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Abstract

Currently, over a billion people around the world lack access to clean drinking water, industrial 
wastewater treatment and reuse is limited, and conventional water treatment systems cannot 
adequately treat all contaminants of concern. Nanotechnology-enabled water treatment (NWT) 
has begun to emerge as a viable option to address many of the problems facing the water 
treatment status quo, either through cost reducing performance enhancements or filling unmet 
niches. Advancements in fundamental nanoscience allow unprecedented use of catalysis and 
energy from across the broad electromagnetic spectrum, as well as unique physicochemical 
properties, to purify drinking water, treat industrial wastewater, and access unconventional water 
supplies. However, before fully adopting NWT, it is imperative that the devices are both safe and 
sustainable, enhancing acceptance from consumers, government, non-government organizations, 
and industry. We suggest that we are in a unique window of time to “do nano right” by making 
key sustainability considerations very early in nano-water technology development. To this end, 
we have developed a framework based on three guiding research questions aimed at 
understanding the breadth of sustainability considerations for NWT at each of the four major life 
cycle stages – extraction, production, use, and end-of-life. In following this framework, 
researchers and product developers can design nano-enabled water treatment devices that 
perform well and are both safe and sustainable. By presenting the current state of sustainable 
NWT and specifying gaps in the literature, the present review aims to further develop NWT to be 
the best alternative to conventional water treatment across a variety of sectors.

Environmental significance

As nanotechnology-enabled water treatment becomes more ubiquitous, potential impacts from 
metal extractions, production and related energy demands, material demands, worker exposures, 
release during the use phase, and materials entering landfills and incinerators may all increase. 
This review outlines the work that has been done and highlights the areas where more work is 
needed, with the overall goal of maintaining the functional performance of nanotechnology-
enabled water treatment devices, while minimizing negative impacts on the environment or 
human health.  
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1.0 Introduction

The National Academies of Engineering Grand Challenges for the 21st Century report 

included the meaningful goal of “[providing] … clean water globally”5 to the over 1 billion 

people who do not currently have adequate access to safe drinking water, a significant 

contributor to over 5,000 diarrhea-related deaths per day5. Additionally, significant barriers are 

growing for industrial wastewater treatment and reuse within urban communities and for 

applications that are not well connected to centralized water treatment systems (e.g., agriculture, 

produced oil and gas, mining). For example, with the growing global population and shifting 

preferences for higher-value foods, especially in developing countries, agricultural production is 

expected to increase by roughly 70% by 20506. This will exacerbate current availability of 

suitable quality water supplies to use on arable lands, while increasing potential groundwater or 

surface water contamination (nitrate, pesticides, herbicides, bulk salts, etc.). The pursuit of clean 

water for drinking, and a myriad of other uses, faces many challenges encompassing quantity and 

quality issues. The issues range from securing an adequate, accessible supply to aging 

infrastructure and increasing costs resulting from the effects of climate change on long-term 

supply 11. 

 A major barrier to these challenges in both developed and developing countries is 

technology suitability12. In the developing world, especially in rural areas, many of the common 

water treatment techniques fail to adequately treat known inorganic, organic, and biological 

contaminants due to mismatches between the device and the community as a result of relatively 

high cost and technological complexity13. In both settings, excess stress on water supplies from 

contaminants of emerging concern including chemicals (e.g., per- and polyfluoroalkyl 

substances, pharmaceuticals14) or microbial agents (e.g., emerging viruses, antibiotic resistant 
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genes), stricter water quality standards to protect human and ecosystem health, and the rise of 

nontraditional water sources (e.g., wastewater, seawater, brackish water, stormwater) challenge 

the capabilities of traditional water treatment technologies15. Conventional water treatment 

processes generally rely upon large and chemically intensive Victorian-age technologies. While 

capable of meeting current regulatory limits, these processes present environmental, economic, 

and sustainability concerns. Furthermore, some conventional processes are energy intensive, 

contributing to high economic costs and carbon emissions16, 17. Other processes generate an 

abundance of waste chemicals, produce carcinogenic byproducts during disinfection processes, 

or are non-selective, leading to material inefficiencies and, subsequently, waste generation18-20. 

There is a need for improved water treatment technologies, where the definition of performance 

is expanded to meet current regulatory requirements while addressing emerging contaminants 

and simultaneously considering sustainability. 

Nanotechnology-based solutions have emerged as a promising strategy to meet water 

quantity and quality challenges in the developed and developing world15. This is reflected in an 

increasing focus on nanotechnology-enabled water treatment (NWT) research, where the total 

number of articles being published per year, according to data from Web of Science, has seen a 

nearly 6-fold increase from 2009 to 2019 (Figure 1). The year-over-year percent increase in 

articles about nanotechnology and water treatment (“nano* water treatment”) outpaces the 

increase of all nanotechnology-related (“nano*”) articles, with average increases of 19.3% and 

8.9%, respectively, suggesting that interest in NWT is becoming more significant in the field 

relative to other nano-enabled applications. 

However, if NWT is going to emerge as a viable advancement over conventional water 

treatment processes, there is a need to ensure that the benefits of nanotechnology outweigh its 
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impacts24. Understanding the impacts of a material or technology relative to its benefits can 

inform design choices towards maximizing functional performance while minimizing or 

eliminating environmental, economic, and social impacts25. Like any technology, 

nanotechnology exerts an environmental footprint that must consider embodied energy, human 

toxicity, and environmental health concerns, which can occur throughout the life cycle from 

material extraction, nanomaterial production, nano-enabled device production, device use, or at 

the end-of-life.  Materials at the nanoscale can have very different properties than their bulk 

counterparts and alterations to their physicochemical structure and properties can alter their 

performance and hazard profiles28. As a result, there has been an increased interest in the field of 

sustainable nanotechnology. While the total number of articles published in the last ten years 

about nanotechnology and sustainability (“nano* AND sustainability”) are far fewer than “nano* 

AND water treatment”, the percent increase in total number of articles per year generally 

outpaces that for “nano*” and “nano* AND water treatment”, with an average annual growth 

rate of 29.6% (Figure 1). However, there is a clear gap in research on sustainable 

nanotechnology specifically for water treatment. In fact, a search for “nano* AND water 

treatment AND sustainability” shows that although there is increasing interest in the topic, no 

more than 70 articles that contain all three of those search terms have ever been published in one 

year. There is a need for a focused discussion about sustainable nanotechnology for future NWT 

devices.
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Figure 1: Result of a search on Web of Science for the terms “nano*”, “nano* AND water treatment”, 
“nano* AND sustainability”, and “nano* AND water treatment AND sustainability”. The bars represent 
the total number of articles for the search terms “nano* AND water treatment”, “nano* AND 
sustainability”, and “nano* AND water treatment AND sustainability” published per year, while the 
line and scatter plot represent the % increase in articles published per year for the term “nano*”. 

NWT devices that are safe, sustainable, and functional are also essential to guarantee 

acceptance by stakeholders, including from governments, non-governmental organizations, 

industry, and consumers, lest the technology suffer rejection, similar to that faced by genetically 

modified organisms in Europe29. As of right now, the literature on perception and acceptance of 

nanotechnology and water is quite sparse, and global surveys have found that public awareness 

of nanotechnology is quite low compared to other innovative technologies30, 31. This provides an 
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opportunity to optimize NWT technologies, so as awareness increases, the chances of 

stakeholder rejection are minimized.

Here, we discuss considerations related to performance, safety, and sustainability across 

the entire life cycle of NWT. We advocate weighing these factors early in the development 

process (i.e., before or during technology readiness level one34),  during ideation stages of 

technology development, because key decisions made then have been shown to impact overall 

sustainability of solutions as technologies come to the marketplace. Specifically, we explore the 

following three questions that should be asked before a nanotechnology-enabled device is 

employed for water treatment:

1) When and where does nanotechnology offer advantages in addressing global water 

challenges over existing technologies?

2) How are nanomaterial/nano-enabled devices made, and what safety and sustainability 

concerns are there?

3) What happens to the nanomaterials during and after their use in water treatment devices?

The first question will be addressed in Section 2 by covering current strategies to maximize 

NWT performance through informed design using structure-property-function relationships24. 

This will be followed by a review of advantages of NWT over traditional water treatment, 

including the introduction of potential assessment tools to ensure that nano-enabling a water 

treatment technology is ideal and appropriate for a given community. The other two questions 

are focused on the safety and sustainability of nanomaterials and NWTs. Section 3, which 

responds to the second question, focuses on current and future implications during the extraction 

of precursor materials and assessments that can be employed during nanomaterial and NWT 

manufacturing to limit negative impacts. These include the use and replacement of rare and 
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critical metals in devices, the promising green chemistry assessments that can help make 

synthesis more sustainable, evaluations of the current implications of nanotechnology 

development, and concerns around worker exposure to nanoparticles. Finally, the third question 

is answered by Section 4, which addresses the use and end-of-life safety and sustainability of 

NWT. In this section, risk reduction strategies through reduced exposure and reduced 

nanotechnology hazard are discussed, as is the current and future state of nanotechnology at the 

end-of-life. In seeking answers to these three questions, researchers and product developers can 

ensure that nano-enabled devices designed for water treatment perform well and are both safe 

and sustainable.

2 The Promise of Nanotechnology in Water Treatment

 

Before employing any technology, including NWT technologies, it is important that 

functional specifications and use-scenarios are well-defined. Typical factors of interest include 

efficacy, efficiency, cost, product lifetime, and, increasingly, environmental and social impacts. 

These factors are common across industries and end-users, and understanding each of these 

factors can inform both the selection and the design of nanomaterials to maximize structure-

property-function relationships. However, it is important that new technologies are more 

beneficial than current technologies, while also being appropriate for the needs of a community. 

For example, in developing communities, there are often additional considerations that need to 

be identified through stakeholder engagement and an analysis of the community’s capacity and 

needs39. If current technologies are insufficient and/or inappropriate for a given community, new 

technologies, including nanotechnology, can offer advantages in efficiency, effectiveness, and 

appropriateness. As a result, the promise of nanotechnology in water treatment systems will be 
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reliant on optimizing NWT technologies through nanomaterial structure and property design, 

strategically deciding when to use NWT-based systems instead of more traditional technologies, 

and determining the appropriateness of emerging technologies to satisfy community needs. 

2.1 Manipulating structure-property-function relationships of nanomaterials for enhanced 

water treatment

Nanotechnology offers a unique array of physical, chemical, and optical properties that can 

enhance current and future water treatment technologies40-42. The surface area to volume ratio of 

engineered nanomaterials (ENMs) can enhance surface activity and efficiency of catalytic (photo-, 

electro-, and chemical) and sorptive water treatment processes40-45. Nanocatalysts can degrade or 

transform both organic and inorganic environmental contaminants at a higher rate than bulk 

materials46, 47, while light absorbing properties of ENMs enhance photothermal water treatment 

applications such as solar desalination48, nano-photonics enabled solar membrane distillation50, 

and disinfection processes51. The magnetic properties of some specific nanomaterials have shown 

potential in water treatment for particle recovery, regeneration, and ultimately reuse, eliminating 

the issue of waste chemicals commonly found in centralized conventional water treatment19, 52. For 

point-of-use applications, tunable ion release provides pathogen disinfection without the need for 

traditional storage, transport, and dosing of chemical oxidants39. Similarly, non-ionic, ionic, and 

graphitic nanomaterials have shown promise as antimicrobial agents for direct water treatment or 

for preventing fouling material surfaces in the water treatment process53-55.

Differences in nanomaterial performance in water treatment devices or applications can be 

a function of the nanomaterial composition1, 15, 41, 57, 58, meaning that informed selection of 

nanomaterial classes and composites can yield a higher performance, similar to the selection of 

bulk materials and chemicals59-61. However, unique to nanomaterials is the influence of altered 
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physicochemical properties at the nanoscale. From a design and selection perspective for nano-

enabling water treatment, it is critical to highlight that while two nanomaterials can have similar 

elemental compositions, their efficiency and effectiveness can vary greatly with structural changes 

(e.g., size, shape, surface functionality)24, 28. Simply, a decrease in the diameter of the nanoparticle 

can lead to higher surface area, which can contribute to increased efficiency of adsorption, 

catalysis, and superparamagnetism40-42. Changes in nanoparticle size also leads to changes in 

plasmonic properties, light scattering and absorption, and peak resonance62. Further, carbon 

nanomaterials can have variable antimicrobial activity based on dimensionality, size, and aspect 

ratios with a lower aspect ratio63, 64 and decreased sheet size65 resulting in more efficacious 1D and 

2D materials, respectively. Shape, and, subsequently, related exposed crystal facet, in addition to 

size of ENMs has emerged as a critical nanomaterial attribute impacting the efficiency and 

effectiveness of mechanisms relevant to water treatment including sorbate selectivity68, enhanced 

photodegradation of contaminants69-71, and microbial inhibition69, 72-74. Nanoparticle crystallinity 

and crystal structure, which can be controlled during synthesis or post-synthesis processing of 

nanomaterials, has also been linked to differences in photocatalytic activity and the related 

degradation of contaminants75, 76, the adsorption capacity of organic and inorganic pollutants78, 79, 

and magnetic behavior of nanomaterials80, among other functional benefits.

Surface functionalization of nanoparticles can serve as a method to increase not only 

stability and dispersibility while integrating ENMs into macroscale treatment processes (e.g., 

dispersion in polymers used for membranes), but also their overall performance (i.e. selective 

binding of target pollutants on reactive surfaces42). Surface functionalization and modifications 

can be added through physisorption or covalent links, via techniques like oxidation or ligand 

exchange81-83, while a core/shell structure can be designed to take advantage of the properties of 
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multiple materials. Surface functionalization can improve nanomaterial dispersion in liquid and 

composite matrices, which leads to improvements in desirable properties like catalytic and 

oxidative reactivity, photocatalytic activity, paramagnetism, sorption capacity, and antimicrobial 

activity84-87, while ligand surface functionalization also contributes to enhanced selectivity for 

specific target contaminants88 and photocatalytic activity89. The core/shell structure offers further 

opportunities to enhance nanomaterial performance in water treatment by providing 

multifunctionality, such as stability, tunability, reactivity, and recovery of the nanoparticle92. 

Understanding and employing various sizes, shapes, surface functionalities, and core/shell 

structures can lead to higher-performing NWT devices, allowing for these novel technologies to 

compete with conventional treatment technologies.

2.2 When to nano-enable water treatment technology

Several NWT technologies have been shown to out-compete current treatment techniques 

for some contaminants on a price-per-unit of contaminant remediated basis57, 93. However, 

supplanting current technologies at-scale can be difficult even when the alternative is price-

competitive due to the risk-averse nature of cities, regulators, and utilities as well as the large up-

front costs of implementing a new technology94. In these cases, there is an opportunity to account 

for costs beyond capital and operating expenditures, where there is an external cost to the 

environment or public health that is not currently borne by the manufacturer or operator. For 

example, municipal wastewater treatment can produce large quantities of waste sludge that can 

offer soil enhancement properties for land applications, but come at a potential microbiological 

or legacy chemical toxicity risk, depending on the disposal technique19. Conventional water 

treatment processes rely on large quantities of chemicals, such as aluminum- or iron- based 

coagulants (which are disposed to landfills and rarely regenerated and reused20) and disinfectants 
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(which can yield carcinogenic disinfection byproducts (DBPs)18, 95, 96), while nanomaterials used 

for water treatment have been shown to be regeneratable and limit the production of harmful 

DPBs41, 97, 98. Beyond direct cost and sustainability considerations, alternative technologies are 

potentially more viable than traditional technologies if they are more effective, more efficient, or 

occupy an unfulfilled but critical niche. This is the case with many difficult to destroy legacy 

pollutants (e.g., nitrate, perchlorate) and emerging contaminants (e.g., per- and polyfluoroalkyl 

substances - PFAS) which are neither effectively nor efficiently remediated by conventional 

water treatment systems. For example, removal of naturally occurring oxyanions of human or 

ecosystem health concern (e.g., arsenite, selenate, and chromate) by conventional adsorbents is 

inhibited by competing anions (e.g., carbonate, sulfate, phosphate, etc.)100.  By exploiting 

nanoscale phenomena and crystal facet engineering, NWT technologies have demonstrated 

selectively toward target contaminants over competitors, increasing overall efficiency42.  Further, 

while the cleaving of the strong C-F bond in PFAS cannot be accomplished by most 

conventional water treatment technologies, the properties that are unique to the nanoscale, such 

as enhanced photocatalysis and adsorption, has been demonstrated to help cleave the C-F 

bond101.  Centralized conventional water treatment also faces significant cost- and resource-

barriers for many off-grid industrial applications, developing communities, and rural areas, 

leading to a need for smaller-scale systems that are promising for the implementation of 

nanotechnology102-104. 

A variety of technological assessments should be employed to understand if 

nanotechnology can act as a suitable replacement for current technologies, and how to best 

optimize nanomaterials for use. There have been many tools designed to assess the sustainability 

of (nano)materials and (nano)technology, some of which can be found in Table 1.  While some 
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tools, such as life cycle assessment (LCA) and risk assessment (RA), have become more 

established in the literature for nanotechnology assessment, many other tools are either in their 

infancy (i.e., they are just recently being “nanotized”) or have not been adapted for NWT.

Assessment Tool Description Opportunities for NWT Unique Limitations for 
NWT

Life Cycle 
Assessment105-108

A systematic technique for 
determining the 
environmental impacts of 
products, processes, or 
services across their entire 
life cycle

Considers each part of the 
lifecycle, and can inform 
better synthesis and 
manufacturing techniques 
for NWT devices

Defining a consistent 
functional unit is difficult 
for NWT, and releases 
and impacts during use 
and at end-of-life are not 
well understood 

Risk 
Assessment109-112

An approach to estimate the 
probability of adverse 
human or environmental 
health impacts caused from 
the exposure to materials or 
processes

Many commonly used NWT 
materials, such as TiO2, 
have undergone multiple 
risk assessments in the 
literature

Nanoparticle releases and 
transformations during 
water treatment and 
subsequent human and 
environmental exposure 
are still not well known

GUIDEnano 
Tool113

A web-based tool to guide 
risk mitigation and derive 
safety limit values based on 
existing studies

Decisions are based on 
published literature, 
allowing for model 
adjustments based on 
published data on 
physicochemical property 
impacts

Highly reliant on existing 
(eco)toxicity literature, 
which may not exist for 
emerging NWT materials, 
or materials with poorly 
studied physicochemical 
alteration

LICARA 
nanoSCAN114

A tool that simultaneously 
evaluates risks and benefits 
of new or existing 
nanoproducts and 
compares them against 
reference products 

Minimal amounts of data 
are required to get initial 
results, which can further 
guide design in a relatively 
new industry

Results are only semi-
quantitative and do not 
consider how variability in 
physicochemical 
properties affect benefits

Quantitative 
Structure-Activity 
Relationships115

A method used to predict 
toxic hazards of materials in 
silico based on molecular 
structures and 
physicochemical properties

If enough data is collected, 
predictive models can be 
built to assess NWT 
materials to optimize 
hazard and functional 
performance through 
physicochemical design 

Currently, reported data is 
generally not comparable 
across studies or 
aggregated in a way that 
can be used to build 
predictive models

Table 1: Assessment tools that have been modified to consider nanomaterials and nanotechnology, 
as well as descriptions of the tools, the opportunities for the tools to assess NWT, and the limitations 
specific to each tool that should be overcome to improve their assessment of NWT.
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Techno-economic 
Assessment116

A framework used to 
simultaneously evaluate the 
technical and economic 
performance of a product, 
usually compared to a 
reference

Very little needs to change 
for TEA to be used for NWT 
devices, since TEA 
considers the product as a 
whole

Accuracy can be 
improved by considering 
the impact of variable 
properties on 
performance and by 
improving predictions 
from bench-scale to 
commercial-scale 
production 

Ashby-based 
Nanomaterial 
Selection117

Simple, facile, and fast 
assessment tool allowing 
users to simultaneously 
consider benefits and risks 
related to nanomaterials 
and compare them against 
conventional alternatives

Easily integrated into 
current material selection 
process, and can consider 
impacts of varied 
physicochemical processes

Designed to evaluate 
nanomaterials, not nano-
enabled devices, limiting 
the assessment scope

Page 14 of 55Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

While more standardized nanomaterial assessments are seemingly on the rise, the same 

cannot be said for assessments of NWT in particular. This is even the case for more established 

nano-assessment tools like LCA and RA. For example, while LCA is likely the most ubiquitous 

assessment tool used in nanotechnology, generally, a limited number of LCAs of NWTs have 

been published that directly consider both the functional unit of water treatment, and the 

environmental impact of the device (Table 2). Collectively, these LCAs indicate that in certain 

scenarios, the functionality provided by nanotechnology for water treatment applications show 

promise for overcoming the impacts of nano-enabling as well as reducing the environmental 

footprint of water treatment technologies. However, at present, no study fully considers the 

impacts of various synthetic methods, and none can accurately predict end-of-life or release 

impacts.  

Life Cycle PhasesENM 
Type/Device

Application in 
Water 
Treatment

E M U EoL

ENM Synthetic 
Route

Functional 
Unit

Major Findings and 
Environmental 
Impacts

Reference

TiO2-anion 
exchange 
resin 
composite

Nanocomposite 
sorbent for 
treatment of 
chromium and 
arsenic

X X X

Heat induced 
hydrolysis at 4 
and 24 hours of 
heating

20 million 
gallons water 
treated from 
20 ppb Cr 
and 20 ppb 
As to 8 ppb 
Cr and 8 ppb 
As

Materials 
manufactured under 
lower energy 
conditions performed 
similarly to those that 
required higher 
energy during 
synthesis, yielding 
small net benefits in 
environmental impact

Gifford et 
al., 
2016118

Fe(OH)-
anion 
exchange 
resin 
composite

Nanocomposite 
sorbent for 
treatment of 
chromium and 
arsenic

X X X

Chemically-
induced metal 
precipitation with 
variable rinsing

20 million 
gallons water 
treated from 
20 ppb Cr 
and 20 ppb 
As to 8 ppb 
Cr and 8 ppb 
As

Appropriate post-
synthesis processing 
was able to increase 
performance by 
three-fold, leading to 
net reduction in 
climate change 
potential and human 
toxicity for the higher 
performing ENM

Gifford et 
al., 
2016118

Table 2: Life cycle assessments of NWTs where the functional unit was explicitly defined by a treated 
volume of water, including the scope of the analysis (by life cycle stage, E - extraction, M - 
manufacturing, U - use, EoL - end-of-life), the ENM synthetic route, the functional unit considered, and 
any major findings.

Page 15 of 55 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16

TiO2-
activated 
membrane

Membrane-
based water 
treatment with 
fouling 
mitigation

X X

Altair chloride 
process, 
followed by 
electrodeposition 
onto PES 
membrane 
surface

1 m2 of PES 
membrane 
activated 
with TiO2 
ENM needed 
to treat 1 m3 
feed water 
per hour

Production of the 
PES membrane had 
significantly higher 
impacts than the 
production and 
deposition of TiO2 
ENMs in every 
impact category

Zuin et al., 
2013119

Iron oxide 
nanoparticles 
incorporated 
into 
polymeric 
beads

Core materials 
for recoverable 
sorbents

X X X

NaBH4 reduction 
of iron 
acetylacetonate, 
followed by 
incorporation 
into polymeric 
beads and 
functionalization 
by surfactants

1000 L of 
wastewater 
from 
industrial 
processes

Impact of magnetic 
nanoparticles on 
climate change was 
highly sensitive to 
reclamation and 
reuse, where a 100% 
recovery had 835 
times fewer climate 
change impacts than 
one with 0% recovery

Baresel et 
al., 
2019120

Gingko 
biloba wood 
membrane 
decorated 
with Pd 
nanoparticles

Methylene blue 
(MB) removal 
from industrial 
wastewaters

X

Wood was dip-
coated in a 
heated PdCl2 
and HCl solution 
to obtain Pd-
coated wood 
membranes

Filtration 
membrane of 
size 30mm x 
30mm x 
5mm, with an 
operation 
volume of 1 L 
and MB 
concentration 
of 50 mg/L

Due to improved 
treatment of MB by 
Pd/wood membranes 
over non-
functionalized wood 
membranes, use-
phase impacts 
(human toxicity, 
acidification, 
eutrophication) 
decreased

Niaz et al., 
2020121

To comprehensively assess NWT, each existing and emerging assessment tool will need 

to be further modified and improved. Currently, most tools operate under the assumption that all 

ENMs with the same composition possess the same level of both risk and performance; this 

limits the reliability of the results of each assessment, since risk and performance of an ENM are 

related to its physicochemical properties, but those relationships are hard to predict without 

experimental data24. Furthermore, a lack of standardization of ENM characterizations, 

techniques, and terminologies make it difficult to model and predict outcomes based on different 

studies. Fortunately, there are standardization initiatives such as eNanoMapper122, NanoMILE123, 

and the US-EU nanoEHS platform (www.us-eu.org) designed to fill the gaps in the literature. 

eNanoMapper aims to standardize terminology and ontologies used in nanoEHS assessments by 

improving the quantity and quality of data nanomaterial researchers and modelers have at their 

disposal.  Additionally, NanoMILE works to establish nanomaterial reference libraries and create 
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new tools for high throughput screening and systems biology approaches, thus allowing 

researchers to accurately predict the impacts of certain physicochemical properties of 

nanomaterials on biological entities. The US-EU nanoEHS platform has funded numerous large-

scale projects to allow for easier comparison and aggregation of data across studies that are not 

standardized.  These initiatives to collect more robust, standardized, and accurate data on 

nanomaterials over a wide variety of physicochemical properties can enhance the likelihood that 

these models and predictions are specific and accurate, leading to the development of the most 

functional and most sustainable NWT technologies.  

2.3 Using capacity factor analysis to guide appropriate technology

Before technology assessment occurs, researchers make important decisions regarding 

what problem to tackle, where the problem exists, and how able a community is to accept new 

technology. Even when NWT offers apparent advantages in terms of functionality, there is no 

one-size-fits all solution for each contaminant of concern for each community. This is especially 

acute in developing communities, where water and sanitation systems are regularly deployed at 

high costs (e.g., $9.1B by the World Bank in 2017124), but suffer high failure rates, typically in 

the range of 30-60%125.  These failures are often the result of poor stakeholder management and 

organization, highly complex solutions, and failure to consider the local capacity for the 

project124. Not only are these communities not receiving vital and life-saving water and 

sanitation services, these failures also represent a significant waste of time, energy, and resources 

that were invested in designing, building, and implementing these systems. As we pursue nano-

enabling water treatment technologies, it is imperative that lessons are taken from previous 

failures and that new technologies are co-developed in participatory systems with the intended 
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end users. One strategy that can be employed is Capacity Factor Analysis (CFA). CFA is a 

process that provides a framework for evaluating a community’s readiness to select, operate, and 

maintain drinking water and sanitation services (Table 3)126, 127.

Capacity Factor Definition (used to determine CCL) Requirement (used to 
determine TRqL)

Service Supply, delivery, growth
Production capability or 

capacity (liters per day per 
capita)

Institutional Laws, regulations, administration, processes Scope or scale of 
installation

Human resource Professional, skilled labor, unskilled labor: literate, 
illiterate Technology human input

Technical Supply chain: spare parts, supplies, services Failure rate (%) & required 
maintenance level

Economical & 
financial Markets, mechanisms, taxes, fees, financial options Service cost (USD$ per 

capacity per year)

Energy Sources, access, utilization, opportunity cost Energy demand of the 
technology

Environmental Carrying capacity of media; stock of resources: land, 
water, soil type, precipitation Technological footprint (ft2)

Social & cultural Housing type transience rate, caste/class equity, 
female participation, community organization Technology complexity

Successful implementation of technologies in a community requires a thorough 

understanding of the capacity of a community to benefit from a technology. The community’s 

capacity level (CCL) is measured across eight different capacity factors (CFs), as is the 

Technology Requirement Level (TRqL). An in-depth guide to scoring each CCL and TRqL has 

been provided by Bouabid and Louis126. Briefly, a CCL score is given by scoring weighted criteria 

Table 3: Capacity Factor (CF) definitions and requirements, used to establish Community Capacity 
Levels (CCLs) and Technology Requirement Levels (TRqLs), adapted with permission from Louis 
and Bouabid (2004)128. CCLs are determined by scoring a community based on the quantity and 
quality of public and private services provided. Similarly, each technology developed for a 
community is scored based on the eight TRqLs. Based on each set of scores, a technology that is 
most appropriate for a given community can be selected and further developed, such that the TRqL 
level is less than the CCL for the community, which indicates that the technology is simple enough 
for the capacity of each community126, 127. 
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that make up each CF and the technology assessment is scored based on how well the technology 

achieves certain benchmarks for each CF. While there is some clear inter-connectivity between 

CFs, they are each treated and scored individually. A low CCL score generally indicates that the 

community has low levels of formal service for a CF, while a low TRqL is indicative of a 

technology that is fairly simple and does not require a highly capable community to operate. 

Technologies that are successfully deployed in a community tend to have a TRqL less than or 

equal to the CCL for each CF, since this ensures that the community is equipped to handle the 

incoming technology127. For NWT devices to also be successfully implemented in water treatment 

projects, the same must be true. Many emerging NWT technologies have sufficiently low TRqLs 

to make them applicable in a wide range of developing communities. For example, when 

considering the “Economical & financial” impacts of NWT, several technologies are less 

expensive than more traditional water treatment technologies on a price-per-unit remediated 

basis57, even though the manufacturing costs of some ENMs are still high102. Nanomaterials have 

been incorporated into sand filtration systems to treat metal contamination129, and since this is a 

technique with low technological complexity, it would receive a low “Social & Cultural” TRqL 

score. Further, the anti-fouling properties of nanomaterials in membrane applications130 can lower 

the burden of maintenance for communities that employ membrane-based water treatment 

technology, lowering the “Technical” TRqL of their device. 

Of course, there are capacity factors for which the TRqLs of NWT are high or unknown, 

requiring further research to ensure a match between NWT and a community. For example, some 

NWT devices can require pumps or other high energy equipment. For communities off the 

electrical grid, this can be an issue, so the “Energy” TRqL must be lowered before that technology 

would be appropriate in that context. Additionally, few NWTs have been scaled up to the 
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community level, so scaled-up NWT must be proven, or point-of-use systems reliant on 

nanotechnology must have a high enough treatment capacity to be viable in terms of the “Service” 

TRqL.

However, while technological factors play a large role in the success of a project, five non-

technological factors have been identified and linked to project failure or success: monitoring, 

coordination, design, training, and institutional environment124. All of these factors are largely 

influenced by the stakeholders involved, which can include (but are not limited to) the community 

in need, non-governmental organizations (NGOs) and local governments, donors, and external 

service providers131. 

3 Sustainable Nanomaterials from Cradle-to-Gate

Once nanotechnology is deemed as a viable solution for water treatment based on its 

performance and functional benefits to each community of interest, researchers and product 

developers must ask questions of the life cycle benefits and impacts of nano-enabling the 

technology.  To begin, considering the raw material criticality, or the technical/economic 

dependency and possibility of supply disruptions of the feedstock, for the nanomaterial or 

nanotechnology is imperative. Ideally, materials are selected to increase the performance-to-

criticality ratio of any engineered nanomaterial for NWT132.  Additionally, during production, 

synthetic routes and the effects of post-synthesis processing, purification, and separation on the 

purity and structure of nanomaterials and on the environment and human health should be 

considered. Finally, it is important to understand and account for worker exposure and 

environmental releases during product assembly, especially for materials deemed hazardous or 

persistent. These considerations are not all intuitive, but they are vital to the safety and 

sustainability of a nano-enabled water treatment technology.
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3.1 Material Extraction and Transitioning to Earth-Abundant Materials

NWT technologies have employed a wide suite of elements, crystallinities, and 

morphologies for their variable functions. Carbon-based ENMs (e.g., graphenes, nanotubes, 

fullerenes, carbon black, aerogels, etc.), zero-valent metals (e.g., Ag, Au, Cu, Fe, Pd, Pt, Zn, 

etc.), and metal oxides (e.g., TiO2, iron oxides, ZnO, indium oxides, etc.) each have unique 

properties that are relevant to a variety of water treatment processes, including adsorption, 

membrane processes, photocatalysis, electrocatalysis, and anti-microbial activity15, 133-135. 

Interestingly, multiple classes of nanomaterials based on a variety of feedstocks can demonstrate 

effectiveness in each of the aforementioned water treatment steps, depending on their structures 

and properties. As a result, material designers should increasingly consider the impacts of the 

extraction of the precursors used in material synthesis when choosing an ENM for a given 

application136.

The social, economic, and environmental implications of material extraction can be 

systematically evaluated by the material criticality assessment137, which considers three 

dimensions: “Supply Risk”, “Environmental Implications”, and “Vulnerability to Supply 

Restrictions”138. “Supply Risk” is quantified over both the medium- and long-term and addresses 

the change in availability over time. “Environmental Implications” aims to quantify toxicity 

concerns, use of water and energy, and environmental emissions from extraction until the 

manufacturing front gate138. “Vulnerability to Supply Restrictions” evaluates the importance of a 

material at the corporate, national, and global levels, its substitutability, and the ability to 

innovate away from that material at the corporate level139.

For metallic nanomaterials, metal criticality studies can be used as a proxy to understand 

the criticality of the ENM precursors, and therefore, the criticality of the finalized nanomaterial 
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on a scale of 0-100 (with 100 being the most critical) (Table 4). Further, the synthetic 

efficiencies of metal and metalloid nanomaterials is quite high (often greater than 90%), meaning 

that the criticality of the precursors acts as a good estimate of the criticality of the produced 

nanomaterial136. With an understanding of the criticality of that material against its performance, 

the most sustainable precursors can be chosen. For example, there are multiple metallic/metal 

oxide nanostructures (e.g., Pd, Pt, In, Cu, Al, Rh, and Au-based composites140-142) that have 

variable criticality and variable performance in the catalytic reduction of nitrate (Figure 2) where 

the criticality of each nanomaterial was based up the ratio of each precursor metal present, and 

the criticality score of each metal precursor came from the work of Graedel et al.138, 139. Of note, 

a more critical material is not necessarily a higher-performing material, and substituting more 

abundant, less expensive, and more environmentally-friendly precursors that have similar or 

higher performance-to-criticality ratios should be a priority for NWT device designers. 

 Z Element
Example NWT 
Application 

Supply 
Risk 
(Long 
Term) 
138, 139

Environmental 
Implications138, 139 

Vulnerability 
to Supply 
Restrictions 
(Global) 138, 139

Overall 
Criticality 
(Global) 138, 

139

6 C Anti-biofouling --- --- --- ---
7 N Functionalization --- --- --- ---
8 O Functionalization --- --- --- ---

13 Al Adsorption 0.0 3.1 57.5 34.4
22 Ti Photocatalysis 0.0 2.7 37.1 26.0
26 Fe Adsorption 0.0 0.8 51.7 32.5
27 Co Photocatalysis 42.5 4.3 50.9 39.5
28 Ni Antimicrobial 1.0 10.5 47.2 35.2
29 Cu Antimicrobial 22.4 17.1 60.2 43.8
30 Zn Antimicrobial 46.3 2.8 53.2 38.3

Table 4: Supply Risk, Environmental Implications, Vulnerability to Supply Restrictions, and 
Overall Criticality scores of select elements commonly found in nano-enabled water treatment 
technologies, adapted with permission from Graedel et al. (2015) 139, where the higher criticality 
score indicates a more critical material and is considered less favorable (on a scale of 0-100).
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45 Rh Catalysis 36.7 80.7 66.8 61.4
46 Pd Catalysis 39.8 68.5 47.7 52.0
47 Ag Anti-biofouling 77.4 43.5 56.6 59.2
49 In Catalysis 98.0 21.9 43.6 54.5
50 Sn Catalysis 41.3 10.6 56.0 36.0
78 Pt Catalysis 8.6 72.7 58.1 46.5
79 Au Sensing 6.9 76.3 61.9 48.4

A comparison of the performance of metallic nanostructures in the catalytic reduction of 

nitrate140 and the overall criticality of each metal139 reveals that there is little to no correlation 

between the overall relative criticality of each nanocomposite and its catalytic rate constant 

(Figure 2d). Further, the use of critical materials like indium can lead to nanoparticles with a 

high Supply Risk, while platinum-based ENMs have higher Vulnerability to Supply Restrictions 

without a large increase in catalytic activity. This all suggests that future water treatment 

technologies can aim to lower the overall material criticality in pursuit of more sustainable 

extraction without negatively impacting performance, and that higher performing technologies 

do not necessarily need to rely on more critical materials. Further, while Jankovic and Plata 

found that the extraction and production of many ENMs, including those found in NWTs, only 

account for 0.000002 – 2% of all global anthropogenic material flows136, material requirements 

for NWT are expected to increase as the technology becomes more ubiquitous. Nanomaterial 

scientists and engineers should therefore be transitioning to more earth-abundant materials to 

achieve long-term sustainability goals. For example, to further minimize Pd and Pt criticality 

concerns, mixed metal catalysts containing less critical metals like Cu and Sn are being explored 

for catalytic nitrate reduction to lower the overall mass loading of rare, critical metals142. Others 

aim to use only non-critical materials, such as a Ni-Fe0@Fe3O4 nanocomposites143, featuring two 

metals with comparatively low criticality scores. 
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3.2 Nanomaterial Production

3.2.1 Nanomaterial Synthesis

The life cycle environmental impacts (e.g., energy use, water use, GHG emissions, waste 

production, nanomaterial release to the environment, etc.) associated with synthesis for ENMs 

used to nano-enable water treatment should be considered in nanomaterial selection. 

Simultaneously, ENMs must have high efficiency and efficacy such that material use is 

minimized. Physicochemical structures and properties of ENMs, and thus function, can be tuned 

Figure 2: Criticality scores of Pd- and Pt-based multi-metal catalysts for nitrate reduction relative 
to the specific catalytic rate constant. Pd-based multi-metal catalysts are represented by empty 
circles, while Pt-based multi-metal catalysts are represented by filled circles. Data adapted from 
Graedel at al. (2015)139 and Yin et al. (2018)140.
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by controlling the synthesis process, and the choice of synthesis process can also change the 

relative impact of the NWT technology across different life cycle stages. 

Given the variety of bottom-up and top-down production routes and environmental/health 

considerations (Table 5), no single assessment methodology is sufficient to capture the full life 

cycle impact. To date, atom economy, LCA, E-factor, EQ-factor, and F-factor analysis have 

emerged as quantitative assessments to evaluate ENM production processes from cradle-to-gate 

and to support ENM selection. 
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pressure

23; lim
ited reproducibility 

and reliability
7

 


26
 

Laser ablation
S

urfactant-free form
ation; 

som
e property control is 

possible; relatively large 
production capacity

7

S
ize distribution control 27

 


27


27

M
echano-

chem
ical

R
elatively sim

ple and 
efficient 7

Fragm
entation and defects; 

difficulty in size control; 
atm

ospheric contam
ination 7, 32, 33


32


35


36

M
icrow

ave
Increased reaction rate 

com
pared to conventional 

heating
7

C
ontrolled synthesis m

ethods still 
nascent; difficult to penetrate liquid 

in large reactor volum
es

37
 


38


38

S
ol-gel

C
onsidered to be one of the 

sim
plest synthesis m

ethods
7

H
igh tem

peratures
49; post 

processing usually 
required

49;difficulty in m
orphology 

control 9; large quantities of 
alcohols required for purification

56

 


49
 

S
olvotherm

al
P

roduction of highly 
crystallized m

onodisperse 
particles

7

Large quantities of organic 
solvents; energy usage from

 
elevated tem

peratures for several 
hours or days

10


66


67


77

S
upercritical 

fluid synthesis
Fast reaction tim

es (seconds 
to m

inutes), in-situ 
crystallization reducing post-

processing requirem
ents, 

scalable, size and shape 
control

E
nergy use due to high 

tem
perature and pressure 

operation, solvent use w
hen using 

supercritical alcohols
45 


45


90

S
onochem

ical
R

elatively ecofriendly, green, 
and sim

ple
7

C
ontrolled synthesis m

ethods still 
nascent; E

nergy for ultrasonic 
irradiation

91


91


91


91

Tem
plate 

synthesis
G

ood control of size and 
m

orphology
7

S
ignificant post-processing 

required
99


99


99

 

Table 5: Nanomaterial synthesis methods, advantages, and environmental and human health impact 
challenges.
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Atom economy is defined as the ratio of product atoms to reactant atoms in a synthetic route 

(Eqn. (1))144, where the ideal atom economy equals 1 (or 100%). Efforts have been made to 

produce ENMs commonly found in water treatment (Cu, Ag, Au) using the atom economy 

approach145, while Freund et al. have proposed integrating the atom economy approach into a 

framework that also considers the total number of functions that a nanomaterial can achieve144. 

   (1)Atom economy =  
mass of atoms in desired product 
total mass of atoms in reactants

Complimentary to atom economy, E-factor quantifies the ratio of the mass of waste to the 

mass of desired product (Eqn. (2))146. 

E-factor  (2)=  
mass of material reactants ― mass of desired product

mass of desired product

Gilbertson et al. reported that the amount of solvent used in the manufacturing of a variety of 

commonly used NWT nanomaterials can be limited through synthetic route selection, thereby 

increasing manufacturing efficiency and lowering the E-factor24. Eckelman et al. showed a wide 

variability in E-factors for different nanomaterials commonly used in NWT (CNTs, TiO2, Ag, 

C60, etc.), but indicated that among purified gold nanoparticles, the different syntheses resulted in 

a wide range of E-factors, from 163 to 99,40056. The F-factor, in contrast, assigns one or more 

numeric values to the functional performance of a product, while accounting for the total number 

of materials or chemicals needed to achieve that function. This allows for the comparison of 

different products based on the material efficiency of their performance147, although little work 

has been done to apply this to ENM synthesis directly. While useful as an efficiency measures, 

E- and F-factors do not provide any indication of the inherent nature of the waste, including its 

potential for bioaccumulation, persistence, and/or toxicity. 
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LCA, as discussed earlier, is the only one of the aforementioned concepts that 

incorporates energy and water consumption, the environmental impacts of the input materials, 

and the impacts of the manufacturing process itself into a suite of standardized frameworks for 

evaluating the environmental impact of the output material24. It is therefore one of the most 

ubiquitous assessment techniques used during the manufacturing stage.  However, while there 

are a limited number of studies using LCA to evaluate NWT (Table 2), these studies lack any in-

depth evaluation of variable manufacturing and synthesis techniques. Therefore, it is not possible 

to choose the most sustainable manufacturing techniques using only LCAs related to NWTs. 

Therefore, more common and robust LCAs that specifically consider a variety of synthetic routes 

for each type of nanomaterial should instead influence manufacturing decision-making for NWT 

technologies, until LCAs for NWTs improve in quality and scope.

LCA studies of nanomaterial and nano-enabled product manufacturing, specifically, are 

among the most well-represented nanotechnology assessments in the literature due to the high 

impact of energy and material inputs for this lifecycle stage for a variety of nano-enabled 

applications, including NWT108. It has been shown that nanomaterial production can be costly, 

not just economically, but also in terms of energy, water use, and environmental impacts, and 

these impacts can vary depending on the chosen synthetic method. For example, multi-walled 

carbon nanotube (MWCNT) synthesis ranges from a total life cycle energy use of 483 MJ/kg 

(floating catalyst chemical vapor deposition) to 9635 MJ/kg (laser ablation)148. In this way, LCA 

can help NWT producers make more informed decisions regarding the sustainability of a 

material during the manufacturing stage by providing insight into ideal production 

methodologies. For example, the traditional sulfate TiO2 production method has greater CO2 

emissions and energy use than the newer alkaline roasting of titanium slag technique that also 
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requires a reduced amount of pure precursor material, an insight that would not be possible 

without a robust LCA149. 

Other ENM synthetic choices that can affect life cycle impacts includes catalyst choice150, 

151, feedstock, and reaction conditions152 for carbon nanomaterials, and temperature, pressure, 

surface stabilizers, and post-synthesis treatment for nano-metals and nano-metal oxides9. In the 

case of ENM synthesis, these synthetic choices are often dictated by the goal to yield 

homogeneous products in terms of size, shape, and crystallinity. Emerging synthesis techniques, 

such as supercritical fluid synthesis, use non-toxic solvents (H2O, CO2, ethanol, etc.) for the 

production of controlled nano-metals and nano-metal oxides commonly found in water 

treatment45. Using this, and other, emerging techniques may limit hazardous waste products 

while still allowing for reasonable control over particle size and shape, all while decreasing 

cumulative energy demand, greenhouse gas emissions, and eutrophication153. 

3.2.2 Post-Synthesis Processing

After the initial ENM synthesis, the nanomaterial scientist or engineer can make the 

decision to complete one or more processing steps to increase nanomaterial usability or 

functionality. However, these post-synthesis processing steps are completed to increase ENM 

functionality at some energy and material cost, setting up a trade-off between improved efficacy 

and higher environmental impact. Purification steps, often necessary to transfer nanoparticles 

from synthesis to application, can include successive washing and decantation with water or 

alcohol to remove excess solvent or surfactant used during metal and metal oxide nanoparticle 

synthesis154, 155, acid-washing to remove metal catalysts impurities in carbon nanotubes (CNTs) 

synthesis156, and drying or solvent removal to form powders157. 
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Additionally, it may be beneficial for an application to separate nanomaterials by type 

(such as size or shape for nanoparticles or chirality for single-walled carbon nanotubes 

(SWCNTs))158-160 as several studies have shown that the size and nature of the surface of ENMs 

affect functional performance in water treatment applications161. For example, separating iron 

oxide nanoparticles by shape and size can influence selectivity toward contaminants and 

magnetic properties for facile removal from the water post-contaminant adsorption72. Size 

separation of nanoparticles is often accomplished through filtration, centrifugation, or size 

exclusion chromatography while shape separation is possible for some samples using mass or 

density gradient centrifugation159. Each of these techniques have variable energy and material 

demands due to multi-step separation processes that depend on the nanomaterial and the desired 

size or shape distribution. Therefore, it is necessary for nanomaterial producers to determine the 

functional benefit of particle separation and compare it to the added energy and material 

demands. 

Post-synthesis heat treatments, including annealing or calcination, can change the 

composition of as-synthesized nanomaterials, improving their functional performance in water 

treatment. For example, TiO2, a metal oxide nanoparticle commonly used in water treatment as a 

photocatalyst, can be converted from commonly yielded anatase or rutile to more photocatalytic 

crystalline morphologies through post-synthesis calcination with increased calcination 

temperature yielding greater photocatalytic activity76. This means that improved activity was 

accompanied by increased energy demand, establishing the need to quantify the relationship 

between functional benefits and negative impacts. Another example considers CNTs that can be 

used in membranes for water purification and desalination with intrinsic anti-fouling 

properties162. A post-processing step of annealing MWCNTs and graphenes alters the type and 
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amount of functional group on the surface of the carbon nanomaterials, and can result in other 

drastic physical changes, which in turn affects the reactivity and antimicrobial activity156, 163, 164. 

This post-synthesis annealing treatment also allows the MWCNT to perform as well or better 

than the far more expensive and energy-intensive SWCNTs54, 148. 

Further, base nanomaterials can be enhanced through post-synthesis processing steps 

including surface functionalization or ligand exchange. In one case, a ligand exchange for iron 

oxide nanoparticles allowed them to become multifunctional water treatment adsorbents, with 

the meso-2,3-dimercaptosuccinic acid (DMSA) ligand sorbing toxic soft metals like mercury, 

silver, lead, cadmium, and thallium while the iron oxide sorbed arsenic165. Surface 

functionalization of carbonaceous nanomaterials, such as graphenes, CNTs, and fullerenes, has 

been shown to enhance their antimicrobial activity and relative pollutant sorption164, 166-168. 

Ligand exchanges can require high temperature reactions, followed by additional washing and 

separation steps. Surface functionalization of carbonaceous nanomaterials usually require 

hazardous oxidants like nitric acid or sulfuric acid, and require further washing and separation. 

As with the other post-processing steps, the application of functionalization and ligand exchange 

relies on an optimized risk and benefit relationship. 

Post-synthesis processing is intended to improve the functional performance of an ENM, 

but it also can be energy- and resource-intensive. As a result, it is important to use the Principles 

of Green Chemistry and Engineering169, 170 as guidelines to limit environmental impacts of post-

synthesis processing, including using benign reagents for washing/purification, maximizing atom 

economy while minimizing E-factor, reducing unnecessary derivatives when functionalizing 

nanomaterial surfaces, and aiming to improve energy efficiency in drying and calcination. The 

optimal route would be to weigh the specific benefits of optional post-synthesis processing with 
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the costs of added energy, chemical, emissions, and economic burden through both a life-cycle 

assessment based on a unit of water treatment functionality and an economic analysis as defined 

by the impact-benefit ratio171. 

3.2.3 Occupational Exposure

Water and wastewater treatment processes inherently strive to lower human health and 

environmental risks, either by preventing human exposure to pathogens and other contaminants 

or by limiting environmental release of waste products. However, while the consumer or 

environment may experience healthier outcomes locally where the water is treated, a fraction of 

the original risk to the entire population will be geographically displaced onto a smaller 

population, including manufacturers of NWTs, who may be located in distant communities or 

other countries 172. While the net benefits of improved water treatment are clear, there still must 

be more concerted efforts to protect the health of nanotechnology workers. Manufacturing ENMs 

into water treatment technologies could result in oral, dermal, ocular, and inhalation exposure, 

but these are likely mitigated in similar ways as other particulates or volatile feedstocks 173-176. 

Groups like the US Occupational Safety and Health Administration and the National Institute for 

Occupational Safety and Health have updated precautions specifically targeting workplace 

exposure to nanoparticles during manufacturing177, 178. Even with the release of these plans, more 

than one third of surveyed nanomaterial manufacturers were uncertain of how frequently their 

employees used personal protective equipment (PPE), and 22% used no form of respiratory 

equipment at all179. There is a relationship between the energy of the process used in production 

and the total number of airborne nanoparticles to which workers can be exposed180. That is to 

say, high energy processes like initial synthesis, spraying, and pouring release a larger number of 

ENMs into the air, which can increase exposure to unprotected workers, while appropriate 
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protection and preventative engineering controls can help mitigate exposure. Studies show that 

the most effective exposure prevention technique is total isolation of people from nanomaterials 

using engineering measures, while the least effective technique is simple PPE use181. Proper 

engineering measures such as ventilated enclosures, air filtration systems, and glove boxes can 

significantly decreases worker exposure, thus lowering any nanomaterial-related risk182. 

Additionally, risks posed to workers can be further limited by designing nanomaterials to be 

inherently non-hazardous to human health25.

4 Nanotechnology-Enabled Water Treatment Use and End-of-Life

In addition to safety and sustainability concerns during the extraction and

production phases, development of nanomaterials for water treatment devices must be

accompanied by risk reduction during the use phase and mitigated impacts at the end-of-life of

the NWT device. While likely relatively low, a potential risk exists for nanomaterials to be 

released from NWTs into treated water and wastewater during the use phase. This risk could be 

mitigated by either 1) designing inherently safer nanomaterials (limiting inherent hazard), or 2) 

preventing nanoparticle release and/or capturing released nanoparticles (limiting exposure). 

Additionally, after the useful life of the device, potential environmental impacts at the end-of-life 

(e.g., during recycling, regeneration, incineration, landfill disposal) should be understood and 

addressed to decrease cradle-to-grave risks for nano-enabled water treatment devices. 

4.1 Reducing Risk During NWT Use 

Ideally, any NWT technology will aim to minimize risk during the water and wastewater 

treatment phase by limiting both factors in the standard risk equation (Eqn. 3)25, where: 

Risk=f(hazard, exposure) (3)
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Due to the potential for ENM release and human exposure from NWT183, most studies evaluating 

nanomaterial hazard have focused specifically on ecotoxicity and human health hazards rather 

than physical hazards (e.g., explosivity, flammability). Composition alone does not dictate 

nanomaterial hazard, as many materials can be safe at the bulk scale or may even be necessary as 

micronutrients for organisms. Therefore, identifying the relative contribution of nanomaterial 

properties to the overall toxicological hazard presented by novel nanomaterials is one of the key 

challenges of informed safer design184. Despite the diversity of biological systems and their 

varied responses to different nanomaterial properties, there are certain properties that are well-

associated with potential toxicological concern (Table 6).  

Property Physicochemical 
Relationship

Eco- and Human Health 
Relationship

NWT-Relevant Material 
Example

ENM 
Composition

Metal and metal oxide 
dissolution is a function 
of composition

Increased dissolution and 
ionic species release can 
lead to ionic interaction with 
cells185-188

Limiting nAg, nCuO, and 
nZnO dissolution makes 
particles safer to mammalian 
cells187

Nanoparticle dissolution 
rate is a function of 
particle size

Decreased ionic species 
release and resultant toxicity 
due to larger size/decreased 
surface area186, 189

nZnO show fewer negative 
health outcomes toward 
Daphnia magna with 
increasing size189

Cellular uptake is generally 
optimized at 50 nm190

Nanoparticles of 30-50 nm 
interacted most efficiently 
with cell membrane 
receptors190

Some organism-
nanomaterial combinations 
have a positive correlation 
between size and uptake191, 

192

Smaller nano-carbon black 
was not readily uptaken by 
mouse macrophage cells191

Size Uptake, biodistribution, 
and toxicity of non-
dissolving nanoparticles 
is size dependent 

Some organism-
nanomaterial combinations 
have a negative correlation 
between size and uptake193, 

194

Larger nAu caused less DNA 
damage in model cell lines195

Table 6: Select nanomaterial properties for materials found in NWT technologies, and their 
impacts on inherent safety for eco- and human health.
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In most cases, negatively 
charged particles tend to be 
safer to organisms due to 
electrostatic repulsion 
mechanisms196, 197

Mice were able to tolerate a 
higher dose of negatively-
charged, hydroxylated nano-
silica196Surface 

Charge

ENM surface charge 
dictates electrostatic 
interaction between 
particles, organisms, 
and the surrounding 
environment

In select cases, positively 
charged particles can be 
safer117, 198

MWCNT safety toward 
embryonic zebrafish 
increased with increased 
surface charge198

Dissolution rates in 
solution are a function 
of ENM shape

Lower energy, rounder 
edges dissolve at decreased 
rates with lower cell 
uptake199

Spherical silver 
nanomaterials released ions 
at a significantly lower rate 
than trigonal prisms199

Exposed crystal facets, 
and therefore reactivity, 
are a function of particle 
shape

Exposing less reactive 
crystal facets can lower 
reactive oxygen species 
(ROS) production200-202

Enlarging the Pd {001} crystal 
facet limited hazardous ROS 
production201Shape

"Sharpness" of a 
particle dictates its 
physical interaction with 
the surrounding 
environment

More spherical particles203, 

204and aggregates117 are 
less likely to penetrate 
cells/organisms

MWCNT aggregates with 
higher fractal dimensions 
showed less toxicity toward 
zebrafish embryos117

Added surface coatings 
alter surface properties 
and mechanisms of 
ENMs 

Surface coatings can limit 
dissolution-based 
mechanisms, but could 
instead lead to other toxicity-
based mechanisms205

Polymer-coated CuO 
nanoparticles were less 
soluble, but enhanced the 
production of ROS205Surface 

Chemistry/ 
Surface 
Coatings

Surface functional 
groups can change the 
reactivity of a particle

Limiting surface reactivity 
through limited reactive 
functional groups directly 
correlated to limited toxic 
outcomes54, 65, 206

Non-oxygen functionalized 
graphenes showed less 
bacterial toxicity206

Due to the nature of functional performance requirements (e.g., catalytic activity) that 

overlap with potentially hazardous nanomaterial properties (e.g., reactivity), it will be necessary 

to also address the exposure side of the risk equation. As such, pursuing strategies to reduce or 

eliminate nanomaterial release and subsequent exposure to end users or the environment during 

NWT use is critical. Of course, preventing release not only reduces the potential for exposure but 

is also vital to maintaining the performance of water treatment systems183. Even minute losses of 

material over an extended period of time can have a deleterious effect on the performance of the 
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system, even if the levels discharged into process streams are well below those which would 

cause toxicity concern207. 

It has been shown that only 0.1-2% of all nanomaterial release occurs during the 

production phase208, meaning 98-99.9% of releases happen during the use and end-of-life phases 

to air, water, and soil (Figure 3). While nanomaterial release scenarios during production and at 

the end-of-life are generally similar regardless of nano-application, the release of nanomaterials 

during the NWT use phase (drinking water treatment and waste water treatment) is unique and 

could result from a variety of pathways and, once freed, can undergo a variety of transformations 

in environmental conditions (Table 7). Release during the use phase can occur by loss of 

unattached or weakly attached nanomaterials or dissolution of the materials themselves. In 

studying the release of nanomaterials from water treatment devices, results can vary based upon 

conditions to which the devices are subjected. For example, a study of nano-silver impregnated 

membranes showed differences in release based on varied flow conditions209. While nano-silver 

releases were high in some cases, the device remained efficacious and much of the released 

silver did not enter the finished (drinking) water. However, high releases from an NWT device 

can markedly cut down on its useful lifespan, calling for improved designs of nanomaterial 

impregnation into substrates.
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Nanomaterial Release 
Scenarios

Nanomaterial 
Immobilization 
Strategies

Nanomaterial 
Detection and 
Quantification

Free Nanomaterial 
Recapture 
Strategies

Particle Dissolution209, 210 Electrospinning211 ICP-MS Techniques212 Magnetic Recovery213

Physical Abrasion210 Bead Enmeshment44, 68 Thermogravimetric 
Analysis214

Ultrafiltration215, 216

Free-Particle Release217 In-situ Particle 
Formation218

Spectrophotometry219 Coagulation and 
Recovery215, 216

Material Aging and 
Transformations104, 217

Nanomaterial-Coated 
Sand57, 129, 210

Fluorescent/Colorimetric
Techniques219, 220

Membrane 
Integration221, 222

Figure 3: Material flows from Raw Material Extraction, to Nanomaterial/Device Manufacturing 
(including nanomaterial synthesis, post-synthesis processing, and integration into nano-enabled 
devices), to the use phase (Drinking Water and Waste Water Treatment), to the end-of-life (Incineration 
and Landfills/Solid Waste) (solid lines) and nanotechnology-specific releases of nanomaterials across 
the lifecycle (dotted lines). There are other releases and life cycle concerns not captured by this figure 
that are not nanotechnology-specific, including release of precursor materials, energy use in production, 
and greenhouse gas emissions during incineration. 

Table 7: Select potential release scenarios for nanomaterials in NWTs specifically during the use 
phase, as well as strategies to immobilize materials to prevent release, detect and quantify 
released materials, and recapture released free particles. 
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Nanomaterials present in membrane reject flows, catalyst cleaning streams, packed bed 

backwash water or other waste streams can enter sewers or even surface or groundwaters. NWT 

products may release ENMs in landfills, which could enter leachate collection systems or 

groundwaters. ENMs in these waste streams, or those in treated water from NWT devices, do not 

necessarily retain their specific shape and size, physicochemical properties, or composition and 

can undergo transformation depending on the local environment and matrix. Upon release, the 

nanomaterials may aggregate and transform with other compounds or molecules within the 

treated water, which may change their chemical or physical properties223. However, some 

environments with varied magnitudes of ionic strength and natural organic matter, such as sea 

water instead of fresh water, may increase aggregation processes, which will decrease the 

bioavailability of nanoparticles224, 225. While ENMs are likely to accumulate in soils receiving 

sludges and sediments in surface waters, there remains debate on the potential of ENMs to 

bioaccumulate in biota226, 227. Since ENM transformations and accumulation are complex and 

relatively difficult to predict, reducing or eliminating release potential is more ideal. 

Release prevention may be easily accomplished simply through immobilization of 

nanomaterials onto support media such as filters, sand, carbon block, or fibers to prevent free 

particle release or dissolution or by recapturing free particles after use228, 229. Immobilization may 

present trade-offs by adversely impacting process efficiency while extending the useful design 

life and enabling recovery and regeneration of the nano-enabled devices 94. To alleviate the need 

for additional filtration of produced or finished water containing free nanoparticles, 

superparamagnetic nanomaterials, usually containing iron, can be employed for post-treatment 

capture, and can also be regenerated for reuse, although further study is needed to ensure that 

free particle removal is high enough to stay below secondary maximum contaminant level 
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values230, such as the 0.3 mg/L limit set for iron231. These materials could treat water alone or 

form core-shell structures where the core provides for magnetic separation and the shell is a 

reactive compound designed for a specific functionality such as adsorption, photocatalysis, or 

antimicrobial activity. 

All drinking water chemicals found in conventional water treatment (e.g., aluminum, 

iron, cationic polymer) have small fractions of detectable residuals in finished drinking water. 

Thus, even with preventative measures in place, some amount of release should be anticipated 

and monitored via sensing and quantification of nanomaterials in the finished water232. Ideally, 

sensing and quantification of released nanoparticles would produce highly accurate results in real 

time and in-line with the treatment system, in water matrices of variable complexity. Some 

techniques have been developed and show promise for this application, even if there are current 

limitations to their full-scale implementation. For example, one of the most robust tools for 

sensing and quantifying nanomaterials in water is single particle inductively coupled plasma-

mass spectrometry (spICP-MS), which can detect and calculate particle size for nanomaterials as 

small as 10 nm for most elements212. However, while this technique has high accuracy and can 

be employed to quantify nanoparticles at low concentrations and within environmentally-relevant 

matrices, it has not been demonstrated for real-time or in-line analyses. Other emerging methods 

rely on reactive fluorescent dyes that respond to redox or photocatalytic nanomaterials233. This 

method has the potential to be performed in real-time and in-line and is minimally impacted by 

complex environmental matrices. Whether during development, piloting, or full-scale 

deployment of NWTs, there is a need for easy-to-use detection methods that can be applied in 

the field with sensitivities reflective of regulatory limits and potentially reasonable factors of 

safety (e.g., 10x) that could account for uncertainty if materials are present as nanomaterials.  
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4.2 End-of-Life

Across all technologies, roughly 60% of ENMs and their transformation products are 

expected to end up in landfills208, and at the end of their useful life, it is expected that many nano-

enabled water treatment devices will incur the same fate. In the United States, there are currently 

no domestic nanotechnology-specific rules for disposal, as the US Environmental Protection 

Agency’s General Approach is that nanoparticles should be treated in the same manner as all other 

chemical substances234. In the European Union (EU), although nanomaterials are defined and 

regulated by Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH), 

nanomaterial waste is not regulated by REACH or any other group, and instead it is assumed that 

most nanomaterials will enter the waste stream with the nano-enabled product, typically ending up 

in landfills or incinerators235.

Recycling spent nanoparticles for use in other applications has not garnered much 

research interest, due to the requirement that such a strategy must be simple, inexpensive, fast, 

and energy efficient236. Further, a study of recycling rates of four nanomaterials commonly found 

in water treatment devices (TiO2, ZnO, CNTs, Ag) found that only 0.75-8% of nanoparticles 

entering recycling systems from representative nano-enabled products were then incorporated 

into the manufacture of more products, with a majority of materials either being incinerated, sent 

to a landfill, or exported after the recycling process was complete237. However, while there is a 

gap in the literature on this topic, there has been increasing interest in ensuring materials in water 

treatment devices can be recovered and regenerated after use, such that nanomaterials do not 

need to enter the waste stream after each use238, 239. 
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Of course, energy and material use must be considered when deciding if nanomaterials 

should be regenerated and reused.  Some regeneration techniques, such as contaminant desorption, 

rely on highly acidic or highly basic chemicals to desorb contaminants, while others employ 

thermal desorption, all to varying degrees of success240. As a result, there may be high material 

and/or energy cost for regeneration to divert nanomaterials from the waste stream, but with 

potentially greater environmental impact. Therefore, it is important to evaluate the tradeoffs 

between the waste produced and energy used with the nanomaterial recovery percentage and the 

remaining efficacy of the nanomaterials after regeneration. To our knowledge there has been no 

published research on the behavior of nanomaterials within water treatment modules (e.g., 

membranes, activated carbon, etc.) during incineration or landfill disposal, and this research is 

critically needed to help inform these decisions. 

5 Doing Nano Right into the Future

There are many examples in the literature and in industry of NWTs using the questions 

outlined above to advance the goal of “doing nano right” by continuing to improve materials and 

processes such that they are safe, sustainable, and effective. While efforts have been made 

towards nanomaterial safety and sustainability, these have not been systematically and 

comprehensively pursued by the nanotechnology community due to limitations of available data, 

of robust and nano-specific assessment tools, and of reliable and generalizable property-

structure-function-hazard relationships.

5.1 Nanotechnology-Enabled Water Treatment Advantages

Successfully replacing traditional water treatment technologies with NWT technologies 

necessitates answering the question: “When and where does nanotechnology offer advantages in 
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addressing global water challenges over existing technologies?”  Preliminary research and 

emerging applications indicate that the costs of NWT are lower than that of traditional water 

treatment by exploiting nano-properties and structures to enhance the performance of NWTs. 

Focusing future NWT development on the most promising applications requires improved NWT 

assessments. While chemical and material assessments are prevalent in the literature and in 

industry, few have been fully adapted as assessment techniques as appropriate and specific for 

nanomaterials, nanotechnologies, and NWT technologies.  

Outperforming traditional technologies based on factors like efficacy, efficiency, and cost 

may be necessary but not sufficient for the replacement of traditional water treatment 

technologies. By employing techniques like capacity factor analysis, a community’s needs and 

ability to deploy a technology can be understood at a deeper level, inspiring product designers to 

create the best NWT technology for a community rather than the best-performing NWT 

technology. 

5.2 Nanotechnology-Enabled Water Treatment Extraction and Production

Traditional water treatment processes aren’t without their own sustainability concerns. 

Waste production, inefficient chemical use, the production of disinfection by-products, and high 

emissions contribute to the environmental impact of more traditional technologies, and as a 

result, there is a clear opportunity for NWT to emerge as the more sustainable option. For this 

promise to be realized, there must be an evaluation of NWT technologies across the entire life 

cycle. This should include increased research activity featuring comparative LCAs between 

NWT devices and existing technologies to inform water treatment technology decision making. 

However, as some of the environmental benefits of NWT technologies compared to traditional 
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technologies are realized, there is still a need to continuously decrease any negative impacts 

related to nanomaterial use, while still maintaining the improved functionality. 

Much of the oft-forgotten implications of nanotechnology come from the extraction of 

precursors and the manufacture of nanomaterials and, eventually, nano-enabled devices. As a 

result, designers must be able to answer the question: “How are nanomaterial/nano-enabled 

devices sourced and made, and what safety and sustainability concerns are there?” 

Unfortunately, many of the materials, particularly metals, being used for NWT applications are 

rare and critical. Their supply risk, environmental implications from the extraction process, and 

their global vulnerability to supply restrictions have the potential to be quite high, making the 

continued and long-term use of these metals untenable, even if the total material use for NWT 

technologies is less than that of more traditional techniques. However, in many cases, the 

increased criticality is not inherently linked to an increase in performance. In fact, less critical 

metals are being explored to achieve some of the same functional goals. By shifting focus toward 

abundant metals for NWT devices, designers can reduce the impacts of the extraction phase.

The production phase must also see improvements to ensure that more sustainable NWT 

technology is developed. Understanding the impacts of various nanomaterial synthesis methods 

and post-synthesis techniques can encourage the pursuit of more effective and efficient 

processes.  However, there is a need for more robust analyses that incorporate considerations 

beyond composition, such that the impacts of imparting different structures and properties to 

nanomaterials can be better understood.  Beyond that, as risk shifts from those consuming 

contaminated water to the workers producing the NWT devices, manufacturers must ensure that 

occupation exposure concerns are understood and mitigated. 

5.3 Use and Disposal of Nanotechnology-Enabled Water Treatment Devices
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Until scientists and engineers can systematically and comprehensively address “What 

happens to the nanomaterials during and after their use in water treatment devices?”, securing 

trust in NWT technologies by stakeholders will be an extremely difficult task.  By pursing risk 

mitigation strategies through hazard considerations (e.g., nanomaterial selection and design) and 

exposure pathways (e.g., encapsulation, detection, and capture of free nanoparticles), NWT 

technologies can become safer and more easily accepted. While there has been a significant 

amount of research on safe nanomaterial compositions, there is a need to further understand the 

structure-property-hazard relationships of nanomaterials, as changes in nanomaterial structure 

and properties can impact toxicity and exposure routes.  There is also an opportunity to improve 

detection and quantification techniques to be in-line and in real time to prevent releases to the 

environment or into drinking water. 

5.4 Future Implications

Widespread use of NWT will be a relatively complex endeavor, but successful 

implementation can ultimately provide more accessible water and an improved quality of life, 

with a lower environmental impact than current technologies. As noted throughout this review, 

literature and emerging products indicate that sustainable design can guide the selection and 

design of nanomaterials, including many commonly found in NWT. However, there is a need to 

improve the sustainable outcomes at every stage of the life cycle, particularly in case of long-

term infrastructure, such as water treatment. 

In some current NWT technologies, the extraction of precursor materials, especially critical 

metals, can be environmentally costly and damaging. Employing earth abundant metals such as 

iron, copper, and nickel, and exploiting nanoscale phenomena through crystal facet engineering 

can help realize the same catalytic efficiencies of platinum group elements or noble metals, 
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creating a greener alternative with a lower overall energy footprint for water treatment142, 143, 241. 

Further, improved evaluation and understanding of the environmental impacts of synthesis and 

post-synthesis processes of nanomaterials for NWT early on in the design process will allow for 

the production of materials to achieve their functional water treatment goals with limited 

deleterious outcomes. 

The scientific community, especially in the field of nanotechnology, has become more adept 

at holistic material characterizations, but most of these characterizations tend to only evaluate the 

material before its use. As a result, many researchers have directed their efforts towards 

improved novel materials, without understanding how aging or fouling behavior may 

detrimentally impact performance or lead to unique release and hazard scenarios242, 243. Improved 

research in this space can inform appropriate cleaning and nanomaterial regeneration or 

replacement methods, allowing for a higher recycling rate and lower long-term nanomaterial 

requirements. 

While some work has been done to characterize and quantify the release of nanomaterials 

into the environment from the general nanotechnology field208, there is a lack of knowledge on 

the release of nanomaterials from NWT into drinking water or treated wastewater during the use 

phase, and there is little information on the release of nanomaterials from NWT devices, 

specifically, at the end-of-life. Until these releases can be quantified, characterized, and fully 

understood, robust risk assessments to determine acceptable levels of release are not possible. 

Regardless, NWT designers should aim for nanomaterial release from products to be minimized 

where appropriate or eliminated where possible. 

Finally, stakeholder acceptance of a technology is not guaranteed, even when a technology is 

effective and safe. This is further complicated by the somewhat disparate concerns, needs, and 
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desires for each stakeholder group. Stakeholder rejection of effective and safe technologies, such 

as GMOs in much of Europe, can limit industry growth due to perception of risk with the  

technology29. As a result, better public-private partnerships to support and enhance acceptance 

by governmental and non-governmental organizations, consumers, and industries are needed. 

These partnerships should aim to establish guidelines to address regulatory uncertainty and raise 

public awareness to avoid misconceived risk perceptions. These groups can collaborate to ensure 

proper characterization and use of emerging nanoparticles, based not only on particle size, but 

also on ENM properties. To see successful implementation, all groups must ensure that 

confidence in new NWT technology is high.  

Nanotechnology shows great promise for the future of global water and wastewater 

treatment. As NWT evolves to be more apt for developing communities and applications that are 

off-grid from conventional water treatment systems, it is becoming increasingly imperative to 

ensure that the technology is effective, safe, and sustainable so the promise of NWT can be fully 

realized. 
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