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ABSTRACT: Magnetite nanoparticles (MNPs) have important Continuous coprecipitation s
applications in several industrial and scientific fields for the |woir ) .o ;—~
remediation of contaminated soil and water, for instance. Emerging \é/ {\ A r B ﬂ
technologies such as microfluidic techniques have been adapted to & # Scaling-up %

continuously synthesize MNPs showing appealing results, such as a

narrower size distribution. Therefore, this approach might become

important for producing MNPs to meet industrial requirements. In -

this study, a life cycle assessment (LCA) is conducted to analyze Life Cycle Assessment ‘

and evaluate the impacts of the synthesis of MNPs performed in ' ﬁ r I
Use and

Laboratory scale Industrial production

microfluidic devices. This LCA considers all of the steps required - Synthesis > _
for MNP production at a laboratory and possible industrial scales. :-System o oges pend ol ——

The LCA results showed that the rivets suitable for device inlets implications

and outlets and the chemicals required for the synthesis process

have the highest contribution to all impact categories, i.e., 80 and 90%, respectively. These results thus contribute to determining the
overall environmental performance of each step during the synthesis of MNPs. The contribution analysis reveals that the
manufacturing stage has a contribution of 97% at the lab scale, while the operation stage shows a contribution of 82% at the
industrial scale. Finally, a sensitivity analysis is performed to identify the possible scenarios for replacing rivets required to
manufacture microfluidic devices.

KEYWORDS: life cycle assessment, magnetic nanoparticle, microfluidic, scaling-up, emerging technologies

Bl INTRODUCTION methods, due to their high associated cost and complexity,
include those based on sonochemistry and thermal decom-
position.”™"" More recently, the synthesis enabled by micro-
fluidic devices has gained significant attention as they provide a
powerful platform to prepare, functionalize, and manipulate
nano/micromaterials such as magnetite.lz_14

Microfluidic techniques have shown advantages in nano-
particle synthesis processes that involve diffusion, emulsifica-
tion, and mixing in continuous synthesis schemes.'>”"
However, one of the main drawbacks of microfluidics is the
need for sophisticated cleanroom microfabrication techniques
to precisely control the device’s characteristics."® We overcame
this major issue by introducing a low-cost manufacturing
method for the devices that rely on widely available and
inexpensive laser cutting techniques.'” ™' Specifically, for the
MNP synthesis, the microfluidic approach is attractive because
of its high portability, the possibility of particle size control,

Magnetite nanoparticles (MNPs) are widely used for industrial
and scientific applications due to their unique electric and
magnetic properties, ease of synthesis and functionalization,
and feasibility for size control and polydispersity by fine-tuning
synthesis parameters.” Some of such properties include
superconductivity, superparamagnetism, water relaxation,
magnetic sensitivity, etc.”® For this reason, MNPs have
found meaningful applications, including the production of
printed electronics, the remediation of soil and surface and
groundwater, the production of drug delivery vehicles, the
development of medical diagnostics devices, and the
manufacturing of memory data storage devices.*® Considering
that the large-scale manufacturing of MNPs is critical to enable
these applications, it becomes critically important to determine
which types of impacts such processes have where on the
environment, covering aspects of human health, ecosystem
degradation, and resource use. =
MNPs can be produced by different processes based on Received: November 16, 2022 Sustamable
physical, chemical, and biological methods with different Revised:  April 10, 2023
mechanisms, inputs, yields, and reaction conditions.” In this Published: April 21, 2023
regard, some of the simplest and most common methods to
produce MNPs include sol—gel approaches and chemical
coprecipitation of iron chlorides.” Alternatively, less popular

© 2023 The Authors. Published b
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Figure 1. Operation flowchart of the MNP synthesis at an industrial scale: (1) reagent solution production, (2) synthesis of MNPs, (3) magnetic

separation, (4) washing, and (5) conditioning and storage.

and applicability on a large scale.”” Also, superior control on
thermal and mass transfer during nanoparticle synthesis leads
to high surface-to-volume ratios and improved magnetic
properties.””> This makes such an approach an appealing
route to achieve the high reproducibility required for large-
scale production. However, the scaling-up of emerging
technologies from the laboratory to the industrial scale
involves various challenges, including adaptability to other
materials, complex manufacturing and operating processes, and
determining their environmental impact.”* Several studies have
demonstrated that there is an avenue to evaluate their
environmental performance through the life cycle assessment
(LCA) methodology.z‘;’26

The LCA methodology has been widely used to assess the
environmental sustainability of new products and emerging
technologies in the early stages.”” In particular, this method-
ology has been used in different fields that involve nanoma-
terials such as photovoltaic systems,”® soil remediation,” water
remediation, lithium-ion batteries using silicon nanotubes for
electric vehicles,” and biogas production.’” These studies have
demonstrated the important role of LCA in the identification
of environmental hotspots from early development phases to
promote improvement actions. Therefore, this study assesses
the environmental impacts related to the production of MNPs
going from the laboratory scale to an industrial scale through
an LCA analysis.

This work proposes a possible scaling-up of the synthesis of
MNPs using many microfluidic devices working in parallel.
Such an increase is envisaged to go from a laboratory scale to
an industrial scale. In this context, our work aims at
investigating what would be the environmental impacts of
such an increase in scale and understanding the possible
shifting of burdens among environmental impact categories
and from one part of the product life cycle to another. Overall,
the goal is to identify the portions of the process chain that
contribute most to the environmental impacts as the basis for
coming up with alternatives to reduce the environmental
hotspots. Therefore, we carried out an LCA study considering
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all of the steps related to the microfabrication of the devices
and to the production of MNPs at both the laboratory and
industrial scales, including materials, electricity, and wastewater
generated.

B METHODS

Synthesis of Magnetite Nanoparticles (MNPs). MNPs were
synthesized by the continuous coprecipitation technique within a
microfluidic device equipped with two inlets, as described by Florez et
al’s study.” Briefly, the reaction is carried out by injecting through
one inlet a sodium hydroxide (NaOH) solution (800 mM) at a rate of
1 mL/min and through the other a mixture of aqueous solutions of
iron (II) chloride tetrahydrate (FeCl,-4H,0) (100 mM) and iron
(IIT) chloride hexahydrate (FeCly;:6H,0) (200 mM) at a rate of 0.5
mL/min. Finally, the obtained MNPs were kept in an aqueous
solution of tetramethylammonium hydroxide (TMAH) (2% v/v)
overnight to avoid agglomeration.

Microfluidic devices were manufactured following the design for
the 3D micromixer (3DB) reported by Florez et al.,>* which achieved
an important dynamic mixing due to its 90° elbows allowing for
abrupt changes in the fluid direction. This microfabrication involves
laser cutting and engraving of the microfluidic channels on
poly(methyl methacrylate) (PMMA) sheets. Ethanol (96% v/v) was
spread on the layers, and the surfaces were then assembled with the
aid of a custom-made press that allowed for increasing the
temperature. Finally, the connection to the external fluidic circuit
was enabled by rivets glued to the inlets and outlets of the device.

Here, in this work, we divided this synthesis process into two
different stages: (i) a manufacturing stage involving the fabrication of
microfluidic devices and (ii) an operation stage including all of the
processes for the synthesis of the MNPs, as described above.

Scaling-Up of the Process. The microfluidic process for the
synthesis of MNPs was scaled up from the laboratory to the industrial
scenario by considering production of 100 t/a. We assumed that the
industrial plant based on microfluidic devices would work 100% of the
time per year and that, as a first approximation, one defective device
must be replaced every 2 days, ie, 365.25/2 = 183 devices. As the
production of a single microfluidic device is 1 g/h, this implies that
industrial production requires a parallel operation of 100/(1.107¢ X
24 X 365.25) + 183 = 11 591 microfluidic devices, as well as several
pieces of industrial equipment, as shown in Figure 1. This scaling-up
approach followed the framework reported by Piccinno et al,** and all

https://doi.org/10.1021/acssuschemeng.2c06875
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stages and mass and energy balances were derived from the operation
at the laboratory scale.

The MNP production process is carried out in five different stages:
(1) All of the reagent solutions, i.e., FeCl,, FeCly, NaOH, and TMAH
solutions, should be prepared using mixing tanks and platform scales
are required to measure the required reagents. Deionized water is
necessary to make these solutions and is supplied through pumps
from the main water tank. (2) These solutions should be pumped to
each inlet of all microfluidic devices to enable the continuous
synthesis of the MNPs. (3) MNP separation is assumed to be
performed with the aid of a magnetic field externally applied to the
collecting vessels. (4) These MNPs are washed several times with
water, generating wastewater. Finally, (5) MNPs are mixed with the
TMAH solution to avoid agglomeration during their storage.

The needed reagents were estimated by linearly scaling-up the
process with the aid of stoichiometric ratios. Solutions of such
reagents are produced using 1000 L mixing tanks. These tanks require
a specific stirring energy input, which was calculated considering the
density of each solution and the mixing time. Electricity consumption
for pumping was calculated considering the flow rate (L/min) of each
solution in the mixing tanks. Its power consumption was also
calculated by taking into account power and operating time, similar to
other pieces of equipment such as the laser cutter, conveyor belt, and
platform scale. The pieces of equipment needed to produce MNPs at
an industrial scale are summarized in Table 1. The total electricity
consumption for such equipment needs is estimated at 81 233 kWh.
This electricity consumption is analyzed with different electricity
mixes.

Table 1. Power Consumption of the Equipment for the
Production of MNPs at the Industrial Scale

equipment power (kW)  quantity  total consumption (kWh)
laser cutter 1.5 3 4278
conveyor belt 1.12 2 12
oven 7 1 43
platform scale 0.01 7 168
mixing tank 0.5 15 1850
pump 0.37 27 74 880

Life Cycle Assessment. This study follows the LCA methodology
defined in the ISO 14040-44 standard, where four steps are addressed
to assess the environmental impacts of the MNP synthesis process
using microfluidic devices.”* These steps are (1) goal and scope
definition, which includes objectives, the functional units for both
scales of production, and the system boundaries; (2) life cycle
inventory (LCI), which includes the collection of data related to each
step in the synthesis process, determining the relevant flow of raw
materials, energy, water, and waste generated; (3) life cycle impact
assessment (LCIA), which classifies the inventory data according to
their potential impact categories; and (4) interpretation, where the
results are analyzed in terms of contributions, identification of
environmental hotspots, sensitivity analysis, and alternatives for
reducing the negative effects on the overall environmental perform-
ance.

Goal and Scope. This study aims to analyze and evaluate the
environmental impacts associated with the synthesis process of MNPs
using the 3DB micromixing device. Both manufacturing and operation
stages were first addressed, on the one hand, at the laboratory scale
and, on the other hand, at the industrial scale, where the increase in
the production scale was achieved by increasing the number of
microfluidic devices required for synthesis. One of the objectives of
this work was to identify the stage and the associated subprocesses
that contribute the most to the environmental impacts (which are not
necessarily the same step or subprocesses according to the scales
studied) and to provide possible ways for mitigating them. The
function of the system was defined according to the synthesis process
of MNPs for each scale. In this regard, at the laboratory scale, the
functional unit was defined as 1 g/h of MNPs, while it was 100 tons
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per year at the industrial scale. The LCA considered here for both
scales was based on an attributional approach or descriptive “cradle-
to-gate.” Figure 2 shows the flowchart diagram for the synthesis of
MNPs, including raw materials, the energy required, and generated
waste. Additionally, the system boundaries were defined from the
production of chemicals, electricity, transport, and the materials
required to manufacture the microfluidic devices up to the MNP
production. We excluded the final use of MNPs and their end of life
as well as the production of process equipment such as mixing tanks,
pumps, platform scale, and the pipeline for the industrial scale.

Life Cycle Inventory. At the laboratory scale, the life cycle
inventory (LCI) was calculated based on our previous analysis of the
MNP synthesis by micromixers.”> In contrast, at the industrial scale,
the inventory was calculated following the scaling-up procedure
reported by Piccino et al.** Their study proposes that scaling-up of
chemical processes can be conducted from available laboratory
experiments following a five-step procedure. First, we obtained all of
the process stages and involved mass and energy balances for the
synthesis of MNPs from our previous experiments. Second, we
sketched the flow diagram with this information, as shown in Figure 2.
Third, each process was scaled up according to the framework for raw
materials and pieces of equipment. Fourth, the inputs and outputs of
each process were scaled up. Finally, we conducted the LCA analysis
of the scaled-up process.

In this study, the complete inventory was modeled in OpenLCA
1.11 software. Background data for chemicals, materials, transport,
and electricity required for each stage were obtained from the
Ecoinvent 3.5 database and are summarized in Tables 2 and S-1.

Transport was included at both laboratory and industrial scales to
complete the inventory, considering that the MNPs are produced in
Bogota, Colombia. The distance for transporting the chemicals at the
laboratory scale was assumed to be 40 km, which corresponds to the
distance from a local chemical store (where the chemicals were
purchased) to the laboratory. At the industrial scale, we considered
that raw materials need to be imported from Qingdao, China to
Bogota, Colombia. Hence, the transport distance was assumed to be
16 882 km by ship and 1045 km by lorry from the seaport to Bogota.

TMAH Calculation. A special case was to build the life cycle
inventory of the production of TMAH that was modeled as a product
system using OpenLCA software and the Ecoinvent 3.5 database.
According to eq 1, TMAH is obtained from an equimolar reaction of
TMACI with KOH, generating KCl as a byproduct. Moreover,
TMACI is also obtained from the equimolar reaction of trimethyl-
amine with methyl chloride, as shown in eq 2. As these production
processes were reported in the database, the environmental impacts of
the production of TMAH can be estimated according to the inventory
reported in the Supporting information, Table S-2.

N(CH,)!, CI” + KOH — N(CH,);, OH™ + KCl (1)

)

An economic allocation was considered that includes the selling price
of TMAH and KCI as chemical reaction products. According to
Ardente et al,** economic allocation is suitable when the main
product has a higher price than other coproducts, and therefore, the
price can be related to quality features that cannot simply be
measured by physical criteria. At the time of writing this article, the
selling prices for TMAH (CAS: 10424-65-4) and KCl (CAS: 7447-
40-7) are 1371.61 and 129.32 USD/kg, respectively.*®*” Thus, the
allocation was defined in OpenLCA as 0.09 for KCI and 091 for
TMAH.

Life Cycle Impact Assessment (LCIA). The impact assessment
method applied in this study was the ReCiPe 2016 Midpoint (H).
This method provides a higher degree of detail for measuring the
environmental performance of a product or a process through the
characterization factors that are representative on the global scale.’**’
Moreover, the ReCiPe method allowed us to determine the inventory
to evaluate the land, air, and water environmental impacts and the
resource scarcity associated with MNP production using a set of
impact categories. Results were assessed in 18 different midpoint

N(CH,); + CH,Cl — N(CH,)}, CI”
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Figure 2. System boundaries for producing MNPs, considering the manufacturing and operation stages.

Table 2. Life Cycle Inventory Data for the Synthesis

stage flow
PMMA
PEEK and FEP tubing

rivets

manufacturing

ethanol

electricity

water consumption

transport, lorry

transport, ship

iron(1I) chloride tetrahydrate (FeCl,-4H,0)
iron(III) chloride hexahydrate (FeCly-6H,0)
sodium hydroxide (NaOH)
tetramethylammonium hydroxide (TMAH)

electricity

operation

deionized water
transport, lorry
transport, ship

of MNPs at Laboratory and Industrial Scales

laboratory scale 1 g/h industrial scale 100 t/a

magnitude amount unit GSD amount unit GSD
volume 169 x 107%  m? L10  193x 107" md 1.51
mass 120.47 kg 1.77
mass 4 x 107 kg 103 456.32 kg 1.06
volume 210X 107 m? 105 468x 107" md 1.51
energy 473 x 107" kWh 123 4338 kWh 12§
volume 530 X 107 m® .03 205x 107" md 1.51
mass X distance 3.06 kg-km 1.23 1225.8 t-km 1.23
mass X distance 1294.41 kg-km 1.23 20497.3 t-km 1.23
mass 8.60 X 107 kg 103 858668 kg 1.51
mass 233 x107% kg 103 2334872 kg 1.51
mass 138 x 100 kg 1.03 1381989 kg 1.51
mass 224 X107 kg 1.10 2240 kg 1.51
energy 770 X 1002 kWh 123 76895 kWh 12§
volume 102X 107 m? 1.03 170459 m’ 1.51
mass X distance 1.84 x 107" kg-km 1.23 480 483.7 tkm 123
mass X distance 77.53 kg-km 1.23 7787 84.5 t-km 1.23

categories, such as fine particulate matter formation (FPMF), fossil
resource scarcity (FRS), freshwater ecotoxicity (FE), freshwater
eutrophication (FEut), global warming (GW), human carcinogenic
toxicity (HCT), human noncarcinogenic toxicity (HNCT), ionizing
radiation (IR), land use (LU), marine ecotoxicity (ME), marine
eutrophication (MEP), mineral resource scarcity (MRS), ozone
formation, human health (OFHH), ozone formation, terrestrial
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ecosystems (OFTE), stratospheric ozone depletion (SOD), terrestrial
acidification (TA), terrestrial ecotoxicity (TE), and water con-
sumption (WC). The shifting of burdens among environmental
impact categories means the transfer of hotspots from one
environmental impact category, for instance, CC to FEut (as often
observed in the case of biosourcing chemical ingredients due to the
runoff of excess fertilizer used).

https://doi.org/10.1021/acssuschemeng.2c06875
ACS Sustainable Chem. Eng. 2023, 11, 6932—6943
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Figure 3. Contribution analysis for inputs to the generated wastewater during the synthesis of MNPs: (A) at the laboratory scale and (B) at the

industrial scale.

B RESULTS AND DISCUSSION

Wastewater Calculation. Wastewater generated during
the synthesis of MNPs was calculated with the aid of the
Wastewater Life Cycle Inventory Initiative (WW_LCI_V4.0)
tool with parameters obtained from US EPI SUITE, Simple-
Treat, and SimaPro software V9.0. (Ecoinvent 3.5 database
and ReCiPe 2016 method).*’ SimaPro software was employed
to obtain the environmental impacts of each compound
present in wastewater by considering a plant located in France
with a standard treatment method (see the Supporting
information, Table S-3).

This approach considered some assumptions for molecules
that have not been reported in the wastewater treatment tool.
For example, the iron present in iron chloride(II) and iron
chloride(IIT) was assumed to be the same iron reported in the
wastewater tool. Moreover, the chlorine present in iron
chloride(II) and iron chloride(IlI) and sodium hydroxide
were assumed to be sodium chloride. Additionally, N,N-
dimethylformamide was chosen as a good proxy of TMAH,
and impacts on water treatment were taken from unpolluted
wastewater reported in the Ecoinvent 3.5 database.

The relative contribution of each of these molecules to
wastewater was calculated from the concentrations used in
laboratory experiments; i.e., 15% iron(1l), 15% iron(III), 95%
NaOH, 95% TMAH, 100% ethanol, and 80% water were
contributing to the wastewater. According to these results, the
total impacts of the wastewater generated in the synthesis
process of MNPs were estimated and are shown in Figure 3.
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Figure 3A shows that ethanol, which is required to assemble
the microfluidic device in the manufacturing stage, has the
highest contribution to the wastewater at the laboratory scale.
Ethanol has indeed the highest contribution to the following
impact categories: terrestrial acidification (99%), stratospheric
ozone depletion (99%), ozone formation (99%), ionizing
radiation (98%), fine particulate matter formation (97%), and
marine eutrophication (93%). The impacts on categories
related to aquatic and terrestrial ecosystems can be attributed
to emissions during the distillation process of ethanol.""**

Water consumption has the highest contribution to
wastewater at the industrial scale, as shown in Figure 3B.
The results show that the impacts associated with the
consumption of water are dominant in nine impact categories,
mainly in resource scarcity and freshwater categories. This is
important because, as has already been reported, freshwater
resources are of great importance within socio-economic and
ecological systems as their management is key for maintaining
ecological functions and biodiversity."’ Moreover, inappro-
priate management might lead to alterations in the water cycle
and the drying up of rivers, streams, and lands.**

The TMAH molecule has a significant impact on the land
use and marine eutrophication categories. These impacts are
related to the high risk of exposure and the release of TMAH
into the environment.*> Moreover, this chemical is not only
toxic to aquatic organisms but also harmful to human health.
Several studies have indeed reported many acute and adverse
effects of TMAH on human health, such as chemical burns,
respiratory failure, and sudden death.** Accordingly, it is
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Figure 4. Environmental hotspot analysis of chemicals used for the synthesis of MNPs: at the laboratory scale: (A) manufacturing stage and (B)
operation stage; and at the industrial scale: (C) manufacturing stage and (D) operation stage.
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Figure S. Contribution analysis for electricity, transport, and chemicals used to synthesize MNPs: (A) at the laboratory scale and (B) at the
industrial scale.
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Figure 6. Total contribution of each impact for the manufacturing stage, operation stage, and wastewater at (A) laboratory scale and (B) industrial

scale.

imperative to propose strategies to handle wastewater from
industrial MNP synthesis.

As well known, the intensive use of nanomaterials that are
synthesized through non-eco-friendly technologies may lead to
the unmanaged release of toxic compounds. Considering the
importance of wastewater discharges, several studies have
revealed strategies to reduce toxic effects from nanomaterials
synthesis that directly affect both human health and the
environment. Alternatives to traditional techniques for the
reuse and recycling of nanoparticles have been discussed,
which involve centrifugation and solvent evaporation.”” Recent
studies have demonstrated that the use of eco-friendly routes
during the production of nanoparticles is necessary to
neutralize the nanoparticle waste before disposal.*® Green
alternatives to produce MNPs based on the benefits of
microbes use such as bacteria, microalgae, yeast, actino-
mycetes, and fungi have also been reported to carry out
responsible industrial production.*’

Contribution Analysis. Figure 4 provides the hotspot
analysis for the synthesis of MNPs at laboratory and industrial
scales. The analysis shows the magnitude of impacts for each
impact category resulting from the inputs to the process.

Overall, rivets have the highest contribution for the
manufacturing stage compared to other materials, approx-
imately 80% of all impact categories. Rivets are manufactured
with a brass alloy composed primarily of copper and zinc.
Although this material is widely used for industrial
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applications, its use involves high environmental impact,
which can be attributed to properties such as corrosion
resistance, absence of magnetism, and machinability.50
Previous studies have reported that brass directly affects
marine organisms, which is evidenced by the high levels of
impact categories such as freshwater ecotoxicity (FE),
freshwater eutrophication (FEut), and marine ecotoxicity
(ME).>!

In the operation stage, iron chloride(III) and NaOH
contribute the most to the impact share, with approximately
40% of the contribution. According to Patifio-Ruiz et al,>*
these results can be attributed to the production of chemicals
that involve different anthropogenic activities. They reported
that these activities lead to environmental impacts related to
energy usage and disposal of industrial waste, which is
commonly released into soils and water sources.

The production of MNPs at the laboratory scale results in an
obvious use of fewer chemicals compared with the industrial
scale. However, deionized water usage has the largest
contribution to the impacts at the laboratory scale. This result
may be related to a large amount of water required for washing
the obtained MNPs to remove excess reagents. Consequently,
the environmental impacts associated with water were higher
than those of chemicals.

For both scales, results in Figure S show that the impacts
related to chemical usage dominated nearly all impact
categories and, in some cases, contributed to more than 90%
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Table 3. Uncertainties for LCIA Results Related to the Synthesis of MNPs at Laboratory and Industrial Scales

Laboratory Scale 1 g/h

impact categories mean geometric standard deviation 5% percentile 95% percentile CV
FPMF 3,89 x 107 1.32 X 107% 3.68 X 107 411 x 107% 3.4%
FRS 1.95 x 107 9.73 X 107% 1.80 x 107 2.11 x 107" 5.0%
FE 448 x 107 1.63 X 107 421 x 107 475 x 107 3.6%
FEut 246 X 107 8.96 X 107% 232 % 107% 2.61 X 107% 3.6%
GW 642 x 107 3.13 x 1072 592 x 107% 6.95 x 107% 4.9%
HCT 1.16 x 107 410 X 107% 1.10 x 107 1.23 x 107 3.5%
HNCT 1.64 x 10% 6.04 x 107" 1.54 X 1001 1.74 X 1001 3.7%
IR 6.69 x 107 240 X 107% 6.31 X 107 7.08 x 1072 3.6%
LU 1.10 X 107 341 x 107 1.04 x 107 1.15 X 107 3.1%
ME 6.50 X 107% 2.37 X 107 6.11 x 107% 6.89 X 107" 3.6%
MEP 1.75 x 107% 571 x 107% 1.66 x 107 1.85 x 107 3.3%
MRS 3.89 x 107 143 X 107% 3.66 X 1072 413 x 107 3.7%
OFHH 2.64 x 107% 9.62 X 107% 248 X 107% 2.80 X 107% 3.7%
OFTE 271 x 107% 9.88 X 107 2.55 X 107% 2,87 x 107% 3.6%
SOD 6.96 x 10777 2.38 X 107% 6.58 x 10777 7.35 x 10777 3.4%
TA 1.13 X 107 3.83 x 107 1.07 x 107 1.20 X 107 3.4%
TE 6.55 x 10% 2.42 % 10% 6.16 x 10° 6.94 x 10% 3.7%
WwC 9.00 X 107% 241 x 107% 8.60 X 107% 9.39 X 107% 2.7%
Industrial Scale 100 t/a
impact categories mean geometric standard deviation 5% percentile 95% percentile Ccv
FPMF 1.58 x 10% 2.73 x 10 1.19 x 10% 2.07 x 10% 17.3%
FRS 1.62 x 10% 2.90 x 10 1.19 x 10% 2.15 x 10% 17.9%
FE 2.81 x 10™ 591 x 10% 1.97 x 10* 3.92 x 10™ 21.0%
FEut 3.21 x 10 7.44 x 10% 2.14 x 10 4.59 x 10 23.2%
GW 5.78 x 10% 1.12 x 10% 4.16 x 10% 7.83 x 10% 19.4%
HCT 3.12 x 10% 6.72 x 10% 2.12 x 10 435 x 10 21.5%
HNCT 8.98 x 10% 1.85 x 10% 6.36 X 10% 1.25 x 10% 20.6%
IR 6.17 x 10™ 1.60 x 10% 3.89 x 10 9.07 x 10™ 25.9%
LU 5.89 x 10% 9.67 x 10 442 x 10% 7.66 x 10% 16.4%
ME 4.04 x 10 8.39 x 10% 2.85 x 10 5.60 x 10 20.7%
MEP 2.86 x 10% 6.46 x 10%° 1.92 x 10% 4,07 x 10% 22.6%
MRS 2.94 x 10% 6.46 x 10 2.04 x 10% 4.18 x 10% 22.0%
OFHH 2.66 x 10% 3.83 x 10% 2.10 X 10% 3.35 x 10% 14.4%
OFTE 2.69 x 10% 3.87 x 10” 2.12 x 10% 3.38 x 10% 14.4%
SOD 475 x 107! 1.11 x 107 3.15 x 107" 6.85 x 107! 23.4%
TA 3.62 x 10% 5.53 x 10 2.81 x 10% 4.61 x 10 15.3%
TE 3.89 x 10% 6.24 x 10% 2.98 x 10% 5.01 x 10% 16.0%
wC 2.80 x 10% 9.11 x 10% 1.63 x 10% 4.57 x 10% 32.5%

of life cycle burdens. At the industrial scale, this contribution
distribution is applied to all impact categories except land use,
ozone formation affecting human health, ozone formation
affecting terrestrial ecosystems, and terrestrial acidification
impact categories, where impacts due to transport are
significant. The impact of transport is evidently higher at the
industrial scale because more energy is needed to import the
larger amount of chemicals required in that case.

Transport considered at the laboratory scale showed lower
environmental implications due to the shorter distance
involved. In contrast, at the industrial scale, we assumed that
all chemicals were transported from China to Colombia using
freight transport by ship and lorry. Consequently, transport
impacted the ozone formation category significantly due to the
emissions of methane and volatile organic compounds (VOC)
to the atmosphere.”

Figure 6 shows the total contribution of each impact for
processing each stage and wastewater during the synthesis
process of MNPs. The manufacturing stage at the laboratory
scale shows the most considerable contribution, with
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approximately 97% of all impact categories. As mentioned
above, these results are attributed to rivet usage to assemble
the microfluidic device’s inlets and outlets and the use of
chemicals such as iron chloride(II) and sodium hydroxide.

The operation stage has the highest contribution to the 16
impact categories analyzed at the industrial scale. This stage is
mainly affected by the intensive use of chemicals for the
synthesis process and their transport. On the other hand,
wastewater generates significantly higher impacts than the two
other stages in the land use and marine eutrophication
categories. Wastewater contributes to 65% of considered
categories, which can be mainly attributed to TMAH usage
(see Figure 3B).

Alternatives to Reduce the Environmental Hotspots.
The environmental hotspot analysis revealed that rivets have
the largest contribution to all impact categories at both
laboratory and industrial scales. Therefore, their possible
replacement with another type of fitting made of a more
sustainable material might be appealing as an eco-design
strategy. In this regard, polyether ketone (PEEK) fittings could
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Figure 7. Sensitivity analysis for the two alternatives considered to replace rivets: (A) scenario 1 at the laboratory scale, (B) scenario 2 at the
laboratory scale, (C) scenario 1 at the industrial scale, and (D) scenario 2 at the industrial scale.

be a promising alternative, as evidenced by their relatively low
impact compared with other materials when considered for the
pipeline in our process at the industrial scale (see Figure 4).
Similarly, other fittings such as PDMS connectors, which have
been widely used for prototyping microfluidic chips, might be
an alternative to replace the rivets.”***

Another alternative to reduce the impacts of global warming
and fossil resource scarcity categories related to the
manufacturing stage is to decrease the thickness of the
PMMA sheets. Indeed, 3 mm PMMA sheets were used in the
work of Florez et al,”> and the use of 1 mm acrylic sheets
would reduce the impacts related to these categories by one-
third. Alternatively, one can reduce the amount of ethanol
while manufacturing microfluidic devices.

A third strategy is related to mitigating the high contribution
of NaOH (above 40%) to the impacts associated with the
chemicals used in most categories along the operation stage.
This reagent is used to adjust the pH during the MNP
synthesis. Sodium carbonate can be used alternatively for pH
adjustment since it has already been tested experimentally for
that purpose with fewer environmental effects.” Alternatively,
one can also reduce the amount of deionized water to wash the
MNPs.

Finally, after the production of MNPs, TMAH is used to
stabilize them in suspension by avoiding agglomeration during
the storage and packaging stages. Although TMAH has been
reported as a hazardous chemical, the associated impact is not
higher than that of other chemicals, with a contribution of only
about 2%. Therefore, replacing this compound would not
necessarily translate into enhanced environmental perform-
ance.

Uncertainty and Sensitivity Analysis. In this study, an
uncertainty analysis was performed to determine the reliability
of the results. Monte Carlo simulations were performed with
1000 iterations at the 95% confidence interval using OpenLCA
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v1.11.0 to estimate the uncertainties of LCIA results. Inventory
data sources were assessed using the Pedigree matrix approach,
and then log-normal distributions were defined based on the
calculated geometric standard deviation (GSD).>® The results
of the Monte Carlo simulation are summarized in Table 3,
which includes information on the uncertainty for impact
results in terms of the mean, GSD, § and 95% percentiles, and
the coefficient of variation (CV). The last is the ratio between
the GSD and the mean, which indicates the variation of the
uncertainty of the impact category results.””** Results revealed
that the CV for the laboratory scale was lower than that for the
industrial scale. These findings were expected due to the
uncertainty of the inventory data since the inventory was
acquired from experimental measurements for the laboratory
scale, whereas inventory data were mostly estimated for the
industrial scale. Moreover, the synthesis of MNPs using
emerging technologies such as microfluidics involves several
assumptions, leading to a large degree of uncertainty in the
impact scores.

A sensitivity analysis was performed considering the
environmental hotspot analysis. Results demonstrated that
rivet usage directly affects the manufacturing of microfluidic
devices. Therefore, the sensitivity analysis included two
alternatives as a replacement for rivets. The PEEK fittings
were represented by scenario 1, and the PDMS fittings were
represented by scenario 2. Figure 7 shows each scenario’s
environmental performance in terms of its contribution to the
manufacturing process. At both the laboratory and industrial
scales, PEEK fittings contributed 0.06 and 0.05% to each
impact category, respectively. The contribution from scenario
2 was 2.6% at the laboratory scale and 2.3% at the industrial
scale, respectively. Therefore, scenario 1 might be the best
alternative for replacing rivets because it might reduce
environmental burdens by around ~99.9% compared to the
use of rivets.
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Additionally, we carried out a supplementary sensitivity
analysis to investigate the influence of the geographical
electricity mix on the environmental implications of magnetite
nanoparticle (MNP) production at an industrial scale. We
compared the electricity mixes of Colombia, France, China,
Russia, and the United States to assess their respective
environmental impacts. The findings revealed a notable
increase in carbon-intensive electricity mixes, specifically
those of Russia, China, and the United States, which
demonstrated the highest contribution (refer to the Supporting
Information, Tables S-4 and S-5).

The electricity analysis indicated that the French electricity
grid contributed the least to the majority of impact categories.
Similarly, the Colombian grid exhibited the second-lowest
contribution to the overall impact.

B CONCLUSIONS

This work reports on a detailed LCA study to evaluate the
environmental impacts of producing MNPs using microfluidic
devices. The LCA was performed by employing inventory data
obtained from laboratory experiments and scaling-up calcu-
lations as well as the uncertainties related to the input data.
The environmental hotspot analysis of chemicals revealed that
rivets to connect the microfluidic devices to tubing had the
highest contribution to the manufacturing stage, reaching
about 80% of all evaluated impact categories. Based on the
sensitivity analysis, it can be concluded that it is possible to
reduce environmental impacts by changing the rivets for PEEK
fittings. Moreover, other alternatives could be considered, such
as reducing the thickness of the PMMA sheets and replacing
NaOH with a more environmentally friendly base.

In this regard, this work reports on the first LCA study of
microfluidic devices, which we are aware of, that consider
scaling-up calculations. Furthermore, the industrial production
of the MNPs introduced here is an innovative process whose
environmental impact, to our knowledge, had not been
analyzed previously. Therefore, this study contributes to
studying this process’ overall feasibility by providing detailed
information on the implementation of the LCA methodology
to assess comprehensively emerging technologies such as
microfluidics. This work represents a holistic understanding of
the potential environmental impacts of MNP synthesis
processes. Moreover, it paves the way for further analysis of
the overall sustainability and eventual introduction of such
emerging technologies into well-established manufacturing
processes. Finally, this work is expected to help future
environmental impact studies of nanomaterial production at
the laboratory and industrial scales.
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