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ABSTRACT
Graphene oxide (GO) nanomaterials are used extensively in a wide range of commercial
applications. With GO production growing rapidly, it is expected that GO eventually could reach
sensitive environmental systems, including subsurface formations, where montmorillonite, one of
the most common minerals, is in abundance. This study examines the interaction of GO with
quartz sand and montmorillonite (MMT) colloids at pH = 7, ionic strength IS = 2 mM, and 25°C,
under dynamic conditions. Moreover, the effect of pH on MMT kinetic attachment onto quartz
sand was investigated. The experimental data suggested that pH affected slightly the
attachment of MMT colloids onto quartz sand. GO was attached in greater amounts onto MMT
than quartz sand. Also, the attachment of GO onto quartz sand was shown to increase slightly in
the presence of MMT colloids. However, when GO and MMT coexisted, the total GO mass
attached onto quartz sand, suspended MMT, and attached MMT was increased. Furthermore, the
equilibrium attachment experimental data were fitted nicely with a Freundlich isotherm, and
the attachment kinetics were satisfactorily described with a pseudo-second-order model. Finally,
the extended DLVO (XDLVO) theory was used to quantify the various interaction energy profiles
based on electrokinetic and hydrodynamic measurements.
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1. Introduction

Graphene is a two-dimensional carbon-based nanoma-
terial with unique physical and chemical properties
such as high specific area, high electric and thermal con-
ductivity, gas impermeability, and high mechanical
strength [1,2]. One of the most common forms of gra-
phene used in various environmental and medical appli-
cations is graphene oxide (GO) [3]. Given the wide use of
GO in many different applications, it is almost certain to
be released in groundwater systems [4,5]. Clays, are
formed by platelets, stacked from a few to as many as
one thousand sheets, are natural sorbents for pollutants
in the subsurface [6–9]. Montmorillonite, a 2:1 dioctahe-
dral smectite is one of the most ubiquitous aluminosili-
cate clays in the aquatic environment and primary
component of bentonite [10]. Bentonite is often used
in technical applications, such as chemical barriers in
landfills and toxic waste impoundments.

Several laboratory studies have focused on the trans-
port, stability, and aggregation kinetics of GO over a
broad range of environmental conditions (e.g. solution
chemistry, GO concentration, flow rate, moisture
content, presence of organic matter, and metal oxides)
[4,5,11–28]. GO stability was found to be highly depen-
dent on cation valence, ionic strength (IS) and pH, and
less affected by the anion valence [15,16]. Moreover, GO
aggregation and deposition in the aquatic environment
increased in the presence of metal oxides and natural
organic matter [17,19,27]. Furthermore, various investi-
gators have examined the stability of GOdue to heteroag-
gregation with clay minerals such as kaolinite [26,29].

However, although GO has been found highly stable in
natural surfacewaters [15,17], interactions ofGOwithother
environmental surfaces (e.g. clays) could be a major deter-
minant of their fate in the environment. The pH and Is
dependent GO attachment onto kaolinite has previously
been investigated [30], but the structure and the chemical
composition of kaolinite andmontmorillonite are different.
Thus, their physical, chemical, and attachment properties
are also dissimilar. The various montmorillonite layers
have permanent negative charges due to isomorphic sub-
stitutions; also, pH-dependent (either positive or negative)
charges develop at the edges [31,32]. As a result,montmor-
illonite colloids can provide favourable attachment sur-
faces for negatively charged nanomaterials like GO, and
could control GO’s fate in the environment.

The aim of this study was to investigate the
attachment of GO on quartz sand alone and in the co-
presence of montmorillonite in PBS solution (pH = 7
and IS = 2 mM), under dynamic batch conditions. More-
over, the effect of pH, on montmorillonite attachment
onto quartz sand was investigated. The GO attachment

kinetics and isotherms, related to its interactions with
montmorillonite and quartz sand were examined. Also,
the attachment of GO onto both montmorillonite and
quartz sand was related to theoretically determined
extended DLVO (XDLVO) energy interaction profiles,
based on electrokinetic and hydrodynamic measure-
ments. To our knowledge, no previous study has
focused on the interactions of GO with quartz sand in
the presence of montmorillonite colloids. The findings
of this study shed some light on the behaviour of GO
in environmental systems where common minerals
such as montmorillonite are present.

2. Materials and methods

2.1. GO

Graphene oxide stock suspension at a concentration of
20 ppm was prepared by mixing 3 mg of GO sheets
(Sigma Aldrich, St. Louis, U.S.A.) with 150 mL of a phos-
phate buffered solution (PBS) at each solution chemistry
(pH and IS) examined in this study. Afterwards, the GO
suspensions were sonicated (37 kHz) (Elmasonic S 30/
(H), Elma Schmidbauer GmbH, Singen, Germany) for
2 h for thorough dispersion, as suggested by Sotirelis
and Chrysikopoulos [33]. All the solutions were prepared
using ultrapure water (Easypure II, Barstead, U.S.A.) with a
specific resistivity of ∼18.2 MΩ cm at 25°C. The various
PBS solutions with different ionic strengths (IS = 2 and
20 mM at pH 7) were prepared with different amounts
of NaCl (CNaCl = 0, and 18 mM); whereas, the PBS solution
with different pH values (pH = 4, 7, 10 at IS = 2 mM) were
adjusted with a small amount of either HCl or NaOH sol-
ution, which had negligible effect on the solution IS. The
concentration of GO used in all batch experiments was
CGO= 5 ppm. The optical density of the GO was analysed
at the optimal wavelength of 231 nm by a UV–visible
spectrophotometer (Cary 400 BIO, Varian, Palo Alto, Cali-
fornia) following the procedure outlined by Liu et al. [13].
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 concentration in the range 1–20 ppm.

2.2. Montmorillonite (ΜΜΤ)

The montmorillonite (STx-1b, Ca-rich montmorillonite,
Gonzales County, Texas) used in this study was pur-
chased from the Clay Minerals Society (Columbia, Mis-
souri, U.S.A.). MMT had a specific surface area (SSA) of
82.9 m2/g [34], as evaluated by the Brunauer–Emmet–
Teller (BET) method, and a high cation exchange capacity
(CEC) of 84.4 meq/100 g [35]. The <2 μm colloidal
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fraction, used in all of the experiments conducted in this
study, was separated by sedimentation following the
procedures outlined by Rong et al. [36]. The size of the
MMT colloids was confirmed using a Zetasizer (Nano
ZS90, Malvern Instruments, Southborough, MA). The
desired MMT suspensions were prepared by adding an
appropriate amount of MMT to PBS at the desired sol-
ution chemistry (pH and IS) and sonicating for 30 min.
The concentration of MMT colloids used in all batch
experiments was CMMT = 100 ppm and was determined
by a UV–visible spectrophotometer (Cary 400 BIO,
Varian, Palo Alto, California) at a wavelength of 280 nm.
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 MMT, in the range 10–150 ppm.

2.3. Quartz sand

Quartz sand (Filcom, Netherlands) with grain diameter
ranging from 0.425 to 0.600 mm (sieve no. 40) was
used in this study. The sand was washed sequentially
by tap water, 0.1 M nitric acid HNO3 (70%) for 3 h,
rinsed with ddH2O, then soaked in 0.1 M NaOH for 3 h,
and rinsed with ddH2O again [37,38] to remove metal
oxides and other impurities following the procedures
outlined by Chrysikopoulos and Aravantinou [39].
Finally, the quartz sand was dried in an oven at 80°C.

2.4 Electrokinetic and hydrodynamic
measurements

Various electrokinetic and hydrodynamic properties of
GO, MMT and quartz sand were determined under
various PBS solution chemistries including various ionic
strength (IS = 2 and 20 mM at pH 7), and pH (pH = 4, 7,
10 at IS = 2 mM) values at 25°C. The hydrodynamic diam-
eter (dH) and zeta potential (ζ-potential) of GO were
measured with a zetasizer. Note that the ζ-potentials of
the quartz sand under various solution chemistry con-
ditions were determined following the methodology
described by Mitropoulou et al. [40]. All ζ-potential and
dH measurements were obtained in triplicates and the
measurements are listed in Table 1.

2.5. Aggregation kinetics

The kinetics of MMT and GO aggregation, under the
experimental conditions, were investigated with the pro-
cedure developed by Zhou et al. [41]. Time-resolved
hydrodynamic size data of the various MMT and GO sus-
pensions in PBS were measured using dynamic light scat-
tering (DLS) (Nano ZS90, Malvern Instruments,
Southborough, MA). The size of MMT and GO aggregates
was estimated at various time intervals for the exper-
imental period of 240 min. All DLS measurements were
obtained at 25°C.

2.6. Batch experiments

Three sets of dynamic batch experiments were con-
ducted in PBS solution (IS = 2 mM, pH = 7) at 25°C, in
order to examine the attachment of MMT onto
quartz sand and the attachment of GO onto both
MMT and quartz sand. Moreover, the effect of pH
on MMT kinetic attachment onto quartz sand was
investigated. All sets of experiments were performed
in 20 mL Pyrex glass screw-cap tubes (Fisher Scien-
tific). For the first set of experiments of MMT attach-
ment onto quartz sand, 16 glass tubes were
employed, which were divided into two groups. The
first group of glass tubes (reactor tubes) contained
14 mL of MMT suspension with 14 g of sand and
the second group of glass tubes (control tubes) con-
tained 20 mL of MMT suspension without sand in
order to monitor possible MMT aggregation and
attachment onto the tube walls. For the second set
of experiments and GO attachment onto quartz
sand, 16 glass tubes were employed, which were
divided into two groups. The first group of glass
tubes (reactor tubes) contained 14 mL of GO suspen-
sion with 14 g of sand and the second group of
glass tubes (control tubes) contained 20 mL of GO
suspension without quartz sand in order to monitor
possible GO aggregation and attachment onto the
tube walls. For the third set of experiments and GO
attachment onto both MMT and quartz sand, 16
glass tubes were employed, which were also divided
into two groups. The first group of glass tubes

Table 1. Measured zeta potentials and hydrodynamic diameters of GO, MMT and quartz sand.
Experimental conditions GO MMT Quartz sand

pH
IS

(mM) T (°C) ζ-potential (mV) dH (nm) ζ-potential (mV) dH (nm) ζ-potential (mV)

7 2 25 −40.9 351.4 −32.9 1332 −27
7 20 25 −43.1 829 −41.9 1804 na†

4 2 25 −32.1 4325 −27.1 1129 −23.6
10 2 25 −48.1 511.7 −40.9 1826 −38.5
†Values are not available.
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(reactor tubes) contained 7 mL of GO suspension and
7 mL of MMT suspension with 14 g of sand and the
second group of glass tubes (control tubes) contained
10 mL of GO suspension and 10 mL of MMT suspen-
sion without sand in order to monitor GO–MMT het-
eroaggregation and possible GO attachment onto
both MMT and tube walls. Furthermore, eight glass
tubes (blank tubes), which contained only 14 mL of
PBS and 14 g of sand, were also employed as
blanks. All glass tubes were filled to the top. In each
set of experiments, the various tubes were treated
in the same manner.

For the first set of kinetic attachment experiments,
a sample (3.0 mL) was removed from each selected
glass tube at different preselected times (0, 5, 10,
20, 30, 60, 120, 180, 240 min) and the corresponding
MMT concentration was measured. The concen-
trations of MMT attached onto quartz sand were
then calculated by mass difference. All used glass
tubes were discarded. For the second and third sets
of kinetic attachment experiments, extra sub-
samples (2.0 mL) were withdrawn at each time inter-
val and then centrifuged at 3500 rpm for 30 min to
remove MMT colloids from GO suspension following
the procedure as outlined by Zhao et al. [29]. Note
that after centrifugation, 1.5 mL of the supernatant
was carefully moved to another 2 mL centrifuge
tube and the GO concentration in the supernatant
was determined. The concentration of the attached
GO onto MMT and quartz sand was then calculated
by mass difference. Note that for the equilibrium
attachment experiments different initial MMT (25,
50, 100, 125, 150 ppm) and GO (2, 5, 7, 10, 15,
20 ppm) concentrations were employed. A schematic
illustration of the experimental procedures is pre-
sented in Figure 1.

2.7. Attachment kinetics

Recent studies suggested that the kinetics of GO
attachment onto suspended clay colloids and quartz
sand could be described with a pseudo-second-order
model [30,33]. Sotirelis and Chrysikopoulos [33]
shown that the experimental data of GO attachment
onto quartz sand exhibited substantial surface hetero-
geneity and that GO retention was associated with
physicochemical interactions such as chemisorption
[42]. Furthermore, thermodynamic analysis revealed
that the GO attachment process was nonspontaneous
and endothermic, which may be associated with struc-
tural changes of the sand surfaces due to chemisorp-
tion [33]. Consequently, the kinetic batch data from
the MMT and GO attachment experiments were

expected to follow a pseudo-second-order equation
[30,33,42,43]:

dC∗
t

dt
= kp2(C∗

eq − C∗
t )

2 (1)

where t [t] is time; C∗
t [Mp/Ms] is the attached concen-

tration of MMT or GO particles at time t, in units [mg/
g]; C∗

eq [Mp/Ms] is the attached concentration of MMT or
GO particles at equilibrium, in units [mg/g]; and kp2
[Ms/(Mp·t)] is the rate constant of the pseudo-second-
order attachment process, in units [g/(mg·min)]. Note
that Mp was introduced for the mass of MMT or GO
particles, and Ms for the mass of solids (quartz sand
or MMT). Separating variables and integrating over
time from 0 to t, and the attached particle concen-
tration from 0 to C∗

t yields the following equation:

C∗
t =

(C∗
eq)

2kp2t

1+ C∗
eqkp2t

(2)

which can also be written in the following linear form:

t
C∗
t
= 1

kp2(C∗
eq)

2 +
t

C∗
eq

(3)

The various MMT or GO kinetic attachment experimen-
tal data were fitted with the nonlinear least squares
regression software ‘ColloidFit’ [44].

Figure 1. A schematic illustration of the experimental
procedures.
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2.8. Attachment isotherms

The batch data from the equilibrium attachment of MMT
and GO particles where fitted with the Freundlich iso-
therm equation [45]:

C∗
eq = KfCm

eq (4)

which can be written in the following linear form:

log C∗
eq= log Kf+ m log Ceq (5)

where Ceq [Mp/L
3] is the aqueous phase concentration at

equilibrium, in units of [mg/L]; Kf [L
3+m/MsMp

m-1] is the
Freundlich constant, in units of [(litre of solution)m/
(g mgm-1)]; and m [−] is the Freundlich exponent, which
is equal to one for linear attachment. It should be noted
that Kf is directly proportional to the sorbent capacity
for attachment, and m is a measure of the surface hetero-
geneity of the sorbent (the smaller its value the higher the
surface heterogeneity). The Freundlich parameters Kf and
m were estimated by fitting of the log-transformed exper-
imental data log C*eq versus log Ceq with the linearized
form of the Freundlich isotherm (Equation (5)), using the
software ‘ColloidFit’ [44].

2.9. XDLVO theory calculations

The extended Derjaguin–Landau–Verwey–Overbeek
(XDLVO) theory was used to calculate the total interaction
energy (ΦXDLVO), under various values of pH and IS. For the
MMT–(sand grains) and GO–(sand grains) interactions, the
sphere–plate model was employed; whereas, for the
MMT–MMT, GO–GO, and GO–MMT interactions, the
sphere–sphere model was employed. The theory con-
siders the effects of Born repulsion (ΦBorn), van der
Waals attraction (ΦvdW), electrical double layer repulsion
(Φdl), and Lewis acid–base (ΦAB) interactions [11,13,16,46].

3. Results and discussion

3.1. Electrokinetic and hydrodynamic properties
of MMT and GO

The electrokinetic and hydrodynamic characterization of
GO and MMT as a function of pH and IS, were summar-
ized in Table 1. The ζ-potential values of GO, MMT and
quartz sand were consistently negative under all the
tested experimental conditions, which were in agree-
ment with the results of previous studies under identical
conditions [4,13,46]. Electrokinetic measurements
showed that the ζ-potential of GO decreased signifi-
cantly from pH 4 to 10 at IS = 2 mM (from −32.1 to
−48.1 mV), while only mild decrease in the ζ-potential
of GO was observed by increasing IS from 2 to 20 mM
at pH = 7 (from −40.9 to −43.1 mV) (see Table 1). These

results are consistent with other reported studies
[15,47]. Moreover, the ζ-potential of GO showed little
change with increasing IS above its critical coagulation
concentration (CCC) [26,30]. Also, the ζ-potential of
MMT decreased significantly from pH 4 to 10 at IS =
2 mM (from −27.1 to −40.9 mV) (see Table 1), a trend
that has also been observed by other investigators [48].
It is worthy to note that, montmorillonite is a swelling-
smectite clay that possesses permanent negative
charges on the basal planes due to isomorphic substi-
tution of the Si and Al ions in its structure, as well as con-
ditional charges on amphoteric edge sites (mainly, Si–OH
and Al–OH) [49,50]. Moreover, the pH of isoelectric point
(or point of zero charge), pHIEP, of the edge groups on
montmorillonite is estimated at ∼6.5 [31,51]. Therefore,
dissociation of surface hydroxyl groups at edge sites is
expected to occur when pH > 6.5, contributing more
net negative surface charges to the ζ-potential measure-
ment. Furthermore, the ζ-potential of MMT was shown to
decrease when IS was increased from 2 to 20 mM at pH 7
(from −32.9 to −43.1 mV) (see Table 1).

The hydrodynamic diameter values of GO andMMT as a
functionof pHand ISwere alsopresented in Table 1. ThedH
of GO increased considerably from pH 7 to 10 at IS= 2 mM
(from 350 to 512 nm), while the dH of GO increased sharply
as the pH decreased from7 to 4 at IS = 2 mM. The observed
increase of GO dH (>4000 nm) at pH = 4 suggests that the
GO suspension is unstable near to its isoelectric point
(IEP), due to the reduction in the electrostatic repulsive
forces between GO particles, as predicted by the colloidal
theory [52]. The pHIEP of graphene was reported to be
around 3.8 to 4.7, and for GO pHIEP ≤3 [53]. However, the
pHIEP of GO has been reported to increase up to 7.5 by
non-covalent electrochemical attachment [54,55]. Also,
Note that as the pH decreases, the carboxyl groups, that
are presumably located at the edges of theGOnanosheets,
are increasingly protonated, which results in less hydrophi-
lic GO nanosheets and GO aggregation [56]. For the exper-
imental conditions of this study (pH = 7 and IS= 2 mM), the
GOwas found to be quite stable over time. In the pH range
of aquatic environments (4.7 < pH < 9.2) the dH of GO was
found by other investigators to remain relatively steady
[15,16,26,57]. Moreover, the dH of GO was observed to
increase significantly with the increase of IS from 2 to
20 mM at pH = 7 (from 351.4 to 829 nm, see Table 1). In
agreement to our observations, the IS was reported by
other investigators to play a significant role on both the
ζ-potential and dH of GO [12,15]. The dH of MMT at pH =
7 was observed to increase significantly with the increase
of IS from 2 to 20 mM (from 1129 to 1804 nm), while at
IS = 2 mM the dH of MMT was observed to increase signifi-
cantly with the increase of pH from 4 to 10 (from 1129 to
1826 nm). However, MMT was found to be quite stable
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over time at both pH values examined in this work (pH = 7,
10). Tombácz and Szekeres [31] found that montmorillo-
nite flocculation occurred at pH < pHIEP= 6.5, presumably
in the form of edge(+)/face(−) associations when salt con-
centrationswere higher than 10 mMNaCl. On the contrary,
in dense suspensions at pH > 6.5 well-ordered lamellar
packages occurred. Note that McAtee and Henslee [58]
made similar observations. Furthermore, it has been
reported that on contact with water, the exchangeable
cations of MMT hydrated and the basal sheets expanded
under free swelling conditions, depending on the
balance of attractive and repulsive forces between the
MMT sheets [59]. Note that the swelling pressure was
reported to increase with decreasing IS and increasing pH
[60,61]. Therefore, as the pH decreased, the MMT colloids
were expected to aggregate and sediment faster. The sedi-
mentation behaviour ofMMT in various PBS solutionswere
shown to be comparable with slopes of falling lines equal
to−0.0008,−0.0011,−0.0007atpH4, 7 and10, respectively
(see Figure 2).

3.2. Kinetic batch experiments

The attachment of GO onto MMT as a function of contact
time was illustrated in Figure 3. The GO kinetic exper-
imental data (PBS solution, pH = 7 and IS = 2 mM) were
fitted with a pseudo-second-order equation, and the
fitted kinetic model-parameter-values for kp2 and C∗

eq
were listed in Table 2. The fitting process was performed
with the nonlinear least squares regression software Col-
loidFit [44]. The experimental kinetic data suggested that
GO attachment onto MMT was relatively fast, reaching
equilibrium within 30 min.

The data from the kinetic batch experiments of GO
attachment onto quartz sand (with and without the

presence of MMT) as well as the total GO attachment
onto both quartz sand and MMT were shown in Figure
4. The fitted parameter values (kp2 and C∗

eq) for the
kinetic model were listed in Table 2. The data from the
experiments of GO attachment onto quartz sand in the
absence of MMT, under the experimental conditions
(PBS solution, pH = 7 and IS = 2 mM), were presented in
Figure 4(a). Note that more GO mass was attached
onto MMT (see Figure 3) than onto quartz sand (see
Figure 4(a)). Also, the attachment of GO onto quartz
sand was shown to be relatively slow, reaching equili-
brium within 120 min. Furthermore, the data from the
experiments of GO attachment onto quartz sand in the
presence of MMT were presented in Figure 4(b). Note
that more GO mass was attached onto quartz sand in
the presence (see Figure 4(b)) than in the absence (see
Figure 4(a)) of MMT, suggesting that GO attachment
was facilitated by MMT colloids already attached onto
the quartz sand. However, the slightly increased attach-
ment of GO onto sand in the presence of MMT (see
Table 2 and Figure 4(b)) was attributed to the compe-
tition between MMT and GO for attachment sites on
sand surfaces (e.g. metal oxides). The experimentalFigure 2. MMT sedimentation under various PBS solutions.

Figure 3. Kinetic attachment of GO onto MMT. The symbols
(circles) represent the experimental data and the curve the
fitted model simulation. Here, pH = 7, IS = 2 mM, and T = 25°C.

Table 2. Fitted parameters obtained from the MMT and GO
kinetic attachment experiments.
Experimental conditions

C∗eq [mg/g sand] kp2 [g sand/(mg·min)]pH IS (mM) T (°C)

MMT onto sand
7 2 25 0.0271 8.5
10 2 25 0.0233 44.3
GO onto sand
7 2 25 4.46 × 10-4 364.8
GO onto MMT
7 2 25 1.121 5.0
GO onto sand in the presence of MMT
7 2 25 0.0027 284.1
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data of total GO onto both quartz sand and MMT
(attached and suspended) were presented in Figure 4
(c), where the attached GO concentration was indicated
as C∗

t−(total) with units [mg GO/g (sand +MMT)]. Compari-
son of Figures 4(b) and (c) clearly suggested that more
GO was attached onto suspended MMT than MMT
already attached onto quartz sand. Note that, in the pres-
ence of MMT, GO may alter XDLVO interaction energies
between MMT colloids and quartz sand.

The influence of pH on MMT attachment onto quartz
sand was shown in Figure 5. The experimental data
suggested that there was no significant change in MMT
mass attached onto sand grains with increasing pH
values from 7 to 10. Furthermore, for all cases examined
in this work, the attachment of MMT onto quartz sand
was relatively slow, reaching equilibrium within 120 min
at pH 7 and within 60 min at pH 10. It should be noted
that Yoshida and Suzuki [62] found negligible deposition
of montmorillonite colloids onto quartz sand at pH 8 over
a 24 h contact period, an observation that was attributable
to the negative surface charge of montmorillonite. The
average ζ-potential of MMT was about −33.63 ± 6.9 mV
at pH 4–10 (see Table 1), a value that is consistent with
results of previous studies [62–64]. Thenegative ζ-potential
of the MMT surface at low pH indicated that a permanent
negative charge at the tetrahedral sheet was dominant
on the surface charge of MMT particle and was indepen-
dent of the solution physicochemical conditions [65].
Thus, the MMT attachment onto quartz sand was slightly
increased with decreasing solution pH (see Figure 5). The
observed increase in MMT mass attached onto the quartz
sand with decreasing pH values was attributed to the
decreasing absolute ζ-potential values with decreasing
pH (see Table 1). The fitted kinetic model-parameter-
values for kp2 and C∗

eq were listed in Table 2.

Figure 4. Kinetic attachment of GO onto: (a) quartz sand only, in
the absence of MMT (open circles); (b) quartz sand only, in the
presence of MMT (solid circles); and (c) the combined mass of
quartz sand and MMT (attached and suspended) (solid dia-
monds). The symbols represent the experimental data and the
curves the fitted model simulations. Here, pH = 7, IS = 2 mM,
and T = 25°C.

Figure 5. Effect of pH on kinetic attachment of MMT onto quartz
sand for: (a) pH = 7, and (b) pH = 10. The symbols (circles) rep-
resent the experimental data and the curves the fitted model
simulations. Here T = 25°C and IS = 2 mM.
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3.3. Isotherm batch experiments

The equilibrium attachment data for different sorbate/
sorbent systems under the experimental conditions (PBS
solution, pH = 7, IS= 2 mM) were presented in Figure 6,
and the corresponding Freundlich isotherm parameters
were listed in Table 3. Based on the calculated R2 values
(see Figure 6 and Table 3), the Freundlich isotherm
model fitted very well the experimental data under the
experimental conditions of this study. The attachment of
MMT onto quartz sand (Figure 6(a)) and GO onto quartz
sand and MMT (Figure 6(b,c)) was a favourable process
because all of the estimated m values were less than
unity (m < 1). Also, the Kf values listed in Table 3 revealed
that the sorption affinity of GO for MMT (see Figure 6(c))

was higher than for quartz sand (see Figure 6(b)), and the
sorption affinity of MMT was higher than that of GO for
quartz sand (see Figure 6(a,b)). Note that, among all
sorbate/sorbent combinations examined the strongest
aqueous sorption was observed for GO/MMT with
sorbent-to-solution distribution coefficient of Kf = 0.47
[Lm/(g)·(mg)m-1] (see Table 3).

3.4. XDLVO results

The ΦXDLVO profiles for GO–quartz sand (see Figure 7(a))
and MMT–quartz sand (see Figure 7(b)) interactions at
various pH and IS conditions for the case of sphere-plate
approximation were shown in Figure 7. The ΦXDLVO

profiles for GO (see Figure 7(a)) and for MMT (see Figure
7(b)) with sand exhibited a range of energy barriers,

Figure 6. Linearized Freundlich isotherms for the attachment of:
(a) MMT onto quartz sand, (b) GO onto quartz sand, and (c) GO
onto MMT. The solid lines are the linear regressions with slope
equal to m, and the ordinate is equal to logKf. Here, pH = 7,
IS = 2 mM, and T = 25°C.

Figure 7. Predicted ΦXDLVO profiles for (a) GO–quartz sand, and
(b) MMT–quartz sand interactions, as a function of separation dis-
tance for various PBS solutions. Each figure insert highlights the
corresponding Φmin2.

Table 3. Freundlich parameters for GO and MMT equilibrium
attachment onto quartz sand for pH = 7 and IS = 2 mM at 25°C.
Interacting materials m (−) Kf [L

m/(g)(mg)m-1] R²

GO, sand 0.3 3.08 × 10−4 0.95
MMT, sand 1.1 2.53 × 10−4 0.94
GO, MMT 0.7 4.66 × 10−1 0.96
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Φmax1. Thus, itwas almost impossible for bothGOandMMT
to overcome the imposed Φmax1 and to attach onto the
sand surfaces in the deep primary minima, Φmin1 [66].
However, the XDLVO curves showed the presence of sec-
ondaryminima,Φmin2, indicatingunfavourable attachment
(attachment in the Φmin2). The XDLVO calculations for GO-
quartz sand interactions presented in Figure 7a andMMT–
quartz sand interactions presented in Figure 7(b) shown
that the energy barrier (Φmax1) disappeared at IS= 20 mM,
indicating that both GO and MMT were deposited in
Φmin1 (see Table 4). Furthermore, for the evaluation of
Lewis acid–base free energy of interaction FAB(h=ho) [J/
m2] (where h [m] is the separation distance between the
approaching surfaces) between GO and quartz sand and
MMT and quartz sand at h = ho= 0.25 nm, the Yoon et al.
[67] empirical approach was employed. The various
FAB(h=ho) values calculated were listed in Table 5. Worthy
to note is thatFAB(h=ho) values were slightly more negative
for GO (−3.465 J/m2) thanMMT (−3.027 J/m2) interactions
with quartz sand (see Table 5). These findings are in perfect
agreement with the experimental results of this study (see
Figure 6 and Table 3), showing that GO attachment was
higher thanMMT attachment onto quartz sand. Therefore,
the XDLVO theory can successfully explain the hydro-
phobic interaction-mediated attachment of GO and MMT
onto quartz sand.

The ΦXDLVO profiles for the case of sphere–sphere
approximation, as applied to identical GO-GO, MMT–
MMT and GO-MMT interactions at various pH and IS con-
ditions, were shown in Figure 8. Clearly, the ΦXDLVO

curves for both GO–GO (Figure 8(a)) and MMT–MMT
(Figure 8(b)) suggested that, for all cases considered, no
coagulation between like particles was expected to
occur under the experimental conditions. These results
confirmed that the GO and MMT suspensions were
stable under the experimental conditions, particularly
when the IS was low. However, the XDLVO theory pre-
dicted a deep Φmin1 of 1575 kBT for GO–GO case at the
experimental conditions of pH = 7 and IS= 2 mM, and
suggested that hydrophobic GO–GO interactions could
lead to initial GO aggregation. The XDLVO energy
profiles for GO-MMT interactions at various pH and IS
conditions were shown in Figure 8(c). Clearly, at high
ionic strength of IS= 20 mM the double layer shrinked
in size and the GO-MMT interactions were attractive for
long distances. Moreover, at IS= 2 mM the deepest
Φmin2 of 2.837 kBT was observed at pH = 4 while the
lowest Φmax1 of 55.09 kBT at pH = 7. Note that the calcu-
lated FAB(h=ho) value was slightly smaller for GO-GO than
MMT–MMT and GO–MMT (see Table 5) and suggested
that hydrophobic interactions played an important role
on GO attachment onto MMT.

Table 4. Calculated Φmax1, Φmin1, and Φmin2 values for sphere–plate and sphere–sphere models using XDLVO theory.
Conditions pH, IS (mM) H (nm) Φmin1 (kBT) H (nm) Φmax1 (kBT) H (nm) Φmin2 (kBT)

GO–Quartz sand (Sphere–plate)
4, 2 0.25 −1.13 × 107 12 429 65 −1.033
7, 2 0.25 −9.17 × 105 12 54.9 69 −0.077
10, 2 0.25 −1.34 × 106 11 148.2 73 −0.099
7, 20 0.25 −2.16 × 106 naa naa naa naa

MMT–Quartz sand (Sphere–plate)
4, 2 0.25 −2.57 × 106 12 94.8 66 −0.201
7, 2 0.25 −3.04 × 106 12 167.0 69 −0.220
10, 2 0.25 −4.16 × 106 11 449.7 74 −0.265
7, 20 0.25 −4.11 × 106 naa naa naa naa

GO–GO (Sphere–sphere)
4, 2 naa naa naa naa 102 −1.813
7, 2 5 −1575 11 49.1 61 −0.381
10, 2 naa naa naa naa 65 −0.503
7, 20 naa naa naa naa 31 −1.275
MMT–MMT (Sphere–sphere)
4, 2 naa naa naa naa 48 −4.032
7, 2 naa naa naa naa 53 −4.307
10, 2 naa naa naa naa 60 −4.960
7, 20 naa naa naa naa 55 −5.289
GO–MMT (Sphere–sphere)
4, 2 0.25 −1.77 × 106 12 105.2 54 −2.837
7, 2 0.25 −5.50 × 105 11 55.1 55 −1.161
10, 2 0.25 −7.90 × 105 11 127.1 59 −1.457
7, 20 0.25 −1.12 × 106 naa naa naa naa

aValues are not available.

Table 5. Calculated values ofFAB(h=ho) (PBS solution, pH = 7, IS =
2 mM).
Interacting materials FAB(h=ho) (mJ/m2)

GO–Quartz sand −3.47 × 103

MMT–Quartz sand −3.03 × 103

GO–GO −3.01 × 103

MMT–MMT −2.30 × 103

GO–MMT −2.63 × 103
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4. Conclusions

Our results showed that GO attachment onto MMT and
quartz sand was adequately described by the Freundlich
isotherm equation. All attachment experiments were
performed at 25°C. The results of kinetic study showed
that attachment of GO on MMT and quartz sand
surface was well interpreted by the pseudo-second-
order kinetic model because of the low value of the
Chi-square statistic and high correlation coefficient
values. The results of pH effect showed that there was
no significant change in MMT mass attached onto sand
grains with increasing pH values from 7 to 10; therefore,

the PBS solution pH for the attachment experiments was
fixed at pH = 7. GO was found to be attached in greater
amounts onto MMT than quartz sand. However, the
attachment of GO onto quartz sand was shown a slight
increase with the presence of MMT colloids. Moreover,
the observed enhanced total GO attachment onto both
quartz sand and MMT when they co-exist might decrease
GOmobility in natural aquatic environments. It should be
noted that the results of this study provide important
basic information for the effectiveness of montmorillo-
nite to remove GO from dilute aqueous solutions in
columns packed with quartz sand. Finally, Lewis acid–
base interactions played an important role in the total
interaction energy, and certainly, successfully explained
the hydrophobic interaction-mediated attachment of
GO onto MMT and quartz sand.
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