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ABSTRACT: Metal−organic frameworks (MOFs) are an increas-
ingly versatile nanomaterial platform, whose functional properties
make them highly attractive for diverse industrial applications. In
this work, we perform a dosage-normalized cradle-to-gate life cycle
assessment of three benchmark MOFs (silver-, copper-, and zinc-
based) against the commercial antibiotic levofloxacin under both
lab-scale and projected industrial-scale scenarios. We find that, while
silver-MOF achieves the lowest functional mass per application, its
environmental footprint is dominated by the precursor synthesis,
whereas copper- and zinc-MOFs deliver more balanced impact pro-
files when normalized to performance. Process-grouping analysis
pinpoints metal precursor production and solvent use as critical hot-
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spots, informing targeted strategies—such as closed-loop metal
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recovery, green solvent substitution, and continuous-flow intensification—for sustainable scale-up. By embedding experimentally
determined minimum bactericidal concentrations (MBCs) into TRACI 2.1 metrics, our study establishes a transferable, perfor-
mance-based framework for benchmarking emerging nanomaterials against traditional antimicrobial agents and highlights clear levers
to accelerate the sustainable industrial deployment of MOF technologies.
KEYWORDS: metal−organic frameworks (MOFs), life cycle assessment (LCA), antimicrobial resistance, eco-efficiency, process intensifica-
tion, waste valorization
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1. INTRODUCTION Amajor challenge in translatingMOF research to industry lies in
4, 2025
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Metal−organic frameworks (MOFs) have emerged as one
of the most exciting classes of materials in recent decades, dis-
tinguished by their exceptionally high surface areas, tunable
porosity, and versatile chemistry.1 Due to their unique physico-
chemical properties, MOFs have been extensively investigated
for a wide range of applications, including gas storage, carbon
capture, catalysis, and chemical separation.2 MOFs have also
been explored in emerging areas, such as antimicrobial coatings
and water treatment, where the controlled release of metal ions
and/or the encapsulation of bioactive agents imparts antibacte-
rial activity.3−9 This breadth of functionality underscores their
potential across energy, environmental remediation, and health
technologies.10 However, despite their vast potential, most
MOFs remain far from realization at an industrial scale, with
only a few examples being produced beyond the laboratory
scale (Table S1).11 This gap between bench-scale innovation
and commercial deployment highlights the need to address
questions of scalable manufacturing and sustainability early in
the development of MOFs.
the complexity of mass production.12 Syntheses that are straightfor-
ward at the gram scale often become impractical or cost-prohibitive
at kilogram or tonne scales.13 Conventional solvothermal routes
rely on high-boiling organic solvents, such as N,N-dimethylforma-
mide (DMF), and require long reaction times, generating hazard-
ous waste and increasing energy demand.12,14 In particular, the
pervasive use of DMF raises serious sustainability concerns, as scal-
ing conventional recipes would produce substantial volumes of
toxic solvent waste with attendant environmental and health risks.15

Accordingly, rigorous quantification of waste and solvent intensity
and the pursuit of solvent-lean, recoverable, or aqueous pathways
are critical for viable high-volume manufacturing.
https://doi.org/10.1021/acssusresmgt.5c00499
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Figure 1. (a) Schematic representation of the synthesis route for Ag-
MOF, Cu-MOF, and Zn-MOF. (b) Structural representation of Ag-
MOF. (c) Schematic structure of Cu-MOF. (d) Schematic structure
of Zn-MOF.
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Moreover, scaling up is not simply a matter of enlarging the reac-
tor, it requires re-engineering with explicit attention to raw material
sustainability, process efficiency, product quality, and downstream
processing.16 Recent efforts by both academic and industrial groups
have started to emphasize greener synthesis routes in response to
these challenges.17−20 In particular, the principles of green chemis-
try are increasingly seen as essential guidelines for MOF produc-
tion, driven in part by tightening environmental regulations and
the imperative of sustainable development in the chemical indus-
try.21,22 In this context, life cycle assessment (LCA) emerges as a
vital tool for guiding the sustainable industrialization of MOFs.

LCA provides a holistic assessment of the environmental
impacts associated with a material or process, from raw material
extraction and synthesis (“cradle”) to product use and end-of-
life disposal (“grave”).23 Applying LCA to MOF development
reveals the often-overlooked aspects of scale-up, including energy
consumption, resource usage, emissions, and waste generation,
across each step of MOF production. Early studies have demon-
strated the importance of such an approach. For example, an
LCA of the zeolitic imidazolate framework (ZIF-8) found that
even laboratory-scale production carries substantial burdens,
dominated by solvent use and energy inputs.24 This finding
implies that if MOFs are to be deployed for sustainability-driven
applications (such as carbon capture or low-energy separations),
then their fabrication processes must be critically evaluated and
improved; otherwise, the upstream impacts could undermine
the downstream benefits.24 More broadly, key sustainability
metrics−raw material consumption, energy demand, and overall
environmental impact−should be integrated into MOF research
from the outset. Many MOFs contain metal nodes and organic
linkers that require significant resources to produce, and their syn-
thesis can be energy-intensive.25 Without strategies to recycle sol-
vents, reclaim unreacted precursors, or utilize renewable energy,
the carbon footprint and waste output of MOF production can
be substantial.26 LCA offers a quantitative framework to pinpoint
such “hotspots” in the production chain and to compare alterna-
tive synthesis routes on a consistent environmental basis.

To the best of our knowledge, this study represents the first sys-
tematic life cycle assessment comparing a series of MOFs synthe-
sized and experimentally evaluated within the same laboratory
framework, using antibacterial performance metrics derived under
consistent assay conditions to define a common functional basis
compared to levofloxacin.27−29 We selected these MOFs (BTC-
linked) because they are widely studied and synthetically mature, uti-
lize readily available and industrially relevant precursors under the
same chemistry, and span distinct metal chemistries and hotspot pro-
files, providing a controlled and representative basis for lab-to-
industry LCA comparisons. Using OpenLCA with the Ecoinvent 3
database and the TRACI 2.1 impact assessment methodology, we
quantified key impact categories, i.e., acidification, ecotoxicity, fossil
fuel depletion, global warming potential, ozone depletion, and respi-
ratory effects, as well as cumulative energy demand (CED). To inte-
grate functional efficacy, we applied a dual-scenario framework: a
functional scenario normalized to the mass required to fabricate
100,000 wound dressings (based on our minimum bactericidal con-
centration (MBC) assays where Ag-MOF achieved complete
Escherichia coli (E. coli) inhibition at 0.1 mg L−1, Cu-MOF at
25 mg L−1, and Zn-MOF at 250 mg L−1) and a nonfunctional sce-
nario per 1000 kg of material produced.We then performed process-
grouping analyses to identify the dominant environmental “hotspots”
(e.g., silver precursor and ethanol) and projected large-scale produc-
tion impacts to evaluate the benefits of industrial-scale synthesis.
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2. MATERIALS AND METHODS

2.1. Synthesis of MOFs

Silver-based and copper-based MOFs were synthesized using benzene-
1,3,5-tricarboxylic acid (BTC) as the organic linker, while a zinc-based
MOF was prepared with benzimidazole as the ligand (Figure 1). In a
typical procedure, 0.5 g of the metal nitrate (AgNO3 for Ag-MOF,
Cu(NO3)2 for Cu-MOF, and Zn(NO3)2 for Zn-MOF) was dissolved
in 20 mL of deionized (DI) water under constant stirring to form
the metal precursor solution. Separately, an equimolar amount of the
corresponding ligand (BTC for Ag-MOF and Cu-MOF or benzimid-
azole for Zn-MOF) was dissolved in ethanol to prepare the ligand solu-
tion. The metal salt solution was then added to the ligand solution, and
the mixture was subjected to pulsed ultrasonication (10 s on, 10 s off)
for 1 h at ambient temperature. A solid MOF precipitate formed during
sonication; this material was collected and washed with ethanol in
three consecutive cycles to remove any unreacted ligand or metal pre-
cursor. The washed MOF products were finally dried in an oven (40 °C,
overnight) and stored in a vacuum chamber for subsequent analysis.

2.2. Life Cycle Assessment Methodology (LCA)

A cradle-to-gate LCA was conducted for each antimicrobial agent (Ag-
MOF, Cu-MOF, Zn-MOF, and levofloxacin) using OpenLCA software
with the Ecoinvent 3 database as the background inventory source
(Figure 2 and Figure S1). The life cycle inventory (LCI) for each mate-
rial encompassed all relevant inputs (raw materials, chemicals, and
energy) and outputs (emissions and wastes) associated with the syn-
thesis of the active material. Environmental impact assessment was per-
formed by characterizing the LCI data using the TRACI 2.1
methodology. Impact categories evaluated included acidification, eco-
toxicity, fossil fuel depletion, global warming potential, ozone deple-
tion, and respiratory effects (impact on human health via air
pollutants). In addition to these impact categories, the CED was calcu-
lated and broken down by energy sources: nonrenewable fossil fuels,
nonrenewable nuclear, and renewables (biomass, water or hydropower,
and wind/solar/geothermal sources).

2.2.1. Functional Unit and System Boundary. The functional
unit for the LCA was defined as the amount of antimicrobial material
required to fabricate 100,000 wound dressings (each 14 mm × 5 mm
in size) using 0.01 mL of MOF solution per dressing. This corresponds
to normalizing all impacts to a per gram basis of the active agent, reflect-
ing material consumption in a realistic application scenario. A mass-based
functional unit was selected to accurately represent the usage of each anti-
microbial in wound dressing fabrication and to provide a fair basis for
https://doi.org/10.1021/acssusresmgt.5c00499
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Figure 2. Overview of the LCA flow design for Ag-MOF, Cu-MOF, and Zn-MOF. The flowchart outlines the integration of life cycle inventory data
to assess key environmental impact categories and cumulative energy demand within a cradle-to-gate framework.
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comparing the environmental burdens of the MOFs against the conven-
tional antibiotic (levofloxacin). The system boundary was limited to
cradle-to-gate processes, including raw material extraction and process-
ing, precursor chemical production, energy consumption for synthesis
(e.g., electricity for stirring, ultrasonication, and heating), and waste gen-
eration during MOF fabrication. Downstream processes, such as product
distribution, use in wound dressings, and end-of-life disposal, were
excluded from the LCA, as the focus was on the production-phase
impacts of each material. Further methodological details and the com-
plete life cycle inventory are provided in the Supporting Information (SI).

2.2.2. Lab-Scale versus Large-ScaleManufacturingScenarios. In
this work, two distinct fabrication scenarios were defined to assess the
environmental impacts of MOF production under laboratory and indus-
trial conditions. The lab-scale scenario strictly follows our day-to-day
bench-scale protocols, which involve batch syntheses in small glassware
volumes (typically ≤100 mL reactor size) and standard labora-
tory heating/stirring systems. All input and output flows (raw materials,
energy, emissions, and wastes) reflect actual consumptions and losses
observed during routine laboratory syntheses.

By contrast, the large-scale scenario retains the identical stoichiometry
and reaction pathways but assumes translation to industrial-scale equip-
ment and batch sizes (e.g., multiliter reactors with integrated heat
exchangers, automated dosing, product filtration, and solvent recovery
systems). Under this scenario, wemodel the same reagent ratios and reac-
tion conditions but account for process intensification benefits such as
improved energy efficiency through heat integration, reduced solvent
losses via closed-loop recycling, and a lower per unit footprint due to
economies of scale. All material and energy inputs are scaled proportion-
ally to a 1000 kg annual production capacity, with equipment perfor-
mance and recovery rates based on literature values for analogous
industrial MOF syntheses.30 This comparison isolates the sole effect of
scale-up to reveal potential reductions in environmental burdens achiev-
able through large-batch manufacturing under constant chemistries. All
detailed life cycle inventory data for the highest contributing input
streams are provided in the Supporting Information.

2.3. Antibacterial Testing

The antibacterial efficacy of the MOFs and levofloxacin was evaluated
against E. coli F-AMP (ATCC strain 700891) using an MBC assay.
Figure 3. (a) XRD pattern of Ag-MOF showing characteristic peaks at 9.54
corresponding to the (110), (111), and (200) planes of silver metal, resp
30.0° and additional reflections at 13.8, 16.8, 26.0, 37.8, and 44.7° correspon
(c) XRD pattern of Zn-MOF displaying peaks at 9.1, 16.7, 17.3, and 21.6° ass
SEM images of Ag-MOF, Cu-MOF, and Zn-MOF, respectively, revealing a s
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Briefly, logarithmic-phase E. coli cultures were exposed to a series of
two-fold dilutions of each test substance (Ag-MOF, Cu-MOF,
Zn-MOF, or levofloxacin) in nutrient broth. The inoculated tubes were
incubated at 37 °C for 3 h with orbital shaking at 100 rpm to allow the
antimicrobial agents to interact with the bacteria. After a 3-h exposure
period, 100 μL aliquots from each tube were plated onto Tryptic Soy
Agar (TSA) plates, which were then incubated overnight at 37 °C.
Bacterial growth was assessed the next day by counting colony-
forming units (CFUs), and the MBC was defined as the lowest concen-
tration of the MOF (or levofloxacin) that resulted in ≥99.9% reduction
in E. coli colonies compared to the growth control. In practice, this cor-
responds to the lowest concentration at which no visible colonies grew
on the agar plate after the overnight incubation, indicating effective
bacterial inhibition. All MBC experiments were performed in triplicate
to ensure reproducibility of the results.

2.4. Characterization of MOFs

The surface morphology and particle distribution of the synthesized
MOFs were examined by scanning electron microscopy (SEM).
Dried MOF samples were mounted on aluminum stubs and sputter-
coated with a thin layer of gold to prevent charging. Imaging was per-
formed at an accelerating voltage of 30 kV, and micrographs were
recorded to observe the crystal habit and assess the uniformity of the
MOF particles. Powder X-ray diffraction (XRD) was used to confirm
the crystalline structure and phase purity of each MOF. XRD patterns
were collected using a Cu Kα radiation source (λ ≈ 1.54 Å) over a 2θ
range of 5–50° at room temperature. The diffraction data for the Ag-
MOF, Cu-MOF, and Zn-MOF samples were compared to reference
patterns from the literature or database for the expected MOF struc-
tures. Matching peak positions and relative intensities confirmed the
successful synthesis of the intended MOF phase in each case, with
no significant impurity peaks observed.

3. RESULTS

3.1. MOFs Chemical Characterization

Figure 3 presents the chemical characterization of the synthe-
sized MOFs via XRD and SEM characterizations. Figure 3a,
, 16.2, and 30.4° along with additional peaks at 34.1, 40.1, and 44.4°
ectively. (b) XRD pattern of Cu-MOF with peaks at 13.8, 19.6, and
ding to the (101), (110), (103), (006), and (220) planes, respectively.
igned to the (003), (125), (044), and (236) planes, respectively. (d–f)
ingle, distinct crystalline structure for each material.
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Figure 3b, and Figure 3c display the XRD patterns of Ag-MOF,
Cu-MOF, and Zn-MOF, respectively, while Figure 3d–f shows
the corresponding SEM images.

The XRD pattern for Ag-MOF (Figure 3a) exhibits prominent
peaks at 9.54, 16.2, and 30.4°, which align well with those docu-
mented in previous studies.31,32 Notably, the sharp peak at 16.2°
is indicative of a highly crystalline MOF structure. In addition,
peaks at 34.1, 40.1, and 44.4° were observed and can be assigned
to the (110), (111), and (200) planes of silver metal, respec-
tively.33,34 Analysis using Match software (version 4) against the
Crystallography Open Database (COD) reference patterns pro-
vided further insight into potential additional phases (Table S2).

The XRD pattern for Cu-MOF (Figure 3b) shows peaks at
13.8, 19.6, and 30.0°, which are consistent with literature
reports on Cu-MOFs.35,36 Further detailed analysis revealed
additional peaks at 13.8, 16.8, 26.0, 37.8, and 44.7°, correspond-
ing to the (101), (110), (103), (006), and (220) planes, respec-
tively.37 Additional possible phases identified via Match
software are presented in Table S3.

The XRD pattern for Zn-MOF (Figure 3c) displays peaks at
9.1, 16.7, 17.3, and 21.6°, which are in agreement with previ-
ously reported patterns for Zn-MOFs.38 These peaks are
assigned to the (003), (125), (044), and (236) planes, respec-
tively.39,40 Additional phases suggested by the Match software
analysis are summarized in Table S4.

Complementary SEM images (Figure 3d–f) further confirm
the presence of a single, distinct crystalline structure in each
MOF. Each SEM micrograph clearly illustrates well-defined
Figure 4. (a) Schematic illustration of the wound dressing design incorpora
photographs from the bacterial assay for the control sample and w
(c) Antibacterial activity profile of Zn-MOF compared with levofloxaci
(e) Antibacterial performance of Ag-MOF, demonstrating potent inhibition
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crystal facets consistent with the high crystallinity inferred from
the XRD analyses. The combined XRD and SEM data validate
the successful synthesis of Ag-MOF, Cu-MOF, and Zn-MOF,
confirming that the crystal structures obtained are in close agree-
ment with the literature and expected phase compositions.

3.2. MOFs Antibacterial Properties

Figure 4 illustrates the antibacterial evaluation of the MOFs. In
Figure 4a, a schematic diagram shows the design of the wound
dressing incorporating Ag-MOF, Cu-MOF, and Zn-MOF.
Figure 4b displays representative agar plate photographs from
the bacterial assay, including the control and samples treated
with Ag-MOF, Cu-MOF, and Zn-MOF.
Quantitative analysis of the antibacterial performance is pre-

sented in Figure 4c–e. Figure 4c compares the inhibition pro-
files of Zn-MOF and levofloxacin. Zn-MOF exhibited a
gradual increase in inhibition rate, reaching 45.8% at 10 mg
L−1, 71.6% at 25 mg L−1, 82.6% at 75 mg L−1, and ultimately
achieving 100% inhibition at 250 mg L−1. In contrast, levoflox-
acin demonstrated only moderate inhibition rates, with a maxi-
mum of 95.5% at a concentration of 500 mg L−1.
Figure 4d details the antibacterial properties of Cu-MOF.

Here, a rapid increase in efficacy is observed: Cu-MOF reached
a 14.8% inhibition rate at 0.5 mg L−1, 91.9% at 1 mg L−1,
97.6% at 5 mg L−1, and achieved complete (100%) inhibition
at 25 mg L−1, indicating its potent antibacterial action at rela-
tively low concentrations.
ting Ag-MOF, Cu-MOF, and Zn-MOF. (b) Representative agar plate
ound dressings loaded with Ag-MOF, Cu-MOF, and Zn-MOF.
n. (d) Concentration-dependent antibacterial efficacy of Cu-MOF.
at low dosages.

https://doi.org/10.1021/acssusresmgt.5c00499
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Figure 4e presents the antibacterial performance of Ag-MOF,
which exhibited the most remarkable activity among the tested
agents. Ag-MOF showed no inhibition at very low concentra-
tions (up to 0.001 mg L−1), but its efficacy sharply increased
to 34.2% at 0.005 mg L−1, 83.74% at 0.01 mg L−1, and reached
complete inhibition (100%) at 0.1 mg L−1. Collectively, these
results indicate that while all MOFs possess antibacterial prop-
erties, Ag-MOF demonstrates superior efficacy at remarkably
low dosages compared to Cu-MOF and Zn-MOF.

3.3. Life Cycle Assessment (LCA) of MOFs: Environmental
Impacts Results

The environmental performance of Ag-MOF, Cu-MOF, Zn-MOF,
and levofloxacin was evaluated using two complementary LCA
approaches. In the functional scenario, impacts were normalized
based on the quantity of the material required to fabricate
100,000 wound dressings (i.e., incorporating antibacterial effi-
cacy). In the nonfunctional scenario, impacts were assessed
per 1000 kg of material produced, independent of perfor-
mance. The actual calculated impact data are presented in
Table 1, while Figure 5 summarizes the normalized environ-
mental impacts for the functional (Figure 5a) and nonfunc-
tional (Figure 5b) scenarios.

Under the functional scenario, levofloxacin is set as the refer-
ence with a normalized impact of 100% in each impact category.
Based on the actual calculated data (Table 1) and correspond-
ing normalized values (Figure 5a), Ag-MOF exhibits markedly
lower environmental impacts. For instance, in the acidification
category, Ag-MOF registers a normalized impact of 0.04%
(0.026 kg SO2 eq, compared to 65.66 kg SO2 eq for 50 kg of
levofloxacin). Similarly, its impacts for fossil fuel depletion and
global warming are as low as 0.02% relative to levofloxacin.
Ecotoxicity for Ag-MOF is 1.08%, substantially lower than the
100% baseline.

In contrast, Cu-MOF displays normalized impacts of
0.57% for acidification, 7.75% for ecotoxicity, 0.18% for fossil
fuel depletion, and 0.23% for global warming. Zn-MOF shows
even higher normalized values in these categories, with acidifica-
tion at 1.36%, ecotoxicity at 8.42%, fossil fuel depletion at
0.27%, and global warming at 0.35%. These higher normalized
Table 1. Environmental Impact Results for the Products Presented
the Mass Required to Fabricate 100,000 Wound Dressings) and t
Material Produced)

functional environm

impact category unit levofloxacin Ag-MOF

acidification kg SO2 eq 65.66 0.026
ecotoxicity CTUe 166909.63 1798.84
fossil fuel depletion MJ surplus 17295.36 2.98
global warming kg CO2 eq 11913.25 2.56
ozone depletion kg CFC-11 eq 0.017 2.63411E
respiratory effects kg PM2.5 eq 8.83 0.004

nonfunctional enviro
impact category unit levofloxacin Ag-MOF
acidification kg SO2 eq 1313.11 2611.21
ecotoxicity CTUe 3338192.66 1798840
fossil fuel depletion MJ surplus 345907.15 298499.2
global warming kg CO2 eq 238264.97 255526.3
ozone depletion kg CFC-11 eq 2.52E-01 2.63E-02
respiratory effects kg PM2.5 eq 176.69 405.38
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impacts reflect the greater mass of Cu-MOF and Zn-MOF
required to achieve comparable antibacterial performance, as
discussed in Section 3.2.
In the nonfunctional scenario, environmental impacts are

reported per 1000 kg of production, and the normalized values
are depicted in Figure 5b. Here, Ag-MOF exhibits a considerably
higher environmental burden on a per-kilogram basis; for exam-
ple, its acidification impact is calculated at 2611.21 kg SO2
eq per 1000 kg, and the corresponding normalized value is set
to 100%. In comparison, Cu-MOF and Zn-MOF show normal-
ized acidification values of 14.4 and 22.74%, respectively.
Similar trends are evident in ecotoxicity, fossil fuel depletion,
and global warming categories. Although levofloxacin displays
the highest impacts in some categories (e.g., fossil fuel depletion
and ozone depletion at 100%), it records lower normalized values
for acidification (50.29%) and global warming (93.24%) relative
to Ag-MOF in this nonfunctional assessment.
While Ag-MOF exhibits high environmental burdens on a

per kilogram basis (nonfunctional scenario), its exceptional
antibacterial efficacy allows for a dramatically lower material
input when normalized for functional performance. This results
in normalized impacts as low as 0.02–1.08% across key catego-
ries. Conversely, Cu-MOF and Zn-MOF appear more sustain-
able from a bulk production perspective, yet their higher
dosage requirements for effective antibacterial action lead to
increased normalized impacts in the functional assessment.

3.4. Grouping of Environmental Impact Results

3.4.1. Effect of Input Flows. Figure 6 presents the nor-
malized contributions of chemical, electricity, and waste inputs to
the six environmental impact categories—acidification, ecotoxicity,
fossil fuel depletion, global warming, ozone depletion, and respira-
tory effects—associated with the lab-scale synthesis of Ag-MOF,
Cu-MOF, and Zn-MOF. The data reveal that chemical inputs
are the dominant contributors across all impact categories. For
acidification, chemicals account for 94.6% in Ag-MOF, 87.7% in
Cu-MOF, and 89.5% in Zn-MOF, with electricity contributing
between 5.1 and 11.7% and waste remaining below 1%. A similar
trend is observed in the ecotoxicity category, where chemical con-
tributions reach 97.4% for Ag-MOF, while Cu-MOF and Zn-MOF
for Both the Functional (Impacts Are Normalized Based on
he Nonfunctional Scenario (Impacts per 1000 kg of the

ental impacts

(large scale) Cu-MOF (large scale) Zn-MOF (large scale)

0.38 0.89
12943.78 14052.91
31.10 46.95
27.56 41.20

-07 3.93399E-06 5.87039E-06
0.03 0.078

nmental impacts
(large scale) Cu-MOF (large scale) Zn-MOF (large scale)

375.89 593.82
73.01 12943782.25 9368603.78
2 31100.93 31298.20
6 27562.57 27463.83

3.93E-03 3.91E-03
30.18 52.18

https://doi.org/10.1021/acssusresmgt.5c00499
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Figure 5. Normalized environmental impacts for the products evaluated under two scenarios: (a) functional scenario, where impacts are normalized
based on the mass of the material required to fabricate 100,000 wound dressings, and (b) nonfunctional scenario, where impacts are assessed per
1000 kg of production. Impact categories include acidification, ecotoxicity, fossil fuel depletion, global warming, ozone depletion, and respiratory effects.
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are characterized by lower chemical shares (78.1 and 74.2%,
respectively) and correspondingly higher contributions from elec-
tricity (21.7 and 25.8%, respectively). In the fossil fuel depletion
category, chemicals contribute 92.7% for Ag-MOF and approxi-
mately 80.8% for both Cu-MOF and Zn-MOF, with electricity
accounting for 18.0% in Cu-MOF and 19.1% in Zn-MOF.
Global warming impacts follow a comparable pattern, with chem-
ical inputs responsible for 92.0% of Ag-MOF’s impact and
81.7−82.6% for Cu-MOF and Zn-MOF, while electricity contrib-
utes 16.8−17.3%. Ozone depletion is similarly dominated by
chemical flows (over 80% for all MOFs, reaching 91.4% in Ag-
MOF), with electricity shares ranging from 8.4% in Ag-MOF to
17.0% in Zn-MOF; waste contributions remain minimal (<1%).
Finally, for respiratory effects, chemicals are the primary contribu-
tors (92.5% for Ag-MOF, 79.4% for Cu-MOF, and 82.8% for Zn-
MOF), with the electricity-related share increasing to 18.9% in Cu-
MOF and 17.2% in Zn-MOF.

These results underscore that, in the lab-scale synthesis of
these MOFs, chemical inputs are the primary drivers of environ-
mental impacts. However, the contribution of electricity becomes
more pronounced in the synthesis of Cu-MOF and Zn-MOF,
particularly in terms of ecotoxicity, fossil fuel depletion, global
723
warming, and respiratory effects. Waste flows are relatively minor
across all categories.
3.4.2. Chemical Contribution Effect. 3.4.2.1. Ag-MOF

Synthesis Input Contributions. Figure 7 presents the relative
contributions of individual chemicals—namely, silver, ethanol,
nitric acid, naphtha, hydrogen, and water—to the six environ-
mental impact categories associated with the lab-scale synthesis
of Ag-MOF. In acidification, silver accounts for 62.74% of the
impact, with ethanol contributing 36.88%. Ecotoxicity is over-
whelmingly dominated by silver (96.27%), while ethanol has a
smaller yet nontrivial share (3.72%). A similar trend is observed
in fossil fuel depletion, where silver (66.89%) and ethanol
(30.68%) together account for over 97% of the total burden,
and in global warming, which is primarily driven by silver
(61.85%) and ethanol (37.34%).
Notably, ozone depletion displays a more balanced distribu-

tion between silver (52.81%) and ethanol (44.84%), indicating
that both the metal precursor and the organic solvent exert a
comparable influence on this category. By contrast, respiratory
effects mirror the trend observed in acidification, with silver
accounting for 69.28% of the impact and ethanol contributing
30.53%. Other chemicals, including nitric acid, naphtha,
https://doi.org/10.1021/acssusresmgt.5c00499
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Figure 6. Normalized contributions of chemical, electricity, and waste inputs to the environmental impact categories for the lab-scale synthesis of Ag-
MOF, Cu-MOF, and Zn-MOF. Impact categories include acidification, ecotoxicity, fossil fuel depletion, global warming, ozone depletion, and respi-
ratory effects. Chemical inputs are the dominant contributors across all categories, while electricity exhibits notable contributions in the Cu-MOF and
Zn-MOF synthesis, particularly in ecotoxicity, fossil fuel depletion, and global warming. Waste contributions remain minimal in all cases.
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hydrogen, and water, exhibit negligible shares across all catego-
ries (<3% in most cases).

These findings highlight the significant contribution of silver
to the environmental footprint of Ag-MOF synthesis, particularly
in terms of ecotoxicity and respiratory effects. However, ethanol
emerges as a substantial contributor to specific impact categories,
such as ozone depletion. This chemical-level analysis highlights
opportunities for targeted interventions, such as reducing or
substituting the dominant chemicals, optimizing reaction proto-
cols, and exploring more sustainable solvent systems, to mitigate
the overall environmental impact of Ag-MOF production.

3.4.2.2. Cu-MOF Synthesis Input Contributions. Figure 8
illustrates the relative contributions of ethanol, copper, nitric acid,
naphtha, hydrogen, and water to six environmental impact cate-
gories in the lab-scale synthesis of Cu-MOF. The data show that
ethanol is the predominant contributor across most categories,
particularly in acidification (98.08%) and ecotoxicity (94.19%).
For fossil fuel depletion, ethanol accounts for the largest share
(91.57%), with naphtha contributing 5.87%. Global warming
impacts also reflect ethanol’s influence at 80.50%, followed by
nitric acid (11.85%) and copper (5.95%). In ozone depletion,
ethanol still dominates (70.28%), but naphtha becomes more
prominent (24.67%), whereas copper and hydrogen each con-
tribute less than 3%. Respiratory effects are similarly driven by
ethanol (90.91%), with copper (4.72%) and nitric acid (2.75%)
having smaller, though non-negligible, shares.

These results highlight that the overall environmental foot-
print of Cu-MOF is strongly tied to the use of ethanol, which
emerges as the principal impact driver across multiple categories.
724
Although copper plays a noticeable role in some categories (e.g.,
ecotoxicity and global warming), its relative contribution is over-
shadowed by ethanol in most cases. Naphtha appears particularly
relevant for ozone depletion, while nitric acid influences global
warming to a moderate extent. By identifying ethanol as the pri-
mary source of environmental impacts, these findings underscore
the importance of optimizing solvent use, exploring greener alter-
natives, or implementing more efficient process conditions to
enhance the sustainability of Cu-MOF production.
3.4.2.3. Zn-MOF Synthesis Input Contributions. Figure 9

depicts the relative contributions of ethanol, benzimidazole,
zinc sulfide, nitric acid, oxygen, and water to the six environ-
mental impact categories for the lab-scale synthesis of Zn-
MOF. In nearly all categories, ethanol dominates the overall
impact. For example, it accounts for 83.93% of acidification,
95.4% of ecotoxicity, 91.5% of fossil fuel depletion, 95.19% of
global warming, 95.21% of ozone depletion, and 89.34% of
respiratory effects. Benzimidazole emerges as the second largest
contributor, particularly in acidification (15.33%) and respira-
tory effects (10.15%), although its share remains below 5% in
most other categories. Zinc sulfide and nitric acid each exhibit
minor influences, generally less than 1% across all categories.
Oxygen and water make negligible contributions (<0.1%) to
every impact category.
These results underscore that ethanol consumption is the

primary driver of environmental impacts in the lab-scale synthe-
sis of Zn-MOF, similar to observations made for Cu-MOF.
Benzimidazole also exhibits notable effects in acidification and
respiratory impacts, suggesting that strategies to reduce or
https://doi.org/10.1021/acssusresmgt.5c00499
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Figure 7. Relative contributions of silver, ethanol, nitric acid, naphtha, hydrogen, and water to six environmental impact categories in the lab-scale
synthesis of Ag-MOF. Each panel illustrates the percentage share of these chemicals in acidification, ecotoxicity, fossil fuel depletion, global warming,
ozone depletion, and respiratory effects, highlighting the dominant role of silver and ethanol in most categories.
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substitute these two chemicals could substantially mitigate the
overall environmental burden of Zn-MOF production.

The contribution analysis indicates that, unlike Ag-MOF, the
metal precursors for Cu- and Zn-based MOFs do not emerge as
dominant contributors, and this behavior can be directly
explained by differences in metal abundance and refining path-
ways. Silver is a relatively scarce metal with a low crustal abun-
dance and is typically obtained through energy-intensive mining
and multistage refining processes, frequently as a byproduct of
lead–zinc or copper ores. These characteristics lead to high
upstream environmental burdens per kilogram of refined silver,
which consequently dominate the life cycle impacts of Ag-
MOF. In contrast, copper and zinc are significantly more
abundant and are among the most widely produced industrial
metals, with extraction and refining processes that have been
extensively optimized over decades of large-scale production.
725
The environmental impacts associated with Cu and Zn refining
are therefore substantially lower on a per kilogram basis than
those of silver and do not outweigh the impacts associated with
solvent use in the MOF synthesis. As a result, ethanol, rather
than the metal precursor, becomes the dominant contributor
for Cu- and Zn-based MOFs in the contribution analysis. This
comparison demonstrates that the lower impact of Cu and Zn
metal precursors relative to silver is not a limitation of the
assessment but a direct reflection of differences in metal abun-
dance and refining intensity, which are explicitly captured in
the life cycle inventory used in this study.
3.4.3. Effect of Manufacturing Optimization. Figure 10

compares the normalized environmental impacts for lab-scale
and large-scale production of Ag-MOF (Figure 10a), Cu-MOF
(Figure 10b), and Zn-MOF (Figure 10c) across six impact cate-
gories. In each panel, the lab-scale impacts are set to 100, allowing
https://doi.org/10.1021/acssusresmgt.5c00499
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Figure 8. Relative contributions of ethanol, copper, nitric acid, naphtha, hydrogen, and water to six environmental impact categories (acidification,
ecotoxicity, fossil fuel depletion, global warming, ozone depletion, and respiratory effects) in the lab-scale synthesis of Cu-MOF. The panels highlight
ethanol as the principal driver in most categories, with copper, nitric acid, and naphtha exhibiting smaller but non-negligible impacts in select cases.
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direct comparison with the large-scale values. For Ag-MOF
(Figure 10a), large-scale production yields notable reductions in
most categories, ranging from approximately 56.5% of the lab-
scale impact for ozone depletion to 95.0% for ecotoxicity.
Acidification, fossil fuel depletion, global warming, and respiratory
effects each decrease to 64–69% of their lab-scale values. These
reductions highlight the potential resource efficiencies and pro-
cess optimizations achievable at industrial scales. However, the
comparatively smaller decline in ecotoxicity suggests that certain
inputs or byproducts may remain challenging to mitigate.

In the case of Cu-MOF (Figure 10b), the scale-up effect is
even more pronounced. Large-scale acidification, fossil fuel deple-
tion, and global warming impact each fall to 21, 18, and 15% of
their respective lab-scale levels, while ozone depletion and respi-
ratory effects similarly drop to 16 and 14%, respectively.
Ecotoxicity decreases to 57%, indicating that although the overall
726
footprint is substantially reduced, potential toxicological concerns
persist. The dramatic improvements in most categories likely
reflect greater energy efficiency and streamlined process design
at larger production volumes. Zn-MOF (Figure 10c) also exhibits
marked impact reductions upon scale-up. Large-scale acidifica-
tion declines to 30% of the lab-scale impact, while fossil fuel
depletion and global warming both drop to around 15–18%.
Ecotoxicity decreases to 49%, ozone depletion to 16%, and
respiratory effects to 22%. Although these values are not as
low as those achieved by Cu-MOF under large-scale conditions,
the data suggest that Zn-MOF manufacturing similarly benefits
from economies of scale and improved resource utilization.
Overall, these findings highlight that transitioning from lab-

scale to large-scale fabrication can yield substantial environmental
benefits for MOFs, resulting to more efficient material utilization,
reduced waste generation, and optimized energy consumption.
https://doi.org/10.1021/acssusresmgt.5c00499
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Figure 9. Relative contributions of ethanol, benzimidazole, zinc sulfide, nitric acid, oxygen, and water to six environmental impact categories (acid-
ification, ecotoxicity, fossil fuel depletion, global warming, ozone depletion, and respiratory effects) in the lab-scale synthesis of Zn-MOF. Ethanol
dominates the overall environmental burden across all categories, while benzimidazole shows a notable share in acidification and respiratory effects.
Other chemicals contribute minimally in comparison.
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However, certain impact categories, particularly ecotoxicity,
remain comparatively higher in some MOFs even at larger scales,
indicating the need for further process refinement and potential
substitution of high-impact reagents to fully realize the sustainabil-
ity potential of MOFs in industrial applications.

3.5. Cumulative Energy Demand (CED) of MOF Fabrication

Table 2 summarizes the actual CED values for levofloxacin, Ag-
MOF (large scale), Cu-MOF (large scale), and Zn-MOF (large
scale). These data encompass multiple energy sources, including
fossil, nonrenewable biomass, nuclear, renewable biomass, water,
and wind/solar/geothermal (WSG). To contextualize the impact
of functionality (i.e., antibacterial efficacy), Figure 11 compares
functional (Figure 11a) and nonfunctional (Figure 11b)
727
normalized CED values, following the same approach used for
the environmental impact assessment.
In the functional scenario (Figure 11a), levofloxacin is set to

100% for each energy source, providing a benchmark to which
the MOFs are compared. Under this framework, all three
MOFs exhibit markedly lower fossil energy demands, ranging
from 0.02% (Ag-MOF) to 0.26% (Zn-MOF) relative to levoflox-
acin. A similar trend is observed for nuclear and water sources,
where Cu-MOF and Zn-MOF remain below 1% in most catego-
ries, reflecting the considerably smaller mass of MOF required for
equivalent antibacterial performance. However, renewable bio-
mass usage increases more substantially for Cu-MOF (3.17%)
and Zn-MOF (4.76%), suggesting that certain upstream pro-
cesses for these materials, potentially related to raw material prep-
aration, utilize renewable sources at a higher relative fraction.
https://doi.org/10.1021/acssusresmgt.5c00499
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Figure 10. Normalized environmental impacts for lab-scale and large-scale production of (a) Ag-MOF, (b) Cu-MOF, and (c) Zn-MOF across six
impact categories (acidification, ecotoxicity, fossil fuel depletion, global warming, ozone depletion, and respiratory effects). The data illustrate substan-
tial reductions in most categories when transitioning from lab-scale to large-scale fabrication, highlighting the potential resource efficiencies and pro-
cess optimizations achievable at larger production volumes.
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In contrast, the nonfunctional scenario (Figure 11b) evaluates
energy use per 1000 kg of material, regardless of antibacterial
efficacy. Here, Ag-MOF is normalized to 100%, and levofloxacin
appears comparable in some categories (e.g., fossil at 98.73%),
while Cu-MOF and Zn-MOF exhibit notably lower demands
(fossil at 8.46−8.58%). This reversal reflects the high resource
intensity of scaling up Ag-MOF production. For instance, the
nuclear energy usage for Cu-MOF (3.52%) and Zn-MOF
728
(2.96%) remains substantially lower than that of Ag-MOF,
implying that the bulk production of copper- or zinc-based
frameworks may rely less heavily on nuclear-powered processes.
These findings align with the trade-offs identified in the envi-

ronmental impact assessment. When viewed through a functional
lens, Ag-MOF’s strong antibacterial efficacy translates into lower
overall energy demand, whereas nonfunctional analyses per kilo-
gram show that large-scale silver-based production can be more
https://doi.org/10.1021/acssusresmgt.5c00499
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Figure 11. Normalized cumulative energy demand (CED) for the antibacterial agents evaluated under two scenarios: (A) functional scenario, where
the CED is normalized based on the mass required to fabricate 100,000 wound dressings (benchmark: levofloxacin = 100%), and (B) nonfunctional
scenario, where the CED is assessed per 1000 kg of production (benchmark: Ag-MOF = 100%). Energy sources include fossil fuels, nonrenewable
biomass, nuclear energy, renewable biomass, water, and wind/solar/geothermal energy.
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energy-intensive than Cu-MOF or Zn-MOF. These insights high-
light the importance of considering both the inherent production
burdens and the effective dose requirements when selecting the
most sustainable antimicrobial materials.
4. DISCUSSION

Scaling up the MOF synthesis from bench-scale protocols to
industrial production presents not only opportunities for greater
efficiency but also challenges that conventional LCA frameworks
may overlook. Our process-grouping analysis reveals that silver
precursors and ethanol dominate the impacts of acidification, eco-
toxicity, and ozone depletion under both laboratory- and large-
scale scenarios, making them the first critical levers for sustainable
scale-up. To mitigate silver-related burdens, future work should
adopt closed-loop recovery, such as precipitating Ag+ with 0.1 M
Na2S to form Ag2S, followed by thermal reduction or electrowin-
ning, to regenerate metallic silver. Simultaneously, solvent impacts
can be minimized by replacing ethanol with greener alternatives,
such as ethyl lactate (boiling point of 154 °C), which can reduce
aquatic ecotoxicity by over 30%. This can be achieved by exploring
bio-based alcohols or aqueous biphasic systems and integrating on-
site distillation units capable of achieving ≥95% solvent recovery.
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Batch sonication and heating steps, although adequate at the
lab scale, become energy-intensive when scaled up. Researchers
should explore continuous microreactor platforms for sono-
chemical or microwave-assisted MOF synthesis, offering supe-
rior mass/heat transfer and dramatically lower per unit energy
demands. Alternatively, they can use modular heat integration
strategies—such as coupling exothermic crystallization heat to
preheat incoming feed, minimizing external thermal inputs,
and flattening peak energy loads.
Another approach can focus on material innovation for circu-

larity and multifunctionality. Beyond dosage normalization,
achieving a true cradle-to-cradle paradigm will require designs
that extend the utility of MOFs and enable end-of-life valoriza-
tion. For example, instead of a single silver core metal, bimetal-
lic or doped frameworks that reduce silver content while
retaining antibacterial potency, e.g., Ag/Cu or Ag/Zn co-
MOFs, can lower upstream burdens without sacrificing efficacy.
In contrasting the three MOF materials with the levofloxacin

benchmark, several distinctive trade-offs become apparent. The
Ag-MOF’s exceptional potency, requiring only a fraction of the
mass of levofloxacin to achieve equivalent bacterial inhibition,
stems from its high silver content, yet this comes at the cost
of substantial upstream impacts from the silver precursor syn-
thesis and purification. In comparison, Cu-MOF and Zn-MOF
https://doi.org/10.1021/acssusresmgt.5c00499
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Table 2. Cumulative Energy Demand (CED) for Levofloxacin, Ag-MOF (Large Scale), Cu-MOF (Large Scale), and Zn-MOF
(Large Scale)a

functional cumulative energy demand (CED)

impact category unit levofloxacin Ag-MOF (large scale) Cu-MOF (large scale) Zn-MOF (large scale)

fossil MJ-eq 155775.61 31.56 267.07 405.98
biomassb MJ-eq 11.22 0.00 0.07 0.12
nuclear MJ-eq 11520.73 3.74 13.19 16.60
biomassc MJ-eq 30095.77 10.01 953.35 1431.24
water MJ-eq 4319.14 1.64 7.02 9.45
WSG MJ-eq 1321.09 0.56 8.50 12.11
total MJ-eq 203043.57 47.51 1249.21 1875.49

nonfunctional CED
impact category unit levofloxacin Ag-MOF (large scale) Cu-MOF (large scale) Zn-MOF (large scale)
fossil MJ-eq 3115512.27 3155664.30 267070.81 270652.40
biomassb MJ-eq 224.45 175.39 72.00 77.96
nuclear MJ-eq 230414.70 374262.70 13190.27 11067.78
biomassc MJ-eq 601915.39 1000897.85 953354.88 954160.54
water MJ-eq 86382.73 163889.29 7018.52 6296.67
WSG MJ-eq 26421.79 56235.70 8501.23 8074.26
total MJ-eq 4060871.33 4751125.23 1249207.71 1250329.61

aThe total CED (MJ-eq) is broken down by energy source—fossil, nonrenewable biomass, nuclear, renewable biomass, water, and wind/solar/
geothermal (WSG)—illustrating the relative contributions of each to the overall energy footprint. bNonrenewable. cRenewable.
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demand higher dosages for the same antimicrobial effect but lever-
age more abundant, lower-impact metal salts and predominantly
aqueous processing, resulting in a more balanced environmental
profile when normalized to functional efficacy. Unlike levofloxacin,
which relies on irreversible, multistep organic syntheses and faces
mounting concerns over antimicrobial resistance and regulatory
limits on antibiotic discharge, the crystalline MOF frameworks
can be engineered for controlled ion release and even regenerated
through mild chemical or thermal treatments, offering a route to
circular material use that small-molecule drugs cannot match.
The porous nature of MOFs affords tunable pore environments
and co-ligation strategies for multipathogen targeting, in stark
contrast to the single-mode mechanism of levofloxacin.

While wound-dressing fabrication provides a clear applica-
tion case, broader deployment scenarios (e.g., water filtration
cartridges and surface coatings in healthcare settings) should
be evaluated. Defining functional units by service life, such as
liters of water treated per gram of MOF or days of surface ste-
rility, would guide the design of frameworks optimized simulta-
neously for performance longevity and minimal environmental
footprint. To facilitate industrial adoption, future studies should
couple LCA with techno-economic modeling. For example,
developing cost-of-goods estimates that incorporate solvent
recovery capital expenditures and metal recycling revenues or
engage with regulatory stakeholders early to align process
designs with environmental discharge limits for silver and sol-
vent emissions ensures that scale-up strategies satisfy both eco-
nomic and environmental compliance.
5. CONCLUSIONS

In this study, we evaluated the cradle-to-gate environmental
performance of three prominent MOFs (Ag-MOF, Cu-MOF,
and Zn-MOF) against the widely used antibiotic levofloxacin
by normalizing all impacts to the dosage required for equivalent
antibacterial efficacy. Our results reveal that, while Ag-MOF
730
delivers the lowest functional mass per application, its silver-
driven hotspots impose substantial upstream burdens; con-
versely, Cu-MOF and Zn-MOF offer more moderate impact
profiles at the expense of higher material requirements. When
scaled up to industrial levels, solvent recovery and metal-
recycling strategies significantly reduce the environmental gap
between MOFs and conventional antibiotic production, high-
lighting substantial opportunities for process intensification
and circular design. By embedding experimentally measured
minimum bactericidal concentrations (MBCs) into LCA met-
rics, this work establishes a rigorous framework for comparing
emerging antimicrobial materials with commercial benchmarks
and underscores the potential of MOF platforms to achieve sus-
tainable, scalable alternatives to traditional pharmaceuticals.
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