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• Favorable heteroaggregation and sedi-
mentation occurred between oppositely
charged GO and HemNP.

• NOMs suppressed the sedimentation of
GO−HemNP heteroaggregates through
various mechanisms.

• High ionic strength enhanced the
heteroaggregation and sedimentation
of GO−HemNP heteroaggregates.

• Elevated pH partially disaggregated the
GO−HemNP heteroaggregates.

• Coexistence of HemNP greatly reduced
the adsorption of tetracycline on GO.
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Because the transport of graphene oxide nanosheets (GO) from water to sediments is influenced by their
heteroaggregation and sedimentation with natural colloids, knowledge on the interdependence of
heteroaggregation and sedimentation for GO is needed to gain a better insight on the environmental fate of
these nanosheets. However, this phenomenon is still not well understood. In this study, the heteroaggregation
and sedimentation behaviors of GO with hematite nanoparticles (HemNPs) were investigated at various condi-
tions. It has been found that negatively chargedGO rapidly underwentheteroaggregationwith positively charged
HemNPs, leading to the sedimentation of GO. Significant sedimentation occurred when the net charge of the
GO\\HemNPmixturewas close to zero. The presence of various natural organicmatters suppressed the sedimen-
tation of the heteroaggregates through various mechanisms. Specifically, adsorption of humic acid and alginate
reversed HemNP surface charge from positive to negative, leading to a slow sedimentation of the GO\\HemNP
mixtures due to the increase in nanoparticle electrostatic repulsion. Adsorption of bovine serum albumin raised
steric hindrance effect between GO and HemNP, which in turn inhibited their heteroaggregation and sedimenta-
tion. At high ionic strength conditions, the sedimentation of GO and HemNPwas enhanced, possibly through the
combination of homo- and hetero-aggregation. At elevated pH, the heteroaggregates were partially disaggre-
gated, probably due to the weakening of GO\\HemNP bonds as the surface charges of these nanomaterials be-
came more negative. Moreover, heteroaggregation of GO with HemNP likely to occupy the adsorption sites on
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GO surfaces, thus greatly reduced the adsorption of tetracycline on GO. These findings highlighted the important
roles of natural colloids on the fate and transport of GO, together with the importance of heteroaggregation on
the adsorption of co-existing pollutants to GO in natural aquatic environments.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Graphene oxide nanosheets (GO), which have a layered structure
with oxygen-containing functional groups on the basal plane and the
sheet edges, and can be used in the production of graphene or
graphene-based composite materials (He et al., 1998; Kim et al., 2012;
Zhu et al., 2010). As a result of worldwide commercial interests, GO
and GO-based nanomaterials will be inevitably released into the envi-
ronment during their production, transport, use, and disposal (Zhao
et al., 2014). The potential environmental impacts of GO have raised sig-
nificant concerns. Many investigations demonstrated that GO could in-
duce toxic effects on bacteria and mammalian cells (Akhavan and
Ghaderi, 2010; Bianco, 2013; Chang et al., 2011; Liao et al., 2011; Liu
et al., 2011; Yang et al., 2013; Yang et al., 2010). Several studies have
also found that the presence of GO amplified the toxicity of heavy
metals to plant and algae (Hu et al., 2014; Tang et al., 2015).

Natural colloids, such as metal oxide particles, and natural organic
matters (NOMs), are ubiquitously present in environmental systems.
Their estimated concentrations in the environment are in the range of
1–20 mg/L, which are typically several orders of magnitude higher
than that of engineered nanoparticles (e.g., GO and carbon nanotubes)
(Batley et al., 2013). Therefore, once released into the natural aquatic
environment, the fate and transport of GO are expected to be greatly in-
fluenced by their heteroaggregation with natural colloids. Recently,
much attention has been given on the heteroaggregation between GO
and montmorillonite, kaolinite, or goethite (Huang et al., 2016;
Sotirelis and Chrysikopoulos, 2016; Zhao et al., 2015), layered double
hydroxides or oxides (Wang et al., 2017; Zou et al., 2016a; Zou et al.,
2016b), SiO2 (Chowdhury et al., 2014a), hematite (Feng et al., 2017),
and Al2O3 (Chowdhury et al., 2014b; Ren et al., 2014). The results ob-
tained from these studies revealed that surface charge and functional
groups of thenatural particles, aswell as solution chemistry, could affect
the heteroaggregation behavior of GO.

Sedimentation is also a crucial process affecting GO transport in
aquatic to terrestrial environments (Quik et al., 2014). However, the
sedimentation of GO has not been thoroughly investigated. Al-
though heteroaggregation has been considered to be a vital process
for the sedimentation of nanoparticles, the interdependence be-
tween heteroaggregation and sedimentation has not been well un-
derstood. Our previous study demonstrated that GO interacted
favorably with the oppositely charged hematite colloids, leading
to the sedimentation of hematite colloids (Feng et al., 2017). Never-
theless, natural aquatic environment is complex, and other factors,
including NOMs, pH, and ionic strength, might influence the
heteroaggregation and sedimentation behaviors of GO (Huynh
et al., 2014; Quik et al., 2014; Wang et al., 2015a; Wang et al.,
2015b; Zhao et al., 2015; Zhou et al., 2012). Therefore, in this
study, the effects of these factors on interdependence of the
heteroaggregation and sedimentation of GO with hematite nano-
particles (HemNP) were examined. Suwannee River humic acid
(SRHA), alginate, and bovine serum albumin were respectively
used here as representations of the humic substance, polysaccha-
ride, and protein fractions of NOM to study the influences of these
fractions on the heteroaggregation and sedimentation behaviors
of GO. From experimental observations, the role of heteroaggregate
sizes and zeta potentials on GO\\HemNPs heteroaggregate sedi-
mentation rates were elucidated.

In the natural aquatic environment, GOwill be co-existedwith envi-
ronmental pollutants (Zhao et al., 2014). For example, that tetracycline
is a popular antibiotic and could be present in the environment at con-
centrations up to 110 μg/L (Zhang et al., 2015). Due to the high adsorp-
tion capacities of GO, adsorption of co-existing pollutants on GO is likely
to occur and thus influences the fate and toxicity of these contaminants
(Hu et al., 2014; Kyzas et al., 2014; Li et al., 2013; Zhao et al., 2011).
(Jiang et al., 2018; Sun et al., 2017)As the heteroaggregation of GO
with natural colloids can possibly change the structures and properties
of GO, this process is expected to affect GO adsorption ability for co-
existing pollutants. Former studies found that heteroaggregation be-
tween GO and natural minerals (e.g., montmorillonite, kaolin, and goe-
thite) ormetal oxide particles (e.g., SiO2 and Al2O3) greatly inhibited the
adsorption of 17β-estradiol and bisphenol A on GO (Jiang et al., 2018;
Sun et al., 2017). Therefore, the influence of heteroaggregation on the
adsorption ability of GO toward tetracycline was also investigated in
this study.

2. Experimental section

2.1. Preparation and characterization of GO and HemNPs

Well-dispersed water suspension of graphene oxide (N99% purity)
was purchased from XFNANO Materials Tech Co. (Jiangsu, China).
Based on the information provided by the supplier, the GO were
produced by the modified Hummers method (Hummers and Offeman,
1958) with the flake size of 50–200 nm and the thickness of
0.8–1.2 nm. The properties of GO were extensively characterized using
various techniques. In the GO stock suspension, total organic carbon
content (TOC) and GO hydrodynamic diameters were determined
through high temperature (1200 °C) catalytic oxidation (Vario TOC,
Elementar, Germany) and dynamic light scattering (DLS) (Malvern
Zetasizer Nano series Nano-ZS, MA, USA), respectively. Surface elemen-
tal compositions of GO were determined by X-ray photoelectron spec-
troscopy (XPS) (Perkin-Elmer PHI 550 ESCA/SAM, USA). GO UV–vis
spectra analysis was performed on a Varian Cary 50 spectrophotometer
(Varian, USA). Transmission electron microscopy (TEM) images of GO
were collected on a JEM-200 CX (JEOL, Japan). In addition, Fourier trans-
form infrared (FTIR, Vector-22 spectrometer, Bruker, Germany) and
Raman spectra (Raman Senterra microscope, Bruker, Germany) of GO
were also obtained.

Hematite nanoparticles (HemNPs, b50 nm) were purchased from
Sigma Aldrich Co. (St. Louis, MO, USA). The stock suspensions of
HemNPs were prepared by dispersing the nanoparticle powder into de-
ionized (DI) water (18.2 mΩ·cm, Milli-Q, Millipore, USA). The concen-
trations of the HemNPs in stock suspensions were determined
through gravimetric analysis. Detailed characterization results of GO
and HemNPs can be found in Fig. S1 and Table S1 of the Supplementary
Materials (SM).

2.2. Preparation of stock solutions

A NaCl stock solution was prepared with DI water and filtered
through a 0.22-μm syringe filter (Millipore, MA). Suwannee River
humic acid (SRHA) was obtained from International Humic Substances
Society. Bovine serum albumin (BSA), sodium alginate, and tetracycline
hydrochloride (C22H24N2O8·HCl, 99% purity) were purchased from
Sigma-Aldrich (Shanghai, China). SRHA, BSA and alginate stock solu-
tions were prepared by dissolving 5.0 mg macromolecules in 20 mL DI
water. In the case of SRHA, the solution pH was adjusted to ca. 10
using NaOH to ensure that SRHA had completely dissolved. After
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being stirred overnight, the mixtures were filtered through 0.22-μm
membrane filters. The TOC values of these solutions were determined
through a total carbon analyzer (Vario TOC, Elementar, Germany). Se-
lected chemical and physical properties of these three NOMs are listed
in SMTable S2. Their structures and surface groupswere also character-
ized through FTIR and are presented in SMFig. S2 and Table S3. Stock so-
lution of tetracyclinewas preparedwith DIwater. All the stock solutions
were stored in the dark at 4 °C.

2.3. Heteroaggregation and sedimentation experiments

The heteroaggregation experiments of GO and HemNPs were per-
formed in 4-mL disposable cuvettes at 25 °C, pH 5.2 (pH of most natural
waters= 5–9 (OrganizationWH, 1996)) and in the presence of 0.1mM
NaCl. At this solution chemistry, GO and HemNPs are stable to
homoaggregation (Feng et al., 2017). For the experiments, GO concen-
tration was 100 μg TOC/L and HemNP concentration was 10 mg/L, be-
cause the sedimentation rate at this specific GO/HemNP mass
concentration ratio (0.01) was found to be the highest (optimal value,
will be discussed later in the subsequent section). The change in hydro-
dynamic diameter (Dh) of the GO\\HemNP heteroaggregates within
10min of heteroaggregationweremeasured through time-resolved dy-
namic light scattering (DLS) with a 10 s of data accumulation for each
reading. The light scattering system (Malvern Zetasizer Nano series
Nano-ZS, MA, USA) was equipped with a 633-nm laser source and a
173° backscattering detector. A 10 min of time-resolved DLS measure-
ment was employed here because the trend of change in aggregate
size was easy to observe and such short duration is beneficial for exper-
imental planning.

In sedimentation experiments, similar solution chemistry was used
(pH 5.2 and 0.1 mM NaCl). The concentration of GO was varied in the
range of 5–1500 μg/L, while concentration of HemNPs was fixed at
10 mg/L. The experiments were performed in 4.0-mL cuvettes and the
suspension volumes were 3 mL. Before being placed into the spectro-
photometer (Cary 50, Varian, USA), the nanoparticle suspensions were
shaken vigorously (b10 s) to ensure their uniformity. The change in
the absorbance of the aggregating suspensions during ca. 10–30 min
of aggregation was recorded at 760 nm wavelength at 25 °C. It should
be noted that the absorption of GO was negligible compared to that of
HemNP at 760 nm (Feng et al., 2017). Initial sedimentation rates were
obtained by performing linear regression analyses of the absorbance
data recorded over the first 1 min of sedimentation. These experiments
were at least duplicated at each GO/HemNP ratio. A HemNP concentra-
tion of 10 mg/L was used to ensure suitable scattered and transmitted
light intensities for heteroaggregation experiments (DLS measure-
ments) and sedimentation experiments (760 nm absorbance measure-
ments), respectively.

To evaluate the influence of different NOMs on the heteroaggregation
and sedimentation behaviors of GO and HemNPs, heteroaggregation and
sedimentation experiments were also conducted in the presence of
0.005–50.0 mg TOC/L of SRHA, alginate, BSA. In these experiments, GO
concentration was 100 μg/L and HemNP concentration was 10 mg/L
(e.g, GO/HemNP mass concentration ratio = 0.01). NOMs are added
into the aqueous phase right before the addition of GO and HemNPs.
After 10 min of heteroaggregation, the size of the heteroaggregates was
obtained using DLS. The sedimentation rates of GO and HemNPs in the
presence of NOMs were also obtained using similar methods described
above. Heteroaggregation and sedimentation experiments at this optimal
GO/HemNP ratio were also conducted in different electrolyte concentra-
tions (0.1 to 100 mM NaCl) to better reflect the actual environmental
conditions.

2.4. Disaggregation experiments

In natural waters, pH would be gradually elevated to extreme levels
due to the consumption of dissolved CO2 in eutrophication (Turner and
Chislock, 2010). Therefore, disaggregation of GO\\HemNP
heteroaggregates with gradually raising pH from 5.2 to 11.0 was ex-
plored in this study. In order to prepare for disaggregation experiments
(in the absence of NOMs), GO\\HemNP heteroaggregates were firstly
formed for 10 min at pH 5.2 and 0.1 mM NaCl, and at the optimal GO/
HemNP ratio of 0.01 (100 μg TOC/LGO and 10mg/LHemNP). Afterward,
solution pHwas raised to 8.0 and the nanoparticles were allowed to un-
dergo 10 min heteroaggregation/sedimentation. Finally, the pH was
raised to 11.0 and this conditionwas also kept for 10min. During pH ad-
justment, the GO\\HemNPmixturesweremanually shaken for 1min. It
was observed that this action did not affect the size of GO\\HemNP
heteroaggregates (SM Fig. S3).

2.5. Zeta potential measurements

The zeta potentials of the NPs at 25 °C at different condition of inter-
est were determined using a Malvern Zetasizer Nano series Nano-ZS
(MA, USA). After being prepared, the nanoparticle suspensions were
promptly transferred to disposable folded capillary zeta cells. The mea-
surements were then started after 30 s of temperature equilibration.
The zeta-potentials were calculated by the Zetasizer Software (Version
7.10, MA, USA) based on Henry's function with Smoluchowski approxi-
mation. The measurements were conducted in triplicate at each
condition.

2.6. Adsorption experiments

Tetracycline, a representative organic co-existing contaminant, was
used to evaluate the impact of heteroaggregation on the adsorption
ability of GO. Adsorption experiments were performed in 40-mL glass
vials equipped with polytetrafluoroethylene (PTFE)-lined screw caps
and incubated on a rotary shaker operating at 180 rpm and 25 °C. In
these experiments, the concentration of GO was fixed at 20 mg/L,
while the HemNP concentrations were varied from 0 to 2 g/L, which
corresponded to HemNP/GO ratios of 0–100. For the experiments, 20-
mL GO and HemNP suspensions were firstly mixed together at
0.1 mM NaCl and pH 5.5. After 30 min of heteroaggregation,
predetermined volumes of tetracycline stock solution were added to
the GO\\HemNP mixtures to achieve initial concentrations of
5.0 mg/L. Then, the mixtures were left aside for 24 h (the tetracycline
adsorption reached equilibrium at this duration, SM Fig. S4) and filtered
through 0.22-μm membrane filters to remove nanoparticles and
heteroaggregates. Afterward, the residual concentrations of tetracycline
in the aqueous phase were determined at 355 nm by a spectrophotom-
eter (Mapada 3200 UV–Vis, Shanghai, China). In these experiments, un-
commonly high concentrations of GO, HemNPs, and tetracycline were
used to ensure the adsorption of tetracycline could be discerned by a
UV–Vis spectrophotometer.

3. Results and discussion

3.1. Heteroaggregation and sedimentation of GO with HemNPs

At pH 5.2 and 0.1 mMNaCl, HemNPs were found to be stable and
no obvious homoaggregation were occurred at a concentration of
10 mg/L, as shown in Fig. 1a. The mixing of 10 mg/L HemNPs with
100 μg TOC/L GO resulted in the rapid increase of aggregate hydro-
dynamic diameters (Fig. 1a). This observation was indicative of
GO\\HemNP heteroaggregation through electrostatic attraction
because GO is negatively charged and HemNP is positively charged
(Fig. 1b) (Huynh et al., 2012; Rollie and Sundmacher, 2008). After
30 min of heteroaggregation, GO possibly neutralized HemNPs
completely, as the zeta potentials of GO\\HemNP heteroaggregates
were close to neutral (Fig. 1b). The rapid heteroaggregation of GO
and HemNPs also lead to the observable sedimentation of
GO\\HemNP heteroaggregates as presented in Fig. 1c.
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Fig. 1. (a) Representative HemNP homoaggregation and GO\\HemNP heteroaggregation
profiles, (b) zeta potential values, and (c) sedimentation profiles of GO, HemNP, and
GO\\HemNP heteroaggregates. The concentrations of HemNPs and GO were 10 mg/L
and 100 μg TOC/L, respectively. The experiments were conducted at 0.1 mM NaCl and
pH 5.2. In (b), the zeta potential measurements were started right after nanoparticle
suspension preparation and 30 s of temperature equilibration. Error bars represent the
standard deviations of at least three measurements.
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Fig. 2. (a) Sedimentation rates and (b) zeta potential values of heteroaggregates formed at
various GO/HemNP ratios at 0.1 mM NaCl and pH 5.2. The concentration of HemNPs was
10 mg/L. The zeta potential measurements were started right after nanoparticle
suspension preparation and 30 s of temperature equilibration. Error bars represent
standard deviations of duplicate samples.
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To better understand the heteroaggregation and sedimentation be-
haviors of GO with oppositely charged colloids, sedimentation of
GO\\HemNPmixtures under a wide range of GO/HemNPmass concen-
tration ratios at 0.1 mM NaCl and pH 5.2 was investigated. Initial sedi-
mentation rates at different GO/HemNP ratios that calculated from SM
Fig. S5 are presented in Fig. 2a. It is apparent that the sedimentation
rate of the GO\\HemNP mixtures strongly depends on GO/HemNP
mass concentration ratios. The sedimentation rates first increased,
reached a maximum value, and then decreased with increasing GO/
HemNP mass concentration ratios from 0 to 0.15. In the meantime, as
the GO/HemNPmass concentration ratios increased, the zeta potentials
of heteroaggregates gradually changed from positive to negative values
(Fig. 2b). At the optimal GO/HemNP ratio of 0.01, GO\\HemNP
heteroaggregates had a maximum sedimentation rate of 0.053 min−1

and their charges were close to zero, as shown in Fig. 2b. Therefore,
the attachment of GO on HemNP surfaces through electrostatic attrac-
tion, which then resulted in HemNP charge neutralization and reversal,
are likely themain mechanism for the heteroaggregation and sedimen-
tation of oppositely charged GO and HemNPs (Loosli and Stoll, 2012;
Yates et al., 2005; Yi et al., 2015).

3.2. Effects of NOM and ionic strength on GO\\HemNP heteroaggregation
and sedimentation

Previous studies demonstrated that both GO and HemNPs had good
adsorption capacity for typical NOMs, such as SRHA, alginate, and BSA
(SM Table S4). Therefore, it is of interest to investigate the effects of
NOM on the heteroaggregation and sedimentation of GO\\HemNP
aggregates. These experiments were performed in the presence
0.005–5.0 mg TOC/L NOM at pH 5.2 and 0.1 mM NaCl. The GO and
HemNP concentrations were respectively fixed at 100 μg TOC/L and
10 mg/L, where the favorable sedimentation occurred (Fig. 2). Repre-
sentative sedimentation profiles are presented in SM Fig. S6. It should
be noted that the presence of these NOMs was found not to interfere
with the DLS measurements of GO\\HemNPmixtures in this study. Be-
cause NOMs were added into the aqueous phase before the addition of
GO and HemNPs, it was likely that the nanoparticles were already
coated NOMs before heteroaggregation took place. Since the concentra-
tions of GO and HemNPs were fixed, the degree of NOM coating on the
surface of nanoparticles possibly depended on NOM concentrations.

As shown in Fig. 3, the heteroaggregation and sedimentation of GO
and HemNPs in the presence of SRHA and alginate were similar. Fig. 3a
and b show that these NOMs greatly reduced the heteroaggregation
and sedimentation of GO\\HemNP mixtures. For instance, with a grad-
ual increase of SRHA and alginate concentrations from 0 to 0.5 mg
TOC/L, the hydrodynamic diameter of heteroaggregates measured after
10 min of heteroaggregation was only ca. 200 nm (~500 nm in the ab-
sence of SRHA and alginate) (Fig. 3a), while the sedimentation rates
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sharply decreased from 0.053 min−1 to zero (Fig. 3b). When SRHA and
alginate concentrations were higher than 0.5 mg TOC/L, GO\\HemNP
heteroaggregation and sedimentation did not occur. Fig. 3c shows that
the zeta potentials of GO\\HemNP heteroaggregates becamemore neg-
ative as the concentrations of SRHA and alginate increased (e.g., from
nearly zero to ca. −38 mV when SRHA and alginate concentrations
were increased from 0 to 5 mg TOC/L).

BSA, on the other hand, had virtually no effect on GO\\HemNP
heteroaggregation and lower inhibition effect on the sedimentation of
GO\\HemNP aggregates compared to SRHA and alginate. Specially, the
sedimentation rates reduced from 0.053 to only ca. 0.030 min−1 in the
presence of 0.5 mg TOC/L BSA. Even with 5 mg TOC/L BSA, the
GO\\HemNP heteroaggregates still settled with a sedimentation rate
of ca. 0.022 min−1 (Fig. 3b) and had a similar hydrodynamic diameter
to the ones in the suspensionwithout BSA (500–540 nm, Fig. 3a). The ef-
fect of BSA on the zeta potential of GO\\HemNP heteroaggregates was
also different from those of SRHA and alginate.Within the NOM concen-
tration range of interest, the zeta potentials of the GO\\HemNP
heteroaggregates just slightly fluctuated and were close to neutral. This
observation indicates the low stability of GO\\HemNP heteroaggregates
in BSA solution.

For better understanding of the effects of different NOMs on the
heteroaggregation and sedimentation of GO and HemNPs (Fig. 3), the
zeta potentials of GO (100 μg TOC/L) and HemNPs (10 mg/L) before
and after the addition of different NOMs (1 mg/L) at pH 5.2 and
0.1 mM NaCl were further determined. The results are shown in SM
Fig. S7. At pH 5.2, SRHA and alginate were negatively charged due to
the deprotonation of the predominant carboxyl groups (SM Fig. S2
and Table S3). The adsorption of SRHA and alginate thus expectedly in-
creased the negativity of GO surface charge (SM Fig. S7). However, such
charge reduction was more pronounced in the presence of SRHA. Since
alginate had twice the hydrodynamic diameter and half the zeta poten-
tial of SRHA (379 nm vs. 178 nm and – 25mV vs. – 50mV) (Loosli et al.,
2013), these NOMs likely had similar charge densities. As a result, the
lower zeta potentials of SRHA−GO than those of alginate−GO (SM
Fig. S7) could be possibly explained by the higher degree of SRHA ad-
sorption toward GO surfaces (SM Table S4). In the case of HemNPs,
the adsorption of SRHA and alginate reversed their surface charge
from positive to negative (SM Fig. S7), causing electrosteric repulsion
toward GO (Huynh et al., 2012). Thus, the heteroaggregation and sedi-
mentation of GO\\HemNP aggregates decreased (Fig. 3a and b). When
SRHA and alginate concentrations were increased, electrosteric repul-
sion between GO and HemNPs became stronger as more GO and
HemNP surface was covered with NOMs. For that reason, higher level
of reduction in GO\\HemNP heteroaggregation and sedimentation
was expected to occur in suspensions containing higher SRHA and algi-
nate concentrations (Fig. 3).

BSA is a protein and contains many functional groups, including car-
boxyl and amide (SM Fig. S2 andTable S3). Because its isoelectric point is
ca. pH 5 (Huangfu et al., 2013), BSA was neutrally charged under exper-
imental condition (pH 5.2). The adsorption of neutral BSA macromole-
cules to the charged GO and HemNPs reduced the absolute surface
charge values of these nanoparticles as presented in SM Fig. S7. It is
shown in Fig. 3a that the size of GO\\HemNP heteroaggregates slightly
changedwithin the tested BSA range, while the corresponding sedimen-
tation rates unexpectedly declined (Fig. 3b). As BSA concentration was
increased, the number of nanoparticles present in the heteroaggregates
was probably reduced. The coating BSA layer of GO and HemNP could
lower the number of nanoparticle collision through the increase in steric
repulsion and the decrease in electrostatic attraction (SMFig. S6).Within
the heteroaggregates, the reducing in hydrodynamic diameter via losing
nanoparticles may counterbalance the increasing in hydrodynamic di-
ameter via gaining BSA. This synergetic effect would possibly result in
the nearly constant hydrodynamic diameters of heteroaggregates ob-
served in the experiments with BSA (Fig. 3a). It is also reasonable to
speculate that the densities of GO\\HemNP heteroaggregates were
smaller at higher BSA concentrations, resulting in the reduction in sedi-
mentation rate (Fig. 3b). This hypothesis could be verified by deter-
mining GO\\HemNP heteroaggregate fractal dimensions at
different BSA concentrations. However, this investigation is out of
the scope of this study and could be performed in the future.
After all, the presence of steric repulsive interaction, together
with the decrease in electrostatic attraction was likely the mecha-
nisms reducing the sedimentation of GO\\HemNP aggregates in
BSA solutions (Huangfu et al., 2013; Sheng et al., 2016). In the
case of SRHA and alginate, it is reminded that the reason for reduc-
ing in GO\\HemNP heteroaggregation and sedimentation was the
presence of electrosteric repulsive interaction.

Effects of ionic strength on the sedimentation of GO (100 μg TOC/L)
and HemNPs (10 mg/L) at pH 5.2 were also investigated to better un-
derstand the behaviors of these nanoparticles in the natural environ-
ment. As shown in Fig. 4a, the sedimentation of the GO\\HemNP
mixtures increased from 0.05 to 0.37 min−1 when NaCl concentration
was varied from 0.1 to 100 mM. Due to the increased electrostatic
screening at elevated ionic strengths (Afrooz et al., 2013), GO and
HemNPs were expected to undergo both heteroaggregation and
homoaggregation, and the latterwas possibly the dominant aggregation
mechanism. Nevertheless, this combination was expected to enhance
the whole aggregation process, resulting in the formation of large
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aggregates and therefore rapid sedimentation of nanoparticles under
high ionic strengths.

3.3. Disaggregation of GO\\HemNP heteroaggregates at elevated pH

The disaggregation of nanoparticle aggregates could occur in the en-
vironments having solution chemistry favorable for repulsive interac-
tion, such as high pH (Huynh and Chen, 2014). This phenomenon
would affect the sedimentation and transport of GO and HemNPs in
aquatic systems. Therefore, further heteroaggregation and sedimenta-
tion experiments were conducted to investigate the behaviors of
GO\\HemNP heteroaggregates in this scenario. For the experiments,
the heteroaggregates were firstly formed for 10 min at an optimal GO/
HemNP ratio of 0.01 at pH 5.2, 0.1 mM NaCl. Then, the solution pH
was stepwise raised to 8.0 for 10 min and 11.0 for another 10 min.
Heteroaggregation and sedimentation profiles of these experiments
are presented in Fig. 5. As shown in Fig. 5a, increasing of pH stopped
heteroaggregation, and eventually led to a reduction of heteroaggregate
size (i.e., from ~500 nm (pH 5.2) to ~450 nm (pH 8.0) and ~380 nm
(pH 11.0)), possibly due to the increase in electrostatic repulsion of
GO and HemNPs at high solution pH. The disaggregation was observed
to have a strong influence onGO\\HemNP sedimentation (Fig. 5b). Spe-
cifically, the sedimentation was halted during 10 min at pH 8.0. At
pH 11.0, disaggregation took place and the detached particles/frag-
ments diffused back to the supernatant.

SM Fig. S8 shows that as pH was increased, the surface charge of
GO became more negative due to more deprotonation of carboxyl,
enolic, and phenolic groups (Szabó et al., 2006; Wu et al., 2013),
while that of HemNP would be reversed from positive to negative.
Charge reversal of HemNP decreased the electrostatic attraction
and increased electrostatic repulsion in GO\\HemNP mixtures.
Therefore, the energy barrier between GO and HemNP was in-
creased, thus weakened GO\\HemNP bonds and resulted in the de-
tachment of particles within the heteroaggregates (Huynh and
Chen, 2014). Nevertheless, the uncompleted disaggregation of the
heteroaggregates indicates that GO\\HemNP heteroaggregates can-
not be completely separated through diffusion (Yi et al., 2015).
3.4. Adsorption of tetracycline by GO\\HemNP heteroaggregates

It can be seen from Fig. 6 that GO had great adsorption capacity for
tetracycline and the amount of tetracycline adsorbed decreased with
the increase in HemNP concentration. For instance, ca. 80% of tetracy-
cline (initial concentration = 5 mg/L) was removed solely by 20 mg/L
GO after 24 h. This result was in agreement with the study of Gao and
co-authors (Gao et al., 2012). However, virtually no tetracycline adsorp-
tion occurred when the HemNP concentration was higher than
100 mg/L (GO/HemNP ratio b0.2) (Fig. 6).

Because tetracycline is likely to be positively or neutrally charged at
pH 5.2 (Gao et al., 2012), its adsorption on GO surface (negatively
charged) was expected to be more favorable than that on HemNP sur-
face (positively charged). In addition, tetracycline contains four aro-
matic rings with various functional groups on each ring, including
amino, carboxyl, phenol, alcohol, and ketone. Therefore, it is possibly
easier for tetracycline to be adsorbed on GO through π–π stacking
than to HemNP surface. However, this reason was still not enough to
explain the phenomenon observed in Fig. 6. From Fig. 2b, it is noted
that the zeta potentials of GO\\HemNP heteroaggregates became less
negative, zero, and more positive GO/HemNP ratio was decreased from
0.1 to 0.01. Therefore, the adsorption of tetracycline to GO\\HemNP
heteroaggregates is speculated to be more difficult at lower GO/
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HemNP ratios due to the reduction in electrostatic attraction between
tetracycline and these heteroaggregates.

To elucidate other mechanism causing the declining of tetracycline
adsorption at low GO/HemNP ratios, the conformation of GO\\HemNP
heteroaggregates formed when HemNP mass concentration greatly ex-
ceeds that of GO (GO/HemNP ratio=0.004)was observed under a TEM.
SM Fig. S9 shows that GO surface was almost completely covered by
HemNPs. This finding indicated that the adsorption sites of GO were
possibly blocked when these nanosheets underwent heteroaggregation
with HemNPs. Therefore, more adsorption sites on GO surfaces would
not be available for tetracycline adsorption at higher HemNP mass
concentrations.

4. Conclusions and environmental implications

This study systemically investigated the interdependence of
heteroaggregation and sedimentation behaviors of GO with natural
colloids. Experimental results showed that GO favorably undergo
heteroaggregation with the oppositely charged HemNP due to elec-
trostatic attraction. The heteroaggregation then lead to a rapid sedi-
mentation of the GO\\HemNP mixtures. The sedimentation rate of
the GO\\HemNP mixtures highly depended on GO/HemNP mass
concentration ratios. At the optimal GO/HemNP ratio of 0.01, where
the surface charges of heteroaggregates were close to zero,
GO\\HemNP undergo fast heteroaggregation and had a maximum
sedimentation rate of 0.053 min−1. Based on that information, GO
is less likely to suspend and transport over a long distance in the he-
matite enrichment aquatic environment. However, the favorable in-
teraction between GO and hematite can be greatly inhibited by the
presence of naturally occurring NOM such as humic substances
(SRHA), polysaccharide (alginate), and protein (BSA). Therefore,
the mobility of GO in surface waters is likely to be greatly enhanced.
In addition, GO mobility is found to increase, due to disaggregation,
when GO heteroaggregates enters environments having elevated so-
lution pH.

Because GO heteroaggregation has been found to greatly affect the
adsorption of co-existing contaminants, they should be included in
models predicting the fate and transport of these contaminants in GO-
contaminated environments. Specifically, at environmentally relevant
condition (pH 5.5 and 0.1 mM NaCl), the adsorption of tetracycline
(pKa = 3.3, 7.7, and 9.7, (Gao et al., 2012)) on GO decreased due to
the blocking of GO as GO and HemNPs underwent heteroaggregation.
Similar blocking mechanism is also expected for the adsorption of
non-ionic co-existing contaminants with higher hydrophobicity on GO
in the presence ofHemNPs. In the case of ionic co-existing contaminants
(e.g., heavy metals), they can interact with both GO and HemNPs
through various processes, such as charge screening and neutralization,
and hydrophilic interactions. Further studies on the behaviors of these
contaminants in the occurrence of GO\\HemNP heteroaggregation
and sedimentation are therefore required. Moreover, it can be con-
cluded from this study that the use of GO for removing co-existing con-
taminantsmight not be applicable in systemswhere oppositely charged
colloids are abundant.
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