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Abstract: In the last twenty years, research activity around the environmental applications of metal–
organic frameworks has bloomed due to their CO2 capture ability, tunable properties, porosity, and
well-defined crystalline structure. Thus, hundreds of MOFs have been developed. However, the
impact of their production on the environment has not been investigated as thoroughly as their
potential applications. In this work, the environmental performance of various synthetic routes
of MOF nanoparticles, in particular ZIF-8, is assessed through a life cycle assessment. For this
purpose, five representative synthesis routes were considered, and synthesis data were obtained
based on available literature. The synthesis included different solvents (de-ionized water, methanol,
dimethylformamide) as well as different synthetic steps (i.e., hours of drying, stirring, precursor). The
findings revealed that the main environmental weak points identified during production were: (a) the
use of dimethylformamide (DMF) and methanol (MeOH) as substances impacting environmental
sustainability, which accounted for more than 85% of the overall environmental impacts in those
synthetic routes where they were utilized as solvents and as cleaning agents at the same time; (b) the
electricity consumption, especially due to the Greek energy mix which is fossil-fuel dependent, and
accounted for up to 13% of the overall environmental impacts in some synthetic routes. Nonetheless,
for the optimization of the impacts provided by the energy use, suggestions are made based on
the use of alternative, cleaner renewable energy sources, which (for the case of wind energy) will
decrease the impacts by up to 2%.

Keywords: ZIF-8; metal organic frameworks; life cycle analysis; environmental impact assessment;
nanomaterials; synthesis procedure

1. Introduction

Nanoscience, due to its disruptive, enabling, and interdisciplinary nature [1], has
the potential to stimulate scientists across different fields to meet the major challenges in
relation to environmental sustainability [2]. This became apparent over the last decade,
as hundreds of porous nanomaterials targeted for efficient energy utilization [3], energy
conversion and storage [4], gas separation [5], as well as for carbon capture and storage [6,7]
have been reported as a response to the emerging climate change. However, in seeking
environmental sustainability, nanomaterials deployed to mitigate global warming should
not only be evaluated based on their operational efficiency, but should also be assessed
in terms of their carbon dioxide emissions and overall environmental impact during
their production. Therefore, in terms of carbon negativity a porous material used for
carbon dioxide removal must capture higher amounts of CO2 than those released in the
atmosphere during its production while at the same time, it should not put extra pressure to
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the environment. Otherwise, this process of atmospheric decarbonisation is unsustainable.
As a result, the assessment of the environmental impact during the production phase, i.e.,
synthesis, of porous materials is a key element that enables the identification of eco-friendly
synthetic routes.

In this work, the environmental assessment of different synthesis procedures for the
fabrication of ZIF-8 nanomaterials has been investigated. These nanomaterials provide
sustainable solutions for the capture of gaseous CO2 and can be widely applied in several
sectors, such as the building industry and urban environments, for the abatement of climate
change. Nonetheless for the overall assessment of these nanomaterials, a complete life cycle
analysis must be considered in order to estimate the overall impacts of the materials during
the construction phase, as well as to identify the environmental hotspots of each synthetic
route to provide future suggestions to the research community on a more sustainable
production of these nanomaterials.

In the last twenty years, research activity around the class of porous coordination
polymers, widely known as metal–organic frameworks (MOFs) has bloomed thanks to their
porosity, stability, and ordered crystalline structure [8]. MOFs are a special class of porous
nanomaterials, comprised by organic ligands attached to metallic ions via coordination
bonds forming open crystalline frameworks with permanent porosity [8–10]. Their tunable
properties make them beneficial for applications in various sectors, e.g., the building
sector [11], transportation [12], or even the food sector [13]. In recent years, a MOF that
has attracted interest is ZIF-8 (Zn(mIM)2, mIM = 2-methylimidazolate) as a result of its
high surface areas, controllable structures and adjustable size of their pores [14]. It belongs
to the group of zeolitic imidazolate frameworks, a branch of the MOFs family, and shows
exceptional chemical and thermal stability [15–18] which makes it a favorable candidate
for various applications [19,20].

1.1. ZIF-8 Applications

The ZIF-8 porous membranes are considered as promising materials for several ap-
plications such as gas separation, photocatalysis, sensing and electronic devices and drug
delivery systems [21]. ZIF-8 is hydrophobic and the size of their pore is approximately
0.34 nm. Therefore, it is considered as a good candidate for separation techniques concern-
ing H2 within large gas molecules and C2–C3 hydrocarbon mixtures. Moreover, it has been
reported to demonstrate good performance in vapor separation with respect to biofuel
recovery applications. Hwang et al. [22] developed hollow zeolite imidazole frameworks
nanoparticles (H_ZIF-8) and used them as fillers in order to improve the permeability
of mixed matrix membranes for CO2/CH4 gas separation. Roberto et al. synthesized
ZIF-8-based mixed-matrix membranes and reported excellent CO2/CH4 separation per-
formance [23]. Similarly, Julien et al. found that the implementation of ZIF-8 membranes
can efficiently separate biobutanol from aqueous solution in the presence of other contami-
nants [24].

ZIFs bear a close resemblance to aluminosilicate zeolites, i.e., widely used catalysts.
Therefore, ZIFs are also investigated for catalytic applications. In fact, ZIF-8 are reported
an efficient heterogeneous catalyst for several reaction such as the Knoevenagel reaction,
transesterification reaction of vegetable oils, the Friedel–Crafts acylation reaction, the
reaction between styrene oxide and carbon dioxide, as well as epoxidation and oxidation
reactions. For instance, Xue et al. showed that ZIF-8 can be a good catalyst for oxygen
reduction reaction in microbial fuel cell [25], while Zhu et al. reported a good catalytic
performance with respect to the styrene oxide—carbon dioxide reaction [26]. Olaniyan
and Saha prepared a Zr-doped ZIF-8 catalyst to synthesize organic carbonates by utilizing
CO2 [27]. ZIF-8 is also utilised for CO2 greenhouse gas adsorption, since its aperture has a
size of approximately 0.34 nm, which approximates the nominal kinetic diameter of CO2.
Under this scenario, Cardoso et al. fabricated a MOF by depositing ZIF-8 on TiO2 nanotubes
for a photo-electrocatalytic applications [28]. The resultant system was found to reduce
CO2 reactions in aqueous solutions under room temperature. In general, ZIF-8 combined
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with materials such as Au, Ag, Pt, Ru, and Pd nanoparticles are reported for catalytic
applications with respect to the oxidation of CO, the aldehyde groups, hydrogen of n-
hexene or alkene, aminocarbonylation, or the asymmetric hydrogenation of acetophenone,
among other. Similarly, Huang et al. coupled a TiO2 grid-like film with ZIF-8 which
was found to highly capture CO2 and consequently reduce CO2 to CO and CH4 [29].
Chang et al. nanoconfined the metal oxides of MgO and ZnO in zeolitic imidazolate
framework ZIF-8 and reported improved CO2 uptake, high CO2 adsorption capacity, fast
CO2 adsorption kinetics at room temperature, and reduced decarbonation temperature [30].
Khan et al. reported a fabrication methodology for ZIF-8 in an aqueous solution at ambient
temperature [31]. The resultant structure was characterized by a rather low molar ratio of
Zn+2/Hmim (1:8) and small particle size. Moreover, its porosity, thermal stability, and CO2
desorption capability were improved. The CO2 desorption capacity was further enhanced
after ammonia modification by implementing ammonium hydroxide solution.

Recently, the application of ZIF-8 to sensors and electronic technologies has attracted
the interest of the research community. The high textural properties, in conjunction with
the tunable pore diameter and the relatively easy functionalization, make ZIF-8 ideal for
chemical sensing, low dielectric constant applications, and biosensor construction. Yang
et al. fabricated a fluorescent chemical nanoprobe sensor for alcohols by encapsulating
HDBB molecules into the nanochannel of ZIF-8 [32]. Zhan et al. developed a polyhedral
ZIF-8 nanostructures by applying a solvothermal method and reported excellent NO2 gas-
sensing, while Matatagui developed a chemoresistive gas sensor by merging nanostructures
of ZIF-67 and ZIF-8 [33,34]. Lin et al. encapsulated branched poly-(ethylenimine)-capped
carbon quantum dots (BPEI-CQDs) characterized by high FL quantum yield into ZIF-8.
The outcomes of their study suggest that the resultant structure can be an efficient selective
sensor for Cu2+ ions [35].

At the same time, ZIF-8 is investigated for drug delivery systems and controlled drug
release applications owing to its excellent thermo-chemical stability, tunable functionality
in the frameworks, and its intrinsic properties of pH-sensitive release. Sun et al. were the
first to investigate ZIF-8 as a drug delivery component owing to its pH-sensitive dissolution
property [36]. Vasconcelos et al. incorporated the anti-cancer drug doxorubicin into ZIF-
8 and reported a substantial loading capacity for the anticancer drug 5-fluorouracil [37].
He et al. presented a simple two-step method for fabricating green, fluorescent carbon
nanodots@zeolitic imidazolate framework-8 nanoparticles (C-dots@ZIF-8 NPs) [38]. The
resulted structure has tunable size and fluorescence intensity. Therefore, ZIF-8 is reported
as ideal for pH-responsive drug delivery systems, while it can also be utilized for the
fluorescence imaging of cancer cells.

1.2. Life Cycle Assessment of Nanomaterials

In one research work, the effect of different synthesis procedures and several deproto-
nators was investigated. The morphology, surface area, and thermal stability, together with
the life cycle assessment (LCA) were investigated. ZIF-8 from recycled starting material
was synthesized using NH4OH and NaOH. It was proven that the use of recycled mother
liquors decreased the amount of solvent that was used for cleaning, thus leading to a more
sustainable process. More specifically, when NH4OH was used, the environmental impacts
were less, in comparison to the process when NaOH was used [39]. Luo et al. assessed the
environmental and economic performance of two different routes for UiO-66-NH2 synthe-
sis concluding that the water-based product has significant environmental benefits [40]. In
another study, MOF materials were assessed via a cradle-to-gate life-cycle assessment of
four different synthesis protocols. It was found that the environmental impacts of using sol-
vents in the synthesis or for cleaning and purification purposes is considerable. Therefore,
it was concluded that, ideally, the use of solvents should be avoided, otherwise reutilization
processes should be further studied for future applications. In the same study, water was
used as a solvent during synthesis. With this solvent, it was proven that the CO2 emissions,
freshwater toxicity, and resource depletion were all highly reduced [41]. In another study,
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using LCA in nanotechnology, results showed that the stage that is dominated by the
environmental impacts is associated to energy and chemical use in the synthesis process of
the nanotechnology fabrication. Moreover, this work highlights the two main challenges
faced by similar works, namely the non-comparability of the available reports and the lack
of available data for the synthesis route of the materials. Moreover, their disposal/recycling
potential can be complicated and needs future investigation [42].

In a study conducted by Sendão et al. in 2020 a LCA approach was used for the
comparison of the environmental impacts of carbon dots (CDs) from six synthetic routes.
These routes included both microwave and hydrothermal methods. Results show that for
hydrothermal synthesis the use of electricity is dominant, while citric acid produces most
impacts for microwave-assisted synthesis [43]. In research conducted by Papadaki et al.
in 2017, LCA was applied as a useful tool for the environmental assessment of ZnO
nanomaterials since it presents the environmental hotspots of different synthesis steps or
processes. From this research, it was found that the use of ethanol for purifying purposes
and the electricity consumption for the calcination of ZnO, as provided by South Africa’s
fossil fuel electricity mix, were the main environmental hotspots identified during the
production process [44].

Nonetheless, in comparison to the long available research conducted in the field of
nanotechnology, the LCA methodology has been relatively scarcely applied. LCA is a
comprehensive tool which is used to assess the environmental sustainability of a product
or system and provides environmental considerations for decision and policy makers,
as well as for the research community [45]. According to authors’ best knowledge the
environmental sustainability of different synthetic routes of ZIF-8 nanomaterials remains a
missing element from the existing literature.

In this work, an LCA of five different ZIF-8 synthetic routes is presented, considering
1 kg of produced powder of ZIF-8 as the functional unit. The objective of this work is
to present the impact of synthesis using different solvents [water, dimethylformamide
(DMF), methanol] and cleaning procedures, aiming to investigate the most environmentally
friendly synthesis route, as well as to highlight the environmental hotspots identified in
the assessment. In addition, a sensitivity analysis in terms of energy sources is undertaken
for the most environmentally impactful synthesis, where different energy sources (Greek
energy mix, wind, and solar renewable energy sources) were investigated.

2. Materials and Methods

LCA is a tool widely used for assessing, characterizing, and evaluating the overall
environmental footprint of the investigated product, system, or processes. It is an objective
procedure that quantifies the energy and the environmental loads related to specific proce-
dures or activities followed throughout the various life-steps of a product. LCA analysis
takes into account all (or partial) step-phases of the life cycle of the product and evaluate
them accordingly: The three main LCA assessments are the following: (i) The cradle-to-
grave approach defined by the Society of Environmental Toxicology and Chemistry [45]
that takes into account the entire life-cycle of the product. (ii) The cradle-to-gate approach
considers life-cycle phases up to when the product leaves the factory gates. It reduces the
complexity of the LCA analysis and is regularly preferred when there is lack of available
data, e.g., due to the innovativeness of novel materials [46]. (iii) The cradle-to-cradle
approach (also referred to as “closed-loop recycling”) is a variation of the cradle-to-grave
approach that replaces the waste disposal phase with a recycling phase through which
the waste product can be re-used for another application. It is regularly used under the
framework of the circular economy.

The LCA study presented in this work follows a cradle-to-gate methodology, from the
production to the fabrication of the ZIF-8 materials. The environmental performance of
these synthesis routes was examined by means of the LCA methodology as determined in
ISO 14040:2006 and ISO 14044:2006 [47]. Environmental impacts were modelled applying
the ReCiPe 2016 v1.01 LCIA, Hierarchist version extracted from the database Ecoinvent [48].
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The main goal of the ReCiPe methodology is to translate a list of life cycle inventory out-
comes, into a few indicator scores, that express the damages related to an environmental
impact category. In the ReCiPe method, 18 indicators are set out at midpoint level and 3 in-
dicators at endpoint level [49]. Midpoint indicators are related to product stages, such as
the extraction and production of the materials, and the endpoint indicators demonstrate the
environmental impact on a higher aggregation level comprising three main categories, i.e.,
the effect on human health, biodiversity, and resource scarcity. The impact potentials evalu-
ated at midpoint level according to the ReCiPe method were: global warming, stratospheric
ozone depletion, ionization radiation, ozone formation—human health, fine particulate
matter formation, ozone formation—terrestrial ecosystems, terrestrial acidification, fresh-
water eutrophication, marine eutrophication, terrestrial ecotoxicity, freshwater ecotoxicity,
marine ecotoxicity, human carcinogenic toxicity, human non-carcinogenic toxicity, land use,
mineral resource scarcity, and water consumption. The aggregation of the midpoint scores
and their conversion to endpoint counterparts may simplify the interpretation of the LCIA,
but at the same time may be prone to uncertainty biases. Therefore, in the present study,
both midpoint and endpoint indicator scores are retrieved and evaluated. Furthermore,
the outcomes at both midpoint and endpoint level can be interpreted according to three
main cultural perspectives, i.e., (i) individualist- optimistic perspective considering short
term impacts due to main chemicals, (ii) egalitarian-precautionary perspective considering
long term impacts and involving risks, and (iii) hierarchism-consensus perspective based
on main policy principles, which is generally recommended and therefore adopted in the
present study. In addition, this LCA study was conducted by using the SimaPro 8.5.2.
software. Sensitivity analysis was also conducted, considering two different energy sources,
i.e., solar power and wind power, for the fabrication of these materials, corresponding to
different environmental impacts.

2.1. Goal and Scope

The goal of the present analysis is to examine the environmental impact of various
synthesis routes of ZIF-8 nanomaterials. Five different synthetic approaches to produce
ZIF-8 are taken into account and comparative assessment was developed. The functional
unit is 1 kg of ZIF-8 material. This stands as the reference point of normalization for inputs
and outputs, quantifying the product system’s performance [50]. The system boundaries
of this work, illustrated in Figure 1, are limited in the synthesis process of the material
and determine which processes, in terms of materials, power inputs, and procedures, are
considered for the study and does not account for any possible application of the material
(e.g., carbon dioxide removal). Therefore, this analysis adopts a “cradle to gate” approach.
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2.2. Life Cycle Inventory Analysis

Five different synthetic routes were obtained from the literature, incorporating three
most frequently used solvents (methanol, DMF, and water) for the preparation of ZIF-8.
Synthesis 1 is adopted from Şahin et al. [51], Synthesis 2 from Kida et al. [52]. Synthesis
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3 and 4 were adopted from Lee et al. [53], and Synthesis 5 from Tsai et al. [54]. Table 1
summarizes the amounts of mass per chemical input required for this work based on the
aforementioned synthetic procedures.

Table 1. Details of the synthetic routes for the production of 1 kg ZIF-8.

Synthesis Precursor
(kg)

Mass
Linker

(kg)

Solvent for Synthesis
(kg)

Solvent for
Washing

(kg)

Energy
Yield (%) BET Surface

Area (m2/g)Electricity
(kWh)

Heat
(MJ)

1 Zn(NO3)2 6H2O
1.921 37.274 144.5 De-Ionized water 19.5 MeOH 12.2 60.25 68 1424

2 Zn 1.465 24.213 196.85 De-Ionized water 70.08 MeOH 23.4 73.03 89.6 1600

3 Zn(NO3)2 6H2O
4.8 1.2

341.3 dimethylformamide
(DMF)

205.2 DMF
23.2 86.3 60 1370113.8 MeOH

4 Zn(NO3)2 6H2O
6.732 1.678 636 MeOH 357.7 MeOH 11.8 278.5 43 1549

5 Zn(NO3)2 4H2O
2.367 6.33 432.5 MeOH 649.6 MeOH 2.3 580.7 48 1605

For the synthetic procedures in which specific details were missing, assumptions were
imposed. Furthermore, it was assumed that typical laboratory equipment was used for
the production of ZIF-8, namely a simple stirrer (36 W) in Synthesis 1–3, a hot plate stirrer
(600 W) in Synthesis 5, and a refrigerated centrifugator (750 W) and a convection oven
(1200 W) in all syntheses. In cases where the time of stirring (Synthesis 2 and 3) or the time
of centrifugation (Synthesis 4) was not indicated, 30 min was assumed as the time of stirring
or centrifugation. At last, the time needed for the activation of the product in Synthesis
5 was assumed to be 90 min. The aforementioned assumptions regarding amounts of mass
and time considered in this work are based on common synthetic procedures reported
in the literature. Finally, since there are no data available on ZIF-8 scale up industrial
processes to produce 1 kg of ZIF-8, the methodology followed for the calculation of energy
demand for the synthesis of 1 kg of ZIF-8 is based on the work of Luo et al. [40].

The stirrer, the centrifugator, the oven, and the vials, as materials, are not included
within the system’s boundaries, whereas the energy they consume (electricity) is included
within the system’s limits. In addition, this study covers Greece, and thus the electric
energy consumed is presumed to originate from Greece’s infrastructure. Fossil fuels, with
coal and oil being on the top, are predominant in Greece’s electricity mix [55].

3. Results

For the assessment of the five synthetic routes, an LCA was conducted and findings
are presented in Table 2 and Figures 2 and 3. The main differences between these five
approaches as also seen in Table 1, are the solvents and the amount of materials used in
the synthetic procedure. Syntheses 1 and 2 utilize de-ionized water as a solvent, while in
Synthesis 3 DMF is used as the solvent, and in Syntheses 4 and 5, methanol. According
to the damage assessment (Figure 2), the most impactful synthesis to the environment is
Synthesis 3, which utilizes DMF as a solvent and DMF/MeOH for cleaning the product.
Moreover, as seen from the characterization results (Figure 3), the 3rd synthetic route
has the biggest impacts, in all 18 impact indicators. On the contrary, in Synthesis 1,
by significantly reducing the energy consumption, almost eliminating the utilization of
chemicals in the cleaning step and following an aqueous based route to synthesize ZIF-
8, a reduction of 95% of the impact on the ecosystems, 94% on human health, and 93%
on resources is observed and depicted in Figure 2. Overall, a significant reduction in
all 18 impact categories has been attained by following a free from solvent synthesis, by
reducing the use of solvents in the washing step, and decreasing the energy requirements
of the production process. Particularly, the highest environmental impacts are found in
Synthesis 3, followed by Synthesis 5, with a 52% reduction of their impact with regard to
human health, 54% to ecosystems, and a 12% reduction with regard to resources; Synthesis
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4, with a 58% reduction with regard to human health, 56% to ecosystems, and a 20%
reduction with regard to resources; Synthesis 2, with a reduction greater than 90% in all
three categories; and Synthesis 1 with a reduction greater than 93% in relation to all the
environmental impacts.

Table 2. Life Cycle Assessment of five different synthetic routes to produce ZIF-8.

Impact Category Unit Synthesis 1 Synthesis 2 Synthesis 3 Synthesis 4 Synthesis 5

Global warming kg CO2 eq 86.60 125.65 1571.16 782.57 858.25
Stratospheric ozone depletion kg CFC11 eq 0.00 0.00 0.00 0.00 0.00

Ionizing radiation kBq Co-60 eq 4.41 3.80 167.78 16.02 17.78
Ozone formation, Human health kg NOx eq 0.13 0.20 2.76 1.51 1.67
Fine particulate matter formation kg PM2.5 eq 0.16 0.22 2.21 0.82 0.89

Ozone formation, Terrestrial
ecosystems kg NOx eq 0.14 0.21 2.90 1.60 1.78

Terrestrial acidification kg SO2 eq 0.41 0.60 5.88 2.19 2.36
Freshwater eutrophication kg P eq 0.01 0.02 0.55 0.14 0.15

Marine eutrophication kg N eq 0.00 0.00 1.67 0.01 0.01
Terrestrial ecotoxicity kg 1,4-DCB 259.42 719.13 5798.03 1484.69 1236.89
Freshwater ecotoxicity kg 1,4-DCB 1.34 2.68 46.13 16.13 16.91

Marine ecotoxicity kg 1,4-DCB 2.07 4.29 64.58 23.80 24.72
Human carcinogenic toxicity kg 1,4-DCB 1.37 2.02 47.61 13.51 14.79

Human non-carcinogenic toxicity kg 1,4-DCB 53.88 125.85 1399.89 557.56 559.70
Land use m2a crop eq 1.14 1.43 29.95 7.30 10.25

Mineral resource scarcity kg Cu eq 0.30 0.80 5.12 2.24 2.02
Fossil resource scarcity kg oil eq 61.32 87.21 962.58 775.49 851.39

Water consumption m3 0.72 0.92 23.81 4.98 5.43
Energies 2021, 14, x FOR PEER REVIEW 8 of 23 
 

 

 
Figure 2. Comparative damage assessment of the five synthetic routes of ZIF-8. 

 
Figure 3. Comparison of the five ZIF-8 synthetic routes per impact category. 

Figure 2. Comparative damage assessment of the five synthetic routes of ZIF-8.



Energies 2021, 14, 4998 8 of 22

Energies 2021, 14, x FOR PEER REVIEW 8 of 23 
 

 

 
Figure 2. Comparative damage assessment of the five synthetic routes of ZIF-8. 

 
Figure 3. Comparison of the five ZIF-8 synthetic routes per impact category. Figure 3. Comparison of the five ZIF-8 synthetic routes per impact category.

All the comparative reductions are shown in Figures 2 and 3, as percentage reduction
per indicator, after the normalization of the results.

Comparing the three most impactful synthetic routes in respect of environmental
sustainability, Syntheses 3, 4, and 5, we can conclude that Synthesis 4 is less impactful as it
requires less energy and methanol than Synthesis 5. With regard to Synthesis 3, the amount
of electric energy required which originates from lignite sources and the utilization of high
amounts of DMF brings it on the top as the most impactful synthesis. These three synthetic
approaches explored are the most impactful to the environment compared to the other two,
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water as for Synthesis 1 and 2. The solvents employed in the synthesis procedures may
coordinate with metal ions or they may fill space in the final lattice frame acting as a guest
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equivalent amines, a process that requires higher temperatures [57] In addition, DMF as a
guest molecule, due to its higher kinetic diameter than methanol, cannot be removed as
easily as methanol from the pore network of the material, whereas water molecules, being
smaller than the pores of ZIF-8, can be removed more easily [52]. Furthermore, some of
the solvent ligands are demonstrate low volatility (e.g., DMF in contrast to methanol), and
therefore require a high temperature (or long evacuation times if pressure is applied) in
order to be removed from the final MOF lattice structure [56]. In terms of environmental
impact, this behavior of chemical solvents is depicted in results with adverse effects on the
overall sustainability of the Syntheses 3–5 compared to the first two. Avoiding harmful
solvents also makes the whole synthetic procedure safer to humans and more cost effective.
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However, as illustrated in percentage points in Figure 3 and depicted in absolute
numbers in Table 2, when comparing Synthesis 3 with Synthesis 2, it is observed that the
environmental impact of ZIF-8 is dependent not only on the consumed energy, but it is
also strongly dependent on the amount and type of the solvents used. The 3rd synthetic
approach, in spite of demanding almost equal amounts of energy, requires a chemical
solvent for the production of the material and higher amounts of solvents for the cleaning
process than the 2nd synthetic route. As a result, Synthesis 2, due to the slightly decreased
energy required, but mainly due to the utilization of de-ionized water as a solvent, shows
reduced environmental impacts, in comparison to Synthesis 3, in all 18 impact categories.

Based on the results, the best synthetic approach is found to be Synthesis 1, with
an overall impact of being reduced by more than approximately 93% compared to the
most impactfull synthetic route, Synthesis 3. It shows a significantly lower impact on the
environment as it requires de-ionized water as a solvent instead of an organic solvent (DMF
or methanol), the least amount of solvent for cleaning the material, and the least amount of
energy for the production of 1 kg ZIF-8, as calculated based on the reported initial yield of
the synthesis (Table 1).

Overall, the energy consumption for the synthesis of ZIF-8 required in some synthetic
approaches not only affects the traditional impact category of “Global warming” due to CO2
emissions, but also affects other indicators such as “Fine particulate matter formation” and
“Ionizing radiation”. Fine particulate matter derives from the extraction and combustion
of fossil fuels in power plants, whereas radionuclide releases, apart from the nuclear fuel
cycle, appear on coal power plants, phosphate rock extraction, and even in oil and gas
extraction as well [58]. As mentioned before, Greece’s energy mix is dominated by oil,
natural gas, and coal, especially lignite, a polluting and health harming form of coal [59]
mined in open cast mines. As a result of the extraction and combustion of these energy
sources, sulphur dioxide (SO2), particulate matter (PM), nitrogen oxides (NOx), heavy
metals, and other pollutants are released into the atmosphere and subsequently affect
human health and the environment [60]. Therefore, terrestrial acidification is also impacted,
as terrestrial acidification may also occur from sulphur and nitrogen emissions into the air,
as the SO2, NO2 alongside their reaction products may end up deposited into the soil or
surface water and lead to changes in its chemical composition [61]. Furthermore, nitrogen
oxides, together with phosphate contribute to freshwater and marine eutrophication [62].
The addition of NOx to the atmosphere possibly might enhance the formation of polar
stratospheric clouds that activate chlorine-catalysed destruction of ozone and increase
ozone in the troposphere [63]. Ground level ozone, or tropospheric ozone, is harmful for
human health and is formed by the action of sunlight on ozone precursors, such as nitrogen
oxides, VOCs methane and carbon monoxide [64–66], compounds that are related to the
extraction and burning of fossil fuels [67,68]. Another category where a high impact is
observed, is “Terrestrial ecotoxicity”. Terrestrial ecotoxicity is mainly caused by emissions
associated with nickel, chromium VI, and mercury [69]. Mercury, a toxic heavy metal,
emerges as an impurity in fossil fuels, especially in coal, and in nonferrous metals [70], and
as it is the case with nickel and chromium VI, both human carcinogens, it is released into
the atmosphere when fossil fuels are burnt [71,72].

Apart from the toxicity of some heavy metals such as lead or mercury emitted from
fossil fuel combustion [73], chemicals used in the production of ZIF-8 are also characterised
as toxic and corrosive. According to the United Nation’s Globally Harmonized System
of Classification and Labelling of Chemicals, the linker of ZIF-8, 2-Methylimidazole is
characterized as corrosive, irritant, and health hazardous while it is also suspected of
causing cancer [74]. DMF is toxic and characterized as irritant and health hazardous while
methanol is described as acute toxic, flammable, and health hazardous [75,76]. Both sub-
stances are volatile precursors to ground level ozone formation. Zinc nitrate hexahydrate
is characterized as an oxidizer, irritant, and health hazardous, as it is acutely toxic and
dangerous if swallowed [77]. Finally, Zinc is described as flammable and environmental
hazardous that is highly toxic to aquatic life with enduring effects [78]. Consequently, these
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substances do contribute to the overall environmental impact of ZIF-8 synthesis. Section 3.1
explores the implications each process per synthetic route has on the environment.

3.1. Environmental Analysis of Different Synthetic Routes

Each synthetic route is investigated separately for the identification of their environ-
mental hotspots during each synthesis stage. The synthetic procedures include processes
such as stirring, centrifuge and drying in an oven as well as the use of materials such as
zinc, zinc nitrate hexahydrate or tetrahydrate, de-ionized water, 2- methylimidazole, DMF,
and methanol (MeOH). The results are illustrated in Figures 4–8.
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Overall, in Synthesis 1, 2-Methylimidazole, has a mean impact as an average of all
18 categories of 55% followed by zinc nitrate hexahydrate which has a mean impact of
19%. Methanol used for washing the material after it is collected from the centrifuga-
tor, approximately has a mean impact of 13% while the energy consumed for drying
the material in the oven has a mean impact of 12%. De-ionized water has a mean en-
vironmental impact of 1.6% while the processes of centrifugation and stirring 0.3% and
0.03% respectively. In Synthesis 1, the linker, 2-Methylimidazole has the greatest impact in
most categories. Further, 2-Methylimidazole’s biggest impact is observed with regard to
“Ionizing radiation” (75%), “Stratospheric ozone depletion” (71%), “Fossil fuel scarcity”
(71%) and the two“Ozone Formation” categories (70% respectively) whereas its impact to
the other categories cannot be neglected as the imidazolium based liquids are toxic and
have a degrative behavior [79–81]. On the other hand, Zinc nitrate hexahydrate mainly
impacts the categories “Terrestrial ecotoxicity” (66%), “Mineral resource scarcity” (61%),
and “Human non-carcinogenic toxicity” (43%), while it also affects marine and freshwater
ecotoxicity categories (31% and 28% respectively). Zinc nitrate is considered to be highly
toxic to aquatic life according to the European Chemicals Agency [82]. Methanol (MeOH)
is used for cleaning, or “washing” the product after the latter is stirred and centrifugated
and before entering the oven for drying. MeOH has a fair share of impact, 24% and 20%,
to “Fossil resource scarcity” and “Freshwater ecotoxicity” categories respectively. The
process of drying the material in the oven mainly impacts the “Land use” category (46%),
as well as the “Terrestrial acidification” (34%) and “Fine particulate matter formation”
(28%) categories. On the contrary, the processes of stirring and centrifugation have minor
impacts, equal to or less than 1% in all impact categories. Interestingly, de-ionized water,
which is the solvent used in Synthesis 1, has a 21% impact on “Water consumption” and a
minor (<2%) impact on “Human carcinogenic toxicity” and “Marine eutrophication”.

In the second synthetic route, methanol used for washing the material before the latter
enters the oven, has the highest overall environmental mean impact among the processes
and materials utilized to produce ZIF-8 (34%). Its highest impact is observed with regard
to “Fossil resource scarcity” (62%), “Ozone formation, Terrestrial ecosystems” (51%) and
“Ozone formation, Human health” (50%). The precursor of Synthesis 2, Zinc, contributes to
27% of the overall impacts. In particular, it has a 82% impact on “Terrestrial ecotoxicity”,
79% on “Mineral resource scarcity”, 61% on “Human non-carcinogenic toxicity”, and
48% on “Marine ecotoxicity” is observed. The use of 2-methylimidazole is observed to
contribute 24% to the overall environmental impacts as an average of all impact categories.
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The categories with the highest impacts due to the use of this linker are the “Ionizing
radiation” (56%), “Stratospheric ozone depletion” (35%), and “Fossil resource scarcity”,
which account for 33%. The process of drying the material in the oven has, on average, an
impact of 13%. In particular, it affects “Land use” (45%), “Terrestrial acidification” (44%),
“Fine particulate matter formation” (39%), and “Global warming” (26%). The processes
of stirring and centrifugation have minor impacts, less than 1%, in the categories where
they are observed, while their mean impact is 0.03% and 0.08%, respectively. Finally, the
main impact of the de-ionized water, the solvent of Synthesis 2, is observed with regard to
“Water consumption” (22%) while it contributes less than 2% to the overall impact on the
environment as a mean value of all impact categories.

Overall, in Synthesis 3, DMF has the strongest mean impact as an average of all
18 categories of 93%, 58% as the synthesis solvent, and 35% as a cleaning agent. Methanol
used for washing the material follows with a mean impact of 4%. Zinc nitrate hexahydrate’s
overall mean contribution to the environmental impacts is slightly less than 2% while 2-
Methylimidazole’s mean impact is almost negligible (0.08%). Finally, the processes of
drying the material in the oven and stirring have a mean environmental impact of 1% and
0.005% respectively.

In particular, the reported amount of DMF used as a solvent has a higher impact than
54% on all 18 impact categories. If DMF’s amount used as a solvent is to be added to that
used for washing, then the impact to each category increases to more than 87%. The highest
observed impact of methanol is limited to 9% (“Fossil resource scarcity”). The precursor of
this synthesis, zinc nitrate hexahydrate, has a 9% impact on “Mineral resource scarcity”
and a 7% impact on “Terrestrial ecotoxicity”, whereas its impact on other categories is
equal to or less than 4%. The linker, 2-methylimidazole, has a negligible impact, less than
0.1%, per category. As in the other syntheses, again, the energy consumed by the oven for
the production of 1 kg ZIF-8 has an impact on “Land use” (3%), “Terrestrial acidification”
(5%), “Fine particulate matter formation” (4%), and “Global warming” (2%), whereas the
energy consumed for stirring does not impose severe negative effects on the environment.

The third synthetic route is different from the first two approaches as, in this synthesis,
DMF, a volatile compound, is used as the solvent as well as for partially washing the
material. Many zeolitic imidazole framework-8 crystalline structures presented in the
literature are synthesized with organic solvents like DMF or methanol as in Synthesis 4.
However, according to Kida et al., organic solvents are costly to obtain and might cause
environmental implications as there is a risk imposed on the environment from toxicity.
On the contrary, water is considered a better solvent to produce ZIF-8 crystalline structures
since it is easier to evacuate a ZIF-8 pore network from the molecules of water than the
molecules of methanol or DMF and poses almost no risk to the environment [52]. This is
clearly seen when comparing the impact of de-ionised water as a solvent in Synthesis 1 and
2 with the impact of DMF or methanol in Syntheses 3–5.

In Synthesis 4, methanol is utilized as the solvent of the solution that produces
ZIF-8 as well as the cleaning agent. Methanol, traditionally produced from synthetic
gas [83], is a volatile compound which is a precursor to ground level ozone formation that
affects human health and terrestrial ecosystems. Furthermore, according to a 2004 study
investigating the toxicity of methanol in aquatic ecosystems, it was found that, even at low
concentration, this organic solvent can hinder the biological life cycle of fish and decrease
primary productivity, water’s alkalinity and phytoplankton’s concentration [84]. Methanol
also has impacts on “Land use” since, in general, any material that contains carbon (i.e.,
biomass or lignite) can be employed in methanol’s production [85,86] resulting in land
transformation and land occupation. However, before methanol is produced, it requires
a step known as gasification, a procedure for converting solid material fuel that contains
carbon to combustible gas via partial oxidation, and this forms some undesirable pollutants,
such as Nitrogen, Phosphorus, and Chlorine, that further impact freshwater eutrophication
and ecotoxicity respectively [87]. As depicted in the results in Figure 7, methanol, as a
solvent and as a cleaning agent, contributes 86% (55% as a solvent and 31% as a cleaning



Energies 2021, 14, 4998 14 of 22

agent) to the overall environmental impacts as an average of all 18 impact categories. More
specific, it has a great impact to “Fossil resource scarcity” (99% cumulative), “Stratospheric
ozone depletion” (96% cumulative), “Ozone formation” (95% cumulative for human health
& 95% for terrestrial ecosystems), and “Global warming” (94% cumulative). Following,
zinc nitrate hexahydrate’s average impact is 9%, while its peak value is observed in the
“Terrestrial ecotoxicity” category (41%), whereas 2-Methylimidazole’s mean impact is 0.3%
and its highest observed value is seen for “Ionizing radiation” (1%). The drying process
of the material in the oven accounts for 5% and centrifugation for 0.02%. Specifically, the
energy consumption for drying the material in the oven accounts for a 33% impact on
“Land use”.

In Synthesis 5, methanol used for washing the material after it is collected from the
centrifugator has a mean impact of 52% while the amount of methanol used as a solvent
has an average impact of 35%. Zinc nitrate tetrahydrate’s overall mean contribution to
the environmental impacts is slightly more than 3% while 2-Methylimidazole’s mean
impact is smaller (1%). On the contrary, the energy consumed for all processes (stirring,
centrifugation, and activation) has a mean impact, as an average of all 18 categories, of 8%.

In particular, methanol’s cumulative impact, as a solvent and as a cleaning agent, on
“Fossil resource scarcity” is 98%, to “Stratospheric ozone depletion” 95%, and to “Global
warming” 93%. As expected, due to methanol’s volatile nature, a high impact is also
observed with regard to ground level ozone formation, 93%. With regard to the linker of the
Synthesis, 2-Methylimidazole has a minor impact lower than 3% per category whereas the
precursor of the synthesis, zinc nitrate tetrahydrate has a fair impact on “Mineral resource
scarcity” and “Terrestrial ecotoxicity” (13% and 19% respectively). Considering the energy
consumed for the production of 1 kg ZIF through the 5th synthetic route, we observe that
the use of the oven to activate the material accounts for 50% of the impact on “Land use”,
15% on “Ionizing radiation”, and 10% of the impact on “Terrestrial acidification”. Finally, it
should be noted that, in Synthesis 5, larger amount of methanol is used for the production
of 1 kg ZIF-8 compared to the other syntheses, and as a result, the impact of methanol is
higher than before.

Concluding, two hotspots are observed in the investigated synthetic procedures of
ZIF-8. According to the results, the first hotspot concerns the use of organic solvents (DMF
and methanol) in the synthetic procedure as it poses remarkable implications to several
impact categories. On the contrary, the use of de-ionised water as a solvent in the synthetic
procedure has minor implications on environmental sustainability. More particularly, with
regard to the chemicals used as a solvent and as a cleaning agent for the production of
ZIF-8 as it is the case in Synthesis 3–5, depending on the amount used on each synthesis,
the use of methanol appeared to have an overall environmental impact that ranges from
86% (Synthesis 4) up to 87% (Synthesis 5), followed by 93% impact caused by the use
of DMF and 97% impact when DMF and methanol are combined (Synthesis 3). On the
contrary, the overall implication to the environment of de-ionised water utilized solely
as a solvent, as in the case in Syntheses 1 and 2, ranges from 1.5% to 1.6%, respectively.
Interestingly, the overall impact of methanol which is used solely as a cleaning agent in
Syntheses 1 and 2, is 13% and 34%, respectively. The second hotspot is related to energy
consumption, and especially the energy consumed for drying the material. This process,
impacts most of the 18 midpoint level categories in all five synthetic routes (represented
in Figures 4–8 and depicted with red color) while it has a greater impact on the first two
synthetic routes. However, the impact energy has on the various synthetic routes is not as
severe as that of the chemical solvents. The highest overall impact of energy as an average
of all impact categories is 13% for Synthesis 2 followed by a 12% impact in Synthesis 1,
while in the other three synthetic routes it is lower.

3.2. Sensitivity Analysis—Effect of Diversifying the Energy Sources

As seen from the detailed environmental assessment of each synthetic route in the
previous section, energy is an impactful factor for the synthesis of 1 kg ZIF-8 that can be
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changed without affecting the general procedure of the synthetic route. Greece’s energy mix
for electricity production is mainly based on fossil fuels (IEA 2019: 50% Oil, 21% Natural
gas, 15% Coal), and as a result, the impact on human health, ecosystems, and resources
is not negligible. However, the environmental footprint of different energy sources may
differentiate, and thus a more eco-friendly route for the synthesis of ZIF-8 might be of a
great added value for the product. Therefore, a one-way sensitivity analysis was conducted
taking into consideration different renewable energy sources for electricity production,
namely solar power and wind power. In addition, the ever-increasing needs for clean
energy originated from renewable sources and the potential of the later as enablers for a
sustainable transition along with their steadily increasing incorporation to national grids
indicates that renewable energy sources will gain an even higher share in energy production
in the future [88]. In this work, the potential of a fully renewable energy dependent energy
grid is exploited in order to explore how an energy invasive process like the production of
ZIF-8 would be affected in the event renewable energy sources were dominant. The base
scenario for the following sensitivity analysis is the 3rd synthetic route, which had the most
severe impact on environmental sustainability based on the results illustrated in Figures 2
and 3, and it will be the reference for all comparisons with different energy sources, i.e.,
solar power and wind power. Table 3 shows the absolute contribution of each variation
in energy sources while Figure 9 illustrates each process’s percentage contribution in the
midpoint impact categories for Synthesis 3, according to a hierarchic perspective.

Table 3. Life Cycle Assessment sensitivity analysis on Synthesis 3 involving different energy sources.

Impact Category Unit Synthesis 3_Greek
Conventional Energy Mix

Synthesis
3_Solar Power

Synthesis
3_Wind Power

Global warming kg CO2 eq 1571.16 1545.6 1543.98
Stratospheric ozone depletion kg CFC11 eq 0 0 0

Ionizing radiation kBq Co-60 eq 167.78 167.77 167.61
Ozone formation, Human health kg NOx eq 2.76 2.76 2.76
Fine particulate matter formation kg PM2.5 eq 2.21 2.14 2.13

Ozone formation, Terrestrial ecosystems kg NOx eq 2.9 2.9 2.9
Terrestrial acidification kg SO2 eq 5.88 5.65 5.64

Freshwater eutrophication kg P eq 0.55 0.55 0.55
Marine eutrophication kg N eq 1.67 1.67 1.67
Terrestrial ecotoxicity kg 1,4-DCB 5798.03 5820.31 5782.1
Freshwater ecotoxicity kg 1,4-DCB 46.13 46.31 46.13

Marine ecotoxicity kg 1,4-DCB 64.58 64.82 64.57
Human carcinogenic toxicity kg 1,4-DCB 47.61 47.79 47.6

Human non-carcinogenic toxicity kg 1,4-DCB 1399.89 1403.08 1399.3
Land use m2a crop eq 29.95 30.5 29.96

Mineral resource scarcity kg Cu eq 5.12 5.14 5.24
Fossil resource scarcity kg oil eq 962.58 961.11 960.71

Water consumption m3 23.81 23.82 24.31

Overall, wind power utilized as the main energy source is found to have the smallest
environmental footprint. In fact, except for “Marine eutrophication”, “Mineral resource
scarcity”, and “Water consumption”, the wind power-based scenario resulted in the lowest
environmental impact with respect to the midpoint indicators as compared to the two other
scenarios. For instance, it is found to decrease “Global warming”, “Fine particulate matter
formation”, and “Terrestrial acidification” by 1.7%, 3.4%, and 4%, respectively, as compared
to the conventional energy mix. The utilisation of solar power for the energy mix of ZIF-8 is
found as the second best among the three selected approaches with regard to its overall
implications. Its main environmental impacts are attributed to midpoint indicators related
to “Ionizing radiation”, “Ozone formation”, ecosystems such as the eutrophication- and
toxicity-related categories and “Land use”. The main observed reductions in environmental
impacts due to the utilisation of solar power compared to the conventional energy mix
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are observed with regard to “Global warming” (1.6%), “Fine particulate matter formation”
(3.2%), and “Terrestrial acidification” (3.8%) (Figure 9).
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According to the damage assessment comparison (Figure 10), wind power poses less
implications to the environment compared to the other two energy sources, i.e., solar power
and Greece’s conventional energy mix. If solely wind power is utilized to provide for the
electricity needs of 1kg ZIF- 8 synthesis, this corresponds to 2.1% less impact than the
conventional energy mix with regard to human health, 1.7% with regard to ecosystems,
and 0.2% with regard to resources. Solar power, also shows reduced impact to human
health (2%), ecosystems (1.6%) and resources (0.2%) in comparison to the Greek energy mix.
Overall, the utilization of eco-friendly energy sources, especially wind power, is a feasible
alternative capable to enhance the environmental sustainability of ZIF-8 synthesis and
enable the eco-friendly integration of ZIF-8 into the innovative technologies that address
emerging environment challenges.
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4. Conclusions

Only a limited amount of research has been conducted with the LCA approach in the
nanomaterials sector in order to assess their environmental impact and identify possible
hotspots for the future sustainable optimization of the synthesis procedure. In this work,
five different synthesis routes to produce ZIF-8 porous nanomaterials were examined
and assessed under an LCA approach. It was found that de-ionised water utilized as a
solvent is more favorable to the environment than DMF or methanol as it was observed
in the analysis of the five different synthetic routes. However, the energy required for
the synthetic procedure plays also a role on the overall environmental sustainability. As
revealed from the results, the environmental hotspots of the synthetic routes were the
energy usage (accounting up to 13% of the mean environmental impacts) as well as the
solvents used. In particular, methanol accounts for at least 35% of the mean environmental
impact when it is utilized solely as a solvent whereas DMF to 58%. On the contrary,
the use of deionized water as a solvent decreases the mean environmental impact of the
solvent significantly, to less than 2%, with the highest implications observed with regard to
water consumption (~20%). Moreover, utilizing organic solvents as cleaning agents further
increases their impact to the environment. Findings also revealed that a synthetic route
that utilized DMF as a solvent, but consumed less energy than other synthetic routes, had
a higher impact in categories related to energy consumption emissions, such as global
warming, stratospheric ozone depletion, terrestrial acidification, or fine particulate matter
formation. Moreover, it had higher impacts to ecosystems compared to methanol, despite
the amount of DMF being utilized was less than that of methanol’s.

In line with other research conducted, this work concludes to the contribution of
the energy consumption in the environmental impacts of the different synthetic routes.
Nonetheless the impacts depend on the energy source and are therefore highly dependable
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on the country the synthesis of the nanomaterials will take place. Cleaner electricity sources
provide cleaner nanomaterials production. In particular, the same synthesis procedure
of a nanomaterial will have 2% less overall impact on human health if the energy source
derives from solar, 2.1% from wind; 1.6% less overall impact on ecosystems if the energy
source derives from solar, and 1.7% from wind, whereas as it was found that solar and
wind power would be slightly less harmful (0.2%) to resources compared to conventional
energy mix.

The outcomes of this work suggest that utilizing ZIF-8 for carbon capture applications
or for other alternative climate change mitigation strategies should be coupled with “green”
production processes including clean energy sources, as well as the implementation of a
life cycle assessment analysis. As seen from the results, the production of ZIF-8 carbon
capture material comes with an environmental cost, which although in this work is based
on lab scale calculations and it might not be representative of industrial scale processes,
it is indicative that ZIF-8 should be carefully evaluated on its synthetic procedure before
being utilized for carbon capture applications. Otherwise, the goal to counterbalance the
impacts of climate change might not be achieved.

Nonetheless this research work also identified several obstacles in the application of
environmental assessments in the nanotechnology sector. Initially the lack of Life Cycle
Inventories for the synthesis procedure since there is limited available information of the
detailed synthetic procedure in research publications. Lastly, there is a lack of scientific work
in relation to the recycling paths and processes that could take place in the nanotechnology
sector, and this would alter significantly the environmental impacts of each material. In
particular, recycling ZIF-8 would increase its overall environmental sustainability as there
would be reductions in the amount of hazardous chemicals and in the energy consumed
for its production. In fact, composite ZIF-8 materials resulted from encapsulating processes
are reported as reusable [89,90]. In addition, circular approaches to the synthesis of ZIF-
8 resulting from recycled mother liquors have also been reported [39,51,91,92]. Therefore,
although research on ZIF-8 recyclability is scarce, its promising potential applications
should stimulate future studies to exploit reusable ZIF-8 components, contributing to the
overall circularity of the material.

Further recommendations are suggested for the synthesis optimization, with the
replacement of chemicals for the cleaning and purification of nanomaterials with water, as
well as other means of purification. Future work should explore the life cycle assessment
of various other synthetic routes of ZIF-8, as well as other porous nanomaterials, in
order to provide a reference base that will enable the evaluation of their environmental
sustainability and their effective integration into applications in various industrial sectors,
such as transportation, energy, or the built environment.
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