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ARTICLE INFO ABSTRACT

Handling editor: Federica Cucchiella Covalent organic frameworks (COFs) are emerging materials with structural modularity that allows their

application in many fields. The aim of this work is to determine the environmental impact of using an imine

Keywords: based covalent organic framework (RT-COF-1) for both surface printing (Case A) and 3D inkjet printing (Case B)
C((j)zf by applying Life Cycle Assessment (LCA) methodology. Experimental data on RT-COF-1 synthesis as well as
L

results obtained by simulation of their precursors production, 1,3,5-tris-(4-aminophenyl) benzene (TAPB) and
1,3,5-benzenetricarbaldehyde (BTCA), are used. LCA results show that monomer synthesis is the most important
contributor to environmental impacts in both case studies. On the other hand, the contribution of solvents used in
Case A is also remarkable. The comparison between both case studies indicates that the environmental impacts of
Case B is lower than that of Case A (reduction within 5%-65%). Finally, LCA results of Case B are compared to
other materials used for 3D-printing, such as polymerizable ionic liquids (PILs). The results show that RT-COF-1
compares favourably with PILs in five of nine impact categories, being especially relevant the reductions ach-
ieved in the abiotic depletion and acidification potential (>90%), in the primary energy consumption (~ 35%)
and carbon footprint (~50%), suggesting the potential of RT-COF-1 as 3D-printing material from an envi-
ronmental perspective. This work is a first step for further research to highlight the main environmental burdens
of using COF-based materials in this application.
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1. Introduction

Covalent organic frameworks (COFs), constructed from small
building blocks via covalent linkage, are emerging as a new class of 2D
or 3D materials with high crystallinity, regular pores, low density and
high surface areas (Coté et al., 2005; Diercks and Yaghi, 2017; El-Kaderi
etal., 2007; Li et al., 2020). These properties, along with the diversity of
building blocks and covalent linkage topology schemes, make COFs
suitable materials to be used in a wide variety of fields such as adsorp-
tion and separation, catalysis, energy storage, semiconductor and op-
toelectronic, luminescence and sensors, mass transport, environmental
remediation, biomedical applications, etc. (Geng et al., 2020; Guan
et al., 2020; Li et al., 2020). However, most of these applications are
limited by the lack of methodologies to process and integrate these
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materials on supports. In this regard, some advances have been made in
producing thin-films of COFs on several surfaces (Colson et al., 2011;
Medina et al., 2014), but only few cases allowed the preparation of
microarrays of COFs on rigid SiO, surfaces, and flexible substrates
(Colson et al., 2015; De la Pena Ruigomez et al., 2015). Recently, easier,
smoother and faster synthetic procedures have been developed for the
production of supported COFs (Li et al., 2020; Rodriguez-San-Miguel
and Zamora, 2019; Wang et al., 2019), leading to the possibility of
implementing COFs in novel applications. Nevertheless, processing
challenges related to their limited capability for patterning must be
overcome. In this regard, printing technologies (inkjet and 3D) appear as
promising approaches to construct complex geometries, increasing the
applications of COFs in different fields, since they allow integrating
molecular bodies into devices keeping their precise microstructures
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described at atomic level (Mohammed et al., 2020). These technologies
are included into Additive Manufacturing (AM) based on the
layer-by-layer technique to design parts of complex geometry, using
print head, nozzle or another printer technology (Munoz et al., 2021).
Among its advantages over conventional techniques, it must be noticed
the geometrical customization, which leads to product flexibility and
design freedom, reducing production time (Bikas et al., 2019).
Currently, the versatility of AM to effectively produce complex struc-
tures using different materials has made this technology to grow in
different manufacturing sectors (Agrawal, 2021). Furthermore, this
manufacture allows reducing chemical and energy consumption,
improving the environmental performance of the entire product life
cycle (Maciel et al., 2019; Saade et al., 2020). In this regard, inkjet
printing is a low-cost technology that allows developing thin films and
patterns of high quality, making their manufacturing easier and simul-
taneously reducing consumption of energy and raw materials (Karami
et al., 2022).

In this sense, de la Pena Ruigomez et al. (2015) reported a crystalline
laminar imine-based COF (RT-COF-1) synthesized through Schiff re-
action between two trigonal building blocks: 1,3,5-tris(4-aminophenyl)
benzene (TAPB) and 1,3,5-benzenetricarbaldehyde (BTCA). This reac-
tion can be conducted rapidly at room temperature and ambient pres-
sure, unlike other imine-based polymers that require high temperature
and pressure in a glass ampoule. These authors reported the possibility
of using this RT-COF-1 for inkjet printing (De la Pena Ruigomez et al.,
2015), in which precise volumes of ink are deposited on a substrate (Teo
et al., 2020; Zawadzki et al., 2022). The approach used by De la Pena
Ruigomez et al. (2015) consists of using a premixed solution of TAPB
and BTCA in DMSO in a single printhead, obtaining COF layers printed
on acetate paper and SiO5 surfaces. The printer used allows to create and
define patterns over an area of 200 x 300 mm and handle substrates
until 25 mm thick with adjustable Z height (De la Pena Ruigomez et al.,
2015). This approach presents, among other disadvantages, that it re-
quires high printing velocity to avoid solidification of the solution as
well as large chemical consumption. Recently, Teo et al. (2021) have
developed an inkjet-based procedure using in-air coalescence inkjet
printer to produce COF with any shape in short time, obtaining suc-
cessful results for RT-COF-1. These authors built an inkjet printer based
on droplet collision capable to print a wide variety of materials using
multiple printheads. This procedure presents as main advantage the
possibility of loading both monomers (TAPB and BTCA) in separate
printheads, avoiding short printing windows and enhancing control over
material ejection (Teo et al., 2021).

Current environmental concerns on industrial manufacture are
focused on environmental impact (mainly those related to energy con-
sumption and harmful emissions) produced by emerging technologies,
such as additive manufacture, to determine their sustainability (Ma
etal., 2018; Munoz et al., 2021). Environmental impact is defined as the
mass equivalent of a reference substance, that accounts for the largest
proportion of emissions responsible of this impact. For instance, the
climate change is quantified through the amount equivalent of COa,
main compound of greenhouse gas emissions (Panagiotopoulou et al.,
2022). There is a wide number of environmental impacts analyzed for
manufacturing and production sector, such as climate change, eutro-
phication, acidification, ozone depletion, human and ecotoxicity as well
as the use of resources (Panagiotopoulou et al., 2022; Stavropoulos and
Panagiotopoulou, 2022). The assessment of environmental impacts re-
quires a comprehensive approach (from design step to end of life), and in
this context Life Cycle Assessment (LCA) analysis is commonly used
(Munoz et al., 2021; Stavropoulos et al., 2016). LCA is a well stablished
method to quantify direct and indirect environmental impacts related to
products, processes and services. This method considers a holistic
assessment of all life cycle steps: raw material extraction, manufacture,
distribution, use and disposal/recycle/reuse of wastes (Athanasopoulou
et al., 2018; Espada et al., 2021; Okoroafor et al., 2022; Rodriguez et al.,
2018; Stavropoulos et al., 2016). As reported in literature, LCA has been
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applied to identify the environmental impacts of AM for different sec-
tors, such as automotive, aircraft and construction (Munoz et al., 2021;
Saade et al., 2020). LCA applications to inkjet printing have been re-
ported for perovskite solar cells, showing that the electricity required for
cell manufacture is the main contributor in most impact categories
(Okoroafor et al., 2022). Cerdas et al. (2017) applied LCA to a 3D-prin-
ting-supported distributed manufacturing showing its potential benefits
compared to a conventional centralized manufacturing system (Cerdas
et al.,, 2017). Khosravani and Reinicke (2020) reported that energy
consumption, waste material and air pollution are the most contributors
to the environmental impact when using plastics as raw materials for
3D-printing (Khosravani and Reinicke, 2020). Maciel et al. (2019)
analysed the environmental impact of 3D-polymerizable
imidazolium-based ionic liquid (Maciel et al., 2019). This work, unlike
others reported in the literature, presents a LCA analysis of several
environmental impacts, including the synthesis of the monomers to
obtain the ionic liquid, as well as sensitivity analysis of the most
important variables. These authors concluded that the synthesis of
monomers and the use of solvents are the most important contributors to
the overall impacts. In addition, they showed the promising capabilities
of PILs for additive manufacturing from an environmental point of view.

In this work, a COF-based material was selected because these ma-
terials have a wide range of applications related to environmental pur-
poses, but studies on their sustainability are scarce. Therefore, it is of
interest to stduy the applications of this type of materials through LCA
method. The aim of this work is to determine the environmental per-
formance of RT-COF-1 for both surface and 3D inkjet printing (Cases A
and B) by applying LCA. We chose RT-COF-1 for the analysis because it
can be rapidly synthesized in air at room temperature, making it suitable
for both surface and 3D-printing (De la Pena Ruigomez et al., 2015). The
synthesis of the monomers to obtain RT-COF-1 was simulated based on
experimental and literature data to quantify environmental inventory
data. Thereafter, environmental impacts of both surface and 3D-printing
processes were determined and discussed, and the best option was
compared to other materials reported in the literature.

2. Methodology
2.1. Goal and scope of the LCA study

This study aims to determine the environmental performance of two
different printing methods for RT-COF-1 by applying LCA. Two case
studies are analysed: surface COF printing (Case A) and 3D printing
(Case B). Besides, the best alternative is compared to LCA results of other
materials available in the literature (Maciel et al., 2019). Fig. 1 shows an
overview of the process, including the involved steps. As can be
observed, the synthesis of both monomers from commercial precursors
to yield RT-COF-1 was considered (blocks with green and blue lines),
including all the steps involved in these pathways (explained in detail in
sections below). Printing process (dotted orange line) includes the
monomers previously synthesized, the solvents and the energy used in
each case (Case A: both monomers are mixed in a single cartridge; Case
B: A single cartridge is used for each monomer).

2.2. Life cycle inventory analysis (LCIA)

2.2.1. LCA assumptions
The following assumptions were made in both case studies:

- Synthesis of both monomers were taken from pathways available in
the literature and simulated to obtain mass and energy balances (see
explanation in further sections).

- All the inputs and outputs of the processes were considered within
the system boundaries.

- Wastes generated in the process were disposed as hazardous mate-
rials in an underground deposit.



J.J. Espada et al. Journal of Cleaner Production 395 (2023) 136381

“- I I I I _— I I I I — I — I I I ...

Inputs: materials / energy \
1 ) 1 '

\/ v \ 4 \ 4

b S

p-Nitroethylbenzene (NEB) Propiolic acid (PA)

: 2

Methyl propiolate (MP)

L 2

Methyl 3-dimethylaminoacrylate

p-Nitroacetophenone (NAP)

L4

.IllIIIIIlIIlllllIIIIIIIIIIIIIIILII‘ llllllllllllllllllllllllll!llllllllll‘

4 4 4 4

Outputs: emissions, wastes

I |
I I
I I
I I
I |
I (MDMAA) :
I Hydrazine ¥ |
1,3,5-Benzene tricarboxylate I
I _ _ methyl ester (BTCME)
1,3,5-Tris-(4-nitrophenyl) — I
| benzene (TNPB) ¥
1,3,5-Tris(hydroxymethyl)
| benzene (THMB) ]
I |
1,3,5-Tris-(4-aminophenyl)benzene) 1,3,5-Benzenetricarbaldehyde I
| (TAPB) (BTCA)
I - ) l
‘\\(”
| INKJET PRINTING I
I Case A: Surface printing Case B: 3D printing I
I E HaN O O NHg CHO E E O O CHO EI
I O DMSO 0 Acetic I
a OHC CHO = = Acid OHC CHO .
: Q@ + e ¢ :
I E NH, BTCA : E NH; . BTCA EI
| TAPB TAPB ﬁ |
I — |
I E Energy ‘ RT-COF-1 E E Energy | mmmms) l- RT-COF-1 E I
I - - Rl |
I |

”
~

... .= I _— ] I I I I _— I I _— I | ] -"

Fig. 1. Boundary limits considered for both case studies. Synthesis of monomers (blocks with blue and green line); printing process (dotted orange line). Limits of the
system (purple dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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- It was supposed that solvents were recovered, whereas capital goods
are excluded of the study.

- The functional unit considered in the present work was 1 g of RT-
COF-1 printed for both case studies.

2.2.2. Data collection

To obtain inventory data, each step of RT-COF-1 synthesis was
simulated using SuperPro Designer 9.5 (Intelligen Inc. Scotch Plains, NJ,
USA) as described below. The synthesis of the imine-linked covalent
organic framework (RT-COF-1) at room temperature is based on Schiff
reaction between two trigonal building blocks, 1,3,5-tris(4-amino-
phenyl)benzene (TAPB) and 1,3,5-benzenetricarbaldehyde (BTCA) (De
la Pena Ruigomez et al., 2015). Due to the lack of data on monomer
manufacture processes in the LCA inventory database used in this work,
they were simulated using SuperPro Designer 9.5 (Intelligen Inc. Scotch
Plains, NJ, USA), as shown in the flowsheet diagrams (Figs. S1 and S2,
available in the supplementary material). For this purpose, well-known
reactions were used according to experimental data on RT-COF-1 syn-
thesis, including all the required separation steps. Mass and energy
balances were solved to quantify the life cycle inventory data of the
process and in all cases, it was supposed that solvent recovery was 99%.
Primary processes for materials and energy production for each step
were taken from database (Ecoinvent 3.8) along with Gabi 10.6 (Sphera
Solutions GmbH. Leinfelden-Echterdingen, Germany). Finally, heating
was supposed to be obtained from natural gas, whereas Spanish electric
mix 2022 was used for electricity production.

2.2.2.1. Synthesis of 1,3,5-tris(4-aminophenyl) benzene (TAPB). The
reactions and the pathway of TAPB synthesis used in the simulation of
the process are shown in Table 1. The simulation of each step is
described below.

i) Synthesis of p-nitroethylbenzene (NEB). The first step in the syn-
thesis of TAPB was the nitration of ethylbenzene. In a reactor, concen-
trated nitric and sulfuric acid were added to ethylbenzene over 6 h,
keeping the temperature below 40 °C. After the addition, the mixture
was heated at 100 °C for 4 h according to the procedure reported in the
literature (Table 1, entry 1). When the reaction was complete, the
product was washed with water and aqueous sodium hydroxide and
decanted to remove excess acid. Finally, the product was distilled to
obtain NEB. The remaining ethylbenzene was separated in a distillation
column and recycled to the process.

ii) Synthesis of p-nitroacetophenone (NAP). The obtained NEB was
then oxidized with CrOs using air and thereafter, the mixture was cooled
and washed with aqueous sodium carbonate. The stream containing
NAP was distilled (Table 1, entry 2) and the recovered NEB was recycled
to the process.

iii) 1,3,5-Tris-(4-nitrophenyl) benzene (TNPB). NAP was self-
condensed induced by SiCl4 in ethanol to produce TNPB (Table 1,
entry 3). NAP dissolved in absolute ethanol at 0 °C was mixed with SiCly
and the resulting stream was stirred. Ethanol was recovered by distil-
lation as shown in the flowsheet diagram (see Fig. S1 in supplementary
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material). The resulting downstream was cooled and stirred with satu-
rated ammonium chloride solution in a blending tank. The obtained
precipitate was filtered, dried, and dissolved in ethanol. The excess of
ethanol was recovered by distillation and reused in the process.

iv) Synthesis of 1,3,5-tris(4-aminophenyl) benzene (TAPB). Subse-
quently, TNPB was reduced with hydrazine in presence of Pd/C catalyst
to yield the target C3-symmetrical amine, TAPB in 80% yield over two
steps (Table 1, entry 4). The synthesis of hydrazine (reducing agent) was
simulated following the described procedure (Table 1, entry 5). Ac-
cording to this reaction, aqueous ammonia, gelatine solution and so-
dium hypochlorite solution were heated at 120 °C. The mixture was
transferred to another reactor and concentrated sulfuric acid was added.
The mixture was then filtered, and the precipitate was washed with cold
ethanol. To obtain higher purity of hydrazine, the stream was dissolved
in hot water and recrystallized, filtered, and dried. Purified hydrazine
was used in the reduction of TNPB, and the resulting stream was filtered
and dried, obtaining TAPB monomer.

The results obtained by simulation for all the steps involved in TAPB
synthesis are detailed in supplementary material (Table S1).

2.2.2.2. Synthesis of 1,3,5-benzenetricarbaldehyde (BTCA). Reactions
and pathway used in the simulation of BTCA synthesis are shown in
Table 2.

i) Synthesis of propiolic acid (PA). BTCA monomer production started
with the synthesis of PA from acetylene under basic conditions using a
cooper catalyst (Table 2, entry 1). According to this procedure, acety-
lene and cooper catalyst were mixed in DMSO under basic conditions. To
obtain the basic medium, an ammonia stream (recovered downstream)
was recirculated to the process (see Fig. S2 in supplementary material).
Then, a stream of CO5 was bubbled through the reaction mixture. After
reaction time, gases were released, and acetylene was recovered. HCl
30% was added to the mixture until acidic pH was reached and the
product was extracted with ethyl acetate. After decanting the mixture,
PA was obtained, and ethyl acetate was recovered by distillation.

ii) Synthesis of methyl propiolate (MP). The obtained PA was dissolved
in methanol and heated under reflux for 1h with concentrated sulfuric
acid (Table 2, entry 2). The mixture was extracted with diethyl ether,
washed with brine and MP was isolated after distillation.

iii) Synthesis of methyl 3-dimethylaminoacrylate (MDMAA). MP was
then dissolved in diethyl ether and the solution was cooled down. A
stream of dimethylamine was passed through the cold mixture yielding
MDMAA according to the procedure (Table 2, entry 3).

iv) Synthesis of 1,3,5-benzene tricarboxylate methyl ester (BTCME).
BTCME was obtained by trimerization of the enamine obtained under
acidic conditions (Table 2, entry 4). The trimerization reaction was
carried out by mixing MDMAA in 1,2-dimethoxyethane with sulfuric
acid. The mixture was cooled, extracted with ethyl acetate, and sepa-
rated by decanting. After recovering the solvent by distillation, BTCME
was obtained.

v) Synthesis of 1,3,5-tris(hydroxymethyl)benzene (THMB). The Cs-
symmetrical ester was reduced with LiAlHy in anhydrous diethyl ether,

Table 1
Reactions considered for TAPB synthesis.
Entry Substance Reaction Yield Reference

1 NEB (CgHoNO5) CgHio + HNO3 — CgHoNO, + H,0 32% Cline and Emmet Reid (1927)
2 NAP (CgH;NO3) CgHoNO, + CrO3 + Y% O5 — CgH;NO3 + % Cry03 + HyO 10% Emerson et al. (1946)
3 TNPB (Cz4H;5N306) 3 CgH;NO3 + 3/2 SiCly - Ca4H15N306 + 3/2 SiO5 + 6 HCL - Bao et al. (2006)
4 TAPB (Cy4H21N3) Co4H15N30¢ + 9/2 NoH4 — Co4H21N3 + 6 HoO + 9/2 Ny 80% (over two steps) Bao et al. (2006)
5 Hydrazine (NoH,4) NaOCl + 2 NH3 — NyH4 + H,0 + NaCl 10% Adams and Brown (1941)

HNO
_HaSO,
100°C

NEB

E; Cro3 s.cw,
EtOH
10%

NH,-NH, O
PdIC
EOH O
HoN ‘ ‘

No, NH,

NH;
TNPB TAPB




J.J. Espada et al.

Journal of Cleaner Production 395 (2023) 136381

Table 2
Reactions considered for BTCA synthesis.
Entry Substance Reaction Yield Reference
1 PA (C3H205) CyHy + CO3 — C3H20, 40% Diaz Velazquezet al. (2017)
2 MP (C4H,405) C3H,0, + CH30H — C4H40, + H,0 60% Baldwin and Black (1984)
3 MDMAA (CgH11NO5) C4H405 + CoH7N — CgH11NO, 100% Irlapati et al. (2003)
4 BTCME (C;2H;206) 3 CgH11NO» — C12H;206 + 3 CoH,N 60% Arava et al. (2011)
5 THMB (CoH;203) C12H1206 + H4LiAl + 8 HyO — CoH;205 + 3 CH30H + LiOH + AI(OH); + 2 Hy 73% Xu et al. (2018)
6 BTCA (CoHgO3) CoH1203 + CsHgNCICrO3 + 3/4 O; — CoHgO3 + CsHgNCL + % CrpO3 + 3 H,O 53% Xu et al. (2018)
7 PCC (CsHgNCICrO3) CrO3 + HCl + CsHsN — CsHgNCICrO3 84% Corey and Suggs (1975)
8 Pyridine (CsHsN) 2 CoH40 + CH20 + NH3 — CsHsN + 3 HoO + Hy 33% Shimizu et al. (1998)
1) Cu catalyst H,S0,4 (CHa)oNH
HozeH — 2+ ezc-cooH HC=C-COOMe \NI/COOMe
DMSO CH3OH Et,0 /
2) Hel reflux
40% 60% 100%
PA wpP MDMAA
60% \ H2S04
1,2-DME
OHC CHO HOH,C CH,0H MeOOC COOMe
\Q/ PCC H,LiAl
Et0
CHo DCM CH,OH reflux Coome

THMB

5
3% BTCME

and the obtained mixture was cooled down to room temperature in
presence of sulfuric acid and methanol. Excess acid was neutralized with
ammonium hydroxide and the mixture was filtered and washed with
methanol. The corresponding alcohol was isolated by extraction with
ethyl acetate (Table 2, entry 5).

vi) Synthesis of 1,3,5-benzenetricarbaldehyde (BTCA). Subsequently,
THMB was oxidized with pyridinium chlorochromate (PCC) to obtain
the target trigonal building block, BTCA (Table 2, entry 6). The oxida-
tion reaction was performed with THMB and PCC in dichloromethane at
room temperature. The oxidizing reagent, PCC, was prepared from
chromium trioxide and pyridine in acidic media (Table 2, entry 7).
Pyridine synthesis was carried out by loading a reactor with a zeolite
catalyst along with a mixture of acetaldehyde and formaldehyde
vaporized with ammonia stream keeping the reactor at 450 °C (Table 2,
entry 8). Then, pyridine was reacted with hydrochloric acid and CrOs.
The obtained solution was cooled at 0 °C, and after filtration, PCC was
obtained in 84% yield (Corey and Suggs, 1975). The obtained PCC was

used in the oxidation reaction of THMB in dichloromethane. After re-
action, the mixture was filtered and washed with dichloromethane,
hydrochloric acid, sodium bicarbonate and water. The target BTCA
monomer was obtained after recrystallization from ethyl acetate and the
solvents were recovered by distillation (Xu et al., 2018).

The results obtained by simulation for all the steps involved in BTCA
synthesis are detailed in supplementary material (Table S2).

2.2.2.3. Inkjet printing. From TAPB and BTCA monomers, RT-COF-1
can be synthesized following the pathway shown in Table 3.

This reaction can be conducted following two approaches depending
on the printing type (De la Pena Ruigomez et al., 2015; Teo et al., 2021).

A) Surface printing. In this case, RT-COF-1 layers are inkjet printed
on acetate paper by premixed solution in a single printhead (De la Pena
Ruigomez et al., 2015). To obtain the RT-COF-1 printed piece (1 g) a
printer with piezoelectric inkjet technology was used. The ink was
prepared by dissolving stoichiometric amounts of monomers (TAPB and

Table 3
Synthesis and pathway for RT-COF-1 synthesis.
Entry Substance Reaction Yield Reference
1 RT-COF-1 (C33H»N3-2.5 H,0) C24H21N3 + CoHgO3 — CazHaiN3-2.5 Hy0 + % Hy0 96% De la Pefia Ruigémez et al. (2015)
N
N ! N
O aeUlens
HoN ] ] NH; O O
CHO Case A: DMSO O
Case B: AcOH _N
N - - - 2.5 H,0
RT N
OHC CHO O N
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NH, N Ny
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BTCA) using DMSO as solvent in the same cartridge (see Fig. 1). The
resulting printed piece was washed with methanol, and the mixture of
solvents (DMSO and methanol) was separated and recovered. Amounts
of TAPB and BTCA monomers were calculated from RT-COF-1 synthesis
yield above shown in Table 3. To calculate energy requirements of
RT-COF-1 synthesis, it was simulated according to the experimental
data reported by De la Pena Ruigomez et al. (2015), as shown in Fig. S3
(supplementary material). Electricity consumed by printing process was
calculated from technical specifications of the printer (Fujifilm, 2013).
The detailed input and outputs of the process are summarized in sup-
plementary material (Table S3).

B) 3D-printing. 3D COF-based monoliths can be obtained using in-air
coalescence and reaction of inkjet printed monomer droplets (Teo et al.,
2021). In this case, each monomer is placed in separate cartridges along
with acetic acid. The resulting COF piece is washed with THF, as re-
ported by these authors. This innovative strategy presents some ad-
vantages, avoiding the short printing window through the separate
monomers. In addition, this approach offers a microscopic control over
material ejection and customization by allowing the tailoring of
different geometry of COFs on substrates (Teo et al., 2021). The pro-
cedure is illustrated in Fig. 1.

2.3. Environmental impact assessment (EIA)

The evaluation of environmental impacts for both cases A and B was
performed by using the mid-point approach. The impact categories were
selected according to other works on LCA of 3D-printing materials re-
ported in the literature (Maciel et al., 2019). Cumulative Energy De-
mand (CED) was calculated to quantify the direct and indirect primary
energy use throughout the life cycle (Huijbregts et al., 2010). In addi-
tion, Abiotic Depletion Potential (ADP), Acidification Potential (AP),
Eutrophication Potential (EP), Fresh Water Aquatic Ecotoxicity Poten-
tial (FAETP), Global Warming Potential (GWP), Human Toxicity Po-
tential (HTP), Marine Aquatic Ecotoxicity Potential (MAETP) and Ozone
Layer Depletion Potential (OLDP) were selected and quantified by using
CML 2001-Aug.2016 methodology, same as other works (Maciel et al.,
2019) to compare LCA results.

3. Results and discussion
3.1. Synthesis of monomers

Table 4 shows the LCA results obtained for the synthesis of mono-
mers (TAPB and BTCA). As can be observed, the impact values for BTCA
are clearly higher than those ones for TAPB in all categories due to the
large amounts of resources (materials and energy) as well as processes
needed for its synthesis.

Fig. 2 depicts the contribution analysis of the steps involved in the
synthesis of the monomers. As shown, in the case of the TAPB, the
synthesis of hydrazine is the most important contributor in all

Table 4
LCA results for the synthesis of monomers referred to FU (1 g of RT-COF-1).
Impact category TAPB BTCA
Cumulative Energy Demand, CED (MJ) 3.00E-01 7.11E-01
Abiotic Depletion Potential, ADP (kg Sb-eq) 2.58E-07 2.01E-06
Acidification Potential, AP (kg SO2-eq) 4.04E-05 1.27E-04
Eutrophication Potential, EP (kg PO4-eq) 2.30E-05 1.18E-04
Fresh Water Aquatic Ecotoxicity Potential, FWAEP (kg 2.96E-03 4.11E-03
1,4 DCB-eq)”
Global Warming Potential, GWP (kg CO»-eq) 1.09E-02 2.89E-02
Human Toxicity Potential, HTP (kg 1,4 DCB-eq)" 3.27E-03 5.85E-03
Marine Aquatic Ecotoxicity Potential, MAEP (kg 1,4 DCB-  8.09E+00  9.98E+00
eq)®
Ozone Layer Depletion Potential, OLDP (kg CFC-11-eq)” 5.93E-10 5.56E-08

2 DCB: Dichlorobenzene.
b CFC: Trichlorofluoromethane.
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categories, except AD and OLDP, in which the palladium catalyst and the
synthesis of TNPB (TAPB precursor) are, respectively, the largest con-
tributors. In the case of hydrazine, the most important factor is the waste
disposal because of the low yield of this reaction (see Table 1), which
implies the use of large amount of chemicals and therefore, the impact
increases. On the other hand, palladium catalyst is the most important
contributor to AD, since the extraction of the metal affects resource
depletion. Finally, the synthesis of TNPB is the main responsible of
OLDP impact due to silicon tetrachloride production, which causes
halogenated emissions. Regarding the synthesis of the monomer BTCA,
the most important contributor to all impact categories is the production
of its precursor (THMB), except for OLDP, in which the production of
dichloromethane (used to synthesise BTCA, see Table 2) shows the
largest contribution because of halogenated emissions to air.

3.2. Printing processes

Table 5 shows the LCA results for RT-COF-1 printed in case A and B
in each impact category.

As can be observed, Case B is superior to Case A in all categories,
showing remarkable differences in several of them. As reactions to
obtain both monomers are the same, the main difference of the case
studies is due to the printing process, as different materials (solvents)
and energy are used.

Fig. 3 depicts the relative contribution of each step of the process for
both case studies. As can be observed, the synthesis of both monomers
(TAPB and BTCA) are the main contributors to most impact categories
in both cases. On the other hand, it can be seen how the relative
contribution of the solvents and energy used in the printing process is
clearly larger in Case A, comprising >70% in some categories, such as
AP. This result is linked to the different solvents (and their amount) used
in Case A and B: DMSO and methanol (Case A) and acetic acid and THF
(Case B). Among these solvents, DMSO is used in the largest amount (see
Table S3 in the supplementary material), leading to high impacts due to
its manufacture presents large environmental burdens. This fact also
increases the energy consumed to separate solvents in Case A regarding
to Case B (see Table S3 in the supplementary material), enlarging the
impacts.

Energy consumed is a key factor to compare the environmental
performance between different printing processes (Maciel et al., 2019).
By analysing the most affected categories regarding to energy in Fig. 3, it
can be observed that the largest contributions were observed for CED
and GWP in both cases. Regarding to CED, power and heat consumed in
Case A and B are similar (by 13%). In the same way, the greenhouse gas
emissions generated by the production of this energy contributes by 15%
to GWP in both cases. The main factors responsible of this contribution
are the fossil resources of the Spanish electric mix and the combustion of
natural gas needed for solvent separation.

3.2.1. Contribution analysis

In this section a detailed contribution analysis of the different steps
to the overall inkjet printing processes (Cases A and B) is presented to
identify the environmental burdens as well as their causes. Fig. 4 shows
the results of this analysis, in which the steps with contributions <5%
were grouped as “Others”, distinguishing between those corresponding
to the synthesis of monomers (TAPB and BTCA) and those due to the
printing processes (excluding the contribution of the monomers) to
make the identification of the environmental impacts easier.

The results obtained for CED show that DMSO used to dissolve the
monomers in the ink cartridge exhibits the largest contribution in Case
A. The production of this solvent requires large amount of energy and,
despite 99% is recovered in the process, the amount needed to print 1 g
of RT-COF-1 is remarkably high (8.73 g). This fact along with the use of
non-renewable energy resources for its manufacture, leads to the largest
contribution to CED. On the contrary, the contribution of solvents in
Case B is negligible due to acetic acid is used in less proportion (1.20 g/g
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Fig. 2. Environmental breakdown of impacts related to monomers: A) TAPB and B) BTCA.

Table 5
LCA results for inkjet printing process referred to FU (1 g of printed RT-COF-1).
Impact category Case A Case B

Cumulative Energy Demand, CED (MJ) 1.72E+00 1.26E+00
Abiotic Depletion Potential, ADP (kg Sb-eq) 3.21E-06 2.28E-06
Acidification Potential, AP (kg SO2-eq) 5.40E-04 1.84E-04
Eutrophication Potential, EP (kg PO4-eq) 1.64E-04 1.44E-04
Fresh Water Aquatic Ecotoxicity Potential, FWAEP (kg 1,4 DCB-eq)" 1.02E-02 7.39E-03
Global Warming Potential, GWP (kg CO,-eq) 6.15E-02 4.89E-02
Human Toxicity Potential, HTP (kg 1,4 DCB-eq)" 1.51E-02 9.96E-03
Marine Aquatic Ecotoxicity Potential, MAEP (kg 1,4 DCB-eq)" 2.66E+01 1.94E+01
Ozone Layer Depletion Potential, OLDP (kg CFC-11-eq)” 5.86E-08 5.65E-08

@ DCB: Dichlorobenzene.
b CFC: Trichlorofluoromethane.

RT-COF-1) and the environmental impacts of its production are lower
than those ones for DMSO.

On the other hand, the synthesis of PA involved in the synthesis of
BTCA monomer, represents by 20% in both case studies due to the
consumption of non-renewable resources for acetylene production
(precursor of PA, see Table 2).

Results on ADP category indicate that PA is the most important

Contribution (%)

EP

FAETP GWP HTP MAETP OLDP

Il s7cA[ ] TNAPB [l Solvents [ |Energy

Contribution (%)

contributor in Case A and B (by 60% and 80%, respectively). The main
responsible of this impact is the large amount of copper used to syn-
thesise PA (1.50 g/g BTCA monomer), which increases the consumption
of non-renewable elements and therefore, ADP value raises.

Regarding AP, it can be observed differences between the main
contributions in both study cases, as depicted in Fig. 4. In this sense,
DMSO along with the PA presents the highest contribution in Case A (by

CED

ADP AP EP FAETP GWP HTP MAETP OLDP

Il s87cA 7] TNAPB [l Solvents [_] Energy

Fig. 3. Environmental impact contribution of the different steps involved in inkjet printing process for RT-COF-1: A) Case A and B) Case B.
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66% and 11%, respectively). On the other hand, PA and hydrazine are
the most important contributors in Case B (33 and 12%, respectively). In
all cases, the impacts are due to acid emissions (mainly NOx and SO3)
produced in the manufacture of these compounds. With respect to PA,
these emissions are generated from acetylene production because of the
large amount required (>5g acetylene/g BTCA monomer).

The contribution analysis of EP category shows that the synthesis of
MDMAA is the main responsible of this impact in both case studies (~
60%) due to the high quantity of dimethylamine used for its synthesis
(4.13 g dimethylamine/g BTCA monomer). This contribution is linked
to inorganic emissions to fresh water (mainly ammonium and ammonia)
generated by amine manufacture.

The processes with the highest contribution on FAETP are DMSO
used in the printing process (~ 30%) and the hydrazine for TAPB syn-
thesis (~ 18%) in Case A. This latter contribution is the largest in Case B
(~ 25%). In all cases, the emission of heavy metals to fresh water during
the production of DMSO and disposal of wastes generated in the syn-
thesis of the hydrazine (due to the low yield of hydrazine synthesis) are
the main responsible of these results.

The contribution to GWP is dominated by the production of DMSO
(by 19%) and PA synthesis (by 15%) in Case A. Regarding to Case B, the
main contributors are the synthesis of PA (by 22%) and hydrazine (by
12%). In the case of PA, the emissions produced in the acetylene and
cooper catalyst manufacture are the responsible of these results, since
large amount per gram of BTCA monomer (>5 in the case of acetylene
and 1.5 for the catalyst) is needed. Finally, it can be observed in Fig. 4,
how the rest of steps regarding to BTCA monomer synthesis (called
others-BTCA) contributes by 30% in both Cases A and B. This value
represents the largest contribution, but it must be noticed that it includes
the sum of a wide number of single contributions (<5%) because BTCA
synthesis involves a long supply chain from natural resources to the final
monomer.

HTP category is affected by long-term emissions, especially heavy
metals. As can be seen in Fig. 5, Case A shows as main contributors to
this category DMSO manufacture (~ 36%) and synthesis of PA and
hydrazine (~12%) involved in the synthesis of TAPB and BTCA
monomers, respectively. These two latter contributions are the most
important in Case B (~ 18%). In both case studies, emission of heavy
metals to air produced by: DMSO manufacture, the construction of
infrastructure for disposal of wastes (due to the low yield of hydrazine
synthesis) and copper catalyst production (synthesis of PA) are
responsible of these results.

Contribution results on MAETP category show that DMSO, hydrazine
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Fig. 5. Normalized comparison of LCA results for the studied synthesis path-
ways of PA.
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synthesis and disposal of wastes produced by BTCA synthesis are the
most important contributors (by 60%). As in the above category, the two
latter contributions are the most important ones in Case B (sum by 40%).
In all cases the heavy metals emitted to water are the responsible of
these impacts.

Finally, regarding to OLDP category, it can be observed in Fig. 4, that
dichloromethane used to obtain MDMAA (intermediate product in
BTCA synthesis, as shown in Fig. 1) is clearly the most important
contributor in both case studies (>90%). This result is consequence of
halogenated organic compounds emitted to air by dichloromethane
manufacture.

Overall, the use of DMSO in surface inkjet printing process, as well as
the synthesis of PA and hydrazine needed for BTCA and TAPB synthesis,
respectively, are the steps with the largest environmental burdens in
most categories.

In order to check the possibility of reducing the most relevant im-
pacts different alternatives were evaluated. The replacement of DMSO as
solvent was previously explored by De la Pena Ruigomez et al. (2015).
These authors identified m-cresol as a potential suitable solvent, but the
printing process cannot be carried out (De la Pena Ruigomez et al.
(2015). Regarding hydrazine synthesis, there is not an alternative route
to obtain this compound (other precursors of hydrazine implies larger
chain supply and therefore, they were dismissed). With respect to the
synthesis of PA other routes were analysed to check their environmental
feasibility.

The selected routes (shown in Fig. S4 of supplementary material) are
based on synthesizing PA from propargyl alcohol, using glycerol (called
PA-glycerol) or chloroallyl alcohol (PA-alcohol) as starting materials
(Braun, 1936; Conant and Quayle, 1922). They were selected because
one of them uses glycerol (which can be considered a waste from biofuel
manufacture), whereas the other pathway is shorter than the
acetylene-based route used in this work.

Both synthetic pathways were simulated, and the results used to
quantify environmental impacts by LCA. These results were compared to
those yielded by PA synthesis above explained, as depicted in Fig. 5. As
can be observed, the synthesis based on acetylene is superior to the other
ones in all categories, reducing dramatically the environmental impacts,
except in ADP category due to a larger consumptions of element re-
sources (mainly cooper). By analysing the syntheses based on glycerol
and chloroallyl alcohol, it can be inferred that the former is superior. The
main reason of this result is that the former uses chloropropene, which
negatively affects the environmental impact of this synthesis pathway.
Therefore, although the glycerol-based route uses a waste as starting
material and the chloroallyl alcohol-based route requires less steps, none
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Fig. 6. Normalized comparison of LCA results for the case studies.
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of them are superior to the synthesis based on acetylene.
3.3. Comparative analysis

In this section LCA results of Case A and B are compared. On the
other hand, RT-COF-1 is compared to other materials.

3.3.1. Comparison of case studies

Fig. 6 depicts the comparison between printing processes for Case A
and B. As can be inferred, 3D inkjet printing (Case B) shows better results
in all impact categories. As above explained, these results are directly
related to the solvent used in the printing process (DMSO in Case A; and
acetic acid in Case B). In this sense, it can be seen in Fig. 3 how the most
important reductions are achieved in AP (by 65%), where the contri-
bution of DMSO is the highest in Case A (see Fig. 3A). On the contrary,
EP and OLDP categories are similar since the influence of DMSO is the
lowest in both categories. For the rest of categories, reductions range
between 25 and 35%. These results can be explained as impacts of DMSO
manufacture are clearly higher than those of acetic acid production and
besides, the amount used of the former is larger compared to that of the
latter, as above commented. Therefore, Case B is superior to Case A from
an environmental point of view.

3.3.2. Comparison between RT-COF-1 and other materials

Finally, LCA results of Case B are compared to data reported in the
literature, as to our knowledge there are not LCA results on processes
like Case A. For this purpose, LCA results reported by Maciel et al.
(2019) for a PIL were used, as these authors use same impact categories
and methodology for their quantification (Maciel et al., 2019). Never-
theless, both processes cannot be directly compared because of the as-
sumptions to quantify LCA results were not the same, and therefore, the
comparison should be taken with caution. In this sense, LCA results re-
ported by Maciel et al. (2019) do not consider the end of wastes pro-
duced from the different processes, unlike our work, in which all wastes
were assumed to be disposed as hazardous materials in an underground
deposit. This point is relevant since this treatment affects notably to LCA
results in the different categories, as explained in above sections. To
make the results on RT-COF-1 and PIL comparable, the impacts pro-
duced by waste disposal were subtracted from LCA results and they were
supposed outputs of the different steps as unspecified organic compounds,
in the same way as Maciel et al. (2019). Comparative results (normalized
at 100%) are shown in Fig. 7, in which it can be observed how RT-COF-1
is superior to PIL in five of nine categories (CED, ADP, AP, GWP and
HTP), achieving impact reductions between 35% and >99%. These re-
sults, although must be taken with caution, allow us to confirm the
potential of RT-COF-1 as 3D-printing material from an environmental
point of view. Nevertheless, research on more environmentally friendly
routes (with higher efficiency and less harmful reactants) for BTCA
synthesis as well as the reduction/substitution of solvents should be
investigated.

4. Conclusions

Environmental impact of two inkjet printing methods (surface and
3D printing) using RT-COF-1 were quantified by LCA approach. Syn-
thesis of monomers to obtain RT-COF-1 was the main contributor in
both methods. On the other hand, the contribution of solvent used for
surface printing was also noticeable. Regarding monomer contribution,
BTCA was clearly larger than that of TAPB due to the longer chain
supply (materials and energy) for its production. Specifically, the use of
acetylene, BTCA precursor, and hydrazine synthesis needed to produce
TAPB monomer are the most important contributors to the environ-
mental impacts. The comparison between the studied cases reveals that
using RT-COF-1 for 3D printing is environmentally superior to surface
printing because of less amount and lower hazardous solvents are
needed. Comparison of LCA results on RT-COF-1 with polymerizable
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Fig. 7. Normalized comparison of LCA results for RT-COF-1 (this work) and
PIL (Maciel et al., 2019).

ionic liquids showed that this material is environmentally competitive
for 3D-printing applications, exhibiting lower energy demand and car-
bon footprint, thus revealing its potential for this application. Never-
theless, this study is a first step that requires further research, mainly
focused on optimizing synthesis of monomers and reducing the use of
solvent, identifying the environmental hot spots concerning the appli-
cation of COF-based materials in this field.
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