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Abstract 

The synthesis of superparamagnetic iron oxide nanoparticles (FeOx-NPs) has rapidly 

developed over the past decade due to their wide-ranging applications in research and technology. 

However, at present there exists very limited knowledge about the environmental impacts of the 

various input materials and the energy required for different FeOx-NP synthesis approaches. In 

this study, we used cradle-to-gate life cycle assessment (LCA) to analyze and compare the 

environmental impacts of FeOx-NPs produced via seven common synthesis routes. Four different 

functional units (i.e., mass, mean particle size, specific surface area, and saturation magnetization) 

were used to normalize the environmental impacts and evaluate the corresponding changes. 

Overall, physical and biological synthesis routes exhibited high environmental impacts due to their 

higher input material and energy requirements. Interestingly, biological syntheses had the highest 

environmental impacts due to their reliance on bacterial culture media. All of the chemical 

synthesis routes had lower environmental impacts except the thermal decomposition method, 

which had higher environmental impacts due its use of non-polar organic solvents during 

synthesis. The lab-scale LCA inventory data and analysis presented here addresses the existing 

data gaps and helps guide future research for FeOx-NP synthesis under industrial conditions. The 

information generated by this effort aids in the identification of environmentally friendly and 

sustainable production pathways for FeOx-NPs.  
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Introduction 

Superparamagnetic iron oxide (Fe3O4/γ-Fe2O3) nanoparticles are a widely used class of 

NPs due to their controllable size and shape, tunable magnetic properties and biocompatibility.1, 2 

Iron oxide nanoparticles (FeOx-NPs) have wide ranging applications in biomedical engineering, 

biomedicine, bio-sensing, energy, electronics, water treatment and environmental remediation.2-9 

FeOx-NPs had an estimated market value of ≈60 million USD in 2020 that is expected to increase 

to 87.4 million USD by 2025.10 Due to the large scale production and widespread use of FeOx-

NPs, research into their potential environmental implications has become necessary to ensure 

sustainable nanotechnology. 

Compared to the rapid growth of FeOx-NP production and application techniques the 

evaluation of their environmental impact remains limited. Because FeOx-NPs have a broad range 

of applications, several FeOx-NP synthesis techniques using chemical, physical and biological 

approaches have been reported in the literature.3, 11, 12 Co-precipitation, hydrothermal, thermal 

decomposition, and sol-gel are among the conventional wet chemistry production methods of 

FeOx-NPs.13-16 Flame spray pyrolysis (FSP) is a vapor phase method for large-scale synthesis of 

FeOx-NPs, while electrochemical methods have been explored as promising alternatives due to the 

speed of the process and decreased energy requirements.17, 18 The use of energy intensive 

chemicals and reagents in mainstream synthesis methods have recently prompted investigations 

into alternative ‘green’ synthesis methods for FeOx-NPs. Previously, biopolymers were used as 

reducing and stabilizing agents instead of commonly used organic amines and acids in 

hydrothermal synthesis of FeOx-NPs.19 Plant extracts have been investigated as reducing agents 

for green synthesis and application of FeOx-NPs.20, 21 Furthermore, biological synthesis methods 

have been developed using bacterial culture as potentially eco-friendly methods of FeOx-NP 

production. Recently, the progress in large scale fermentation techniques using continuous fed-
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batch culture has allowed scaled up production of biomineralized magnetite/maghemite (Fe3O4/γ-

Fe2O3), also known as ‘magnetosomes’.22                             

Life cycle assessment (LCA) can be used to determine the environmental impacts of all the 

life cycle stages of a product, from raw material to end of life.23, 24 Previous studies suggest that 

LCAs effectively quantify the environmental impacts of energy intensive NP production 

processes.25-28 LCAs of FeOx-NP production processes can identify potentially energy intensive 

components with adverse environmental and health effects. Previously, the environmental impacts 

of Ag and TiO2 NPs produced via physical, chemical and bio-based production processes were 

studied using LCA.26, 27 Results from these studies showed that impacts associated with upstream 

production of bulk Ag and Ti were dominant across synthesis routes. Overall, physical and 

biological routes showed higher impacts compared to the chemical routes. However, there have 

been very limited studies on the LCA of FeOx-NP syntheses. Feijoo et al. compared FeOx-NPs 

with three different surface coatings (polyethylenimine, oleic acid, SiO2) via LCA.29 However, the 

FeOx-NPs were exclusively synthesized via co-precipitation with no other synthesis methods 

examined.29 Marimón-Bolívar et al. reported the ‘green’ synthesis of FeOx-NPs using glutathione 

as a stabilizer and used LCA to compare its environmental impacts with that of FeOx-NPs produced 

via co-precipitation.30  

The wide range of applications and high reactivity of FeOx-NPs have prompted 

investigations into the environmental toxicity of iron oxide nano-waste.31-33 Workers and 

consumers can be exposed to FeOx-NPs in different stages of the FeOx-NP life cycle, from 

production to disposal and reuse. During their life cycle, FeOx-NPs and nano-waste can get into 

the atmosphere and the aquatic environment through a number of exposure pathways (Figure 1). 

The different chemicals and energy processes required for FeOx-NP production processes can act 
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as potential drivers of overall impacts. The availability of reliable and validated inventory data is 

very limited for FeOx-NPs, which makes it challenging to quantify the environmental impacts of 

FeOx-NP production processes. Such information, if available, could contribute to the 

improvement of existing synthesis routes and the potential development of novel synthesis routes 

for commercial scale production of FeOx-NPs. 

In this study, we compiled LCA inventory data and compared the environmental impacts 

of seven mainstream and lab-scale  FeOx-NP synthesis methods across ten environmental midpoint 

categories. Four different functional units: mass, mean particle size, specific surface area, and 

saturation magnetization were used to normalize the data for comparison of the synthesis routes. 

In addition, the environmental impacts of producing 1 kg of six different Fe precursors were 

compared using LCA. The cumulative energy demand (megajoules, MJ) to produce 1 kg of FeOx-

NPs by each synthesis route and the different Fe precursors was calculated as absolute indicators 

of potential environmental impacts. The synthesis methods were evaluated for sensitivity to their 

dominant synthesis components. 

Figure 1. LCA midpoint categories selected based on the common exposure pathways of NPs 

in the environment. 
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Methods and Modeling 

Following the guidelines suggested by the International Organization for Standardization 

(ISO), the LCA modeling steps discussed herein consists of: 1) Scope and overview, 2) life cycle 

inventory (LCI) analysis, 3) life cycle impact assessment (LCIA), and 4) interpretation. 

Scope and Overview 

This study evaluated the environmental impacts of seven mainstream synthesis methods of 

FeOx-NPs, as well as six different Fe precursors based on their ‘cradle to gate’ (from raw materials 

to production) LCA profiles. The materials and input energy requirements for the FeOx-NP 

synthesis methods and Fe precursors were obtained from the literature on lab-scale synthesis 

methods of FeOx-NPs. Furthermore, energy intensive reagents and processes were identified and 

their contributions to the overall environmental impacts were quantified for each synthesis method. 

Life Cycle Inventory (LCI) Analysis 

Synthesis Procedures 

A summary of the synthesis methods studied are provided in Table 1. Details of the 

procedures and reaction mechanisms for the Fe precursors and synthesis methods are provided in 

the Supporting Information (SI). To construct the inventory for each synthesis route, specific 

studies were selected that were both highly cited and contained the most detailed information on 

FeOx-NP characterization (i.e., size, shape, specific surface area, saturation magnetization). In the 

cases where substances for 1 Kg of FeOx-NPs or Fe precursor synthesis were not found in the 

Ecoinvent database, those substances were broken down into their primary components as found 

in the Ecoinvent database. The total yield for FeOx-NPs using biological methods was not reported 

in the literature. Therefore, a yield of 100% assuming ideal conditions was used.26 The materials 

and input energy requirements to produce 1 kg of FeOx-NPs and Fe precursors were calculated 
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based on a combination of the stoichiometry of the synthesis reactions and scale up of the data 

provided in the literature, as shown in Figures S1-S8 and Tables S1-S8. 

Table 1. Summarized information on functional units of the FeOx-NPs produced by the seven 

mainstream lab-scale synthesis methods. 

Synthesis 

route 

Synthesis 

procedure 

Precursor(s) Mean 

particle 

diameter 

(nm) 

Specific 

surface area 

(m2 g-1 ) 

Saturation 

Magnetization

Ms (emu g-1) 

% 

yield 

used 

Ref. 

Chemical  Co-precipitation FeCl3.6H2O, 

FeCl2 

10 63.5 75.3 100% 13, 34 

 
Thermal 

decomposition 

FeO(OH) 7 150 38 95% 14, 35, 

36  

 
Hydrothermal FeCl2.4H2O 15.4 75.7

a
 53.3 90% 15, 37 

 
Sol-gel FeCl3.6H2O 8.5 138 41 80% 16, 38, 

39 
 

Electrochemical FeCl3 23 41.5 66 90% 18, 40 

Physical  Flame spray 

pyrolysis (FSP) 

Fe(C5H7O2)3 

[Fe(acac)3)] 

16 94 38 80% 17, 41 

Biological  Biological FeCl3.6H2O 40 29.1
a
 75 100% 42, 43, 

44, 45 

FeCl3 = Ferric chloride; FeCl2 = Ferrous chloride; FeO(OH) = Ferric OxyHydroxide; Fe(acac)3) = Ferric acetylacetonate 

a Specific surface area was calculated using the reported mean particle size assuming spherically shaped particles and 

smooth surface morphology. Calculations were performed using eq (1). 

 

Functional Units 

The primary functional unit considered in the LCA model for each of the synthesis routes 

and Fe precursors was 1 kg (mass-based) of FeOx-NPs produced by each method, which allows 

for equivalent comparison across the nanomaterials described in the literature.26, 27, 46 However, 

the use of only mass-based functional units is inadequate when considering changes in 

environmental impacts that arise due to the variable functional properties of FeOx-NPs. Therefore, 

the relative impacts for each method were rescaled based on three additional functional units: mean 

particle diameter (nm), specific surface area (m2/g), and saturation magnetization (Ms; emu/g) 
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(Table 1). Furthermore, the functional units in this study were utilized as ‘declared units’ since 

their use was limited to the normalization of the LCA dataset rather than to any NPs specific 

application. The mean particle diameter is a unique indicator of NP performance and can be 

controlled by varying the synthesis conditions. The mean particle diameters used in this study for 

all the synthesis methods have been reported in the literature based on transmission electron 

microscopy (TEM) measurements. Ms  is defined as the maximum saturation magnetization of a 

material induced by a sufficiently large external magnetic field. Ms is one of the most important 

properties used to quantify the magnetic behavior of superparamagnetic materials and is often 

measured to be a function of particle size and temperature. The Ms (emu g-1) values used for FeOx-

NPs for each synthesis method examined in this study were previously reported. In those cases 

where the BET (Brunauer–Emmett–Teller) specific surface area was not reported in the literature, 

eq (1) was used to calculate surface area, assuming NPs of roughly spherical shape and smooth 

surface.26 

A =
6

(𝜌×d)
              (1)  

where A  = specific surface area (m2/g), 𝜌 = 5.15 g cm-3 for magnetite13, 36 ; d = mean size (nm) for 

as-synthesized FeOx-NPs. 

Life Cycle Impact Assessment (LCIA) 

For the LCA of environmental impacts, SimaPro (version 9.1.1) was used with the 

Ecoinvent (v3.6) database for inventory calculation. TRACI 2.1 (tool for the reduction and 

assessment of chemical and other environmental impacts, v1.05) was used for normalization (US 

2008) and assessment of impacts. TRACI was chosen as a robust framework that can use the 

inventory of stressors (e.g., chemical requirements, energy use, etc.) to evaluate the land, air, and 

water environmental impacts, as well as resource depletion from FeOx-NPs production using a set 
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of built-in impact categories (Figure 1).47 The midpoint categories considered for impact 

assessment were ozone depletion (OD, kg CFC-11 equivalent), global warming potential (GW, kg 

CO2 eq), smog (PS, kg O3 eq), acidification (AC, mol SO2 eq), eutrophication (EU, kg N eq), 

human health cancer (HHC, CTUh), human health non-cancer (HHNC, CTUh), respiratory effects 

(RE, kg PM2.5 eq), ecotoxicity (EC, CTUe), and fossil fuel depletion (FF, MJ surplus). These 

midpoint categories are also consistent with the ones used in previous LCA studies on Ag and 

TiO2 NPs synthesis methods, which enables comparison across different nanomaterials.26, 27 For 

the energy required in all the syntheses for power, heating and mixing, we used the type of 

electricity in the Ecoinvent (v3.6) database designated as medium voltage electricity imported 

from the Northeast Power Coordinating Council (NPCC) in the US. Medium voltage electricity in 

SimaPro has been described as suitable for the production industry.48 The release of FeOx-NP 

waste to the Technosphere was not considered since it is not common practice to capture FeOx-NP 

waste-streams in laboratory scale synthesis and disposal practices vary widely between labs. 

Nanomaterial waste streams, or nanowaste can be difficult to quantify since they are part of 

different wastes, such as industrial wastes, e-waste, plastic wastes, etc. However, the recovery and 

recycling of nanowaste has become popular concepts that need further development to become 

part of mainstream production techniques.49, 50   

Interpretation 

Energy Demand Calculations 

Cumulative energy demand was calculated to compare the seven synthesis methods and 

six Fe precursors in terms of the direct and indirect energy utilization of the process. The 

cumulative energy demand (CED, v1.11) method, based on the ecoinvent 3.6 database in SimaPro, 

was used to calculate the energy demands in two non-renewable (fossil, nuclear) and four 

renewable (biomass, wind/solar/geothermal and water) categories. The total energy in MJ was the 
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sum of the energy demand in these six categories required to produce 1 kg of product (FeOx-NPs 

or precursors). The components contributing to the energy demands were divided into three major 

categories: (1) processing, (2) chemicals/reagents, (3) Fe precursors. 

Sensitivity and Uncertainty Analysis 

Uncertainty analysis for each synthesis method was performed in SimaPro using the Monte 

Carlo method with 1000 runs and 95% confidence interval. The potential environmental impacts 

of each synthesis method were evaluated based on 60, 80, and 100% yields, assuming the materials 

and energy requirements would be higher for lower yields to produce the same 1 kg of FeOx-NPs. 

Sensitivity analysis was conducted by varying the dominant contributors for each synthesis method 

by +25% and evaluating the corresponding percentage change in the midpoint impact categories. 

Results and Discussion 

Environmental Impacts of Producing Fe Precursors 

Six Fe precursors were investigated with respect to their environmental and health effects. 

The relative environmental impacts of the precursors followed the general trend: 

FeO(OH)>Fe(acac)3>Fe(CO)5>Fe(Cl)3∙6H2O>FeSO4>FeCl2∙4H2O (Figure 2). FeO(OH), 

Fe(acac)3, and Fe(CO)5 had higher environmental impacts compared to the other precursors across 

all categories and thus, were further analyzed to assess their process contributions (Figure S9, 

Table S9). Use of H2O2 (30% v/v) in the production of FeO(OH) was the main contributor to its 

overall environmental impacts in all categories except OD (Figure S9). H2O2 (30% v/v) is used to 

rapidly oxidize Fe(OH)2 to produce feroxyhite (δ-Fe(O)OH).51 Given that hydroperoxides are 

among the most widespread oxidants in earth’s atmosphere, previous studies have linked the life 

cycle of H2O2 and its byproducts to adverse environmental impacts.52, 53 For Fe(CO)5 and 

Fe(acac)3, respectively, carbon monoxide (CO) and sodium acetate (CH3COONa) were the largest 
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contributors to the environmental and health impacts (Figure S9). Although it was not listed as 

one of the precursors for the synthesis processes studied here, Fe(CO)5 has been used in other 

studies as a precursor for thermal decomposition synthesis of FeOx-NPs and FeOx-NP 

functionalized hybrid nanocomposites.54, 55 The use of CO, a major component in the production 

of Fe(CO)5, has adverse effects on the atmosphere as it is one of the most reactive trace gases that 

readily reacts with atmospheric hydroxyl (OH) radicals leading to their reduction.56 Fe(acac)3 is  

  
Figure 2. Comparison of relative environmental impacts of six Fe precursors across ten midpoint 

categories. Process contributions for FeO(OH), Fe(acac)3 and Fe(CO)5 are shown in Table S9. 

often used as a Fe precursor for synthesis in nonpolar organic solvents. For Fe(acac)3, sodium 

acetate (CH3COONa) and methanol (CH3OH) were the main contributors to its overall impacts 

(Figure S9). These two chemicals and the high energy used to produce 1 kg of Fe(acac)3 resulted 

in a higher relative impact in the OD and FF midpoint category for Fe(acac)3 compared to Fe(CO)5 

and FeO(OH) (Figure 2). In comparison, the inorganic precursors: FeCl3•H2O, FeCl2•4H2O and 

FeSO4 generated lower overall impacts across all categories. Previously, Wu et al. also found that 

the inorganic TiO2 precursors had lower overall impacts compared to organic precursors.26 The 

higher impacts of organic precursors primarily reflect the input chemicals and organic solvents 

required for their production. Since organic Fe precursors are increasingly being used for 
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engineered FeOx-NP production, improvements in synthesis conditions and the use of less energy 

intensive chemicals can potentially lower the overall environmental and health impacts. 

Impact Assessment of Seven Synthesis Methods 

Seven FeOx-NP synthesis methods were compared using four different functional units: 

mass, mean particle diameter, surface area, and saturation magnetization (Figures 3 and S10, 

Tables S10-S13). Figures S1-S8 illustrate the synthesis processes for producing 1 kg of Fe 

precursors and FeOx-NPs by each route. Tables S1-S8 contain information on the inventories of 

all input materials and the energy requirements to produce 1 kg of Fe precursors and FeOx-NPs by 

the seven methods. 

Comparison by Different Functional Units   

Results from the mass based relative environmental impacts followed the general trend: 

biological (100% yield)>thermal decomposition>FSP>sol-gel>electrochemical>hydrothermal 

>co-precipitation (Figure 3a, Table S10). Interestingly, the biological method had the highest 

environmental impact across all categories. The high energy requirements for bacterial culture 

media and energy for continuous operation of large-scale fermenters contribute to the high 

environmental impacts for the biological synthesis method. The FSP and thermal decomposition 

methods also generated high environmental impacts. The FSP method uses Fe(acac)3 as an organic 

precursor mixed in xylene/acetonitrile solvent that is sprayed using a methane-oxygen flame. This 

combination of input chemicals along with the energy requirements for pyrolysis generated high 

impacts across all categories (Figure 3a). The thermal decomposition method generated the next 

highest impacts after the biological method across all categories except HHNC and FF. The use of 

nonpolar organic solvents with high boiling points to grow FeOx-NPs at high temperature 

contributes to adverse environmental effects. The analysis of the sol-gel synthesis method suggests 
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that the combination of high solvent volumes for synthesis and the energy requirements for the gel 

drying process contributed to environmental impacts across all categories (Figure 3a, Table S5). 

For hydrothermal, electrochemical, and co-precipitation methods, the overall chemicals and 

energy requirements were lower, thus resulting in lower environmental and health impacts across 

all categories. 

 

 
 

Figure 3. The relative environmental impacts across ten midpoint categories normalized based on 

(a) mass, (b) mean particle diameter and (c) saturation magnetization. For (a), a scale bar cutoff 

has been introduced on the y-axis due to the large difference between the least and the most impact 

generated synthesis methods. Surface area based relative impacts showed similar trends to the 

mass-based impacts are shown in Figure S10. 

When considering the functionality of FeOx-NPs produced via different synthesis methods, 

mass-based comparisons alone are inadequate. NP applications such as adsorption and surface 

functionalization are often driven by particle size and specific surface area, which are relevant 

indicators of their performance. Interestingly, when the relative environmental impacts were 

rescaled based on mean particle size, thermal decomposition was the worst performing synthesis 
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method with the highest relative impacts across six categories: OD, GW, AC, EU, RE and EC 

(Figure 3b, Table S11). The biological method came in second with highest impacts in PS, HHC, 

HHNC and FF categories, due to the high impact offset by the corresponding FeOx-NP mean 

particle size of 40 nm, largest among FeOx-NPs produced by the seven methods. The thermal 

decomposition method incorporates synthesis in non-polar solvents and the use of stabilizing or 

capping agents such as oleic acid that provide more precise control over the shape and diameter  

of FeOx-NPs, which can be as small as 6-7 nm.57 The reduction in particle size can lead to higher 

surface areas, thereby improving FeOx-NP sorption capacity. For comparison, the biological 

method produces magnetosomes that are biomineralized FeOx-NPs surrounded by lipid vesicles, 

hence contributing to their larger overall diameters of 30-120 nm.44 The relative impacts of the 

FSP and sol-gel methods increased by 9.9 to 25.7% and 8.1 to 25.8% across all impact categories 

(Figure 3b). The co-precipitation, hydrothermal, and electrochemical methods showed a low 

increase (<6%) in all impact categories. The relative environmental impacts, when rescaled based 

on specific surface area, followed a similar trend to that of the mass based functional units (Figure 

S10, Table S12). The biological method generated the highest relative impacts, followed by the 

other synthesis methods. While the relative impacts are normalized based on the functional units 

presented in Table 1, it is possible to produce FeOx-NPs of different sizes and surface areas using 

a single synthesis method by varying the synthesis conditions. Based on a specific functional unit 

and application, the relative impacts can be rescaled accordingly. 

When the data were rescaled based on the saturation magnetization (emu g-1) of the FeOx-

NPs, the synthesis methods followed the same general trend in terms of their relative impacts 

relative to the impacts based on mass based functional units (Figure 3c, Table S13). The only 

exception was that the hydrothermal method replaced the co-precipitation method as the least 
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environmentally intensive. However, several synthesis methods showed an increase in their 

relative impacts due to the variation in the saturation magnetization of FeOx-NPs produced by the 

different methods. The thermal decomposition and FSP methods showed 9.7 to 33.6% and 10.9 to 

21.3% increase across all midpoint categories. The sol-gel method showed 3.6 to 8.1% increase 

across all categories. The co-precipitation, hydrothermal, and electrochemical methods were again 

consistent in showing low increases (< 3%) in all impact categories. Results from the comparison 

of FeOx-NP synthesis methods suggest that consideration of activity based functional units is 

highly important when evaluating the relative environmental impacts of each method. Adequate 

selection of functional units is strongly recommended when analyzing NP production processes 

and applications using LCA. 

Breakdown of Process Contribution 

To better understand which components of the synthesis processes most greatly influenced 

their overall environmental and health impacts, each synthesis method was analyzed in terms of 

process contributors and the results are presented in Figure 4. For the biological method, lactic 

acid constituted 74.7 to 86.2% of the process impact across all categories. Lactic acid, a primary 

component in bacterial culture media, serves as a carbon source and electron donor in the bacterial 

growth process. The fermentation and storage of lactic acid have been previously identified to be 

energy and environmentally intensive.58 The input chemicals and the energy required for the 

biological method were calculated based on the 356.6 mg L-1 yield suggested by Zhang et al. and 

100% of the Fe (III) precursor (FeCl3∙6H2O) was assumed to be converted to NPs.43 
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Figure 4. Breakdown of process contributions to the overall environmental impacts across ten 

midpoint categories for seven FeOx-NP synthesis methods. 

Even with a 100% production yield as assumed for this study, there is ≈2800 kg of water required 

in the continuous feed solution for cell growth and magnetosome formation to produce 1 kg of 

FeOx-NPs (Table S8). Furthermore, the optimal combination of bacterial feed for shake-flask 

culture is not directly applicable to laboratory scale fermentation and research is developing on the 

effects of growth media and environmental conditions on maximizing bacteria yield.22, 59, 60 

Therefore, the yield of magnetosomes using laboratory fermentation techniques needs additional 

improvements before biological synthesis of FeOx-NPs can achieve the desired level of efficiency 

to compete with other mainstream synthesis methods. 
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    The use of a large amount of non-polar organic solvent (1-octadecene) to synthesize 1 kg 

of FeOx-NPs in the thermal decomposition method accounted for 76.8 to 91.6% of the process 

contribution across all categories (Figure 4). Non-polar organic solvents are generally immiscible 

in water and the hazards associated with these chemicals are generally airborne emissions.61, 62 

Previous studies investigated chemical risk assessment of solvents using several approaches such 

as environmental health and safety (EHS), LCA, and multi-criteria decision analysis (MCDA) to 

provide a ‘greenness’ ranking indicator for solvents.61, 63 Results from these studies have shown 

that chlorinated and aromatic hydrocarbons pose a greater environmental risk than alcohols and 

esters.61, 63 The use of recyclable and reusable imidazole-based ionic solvents can be potentially 

explored as greener alternatives for energy intensive non-polar organic.64, 65 However, LCA on 

ionic liquids and their applications suggest further improvement is needed in their separation 

efficiency, recyclability, and stability.66 While the thermal decomposition method yields 

reproducible and highly crystalline FeOx-NPs with control over size and shape, finding more 

sustainable pathways for the production of precursor organic solvents will contribute to lowering 

their environmental and health effects. 

As a physical route of synthesis, the FSP method had supporting gases (oxygen/methane 

for atomization) contributing from 52.1 to 78.3% across all categories except OD (32.9%) and FF 

(14.4%) (Figure 4). Precursor solvents (xylene/acetonitrile) contributed from 11 to 35.3% across 

all categories except in FF, where it was the main contributor with a 67.3% contribution. 

Unsurprisingly, Fe(acac)3, which had the highest impacts in the OD and FF category among all Fe 

precursors (Figure 2), was the highest contributor in the OD category with 42.3%. The combustion 

of the supporting gases and high electricity requirements for pyrolysis are the main contributors to 
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environmental impacts of the FSP method. Streamlining the production process for efficient use 

of input chemicals and capturing of gas emissions can potentially reduce these impacts. 

The relative impacts from the other methods apart from the biological, thermal decomposition 

and FSP were comparatively lower (Figure 3a-3c). The high energy requirements for the drying 

process and high solvent (epichlorohydrin/ethanol) requirements of the sol-gel method contributed 

77.4 to 88.6% across all impact categories (Figure 4). For the hydrothermal method, high energy 

for autoclave operation and input chemical (ammonia and Fe precursor) requirements contributed 

82.2 to 98.1% across all impact categories. The energy requirements for the co-precipitation and 

electrochemical methods were low compared to the Fe precursor and input chemicals, which 

contributed 82.1 to 93.3% and 88.9 to 99.4%, respectively, for  these two methods across all impact 

categories (Figure 4). To summarize, the thermal decomposition (chemical route), FSP (physical 

route), and biological methods had the highest environmental impacts for FeOx-NP synthesis. 

Further research is needed to improve synthesis yield and optimize energy and input chemical 

requirements to ensure development of environmentally sustainable FeOx-NP production process. 

Cumulative Energy Demand 

Cumulative Energy Demand (CED) represents the direct and indirect energy (MJ) use of a 

material throughout its life cycle. CED is calculated as the total of non-renewable (fossil fuel and 

nuclear) and renewable (biomass, wind/solar/geothermal and water) CEDs in the life cycle. CED 

has been suggested as an acceptable single score predictor of environmental impacts of a variety 

of materials such as metals, glass, paper, chemicals, and plastics.67, 68 Among the six Fe precursors 

compared, the three environmentally intensive precursors: Fe(acac)3, Fe(CO)5, and FeO(OH) had 

CEDs of 120.4, 92.5, and 89.1 MJ/kg for production (Figure 5b, Table S14). In comparison, the 

inorganic Fe precursors: FeCl3.6H2O, FeCl2 and FeSO4 had very low energy requirements (<13 
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MJ/kg). Previously, Sadhukhan et al. performed LCA and reported lower environmental impacts 

when FeCl3 is replaced by FeSO4 as the Fe precursor in magnetite bionanoparticle production.69 

The CED of the seven synthesis methods followed the trend: biological (100% yield)>thermal 

decomposition>FSP>sol-gel>co-precipitation>hydrothermal>electrochemical (Figure 5a, Table 

S15). For all precursors and synthesis methods, the use of chemicals were the major contributors 

to the CED (Figure 5a,5b). For the biological, FSP, and sol-gel methods, there were substantial 

contributions to the CED from processing energy requirements. The use of a particular type of 

electricity in the Ecoinvent database did not have a major effect on the overall CED score. The 

precursor Fe(CO)5 production requires energy to maintain high temperature and pressure 

conditions, which contributed to the CED (Figure 5b). 
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 Figure 5. Cumulative energy demand of (a) seven synthesis methods to produce 1 kg of FeOx-

NPs and (b) six Fe precursors used in FeOx-NP synthesis. In figure (a), A scale bar cutoff has 

been introduced on the y-axis due to the large difference between the CED of the biological (100% 

yield assumed) and other synthesis methods. Uncertainties are indicated by error bars.  
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Sensitivity and Uncertainty Analysis 

The mean environmental impacts (mass, mean particle diameter, and magnetization based) 

across ten impact categories for the seven synthesis methods along with the associated 

uncertainties, as indicated by the upper and lower bound values, are presented in Figure S11. 

Based on the mass based functional unit, the biological, thermal decomposition and FSP routes 

showed higher mean environmental impacts across all impact categories than the other methods. 

For all the synthesis methods, lower yields of 80 and 60% caused environmental impacts across 

the ten categories to rise by ≈25% and ≈67% respectively (Table S16). This data shows the 

importance of achieving high yields in the production process to greatly reduce environmental 

impacts. The dominant components: lactic acid (Figure 6a), 1-octadecene (Figure 6b), and 

methane-oxygen input gas (Figure 6c) were varied by +25% to evaluate the sensitivity of the 

corresponding three most environmentally intensive synthesis methods (i.e., biological, thermal 

decomposition, and FSP) to these changes. The results showed substantial increase/decrease in 

percent change across ten impact categories (~ 18 to 22% for the biological, ~ 18 to 27% for the 

thermal decomposition, and ~ 3 to 20% for the FSP synthesis method) to the corresponding 

increase/decrease in dominant components (Figure 6, Table S17). The results for the four other 

synthesis methods are presented in Figure S12. Thus, identifying potential hotspots in the life 

cycle of FeOx-NP production processes can greatly reduce overall environmental impacts. 
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Figure 6. The sensitivity of the biological, FSP and thermal decomposition synthesis methods to 

+ 25% change in their corresponding dominating contributors: lactic acid, 1-octadecene and input 

gas (Methane+Oxygen). Sensitivity was measured through percent change in ten midpoint 

categories. 

Conclusions 

  The data presented in this study offer a holistic approach of looking across FeOx-NP 

synthesis methods and comparing them using LCA. The in-depth analysis of the FeOx-NP 

synthesis methods and the LCA inventory data provided here will help address the very limited 

existing knowledge on LCA approaches for FeOx-NP synthesis and environmental impacts. In 

general, the synthesis methods involving chemical routes (i.e., co-precipitation, hydrothermal, 

electrochemical, and sol-gel) were less environmentally intensive due to lower requirements for 

energy and chemicals for processing. Previously, the LCA of synthesis routes of AgNPs and TiO2 

NPs also indicated the comparatively higher environmental impacts of physical and biological 
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synthesis routes.26, 27 In this study, however, the thermal decomposition method was an exception 

to this general trend due to the high energy requirements of non-polar organic solvents required 

for synthesis, resulting in high environmental impacts. FSP, a physical method, requires 

considerably higher electricity and input gas for processing, hence resulting in high environmental 

impacts. The high amount of lactic acid as well as water and electricity requirements primarily 

contributed to the highest environmental impacts among the synthesis methods resulting from 

biological synthesis of FeOx-NPs. Further research is required to improve the energy input and 

yields for biological synthesis methods to achieve more instructive comparisons with the other 

synthesis methods.  

In reality, however, environmental impact is not the only criterion for the selection of a 

particular FeOx-NP synthesis method. There are many other factors, such as product quality (e.g., 

particle diameter, shape, surface area, magnetization), ease of use, cost, processing time, 

equipment availability, and intended application that are considered when selecting a synthesis 

process. For example, despite their high energy requirements, FeOx-NPs produced by thermal 

decomposition are often desired for pollutant removal and environmental sensing applications due 

to their high reactivity, size tunability, and magnetic response.8, 9, 35 Biological synthesis of FeOx-

NPs is often used to study the biomineralization of magnetic minerals, which can provide insights 

into certain physiological processes, such as the strengthening of tissues.70, 71 Table 2 lists the 

advantages and disadvantages of each synthesis method, along with the CED values reported in 

this study. This summarized information provides a clearer understanding of the potential tradeoffs 

between applicability and environmental impacts associated with FeOx-NP synthesis. The 

increasing use of FeOx-NPs as important nanomaterials for technology, research, and industrial 
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applications emphasize the need for a comprehensive understanding of the potential environmental 

and health impacts of these nanomaterials.  

While the LCA presented in this study based on lab-scale FeOx-NP synthesis methods provides 

a comprehensive understanding of potential contributors to harmful environmental impacts, it is 

important to consider the limitations of extrapolating lab-scale synthesis to industrial conditions. 

For example, the characteristics of the FeOx-NPs might be different when produced industrially. 

The potential release and exposure to NP waste could also be more significant under industrial 

conditions. A goal of future work should be to better understand the environmental impacts of 

FeOx-NP synthesis methods under more realistic production conditions, where large scale 

synthesis may offer economies of scale that lower overall impacts and energy requirements.72, 73 

The recovery and recycling of nanowaste should be standardized which can significantly reduce 

the environmental impacts of NPs synthesis. Nevertheless, this LCA study underscores areas in 

the FeOx-NP synthesis methods with potential for future improvement in efficiency, such as the 

selection of less environmentally intensive Fe precursors, prudent use of key synthesis 

ingredients/solvents, and streamlining of the overall process for lower energy requirements. The 

inventory and analysis of lab scale synthesis presented here can be useful for potential future works 

on developing sustainable industrial scale production of FeOx-NPs. 
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Table 2. Summary of the FeOx-NP synthesis routes: advantages, disadvantages and the CEDs 

Synthesis route Advantages Disadvantages CED 

(MJ/kg) 

Ref. 

Co-precipitation Most widely used method for simple 

synthesis and washing processes; Low 

energy and chemical requirements; 

Easy to scale up for large quantity 

synthesis. 

Intermediate phases found in the final 

product; Hard to control size and 

shape of the particles; NPs tend to 

aggregate easily in aqueous 

suspensions. 

1.97×102 13, 34 

Thermal 

decomposition 

Precise control over the size and shape 

of FeOx-NPs; NPs are homogeneously 

dispersed in organic solvents; Organic 

layer capped FeOx-NPs are protected 

from oxidation.  

High requirements for energy, 

temperature, and non-polar organic 

solvents; Complex synthesis setup; 

Thickness of the capping agent can 

affect NP magnetic properties. 

6.40×103  9, 14, 

35, 57 

Hydrothermal Produces highly crystalline and 
homogenous NPs; A great alternative 

to the thermal decomposition process 

for size and shaped controlled FeOx-

NP synthesis; Synthesized NPs can be 

readily suspended in aqueous 

suspensions. 

Requires expensive autoclaves; 
Lengthy duration of synthesis in high 

temperature and pressure and the 

subsequent cooling; Pressurized 

closed reactor inhibits control of 

reaction process. 

9.64×101  
 

15, 37 

Sol-gel Good control over the size and shape of 

NPs; Homogeneity for both the ‘sol’ 

and the ‘gel’ system due to the mixing 

in liquid medium; Low temperature 

required for solution processing. 

NPs can contain impurities (i.e., 

aggregates, intermediate products); 

Lengthy processing time; Shrinkage 

after gel drying results in lower yield; 

High temperature required for gel 

drying. 

1.85×103    16, 38, 

39 

Electro- 

chemical 

Size, shape and production rate of the 

NPs can be controlled by varying the 

electrochemical conditions; High 

magnetic saturation in particles; Low 

temperature synthesis. 

Cathode material (Fe alloy) has 

adverse environmental impacts; 

Poorly crystalline products which can 

be hard to characterize; NPs often 

contain amorphous impurities. 

9.20×101  

 

18, 40 

FSP Rapid, one-step technique; Produces 

low amount of waste; Highly scalable; 

High production rate with control over 

particle size. 

Requires high energy and input gas; 

Expensive synthesis apparatus; Often 

produces aggregated particles that 

exhibit low saturation magnetization. 

4.98×103     17, 41 

Biological Study of biomineralization; Large scale 

cultivation possible through continuous 

feed-batch process; Low use of toxic 

chemicals; Magnetosomes have high 

saturation magnetization and have great 

potential as nanocarriers in 

biotechnology.  

Large-scale cultivation is still 

developing; Isolation and 

characterization of magnetosomes are 

challenging; High amount of bacterial 

culture media, and high energy and 

water requirements; Low and 

inconsistent yield. 

3.00×104   22, 42, 

43, 59, 

69 
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