent and for each different jar volume, a certain
number of milling batches were produced to optimize the
process. Detailed activity data tables are listed in the sup-
plementary information (Tables S1-6).

3.2 Pellet pressing and sintering

The inputs of this process involved energy consumption
(from low-voltage Italian grid mix) related to dried pow-
der uniaxial pressing (performed by Nannetti Mignon SS/
EA apparatus) and to the successive sintering process at
1500 °C in a furnace (Nabertherm HT 04/17), performing
an isotherm step for 1 h at 386 °C. This latter temperature
corresponds to the PMMA burning temperature. The weight
difference between the pressed pellet (1.3 g) and the consoli-
dated one after sintering process (0.9 g) was attributed to the
PMMA burning, with consequent emission in air of water
and carbon dioxide (Zeng et al. 2002). Finally, very slow
heating rate (0.5 °C min™") was carried out up to 1000 °C to
avoid pellet bending, and then, free cooling was performed.

Detailed activity data table is listed in the supplementary
information (Table S7).

3.3 Pellet polishing and cleaning

The inventory of these processes considered consumable
materials and energy consumption used for the polishing
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and the ultrasonic cleaning of pellets. The polishing residues
were considered as “municipal waste.” Similarly, acetone
used for ultrasonic cleaning was considered as “spent solvent
mixture.” All detailed data are listed in Table SO in the sup-
plementary information.

The polishing process was carried out by Struers
Tegramin 20 employing a P1200 grit polishing SiC papers.
It lasted for 5 cycles of 4 samples (0.3 g of paper per pel-
let), and it was associated to the database “Silicon Carbide
{GLO} market for.” The SiC paper was purchased from
Denmark, and the transport up to Padua was included in the
analysis (by lorry, Euro 5 emission profile).

Cyanoacrylate glue was used for fixing the samples at
the polishing apparatus, but its environmental burden was
considered negligible due to the low quantities used (107> g
per pellet). The electricity consumption (from low-voltage
Italian grid mix) was directly measured for a single cycle of
15 N lasting 15 s, considering the simultaneous processing
of 4 samples. The polishing instrumentation needed 300 mL
of tap water, namely, 75 mL for each sample.

The polishing process produced water considered as
“wastewater,” while solid alumina and SiC residues as
“municipal waste.”

Cyanoacrylate glue used for fixing samples during polish-
ing process was removed treating simultaneously 4 samples
with 20.0 g of acetone (5.0 g per sample). Ultrasonic clean-
ing (CEIA CP104 tank) was performed for 10 min using
25.0 g of acetone (99.9%, P.Q.R. Prodotti Chimici Riuniti)
for simultaneous treatment of 16 samples (1.6 g per pellet).
The energy consumption, from low-voltage Italian grid mix,
was directly measured.

Transport of organic solvents from the production plant
to the laboratory was estimated by an average distance of
1000 km by lorry (Euro 5 emission profile). This assumption
was made considering an average distance between plant
production and CNR Padua laboratory.

Overall, the used solvent mixture (6.6 g per pellet) was
discarded as “spent solvent mixture,” considering 0.1 g of
acetone as “emission to air.”

All detailed activity data are listed in Table S8 in the sup-
plementary information.

3.4 Jar cleaning

The jar cleaning process involved a milling step carried
out with corundum powder (with grain size of 80 pm) and
water. Their amounts varied as a function of jar volume
(45 mL or 250 mL). Powders and water were then treated
as “municipal waste.” As previously stated, the transport
of the cleaning powder was not included in this process,
due to the geographical proximity of the supplier. All
detailed activity data are listed in Table S9-10 in the sup-
plementary information.
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3.5 FE-SEM analysis

The morphological characterization of pellets by FE-SEM
(Sigma Zeiss) involved high electric energy consumption,
mainly due to the vacuum system. Before the analyses, sam-
ples were typically coated with a 20 nm gold (Au) thin film
by an Emitech K575X Turbo Sputter. This practice aims
to reduce bias phenomena and permitting the collecting of
electron images with optimal resolution. Au target was pur-
chased by a local dental goldsmith company, and for this
reason, the transport was not considered. Argon and nitrogen
gasses were also used in coating process and in FE-SEM
characterization, respectively. As previously reported, the
transportation of gasses used in the characterization was
excluded, due to the proximity of the production plant to
the laboratory (less than 1 km). The used gasses were con-
sidered as “emission to air.” All detailed inventory data are
listed in Table S11 in the supplementary information.

Chromium (Cr) target was supposed to be employed as
substitution of gold as metal coating material in the LCIA
of Sect. 5. Au deposition conditions were hypothesized to
be maintained considering the ratio between the two ele-
ment masses (7.9 g/cm® and 19.3 g/cm?® for Cr and Au,
respectively). Cr target was supposed to be purchased from
a supplier located in Milan (Italy), and the transportation (by
lorry, Euro 5 emission profile) was calculated up to Padua.
All detailed activity data are listed in Table S12 in the sup-
plementary information.

3.6 Pellet permeability measurements

Gas permeabilities of N, (99.999% purity) and H, (pro-
duced onsite by an electrolyzer Perkin Elmer PGX Plus
H, 160 mL/min) were measured by a custom-built stain-
less steel test station (Barison et al. 2018). Membranes
were inserted in a stainless steel module with graphite
gaskets and then placed in a furnace (Nabertherm N11/
HR) with K-type thermocouple for temperature control.
The gas flows were set by independent mass flow control-
lers (1179A, 1179B, and 647C, MKS), while pressure at
the feed side was controlled by a Baratron pressure trans-
ducer (722B, MKS). During permeability tests performed
at room temperature, 300 °C, and 350 °C, the pressure of
the feed side was set at 400 kPa, while it was maintained at
the atmospheric pressure at the permeate side. The process
implicated electricity consumption, use of gasses (treated
as “emission to air”), and two graphite gaskets to seal off
the test cell. The latter were purchased from a supplier
located in Milan (Italy), and the transportation (by lorry,
Euro 5 emission profile) was calculated up to Padua. After
the measure, the graphite gaskets were treated as “munici-
pal solid waste” (for detailed activity data, see Table S13
in the supplementary information.

3.7 “Experimental trials” phase

The “experimental trials” process contained all the labora-
tory procedures and analyses necessary to identify the opti-
mal experimental conditions for obtaining pellets suitable
as substrate for metallic film-based membranes for hydro-
gen separation. In particular, the “trial pellet preparation”
included the “milling and drying” step with different condi-
tions and jar volumes” (Table 1) which were successively
divided in the “unused trial powder” (i.e., the quantity of
exceeding dried powder not used in consolidation process),
and the pellets obtained by the powder subjected to the
“pressing and sintering” and “polishing and cleaning” steps.
Some of those pellets were then employed for morphological
FE-SEM characterization and permeability tests. Table S14
of the supplementary information lists all detailed activity
data of this process.

3.8 “Pellet production” phase

The optimized milling conditions obtained as result of the
“experimental trials” phase were used for the consequent
“pellet production” phase. They were identified as 38.7 g of
a-Al,O5 and 21.3 g of PPMA, milled using the 250 mL jar
at 280 rpm in deionized water (120.0 g). Table S15 of the
supplementary information lists all detailed activity data of
this process.

4 Results and discussion

LCIA characterization, normalization, and weighting were
carried out using the Environmental Footprint (EF) 3.0
LCIA method, as recommended by the European Commis-
sion (Zampori and Pant 2019; European Commission 2021).
The analyses were performed by SimaPro 9.3 software.
Moreover, the analysis was performed also with CML LCIA
method v. 4.7 (CML-Leiden University 2016) to verify the
robustness of the results.

4.1 Impact assessment results and interpretation

4.1.1 Environmental impact evaluation of milling medium
solvents

With the aim of identifying the milling medium solvent
(water, ethanol, or isopropanol) with lower environmen-
tal impact, a LCIA was carried out considering a FU
(already stated in paragraph 2.2) of 7.6 g of dried pow-
ders obtained by milling and drying processes (Sect. 3.1)
with 45 mL jars (Tables S1-3 of the supplementary infor-
mation). It is worth noting that this FU considered not
only the milling process but also the drying stage, in
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Fig.5 .Co.mparison of weighted 0.04 ®Res. use, min. and met.
potential impacts of powders
obtained by milling and dry B Resource use, fossils
processes with different solvents B Water use
(FU: 7.6 g of powders) using
45 mL jars (Tables S1-3 in the 0.03 @Land use
supplementary information . ® Ecotox.. freshwater
document). The dimensionless
unit mPt stands for millipoints @ Eutroph., terrestrial
(on; thousandth of the yearly B Eutroph., marine
environmental load of an aver-
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; g
the weighted results B Acidification
B Human tox., cancer
O Human tox., non-cancer
0.01 O Particulate matter
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O Ionising radiation
@ Ozone depletion
0.00 -

Ethanol-based Powder

which the solvents evaporated at different temperatures
(see Sect. 3.1), entailing different electrical energy con-
sumptions, higher in the case of water. The LCIA charac-
terization results for the three solvents are reported in the
supplementary information (Figure S1 and Table S16),
while the comparison of weighted potential impacts
(Fig. 5) showed that the total potential environmental

Fig. 6 Contribution analysis of
characterized results calculated
with EF 3.0 method (FU: 40
polished disk-shaped porous
alumina pellets). Abscissa 80%
values correspond to the total

potential impact (100%) for

each impact category

100%

60%

40%

20%
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Water-based Powder

Isopropanol-based B Climate change

Powder

impact of water-based process was lower than the etha-
nol and isopropanol ones (a decrease of 53% and 40%,
respectively), despite it required much more energy for
the drying stage (158 Wh against 104 Wh of organic sol-
vents). This behavior was mainly affected by the impact
of the “photochemical ozone formation” impact category,
which depended on the emission of the volatile organic
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compounds (VOCs) originated by the organic solvents
used (Fig. 5).

In order to test how an organic solvent could affect the
pellet porosity, powder with ethanol as milling medium
was prepared using a higher volume jar (250 mL). Nev-
ertheless, the use of organic solvents did not demonstrate
to give any advantage in terms of material features. All
these considerations and evidence justified the choice of
water as milling medium for the optimized condition for
the “pellet production” phase.

4.1.2 Life cycle impact assessments of development
and production of porous alumina pellets

LCIA characterization of the whole process for obtaining 40
polished disk-shaped porous alumina pellets was performed
with a FU of 40 polished disk-shaped high purity alumina
pellet production (as stated in paragraph 2.2). The analysis
showed that the environmental burden was almost divided
equally between “pellet production” and “experimental tri-
als” phases on average (56% and 44%, respectively) (Fig. 6

and the respective results listed in Table S17 of the supple-
mentary information document). Nevertheless, it is worth
noting that the “pellet production” phase was the most
impacting process for more than half impact categories.
Conversely, the “experimental trials” phase was the most
impacting process only for “photochemical ozone forma-
tion” (due to the VOC emission, as depicted above) and
“resource use, minerals, and metals” (as it will be discussed
further on).

The impact assessment highlighted as one of the main
environmental critical issues was related to the use of min-
eral resources. A deeper analysis showed that the “resource
use, mineral, and metals” in EF method was mainly related
to the employment of Au for the sample coating prior the
FE-SEM characterization, as it is possible to observe in
comparison of weighted impacts of the different process
phases in Fig. 7; in this case, results of jar cleaning processes
were omitted due to their very low values (76% lower than
the pellet permeability measurements, for instance).

The precious metal is a fundamental material in sev-
eral technological fields for its peculiar stable electrical
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Fig.7 Comparison of weighted potential impacts of the different
phases included in the “experimental trials” phase, with the use of
Au coating. The dimensionless unit mPt stands for millipoints (one
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conduction features, and its use was already identified as
one of the main hotspots of lab-scale processes analyzed by
LCA (Gentile et al. 2014; Pallas et al. 2020).

In general, Au coating of specimens prior of FE-SEM
characterization is a very common practice in research analy-
sis laboratories due its mechanical processability, high sput-
tering rate, and resistance to corrosion and because it was
rarely present in the composition of insulating samples. Nev-
ertheless, the high potential environmental impact revealed
led to the necessity gold with a less precious impacting metal,
such as chromium (Stokroos et al. 1998), generally avoided
because it was present in the composition of many materials,
such as ceramics or steels. Alternatively, the coating could be
even avoided completely by virtue of the specific apparatus
used in this work (see paragraph Sect. 3.5), which was able to
obtain micrographs with sufficient resolution even in absence
of conductive coatings.

Figure 8 showed a comparison between the weighted
impacts of the “pellet production” and those related to

“experimental trials” phase with Au coating, Cr coat-
ing, and without coating deposition. Using Au as coating
material, the “experimental trials” phase presented higher
potential impact respect to “pellet production” one (3.34
mPt and 3.14 mPt, respectively). The use of Cr coating
gave rise to the same potential impact detected avoiding
the coating process (1.82 mPt), with a decrease of 54% of
the potential impact of the “experimental trials” phase,
resulting lower than the “pellet production” phase one.
These results suggested that the environmental burden
can be attributable completely to the use of Au, while the
deposition process resulted substantially negligible.
Section 3.8 potential impact depended mainly by the
energy consuming “pressing and sintering” step which
resulted as the most critical impact of the whole process,
even higher than “pellet FE-SEM analysis” one (2.96
and 1.82 mPt, respectively) (Fig. 9). The “pressing and
sintering” step involved electricity as inputs and carbon
dioxide and water as emission on air (Table S7 in the
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Fig.8 Results of characterization, normalization, and weighting with
EF 3.0 method of the “pellet production” phase and “experimental
trials” phase Au coating, Cr coating, and without coating deposition.
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Fig.9 Results of characterization, normalization, and weighting
with EF 3.0 method of the process contained in the “pellet produc-
tion” phase. The dimensionless unit mPt stands for millipoints (one

Supplementary section). The high environmental impact
is mainly due to the electrical mix typical of the laboratory
location (Italy).

At variance to the “pellet production” step, “experimen-
tal trials” phase did not depend on the number of pellets
prepared and possessed a constant potential environmental
impact. For this reason, its environmental burden attrib-
utable to each pellet decreased with the increasing of the
prepared pellets.

In particular, the weighted impacts of “experimental
trials” phase resulted equal to the “pellet production” val-
ues in the case of 43 pellets. Conversely, avoiding the Au
coating, the “experimental trials” phase impacts counted
more than the “pellet production” phase when prepared
substate number was 23. For this reason, the Au coating
can be considered a hotspot of the whole process.

In a perspective of a scaled-up pellet production, it
would be interesting evaluating the case in which the
potential environmental impact of “experimental trials”
phase may be considered negligible. Based on authors’
experience, such cutoff value can be assessed at 3%, which

E Res. use, min. and met.
O Resource use, fossils

B Water use

Pressing and Sintering

OLand use

B Ecotox., freshwater

H Eutroph., terrestrial
Eutroph., marine

O Eutroph., freshwater
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O Ionising radiation

= Ozone depletion

B Climate change

Polishing and Cleaning

thousandth of the yearly environmental load of an average citizen in
Europe), unit of the weighted results

corresponds to the production of 1473 pellets. This num-
ber is not common for an experimental work at lab scale,
but it would absolutely be consistent with a small-scale
industrial production following similar production route.

Although the deposition process was set outside of the
system boundaries, its properties and parameters affected
the substrate feature requests and the number of samples
needed for completing the experimental campaign. In this
context, it is important to consider other two cases: first,
in which the metallic alloy does not work as an efficient
membrane, the deposition process could be stopped in the
middle of the campaign (roughly 20 pellets). In the second
case, in which the deposited coatings work efficiently, it
would be possible to plan a higher number of samples. For
instance, 100 pellets overall could be a reasonable sample
number for an expanded experimental campaign.

The environmental impacts (referred to one pellet) of the
two cases above mentioned are depicted in Fig. 10, in addi-
tion to the functional unit identified previously (40 pellets).
Evidently, the environmental burden of one pellet was a
function of number of pellets produced, due to the constant
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weight of the “experimental trials” phase: the higher the pel-
let number, the lower the resulting potential impact ascrib-
able to each pellet.

In order to evaluate the representativeness and the
robustness of LCIA results obtained in this work with EF
3.0 method, the LCIA was carried out using CML 4.7
method. This kind of analysis, in particular, can give a
more complete view of the considered system and high-
lighting the parameters which affect more the model (Wei
etal. 2015).

The contributions of impact categories are depicted in
Fig. 11, while the results are listed in Table S18 in the sup-
plementary information.

The contribution of “experimental trials” process to
the “resource use, minerals, and metals” impact category
of the EF 3.0 method was compared to “abiotic deple-
tion” impact category of the CML method, obtaining
substantially the same results (79%). Similarly, the pro-
cess impact contributions of the CML “global warming”
resulted substantially the same of EF “climate change”
ones (65% and 35% for “pellet production” and “experi-
mental trials,” respectively). Comparing EF “photo-
chemical ozone formation” with CML “photochemical
oxidation” impact categories of “experimental trials”
process, a slight difference between the two methods can
be observed (69% and 92%, respectively).

On the contrary, the difference between the two methods
can be appreciated focusing onto the “human toxicity” impact
category: using EF 3.0 method, “pellet production” phase
showed higher potential impact of “human toxicity” (can-
cer and non-cancer summed) than the “experimental trial”
phase (2.69x 1077 and 2.19x 10~" CTUh, respectively) while
trend was reversed (15.4 and 20.2 kg 1,4-dichlorobenzene eq,
respectively) using CML 4.7 method.

5 Conclusions

The main aim of this study was to improve the sustain-
ability of laboratory activities by identifying the environ-
mental hotspots in the preparation of porous alumina pel-
lets, suitable as substrates for hydrogen separation metal
layer-based membranes. Several process phases were
considered, including the characterization steps, such as
morphological and permeability analyses.

A “cradle to gate” LCA approach was used to study
the environmental implications of the preparation of 40
pellets. The LCIA was performed employing the EF 3.0
method, testing the robustness of the results using the
CML 4.7 method.

A preliminary environmental impact evaluation
showed that the employment of water as milling media

can considerably reduce the burden of the “photochemical
ozone formation” (a decrease of 53% and 40% with respect
to the use of ethanol and isopropanol), due to the avoided
emission of VOCs originated from the use of organic sol-
vents. On the other hand, the analysis highlighted as in
the “pellet production” phase, the “pressing and sinter-
ing” step for obtaining consolidation of pellets was the
major driver of potential environmental impacts. Indeed,
the resulting impact value was 2.96 mPt, even higher than
“pellet FE-SEM analysis” step (1.82 mPt) in the “experi-
mental trials” phase. This energy consuming process is
strictly related to peculiar electrical mix used by the labo-
ratory, which is in Italy. It is plausible to argue that the
introduction of green electrical sources may dramatically
decrease the impact of such step and, as a consequence,
the impact of the whole process.

Moreover, it is worth noting that the morphological
characterization phase exploiting electronic microscopy
resulted in a significant potential environmental impact on
the mineral resource use due to the gold coating of sam-
ples. In this case, this burden could be easily decreased of
the 54% by substituting the precious material or avoiding
the coating process.

These important hints confirmed the crucial role of an
environmental study of lab-scale processes which can be
the seed for a sustainable design of a possible industrial
scale-up of hydrogen separation metal layer-based mem-
brane technology.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11367-023-02179-5.
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