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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
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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
DOI: 10.1039/c7en01258f 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

rsc.li/es-nano into some current knowledge gaps and can also reveal clues about needed future developments.

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-

1302 | Environ. Sci.: Nano, 2018, 5, 1298-1340
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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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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 dec