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• Heteroaggregation between GO and
KGa-1b is not favorable under normal
conditions.

• High ionic strength and low pH values
enhance the attachment of GO onto
KGa-1b.

• The attachment of GO onto KGa-1b is
exothermic and not spontaneous.

• GO−(KGa-1b) formation is attributed
to surface charge changes of KGa-1b
colloids.

• The CCC for the heteroaggregation be-
tween GO and KGa-1b is 152 mM NaCl.
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Graphene oxide (GO) is amaterial with rapid production growth, and consequently GOnanoparticles are expect-
ed to eventually penetrate subsurface formations, where fine mineral particles are in abundance. This study ex-
amines the heteroaggregation of GO nanoparticles with kaolinite (KGa-1b) colloids under various conditions.
Dynamic batch experiments were conducted in solutions with different pH values (pH= 4, 7, and 10), different
ionic strengths (IS=7, 12, and 27mM), and at three controlled temperatures (8, 14, and 25 °C). The experimental
results showed that a relatively small amount of GO nanoparticles (5–20% of the initial concentration) attached
immediately onto KGa-1b colloids, and reached equilibrium in b20 min. It was shown that neither temperature
nor pH played a significant role in the attachment of GO nanoparticles onto KGa-1b colloids. In contrast, the at-
tachment of GO nanoparticles onto KGa-1b colloidswas shown to increase with increasing IS. Additionally, time-
resolved dynamic light scattering (DLS)was used to identify the influence of IS onheteroaggregation betweenGO
nanoparticles and KGa-1b colloids. The critical coagulation concentration (CCC) for the interaction between GO
nanoparticles and KGa-1b colloids was 152 mM (NaCl). The interaction energies were calculated, for all experi-
mental conditions, by usingmeasured zeta potentials and applying the classical DLVO theory. The equilibriumex-
perimental data were fitted with a Freundlich isotherm, and the attachment kinetics were described very well
with a pseudo-second-ordermodel. Furthermore, thermodynamic analysis revealed that the attachment process
was nonspontaneous and exothermic.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The growing production of engineered nanomaterials and their use
in a wide range of engineering applications and commercial products
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increased the probability of their emissions into environmental systems
(Mueller and Nowack, 2008; Gottschalk et al., 2009, 2010; Keller et al.,
2013; Keller and Lazareva, 2014). Because of the direct or indirect re-
lease of nanoparticles in the environment, numerous nanoparticles are
detected in soil, water and air (Brar et al., 2010). Consequently, under-
standing thoroughly the fate and transport of nanoparticles in environ-
mental systems and the related human health implications, is of
paramount importance (Klaine et al., 2012; Sasidharana et al., 2014).

One very promising nanomaterial is graphene oxide (GO), which is a
two-dimensional graphene-layered nanomaterial, composed of oxy-
gen-bearing functional groups (Dreyer et al., 2010; Kim et al., 2012). Be-
cause of its excellent physiochemical properties, GO is used in a wide
range of applications in various fields, including electrochemistry
(Chen et al., 2012), biomedicine (Chung et al., 2013), energy storage
(Lightcap and Kamat, 2013), and catalysis (Pyun, 2011). Numerous lab-
oratory investigations have suggested that GO nanoparticles are toxic to
a variety ofmammalian organisms, aswell as to bacterial cells (Akhavan
andGhaderi, 2010;Wang et al., 2011; Chang et al., 2011; Vallabani et al.,
2011; Singh et al., 2011; Seabra et al., 2014; Hu et al., 2015). To assess
these potential risks, the GO fate and transport in environmental sys-
tems andparticularly in subsurface formations, where themigration be-
havior of nanoparticles is relatively complex, should be carefully
investigated (Klaine et al., 2012; Lanphere et al., 2014; Zhou et al.,
2016). Furthermore, the stability of GO nanoparticles plays significant
role on their fate and transport in underground water environment.
Many studies have explored the effect of solution chemistry (e.g. pH,
ionic strength, cation valence, nanoparticle concentration, presence of
organic matter) on GO nanoparticles aggregation (Chowdhury et al.,
2013; Wu et al., 2013; Zhao et al., 2014; Hua et al., 2015; Huang et al.,
2016).

In addition, finemineral particles are important components of sed-
iments and soils, and inevitably they arewidely present in groundwater
(Han et al., 2008). In groundwater, the heteroaggregation of nanoparti-
cles with clayminerals is a critical process for the stability of nanoparti-
cles (Wang et al., 2015a, 2015b), and the deposition of nanoparticles
onto immobile surfaces can play a dominant role. Various investigators
have examined the interaction between engineered nanoparticles (e.g.
Ag, TiO2 and Al2O3) with clay minerals (e.g. montmorillonite, kaolinite
and goethite) (Zhou et al., 2012; Labille et al., 2015; Wang et al.,
2015a, 2015b; Bayat et al., 2015). These studies suggest that the surface
charge and the shape of the clay particles affect the stability of
engineered nanoparticles due to heteroaggregation. Consequently, the
interaction between GO nanoparticles and clayminerals may be critical
for the transport and retention of GO nanoparticles in porous media.

Kaolinite is one of themost common clayminerals in the subsurface,
so it is possible to interact with GO nanoparticles. Zhao et al. (2015)
have investigated the destabilization of GO nanoparticles via
heteroaggregation with kaolinite at only one controlled condition
(T = 25 °C, pH = 6.5) in presence of Na+ and Ca+, and observed that
heteroaggregationwas unfavorable. Huang et al. (2016) have examined
the influence of pH, IS and initial nanoparticle concentration on
heteroaggregation of GO nanoparticles with kaolinite and kaolinite-
goethite complex, and reported that heteroaggregation was favorable
for low pH, high IS and low GO concentrations.

The aim of this workwas to investigate the effect of water chemistry
and temperature on the heteroaggregation between GO nanoparticles
and kaolinite colloids. Dynamic batch experiments were conducted at
three controlled temperatures, using GO nanoparticles and kaolinite
colloids in suspension at different pH values and ionic strengths (IS). It
is worthy to note that the selected temperature range (8–25 °C), and
pH range (4–10) considered in this study, are representative of the con-
ditions observed in various ground and surface waters (Collins, 1925).
To the best of our knowledge, no previous study has investigated the ef-
fect of temperature on the heteroaggregation between GO nanoparti-
cles and KGa-1b colloids in conjunction with the associated
thermodynamics.
2. Methodology

2.1. Materials

GO suspensionswere prepared bymixing the appropriate amount of
GO sheets (Sigma Aldrich, St. Louis, USA) with a phosphate buffered so-
lution (PBS) with relatively low ionic strength (IS= 7mM). Afterwards,
the suspensions were sonicated (37 kHz) (Elmasonic S 30/(H), Elma
Schmidbauer GmbH, Singen, Germany) for 2 h to ensure that the disper-
sion is thoroughly uniform, as suggested by Sotirelis and
Chrysikopoulos (2015). All aggregation experiments were conducted
with a concentration of GO nanoparticles of CGO = 5 mg/L, whereas
for the isotherm experiments the range of GO nanoparticles concentra-
tions was 1–25 mg/L. However, it should be noted that concentrations
of GO in environmental systems could be smaller than the 5 mg/L
used in this study.

The kaolinite (KGa-1b, well-crystallized kaolin, from Washington
County, Georgia) (Pruett and Webb, 1993) used in this study was pur-
chased from the Clay Minerals Society (Columbia, Missouri, USA).
KGa-1b has specific surface area (SSA) of 10.1 m2/g, as evaluated by
the Brunauer–Emmet–Teller (BET)method, and cation exchange capac-
ity (CEC) of 2.0 meq./100 g (van Olphen and Fripiat, 1979). The b2 μm
colloidal fraction, used in all of the experiments conducted in this
study, was separated by sedimentation following the procedures
outlined by Rong et al. (2008). Briefly, 12 g of KGa-1b were mixed
with 25mL of distilled deionized water (ddH2O) in a 2 L beaker. Hydro-
gen peroxide (30% solution) was added to the suspension to oxidize or-
ganic matter, while the pH was adjusted to 10 with 0.1 M NaOH. The
suspension was diluted to 2 L and the b2 μm colloid fraction was sepa-
rated from larger particles by sedimentation for a timeperiod of 1 h. The
size of the colloids was confirmed using a Zeta-Sizer analyzer. Adding a
0.5 M CaCl2 solution flocculated the separated colloid suspension. The
colloid particles were washed with ddH2O, ethanol and again ddH2O,
and finally dried at 60 °C. The KGa-1b suspensions were prepared by
adding an appropriate amount of KGa-1b to PBS solution and sonicating
for 10 min in order to obtain the desired colloidal suspension. The con-
centration of KGa-1b colloids used in all of the heteroaggregation exper-
iments was CKGa-1b = 50 mg/L.

All the solutions were prepared using ultrapure water (Easypure II,
Barstead, USA) with specific resistivity of ∼18.2 MΩ·cm. The various
nanoparticle and colloid suspensions with different ionic strengths
were adjustedwithNaCl (CNaCl=0, 5, 20mM for the batch experiments
with IS = 7, 12, 27 mM, respectively); whereas, the suspensions with
different pH values were adjusted with either H3PO4 or NaOH. All
chemicals employed in this study were of analytical reagent grade,
employed without any additional purification.

The optical density of the GO nanoparticles was analyzed at the op-
timal wavelength of 231 nm following the procedure outlined by Liu et
al. (2013). Calibration curves were prepared for each set of solution
chemistry (pH and IS) examined in this study, in order to establish the
relationship between absorbance, Abs [−], and GO, in the range 0–
30mg/L. A series of diluted sampleswere prepared from an aqueous so-
lution with known GO concentration, and the absorbance of each dilut-
ed sample was measured with a UV–visible spectrophotometer (Cary
400 BIO, Varian, Palo Alto, California). Furthermore, the hydrodynamic
diameter and the zeta potentials of the GO nanoparticles and KGa-1b
colloids under the various experimental conditions considered in this
study at 25 °C weremeasured with a zetasizer (Nano ZS90, Malvern In-
struments, Southborough, MA) (see Table 1). All zeta potential and hy-
drodynamic diameter measurements were obtained in triplicates.

2.2. Batch experiments

Dynamic batch experiments were conducted under various solution
chemistry conditions at 8, 14, and 25 °C, in order to examine the effect of
pH, IS, and temperature on GO and KGa-1b heteroaggregation. All batch



Table 1
Measured zeta potentials and hydrodynamic diameters of GO nanoparticles and
KGa-1b colloids for the different experimental conditions (Here CGO = 10 mg/L,
and CKGa-1b = 100 mg/L).

Experimental
Conditions

GO KGa-1b GO KGa-1b

pH IS
(mM)

T
(°C)

Zeta
potential
(mV)

Zeta
potential
(mV)

Hydrodynamic
diameter (nm)

Hydrodynamic
diameter (nm)

7 7 8 −35.0 −51.0 478 ± 29 505 ± 38
7 7 14 −33.0 −50.4 492 ± 26 530 ± 41
4 7 25 −25.6 −38.8 492 ± 38 646 ± 53
7 7 25 −35.2 −50.8 465 ± 25 558 ± 40
10 7 25 −40.4 −53.9 392 ± 27 503 ± 25
7 12 25 −32.9 −49.9 503 ± 34 629 ± 33
7 27 25 −30.3 −48.6 558 ± 41 686 ± 48
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experiments were performed in 20 mL Pyrex glass screw-cap tubes
(Fisher Scientific). Glass tubes were washed with detergent, rinsed
thoroughly in ddH2O, autoclave sterilized, and oven-dried at 80 °C over-
night. A PBS solution with IS = 7mMwas prepared with 0.004M phos-
phate buffer salts in ddH2O and adjusted to a pH= 7.2 with NaOH. The
PBS solutionwas used to stabilize the pH of GO dispersion (Dreyer et al.,
2010). All the experimentswere performedwith the tubes attached to a
rotator (Selecta, Agitador orbit), operated at 12 rpm, in order to allow
for KGa-1b to mix within the GO suspension. The experiments at 8
and 14 °C were conducted in an incubator (Foc 120E, Velp Scientifica,
Italy).

For each experiment, 16 glass tubes were employed, whichwere di-
vided into two groups. Each group consisted of eight glass tubes. The
glass tubes of the first group (experimental tubes) contained a mixture
of 10 mL of GO suspension (CGO = 10 mg/L) and 10 mL of KGa-1b sus-
pension (CKGa-1b=100mg/L), and the second group (GO control tubes)
contained 20mL of GO suspension (CGO= 5mg/L). All glass tubes were
filled to the top. Both groups of glass tubes were treated in the same
manner. All used glass tubes were discarded.

For the kinetic attachment experiments, a sample was collected
(10 mL) from each glass tube at different preselected times (0, 5, 10,
30, 60, 120, 180, 240, 360 min). For the equilibrium attachment exper-
iments eight glass tubes with different initial GO concentration were
employed, all samples were collected 60 min after the initiation of the
Fig. 1. Schematic illustration of t
experiment, which was sufficient time to reach equilibrium. Then, fol-
lowing the procedure outlined by Zhao et al. (2015), the separation of
GO nanoparticles and KGa-1b colloids was made after centrifugation
(3500 rpm or 1900 × g, 30 min) of each sample. The GO concentration
was measured in triplicates. Note that the control tubes were used to
monitor GO aggregation and possible GO attachment onto the walls of
the glass tubes. All concentration calculations were made under the as-
sumption that during centrifugation, identical amounts of suspended
GO nanoparticles were settled in the GO control tubes and the experi-
mental tubes containing also KGa-1b colloids. A schematic illustration
of the experimental procedures is presented in Fig. 1.

2.3. Aggregation and heteroaggregation kinetics

The kinetics of aggregation andheteroaggregationwere investigated
in this study with the procedures developed by Zhou et al. (2012), and
Wang et al. (2015a, 2015b). Time-resolved hydrodynamic size data of
the various particle suspensions were measured using dynamic light
scattering (DLS) (Nano ZS90, Malvern Instruments, Southborough,
MA). The IS of the suspension was adjusted with NaCl (0.025–
0.250 M). The DLS measurements were initiated immediately after the
mixing of the NaCl solution with the particle suspension. The size of ag-
gregates was estimated every 5 min for a period of 1 hour or until the
initial particle size had doubled. All DLSmeasurements were conducted
at 25 °C.

3. Theoretical considerations

3.1. Equilibrium and kinetic GO attachment

The experimental data from the equilibrium attachment of GO onto
KGa-1b at three different temperatures where fitted with a Freundlich
isotherm:

C�
eq ¼ KfC

m
eq ð1Þ

which can also be written in the following linear form:

logC�
eq ¼ logKf þm logCeq ð2Þ

where Ceq [mg GO/Liter of solution] is the aqueous phase GO
he experimental procedure.
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concentration at equilibrium; Ceq⁎ [mg GO/g KGa-1b] is the GO concen-
tration attached onto the KGa-1b colloids at equilibrium; Kf [L3+m/
MsMn

m−1] is the Freundlich constant in units of [(Liter of solution)m/(g
KGa-1b)(mg GO)m − 1] and is directly proportional to the deposition
and attachment capacity of the KGa-1b colloids;m [−] is the Freundlich
exponent, which is equal to one for linear attachment and is a measure
of the surface heterogeneity of the KGa-1b colloids (the smaller the
value of m the higher the surface heterogeneity of the KGa-1b colloids).
Also, for notational convenience Mn was introduced for the mass of
nanoparticles (GO), and Ms. for the mass of solids (KGa-1b colloids).
The parameters m and logKf were estimated by the slope and ordinate
(vertical axis intercept), respectively, of the linear plot of the experi-
mental data in the form of logCeq⁎ versus logCeq.

The experimental data from the kinetic attachment batch experi-
ments were fitted with the following pseudo-second-order expression
(Ho, 2006; Anagnostopoulos et al., 2012):

dC�
t

dt
¼ kp2 C�

eq−C�
t

� �2
ð3Þ

where t [t] is time; Ct⁎ [Mn/Ms] is the GO concentration attached onto
KGa-1b at time t; and kp2 [Ms/(Mn·t)] is the rate constant of the pseu-
do-second order attachment. Separating variables and integrating the
time variable from 0 to t, and the GO concentration attached onto
KGa-1b from 0 to Ct⁎ yields:

C�
t ¼

C�
eq

� �2
kp2t

1þ C�
eqkp2t

ð4Þ

The above expression can be rearanged in a linear form:

C�
t ¼

t

1=kp2 C�
eq

� �2
� �

þ t=C�
eq

h i ð5Þ

or can also be written in the following linear form:

t
C�
t
¼ 1

kp2 C�
eq

� �2 þ
t

C�
eq

ð6Þ

Pseudo-second-order kinetic models are associated with physico-
chemical interactions such as chemisorption (Ho, 2006), and have
been used successfully to describe the kinetics of Bacillus subtilis attach-
ment onto single-walled carbon nanotubes (Upadhyayula et al., 2009),
the kinetics of P. putida attachment onto kaolinite (Vasiliadou and
Chrysikopoulos, 2011), as well as the attachment of GO onto quartz
sand (Sotirelis and Chrysikopoulos, 2015).

3.2. Attachment efficiency

The attachment efficiency,α [−], which is also known as the inverse
stability ratio, 1/W, represents the ratio of the coagulation rate in the
presence of an energy barrier to the coagulation rate in the absence of
an energy barrier (Elimelech et al., 1995). Therefore,α can easily be cal-
culated by applying the following expression to experimental coagula-
tion kinetic data (Mylon et al., 2004; Zhou et al., 2012):

α ¼ 1
W

¼ drH=dtð Þjt→0

drH=dtð Þjt→0; rapid
ð7Þ

where rH [L] is themean hydrodynamic radius of the aggregate, which is
measured experimentally; k=(drH/dt)|t→0 [L/t] is the actual (slow) co-
agulation rate in the presence of an energy barrier, which is actually the
slope of the linear plot of rH versus time; and krapid= (drH/dt)|t→0, rapid

[L/t] is the most rapid coagulation rate in the absence of an energy bar-
rier, which is calculated as the average of the highest, relatively constant
experimental rates at high IS values. Increasing the IS leads to a reduc-
tion of the energy barrier between particles (less negative) and to a re-
action-limited (slow) coagulation (or aggregation) regime. When the
energy barrier is eliminated, the surface charge of particles is completely
screened and the resulting coagulation regime is diffusion limited (fast).
It should be noted that the critical coagulation concentration (CCC) is
the intersection between these regimes (Chen and Elimelech, 2006,
2007; Wang et al., 2015a, 2015b). Alternatively, CCC is the IS at which
α reaches a constant value of unity (Zhou et al., 2012). However, α
can exceed unitywhen there exists significant attraction between parti-
cles (Chen and Elimelech, 2006; Zhou et al., 2012).

3.3. Interaction energy profiles

For the calculation of the Derjaguin–Landau–Verwey–Overbeek
(DLVO) interaction energy profiles (Derjaguin and Landau, 1941;
Verwey and Overbeek, 1948), the following expression was used
(Loveland et al., 1996):

ΦDLVO hð Þ ¼ ΦvdW hð Þ þΦdl hð Þ þΦBorn hð Þ ð8Þ

whereΦDLVO [J] is the total interaction energy between two surfaces
(here GO and KGa-1b);ΦvdW [J] is the van der Waals potential energy;
Φdl [J] is the double layer potential energy;ΦBorn [J] is the Born potential
energy; and h [m] is the separation distance between the approaching
surfaces. Note that ΦBorn can easily be neglected if h N 1 nm. It should
be noted that the Born potential energy is insignificant in aqueous sys-
tems because the presence of hydrated ions is almost certain will pre-
vent surface-surface separation distances to diminish to the limiting
value of h ~ 0.3 nm (Elimelech et al., 1995; Chrysikopoulos and
Syngouna, 2012). A typical DLVO interaction energy profile is character-
ized by primary minimum, Φmin1 (deep energy “well”), the primary
maximum, Φmax1 (energy barrier to attachment and detachment), and
the secondary minimum, Φmin2 (shallow energy “well”) (Syngouna
and Chrysikopoulos, 2011; Chrysikopoulos et al., 2012).

For the case of two approaching surfaces, one with spherical (GO)
and the other with planar (KGa-1b) geometries, the GO−(KGa-1b) in-
teractions were assumed to be of the sphere-plate type. Therefore, the
ΦvdW [J] for GO−(KGa-1b) (sphere-plate) interactions were calculated
with the expression (Lyklema, 1991; Voorn et al., 2007):

ΦvdW hð Þ ¼ −
A123

6
2rp hþ rp

� �
h hþ 2rp
� � þ ln

h
hþ 2rp

� 	" #
ð9Þ

where rp [L] is particle radius; and A123 [J] is the combined Hamaker
constant for microscopic bodies of composition “1” and “3” in medium
“2” [(1-GO particle)-(2-water)-(3-KGa-1b)] and can be estimated by
the geometric mean combining rule (Yoon et al., 1997):

A123 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A121A323

p
ð10Þ

In this study, the combined Hamaker constants for the system GO–
water–GO was set to A121 = 2.23 × 10−21 J (McAllister et al., 2007)
and for the system (KGa-1b)–water–(KGa-1b) to A323 = 3.1 × 10−20 J
(Chrysikopoulos and Syngouna, 2012). Consequently, in view of Eq.
(12), A123 = 8.31 × 10−21 [J]. Furthermore, the Φdl [J] GO−(KGa-1b)
(sphere-plate) interactions were calculated with the expression
(Voorn et al., 2007):

Φdl hð Þ ¼ πεrε0rp Ψ2
1 þΨ2

2

� �
ln

exp 2κhð Þ−1
exp 2κhð Þ

� 	
þ 2Ψ1Ψ2 ln

exp κhð Þ þ 1
exp κhð Þ−1

� 	� �
ð11Þ

where Ψ1 [V] is the Stern potential of the GO nanoparticle; Ψ2 [V] is
the Stern potential of the KGa-1b surface; and κ [1/m] is the
inverse of the effective diffuse double layer thickness, known as the



Fig. 2. Linearized Freundlich isotherms for GO nanoparticles attachment onto KGa-1b
colloids at three different temperatures: (a) 25 °C, (b) 14 °C, and (c) 8 °C.
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Debye-Huckel length:

κ ¼ 2000 ISNAe2

εrε0kBT

� �1=2
ð12Þ

where IS [mol/L] is the ionic strength, NA = 6.02 × 1023 [1/mol] is
Avogadro's number, and e = 1.602 × 10−19 [C] is the elementary
charge; εr = ε/ε0 is the dimensionless relative dielectric constant of
the suspending liquid; ε [C2/(J·m)] is the dielectric constant of the
suspending liquid; ε0 [C2/(J·m)] is the permittivity of free space;
kB = 1.38 × 10−23 [J/K] is the Boltzmann constant; and T [K] is the
fluid absolute temperature.

For the case of two approaching surfaces, both with planar (KGa-1b)
geometries, the (KGa-1b)-(KGa-1b) interactions were assumed to be of
the plate-plate type. Therefore, the ΦvdW [J] for (KGa-1b)-(KGa-1b)
(plate-plate) interactionswere calculatedwith the following expression
(Elimelech et al., 1995):

ΦvdW hð Þ ¼ −
A123

12πh2 ð13Þ

Furthermore, the Φdl [J] for (KGa-1b)-(KGa-1b) (plate-plate) inter-
actions were calculated with the expression (Verwey and Overbeek,
1948):

Φdl hð Þ ¼ 32n∞kBT
κ

γ2 1− tanh κhð Þ½ � ð14Þ

where n∞ is the bulk number density of ions given by (Elimelech et al.,
1995, p.36):

n∞ ¼ 1000NACs ð15Þ

where Cs [mol/dm3] is the salt concentration or electrolyte molar con-
centration (decimeter: dm=10 cm), andγ [−] is a dimensionless func-
tion of the surface potential, defined as (Gregory, 1975; Elimelech et al.,
1995, p.172):

γ ¼ tanh
zeψ
4kBT

� 	
ð16Þ

where Ψ [V] is the Stern potential, and z [−] is the ion valence in-
cluding the sign of the ion charge. In this study, the zeta potential is
used as an estimate of Stern potential.

For the case of two approaching surfaces, both with spherical (GO)
geometries, the GO-GO interactions were assumed to be of the
sphere-sphere type. Note that in the present study it is assumed that be-
cause of the samplemixingby rotation, theGO sheetsmaybe folded and
their geometry could be spherical or hemi-spherical (Huang et al.,
2016). Therefore, the ΦvdW [J] GO-GO (sphere-sphere) interactions
were calculated with the following expression (Elimelech et al., 1995,
p.44):

ΦvdW hð Þ ¼ −
A323rp1rp2

6h rp1 þ rp2
� � ð17Þ

where rp1 [L] and rp2 [L] is the radius of particles 1 and 2, respectively.
Note that the above equation is valid for h ≪ rp1. Furthermore, the Φdl

[J] for GO-GO (sphere-sphere) (identical spheres) interactionswere cal-
culated with the expression (Elimelech et al., 1995, p.39):

Φdl hð Þ ¼ 32πεrp
kBT
ze

� 	2

γ2 exp −κhð Þ ð18Þ
3.4. Thermodynamic considerations

The thermodynamic behavior of GO nanoparticle attachment onto
KGa-1b colloids was investigated by estimating the standard Gibbs
free energy change, ΔG° [kJ/mol], the standard enthalpy change, ΔH°
[kJ/mol], and the standard entropy change, ΔS° [J/mol·K] from the tem-
perature dependent attachment isotherms, as outlined by Sotirelis and
Chrysikopoulos (2015). TheΔG° at a selected temperature can be deter-
mined from the following thermodynamic relationship:

ΔG° ¼ −RaT lnK0 ð19Þ

where Ra = 8.3145 [J/(mol·K)] is the universal gas constant; and K0

[L3/M] is the thermodynamic attachment equilibrium constant, also
known as the thermodynamic distribution coefficient, which can be
determined from the intercept with the vertical axis of the linear
plot of ln[Ceq⁎/Ceq] versus Ceq⁎ (Biggar and Cheung, 1973; Khan and
Singh, 1987). Furthermore, the values of ΔH° and ΔS° can be obtain-
ed from the following thermodynamic relationship:

lnK0 ¼ ΔS °
Ra

−
ΔH°
RaT

ð20Þ

The slope and vertical axis intercept (ordinate) of a linear plot of lnKo

versus 1/T correspond to the ΔH°/Ra and ΔS°/Ra, respectively.



Table 3
Fitted parameters obtained from the GO kinetic attachment experiments.

Experimental conditions Ceq
⁎

[mg GO/g KGa-1b]
kp2
[g KGa-1b/(mg GO·min)]

pH IS (mM) T (°C)

4 7 25 9.56 0.085
7 7 25 7.85 0.293
10 7 25 7.13 2.217
7 12 25 8.47 53.36
7 27 25 14.70 0.038
7 7 8 6.04 0.262
7 7 14 7.66 0.096

Table 2
Calculated Freundlich parameters for GO attachment onto KGa-1b.

T (°C) m
(−)

Kf

[Lm/(g KGa-1b)(mg GO)m − 1]

25 0.1921 6.93
14 0.1929 4.88
8 0.1272 5.42
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4. Results and discussion

The equilibrium attachment data from the dynamic experiments of
GO nanoparticles attachment onto KGa-1b colloids at three different
temperatures are shown in Fig. 2. The equilibrium attachment data
were fitted with linear, Freundlich, and Langmuir isotherm models.
However, only the Freundlich isotherm model fittings, constructed by
the graphical statistical software “IGOR-Pro” (WaveMetrics Inc.), are
shown in Fig. 2, and the corresponding Freundlich isotherm parameters
are listed in Table 2. Also, the Kf values listed in Table 2 suggested that,
for most of the cases examined in this study, the attachment of GO
nanoparticles increased with increasing temperature.

The data from the kinetic batch experiments under the various ex-
perimental conditions considered in this study are presented in Fig. 3.
The fitted kinetic model-parameter values for kp2 are listed in Table 3.
Furthermore, the pseudo-second-order model (Eq. (4)) was fitted to
the kinetic experimental data with the nonlinear least squares regres-
sion software ColloidFit (Katzourakis and Chrysikopoulos, 2016),
Fig. 3. Effect of (a) pH at IS = 7mM and T=25 °C, (b) IS at pH= 7 and T=25 °C, and (c)
temperature at pH = 7 and IS = 7 mM, on kinetic attachment of GO onto KGa-1b. The
symbols represent the experimental data, and the curves the fitted model simulations.
which incorporates the state of the art model-independent parameter
estimation package “Pest” (Doherty et al., 1994). Fig. 3a shows the influ-
ence of pH on GO nanoparticles attachment onto KGa-1b colloids. The
observed decrease in GO nanoparticle mass attached onto KGa-1b
with increasing pH values is attributed to the structure of the KGa-1b
colloids. Note that at pH 4 the Al-O face/edge of KGa-1b is positive
charged (Wang et al., 2015a, 2015b), so more GO nanoparticles, which
were negatively charged at pH = 4, were expected to be attracted to
Al-O face/edge. However, for greater pH values, Al-O faces and Si-O
faces of KGa-1b, carry negative charges (Wang et al., 2015a, 2015b).
Fig. 3b shows that increasing IS leads to a significant increase in the at-
tachment of GO nanoparticles onto KGa-1b colloids. Note that increas-
ing IS leads to smaller absolute zeta potential values (see Table 1) and
consequently, to smaller electric double layer repulsion (Chen and
Elimelech, 2007) between GO nanoparticles and KGa-1b colloids. Fig.
3c shows the influence of temperature on the attachment of GO nano-
particles onto KGa-1b colloids. The experimental data suggest that
there is a slight decrease in GO attachment with decreasing tempera-
ture. Furthermore, for all cases examined in this work, the attachment
of GO nanoparticles onto KGa-1b colloids was relatively fast, reaching
equilibrium within 10 to 20 min (see Fig. 3).

The influence of IS on the aggregation of KGa-1b colloids, GO nano-
particles, and heteroaggregation of GO−(KGa-1b) at pH=7 is illustrat-
ed graphically in Fig. 4, and the corresponding k = (drH/dt)|t→0 and
krapid = (drH/dt)|t→0, rapid values are listed in Table 4. Furthermore,
Fig. 5 presents a few, randomly selected, linear plots with slopes equal
to the k values listed in Table 4. The slope of each linear plot in Fig. 5
is determined with the graphical statistical software “IGOR-Pro”
(WaveMetrics Inc.), and equals to the corresponding k with units
(nm/s). The krapid values listed in Table 4 are calculated by averaging
all the corresponding k values for the cases where there is no energy
barrier (Φmax1). Note that all three systems exhibited high stability. It
should be noted that for IS b 25 mM the attachment efficiency for
Fig. 4. Attachment efficiencies, α (or Inverse stability ratios, 1/W) of (KGa-1b)–(KGa-1b)
(circles), GO–GO (squares), and GO–(KGa-1b) (diamonds) as a function of NaCl
concentration at pH 7. The CCC (intersection of reaction-limited (slow) and diffusion
limited (fast) coagulation regimes) for (KGa-1b)–(KGa-1b) is 88 mM NaCl, for GO–GO is
184 mM NaCl, and for GO–(KGa-1b) is 152 mM NaCl.



Table 4
Calculated k and krapid values for the various aggregation and heteroaggregation experi-
ments (Here CGO = 5 mg/L and CKGa-1b = 50 mg/L).

Experimental conditions
(pH = 7, T = 25 °C)

krapid = (drH/dt)|t→0, rapid (nm/s)

GO KGa-1b GO−(KGa-1b)
1.79 1.89 1.61

IS (mM) K = (drH/dt)|t→0 (nm/s)

27 − 0.23a −
57 − 0.80 0.13a

82 0.15a 1.83b 0.81
107 0.29 1.93b 1.09
157 1.39 1.91b 1.58b

207 1.81 − 1.64b

257 1.79b − −

a For k calculation refer to Fig. 5.
b Without energy barrier, as predicted by the classical DLVO theory.
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these three systems was very small. The GO suspension was the most
stable with CCC = 184 mM, caused by high electrostatic repulsion be-
tween GO nanoparticles (Gregory, 2006; Chowdhury et al., 2013).
Also, stablewas the KGa-1b suspensionwith CCC≈ 88mM, but less sta-
ble than GO, probably due to the larger size of the KGa-1b colloids. The
GO−(KGa-1b) suspensionwas very stable with CCC=152mM. There-
fore, the presence of KGa-1b colloids destabilize lightly the GO
Fig. 5. Behavior of rH as a function of time for: (a) (KGa-1b)–(KGa-1b) at IS = 32mM, (b)
GO–(KGa-1b) at IS = 57mM, and (c) GO–GO at IS= 82mM (Here pH= 7 and T=25 °C).
suspension; whereas, GO nanoparticles enhance the stability of KGa-
1b (see Table 4). The observed high stability of GO−(KGa-1b) is attrib-
uted to the high negative charge of both GO nanoparticles (−35.2 mV)
and KGa-1b colloids (−50.8 mV) as recorded for neutral pH and low IS
values. Therefore, the GO and KGa-1b heteroaggregation at low NaCl
concentration is expected to be very small. Note that increasing IS values
until they reach CCC, leads to a decrease of the energy well (Φmax1), so
the heteroaggregation of GO nanoparticles with KGa-1b colloids is
more favorable.

The measured zeta potential values of GO and KGa-1b (see Table 1)
indicate that both GO and KGa-1b are negatively charged over the pH
range (4 ≤ pH ≤ 10) examined in this study, and suggest that the inter-
actions between GO and KGa-1b are repulsive. The absolute zeta poten-
tial value of both GO andKGa-1b suspensions decreased, or equivalently
the zeta potential values became less negative, with increasing IS, due to
suppression of the electric double layer (Feriancikova and Xu, 2012;
Lanphere et al., 2013). The experimental data clearly show that decreas-
ing the pH contributed to a decrease in the absolute zeta potential
values, as result of the reduction in the electrostatic repulsive forces,
as predicted by the classical DLVO colloidal theory (Derjaguin and
Landau, 1941; Verwey and Overbeek, 1948). Furthermore, the zeta po-
tential values were consistently greater for GO than KGa-1b particles.

The ΦDLVO sphere-plate interaction energy profiles for GO−(KGa-
1b) under the present experimental conditions are presented in Fig. 6.
Clearly, these interaction energy profiles suggest that for normal condi-
tions (neutral pH and low IS values) there is a shallowΦmin2, and a rel-
atively high Φmax1, indicating the presence of strong repulsive forces
between GO nanoparticles and KGa-1b colloids. As a result, a reduction
in pH yielded smaller Φmax1 and small deepening in theΦmin2 (see Fig.
6a). Furthermore, an increase in IS resulted a small reduction in Φmax1,
and a small deepening in Φmin2 for smaller separation distance (see
Fig. 6. Predicted DLVO total interaction energy profiles between GO and KGa-1b, as a
function of separation distance for the experimental conditions. Each figure insert
highlights the corresponding secondary energy minima.



Fig. 7. Linear plots of ln[Ceq⁎/Ceq] versus Ceq⁎ at three different temperatures: (a) 25 °C, (b)
14 °C, and (c) 8 °C. K0 is the intercept of the fitted line with the vertical axis.
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Fig. 6b). These findings are in agreementwith the results from the batch
experiments of this study. For a deeper secondary energy minimum
(IS = 27 mM) greater attachment was observed. Nevertheless, the at-
tachment of the GO nanoparticles onto KGa-1b colloids cannot be fully
attributed to the deepening of Φmin2. It is worthy to note that, predic-
tions of energy barriers and secondary energy minima are strongly de-
pendent on the model selected for electrostatic double layer
interaction calculations. Also, the interaction forces were intentionally
calculated for h N 0.3 nm, rendering the effect of Born interaction as in-
significant. Consequently, the interaction energy profiles constructed in
Fig. 6 do not exhibit a Φmin1. Interactions between solid surfaces in
Fig. 8. Linear plot of lnK0 versus 1/T.
water can be described well by the DLVO model for most systems at
h ≥ 10 nm. For smaller h values, non-DLVO forces often yield strong in-
teraction forces that can prevent primary well formation when the sur-
faces have the same charge.

The values of ΔG° = 8.89, 9.41, and 10.00 kJ/mol for T = 8, 12, and
25 °C, respectively, are estimated with Eq. (19) and K0 from the exper-
imental data presented in Fig. 7. Furthermore, in view of Eq. (20),
ΔH° = −10.2 kJ/mol and ΔS° = −68.2 J/mol·K are obtained from the
linear plot presented in Fig. 8. All linear regressions were obtained
with the graphical statistical software “IGOR-Pro” (WaveMetrics Inc.).
Note that the value of K0 decreased with increasing temperature (see
Fig. 7), suggesting that the attachment process was exothermic. The
positive values of ΔG° indicated that the attachment process was non-
spontaneous. The increasing ΔG° values with increasing temperature
suggest that the process is not feasible at higher temperatures. Further-
more, the negativeΔH° value indicated that the attachment processwas
exothermic (Deepthi Rani and Sasidhar, 2012). Finally, the negative ΔS°
value reflected that the attachment process was enthalpy driven with
reduced randomness at the solid/liquid interface during the attachment
process.

5. Conclusions

The experimental results of this study suggested that heteroaggrega-
tion between GO nanoparticles and KGa-1b colloids was not favorable.
The equilibrium attachment process was adequately described by the
Freundlich isotherm equation. The kinetic batch experiments have
shown that the attachment of GO nanoparticles onto KGa-1b colloids
followed a pseudo-second-order model. The attachment process was
characterized as exothermic and non-spontaneous, indicating that the
process is not favorable under normal conditions. It was demonstrated
that temperature and pH did not significantly affect GO attachment
onto KGa-1b. In contrast, heteroaggregation rates were considerably in-
creased at high IS (N50mM)values due to a decrease of the electrical dou-
ble layer repulsion.
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