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The potential extensive application of graphene analogues (GAs), such as graphene, graphene oxide and
reduced graphene oxide, in various fields results in the possibility of their release into the natural environ-
ment with negative impacts on humans and the ecosystem. The aggregation and transformation of GAs in
aqueous solutions as well as the deposition of GAs on model environmental surfaces and in porous media
control their fate, transport, and bio-toxicity in aquatic environments, aquatic-terrestrial transition zones
and subsurface environments. The change in solution chemistry, physicochemical properties of GAs and
interaction of GAs with water or a solid surface will alter the aggregation, deposition and transformation of
GAs. The present review aims to provide a comprehensive overview of current knowledge concerning the
aggregation, deposition and transformation of GAs with particular attention paid to the key factors
governing the behavior of GAs in natural environments, which is a critical component of their life-cycle
analysis, risk assessment, and waste management. We expect that this review can provide useful insights
into some current knowledge gaps and can also reveal clues about needed future developments.
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Environmental significance

Graphene analogues (GAs) have a negative impact on the environment and ecology. The fate, transport, and bioavailability of GAs are determined by their
aggregation, deposition and transformation. The present review aims to provide a comprehensive overview of current knowledge concerning the
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aggregation, deposition and transformation of GAs with particular attention paid to the key factors governing the behavior of GAs in the environment. This
is valuable for the life-cycle analysis, risk assessment, and waste management of GAs.

Introduction

Graphene, one layer of sp>hybridized carbon atoms arranged
in a two-dimensional honeycomb lattice of six-membered
rings, can be considered as the mother of carbonaceous ma-
terials. It can be wrapped up into zero-dimensional fuller-
enes, rolled into one-dimensional carbon nanotubes or
stacked into three-dimensional graphite. Graphene oxide
(GO), the oxidized form of graphene synthesized by oxidative
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exfoliation of graphite, can serve as a substrate for mass fab-
rication and manipulation of graphene and graphene-based
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nanomaterials. Reduced graphene oxide (rGO) is produced by
thermal annealing or chemical treatment to eliminate
oxygen-containing functional groups on GO. These three
graphene analogues (GAs) exhibit unique structure and re-
markable physicochemical properties, resulting in a wide
range of applications in various industries and customer
products.”™ With their large production and widespread use,
GAs have the potential to be released into the environment
incidentally or intentionally during their whole life-cycle in-
cluding manufacture, transport, use and eventual disposal of
GAs and GA-containing products. Recent studies have
highlighted that GAs are toxic to living organisms. For exam-
ple, graphene has shown toxic effects on algal cells,” bacte-
ria,” mammalian fibroblasts’ and Daphnia magna.® Both GO
and rGO are toxic to human umbilical vein endothelial cells’
and bacteria.’® The introduction of GO results in severe and
persistent lung injuries."* Therefore, GAs may pose potential
environmental and human health risks if they are released
into soil and groundwater systems.

The colloidal stability of GAs plays an important role in
determining their use in industrial applications, their envi-
ronmental fate and transport, their risk assessment, their
bioavailability, their reactive oxygen species production, their
toxicity to live beings, their removal during wastewater treat-
ment, and their adsorption capacity for other contaminants
(e.g., organic pollutants and heavy metal ions). The colloidal
properties of GAs depend on their physicochemical proper-
ties within a given aqueous medium and are ultimately
reflected in their aggregation and deposition behaviors.
Therefore, a comprehensive understanding of the aggregation
and deposition behaviors of GAs is important not only for
promoting their industrial applications but also for more ac-
curately evaluating their environmental fate and mobility and
consequently assessing their environmental impact and risks.

Several reviews have summarized the recent developments
in graphene-based materials.>'>"* Zhao et al.'*> provided a
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nice overview of four aspects of graphene-family nano-
materials in aquatic environments including adsorption, dis-
persion, toxicity and transformation. A recent review by He
et al.® summarized available studies occurring before 2017
on the behavior of graphene nanomaterials under various
aquatic environmental factors, their transport in soil and po-
rous media, and their effects on microbial communities. This
present thorough review aims to provide more detailed infor-
mation on the fate of GAs in three kinds of environments:
aquatic environments, aquatic-terrestrial transition zones,
and subsurface environments, in which the latest studies oc-
curring in 2017 on this issue are included. In aquatic envi-
ronments, GAs and aqueous media components such as nat-
ural organic matter (NOM) and inorganic ions exist
simultaneously. Therefore, the colloidal behavior of GAs will
be changed by the aqueous media components and the envi-
ronmental factors. In aquatic-terrestrial transition zones, nat-
ural colloidal particles are ubiquitous, and the interactions of
GAs with these natural colloidal particles are likely to occur
besides the interactions of GAs with themselves and the
interaction of GAs with aqueous media components, which
play an important role in the removal of GAs from aquatic
environments. When they are transported from surface envi-
ronments to subsurface environments, the interaction of GAs
with the porous media will affect their capacity to be released
into subsurface environments. The corresponding phenom-
ena, factors, and potential mechanisms involved in the fate
and transport processes are also summarized thoroughly,
mainly in order to provide a theoretical basis and technical
guidance for accurate assessment of the fate and toxicity of
GAs in diverse environments. Additionally, this review is
expected to identify key knowledge gaps and offer future per-
spectives. Fig. 1 presents the different processes controlling
the fate of GAs in aquatic environments, aquatic-terrestrial
transition zones, and subsurface environments. Surface
transformation (process 1 in Fig. 1) only occurs under special
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Fig. 1 Schematic overview of the main processes controlling the fate
of graphene analogues (GAs). 1. Transformation; 2. homoaggregation;
3. heteroaggregation; 4. deposition; 5. transport.

conditions. Homoaggregation is the aggregation process of
GAs with each other (process 2 in Fig. 1). Heteroaggregation
is the aggregation of GAs with natural colloids or other nano-
particles (process 3 in Fig. 1). The deposition refers to the at-
tachment of GAs to a pore wall/a much larger colloidal parti-
cle by Brownian diffusion or direct interception and/or by
gravitational sedimentation (process 4 in Fig. 1). The homo-
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aggregation and heteroaggregation of GAs are more common
and control the fate of GAs in the whole environmental zone.
The deposition of GAs contributes to the fate of GAs in
aquatic-terrestrial transition zones and subsurface environ-
ments. The transport of GAs is only found in subsurface
environments.

Material properties of GAs relevant to
their colloidal behavior

The different physicochemical properties (e.g., morphology,
size, specific surface area, functional groups, surface charge,
polarity, and so on) of GAs result in different interactions of
graphene substrates with themselves or with guest media
(e.g., aqueous media or porous media) and consequently vari-
ation in aggregation and deposition behaviors. Fig. 2 shows
the most important GAs and some structural features rele-
vant for their colloidal behavior. The section below summa-
rizes the material properties of GAs relevant to their colloidal
behavior in detail.

Pristine graphene is composed of C and H atoms. An ideal
monolayer graphene consists of a one-atom thick sheet of
sp’>-hybridized carbon atoms arrayed in a honeycomb pattern.
In this extreme case, every carbon atom lies on the surface
and is exposed to the surrounding medium on two sides, giv-
ing a theoretical maximum surface area as high as 2600
m®> g and a theoretical thickness of 0.34 nm.'*'* The
reported thickness of monolayer graphene is usually higher

Few layer graphene

increasing stiffness with
number of layers

Reduced graphene oxide

uncharged, polar groups
(OH, -O-) on basal surface

charged hydrophilic

hydrophobic n-bond
capable graphenic domains

peripheral groups

Fig. 2 Examples of GAs and selected properties relevant to their colloidal behavior.®>** Reprinted with permission from ref. 12. Copyright 2014,
American Chemical Society. Reprinted with permission from ref. 14. Copyright 2012, American Chemical Society.
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than 0.34 nm due to the existence of functional groups across
the graphene surface.'® Corrugation and scrolling are part of
the intrinsic nature of monolayer graphene, since the 2D
membrane structure becomes thermodynamically stable via
bending."” The increased thickness will enhance the stiffness
and rigidity of graphene. The large delocalized n-electron sys-
tem of graphene sheets results in the formation of multi-
layers via n-n stacking interaction between graphene sheets.
Therefore, graphene used in numerous reports usually con-
tains several layers. Graphene exhibits hydrophobicity and
easily forms agglomerates irreversibly or even restacks to
form graphite via van der Waals interactions in aqueous solu-
tions, so it is difficult to disperse graphene in water. It is
suggested that the original size and crystallographic face/lat-
tice of graphene that control the packing also play a role in
its aggregation.'® The initial aggregation rate of graphene is
fast. However, it has been shown recently that graphene
sheets obtained from chemical reduction of GO can readily
form stable aqueous colloids via electrostatic stabilization
over a restricted range of pH values (e.g., above a pH value of
6.1)."

GO consists of C, O and H atoms. It is commonly synthe-
sized by modified Hummers' methods and can be considered
as a precursor for graphene/rGO synthesis by either chemical
or thermal reduction processes. The obtained GO is
presented as irregularly shaped flakes composed of one or
more layers of graphene sheets with abundant oxygen-
containing functional groups. Regardless of the preparation
method, all the GO samples have the same set of oxygen-
containing functional groups. A high concentration of basal
plane epoxides is a remarkable feature of GO. However, the
different synthetic protocols and the extent of the reaction re-
sult in different C/O ratios. The C/O ratios of GO prepared by
modified Hummers' methods are usually in the range of
2-3.%° As an indication of the oxidation degree, C/O ratios are
negatively correlated with the values of the critical coagula-
tion concentration (CCC, determined from the intersection of
extrapolated lines through the diffusion and reaction limited
regimes, is a threshold concentration of the electrolyte neces-
sary to cause the rapid coagulation of GAs) of GAs.*** At the
highest oxidation level, the GO's n-systems are heavily inter-
rupted, giving a stable bright yellow solution.® The
oxidization level also affects the thickness of GO. The in-
crease in the thickness of GO is predicted to have a profound
effect on its stability.”> GO shows characteristic ultraviolet
(UV)-vis absorbance peaks at 230 nm (l,,) due to the n-n*
transition and at 305 nm due to the n-r* transition. The OH-
rich GO red-shifts the n-n* transition to 250 nm and de-
creases the n-n* transition strength; meanwhile, the COOH-
rich GO blue-shifts the n-rn* transition to 200 nm and in-
creases the n-n* transition strength.24 As the /.« is in direct
proportion to the ratio of sp>hybridized to sp>-hybridized car-
bon in the GO sheets,?” the oxidation and reduction of GO
are accompanied by the blue shift and red shift of Ay, re-
spectively. A modest decrease in the size of the © conjugated
domains also causes the blue shift of iy, (230 nm) to a
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shorter wavelength (225 nm).*® GO contains a wide range of
hydrophilic oxygen-containing functional groups such as car-
boxyl, carbonyl, hydroxyl, and phenol that cover a range of
acid dissociation coefficients (pK,). It was reported that the
pK, value of carboxylic and phenolic hydroxyl groups on GO
sheets is 6.6 and 9.8, respectively. The presence of phenolic
hydroxyl groups in proximity to the carboxylic groups in GO
lowers the pK, value of the carboxylic group to 4.3 by intra-
molecular hydrogen bonding, which allows GO to form stable
aqueous dispersions with long term stability over a wide
range of pH values.”” The different ionization degrees of the
acidic oxygen-containing functional groups on the GO surface
affect the stability of GO in water, which is pH dependent. It
is reported that the isoelectric point of GO is lower than pH
2.%% In an aqueous solution with the same pH value, smaller
GO sheets should have higher solubility compared to larger
ones, since the decrease in the lateral dimension of GO re-
sults in the increase of the edge-to-area ratio of a GO sheet
and a higher density of ionized carboxylic groups.>® GO is an
amphiphilic material with a hydrophobic basal plane and hy-
drophilic edges. On the one hand, the hydrophobic basal
plane has a large intact sp>hybridized carbon backbone
structure, allowing GO to maintain the potential of strong
n-m interactions between the conjugated sp> network struc-
tures of GO nanosheets.?° On the other hand, electrostatic re-
pulsion between the negatively charged ionized edges associ-
ated with carboxylate groups makes GO soluble in water.

rGO is the product of treating GO with high temperature,
UV irradiation or reducing chemical agents. The reduction of
GO removes most of the oxygen-containing functional groups
and restores the majority of the conjugated graphene net-
works, altering a number of GO properties such as hydropho-
bicity, holes/defects in the carbon lattice, surface charge and
water dispersibility. There is only one type of acidic group,
namely the carboxylic group with pK, = 7.9, on rGO sheets. In
some cases, the reduction results in the transformation of ep-
oxy groups into hydroxyl groups.**° The removal of oxygen-
containing functional groups decreases the repulsive forces
between the graphene sheets and the restoration of the con-
jugated graphene networks strengthens the attractive ones,
decreasing the water dispersibility of rGO. Photo-, chemical-,
and thermal-reduction are accompanied by a red shift of
Amax (230 nm) to a longer wavelength (~270 nm). Upon re-
duction, a brown to black color change of GO aqueous dis-
persions can be observed. So far, the largest C/O ratio of
rGO reported is >246.>" As the reduction depth increases,
the rGO sheets become more aromatic and more prone to
interparticle stacking due to the strong van der Waals forces
among rGO sheets, facilitating the aggregation of rGO
sheets. Thus, plenty of rGO sheets precipitate after the rGO
dispersion is left to stand for 2 h.'® Taken together, the ori-
gin of the instability of rGO is attributed to the following
reasons: higher hydrophobicity, lower water solubility, n-n
stacking of rGO sheets, the increase in attractive forces (van
der Waals forces) and the decrease in repulsive forces
(electrostatic repulsion).>**>3
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In a word, GAs have a similar structure and all of them in-
clude graphene domains, defects, and oxygen-containing
functional groups. Considering the potential acid/base reac-
tions of functional groups on the GA surface, GAs obtain a
negative surface charge via deprotonation of carboxylic, eno-
lic, and phenolic groups (i.e., -C-COOH + OH — -COO™ +
H,0, -C=C-OH + OH  — -C=C-O~ + H,0).** Meanwhile,
via proton complexation of the m-electron system of graphene
planes (C, + H,0 — C,H" + OH ) and various Brensted basic
oxygen species (ethers, carbonyl groups), GAs obtain a posi-
tive surface charge. On both GO and rGO sheets, the ioniza-
tion of the carboxylic groups is primarily responsible for the
build-up of the surface charge, but on GO sheets, the pres-
ence of phenolic and hydroxyl groups in close proximity to
the carboxylic groups lowers the pK, value by stabilizing
the carboxylate anion, resulting in superior water
dispersibility.>”*> GO sheets form stable dispersions at pH >
4, while rGO sheets develop a sufficient negative charge to
form stable dispersions only at pH > 8. Gudarzi*® stated
that the sulphate groups in GO also contribute to the nega-
tive surface charge of GO at low pH. Dimiev et al.*® stated
that the number of carboxylic acid moieties situated on the
edges of the GO flake is small and cannot account for the
acidic properties of GO. They deemed that the generation of
protons during the reaction of GO with water is the main fac-
tor contributing to GO acidity. Table 1 attempts to highlight
the main physicochemical characteristics of GAs relevant to
their colloidal behaviour, offering a qualitative comparison of
their differences.

Aggregation behavior of GO in
aquatic environments

The surface of GO sheets is functionalized with a set of oxy-
gen containing functional groups, which allows GO sheets to
form relatively stable suspensions. Upon release into aquatic
environments, it is inevitable for GO sheets to come into con-
tact with natural system constituents such as inorganic ions,
surface active molecules, NOM, colloidal particles and bio-
colloids, which can affect the colloidal behavior of GO and
can further dominate the fate of GO in aquatic environments.
It has been reported that pH, divalent cations, and NOM can
play complex roles in the fate of GO and rGO (Fig. 3).>> Al-
though GO is not a spherical colloid, the aggregation of GO
follows colloidal theory including Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory and the Schulze-Hardy rule.”®>%%”
This section mainly covers the colloidal behavior of GO as a
function of pH, ionic strength (IS), salt type, NOM, natural
colloidal particles, and toxic heavy metal ions combined with
natural colloidal particles under various aquatic environmen-
tal conditions.

Effect of pH

The solution pH value is one of the most important factors
controlling the stability of GO in water. The pH-dependent re-
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actions, phenomena, and application are listed in Table 2.
pH values affect the physicochemical properties of GO, espe-
cially the degree of ionization of the oxygen-containing func-
tional groups on the surfaces of GO, so the stability of GO in
water is pH dependent. The GO suspension exhibits very dif-
ferent appearances at extremely acidic pH values (pH 1-3),
intermediate pH values (pH 3-12), and extremely alkaline pH
values (pH 12-14). GO precipitates at pH < 3 and is stably
suspended in the range of pH 3-10. Shih and coworkers®® ob-
served that the GO suspension was visually homogeneous
with a dark-brown color at pH 14. Taniguchi and coworkers®®
observed that the color of the GO suspension changes from
slight-brown to dark-brown when the pH value increases
from 3 to 12. They attributed this to the pH-driven reversible
epoxide ring opening/closing on the GO basal plane (Fig. 4).

As an amphoteric substance, positively-, neutral-, and
negatively-charged surface species all coexist in the GO colloi-
dal form. Their balance in the GO colloidal structure can be
easily destroyed and restructured when pH changes. Thus,
the response of GO stability to varying pH value mainly re-
sults from the pH-induced charge variation (i.e., protonation
or deprotonation of a high density of oxygen-containing func-
tional groups). At low solution pH values, the presence of a
large amount of protons may suppress the deprotonation of
the carboxyl groups and reduces the hydrophilicity at the
edge. Meanwhile, the intact carboxyl groups readily form car-
boxylic dimers through strong intermolecular hydrogen
bonding.®® As a result, GO may aggregate instead of staying
in the bulk aqueous solution. At even lower pH values, the
carboxyl groups at the edge of GO are gradually protonated
due to the decrease in pH, which makes GO sheets more hy-
drophobic, forming aggregates. In these cases, van der Waals
interaction should dominate over electrostatic repulsion. In
addition, the residual n-conjugation in the basal plane of GO
may also contribute to the aggregation via n-n stacking. Both
cases would favor GO aggregation via the face-to-face pattern.
By employing molecular dynamics (MD) simulation, Shih and
coworkers®® stated that the GO aggregates may exhibit a GO/
water/GO sandwich-like structure (Fig. 5). In a word, the in-
stability of GO occurring at low pH values can stem from the
increased hydrophobicity, decreased electrostatic repulsion,
increased intermolecular hydrogen bonding, increased van
der Waals interaction and possible n-n stacking. By
employing MD simulations, Tang et al.®® stated that hydro-
phobic interaction played a dominant role in the aggregation
of GO at low pH values.

As the pH values increase, the degree of deprotonation of
carboxylic and phenolic groups increases in water. As a re-
sult, electrostatic stabilization of GO in aqueous solutions
can be achieved when the suspension pH is higher than the
pK, of carboxyls or phenolic hydroxyls. Compared with car-
boxyls, the deprotonation of hydroxyls is much weaker and
may not be important to the surface charge acquisition of
GO.***% gince GO is both hydrophobic and hydrophilic, the
deprotonation of carboxyl groups will maximize the differ-
ence in the extent of hydrophobicity between the edge and

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Interaction mechanisms of pH, divalent cations (M: Ca®*, Mg?*) and natural organic matter (NOM) with GO and rGO.>® Reprinted with

permission from ref. 55. Copyright 2015, American Chemical Society.

the basal plane.*® According to the principle that “like dis-
solves like”, the strong hydrophilicity of carboxylic groups at
the edge may pull GO into bulk water, which results in its
easy dispersion in water. Besides, at higher pH, more
H-bonds formed between GO sheets and water, making GO
more hydrophilic to dissolve in water.®> Therefore, it can be
concluded that the degree of deprotonation of the edge car-
boxylic groups, the formation of H-bonds and the electro-
static repulsion between the negatively charged deprotonated
carboxylic groups are the driving forces for the increased sta-
bility of GO at higher pH values. At extremely high pH values,
an excessively large volume of NaOH is added to adjust the
pH values, so the “salting out” effect should be considered.
Whitby et al.®* observed that single layer GO aggregation oc-
curred at pH 14 due to the salting out effect, while Shih
et al.”® observed that GO was stably suspended at pH 14. The
inconsistency of the results in these two studies may result
from variations in the physiochemical properties of the exam-
ined GO sheets. The conformational changes in single layer
GO may be easier to occur. The phenomenon of the decrease

1304 | Environ. Sci.: Nano, 2018, 5, 1298-1340

in solubility at high pH values was also observed for oxidized
carbon nanotubes (CNTs). Shieh and coworkers®* reported
that the solubility of oxidized CNTs at pH 12 was lower than
that at pH 10. They attributed this to the larger amount of so-
dium cations in the aqueous solution of pH 12 causing the
coagulation of some carboxylate anions.

The macroscopic effects of solution pH on the surface
charge, size, and suspended mass concentration of GO have
been systematically studied. Broadly, previous studies moni-
tor the surface charge, size, and suspended mass concentra-
tion as a function of pH mainly by using a Zeta Sizer Nano
ZS instrument, time-resolved dynamic light scattering, and
UV-vis spectroscopy, respectively.>®*® The ZP values of GO are
reported to be lower than 30 mV at pH > 4.0.>”°” Gener-
ally speaking, negatively charged colloids with ZP more than
-30 mV are considered to be electrostatically stable and well
dispersed in water.>>*>®® Therefore, GO sheets are stable at
pH > 4. The change in ZP (or EPM) and hydrodynamic diam-
eters (HD) of GO as a function of pH shows a similar
trend.”®®” The values of ZP and HD increase significantly
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Table 2 pH-Dependent reactions, phenomena, and application

pH dependent reactions pH dependent phenomena PpH dependent application
Protonation or deprotonation of a high ~ Largely reversible color changes from slight By pH adjustment, separation of
density of oxygen-containing functional  prown to dark brown®® larger size GO from smaller size
groups"? ; GO%

2.0

{;_:tig pH11.5 pH3
=

—

Absorbance
o

0.5
0‘0 T T T T
300 400 500 600
Wavelength (nm)
Deoxygenation of GO under alkaline pH-Dependent photoluminescence efficiency:
conditions™ photoluminescence quenching of GO in alkaline solutions™
(@) 30 (b)

5.1 3.1 ° @525nm

o]
©
PL intensity (a.u.)
S/
/

PL intensity (a.u.)

N,
'\.‘k.

500 60C 700 2 4 6 8 10 12

Wavelength (nm) pH
Reversible epoxy ring opening and pH driven conformational changes: at low pH, numerous sheets
closing based on epoxy-hydroxyl fold and networks of sheets are observed to agglomerate. At high
conversion®® pH, each sheet undergoes extensive collapse, condensing against

neighboring sheets into larger macro-scale agglomerates®'
pH dependent CCC?**®

c 1.04s

.0

S 084 GO

[

g 0.6

= .0 1

S | 23mm

B 0.4

N

g 0-2‘+pH=2.06 \

o w-pH=4.4

=z 0‘0_+DH=10.7L\-. -

68 2 68 2 6
“% % *°%00?% *
lonic Strength (mM)

The water contact angle of GO decreases sharply from 42.3° to
11.6° when the pH value increases from 3.4 to 10.5 (ref. 43)

Note: Reprinted with permission from ref. 59. Copyright 2014, Elsevier. Reprinted with permission from ref. 23. Copyright 2016, American
Chemical Society.

l. 66 L71

with decreasing pH at low pH values (pH 2-4), while they re-  Ren et al.”” and Yang et al.”” separately reported that pH did
main very similar at high pH values (pH 4-10).>® Huang not play a significant role in altering the surface potential
et al.,** Chowdhury et al,*® Lanphere et al.,’® Wu et al.,** and HD of GO over the pH range from 3 to 12. It is worth
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Fig. 4 Proposed pH-dependent epoxy ring opening/closing reactions.>® Reprinted with permission from ref. 59. Copyright 2014, Elsevier.

noting that all of the above-mentioned studies were carried
out under conditions with the concentration of the monova-
lent electrolyte lower than the CCC value of GO. The pH of a
natural aquatic environment is usually observed in the range
of 5-9. Across these pH values, the pH will have no obvious
effect on the fate of GO without considering the effect of the
coexisting metal cations (Fig. 6). Meanwhile, in the presence
of Ca®>" and Mg®', Hua et al”” reported that the values of
EPM and HD increased with increasing pH values across pH
5-9. The CCCy, values of GO are very sensitive to pH.
Gudarzi et al.*® reported that GO sheets began to aggregate at
IS higher than 20 mM for pH 2.06, 50 mM for pH 4.4, and
100 mM for pH 10.7. These phenomena are due to the effect
of the cation nature, which will be discussed in the next part.

Effect of IS and salt type

Surface water and groundwater environments contain a com-
plex mixture of inorganic ions such as Na', K, Mg**, Ca*",
Cl', HCO;", SO4>, etc., which change with location and can
have a significant impact on the electro-kinetic behavior of
colloids and hence their colloidal properties.”®> Ions with an
opposite charge to the surface charge of colloids, namely
counter-ions, tend to accumulate at the charged interface
and can strongly compress the electrostatic double layer
(EDL) and effectively reduce the energy barrier between col-
loids by neutralizing the particle surface charge. This results
in the attractive van der Waals interactions becoming domi-
nant and the enhancement of particle aggregation.”* Charge
neutralization can also occur as a result of specific adsorp-
tion of counter-ions on the charged surface. The degree of
charge neutralization is dependent on the electrolyte concen-
tration, valence of counter-ions, and interaction of the
electrolyte with colloids. Surface charge screening is directly

1306 | Environ. Sci.: Nano, 2018, 5, 1298-1340

reflected in the EPM and ZP of the colloids. With an increase
in the counter-ion concentration, the absolute values of EPM
and ZP approach zero, indicating a favorable aggregation
condition. Also, the counter-ion concentration approaches
and exceeds the CCC, indicating a favorable aggregation con-
dition, known as the diffusion-limited regime (the second
stage of colloid aggregation), where the aggregation kinetics
of the colloids are controlled by diffusion and independent
of the counter-ion concentration.”” However, in the initial
stage of colloid aggregation, known as the reaction-limited re-
gime, the aggregation kinetics of the colloid increase linearly
with increasing counter-ion concentration up to the CCC.”®
The values of CCC of GAs are gathered in Table 3. One can
see that the CCC values of GO are significantly different
depending on the surface chemistry of GO and solution
chemistries. Table 3 also shows that the multivalent CCC
values are significantly lower than monovalent CCC values,
which is expected due to the bridging/crosslinking behavior
of multivalent ions. The ratio of CCCyyg/ca to CCCy, for GO is
almost approximated as z°, indicating that although GO is
not spherical in shape, the aggregation and stability of GO in
aquatic environments follow the Schulze-Hardy rule.

Even though no clear standard relates ZP to colloidal sta-
bility, the colloid system is considered to be stable at an ab-
solute ZP of >30 mV.*>®" Lots of studies have showed that
the absolute ZP of a colloid decreases with increasing IS at
specific pH, in accordance with classical electrostatic the-
ory.®>®> The representative EPM of GO as a function of IS is
shown in Fig. 7. For all electrolytes, the EPM values increase
marginally at low IS and more substantially at high IS. This
increase obviously depends not only on IS but also on the na-
ture of the added counter-ion (e.g., cation valence, cation ra-
dius/hydrated radius), and can be explained by the suppres-
sion of the EDL, surface charge neutralization, preferential
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Fig. 5 Simulated (a) potential of the mean force between two parallel,
fixed GO sheets, and (b) the number of H-bonds formed between the
two sheets and the surrounding water molecules as a function of the
intersheet separation, d. Three forms of GO [C40(O)1(OH)4,
C10(0)1(OH)1(COOH)g 5, and C40(0)1(OH)1(CO0)p 5] are considered. The
vertical dashed lines correspond to the energy-minimized configura-
tions of GO/single-layer water/GO and GO/two-layer water/GO sand-
wich structures. (c) Post equilibrium MD simulation snapshot of two
parallel C1004(OH); (COOH)y 5 sheets solvated in water at d = 7.5 A
showing a single layer of water molecules being confined between the
two GO sheets. Color code: red, oxygen; white, hydrogen; and gray,
carbon.®® Reprinted with permission from ref. 58. Copyright 2012,
American Chemical Society.

adsorption, or a combination of them by the increased IS.
When cations are not chemically adsorbed onto GO, the ca-

This journal is © The Royal Society of Chemistry 2018
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pacity of cations to neutralize the surface charge of GO is re-
lated to the cation valence, to the ability of cations to ap-
proach the charged interface, and to the state of hydration of
cations.®® Cations with a higher valence are more efficient in
destabilizing GO. For counter-ions with the same valence, the
smaller hydrated radius results in more effective screening of
the surface charge of GO. The effects of the common environ-
mental cations including Na*, K*, Mg>" and Ca®" on the sur-
face potential of GO are well established. The cations in-
crease the surface charge of colloids in the order K* > Na*
for monovalent counter-ions**’** and Ca** > Ba®>" > Mg*"
for bivalent counter-ions.** Qi et al.** attributed the greater
aggregation effect of K* than Na” to the less dense hydration
of K', and the higher aggregation effect of Ca®" than Mg>" to
the less dense hydration and the bridging effect of Ca>".

Besides neutralizing surface charges, bivalent electrolytes
which can specifically interact with GO to cross-link them are
much more effective in destabilizing GO suspensions. Wu
and coworkers®® proposed that Ca*>" and Mg”* induced the
aggregation of GO sheets through the following three types of
cross-linking interactions (Fig. 8): (1) bridging the edges of
the GO sheets through chelating carboxylate groups, (2) inter-
calating between the basal planes through either weak alkox-
ide or dative bonds from carbonyl and hydroxyl groups, and
(3) cross-linking of the H-bonds formed among the oxygen-
containing functional groups on GO surfaces and the inter-
lamellar water molecules. Specially, preferential adsorption
plays an important role in the destabilization of GO by Ca*".
Chowdhury and coworkers*® observed that the ZP values of
GO as a function of IS were quite similar for both CaCl, and
MgCl,, but the hydrodynamic sizes of GO as a function of IS
were significantly different for CaCl, and MgCl,. They attrib-
uted the higher effectiveness of Ca>" in destabilizing GO than
Mg>" to the preferential adsorption of Ca®>" through the bind-
ing of Ca®* with oxygen containing functional groups avail-
able on GO surfaces. Similarly, Wu and coworkers®* attrib-
uted the lower CCC of GO in Ca’* than that in Mg>" to the
higher propensity of Ca®* to form complexes with carboxyl-
ated groups.

Besides the common environmental cations Na*, K", Mg>*
and Ca**, Yang and coworkers”" investigated for the first time
the effect of heavy metal cations (Ag*, Pb**, Cu®*", Cd** and
Cr*") on the aggregation of GO. Based on the CCC values
(Table 4), they found that the destabilizing ability of cations
follows the order Cr** > Pb** > Cu*" > Cd*" > Ca>* > Mg>"
> Ag" > K' > Na'. The discrepancy in destabilizing ability
between different valence cations follows the classic Schulze-
Hardy rule, but the difference in the destabilizing ability of
equivalent cations does not. This is because in addition to
the suppression of the EDL, surface binding, which is deter-
mined by the electronegativity and hydration shell thickness
of metal cations, contributes to the aggregation of GO. By
employing the element mapping of transmission electron
microscopy (TEM), we observed that the monovalent cation
(i.e., Na*) was distributed on the GO surface inhomogene-
ously and intensively located at the boundary of GO, while
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multi-valent cations (i.e., Mg>", AI’*") were distributed on the
GO surface homogeneously (Fig. 9).°” These results evidence
that it is hard for monovalent cations to cross the EDL and
induce GO aggregation via EDL suppression; in contrast,
multivalent cations can easily cross the EDL, bind to the oxy-
gen containing functional groups on the GO surface, and
then induce GO aggregation via EDL suppression and surface
binding. By adding polyacrylic acid (PAA), the GO aggregates
induced by Na*, K*, Ca®" or AI*" can be re-dispersed partly in
solution, while those induced by Mg?* can be re-dispersed
completely (Fig. 10). This suggests that the aggregation pro-
cesses of GO induced by EDL suppression and strong
complexing are not fully reversible and only those induced by
weak complexing are fully reversible.

Although cations play a dominant role in the aggregation
of GO, their effectiveness in destabilizing GO is affected by
the coexisting anion (co-ion) type. Depending on the com-
plexation ability of anions with cations, the coexisting anions
will affect the concentrations of the free cations and their
ability to destabilize GO. Typically, our group®* has character-
ized the coexisting anion effect and found that the effect of
the electrolytes on GO aggregation decreased in the following
order: Na,SO, > NaCl > NaH,PO,. In another study, our
group studied the colloidal behavior of GO in the coexistence
of Cd(u) and phosphate (P(v)).*® We found that when Cd(u),
P(v) and GO were in contact simultaneously, the presence of
P(v) enhanced the tendency of GO to agglomerate in a Cd(u)
aqueous solution but reduced its sedimentation rate, which
makes GO aggregates transport over a relatively long dis-
tance. In a very recent study, we found that the anions af-
fected the threshold values of cations destabilizing GO and
that the effectiveness of the electrolytes in destabilizing GO
followed the order Na,SO, > Na,HPO, > NaCl > NaHCO,.®’

Most of the above-mentioned investigations are mainly fo-
cused on single-salt solutions. The information on the aggre-
gation behavior of GO in mixed-cation solutions is limited.
Chowdhury et al.>® characterized the EPM and HD of GO in
mixed Na-Ca and Na-Mg electrolyte systems. They found that
a small amount of background CaCl, (0.1 mM) can signifi-

1308 | Environ. Sci.: Nano, 2018, 5, 1298-1340

cantly affect the stability of GO while a small amount of back-
ground MgCl, (0.1 mM) cannot. Based on their findings, GO
cannot remain suspended for a long time in natural aquatic
environments, where the concentration of CaCl, often ex-
ceeds 0.1 mM. Similarly, our group®” investigated the sedi-
mentation kinetics of GO in mixed Na-Mg electrolyte sys-
tems. We found that the settling tendency of GO was
dependent on the ratio of Na to Mg. The prevailing electrolyte
played a dominant role in the sedimentation processes.

Effect of NOM

Macromolecular NOM with various carbon functionalities
(e.g., carbonyl, carboxyl, acetal, aromatic, heteroaliphatic, and
aliphatic carbons), ubiquitous in natural aquatic systems, is
known to function as a stabilizing agent for colloidal suspen-
sions. Typically, the concentration of NOM is in the range
from 0.1 to 2 mg L™ in ground waters and as high as 20 mg
L™" in surface water.>* Humic substances, as typical NOM ana-
logues, can be operationally classified into fulvic acid (FA,
which is soluble at all pH levels) and humic acid (HA, which
is soluble in alkaline aqueous solutions and insoluble in
acidic aqueous solutions) depending on water solubility.
NOM and its analogues can be adsorbed on GAs via hydro-
phobic interaction, n-n interaction, Lewis acid-base interac-
tion, hydrogen bonding, and/or covalent and electrostatic
interaction.>*®>%® The exact interaction mechanism of GAs
with NOM will depend on both GA characteristics and func-
tional derivatization as well as NOM characteristics including
size, aromaticity, and charge density. The surface adsorption
of NOM will alter the size, shape, morphology and surface
chemistry of GO, especially the charge acquisition forms of
GO, influencing its aqueous colloidal behavior and conse-
quently more or less affecting its mobility and contaminant-
mobilizing capabilities. For example, NOM consists of hydro-
philic side chains (carboxylic and hydroxyl groups), a hydro-
phobic backbone, and a large number of cross-linked aro-
matic rings. They show a high tendency to pack parallel to
the surface of GO by strong m-7 interactions or to be readily

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c7en01258f

View Article Online

Critical review

Environmental Science: Nano

VadS 10 3w £

LzBD W 9°G LBN NW 6€1 ‘09D 138w 0t ‘0°2.-0"9 Hd

VHYS ;1D 8w £

28D W §°S LBN W ¢ ‘09D 13w 07 ‘0°£-0"9 Hd
B0 INW €T JEN NW LT 090 ;T 3w 0z ‘0209 Hd 008-ODD

VHV 103w £

28D W §°C LBN INW Z/ST 09D ;13w 07 ‘0°£-0"9 Hd

VadS 10 3w LT

BD INW T°¢ LBN W FhL 090 13w 02 ‘0°,-0"9 Hd

VHYS ;1D 8w £

ZBOWW 'S BN W ZLTT 090 13w 0z ‘0',-09 Hd
280 W 0°C LBN INW 08 09D ;13w 0z ‘0°£-0"9 Hd 00%-09D

VHY 103w £°T

2B NW T'T LBN AW £9C ‘0D 13w oz ‘0°2-0'9 Hd

VNS 1D 3w LT

0¢SUOIED JU3[BAOUOW JO BO AW 8'T LBN AW 60T ‘0D 18w 0T ‘0°2-0"9 HA

2ouasaixd a3 ur Aprenonaed VHYS ;1D 3w 2T

“Aiqess rerarew uo joeduwr 28D W §°C LBN AW ST ‘09 13w 0t ‘0°,-09 Hd
Jueoyrulis e sey ad£) WON LzBD W ¥'T LEN W £9 ‘0D 13w oz ‘0°2-0'9 Hd 09
(Suonoey ceC e LFOWWTEO SN NW F60 LEN AW 66 090  T3w 0% ‘€0 ¥ 09 Hd 008-09D
D-D pue ‘suopenuaduod dnoid oge-C 90eC  LBOWWTE0 SN INW 90T JBN AW 7°€T 09D 13w 0¥ ‘€°0 ¥ 0°9 Hd 009-090D
1Axoqred ‘soner 0/ ‘spenuajod 00 C og1-C  LEOWWOLT SN AW S0°T LEN W €65 09D ;13w 0% ‘€0 ¥ 0'9 Hd 005-090
e39z ‘adeys ay3 Surpnpur [eLIEW I / w50 LBOWWETT SN NW LL'T JBN W 6°€L 09D ;138w 0% ‘€'0 ¥ 0'9 Hd 00%-09D
a1 Jo sonradoxd [edraypodIsAyd c0'sC wrl  JOWWET SN NW60'E LN NW 218 090 ;13w 0% ‘0 ¥ 0'9 Hd 002-09D
93} Y31 PIJB[D1I0d dIe SAN[eA DDD e € e BOWW ST SININW I6'T LEN W £°89 09 13w o7 ‘e'0 ¥ 0'9 Hd 09

LEN W ZF 091 13w 01 ‘901 HA
LEN AW $T 091 ;13w 01 ‘907 Hd 091

+Hd Surseamour yim sasearout LBN AW 00T 09 13w ot ‘201 HA

DDD Y3 Sk eIpaul d1seq ur uone3aidde LBN AW 05 09 ,_T3w oz ‘v’ Hd
03 ouoid ss9[ a1 OOI puE OH Ylog LBN AW 0¢ 09,1 3w 0z ‘90z Hd (019]

SANWOH , 1 3W $2°'T pue
,,0D Jo 110dsuen pue 53} oy} saouaN[FUI LBN INW 80€~ 09 ;. 100L 3w #¢T ‘c’s Hd  spugdyouru NWIH-0OD
Anewdy PIm O Jo uonedar3deordnoHq LBN W 22¢~ 09 ,_1D0L 3w ¥¢1 ‘¢’s Hd 05
Sdnoid SN INWL £°0~ LBN AW 0€~ 051 [ 13w 0T ‘e'0 ¥ 'S Hd 4c-091
[BUONDUNJ JO UONINPAT JAISSIIONS YIIM O W £°0~ LBN W Sg~ 091, T3w o1 ‘c'0 7 7'S HA YI-0o1
SISEAIDIP IaTem Ul OO Jo AI[Iqels ayL LS INW L0~ LBN AW 002 09 18w 01 ‘c’0 ¥ ¢'s HA 0D

mubuamua_cm_m 0D Jo Aiqers 00c-C - +~M§ WW ¢'C DINW 6°¢ LEN W STT (VHYS) pIoe druuny] IaAR] dauuemns
o3 sasoxdwr vH Jo douasaxd ayg, g0-¢C LoeC 2SI W 6°0 AW €T LEN WW 7§ 09

SUOIIRIDOSSE 931Y3003-a31urjoey | 13 ¢

(BN W § ‘09 ;18w oz ‘6 HA

SUOLIRIOOSSE 31Y3003-a31urjoey | 13 ¢

soSTeIauru Ae[d pue LBN NW 1> ‘09 ,_T13w ot ‘s’s Hd

SOPIXO SNOIPAY [3IIM UONOBINUI ST oyurjoey | 13 ¢

Aq pasuanpjul aq [[IM SIUOZ UONISUEBI) LBN INW 02 ‘09 ;18w ot ‘c’s HA
[eimmsary-onenbe ur 0H jo 21eJ oYL, B0 W 8T LBN AW 0S 09 ;13w ot ‘6's Hd 09
£o197BM UL 0D JO KI[IqeIs oy} Saseatdul es6C 1280 INW 99°C LBN AW 0TT 18w st 0D
sdnoi3 o1Axoqred Jo uonoNpoNUI AYJ, N 280 W T¥ JBN NW S/T 138w st HOOD-09
SUOISN[OUOD LBN 03 LBN 0} DD suonIpuo) syD

1280 30 +NM2 J0
oneIDDD  OWEI DDD

"€V ¥P'T0 90-¢T-G20¢ U0 ppeojumoq "8T0¢ NUULLIOOND GT UO paystiand

SYD 4O (DDD) UOREAUSIUOD UoRINBROD 181D BY) JO SBNjeA € djqel

1309

Nano, 2018, 5, 1298-1340

Environ. Sci.:

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c7en01258f

Published on 19 cuoomannu 2018. Downloaded on 2025-12-06 01:44:43.

Critical review

5
2 =
S5 . 2 o
= O 3 B %R =
S o »n T O > o
a2t 25 TE  E
£33 .o
8% gz = g
BToeo0E §g§© 0©
>EN\O O = »
oS ~0 @ ) =]
Q_:OQ)N “— ‘@ =
0P S w C o =
@ SEe 22k 88 8
(=] °>,°-Q§E::v= E
Rt T sw9o.283 )
@ cwlo®BEL? =
= S SB RS s =0 >
o Oogu&s&o =)
= VEST SO Y o ]
1S S 8P EQ s &
o E2EEOCOERES =
Q
T+
=% m o
802 &
0% 8 S
2
=+
«©
"‘Nbb+m
822
0B e
EF “o
=R
=) ;
= =2 g
£ E o
n n -
S S =
(=] [=}
N +
T
2]
= oo =
g = =5 =)
< E E &
n ~N (=)
+
(2]
o *o te Z+“+m o
Z zZgwSzz Zg
s s55%2ZEs5s 32
E EEZZS8EE EZ
) £ ES8 =
) o ™ S o I
Q| « - = 0 = S ® n o
O | AN A F A — n
~
oo
2
=
in
$ RS IS 8
g gsss 7
o MR -
- oo _
a LY gd bn%
04 o & T T ~ g
£ g SE5 T o
o< Jdoo0 o
W QPR S JE
Sl2o- T.T.T -
.2 (SRR -
g OI.%“'gobobobo = =
=@ EEEE""\%‘D é‘“’
S|ETNocooco LI T
Ol & = = = = & uin [ToR="
3
(9]
3
£
= _
S o} a
S ©Q P
oL® 5
1) - = O
9 ez 2
%] T
3 2 ocb3%o o do
- &) O»>ZZ0 &) [CRG}

1310 | Environ. Sci.. Nano, 2018, 5, 1298-1340

effective in destabilizing the

GO suspension®®
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adsorbed onto the basal plane of GO through hydrophobic
interaction. The abundant carboxyl and hydroxyl groups
from the adsorbed NOM protrude into the water and make
the GO surface more hydrophilic. These structural character-
istics not only create a thermodynamically suitable surface in
water but also provide steric or electrostatic repulsion among
dispersed GO, providing them with excellent capacities to
disperse the hydrophobic graphene analogue.®” Electrostatic
repulsion can be judged by comparing the changes in sur-
face charge (ZP and EPM) of GO in the absence and presence
of NOM, since the surface charge of NOM is less negative
than that of GO. Generally speaking, ZP or EPM values in the
presence of NOM remain unchanged, indicating that the en-
hanced stability can be due to steric stabilization, not
electrostatic repulsion.®®®® If the changes in surface charge
do not correlate well with the changes in particle size, the
electrostatic interaction is not the only mechanism for parti-
cle stability.””®" The effect of NOM on the colloidal behavior
of GAs and the corresponding mechanisms in the literature
are listed in Table 5.

SRHA is widely employed as a model to investigate the im-
pact of NOM on GO stability. It is well established that the
addition of SRHA reduces the aggregation of GO in NacCl,
MgCl, and CaCl, solutions. Jiang et al®*® reported that the
addition of 1.7 mg L™ Aldrich humic acid (AHA) made the
CCC value of GO increase from 67 to 220 mM for NaCl and
from 1.4 to 2.2 mM for CaCl,. Chowdhury et al.*® reported
that the addition of 5 mg L™ SRHA increased the CCC of GO
from 44 to 125 mM for NaCl, from 1.2 to 3.9 mM for MgCl,,
and from 0.8 to 2.2 mM for CaCl,. Accordingly, the signifi-
cance of stability enhancement by HA is largely dependent
on the concentration and the type of background electrolyte.
Generally speaking, when the background cation is Na'/K"'
with a low concentration, the stability enhancement effect of
NOM is not significant. In this case, NOM has a negligible ef-
fect on the EPM and HD of GO. When the background cation
is Na'/K" with a high concentration, the stability enhance-
ment effect of NOM is very significant. In this case, NOM
has no obvious effect on the EPM of GO while it decreases
the HD of GO, so NOM stabilizes GO via steric repulsion.
When the background cation is Na'/K" with an extremely
high concentration, NOM may fail to inhibit the aggregation
of GO. In a solution containing 31.6 mM KClI, the presence
of 1 mg L™ SRHA was found to significantly decrease the HD
of GO from 1598.1 + 105.1 to 573.7 + 56.1 nm.”* At 20 mM
NaCl, the presence of tannic acid (TA) was reported to sup-
press the GO aggregation; meanwhile at 200 mM Nacl, the
adsorption bridging effect of TA was more significant than
its steric effect, which leads to TA failing to inhibit the aggre-
gation of GO via the formation of GO-TA-GO aggregates
(Fig. 11).°®> When the background cation is Ca*>'/Mg>*, NOM
shows lower effectiveness in stabilizing GO or even facilitates
the aggregation of GO. In this case, two opposing processes
govern the interactions of NOM with GO (Fig. 3). First, NOM
can bind with GO, which provides steric repulsion and in-
creases the stability of GO. Second, NOM can facilitate

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Electrophoretic mobility (EPM) and hydrodynamic diameter of GO as a function of the cation concentration of H* (A; and A,), monovalent
metal cations (B; and B,), divalent metal cations (C; and C,), and trivalent metal cations (D; and D,).”* Reprinted with permission from ref. 71.

Copyright 2016, American Chemical Society.

binding with GO functional groups in the presence of diva-
lent (Ca*>*, Mg®*) cations, which can increase the aggregation
of GO and reduce its stability. Either of the above-mentioned
two opposing processes plays the dominant role depending
on the experimental conditions. Lanphere et al.”® reported
that although the presence of 1 mg L' SRHA decreased the
HD of GO in a solution containing 1 mM CacCl, from 2797.8

This journal is © The Royal Society of Chemistry 2018

+ 211.6 to 1556.4 = 182.2 nm, it cannot prevent the aggrega-
tion of GO. Chowdhury et al.>® found that in synthetic sur-
face water containing Mg®>* and Ca®', the addition of 5 mg
L™" SRHA improved the short-term stability of GO but did not
improve the long-term stability of GO. Two modalities of GO
aggregation and breakage in the presence of Mg?*/Ca** with
NOM (Fig. 12) were reported.”

Environ. Sci.. Nano, 2018, 5, 1298-1340 | 1311
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Besides the concentration and type of cations, the solution
pH value also affects the stabilizing efficiency of SRHA. Hua
et al.”> observed that in the presence of SRHA with Mg>',
both the EPM and HD of GO decreased as the pH value in-
creased from 5 to 7 and increased as the pH value further in-
creased from 7 to 9. Accordingly, in the presence of Mg,
SRHA can enhance the GO stability in an acidic solution and
reduce the GO stability in an alkaline solution. The enhance-
ment is due to the steric hindrance of HA surpassing the
EDL compression induced by Mg>". The reduction is due to
the desorption of HA which weakens the steric hindrance
and electrostatic repulsion. Meanwhile, SRHA cannot stabi-
lize GO in a solution containing Ca®>" at pH 5-9.”* This is be-

Table 4 Physicochemical properties of the tested cations and their CCC
for GO™

Hydration Ratio of

Metal Ionic shell CCC CCC to
cations radius (A) thickness (A) Electronegativity (mM) CCCya
Na* 0.95 2.63 0.93 36 1

K 1.33 1.98 0.82 28 0.778
Ag' 1.26 2.15 1.93 19 0.528
Mg>*  0.65 3.63 1.31 1.5 274
Cca* 0.99 3.13 1.01 1.35 27477
cd** 097 3.29 1.69 1.3 2747
cu*t  0.72 3.47 1.90 0.725 2763
Pb* 1.32 2.69 2.33 0.3 27697
crt 0.64 3.48 1.66 0.085 377306

1312 | Environ. Sci.: Nano, 2018, 5, 1298-1340

cause a higher pH would accelerate HA deprotonation and fa-
cilitate the bridging effect of Ca®>" on the HA adsorbed on the
GO surface.

The NOM character especially aromaticity also has a sig-
nificant impact on the stabilizing efficiency of NOM. A recent
study suggested that the stabilization power of NOM followed
the order AHA > SRHA > SRFA in the presence of NaCL.**
The differential stabilization capacity of NOM could be
explained by the conformational and structural characteris-
tics of the adsorbed NOM layers by inducing steric hin-
drance, as determined by both the NOM affinity to GO and
the adsorbed layer thickness.”® Hyung and Kim®* and Ken-
nedy et al.”® attributed the greater stabilization effectiveness
of HA than FA to its higher aromaticity and molecular mass.
Additionally, the stability capacities of NOM vary with the
NOM concentration. The high(er) concentrations of NOM in
aqueous environments will likely further enhance the stabil-
ity of GO sheets. As the concentration of AHA increases from
1.7 mg L™ to 2.7 mg L™, Qi et al.** reported that the CCC
value of GO for NaCl increases from 1354 to 1572 mM, and
Jiang et al.*° reported that the CCC value of GO for NaCl in-
creases from 220 to 267 mM. The aggregation of GO in 0.5
mM Ca** can be completely inhibited by 10 mg L™ SRHA.**

In a word, the stability efficiencies of NOM on GAs vary
with the solution chemistries (e.g., solution pH, IS, and
complexing cations), since the structure and conformation of
NOM are pH-, IS-, and cation-dependent. NOM is more flexi-
ble and expanded under higher pH and/or lower IS, and

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 TEM, selected area electron diffraction (SAED) and element mapping pattern of GO aggregates in the presence of Na* (A), Mg?* (B) or Al®*
(C) electrolyte (Na*: 50 mM, Mg?*: 1 mM, A®*: 0.1 mM and GO: 20 mg L™%).%” Reprinted with permission from ref. 67. Copyright 2017, Elsevier.

becomes more rigid and compact at lower pH and/or higher
IS. Multivalent complexing cations (e.g., Ca**, Mg>*) could
also cause intra-molecular contraction or intermolecular ag-
gregation of NOM due to charge neutralization and cation
bridging.”® Besides, the solution pH, IS and complexing cat-
ions will affect the interaction of NOM with GO. For example,
the adsorption of NOM on GO decreases with increasing pH.
Ca®, as a bridge, could connect the HA polymers to the sur-
face of GO by interacting with the carboxylic and hydroxyl
groups on HA and GO (Fig. 13). When attempting to predict
the fate of GAs as a function of NOM in a natural aquatic en-
vironment, the change of salinity cannot be ignored. The cat-
ions (Mg>*, Ca*>", Fe**, etc.), which can specifically bind with
the acidic functional groups of NOM and GAs, will influence
the adsorbed NOM layer characteristics and the NOM-NOM,
NOM-GA, GA-GA interaction, and thus affect the stability ca-
pacity of NOM. In most of the above-mentioned studies, the
concentration of NOM varies from 1 to 10 mg L™ total or-
ganic carbon (TOC), which captures the typical range of NOM
concentrations in ground and surface waters. The informa-
tion on the stabilization capacity of NOM with a concentra-
tion beyond this range is not available.

Effect of natural colloidal particles

In natural systems, the concentrations of naturally occurring
colloids are typically several orders of magnitude higher than
those of GO, ranging from 1 to 20 mg L™ in freshwaters,
marginally lower in seawater, and higher in soil solutions.®”

This journal is © The Royal Society of Chemistry 2018

Upon release into waters, sediments, and soils, GAs may
interact with fine natural colloidal particles via electrostatic
interaction, hydrogen bonding, Lewis acid-base interaction,
van der Waals forces and hydrophobic interaction.®® Hydro-
phobic interaction may not be the dominant force for
GO-colloid association due to the high hydrophilicity of GO.
Heteroaggregation with natural colloids is therefore likely to
control the fate, transport, and bioavailability of GO sheets. In
principle, heteroaggregation processes of GO with environ-
mentally relevant natural colloidal particles of nano- or micro-
size may be of more environmental importance as compared
to homoaggregation between GO sheets.”® However, due to the
lack of analytical techniques or strategies to investigate hetero-
aggregation processes, there are only a few studies investigat-
ing heteroaggregation processes in the laboratory. In the cur-
rent situation, the heteroaggregation between GO and
nanometer-sized colloids can be quantified by dynamic light
scattering, while the heteroaggregation between GO and
micrometer-sized colloids can be characterized through batch
adsorption and sedimentation experiments. Overall, the
hetero-mixtures in such studies show lower stability compared
to their homogeneous suspensions under similar electrolyte
conditions. The heteroaggregation of GO with natural colloids
would reduce the mobility of GO in aquatic environments. In-
deed, Wang's group found that the presence of Al,O;, layered
double oxides, TiO,, MgO, ZnO, and Mg/Al layered double hy-
droxides (LDHs) significantly decreases the residual GO con-
centration in the supernatant.®*°°7'°* By employing plane-
wave-based density functional theory calculations, Wang's

Environ. Sci.: Nano, 2018, 5, 1298-1340 | 1313
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Fig. 10 (A) Effect of polyacrylic acid (PAA) concentration on GO sediment: adding PAA, GO and background electrolyte at the same time; (B) PAA-
mediated re-dispersion of GO aggregates: adding PAA after background electrolyte inducing GO sediment. Cigoyinitiat = 20 mg L™, pH = 5.0 + 0.5.
The concentrations of cations used to induce GO aggregation are 50 mM NaCl, 50 mM KCl, 1 mM MgCl,, 1 mM CacCl, and 0.1 mM AICls. (C) Sche-
matic diagram of the PAA effect on GO sediment; (D) schematic diagram of PAA-mediated re-dispersion of GO aggregates.®” Reprinted with per-

mission from ref. 67. Copyright 2017, Elsevier.

group®® stated that hydrogen bonds and electrostatic interac-
tions are the dominant heteroaggregation mechanisms of GO
with LDHs (a special positively charged mineral clay) from
aqueous solutions (Fig. 14).

In addition, heteroaggregation of GO with several other
mineral clays including montmorillonite, goethite, kaolinite,
and hematite has been investigated recently.’®””7*1% For
positively charged goethite and hematite, the hetero-
aggregation with GO is electrostatically favourable and occurs
through electrostatic attraction. In these cases, the hetero-
aggregation processes are governed by an electrostatic
patching effect, resulting in a flat configuration of hetero-
aggregates. For negatively charged montmorillonite and kao-
linite, the heteroaggregation with GO is electrostatically
unfavourable due to the strong electrostatic repulsion. Zhao
et al.® observed no adsorption of GO on montmorillonite
and kaolinite, indicating the absence of heteroaggregation
between GO and montmorillonite/kaolinite. Meanwhile, Yang
et al.'® observed the heteroaggregation of GO with kaolinite.
They attributed this to charge repulsion being overcome by
Lewis acid-base and hydrogen bonding interactions. Huang

1314 | Environ. Sci.: Nano, 2018, 5, 1298-1340

et al.®® demonstrated that heteroaggregates between GO and
kaolinite can be formed at pH below pHp,c of kaolinite.
The discrepancy may be due to the inconsistent experimen-
tal conditions especially the different sizes and surface
charges of the employed kaolinites. Feng et al’’ investi-
gated the heteroaggregation of GO with nanometer- and
micrometer-sized hematite colloids and found that the size
of hematite affects the stability of GO-hematite hetero-
aggregates. Accordingly, the physicochemical properties of
natural colloids play an important role in their hetero-
aggregation with GO. In addition, recent studies demon-
strated that the concentration ratio of the negatively
charged colloid to the positively charged colloid (e.g., silver
and hematite,’®® carbon nanotubes and hematite,'®” and
n-CeO, and pyrogenic carbonaceous materials'®®) played an
appreciable role in their heteroaggregation rates and the
conformation of heteroaggregates. Indeed, Feng and co-
workers”” established that the trends in the variation of the
heteroaggregate growth rate were dependent on the GO/he-
matite ratio. Generally, the heteroaggregate growth rate in-
creases with an initial increase in the GO/hematite ratio,

This journal is © The Royal Society of Chemistry 2018
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Table 5 Summary of laboratory studies on the effect of NOM on the aggregation of GAs

NOM Conditions EMP/ZP HD GA stability Mechanism and ref. CCC
SRHA No effect | t Steric repulsion®® 125 mM NacCl
SRHA pH7,40mgL™" 1 | 1 Electrostatic repulsion, steric repulsion
GO, 10 mg L™ (predominant)””
SRHA 25mg L' GO,  Negligible | 1 Steric repulsion”?
31.6 mM KCl, effect
0.1-10 mg L™"
SRHA
SRHA 5mg L' SRHA, No t Steric repulsion®® 125 mM
40 mg L' GO,  significant NaCl, 2.2 mM
pPH 5.5 effect CacCl,, 3.9
mM MgCl,
SRHA Synthetic surface Short term stability ~ First, SRHA can bind with GO which
water, 5 mg L™ of GAs 1; long term  provides steric repulsion and increases
SRHA, 10 mg L™ stability of GO and stability. Second, SRHA can facilitate
rGO fully rGO | binding with GO functional groups in the
presence of divalent (Ca®", Mg**) cations,
which can increase aggregation of GO
flakes and reduce stability>”
SRNOM 0.57 mg TOC | 1 Steric and electrostatic repulsion forces*’ 95 mM NacCl
L™, pH 7.0, 1
mg L™ FLG
Low-molecular-weight No | 1 Steric repulsion®”
organic acids significant
effect

reaches a maximum at an optimal GO/hematite ratio, and
then decreases as the GO/hematite ratio is further in-
creased. At a low GO/hematite ratio, multiple hematite
nanoparticles attached to the surface of GO, forming a
small amount of large heteroaggregates; at an intermediate
GO/hematite ratio, GO served as a bridge between hematite
nanoparticles, forming primary heteroaggregates; at a high
GO/hematite ratio, hematite was wrapped by GO, forming
stable GO-hematite nanohybrids. Therefore, the concentra-
tions of both GO and natural colloids need to be accounted
for during the assessment of the mobility of GO. In contrast
to the heteroaggregation of GO with colloids, the dissolu-
tion of colloids at environmentally relevant pH values has
no obvious effect on GO stability and can be neglected.®®
The deposition of GO occurs when GO sheets collide with
and are sorbed onto an immobile surface in a complex sub-
surface environment. Relative to the GO sheets, these mineral
and soil surfaces can be considered infinitely large particles
and therefore this kind of deposition can be studied as a

form of heteroaggregation. Several studies have monitored
the deposition of GO using a quartz crystal microbalance
with dissipation monitoring. Typically, Chowdhury and co-
workers®®'% have monitored the deposition and release of
GO onto environmental surfaces including silica-, poly-L-
lysine-, SRHA-, SRFA-, alginate-, and aluminium oxide-coated
surfaces. They found that the deposition and the release of
GO onto these surfaces were dependent on the GO concentra-
tion, IS, cation nature, and physicochemical properties of the
surface. Due to multiple orientation deposition and multi-
layer formation, a significantly higher mass of GO was depos-
ited on NOM-coated surfaces than aluminum oxide-coated
surfaces.”® The deposition of GO on these environmental sur-
faces is highly reversible, so it is possible to release and re-
mobilize the deposited GO from these surfaces in a natural
aquatic environment. Photo-transformation caused by sun-
light will decrease the deposition of GO on many environ-
mental surfaces and reduce remobilization of GO in aquatic
environments.'*’

Fig. 11 Configurations of the graphene-tannic acid-graphene (GN-TA-GN) aggregate.®® Reprinted with permission from ref. 65. Copyright 2017,

American Chemical Society.

This journal is © The Royal Society of Chemistry 2018
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ubiquity.72 Reprinted with permission from ref. 72. Copyright 2015, Elsevier.

Most of the studies on heteroaggregation were carried out  heteroaggregation of GO in a more complex system
in simple aqueous-solid systems. However, in a real natural  containing clay minerals (kaolinite) and metal (hydr)oxides
environment, more than one kind of colloid is usually associ-  (goethite).®® The kaolinite-goethite associations show higher
ated with another. There is only one study investigating the  ability to aggregate GO than kaolinite (Fig. 15A). The increase

1316 | Environ. Sci.: Nano, 2018, 5, 1298-1340 This journal is © The Royal Society of Chemistry 2018
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Fig. 13 Diagrams of the impact of NOM on GO stability.

in the content of goethite in kaolinite-goethite associations
decreases the stability of GO. Similar to the hetero-
aggregation of GO with kaolinite, the possible hetero-
aggregation between GO and kaolinite-goethite associations
occurs via kaolinite-goethite associations interacting with the
edge of GO sheets and then wrapped by GO at pH < pHpyc of
kaolinite-goethite associations (Fig. 15B and C). The hetero-
aggregation of GO with kaolinite-goethite associations is de-
pendent on IS, pH and GO concentration. The increase in IS
and the decrease in pH will reduce the energy barrier be-
tween GO and kaolinite-goethite associations, facilitating the
occurrence of heteroaggregation. With increasing GO concen-
tration, more large-size GO can efficiently wrap kaolinite-goe-
thite associations, hindering the occurrence of hetero-
aggregation. These findings are valuable in understanding
and predicting the fate of GO in relatively complicated
aquatic and soil environments.

Effect of both toxic heavy metal ions and natural colloidal
particles

Due to its special physicochemical properties including an
extremely large surface area to mass ratio, abundant
oxygen-containing functional groups, high negative charge
density, and stable stability in aqueous solutions, GO is
found to work effectively in removing a range of heavy
metal ions and radionuclides.**** When GO is employed
as an adsorbent for heavy metal ion or radionuclide re-
moval, heavy metal ions or radionuclides may come into
contact with GO in a common occurrence. The adsorbed
heavy metal ions or radionuclides will have an important
influence on the fate and mobility of GO. Recently, several
groups have studied the effect of coexisting heavy metal
ions or radionuclides on the heteroaggregation behavior of
GO with natural colloidal particles. Wang’s group'** studied
the heteroaggregation behavior of GO with TiO, in the co-

This journal is © The Royal Society of Chemistry 2018

existence of Cu(n) and found that the presence of Cu(u) en-
hanced GO deposition onto TiO,. Recently, Sheng's
group''>™® carried out a series of studies about GO deposi-
tion onto LDHs in the presence of a radionuclide (e.g.,
Eu(m)) or a heavy metal ion (e.g., Cu(u)). They found that
the metal ion or radionuclide could enhance the deposition
of GO onto LDHs by the formation of LDH-cation-GO ter-
nary surface complexes. Collectively, these studies might fa-
cilitate the evaluation of the potential physicochemical be-
havior of GO after being used as a contaminant carrier in
natural aquatic environments.

Aggregation behavior of graphene
and rGO in aquatic environments
Prevention of graphene aggregation

Due to their strong tendency to form irreversible agglomer-
ates or even restack to form graphite, graphene sheets are un-
likely to be stable in water. In contrast to GO, only a few stud-
ies characterized graphene aggregation behavior in aquatic
environments. Findings suggest that the aggregation behav-
ior of graphene can be affected by the graphene concentra-
tion, particle size, ambient water, visible-light irradiation and
low-molecular-weight organic acids.>**°> FLG agglomerates
formed rapidly in deionized water at concentrations higher
than 3 mg L', and smaller FLG sheets with lateral sizes of
25-75 nm agglomerated more slowly than larger ones.*® The
hydration and irradiation weakened the aggregation of
graphene.” Graphene was found to be more stable in the
presence of low-molecular-weight organic acids (benzoic acid,
gallic acid).””

Since the formation of stable aqueous graphene disper-
sions is important for many applications, many studies con-
centrated on the prevention of graphene aggregation. The
liquid-phase exfoliation of more pristine forms of graphite in
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Fig. 14 Optimized geometrical structures and coagulation processes of GO on layered double hydroxides (LDHs).°® Reprinted with permission
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the presence of a surfactant is widely employed to prepare
relatively defect-free graphene. A low concentration of
graphene on the order of 0.01 mg mL™ can be stabilized by
ionic surfactants."’”"** Lin et al.'*® investigated the disper-
sion stability of graphene in the presence of ionic surfactants
by molecular simulation, theoretical modelling, and experi-
mental measurements. The corresponding results disclosed
that the steric hindrance was more crucial than electrostatic
interactions in graphene dispersion. For a high concentration
of graphene up to about 1 mg mL™, Guardia et al.** found

1318 | Environ. Sci.: Nano, 2018, 5, 1298-1340

that nonionic surfactants were more effective in comparison
with ionic counterparts and pointed out that steric repulsion
was more efficient than electrostatic repulsion. The stability
of graphene dispersed in an aqueous surfactant solution is
influenced by the amount, charge, and morphology of the
adsorbed surfactant. Hsieh et al.'®® systematically explored
the relation between surfactant adsorption and the disper-
sion stability of graphene. They found the adsorption of so-
dium dodecyl sulfate (SDS) on graphene can be divided into

four stages, including isolated monomer adsorption,

This journal is © The Royal Society of Chemistry 2018
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monolayer adsorption, surface micelle formation, and bulk
micelle formation (Fig. 16). SDS concentrations, above the
onset of monolayer adsorption on graphene (i.e., =40 uM),
are sufficient to achieve colloidal stability in aqueous
graphene dispersions. Besides surfactants, polymers are also
used to assist aqueous-phase exfoliation of graphite for the
scalable production of graphene without oxygen containing
groups and defects."®® Bourlinos et al.'*’ reported that the
aqueous-phase exfoliation of graphite in the presence of poly-
vinylpyrrolidone resulted in a stable aqueous dispersion
containing solubilized graphene (Fig. 17). Additionally, a few
studies have focused on the role of macromolecules in
graphene stability. Recently, it was found that DNA not only
enhanced the water solubility and the dispersion of graphene
by the formation of a DNA/graphene hybrid (Fig. 18) but it
was also used for specific DNA-DNA hybridization, which is
an essential requirement for biological applications of
graphene."”® By employing MD simulations, it was found that

This journal is © The Royal Society of Chemistry 2018

oligodeoxynucleotides could prevent graphene aggregation by
the disruption of interlayer van der Waals force.'*® Without
the aid of either polymeric or surfactant stabilizers, Li et al.*
obtained stable aqueous graphene dispersions successfully
by controlling the chemical conversion of GO.

It is reported that external forces such as sonication, me-
chanical shear force, and milling could provide the activation
energy to weaken layer-to-layer van der Waals force between
the layered graphene sheets in the presence of a suitable sta-
bilizing agent, thus resulting in a well-dispersed graphene
suspension.®® Knieke et al."*° reported that 25 g L™ of mono-
and multi-layer graphene sheets can be produced by stirred
media milling. Paton et al.™*' reported that large quantities
of defect-free graphene suspensions can be produced by
shear mixing. Yang et al.'**> showed that stirring could induce
graphene aggregation in solvents such as benzene, toluene
and xylene, which led to reversible agglomeration and folding
of graphene sheets.
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Aggregation behavior of rGO

Due to the specific reduction approaches used, commercially
available rGO will vary remarkably in the concentration, type
and distribution of surface oxygen functionalities. The reduc-
tion results in four possible consequences: (1) considerable
losses of surface oxygen functionalities; (2) a significant in-
crease in the hydrophobicity of GO; (3) partial restoration of
the graphitic structure of GO, enhancing the n-n stacking of
GO sheets; (4) the presence of cationic groups in hydrazine-
reduced GO. All of these increase the aggregation tendency of
rGO. Gudarzi®® attributed the origin of the low stability of
rGO to the high van der Waals forces among rGO sheets, and
particularly, to the removal of negatively charged groups, and
possibly the formation of some cationic groups during reduc-
tion. Chen's group®>'** mainly attributed the increased ag-
gregation tendency of rGO to the increased hydrophobicity,
not to the decreased surface charge negativity. The discrep-
ancy may be due to different study protocols.

The reduction degree and the solution chemistry have a
significant impact on the aggregation tendency of rGO. In
systems dominated by monovalent cations, the aggregation
tendency of rGO correlates well with the degree of reduction.
Chowdhury et al.>® reported that the aggregation rate of 1GO
increased in the order rGO-5h (fully reduced) > rGO-2h
(intermediately reduced) > rGO-1h (partially reduced). Mean-
while, in systems dominated by multivalent cations capable
of forming complexes with surface oxygen functional groups
of GO (e.g., Ca®"), the aggregation tendency of rGO can corre-
late poorly with the degree of reduction but strongly with the
type and amount of surface oxygen functionalities, which de-
termine the nature and strength of interactions between rGO
and multivalent cations.

Due to the significant decrease in the concentration of
surface oxygen functional groups, the findings from the stud-
ies on the aggregation and stability of GO as a function of so-
lution chemistry including pH, IS, cation valence, and NOM
will be not applicable to rGO. In contrast to GO, pH values
have a great influence on rGO stability. In aqueous media,

/ A
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rGO sheets are dispersible only above a pH value of 8.>”> At
a matching pH, rGO sheets aggregate at a much lower IS
compared to GO. The aggregation of rGO induced by Ca**
ions is not as significant as that observed for GO. In the
presence of Ca®>*, NOM shows greater effectiveness in
inhibiting the aggregation of rGO, since rGO has fewer sur-
face functional groups than GO, binding with Ca®>" in the
presence of NOM.> The findings further underline the sta-
bility of nanomaterials being controlled by the complex inter-
play between nanomaterial surface properties and solution
chemistry factors.

Aggregation behavior of GAs in natural and synthetic waters

The conditions in natural aquatic environmental systems are
very complex. Surface water and groundwater environments
include a complex mixture of ions (e.g., Na*, K", Mg>*, Ca>",
Cl', HCO;", and SO,>") and NOM, which can have a signifi-
cant impact on the stability of GAs.>*>>®* Currently there are
several studies that investigate the effects of complex solution
chemistry found in surface water and groundwater environ-
ments on the stability and behavior of GAs. For example,
Chowdhury et al.*® studied the initial aggregation kinetics of
GO for 60 min and the long-term stability of GO over 28 days
in natural and synthetic waters including Call's Creek water,
Oconee wastewater, synthetic surface water and synthetic
wastewater. They found that the stability of GO both over very
short time frames and over longer time scales depends on
the water type. They pointed out that the initial aggregation
kinetics data cannot predict the long-term stability of GAs in
natural aquatic environments. In another study, they investi-
gated the long-term stability of rGO in Call's Creek water,
synthetic surface water, synthetic groundwater, wastewater
treatment plant effluent, and synthetic wastewater and
showed that the combination of NOM and divalent ions
played major roles in the stability of rGO.”> Similarly,
Lanphere et al.”* found that there was a significant difference
between the behavior of GO in groundwater and surface wa-
ter systems, since groundwater and surface water systems
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Fig. 16 Schematic representation of the four stages of sodium dodecyl sulfate (SDS) adsorption onto functionalized graphene: (i) adsorption of
isolated surfactant monomers, (ii) adsorption of a surfactant monolayer, (iii) formation of hemi-cylindrical surface micelles, and (iv) formation of
micelles in bulk solution. Also indicated are the critical surface aggregation concentration and the critical micelle concentration. The functionalized
graphene schematic shows oxygen functionalities (red), 5-8-5 and 5-7-7-5 topological defects (yellow), and lattice vacancies (pink).>> Reprinted
with permission from ref. 125. Copyright 2013, American Chemical Society.
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had different concentrations of hardness (e.g., Ca®>" and
Mg>") and NOM. Recently, Su et al.*® characterized the sedi-
mentation kinetics of FLG in eight ambient waters (i.e., East
China Sea, Yangtze River, Beihai Lake, Qinghai Lake, Bapai
Spring, Daijia Deng Spring, wastewater treatment plant influ-
ent and wastewater treatment plant effluent) (Fig. 19) and
found that besides the water type (relating to IS and NOM),
the concentration of FLG had a notable influence on the sta-
bility of FLG. Our group® systematically studied the sedi-
mentation kinetics of GO in three natural surface waters col-
lected from Dongpu Lake, Nanfei River and Chaohu Lake in
Hefei City (Fig. 20). We found that water hardness (i.e., the
concentration of Ca®" and Mg”*) played a key role in the sedi-
mentation processes and that NOM in the three natural sur-
face waters was not high enough to stabilize GO. As a result,
GO may be much less stable and mobile in Dongpu Lake,
Nanfei River and Chaohu Lake than expected. In another
study,®* we observed that when GO sheets were in Dongpu
Lake water, synthetic groundwater, synthetic surface water,
and tap water, they settled down to the bottom of the bottle
(Fig. 21). In a word, the fate of GO in natural aquatic environ-
ments are a complex function of many factors. In order to
more accurately assess the environmental impact and the
ecological risk of GAs, the colloidal properties of GAs should
be investigated under environmentally relevant conditions.

GAs in comparison with other carbonaceous nanomaterials

Carbonaceous nanomaterials mainly include three types of
stable forms, namely fullerene (Cgo), carbon nanotubes
(CNTs), and graphene (or GO). Different extents of sp® (ali-
phatic) or sp” (aromatic) hybridization of the carbon atoms
in the carbonaceous nanomaterials lead to different bonding
and ring structures. The defect-free Cgo in enclosed cage-like
structures is composed of twelve 5-member rings (sp*) and
an unspecified number of 6-member rings (sp>). As the 2D
counterpart of naturally occurring 3D graphite, graphene is a
hypothetical infinite aromatic sheet with sp* hybridization of
the carbon atoms. The CNT structure can be considered to
stem from the folding of one or several graphene sheets (sp>
hybridized carbon) aligned in a concentric manner. GO can
be regarded as the oxidized graphene with the basal planes
decorated mostly by epoxide and hydroxyl groups and the
edges by carbonyl and carboxyl groups. This topological varia-
tion results in different physicochemical properties (e.g.,
morphology, size, specific surface area, functional groups,
surface charge, polarity, and so on) among carbon nano-
materials and different interactions of the carbon nano-
material substrates with themselves or with guest molecule
media (e.g., aqueous media, porous media) and consequently
variation in aggregation and deposition behavior. The huge dif-
ference in physicochemical properties of Cgy, CNTs, and GO re-
sults in fundamental differences in the interfacial-interaction
characteristics of these carbon nanomaterials in aquatic envi-
ronments. Therefore, the factors controlling the colloidal prop-
erties of carbon nanomaterials can be classified into peculiar

This journal is © The Royal Society of Chemistry 2018
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factors and common factors. The common factors include pH,
IS, cation nature, NOM and sunlight (or UV) expo-
sure.”®7>110:134 The peculiar factors for Ce, include preparation
methods,"** size (hydroxylation degree),"*® and ozone.'®” The
peculiar factors for CNTs include synthesis methods,"*® chiral
literature,"*® diameter,'*° surface oxidization degrees,'*' and
purification.'** The peculiar factors for GO include the reduc-
tion degree,*” lateral size,*’ and layer."**

The distinct differences in the physical shape and surface
chemistry of GO compared to those of Cg, and CNTs lead to
the colloidal properties of GO, in response to common fac-
tors, differing distinctly from those of other carbonaceous
nanomaterials. GO is more resilient than Cq, and CNTs to
changes in solution chemistry (e.g., pH, IS) that favor aggre-
gation and deposition of Cgo/CNTs. Specially, unlike Cq hav-
ing to undergo solvent exchange or sonication and CNTs re-
quiring the addition of stabilizing reagents, GO can possess
negative surface charges and is stable in relatively wide
ranges of environmental conditions. Its relatively hydrophilic
nature makes GO more mobile than Cg, and CNTSs, even the
surface oxidized ones. In the case of GAs, the stability of GO
is higher than that of rGO in aqueous solutions. Although
the shapes of CNTs and GO are not spherical, their aggrega-
tion and stability in aquatic environments are found to follow

135

Fig. 17 Top: The Tyndall scattering effect is seen in the left image for
the aqueous colloidal dispersion of graphite after settling and
centrifugation (0.1 mg ml™). The cuvette on the right shows the
optical transparency of the same dispersion. Bottom: Schematic model
of polyvinylpyrrolidone-coated graphene.127 Reprinted with permission
from ref. 127. Copyright 2009, Elsevier.
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colloidal theory, including DLVO theory and the Schulze-
Hardy rule, as Cg, does.>®58143

It is reported that the aggregation of CNTs could be de-
creased in the presence of NOM (SRHA), polysaccharides (al-
ginate), proteins (bovine serum albumin), and cell culture
medium (Luria-Bertani broth)."** TA also shows the ability to
stabilize the CNT suspension via steric repulsion.'*® It is
likely that a stable graphene or rGO suspension might be
obtained in the presence of the above-mentioned macromole-
cules due to the structural similarity of graphene or rGO with

1322 | Environ. Sci.: Nano, 2018, 5, 1298-1340

CNTs. Additionally, Zinchenko et al.**® found that long-chain
DNA-chitosan complexes can be employed to entrap Ce, and
CNTs and to remove Cgo and CNTs from water by centrifuga-
tion, filtration, or decantation; similarly, decontamination
from GO can be achieved by other combinations of low-cost
natural (e.g., alginic acid, chondroitin sulfate, etc.) or syn-
thetic (e.g., poly(acrylic acid), carboxymethyl cellulose, etc.)
polyelectrolytes with DNA. Besides, due to their great water
solubility and hydrophobic central plane, the GO sheets can
disperse carbonaceous nanomaterials including Cg,

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c7en01258f

Published on 19 cuoomannu 2018. Downloaded on 2025-12-06 01:44:43.

Environmental Science: Nano

50 pg/L FLG

cre,

c/c,

0.0 T T

0 5 10 15 20 25 30

Time (d)

o FEast China Sea
< Bapai Spring

0 Yangtze River
& Daijia Deng Spring

¢ WWTP influent

View Article Online

Critical review

T T T
~ 10’4
z o %
g o .
5 ¢
S 10'y 71 3
S T I s
g Lo
Q
£
B
© 10 ; : =
10" 10’ 10' 10° 10°
Total Ionic Strength (mmol/L)
Beihai Lake v Qinghai Lake

0 WWTP effluent
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Reprinted with permission from ref. 40. Copyright 2016, Elsevier.

graphene and CNTs to form stable suspensions via the mech-
anism of strong n-7 interaction.>*>°

Transport and deposition behavior of
GAs in porous media

A key process of nanomaterial exposure is infiltration from
the point of nanomaterial release to the subsurface system. A
number of laboratory studies have reported that the mobility
of GAs in porous media is controlled by several subsurface
environmental factors, including solution chemistry (e.g., IS,
cation type, NOM, and pH), hydrodynamic factors (e.g., flow
rate, moisture content), particle concentration and surface
properties, and media characters (e.g., grain size, surface po-
tential). In the following subsections, we will elaborate the
factors in the column system affecting the transport and re-
tention of GAs. It is possible that a combination of several

This journal is © The Royal Society of Chemistry 2018

processes, such as dissolution, homoaggregation, hetero-
aggregation, straining, and deposition, is responsible for the
high retention of nanoparticles.

Effect of pH

Under unfavorable attachment conditions, pH affects trans-
port mainly by masking the heterogeneities of grain surfaces
(e.g., metal oxides). DLVO profiles show that solution pH has
very small effects on the depth of secondary minimum for
rGO transport in quartz sand,*® little effect on the interac-
tion force/energy between the carboxyl-functionalized
graphene and the two types of sand (ie., acid-cleaned and
natural sand),""” negligible effects on the depth of the sec-
ondary minimum energy well and only small effects on the
repulsive energy barrier between particles and collectors for
the transport of GO in quartz sand.'”® By comparing the
breakthrough curves, Qi et al.**®'*° observed that increasing
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Fig. 20 (A) Sedimentation kinetics of GO sheets in the three natural surface waters collected from Dongpu Lake (B), Nanfei River (C), and Chaohu

Lake (D).®” Reprinted with permission from ref. 67. Copyright 2017, Elsevier.

the pH resulted in slightly enhanced transport of GO in Lula
soil, had a negligible effect on pre-cleaned Sigma sand,
and had a small effect on the transport of GO in quartz
sand. The author attributed the small enhancement in
transport to the effects of pH on soil grains and concluded

that the major mechanism affecting the transport of GO in
quartz sand is the deposition in the secondary minimum.
Similarly, Liu et al.**’ reported that the increase in solution
pH can enhance the mobility of carboxyl-functionalized
graphene in natural sand media. They attributed the lower

2-4
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Fig. 21 (A) Visual images of GO in the absence and presence of Al,Os in different waters. (B) Concentrations of the residual GO sheets in the
supernatant as a function of cation types and concentrations in the absence and presence of Al,Oz in natural and synthetic waters. Cgoyinitiat = 6
mg LY, m/V =10 g L* (i.e., Al,O3 concentration).®* Reprinted with permission from ref. 84. Copyright 2014, American Chemical Society.
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deposition to the influence of solution pH on the surface
charges of media. As for the transport of rGO in saturated
quartz sand, the pH effects are largely dependent on the
background cation type. Xia et al.'** reported that when the
background electrolyte was Na', increasing the pH value from
5 to 9 had a drastic effect on the transport of rGO mainly by
affecting the EDL properties of sand grains; meanwhile when
the background electrolyte was Ca”’, the pH effect was negli-
gible due to Ca®" bridging. Findings show that mathematic
models based on the advection-dispersion-reaction equation
could be used as a monitoring tool to predict the fate and
transport of GAs in soil and groundwater systems in some
cases.

Effect of IS and ion types

Natural aquatic environments contain many different ions.
These ions, varying significantly in charge density, size and
complexing capability, can affect the transport of nano-
particles very differently. DLVO calculations suggest that the
particle-surface interaction energy profiles are sensitive to
changes in IS, and the energy barrier gradually decreases
with increasing IS. The laboratory tests show that increasing
the IS reduces the transport of GAs in saturated sand
packs.”%*3"152 Cations can enhance the deposition of GAs in
the following ways. First, cations affect the size of GA aggre-
gates by decreasing the electrostatic repulsion between GA-
GA sheets, which in turn may affect the transport properties
of GAs through physical straining. Second, cations affect the
surface charges of GAs and collectors, facilitating the interac-
tion of GAs with collectors. Third, cations deepen the second-
ary minimum energy well. Fourth, accumulation of cations
on the surface of collectors may interfere with GA deposition
through steric hindrance. Fifth, some cations can serve as a
bridging agent, strengthening the interaction of GAs with col-
lectors. As IS increases, GAs have the capacity to aggregate
more, to interact with the quartz sand collectors increasingly
and consequently to deposit more. Previous studies have
shown that a divalent cation (e.g., Ca®>") is more effective in
inhibiting the transport of GAs than a monovalent cation
(e.g., Na"),"**'>* not only because a divalent cation is more
effective in compressing the EDL than a monovalent cation
but also because it can increase the deposition of GAs via cat-
ion bridging.

Interestingly, cations with the same valence have markedly
different effects on the transport of GO and rGO. Xia et al.'>
found that the effects of cations on the transport of GAs in
saturated quartz sand obeyed the Hofmeister series, decreas-
ing in the order Na" < K" < Cs" for alkali metal ions and
Mg>" < Ca®" < Ba® for alkaline earth metal ions. When Na*
and Ca>" coexist, the molar ratio of Ca** to Na* plays an im-
portant role in the transport of GO in saturated porous media
especially at high IS."** However, unlike aqueous solutions,
studies on the effect of coexisting heavy metal ions on the
transport of GO in soil are far fewer and need further
investigation.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Critical review

Effect of NOM and surfactants

NOM is ubiquitous in natural surface water environments.
Under unfavourable deposition conditions, NOM likely en-
hances the transport of GAs via the following mechanisms.
First, the adsorption of NOM on the surfaces of GAs and col-
lectors enhances the steric repulsion between GAs and collec-
tors, thus inhibiting the deposition of GAs. Second, the ad-
sorption of NOM on GAs reduces the size of GA aggregates,
affecting the deposition of GAs via straining. The effective-
ness of NOM in enhancing the transport of GAs is dependent
on the cation type, cation concentration and collector nature.
Xia et al."* reported that SRHA was much less effective in
mitigating the transport-inhibiting effects of divalent cations
(i.e., Ca®) than those of monovalent cations (i.e., Na*). Qi
et al.'*® found that the transport enhancement effect of SRHA
was more profound at a higher IS (35 mM NaCl) compared to
that at a lower IS (10 mM NacCl). In another study, Qi et al.'*’
observed that SRHA showed weaker effects on the transport
of GO in Lula soil than in Sigma sand. Surfactant modifica-
tion is a common practice to disperse graphene. Although it
is mainly used as a dispersion agent, the surfactant also plays
important roles in controlling the environmental fate and
transport of GAs. Liu et al.">® found that the surfactant type
and concentration strongly affected the retention and trans-
port of graphene in porous media.

Effect of collector properties

Sand with a negative charge is widely used as a collector to
investigate the transport and deposition of GAs in porous me-
dia. Negatively charged GAs are expected to deposit on nega-
tively charged sand surfaces due to the existing strong pri-
mary energy barriers. Instead, GO sheets may interact with
sand in a secondary minimum. The sand grain size has a
strong influence on the amount of GO transport and reten-
tion.”""*® Sun et al'® investigated the transport of GO in
laboratory columns packed with quartz sand of three grain
sizes. They found that the retention of GO at a given initial
concentration tended to increase with decreasing sand size
(e.g., fine > medium > coarse).

Very recently, researchers have also noted that different
surface coatings on sand collectors show different influences
on the retention of GAs. He et al.**® reported that extracellu-
lar polymeric substances exhibited a negligible influence on
GO transport due to the hydration effect and steric repulsion.
In another study, they reported that biofilms significantly en-
hanced the retention of GO due to the following reasons: (1)
GO specially interacts with biofilms via H-bonds, Lewis acid-
base, and n-7 interactions; (2) the inhomogeneous coverage
of biofilms increases the physical roughness of the sand col-
lector, creating a low flow velocity region; (3) biofilms de-
crease the absolute surface charge of the collectors and in-
crease the degree of charge heterogeneity of the collectors;
(4) biofilms grown on sand surfaces reduce the porosity and
narrow the pore sizes of packed columns, thereby greatly in-
ducing physical straining.’®* Wang et al'*® reported that
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hematite coating reduced the mobility of GO in sand due to
surface charge heterogeneity. In addition, surface impurities
also affect the deposition and transport behaviors of GAs in
saturated porous media via surface charge heterogeneity. Liu
et al.**” reported that the mobility of carboxyl-functionalized
graphene was lower in natural sand than in acid cleaned
sand. A similar phenomenon was observed by Wang et al.*®
They attributed the higher retention of GO in natural sand
columns than in acid-cleaned sand to the presence of addi-
tional attachment sites and metal impurities.

Effect of other factors

The decrease in the flow velocity greatly enhances the reten-
tion of graphene.”’ Meanwhile the effect of flow velocity on
the transport of GO depends on the type of collector and IS.
Qi et al.**® observed that the flow velocity had noticeable ef-
fects on the transport of GO in Lula soil and had essentially
no effects on the transport of GO in Sigma sand. In another
study, Qi et al.**® observed that the varying flow velocity had
little effect on the transport of GO at low IS (e.g., 10 mM) and
a notable effect on the transport of GO at high IS (e.g., 35
mM). Furthermore, the moisture content also plays an impor-
tant role in the retention of GO in porous media."”*'*® Re-
ducing the moisture content increases the retention of GO in
porous media. The mobility of GAs is lower in unsaturated
porous media than in saturated porous media due to film
straining."> The input concentration of GAs shows different
influences on the transport of GO and graphene in saturated
quartz sand. Sun et al.*®” reported a decreasing trend of GO
retention with increasing input concentration and attributed
this effect to fast blocking of a limited number of deposition
sites by a higher particle concentration. In contrast, Sun
et al.”"' reported that an increase in the particle concentration
caused greater retention of graphene via straining. The dis-
crepancy is attributed to the different surface properties of
graphene from those of GO. In addition, the transport of GAs
is also affected by the temperature. A higher temperature re-
sults in less mobile GO sheets.'®® However, the mechanisms
remain unclear. Recently, Lu et al.'®" studied the effects of
three typical clay minerals (kaolinite, montmorillonite, and il-
lite) on the transport of GO in porous media and found that
the transport of GO was inhibited remarkably in the presence
of clay minerals, following the order kaolinite > montmoril-
lonite > illite. Zhou et al.*®* found that the addition of a min-
ute quantity of GO can cause a significant change in the
physical and mechanical properties and microstructure of
clayey sand. These findings disclose that the transport of GAs
in actual subsurface systems is very complex.

Transformation and degradation of
GAs in aquatic environments

Once GAs enter the natural environment, they can undergo
physical and/or chemical transformations. Possible chemical
transformations include (1) degradation of surface coatings
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when in contact with sunlight, (2) oxidation/reduction as a
result of exposure to concomitant chemicals such as hydroxyl
radicals, ozone, Fe(u), sulfides, chlorine or chloramine, (3)
bio-transformations when GAs are exposed to microorgan-
isms or plants. All of these transformation processes could
modify the environmental behavior (e.g., transport and aggre-
gation state) and ecological effects (e.g., toxicity) of GAs. So
far, the numerous studies on the transformation of GAs have
been carried out under laboratory conditions, not in real nat-
ural environments.

Contact with sunlight and UV irradiation

Sunlight photolysis is one of the primary routes by which
GAs react in natural waters. The photo-transformation shows
different effects on graphene and GO. Generally speaking,
depending on the original state of the carbon surface (oxi-
dized or not), the overall effect of photolysis appears to fall
into one of the two categories, oxidation or reduction. It has
been shown that photolysis often results in the introduction
of oxygen containing functional groups onto the graphene
surface. For example, Hu et al.’ reported that graphene was
gradually oxygenated after visible-light irradiation under an
ambient atmosphere. They also found that the irradiated
graphene was more stable and less toxic than graphene.

In contrast, photo-reduction appears to be the dominant
transformation route of GO. Irradiation time has an impor-
tant effect on the photo-chemical transformation of GO.
Andryushina et al® found that the hydrodynamic size of
GO increased sharply after UV light exposure for 30 min due
to the elimination of certain functional groups of GO and
the breakup of H-bonds between the fragments of GO parti-
cles. After UV light exposure for 90 min, the hydrodynamic
size of GO decreased due to the m-n stacking interaction be-
tween the aromatic areas of GO and crumpling of the GO
sheets (Fig. 22). After 1 h of irradiation, Abraham et al.'®
observed the formation of nanopores during the photo-
reaction processes of GO in the presence of O, (Fig. 23). Af-
ter 11 h of irradiation, Hou et al'®* found that GO was
photo-chemically converted into CO,, low molecular-weight
species, and fragmented photo-products similar to rGO
(Fig. 24). Lastly, they predicted that photo-transformed prod-
ucts will show different transport behaviours and eco-
toxicological effects from the parent GO. Indeed, Chowdhury
et al.''® found that the irradiation of simulated sunlight in-
creased the aggregation of GO and decreased the deposition
of GO on SRHA coated silicon with lower possibility of
remobilization. Namely, the photo-transformation can re-
duce the stability of GO in aquatic environments, increase
the mobility of GO and reduce the remobilization of GO in
aquatic-terrestrial transition zones, where NOM-coated sur-
faces commonly exist. Recently, Hou et al.'®® reported that
the bacterial toxicity of directly photo-transformed GO
(without H,0,) increased due to greater cell membrane dis-
ruption and oxidative stress, while that of indirectly photo-
transformed GO (with H,0,) decreased due to the loss of
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Reprinted with permission from ref. 163. Copyright 2012, American Chemical Society.

the TOC. During water and wastewater treatment, GO may et al'®® observed that simulated sunlight irradiation en-

come into contact with other chemicals used in water treat- hanced the chlorination of GO depending on the chlorine
ment (e.g., chlorine) in addition to sunlight irradiation. Du  concentration. Finally, the colloidal stability and the
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Reprinted with permission from ref. 164. Copyright 2015, American
Chemical Society.

antibacterial effect of the photo-chlorinated nanomaterials
decreases and increases, respectively.

Contact with microorganisms

Our recent study showed that GO would coat the bacteria and
cause cell membrane damage,'®”'*® but the fate of GO after
being in contact with GO resistant microorganisms needs to
receive much attention. It is well established that after being
in contact with GO resistant microorganisms, GO sheets
would be reduced or degraded by some microbes (Fig. 25),
which may further cause changes in the fate and toxicity of
GO in aquatic environments. For the first time, Salas et al."®
reported that GO could be reduced by the metal-reducing
and environmental microbe from Shewanella strains under
strictly anaerobic conditions, which was confirmed by Jiao
et al.’’® Wang et al.'*? also confirmed similar observations
and further found that the microbial reduction of GO by
Shewanella can occur in a normal aerobic cultural setup. Af-
terwards, GO reduced by Escherichia coli, one of the most

1328 | Environ. Sci.: Nano, 2018, 5, 1298-1340

View Article Online

Environmental Science: Nano

widely present stains in aquatic environments, was observed
under anaerobic conditions.’”* In addition, it has been found
that many other microbial species including Escherichia
fergusonii,'”> Halomonas strains,"”® Bacillus marisflavi,*” Azo-
tobacter chroococcum,*”* Bacillus subtilis,"”> Gluconacetobacter
xylinus,"”® Fontibacillus aquaticus isolated from nanomaterial
contaminated pond soil,"”” aerobic microorganisms isolated
from river sediments,'”® entophytic microorganisms present
in the carrot root,"”® and even baker's yeast'®® are capable of
reducing GO to rGO. After being in contact with bacteria, the
transformation of GO occurs via the mechanism of bacterial
respiration and glycolysis. Several groups found that besides
the reduction potential, the biomass could also act as a stabi-
lizing agent, resulting in the good stability of synthesized
graphene in water."”'8!

A few works have reported that bacteria show the ability
not only to reduce GO but also to oxidize graphitic materials
(graphite and rGO). Liu et al.'®* reported that naphthalene
degrading Pseudomonas bacteria isolated from a graphite
mine could degrade GO and oxidize rGO and graphite. Re-
cently, Guo et al."® reported that GO was reduced while rGO
was oxidized after incubation with Escherichia coli and Staph-
ylococcus aureus. They also found that the formation and de-
velopment of biofilms attenuated the toxicity of rGO. The or-
ganisms used in graphene synthesis vary from simple
prokaryotic systems to complex eukaryotes. In a word, after
being in contact with some special microbes, GO sheets
would be transformed, which would cause changes in the in-
herent properties, stability and fate of GO in aquatic environ-
ments. On the other hand, understanding the abilities and
mechanisms of GO transformation by microbes will broaden
our knowledge of the microbe-mediated green synthesis of
high performance nanomaterials.

Contact with plant extracts

The reduction of GO can also occur after accumulation
within a plant. Many reports have demonstrated that GO
transformation could be stimulated by plant extracts from
leaves, fruits and flowers of plants. In general, plant extracts
contain various types of phytochemicals, such as anthocya-
nins, glycosides, terpenoids, polyphenols, pectins, vitamins,
flavonoids, ascorbic acid, apigenin, luteolin and various fla-
45:49,184,185 These phytochemicals have a high tendency
to get oxidized and play an important role in the bio-
reduction of GO and stabilization of graphene (Fig. 26).
Phytoextracts have tremendous potential to be used as reduc-
ing agents for the reduction of GO, such as those derived
from Ganoderma spp. mushroom,’” Ginkgo biloba leaf,* Hi-
biscus sabdariffa L.,'** Pulicaria glutinosa,'*® Terminalia
chebula seeds,"®” Colocasia esculenta leaf,*> Mesua ferrea Linn
leaf,” orange peel,”> pollen grains of Peltophorum
pterocarpum,'®® tea,'® Rosa damascene,'® etc. Phytoextracts
derived from different plants show different abilities in re-
ducing GO. Lee and Kim'®® compared the ability of seven leaf
extracts from cherry, magnolia, platanus, persimmon, pine,

vones.
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Fig. 26 (A) Chemical structure of tea polyphenols (TPs). (B) Schematic illustration of the preparation of TP reduced graphene.'®® Reprinted with

permission from ref. 185. Copyright 2011, American Chemical Society.

maple, and ginkgo to reduce GO. They found that among
them, cherry showed the best performance in reducing GO.
The coexisting metal ions may influence the reducing ability
of plant extracts. Akhavan et al.*** reported that the presence
of iron can increase the activity of green tea polyphenols in
reducing GO due to the formation of a Fe**-polyphenol com-

This journal is © The Royal Society of Chemistry 2018

plex, resulting in better recovery of the graphitic structure of
the GO sheets and obtaining lasting and homogenous disper-
sion of the reduced GO sheets in water. In most cases, ex-
tracts from plants can act both as a reducing and stabilizing
agent, resulting in the formation of water-soluble and cyto-
compatible rGO.
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As compared with the chemical method for the reduction
of GO, plant-based methods can not only avoid the use of
harsh, toxic, and expensive chemicals such as hydrazine hy-
drate hydrazine, sodium citrate, and sodium borohydride,
but they can also avoid the irreversible aggregation of rGO.
Meanwhile as compared with microorganism-based methods
for the reduction of GO, plant-based methods eliminate the
need for high maintenance cell cultures and can be readily
adapted for large-scale production of graphene. Because the
plant extracts are green and abundant in nature, GO degra-
dation to rGO by plant-based methods is promising. The
toxicity of the obtained extract-rGO depends on the extract.
Ginkgo biloba extract-rGO is less toxic than GO, while
Ganoderma spp. mushroom extract-rGO is more toxic to can-
cer cells than GO.*”

Contact with biomolecules

After their release into aquatic environments, GAs can enter
the human body, thus understanding the biotransformation
of GAs once they come into contact with biomolecules is a
fundamental issue for assessing the potential environmental
health risks of GAs. The human body contains many pro-
teins, enzymes, small organic molecules and other active
components. The effects of a single enzyme or protein on the
biodegradation of GO have been widely studied. It is reported
that human myeloperoxidase, eosinophil peroxidase,
lactoperoxidase, hemoglobin and xanthine oxidase might be
effective in oxidative biodegradation of GO.'*'%* Initially,
Kotchey et al."* demonstrated the biodegradation of GO via
the catalysis of horseradish peroxidase. Later, Kurapati
et al.'® reported that human myeloperoxidase could catalyse
the degradation of GO in the presence of H,0, and found
that its biodegradation capability depended on the hydrophi-
licity, negative surface charge, and colloidal stability of the
aqueous GO."” The biodegradability of GO in vivo was inves-
tigated by Girish et al,'”® who found that macrophages
played an important role in the biodegradation. Very recently,
the biotransformation of GO in real blood plasma was inves-
tigated by Hu et al.,'>* who found that free radicals and bio-
logical molecules in human blood plasma simultaneously
drive the biotransformation of GO sheets. Importantly, the
bio-transformed GO induced lower levels of cell ultrastruc-
ture damage than did pristine GO. Finally, the biotransforma-
tion of GAs will alter their uptake and bioavailability in the
biological microenvironment compared with pristine GAs.
On the other hand, the protein in the biological microenvi-
ronment can be adsorbed on GAs via hydrophobic interac-
tion and strong n-n stacking interaction.*’ Protein adsorp-
tion on GAs will influence the cellular recognition and
uptake of GAs, changing the biological response toward
these foreign entities. Chong et al.** found that coating GAs
with bovine serum albumin, bovine fibrinogen, immuno-
globulin, and transferrin can effectively reduce the cytotoxic-
ity of GO. Along with the alleviation of GO cytotoxicity, Li
et al.*” found that coating GO with bovine serum albumin
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inhibited the oxidative biodegradation of GO catalysed by
horseradish peroxidase. In a word, these findings can pro-
vide information on the environmental health risks of GAs,
thereby avoiding overestimating their relevant biological
risks.

Contact with inorganic oxidants and reductants

Fenton's reagent (Fe*'/Fe*'/H,0,) is well known as a strong
oxidizing agent with the production of the highly reactive hy-
droxyl radical ((OH), which plays an important role in oxida-
tive degradation of GAs."”® UV irradiation will accelerate the
production of 'OH and improve the degradation rate.'”’
Fenton's reagent has been applied not only to decompose ar-
omatic organic pollutants in water,>*>?°" but also to under-
stand the degradation mechanism of carbon nanomaterials
in enzymatic-catalyzed systems with ferric heme iron (Fe*") in
the catalytically active center.>>?°* Therefore, naturally oc-
curring Fenton's reagent may play a significant role in con-
trolling the environmental fate and biological effect of GAs.
Initially, Zhou et al.®>** demonstrated that the photo-Fenton
reaction can degrade GO into graphene quantum dots
(Fig. 27). After that, Bai et al>®® identified the degradation
products of GO driven by the photo-Fenton reaction. They
demonstrated that the early stage of photo-Fenton degrada-
tion of GO yields oxidized polycyclic aromatic hydrocarbons.
After a longer reaction time, the formation of holes on the
basal plane of the GO sheets was observed, and the GO flakes
began to break apart into graphene quantum dots. By
employing '*C-labeling, Feng et al.*® quantitatively measured
the Fenton degradation of a low concentration of FLG under
environmentally relevant conditions. They found that the
degradation products of FLG became more stable in water
compared to the unreacted one, and were less easily accumu-
lated in Daphnia magna. Recently, Zhang et al.>°® reported
that GO can be degraded completely by the photo-Fenton
method to CO, after 28 days. Based on the above-mentioned
statement, naturally occurring Fenton-like reactions may
drive the transformation of GAs, and the resulting change in
the morphology, properties and degradation intermediates of
GAs should be taken into account when assessing their po-
tential ecological risks.

Another possible and highly environmentally relevant
route for the abiotic reduction of GO is the reaction with a
naturally occurring reductant. Chen's group has examined
the effects of abiotic transformation of GO by two environ-
mentally relevant reducing agents including one strong re-
ductant (i.e., $*7) and one rather mild reductant (i.e., ferrous
iron, Fe(u)) on the fate and transport of GO systemati-
cally.>” 133297208 They found that both sulfide and Fe(u) re-
duction resulted in significant changes in the distribution of
surface oxygen functionality. After being in contact with $*7,
GO is destabilized due to the increase in the surface hydro-
phobicity of rGO. Besides the increase in the surface hydro-
phobicity of rGO, the n-n interaction between the graphitic
structures and the stacking of GO sheets through Fe'/Fe’*
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cation bridging also contribute to the settlement of GO after
being in contact with Fe>". Moreover, a mild reductant of
Fe”* only caused partial reduction of GO, so even the GO
samples treated with high doses of Fe** still possessed con-
siderable colloidal stability. Accordingly, mild reductants
might exert even greater effects on the environmental risks of
GO than strong reductants such as sulfur-containing com-
pounds, whose strong reduction can result in a significant
loss of GO oxygen functionalities and consequently much
inhibited the mobility of GO. This aspect should be given a
consideration in the risk assessment of GO.

Chen's group®*®*'? also characterized the effect of the wa-
ter and wastewater treatment especially chlorination/
chloramination on the physicochemical properties of GAs
and the subsequent effects on their fate and transport. They
found that GO can undergo further oxidation upon chlorine
or chloramine treatment. When the background cation was
Na' (soft water), chlorination or chloramination of GO may
enhance the mobility and transport of GO by making the ma-
terial more negatively charged and less prone to agglomera-
tion. At 35 mM NacCl, the decrease in the mobility followed
the order chlorine-treated GO > chloramine-treated GO >
pristine GO.>'® When the background cation was Ca** (hard
water), chloramination of GO could reduce the mobility and

This journal is © The Royal Society of Chemistry 2018

transport of GO due to the increase in surface carboxyl
groups from chloramination, which induced the deposition
of GO through cation-bridging between GO and surface hy-
droxyl groups of quartz sand.”*® One can see that even rela-
tively mild treatments such as chloramination can result in
profound changes in GO transport properties which calls for
the need to fully understand the significant impact of waste-
water treatment processes on the environmental behavior of
GAs.

Challenges and perspectives

GAs, as advanced nanomaterials, have driven widespread de-
velopment in various research and engineering fields. Re-
search relating to GAs is increasing at an incredible rate in a
variety of disciplines. During the development processes of
GAs, it is inevitable to induce positive and negative impacts
on humans and the ecosystem. This report focuses on de-
scribing the environmental behavior of GAs in both water
and subsurface environments. Current batch and column
studies generally examined various influencing factors, and
came to different conclusions due to inconsistent experimen-
tal conditions. Therefore, it is necessary to study the effects
of the various influencing factors under a uniform
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experimental condition. Nevertheless, a number of scientific
“blind spots” and knowledge gaps in GA research still exist.

(1) Study the environmental behavior and the toxicity of
GAs after being used as a contaminant carrier. Due to its spe-
cial physicochemical properties, especially an extremely large
surface area to mass ratio, the hydrophobicity of the basal
plane, the hydrophilicity of the edge, and the stable stability
in aqueous solutions, GO shows potential for adsorption of
both heavy metal ions and organic contaminants in environ-
mental pollution management. By serving as a contaminant
carrier, GO can significantly enhance the transport and risks
of contaminants. However, studies on the effect of the
adsorbed contaminants on GA's colloidal stability and toxic-
ity are still scarce.

(2) Investigate the effect of the contaminant mixtures on
the aggregation and deposition behaviors of GAs. The effect
of other contaminant mixtures including organic-organic
mixtures, metal-metal mixtures, and organic-metal mixtures
on the aggregation and deposition behaviors of GAs needs to
be investigated.

(3) Find the correlation between adsorption, colloidal be-
havior and the combined toxicity of GO and other contami-
nants. In most studies, the adsorption, colloidal behavior
and the combined toxicity of GO and heavy metal ions were
investigated separately. To develop effective in situ or ex situ
bioremediation technologies and assess the ecological risk of
GO after being used as a contaminant carrier, there must be
a better understanding of the correlation between adsorption,
colloidal behavior and the combined toxicity of GO and
contaminants.

(4) Determine the colloidal behavior of GAs in natural wa-
ters. A complex mixture of cations (e.g., Na*, K*, Mg>*, and
Ca*"), anions (e.g., ClI", HCO;", and SO,>") and NOM in sur-
face water environments has a complicated impact on the GO
stability. Meanwhile, there are huge differences in the chemi-
cal composition of natural surface waters. There is still a great
knowledge gap between the simplified laboratory results and
the actual behavior of GO in natural waters. Sufficient infor-
mation on the colloidal properties of GAs in natural waters
from all over the world is needed to determine the actual be-
havior of GO in real worldwide aquatic environments.

(5) Research on the heteroaggregation, cotransport, and
combined toxicity of GAs and other nanoparticles. With the
rapid development of the nanotechnology industry, it will be
inevitable that different types of nanoparticles will enter the
natural environment simultaneously. Accordingly, the fate,
transport, and toxic potential of nanomaterial mixtures are
likely to be distinct from those of individual materials. Ag,
zero-valent iron, CuO, ZnO, TiO,, and Al,0; nanoparticles,
which have been widely applied in a wide variety of fields,
show a high possibility to come into contact with GAs. How-
ever, information on the heteroaggregation, cotransport, and
combined toxicity of GAs and these metal/metal oxide nano-
particles is still unavailable.

(6) Explore the environmental behavior and toxicity of the
functionalized GAs. To improve the special properties of GAs
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such as adsorption capacity, biocompatibility, and stability
for a wide range of applications, other functional groups have
been grafted onto GAs through various chemical reactions,
forming functionalized GAs. The physiochemical properties
of the functionalized GAs are distinctly different from those
of the parent GAs, which may result in the aggregation and
deposition properties of the functionalized GAs, in response
to the different solution chemistry conditions and hydrody-
namic factors, differing significantly from those of the parent
GAs. Therefore, the environmental behavior and toxicity of
the functionalized GAs cannot be extrapolated from the avail-
able findings.
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