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� Environmental impacts and costs for diverse Electroless Pore-Plating membranes.

� Porous CeO2 improves membrane performance and cost but not the environmental impacts.

� Dense PdeCeO2 improves membrane performance, cost, and environmental impacts.

� Reduction of environmental impacts if scaling-up membrane length up to 25 cm.
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Different strategies to prepare H2-selective composite-membranes demonstrate promising

performances, although the selection of the optimum alternative must consider environ-

mental and economic concerns. These aspects, scarce in the available literature, are

addressed here to analyze the convenience of using diverse CeO2-based intermediate

layers in composite Pd-membranes and recommend a maximum membrane length for

scaling-up. The replacement of raw dense-CeO2 by porous or Pd-doped particles in the

intermediate layer clearly improves the membrane performance, saving around 50% of

required Pd-thickness while increasing the H2-permeance. However, porous-CeO2 almost

doubles the major environmental impacts and support modification costs, overcoming the

potential saving costs in palladium. On the contrary, dense Pd-doped CeO2 mitigates the

environmental impacts by 27% and simultaneously saves 24% of expenses. Further re-

ductions in environmental impacts and costs were reached after increasing the

membrane-length up to 25 cm, becoming further improvements almost negligible for

longer membranes.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Most industrial processes require certain separation steps to

reach a concrete purity level to commercialize their final

products. These steps are typically one of the largest energy-

consuming operations in the industrial sector for many

developed countries. This fact can be clearly illustrated by

analyzing the total energy demand of the United States of

America, taken as a model of a leading industrialized country,

inwhich industrial processes represent up to a 35% of the total

energy consumption, reaching around 25.9$1015 Btu [1].

Particularly, chemical industries account for about 30% of the

total energy demand of manufacturing sector, being the pro-

cesses based on chemical separations responsible of around

half of this consumption [2]. Considering that the energy

system is still mainly based on fossil fuels and the imperative

necessity of reducing the associated CO2 emissions [3,4], the

advances in new alternative and efficient separation tech-

nologies expect to help in the reduction of global environ-

mental impacts coming from the industry. Among diverse

possibilities, the development and use of highly selective

membranes are attracting great attention for a wide variety of

industrial applications such as wastewater treatment or gas

purification [5e8]. Particularly, this trend can also relate to the

promotion of hydrogen as a clean energy vector for decar-

bonizing the current energy system, appearing in numerous

studies where ultra-pure hydrogen can be reached thanks to

highly selective membranes [9]. In this context, membrane

technology is widely proposed to separate high-purity

hydrogen and be directly used in internal combustion en-

gines, turbines, or fuel cells [10,11], recover residual hydrogen

from exhaust gases in the metallurgical industry [12], use the

current natural gas infrastructure to storage and transport

hydrogen [13,14], and intensify current production processes

by the combination of chemical reaction and separation in a

unique step thanks to membrane reactors [15,16], among

other possibilities.

A wide variety of materials have been proposed for mem-

brane fabrication, including both polymers and inorganic

compounds. Polymers represent the cheapest option, suffi-

ciently good processability, reproducibility, and versatility to

be fabricated in different geometries. However, their thermal

resistance and durability under certain complex gas mixtures

containing certain impurities, and relatively lowH2-selectivity

limit their practical applications [17,18]. These limitations can

be almost completely overcome by using inorganic mem-

branes with both porous and dense structures that provide

good performances in terms of permeate flux and H2-selec-

tivity for wider intervals of operating conditions at the

expense of their higher cost [19].

Even though porous inorganic materials such as zeolites

[20,21] or carbon structures [22,23] have provided promising

results for such applications, dense structures made of pe-

rovskites [24,25] or certain metals like palladium or its alloys

[26,27] still prevail in the literature. Particularly, the complete

theoretical H2-selectivity and versatility of Pd-based mem-

branes against most conventional operating conditions have
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extended their use during the last decade [28,29]. The high

cost of the palladium and inversely proportional dependence

of permeate flux with thickness have promoted the prepara-

tion of composite membranes in which a fully dense but very

thin Pd-film is deposited onto the surface of porous substrates

that provide the required mechanical integrity [30,31]. Both

porous ceramic and metallic supports are typically used for

this purpose, although a definitive solution has not been

adopted. On the one hand, the ceramic supports offer excel-

lent surface properties in terms of high porosity, low average

pore size, narrow pore size distribution and smooth surface.

On the other hand, the metallic supports ensure better as-

sembly into conventional industrial devices (usually made of

stainless steel), reduction of possible intermetallic diffusion at

high temperatures and expect longer-time operation against

thermal cycles due to their closer thermal expansion co-

efficients [32,33]. For this reason, both alternatives can be

combined by modifying by incorporating diverse materials

onto porous metallic supports with aim to improve their

surface quality. The idea is to set it as much closer as possible

to the reached with the ceramic supports but maintaining the

main benefits of using a metal core. In this context, the

incorporation of many different ceramic particles between

porous metal supports and Pd-films has demonstrated the

possibility of reaching relatively low Pd-thickness below

15 mm, good membrane performance and resistance in inde-

pendent purification or membrane reactor applications

[34,35]. In all these cases, palladium deposition is frequently

carried out by Electroless Plating or related variants due to its

simplicity, low energy requirements and the possibility to

cover homogeneously complex conducting and non-

conducting geometries [30]. In particular, the alternative

denoted as Electroless Pore-Plating (ELP-PP) provides excellent

performance in terms of mechanical resistance of the

sandwich-type composite structure even in case of working

under tensile stress while minimizing the number of rejected

membranes during their fabrication [36].

Due to the multiple available strategies for the fabrication

of Pd-based composite membranes and good preliminary

performance for most of them, the evaluation of other com-

plementary criteria is of key importance, supporting their

definitive penetration in the industry. Among them, both

economy and environmental impacts can be highlighted as

powerful tools helping to decide the best fabrication strategy.

Much of the research published in specialized literature does

not consider any economic aspect so, despite their technical

achievements, the transferring to the industrial sector can

become a tortuous path. Something similar occurs in terms of

environmental sustainability, despite the increasing concerns

in this matter. In this context, Life Cycle Assessments (LCA)

can be applied as a rigorous method to determine and quan-

tify the major environmental impacts generated during the

fabrication of membranes [37]. This methodology analyzes all

processes involved in the fabrication of membranes, quanti-

fying the entire set of material and energy inputs/outputs to

determine their effects on both environment and human

health under standardized procedures ISO-14040 and ISO-

14044 [38]. Di Marcobernardino et al. [39] applied these tools
ssments criteria for selection of promising palladiummembranes
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to analyze the potential economic and environmental benefits

reachedwhile replacing a traditional process scheme by using

of a membrane reactor to produce pure hydrogen from biogas

and bioethanol. However, to the best of our knowledge, pre-

cise information about the environmental impacts directly

coming from the fabrication of H2-selective membranes,

especially Pd-based supported membranes, is very scarce in

the literature. In fact, only a preliminary LCA focused on ELP-

PP Pd-membranes has been recently published to demon-

strate the benefits of incorporating a ceramic intermediate

layer between the PSS support and the H2-selective Pd-film

[40]. In the study, precise experimental data about the fabri-

cation process were used to account for both materials and

energy requirements, appearing the palladium deposition as

the most contaminant manufacturing step due to both

requiredmetal and high-energy consumptions. Therefore, the

use of any PSS support modification, i.e., the incorporation of

an intermediate layer formed by CeO2 particles, could help to

reduce the final Pd-thickness and, hence, the associated

environmental impacts. Based on these preliminary results,

the current study goes into depth about this relevant insight

by including cost analysis and influence of scaling-up the total

membrane length in case of fabricating composite mem-

branes with CeO2-based intermediate layers. In this context,

two novel fabrication alternatives with diverse types of

ceramic particles as intermediate layer have been compared

with the most promising one selected in our previous study,

based on the incorporation of an intermediate layer made of

raw dense CeO2 particles. In this occasion, the original

ceramic is replaced by porous CeO2 or dense particles but

doped with finely and well-distributed Pd-nuclei before their

incorporation as intermediate layer. In all the cases, the ef-

fects on Pd-thickness and H2-permeance are correlated with

all associated environmental and economic issues. In addi-

tion, the study has been extended for the first time to the

preparation of membranes with increasing lengths up to

typical standard industrial sizes with the aim to select the

most adequate dimension to minimize the environmental

impacts during their fabrication. This new study provides a

rigorous multi-factor criteria to select the most attractive

strategy for fabricating composite Pd-membranes, particu-

larly those prepared by ELP-PP, although these steps can be

also applied to many other types of Pd-dense membranes or

even differentmembrane typeswith someminor adaptations.
Fig. 1 e Cross-sectional scheme for each Pd-m
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Experimental section

Membrane fabrication process

In this work, different tubular composite-membranes were

fabricated onto AISI 316L porous stainless steel (PSS) supports

from Mott Metallurgical corp. (Farmington, USA). These tubes

present a symmetric structurewith 0.1 mmporousmedia grade,

an external diameter of 1.27mm, and 0.20mmwall thickness. A

series of oxides and ceramic particles were incorporated onto

the commercial supports as intermediate layer after an initial

cleaning to reduce theoriginal roughness and averagepore size.

In this context, theuse rawdenseCeO2particles as intermediate

layer, selected in our previous study as better alternative than

incorporating the palladium directly on the calcined supports

[40] (here denoted as MB#01), is now compared with the use of

two different CeO2-based materials: porous CeO2 (MB#02) and

dense Pd-doped particles (MB#03), both maintaining analogous

particle sizes of around 100 mm (Fig. 1).

Fig. 2 collects the general fabrication steps carried out for the

preparation of all above-mentioned Pd-membranes. Indepen-

dently of the selected fabrication strategy, certain steps are

common for all the membranes. First, all raw PSS supports

should bepre-treated (PT) by surface cleaningandcalcination in

the air at high temperatures [31,41]. The cleaning step is carried

out by successive immersions in solutions of sodiumhydroxide

0.1 M (PT-1.1), hydrochloric acid 0.1 M (PT-1.2), and ethanol

96 vol% (PT-1.3) under ultrasonic stirring at 60 �C (ultrasonic

bath Selecta 6000138, 600 W), then being dried overnight at

110 �C (ovenAX-30, 1000W). After that, the clean supportswere

calcined in air at 600 �C (furnace CARBOLITE-MTF 12/25/250,

700 W) for 12 h with heating and cooling ramps of 1.8 �C min�1

(PT-2). The last step, in which a fully dense palladium film is

incorporated by Electroless Pore-Plating (ELP-PP) to purify gas

streams containing hydrogen [41,42] with high selectivity, is

also common for all the membranes. Basically, the plating

process consists of feeding an ammoniacal solution containing

themetal source and diluted hydrazine as reducing agent from

opposite sidesof theporoussubstrate, thus forcing thechemical

reaction between them to take place just inside the pores or in

their neighborhood (PD-1). This process is carried out at 60 �C
(hotplate Selecta 7001512, 550 W) and repeated for several re-

currences till all the pores become entirely closed and the
embrane considered in the present study.

ssments criteria for selection of promising palladiummembranes
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Fig. 2 e General fabrication steps performed for different Pd-membranes with CeO2-based intermediate layers.
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membrane turns non-permeable to any different gas to

hydrogen, typically nitrogen or helium. Between each plating

cycle, the membrane is rinsed with deionized water and dried

overnight at 110 �C to ensure the penetration of the solutions

into the remainingpartially openporesduring successive cycles

(PD-2). In this context, it shouldbenoted that thedurationof the

plating cycles usually increases from2 to 7 h at the last stages to

facilitate the contact between the solutions mentioned when

the pores are nearly completely closed. After these common

steps, themain fabricationdifferencesbetween themembranes

analyzed in the present study are related to the incorporation of

the ceramic intermediate layer (SM) and the surface activation

(SA) necessary before depositing the top Pd-film by ELP-PP to

ensure adequate adherence and homogeneity.

The first membrane type, MB#01, already published in our

previous work [40] and included here as a reference for easier

comparison with the new ones, contains raw commercial and

dense CeO2 particles of around 100 mm as a ceramic inter-

mediate layer. These particles are directly incorporated onto

the external surface of pre-treated PSS supports by vacuum-

assisted dip-coating (VA-DC) with help of a vacuum pump

(ABM 4EKF63CX-4, 180W) from a suspension containing 10 vol

% of ceramic particles and 2 vol% PVA (SM-3). Next, the

modified support calcined to remove the organic linker (SM-4)
Please cite this article as: Alique D et al., Environmental and cost asse
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before incorporating the palladium accordingly to the detailed

process described elsewhere [42]. The synthesis and confor-

mation of these CeO2 particles are not considered for this

particular membrane fabrication strategy due to its commer-

cial availability at a reasonably low cost. In addition, the

required surface activation (SA) with well-distributed fine

palladium nuclei before the palladium deposition is carried

out by two consecutive steps: i) contact of an acidic diluted

solution of palladium chloride and a mixture of hydrazine

0.2 M with ammonia 2.0 M through the pores of modified

supports for 2 h at room temperature (SA-1), and ii) rinsing

with deionized water and drying overnight at 110 �C to ensure

the complete removal of humidity from the pores (SA-2).

The second fabrication alternative, denoting the reached

membrane as MB#02, maintains all the steps mentioned above

but it incorporates a first additional one related to the synthesis

of the ceramic intermediate layer material since it is certainly

difficult to purchase this advanced porous material at a

reasonable cost. Particularly, it isbasedonporousCeO2particles

fabricated by nano-casting from a typical SBA-15 structure, as

detailed elsewhere [36]. This synthesis procedure can be briefly

described as the impregnation of typical SBA-15 with a sus-

pension of cerium nitrate in ethanol till the entire pores of the

material become filled by the precursor. Then, the solvent is
ssments criteria for selection of promising palladiummembranes
s://doi.org/10.1016/j.ijhydene.2023.04.292

https://doi.org/10.1016/j.ijhydene.2023.04.292


Table 1 e Concentration of chemicals used during the preparation of ELP-PP composite Pd-membranes (independently of
the particular fabrication route).

PT Pretreatment PT-1
Initial cleaning

PT-1.1 PT-1.2 PT-1.3

NaOH (g/L) 2.0 HCl 35% (mL/L) 2.0 C2H5OH 96% (mL/L) 1000

PT-2
Oxides generation

n/a

SM

Surface modification

SM-1

CeO2 synthesis

SM-1.1 SM-1.2 SM-1.3

SBA-15 (g/L) 120 NaOH (g/L) 2 C2H5OH (mL/L) 1000

Ce(NO3)3 (g/L) 97

C2H5OH (mL/L) 1000

SM-2

CeO2 doping

SM-2.1 SM-2.2

PdCl2 (g/L) 0.1 NH4OH 32% (mL/L) 120

HCl 35% (mL/L) 1.0 N2H4 (mL/L) 10

SM-3

CeO2 incorporation

SM-3.1

CeO2 (g/L) 100

PVA (g/L) 20

SM-4

Calcination/PVA removal

n/a

SA

Surface activation

SA-1

Pd nuclei generation

SA-1.1 SA-1.2

PdCl2 (g/L) 0.1 NH4OH 32% (mL/L) 120

HCl 35% (mL/L) 1.0 N2H4 (mL/L) 10

SA-2

Rinsing and drying

n/a

PD

Palladium deposition

PD-1

Pd plating (ELP-PP)

PD-1.1 PD-1.2

PdCl2 (g/L) 5.4 N2H4 (mL/L) 10

NH4OH 32% (mL/L) 390

Na2EDTA (g/L) 70

PD-2

Rinsing and drying

n/a
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evaporated, and subsequent transformed the cerium nitrate

into CeO2 by calcination in air at high temperature. The pro-

cedure is typically repeated at least 3 times toensure a complete

impregnation of all the pores of SBA-15 powders and reach a

high-qualitynano-castedmaterial.Thecomplete removalof the

hard temporary silica-based template is carried out by two

consecutive washing steps in aqueous NaOH solutions (2.0 M)

under stirring at 300 rpm and 60 �C for 4 h, sedimentation

overnightat staticconditionsat roomtemperature,andvacuum

filtration to recover the solid material. Finally, the new porous

CeO2 particles are rinsed with deionized water, ethanol, and

acetone several times and dried overnight at 120 �C.
The last fabrication strategy is based on modifying CeO2

particles used as an intermediate layer before their incorpo-

ration onto the porous support by VA-DC, denoting the

resulting membrane as MB#03. Particularly, commercial

dense ceramic particles are considered, so their synthesis and

conformation do not apply in this case. However, in contrast

to the general procedure previously described for the fabri-

cation of MB#01, these particles are doped with fine and well-

distributed Pd nuclei before their coating onto the substrate

(SM-2), thus avoiding the necessity of performing an addi-

tional surface activation just before the palladium deposition

by ELP-PP. Further experimental details about this fabrication

strategy can be found in our previous work [43].

In all these cases, each step requires the use of different

chemicals, materials, water, and electricity that entail a
Please cite this article as: Alique D et al., Environmental and cost asse
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certain environmental footprint. To be precisely determined

in the dedicated section of this study (section Materials in-

ventory for membranes preparation), Table 1 collects here all

precise concentrations of each required chemical used during

the membrane fabrication, independently to the particular

route followed during its preparation. All different solutions

and suspensions are always balanced in water, thus not

including with detail in the table the water content. Moreover,

it should be noted that certain steps do not consume any

chemical due to their nature, mainly based on cleaning or

thermal processes atmoderate or high temperatures. This fact

occurs for the generation of a first intermediate layer based on

FeeCr oxides (PT-2), the PVA removal after incorporation of

the ceramic intermediate layer (SM-4) and rinsing/drying

steps performed after the activation with Pd nuclei (SA-2) or

the palladium incorporation by ELP-PP (PD-2).

Fundamental membrane characterization

The fundamental characterization of any Pd-based membrane

always includes morphological analyses to evaluate the ho-

mogeneity of all stacked layers and the final Pd-thickness,

which typically defines its permeation capacity and cost. In

this study, a Kern electronic balance type ABS 220e4 (accuracy

of ±0.001 g) and a scanning electron microscope Hitachi

Se2100NequippedwithanX-raydiffractionsystemareusedfor

these purposes. Moreover, the particular performance of the
ssments criteria for selection of promising palladiummembranes
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membranes needs also to be determined through permeation

measurements under diverse operating conditions. Thus,

typical parameters such as permeate flux, H2-permeance,

selectivity to hydrogen, or activation energy, among others, can

be determined to select the most suitable application for each

membrane anddesign the appropriatemodules. These tests are

performed in a specifically designed device inwhich the tubular

membrane is placed between two graphite O-rings to ensure

proper sealing between both the retentate and the permeate

sides [36,44]. At the same time, the desired temperature for ex-

periments is reached by an electric furnace around the perme-

ation cell. The permeate side is always maintained at

atmospheric pressure, setting a specific pressure difference

across the membrane thanks to a Bronkhorst EL-PRESS back-

pressure regulator in the retentate side with a capacity ranging

from 0.1 to 10 bar. Feed streams are regulated by individual

Bronkhorst EL-FLOW mass flow controllers with a maximum

capacity of 400 NmL min�1, while permeate and retentate

streams are analyzed with a high-precision Horiba film flow-

meter with a minimum detection limit of 0.2 mLmin�1.

Life cycle assessment (LCA) methodology

LCA methodology aims to quantify the environmental im-

pacts of a product or service over its entire life cycle [45,46].

The LCA analysis presented in this study was conducted

under ISO-14040 [47] and ISO-14044 [48] standards, which

describe the general methodological principles and frame-

work to perform the analysis, in addition to some useful

guidelines and good practices. In this manner, the LCA anal-

ysis presented in the current study is used to determine un-

equivocally the effects of each material and energy input/

output required or produced, respectively, during the

manufacturing of composite ELP-PP membranes on both

environment and human health.

LCA goal and scope
The main goal of the current LCA, carried out on diverse

strategies for the fabrication of composite ELP-PP Pd-mem-

branes, is multi-fold, addressing the following issues.

1. Identification of critical synthesis stages with the highest

environmental impacts for each analyzed membrane

fabrication route, thus compromising the long-term feasi-

bility of the process.

2. Comparison of reached results for each alternative at a lab-

scale to use the proposed methodology as an additional

tool to select the most suitable strategy together with the

membrane performance. The functional unit selected for

the study is a concrete membrane permeation area of

100 cm2 considering different fabrication batches for

obtaining a total area of around 400 cm2, equivalent to 33

membranes of 3 cm in length.

3. Finally, the most promising alternative determined in the

previous analysis will be scaled-up for longer membrane

lengths up to 100 cm to analyze the eventual environ-

mental implications of fabricating membranes on a real

industrial scale, thus predicting a more realistic scenario.

For this purpose, the selected functional unit will be

maintained as 100 cm2 of membrane permeation area,
Please cite this article as: Alique D et al., Environmental and cost asse
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considering different fabrication batches for obtaining a

total area of around 400 cm2, independently of the

addressed membrane length. At this point, it should be

mentioned that the study is based on actual experimental

data at a lab-scale for diverse membrane dimensions up to

25 cm in length, estimating the required supplies for longer

sizes due to certain limitations in the available facilities.

For all different fabrication strategies addressed in the

current study, the cradle-to-gate LCA scope starts with the

provisioning of required rawmaterials for each step, from the

PSS support pre-treatment to the Pd-deposition by ELP-PP.

Therefore, all inputs and outputs required for the Pd mem-

branes manufacture, including both materials and energy,

were considered within the system boundaries. In all LCA

scenarios, the use and end-of-life phase of themembranes are

not considered since both issues are independent of the

fabrication route. In addition, end-of-life treatment of mem-

branes or other waste disposals generated during the fabrica-

tionprocesshavenot been included in thepresent studydue to

the absence of available and reliable data on both behavior and

post-mortem treatment of the membranes or waste solutions

after disposal. Moreover, it should be considered that solution

not completely spent canbeused for thepreparation of diverse

membranes (not necessarily in the same concrete step).

Life cycle impact assessment (LCIA)
SimaPro v8.1 has been considered to model the LCA by using

complete inventory data for each case addressed in the study,

which has been further provided as supplementary material.

The environmental performance assessment of the proposed

manufacturing strategies and scale-up has been carried out

through the ReCiPe mid-point methodology in the hierarchi-

cal perspective [49]. This methodology provides direct insight

into the cause-effect chain of an impact category [49,50], while

it seems to be suitable for LCA analyses on composite Pd-

based membranes for different purposes [51,52]. Finally, it

should be noted that the complete list of analyzed impact

categories is also collected as supporting information for

possible revision, including themanuscript core only themost

relevant impacts: climate change (CC), human toxicity (HT),

acidification (AC), freshwater ecotoxicity (FWE), metal deple-

tion (MD) and fossil fuel resources depletion (FD).

Cost analysis

Additionally, a cost analysis for each fabrication route has

been also included in the current study as relevant criteria to

support the selection of the most promising alternative. As

main operating expenses for each case, the cost of porous

supports (PSS), chemical reactants (palladium source and

other chemicals) and electricity have been considered in the

basis of budgets within the period 2020e2021, in which all the

membranes were prepared. In this context, as example, an

average annual cost in Spain of around 0.14 V/kWh has been

considered for electricity [53]. The current inflationary trend

for prices caused by geopolitical instability between Russia

and Ukraine has not been considered due to its expected

relatively transient nature. Moreover, the associated capital

expenses, amortization of required devices and labor costs are
ssments criteria for selection of promising palladiummembranes
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neither included in this study, considering the necessity of a

similar budget for these concepts, independently of the

selected fabrication strategy.
Results and discussion

Fundamental membrane characterization

Morphological characterization and permeation behavior of

compositemembranes is typically analyzed to understand the

progressive membrane formation during the fabrication pro-

cess. Among all of them, the final analyses define the mem-

brane performance, and they are taken as a reference to

compare various membranes. The three ELP-PP membranes

included in the present work were fabricated following a

similar strategy, as previously addressed, with the unique
Fig. 3 e SEM images of the external surface (left column) and cr

with different CeO2-based intermediate layers: raw dense (a,b),
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variation of incorporating three different CeO2-based inter-

mediate layers. These barriers are formed by raw dense

(MB#01), porous (MB#02), or Pd-doped dense (MB#03) CeO2

particles, being described in detail in our previous works

[36,42,43]. To summarize all their main characteristics

together and facilitate the subsequent discussion in terms of

environmental and cost impacts, Fig. 3 collects some relevant

micrographs of both the final surface and cross-section

reached after the incorporation of palladium for each case. In

general, a very similar external surface is achieved after the

palladiumincorporationontoeachmodifiedporous support by

ELP-PP, independently of the characteristics of the CeO2 par-

ticles. Thus, an almost continuous Pd-film is always generated,

covering the entire external surface of the supports (Fig. 3a, c

and d). This morphology is typical of other ELP-PPmembranes

due to the pass of hydrazine through the biggest pores of the

supports despite the chemical reaction preferentially starts
oss-sectional (right column) for Pd-membranes prepared

porous (c,d), and Pd-doped dense (e,f) particles.
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Fig. 4 e Permeation behavior of ELP-PP membranes

containing diverse CeO2-based intermediate layers

(T ¼ 400 �C).
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just around the smaller pores [44]. However, a completely

continuous external film is not required to obtain high H2-

selectivity due to the nature of the ELP-PP deposition process,

being enough the complete blockage of all the substrate pores

by palladium. In fact, some residual external pores or cavities

can be also distinguished in these membranes, although the

absence of bubbles has demonstrated their complete tightness

in helium up to 3 bar during leak tests with ethanol at room

temperature. This fact indicates that these remaining external

pores are not interconnected, and the membrane fabrication

can be considered complete.

More significant differences between the samples appear

when analyzing the cross-sectional views (Fig. 3b, d and f), in

which the final thickness of the external Pd-film clearly de-

pendson thematerial usedas the intermediate layer. Thus, the

thicker external layer is generated after incorporating com-

mercial raw and dense CeO2 particles as intermediate barrier

(MB#01), beingnecessaryaround15mmofpalladiumtoobtaina

fully dense membrane (Fig. 3b). The incorporation of the

ceramic intermediate layer on the deepest and largest pores

and the relatively thick Pd-film moderate the original surface

roughness of the PSS support, as widely discussed in our pre-

vious work [42]. Moreover, a certain infiltration of palladium

inside the closest pores to the external surface can also be

appreciated as it typically occurs in other membranes fabri-

catedby ELP-PP.However, using porous ceramicparticles as an

intermediate layer to reduce the thickness of the top Pd-film in

the range 7e12 mmand reach a fully densemembrane (MB#02,

Fig. 3d). In this case, the ceramic particles partially block the

largest pores of the PSS support, reducing both original

porosity and roughness in a similar manner that occurs when

applying raw dense particles. Nevertheless, the further inter-

nal porosity of ceramic particles facilitates the contact be-

tween the hydrazine and the palladium source inside the

support pores, making it possible to reach their complete

blockage with a minor amount of the noble metal. Because of

the lower palladium thickness, the final top Pd-film replicates

in better manner the surface of the modified support [36]. A

similar effect was achieved by doping the dense CeO2 particles

withPd-nuclei before their incorporation on thePSS support as

intermediate layer (MB#03, Fig. 3f), thus replacing the con-

ventional activation step that was always required before the

electroless plating. As can be seen on the cross-sectional

image, a very homogeneous top Pd coating with a thickness

of around 9 mmis obtainedby following this synthesis strategy,

also detecting a certain amount of infiltrated palladium inside

the pores near the external surface of PSS tubes [43]. In this

context, it is also important to highlight that diverse fabrica-

tion batches were completed for each membrane type, main-

taining very similar morphological properties in more than 20

different samples. This fact ensures good reproducibility of the

membrane fabrication process, even after progressively

increasing the total membrane length up to 25 cm. Pd-

thicknesses within the ranges mentioned above were also

obtained for these longer membranes, not detecting differ-

ences of the top Pd-film andmetal infiltration inside the pores

along the axial direction in a noticeable manner.

Once a general overview of themorphological properties of

studiedmembranes is presented, it is alsouseful to summarize

their main permeation properties in terms of permeate fluxes,
Please cite this article as: Alique D et al., Environmental and cost asse
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permeance, andH2-selectivity. First, it should be noted that no

nitrogenwas observed in thepermeate side for the entire set of

permeation experiments carried out at high temperatures

(minimum detection limit of 1.67$10�2 mL min�1), thus

ensuring a complete gas tightness to other species different to

hydrogen and an ideal H2/N2 separation factor (aH2/N2) greater

than 10,000. In these conditions, Fig. 4 collects the H2 fluxes

obtained in the permeation experiments carried out at 400 �C
for pressure driving forces in the 0.25e2.50 bar range. A direct

relationship between Pd-thickness and permeation can be

deduced from these results, obtaining a lower permeation as

the Pd-thickness increase, as predicted by the Sieverts’ law.

Thus, the membrane MB#01 with around 15 mm thick top Pd-

film and including an intermediate layer formed by commer-

cial raw and dense CeO2 particles exhibits the lowest perme-

ation capacity, with a H2-permeance of 5.37$10�4 mol m�2 s�1

Pa�0.5. This value increases in case of replacing the interme-

diate layer by porous CeO2 (MB#02) or Pd-doped dense CeO2

particles (MB#03) up to 1.03$10�3 and 6.26$10�4 mol m�2 s�1

Pa�0.5, respectively. At the same time, the average Pd-

thickness is reduced to around 10 mm, as previously dis-

cussed. Here, it should be noted that higher permeation fluxes

are reached in case of considering the use of porous ceramic

particles as intermediate layer despite their slightly higher

average Pd-thickness in comparison to the obtained onewhile

using Pd-dopeddenseparticles. This fact canbe justifiedby the

presence of internal pores in the ceramic particles that reduce

othermass transfer resistances, thus facilitating the hydrogen

permeation through the composite membrane.

Analyzing in detail the experimental data obtained from

these experiments, the linear relationship between H2

permeation fluxes and pressure driving forces for the process

is straightforward, thus suggesting that H2-diffusion through

the Pd-film is the rate-determining step, as expected for most

Pd-composite membranes [54,55]. However, none of these

experimental data fitting intercepts in (0,0), as suggested by

the traditional Sieverts' law. This peculiarity has been previ-

ously reported inmany other Pd-basedmembranes fabricated

by ELP-PP, justified by the palladium infiltration inside certain

pores near the external surface of the support where the Pd-

film is generated during the plating process [30,44,56].
ssments criteria for selection of promising palladiummembranes
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Table 2 e Pd-thickness and H2-permeance reached in ELP-PP membranes containing diverse CeO2-based intermediate
layers.

Sample Membrane morphology Permeation behavior

Ceramic Intermediate layer Pd-thickness (mm) Variation (%) kH2 (mol m�2 s�1 Pa�0.5) Variation (%)

MB#01 Raw dense CeO2 15 e 5.37$10�4 e

MB#02 Porous CeO2 10 - 33 1.03$10�3 þ91

MB#03 Pd-doped dense CeO2 9 - 40 6.26$10�4 þ17

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 9
Although this partial infiltration improves the adherence of

the Pd-film and, hence, the mechanical resistance of the

membrane, also turns the calculation of real pressure driving

forces difficult just onto the contrary surfaces of the palladium

layer, as it should be considered to make use of the Sieverts'
law [44]. In this manner, the partial deposition of palladium

inside the pores of the support generates a tortuous surface of

the Pd film just in contact with the support and partial

hydrogen pressure on this side differs from the measured

value in the bulk gas phase, thus introducing a certain un-

certainty on the expression given by Sieverts’ law [36].

To provide a general overview of the main properties ob-

tained for the different membranes considered for the current

study and facilitate their comparison, Table 2 details both Pd-

thickness and H2-permeance for each case, also including the

variation of these parameters when porous or Pd-doped par-

ticles replace raw commercial and dense CeO2 in the consid-

ered intermediate layers.

Materials inventory for membranes preparation

This section collects the complete inventory for materials and

energy required for each fabrication step, later considered to

perform the environmental impacts assessment and eco-

nomic analysis. This information is presented in four different

groups corresponding to the following fabrication steps: pre-
Table 3 e Inventory for materials and energy required during th
the functional unit).

Fabrication steps Materials Diffe

MB#01

Cycles V (mL) Electricity
(kWh)

PT PT-1 PT-1.1 1 50 0.034

PT-1.2 1 50

PT-1.3 1 50

PT-2 e 1 e 6.06

SM SM-1 SM-1.1 n/a n/a n/a

SM-1.2

SM-1.3

SM-2 SM-2.1 n/a n/a n/a

SM-2.2

SM-3 SM-3.1 1 12.5 e

SM-4 e 1 e 3.29

SA SA-1 SA-1.1 1 50 e

SA-1.2 1 50

SA-2 e 1 50 0.88

PD PD-1 PD-1.1 12 ± 2 100 ± 40 1.16

PD-1.2 12 ± 2 36 ± 6

PD-2 e 12 ± 2 600 ± 50 10.56
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treatment (PT), surface modification (SM), sur face activation

(SA) and palladium deposition (PD). Table 1, previously dis-

cussed, contains the precise details about all chemical re-

actants and particular composition for each solution, as

required to prepare the addressed composite membranes in

the study (see detailed procedures in previous experimental

section). Table 3 here included complements the previous

given information about materials with the total number of

cycles finally required for each fabrication step and the spent

volume of each solution per cycle, thus being possible to

determine the total amount of each material used during the

membranes’ fabrication. Here, it should be noted that the

selected nomenclature distinguishes between the unnec-

essary concrete steps for a certain fabrication strategy (indi-

cated as not applicable, n/a) and the cases in which the steps

lack any material consumption (denoted with dash). In

example, all the steps based on drying or calcinating samples

(PT-2, SM-4) do not require any material, so they are omitted

from the material inventory. The initial cleaning of the sup-

ports (PT-1) involves the use of three different solutions (PT-

1.1, PT-1.2 and PT-1.3) and a certain amount of distilled water

for intermediate rinsing of the samples, being necessary to

complete only one cleaning sequence to remove all possible

pollutants from the commercial supports. The surface modi-

fication (SM) includes three different steps consuming mate-

rials that differ for each membrane considered in this study.
e preparation of each different membrane type (referred to

rent membrane types (L ¼ 30 mm)

MB#02 MB#03

Cycles V (mL) Electricity
(kWh)

Cycles V (mL) Electricity
(kWh)

1 50 0.034 1 50 0.034

1 50 1 50

1 50 1 50

1 e 6.06 1 e 6.06

3 50 2.13 n/a n/a n/a

1 50

1 50

n/a n/a n/a 1 50 e

1 3

1 12.5 e 1 12.5 e

1 e 3.29 1 e 3.29

1 50 e n/a n/a n/a

1 50

1 50 0.78 e e n/a

8 ± 1 50 ± 20 0.85 7 ± 1 50 ± 20 0.68

8 ± 1 24 ± 3 7 ± 1 21 ± 3

8 ± 1 400 ± 50 7.04 7 ± 1 350 ± 50 6.16
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Thus, the step SM-3 based on the incorporation of CeO2 par-

ticles as an intermediate layer onto the calcined PSS supports

is the only common one for all the evaluated alternatives. In

contrast, the synthesis of CeO2 particles (SM-1) or their doping

with Pd-nuclei (SM-2) are only used in some cases (MB#02 and

MB#03, respectively). Some of these stepsmust be repeated for

several times, as detailed in the table. Something similar oc-

curs for all the steps involved in the surface activation (SA),

which only apply for membranes MB#01 and MB#02. It is

important to highlight that all materials have been considered

for the analysis of the environmental impacts, independently

of being synthesized in lab or directly purchased. Thus, all

environmental impacts related to the use of CeO2 and SBA-15

have been taken into account in our study. This includes

available values from ecoinvent database about the metal

extraction from the pit, the formation of oxide compound, and

the impact of transportation to destination, among others.

Finally, the palladium deposition process (PD) is common

for all the analyzed membranes, only varying the total num-

ber of ELP-PP recurrences necessary to reach fully dense

membranes for each case. This variation is mainly caused by

different surface properties of the supports while incorpo-

rating various CeO2-based intermediate layers. However, it

should be mentioned that other external reasons could pro-

voke an increase in the spent volume of each solution. Thus,

reusing a unique solution for all ELP-PP cycles is not always

possible due to its occasional degradation, generating a

certain uncertainty in the indicated spent volume. It can be

produced by many different and unexpected operating trou-

bles like deviations in the control of temperature or direct

contact between the solution and screws used for the mem-

brane assembly in the deposition cell, typically covered by

Teflon. These issues are only observed on rare occasions, so

these deviations are not considered for further use of the

material inventory. On the other hand, it should be
Fig. 5 e LCA results for laboratory scale preparation processes re

environmental impacts generated in the preparation of MB#01:

(AC), Freshwater Ecotoxicity (FWE), Metal Depletion (MD) and Fo
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highlighted that the final properties of analogous membranes

were almost constant in terms of Pd-thickness, with an

average deviation below 10%, being possible to assume a good

reproducibility of the analyzed fabrication processes and the

validity of collected data.

On the other hand, the energy consumption for each step

has been also included here as electricity by considering both

device power and time of usage. In general, most of these

energy requirements came from all the steps in which an in-

crease on the temperature is demanded (i.e., drying and

calcination steps, plating cycles, etc.), although other opera-

tions such as rotation or the use of a vacuum pump have been

also taken into account.

Environmental performance: LCA results

The strategical analysis of alternatives included in this study

for preparing pore-plated membranes methods containing

various CeO2 materials as intermediate layer should also be

considered by attending their environmental impacts. In this

manner, bothmembranemorphology and performance under

operation need to be analyzed together with the overall

fabrication process sustainability to select the most adequate

strategy to prepare these membranes in an expected wide

application at an industrial scale. For this reason, Fig. 5 col-

lects the most relevant environmental impacts generated

during the fabrication, at laboratory scale, of composite

membranes containing porous (MB#02) or dense Pd-doped

CeO2 particles (MB#03) as an intermediate layer in compari-

son to use raw commercial and dense CeO2 particles (MB#01).

The last membrane has been selected as a reference due to its

noticeable lower environmental impacts in comparison to

avoid any ceramic intermediate layer, as published in our

previous work [40]. Therefore, the relative variation of each

main environmental impact after replacing the raw dense
lated to MB#02 and MB#03 membranes respect to the main

Climate Change (CC), Human Toxicity (HT), Acidification

ssil Fuel Depletion (FD).
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CeO2 particles of the intermediate layer by the alternatives

mentioned above is represented in the figure. Detailed data for

each environmental category has been generated after

applying the ReCiPe mid-point methodology, collecting in

detail all specific information about them (numerical and

percentage form) in Table S1 and Figs. S1 of Supplementary

InformationeS2. Moreover, Monte-Carlo uncertainty analysis

has been also included in this supplementary information to

demonstrate the coherence of the values collected from the

LCA analysis (Figs. S3eS5).

As can be seen, the fabrication of the membrane denoted

as MB#02 and containing porous CeO2 particles as interme-

diate layer generates a noticeable increase for all main envi-

ronmental impacts categories in comparison to the reference

membrane MB#01, in which raw commercial and dense CeO2

particles were deposited as intermediate layer between the

calcined PSS support and the H2-selective Pd-film. On the

contrary, the generation of an intermediate layer containing

Pd-doped CeO2 particles (MB#03) reduces the environmental

damage generated during the fabrication process by an

average of 27% in the selected impact categories. These results

agree with the relative contribution of all steps required for

the entire fabrication process when following each alterna-

tive. Detailed contribution of each synthesis step carried out

to prepare MB#02 and MB#03 membranes are included as

supplementary material for their eventual inspection (Figs. S1

and S2, respectively), while those relative to the membrane

taken as reference (MB#01) can be found in our previous

publication [40]. The comparison of environmental impact

uncertainty for these newmembranes (MB#02 andMB#03) has

also been added as supplementary information to reinforce

the summary of results collected in Fig. 5.

As previously addressed, the generation of an intermediate

layer formed by porous CeO2 particles (MB#02) clearly im-

proves the permeance of the resultant composite membrane

in comparison to the use of raw and dense particles. However,

the high associated environmental costs could probably

punish this synthesis strategy at an industrial scale. This

environmental deterioration is mainly due to the fabrication

step denoted as SM-1, which accounts around 60% of each

selected impact (see Fig. S1). In this step, the surface modifi-

cation of the PSS support is carried out to reduce original pore

sizes and roughness. In this context, the generation of CeO2

particles with an internal porosity is reached by nanocasting,

which involves the use of commercial SBA-15 together with

the ceriummetal source and calcination at 600 �C tominimize

the presence of defects in the new ceramic material that

causes an increase in bothmaterials and energy consumption.

This fact avoids the great reduction of environmental impacts

achieved after decreasing the required ELP-PP cycles from

thirteen to eight into an overall improvement. On the con-

trary, the use of Pd-doped CeO2 particles as an intermediate

layer in MB#03 was globally reduced due to the greater

importance of ELP-PP cycles reduction against the generation

of Pd-nuclei around the ceramic particles before their incor-

poration onto the membrane (see details in Fig. S2). Remark-

ably, the total number of recurrences required to obtain

complete gas tightness when incorporating Pd-doped CeO2

particles decreased from thirteen to seven compared to the

required number of ELP-PP cycles in the case of considering
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raw CeO2 particles as a ceramic barrier. As mentioned, these

plating steps generate a relatively high environmental impact,

mainly caused by the electrical consumption during drying

steps between successive cycles. Therefore, reducing the total

number of ELP-PP recurrences will provoke an associated time

reduction during drying steps and, consequently, in the

generated environmental impacts. Moreover, it should be

considered that a lower number of ELP-PP recurrences also

reduces the consumption of reagents, therefore contributing

to a specific environmental improvement, although in a less

significant way. In this case, the main step in which the sur-

face of the support is modified (SM-2) does not involve any

calcination. Thus, the environmental impact generated by

this stage is almost negligible in comparison with the rest

fabrication steps. At this point, it is necessary to point out the

lab-scale of themembrane synthesis procedure considered for

the present study until now. In this context, using more

favorable production scales could reduce this contribution,

replacing the electricity requirements of the electrical furnace

with other alternatives well established in the industry (i.e.,

gas furnaces or solar energy).

In conclusion, all these experimental results demonstrate

that the selected membrane fabrication strategy is crucial not

only with the aim to improve the final membrane perfor-

mance, mainly in terms of Pd-thickness and H2-permeance,

but also considering its sustainability and trying to minimize

the associated environmental footprint. Both aspects can be

misaligned, requiring adopting a compromise solution. Thus,

using Pd-doped CeO2 particles as an intermediate layer seems

to provide certain benefits not only in the membrane perfor-

mance but also in attending to environmental concerns.

Cost analysis

Together with the membrane performance and associated

environmental impacts, the total cost for each fabrication

route should also be relevant criteria to support the selection

of the most promising alternative. However, this kind of an-

alyses are very scarce in the available literature when

comparing alternative fabrication strategies to reach sup-

ported membranes with limited Pd-thickness. Thus, Fig. 6

represents the main operating expenses coming from using

a porous support (PSS), different reactants (separating palla-

dium from other chemicals) and electricity during the fabri-

cation of diverse membrane types. These costs are referred to

a single 3 cm in length membrane fabricated at laboratory

scale, but assuming multiple batches to obtain a total

permeation area of around 400 cm2, as done for the environ-

mental impacts.

All the considered values, detailed as supplementary in-

formation in Table S2, come from accurate budgets managed

during 2020e2021, in which all discussed membranes were

prepared. An average annual cost for the electricity con-

sumption of around 0.14 V/kWh has been considered taking

into account that all the membranes were fabricated in Spain

[53]. Here, the recent inflationary trend for prices caused by

geopolitical instability between Russia and Ukraine has not

been considered due to its expected transient nature. The

consumption required for each of these items were collected

in previous section Materials inventory for membranes
ssments criteria for selection of promising palladiummembranes
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Fig. 6 e Cost distribution for main items required during the fabrication of ELP-PPmembranes onto porousmetallic supports

(referred to a single membrane with 3 cm in length).
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preparation dedicated to the material and energy inventories

for the preparation of the membranes. On the other hand, the

associated capital expenses, amortization of required devices

and labor costs are neither included in this study, considering

the necessity of a similar budget for these concepts, inde-

pendently of the finally adopted fabrication strategy. More-

over, the lab scale considered for the analysis should always

be in mind, assuming that certain savings could probably be

produced while scaling up the fabrication technology. This

particular effect will be later addressed in a specific section.

In this general context, some relevant insights can be

extracted from the study. First, it should be noted that the PSS

support cost is maintained constant for each membrane

fabrication strategy because all of them are based in a com-

mon substrate with identical properties. In case of using

dense or porous CeO2 particles as intermediate layer without

Pd-doping (MB#01 and MB#02, respectively), the support

contribution to the overall cost of the membrane remains

almost constant in the range 50e55%. In the first case, the

other operating costs necessary to fabricate the membrane

MB#01 are dominated by the required amount of palladium,

with an average thickness of around 15 mm and contributing

nearly 40% of considered operating expenses. Othermaterials,

chemicals and electricity accumulate the remaining 10% to

reach a total fabrication cost of 65.45 V. This cost contribution

noticeably changes after replacing the raw dense CeO2 by

porous particles in MB#02. The associated cost to palladium is

reduced in half due to the lower thickness required to obtain a

fully dense film. However, the costs of other reactants and

electricity drastically increase from around 10 to 23% due to

the further fabrication steps required to synthesize the porous

CeO2 particles by nanocasting. Therefore, despite the notice-

able reduction of the Pd-thickness reached in MB#02, the total

cost of this membrane amounts to 59.74 V, only slightly

reducing the reached one in case of considering raw dense
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CeO2 particles as an intermediate layer. On the contrary, the

overall fabrication cost for themembraneMB#03, in which Pd-

doped dense CeO2 particles formed the intermediate layer,

saves up to 24% of operating expenses to reach a final mem-

brane cost of 49.98 V. In this case, the thickness reduction of

the Pd-film from 15 to 9 mm due to the doping of dense CeO2

particles used as an intermediate layer determines the savings

due to the maintenance of similar cost derived from other

items (PSS, electricity, and other reactants). Focusing on the

distribution of new expenses, it should be highlighted that the

porous substrate becomes the major contribution to the

overall membrane cost (65%) and the palladium cost only

represents around a quarter of the total amount. Therefore,

greater efforts should be run to improve the original proper-

ties and associate costs of this type of porous metal sub-

strates, which is very attractive to promote the penetration of

these composite membranes in many industrial applications.

However, the membrane cost should be always considered

together with the permeation capacity because higher

permeation fluxes will require lower membrane area at

analogous operating conditions. In this context, permeance of

MB#02 is noticeably higher than MB#03, both improving the

permeation capacity ofMB#01 due to their lower Pd-thickness.

However, MB#02 fabrication cost is only reduced below 10%

while the associated environmental impacts almost double

those generated for the referred material (MB#01). It can be

justified, as previously mentioned, by the nanocasting steps

carried out to generate the porous structure in the CeO2 par-

ticles. On the contrary, MB#03 reduces both fabrication costs

(in around 23%) and environmental impacts (in around 25%)

whilemoderately increasing the H2 permeance of the referred

membrane. Thus, it is necessary to carefully analyze each

particular case to find a compromise solution between the

different alternatives. A new parameter is defined to correlate

both permeance and fabrication cost as follows:
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Table 4 e Materials inventory for the preparation of MB#03 with increasing tube lengths referred to the functional unit.

Step Chemicals Membrane length

30 mma 50 mma 70 mma 110 mma 250 mma 500 mmb 1000 mmb

SM-1 NaOH (g) 2.50$10�2 2.50$10�2 2.50$10�2 3.30$10�2 5.00$10�2 1.00$10�1 2.00$10�1

(initial cleaning) HCl (g) 2.98$10�2 2.98$10�2 2.98$10�2 3.97$10�2 5.90$10�2 1.19$10�1 2.38$10�1

EtOH (g) 9.86 9.86 9.86 13.15 19.72 39.45 78.90

H2O (g) 25.00 25.00 25.00 33.33 50.00 100.00 200.00

SM-3 CeO2 (g) 1.25 1.25 1.25 1.67 2.50 5.00 10.00

(incorporation of CeO2) PVA (g) 2.50$10�1 2.50$10�1 2.50$10�1 3.33$10�1 5.00$10�1 1.00 2.00

H2O (g) 12.50 12.50 12.50 16.67 25.00 50.00 100.00

PD-1 PdCl2 (g) 7.50$10�4 7.50$10�4 7.50$10�4 1.00$10�3 1.50$10�3 3.00$10�3 3.00$10�3

(activation with Pd nuclei) HCl (g) 8.93$10�3 8.93$10�3 8.93$10�3 1.19$10�2 1.79$10�2 3.57$10�2 3.57$10�2

H2O (g) 8.22 8.22 8.22 10.95 16.45 32.90 32.90

NH4OH (g) 7.89$10�2 7.89$10�2 7.89$10�2 1.05$10�1 1.58$10�1 3.16$10�1 3.16$10�1

N2H4 (g) 7.50$10�3 7.50$10�3 7.50$10�3 1.00$10�2 1.50$10�2 3.00$10�2 3.00$10�2

PD-2 PdCl2 (g) 2.70$10�1 2.70$10�1 3.24$10�1 4.32$10�1 5.94$10�1 1.24 2.43

(Pd deposition by ELP-PP) NH4OH (g) 17.16 17.16 20.59 27.45 37.75 78.93 154.44

Na2EDTA (g) 3.50 3.50 4.20 5.60 7.70 16.10 31.50

H2O (g) 51.29 65.15 85.11 125.31 240.35 486.80 967.50

N2H4 (g) 2.10$10�1 3.50$10�1 4.90$10�1 7.70$10�1 1.75 3.50 7.00

PD-3 H2O (g) 350.00 350.00 420.00 560.00 770.00 1610.00 3150.00

(cleaning and drying)

a Laboratory values.
b Estimated values.
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M¼membrane cost
permeance

�
V

10�4mol m�2s�1Pa0:5

�

This parameter should be as low as possible, indicating the

most favorable manner to reach a certain permeate flux.

Excluding the cost of the support for this calculation (common

for all the alternatives), parameter M decrease in half from the

reference value M ¼ 6.14 in MB#01 for the new proposed

membranes. Particularly, M values of 2.64 and 2.74 are ob-

tained for MB#02 and MB#03, respectively. As can be
Fig. 7 e Variation of the membrane fabrication c
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appreciated, despite the marked difference in permeation

capacity for both membranes, the relationship between cost

and permeance is maintained almost constant. On the con-

trary, associated environmental impacts become noticeably

higher in case of using porous ceria as intermediate layer for

the membrane preparation. This fact suggests the use of Pd-

doped and dense CeO2 particles as intermediate layer

instead of particles with complex porous structures to

combine good membrane performance, low environmental

impacts, and limited fabrication costs. For this reason, the
ost during scaling-up the membrane length.

ssments criteria for selection of promising palladiummembranes
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membrane MB#03 has been selected to analyze in detail the

effect of scaling-up its fabrication in next section.

Scaling-up the membrane fabrication

Once main concerns about membrane performance, envi-

ronmental impacts and fabrication cost have been analyzed at

laboratory scale, the effect of scaling-up their fabrication has
Fig. 8 e Variation of the environmental impacts generated duri

Evaluated impact categories: Climate Change (CC), Human Toxi

Metal Depletion (MD) and Fossil Fuel Depletion (FD).
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been also studied. As mentioned, it has been done in the case

of using Pd-doped and dense CeO2 particles as an intermedi-

ate layer before incorporating the top Pd-film onto PSS sup-

ports (MB#03). In this context, new analogous membranes but

increasing their total length from 3 to 25 cm have been

experimentally fabricated. First, it is necessary to point out

that previously discussed membrane morphology in terms of

homogeneity, roughness and average Pd-thickness is
ng fabrication when scaling-up the membrane length.

city (HT), Acidification (AC), Freshwater Ecotoxicity (FEW),

ssments criteria for selection of promising palladiummembranes
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maintained in all cases. Thus, the reproducibility of both VA-

DC and ELP-PP methods to incorporate ceramic intermediate

and palladium layers onto PSS tubular supports is demon-

strated. Due to this similarity, a complete H2-selectivity and

almost identical permeance (deviation below 10%) to previ-

ously reported data were found. Therefore, this section has

been focused on the scale-up effects on both economy and

environmental impacts generated during the membrane

fabrication. A similar analysis to the previously described one

for the material inventory with 3 cm in length membranes is

presented in Table 4 to summarize the membrane scale-up.

The study has been completed with predictions estimated

for longermembrane lengths up to 100 cm, currently proposed

as themaximumdimension of tubular compositemembranes

to be fabricated with enough guarantees. The preparation of

largermembranes than 100 cm could present severe problems

of homogeneity and straightness, besides the inherent

complexity required in the expected production lines. Finally,

a total membrane area of around 400 cm2 has been main-

tained constant by considering different fabrication batches,

independently of the particular membrane length addressed.

Fig. 7 shows the final cost per membrane area variation

calculated for the fabrication of membranes progressively

larger from 3 to 100 cm. As can be clearly seen, the overall

membrane fabrication cost can be reduced from around 1.5 to

0.35V/cm2 by increasing themembrane length, which implies

saving more than 75% of the initial estimated cost. In general,

despite the need for a higher number of reactants to prepare

longer membranes, they are used more efficiently. In

example, a certain volume of ceramic particles suspension

can be applied during VA-DC for variousmembrane lengths or

various samples, only considering the necessity of covering

the support surface completely and maintain an adequate

agitation to avoid sedimentation. Something similar occurs

for solutions used in the case of activation or Pd plating steps.

However, it should be noted that most of these savings come

from better use of electricity consumer devices in terms of

available volume for each particular treatment (mainly drying

or calcination). However, this trend is not linear, and the

reached cost reduction decrease as the totalmembrane length

increases. In fact, a minimum membrane fabrication cost

seems to be reached for lengths in the range of 25e100 cm

despite the uncertainty in the predicted data. Here it should be

pointed out that further savings could be also achieved by the

real industrialization of the process, although the discussed

general trends surely will be maintained.

The results obtained in an analogous study for the variation

of environmental impacts during the membrane scale-up

reveal an almost similar trend as previously addressed for

the process. Thus, the fabrication of larger composite Pd-

membranes by ELP-PP onto PSS tubes with a CeO2-based in-

termediate layer considerably reduces their associated nega-

tive environmental impacts in all evaluated categories. Fig. 8

collects in detail the particular environmental impacts gener-

ated in each category and refers to a concretemembrane area.

The longest membrane experimentally synthesized in our

laboratory (L¼ 250mm) reduces the associated environmental

damage by around 80% in all selected categories compared to

the 30 mm membrane taken as a reference for the study. As

previouslydiscussed for theeconomic analysis, this fact canbe
Please cite this article as: Alique D et al., Environmental and cost asse
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explained by the better energy efficiency of equipment, which

reduces the damage associated with each membrane by

increasing the membrane length. The fabrication of longer

membranes up to 100 cmhas also been considered to complete

the study, obtaining a further reduction of the environmental

footprint till 87%. These results demonstrate the viability of

increasing the scale inamembrane fabricationplant fromboth

environmental and economic point of view.
Conclusions

The current work compares both environmental and eco-

nomic implications of adopting different strategies to fabri-

cate composite membranes by Electroless Pore-Plating with

diverse CeO2-based intermediate barriers between the PSS

support and the Pd-film. Particularly, the use of raw com-

mercial dense (MB#01), porous (MB#02) or Pd-doped dense

ceramic particles (MB#03) have been analyzed. The modifica-

tion of raw commercial and dense particles by generating an

internal porosity or doping with well-distributed fine Pd-

nuclei before their deposition onto the support clearly im-

proves the membrane performance in terms of two key pa-

rameters: Pd-thickness (being reduced from 15 to 10 or 9 mm,

respectively) and H2-permeance (increasing from 5.37$10�4 to

1.03$10�3 and 6.26$10�4 mol m�2 s�1 Pa�0.5, respectively).

However, both alternatives present contrary effects in envi-

ronmental and economic implications. In this manner, the

modification of raw and dense CeO2 particles by doping with

fine Pd nuclei before their incorporation onto the PSS support

(MB#03) allows not only an improvement in the membrane

performance but also the reduction of environmental dam-

ages generated during the fabrication process by an average of

27% in the selected impact categories or saving around 24%

operating expenses. In this manner, the porous metal sub-

strate becomes themost expensive part of themembrane, and

future research should be run towards developing new sup-

porting structures with adequate mechanical resistance and

better morphological properties (i.e., smaller pore sizes with

high porosity) but lower cost. On the contrary, the reduction of

the average Pd-thickness at similar levels by using porous

CeO2 particles (MB#02) provokes adverse effects in both

environmental impacts and the overall economy due to the

necessity of increasing the complexity of the membrane

fabrication, particularly those steps applied to modify the

original morphology of PSS supports. In fact, negative envi-

ronmental impacts almost double their contribution in all

evaluated categories. The increase of costs during the surface

modification steps by around 200% overcame the saving

derived from the reached Pd-thickness reduction (�50%).

Therefore, the fabrication strategy followed to prepare the

membrane MB#03 has been selected as the most promising

one to scale up the process at an industrial scale. In this

context, it has been demonstrated that a further improvement

concerning both environmental issues and economy can be

reached in the fabrication of ELP-PPmembranes by increasing

themembrane length up to around 25 cm. However, this trend

seems to stabilize for longer dimensions of tubes. All these

results are essential insights to select the most adequate

strategic decision about themultiple available alternatives for
ssments criteria for selection of promising palladiummembranes
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fabricating Pd-basedmembranes. Moreover, the basis of these

tools would be applied with only minor adjustments to many

other membranes proposed in the specialized literature.
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Abbreviations

AC Acidification (environmental impact)

CC Climate Change, kg CO2 eq (environmental impact)

ELP-PP Electroless Pore-Plating

FD Fossil Fuel Resources Depletion, kg oil eq

(environmental impact)

FWE Freshwater Ecotoxicity, kg 1,4-DB eq (environmental

impact)

HT Human Toxicity, kg 1,4-DB eq (environmental

impact)

MD Metal Depletion, kg Fe eq (environmental impact)

L Membrane Length, mm or cm

LCA Life Cycle Assessment

LCIA Life Cycle Impact Assessment

PD Pd-Deposition (step in membrane fabrication

process)

PSS Porous Stainless Steel

PT Pre-Treatment (step in membrane fabrication

process)

PVA Polyvinyl alcohol (chemical)

SA Surface Activation (step in membrane fabrication

process)

SBA-15 Santa Barbara Amorphous 15 (molecular sieve)

SEM Scanning Electron Microscopy

SM Surface Modification (step in membrane fabrication

process)

V Volume, mL

VA-DC Vacuum-Assisted Dip-Coating

Symbols

aH2/N2 Ideal H2/N2 Separation Factor

JH2 Hydrogen permeate flux, mol m�2 s�1

kH2 Hydrogen permeance, mol m�2 s�1 Pa0.5

PH2,i Hydrogen Partial Pressure (in retentate -i ¼ ret- or

permeate -i ¼ perm-), Pa
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Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.ijhydene.2023.04.292.
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