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Sustainability spotlight

This work supports sustainability by providing a framework to identify and design “readily
treatable” chemicals based on molecular features relevant to water treatment technologies,
complementing “safe-by-design” approaches. This is important because certain essential
applications rely on chemicals properties that inherently conflict with safe-by-design (e.g., high
stability resulting in persistence). In these cases, considering their effective removal using
available (water) treatment technologies is advisable and can serve as a second line of defence
for human and ecosystem health by minimizing exposure and spread of such chemicals. Our
conceptual framework enables the identification of safer chemical alternatives, supporting
responsible design, production and use (SDG 12), facilitating chemicals removal during water
treatment (SDG 6) and protecting human and ecosystem health (SDG 3).
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27 Abstract

28 Existing chemicals assessment and management approaches focus on chemical behavior in the natural
29  environment and humans, including using chemical-specific inherent properties such as persistence (P),
30 bioaccumulation potential (B), and mobility (M). To prevent chemical pollution, concepts such as safe-by-
31  design and benign-by-design consider P, B, M, toxicity, and other hazardous properties when selecting
32 existing chemicals or developing new ones. However, certain applications rely on chemical properties that
33 inherently conflict with safe-by-design (e.g., high stability during use often results in P). In such cases, in
34  addition to applying such chemicals only for essential uses and reducing emissions, early consideration of
35 effective removal using available (water) treatment technologies may also be advisable. This may serve
36 as a second line of defense to safe-by-design by minimizing environmental exposure. Here we explore
37  inherent chemical properties relevant to “treatability”, focusing on commonly used and widely available
38  water treatment technologies. These technologies include (i) biodegradation in wastewater and drinking
39  water treatment, (ii) advanced separation technologies such as activated carbon and membrane-based
40 separation, and (iii) oxidation processes. Our conceptual framework sheds light on “treatable-by-design”
41 chemicals for specific applications where safe-by-design chemicals are not (readily) feasible, offering
42 potential for further exploration by the broader community.
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Introduction

As the global demand for safe and clean water continues to rise, we face challenges associated with the
depletion of freshwater resources due to overexploitation, insufficient wastewater treatment, the climate
crisis, and chemical pollution. Over the past century, the number and volume of anthropogenic chemicals
have continuously increased, encompassing over 350,000 different chemicals and mixtures of chemicals
registered globally.! A substantial fraction of these chemicals are emitted directly or indirectly to water
bodies and can cause detrimental effects on human and ecosystem health. Safeguarding and improving
water quality is of seminal importance for both societies and ecosystems worldwide, beginning with
pollution prevention.

Current chemicals assessment, management, and regulation are largely centered around their
environmental fate and their potential to interact with biota, including toxicity (T) and bioaccumulation
(B). For example, persistence (P) and mobility (M) are chemical-specific inherent properties, quantified by
the degradation half-live (DTsp) of a chemical in soil, sediment, and water, and its organic carbon-
normalized sorption coefficient (Koc), respectively. The combination of these two parameters has proven
to be valuable in describing and predicting the environmental fate of chemicals and are widely used in
chemicals assessment and regulation around the world.?*

Notably, the assessment and management of chemicals is shifting from a reactive to a proactive approach.
Concepts such as “safe by design”, “benign by design” and “safe and sustainable by design” have been
established and promoted, integrating considerations of P, M, B, T, and other hazardous properties to
select existing chemicals and develop new ones that are non-hazardous by design for production and use,
aiming to minimize their potential to cause adverse effects on human and ecosystem health.>2
Additionally, the transition to safe-and-sustainable-by-design alternatives may go beyond chemical
substitution by involving changes in application and use, as illustrated by the example of modifying metal
plating processes to eliminate the need for perfluorooctanesulfonic acid (PFOS) in the first place.’ These
innovative, forward-looking concepts and frameworks empower chemical and process designers with the
tools needed to select nonhazardous, fit-for-purpose chemicals, thereby preventing future harms.

One important challenge that these current concepts and frameworks may not fully resolve is the reliance
of certain essential applications on chemical-specific inherent properties, which may be intrinsically
hazardous. For example, in some industrial or medical applications, a chemical must possess a high
chemical stability to fulfill specific functional requirements, which can translate into a high persistence.
To make informed choices and reduce risks, in these specific cases, it becomes critical to understand how
effectively these chemicals can be treated using available (water) treatment technologies. This should
happen at the chemical design and selection stage to avoid causing unintentional contamination of the
natural environment and water sources.

To complement existing approaches, we propose the concept of “treatable-by-design.” Importantly,
integrating treatability considerations in molecular design should be considered a second line of defense
for protecting human and ecosystem health. This concept is particularly relevant in cases where concepts
such as “safe by design,” “benign by design” and “safe and sustainable by design” cannot be fully applied
due to technical requirements and constraints.

To enable treatable-by-design, it is critical to understand how treatability of a chemical can be accurately
parameterized. Ideally, treatability concepts and parameters would be linked to the inherent properties
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86 of a chemical, allowing for easy comparison across different matrices, as is the case for P and M. Indeed,
87  treatability by some nature-based treatment technologies, such as riverbank filtration and soil passage,
88  can be described using P and M if the experimental parameters DTso and K, are available.!® This is not the
89  case for many engineered water treatment technologies (see black circles in Figure 1). This issue could be
90 overcome by complementing P and M with additional treatability indicators.

91  While designing chemicals for biological treatment is well alighed with the “design for degradation”
92 principle (principle #10 of the twelve principles for green chemistry),!! such clear principles do not yet
93  exist for separation techniques and oxidation processes. Building on existing frameworks and knowledge,
94  a well-developed framework of treatable-by-design may facilitate evidence-based decision-making, such
95 as best selecting existing chemicals based on their susceptibility to removal during water treatment.
96  Additionally, although some previous studies have investigated ways to predict the treatability of
97 chemicals,®1? they typically focus on specific technologies, or specific aspects of given technologies. Also,
98 data driven models, such as machine learning, are often developed and used without the mechanistic
99 understanding required for designing readily treatable chemicals.

100 To enable a comprehensive integration of treatability considerations into chemical design, assessment,
101 and regulation, we here present a conceptual framework that goes beyond previously proposed data-
102 driven frameworks on chemicals across their life cycle,® building upon a mechanistic exploration of the
103 inherent properties of chemicals that determine their treatability in a set of commonly applied and widely
104  available water treatment technologies. These technologies include (i) biodegradation in wastewater and
105  drinking water treatment, (ii) advanced separation technologies, such as activated carbon and membrane-
106  based separation, and (iii) chemical oxidation processes. We explore the state of knowledge in separate
107  sections for each of these technologies and end each section by identifying key takeaways for chemical
108  selection and design, as well as proposing potential experimental cutoff values to operationalize the
109  “treatable-by-design” concept. We further propose a hierarchy of technologies in the consideration of
110  treatable-by-design.
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biological treatment advanced separation oxidation processes

111

112  Figure 1: Representation of chemical pollution in a water cycle with multiple barriers. (i) Nature-based
113 barriers and technologies (see text in white) can be well-reflected by chemical-specific inherent properties
114  persistence (P) quantified by DTso and mobility (M) quantified by Koc, whereas (ii) advanced technologies
115 can only be inadequately reflected by these two environmental fate parameters (black circles).
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Treatability via biodegradation during water treatment

Biodegradation — the enzymatic transformation of chemicals by microorganisms — is essential for their
removal in many water treatment systems, including conventional activated sludge, anaerobic digestion,
biological (granular) activated carbon, and rapid and slow sand filters. In water resources and treatment
systems, many concerning anthropogenic organic chemicals typically occur in the ng/L to pg/L range, and
are referred to as organic micropollutants (OMPs) hereafter. Water treatment systems are neither
designed, nor commonly operated, with the aim of removing OMPs. Rather, biodegradation occurs
concomitantly with biotransformation of other more abundant constituents, such as organic matter and
nitrogen species, i.e. co-metabolic degradation. Co-metabolic OMP degradation occurs because OMP
concentrations are too low to sustain dedicated degrading microorganisms. Examples of such conversions
are heterotrophic conversions, such as denitrification, methanogenesis, and DOC degradation, as well as
autotrophic conversions, such as nitrification and methane, iron-, and manganese oxidation. The water
treatment systems in which these processes occur are engineered to select for microbial communities
with specific biological functions for the defined purposes, by adjusting redox conditions, hydraulic
retention times, sludge retention times, biofilm carriers, backwashing regimes, substrate loading rates,
and empty bed contact times.!3

Treatability of an OMP in water treatment systems via biodegradation depends greatly on the specific
conditions within a given treatment. It is important to stress that the occurrence of OMP biodegradation
in these treatment technologies does not necessarily imply that OMPs are completely mineralized.
Instead, OMP biodegradation frequently results in the transformation of OMPs into transformation
products with similar molecular structures as the initial parent chemical. These OMP transformation
products can be more hazardous than the initial parent chemical.'* In the following paragraphs,
“degradation” and “mineralization” are used to distinguish transformation from complete mineralization.

Current methods and tools for chemical design and their gaps

The biodegradability of a chemical is typically expressed as degradation half-live (i.e. the degradation time
(DT) required for 50% degradation of the chemical in specific environmental media, DTso). Experimentally,
DTso values can be derived from standardized tests to assess the environmental persistence of chemicals,
such as those from the OECD, EPA, ASTM or 1SO.1> The most widely used testing guidelines are those from
the OECD, which prescribe testing the biodegradability by adding a given chemical to a simulated
environmental medium such as activated sludge, sediment, or water. The specific experimental set-up is
adjusted to the compartment of interest. For instance, the biodegradability in activated sludge (OECD
303A) is tested in a reactor set-up with microorganisms obtained from a wastewater treatment plant.1®
The chemical removal is subsequently monitored over the course of weeks to months, after which DTsg
values are derived. However, these DTsg rarely predict half-lives in water treatment systems adequately.
This is because these simplified tests cannot sufficiently represent water treatment systems. For example,
OECD 303 tests biodegradation in activated sludge under fully aerobic conditions. However, activated
sludge systems often include a sequence of redox conditions, to support denitrification and biological
phosphorous removal.’® Furthermore, OECD tests focus on planktonic degradation in watery slurries,
while water treatment systems also include biomass present on the solid matrix in biofilms, which can
have different biodegradation dynamics. The adjustment of existing biodegradability tests, or developing
completely new test methods, is very time consuming and unlikely to capture the wide variety in possible
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158 treatment conditions (including microbial composition, redox conditions, residence time, and co-
159  substrate composition).

160 Meanwhile, the understanding of molecular features-biodegradability relationships form the basis of
161  Quality Structure Activity Relationships (QSAR) to predict the degradability of a chemical and the
162  formation of persistent transformation products. QSAR tools to predict degradation and transformation
163 product formation include the freely available BioWin,” EnviPath,*® and Biotransformer!® tools, which can
164  help screen for persistent chemicals, including transformation products. Recently, the EnviPath team has
165 released the “EAWAG Sludge package” for predicting a chemicals degradation in sludge, which is a big
166  stepforward in screening for persistence in biological water treatment. Still, models that take into account
167  concentration, co-substrate, and process related parameters in water treatment are largely missing.2°
168  Similarly, approaches to assessing and predicting full mineralization and/or the formation of persistent
169  transformation products are missing, but necessary to ensure no persistent transformation products are
170  formed during a given process.!* In addition, an inherent uncertainty relating to the complexity of
171 biodegradation and the variability in experimentally derived DTsp values used to train such models cannot
172 be overcome with current computational approaches.

173 Insights for chemical design

174 Batch experiment-derived DTso as well as QSAR based screening tools can inform selection of existing
175  chemicals and aid in the design of new chemicals. Existing tools'®?! can inform on the expected
176 degradability as well as the type of likely transformation products for a given chemical. Parent compounds
177  and transformation products should be screened for persistence and potential toxicity. As of now, these
178 tools should, however, be seen as screening aids for prioritization rather than final evidence. Curated
179  browsers for experimentally confirmed transformation products, such as (https://fairtps.lcsb.uni.lu/)??
180 can inform read-across for likely transformation products of given chemicals, complementing more
181  uncertain predictive tools. Further improvements in the prediction of treatability in biological treatment
182  atdiffering water chemical conditions combined with a better understanding of read-across opportunities
183  of experimental insights across environmental compartments?® will improve reliability and confidence to
184  inform future chemical selection and design. However, promising candidates should always be
185  experimentally vetted to ensure mineralization or formation of only safe transformation products at
186 relevant conditions. Therein, a treatment system-specific DTsp of a few days or less could be set as an
187 indicative cutoff to ensure sufficient degradation of a chemical during biological treatment, as typical
188 residence times in such systems range from hours to days. This guidance is directly related to the Green
189 Chemistry Principle 10: design for degradation. In contrast, all subsequent criteria are conceptually
190 distinct from this established principle.
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191 Based on current understanding, the following rules of thumb may already be proposed to guide future
192 chemical design for enhanced biodegradability. Molecular features that promote the aerobic
193 biodegradation of a chemical include long unbranched alkyl chains, hydroxyl groups attached to a chain
194  structure, and one or more carbonyl, carboxyl, or ester groups attached to either a chain or ring structure
195  (Figure 2).%* These are all susceptible to oxidation by aerobic microbial enzymatic processes.?>%” For
196 ionizable compounds, the neutral fraction is more bioavailable for biodegradation than the ionized
197  fraction.?® In contrast, features that may inhibit the biodegradability of a chemical include aromatic ring
198 structures, halogenated structures, and sulfonic acids.26:?’
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Figure 2: Example of functional groups promoting biodegradability (green) and inhibiting biodegradability
(brown) under aerobic conditions. (a) long unbranched alkyl chains, (b) hydroxyl group, (c) carbonyl group,
(d) carboxyl group, (e) ester, (f) sulfonic acid, (g) aromatic ring structure (h) halogenated structure.

Treatability via advanced separation technologies

Separation approaches can be split into adsorbent-based separation, including activated carbon (AC) and
ion exchange resins (IER), as well as membrane-based approaches such as reverse osmosis (RO) and
nanofiltration (NF). While some chemical molecular features are linked to high or low removal across
these technologies, other features are distinctively relevant only for some of them (Figure 3).

Sorption Affinity to Activated Carbon O
/ ' / * f*- /\

-EDA capacity Dow (-) charge (+) molecular size
Rejecticn by Nanofiltration

f"\*

molecular size (-) charge (+) Dow

sorption
sorption
sorption
sorption

>
>

rejection
rejection

rejection

Figure 3: Relationships between molecular features and treatability via advanced separation technologies.
Top: mt-electron donor-acceptor capacity (m-EDA capacity), pH-dependent hydrophobicity (Dow), polarity
and charge, and molecular size of a chemical all affect its sorption affinity towards activated carbon.
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210  Bottom: The molecular size, charge, and pH-dependent hydrophobicity (Dow) of a chemical all affect its
211  rejection by nanofiltration membranes.

212 Adsorbent-based separation

213  ACis the most widely used adsorbent for removing OMPs from water. It is a highly carbonaceous solid (C
214 > 80%) characterized by a complex pore system, with a high specific surface area based primarily on
215  micropores (< 2 nm) and mesopores (2 - 50 nm). AC surfaces are rather non-polar and highly aromatic with
216  condensed polyaromatic regions in the basal planes. When in contact with water, AC acquires surface
217  charges through proton adsorption on its polyaromatic regions and through protonation/deprotonation
218  equilibria of heteroatom-containing functional groups, such as those with nitrogen or oxygen. These
219  features provide AC with a high sorption affinity for organic compounds. The driving forces for adsorption
220 on AC are the hydrophobic effect as well as OMP-surface interactions, including m-mt electron-donor-
221  acceptor interactions, electrostatic interactions, ion exchange, and (charge-assisted) H-bonding.?°

222 lon exchange resins are also widely used adsorbents and include negatively charged cation exchange
223 resins and positively charged anion exchange resins. Anion exchange resins are capable to bind even small
224  aliphatic and negatively charged OMPs that can hardly be adsorbed by AC. However, ion exchange resins
225 are not very selective, which results in them being quickly saturated by other “non-target” competing
226 ions, including inorganic salts and natural organic matter. Thus, while ion exchange resins can be very
227 useful to remove ions from water, their use in water treatment can only be economically and
228  environmentally operable when paired with another treatment technology that can first remove the
229 majority “non-target” compounds from water (salts, organic matter, other ionic moieties). Additionally, if
230 molecules also bind to the resins by non-electrostatic interactions, regeneration can be challenging.?®
231  Therefore, our analysis of treatability via adsorbent-based separation is primarily focused on AC.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

232 Current methods and tools for chemical design and their gaps

233 AC has a higher sorption affinity for OMPs than organic matter in soils. Sorption to AC at environmentally
234  relevant concentrations is typically at least one order of magnitude stronger than that to organic matter
235  (Koc), but is not necessarily proportional,3* which renders the predictions of treatability via AC based on M
236  unreliable. Three main qualitative differences between the two sorbents are: i) Soil organic matter mainly
237  absorbs chemicals through the hydrophobic effect in its more polymeric, “rubbery” phase and can contain
238 few adsorptive sites, whereas AC acts as a “glassy” adsorbent. ii) The higher heteroatom content and water
239  swelling of soil organic matter result in a less suitable sorption environment for hydrophobic compounds
240  than the non-polar surfaces in the close-fit micropores of AC. iii) The higher aromaticity of AC provides
241  substantially more opportunities for m-t electron-donor-acceptor interactions. These more favorable
242  entropic and enthalpic contributions to adsorption on AC can better compensate for potential free energy
243  penalties, such as those caused by unfavorable electrostatic interactions during the adsorption of ionic
244 organic compounds. Therefore, hydrophobicity (Kow or Dow) is of limited value for estimating sorption
245  affinity to AC, especially for ionic and/or ionizable organic compounds, such as many pharmaceuticals,
246  industrial chemicals, and some pesticides, as different processes drive sorption to AC.3233
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247  The scientific community has made efforts to develop predictive tools for sorption to AC based on poly-
248  parameter linear free energy relationships,3*3> and neural networks.3® These tools utilize molecular solute
249  descriptors such as sorbate molar volume, hydrogen bonding affinities and polarizability, as well as charge-
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specific descriptors. Some models also include sorbent descriptors, such as surface area and H/C ratio, to
predict sorption across different ACs.3® However, the predictive power of these tools is still limited due to
insufficient experimental sorption data coupled with high-quality sorbent characterization data, both of
which are necessary for robust model training. Additionally, there is still a lack of widely accepted and
available compound descriptors for ionic organic compounds.

Insights for chemical design

Low molecular volume, absence of aromatic rings, high heteroatom content and (multiple) negatively
charged functional groups, are detrimental for adsorption to AC.?*333637 Consequently, high
hydrophobicity, presence of aromatic rings, and absence of negatively charged functional groups tend to
favor treatability via AC. To ensure adequate removal by AC and that breakthrough only occurs only after
months of AC column operation, the sorption affinity (K4) determined from sorption batch experiments
should exceed hundreds of L/kg, corresponding to log Ky >2. Unfortunately, soil derived Ko values are not
good predictors for sorption affinity to AC, so batch experiments using AC are advised for assessment.38

Membrane-based separation

Reverse osmosis (RO) and nanofiltration (NF) are membrane-based separation processes. During
separation, a pressurized feed stream is introduced into a module containing a membrane, allowing water
to permeate through while retaining solutes. As a result, a permeate solution is produced, with a
concentrated fraction of solutes remaining in the concentrate stream. RO membranes are highly effective
in rejecting most solutes, whereas NF membranes selectively reject specific fractions of solutes. Generally,
RO can remove almost all OMPs except for small, uncharged molecules. The resulted concentrate stream
may be of concern and requires further treatment or disposal. Since RO retains all solutes, including
monovalent ions, addressing the concentrate stream in subsequent treatment steps can pose significant
challenges, in addition to the substantially higher energy costs of RO over NF.3° Thus, our analysis of
treatability via membrane-based separation focuses on NF.

Current methods and tools for chemical design and their gaps

The removal or rejection of chemicals by NF membranes depends on various factors, including membrane
characteristics, solvent-solute interactions, and solute properties.*® Larger components are sieved by the
membrane based on their size relative to the pore size of the membrane. Membrane manufacturers often
specify a molecular weight cut-off (MWCO) of their membranes, which represents the lowest molecular
weight (MW) at which 90% of solutes are rejected by the membrane. Molecular weight is typically used
as a proxy for molecular size; however, the presence of heavier elements in an organic molecule (e.g. Zn
or Br) can somewhat distort the relationship between size and weight. Further, the pH-dependent
speciation and related charge state of ionic or ionizable organic chemicals can be used to determine the
electrostatic separation of target chemicals. Additionally, the solubility and hydrophobicity of a chemical
can be used to parameterize its aversion against water. Of course, the rejection of chemicals is influenced
not only by the membrane properties and a chemicals characteristics, but also by the solution composition
and operational conditions of the process.*

Insights for chemical design

Negatively charged chemicals and larger molecules are effectively rejected by typically negatively charged
NF membranes.?>*3 Conversely, the rejection of uncharged species is generally low, particularly for
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compounds with MW < MWCO0.44 Uncharged components with MW > MWCO and hydrophilic
characteristics typically show moderate to high rejection rates.*>** To ensure adequate removal in
common NF setups, a MWCO of at least 300 should be considered as an indicative cutoff value.

Treatability via oxidation processes

Oxidation processes such as ozonation, chlorination and chlorine dioxide-based oxidation are used for
disinfection and OMP degradation via direct oxidation. In contrast, advanced oxidation processes are
based on the in-situ generation of hydroxyl radicals (-OH, with “-” indicating an unpaired valence electron)
from a primary oxidant that is introduced into the water and sometimes activated using catalysts.*> For
example, OH-radicals are generated in the Fenton reaction (Fe(ll) and hydrogen peroxide) or photolysis
of hydrogen peroxide. These OH-radicals in turn react with most compounds at nearly diffusion-controlled
reaction rates (i.e., k ~ 10°-10%° M-%s?). The main mechanisms are radical addition, hydrogen abstraction,
and electron transfer.*® Another radical species with a similar oxidation potential is the sulphate radical
(S047),%¢ which transforms OMPs primarily through electron transfer reactions.*” Numerous other radical
species such as halogen radicals and N-centered radicals also exist, but these play a minor role in the
degradation of OMPs, particularly in the presence of other strong oxidants, such as OH-radicals or ozone.
Importantly, the assessment of treatability by oxidation processes should consider that OMPs are rarely
fully mineralized.”® Thus, the transformation products deriving from OMPs and other water constituents
formed during oxidation processes should be considered and monitored for their potential to persist and
do harm.1448

Oxidants have differing specificities and are capable of oxidizing different reactive moieties within an OMP
molecule. To assess their reactivity, OMPs can be broken down into reactive units.*® The most important

reactive units are aromatic systems, C=C and C=N double bonds, amines and reduced sulfur (Table 1).

Table 1: Reactive moieties of micropollutants and their reactivities towards different oxidants.*>*

Reactive moieties [o Y ClO, HOCI ‘OH and SO~
Aromatic systems Ph?'.mls Ph.el.wols all all
Anilines Anilines
Thiols Thiols
Reduced sulfur Thioether Thiols Thiols and Thioether Thioether
Sulfoxides Sulfoxides
Double bonds Cc=C Not reactive Barely C=Cand C=N
Primary>secondary>
. Tertiary amines tertiary amines
Amines Deprotonated deprotonated Protonated and al
deprotonated
C-H Not reactive Not reactive Not reactive all

The reactive moieties in Table 1 can be present in OMPs with different substituents that can affect the
electron density of a reactive moiety. For example, halogenation strongly decreases the reactivity of
double bonds towards ozone (e.g., ethene: k~ 1.8 x 10° M s1, tetrachloroethene: k < 10* M1 s1), because
halogens withdraw electrons from the double bond.>° Other important electron-withdrawing substituents
are, C=0, N=C, and COOH/COO-. In contrast, important electron-donating moieties are, e. g., -OH, -NH,,
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methoxy, alkyl, and benzene groups.>> When these reactive moieties are incorporated into a molecular
structure, the compound is likely to become more amenable to degradation through oxidation processes.

Current methods and tools for chemical design and their gaps

The effect of individual moieties in molecular structures on the reactivity of a molecule can be estimated
by QSARs,>? or quantum chemical calculations. Such approaches are useful for screening purposes in the
design of new chemicals, after which oxidative treatability and mineralization of promising molecules
should always be confirmed experimentally.

In some cases, the potential target moieties of a chemical are so strongly deactivated that they cannot be
degraded via oxidative processes. An example is the chlorothalonil metabolite, chlorothalonil M12. Here,
the reactive moiety is an aromatic 6-membered carbon ring with several electron-withdrawing
substituents (2 amides, 2 chlorines and 1 sulfonic group). This makes the benzene ring so electron poor
that the reaction rate with ozone drops to a value of < 0.04 M s, and the reaction rate with OH-radical
falls below 5 x 107 M s1, making these oxidation processes unfeasible.’® In some other cases, groups of
compounds lack reactive moieties for oxidative attack, as seen with the extremely recalcitrant
perfluorinated sulfonates such as perfluorooctane sulfonate (PFOS). These compounds may undergo
degradation through electrochemical oxidation initiated by very high potentials.>” However, these
electrochemical methods are still too energy-intensive to apply in full-scale (waste)water treatment plants
without any form of selective preconcentration.

A major fraction of oxidants is consumed by organic matter and other constituents in water, which largely
decreases the efficiency of OMP degradation and can lead to the formation of unwanted by-products.>®
Thus, the effectiveness of oxidation processes is often more dependent on the water matrix than on the
molecular structure of target OMPs. Therefore, differences in specificity can outweigh other
considerations when selecting oxidants. For instance, SO;~ has a longer half-life and a higher selectivity
than -OH, leading to a lower interference of dissolved organic matter in SO4~-based oxidation processes.*®
In fact, SO4reacts with humic acids more slowly (6.8 x 103 L mgC™? s™) compared to -OH ( 1.4 x 10* L
mgC1).5° Such extrinsic considerations may need to be taken into account when selecting suitable
conditions for measuring treatability via oxidation processes.

Insights for chemical design

Oxidation processes tend to be more resource intensive than other treatment technologies and instead
of full mineralization of chemicals, these approaches tend to form transformation products. It is thus
crucial to keep the formation of transformation products in mind when designing chemicals meant to be
treated via oxidation processes based on molecular features detailed in Table 1. Structure-based
approaches to predict transformation products, including the abiotic transformation module in
Biotransformer!® can help identify potential transformation products of concern for a given chemical. To
ensure good removal during oxidative processes, reaction rates for target chemicals and their
transformation products should exceed 108 M1 s2,
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357 A hierarchy of chemicals towards a safe future

358  When considering global inequalities in terms of access to resources, clean water, and (water)treatment
359 technologies, it is evident that the overall production, use, and diversification of chemicals should be
360 curbed.®%6! For example, in low- and middle-income economies, conventional wastewater treatment
361  plants are still largely missing (>80% of wastewater remains untreated globally),®? let alone advanced
362  water treatment technologies. Thus, safe-by-design chemicals that are non-toxic, readily mineralize in the
363 environment, and are not easily mobilized to groundwater or other susceptible environmental
364  compartments, should be the gold standard. Still, some essential uses for chemicals that are not safe-by-
365  design will remain even if chemical production is curbed and simplified.

366  Across the treatment technologies described above, the treatability of a given chemical and its
367  transformation products differ not only among different compounds, but also in terms of the feasibility
368  for different water matrices, monetary costs, and environmental impacts (e.g., resource use, emissions,
369 etc.). Consequently, based on these factors and more, we propose a hierarchy of treatability by specific
370 technologies towards desirable intrinsic chemical properties, as illustrated in Figure 4, aiming to minimize
371 human health and environmental impacts.

372 For chemicals, where the desired use conflicts with safe-by-design (e.g. for pharmaceuticals that need to
373 be stable in a patient’s body), the hierarchy of treatabilities shown in Figure 4 could be followed. Biological
374  treatment under differing redox conditions towards complete mineralization would be the preferred
375 treatability type with the lowest energy and resource use profile (yellow field in Figure 4), followed by the
376 more laborious and costly advanced separation and oxidation techniques which may be ranked differently
377 based on water composition and target chemical (orange field in Figure 4). Therein, AC production and
378 regeneration are energy- and CO, intensive, but typically have a lower environmental footprint than NF,
379  which relies on continuous energy supply for operating pumps and produces concentrate streams that
380 need additional treatment. Oxidative processes also rely on continuous energy supply for oxidant
381  production, and their environmental footprint is often higher compared to both AC and NF.53%4 Hazardous
382 chemicals with unknown treatability, or hazardous chemicals that fall into the “non-treatable” field (red
383 in Figure 4), should be avoided. In cases where such non-treatable chemicals are currently essential, they
384  should be prioritized for substitution and phase-out. The same holds for chemicals forming “non-
385  treatable” transformation products. Thereby, the formation of transformation products is of particular
386  importance during biological treatment and oxidative processes, whereas this is less of an issue for
387  separation-based technologies.
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Parent compound and all transformation products are

safe by design chemicals if no

1 Transformation |

Products confirm

completely mineralizable

during biological treatment .
if no

removable by sorption ‘ confirm
to activated carbon

rejectable by
nanofiltration membranes

1 Transformation I
H Products

mineralizable by
oxidation processes if no

® not treatable

Figure 4: Hierarchy of chemicals, considering their transformation products, towards desirable intrinsic
substance properties, from safe-by-design chemicals (top, green), to biologically mineralizable substances
(vellow), to substances that are removable via advanced treatment technologies (orange), to non-readily
treatable substances (red, bottom). The arrows on the right indicate the sequence of considerations that
should be made when assessing the profile of a chemical. Formation of transformation products is
particularly critical for biological treatments and oxidation processes, labelled with “ITransformation
products!” in the figure.

safe by design

not readily treatable

To implement the hierarchy of treatability-by-design, molecular features discussed in the previous
sections can inform the selection from the wide range of already existing chemicals, as well as the design
of future chemicals. When designing such compounds, it is important to ensure no persistent and non-
readily treatable transformation products are formed. If the necessary properties of a designed chemical
cannot accommodate biodegradability, complete removal via separation and/or chemical oxidation
processes should be ensured based on molecular features related to adsorption affinity, removal via NF,
and/or complete mineralization in oxidation processes. Treatment trains that combine approaches from
the orange and yellow fields are commonly implemented in some high-income countries and can
constitute a strong barrier that makes most chemicals treatable to some extent. In some cases, combining
e.g. separation and destruction-based technologies can lower the overall cost of treatment.® Still, when
assessing the treatability in the context of treatment trains, the additional monetary and environmental
costs always need to be considered in a holistic manner, considering both implementation and operation
of a given treatment. In practice, the number and type of treatment train constituents should generally
be minimized to decrease operational complexity, financial, and environmental impacts. To curb
monetary and environmental costs, prioritizing on-site treatment of OMP hotspot streams, e.g., industrial
or hospital waste streams,®® could make a substantial positive impact on human and ecosystem health,
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411  even when no generalized water treatment is available. Introducing chemicals that are readily treatable,
412 ideally by biological processes, would be crucial to make such approaches practicable.

413 Further expanding and integrating knowledge on the molecular properties driving treatability into an
414  integrated framework will allow a comprehensive assessment of treatability as discussed above. Such a
415  framework could inform and guide future regulation and efforts,® ultimately resulting in improved
416  development, assessment and management of chemicals towards safe-by-design (preferred) and
417  treatable-by-design chemicals. Our analysis here provides a starting point for developing such a
418  framework by the wider scientific, engineering and regulatory communities.
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