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Environmental transformation of carbon nanoparticles can significantly affect their transport, fate, and ef-
fects. The last decade of environmental nano-science has often focused on understanding the behavior of
well-defined engineered carbon nanoparticles (eCNPs) in the natural environment. However, more com-
plex pyrogenic/petrogenic carbon nanoparticles (pCNPs), including those derived from soot, fossil coal,
wildfire charcoal, and biochar, are more than four orders of magnitude more abundant in the environment.
This paper aims to review findings from investigations into eCNPs and to consider their transferability to
pPCNPs, in order to improve our understanding of pCNPs and identify gaps in our knowledge. Findings from
previous investigations into the chemical, physical and biological transformation of larger carbonaceous
particles, as well as of eCNPs, can help us to understand the transformation of pCNPs. The transformation
of soot during atmospheric transport is relatively well documented, whereas the transformation of pCNPs
in soil, sediment, and aqueous systems remains poorly understood. To bridge findings on particulate trans-
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port, contaminant binding, and contaminant transformation from eCNPs to pCNPs, the complex composi-
tions of pCNPs need to be taken into account. We therefore suggest that future research on pCNP trans-
DOI: 10.1039/c8en00676h formation should focus on changes in intrinsic porosity and on interactions with non-carbonized phases,
tar phases, and mineral phases, as well as with organo-mineral complexes in soils, sediments and water

rsc.li/es-nano bodies.

Environmental significance

Both natural and anthropogenic sources release large quantities of carbon nanoparticles (CNPs) into the environment. CNPs have strong adsorption
affinities for organic contaminants and the accumulation of contaminants onto CNPs may significantly alter the effects of the CNPs, as well as the
transport, reactivity, and bioavailability of environmental contaminants. Once released into the environment, CNPs can undergo physical, chemical and
biological transformation, resulting in significant changes to their physicochemical properties, consequently altering their transport in natural
environments and their interactions with contaminants through sorption and catalysis. Bridging findings from well-defined and well-studied engineered
CNPs to the more complex, much more abundant and much less studied pyrogenic/petrogenic CNPs is critical for assessing the environmental impact and
exploring applications of CNPs.

1. Introduction tween 1 and 100 nm. Those CNPs that derive from pyro-

genic or petrogenic sources (pCNPs) have been released into
the environment for millennia. Engineered CNPs (eCNPs),
including carbon nanotubes, fullerenes and graphene (ox-
ides), have also been commercialized over the last decade
and are used in a range of consumer products and industry
applications.® Both eCNPs and pCNPs have strong adsorp-

Carbon particles are released into the environment from
both natural and anthropogenic sources."” Forest fires, fos-
sil fuel combustion and fossil coal transport all release large
quantities of carbon into the environment” including carbon
nanoparticles (CNPs), which have at least one dimension be-
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tion affinities for a range of organic contaminants and are
likely to be the predominant media with which contami-
nants are associated in many natural environments. The ac-
cumulation of organic contaminants onto CNPs may signifi-
cantly alter the effects of the CNPs (e.g., their toxicity), as
well as the transport, reactivity, and bioavailability of envi-
ronmental contaminants.*™®

This journal is © The Royal Society of Chemistry 2018
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Once released into the environment CNPs can undergo
physical, chemical and biological transformation, resulting in
significant changes to their physicochemical properties (e.g.,
their size, morphology, and surface functionality). The trans-
formation of CNPs can have a marked effect on their surface
charge, hydrophobicity, and reactivity, and may thus alter
their aggregation and transport in natural environments and
their interactions with contaminants through sorption and
catalysis.

The formation and dispersal of carbonaceous particles,>*”
the transport of CNPs,” ' and the sorption of organic con-
taminants by CNPs''™"* have all been extensively investigated
and reviewed. The transformation of CNPs in natural envi-
ronments has also recently been receiving increasing
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attention.'*™” However, the last decade of research has fo-
cused mainly on understanding the behavior and implica-
tions of well-defined eCNPs, whereas those of the more com-
plex, naturally occurring pCNPs of pyrogenic and petrogenic
origins, which comprise the dominant fraction of CNPs in
natural environments, remain largely unexplored. A key aim
of this review is therefore to compare findings from investiga-
tions into pristine eCNPs and consider their transferability to
PCNPs, in order to improve our understanding of pCNPs as
well as of how transformation of pCNPs can affect the fate of
contaminants. This will allow identification of future re-
search needs in the field of naturally-occurring CNPs. A good
understanding of the sources, transport, and transformation
of pCNPs and the associated implications for contaminant
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fate is critical for identifying risks associated with colloidal
CNPs and may also shed light on possible uses of CNPs in
remediation.

2. Sources of CNPs in the
environment

Sources of CNPs found in the natural environment include
fossil coal transportation (petrogenic origin from geological
transformation of organic carbon), forest fires, fossil fuel
combustion, biochar application for agricultural and reme-
dial purposes (pyrogenic origin from incomplete combustion
of organic carbon), the use of activated carbon for filtration
and remediation purposes, and unintended releases of eCNPs
from industrial processes or during the resulting products
life-cycles.>>”

2.1 Fossil coal

Fossil coal is a major energy source in many industrial coun-
tries including the USA, China, and India, where fossil coal
combustion remains a key factor for power production. Al-
though there has been a recent decrease in global coal-based
energy production, fossil coal production still amounts to ap-
proximately 6.5 Pg per year and no complete phase-out of
coal-based power plants is foreseeable in the coming de-
cades.'®'® The formation of pCNPs from fossil coal combus-
tion residuals, which consist mainly of mineral phases, is
negligible; pCNPs are, however, released during the mining
and transport of fossil coal, where a mass loss of 1% has
been reported.'’® The decomposition of fossil coal depends
on its rank (which is associated with its aromaticity) as well
as on its volatile matter and O content. Coal stability de-
creases in the following order: anthracite > bituminous coal
> subbituminous coal > lignite.”*" Assuming that, on aver-
age, fossil coals disintegrate physically at a similar rate to
biochar (see section 2.3) suggests a pCNP release of approxi-
mately 6.5 Tg per year from fossil coal.

2.2 Soot

A very common type of pCNP is soot, which is the finest re-
sidual fraction from incomplete combustion; it results from
natural processes such as forest fires as well as from anthro-
pogenic processes such as fossil fuel combustion. Soot is
formed through the re-condensation and nucleation of or-
ganic compounds such as acetylene and polycyclic aromatic
hydrocarbons (PAHs) from a gas phase during combustion
and is typically introduced into the environment via atmo-
spheric transport.>” It can be found throughout all environ-
mental compartments, including extreme examples such as
in a 10000 year-old Greenland ice core.”® Soot particles can
vary greatly in their size distribution, surface chemistry, and
morphology depending on the production conditions and
other environmental factors. Soot generally contains large
quantities of PAHs, which can become bioavailable.?** Esti-
mates for the annual production of soot transportable via the
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atmosphere range from 6 to 28 Tg per year,”® with the most
recent estimates being 17 Tg per year.>*’

2.3 Biochar

Biochar is a product of biomass pyrolysis; it is used in agri-
culture to increase the nutrient- and water-holding capacity
and pH of soils, and in remedial applications for sorption of
contaminants. It also serves as a carbon sink for climate
change mitigation.”® In contrast to soot or wildfire charcoals,
biochar is produced under more controlled conditions,
resulting in a “cleaner”, more carbonized material. For in-
stance, when comparing biochars with wildfire charcoals
from the same feedstock, PAHs are generally found to be
present at lower concentrations and to be less bioavailable in
biochar than in wildfire charcoal.*® Biochar particles pro-
duced by physical disintegration in soil are expected to be
transported mainly by surface runoff and colloidal transport
in pore water, rather than via the atmosphere.*® Understand-
ing the release of pCNPs from biochar in the field remains
challenging as the fraction of pCNPs varies greatly depending
on the biochar feedstock, pyrolysis temperature, and soil/sed-
iment conditions.>*"?

The application of biochar is currently limited globally to
a number of test sites.>® However, if biochar was to become
globally accepted as a means of carbon sequestration and soil
improvement, Woolf et al.®* estimate that up to 220 Tg of
biochar could be used every year, which would result in a
considerable quantity of biochar-derived pCNPs being re-
leased into the environment. Spokas et al** have reported
particle release from disintegration of ten different biochars
ranging from 1 to 47%. A conservative estimate of 10% was
assumed for Fig. 1, resulting in the release of up to 20 Tg per
year of biochar-derived pCNPs. It is not currently possible to
quantify more precisely the overall potential release of pCNPs

Atmosphere
17 Tglyear

Future: <20 Tg/year

Biochar
6.5 Tgl/year
Fossil Coal
Engineered CNPs

< 36 Tglyear Gglyear range

Soil Surface Water

§

Groundwater

Fig. 1 Major sources of CNPs in the natural environment with rough
estimates of mass fluxes, as discussed in section 2.
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from biochar due to the large differences in disintegration
between different biochars.

2.4 Wildfire charcoal

Wildfires burn 30-46 million km? per year of the global land
surface,®® producing up to 241 Tg per year of wildfire char-
coal,?® the solid combustion residue of wildfires. Between 1
and 26% of the total carbon consumed during forest fires
ends up as wildfire charcoal,® with a generally lower propor-
tion for grassland (<3%).>® The physicochemical properties
of wildfire charcoal are strongly dependent on the feedstock,
the maximum temperature of the fire, the heating duration,
and the particle size of the feedstock.*®*” It has recently been
noted that the physical location within a tree (e.g., base of
main tree stem compared to the upper crown) also has a
marked effect on the physicochemical properties of the wild-
fire charcoal produced.*® de Lafontaine and Asselin®® com-
pared a large number of wildfire charcoals in different soils
and found that soil type and climate only had a minor influ-
ence on their physical disintegration, indicating that disinte-
gration mostly occurs soon after formation and is mainly
driven by the physicochemical properties of the wildfire char-
coal. Wildfire charcoals are typically less stable and more pr-
one to transformation and physical disintegration than bio-
char.”>* For a rough estimate of pCNPs produced a slightly
larger proportion has therefore been assumed for wildfire
charcoal (15%) than for biochar (10%), yielding an estimated
PCNP release of up to 36 Tg per year. This is of the same or-
der of magnitude as a recent estimate of global charcoal par-
ticle transport to the oceans (26.5 Tg per year).*

2.5 Engineered CNPs

eCNPs include carbon nanotubes (CNTs), fullerenes,
graphene, and graphene oxide (GO); they can be released into
the environment both intentionally and unintentionally.>”**
Global eCNP production was approximately 4.5 Gg in 2011°
and is reported to have been approximately 20 Gg in 2016,
with annual production predicted to increase by 20% per year
until 2023.** The use of activated carbon may also result in
the release of a significant quantity of CNPs into the environ-
ment. Recent predictions suggest that activated carbon pro-
duction will reach 3 Tg per year by 2024.*

A significant fraction of eCNPs is incorporated into other
matrices (e.g., CNTs may be part of a composite) and/or used
under highly controlled conditions (e.g., activated carbon is
used for water filtration) so that only a small proportion of
eCNPs is expected to reach the natural environment, whether
in wastewater streams or by direct introduction.

In summary, soot, fossil coal, and wildfire charcoal are im-
portant sources of naturally-occurring pCNPs (>99%; Tg per
year range). In contrast, the better defined eCNPs, which
have received the most attention over the last decade, make
up a much smaller proportion of the CNPs in the natural en-
vironment (<1%; Gg per year range), as illustrated in Fig. 1.
Although pCNPs and eCNPs share many molecular similari-

This journal is © The Royal Society of Chemistry 2018
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ties such as their high aromaticity and high electron donor-
acceptor capacity, they differ significantly in terms of struc-
tural irregularities, surface functionality, inorganic phases
and porosity. For example, pCNPs generally possess more
negatively charged surface groups and smaller aromatic
sheets and thus have a lower sorption affinity for most or-
ganic contaminants compared to eCNPs. These structural
and molecular differences are expected to play an important
role in fate, transport, and effects (e.g., interactions with or-
ganic contaminants) of pCNPs. It therefore stands to reason
that the scientific community needs to investigate in greater
detail the often more complex and more abundant pCNPs de-
scribed above. Although there is some current research into
the transformation in natural environments of certain
PCNPs, published literature on pCNPs and their transforma-
tion remains scarce. Therefore, findings for larger particles
are taken into consideration in the subsequent discussion.

Recently, methods have been developed to identify and
quantify some eCNPs in environmental matrices. For exam-
ple, CNTs were quantified by measuring concentrations of
characteristic metal catalyst impurities, laser fluorescence or
microscopically by using the distinct shape of CNTs.** Unfor-
tunately, these techniques are not directly applicable for the
identification of pCNPs, as pCNP physicochemical properties
are less distinct than for CNTs. One promising strategy for fu-
ture studies on pCNPs in the laboratory will be the use of iso-
topically labeled particles. However, further development on
separation, extraction and quantification of pCNPs in envi-
ronmental matrices is necessary for all currently existing
methods.

3. Environmental transformation of
CNPs

Following their formation and/or release into the natural en-
vironment, various processes including (photo)chemical (re-
dox) reactions, biological interactions, and interactions with
environmental constituents (e.g., natural organic matter, clay
minerals) can alter the physicochemical properties of CNPs,
in dependence of environmental conditions.’*>™*” These
transformations can be categorized as chemical, physical, or
biological transformations.*

3.1 Chemical transformation

Chemical transformation of CNPs refers to surface reactions
(including direct and indirect photolysis and redox reac-
tions), which can change the chemical structure of CNPs as
well as the abundance and species of surface functionality.*’
Research on eCNPs including CNTs,*® graphene,"® and
GO,"®" has shown that pre-existing functional groups, struc-
tural defects, mineral phases (e.g. residual metal catalysts),
and the edges of the aromatic sheets forming the eCNPs, are
sites that favor chemical transformation. These observations
indicate that the pCNPs discussed above may be more prone
to transformation than eCNPs as they generally contain

Environ. Sci.: Nano, 2018, 5, 2500-2518 | 2503
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smaller aromatic sheets, as well as more structural irregulari-
ties and mineral phases.?®>°

Chemical transformation of pCNPs can be influenced by
environmental factors such as light,">'®*" or the presence of
oxidants (e.g., O,)," reductants (e.g., Fe*" and $>7),*** and
natural organic matter (NOM).>>>® The factors driving chemi-
cal transformation differ markedly between (i) soot, which is
mainly transported via the atmosphere and more susceptible
to photochemical reactions involving reactive oxygen species
(ROS), and (ii) other pCNPs, which are mainly transported by
surface runoff and subsurface infiltration, where redox reac-
tions with O, or 8>~ are likely to be more important.

Over the last decade climate scientists have developed an
increasing interest in the behavior of soot in the atmosphere,
which has motivated investigations into its atmospheric
transformation and transport.””®* The chemical processes
driving soot transformation are photochemical redox reac-
tions with SO,, NO,, O; and other ROS species in the
atmosphere.’”*%

In contrast, there has only been limited research into the
chemical transformation of pCNPs released from fossil coal,
biochar, and wildfire charcoal, either before or after transport
by infiltration and surface runoff.®> Chemical transformation
has been observed for the non-carbonized NOM, the mineral
phase, and the carbonized graphene-like phase within large
biochar particles.”® Transformation in soil is predominantly
through oxidation and dissolution processes.”***®” Biochar
transformation under reducing and anoxic conditions over a
prolonged period of time has not been investigated in detail
to date. Non-carbonized NOM phases and soluble constitu-
ents of the mineral phase within the biochar can be degraded
or solubilized, thereby reducing the relative importance of
NOM phases and soluble minerals over time. Furthermore,
these processes can free up previously blocked pores thereby
increasing the porosity of pCNPs. However, a general propor-
tional increase in porosity and the stable carbonized phase
following environmental transformation cannot be predicted
due to the formation of organo-mineral complexes involving
NOM, Ca>", and redox-active Fe-particles,*®®® as well as inter-
actions between pCNPs and NOM or minerals in the sur-
rounding environment.>*”°

Although the carbonized phase of pCNPs is generally very
stable, transformations in the natural environment can in-
crease the electron donating capacity and polarity of pCNPs
due to the formation of oxygen-containing functional groups
on the outer carbonized surface.*>”® In aqueous suspensions
CNPs often carry a surface charge due to the presence of dis-
sociable O- and occasionally N- or S-containing functional
groups (including carboxyl, amine, and sulfonic groups), and
to the adsorption of charged solutes from the aqueous me-
dia. The degree of oxidation thereby increases from the inte-
rior of the particle to the exterior surface, and also with the
particle density.”" Under oxic conditions pCNPs therefore de-
velop a more negative surface charge over time accompanied
by a reduction in the release of positively charged ions from
the soluble mineral phase. There have, however, been no sys-
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tematic investigations into the transformation of pCNPs in
natural environments, especially under reducing conditions.

The transformation of eCNPs such as CNTs and GO can
provide important additional insights. For example, GO can
be transformed in aquatic environments because of its abun-
dant surface O-functional groups, while Fe*" and S*” can re-
duce GO thereby increasing its hydrophobicity.®**** How-
ever, Wang et al.> found that GO reduction by Fe*" resulted
in a reduced content of alkoxy and hydroxy groups and an in-
creased content of carboxy groups because of the hydrolysis
reaction of acid anhydrides on GO. Chemical reduction can
therefore also result in the formation of polar surface groups
and the effect of redox reactions needs to be evaluated on a
case-by-case basis.

While general trends and processes for chemical CNP
transformation are reasonably well understood, the overall
current state of knowledge remains incomplete for pCNPs de-
rived from fossil coal, biochar, and wildfire charcoal. For in-
stance, chemical transformation of the carbonized phases
can be influenced by co-occurring mineral phases and non-
carbonized NOM phases within the pCNPs, as well as by ex-
ternal factors such as soil type and pH; none of which are to
date well understood.”>”® Future research therefore needs to
build on the current understanding of the chemical transfor-
mation of soot during atmospheric transport based on work
by other scientific communities, and to focus on closing the
gaps in our understanding of the transformation of pCNPs in
soil, sediment, and aquatic systems.

3.2 Physical transformation

Physical transformation of CNPs usually refers to changes in
particle size and porosity, and to interactions with NOM and
other particles. It can be caused by abrasion, by changes in
pH, ionic strength, and intrinsic composition, or by the pres-
ence of NOM and minerals.*>"’

Physical disintegration is an important process in the
transformation of pCNPs originating from fossil coal, biochar
or wildfires (see section 2). Braadbaart et al.”* found that the
physical exfoliation of carbonaceous materials can be chemi-
cally mediated by alkaline conditions in soils. Furthermore,
the formation of cracks and fractures in biochar as a result
of exposure to water and soil can lead to particle breakdown,
with sandy soils resulting in higher disintegration rates than
other soil types.*® Particles produced from high-lignin feed-
stocks (e.g., wood) disintegrate into smaller particles more
readily than those from high cellulose feedstocks (e.g., grass).
Additionally, the degree of disintegration and pCNP forma-
tion tends to decrease with an increase in carbonization and
aromaticity.”> When carbonaceous materials and CNPs are
exposed to soil they can interact with colloidal, dissolved,
and particulate materials, which can fill exposed cavities
thereby stabilizing particles and preventing further
disintegration.’*”*

In contrast to other pCNPs, soot particles are formed by
nucleation of organic compounds such as acetylene and

This journal is © The Royal Society of Chemistry 2018
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PAHs from the gas phase. Soot particles are oxidized by O,
and ROS both during and after their formation, which coun-
teracts the growth of pCNPs. Following their initial forma-
tion, pCNPs coagulate to form larger particles that are ini-
tially spherical but can subsequently form chain-like fractal
clusters."®® Both during soot particle formation and during
atmospheric transport, interactions with other constituents
of the gas phase can have a marked effect on particle size
and shape.””® Over time, soot particle fractal dimensions
tend to increase because they become either coated or en-
tirely embedded within other aerosol components including
sulfates, nitrates, sea salt, mineral dust, fly ash, and
NOM.*>**%* In aqueous suspensions all CNPs can interact
with the surrounding environmental matrix, including NOM
and mineral particles contained therein, which can affect the
size, surface charge, and aggregation of particles (see section
4.2).

Naturally-occurring pCNPs such as wildfire charcoal and
biochar contain a complex network of micropores and meso-
pores, as well as differently bound mineral phases including
organo-mineral complexes. The chemical processes described
in section 3.1 can increase the accessibility of CNP pores by
dissolution, or block pores through the formation of precipi-
tates and/or the binding of large NOM molecules onto the
biochar surface (“fouling”).””’®”” Changes in temperature,
physical stress, and humidity can also lead to the disintegra-
tion and collapse of pore-networks.**”> Changes in the com-
position and porosity’® of individual particles therefore need
to be taken into account when investigating pCNP transfor-
mation. For instance, Liu et al”> found that pCNP derived
from biochar disintegration contain more oxygen and less ar-
omatic structures compared to the original biochar.

3.3 Biological transformation

Biological transformation of CNPs refers to changes in the
physicochemical properties of CNPs due to interactions with
organisms, individual cells, and enzymes.*> For instance, the
role of fungal hyphae in the physical breakdown of large fos-
sil coal and biochar particles and of fungal extracellular en-
zymes in their chemical decomposition is widely recog-
nized,”" but they have to date not been investigated with
regard to the transformation of pCNPs, even though certain
microorganisms (e.g., fungi) are capable of using highly aro-
matic structures such as lignin as carbon sources.”® The ex-
tracellular enzymes produced by these fungi, as well as by
certain bacteria, include Mn-peroxidase, lignin-peroxidase
and laccase,”””° all of which are expected to oxidize pCNPs.
Specifically, Hilscher et al.®® found that O-alkyl/alkyl-C groups
are microbially transformed to carboxyl/carbonyl-C groups.
These authors observed a reduction in aromaticity for some
carbonaceous materials through the transformation of aryl-
groups and the associated opening and partial oxidation of
aromatic ring structures. Saquing et al®' recently demon-
strated that quinone groups in the carbonized phase of bio-
char can act both as electron donors and as acceptors for
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microbiota, thereby being oxidized or reduced, respectively.
The biological transformation of pCNPs through redox pro-
cesses is generally expected to result in changes in surface
chemistry similar to those in non-biological systems (see sec-
tion 3.1).

Enzymatic transformations of CNPs are unfortunately of-
ten investigated using only pure enzymes and under labora-
tory conditions; they are consequently not very representative
of enzymatic transformations in the natural environment.
For instance, further investigation is required for the transfer
and possible cellular-uptake required for the CNPs to reach
degrading enzymes within the cells, as well as factors that
drive the production and the associated gene expression of
CNP-degrading enzymes (both intracellular and extracellular).
Other factors influencing CNP degradation (e.g., microbial
community composition, nutrient availability) also remain
poorly understood. The enzymatic transformation of pCNPs
has hardly been investigated to date but investigations into
the enzymatic transformation of eCNPs can help to under-
stand key enzymatic transformation processes that are also
relevant to pCNP transformation. For instance, the horserad-
ish peroxidase enzyme is able to catalyze the formation of ox-
ygen radicals that are capable of degrading a range of eCNPs,
including CNTs**®** and GO,** and are thus expected to also
be capable of degrading pCNPs. O-functionalized CNPs are
generally more degradable than non-functionalized CNPs be-
cause the associated structural irregularities facilitate (bio)
degradation.®> However, Zhang et al.*® found that manganese
peroxidase able to transform CNTs but not
O-functionalized CNTs. This was explained as being possibly
due to the bridging of Mn** with carboxyl groups on the sur-
face of O-functionalized CNTs, which interfered with the
Mn**/Mn*" catalytic cycle, thereby suppressing transforma-
tion. The generalization that “more O-functionalization will
result in more biological transformation” is therefore not al-
ways valid.

Apart from (bio)chemical transformation, cells can also
physically interact with CNPs including soot,**®® biochar par-
ticles,® and CNTs.”®* In such cases the CNPs are
immobilized by aggregation or ingestion, while at the same
time inducing negative biological effects on the cells (such as
cytotoxicity). These interactions of CNPs with cells can reduce
their stability and lead to aggregation (see section 4), thus af-
fecting their transport.

The formation of a biofilm on the surfaces of larger carbo-
naceous particles has previously been reported,®® but it re-
mains unclear if biofilms would also form on pCNPs. How-
ever, pCNP aggregates may well be susceptible to biofilm
formation, which can have a variety of effects on the physico-
chemical properties of the pCNPs including changing their
surface chemistry, increasing the particle size, and blocking
pores.

Investigation of the biological transformation of pCNPs is
challenging and a large number of factors need to be taken
into account including their physicochemical properties, ag-
gregation, and interactions with soil minerals, as well as the
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presence of NOM, microbial compositions, microbial activity,
and nutrient accessibility. This may be the reason why sys-
tematic investigations into CNP transformations in condi-
tions that are close to those found in natural environments
remain so scarce. Such studies are, however, essential to
achieving a better understanding of the effects that biological
transformation processes have on the fate of, and possible
risks associated with, CNPs. Ideally such investigations need
to reflect the complexity of the investigated systems by com-
bining the expertise of specialists from different fields, in-
cluding microbiologists, environmental chemists, and colloi-
dal scientists.

4. Effects of transformation on the
colloidal stability and transport of
CNPs

The colloidal stability, aggregation, and transport of CNPs
are all significantly affected by their surface chemistries.
Changes in surface chemistry are typically caused by chemi-
cal and biological transformation processes and by changes
in the surrounding environment.

4.1 Surface charge and surface potential of CNPs

The electric surface potential resulting from surface charges
on CNPs affects the distribution of ions in aqueous solutions
and is an important factor controlling the colloidal stability
of CNPs in aqueous suspensions. Ions with opposite charges
to the CNP surfaces (counterions) will accumulate around the
CNPs and form an electrical double layer (EDL), which can
be sub-divided into the Stern layer and the diffuse layer (see
review by Wagner et al.®?). The electric potential at the imagi-
nary slipping plane between these two layers is referred to as
the zeta potential ((-potential), which is indicative of the elec-
tric surface potential. The pH at which the measured
(-potential approaches 0 mV is the isoelectric point (IEP) of a
given CNP. In the absence of specific adsorption of charge-
determining species onto the particle surface, the measured
IEP is equal to the point of zero charge (PZC), i.e., the pH at
which the net surface charge of the CNP is zero.

The surface charge depends on the CNP functional groups
and thus varies with the chemistry of the CNP surface, as well
as with that of the solution. In natural environments most
surfaces, including those of minerals, are negatively charged
due to their crystallographic properties and/or the sorption of
anionic polyelectrolytes such as NOM."” Nevertheless, the
PZC of pCNPs, at which particles tend to aggregate, can cover
a wide range of pH values between 2 and 12.°>°* Both the
surface functionalization and the composition of the mineral
phases within the pCNPs can change upon environmental
transformation (see section 3), which will in turn affect the
(-potential, IEP and PZC of the pCNPs. For instance, the for-
mation of O-functional groups and the leaching of positively
charged mineral phases from pCNPs would render their sur-
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face charges more negative and reduce their (-potential, IEP
and PZC.

4.2 Colloidal stability and aggregation of CNPs

The colloidal stability of CNPs in aqueous suspensions is typ-
ically controlled by their EDL and van der Waals interactions,
as described by the classic Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory.'®?>°>% Attractive van der Waals in-
teractions cause the CNPs to aggregate, while the electrostatic
repulsion between like-charged nanoparticles promotes sta-
ble colloidal systems. For example, Wang et al.**> found that
biochars produced at 350 °C formed more stable pCNPs than
biochars produced at 550 °C, which have lower negative sur-
face charges. Further, the DLVO theory was extended to also
include hydrogen bonding/electron donating-accepting ca-
pacity by van Oss et al., extending its predictive capability.®”
Still, DLVO might not be able to predict environmental aggre-
gation behavior in complex matrices.

For CNPs with adsorbed organic molecules (such as, for
example, NOM) steric repulsion is another important mecha-
nism for colloidal stabilization. For instance, humic acid (a
NOM fraction) has been found to increase the colloidal sta-
bility and mobility of biochar-derived pCNPs, which was
explained as being due to an increase in electrostatic and ste-
ric repulsive interactions.”®®® The colloidal stability and ag-
gregation of CNPs are not only influenced by surface func-
tionality and water chemistry (e.g., pH, ionic strength and
composition, NOM),*>°>'°° but may also depend on morpho-
logical CNP properties. The effect that the physical properties
of pCNPs have on their aggregation has not been investigated
to date. However, the colloidal stability of GO in NOM-
containing water has been found to depend on the morphol-
ogy of the GO, with NOM stabilizing crumpled GO more ef-
fectively than flat GO, regardless of surface chemistry of these
different GOs,'” indicating that the aggregation of pCNPs
may also be influenced by their morphology.

CNPs with highly hydrophobic surfaces (e.g., pristine soot
particles and reduced GO) are prone to aggregation in aque-
ous media due to the minimal electrostatic repulsion be-
tween the CNPs. Strong aggregation can even occur in CNPs
with a higher surface charge (e.g., aged soot and GO) under
certain conditions through one or more of the following
mechanisms: (i) EDL compression induced by high ionic
strength, (ii) adsorption and charge neutralization, where the
surface charge is neutralized by adsorbed counterions within
the Stern layer, (iii) bridging by NOM or other polymer chains
and multivalent ions such as divalent Ca*>*, and (iv) sweep
flocculation, in which large particle aggregates enmesh indi-
vidually dispersed nanoparticles.

The presence of a nonpolar hydrophobic organic contami-
nant (naphthalene) has been found to reduce pCNP mobility,
probably due to the shielding of negative surface charges fol-
lowing naphthalene adsorption to the pCNPs.”®'°" Bisiaux
et al.®® found that pCNP pulses from wildfires and from ur-
ban runoff were rapidly attenuated in a river system,
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Fig. 2 Transformation processes affecting CNP surface chemistry, aggregate size, and environmental behavior.

suggesting unexpected aggregation and/or disintegration of
these particles. The presence of tar moieties formed during
wildfires may partially explain high aggregation rates as the
nonpolar tar components could shield the negative surface
charges of the pCNPs, thereby reducing electrostatic repul-
sion between the wildfire-derived pCNPs.

In addition to interactions between similar CNPs (homo-
aggregation), CNPs can also aggregate with other nano-
materials and larger colloids (hetero-aggregation) and this
will generally be the dominant process in natural environ-
ments. Both NOM and mineral phases (mainly Al- and Fe-ox-
ides) will interact with pCNP surfaces as well as filling their
intra-particular cavities, thus changing the size of the CNP
aggregate, its porosity, and its density.”>'*>7** Yi et al.’" i
vestigated the hetero-aggregation of biochar-derived pCNPs
with CeO, nanoparticles and found that at a pH where both
particle groups are stable against homo-aggregation, hetero-
aggregation occurred through a charge neutralization—-charge
reversal mechanism. In such cases primary hetero-aggregates
are stable at both low and high pCNP concentrations due to
electrostatic repulsion, but unstable at intermediate pCNP
concentrations leading to secondary hetero-aggregation,
which occurs through a charge-accumulation, core-shell sta-
bilization mechanism. In this way pCNPs formed a negatively
charged shell on the neutral surface of CeO, nanoparticles,
stabilizing the core-shell hetero-aggregate at a size that de-
creased with pCNP concentration.’® Similarly, the hetero-
aggregation of biochar-derived pCNP with goethite/hematite
increased at low pCNP concentrations and formed more sta-
ble suspensions with increasing pCNP concentrations.””

n-

4.3 Transport of CNPs in porous media

The transport of CNPs in porous media is an important pro-
cess affecting their fate and effects in terrestrial environ-
ments. When CNPs are exposed to soil and sediment they are

This journal is © The Royal Society of Chemistry 2018

retained to some extent by physical sedimentation, straining,
interception, or by attachment to collector particles through
diffusion.'® The attachment of CNPs to porous media sur-
faces is affected by electrostatic interactions and also by non-
DLVO interactions such as steric hindrance, hydrophobic ef-
fects, hydrogen bonding, and cation/anion bridging. The
transformation of CNPs in natural environments can signifi-
cantly affect the size, density, surface charge, and functional-
ity of the particles, and consequently the interplay between
CNPs and the porous media (Fig. 2).°>"°1°”

CNP attachment generally decreases with increasing nega-
tive surface charge. Biochar-derived pCNPs, which contain
the most O-functional groups and negative surface charge
could therefore form more mobile pCNPs than less oxidized
pCNPs.*>* Any alteration of CNP surface charge (e.g., through
an increase or decrease in surface O-functional groups, or ad-
sorption of NOM) may significantly affect their transport.
This is supported by Wang et al.,'®® who found that pCNP in-
teractions with humic acids increased pCNP transport due to
increased electrosteric repulsion, whereas pCNP interactions
with positively charged iron oxyhydroxide reduced pCNP
transport due to electrostatic attraction.

Reduction of CNPs generally reduces the concentrations
of surface O-functional groups, thus increasing the hydropho-
bicity of the particles and resulting in increased aggregation.
Such reduction-induced effects can in turn significantly re-
duce particle transport, for example through physical
straining. Conversely, oxidation of CNPs typically enhances
their transport by increasing their surface hydrophilicity and
inhibiting aggregation.’>'°*'% It is important to note that
the transformation of surface O-functional groups in natural
environments is also critical to the mobility of CNPs. For in-
stance, Xia et al.''® observed that the inhibition of GO trans-
port in saturated porous media by metal ions followed the
Hofmeister series (i.e., Na* < K" < Cs" and Mg** < Ca®* <
Ba®"), and that the Hofmeister effect was more significant for
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reduced GO than for GO, probably due to the different quan-
tities of metal complexing groups (including carboxyl and
phenolic groups) in these different eCNPs. Furthermore, it
has been reported that chloramine-treated GO (an oxidized
form compared to pristine GO) exhibited greater mobility
than pristine GO when Na' was the dominant cation,
whereas in the presence of Ca®" its mobility was significantly
lower than that of GO.'% This surprising lower mobility was
attributed to the stronger cation-bridging effect associated
with this material, in that the chloramine treatment in-
creased the concentration of surface carboxyl groups (a
strong metal-binding moiety).'>'"*

When extrapolating the results reported for eCNPs to the
transport of pCNPs, the particle shape, density, and complex
composition (including mineral phases) also need to be
taken into account, but these have received little attention to
date. The mineral components of pCNPs may, for example,
impart heterogeneous surface charges (e.g., localized positive
surface charges) to particles, which can in turn enhance par-
ticle deposition onto negatively charged sand grains. More-
over, most of the studies on transport of CNPs have been
conducted with column experiments using mainly saturated
quartz sand as the porous media. A few studies carried out
column experiments using soils or under unsaturated condi-
tions indicated, as shown much earlier for natural col-
loids,"** that heterogeneous soil components (e.g., iron ox-
ides and clay minerals) and soil water content are important
factors affecting transport of CNPs.””''*'> For example, it
was reported that increasing ionic strength and switching
background solution from NaCl to CaCl, had more signifi-
cant effects on the deposition of fullerenes in a sandy soil
than in purified quartz sand, likely because the clay minerals
(and possibly soil organic matter) in soil responded to
changes of ionic strength and species differently than
quartz.'”® In the natural subsurface environment (in particu-
lar, vadose zone) the effects of transformation on transport
of CNPs are expected to be more complex compared to col-
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umn tests using (purified) quartz sand, due to the non-
stationary flow regimes and heterogeneity in porous media.

5. Effects of transformation on
accumulation and release of organic
contaminants by CNPs

Hydrophobic organic contaminants, as well as many ioniz-
able organic contaminants, can sorb either reversibly or irre-
versibly onto CNPs.'"'® The transformation of CNPs in natu-
ral environments leads to changes in their physicochemical
properties and aggregation, thereby affecting the sorption of
organic contaminants.”"****'” CNP transformation can there-
fore affect contaminant sequestration, enrichment, or re-
lease, depending on the properties of the particular contami-
nant involved, the properties of the CNPs, and the
environmental conditions. Such alteration to the binding of
organic contaminants to CNPs can in turn affect the trans-
port of these contaminants, which is affected by colloidal
CNPs.

5.1 Effect of CNP surface chemistry on contaminant binding

The transformation of CNPs in natural environments can
change their surface chemistry, and hence their hydrophobic-
ity which has a major effect on the sorption of hydrophobic
organic contaminants such as PAHs.*""'*'%119 por instance,
the number of O-functional groups on the surfaces of CNPs
will either increase with oxidation, or decrease with reduc-
tion. If the number of O-functional groups increases, the
CNP surfaces become more hydrophilic and hence thermody-
namically less attractive to hydrophobic contaminants. Fur-
thermore, the formation of water clusters around negatively
charged O-functional groups has been proposed as an expla-
nation for the observed reduction in sorption of organic con-
taminants onto CNPs."?°**> Conversely, if the content of

More Easily Accessible
Hydrophobic Surface

-1 interactions @

Fig. 3 Effect of chemical/biological transformation of CNPs on binding of organic contaminants.
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polychlorinated biphenyl (PCB) in porous media. Data adapted from Wang et al.**®

O-functional groups decreases, the CNPs become more hy-
drophobic and less negatively charged.

The effects that changes in surface functional groups and
surface charge have are more complex for polar ionic and
ionizable contaminants, where the speciation of the contami-
nant, the pH, and the ionic strength are all important factors
affecting their interactions with CNPs (see review by Kah
et al.'"). For instance, oxidation of CNPs can result in nega-
tively charged contaminants being repulsed electrostatically
from the negatively charged CNP surfaces.'"** However, po-
lar compounds sorbed to CNPs by hydrogen bonds will be-
come more strongly bound with an increase in surface
O-functional groups (e.g., following oxidation of the CNPs)""”
and sorption can decrease with the disappearance of these
functional groups (e.g., following reduction of the CNPs)."'
Such enhanced or inhibited polar interactions between polar
contaminants (e.g., 1-naphthol) and CNPs can then deter-
mine the extent of facilitated transport of contaminants by
CNPs.'”” Aromatic organic contaminants are strongly bound
to CNPs, mainly through n-n electron-donor-acceptor inter-
actions that occur between n-electrons of the aromatic sur-
face of CNPs and n-electrons of the organic contaminants.'*
Depending on the region on the CNP and the functional
groups of the contaminant, both can act as either n-electron
acceptors or donors. The reduction of oxidized surfaces dur-
ing CNP transformation in natural environments can in-
crease the electron density on CNP surfaces, which can in
turn enhance the n-m interactions between CNPs and organic
contaminants.>*>*'* In addition, Wang et al.® found that re-
ductions by sulfide can open the epoxy rings on GO surface
to form hydroxyl and carbonyl groups. Because these two
functional groups have the ability to form hydrogen bonds,
the reduction could increase the sorption of a polar contami-
nant (1-naphthol). Again, such changes may affect the capa-
bility of CNPs as contaminant vectors of certain contami-
nants. Wang et al.''” also found that reducing GO through
Fe>* enhanced their capacity for 1-naphthol adsorption by in-
creasing the hydrophobicity of, and n-= interactions with GO.
However, reduction through Fe** reduced the adsorption ca-
pacity of hydroxylated CNTs for 1-naphthol. This can be

This journal is © The Royal Society of Chemistry 2018

explained by the ability of Fe** to reduce the surface
O-functional groups of the CNTs, which would also reduce
hydrogen bonding and cation bridging. The adsorption ca-
pacity would consequently be reduced, even though hydro-
phobicity and n-n interactions increased. These examples
show that the importance of transformation-induced changes
in contaminant binding depends on the relative contribu-
tions of different mechanisms to the overall sorption.

Similar effects can be expected for pCNPs derived from
biochar and wildfire charcoal to those for eCNPs. Biochar
transformation under oxidative conditions generally results
in an increase in the number of oxygen-containing functional
groups and the adsorption of partially oxidized organic mat-
ter and clay components, all of which reduce the number of
accessible sorption sites resulting in a relative reduction in
contaminant sorption with ageing.'**™*° In contrast, reduc-
tive processes have to date not been investigated in this re-
gard for biochar, wildfire charcoal, and the associated
PCNPs. Nevertheless, the general trends illustrated in Fig. 3
can be expected to apply for all CNPs.

5.2 Effect of CNP aggregation and porosity on contaminant
binding

The effects of chemical and physical transformation of CNPs
are interrelated. While changes in the surface properties of
CNPs can affect their aggregation and adsorption potential,
the aggregation of CNPs can in turn affect the kinetics of
chemical transformation and the surface chemistry of the
particles (e.g., decreasing negative charge as a result of cation
bridging between surface O-functional groups of CNPs).'?**3
Changes in aggregation of CNPs and in the pore structures of
aggregates therefore affect their ability to sorb organic
contaminants."*>"*?

The aggregation of CNPs can reduce the number of acces-
sible sorption sites'** and thereby reduce the binding capac-
ity of CNPs."”” The aggregation of CNPs can, however, also
form micropores and mesopores, which can become impor-
tant sorption sites for organic contaminants.'*>'*® The struc-
ture formed by aggregation of tubular CNTs is relatively
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open, which means that organic molecules entering open
spaces within the aggregate can interact with multiple CNTs
at the same time, resulting in enhanced adsorption.*° In
contrast, aggregation of spherical fullerenes can form a
closed inner space that is not accessible to organic contami-
nants.”** Changes in the intrinsic pore size distributions of
PCNPs as a result of transformation and leaching of soluble
phases can also affect the pCNP-contaminant binding
potential.™*”

Changes in water chemistry, surface functionality, and
NOM loading all affect the aggregation of CNPs,'>*7*¢7
Changes in CNP aggregation as a result of transformation in
natural environments can alter the pore structure and pore
volume, thus affecting the sorption and desorption of con-
taminants as well as their co-transport with the
CNPs, 39134138139 The adsorption of organic contaminants
onto the outer surfaces of CNPs is generally reversible. How-
ever, due to the capillary condensation effect or aggregate
structure rearrangement in the process of adsorption, con-
taminants can become trapped in the internal pore spaces of
CNP aggregates and thus be more strongly bound."**"*® For
example, Wang et al."*® found that fullerene aggregates that
had been modified by NOM and surfactants had markedly
different pore geometries, and possibly also greater pore vol-
umes, than unmodified fullerenes. The sorption of poly-
chlorinated biphenyl (PCB) in these physically transformed
fullerene aggregates consequently exhibited a much higher
level of desorption resistance and, as a result, enhanced co-
transport with fullerene (Fig. 4).

The influence of NOM on sorption by CNPs is ambiguous.
On the one hand NOM can improve the dispersion of CNPs,
thereby increasing the number of available sorption sites,
while on the other hand NOM can also bind to CNP sorption
sites, thereby competing with organic contaminants for sorp-
tion sites. NOM can also block micropores in CNPs and their
aggregates, with adverse effects on their binding
capacity."*®**°*3 [n addition, interactions between CNPs
and NOM can result in the blockage of micropores and meso-
pores, thereby trapping contaminants within these pore
spaces.132’137

Organic contaminants sorbed by CNTs, fullerenes, fossil
coal, and biochar are generally not very bioaccessible because
of their high contaminant-binding capacities."*****'*> How-
ever, when comparing these materials, which are generally
produced under controlled conditions, with their counter-
parts from unintentional emissions (e.g., soot,>"** biochar
produced under poorly controlled conditions,"*® or wildfire
charcoal®’), the sorption and release of organic contaminants
can differ considerably. To derive conclusions for contami-
nant release from soot, biochar, and wildfire charcoal on the
basis of findings for eCNPs is therefore not advisable, as ad-
ditional factors need to be taken into account. For example,
the intrinsic porosity of these materials has been identified
as a key factor affecting the sorption and desorption of or-
ganic contaminants. Many pCNPs -especially wildfire char-
coal and biochars- contain intrinsic micropore networks
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which can result in strong sorption hysteresis exceeding that
of eCNPs, making these pCNPs potentially more effective
contaminant vectors than eCNPs. Although preliminary re-
sults indicate that the micropore and mesopore size distribu-
tions of certain types of biochar may remain similar after
transformation in the field,”**® this observation cannot be
extrapolated to other types of biochar, soot, or wildfire char-
coal, which may be transformed under different conditions
in the natural environment (e.g., under different tempera-
tures, water saturation, or pH).

It is therefore important to complement findings from
eCNPs with investigations into those additional factors that
can affect contaminant binding and release by pCNPs in the
natural environment. Additional factors to be considered in-
clude the intrinsic porosity, physical disintegration, non-
carbonized phases, tar phases, and mineral phases of pCNPs.

6. Effects of transformation on
catalytic efficiency of CNPs

The involvement of activated carbon in catalytic reactions un-
der elevated temperatures has been well documented.'*” The
involvement of pyrogenic carbons including soot, biochar,
and wildfire charcoal in catalytic reactions under conditions
encountered in natural environments has also more recently
been discussed.''® Pignatello et al''® subdivided reactions
that can be catalyzed by CNPs into two groups: (i) reactions
involving surface-mediated electron transfer (including
surface-mediated hydrolysis), and (ii) reactions involving the
generation of ROS.

6.1 Surface-mediated electron transfer

PCNPs typically contain both non-carbonized and mineral
phases, in addition to the carbonized phase that reassembles
eCNPs. Both the mineral phase and the non-carbonized
NOM-like phase can interact with the carbonized phase, and
can also participate in catalytic reactions. For instance, redox
reactions and the hydrolysis of organic contaminants on min-
eral surfaces (e.g. Mn-oxides and Fe-rich minerals), which
have been widely investigated, can both be affected by the
presence of NOM. NOM can participate in and/or accelerate
mineral dissolution and metal complexation, which in turn
affects the catalytic capacity of minerals (see review by
Polubesova and Chefetz®). All the phases of pCNPs, includ-
ing carbonized, non-carbonized, and mineral phases, can be
dissolved, exchanged, and transformed, which will affect
their influences on the catalytic properties of the pCNPs. The
catalytic properties of these phases in pCNPs and their trans-
formation products have, to date, received little attention.
However, results obtained for eCNPs may help understand
the catalytic properties of the carbonized phase of pCNPs.
The catalytic efficiencies of CNPs in hydrolysis reactions
are largely affected by the acidity/basicity of their surface
O-functional groups. For example, deprotonated surface
O-functional groups of CNTs and GO have been shown to act
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as bases to catalyze the dehydrochlorination of chlorinated
solvents."*®'*° Even though the total number of surface func-
tional groups on the GO decreased following photochemical
transformation, the number of carboxyl groups in-
creased,"*®'*° resulting in an increased catalytic efficiency for
the dehydrochlorination of 1,1,2,2-tetrachloroethane com-
pared with that of pristine GO."*® Furthermore, Fu and Zhu*
found that GO was reduced in the presence of Na,S and
could therefore catalyze the reduction of nitrobenzene with
Na,S. The edges of the reduced GO acted as the catalytic
sites, while the basal plane of the reduced GO served as a
conductor for the electron transfer during the -catalytic
process.

In addition to surface functionality, the aggregation of
CNPs can also affect their catalytic efficiency. For example,
oxidation increases the amount of O-functional groups on
CNP surfaces, which can improve their catalytic efficiency for
hydrolysis of organic contaminants. However, O-functional
groups can form cation bridges with divalent cations (e.g.
Ca®") so that an abundance of O-functional groups can en-
courage aggregation of CNPs, thereby decreasing their cata-
lytic efficiency. Furthermore, NOM can enhance the disper-
sion of CNPs leading to more surface functional groups
becoming available as active catalytic sites.'>"*> However,
NOM may also block a proportion of the sorption and cata-
Iytic sites on CNP surfaces by sorbing to the CNPs,'*®151:1%3
The effect of NOM on the catalytic properties of CNPs there-
fore needs to be carefully evaluated on a case by case basis.

6.2 Generation of reactive oxygen species

During pyrolytic pCNP formation unshared electrons and
electron pairs can form free radicals that can persist within
the pCNP structures for prolonged periods of time. The abun-
dance of these persistent free radicals within pCNPs depends
on the pyrolysis conditions, the composition of the original
feedstock, the abundance of oxygen groups in the pCNPs,
and the presence of external metals (see review by Qin
et al.’®). The concentration of persistent free radicals in
PCNPs can reach up to 10° spins per gram,"*® which is two
orders of magnitude above the concentrations commonly
found in humic acids.”> When pCNPs are introduced into
water these radicals can form H,O, and ROS, but most of
these reactions typically take place within the first few hours
after contact with water, as was recently observed for
biomass-based chars where H,0, production peaked after ap-
proximately 1 hour and then declined.">®

CNP aggregation and pore blockage can decrease the re-
lease of free radicals and their products, similar to the re-
duced release of organic contaminants discussed in section
5.2. ROS deriving from pCNPs are capable of inducing the
transformation of a range of organic contaminants including
sulfadimidine,"” 1,3-dichloropropene,'*®***° p-nitrophenol,*®’
trifluralin,'®" pendimethalin,'®" diethyl phthalate,'®*> nitro-
benzene,'®® and 2-chlorobiphenyl.'®* Some compounds can
react directly with carbonaceous materials, as has been ob-
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served for chloropicrin'® and p-nitrophenol.’*® Pignatello
et al.™® suggested that the intrinsic reactivity of carbona-
ceous materials could be due to their redox behavior. The
transformation of pCNPs is expected to have a strong effect
on H,0, production, ROS release, and pCNP redox behavior.
These aspects of pCNP-induced contaminant transformation
remain largely unexplored and require further investigation.

Finally, it is important to note that the sorption of organic
contaminants to CNPs can affect contaminant transforma-
tion. For example, sorption of nitroaromatics to CNPs favors
electron transfer for redox transformation of these contami-
nants.'®® Thus, the effects of CNP transformation on contam-
inant sorption discussed in section 5 can also affect the cata-
Iytic efficiency of CNPs for contaminant transformation.

7. Further research required

Our review indicates that engineered carbon nanoparticles
(eCNPs) comprise a very small proportion (<1%, Gg per year
range) of the CNPs in the natural environment and are there-
fore largely of academic interest compared to the generally
more complex pyrogenic or petrogenic carbon nanoparticles
(pCNPs) that derive from forest fires, fossil fuel combustion,
and biochar application (>99%, Tg per year range).

The translation of exiting findings on eCNPs to under-
stand the behavior of pCNPs needs to carefully consider mo-
lecular differences between these materials. Generally, pCNP
consists of smaller aromatic clusters and contains more
structural irregularities and mineral phases than eCNPs,
resulting in significant differences in surface chemistry, den-
sity, porosity, reactivity, and stability. Therefore, building on
the knowledge obtained for eCNPs and soot, a special focus
should be on changes in intrinsic porosity and on the trans-
formation of the non-carbonized phases, the mineral phases,
and the organo-mineral complexes of pCNPs. The complexity
of these transformation processes calls for increased ex-
changes between different scientific communities, including
atmospheric chemists, microbiologists, soil scientists, water
chemists, and colloidal scientists.

Among the different pCNPs, soot and its transformation
within the atmosphere are well understood because of a large
body of research in atmospheric chemistry. In contrast,
PCNPs deriving from fossil coal, wildfire charcoal, and bio-
char are less well understood. A strategy for future research
could be to build on existing knowledge concerning the
transformation of soot during atmospheric transport and fo-
cus on closing the existing knowledge gaps on the transfor-
mation of pCNPs in soil, sediment, and aquatic systems.
Most of the reported findings have been obtained under oxi-
dative conditions, while investigations under anoxic and re-
ducing conditions are underrepresented in the scientific
literature.

Investigations into the effects of transformation on CNP
colloidal transport should take into account the geometry,
porosity, and composition of pCNPs deriving from soot, fossil
coal, wildfire charcoal, and biochar. Differences in
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aggregation compared to commonly investigated eCNPs (in-
cluding GO and CNTs) can be expected and will require fur-
ther investigation. Thereby, the effects of the pCNP phases
that differ from those of eCNPs are of special interest. For in-
stance, non-carbonized phases, Al- and Fe-oxides, organo-
mineral complexes, and tar can bind to pCNP surfaces and
affect their surface chemistry, porosity, and aggregation. In-
corporating these factors into systematic prediction tools for
PCNP transformation and aggregation that can take into ac-
count chemical, physical, and biological transformation pro-
cesses would be of great assistance in obtaining a better as-
sessment of naturally-occurring pCNPs.

Contaminant binding and release can be affected by CNP
transformation, however, the importance of transformation-
induced changes in contaminant binding depends on the rel-
ative contributions of particular mechanisms to the overall
sorption, which needs to be carefully considered. Future re-
search needs to complement the findings for pristine eCNPs
with investigations into additional factors that might affect
the binding and release of contaminants by pCNPs. The addi-
tional factors to be considered include changes in the intrin-
sic porosity, physical decomposition, non-carbonized phases,
tar phases, and mineral phases of pCNPs.

The catalytic properties of pCNPs are expected to be af-
fected by all of the different phases of pCNPs including car-
bonized, non-carbonized, and mineral phases, which can all
be dissolved, exchanged, and transformed in the natural en-
vironment. The influence that these phases and their trans-
formation have on the catalytic activity of pCNPs has received
little attention to date and warrants further investigation.

Systematic investigations are required into the relative
contributions of specific mechanisms to the overall sorption
in order to better predict transformation and transformation-
induced changes to contaminant binding. The development
of generalized approaches such as the use of poly-parameter
linear free-energy relationships (ppLFER), while taking into
account pCNP properties and transformation processes, will
be required to predict the sorption of both neutral and polar
organic contaminants to CNPs in the natural environment.
However, such comprehensive predictive tools are unlikely to
be developed in the near future as more fundamental open
questions, such as those discussed in this review, will first
need to be addressed.
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