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Graphene analogues in aquatic environments and
porous media: dispersion, aggregation, deposition
and transformation
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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 environment 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
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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
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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
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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
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 sp2-hybridized carbon atoms arranged
in a two-dimensional honeycomb lattice of six-membered
rings, can be considered as the mother of carbonaceous materials. It can be wrapped up into zero-dimensional fullerenes, rolled into one-dimensional carbon nanotubes or
stacked into three-dimensional graphite. Graphene oxide
(GO), the oxidized form of graphene synthesized by oxidative
a
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exfoliation of graphite, can serve as a substrate for mass fabrication 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 remarkable physicochemical properties, resulting in a wide
range of applications in various industries and customer
products.1–4 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 including manufacture, transport, use and eventual disposal of
GAs and GA-containing products. Recent studies have
highlighted that GAs are toxic to living organisms. For example, graphene has shown toxic effects on algal cells,5 bacteria,6 mammalian fibroblasts7 and Daphnia magna.8 Both GO
and rGO are toxic to human umbilical vein endothelial cells9
and bacteria.10 The introduction of GO results in severe and
persistent lung injuries.11 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 environmental fate and transport, their risk assessment, their
bioavailability, their reactive oxygen species production, their
toxicity to live beings, their removal during wastewater treatment, and their adsorption capacity for other contaminants
(e.g., organic pollutants and heavy metal ions). The colloidal
properties of GAs depend on their physicochemical properties 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 accurately 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.3,12,13 Zhao et al.12 provided a

nice overview of four aspects of graphene-family nanomaterials in aquatic environments including adsorption, dispersion, toxicity and transformation. A recent review by He
et al.13 summarized available studies occurring before 2017
on the behavior of graphene nanomaterials under various
aquatic environmental factors, their transport in soil and porous media, and their effects on microbial communities. This
present thorough review aims to provide more detailed information on the fate of GAs in three kinds of environments:
aquatic environments, aquatic-terrestrial transition zones,
and subsurface environments, in which the latest studies occurring in 2017 on this issue are included. In aquatic environments, GAs and aqueous media components such as natural organic matter (NOM) and inorganic ions exist
simultaneously. Therefore, the colloidal behavior of GAs will
be changed by the aqueous media components and the environmental factors. In aquatic-terrestrial transition zones, natural 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 environments to subsurface environments, the interaction of GAs
with the porous media will affect their capacity to be released
into subsurface environments. The corresponding phenomena, 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 perspectives. 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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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 environments. The transport of GAs is only found in subsurface
environments.

Material properties of GAs relevant to
their colloidal behavior

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 nanoparticles (process 3 in Fig. 1). The deposition refers to the attachment of GAs to a pore wall/a much larger colloidal particle by Brownian diffusion or direct interception and/or by
gravitational sedimentation (process 4 in Fig. 1). The homo-

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 variation in aggregation and deposition behaviors. Fig. 2 shows
the most important GAs and some structural features relevant for their colloidal behavior. The section below summarizes 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
sp2-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, giving a theoretical maximum surface area as high as 2600
m2 g−1 and a theoretical thickness of 0.34 nm.14,15 The
reported thickness of monolayer graphene is usually higher

Fig. 2 Examples of GAs and selected properties relevant to their colloidal behavior.12,14 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.16 Corrugation and scrolling are part of
the intrinsic nature of monolayer graphene, since the 2D
membrane structure becomes thermodynamically stable via
bending.17 The increased thickness will enhance the stiffness
and rigidity of graphene. The large delocalized π-electron system of graphene sheets results in the formation of multilayers via π–π stacking interaction between graphene sheets.
Therefore, graphene used in numerous reports usually contains several layers. Graphene exhibits hydrophobicity and
easily forms agglomerates irreversibly or even restacks to
form graphite via van der Waals interactions in aqueous solutions, so it is difficult to disperse graphene in water. It is
suggested that the original size and crystallographic face/lattice of graphene that control the packing also play a role in
its aggregation.18 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).19
GO consists of C, O and H atoms. It is commonly synthesized 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 oxygencontaining functional groups. Regardless of the preparation
method, all the GO samples have the same set of oxygencontaining 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 result in different C/O ratios. The C/O ratios of GO prepared by
modified Hummers' methods are usually in the range of
2–3.20 As an indication of the oxidation degree, C/O ratios are
negatively correlated with the values of the critical coagulation concentration (CCC, determined from the intersection of
extrapolated lines through the diffusion and reaction limited
regimes, is a threshold concentration of the electrolyte necessary to cause the rapid coagulation of GAs) of GAs.21,22 At the
highest oxidation level, the GO's π-systems are heavily interrupted, giving a stable bright yellow solution.20 The
oxidization level also affects the thickness of GO. The increase in the thickness of GO is predicted to have a profound
effect on its stability.23 GO shows characteristic ultraviolet
(UV)-vis absorbance peaks at 230 nm (λmax) due to the π–π*
transition and at 305 nm due to the n–π* transition. The OHrich GO red-shifts the π–π* transition to 250 nm and decreases the n–π* transition strength; meanwhile, the COOHrich GO blue-shifts the π–π* transition to 200 nm and increases the n–π* transition strength.24 As the λmax is in direct
proportion to the ratio of sp2-hybridized to sp3-hybridized carbon in the GO sheets,25 the oxidation and reduction of GO
are accompanied by the blue shift and red shift of λmax, respectively. A modest decrease in the size of the π conjugated
domains also causes the blue shift of λmax (230 nm) to a
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shorter wavelength (225 nm).26 GO contains a wide range of
hydrophilic oxygen-containing functional groups such as carboxyl, carbonyl, hydroxyl, and phenol that cover a range of
acid dissociation coefficients (pKa). It was reported that the
pKa 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 pKa value of the carboxylic group to 4.3 by intramolecular hydrogen bonding, which allows GO to form stable
aqueous dispersions with long term stability over a wide
range of pH values.27 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
2.28 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 results in the increase of the edge-to-area ratio of a GO sheet
and a higher density of ionized carboxylic groups.26 GO is an
amphiphilic material with a hydrophobic basal plane and hydrophilic edges. On the one hand, the hydrophobic basal
plane has a large intact sp2-hybridized carbon backbone
structure, allowing GO to maintain the potential of strong
π–π interactions between the conjugated sp2 network structures of GO nanosheets.29 On the other hand, electrostatic repulsion between the negatively charged ionized edges associated 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 networks, altering a number of GO properties such as hydrophobicity, holes/defects in the carbon lattice, surface charge and
water dispersibility. There is only one type of acidic group,
namely the carboxylic group with pKa = 7.9, on rGO sheets. In
some cases, the reduction results in the transformation of epoxy groups into hydroxyl groups.21,30 The removal of oxygencontaining functional groups decreases the repulsive forces
between the graphene sheets and the restoration of the conjugated graphene networks strengthens the attractive ones,
decreasing the water dispersibility of rGO. Photo-, chemical-,
and thermal-reduction are accompanied by a red shift of
λmax (230 nm) to a longer wavelength (∼270 nm). Upon reduction, a brown to black color change of GO aqueous dispersions can be observed. So far, the largest C/O ratio of
rGO reported is >246.31 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.10 Taken together, the origin of the instability of rGO is attributed to the following
reasons: higher hydrophobicity, lower water solubility, π–π
stacking of rGO sheets, the increase in attractive forces (van
der Waals forces) and the decrease in repulsive forces
(electrostatic repulsion).23,32,33
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In a word, GAs have a similar structure and all of them include graphene domains, defects, and oxygen-containing
functional groups. Considering the potential acid/base reactions of functional groups on the GA surface, GAs obtain a
negative surface charge via deprotonation of carboxylic, enolic, and phenolic groups (i.e., –C–COOH + OH− ↔ –COO− +
H2O, –CC–OH + OH− ↔ –CC–O− + H2O).34 Meanwhile,
via proton complexation of the π-electron system of graphene
planes (Cπ + H2O ↔ CπH+ + OH−) and various Brønsted basic
oxygen species (ethers, carbonyl groups), GAs obtain a positive surface charge. On both GO and rGO sheets, the ionization of the carboxylic groups is primarily responsible for the
build-up of the surface charge, but on GO sheets, the presence of phenolic and hydroxyl groups in close proximity to
the carboxylic groups lowers the pKa value by stabilizing
the carboxylate anion, resulting in superior water
dispersibility.27,35 GO sheets form stable dispersions at pH >
4, while rGO sheets develop a sufficient negative charge to
form stable dispersions only at pH > 8.27 Gudarzi23 stated
that the sulphate groups in GO also contribute to the negative surface charge of GO at low pH. Dimiev et al.36 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 factor 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 oxygen 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 contact with natural system constituents such as inorganic ions,
surface active molecules, NOM, colloidal particles and biocolloids, 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).55 Although 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.28,56,57
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 environmental 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, especially the degree of ionization of the oxygen-containing functional groups on the surfaces of GO, so the stability of GO in
water is pH dependent. The GO suspension exhibits very different 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 coworkers58 observed that the GO suspension was visually homogeneous
with a dark-brown color at pH 14. Taniguchi and coworkers59
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 colloidal 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 results from the pH-induced charge variation (i.e., protonation
or deprotonation of a high density of oxygen-containing functional 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 carboxylic dimers through strong intermolecular hydrogen
bonding.62 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 hydrophobic, forming aggregates. In these cases, van der Waals
interaction should dominate over electrostatic repulsion. In
addition, the residual π-conjugation in the basal plane of GO
may also contribute to the aggregation via π–π stacking. Both
cases would favor GO aggregation via the face-to-face pattern.
By employing molecular dynamics (MD) simulation, Shih and
coworkers58 stated that the GO aggregates may exhibit a GO/
water/GO sandwich-like structure (Fig. 5). In a word, the instability 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 π–π stacking. By
employing MD simulations, Tang et al.63 stated that hydrophobic 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 result, electrostatic stabilization of GO in aqueous solutions
can be achieved when the suspension pH is higher than the
pKa of carboxyls or phenolic hydroxyls. Compared with carboxyls, the deprotonation of hydroxyls is much weaker and
may not be important to the surface charge acquisition of
GO.34,61,64 Since GO is both hydrophobic and hydrophilic, the
deprotonation of carboxyl groups will maximize the difference in the extent of hydrophobicity between the edge and

This journal is © The Royal Society of Chemistry 2018

Graphene

rGO

GO

Shape (similar)

Flake-like stacks of 2–10
graphene layers14

Several layers stacked on top of one another like sheets of
Multi-layered, wavy, folded flakes37
paper, with silky, wrinkle and flower-like curling
morphology37
Surface area (different)
400–700 m2 g−1 (ref. 38)
466 m2 g−1 for hydrazine mediated rGO32
130.8 m2 g−1 (ref. 39)
Lateral sizes (similar)
60–590 nm (ref. 40)
0.5–3 μm (ref. 41)
100–5000 nm (ref. 42)
Relationship with colloidal behavior: few layer graphene (FLG) nanoparticles with smaller lateral sizes are shown to agglomerate more slowly than larger FLG;40
the smaller particle size intensifies the hydrophilicity43
Color (different)
Dark
Dark-brown44
Slight-brown45
Thickness (similar)
1.05–4.05 nm (ref. 46)
∼4.23 nm for bacterially reduced graphene oxide47
0.3–1.4 nm (ref. 28)
Relationship with colloidal behavior: the increase in the thickness of GO is predicted to have a profound effect on its stability23
C : O ratio (different)
89 : 6 (ref. 46)
8–246 (ref. 48)
2–4 (ref. 48)
Relationship with colloidal behavior: as an indication of the oxidation degree, C/O ratios are negatively correlated with CCC values21
49
UV characteristic peak
No obvious UV-vis absorp260–270 nm depending on the reduction extent
A maximum absorption peak at 232 nm which was attributed to the
(different)
tion region46
π–π* transition of the aromatic CC bonds and a weak shoulder at
300 nm due to the n–π* transition of CO bonds45
Relationship with colloidal behavior: the absorption peak of the GO dispersion at 231 nm gradually redshifts to 270 nm and the absorption in the whole spectral
region (231 nm) increases with reaction time, suggesting that the electronic conjugation within the graphene sheets is restored upon hydrazine reduction19
Zeta potential (ZP) pH at pHPZC = 5.5;50 a net
ZP of rGO is below −30 mV when the pH is greater than 6.1;19 GO remains negatively charged over the pH range from 2 to 10, and
the rGO sheets develop a sufficient negative charge to form
the point of zero charge negative electrophoretic
the isoelectric point of GO is <pH 2 (ref. 28)
stable dispersions above a pH value of 8 (ref. 27)
(pHPZC) (different)
mobility (EPM) at pH 7.0
(ref. 51)
Relationship with colloidal behavior: ZP values higher than −30 mV are usually considered as the threshold for colloidal stability in water21
ID : IG
1.08 (ref. 5)
∼1.1–1.5 for chemically or thermally reduced GO52
1.8 (ref. 37)
d-Spacing (different)
0.39 nm (ref. 5)
0.356 nm (ref. 52)
More than 0.625 nm (ref. 53)
0.344 nm (ref. 46)
Relationship with colloidal behavior: the introduction of water molecules and modification of functional groups lead to expansion of the d-spacing of the
structure5
Colloidal behaviour
Agglomerated46
Aggregated54
Stable28
(different)
Acidic groups (different) Hydroxyl groups51
pKa of oxygenated groups in rGO is around 8;23 covalently
Carboxylic (pKa, 4.3), phenolic hydroxyl (pKa, 9.8) and sulfate
bonded sulfate groups are perhaps responsible for the
groups23
stability of rGO at low pH values23
Relationship with colloidal behavior: the deprotonation of carboxyl groups with low acid dissociation constants is the main contributor to ZP and thus material
aqueous stability21

Physicochemical
characteristics

Table 1 Physicochemical characteristics relevant to the colloidal behavior of GAs
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Fig. 3 Interaction mechanisms of pH, divalent cations (M: Ca2+, Mg2+) and natural organic matter (NOM) with GO and rGO.55 Reprinted with
permission from ref. 55. Copyright 2015, American Chemical Society.

the basal plane.58 According to the principle that “like dissolves 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.65 Therefore, it can be
concluded that the degree of deprotonation of the edge carboxylic groups, the formation of H-bonds and the electrostatic repulsion between the negatively charged deprotonated
carboxylic groups are the driving forces for the increased stability 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.61 observed that single layer GO aggregation occurred at pH 14 due to the salting out effect, while Shih
et al.58 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 examined 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 coworkers62 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 sodium 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 monitor the surface charge, size, and suspended mass concentration as a function of pH mainly by using a Zeta Sizer Nano
ZS instrument, time-resolved dynamic light scattering, and
UV-vis spectroscopy, respectively.28,66 The ZP values of GO are
reported to be lower than −30 mV at pH > 4.0.27,60,67 Generally speaking, negatively charged colloids with ZP more than
−30 mV are considered to be electrostatically stable and well
dispersed in water.22,35,68 Therefore, GO sheets are stable at
pH > 4. The change in ZP (or EPM) and hydrodynamic diameters (HD) of GO as a function of pH shows a similar
trend.28,67 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

pH dependent application

Protonation or deprotonation of a high
density of oxygen-containing functional
groups13

Largely reversible color changes from slight
brown to dark brown59

By pH adjustment, separation of
larger size GO from smaller size
GO60

Deoxygenation of GO under alkaline
conditions36

pH-Dependent photoluminescence efficiency:
photoluminescence quenching of GO in alkaline solutions59

Reversible epoxy ring opening and
closing based on epoxy–hydroxyl
conversion59

pH driven conformational changes: at low pH, numerous sheets
fold and networks of sheets are observed to agglomerate. At high
pH, each sheet undergoes extensive collapse, condensing against
neighboring sheets into larger macro-scale agglomerates61
pH dependent CCC23

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.

with decreasing pH at low pH values (pH 2–4), while they remain very similar at high pH values (pH 4–10).28 Huang
et al.,69 Chowdhury et al.,28 Lanphere et al.,70 Wu et al.,64

This journal is © The Royal Society of Chemistry 2018

Ren et al.66 and Yang et al.71 separately reported that pH did
not play a significant role in altering the surface potential
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.59 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 monovalent 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 Ca2+ and Mg2+, Hua et al.72 reported that the values of
EPM and HD increased with increasing pH values across pH
5–9. The CCCNa values of GO are very sensitive to pH.
Gudarzi et al.23 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 complex mixture of inorganic ions such as Na+, K+, Mg2+, Ca2+,
Cl−, HCO3−, SO42−, etc., which change with location and can
have a significant impact on the electro-kinetic behavior of
colloids and hence their colloidal properties.73 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 colloids by neutralizing the particle surface charge. This results
in the attractive van der Waals interactions becoming dominant and the enhancement of particle aggregation.74 Charge
neutralization can also occur as a result of specific adsorption of counter-ions on the charged surface. The degree of
charge neutralization is dependent on the electrolyte concentration, valence of counter-ions, and interaction of the
electrolyte with colloids. Surface charge screening is directly
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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 condition, 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.75 However, in the initial
stage of colloid aggregation, known as the reaction-limited regime, the aggregation kinetics of the colloid increase linearly
with increasing counter-ion concentration up to the CCC.76
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 CCCMg/Ca to CCCNa for GO is
almost approximated as z −6, 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 stability, the colloid system is considered to be stable at an absolute ZP of >30 mV.80,81 Lots of studies have showed that
the absolute ZP of a colloid decreases with increasing IS at
specific pH, in accordance with classical electrostatic theory.80,82 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 nature of the added counter-ion (e.g., cation valence, cation radius/hydrated radius), and can be explained by the suppression 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 [C10ĲO)1ĲOH)1,
C10ĲO)1ĲOH)1ĲCOOH)0.5, and C10ĲO)1ĲOH)1ĲCOO)0.5] are considered. The
vertical dashed lines correspond to the energy-minimized configurations of GO/single-layer water/GO and GO/two-layer water/GO sandwich structures. (c) Post equilibrium MD simulation snapshot of two
parallel C10O1ĲOH)1 (COOH)0.5 sheets solvated in water at d = 7.5 Å
showing a single layer of water molecules being confined between the
two GO sheets. Color code: red, oxygen; white, hydrogen; and gray,
carbon.58 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-
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pacity of cations to neutralize the surface charge of GO is related to the cation valence, to the ability of cations to approach the charged interface, and to the state of hydration of
cations.83 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 environmental cations including Na+, K+, Mg2+ and Ca2+ on the surface potential of GO are well established. The cations increase the surface charge of colloids in the order K+ > Na+
for monovalent counter-ions22,74,83 and Ca2+ > Ba2+ > Mg2+
for bivalent counter-ions.83 Qi et al.22 attributed the greater
aggregation effect of K+ than Na+ to the less dense hydration
of K+, and the higher aggregation effect of Ca2+ than Mg2+ to
the less dense hydration and the bridging effect of Ca2+.
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 coworkers64 proposed that Ca2+ and Mg2+ 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) intercalating between the basal planes through either weak alkoxide or dative bonds from carbonyl and hydroxyl groups, and
(3) cross-linking of the H-bonds formed among the oxygencontaining functional groups on GO surfaces and the interlamellar water molecules. Specially, preferential adsorption
plays an important role in the destabilization of GO by Ca2+.
Chowdhury and coworkers28 observed that the ZP values of
GO as a function of IS were quite similar for both CaCl2 and
MgCl2, but the hydrodynamic sizes of GO as a function of IS
were significantly different for CaCl2 and MgCl2. They attributed the higher effectiveness of Ca2+ in destabilizing GO than
Mg2+ to the preferential adsorption of Ca2+ through the binding of Ca2+ with oxygen containing functional groups available on GO surfaces. Similarly, Wu and coworkers64 attributed the lower CCC of GO in Ca2+ than that in Mg2+ to the
higher propensity of Ca2+ to form complexes with carboxylated groups.
Besides the common environmental cations Na+, K+, Mg2+
and Ca2+, Yang and coworkers71 investigated for the first time
the effect of heavy metal cations (Ag+, Pb2+, Cu2+, Cd2+ and
Cr3+) on the aggregation of GO. Based on the CCC values
(Table 4), they found that the destabilizing ability of cations
follows the order Cr3+ ≫ Pb2+ > Cu2+ > Cd2+ > Ca2+ > Mg2+
≫ 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 determined 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 inhomogeneously and intensively located at the boundary of GO, while
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Fig. 6 Diagrams of the impact of pH on GO stability.

multi-valent cations (i.e., Mg2+, Al3+) were distributed on the
GO surface homogeneously (Fig. 9).67 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 oxygen 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+, Ca2+ or Al3+ can be re-dispersed partly in
solution, while those induced by Mg2+ can be re-dispersed
completely (Fig. 10). This suggests that the aggregation processes 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 complexation ability of anions with cations, the coexisting anions
will affect the concentrations of the free cations and their
ability to destabilize GO. Typically, our group84 has characterized the coexisting anion effect and found that the effect of
the electrolytes on GO aggregation decreased in the following
order: Na2SO4 > NaCl > NaH2PO4. In another study, our
group studied the colloidal behavior of GO in the coexistence
of CdĲII) and phosphate (PĲV)).66 We found that when CdĲII),
PĲV) and GO were in contact simultaneously, the presence of
PĲV) enhanced the tendency of GO to agglomerate in a CdĲII)
aqueous solution but reduced its sedimentation rate, which
makes GO aggregates transport over a relatively long distance. In a very recent study, we found that the anions affected the threshold values of cations destabilizing GO and
that the effectiveness of the electrolytes in destabilizing GO
followed the order Na2SO4 > Na2HPO4 > NaCl > NaHCO3.67
Most of the above-mentioned investigations are mainly focused on single-salt solutions. The information on the aggregation behavior of GO in mixed-cation solutions is limited.
Chowdhury et al.55 characterized the EPM and HD of GO in
mixed Na–Ca and Na–Mg electrolyte systems. They found that
a small amount of background CaCl2 (0.1 mM) can signifi-
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cantly affect the stability of GO while a small amount of background MgCl2 (0.1 mM) cannot. Based on their findings, GO
cannot remain suspended for a long time in natural aquatic
environments, where the concentration of CaCl2 often exceeds 0.1 mM. Similarly, our group67 investigated the sedimentation kinetics of GO in mixed Na–Mg electrolyte systems. 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 suspensions. Typically, the concentration of NOM is in the range
from 0.1 to 2 mg L−1 in ground waters and as high as 20 mg
L−1 in surface water.30 Humic substances, as typical NOM analogues, 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 hydrophobic interaction, π–π interaction, Lewis acid–base interaction, hydrogen bonding, and/or covalent and electrostatic
interaction.56,85,86 The exact interaction mechanism of GAs
with NOM will depend on both GA characteristics and functional 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 consequently more or less affecting its mobility and contaminantmobilizing capabilities. For example, NOM consists of hydrophilic side chains (carboxylic and hydroxyl groups), a hydrophobic backbone, and a large number of cross-linked aromatic rings. They show a high tendency to pack parallel to
the surface of GO by strong π–π interactions or to be readily
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CGO-800

CGO-400

GO
CGO-200
CGO-400
CGO-500
CGO-600
CGO-800
GO

rGO

GO

GO
rGO-1h
rGO-2h
GO
GO–HemNP nanohybrids

GO

GO–COOH
GO
GO

GAs

Suwannee River humic acid (SRHA)
pH 5.2 ± 0.3, 10 mg L−1 GO
pH 5.2 ± 0.3, 10 mg L−1 rGO
pH 5.2 ± 0.3, 10 mg L−1 rGO
pH 5.2, 12.4 mg TOC L−1 GO
pH 5.2, 12.4 mg TOC L−1 GO
and 1.24 mg L−1 HemNPs
pH 2.06, 20 mg L−1 GO
pH 4.4, 20 mg L−1 GO
pH 10.7, 20 mg L−1 GO
pH 2.06, 10 mg L−1 rGO
pH 10.6, 10 mg L−1 rGO
pH 6.0 ± 0.3, 40 mg L−1 GO
pH 6.0 ± 0.3, 40 mg L−1 CGO
pH 6.0 ± 0.3, 40 mg L−1 CGO
pH 6.0 ± 0.3, 40 mg L−1 CGO
pH 6.0 ± 0.3, 40 mg L−1 CGO
pH 6.0 ± 0.3, 40 mg L−1 CGO
pH 6.0–7.0, 20 mg L−1 GO,
pH 6.0–7.0, 20 mg L−1 GO,
2.7 mg C L−1 SRHA
pH 6.0–7.0, 20 mg L−1 GO,
2.7 mg C L−1 SRFA
pH 6.0–7.0, 20 mg L−1 GO,
2.7 mg C L−1 AHA
pH 6.0–7.0, 20 mg L−1 CGO
pH 6.0–7.0, 20 mg L−1 CGO
2.7 mg C L−1 SRHA
pH 6.0–7.0, 20 mg L−1 CGO
2.7 mg C L−1 SRFA
pH 6.0–7.0, 20 mg L−1 CGO
2.7 mg C L−1 AHA
pH 6.0–7.0, 20 mg L−1 CGO
pH 6.0–7.0, 20 mg L−1 CGO,
2.7 mg C L−1 SRHA
pH 6.0–7.0, 20 mg L−1 CGO,
2.7 mg C L−1 SRFA

175 mM Na+
110 mM Na+
50 mM Na+
20 mM Na+

25 mg L−1
25 mg L−1
pH 5.5, 20 mg L−1 GO
pH 5.5, 20 mg L−1 GO,
2 g L−1 kaolinite
pH 5.5, 20 mg L−1 GO,
2 g L−1 kaolinite–goethite associations
pH 9, 20 mg L−1 GO,
2 g L−1 kaolinite–goethite associations

1.8 mM Ca2+
2.1 mM Ca2+
2.0 mM Ca2+
5.4 mM Ca2+
5.2 mM Ca2+
5.5 mM Ca2+
1.3 mM Ca2+
5.5 mM Ca2+
5.6 mM Ca2+

267 mM Na+
80 mM Na+
1177 mM Na+
744 mM Na+
1572 mM Na+
17 mM Na+
772 mM Na+
439 mM Na+

1.91 mM Mg2+
3.09 mM Mg2+
2.77 mM Mg2+
2.05 mM Mg2+
1.06 mM Mg2+
0.94 mM Mg2+
1.4 mM Ca2+
2.5 mM Ca2+

1.3 mM K+
3.9 mM K+
∼0.7 mM Mg2+
∼0.7 mM Mg2+
∼0.7 mM Mg2+

4.2 mM Ca2+
2.66 mM Ca2+
28 mM Ca2+

109 mM Na+

20 mM Na+
50 mM Na+
100 mM Na+
14 mM Na+
42 mM Na+
68.7 mM Na+
81.7 mM Na+
73.9 mM Na+
59.3 mM Na+
13.4 mM Na+
9.9 mM Na+
67 mM Na+
145 mM Na+

44 mM Na+
125 mM Na+
200 mM Na+
∼35 mM Na+
∼30 mM Na+
∼222 mM Na+
∼308 mM Na+

5 mM Na+

<1 mM Na+

CCC

Conditions

Table 3 Values of the critical coagulation concentration (CCC) of GAs

1.57 mM Ca2+
2.5 mM Ca2+
2.24 mM Ca2+
1.86 mM Ca2+
0.92 mM Ca2+
0.82 mM Ca2+

0.9 mM Mg2+
2.2 mM Mg2+

2–5.17
2–4.72
2–4.74
2–4.86
2–3.66
2–3.40

2–5.61
2–5.82

CCC ratio
of Mg2+
to Na+

2–5.45
2–5.03
2–5.04
2–5.00
2–3.86
2–3.59

2–5.08
2–5.00

2–5.42
2–5.73

CCC ratio
of Ca2+
to Na+

CCC values are correlated with the
physicochemical properties of the
material including the shape, zeta
potentials, C/O ratios, carboxyl
group concentrations, and C–C
fractions21
NOM type has a significant
impact on material stability,
particularly in the presence
of monovalent cations30

Both GO and rGO are less prone to
aggregation in basic media as the CCC
increases with increasing pH23

The presence of HA improves the
stability of GO significantly28
The stability of GO in water decreases
with successive reduction of functional
groups55
Heteroaggregation of GO with hematite
influences the fate and transport of GO77

The introduction of carboxylic groups
increases the stability of GO in water63
The fate of GO in aquatic-terrestrial
transition zones will be influenced by
its interaction with hydrous oxides
and clay minerals69

Conclusions
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Multivalent cations are more
effective in destabilizing the
GO suspension68

210 mM Na
113 mM Na+
78 mM Na+
41 mM Na+
>1000 mM Na+
400 mM Na+
184 mM Na+

152 mM Na+
50 mM Na+
5 mg L−1 GO, 50 mg L−1 KGa-1b, pH 7
pH 6.5, 18 mg L−1 GO

GO
VC–rGO
NaBH4–rGO
N2H4–rGO
GO

GO-(KGa-1b)
GO

845 mM Na

+

pH 6.0–7.0, 20 mg L CGO,
2.7 mg C L−1 AHA
10 mgL−1 GO, pH 5.6 ± 0.2
10 mg L−1 rGO, pH 5.5 ± 0.2
10 mg L−1 rGO pH 6.0 ± 0.2
10 mg L−1 rGO pH 6.0 ± 0.2
pH 3
pH 7
5 mg L−1 GO, pH 7
GO

Table 3 (continued)

−1

CCC

+

Conditions
GAs

7 mM Ca2+
1 mM Ca2+

5.4 mM Ca

2+

0.5 mM Mg2+

0.05 mM Eu3+
0.05 mM Eu3+

0.018 mM Fe3+

CCC ratio
of Mg2+
to Na+

2–6.64

CCC ratio
of Ca2+
to Na+

Conclusions

The order of CCC values correlates
reasonably with the degree of
reduction of rGO, as
indicated by the C/O ratios22
Coagulation is a sorption driven
mechanism78
The presence of KGa-1b destabilizes
the GO suspension slightly79
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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 characteristics 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.87 Electrostatic
repulsion can be judged by comparing the changes in surface 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 enhanced stability can be due to steric stabilization, not
electrostatic repulsion.88,89 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 particle stability.90,91 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 impact of NOM on GO stability. It is well established that the
addition of SRHA reduces the aggregation of GO in NaCl,
MgCl2 and CaCl2 solutions. Jiang et al.30 reported that the
addition of 1.7 mg L−1 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 CaCl2. Chowdhury et al.28 reported
that the addition of 5 mg L−1 SRHA increased the CCC of GO
from 44 to 125 mM for NaCl, from 1.2 to 3.9 mM for MgCl2,
and from 0.8 to 2.2 mM for CaCl2. Accordingly, the significance 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 effect on the EPM and HD of GO. When the background cation
is Na+/K+ with a high concentration, the stability enhancement 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 KCl, the presence
of 1 mg L−1 SRHA was found to significantly decrease the HD
of GO from 1598.1 ± 105.1 to 573.7 ± 56.1 nm.73 At 20 mM
NaCl, the presence of tannic acid (TA) was reported to suppress 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 aggregation of GO via the formation of GO–TA–GO aggregates
(Fig. 11).63 When the background cation is Ca2+/Mg2+, 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 increases the stability of GO. Second, NOM can facilitate
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Fig. 7 Electrophoretic mobility (EPM) and hydrodynamic diameter of GO as a function of the cation concentration of H+ (A1 and A2), monovalent
metal cations (B1 and B2), divalent metal cations (C1 and C2), and trivalent metal cations (D1 and D2).71 Reprinted with permission from ref. 71.
Copyright 2016, American Chemical Society.

binding with GO functional groups in the presence of divalent (Ca2+, Mg2+) 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.73 reported
that although the presence of 1 mg L−1 SRHA decreased the
HD of GO in a solution containing 1 mM CaCl2 from 2797.8

This journal is © The Royal Society of Chemistry 2018

± 211.6 to 1556.4 ± 182.2 nm, it cannot prevent the aggregation of GO. Chowdhury et al.55 found that in synthetic surface water containing Mg2+ and Ca2+, the addition of 5 mg
L−1 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 Mg2+/Ca2+ with
NOM (Fig. 12) were reported.72
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Fig. 8 GO aggregation mechanisms: (A) cross-linking by divalent cations (Mg2+ and Ca2+), (B) deprotonation of the carboxyl groups at the edges
when pH increases, and (C) summary of aggregation modes of GO nanosheets.64 Reprinted with permission from ref. 64. Copyright 2013, American Chemical Society.

Besides the concentration and type of cations, the solution
pH value also affects the stabilizing efficiency of SRHA. Hua
et al.72 observed that in the presence of SRHA with Mg2+,
both the EPM and HD of GO decreased as the pH value increased from 5 to 7 and increased as the pH value further increased from 7 to 9. Accordingly, in the presence of Mg2+,
SRHA can enhance the GO stability in an acidic solution and
reduce the GO stability in an alkaline solution. The enhancement is due to the steric hindrance of HA surpassing the
EDL compression induced by Mg2+. The reduction is due to
the desorption of HA which weakens the steric hindrance
and electrostatic repulsion. Meanwhile, SRHA cannot stabilize GO in a solution containing Ca2+ at pH 5–9.72 This is be-

Table 4 Physicochemical properties of the tested cations and their CCC
for GO71

Hydration
Metal Ionic
shell
CCC
cations radius (Å) thickness (Å) Electronegativity (mM)

Ratio of
CCC to
CCCNa

Na+
K+
Ag+
Mg2+
Ca2+
Cd2+
Cu2+
Pb2+
Cr3+

1
0.778
0.528
2−4.585
2−4.737
2−4.791
2−5.634
2−6.907
3−5.506

0.95
1.33
1.26
0.65
0.99
0.97
0.72
1.32
0.64

2.63
1.98
2.15
3.63
3.13
3.29
3.47
2.69
3.48

0.93
0.82
1.93
1.31
1.01
1.69
1.90
2.33
1.66
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36
28
19
1.5
1.35
1.3
0.725
0.3
0.085

cause a higher pH would accelerate HA deprotonation and facilitate the bridging effect of Ca2+ on the HA adsorbed on the
GO surface.
The NOM character especially aromaticity also has a significant 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.30
The differential stabilization capacity of NOM could be
explained by the conformational and structural characteristics of the adsorbed NOM layers by inducing steric hindrance, as determined by both the NOM affinity to GO and
the adsorbed layer thickness.93 Hyung and Kim94 and Kennedy et al.95 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 stability of GO sheets. As the concentration of AHA increases from
1.7 mg L−1 to 2.7 mg L−1, Qi et al.22 reported that the CCC
value of GO for NaCl increases from 1354 to 1572 mM, and
Jiang et al.30 reported that the CCC value of GO for NaCl increases from 220 to 267 mM. The aggregation of GO in 0.5
mM Ca2+ can be completely inhibited by 10 mg L−1 SRHA.22
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 flexible and expanded under higher pH and/or lower IS, and
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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), Mg2+ (B) or Al3+
(C) electrolyte (Na+: 50 mM, Mg2+: 1 mM, Al3+: 0.1 mM and GO: 20 mg L−1).67 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., Ca2+, Mg2+) could
also cause intra-molecular contraction or intermolecular aggregation of NOM due to charge neutralization and cation
bridging.96 Besides, the solution pH, IS and complexing cations will affect the interaction of NOM with GO. For example,
the adsorption of NOM on GO decreases with increasing pH.
Ca2+, as a bridge, could connect the HA polymers to the surface 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 environment, the change of salinity cannot be ignored. The cations (Mg2+, Ca2+, Fe3+, 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 capacity of NOM. In most of the above-mentioned studies, the
concentration of NOM varies from 1 to 10 mg L−1 total organic carbon (TOC), which captures the typical range of NOM
concentrations in ground and surface waters. The information on the stabilization capacity of NOM with a concentration 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−1 in freshwaters,
marginally lower in seawater, and higher in soil solutions.97
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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.68 Hydrophobic 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 environmentally relevant natural colloidal particles of nano- or microsize may be of more environmental importance as compared
to homoaggregation between GO sheets.98 However, due to the
lack of analytical techniques or strategies to investigate heteroaggregation processes, there are only a few studies investigating heteroaggregation processes in the laboratory. In the current 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. Indeed, Wang's group found that the presence of Al2O3, layered
double oxides, TiO2, MgO, ZnO, and Mg/Al layered double hydroxides (LDHs) significantly decreases the residual GO concentration in the supernatant.84,99–104 By employing planewave-based density functional theory calculations, Wang's
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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) PAAmediated re-dispersion of GO aggregates: adding PAA after background electrolyte inducing GO sediment. C(GO)initial = 20 mg L−1, pH = 5.0 ± 0.5.
The concentrations of cations used to induce GO aggregation are 50 mM NaCl, 50 mM KCl, 1 mM MgCl2, 1 mM CaCl2 and 0.1 mM AlCl3. (C) Schematic diagram of the PAA effect on GO sediment; (D) schematic diagram of PAA-mediated re-dispersion of GO aggregates.67 Reprinted with permission from ref. 67. Copyright 2017, Elsevier.

group99 stated that hydrogen bonds and electrostatic interactions 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.68,77,79,105 For
positively charged goethite and hematite, the heteroaggregation with GO is electrostatically favourable and occurs
through electrostatic attraction. In these cases, the heteroaggregation processes are governed by an electrostatic
patching effect, resulting in a flat configuration of heteroaggregates. For negatively charged montmorillonite and kaolinite, the heteroaggregation with GO is electrostatically
unfavourable due to the strong electrostatic repulsion. Zhao
et al.68 observed no adsorption of GO on montmorillonite
and kaolinite, indicating the absence of heteroaggregation
between GO and montmorillonite/kaolinite. Meanwhile, Yang
et al.105 observed the heteroaggregation of GO with kaolinite.
They attributed this to charge repulsion being overcome by
Lewis acid–base and hydrogen bonding interactions. Huang
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et al.69 demonstrated that heteroaggregates between GO and
kaolinite can be formed at pH below pHPZC of kaolinite.
The discrepancy may be due to the inconsistent experimental conditions especially the different sizes and surface
charges of the employed kaolinites. Feng et al.77 investigated the heteroaggregation of GO with nanometer- and
micrometer-sized hematite colloids and found that the size
of hematite affects the stability of GO–hematite heteroaggregates. Accordingly, the physicochemical properties of
natural colloids play an important role in their heteroaggregation with GO. In addition, recent studies demonstrated that the concentration ratio of the negatively
charged colloid to the positively charged colloid (e.g., silver
and hematite,106 carbon nanotubes and hematite,107 and
n-CeO2 and pyrogenic carbonaceous materials108) played an
appreciable role in their heteroaggregation rates and the
conformation of heteroaggregates. Indeed, Feng and coworkers77 established that the trends in the variation of the
heteroaggregate growth rate were dependent on the GO/hematite ratio. Generally, the heteroaggregate growth rate increases with an initial increase in the GO/hematite ratio,
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Table 5 Summary of laboratory studies on the effect of NOM on the aggregation of GAs

NOM
SRHA
SRHA
SRHA

SRHA

Conditions
pH 7, 40 mg L−1
GO, 10 mg L−1
25 mg L−1 GO,
31.6 mM KCl,
0.1–10 mg L−1
SRHA
5 mg L−1 SRHA,
40 mg L−1 GO,
pH 5.5

SRHA

Synthetic surface
water, 5 mg L−1
SRHA, 10 mg L−1
rGO

SRNOM

0.57 mg TOC
L−1, pH 7.0, 1
mg L−1 FLG

Low-molecular-weight
organic acids

EMP/ZP

HD GA stability

No effect
↑

↓
↓

↑
↑

Negligible
effect

↓

No
significant
effect

↓

No
significant
effect

↓

Mechanism and ref.

CCC

28

125 mM NaCl

↑

Steric repulsion
Electrostatic repulsion, steric repulsion
(predominant)72
Steric repulsion73

↑

Steric repulsion28

125 mM
NaCl, 2.2 mM
CaCl2, 3.9
mM MgCl2

Short term stability
of GAs ↑; long term
stability of GO and
fully rGO ↓

↑

First, SRHA can bind with GO which
provides steric repulsion and increases
stability. Second, SRHA can facilitate
binding with GO functional groups in the
presence of divalent (Ca2+, Mg2+) cations,
which can increase aggregation of GO
flakes and reduce stability55
Steric and electrostatic repulsion forces40

↑

Steric repulsion92

reaches a maximum at an optimal GO/hematite ratio, and
then decreases as the GO/hematite ratio is further increased. 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 concentrations 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 dissolution of colloids at environmentally relevant pH values has
no obvious effect on GO stability and can be neglected.68
The deposition of GO occurs when GO sheets collide with
and are sorbed onto an immobile surface in a complex subsurface 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

95 mM NaCl

form of heteroaggregation. Several studies have monitored
the deposition of GO using a quartz crystal microbalance
with dissipation monitoring. Typically, Chowdhury and coworkers56,109 have monitored the deposition and release of
GO onto environmental surfaces including silica-, poly-Llysine-, 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 concentration, IS, cation nature, and physicochemical properties of the
surface. Due to multiple orientation deposition and multilayer formation, a significantly higher mass of GO was deposited on NOM-coated surfaces than aluminum oxide-coated
surfaces.56 The deposition of GO on these environmental surfaces is highly reversible, so it is possible to release and remobilize the deposited GO from these surfaces in a natural
aquatic environment. Photo-transformation caused by sunlight will decrease the deposition of GO on many environmental surfaces and reduce remobilization of GO in aquatic
environments.110

Fig. 11 Configurations of the graphene–tannic acid–graphene (GN–TA–GN) aggregate.65 Reprinted with permission from ref. 65. Copyright 2017,
American Chemical Society.
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Fig. 12 Models of aggregation and breakage of the GO structure. The Lifshitz–van der Waals interaction is not additionally displayed due to its
ubiquity.72 Reprinted with permission from ref. 72. Copyright 2015, Elsevier.

Most of the studies on heteroaggregation were carried out
in simple aqueous–solid systems. However, in a real natural
environment, more than one kind of colloid is usually associated with another. There is only one study investigating the

1316 | Environ. Sci.: Nano, 2018, 5, 1298–1340

heteroaggregation of GO in a more complex system
containing clay minerals (kaolinite) and metal (hydr)oxides
(goethite).69 The kaolinite–goethite associations show higher
ability to aggregate GO than kaolinite (Fig. 15A). The increase
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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 heteroaggregation of GO with kaolinite, the possible heteroaggregation 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 < pHPZC of
kaolinite–goethite associations (Fig. 15B and C). The heteroaggregation of GO with kaolinite–goethite associations is dependent on IS, pH and GO concentration. The increase in IS
and the decrease in pH will reduce the energy barrier between GO and kaolinite–goethite associations, facilitating the
occurrence of heteroaggregation. With increasing GO concentration, more large-size GO can efficiently wrap kaolinite–goethite associations, hindering the occurrence of heteroaggregation. 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.111–113 When GO is employed
as an adsorbent for heavy metal ion or radionuclide removal, 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 group114 studied
the heteroaggregation behavior of GO with TiO2 in the co-

This journal is © The Royal Society of Chemistry 2018

existence of CuĲII) and found that the presence of CuĲII) enhanced GO deposition onto TiO2. Recently, Sheng's
group115,116 carried out a series of studies about GO deposition onto LDHs in the presence of a radionuclide (e.g.,
EuĲIII)) or a heavy metal ion (e.g., CuĲII)). They found that
the metal ion or radionuclide could enhance the deposition
of GO onto LDHs by the formation of LDH–cation–GO ternary surface complexes. Collectively, these studies might facilitate the evaluation of the potential physicochemical behavior 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 agglomerates or even restack to form graphite, graphene sheets are unlikely to be stable in water. In contrast to GO, only a few studies characterized graphene aggregation behavior in aquatic
environments. Findings suggest that the aggregation behavior of graphene can be affected by the graphene concentration, particle size, ambient water, visible-light irradiation and
low-molecular-weight organic acids.5,40,92 FLG agglomerates
formed rapidly in deionized water at concentrations higher
than 3 mg L−1, and smaller FLG sheets with lateral sizes of
25–75 nm agglomerated more slowly than larger ones.40 The
hydration and irradiation weakened the aggregation of
graphene.5 Graphene was found to be more stable in the
presence of low-molecular-weight organic acids (benzoic acid,
gallic acid).92
Since the formation of stable aqueous graphene dispersions is important for many applications, many studies concentrated 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).99 Reprinted with permission
from ref. 99. Copyright 2016, American Chemical Society.

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−1 can be stabilized by
ionic surfactants.117–122 Lin et al.123 investigated the dispersion stability of graphene in the presence of ionic surfactants
by molecular simulation, theoretical modelling, and experimental 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−1, Guardia et al.124 found
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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.125 systematically explored
the relation between surfactant adsorption and the dispersion stability of graphene. They found the adsorption of sodium dodecyl sulfate (SDS) on graphene can be divided into
four stages, including isolated monomer adsorption,
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Fig. 15 (A) Concentrations of GO in the supernatant as a function of pH in the absence and presence of minerals with 20 mg L−1 of initial GO
(without background electrolyte). (B) Zeta potentials of GO and minerals as a function of pH (GO concentration = 20 mg L−1, minerals = 2 g L−1,
without background electrolyte). (C) Illustrative diagram of aggregation modes of GO in the presence of minerals as a function of pH.69 KGA-4%,
KGA-5%, KGA-10%, KGA-15% mean 4%, 5%, 10%, and 15% of goethite in the kaolinite–goethite association (KGA). Reprinted with permission from
ref. 69. Copyright 2016, Elsevier.

monolayer adsorption, surface micelle formation, and bulk
micelle formation (Fig. 16). SDS concentrations, above the
onset of monolayer adsorption on graphene (i.e., ≥40 μM),
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.126 Bourlinos et al.127 reported that the
aqueous-phase exfoliation of graphite in the presence of polyvinylpyrrolidone 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.128 By employing MD simulations, it was found that
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oligodeoxynucleotides could prevent graphene aggregation by
the disruption of interlayer van der Waals force.129 Without
the aid of either polymeric or surfactant stabilizers, Li et al.19
obtained stable aqueous graphene dispersions successfully
by controlling the chemical conversion of GO.
It is reported that external forces such as sonication, mechanical 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 stabilizing agent, thus resulting in a well-dispersed graphene
suspension.38 Knieke et al.130 reported that 25 g L−1 of monoand multi-layer graphene sheets can be produced by stirred
media milling. Paton et al.131 reported that large quantities
of defect-free graphene suspensions can be produced by
shear mixing. Yang et al.132 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 reduction results in four possible consequences: (1) considerable
losses of surface oxygen functionalities; (2) a significant increase in the hydrophobicity of GO; (3) partial restoration of
the graphitic structure of GO, enhancing the π–π stacking of
GO sheets; (4) the presence of cationic groups in hydrazinereduced GO. All of these increase the aggregation tendency of
rGO. Gudarzi23 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 reduction. Chen's group22,133 mainly attributed the increased aggregation tendency of rGO to the increased hydrophobicity,
not to the decreased surface charge negativity. The discrepancy 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.55 reported that the aggregation rate of rGO
increased in the order rGO-5h (fully reduced) > rGO-2h
(intermediately reduced) > rGO-1h (partially reduced). Meanwhile, in systems dominated by multivalent cations capable
of forming complexes with surface oxygen functional groups
of GO (e.g., Ca2+), the aggregation tendency of rGO can correlate poorly with the degree of reduction but strongly with the
type and amount of surface oxygen functionalities, which determine 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 studies on the aggregation and stability of GO as a function of solution 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,
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rGO sheets are dispersible only above a pH value of 8.27,35 At
a matching pH, rGO sheets aggregate at a much lower IS
compared to GO. The aggregation of rGO induced by Ca2+
ions is not as significant as that observed for GO. In the
presence of Ca2+, NOM shows greater effectiveness in
inhibiting the aggregation of rGO, since rGO has fewer surface functional groups than GO, binding with Ca2+ in the
presence of NOM.55 The findings further underline the stability of nanomaterials being controlled by the complex interplay 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+, Mg2+, Ca2+,
Cl−, HCO3−, and SO42−) and NOM, which can have a significant impact on the stability of GAs.28,55,84 Currently there are
several studies that investigate the effects of complex solution
chemistry found in surface water and groundwater environments on the stability and behavior of GAs. For example,
Chowdhury et al.28 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 investigated 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.55 Similarly,
Lanphere et al.73 found that there was a significant difference
between the behavior of GO in groundwater and surface water systems, since groundwater and surface water systems

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).125 Reprinted
with permission from ref. 125. Copyright 2013, American Chemical Society.
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had different concentrations of hardness (e.g., Ca2+ and
Mg2+) and NOM. Recently, Su et al.40 characterized the sedimentation 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 influent 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 stability of FLG. Our group67 systematically studied the sedimentation kinetics of GO in three natural surface waters collected from Dongpu Lake, Nanfei River and Chaohu Lake in
Hefei City (Fig. 20). We found that water hardness (i.e., the
concentration of Ca2+ and Mg2+) played a key role in the sedimentation processes and that NOM in the three natural surface 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,84 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 environments 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.

Critical review

factors and common factors. The common factors include pH,
IS, cation nature, NOM and sunlight (or UV) exposure.28,75,110,134 The peculiar factors for C60 include preparation
methods,135 size (hydroxylation degree),136 and ozone.137 The
peculiar factors for CNTs include synthesis methods,138 chiral
literature,139 diameter,140 surface oxidization degrees,141 and
purification.142 The peculiar factors for GO include the reduction degree,22 lateral size,40 and layer.123
The distinct differences in the physical shape and surface
chemistry of GO compared to those of C60 and CNTs lead to
the colloidal properties of GO, in response to common factors, differing distinctly from those of other carbonaceous
nanomaterials. GO is more resilient than C60 and CNTs to
changes in solution chemistry (e.g., pH, IS) that favor aggregation and deposition of C60/CNTs. Specially, unlike C60 having to undergo solvent exchange or sonication and CNTs requiring 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 C60 and CNTs, 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 aggregation and stability in aquatic environments are found to follow

GAs in comparison with other carbonaceous nanomaterials
Carbonaceous nanomaterials mainly include three types of
stable forms, namely fullerene (C60), carbon nanotubes
(CNTs), and graphene (or GO). Different extents of sp3 (aliphatic) or sp2 (aromatic) hybridization of the carbon atoms
in the carbonaceous nanomaterials lead to different bonding
and ring structures. The defect-free C60 in enclosed cage-like
structures is composed of twelve 5-member rings (sp3) and
an unspecified number of 6-member rings (sp2). As the 2D
counterpart of naturally occurring 3D graphite, graphene is a
hypothetical infinite aromatic sheet with sp2 hybridization of
the carbon atoms. The CNT structure can be considered to
stem from the folding of one or several graphene sheets (sp2hybridized 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 variation results in different physicochemical properties (e.g.,
morphology, size, specific surface area, functional groups,
surface charge, polarity, and so on) among carbon nanomaterials and different interactions of the carbon nanomaterial substrates with themselves or with guest molecule
media (e.g., aqueous media, porous media) and consequently
variation in aggregation and deposition behavior. The huge difference in physicochemical properties of C60, CNTs, and GO results in fundamental differences in the interfacial-interaction
characteristics of these carbon nanomaterials in aquatic environments. Therefore, the factors controlling the colloidal properties of carbon nanomaterials can be classified into peculiar
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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−1). 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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Fig. 18 (a) Schematics of the pyrene-labeled single stranded DNA (Py-ssDNA)/graphene hybrid. (b) Tyndall effect of a Py-ssDNA/graphene solution. (c) UV-vis absorption spectra of Py-ssDNA and Py-ssDNA/graphene. XPS data for (d) Py-ssDNA/graphene hybrids and (e) core C 1s level.128
Reprinted with permission from ref. 128. Copyright 2010, Royal Society of Chemistry.

colloidal theory, including DLVO theory and the Schulze–
Hardy rule, as C60 does.28,88,143
It is reported that the aggregation of CNTs could be decreased in the presence of NOM (SRHA), polysaccharides (alginate), proteins (bovine serum albumin), and cell culture
medium (Luria–Bertani broth).144 TA also shows the ability to
stabilize the CNT suspension via steric repulsion.145 It is
likely that a stable graphene or rGO suspension might be
obtained in the presence of the above-mentioned macromolecules due to the structural similarity of graphene or rGO with

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

CNTs. Additionally, Zinchenko et al.146 found that long-chain
DNA–chitosan complexes can be employed to entrap C60 and
CNTs and to remove C60 and CNTs from water by centrifugation, 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 synthetic (e.g., polyĲacrylic 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 C60,
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Fig. 19 Long-term stability of few layer graphene (FLG) in ambient waters and wastewater samples from a municipal wastewater treatment plant
(WWTP). Normalized FLG concentrations in different types of water; the initial FLG concentration was (50 ± 2) μg L−1 (a) and (3.90 ± 0.03) μg L−1
(b), respectively (n = 3; data points are mean and standard deviation values calculated from triplicate samples). Sedimentation rate constants (c) of
FLG at initial concentrations of 50 μg L−1 (open symbols) and 4 μg L−1 (solid symbols) as a function of total ionic strength of the water samples.40
Reprinted with permission from ref. 40. Copyright 2016, Elsevier.

graphene and CNTs to form stable suspensions via the mechanism of strong π–π interaction.26,29

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 potential). In the following subsections, we will elaborate the
factors in the column system affecting the transport and retention of GAs. It is possible that a combination of several
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processes, such as dissolution, homoaggregation, heteroaggregation, straining, and deposition, is responsible for the
high retention of nanoparticles.

Effect of pH
Under unfavorable attachment conditions, pH affects transport 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,133 little effect on the interaction force/energy between the carboxyl-functionalized
graphene and the two types of sand (i.e., acid-cleaned and
natural sand),147 negligible effects on the depth of the secondary minimum energy well and only small effects on the
repulsive energy barrier between particles and collectors for
the transport of GO in quartz sand.148 By comparing the
breakthrough curves, Qi et al.148,149 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).67 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.147 reported that the increase in solution
pH can enhance the mobility of carboxyl-functionalized
graphene in natural sand media. They attributed the lower

Fig. 21 (A) Visual images of GO in the absence and presence of Al2O3 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 Al2O3 in natural and synthetic waters. C(GO)initial = 6
mg L−1, m/V = 10 g L−1 (i.e., Al2O3 concentration).84 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.133 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 Ca2+, the pH effect was negligible due to Ca2+ 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 nanoparticles 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.70,150–152 Cations can enhance the deposition of GAs in
the following ways. First, cations affect the size of GA aggregates 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 interaction of GAs with collectors. Third, cations deepen the secondary 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 collectors. 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., Ca2+) is more effective in
inhibiting the transport of GAs than a monovalent cation
(e.g., Na+),133,153 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 cation bridging.
Interestingly, cations with the same valence have markedly
different effects on the transport of GO and rGO. Xia et al.153
found that the effects of cations on the transport of GAs in
saturated quartz sand obeyed the Hofmeister series, decreasing in the order Na+ < K+ < Cs+ for alkali metal ions and
Mg2+ < Ca2+ < Ba2+ for alkaline earth metal ions. When Na+
and Ca2+ coexist, the molar ratio of Ca2+ to Na+ plays an important role in the transport of GO in saturated porous media
especially at high IS.154 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.
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Effect of NOM and surfactants
NOM is ubiquitous in natural surface water environments.
Under unfavourable deposition conditions, NOM likely enhances the transport of GAs via the following mechanisms.
First, the adsorption of NOM on the surfaces of GAs and collectors enhances the steric repulsion between GAs and collectors, thus inhibiting the deposition of GAs. Second, the adsorption of NOM on GAs reduces the size of GA aggregates,
affecting the deposition of GAs via straining. The effectiveness of NOM in enhancing the transport of GAs is dependent
on the cation type, cation concentration and collector nature.
Xia et al.133 reported that SRHA was much less effective in
mitigating the transport-inhibiting effects of divalent cations
(i.e., Ca2+) than those of monovalent cations (i.e., Na+). Qi
et al.148 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 NaCl). In another study, Qi et al.149
observed that SRHA showed weaker effects on the transport
of GO in Lula soil than in Sigma sand. Surfactant modification 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.155 found that the surfactant type
and concentration strongly affected the retention and transport 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 media. Negatively charged GAs are expected to deposit on negatively charged sand surfaces due to the existing strong primary 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 retention.51,156 Sun et al.157 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.158 reported that extracellular 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 enhanced the retention of GO due to the following reasons: (1)
GO specially interacts with biofilms via H-bonds, Lewis acid–
base, and π–π interactions; (2) the inhomogeneous coverage
of biofilms increases the physical roughness of the sand collector, creating a low flow velocity region; (3) biofilms decrease the absolute surface charge of the collectors and increase 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 inducing physical straining.151 Wang et al.159 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.147 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.160
They attributed the higher retention of GO in natural sand
columns than in acid-cleaned sand to the presence of additional attachment sites and metal impurities.

when in contact with sunlight, (2) oxidation/reduction as a
result of exposure to concomitant chemicals such as hydroxyl
radicals, ozone, FeĲII), sulfides, chlorine or chloramine, (3)
bio-transformations when GAs are exposed to microorganisms or plants. All of these transformation processes could
modify the environmental behavior (e.g., transport and aggregation 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 natural environments.

Effect of other factors

Contact with sunlight and UV irradiation

The decrease in the flow velocity greatly enhances the retention of graphene.51 Meanwhile the effect of flow velocity on
the transport of GO depends on the type of collector and IS.
Qi et al.149 observed that the flow velocity had noticeable effects 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.148 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 important role in the retention of GO in porous media.152,156 Reducing 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.152 The input concentration of GAs shows different
influences on the transport of GO and graphene in saturated
quartz sand. Sun et al.157 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.51 reported that an increase in the particle concentration
caused greater retention of graphene via straining. The discrepancy 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 results in less mobile GO sheets.160 However, the mechanisms
remain unclear. Recently, Lu et al.161 studied the effects of
three typical clay minerals (kaolinite, montmorillonite, and illite) 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 > montmorillonite > illite. Zhou et al.162 found that the addition of a minute 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.

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 (oxidized 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.5 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 important effect on the photo-chemical transformation of GO.
Andryushina et al.25 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 particles. After UV light exposure for 90 min, the hydrodynamic
size of GO decreased due to the π–π stacking interaction between the aromatic areas of GO and crumpling of the GO
sheets (Fig. 22). After 1 h of irradiation, Abraham et al.163
observed the formation of nanopores during the photoreaction processes of GO in the presence of O2 (Fig. 23). After 11 h of irradiation, Hou et al.164 found that GO was
photo-chemically converted into CO2, low molecular-weight
species, and fragmented photo-products similar to rGO
(Fig. 24). Lastly, they predicted that photo-transformed products will show different transport behaviours and ecotoxicological effects from the parent GO. Indeed, Chowdhury
et al.110 found that the irradiation of simulated sunlight increased the aggregation of GO and decreased the deposition
of GO on SRHA coated silicon with lower possibility of
remobilization. Namely, the photo-transformation can reduce 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 surfaces commonly exist. Recently, Hou et al.165 reported that
the bacterial toxicity of directly photo-transformed GO
(without H2O2) increased due to greater cell membrane disruption and oxidative stress, while that of indirectly phototransformed GO (with H2O2) decreased due to the loss of

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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Fig. 22 (a) Hydrodynamic size distribution of colloidal GO at pH 6 before photo-reduction (curve 1) and after illumination with UV light for 30 min
(curve 2), 60 min (curve 3), 90 min (curve 4), and 180 min (curve 5). GO = 0.025 mg mL−1. (b) Photo-induced changes in shape and structure of
colloidal GO particles.25 Reprinted with permission from ref. 25. Copyright 2013, Springer Nature.

Fig. 23 (a) Models of the pore production by the photoreaction of GO in N2 and O2. (b) Model of proton conduction at epoxide groups.163
Reprinted with permission from ref. 163. Copyright 2012, American Chemical Society.

the TOC. During water and wastewater treatment, GO may
come into contact with other chemicals used in water treatment (e.g., chlorine) in addition to sunlight irradiation. Du
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et al.166 observed that simulated sunlight irradiation enhanced the chlorination of GO depending on the chlorine
concentration. Finally, the colloidal stability and the
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Fig. 24 Pathways of GO photo-transformation in sunlight.164
Reprinted with permission from ref. 164. Copyright 2015, American
Chemical Society.
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widely present stains in aquatic environments, was observed
under anaerobic conditions.171 In addition, it has been found
that many other microbial species including Escherichia
fergusonii,172 Halomonas strains,173 Bacillus marisflavi,47 Azotobacter chroococcum,174 Bacillus subtilis,175 Gluconacetobacter
xylinus,176 Fontibacillus aquaticus isolated from nanomaterial
contaminated pond soil,177 aerobic microorganisms isolated
from river sediments,178 entophytic microorganisms present
in the carrot root,179 and even baker's yeast180 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 stabilizing agent, resulting in the good stability of synthesized
graphene in water.47,181
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.182 reported that naphthalene
degrading Pseudomonas bacteria isolated from a graphite
mine could degrade GO and oxidize rGO and graphite. Recently, Guo et al.183 reported that GO was reduced while rGO
was oxidized after incubation with Escherichia coli and Staphylococcus aureus. They also found that the formation and development of biofilms attenuated the toxicity of rGO. The organisms 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 inherent properties, stability and fate of GO in aquatic environments. 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
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,167,168 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.169
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.170 Wang et al.112 also confirmed similar observations
and further found that the microbial reduction of GO by
Shewanella can occur in a normal aerobic cultural setup. Afterwards, GO reduced by Escherichia coli, one of the most
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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 anthocyanins, glycosides, terpenoids, polyphenols, pectins, vitamins,
flavonoids, ascorbic acid, apigenin, luteolin and various flavones.45,49,184,185 These phytochemicals have a high tendency
to get oxidized and play an important role in the bioreduction of GO and stabilization of graphene (Fig. 26).
Phytoextracts have tremendous potential to be used as reducing agents for the reduction of GO, such as those derived
from Ganoderma spp. mushroom,37 Ginkgo biloba leaf,49 Hibiscus sabdariffa L.,184 Pulicaria glutinosa,186 Terminalia
chebula seeds,187 Colocasia esculenta leaf,45 Mesua ferrea Linn
leaf,45 orange peel,45 pollen grains of Peltophorum
pterocarpum,188 tea,185 Rosa damascene,189 etc. Phytoextracts
derived from different plants show different abilities in reducing GO. Lee and Kim190 compared the ability of seven leaf
extracts from cherry, magnolia, platanus, persimmon, pine,
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Fig. 25 Proposed mechanism of microbial reduction of GO. Orange dots represent self-secreted electron mediators; blue circles with white dots
represent multiheme-containing outermembrane c-type cytochromes; the molecular structure of the heme group is shown in the dashed circle.44
Reprinted with permission from ref. 44. Copyright 2011, Springer Nature.

Fig. 26 (A) Chemical structure of tea polyphenols (TPs). (B) Schematic illustration of the preparation of TP reduced graphene.185 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.191 reported that the presence
of iron can increase the activity of green tea polyphenols in
reducing GO due to the formation of a Fe2+-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 dispersion of the reduced GO sheets in water. In most cases, extracts from plants can act both as a reducing and stabilizing
agent, resulting in the formation of water-soluble and cytocompatible 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 hydrate 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 degradation 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 cancer cells than GO.37

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 proteins, 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.192,193 Initially,
Kotchey et al.194 demonstrated the biodegradation of GO via
the catalysis of horseradish peroxidase. Later, Kurapati
et al.195 reported that human myeloperoxidase could catalyse
the degradation of GO in the presence of H2O2 and found
that its biodegradation capability depended on the hydrophilicity, negative surface charge, and colloidal stability of the
aqueous GO.195 The biodegradability of GO in vivo was investigated by Girish et al.,196 who found that macrophages
played an important role in the biodegradation. Very recently,
the biotransformation of GO in real blood plasma was investigated by Hu et al.,193 who found that free radicals and biological molecules in human blood plasma simultaneously
drive the biotransformation of GO sheets. Importantly, the
bio-transformed GO induced lower levels of cell ultrastructure damage than did pristine GO. Finally, the biotransformation 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 microenvironment can be adsorbed on GAs via hydrophobic interaction and strong π–π stacking interaction.41 Protein adsorption on GAs will influence the cellular recognition and
uptake of GAs, changing the biological response toward
these foreign entities. Chong et al.41 found that coating GAs
with bovine serum albumin, bovine fibrinogen, immunoglobulin, and transferrin can effectively reduce the cytotoxicity of GO. Along with the alleviation of GO cytotoxicity, Li
et al.197 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 provide information on the environmental health risks of GAs,
thereby avoiding overestimating their relevant biological
risks.

Contact with inorganic oxidants and reductants
Fenton's reagent (Fe2+/Fe3+/H2O2) is well known as a strong
oxidizing agent with the production of the highly reactive hydroxyl radical (˙OH), which plays an important role in oxidative degradation of GAs.198 UV irradiation will accelerate the
production of ˙OH and improve the degradation rate.199
Fenton's reagent has been applied not only to decompose aromatic organic pollutants in water,200,201 but also to understand the degradation mechanism of carbon nanomaterials
in enzymatic-catalyzed systems with ferric heme iron (Fe3+) in
the catalytically active center.202,203 Therefore, naturally occurring Fenton's reagent may play a significant role in controlling the environmental fate and biological effect of GAs.
Initially, Zhou et al.204 demonstrated that the photo-Fenton
reaction can degrade GO into graphene quantum dots
(Fig. 27). After that, Bai et al.205 identified the degradation
products of GO driven by the photo-Fenton reaction. They
demonstrated that the early stage of photo-Fenton degradation 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 14C-labeling, Feng et al.46 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 accumulated in Daphnia magna. Recently, Zhang et al.206 reported
that GO can be degraded completely by the photo-Fenton
method to CO2 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 potential 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 environmentally relevant reducing agents including one strong reductant (i.e., S2−) and one rather mild reductant (i.e., ferrous
iron, FeĲII)) on the fate and transport of GO systematically.57,133,207,208 They found that both sulfide and FeĲII) reduction resulted in significant changes in the distribution of
surface oxygen functionality. After being in contact with S2−,
GO is destabilized due to the increase in the surface hydrophobicity of rGO. Besides the increase in the surface hydrophobicity of rGO, the π–π interaction between the graphitic
structures and the stacking of GO sheets through Fe2+/Fe3+
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Fig. 27 (A) Schematic diagram demonstrating the degradation of graphene oxide (GO) via the photo-Fenton reaction, which results in the formation of oxidized polycyclic aromatic hydrocarbon (o-PAH) intermediates and graphene quantum dot (GQDs) products with time. (B) AFM images of
as-received GO after reaction with Fenton's reagent under UV irradiation for 0, 18, 36, and 54 h. All images were obtained in tapping mode, and
the scale bars are 500 nm.204 Reprinted with permission from ref. 204. Copyright 2012, American Chemical Society.

cation bridging also contribute to the settlement of GO after
being in contact with Fe2+. Moreover, a mild reductant of
Fe2+ only caused partial reduction of GO, so even the GO
samples treated with high doses of Fe2+ still possessed considerable colloidal stability. Accordingly, mild reductants
might exert even greater effects on the environmental risks of
GO than strong reductants such as sulfur-containing compounds, 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 group209,210 also characterized the effect of the water 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 material more negatively charged and less prone to agglomeration. At 35 mM NaCl, the decrease in the mobility followed
the order chlorine-treated GO > chloramine-treated GO >
pristine GO.210 When the background cation was Ca2+ (hard
water), chloramination of GO could reduce the mobility and
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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 hydroxyl groups of quartz sand.209 One can see that even relatively 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 wastewater treatment processes on the environmental behavior of
GAs.

Challenges and perspectives
GAs, as advanced nanomaterials, have driven widespread development in various research and engineering fields. Research 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 describing 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 experimental 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 special 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 environmental 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 toxicity 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 behavior and the combined toxicity of GO and other contaminants. 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 waters. A complex mixture of cations (e.g., Na+, K+, Mg2+, and
Ca2+), anions (e.g., Cl−, HCO3−, and SO42−) and NOM in surface water environments has a complicated impact on the GO
stability. Meanwhile, there are huge differences in the chemical 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 information on the colloidal properties of GAs in natural waters
from all over the world is needed to determine the actual behavior 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, TiO2, and Al2O3 nanoparticles,
which have been widely applied in a wide variety of fields,
show a high possibility to come into contact with GAs. However, information on the heteroaggregation, cotransport, and
combined toxicity of GAs and these metal/metal oxide nanoparticles 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 hydrodynamic factors, differing significantly from those of the parent
GAs. Therefore, the environmental behavior and toxicity of
the functionalized GAs cannot be extrapolated from the available findings.
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