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Graphene oxide (GO) with unique characteristics grasps striking potentials in both academic and indus-
trial applications. After being released into natural waters, the dispersity and stability of GO might be
altered by the chemical conditions in the receiving water bodies. In this review, we summarized that
the aggregation of GO in aquatic environments is mostly dependent on properties of nanoparticles (size,
structure, and functional groups) and complex water chemistry (pH, temperature, light, ionic strength,
and dissolved organic matter). The knowledge about the aggregation/stability of GO is still insufficient
due to the variations in GO properties and complex system of natural waters. Although studies about
environmental transformation of graphene-related materials can be accessed but a systematic study tak-
ing into consideration the various factors of GO and aquatic systems responsible for aggregation of GO is
still lacking. Therefore, we summarized that GO homoaggregation or heteroaggregation with other solid
particles can affect the distribution in different depths of rivers and toxicity toward plankton or benthic
organisms. More studies are needed to investigate the stability of GO in the long term, the effect of other
nanomaterial on GO aggregation, the alteration of water constituents at different regions/time and its

effect on GO aggregation, to understand the transportation and impact of GO in the environment.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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1. Introduction application boomed its production, which certainly assure that it
will eventually enter into the natural ecosystems, especially in
aquatic environments [12,13]. The concentrations of GO in wastew-
ater from treatment plants or places near the discharge outlet of
industries are higher than 10 mg/L [14]. Recent studies have shown
that GO can be toxic toward bacteria and humans [15-17]. Thus,
increasing research attention is being dedicated to determine its
behavior and risks to the environment and ecological systems.
The stability of GO is one of the most important factors that ul-
timately control its environmental fate and ecological risks [18-20].
Aggregated GO particles have less available active sites and smaller
surface-area-to-volume-ratio as compared to primary GO particles,
thus decreasing the reactivity and bioavailability of aggregated GO
particles [21]. GO has been announced as the most toxic particles
among various graphene materials [22,23], which depicts the im-
portance of understanding the exposure of GO in environment for

Graphene oxide (GO) is one of the most studied 2-dimensional
carbon nanomaterials over the past decade [1]. As a domi-
nant derivative of graphene, GO contains high surface area with
numerous oxygen-containing functional groups, including car-
boxyl/carbonyl groups at the edges and epoxy/hydroxyl groups at
the basal plane, which could maximize the benefit of the unique
properties of this nanomaterial [2-4]. With unique structure and
exceptional physicochemical characteristics, GO holds attractive
promises in academic (research), environmental (i.e., desalination,
filtration, adsorption), medical (i.e., bio-imaging, cancer therapy,
and nanomedicine), and industrial (i.e., coating and sensors) appli-
cations [5-10]. It is estimated that production of graphene-based
materials will shoot to 3800 tons annually in 2026, while the
global graphene market will reach $656.9 million by 2027 [11].

GO comprises more than 60% of market share as compared to
other graphene-based products [11]. The increase interest in GO
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safe operation [24]. Due to many oxygen-containing groups, GO
is dispersible in water, and can be transported in water through
physical process or food chain. As a result, it might accumulate in
the ecosystem, pose threat for aquatic organisms and eventually to
human health [25]. The risks as well as toxicity of GO in aquatic
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Fig. 1. Schematic diagram (a) showing the formation process of reduced GO (rGO) through reduction of graphene oxide (GO), and (b) TEM image of GO. (b) was copied with

permission [32]. Copyright 2020, Elsevier.

environment might not be approached solely via its characteristics
without taking into consideration the GO aggregation behavior in
natural water bodies. Therefore, knowledge of the aggregation ki-
netics and stability of GO is critical to promote its industrial appli-
cations and evaluate its environmental risks.

After discharge into aquatic environments, GO particles come
into contact with constituents in natural system that may include
inorganic ions, natural organic matter, and colloidal particles [26].
These substances may influence the behavior of GO colloidal and
further dictate the aggregation/stability of GO in natural water. Nu-
merous findings have illustrated that the stability of GO in aqueous
solutions is strongly affected by both solution chemistry (e.g., ionic
strength and pH) [27,28] and particle surface characteristics (e.g.,
surface oxygen content and particle sizes) [29]. Various inorganic
ions including Ca2*, Mg2*, Nat, K+, SO42~, HCO3~ and Cl-, have
an obvious effect on the electro-kinetic behavior of GO colloids and
consequently their aggregation/stability behavior [30]. For exam-
ple, the aggregation of GO particles was enhanced by concentration
increase of cations that suppress the electrostatic repulsive forces
between GO particles [31]. Similarly, humic and fulvic acids, ma-
jor constituents of NOM, have been considered to adsorb onto GO
surface and significantly stabilize the GO particles [32].

The environmental conditions such as light, temperature, pH,
and dissolved organic matter (DOM) may paly complex roles in the
aggregation/stability of GO in natural water systems [33,34]. The
aggregation of GO was promoted when the temperature rose from
6 to 40 °C in the presence of Nat, Kt (monovalent) and Ca2* (diva-
lent) cations primarily because of the reduced electrostatic repul-
sion and enhanced cation dehydration [34]. The electron-hole pair
generation under photoirradiation degrade GO into smaller frag-
ments and low molecular weight species, which may influence the
GO fate in natural waters [35,36]. Therefore, it is necessary to shed
light on various environmental factors that could influence the ag-
gregation/stability behavior of GO in aquatic environment. This re-
view will highlight various environmental factors that are respon-
sible for the aggregation of GO in aquatic environment.

GO shows excellent dispersibility in various solvents, predomi-
nantly in water due to negatively charged carboxylic acid (—COO0-)
groups [37,38]. These negatively charged groups create a repulsive
electrostatic (EL) interaction between GO particles, which is higher
than van der Waals (vdW) attractive force, thus promoting col-
loidal stability of GO [39,40]. The colloidal stability of GO deter-
mines its application in industries, bioavailability, reactive oxygen
species (ROS) generation, toxic effect, and adsorption/desorption
capacity for various other contaminants (e.g., heavy metal ions and
organic pollutants). Therefore, a comprehensive review of the ag-
gregation kinetics of GO nanoparticle is required not only to pro-
mote their applications in industries but also for more accurate
evaluation of their environmental fate, transport and prediction of
their environmental influence and risks.

2. Structure of graphene and its derivatives

Graphene-based materials comprise pristine graphene, GO, and
reduced graphene oxide (rGO), where GO being an intermediate

material formed during the formation of rGO (Fig. 1a). The most
striking property of GO is that it may be reduced to material like
graphene sheets by eliminating the oxygen-containing functional
groups with the reformation of a conjugated structure [41,42]. The
reduction of GO to rGO enhance its electronic characteristics since
the electrical conductivity of rGO is higher than that of GO [43].
GO structure is very hard to define and characterize largely due
to its dependence on production methods and naturally nonstoi-
chiometric structure [3]. According to the direct imaging evidence
study by Dave et al, GO contains a long-chain arrangement in sp?
lattice [3]. The structure of GO is characterized as amorphous be-
cause of sp> C—0 bond distortions [44]. Macroscopically, GO sheet
appears as wrinkled and clumped continuously via multiple sam-
ples [3]. However, single layer regions in GO sheet are visible as
seen in Fig. 1b. The characterization of GO by oxygen-containing
functional groups (hydroxyl and epoxy) on the basal plane, re-
straining its thermal and electrical transport or mobility, thus en-
hancing its applications in optical and electrical field [45,46].

3. Aggregation behavior of GO in aquatic system

The stability of charged particles is the consequences of the
presence of various forces on surface of GO [47]. These forces
of interaction (W(h)) have been measured by Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory, which indicates that the inter-
facial forces between two approaching colloidal particles are sum
of electrostatic (W) repulsion and van der Waals’ (W, 4 ) forces
as shown in Fig. 2 [47-49]. Therefore, the aggregation/stability be-
havior of GO particles can be predicted by calculating the sum of
Wyaw(h) and Wg(h) according to the following equations (Eqs. 1-
3) [50,51].

W (h) = Wyqw (h) + WeL(h) (1)

Electrostatic Repulsion
-

Van der Waals Attraction

Interactive Energy

Primary Minim

Van der Waals
Attraction

Fig. 2. A schematic diagram depicting the balance between electrostatic repulsion
and van Der Waals attraction for colloids (DLVO theory). Copied with permission
[49]. Copyright 2019, Elsevier.
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where W, 4w(h) and Wg(h) can be calculated by Egs. 2 and 3.

H
_20,0_
WeL(h) = Cotk exp(—«h) (3)

where H is Hamaker constant, h is separation distance, o, and o _
are the surface charge densities per unit area, g is the permittiv-
ity of vacuum, ¢ is the dielectric constant of water, and « is the
inverse Debye length [51].

The decrease in surface charge density due to reduction of
GO causes obvious decrease in the content of charged functional
group, thereby noticeably decreasing the EL repulsion strength.
Also, the restoration of the conjugated structure of graphene
strengthens the attraction of vdW forces [52]. Hence, these above-
mentioned driving forces (EL and vdW) are frequently calculated
to explain the stability/instability of GO. The stability of GO is
higher than that of rGO in aqueous solutions because of the fol-
lowing two reasons. First, the reduction of GO decreases the sur-
face charge density due to an obvious decrease in the number of
charged groups, thus expressively decreasing the strength of elec-
trostatic repulsion [50,53]. Second, the restoration of the conju-
gated structure of graphene strengthens the van Der Waals attrac-
tion [50,53]. There are two different situations that may exist for
the aggregation of particles; i.e., symmetrical situation or homoag-
gregation (deals with two identical particles) and asymmetrical sit-
uation or heteroaggregation (deals with two different particles).

3.1. GO homoaggregation

Homoaggregation involves the interaction of two particles with
the same type. Although the presence of the O-containing func-
tional groups on GO surface make it extremely hydrophilic [6],
the presence of ionized functional groups on surface of GO due to
electrolytes in natural waters generates an electrical double layer
(EDL) [54]. The electrolytes have capacity to compress the EDL
which screen the surface charge of GO and thus promoting the
irreversible homoaggregation [55]. Generally, the attachment effi-
ciency (o) is commonly used to investigate the aggregation of GO,
where, the reaction-limited regime (o« < 1) and diffusion-limited
regime (o =1) determine the GO homoaggregation in the presence
of various electrolytes [56]. Also, the values of zeta potential pro-
vide magnitude and sign of the effective surface charge density re-
lated to EDL around the colloid particle [57]. Usually, negatively
charged surface colloids with a zeta potential lower than —30 mV
or positively charged surface colloids with a zeta potential higher
than 30 mV is assumed to be electrostatically stable [28]. The diva-
lent cations (Ca?*, Mg2+) showed more aggressive compression for
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EDL as compared to monovalent cations (Na*, K*), following the
Schulze—Hardy rule [27,30]. During homoaggregation, multivalent
ions showed high propensity to bind hydroxyl and carboxyl groups
on GO sheets, enhancing the bridging between GO sheets [58].

3.2. GO heteroaggregation

In natural waters, the interaction probability of NPs with each
other is much less than collision with other colloids [59,60]. NPs
interaction with solid-phase constituents, result in limitation of
their mobility [61]. In aquatic system, the natural colloid concen-
tration is likely to be several folds of magnitude higher than the
concentration of GO particles [62]. Therefore, the GO heteroag-
gregation with other natural colloidal particles (e.g., clay particles,
metal oxides, and macromolecular NOM), rather than the homoag-
gregation of GO, is supposed to be the governing process that
controls the mobility of GO [63,64]. Some previous studies indi-
cated that the aggregation of GO might be affected by other NPs
such as clays (kaolinite and montmorillonite), metal oxides (ZnO,
MGO, and TiO,), minerals (layered double hydroxides, goethite, and
hematite), and metal-organic frameworks [56,65,66]. For example,
GO aggregation and deposition in aquatic environment was no-
ticed due to the formation of multilayered structure with goethite
[67]. The flocculation behavior of Al,05 decreased the mobility of
GO, thus enhancing its aggregation and deposition in aquatic sys-
tems [68]. Moreover, the aggregation behavior of GO was enhanced
significantly when treated with kaolinite at high ionic strength
(>50mmol/L NaCl) due to the compression of EL layer [69].

4. Effect of GO properties on its aggregation

Various physicochemical characteristics (e.g., specific surface
area, size, morphology, surface charge, functional groups, and po-
larity) of GO are responsible for different interactions of graphene
substrates with themselves or aqueous media and eventually
change the GO aggregation behavior.

4.1. Size

The size may act as an important and intrinsic factor affecting
GO aggregation [70]. The smaller the size of GO nanosheets, the
more intense the Brownian motion would be and vice versa. The
intensity of Brownian motion not only enhanced the possibility of
collision among GO nanosheets but also enhanced the possibility
of collision among ions and GO nanosheets in dispersion system
[71]. Fig. 3a illustrates an obvious dispersity of GO with decreasing
size and vice versa. A comparative study was conducted to explore
the stability/aggregation behavior of nano-sized GO along with col-
loid and micron-sized GO. They have noticed the higher stability
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Fig. 3. (a) Schematic diagram showing effect of various sizes (micron, colloid, and nano) of GO on aggregation behavior. Copied with permission [72]. Copyright 2020,
Elsevier. (b) Effect of various sizes (GO-1:240, GO-2:170, GO-3:128, and GO-4:93 nm) of GO on aggregation rates in NaCl solutions. Copied with permission [75]. Copyright

2020, Royal Society of Chemistry.
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with critical coagulation concertation (CCC) value (360 mmol/L) for
nano-sized (150nm) GO as compared to colloid and micron-sized
particles [72]. Our previous research also found that small-sized
GO particle showed higher stability as compared to large sized GO.
Their CCC values in NaCl solution were 150 mmol/L and 49 mmol/L,
respectively [32]. A study by Ding et al. detected the strong inter-
action between large-sized GO particles, indicating their faster ag-
gregation due to slow Brownian motion [71]. When the collision
between GO nanosheets and ions in the dispersion system hap-
pened, cross-linking occurred between them, and the formation of
aggregate with strong force of interaction among GO nanosheets
and surrounding ions was noticed [73,74]. A size dependent study
found the higher aggregation rates for smaller-sized GO as com-
pared to larger-sized GO (Fig. 3b). This study summarized the CCC
values were 278.4, 249.2, 225.3, and 173.9mmol/L NaCl for GO
with particle sizes of 93 (GO-4), 128 (GO-3), 170 (GO-2), and 240
(GO-1) nm, respectively [75]. The results from these studies sug-
gest that the smaller the size of GO particles, the more likely the
exposure to organisms and long-term transport in the aquatic en-
vironment.

4.2. Morphology

GO particles usually show variation in morphology, have ran-
dom functional groups for each sheet/layer and show differences
in physical structure (such as shape, molecular weight, and de-
fects) [76]. GO with 2D structure can be physically modified into
3D structures, such as wrinkled (corrugated) and paper ball-like
spheres (crumpled) [77]. The stability of GO derivatives (like GO
with different morphological transformation and reduction de-
grees) may alter from pristine GO under the same characteristic
of aqueous solution. A previous study by Jiang et al. observed the
higher CCC values (81.7 mmol/L NaCl) for crumpled GO as com-
pared to pristine GO (68.7 mmol/L NaCl) [78]. This can be assigned
to the modification (crumpling) of GO structures, which can mini-
mize the mw-m stacking between discrete sheets, resulting in inhi-
bition of aggregation [53].

4.3. Functional groups

GO contains an extensive variety of hydrophilic oxygenated
functional groups such as carbonyl, phenol, carboxyl, and hy-
droxyl [79]. The different ionization strength for the acidic oxygen-
containing functional groups on the surface of GO may ultimately
influence the stability of GO in water [80]. GO disperse well in wa-
ter due to the electrostatic repulsion (EL) between the negatively
charged ionized edges attributed to the ionization of carboxylate
groups [81]. Because of the sufficient hydrophilic functional groups,
such as carboxylic (-COOH) groups on the periphery of the planes,
and epoxide and hydroxyl (-OH) on the basal planes, GO may dis-
perse uniformly in aqueous solutions [82]. A study by Shams et
al. revealed that removal of hydrophilic functional groups via pho-
todegradation could result in conversion of GO into rGO, thus pro-
moting hydrophobicity and aggregation [29]. Fig. 4 describes an
obvious reduction via sonication of GO into rGO after sufficient
removal of oxygen-containing functional groups from GO surface.
The pristine GO contained 49% oxygen groups, while after reduc-
tion rGO-31, rGO-19, and rGO-9 contained 31%, 19%, and 9% oxygen
groups, respectively [2]. The results show an obvious removal in
oxygen functional groups from GO surface indicating the formation
of rGO with hydrophobic nature that can promote GO aggregation.

5. Effect of environmental factors on aggregation

Complex environmental conditions may alter the surface
physicochemical properties, including hydrophobicity, surface
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Fig. 4. FTIR spectra of (a) GO, (b) rGO-31, (c) rGO-19, (d) rGO-9. Copied with per-
mission [16]. Copyright 2018, Springer Nature.

charge, and surface area. Therefore, the environmental factors, such
as light, pH, dissolved organic matter (DOM), ionic strength, and
ion types of water, may affect the stability and aggregation of GO
in natural waters, which will be comprehensively summarized as
follows.

5.1. Salt type and ionic strength

Ground and surface water ecosystems contain different inor-
ganic ions including Ca%+, Mg%*, Nat, K+, SO,%~, HCO;~, CI~ and
other ions, which varies with geographical location and may have
an obvious effect on the surface charge of nanoparticles and con-
sequently their colloidal characteristics [30]. Usually, GO aggre-
gation behavior in presence of different electrolytes can be de-
fined as a balance between the interfacial concentration of cation
(Nat, Ca?* and Mg?*) and anion (Cl-, SO4%~ and H,PO,"). On one
hand, GO becomes more negative due to the adsorption of anions,
which enhance the stabilization of GO in aqueous solutions [68].
On the other hand, GO particles in aqueous solutions might easily
be destabilized by introducing salts, acid, or base (HCl, LiOH, LiCl,
LiBr, NaCl, KCI, or KBr) [83]. The electrolyte type has significant in-
fluence on destabilization of GO, where GO aggregated more signif-
icantly in the presence of divalent cations than monovalent [34,53].
Wang et al. compared the aggregation behavior of GO in aqueous
solution containing 24 and 2.5 mmol/L of NaCl and MgCl,, respec-
tively [84]. Mg2t showed higher screening or charge neutralization
effect than Na* (Figs. 5a and b).

The strength of charge neutralization depends on the concen-
tration of electrolyte, counter-ions valency, and interaction be-
tween electrolyte and colloids [83,85,86]. As the concentration of
counter-ion approaches and exceeds the CCC value, GO dispersion
enters a favorable aggregation condition [87]. The ionic strength of
solution plays an essential role in controlling the GO stability in
suspension [30,73]. A study compared the CCC values of GO and
found they were 44 mmol/L for NaCl, 0.9 mmol/L for CaCl,, and
1.3 mmol/L for MgCl, [88]. Our research group also detected CCC
values as 150 mmol/L and 49 mmol/L NaCl for small (200 nm) and
large (589nm) GO particles, respectively [32]. Ca?t and Mg2+ (di-
valent cations) were found to be more significantly effective than
Na* (monovalent cations) in destabilization of GO suspensions
[73]. The CCC value of GO in NaCl (188 mmol/L) was much smaller
than those in CaCl, (2.6 mmol/L) and MgCl, (3.9 mmol/L) solutions
[73], representing that the divalent cations would be much effec-
tive to destabilize GO suspensions. This might be due to the strong
cross-linkage between divalent cations and GO sheets occurred via
functional groups on surface of GO, primarily at the edges (Fig. 5c).
A comparative study found that ionic strength affected the stabil-
ity of three sized (nano, colloid, and macron) GO, and the fastest
aggregation rate was noticed at high ionic strength for all sized GO
as shown in Fig. 5d [72].
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Fig. 5. Aggregation rates of GO dispersions in different concentrations of (a) NaCl, (b) MgCl, (0.02, 0.05, 0.25, 0.50, 2.50, 5.00, 24.00 and 91.00 mmol/L from left to right).
Copied with permission [84]. 2016, Royal Society of Chemistry. (c) Cross linking by divalent cations. Copied with permission [73]. Copyright 2013, American Chemical Society.
(d) Effect of ionic strength on stability ratio of nano, colloid, and micron GO. Copied with permission [72]. Copyright 2020, Elsevier.
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Fig. 6. (a) Schematic illustration shows the surface charge of GO under various pH conditions. The shadowed sections indicate the basal plane of GO. And the circle with
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Society.
5.2. Effect of pH

The pH of solution is a main parameter for determination the
stability of graphene suspension [89]. The surface charges and pH
dependent aggregation/stability of GO particles in solutions usu-
ally depend on the extent of ionization degree of the ionizable
groups (carboxylic and/or hydroxyl group) that is influenced by
protonation and deprotonation conditions [54,57,90]. At low pH,
the ionized functional groups (mostly hydroxyl/carboxylic) attract
proton and gain more positive charge that cause aggregation of
GO due to compression of EL. At high pH, functional groups (hy-
droxyl/carboxylic) on surface of GO dissociate and gain more nega-
tive charge, indicting higher stability due to strong electrostatic re-
pulsion (Fig. 6a). The density of surface charge is directly propor-
tional to the concentration of available ionized functional groups
at various pH conditions [57]. Overall, the protonation of ioniz-
able functional groups occurred at low pH. While the shifting of
pH to alkaline promoted deprotonation and the surface charge of
GO becomes sufficiently negative, which inhibited GO aggregation
as seen in Fig. 6b.

Shih et al. performed a series of comparative and molecular dy-
namics studies under the desired pH conditions to elucidate the

influence of pH (1 to 14) in the behavior of GO in aqueous solu-
tions [91]. They revealed that GO exhibited high dispersion at pH
14, while aggregated easily at low pH 1. Also, the reported point of
zero charge (PZC) values range between 3.5-4 for GO [92,93]. The
PZC is the pH at which the net charge on the particle surface is
found to be zero. The surface charge of GO is positive at pH < pHp;c
and negative at pH > pHp,c. When pH of solution is higher than
PHpzc, the surface of GO is negatively charged with high dispersity,
while providing favorable conditions for the adsorption of cationic
species [92]. The aggregation of GO at low pH is due to the effec-
tive acceleration of w -7 interaction, as the restoration of aromatic
structure may decrease the steric hindrance mediated by water
[94]. Some other studies also confirmed that pH sensitive surface
of GO tends to induce variations in surface charges of GO nanopar-
ticles, and thus affect the stability and dispersity of GO [88,95].

5.3. Effect of light

Aggregation of various graphene nanomaterials in natural
aquatic systems have been altered upon exposure to sunlight
[96,97]. Fig. 7 shows the schematic illustration of how photodegra-
dation promote aggregation for GO and rGO. In direct irradiation
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Fig. 7. Schematics of the proposed photodegradation pathway for graphene oxide nanomaterial. (Top) GO is shown with oxygen-containing (hydroxyl and epoxy) functional
groups. Due to absorption of photons from sunlight, the functional groups are removed, accelerating the physical degradation. (Bottom) rGO with fewer functional groups
undergoes slower degradation than GO under similar irradiation conditions. Copied with permission [29]. Copyright 2019, Royal Society of Chemistry.

by light, the functional groups of GO act as chromophores [98].
Epoxy (C-0) and hydroxyl (C-OH) functional groups are hypoth-
esized to break in initial period of irradiation as they are single
bonded groups. Various functional groups on the edges are usu-
ally double bonded groups, which need more energy to break as
compared to single bonds, and are thus less likely to react initially
[99,100]. The strong electron donating epoxy and hydroxyl func-
tional groups, absorb more photons that excite electrons from the
ground state to the excited state, generating excited holes and elec-
trons [101]. Finally, these holes and electrons destruct the chemi-
cal bonds of the functional groups and break the covalent bonds,
thus contributing to the physical disruption of the GO material
[102,103]. Due to the loss of oxygen groups, GO is converted to rGO
with significantly fewer O-containing functional groups than pris-
tine GO. The reduction in functional groups causes the enhance-
ment of hydrophobicity for rGO particles, thus enhancing its ag-
gregation more easily. A study by Hou et al. recently reduced GO
under sunlight for 25 days and found that GO was completely re-
duced to low molecular weight species in 8 days like rGO that are
comparatively smaller in molecular weight than pristine material
[35].

While, the hydrodynamic diameter of GO was found to in-
crease abruptly after exposure to UV light for 30 min, proba-
bly because of the elimination of surface functional groups and
the hydrogen bonds breakup among GO particles. After 30 min,
the hydrodynamic diameter decreased slowly due to the reverse
folding or crumpling of the partially reduced GO sheets [104].
Indirect irradiation by UV light also induced the variation in
GO physico-chemical properties. With the increasement in cation
concentration, more obvious aggregation could be observed for
UV-transformed GO. Similarly, different types of cation (mono-
valent/divalent) has different capability to destabilize the UV-
irradiated GO (i.e, Ca** > Mg?+t > Na') [105]. It should be noted
that once the reduced photoproducts formed via degradation of
GO, they are more resistant to further photodegradation but favor-
able for aggregation [29]. Moreover, a study described that 120h
UV irradiation exposure at 28-74 pW/cm? might bring important
alteration in GO structure via elimination of C=0 and -OH func-
tional groups. This reduction decreased the negative zeta potential
from —41mV to —37mV and enhanced the aggregation of GO in
water with prolonging the exposure time [106]. Du et al. observed
that UV irradiation showed remarkable variations in the content

of oxygen-containing functional groups on GO surface [107]. One
must keep in mind that aggregation degree mainly depends on the
kind of light source; i.e. intensity and range of radiation [108]. GO
showed an increase of 31% and 41% in C/O ratio after irradiation
with UV and simulated solar light, respectively. The loss of oxygen-
containing functional groups converted GO to rGO, which is more
prone to aggregation rather than degradation via photoirradiation.

5.4. Effect of dissolved organic matter

DOM in natural aquatic system plays a significant role in GO
stability/aggregation, even in the presence of cationic salts (Nat,
K*, Ca2t, and Mg2+) [30,109]. It has been noticed that DOM could
be adsorbed by GO via its Lewis acid-base, hydrogen bonds, and
-7 interactions [110,111]. A long-term study showed that occur-
rence of DOM in natural waters prominently enhanced the GO sta-
bility via steric repulsion [88]. Shen et al. compared the effect of
DOM molecular weight on aggregation behavior of GO in presence
of NaCl and CaCl, [31]. The results from the study noted an ob-
vious inhibition of aggregation with high molecular weight DOM
as compared to low molecular weight in presence of both NaCl
and CaCl, electrolyte. Also, the effect of DOM on GO stability was
more obvious in NaCl and CaCl, solutions with low concentrations
as compared to high concentrations (Fig. 8).

The intrinsic physical and chemical properties of DOM might
be responsible for its adsorption on most of the natural particle’s
surfaces in natural aquatic systems [112,113]. Humic acid (HA) and
fulvic acid (FA) are main constituents of DOM [114,115]. It has been
proved that HA showed most effectiveness for stabilization of GO
in NaCl than in CaCl,, due to the formation of bridging between
Ca%* and carboxyl functional groups on GO [88,116]. Generally, HA
with complex structure has higher molecular weight, longer chain
length of hydrophobic groups, and less polarity than FA [117]. Thus,
HA inhibited GO aggregation more obviously than FA because of
the higher steric repulsion power of HA than FA [118]. Also, the
aggregation of GO nanoparticles is concentration dependent, in-
dicating higher stability with enhancing the concentrations of HA
(0.1-10mg/L) due to thicker coating of HA on GO surface [30]. Our
research group also found that the stability of GO is concentration
and DOM'’s component (HA or FA) dependent, where HA/FA with
higher concentration and HA component of DOM collected from
various climate zones of China showed more stability for GO [32].
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Fig. 8. Aggregation profiles of GO in the absence or presence of Suwannee River DOM in different concentrations of (a-c) NaCl and (d-f) CaCl, solutions. Copied with

permission [31]. Copyright 2019, Elsevier.

Another study by Shen et al. also found that GO aggregation was
altered significantly by large molecular weight and highly aromatic
content of DOM in NaCl [31]. The study calculated the CCC values
for GO in NaCl as a function of molecular weights of Suwannee
River DOM. They observed higher CCC values (326 mmol/L NaCl)
with less aggregation for GO in the presence of DOM with higher
molecular weight (>100kD). The exact mechanism of interaction
for GO-DOM depends on both DOM physicochemical properties
(size, source, structure, aromaticity, polarity, and charge density)
as well as GO functional derivatization and properties.

6. Environmental implications

As the rapid increase in GO production due to its potential
for numerous applications, it is certain that a sufficient amount
will be released into the aquatic environment during its synthe-
sis, transportation, application, and disposal. The fate and trans-
port of GO was primarily governed by its aggregation/stability in
natural aquatic environments [88]. Moreover, previous studies have
observed that GO may be hazardous for various organisms includ-
ing human, animals, and bacteria [119,120]. After disposal, GO may
also interact with various constituents in natural waters, that can
alter its stability leading to adverse impact on ecosystems [53].

6.1. Effect of GO aggregation on its transportation

GO aggregation affects its subsequent transportation through
sedimentation, adsorption, redox reaction, photochemical and bi-
ologically mediated reactions in natural waters [21,30]. Sedimen-
tation is one of the most crucial processes affected by GO ag-
gregation in aquatic environments [121]. To assess the GO trans-
portation and mobility, the concentrations of GO and natural col-
loids need to be accounted. The sedimentation of GO via ag-
gregation with other particles are concentration dependent with
higher aggregation rates found near the point of GO release [56].
Also, aggregation of GO in ground water due to low concen-
tration of DOM and high concentration of salts may reduce its
mobility in ground water [30]. Usually, large size of aggregated
GO stops it to enter the sediments, while dispersed GO with
small size easily enters the sediments and travels far away [122].
Also, the reduction of GO to rGO decreases the available reac-

tive sites, thus increasing the hydrophobicity that ultimately de-
crease the transportation and enhance the sedimentation of GO
in aquatic environment [24]. In natural waters, natural colloids
are likely to be several orders of magnitude higher than con-
centration of GO [56,62]. Therefore, GO heteroaggregation with
natural colloids such as clay particles, metal oxides, and macro-
molecular organic matter, rather than GO homoaggregation, is sup-
posed to be the dominant process that governs GO transport [63].
Feng et al. concluded that the hetero aggregation of hematite
with GO nanoparticles in natural waters reduced the mobility
of GO [56].

6.2. Effect of GO aggregation on its toxicity

In natural waters, the investigation of GO aggregation behavior
is of key importance to highlight and manage its potential toxicity.
The potential effect of GO in natural waters is the consequences
of its aggregation behavior that eventually alters its hazardous im-
pacts to aquatic biota [17]. Substantial risks related to aggregation
of GO are usually dependent on their synthesis methods, sizes,
morphology, and functional groups as well as the complex chem-
istry of natural waters including pH, slat types, ionic strength, light,
and DOM presence. The aggregation can alter the GO physical and
chemical properties like particle size and surface area, which may
control the toxicity to biota in aquatic systems [26]. Both physical
and chemical toxic effects via cell membrane damage and reactive
oxygen species generation were noticed for GO [53]. GO can be
toxic toward a variety of organisms including bacteria, animals, and
humans [15,17]. A close contact of GO nanoparticle with cytoplas-
mic membrane or cell wall mostly destructs the cell membrane or
produce obvious membrane stress, leaking the substances present
in cell and ultimately cause the cell death [123]. A study by Liu et
al. stated that the aggregated large-sized graphene sheets showed
lower cytotoxicity as compared to dispersed GO with smaller size
due to lack of active sites responsible for interaction [124]. Also,
the reduction of GO to rGO may form sharpness on its nanowall
edges, which result in more severe damage of cell membrane and
higher toxicity of rGO toward bacteria [22]. Therefore, understand-
ing the aggregation behavior of GO is crucial to evaluate, moni-
tor, and manage its fate, transport/mobility and toxicity behavior
in natural waters.
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7. Conclusions and future prospective

GO, as an important graphene derivative, has gained a huge
attraction in recent years due to its potential for academic, en-
vironmental and industrial applications. As the production of GO
increases, serious concerns due to its expected exposure to the
natural aquatic ecosystem prevail. After being released into natu-
ral waters, main transformation process of GO in waters are inter-
related, including aggregation/stability, sedimentation, adsorption,
oxidation/reduction, and photo-degradation. For example, high pH
deprotonates the ionizable functional groups of GO particles, which
might be adsorbed to naturally occurring colloids, combine with
ligands, aggregated and finally deposited.

Knowledge regarding the aggregation of GO in natural water
ecosystem is essential for predicting its adverse impacts. We have
summarized several critical parameters controlling the stability of
GO in aquatic ecosystem. It is a difficult task to highlight the ac-
tion mechanisms of GO because of the combined effects in envi-
ronmental relevant conditions. In general, cations (monovalent and
bivalent) and DOM have been proved as the main controlling fac-
tors for GO aggregation, whereas light (visible and UV) plays a key
role in the transformation of GO. In addition to above mentioned
environmental factors, the aggregation of GO also depends on its
own physicochemical characteristics like morphology, size, concen-
tration, and presence of various surface functional groups.

There are still numerous difficulties in determining the environ-
mental behavior of GO in aquatic system. For example, the chal-
lenge in understanding the transport of GO was due to confusion
in synthesis techniques, complicated parameters in aquatic ecosys-
tem, and short-term evaluation. Since there are many methods for
GO synthesis, GO composition and functional groups on the surface
may vary, that can make a huge difference in results for the esti-
mation of GO stability. In addition, once GO was exposed to nat-
ural aquatic ecosystem, long-term assessment of GO aggregation
was required since the current research were mostly performed
for short term. The regions and time could affect the components
in natural waters. This alteration could affect the environmental
transport of GO, which has not been investigated yet.

The production and applications of various nanomaterials are
increasing day by day. Water bodies would be the sink for other
nanomaterials. Still, how the existence of other nanomaterials in
waters influences the stability of GO remains poorly understood.
Hence, new research regarding practical dynamic changes in com-
plicated water systems is required to evaluate the complex role
of different nanomaterials on GO transport. Tracking the transfor-
mation and mobility of GO within and among the environmental
ecosystems (especially in water and soil) is also essential to man-
age the adverse impacts of GO.
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