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Text S1. Life cycle assessment  

Life cycle assessment (LCA) was conducted for the production process of NZVI, SiO2, Al2O3, 

ZnO, and CeO2 ENPs synthesized with different methods, their typical polymer coatings, iron 

sulfate, and the process of transportation, delivery to the ocean via ship or aircraft (in form of 

spraying water droplets containing ENPs), and monitoring the subsequent impacts of AOF using 

ships. We considered NZVI among different iron-based ENPs (e.g., hematite, goethite, and 

ferrihydrite) because information about various synthesis methods is available for this type of ENP 

and also because the costs and environmental impacts of synthesizing NZVI may be conservatively 

generalized to other iron-based ENPs. The analysis was conducted using the SimaPro software 

(version 9.1), and using the analysis method of ReCiPe 2016 v1.1 Midpoint Method, and 

Hierarchist version with world normalization (World ReCiPe H) in all assessments after Pati et 

al.1 Inventory data were selected mostly based upon Cut-Off, System Process, global market, and 

allocation at the point of substitution (APOS) unless these were unavailable for a specific material 

or process in the software databases as shown in Table S2. These inventories were obtained using 

the EcoInvent database2 within the SimaPro software. Different ENP synthesis methods include: 

sodium borohydride or dithionite reduction3-5, green syntheses6, ball-milling7, and electrical wire 

explosion8 for NZVI, green synthesis using rice husk9, wheat husk10, and ball milling11 for SiO2, 

green synthesis using algae12 and ball milling13 for Al2O3, and ball milling for ZnO14 and CeO2
15. 

The functional unit was considered to be 1 kg of ENPs delivered to the ocean. The general system 

boundary is illustrated in Fig. S2 and includes two major modules: (1) ENP production stage 

including raw material acquisition, manufacturing processes, and polymer coating of ENPs (1 kg), 

and (2) AOF related stage consisting of transportation and delivery of ENPs (1 kg) and monitoring 

the impacts of AOF for 1 kg ENPs added. Potential CO2 emissions after the addition of ENPs to 

seawater, such as those from polymer degradation, were not considered in our analyses as while 

they are currently uninvestigated, they are deemed to be minor. Also, we did not consider the long-

term CO2 emissions resulting from biomass degradation/grazing because that requires substantial 

in-depth knowledge of the performance of ENPs in real-condition AOF and considering all 

processes related to ENP-AOF in an ocean circulation model which will be the subject of several 

future studies. The full list of inventories considered in the present study is provided in Table S2. 

Uncertainties were calculated based on 99% confidence intervals of estimations after running the 

analysis 1000 times by random sampling of each input from a normal probability distribution with 

its mean being equal to the input value. This approach is called Monte Carlo which requires 

running the LCA for typically 1000 iterations and calculating the average of the final results16. The 

standard deviations that are used in determining the shape of the normal distributions for the input 

parameters were assumed to be either equal (E) to or half (H) of each input parameter mean value 

depending on the potential uncertainties that might exist in the estimation of that parameter value. 

Details of estimating the travel distances for transportation and distribution of the materials in the 

ocean and subsequent monitoring are presented in the next section.  
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Text S2. Life cycle costing analysis  

Previous cost analyses of AOF17 have generally relied on CO2 sequestration outcomes from 

previous mesoscale experiments which have not generally shown plausible outcomes. Using this 

approach for new strategies such as ENP application proposed in the present study might 

underestimate the viability of the approach because an optimized performance of the new strategies 

for AOF applications is unknown currently. Therefore, here we conduct a life cycle costing (LCC) 

analysis in which instead of considering CO2 sequestration level as the functional unit (FU), we 

consider 1 kg of ENPs delivered to the ocean as the functional unit. In other words, we estimate 

all costs that may incur during production, transport, delivery, and monitoring the performance of 

1 kg of ENPs in the AOF application. Then in a scenario-based approach, we assume the worst-

case scenario where the use of ENPs leads at least to efficiencies obtained for iron sulfate 

conventionally used in AOF. It should be noted that herein the efficiency of AOF is defined as the 

ratio of the mass of material added to the ocean to the mass of atmospheric CO2 sequestered upon 

AOF.  In this way, we can estimate the costs for the amount of CO2 sequestered in this scenario or 

any other scenario without being dependent on the actual amount of CO2 sequestration. The system 

boundary (SB) in our LCC is the same as that considered for LCA (shown in Fig. S2). Costs were 

estimated assuming the production site of ENPs is located in China and requires delivery to the 

Southern Ocean as listed in Table S3. Although this might increase the costs of transportation 

compared to Australia, it may reduce the overall costs due to relatively inexpensive labor/services 

in China. Unless otherwise specified (in Table S3), we generally get the range of prices/costs for 

each material or process based on at least five vendors in China.  

Text S2.1. Costs for nanoparticle manufacturing and polymer coating 

The costs for all processes and materials are mostly estimated based on LCI used in LCA as listed 

in Table S3. Additional costs (also listed in Table S3) incur due to labor force, capital expenses18,19, 

and external (environmental) costs5 which can be complex to estimate for every industrial-scale 

ENP manufacturing method based on laboratory synthesis information that are currently available. 

Thus, we take a simplifying approach based on information available for general manufacturing 

industries such as microalgae-based biorefineries18,19.  

We include labor costs based on the percentage of labor cost share of the total cost (assumed 

as the sum of total direct cost, TDC, and labor cost) for the manufacturing industry in general 

(known as payroll percentages), φ. Then the total cost is estimated by multiplying 100/(100- φ) by 

the cost calculated for all other processes and materials considered in LCI (TDC). We assume φ 

based on production/manufacturing between 12% 20,21 and 66.8% for the UK (conservative value 

as this can be much less in China, where we base our analysis, due to relatively inexpensive labor 

costs.22  

The capital costs are calculated based on National Renewable Energy Laboratory’s (NREL’s) 

standard ratios of total direct cost (TDC)18,19. These include: warehouse (4%), site development 

(9%), pro-ratable costs (10%), field construction expenses (10%), home office and construction 
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(20%), project contingency (10%), maintenance (3%), and other costs (e.g., surveys, piling, soil 

compaction/dewatering, etc.) (10%). These sum up to 76% of TDC which is added to the 

production cost of each ENP type. We should mention that in estimating capital costs, TDC does 

not include the labor cost.  

To estimate the external or environmental costs5, we use the results of our LCA analysis for 

each ENP synthesis method. The cost related to each factor is calculated based on unit costs given 

previously5 (see Table S3) and is then added to the total costs. Here we include four main factors: 

climate change potential (kg CO2 equivalent), freshwater eutrophication (kg P equivalent), ozone 

depletion (kg CFC-11 equivalent), and terrestrial acidification (kg SO2 equivalent), with the unit 

costs of $0.14, $4.6, $388, and $9.6, respectively5. We should note that wherever a mean value is 

estimated instead of a range in the above description, the minimum and maximum of ranges in 

Table S3 have been considered as 10% lower and higher than the mean value.  

Text S2.2. Cost for transportation, delivery and monitoring  

While all costs are summarized in Table S3, here we provide more details on the costing of AOF-

related procedures. The shipment distance from the production site of the materials (assumed 

China) to the delivery site (assumed the Southern Ocean) is around 5815+6427=12242 km. To 

estimate the ship travel distance for distributing 1 kg of ENPs over the surface ocean we assume a 

delivery rate (ship travel distance per kg of ENP to be delivered) similar to conventional AOF 

using iron sulfate23 first, and then we assume a scenario in which the required ENP mass 

concentrations for efficient AOF is lower than those of iron sulfate in conventional AOF. In the 

IronEx-I experiment23, 443 kg of iron sulfate was delivered with a ship travelling at the speed of 

~8.5 km.h-1 over 23.5 h which gives an approximate travel distance of ~200 km, thereby the 

delivery rate of 0.451 km/kg. Assuming the same ship travel distance is required for monitoring 

the performance of AOF, and assuming that the delivery is conducted by multiple smaller 

ships/ferries (compared to a larger ship that carries the materials from the production site to 

delivery area) at a tonnage of 1000 kg to 5,000 kg ENPs, the travel distance required for delivery 

of each kg ENPs is around 451 to 2255 km (on average 1353 km) and considering the same 

distance for monitoring. As a scenario-based investigation, if we expect that the use of ENPs is 5 

times more efficient than the use of iron sulfate (since three times higher microalgae growth in 

presence of ENPs than commonly-used EDTA-Fe at equimolar concentrations has been observed 

previously24, and this may be enhanced even further, e.g., to 5 times, by optimizing the system in 

the future), the delivered concentration should be 5 times lower than that assumed based on 

conventional AOF. This means that the estimated travel distance by ships distributing each kg of 

ENPs will be five times higher. Note that this only affects the delivery distance, not the transport 

distance from the production site to the delivery area. Therefore, the total ship travel distance for 

transport and distribution of each kg of ENPs is 5×2706+12242=25772 km.   

In an alternative scenario, we consider the delivery is performed using aerial spray 

(agricultural aircraft). Considering the IronEx-I experiment23 like above, we estimate that the area 
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covered by each kg of ENPs added to the ocean is ~0.7 km2. The current costs we have found are 

£1300 to $3880 per km2 25,26, leading to a range of $939 to $2802 per kg ENPs delivered which is 

much higher than ship distribution costs, suggesting that the use of airplanes is not an economical 

option, and thus we have not included this in the results shown in Fig. 4.  

The freight cost for transporting 1000 kg (e.g., 10 boxes of 100 kg each) of materials from 

Guangdong, China, to Australia (5815 km) is $269 – $352 (from Ref.27 enquired in March 2022) 

which is equivalent to $0.046–$0.061 t.km or 0.053 t.km on average. A more precise quote was 

obtained from SeaRates European Team28, for transporting dry goods from Nanjing, China 

(through Shanghai Port) to Melbourne Port, Australia with a total travel distance of 6,566 km. 

They gave a price of $5420 including all administration and handling costs for a 20′ container 

which has a standard payload capacity of 25,000 kg29. This leads to a transport cost of 0.033 t.km 

which is less than the above mean estimation. Considering the total travel distance of 26,000 km, 

the cost of transport and delivery with the more conservative unit price of 0.053 t.km is $1.4 for 1 

kg ENPs.  

Other miscellaneous transportation costs include handling in and out ($26.6 per ton), storage 

($57.1 per ton), vanning/devanning ($16.6 per ton), and other administrative charges such as CFS 

charges, Original Documentation fee, re-weighting, ENS Fee Exempt, and Export Customs 

Clearance Fee ($6.77 per ton)30, lead to a sum of $107.0 per ton. These estimates are based on 

container transport prices, i.e., 20′ containers which have a volume of 33.2 m3 and a payload of 

25,000 kg. We assume that 20′ containers are sufficient for ENP powder shipment (compared to 

40′ containers) since given the density of ENPs in the range of 1500 – 7870 kg.m-3, the total cargo 

volume (<25000 L) should be smaller than the capacity of 20′ containers. In total, such 

miscellaneous transportation costs add an approximate sum of $0.107 per kg ENPs to the 

aforementioned estimates, equivalent to 0.0038 $/(t.km) after dividing by the total travel distance 

(26000 km). This is considered as the upper limit of the range in Table S3 while the lower limit of 

the range is obtained from the quote described above28. 

Costs for labor, fuel consumption, and CO2 emission related to transportation and delivery are 

already covered in the above estimations (i.e., the prices of materials and services). However, 

additional labor costs might incur for processing and delivery of ENP and for monitoring of AOF. 

Processing (e.g., handling, dispersion of powder in water, etc.) and delivery are assumed to be 

proportional to the rate of ENP release into the ocean from the ship which in the case of the IronEx-

I experiment23 is 443 kg of iron sulfate released over 23.5 h. Considering the five times higher 

efficiency expectation for ENPs than iron sulfate, this amounts to a five times lower ENP 

concentration delivered and thus five times lower release rate, 3.77 kg/h, or in other words, each 

kg of ENP is delivered in 0.265 h. Assuming two persons (one professional and one non-

profession) are required for this operation, and considering the hourly labor cost of $2.1 to $3.7 

for normal workers and $3.7 to $6.6 for professionals and assuming labors are from China31, the 

total average labor cost is $2.73 per kg ENPs delivered.   
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For monitoring, we assume that an additional professional person is required for sampling and 

measurement, yielding a total cost of $1.75 per kg ENPs. We should note that this cost may be 

ignored or reduced for large-scale implementation of AOF since monitoring may be conducted 

through satellite remote sensing or glider technologies which are more economical17. Overall, the 

total cost for transportation from the manufacturing location, delivery to the ocean and post-

processing (monitoring) is $4.797 for each kg of ENPs.  

 

Text S3. Further discussion on life cycle analysis and life cycle costing and comparison with 

the literature  

Some of our current LCA assessments are based on the laboratory-scale production of ENPs, 

which can be less environmentally friendly than industrial-scale production, e.g., the instrument 

for electrical wire explosion synthesis of NZVI or other ENPs has so far been built only at a 

laboratory scale and there is limited information about its energy consumption and efficiency. 

Also, several green synthesis approaches use filter papers in the laboratory which contributes to a 

significant portion of CO2 emissions (Fig. S1), whereas other more-environmentally friendly 

methods such as centrifugation may be used at an industrial-scale production32. Furthermore, 

energy consumption for processes such as grinding, filtration, and centrifugation at an industrial 

scale is within ranges from 0.001 to 0.016 kwh.kg-1 32, whilst the ranges we have used in the LCA 

are at least an order of magnitude larger, e.g., 0.070 to 0.697 kwh.kg-1 for different methods of 

NZVI synthesis. Likewise, estimations based on laboratory ball milling instruments do not show 

that this approach is the most environmental-friendly for any of the ENPs investigated although it 

could become more environmental-friendly33. The ball milling method for NZVI and SiO2 ENPs 

has the lowest cost among different synthesis methods (Fig. 4c). In conducting LCA for ZnO and 

CeO2 production, suitable information was only available for the ball milling method which 

showed high CO2-equivalent emissions of 50.0 and 154.3 kg CO2-equivalent, respectively which 

could have potentially been less if other production methods were considered.  

Although according to the previous studies1,34, green methods for the synthesis of ENPs might 

not necessarily lead to a reduction in CO2 emission impacts over conventional chemical 

approaches, in our study, it turns out that recent advances in green synthesis methodologies6,10,12 

may warrant a substantial reduction in environmental impacts of ENP production (Fig. 4a). 

CO2 emission estimations from previous studies35-38 are summarized in Fig. S3, for several 

relevant ENPs (magnetite, ZnO/zinc, Al2O3, TiO2, and copper). Excluding copper, CO2-equivalent 

emissions associated with other ENP syntheses range from 0.5 to 52 kg (16.6 kg on average) per 

kg ENPs which is similar to or lower than the range we have estimated for the synthesis of relevant 

ENPs (NZVI, SiO2, Al2O3, ZnO, and CeO2) that is from 6 to 150 kg (33 kg on average) CO2-

equivalent per kg ENPs. This demonstrates that our LCA approach has been relatively 

conservative and thus environmental impact assessment at more practical scales may be less than 

what we have presented here.  
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Furthermore, to compare our LCC results with the current market prices, we searched for the 

prices of ENPs from various current manufacturers of ENPs even though almost all of these 

manufacturers work at small-scale production of ENPs (i.e., per kg) rather than large-scale (per 

ton). The results compared with the summary of our LCC analyses are presented in Table S5. 

Although we have conducted our LCC at an industrial scale, we have generally taken a 

conservative approach in our estimations including assumptions about the labor and capital cost 

which form a substantial part of total costs (Table S3)18,19. Yet, in general, our estimations of costs 

are 2 to 7 folds lower than the current market prices (Table S5). In a more detailed investigation 

that may be conducted in the future, we expect these costs to drop even further32.  

Manufacturing nanocomposites might cause significantly higher CO2 emissions than single 

ENPs, although it still highly depends on the synthesis method and the type of coating35,39. For 

instance, CO2 emissions for magnetite ENP production were reported to rise from 0.1 kg CO2-

equivalent per kg of polymer-coated iron oxide ENPs to 3.7 kg CO2-equivalent per kg of silica-

coated iron oxide ENPs39. These require further investigations in the future.  

 

Text S4. Further discussion on the feasibility of creating ballast effect using ENPs in AOF 

In order to gain enhancement in export efficiency using SiO2 ENPs via the ballast effect, we 

suggested in Section 1.4 that a mass ratio of added SiO2 ENPs to phytoplankton biomass of 1:100 

is required to double the biomass export rate. Conservatively assuming that each kg of biomass 

contains 1 kg CO2, to double its export rate, there is a need for ~0.01 kg SiO2 ENPs (based on an 

uncertain assumption that all added SiO2 ENPs sorb onto phytoplankton). The use of such an 

amount of SiO2 can countervail ~10% of the CO2 sequestered as a result of SiO2 ENP 

production/delivery (Fig. 4a), suggesting that inducing the ballast effect based on adding SiO2 

ENPs produced using current methods might result in a substantial amount of CO2-equivalent 

emissions and thus more environmentally friendly synthesis methods of SiO2 are needed in the 

future. 

 

Text S5. Estimation of the number of engineered nanoparticles versus the number of 

phytoplankton cells and ubiquitous colloids in seawater 

Based on the conservative range of AOF efficiencies described in Section 2, i.e., 40 to 400 kg of 

CO2 removal per kg of materials added in AOF40, and expecting that the use of ENPs should at 

least enhance the upper range of these efficiencies by five times, the mass ratio of CO2 sequestered 

to ENPs added could range from 40 and 2000.  

Assuming the mass concentrations of ENPs added (here we only consider iron as a 

representative of all ENP types) are equal to those of soluble iron used in previous AOF 

experiments as summarized by Strong et al.41, the implementation concentrations were determined 

by dividing the mass of iron added in each experiment by the volume of the mixed layer (i.e., the 

surface area of experiment multiplied by the depth of the mixed layer assumed 62 m 17). The 

resulting mass concentrations range from 7×10-5 to 1×10-3 mg.L-1 (3×10-4 mg.L-1 on average). 
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Considering the ENP size range, 10–100 nm, and phytoplankton (e.g., microplankton such as 

diatoms) size range, 20–200 µm 42, and considering the density of iron, 7.87 g.cm-³, and 

phytoplankton (organic carbon), 1.5 g/cm³, we estimate number ratio of ENPs added to the ocean 

and phytoplankton based on the calculating particle volumes with a spherical shape assumption. 

These estimations with considering different combinations of input parameter ranges results in 

ENP numbers ranging from 2×1010 to 3×1014 particles/L (~1014 particles/L on average) and 

phytoplankton numbers ranging from 4×102 to 4×108 (~108 on average) and lead to a particle 

number ratio (ENPs number to phytoplankton number) of ~800 to 4×1010 particles/L (~109 

particles/L on average). These suggest that ENPs outnumber phytoplankton cells. If similar 

efficiencies with conventional AOF are assumed, this number ratio range will be even 5 times 

larger. Based on the aforementioned range of efficiencies, for removing anthropogenic CO2 

emissions in one year (e.g., 43×109 tons of CO2 emitted in 2019)43, ~20–1000 million tons of ENPs 

are needed that may be possible from an industrial viewpoint, e.g., annual iron ore mine production 

in Australia alone is 900 million tons based on 2021 data44. Obviously, AOF is not the only CDR 

strategy available45, and thus assuming the removal of entire anthropogenic CO2 emissions by 

AOF is an extreme case scenario.  

In comparison to natural colloids in seawater (mentioned in Section 1.1), particle number 

concentrations of ENPs (~1010–1014) are similar to or greater than reported background 

colloid/nanoparticle concentrations in seawater, 4×107 to 1.5×1012 particles/L 46,47, suggesting that 

ENPs would not be overshadowed by indigenous colloids.     
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Figures and Tables 

 

Figure S1. Normalized results for different processes or materials contributing to CO2-

equivalent emissions for the production of each ENP type and iron sulfate (a) and polymer 

coating for ENPs and AOF processes (transportation/delivery/monitoring) (b). Here, only three 
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main contributing factors are shown and CO2-equivalent emissions from the rest of the processes 

have been summed up and shown as “Others”.  

 

  

Figure S2. The general system boundary used in the LCA and LCC.  
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Figure S3. CO2 equivalent (kg) emitted during ENP production processes for each kg of ENPs 

from literature. Relevant data were found for magnetite (Fe3O4), zinc or zinc oxide (ZnO), zinc 

nanocomposite with poly propylene (PP) plastic, aluminum oxide (Al2O3), titanium dioxide 

(TiO2), and copper nanoparticles. Solid, orange-colored bars (titles marked with a star) including 

the single data-point of aluminum oxide are from Falinski et al.35, assuming cumulative energy 

demand (CED) (kWh/kg) times 0.707 is equal to kg CO2 equivalent emissions following US 

EPA48. Red sphere-filled bar is from Ref.36, green, hashed bars are from Ref.37, and violet, the 

checkered bar is from Ref.38. 
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Table S1. Summary of selected studies on phytoplankton/alga growth stimulated by different engineered nanoparticles.  

ENP Coating/media Organism Species 

environment: 

freshwater 

(FW) or 

seawater 

(SW) 

Dose range 

investigated 

(µg.L-1) 

Dose 

creating 

growth 

stimulation 

(µg.L-1) 

The amount 

of 

stimulation 

(cell 

abundance 

or biomass 

increase) 

compared 

to control 

(%)* 

The amount 

of boosting 

in lipid,  

chlorophyll 

a content, or 

fatty acid, 

compared to 

control (%)* 

Ref. 

NZVI Na-acrylic 

copolyme 

green algae Desmodesmus 

subspicatus, Dunaliella 

salina, Parachlorella kessleri 

and Raphidocelis 

subcapitata; the 

eustigmatophycean algae 

Nannochloropsis limnetica 

and 

Trachydiscus minutus ; 

cyanobacterium Arthrospira 

FW and SW 51 – 510000 500 – 5100 -93 – 73.4 22.8 – 180 49
 

NZVI Na-acrylic 

copolymer or 

inorganic coating 

Pavlova lutheri, Isochrysis 

galbana and 

Tetraselmis suecica 

SW and FW 65.3 – 

6533.9 

65.3 -653 114 – 343 -13.4 – 41.9 50
 

NZVI Sulfide-modified 

seeded with silica 

Chlamydomonas reinhardtii  FW 1800 – 

180000 

1800 – 

18000 

    51
 

α-Fe2O3    Scenedesmus obliquus FW 800 – 

100000 

2000 – 

20000 

-18.7 – 8.1 18.1 – 39.6 52
 

Fe3O4
** cationic 

surfactant-

decorated  

Chlorella sp. KR-1 FW        127 53
 

Fe3O4
**   Nannochloropsis maritima SW 20000 – 

120000 

 120000     54
 

TiO2   Chlorella vulgaris FW and SW 100000 – 

5000000 

100000 -26.7 – 16.3  11.3 55
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ENP Coating/media Organism Species 

environment: 

freshwater 

(FW) or 

seawater 

(SW) 

Dose range 

investigated 

(µg.L-1) 

Dose 

creating 

growth 

stimulation 

(µg.L-1) 

The amount 

of 

stimulation 

(cell 

abundance 

or biomass 

increase) 

compared 

to control 

(%)* 

The amount 

of boosting 

in lipid,  

chlorophyll 

a content, or 

fatty acid, 

compared to 

control (%)* 

Ref. 

TiO2   diatom Phaeodactylum 

tricornutum 

SW 2500 – 

40000 

    17.5 – 57.6 56
 

TiO2   Chlorophyta 

Trebouxiophyceae 

FW 10000    -71 – 277 -19 – 27 57
 

TiO2   Synechocystis sp.  FW and SW  25   0 11.5 – 62.2 58
 

TiO2 humic acid microalgae 

Pseudokirchneriella 

subcapitata 

FW 100 – 10000   -6.5 – 41   59
 

SiO2 CH3 Chlorella vulgaris FW and SW  2000000   177 – 210 340 – 610 60
 

SiO2   C. vulgaris FW and SW      6.9   61
 

SiC     FW and SW 50000 – 

250000 

150000 2 – 16 1.7 – 18.9 62
 

SiO2  Diatoms Chaetoceros sp., 

Skeletonema sp. and 

Thalassiosira sp.  

SW 3000000 – 

6000000 

 126.7 – 

5822 

7992 –  

85227 

63 

SiO2  green algae Porphyridium 

aerugineum Geitler 

FW 1000 – 

1000000 

100000 – 

500000 

100.4 – 

138.5 

103.9 – 

160.4 

64 

cobalt 

ferrite/silica 

methyl 

functionalized 

Chlorella vulgaris FW and SW 10000000 – 

50000000 

50000000   -68.2 – 198 65
 

Ag   Cyanobacterium Calothrix 

elenkinii 

FW and SW 100 – 500  200   -40.3 – 104 66
 

Ag   diatom alassiosira sp.  FW and SW 5 – 200 100    11.6 – 17.4 67
 

Ag   D. salina and Chlorella 

Thalassiosira 

FW and SW 10 – 5000 10 – 100 -88.1 – 37.5   68
 

CeO2   diatom Phaeodactylum 

tricornutum 

SW 2500 – 

40000 

 5000 6 – 14 17.6 – 37.9 56
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ENP Coating/media Organism Species 

environment: 

freshwater 

(FW) or 

seawater 

(SW) 

Dose range 

investigated 

(µg.L-1) 

Dose 

creating 

growth 

stimulation 

(µg.L-1) 

The amount 

of 

stimulation 

(cell 

abundance 

or biomass 

increase) 

compared 

to control 

(%)* 

The amount 

of boosting 

in lipid,  

chlorophyll 

a content, or 

fatty acid, 

compared to 

control (%)* 

Ref. 

CeO2   marine diatom 

(Phaeodactylum 

tricornutum), marine 

chlorophyte (Nannochloris 

atomus) and freshwater 

chlorophyte 

(Chlamydomonas reinhardtii)  

FW and SW 100 – 

200000 

10000 – 

200000 

-96.3 – 900 -38.9 – 264 69
 

CeO2   D. salina and Chlorella 

autotrophica 

FW and SW 10 – 5000 10 – 50 -20.8 – 37.7   70
 

Cu carboxylated 

with citric acid 

Chlorella vulgaris FW and SW 670 – 40000 2000 – 

4000 

-60 – 20   71
 

CuO   Cyanobacterium Calothrix 

elenkinii 

FW 100 – 1000     -70.1 – 181 66
 

ZnO   Alexandrium minutum SW 100 – 

100000 

      72
 

ZnO   Chlorophyta 

Trebouxiophyceae 

FW 10000 – 

10000 

  -86 – 493 -13 – 42 57
 

ZnO   Cyanobacterium Calothrix 

elenkinii 

FW 1000 – 5000     -70.4 – 241 66
 

Al2O3   Chlorella sp. FW  1000000   -3 – 18.9   73
 

CdSe QD   diatom Phaeodactylum 

tricornutum 

SW 2.25 – 54.0 2.25 – 8.99 -24.4 – 9.1   74
 

CdSe/ZnS 

QD 

   green alga Dunaliella 

tertiolecta 

SW 0.10 – 0.48 0.10 – 0.38 8 – 20   75
 

CdSe QD thioglycerol 

coating 

red Algae Porphyridium 

cruentum 

FW and SW 1000 – 

10000 

4 – 6 2 – 47   76
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ENP Coating/media Organism Species 

environment: 

freshwater 

(FW) or 

seawater 

(SW) 

Dose range 

investigated 

(µg.L-1) 

Dose 

creating 

growth 

stimulation 

(µg.L-1) 

The amount 

of 

stimulation 

(cell 

abundance 

or biomass 

increase) 

compared 

to control 

(%)* 

The amount 

of boosting 

in lipid,  

chlorophyll 

a content, or 

fatty acid, 

compared to 

control (%)* 

Ref. 

NZVI Na-acrylic 

copolyme 

green algae Desmodesmus 

subspicatus, Dunaliella 

salina, Parachlorella kessleri 

and Raphidocelis 

subcapitata; the 

eustigmatophycean algae 

Nannochloropsis limnetica 

and 

Trachydiscus minutus ; 

cyanobacterium Arthrospira 

FW and SW 51 – 510000 500 – 5100 -93 – 73.4 22.8 – 180 49
 

NZVI Na-acrylic 

copolymer or 

inorganic coating 

Pavlova lutheri, Isochrysis 

galbana and 

Tetraselmis suecica 

SW and FW 65.3 – 

6533.9 

65.3 -653 114 – 343 -13.4 – 41.9 50
 

NZVI Sulfide-modified 

seeded with silica 

Chlamydomonas reinhardtii  FW 1800 – 

180000 

1800 – 

18000 

    51
 

α-Fe2O3    Scenedesmus obliquus FW 800 – 

100000 

2000 – 

20000 

-18.7 – 8.1 18.1 – 39.6 52
 

Fe3O4
** cationic 

surfactant-

decorated  

Chlorella sp. KR-1 FW        127 53
 

Fe3O4
**   Nannochloropsis maritima SW 20000 – 

120000 

 120000     54
 

TiO2   Chlorella vulgaris FW and SW 100000 – 

5000000 

100000 -26.7 – 16.3  11.3 55
 

TiO2   diatom Phaeodactylum 

tricornutum 

SW 2500 – 

40000 

    17.5 – 57.6 56
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ENP Coating/media Organism Species 

environment: 

freshwater 

(FW) or 

seawater 

(SW) 

Dose range 

investigated 

(µg.L-1) 

Dose 

creating 

growth 

stimulation 

(µg.L-1) 

The amount 

of 

stimulation 

(cell 

abundance 

or biomass 

increase) 

compared 

to control 

(%)* 

The amount 

of boosting 

in lipid,  

chlorophyll 

a content, or 

fatty acid, 

compared to 

control (%)* 

Ref. 

TiO2   Chlorophyta 

Trebouxiophyceae 

FW 10000    -71 – 277 -19 – 27 57
 

TiO2   Synechocystis sp.  FW and SW  25   0 11.5 – 62.2 58
 

TiO2 humic acid microalgae 

Pseudokirchneriella 

subcapitata 

FW 100 – 10000   -6.5 – 41   59
 

SiO2 CH3 Chlorella vulgaris FW and SW  2000000   177 – 210 340 – 610 60
 

SiO2   C. vulgaris FW and SW      6.9   61
 

SiC     FW and SW 50000 – 

250000 

150000 2 – 16 1.7 – 18.9 62
 

SiO2  Diatoms Chaetoceros sp., 

Skeletonema sp. and 

Thalassiosira sp.  

SW 3000000 – 

6000000 

 126.7 – 

5822 

7992 –  

85227 

63 

SiO2  green algae Porphyridium 

aerugineum Geitler 

FW 1000 – 

1000000 

100000 – 

500000 

100.4 – 

138.5 

103.9 – 

160.4 

64 

cobalt 

ferrite/silica 

methyl 

functionalized 

Chlorella vulgaris FW and SW 10000000 – 

50000000 

50000000   -68.2 – 198 65
 

Ag   Cyanobacterium Calothrix 

elenkinii 

FW and SW 100 – 500  200   -40.3 – 104 66
 

Ag   diatom alassiosira sp.  FW and SW 5 – 200 100    11.6 – 17.4 67
 

Ag   D. salina and Chlorella 

Thalassiosira 

FW and SW 10 – 5000 10 – 100 -88.1 – 37.5   68
 

CeO2   diatom Phaeodactylum 

tricornutum 

SW 2500 – 

40000 

 5000 6 – 14 17.6 – 37.9 56
 

CeO2   marine diatom 

(Phaeodactylum 

FW and SW 100 – 

200000 

10000 – 

200000 

-96.3 – 900 -38.9 – 264 69
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ENP Coating/media Organism Species 

environment: 

freshwater 

(FW) or 

seawater 

(SW) 

Dose range 

investigated 

(µg.L-1) 

Dose 

creating 

growth 

stimulation 

(µg.L-1) 

The amount 

of 

stimulation 

(cell 

abundance 

or biomass 

increase) 

compared 

to control 

(%)* 

The amount 

of boosting 

in lipid,  

chlorophyll 

a content, or 

fatty acid, 

compared to 

control (%)* 

Ref. 

tricornutum), marine 

chlorophyte (Nannochloris 

atomus) and freshwater 

chlorophyte 

(Chlamydomonas reinhardtii)  

CeO2   D. salina and Chlorella 

autotrophica 

FW and SW 10 – 5000 10 – 50 -20.8 – 37.7   70
 

Cu carboxylated 

with citric acid 

Chlorella vulgaris FW and SW 670 – 40000 2000 – 

4000 

-60 – 20   71
 

CuO   Cyanobacterium Calothrix 

elenkinii 

FW 100 – 1000     -70.1 – 181 66
 

ZnO   Alexandrium minutum SW 100 – 

100000 

      72
 

ZnO   Chlorophyta 

Trebouxiophyceae 

FW 10000 – 

10000 

  -86 – 493 -13 – 42 57
 

ZnO   Cyanobacterium Calothrix 

elenkinii 

FW 1000 – 5000     -70.4 – 241 66
 

Al2O3   Chlorella sp. FW  1000000   -3 – 18.9   73
 

CdSe QD   diatom Phaeodactylum 

tricornutum 

SW 2.25 – 54.0 2.25 – 8.99 -24.4 – 9.1   74
 

CdSe/ZnS 

QD 

   green alga Dunaliella 

tertiolecta 

SW 0.10 – 0.48 0.10 – 0.38 8 – 20   75
 

CdSe QD thioglycerol 

coating 

red Algae Porphyridium 

cruentum 

FW and SW 1000 – 

10000 

4 – 6 2 – 47   76
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* In these columns the lowest and highest ENP stimulation impacts observed in each study are listed. The lower limits which are 

negative indicate that adverse effects of ENPs have been observed in those studies along with stimulation effect, noting the maximum 

values of ranges are all positive.   

**In the analysis, this study’s result is excluded as outliers.  

 

 

Table S2. Detailed consideration of inventories in the life cycle assessment (LCA) for different ENPs synthesized with different 

methods, polymer coating conventional iron sulfate, and transportation/delivery/monitoring process of artificial ocean fertilization. 

The functional unit is considered as 1 kg of ENP produced, transported, delivered, and monitored. 

ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

NZVI        

Electrical 

wire 

explosion 

      8 

 Steel Assumed the same volume as ball 

milling method  

1.80 kg H Steel, unalloyed [GLO]| market for 

| APOS, S 

5 

 Wire 

explosion 

electricity 

Estimated using W = 0.5 C.V2 

(where W is energy (J), C is the 

capacitance (F) and V is the 

voltage).   

91.8 kwh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

 Wire drawing Converting steel to wire 1.8 kg E Wire drawing, steel [RoW]| 

processing | APOS, S 

 

 Metalworking Further potential work on the steel 1.8 kg E Metalworking, average for steel 

product manufacturing [GLO]| 

market for | APOS, S 

 

        

Ball 

milling 

      5 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

 Iron pellet  Conservatively assumed the same 

yield of 55% used in the ball 

milling method following the 

Refs.  

1.80 kg H Iron pellet [GLO]| market for | 

APOS, S 

1,5 

 Ball milling 

electricity 

20.8 kWh for 1 kg steel following 

the Ref.  

37.4 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 7 

 Metalworking Further potential work on iron 

pallet 

1.80 kg H Metalworking, average for steel 

product manufacturing [GLO]| 

market for | APOS, S 

 

        

Dithionite 

reduction 

      3 

 FeCl2 4H2O Calculated from stoichiometry 

reaction assuming a theoretical 

yield of reaction, 100% 

3.56 kg H Iron(II) chloride [GLO]| market for 

| Cut-off, S 

 

 Na2S2O4 Calculated from stoichiometry 

reaction assuming a theoretical 

yield of reaction, 100% 

6.69 kg H Sodium dithionite, anhydrous 

[RoW]| market for sodium 

dithionite, anhydrous | Cut-off, S 

 

 NaOH  Added to adjust the pH at 10 0.0016 kg H Sodium hydroxide, without water, 

in 50% solution state [GLO]| 

market for | Cut-off, S 

 

 HCl For washing 0.0026 kg H Hydrochloric acid, without water, 

in 30% solution state [RoW]| 

market for | Conseq, S 

 

 Milli-Q water  For washing; Assumed following 

the ref.  

200 kg E De-ionized water, reverse osmosis, 

production mix, at the plant, from 

surface water RER S System - 

Copied from ELCD 

5 

 N2 purging Assuming for 5 min at a rate of 25 

mL/s  

0.77 kg H Nitrogen, via cryogenic air 

separation, production mix, at plant, 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

gaseous EU-27 S System - Copied 

from ELCD 

 Magnetic 

stirring 

Assumed following the ref.  0.07 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

5 

 Storing under 

N2 

environment 

Assuming 1.5 times the amount of 

N2 needed as above in case of wet 

storage 

1.15 kg E Venting of nitrogen, liquid [GLO]| 

market for | Cut-off, S 

 

          

Borohydri

de 

reduction 

      3 

 FeCl3 6H2O Calculated from stoichiometry 

reaction assuming a theoretical 

yield of reaction, 100% 

2.90 kg H Iron (III) chloride, without water, in 

40% solution state [GLO]| market 

for | Cut-off, S 

 

 NaOH Calculated from stoichiometry 

reaction assuming a theoretical 

yield of reaction, 100% 

0.44 kg H Sodium hydroxide, without water, 

in 50% solution state [GLO]| 

market for | Cut-off, S 

 

 HCl  For washing and storage 0.0032 kg H Hydrochloric acid, without water, 

in 30% solution state [RoW]| 

market for | Cut-off, S 

 

 Milli-Q water  For washing 200 kg E De-ionized water, reverse osmosis, 

production mix, at the plant, from 

surface water RER S System - 

Copied from ELCD 

 

 NaBH4 No available in the databases; A 

separate inventory was made for 

this as described below 

0.65 kg H Sodium Borohydride  

 Magnetic 

stirring 

Assumed following the ref.  0.07 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

5 

        



21 
 

ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

Borohydri

de 

productio

n process 

(for 1 kg) 

      4 

 Borax 

(Na2B4O7) 

 1.37 kg H Borax, anhydrous, powder [GLO]| 

market for | Cut-off, S 

 

 Sodium 

(metallic) 

 2.51 kg  H Sodium [GLO]| market for | Cut-

off, S 

 

 H2  0.11 kg  E Hydrogen, gaseous [GLO]| market 

for hydrogen, gaseous | Cut-off, S 

 

 SiO2 (quartz)  2.87 kg  H Silica sand [GLO]| market for | 

Conseq, S 

 

 Grinding in 

an agate mill 

 0.07 kWh   5 

 Melting in 

furnace 

 7.6 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

77 

 Pouring on 

the water 

Around 1000 kJ (Energy of 

heating silica to 1200 °C) /4186 

J/kg (Specific Heat of water) 

239 kg  E Process water, ion exchange, 

production mix, at the plant, from 

surface water RER S 

 

 Drying Assuming an oven with a capacity 

of 64 L and wattage of 3000 ( 

Temp. range of up to 500 °C) and 

that it can be used with full 

volumetric capacity for input 

materials with equivalent density 

to water (50%) and an equal 

amount of water (50%). 

1.19 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

78 

 Grinding Assuming an agate mill with a 

capacity of 4.5 L and wattage of 

1100 W and that it can be used 

0.52 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

79 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

with full volumetric capacity for 

input materials with a density 

equivalent to 1 g/cm3, and the 

grinding period is for 0.5 h.  

 Sieving Assuming the same energy as 

mixing, a power of 1/10 hp and a 

capacity of 50 gal 

 

 

 

 

 

 

 

 

 

 

 

0.01 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 
 

 H2 addition at 

22 atm 

volume assumed as 1 m3 1.00 m3 E Compressed air, 1200 kPa gauge 

[RoW]| market for compressed air, 

1200 kPa gauge | APOS, S 

 

 Autoclave   1.60 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

80 

 Heating At 450 °C for 70 min 0.74 kWh E Heat, district or industrial, natural 

gas [GLO]| market group for | 

APOS, S 

 

 Evaporation 

under vacuum 

1.34 1.34 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

Green 

synthesis 

methods 

       6 

either  Virginia 

creeper  

Assumed analogous to organic 

grass which exists in the 

databases; Conservatively 

assumed a yield of 55% 

1.79 kg H Grass, organic [RoW]| grass 

production, permanent grassland, 

organic, extensive | APOS, S 

1 

or Coffee  1.79 kg H Coffee, green bean [RoW]| coffee 

green bean production, robusta | 

APOS, S 

 

or  Green tea  1.79 kg H Tea, dried [GLO]| market for tea, 

dried | APOS, S 

 

 Pretreatment Washing with water assuming 

water consumption 10 times of the 

washed materials 

17.9 kg E Tap water [GLO]| market group for 

| APOS, S 

 

 Pretreatment Drying at room temperature 

considering the process for drying 

agricultural products in air 

assuming twice the amount of 

biomass mass with equivalent 

volume with water density 

3.59 L E Dried roughage store, air dried, 

solar [GLO]| market for | APOS, S 

 

 100 mL DI 

water 

Assume using tap water at an 

industrial scale will be appropriate 

35.9 kg E Tap water [GLO]| market group for 

| APOS, S 

 

 Boiling  In 100 mL DI water at 80℃ for 80 

min 

0.05 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

78 

 Filter paper Assuming paper used similar to 

the Ref.  

3.84 kg E Kraft paper, unbleached [GLO]| 

market for | APOS, S 

5 

 Filtration 

energy 

Assuming energy used similar to 

the Ref. 

0.02 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

5 

 FeCl3.6H2O 0.1 M in tap water  1.00 kg H Iron (III) chloride, without water, in 

40% solution state [RoW]| iron (III) 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

chloride production, product in 

40% solution state | Cut-off, S 

 Water  35.9 kg E Tap water [GLO]| market group for 

| APOS, S 

 

 Stirring for 

24 h 

Assuming the same energy as 

mixing 

0.68 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

81 

        

        

SiO2        

Ball 

milling  

      11 

 Natural sand 

without any 

pretreatment 

 Conservatively assumed a yield 

of 50% 

2.00 kg H Sand [RoW]| market for sand | 

APOS, S 

1 

 DI water  4.00 kg E Water, deionized [RoW]| market 

for water, deionized | APOS, S 

 

 Vibratory 

sieving 

10 min at an amplitude of 100 mm 0.0037 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

81 

 Ball milling 8 h, based on a laboratory ball-

mill (P4 Fristch) with 450 mL 

capacity and a power of 2.2 kW 

46.6 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

82 

        

Green - 

rice husk 

      9 

 Rice husk  1.04 kg  H Rice husk (raw), at processing/CN 

Economic 

 

 Water Assuming tap water for washing  103 kg H Tap water [GLO]| market group for 

| APOS, S 

 

 Drying 

agricultural 

Assuming twice the amount of 

biomass mass with equivalent 

volume with water density; 

2.07 kg E Operation, dried roughage store, air 

dried, solar [GLO]| market for | 

APOS, S 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

products in 

the air  

Assuming an oven with a capacity 

of 100 L and wattage of 1000 

(Temp. range of 40 to 250 °C) and 

that it can be used with full 

volumetric capacity for input 

materials with equivalent density 

to water (50%) and an equal 

amount of water (50%). 

 Drying  At 80 °C for 12 h 0.25 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

 Burning 

inside muffle 

furnace  

At 400 °C for 1 h; Assuming a 

laboratory oven with a capacity of 

64 L and wattage of 3000 (Temp. 

range of up to 500 °C) and that it 

can be used with full volumetric 

capacity for input materials with 

equivalent density to water.  

0.10 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

 Burning 

inside muffle 

furnace  

At 700 °C for 1 h; Assuming an 

oven with a capacity of 64 L and 

wattage of 3000 ( Temp. range of 

up to 500 °C) and that it can be 

used with full volumetric capacity 

for input materials with equivalent 

density to water (50%) and an 

equal amount of water (50%). 

0.10 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

 Water To produce 1 M HNO3  solution  51.8 kg H Tap water [GLO]| market group for 

| APOS, S 

 

 HNO3  To produce ash in HNO3 (1 M) 3.26 kg E Nitric acid, without water, in 50% 

solution state [RoW]| market for 

nitric acid, without water, in 50% 

solution state | Cut-off, S 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

 Stirring  For 10 h; Assuming the same 

energy as mixing 

0.41 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

81 

 Water Assuming tap water for washing  103 kg H Tap water [GLO]| market group for 

| APOS, S 

 

 Ethanol Assuming the same as the amount 

of materials being washed 

1.04 kg E Ethanol, without water, in 99.7% 

solution state, from ethylene 

[RoW]| ethylene hydration | APOS, 

U 

 

 Filter paper Assuming paper used similar to 

the Ref.  

2.22 kg E Kraft paper, unbleached [GLO]| 

market for | APOS, S 

5 

 Filtration 

energy 

Assuming energy used similar to 

the Ref. 

0.01 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

5 

 Drying  At 80 °C for 3 h under vacuum; 

Assuming an oven with a capacity 

of 100 L and wattage of 1000 

(Temp. range of 40 to 250 C) and 

that it can be used with full 

volumetric capacity for input 

materials with equivalent density 

to water (50%) and an equal 

amount of water (50%). 

0.06 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

 Ball milling 2 h (averagely), based on a 

laboratory ball-mill (P4 Fristch) 

with 450 mL capacity and a power 

of 2.2 kW 

6.02 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

82 

         

Green - 

wheat 

husk 

      10 

 Wheat husk  Conservatively assumed a yield 

of 75% 

1.33 kg  H Flax husks [GLO]| market for flax 

husks | APOS, S 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

 Water for 

washing 

Water (assuming tap water) for 

washing  

133 kg H Tap water [GLO]| market group for 

| APOS, S 

 

 Drying Drying agricultural products in air 

assuming twice the amount of 

biomass mass with equivalent 

volume with water density 

2.67 kg H Operation, dried roughage store, air 

dried, solar [GLO]| market for | 

APOS, S 

 

 Drying at 60 

°C for 24 h 

Assuming an oven with a capacity 

of 100 L and wattage of 1000 

(Temp. range of 40 to 250 °C) and 

that it can be used with full 

volumetric capacity for input 

materials with equivalent density 

to water (50%) and an equal 

amount of water (50%). 

0.64 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

 Water To produce H2SO4 (10%) 40.0 kg H Water, deionized [RoW]| market 

for water, deionized | APOS, S 

 

 H2SO4  at 10% 8.02 kg H Sulfuric acid (98% H2SO4), at 

plant/RER Economic 

 

 Heating and 

vigorous 

stirring at 90 

°C for 3 h 

Assuming an average hot plate 

stirrer with 0.55 kW power and 

capability of 15 L 

1.63 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

83 

 Filter paper Assuming paper used similar to 

the Ref.  

2.85 kg E Kraft paper, unbleached [GLO]| 

market for | APOS, S 

5 

 Filtration 

energy 

Assuming energy used similar to 

the Ref. 

0.01 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

5 

 Calcination  Using a muffle furnace at 600 °C 

for 2 h; Assuming an oven with a 

capacity of 94 L and wattage of 

4500 ( Temp. range of up to 600 

°C) and that it can be used with 

0.26 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

full volumetric capacity for input 

materials with equivalent density 

to water (50%) and an equal 

amount of water (50%). 

 Washing the 

resulted 

powder with 

distilled water 

 13.3 H Water, 

deioniz

ed 

[RoW]| 

market 

for 

water, 

deioniz

ed | 

APOS, 

S 

  

         

Al2O3        

Ball 

milling  

      13 

 Aluminum 

powder 

Conservatively assumed a yield of 

55% 

1.80 kg H Aluminum oxide, metallurgical 

[UN-OCEANIA]| aluminum oxide 

production | APOS, S 

1 

 Initial 

grinding  

Assumed for transforming 

metallurgical aluminum oxide in 

the database to powder form; 

Assuming an agate mill with a 

capacity of 4.5 L and wattage of 

1100 W and that it can be used 

with full volumetric capacity for 

input materials with a density 

0.44 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

84 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

equivalent to 1 g/cm3, and the 

grinding period of 0.5 h.  

 Paraffin oil  This can be substituted by 

surfactant according to the Ref.; 

Assuming the density of surfactant 

equivalent to water 

0.83 kg E Non-ionic surfactant [GLO]| non-

ionic surfactant production, 

ethylene oxide derivate | APOS, S 

85 

 Air addition Assuming  16 times 0.20 m3 E Compressed air, 800 kPa gauge 

[RoW]| market for compressed air, 

800 kPa gauge | APOS, S 

 

 Ball milling 4 h, based on a laboratory ball-

mill (P4 Fristch) with 450 mL 

capacity and a power of 2.2 kW 

16.5 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

82 

        

Green - 

Algae 

      12 

 Algae  0.07 kg  E Lime [FR]| production, algae | 

APOS, S 

 

 Tap water for 

washing 

1.5 L for 15 g 66.7 kg E Tap water [GLO]| market group for 

| APOS, S 

 

 DI water for 

washing  

0.15 L for 15 g 6.67 kg E Water, deionized [RoW]| market 

for water, deionized | APOS, S 

 

 Drying in 

shade for 1 

week  

Assuming the analogous to the 

process of drying agricultural 

products in the air that is available 

in the database 

0.07 kg E Operation, dried roughage store, air 

dried, solar [GLO]| market for | 

APOS, S 

 

 Grinding Assuming an agate mill with a 

capacity of 4.5 L and wattage of 

1100 W and that it can be used 

with full volumetric capacity for 

input materials with an equivalent 

0.02 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

84 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

density equivalent to 1 g/cm3, and 

the grinding period is for 0.5 h.  

 Heating  At 70 °C for 30 min; Assuming an 

average hot plate stirrer with 0.55 

kW power and capability of 15 L 

3.67 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

83 

 Aluminum 

Sulfate  

0.05 M; Assuming 100% 

theoretical yield of the reaction 

3.36 kg H Aluminum sulfate, powder [RoW]| 

production | APOS, U 

 

 stirring for 1 

h 

Assuming a power of 1/10 hp and 

capacity of 50 gal 

0.09 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

81 

 Heating at 70 

C for 25 min 

Assuming an average hot plate 

stirrer with 0.55 kW power and 

capability of 15 L 

3.33 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

83 

 Oven drying 

at 180 C for 1 

h 

Assuming an oven with a capacity 

of 64 L and wattage of 3000 ( 

Temp. range of up to 500 °C) and 

that it can be used with full 

volumetric capacity for input 

materials with equivalent density 

to water (50%) and an equal 

amount of water (50%). 

0.32 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

78 

 Calcination at 

1200 for 2 h 

Assuming an oven with a capacity 

of 23 L and wattage of 7000 

(Temp. range of up to 1200 °C) 

and that it can be used with full 

volumetric capacity for input 

materials with equivalent density 

to water (50%) and an equal 

amount of water (50%). 

4.09 kWh H Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

         

ZnO        
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

Ball 

milling  

       14 

 Zinc oxide 

(powder) 

Conservatively assumed a yield of 

55% 

1.80 kg H Zinc oxide [GLO]| market for | 

APOS, S 

1 

 Initial 

grinding  

Assumed for transforming 

metallurgical material available in 

the database to powder form; 

Assuming an agate mill with a 

capacity of 4.5 L and wattage of 

1100 W and that it can be used 

with full volumetric capacity for 

input materials with a density 

equivalent to 1 g/cm3, and the 

grinding period of 0.5 h.  

0.44 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

 Cooling with 

chilled water 

Assuming the use of a typical 

water cooler with 8 liters per h 

production and 0.085 kW input 

power and water Temp. of 1-10℃ 

following Ref.86 

3.06 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

 Water needed 

for cooling 

Assuming a similar mass of water 

with the zinc oxide mass is 

consumed in every hour of milling 

288 L E Tap water [GLO]| market group for 

| APOS, S 

 

 Ball milling 20 h; Based on a laboratory ball-

mill (P4 Fristch) with 450 mL 

capacity and a power of 2.2 kW 

58.5 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

82 

         

CeO2         

Ball 

milling  

       15 

 Cerium Conservatively assumed a yield of 

55% 

1.80 kg H Cerium concentrate, 60% cerium 

oxide [GLO]| market for | APOS, S 

1 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

 Grinding Assumed for transforming 

metallurgical material available in 

the database to powder form; 

Assuming an agate mill with a 

capacity of 4.5 L and wattage of 

1100 W and that it can be used 

with full volumetric capacity for 

input materials with a density 

equivalent to 1 g/cm3, and the 

grinding period of 0.5 h.  

0.44 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

 Cooling with 

chilled water 

Assuming the use of a typical 

water cooler with 8 liters per h 

production and 0.085 kW input 

power and water Temp. of 1-10℃ 

following Ref.86 

4.59 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

 Water needed 

for cooling 

Assuming a similar mass of water 

with the zinc oxide mass is 

consumed in every hour of milling 

432 kg E Tap water [GLO]| market group for 

| APOS, S 

 

 Ball milling 30 h optimum; Based on a 

laboratory ball-mill (P4 Fristch) 

with 450 mL capacity and a power 

of 2.2 kW 

86.6 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

82 

 CeO2 

extraction as 

a Rare Earth 

Element 

       87 

 Electricity   24.6 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

 

 Heat   33.6 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

 Water 

consumption  

 44910 kg E Tap water [GLO]| market group for 

| APOS, S 

 

        

Polymer 

(for 

coating 

the 

surface of 

1 kg ENP) 

      88 

either  Carboxymeth

yl cellulose 

(CMC) 

Equilibrium adsorption 

concentration between 400 to 600 

mg/L; ENP (e.g., NZVI) 

concentration assumed 100 mg/L 

0.17 kg H Carboxymethyl cellulose, powder 

[RoW]| production | Cut-off, S 

 

or  surfactant 

(ethylene 

oxide 

derivate) 

Equilibrium adsorption 

concentration between 400 to 600 

mg/L; ENP (e.g., NZVI) 

concentration assumed 100 mg/L 

0.17 kg H Non-ionic surfactant [GLO]| non-

ionic surfactant production, 

ethylene oxide derivate | Cut-off, S 

 

or  surfactant 

(fatty acid 

derivate) 

Equilibrium adsorption 

concentration between 400 to 600 

mg/L; ENP (e.g., NZVI) 

concentration assumed 100 mg/L 

0.17 kg H Non-ionic surfactant [GLO]| non-

ionic surfactant production, fatty 

acid derivate | Cut-off, S 

 

 NaHCO3  At a concentration 0.125 mM 0.11 kg E Sodium bicarbonate [GLO]| market 

for sodium bicarbonate | Cut-off, S 

 

 mixing for 48 

h at 30 rpm 

Assuming a power of 1/10 hp and 

capacity of 50 gal 

0.02 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

81 

 Centrifugatio

n for 80 min 

at 27500 rpm 

Assuming a power of 1.2 kW and 

a capacity of 400 mL 

4.00 kWh E Electricity, medium voltage [GLO]| 

market group for | APOS, S 

89 

        

Transport

ation, 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

delivery, 

and 

monitorin

g   

 Ship for 

transport 

Distance from nearest port to the 

production site of the materials 

(assumed China) to the nearest 

port in the delivery area (assumed 

Port of Melbourne). Further 

description can be found in the 

Supplementary text of Life cycle 

costing Section. 

12.2 t.km H Transport, freight, sea, bulk carrier 

for dry goods [GLO]| market for 

transport, freight, sea, bulk carrier 

for dry goods | APOS, S 

 

either Smaller ships 

for 

distribution  

Delivery via smaller ships at a rate 

of 0.451 km/kg, leading to a travel 

distance of 902 to 4510 km 

multiplied by five for expected 

higher efficiency of using ENPs. 

Further description can be found 

in the Supplementary text of Life 

cycle costing Section. 

6.8 t.km E Transport, freight, sea, ferry [GLO]| 

market for transport, freight, sea, 

ferry | APOS, S 

 

or  Aircraft Delivery via smaller aircraft at a 

rate of 0.451 km/kg, leading to a 

travel distance of 902 to 4510 km 

multiplied by five for expected 

higher efficiency of using ENPs. 

Further description can be found 

in the Supplementary text of Life 

cycle costing Section. 

6.8 t.km E Transport, freight, aircraft, medium 

haul [GLO]| market for transport, 

freight, aircraft, medium haul | 

APOS, S 

 

 Small ships 

for 

monitoring  

Assuming the same travel distance 

as the distribution. 

6.8 t.km E Transport, freight, sea, ferry [GLO]| 

market for transport, freight, sea, 

ferry | APOS, S 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials/ 

processes  

Estimation/ assumption 

description  

Amount Unit Uncert

ainty 

range* 

Consideration in SimaPro Ref. 

 Lorry  Land transport over distance from 

factory to port assumed 300 km 

0.30 t.km E Transport, freight, lorry >32 metric 

ton, euro5 [RoW]| market for 

transport, freight, lorry >32 metric 

ton, EURO5 | APOS, S 

 

         

Soluble 

iron 

       

       23 

 FeSO4.7H2O Iron sulfate  5.0 kg H Iron sulfate [RoW]| market for iron 

sulfate | Cut-off, S 

 

 HCl Concentrated acid (assuming 

28%) added to keep the iron 

dissolved upon release into the 

seawater (0.0011%) 

0.014 kg H Hydrochloric acid, without water, 

in 30% solution state [RoW]| 

market for | Cut-off, S 

 

 * In the Monte Carlo approach used for estimating the uncertainties, the standard deviations that are used in determining the shape of 

the normal distributions, which are used for sampling the input parameters, were assumed to be either equal (E) to or half (H) of each 

input parameter value depending on the potential uncertainties that might exist in the estimation of that parameter value.  
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Table S3. Detailed consideration of inventories in the life cycle costing (LCC) for different ENPs synthesized with different methods, 

polymer coating conventional iron sulfate, and transportation/delivery/monitoring process of artificial ocean fertilization. The 

functional unit is considered as 1 kg of ENP produced, transported, delivered, and monitored.  

ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

NZVI           

Electrical 

wire 

explosion 

          

 Steel 1.80 kg 0.40 1.00 0.70 0.72 1.80 1.3 The range is obtained for industrial grade iron wire 

from different manufacturers in China. This range 

is above the price in USA in 2019 for iron ore, 

$0.112, iron/steel slag, $0.0275, and iron/steel 

scrap, $0.226-$0.310 per kg as reported90. 

 Wire 

explosion 

electricity 

91.78 kwh 0.06 0.09 0.08 5.51 8.26 6.9 The min is from Ref.33 and the max is obtained for 

household electricity price in China44. 

 Wire drawing 1.8 kg 0 0 0 0 0 0 Included in the price of wire iron material above 

 Metal working 1.8 kg 0 0 0 0 0 0 Included in the price of wire iron material above 

 Labor cost  8.1 $ 12.00 66.80 39.40 9.25 24.53 13.4 Described in the text 

 Capital cost 8.1 $ 0.68 0.84 0.76 5.57 6.81 6.2 Described in the text 

 External - 

climate 

change 

72.61 kg CO2 eq 0.13 0.15 0.14 9.15 11.18 10.2 Described in the text 

 External - 

freshwater 

eutrophication 

3.65E-

02 

kg P eq 4.10 5.02 4.56 0.15 0.18 0.2 Described in the text 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 External - 

ozone 

depletion 

3.46E-

06 

kg CFC-11  

eq 

349 427 388 0.00 0.00 0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.28 kg SO2 eq 8.64 10.56 9.60 2.42 2.95 2.7 Described in the text 

Ball 

milling: 

          

 Iron pellet  1.80 kg 0.20 0.80 0.50 0.36 1.44 0.9 The range is obtained for industrial grade iron 

powder from different manufacturers in China 

giving a price range of $0.2 to $0.8 per kg. This 

range is above the price in USA in 2019 for iron 

ore, $0.112, iron/steel slag, $0.0275, and iron/steel 

scrap, $0.226-$0.310 per kg as reported90. 

 Ball milling 

electricity 

37.44 kWh 0.06 0.09 0.08 2.25 3.37 2.8 The min is from Ref.33 and the max is obtained for 

household electricity price in China44. 

 Metal working 1.80 kg 0 0 0 0 0 0.0 Included in the price of powdered iron material 

above 

 Labor cost  3.7 $ 12.00 66.80 39.40 4.21 11.17 6.1 Described in the text 

 Capital cost 3.7 $ 0.68 0.84 0.76 2.54 3.10 2.8 Described in the text 

 External - 

climate 

change 

31.28 kg CO2 eq 0.13 0.15 0.14 3.94 4.82 4.4 Described in the text 

 External - 

freshwater 

eutrophication 

1.58E-

02 

kg P eq 4.10 5.02 4.56 0.06 0.08 0.1 Described in the text 

 External - 

ozone 

depletion 

1.57E-

06 

kg CFC-11  

eq 

349 427 388 0.00 0.00 0.0 Described in the text 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 External - 

terrestrial 

acidification 

0.12 kg SO2 eq 8.64 10.56 9.60 1.05 1.29 1.2 Described in the text 

Dithionite 

reduction: 

          

 FeCl2 4H2O 3.56 kg 0.60 1.80 1.20 2.14 6.41 4.3 The range is obtained for industrial grade ferrous 

chloride from different manufacturers in China 

giving a price range of $0.6 to $1.8 per kg. This 

range is above the price in USA in 2019 for iron 

ore, $0.112, iron/steel slag, $0.0275, and iron/steel 

scrap, $0.226-$0.310 per kg as reported90. 

 Na2S2O4 6.69 kg 1.20 1.80 1.50 8.03 12.05 10.0 The range is obtained for industrial grade Sodium 

Dithionite Hydrate from different manufacturers in 

China.  

 NaOH  0.0016 kg 0.20 0.60 0.40 0.00 0.00 0.0 The range is obtained for industrial grade 99% 

grade NaOH from different manufacturers in 

China.  

 HCl 0.0026 kg 0.20 0.20 0.20 0.00 0.00 0.0 The range is obtained for industrial grade 30%-

36% HCl from different manufacturers in China.  

 Milli-Q water  200.0 kg 0.00 0.23 0.12 0.00 46.60 23.3 min, 0.00002 from Ref.5  and max, 0.233, from 

industrial grade DI water supplied in 1000 kg 

tanks91 

 N2 purging 0.77 kg 0.83 1.01 0.92 0.64 0.78 0.7 10% lower and higher than Ref.5   

 Magnetic 

stirring 

0.07 kWh 0.06 0.09 0.08 4.2E-

03 

0.01 0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Storing under 

N2 

environment 

1.15 kg 0.92 0.92 0.92 1.06 1.06 1.1 10% lower and higher than Ref.5   
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 Labor cost  39.4 $ 12.00 66.80 39.40 44.75 118.6

3 

65.0 Described in the text 

 Capital cost 39.4 $ 0.68 0.84 0.76 26.94 32.93 29.9 Described in the text 

 External - 

climate 

change 

28.93 kg CO2 eq 0.13 0.15 0.14 3.65 4.46 4.1 Described in the text 

 External - 

freshwater 

eutrophication 

1.69E-

02 

kg P eq 4.10 5.02 4.56 0.07 0.08 0.1 Described in the text 

 External - 

ozone 

depletion 

7.94E-

06 

kg CFC-11  

eq 

349 427 388 2.8E-

03 

3.4E-

03 

0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.62 kg SO2 eq 8.64 10.56 9.60 5.35 6.54 5.9 Described in the text 

Borohydri

de 

reduction 

          

 FeCl3 6H2O 2.90 kg 0.30 0.90 0.60 0.87 2.61 1.7 The range is obtained for industrial grade ferrous 

chloride from different manufacturers in China 

giving a price range of $0.3 to $0.9 per kg. This 

range is above the price in USA in 2019 for iron 

ore, $0.112, iron/steel slag, $0.0275, and iron/steel 

scrap, $0.226-$0.310 per kg as reported90. 

 NaOH 0.44 kg 0.20 0.60 0.40 0.09 0.26 0.2 The range is obtained for industrial grade 99% 

grade NaOH from different manufacturers in China 

giving a price range of $0.2 to $0.6 per kg.  

 HCl  0.0032 kg 0.15 0.25 0.20 4.8E-

04 

8.0E-

04 

0.0 The range is obtained for industrial grade 30%-

36% HCl from different manufacturers in China 

giving a price range of $0.15 to $0.25 per kg.  
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 Milli-Q water  200.0 kg 2.0E-

05 

0.23 0.12 4.0E-

03 

46.6 23.3 min, 0.00002 from Ref.5  and max, 0.233, from 

industrial grade DI water supplied in 1000 kg tanks 

following Ref.91 

 NaBH4 0.65 kg 5.00 35.00 20.00 3.25 22.75 13.0 The range is obtained for industrial grade 98% 

Sodium Borohydride from different manufacturers 

in China and India giving a price range of $5 to $35 

per kg.  

 Magnetic 

stirring 

0.07 kWh 0.06 0.09 0.08 0.00 0.01 0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Labor cost  38.2 $ 12.00 66.80 39.40 43.44 115.1

3 

63.1 Described in the text 

 Capital cost 38.2 $ 0.68 0.84 0.76 26.14 31.95 29.0 Described in the text 

 External - 

climate 

change 

16.37 kg CO2 eq 0.13 0.15 0.14 2.06 2.52 2.3 Described in the text 

 External - 

freshwater 

eutrophication 

6.88E-

03 

kg P eq 4.10 5.02 4.56 0.03 0.03 0.0 Described in the text 

 External - 

ozone 

depletion 

2.48E-

06 

kg CFC-11  

eq 

349 427 388 8.7E-

04 

1.1E-

03 

0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.07 kg SO2 eq 8.64 10.56 9.60 0.59 0.73 0.7 Described in the text 

Green 

synthesis 

methods 

          

either  Virginia 

creeper  

1.79 kg 0.15 0.25 0.20 0.27 0.45 0.4 The range is obtained for agricultural dried leaves 

and alfalfa hay. 



41 
 

ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

or Cofee 1.79 kg 1.00 8.00 4.50 1.79 14.35 8.1 The range is obtained for food-grade dried, raw or 

processed coffee beans. 

or  Green tea 1.79 kg 2.80 16.00 9.40 5.02 28.71 16.9 The range is obtained for food-grade dried, raw or 

processed tea leaves.  

 Pretreatment 17.9 kg 2.0E-

05 

8.1E-

04 

4.2E-

04 

3.6E-

04 

1.5E-

02 

0.0 min, 0.00002 from Ref.5  and max, 0.00081, from 

average tap water price in China92 

 Pretreatment 3.59 L 0.0E

+00 

0.0E

+00 

0.0E+

00 

0.0E

+00 

0.0E

+00 

0.0 Considered in energy cost and labor 

 100 mL DI 

water 

35.9 kg 2.0E-

05 

8.1E-

04 

4.2E-

04 

7.2E-

04 

2.9E-

02 

0.0 min, 0.00002 from Ref.5  and max, 0.00081, from 

average tap water price in China92  

 Boiling  0.05 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

2.9E-

03 

4.3E-

03 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Filter paper 3.84 kg 2.50 9.00 5.75 9.60 34.56 22.1 The range is obtained for food- and industrial-grade 

filter papers. 

 Filtration 

energy 

0.02 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

1.1E-

03 

1.7E-

03 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 FeCl3.6H2O 1.00 kg 3.0E-

01 

9.0E-

01 

6.0E-

01 

3.0E-

01 

9.0E-

01 

0.6 The range is obtained for industrial grade ferrous 

chloride from different manufacturers in China 

giving a price range of $0.3 to $0.9 per kg. This 

range is above the price in USA in 2019 for iron 

ore, $0.112, iron/steel slag, $0.0275, and iron/steel 

scrap, $0.226-$0.310 per kg as reported.90 

 Water 35.9 kg 2.0E-

05 

8.1E-

04 

4.2E-

04 

7.2E-

04 

2.9E-

02 

0.0 min, 0.00002 from Ref.5  and max, 0.00081, from 

average tap water price in China92  

 Stirring for 24 

h 

0.68 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

4.1E-

02 

6.1E-

02 

0.1 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 Labor cost  23.1 $ 12.00 66.80 39.40 26.29 69.67 38.2 Described in the text 

 Capital cost 23.1 $ 0.68 0.84 0.76 15.82 19.34 17.6 Described in the text 

 External - 

climate 

change 

6.06 kg CO2 eq 0.13 0.15 0.14 0.76 0.93 0.8 Described in the text 

 External - 

freshwater 

eutrophication 

4.02E-

03 

kg P eq 4.10 5.02 4.56 0.02 0.02 0.0 Described in the text 

 External - 

ozone 

depletion 

8.77E-

07 

kg CFC-11  

eq 

349.1 426.7 387.9 3.1E-

04 

3.7E-

04 

0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.03 kg SO2 eq 8.64 10.56 9.60 0.30 0.37 0.3 Described in the text 

SiO2           

Ball 

milling  

          

 Natural sand 

without any 

pretreatment 

2.00 kg 0.05 0.35 0.20 0.10 0.70 0.4 The range is obtained for industrial grade clean 

sand from different manufacturers in China. 

 DI water 4.00 kg 2.0E-

05 

0.23 0.12 8.0E-

05 

0.93 0.5 min, 0.00002 from Ref.5  and max, 0.233, from 

industrial grade DI water supplied in 1000 kg tanks 

following Ref.91  

 Vibratory 

sieving 

0.0037 kWh 0.06 0.09 0.08 2.2E-

04 

3.3E-

04 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Ball milling 46.6 kWh 0.06 0.09 0.08 2.79 4.19 3.5 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Labor cost  4.4 $ 12.00 66.80 39.40 4.95 13.13 7.2 Described in the text 

 Capital cost 4.4 $ 0.68 0.84 0.76 2.98 3.64 3.3 Described in the text 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 External - 

climate 

change 

32.75 kg CO2 eq 0.13 0.15 0.14 4.13 5.04 4.6 Described in the text 

 External - 

freshwater 

eutrophication 

1.68E-

02 

kg P eq 4.10 5.02 4.56 0.07 0.08 0.1 Described in the text 

 External - 

ozone 

depletion 

1.53E-

06 

kg CFC-11  

eq 

349.1 426.7 387.9 5.3E-

04 

6.5E-

04 

0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.13 kg SO2 eq 8.64 10.56 9.60 1.11 1.36 1.2 Described in the text 

Green - 

rice husk 

          

 Rice husk 1.04 kg  0.05 0.15 0.10 0.05 0.16 0.1 The range is obtained for agricultural rice husk 

from different producers in China.  

 Water 103.5 kg 2.0E-

05 

8.1E-

04 

4.2E-

04 

2.1E-

03 

8.4E-

02 

0.0 min, 0.00002 from Ref.5  and max, 0.00081, from 

average tap water price in China92  

 Drying 

agricultural 

products in air  

2.07 kg 0 0 0 0 0 0.0 Considered in the cost  of rice husk, energy and 

labor 

 Drying  0.25 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

1.5E-

02 

2.2E-

02 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Burning inside 

muffle furnace  

0.10 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

5.8E-

03 

8.7E-

03 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Burning inside 

muffle furnace  

0.10 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

5.8E-

03 

8.7E-

03 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Water 51.8 kg 2.0E-

05 

8.1E-

04 

4.2E-

04 

1.0E-

03 

4.2E-

02 

0.0 min, 0.00002 from Ref.5  and max, 0.00081, from 

average tap water price in China92  
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 HNO3  3.26 kg 3.5E-

01 

4.5E-

01 

4.0E-

01 

1.1E

+00 

1.5E

+00 

1.3 The range is obtained for industrial grade 68% 

Nitric Acid from different manufacturers in China 

giving a price range of $0.3 to $0.45 per kg.  

 Stirring  0.41 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

2.4E-

02 

3.7E-

02 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Water 103.5 kg 2.0E-

05 

8.1E-

04 

4.2E-

04 

2.1E-

03 

8.4E-

02 

0.0 min, 0.00002 from Ref.5  and max, 0.00081, from 

average tap water price in China92  

 Ethanol 1.04 kg 0.85 1.50 1.18 0.88 1.55 1.2 The range is obtained for industrial grade ethanol 

from different producers in China.  

 Filter paper 2.22 kg 2.50 9.00 5.75 5.54 19.94 12.7 The range is obtained for food- and industrial-grade 

filter papers.  

 Filtration 

energy 

0.01 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

6.5E-

04 

9.8E-

04 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Drying  0.06 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

3.7E-

03 

5.6E-

03 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Ball milling 6.02 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

3.6E-

01 

0.54 0.5 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Labor cost  16.0 $ 12.00 66.80 39.40 18.17 48.17 26.4 Described in the text 

 Capital cost 16.0 $ 0.68 0.84 0.76 10.94 13.37 12.2 Described in the text 

 External - 

climate 

change 

20.51 kg CO2 eq 0.13 0.15 0.14 2.58 3.16 2.9 Described in the text 

 External - 

freshwater 

eutrophication 

6.17E-

03 

kg P eq 4.10 5.02 4.56 2.5E-

02 

3.1E-

02 

0.0 Described in the text 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 External - 

ozone 

depletion 

9.12E-

07 

kg CFC-11  

eq 

349.1 426.6 387.9 3.2E-

04 

3.9E-

04 

0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.09 kg SO2 eq 8.64 10.56 9.60 0.80 0.98 0.9 Described in the text 

Green - 

wheat 

husk 

          

 Wheat husk 1.33 kg  0.20 0.32 0.26 0.27 0.43 0.3 The range is obtained for food grade wheat bran 

from different producers in China. 

 Water for 

washing 

133.3 kg 2.0E-

05 

8.1E-

04 

4.2E-

04 

2.7E-

03 

0.11 0.1 min, 0.00002 from Ref.5  and max, 0.00081, from 

average tap water price in China92  

 Drying 2.67 kg 0 0 0 0 0 0.0 Considered in the cost  of wheat bran, energy and 

labor 

 Drying at 60 

degree C for 

24 h 

0.64 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

3.8E-

02 

5.8E-

02 

0.0 min, 0.06 from Ref.33 and max, 0.09, for household 

electricity price in China44 

 Water 40.0 kg 2.0E-

05 

8.1E-

04 

4.2E-

04 

8.0E-

04 

3.2E-

02 

0.0 min, 0.00002 from Ref.5  and max, 0.00081, from 

average tap water price in China92  

 H2SO4 8.02 kg 0.20 0.32 0.26 1.60 2.57 2.1 The range is obtained for industrial grade Sulfuric 

acid from different producers in China.  

 Heating and 

vigorous 

stirring at 90 

degree C for 3 

h 

1.63 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

0.10 0.15 0.1 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Filter paper 2.85 kg 2.50 9.00 5.75 7.13 25.68 16.4 The range is obtained for food- and industrial-grade 

filter papers. 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 Filtration 

energy 

0.01 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

8.4E-

04 

1.3E-

03 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Calcination  0.26 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

1.5E-

02 

2.3E-

02 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Washing the 

resulted 

powder with 

distilled water 

13.3 kg 2.0E-

05 

0.23 0.12 2.7E-

04 

3.11 1.6 min, 0.00002 from Ref.5 and max, 0.233, from 

industrial grade DI water supplied in 1000 kg tanks 

following Ref.91 

 Labor cost  20.7 $ 12.00 66.80 39.40 23.47 62.21 34.1 Described in the text 

 Capital cost 20.7 $ 0.68 0.84 0.76 14.13 17.27 15.7 Described in the text 

 External - 

climate 

change 

6.47 kg CO2 eq 0.13 0.15 0.14 0.82 1.00 0.9 Described in the text 

 External - 

freshwater 

eutrophication 

3.16E-

03 

kg P eq 4.10 5.02 4.56 1.3E-

02 

1.6E-

02 

0.0 Described in the text 

 External - 

ozone 

depletion 

4.93E-

07 

kg CFC-11  

eq 

349.1 426.7 387.9 1.7E-

04 

2.1E-

04 

0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.03 kg SO2 eq 8.64 10.56 9.60 0.29 0.35 0.3 Described in the text 

Al2O3           

Ball 

milling  

          

 Aluminium 

powder 

1.80 kg 0.5 3.4 1.95 0.9 6.1 3.5 The range is obtained for industrial grade 

Aluminum Oxide Powder from different 

manufacturers in China. 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 Initial 

grinding  

0.44 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

2.6E-

02 

4.0E-

02 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Parafin oil  0.83 kg 0.50 2.00 1.25 0.41 1.65 1.0 The range is obtained for industrial grade non-ionic 

surfactant from different manufacturers in China.  

 Air addition 0.20 m3 4.53 5.54 5.04 0.93 1.13 1.0 Based on price for Industrial grade 30-L cylinders 

with the weight of 6.73 kg  from Ref.93 

 Ball milling 16.5 kWh 0.06 0.09 0.08 0.99 1.48 1.2 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Labor cost  6.8 $ 12.00 66.80 39.40 7.78 20.61 11.3 Described in the text 

 Capital cost 6.8 $ 0.68 0.84 0.76 4.68 5.72 5.2 Described in the text 

 External - 

climate 

change 

16.78 kg CO2 eq 0.13 0.15 0.14 2.11 2.58 2.3 Described in the text 

 External - 

freshwater 

eutrophication 

8.76E-

03 

kg P eq 4.10 5.02 4.56 3.6E-

02 

4.4E-

02 

0.0 Described in the text 

 External - 

ozone 

depletion 

8.55E-

07 

kg CFC-11  

eq 

349.1 426.7 387.9 3.0E-

04 

3.6E-

04 

0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.07 kg SO2 eq 8.64 10.56 9.60 0.62 0.76 0.7 Described in the text 

Green - 

Algae 

          

 Algae 0.07 kg  2.86 13.60 8.23 0.19 0.91 0.5 The range (2.86 to 13.6 $/kg) taken from Tredici et 

al. (2016)  

 Tap water for 

washing 

66.7 kg 2.0E-

05 

8.1E-

04 

4.2E-

04 

1.3E-

03 

5.4E-

02 

0.0 min, 0.00002 from Ref.5  and max, 0.00081, from 

average tap water price in China92  
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 DI water for 

washing  

6.67 kg 2.0E-

05 

2.3E-

01 

0.12 1.3E-

04 

1.55 0.8 min, 0.00002 from Ref.5  and max, 0.233, from 

industrial grade DI water supplied in 1000 kg tanks 

following Ref.91 

 Drying in 

shade for 1 

week  

0.07 kg 0.0E

+00 

0.0E

+00 

0.0E+

00 

0.0E

+00 

0.0E

+00 

0.0 Included in the cost of algae production and labor 

 Grinding 0.02 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

9.8E-

04 

1.5E-

03 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Heating  3.67 kWh 0.06 9.0E-

02 

7.5E-

02 

0.22 0.33 0.3 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Aluminum 

Sulfate  

3.36 kg 0.11 0.35 0.23 0.37 1.17 0.8 The range is obtained for industrial grade 

Aluminium sulfate (Alum powder) from different 

manufacturers in China.  

 Stirring for 1 h 0.09 kWh 0.06 9.0E-

02 

7.5E-

02 

5.2E-

03 

7.7E-

03 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Heating at 70 

C for 25 min 

3.33 kWh 0.06 9.0E-

02 

7.5E-

02 

0.20 0.30 0.2 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Oven driying 

at 180 C for 1 

h 

0.32 kWh 0.06 9.0E-

02 

7.5E-

02 

1.9E-

02 

2.8E-

02 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Calcination at 

1200 for 2 h 

4.09 kWh 0.06 9.0E-

02 

7.5E-

02 

0.25 0.37 0.3 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Labor cost  3.0 $ 12.00 66.80 39.40 3.40 9.00 4.9 Described in the text 

 Capital cost 3.0 $ 0.68 0.84 0.76 2.04 2.50 2.3 Described in the text 

 External - 

climate 

change 

10.76 kg CO2 eq 0.13 0.15 0.14 1.36 1.66 1.5 Described in the text 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 External - 

freshwater 

eutrophication 

5.67E-

03 

kg P eq 4.10 5.02 4.56 2.3E-

02 

2.8E-

02 

0.0 Described in the text 

 External - 

ozone 

depletion 

5.60E-

07 

kg CFC-11  

eq 

349.1 426.7 387.9 2.0E-

04 

2.4E-

04 

0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.06 kg SO2 eq 8.64 10.56 9.60 0.49 0.60 0.5 Described in the text 

ZnO           

Ball 

milling  

          

 Zinc oxide 

(powder) 

1.80 kg 1.45 4.50 2.98 2.61 8.10 5.4 The range is obtained for industrial grade Zinc 

Oxide Powder from different manufacturers in 

China. 

 Initial 

grinding  

0.44 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

2.6E-

02 

4.0E-

02 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Cooling with 

chilled water 

3.06 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

0.18 0.28 0.2 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Water needed 

for cooling 

288.0 L 2.0E-

05 

8.1E-

04 

4.2E-

04 

5.8E-

03 

2.3E-

01 

0.1 min, 0.00002 from Ref.5  and max, 0.00081, from 

average tap water price in China92  

 Ball milling 58.5 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

3.51 5.26 4.4 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Labor cost  10.1 $ 12.00 66.80 39.40 11.50 30.49 16.7 Described in the text 

 Capital cost 10.1 $ 0.68 0.84 0.76 6.92 8.46 7.7 Described in the text 

 External - 

climate 

change 

46.32 kg CO2 eq 0.13 0.15 0.14 5.84 7.13 6.5 Described in the text 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 External - 

freshwater 

eutrophication 

2.35E-

02 

kg P eq 4.10 5.02 4.56 0.10 0.12 0.1 Described in the text 

 External - 

ozone 

depletion 

2.31E-

06 

kg CFC-11  

eq 

349.1 426.7 387.9 8.1E-

04 

9.9E-

04 

0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.18 kg SO2 eq 8.64 10.56 9.60 1.57 1.92 1.7 Described in the text 

CeO2           

Ball 

milling  

          

 Cerium 1.80 kg 1.00 18.00 9.50 1.80 32.40 17.1 The range is obtained for industrial grade Cerium 

Oxide Powder from different manufacturers in 

China. 

 Grinding 0.44 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

2.6E-

02 

4.0E-

02 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Cooling with 

chilled water 

4.59 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

0.28 0.41 0.3 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Water needed 

for cooling 

432.0 kg 2.0E-

05 

8.1E-

04 

4.2E-

04 

8.6E-

03 

0.35 0.2 min, 0.00002 from Ref.5  and max, 0.00081, from 

average tap water price in China92  

 Ball milling 86.6 kWh 6.0E-

02 

9.0E-

02 

7.5E-

02 

5.20 7.80 6.5 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Labor cost  24.2 $ 12.00 66.80 39.40 27.45 72.75 39.9 Described in the text 

 Capital cost 24.2 $ 0.68 0.84 0.76 16.52 20.19 18.4 Described in the text 

 External - 

climate 

change 

150.63 kg CO2 eq 0.13 0.15 0.14 18.98 23.20 21.1 Described in the text 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 External - 

freshwater 

eutrophication 

7.82E-

02 

kg P eq 4.10 5.02 4.56 0.32 0.39 0.4 Described in the text 

 External - 

ozone 

depletion 

2.19E-

05 

kg CFC-11  

eq 

349.1 426.7 387.9 7.7E-

03 

9.4E-

03 

0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.61 kg SO2 eq 8.64 10.56 9.60 5.24 6.40 5.8 Described in the text 

Polymer 

(for 

coating 

the 

surface of 

1 kg ENP) 

          

either  Carboxymethy

l cellulose 

(CMC) 

0.17 kg 0.50 5.00 2.75 8.3E-

02 

0.83 0.5 The range is obtained for industrial and food grade 

Carboxymethyl Cellulose Powder from different 

manufacturers in China. 

or  surfactant 

(ethylene 

oxide 

derivate) 

0.17 kg 0.50 2.00 1.25 8.3E-

02 

0.33 0.2 The range is obtained for industrial grade non-ionic 

surfactant from different manufacturers in China. 

or  surfactant 

(fatty acid 

derivate) 

0.17 kg 0.50 2.00 1.25 8.3E-

02 

0.33 0.2 The range is obtained for industrial grade non-ionic 

surfactant from different manufacturers in China. 

 NaHCO3  0.11 kg 0.19 0.51 0.35 1.9E-

02 

0.05 0.0 The range is obtained for industrial and food grade 

Sodium Bicarbonate  from different manufacturers 

in China. 

 mixing for 48 

h at 30 rpm 

0.02 kWh 0.06 0.09 0.08 1.1E-

03 

1.7E-

03 

0.0 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 Centrifugation 

for 80 min at 

27500 rpm 

4.00 kWh 0.06 0.09 0.08 0.24 0.36 0.3 The min is from Ref.33 and the max is obtained for 

household electricity price in China44 

 Labor cost  0.8 $ 12.00 66.80 39.40 0.90 2.40 1.3 Described in the text 

 Capital cost 0.8 $ 0.68 0.84 0.76 0.54 0.67 0.6 Described in the text 

 External - 

climate 

change 

3.60 kg CO2 eq 0.13 0.15 0.14 0.45 0.55 0.5 Described in the text 

 External - 

freshwater 

eutrophication 

1.74E-

03 

kg P eq 4.10 5.02 4.56 7.2E-

03 

8.7E-

03 

0.0 Described in the text 

 External - 

ozone 

depletion 

2.39E-

07 

kg CFC-11  

eq 

349.1 426.7 387.9 8.4E-

05 

1.0E-

04 

0.0 Described in the text 

 External - 

terrestrial 

acidification 

0.02 kg SO2 eq 8.64 10.56 9.60 0.13 0.16 0.1 Described in the text 

AOF 

Operation 

          

 Ship for 

transport 

12.2 t.km 4.6E-

02 

6.1E-

02 

5.4E-

02 

0.56 0.75 0.7 Distance from production site of the materials 

(assumed China) to the delivery site (assumed 

Southern Ocean). Further details are given in the 

text. 

either  Ship for 

distribution  

6.8 t.km 4.6E-

02 

6.1E-

02 

5.4E-

02 

0.31 0.41 0.4 Delivery via smaller ships at a rate of 0.451 km/kg, 

leading to a travel distance of 902 to 4510 km 

multiplied by five for expected higher efficiency of 

using ENPs. Further details are given in the text. 

or  Alternative 

Aircraft for 

distribution 

and 

monitoring 

0.7 km2 1300.

00 

3879.

55 

2589.

78 

939.0

5 

2802.

38 

1870.

7 

Based on fairs for aerial spray  (agricultural 

aircraft)25,26  
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 Ship for 

monitoring 

6.8 t.km 4.6E-

02 

6.1E-

02 

5.4E-

02 

0.31 0.41 0.4 Assuming the same travel distance as the 

distribution.  

 Lorry for land 

transport 

0.30 t.km 0 0 0 0 0 0.0 Included in the cost of ship transport 

 Other 

miscellaneous 

transportation 

costs 

including land 

transport 

19.0 t.km 3.5E-

03 

4.2E-

03 

3.8E-

03 

6.7E-

02 

7.9E-

02 

0.1 handling in and out ($26.6 per ton), storage ($57.1 

per ton), vanning/devanning ($16.6 per ton), and 

other administration charges such as CFS charges, 

Original Documentation fee, re-weighting, ENS 

Fee Exempt, and Export Customs Clearance Fee 

($6.77 per ton)30  

 Labor 

(professional) 

0.265 hour-

person 

3.74 6.62 5.18 0.99 1.75 1.4 Assuming a delivery rate of 3.77 kg/h and that one 

professional and one non-professional worker is 

needed for operation. Labor hourly wage range is 

taken from Ref.31 

 Labor (non-

profession) 

0.265 hour-

person 

2.08 3.68 2.88 0.55 0.98 0.8 Assuming a delivery rate of 3.77 kg/h and that one 

professional and one non-professional worker is 

needed for operation. Labor hourly wage range is 

taken from  

 Monitoring/sa

mple 

measurement 

0.265 hour-

person 

3.74 6.62 5.18 0.99 1.75 1.4 Assuming a delivery rate of 3.77 kg/h and that one 

professional person is needed for sampling and 

measurement during the operation. Labor hourly 

wage range is taken from Ref.31 

 External - 

climate 

change 

1.6 kg CO2 eq 0.126 0.154 0.14 0.20 0.24 0.22 Described in the text 

 External - 

freshwater 

eutrophication 

5.8E-05 kg P eq 4.104 5.016 4.56 2.4E-

04 

2.9E-

04 

2.6E-

04 

Described in the text 
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ENP/ 

synthesis 

methods/ 

AOF 

process 

Materials 

/processes  

amount Unit Min 

Unit 

Cost 

($) 

Max 

Unit 

Cost 

($) 

Mean 

Unit 

Cost 

($) 

Min 

Total 

Cost 

($) 

Max 

Total 

Cost 

($) 

Mean 

Total 

Cost 

($) 

Note on the unit cost 

 External - 

ozone 

depletion 

2.6E-07 kg CFC-11 

eq 

349.1 426.6 387.9 9.0E-

05 

1.1E-

04 

1.0E-

04 

Described in the text 

 External - 

terrestrial 

acidification 

3.9E-02 kg SO2 eq 8.64 10.56 9.6 3.4E-

01 

0.41 0.37 Described in the text 

Soluble 

iron 

          

 FeSO4.7H2O 5.0 kg 0.04 0.65 0.35 0.20 3.24 1.7 The range is obtained for industrial and food grade 

Ferrous Sulfate from different manufacturers in 

China. 

 HCl 0.014 kg 0.15 0.25 0.20 2E-

03 

3E-

03 

0.0 The range is obtained for industrial grade 30%-

36% HCl from different manufacturers in China. 

 Labor cost  1.7 $ 12.00 66.80 39.40 1.96 5.18 2.8 Described in the text 

 Capital cost 1.7 $ 0.68 0.84 0.76 1.18 1.44 1.3 Described in the text 

 External - 

climate 

change 

1.39 kg CO2 eq 0.13 0.15 0.14 0.17 0.21 0.2 Described in the text 

 External - 

freshwater 

eutrophication 

8.18E-

04 

kg P eq 4.10 5.02 4.56 3E-

03 

4E-

03 

3.7E-

03 

Described in the text 

 External - 

ozone 

depletion 

9.20E-

08 

kg CFC-11  

eq 

349.1 426.7 387.9 3E-

05 

4E-

05 

3.6E-

05 

Described in the text 

 External - 

terrestrial 

acidification 

0.01 kg SO2 eq 8.64 10.56 9.60 7E-

02 

8E-

02 

0.1 Described in the text 
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Table S4. Summary of various environmental impacts obtained from our life cycle assessment. These results are minimum, 

maximum, and average of impacts obtained for various ENP synthesis methods, iron sulfate, polymers, and AOF processes that are 

investigated in the present study.  

Impact category Unit Min Min, 

(ENP 

synthesis 

methods) 

Max Mean Case with min Impact 

of ENP synthesis 

method 

Case with max 

Impact 

Agricultural land 

occupation 

m2a 7.2E-03 0.40 41.3 8.86 Al2O3 (Green) Algae NZVI (Green) tea 

Climate change kg CO2 eq 1.39 6.06 151 23.2 NZVI (Green) Creeper CeO2 ball mill 

Fossil depletion kg oil eq 0.38 1.65 41.6 6.35 NZVI (Green) Creeper CeO2 ball mill 

Freshwater ecotoxicity kg 1,4-DB eq 1.0E-02 0.14 3.45 0.64 SiO2 (Green) wheat husk CeO2 ball mill 

Freshwater 

eutrophication 

kg P eq 5.8E-05 3.2E-03 7.8E-02 1.2E-02 SiO2 (Green) wheat husk CeO2 ball mill 

Human toxicity kg 1,4-DB eq 0.10 2.90 65.2 10.35 SiO2 (Green) wheat husk CeO2 ball mill 

Ionising radiation kBq U235 eq 9.3E-02 0.80 23.2 3.20 SiO2 (Green) wheat husk CeO2 ball mill 

Marine ecotoxicity kg 1,4-DB eq 1.1E-02 0.13 3.03 0.56 SiO2 (Green) wheat husk CeO2 ball mill 

Marine eutrophication kg N eq 3.6E-04 2.4E-03 0.11 1.3E-02 Al2O3 (Green) Algae NZVI (Green) coffee 

Metal depletion kg Fe eq 5.8E-02 0.28 161 8.94 SiO2 (Green) wheat husk NZVI dithionite 

Natural land 

transformation 

m2 3.1E-04 1.0E-03 2.3E-02 3.9E-03 SiO2 (Green) wheat husk CeO2 ball mill 

Ozone depletion kg CFC-11 eq 9.2E-08 4.9E-07 2.2E-05 2.3E-06 SiO2 (Green) wheat husk CeO2 ball mill 

Particulate matter 

formation 

kg PM10 eq 4.4E-03 1.7E-02 4.0E-01 6.6E-02 SiO2 (Green) wheat husk CeO2 ball mill 

Photochemical oxidant 

formation 

kg NMVOC 6.0E-03 2.6E-02 0.42 7.4E-02 SiO2 (Green) wheat husk CeO2 ball mill 

Terrestrial acidification kg SO2 eq 8.0E-03 3.3E-02 0.62 0.13 SiO2 (Green) wheat husk NZVI dithionite 
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Terrestrial ecotoxicity kg 1,4-DB eq 1.0E-04 1.1E-03 0.70 5.6E-02 Al2O3 (Green) Algae Al2O3 ball mill 

Urban land occupation m2a 3.3E-02 0.52 1822 94.6 NZVI dithionite NZVI (Green) coffee 

Water depletion m3 1.0E-03 0.13 46.2 2.71 Al2O3 (Green) Algae CeO2 ball mill 

 

 

Table S5. Summary of the results of our life cycle costing analysis (left side) for different ENPs and iron sulfate compared with the 

respective current market prices from small-scale manufacturers (right side).  

 Present LCC analysis*   Market prices** 

 Min total 

cost ($) 

Max total 

cost ($) 

Mean total 

cost ($) 

 Min total 

cost ($) 

Max total 

cost ($) 

Mean total 

cost ($) 

Iron ENPs 14 230 83  120 341 244 

SiO2 16 113 50  118 186 146 

Al2O3 8.6 40 19  85 189 142 

ZnO 32 62 43  95 176 148 

CeO2 75.8 164 110  138 321 245 

Iron sulfate*** 3.6 10 6.1  1.8 2.8 2.4 

Average of all ENPs 29 122 61  111 242 185 

* The min, max, and mean values are the minimum of minimum, maximum of maximum, and average of mean costs, respectively, obtained of 

different methods of each ENP types.  

** The prices were obtained by inquiring quotes from various current manufacturers of ENPs including Alfa Aesar,  nanografi, NanoShel, SAT 

nano, SS Nano, and US Research Nanomaterials , and current vendors of iron sulfate  such as Agrigem, APC Pure, Vitax, and Pro-Kleen in 

January 2020. We then selected three of the vendors/manufacturers which offered the lowest prices for each ENP type, and reported the average of 

those prices. Almost all of these manufacturers work at small-scale production of ENPs (i.e., per kg) rather than large scale (per ton).  

***In analyzing the LCC for iron sulfate, we have included the costs for acidifying (dissolving) iron sulfate in water as well as capital and labor 

costs in order to be consistent with other ENPs.  Thus, the market price for iron sulfate is lower than our cost estimates although for ENPs the our 

cost estimates  is 2 to 7 times lower than the mean market prices. 
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Table S6. Summary of selected studies on the toxicity of different engineered nanoparticles to aquatic biota mainly relevant to the 

marine ecosystem.  

ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

TiO2 zebra mussels, 

Dreissena 

polymorpha 

7–830       increasing Ti tissue concentration 94
 

TiO2 Daphnia magna 45000       Highest uptake for aggregated 

ENPs 

95
 

TiO2 Daphnia magna 25000       larger TiO2 

ENPs were taken up faster 

96
 

TiO2 Ceriodaphnia 

dubia 

1000–64000   >64000   concentrM10 dependent up 

take 

97
 

TiO2 Daphnia magna 1000–10000   5500–

>500000 

   mortality 98
 

TiO2 marine 

phytoplanktons 

diatoms, 

chlorophytes, and 

prymnesiophytes 

10–1000       no effect on growth rate 99
 

TiO2 zebrafish: Danio rerio 10–250       alteration of lipid 

accumulation and ROS in 

embryos 

100
 

TiO2 zebrafish larvae 100–10000       Accumulation in brain, cell death, 

doe–dependent toxicity 

101
 

TiO2 zebrafish (Danio 

rerio) 

1000–4000       negatively affected 

spermatogenic cells and testicular 

morphology at high dozes 

102
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

TiO2 Cyanobacteria: 

Anabaena variabilis 

500–250000   420–620   reduced growth rate; dose–

dependent effect 

103
 

TiO2 Lugworm (Arenicola 

marina) 

1–3 g/kg       DNA damage  104
 

TiO2 mussel  

(Mytilus 

galloprovincialis) 

50–5000       digestive glands 105
 

TiO2 abalone (Haliotis 

diversicolor 

supertexta) 

100–10000 1000 >10000   not acutely toxic; Oxidative stress 106
 

TiO2 abalone (Haliotis 

diversicolor 

supertexta) Embryos 

2000–

250000 

10 56900–

345800 

   hatching inhibition and 

malformations 

107
 

TiO2 Daphnia magna  12500–

100000 

100000 >100000   Immobilization 108
 

TiO2 Microlalgae: 

Chlorella sp. 

0–1000000   4900–

48000 

IC50 growth inhibition  109
 

TiO2 Daphnia magna 100–100000   460–

100000 

  immobilization; mortality; and 

high level of bioaccumulation 

110
 

TiO2 Daphnia magna     >100000 EC50 impacts on mortality and 

reproduction 

111
 

TiO2 Daphnia magna     35306–

143387  

EC50 and 

LC50 

immobilization and mortality 112
 

TiO2 microalgae 

Pseudokirchneriella 

subcapitata 

50–2000   2500–

241000 

  growth inhibition 59
 

TiO2 green alga 

Chlamydomonas 

reinhartii  

1–100000 1000 –10000   growth inhibition; oxidative stress 113
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

TiO2 Artemia cysts 

hatching 

10–100000  18940 LC50 mortality due to NPs clogging the 

gut; hatched cysts show increased 

oxidative stress 

114 

TiO2 D. tertiolecta 

(Chlorophyceae: 

Chlamydomonadales) 

125000–

1000000 

 20000–

95000 

EC50 toxicity starting from oxidative 

stress generation; ROS 

production the main cause of 

growth inhibition   

115 

TiO2 marine 

microalgae 

Dunaliella tertiolecta  

1000–

100000 

 186220–

188880 

EC50 toxic action due to cell 

entrapment and agglomeration 

116 

CuO  Macoma balthica 200       Body burden increase 117
 

CuO  Leptocheirus 

plumulosus 

500–2000 

ug/g 

sediment 

  8.6  µg/g 

sediment 

  Body burden increase 118
 

Cu Daphnia magna NA   40–1130  LC50 concentration dependent uptake; 

mortality 

119
 

CuO  Lymnaea stag 

nalis 

0.3–2466       bioaccumulation 120
 

CuO  Potamopyrgus 

antipodarum 

240 µg/g 

sediments 

      higher body burden 121
 

CuO  Potamopyrgus 

antipodarum 

240 µg/g 

sediments 

      Increased Cu content in tissue 122
 

CuO  zooplankton (Artemia 

salina) and goldfish 

(Carassius auratus)  

1000–10000       Accumulation in intestine, gills, 

and liver 

123
 

Cu zebrafish embryos 150–1000       developmental defects during 

zebrafish embryogenesis 

124
 

CuO  zebrafish 8–15910 12700 >15910   Embryo mortality and hatching 

decrease; no toxicity to cells 

125
 

Cu zebrafish 250       down–regulating Wnt signalling  126
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

CuO  mussel: Mytilus 

edulis 

400000–

1000000 

      impact on lysosomal membrane 

stability 

127
 

CuO  Ragworm (Hediste 

diversicolor); Bivalve 

mollusc 

(Scrobicularia plana) 

        Cholinesterase activity reduction 128
 

CuO Daphnia magna; 

Thamnocephalus 

platyurus 

    2100–

3200 

  extracellular ROS damaging cell 

membranes 

129
 

CuO Daphnia magna; 

Thamnocephalus 

platyurus 

    90000–

224000 

EC50 or 

LC50 

toxicity induced by dissolved 

metal ions 

130
 

CuO Artemia cysts 

hatching 

100–100000   20920 LC50 mortality due to NPs clogging the 

gut; hatched cysts show increased 

oxidative stress 

114 

Cu Daphnia magna 500–1000   30–93 LC50 Concentration dependent uptake 131
 

CeO2 Drissena poly 

morpha 

10–100       Body burden increase 132
 

CeO2 brine shrimp Artemia 

salina 

10000–1e6         accumulated in gut; no 

significant mortality 

133
 

CeO2 Sea urchin 

(Paracentrotus 

lividus) 

100–10000       behavioral impairments; 

oxidative stress  increase 

134
 

CeO2 mussels  Mytilus 

galloprovincialis 

1000–10000       accumulating only a small 

fraction in tissues 

135
 

CeO2 Daphnia pulex         40–100% uptake 136
 

CeO2 Daphnia similis and 

Daphnia pulex 

1000–

100000 

  260–

91790 

  impact on swimming behaviour;  

accumulation  in cuticle  

137
 

CeO2 microalgae  200–25000   5600–

6200 

  growth inhibition  138
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

CeO2 alga 

Pseudokirchneriella 

subcapitata 

2200–

460000 

  47000–

395800 

ErC20 growth rate reduction  139
 

ZnO Leptocheirus 

plumulosus 

500–2000 

µg/g 

sediment 

  763  µg/g 

sediment 

  accumulation in tissue 118
 

ZnO Daphnia magna 500–1000   990–1150   Concentration–dependent uptake 131
 

ZnO Daphnia magna 1000       Body burden increase 140
 

ZnO Peringia ulvae 20       solubility–dependent 

bioaccumulation  

141
 

ZnO Danio rerio 1000   1900–

15500 

LC50 body burden increase 142
 

ZnO Carassius au 

ratus 

1000–10000       accumulation in the intestine, 

gills, and liver 

123
 

ZnO Cyprinus Carpio 50000       increase in Zn content in 

intestine, gills, and liver 

143
 

ZnO marine phytoplankton 

diatoms, 

chlorophytes, and 

prymnesiophytes 

10–1000 223–1000     depressed growth rate at 

concentrations > 223–1000 

99
 

ZnO Larval Zebrafish 12–10000       alteration of cancer cell 

differentiation 

144
 

ZnO zebrafish 1000–

100000 

      neurotoxicity 145
 

ZnO Diatoms 10000–

80000 

      dose–dependent growth inhibition 146
 

ZnO algae Dunaliella 

tertiolecta 

100–10000   780–2310   growth rate inhibition 147
 

ZnO microalga Chlorella 

vulgaris: 

10000–

50000 

      reduced growth rate; cell damage 148
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

ZnO microalgae 

Pseudokirchneriella 

subcapitata 

50–2000   40–70   growth inhibition 59
 

ZnO Daphnia magna  2500–20000 1000–5000 1100–

6700 

  Immobilization 108
 

ZnO Anabaena sp.  100–2000   740–1150    growth inhibition 149
 

ZnO marine 

diatoms; crustaceans; 

medaka fish 

4000–40000   680–4560  LC50 or 

IC50 

toxicity attributed to dissolved 

ions 

150
 

ZnO Daphnia magna; 

Thamnocephalus 

platyurus 

    180–3200 LC50 extracellular ROS damaging cell 

membranes 

129
 

ZnO Daphnia magna 10000–

100000 

  1000–

100000 

  impacts on mortality and 

reproduction 

111
 

ZnO Daphnia magna     622–1511  EC50 and 

LC50 

immobilization and mortality 112
 

ZnO Daphnia magna; 

Thamnocephalus 

platyurus 

    1100–

16000 

EC50 or 

LC50 

toxicity induced by dissolved 

metal ions 

130
 

ZnO Corophium volutator 200–1000   200–1000   delayed growth; impact on 

reproduction 

151
 

ZnO mussels  Mytilus 

galloprovincialis 

1000–10000       accumulation in  tissue 135
 

ZnO fish, Carassius 

auratus 

10–100       gill hyperplasia and liver 

degeneration 

152
 

ZnO Artemia cysts 

hatching 

100–100000   259340–

259340 

LC50 mortality due to NPs clogging the 

gut; hatched cysts show increased 

oxidative stress 

114 

ZnO mussel cells 1–100000   11554–

40476 

LC50 ionic forms of the metals were 

more toxic than the nano forms 

153 
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

ZnO D. tertiolecta 

(Chlorophyceae: 

Chlamydomonadales) 

5000–

1000000 

  200–7500 EC50 Zn ions release causes Zn 

accumulation in the cell and thus 

DNA damages 

115 

ZnO zebrafish embryos 10–10000   4289–

5538 

LC50 ionic forms of the metals were 

always more toxic than the nano 

forms 

154 

Al2O3  Ceriodaphnia 

dubia 

20000–

120000 

      concentration–dependent up 

take 

155
 

Al2O3 fish, Carassius 

auratus 

10–100       gill hyperplasia and liver 

degeneration 

152
 

Al2O3 Daphnia magna     114357–

162392 

EC50 and 

LC50 

immobilization and mortality 112
 

Al2O3 Artemia salina 

(crustacean filter 

feeders) larvae 

5000–

100000 

 100000 LC50 marginal acute toxicity; toxic 

effects are mediated by oxidative 

stress; smaller NPs exhibited a 

more toxic effect than larger 

particles 

156 

Al2O3 green algae 

Porphyridium 

aerugineum Geitler 

1000–

1000000 

 100000–

300000 

EC50 shading effects of NP 

accumulation on the surface of 

algae could inhibit the 

photosynthetic activity 

64 

Fe2O3  Danio rerio 4000–10000       Increased Fe content in tissue; 

86% –100% depuration after 24 

days 

157
 

Fe2O3 tilapia (Oreochromis 

niloticus) 

100–1000       rapid accumulation in organs and 

slow elimination 

158
 

Fe2O3 Zebrafish (Danio 

rerio)  

100–100000   36060–

53350 

  delay in embryo hatching; 

eventually mortality 

159
 

Fe2O3 carp: Labeo rohita 500000       adverse impacts on haematology 

and gill activity 

160
 



64 
 

ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

Fe2O3 Aquatic plant: Lemna 

minor 

30000–

50000 

      lipid peroxidation increase with 

ENP concentration; accumulation 

in root 

161
 

Fe2O3 Daphnia magna  1250–40000   3540   lethality on embryo 162
 

Fe2O3 green alga (Chlorella 

pyrenoidosa) 

NA   71000–

132000 

IC50 oxidative stress 163
 

Fe3O4 rainbow trout 

(Oncorhynchus 

mykiss) 

50000–

800000 

  285940–

494090  

  damaging effect on antioxidant 

system at concentrations >285940 

164
 

Fe3O4 rotifer 10000–

500000 

  722000–

1000000 

  acute toxicity 165
 

Fe3O4 brine shrimp Artemia 

salina 

10000–1e6         accumulated in gut; no 

significant mortality 

133
 

Fe3O4 invertebrate 

zooplankton: Artemia 

salina cysts and 

larvae 

25000–

600000 

  365000–

>600000 

  Disruption of Mitochondrial 

morphology 

166
 

Fe3O4 zebrafish 100000       oxidative stress, DNA damage, 

and apoptosis in liver 

167
 

Fe3O4 zebrafish (Danio 

rerio) 

4000–10000       Increased Fe content in tissue; 

86% –100% depuration after 24 

days 

157
 

Fe3O4 Ragworm (Hediste 

diversicolor); Bivalve 

mollusc 

(Scrobicularia plana) 

10       protein degradation; 

morphological impairment;  

bioaccumulation 

128
 

Fe3O4 green alga (Chlorella 

pyrenoidosa) 

NA   33000 IC50  oxidative stress 163
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

Fe3O4 Sea urchin 

(Paracentrotus 

lividus) 

100–10000       behavioural impairments; 

oxidative stress  increase 

134
 

Fe3O4 D. magna 5000–

500000 

 654650–

4965920 

LC50 dose–dependent toxicity 168 

NZVI Chlamydomonas 

reinhardtii  

1800–

180000 

      High concentrations caused 

delayed growth 

51
 

NZVI mussel: Mytilus 

galloprovincialis 

100–10000       30% mortality, significant DNA 

damage at highest NZVI 

concentration 

169
 

NZVI phytoplankton and 

zooplankton 

(Daphnia magna) 

200–100000 300–3000     decrease in growth rates; 

increasing mortality 

170
 

NZVI green alga (Chlorella 

pyrenoidosa) 

NA   19800–

913000 

IC50 oxidative stress 163
 

SiO2 mussel hemocytes 

(Mytilus 

galloprovincialis) 

1–10       Extracellular oxyradical nitric 

oxide 

production 

171
 

SiO2 mussel  

(Mytilus 

galloprovincialis) 

50–5000       hemocytes and 

digestive glands 

105
 

SiO2 mussel (Mytilus 

edulis) 

        Uptake in gills and 

hepatopancreas; toxic cell injury 

172
 

SiO2 and SiO2 

coated with 

alumina 

P. subcapitata 

(Korshikov) Hindak 

4600–

1000000 

 10000–

1206900 

ErC50 bare SiO2 NPs were more toxic 

than alumina coated SiO2 NPs 

173 

SiO2 D. tertiolecta 

(Chlorophyceae: 

Chlamydomonadales) 

125000–

2000000 

 49000–

57000 

EC50 toxicity starting from oxidative 

stress generation; ROS 

production the main cause of 

growth inhibition   

115 



66 
 

ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

SiO2 

nanostructures  

D. magna 780–

10000000 

 220000–

7880000 

EC50  toxicity was influenced by the 

surface modifications; Toxicity 

observed as  alterations in the 

microvilli and mitochondria of 

the D. magna intestine and some 

damage to egg cells 

174 

SiO2 D. magna 25000–

400000 

 148871–

660943 

EC50  and 

LC50 

dose–dependent toxicity 175 

SiO2 D. magna 500–100000  1730–

3704000 

LC50 dose–dependent toxicity 168 

SiO2 zebrafish embryos 100–100000  83329–

100000 

LC50 ionic forms of the metals were 

always more toxic than the nano 

forms 

154 

SiO2 mussel cells 1–100000  100000–

250000 

LC50 ionic forms of the metals were 

more toxic than the nano forms 

153 

SiO2 Dunaliella salina 

green algae 

100–50000  169–851 EC50 reduced growth with an increase 

of NP concentration and exposure 

time 

176 

SiO2 Artemia cysts 

hatching 

10–100000  23590–

23590 

LC50 mortality due to NPs clogging the 

gut; hatched cysts show increased 

oxidative stress 

114 

SiO2 Scenedesmus 

obliquus 

200000–

1600000 

 144000–

388000 

EC20  toxicity NPs probably due to 

their attachment to algal cells 

surface 

177 

SiO2 marine microalgae 

Dunaliella tertiolecta  

5000–

200000 

 19380–

25430 

EC50 NP direct action upon membrane 

integrity 

116 

Silica–coated iron 

oxide 

cells of Chinook 

salmon, 

Oncorhynchus 

tshawytscha embryos 

10–30        cytotoxicity in cells 178
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

CdS and CdSe 

QDs 

snail Peringia ulvae          bioaccumulation 179
 

Carboxyl QD algae 

Pseudokirchneriella 

subcapitata and 

Ceriodaphnia dubia 

11–110 110 37.1–

>110 

LC50 food chain transfer 180
 

CdSe/ZnS QD amphipod 

Leptocheirus 

plumulosus 

11.3–543   11.6–56.1 LC50 trophic transfer; bioavailability 181
 

CdS/ZnS QD  human cell 956.9–

19138 

  4402–

17416 

IC50 cell death 182
 

CdSecore/ZnSshell 

QDs  

Zebrafish 

Embryo 

38.3–3827.7   1340–

8038 

LC50  Cadmium accumulation 183
 

CdSe/ZnS 

QDs 

Daphnia magna –2000   244–2000 LC50 accumulation within 

the digestive tracts 

184
 

CdTe QD green alga 

Chlamydomonas 

reinhartii  

1–100000 1000 5000   growth inhibition; oxidative stress 113
 

Carbon QD zebrafish (Danio 

rerio), zooplankton 

(Daphnia magna), 

and phytoplankton 

(Scenedesmus 

obliquus)  

5000–

200000 

  74800–

232500 

  mortality and immobility; 

photosynthesis and nutrition 

absorption inhibition in a dose– 

and time–dependent 

manner 

185
 

SeCd/ZnS QD zebrafish larvae 500–1000       bioaccumulation 186
 

polymer–coated 

CdSe/ZnS  QD 

Daphnia magna –2000   110–3840   dose–dependent mortality 187
 

HAp catfish cells and 

zebrafish embryos 

10–300       no cell viability effect; lower 

metabolic activity of cells; axial 

188
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

deformation and hatching delay 

in zebrafish 

ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type used 

other 

than EC50  

major toxicity  Ref. 

TiO2 zebra mussels, 

Dreissena 

polymorpha 

7–830       increasing Ti tissue concentration 94
 

TiO2 Daphnia magna 45000       Highest uptake for aggregated 

ENPs 

95
 

TiO2 Daphnia magna 25000       larger TiO2 

ENPs were taken up faster 

96
 

TiO2 Ceriodaphnia 

dubia 

1000–64000   >64000   concentrM10 dependent up 

take 

97
 

TiO2 Daphnia magna 1000–10000   5500–

>500000 

   mortality 98
 

TiO2 marine 

phytoplanktons 

diatoms, 

chlorophytes, and 

prymnesiophytes 

10–1000       no effect on growth rate 99
 

TiO2 zebrafish: Danio rerio 10–250       alteration of lipid 

accumulation and ROS in 

embryos 

100
 

TiO2 zebrafish larvae 100–10000       Accumulation in brain, cell death, 

doe–dependent toxicity 

101
 

TiO2 zebrafish (Danio 

rerio) 

1000–4000       negatively affected 

spermatogenic cells and testicular 

morphology at high dozes 

102
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

TiO2 Cyanobacteria: 

Anabaena variabilis 

500–250000   420–620   reduced growth rate; dose–

dependent effect 

103
 

TiO2 Lugworm (Arenicola 

marina) 

1–3 g/kg       DNA damage  104
 

TiO2 mussel  

(Mytilus 

galloprovincialis) 

50–5000       digestive glands 105
 

TiO2 abalone (Haliotis 

diversicolor 

supertexta) 

100–10000 1000 >10000   not acutely toxic; Oxidative stress 106
 

TiO2 abalone (Haliotis 

diversicolor 

supertexta) Embryos 

2000–

250000 

10 56900–

345800 

   hatching inhibition and 

malformations 

107
 

TiO2 Daphnia magna  12500–

100000 

100000 >100000   Immobilization 108
 

TiO2 Microlalgae: 

Chlorella sp. 

0–1000000   4900–

48000 

IC50 growth inhibition  109
 

TiO2 Daphnia magna 100–100000   460–

100000 

  immobilization; mortality; and 

high level of bioaccumulation 

110
 

TiO2 Daphnia magna     >100000 EC50 impacts on mortality and 

reproduction 

111
 

TiO2 Daphnia magna     35306–

143387  

EC50 and 

LC50 

immobilization and mortality 112
 

TiO2 microalgae 

Pseudokirchneriella 

subcapitata 

50–2000   2500–

241000 

  growth inhibition 59
 

TiO2 green alga 

Chlamydomonas 

reinhartii  

1–100000 1000 –10000   growth inhibition; oxidative stress 113
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

TiO2 Artemia cysts 

hatching 

10–100000  18940 LC50 mortality due to NPs clogging the 

gut; hatched cysts show increased 

oxidative stress 

114 

TiO2 D. tertiolecta 

(Chlorophyceae: 

Chlamydomonadales) 

125000–

1000000 

 20000–

95000 

EC50 toxicity starting from oxidative 

stress generation; ROS 

production the main cause of 

growth inhibition   

115 

TiO2 marine 

microalgae 

Dunaliella tertiolecta  

1000–

100000 

 186220–

188880 

EC50 toxic action due to cell 

entrapment and agglomeration 

116 

CuO  Macoma balthica 200       Body burden increase 117
 

CuO  Leptocheirus 

plumulosus 

500–2000 

ug/g 

sediment 

  8.6  µg/g 

sediment 

  Body burden increase 118
 

Cu Daphnia magna NA   40–1130  LC50 concentration dependent uptake; 

mortality 

119
 

CuO  Lymnaea stag 

nalis 

0.3–2466       bioaccumulation 120
 

CuO  Potamopyrgus 

antipodarum 

240 µg/g 

sediments 

      higher body burden 121
 

CuO  Potamopyrgus 

antipodarum 

240 µg/g 

sediments 

      Increased Cu content in tissue 122
 

CuO  zooplankton (Artemia 

salina) and goldfish 

(Carassius auratus)  

1000–10000       Accumulation in intestine, gills, 

and liver 

123
 

Cu zebrafish embryos 150–1000       developmental defects during 

zebrafish embryogenesis 

124
 

CuO  zebrafish 8–15910 12700 >15910   Embryo mortality and hatching 

decrease; no toxicity to cells 

125
 

Cu zebrafish 250       down–regulating Wnt signalling  126
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

CuO  mussel: Mytilus 

edulis 

400000–

1000000 

      impact on lysosomal membrane 

stability 

127
 

CuO  Ragworm (Hediste 

diversicolor); Bivalve 

mollusc 

(Scrobicularia plana) 

        Cholinesterase activity reduction 128
 

CuO Daphnia magna; 

Thamnocephalus 

platyurus 

    2100–

3200 

  extracellular ROS damaging cell 

membranes 

129
 

CuO Daphnia magna; 

Thamnocephalus 

platyurus 

    90000–

224000 

EC50 or 

LC50 

toxicity induced by dissolved 

metal ions 

130
 

CuO Artemia cysts 

hatching 

100–100000   20920 LC50 mortality due to NPs clogging the 

gut; hatched cysts show increased 

oxidative stress 

114 

Cu Daphnia magna 500–1000   30–93 LC50 Concentration dependent uptake 131
 

CeO2 Drissena poly 

morpha 

10–100       Body burden increase 132
 

CeO2 brine shrimp Artemia 

salina 

10000–1e6         accumulated in gut; no 

significant mortality 

133
 

CeO2 Sea urchin 

(Paracentrotus 

lividus) 

100–10000       behavioral impairments; 

oxidative stress  increase 

134
 

CeO2 mussels  Mytilus 

galloprovincialis 

1000–10000       accumulating only a small 

fraction in tissues 

135
 

CeO2 Daphnia pulex         40–100% uptake 136
 

CeO2 Daphnia similis and 

Daphnia pulex 

1000–

100000 

  260–

91790 

  impact on swimming behaviour;  

accumulation  in cuticle  

137
 

CeO2 microalgae  200–25000   5600–

6200 

  growth inhibition  138
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

CeO2 alga 

Pseudokirchneriella 

subcapitata 

2200–

460000 

  47000–

395800 

ErC20 growth rate reduction  139
 

ZnO Leptocheirus 

plumulosus 

500–2000 

µg/g 

sediment 

  763  µg/g 

sediment 

  accumulation in tissue 118
 

ZnO Daphnia magna 500–1000   990–1150   Concentration–dependent uptake 131
 

ZnO Daphnia magna 1000       Body burden increase 140
 

ZnO Peringia ulvae 20       solubility–dependent 

bioaccumulation  

141
 

ZnO Danio rerio 1000   1900–

15500 

LC50 body burden increase 142
 

ZnO Carassius au 

ratus 

1000–10000       accumulation in the intestine, 

gills, and liver 

123
 

ZnO Cyprinus Carpio 50000       increase in Zn content in 

intestine, gills, and liver 

143
 

ZnO marine phytoplankton 

diatoms, 

chlorophytes, and 

prymnesiophytes 

10–1000 223–1000     depressed growth rate at 

concentrations > 223–1000 

99
 

ZnO Larval Zebrafish 12–10000       alteration of cancer cell 

differentiation 

144
 

ZnO zebrafish 1000–

100000 

      neurotoxicity 145
 

ZnO Diatoms 10000–

80000 

      dose–dependent growth inhibition 146
 

ZnO algae Dunaliella 

tertiolecta 

100–10000   780–2310   growth rate inhibition 147
 

ZnO microalga Chlorella 

vulgaris: 

10000–

50000 

      reduced growth rate; cell damage 148
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

ZnO microalgae 

Pseudokirchneriella 

subcapitata 

50–2000   40–70   growth inhibition 59
 

ZnO Daphnia magna  2500–20000 1000–5000 1100–

6700 

  Immobilization 108
 

ZnO Anabaena sp.  100–2000   740–1150    growth inhibition 149
 

ZnO marine 

diatoms; crustaceans; 

medaka fish 

4000–40000   680–4560  LC50 or 

IC50 

toxicity attributed to dissolved 

ions 

150
 

ZnO Daphnia magna; 

Thamnocephalus 

platyurus 

    180–3200 LC50 extracellular ROS damaging cell 

membranes 

129
 

ZnO Daphnia magna 10000–

100000 

  1000–

100000 

  impacts on mortality and 

reproduction 

111
 

ZnO Daphnia magna     622–1511  EC50 and 

LC50 

immobilization and mortality 112
 

ZnO Daphnia magna; 

Thamnocephalus 

platyurus 

    1100–

16000 

EC50 or 

LC50 

toxicity induced by dissolved 

metal ions 

130
 

ZnO Corophium volutator 200–1000   200–1000   delayed growth; impact on 

reproduction 

151
 

ZnO mussels  Mytilus 

galloprovincialis 

1000–10000       accumulation in  tissue 135
 

ZnO fish, Carassius 

auratus 

10–100       gill hyperplasia and liver 

degeneration 

152
 

ZnO Artemia cysts 

hatching 

100–100000   259340–

259340 

LC50 mortality due to NPs clogging the 

gut; hatched cysts show increased 

oxidative stress 

114 

ZnO mussel cells 1–100000   11554–

40476 

LC50 ionic forms of the metals were 

more toxic than the nano forms 

153 
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

ZnO D. tertiolecta 

(Chlorophyceae: 

Chlamydomonadales) 

5000–

1000000 

  200–7500 EC50 Zn ions release causes Zn 

accumulation in the cell and thus 

DNA damages 

115 

ZnO zebrafish embryos 10–10000   4289–

5538 

LC50 ionic forms of the metals were 

always more toxic than the nano 

forms 

154 

Al2O3  Ceriodaphnia 

dubia 

20000–

120000 

      concentration–dependent up 

take 

155
 

Al2O3 fish, Carassius 

auratus 

10–100       gill hyperplasia and liver 

degeneration 

152
 

Al2O3 Daphnia magna     114357–

162392 

EC50 and 

LC50 

immobilization and mortality 112
 

Al2O3 Artemia salina 

(crustacean filter 

feeders) larvae 

5000–

100000 

 100000 LC50 marginal acute toxicity; toxic 

effects are mediated by oxidative 

stress; smaller NPs exhibited a 

more toxic effect than larger 

particles 

156 

Al2O3 green algae 

Porphyridium 

aerugineum Geitler 

1000–

1000000 

 100000–

300000 

EC50 shading effects of NP 

accumulation on the surface of 

algae could inhibit the 

photosynthetic activity 

64 

Fe2O3  Danio rerio 4000–10000       Increased Fe content in tissue; 

86% –100% depuration after 24 

days 

157
 

Fe2O3 tilapia (Oreochromis 

niloticus) 

100–1000       rapid accumulation in organs and 

slow elimination 

158
 

Fe2O3 Zebrafish (Danio 

rerio)  

100–100000   36060–

53350 

  delay in embryo hatching; 

eventually mortality 

159
 

Fe2O3 carp: Labeo rohita 500000       adverse impacts on haematology 

and gill activity 

160
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

Fe2O3 Aquatic plant: Lemna 

minor 

30000–

50000 

      lipid peroxidation increase with 

ENP concentration; accumulation 

in root 

161
 

Fe2O3 Daphnia magna  1250–40000   3540   lethality on embryo 162
 

Fe2O3 green alga (Chlorella 

pyrenoidosa) 

NA   71000–

132000 

IC50 oxidative stress 163
 

Fe3O4 rainbow trout 

(Oncorhynchus 

mykiss) 

50000–

800000 

  285940–

494090  

  damaging effect on antioxidant 

system at concentrations >285940 

164
 

Fe3O4 rotifer 10000–

500000 

  722000–

1000000 

  acute toxicity 165
 

Fe3O4 brine shrimp Artemia 

salina 

10000–1e6         accumulated in gut; no 

significant mortality 

133
 

Fe3O4 invertebrate 

zooplankton: Artemia 

salina cysts and 

larvae 

25000–

600000 

  365000–

>600000 

  Disruption of Mitochondrial 

morphology 

166
 

Fe3O4 zebrafish 100000       oxidative stress, DNA damage, 

and apoptosis in liver 

167
 

Fe3O4 zebrafish (Danio 

rerio) 

4000–10000       Increased Fe content in tissue; 

86% –100% depuration after 24 

days 

157
 

Fe3O4 Ragworm (Hediste 

diversicolor); Bivalve 

mollusc 

(Scrobicularia plana) 

10       protein degradation; 

morphological impairment;  

bioaccumulation 

128
 

Fe3O4 green alga (Chlorella 

pyrenoidosa) 

NA   33000 IC50  oxidative stress 163
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

Fe3O4 Sea urchin 

(Paracentrotus 

lividus) 

100–10000       behavioural impairments; 

oxidative stress  increase 

134
 

Fe3O4 D. magna 5000–

500000 

 654650–

4965920 

LC50 dose–dependent toxicity 168 

NZVI Chlamydomonas 

reinhardtii  

1800–

180000 

      High concentrations caused 

delayed growth 

51
 

NZVI mussel: Mytilus 

galloprovincialis 

100–10000       30% mortality, significant DNA 

damage at highest NZVI 

concentration 

169
 

NZVI phytoplankton and 

zooplankton 

(Daphnia magna) 

200–100000 300–3000     decrease in growth rates; 

increasing mortality 

170
 

NZVI green alga (Chlorella 

pyrenoidosa) 

NA   19800–

913000 

IC50 oxidative stress 163
 

SiO2 mussel hemocytes 

(Mytilus 

galloprovincialis) 

1–10       Extracellular oxyradical nitric 

oxide 

production 

171
 

SiO2 mussel  

(Mytilus 

galloprovincialis) 

50–5000       hemocytes and 

digestive glands 

105
 

SiO2 mussel (Mytilus 

edulis) 

        Uptake in gills and 

hepatopancreas; toxic cell injury 

172
 

SiO2 and SiO2 

coated with 

alumina 

P. subcapitata 

(Korshikov) Hindak 

4600–

1000000 

 10000–

1206900 

ErC50 bare SiO2 NPs were more toxic 

than alumina coated SiO2 NPs 

173 

SiO2 D. tertiolecta 

(Chlorophyceae: 

Chlamydomonadales) 

125000–

2000000 

 49000–

57000 

EC50 toxicity starting from oxidative 

stress generation; ROS 

production the main cause of 

growth inhibition   

115 
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

SiO2 

nanostructures  

D. magna 780–

10000000 

 220000–

7880000 

EC50  toxicity was influenced by the 

surface modifications; Toxicity 

observed as  alterations in the 

microvilli and mitochondria of 

the D. magna intestine and some 

damage to egg cells 

174 

SiO2 D. magna 25000–

400000 

 148871–

660943 

EC50  and 

LC50 

dose–dependent toxicity 175 

SiO2 D. magna 500–100000  1730–

3704000 

LC50 dose–dependent toxicity 168 

SiO2 zebrafish embryos 100–100000  83329–

100000 

LC50 ionic forms of the metals were 

always more toxic than the nano 

forms 

154 

SiO2 mussel cells 1–100000  100000–

250000 

LC50 ionic forms of the metals were 

more toxic than the nano forms 

153 

SiO2 Dunaliella salina 

green algae 

100–50000  169–851 EC50 reduced growth with an increase 

of NP concentration and exposure 

time 

176 

SiO2 Artemia cysts 

hatching 

10–100000  23590–

23590 

LC50 mortality due to NPs clogging the 

gut; hatched cysts show increased 

oxidative stress 

114 

SiO2 Scenedesmus 

obliquus 

200000–

1600000 

 144000–

388000 

EC20  toxicity NPs probably due to 

their attachment to algal cells 

surface 

177 

SiO2 marine microalgae 

Dunaliella tertiolecta  

5000–

200000 

 19380–

25430 

EC50 NP direct action upon membrane 

integrity 

116 

Silica–coated iron 

oxide 

cells of Chinook 

salmon, 

Oncorhynchus 

tshawytscha embryos 

10–30        cytotoxicity in cells 178
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

CdS and CdSe 

QDs 

snail Peringia ulvae          bioaccumulation 179
 

Carboxyl QD algae 

Pseudokirchneriella 

subcapitata and 

Ceriodaphnia dubia 

11–110 110 37.1–

>110 

LC50 food chain transfer 180
 

CdSe/ZnS QD amphipod 

Leptocheirus 

plumulosus 

11.3–543   11.6–56.1 LC50 trophic transfer; bioavailability 181
 

CdS/ZnS QD  human cell 956.9–

19138 

  4402–

17416 

IC50 cell death 182
 

CdSecore/ZnSshell 

QDs  

Zebrafish 

Embryo 

38.3–3827.7   1340–

8038 

LC50  Cadmium accumulation 183
 

CdSe/ZnS 

QDs 

Daphnia magna 2000   244–2000 LC50 accumulation within 

the digestive tracts 

184
 

CdTe QD green alga 

Chlamydomonas 

reinhartii  

1–100000 1000 5000   growth inhibition; oxidative stress 113
 

Carbon QD zebrafish (Danio 

rerio), zooplankton 

(Daphnia magna), 

and phytoplankton 

(Scenedesmus 

obliquus)  

5000–

200000 

  74800–

232500 

  mortality and immobility; 

photosynthesis and nutrition 

absorption inhibition in a dose– 

and time–dependent 

manner 

185
 

SeCd/ZnS QD zebrafish larvae 500–1000       bioaccumulation 186
 

polymer–coated 

CdSe/ZnS  QD 

Daphnia magna 2000   110–3840   dose–dependent mortality 187
 

HAp catfish cells and 

zebrafish embryos 

10–300       no cell viability effect; lower 

metabolic activity of cells; axial 

188
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ENP Organism dose range 

investigated 

(µg.L–1) 

safe–toxic 

dose 

threshold 

(µg.L–1) 

criteria 

value 

(µg.L–1) 

criteria 

type 

used 

other 

than 

EC50  

major toxicity  Ref. 

deformation and hatching delay 

in zebrafish 
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