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Abstract This study examines the influence of pH and ionic strength (IS) on the cotransport
of graphene oxide (GO) nanoparticles and kaolinite (KGa-1b) colloids. Several flowthrough
experiments were conducted in water-saturated columns, packed with either glass beads or
quartz sand, in order to determine the transport behavior of GO andKGa-1b independently, as
well as the cotransport behavior of GO together with KGa-1b. Various water chemistry con-
ditions (pH = 4, 7, 10 and IS = 7, 12, 27mM) were considered. Collision efficiencies were
calculated using the classical colloid filtration theory. Interaction energy profiles betweenGO
nanoparticles or KGa-1b colloids and glass beads or quartz sand were constructed for the var-
ious experimental conditions, by using measured zeta potentials and applying the classical
Derjaguin–Landau–Verwey–Overbeek theory. The cotransport experimental breakthrough
data suggested that by lowering the pH, the retention of GO nanoparticles is enhanced, due
to a possible increase in heteroaggregation between GO nanoparticles and KGa-1b colloids.
Also, by increasing the IS values, the retention of GO nanoparticles was slightly increased.
The mass recovery of GO nanoparticles was reduced, and the transport of GO nanoparti-
cles was retarded in the presence of KGa-1b colloids. Furthermore, the retention of GO
nanoparticles was greater for columns packed with quartz sand than glass beads.

Keywords Graphene oxide · Kaolinite · Cotransport · Glass beads · Quartz sand · Porous
media
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C0(GO) Initial concentration of GO nanoparticles, M/L3

Ci Concentration of particles i, M/L3

C∗
i Concentration of particles i attached onto the solid matrix, Mi/Ms

C0(i) Initial concentration of particles i, M/L3

CKGa-1b Concentration of KGa-1b colloids, M/L3

C0(KGa-1b) Initial concentration of KGa-1b colloids, M/L3

dc Collector diameter, L
dp Colloidal particle diameter, L
e Elementary charge (Coulomb), C
g Acceleration due to gravity, L/t2

h Separation distance between two approaching surfaces, L
i Subscript indicating the GO nanoparticles or KGa-1b colloids
IS Ionic strength (mol/L)
kB Boltzmann’s constant, M L2/(t2 T)

L Length of packed column, L
Mn nth normalized temporal moment, defined in Eq. (4), tn

Mi Mass of particles i, Mi

Ms Mass of the solid matrix, Ms

Mr(i) Mass recovery in the outflow of particles i (%)
Mr(tr) Tracer mass recovery in the outflow (%)
n Subscript indicating the order of the moment (−)
NA Avogadro’s number (1/mol)
ri−i∗ Rate coefficient of particle attachment onto the solid matrix, 1/t
ri∗−i Rate coefficient of particle detachment from the solid matrix, 1/t
rp Colloidal particle radius, L
RB Ratio of Mr(i), relative to Mr(tr), (−)
t Time, (t)
tp Time period of constant source concentration, t
T Temperature in Kelvin, (T)
U Pore water velocity, L/t
x Cartesian coordinate, L

Greek Letters

α Collision efficiency (−)
ε Dielectric constant of the suspending liquid [C2/(Jm)]
εr Dimensionless relative dielectric constant of the suspending liquid (−)
ε0 Permittivity of free space [C2/(Jm)]
η0 Dimensionless single-collector removal efficiency for favorable deposition

(−)
θ Porosity (−)
κ Debye–Huckel length, 1/L
μw Absolute fluid viscosity, M/(Lt)
ρb Dry bulk density, M/L3

ρf Fluid density, M/L3

ρp Particle density, M/L3

ΦBorn Born potential energy (J), M L2/t2

Φdl Double layer potential energy (J), M L2/t2
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Φmax1 Primary maximum of the total interaction energy (J), M L2/t2

Φmin1 Primary minimum of total interaction energy (J), M L2/t2

Φmin2 Secondary minimum of total interaction energy (J), M L2/t2

ΦvdW Van der Waals potential energy (J), M L2/t2

Ψ1 Stern potential of GO nanoparticles (V)
Ψ2 Stern potential of KGa-1b colloids (V)

1 Introduction

The fate and the transport of engineered nanoparticles in subsurface formations are of great
importance because nanoparticles can adversely affect ecosystems and living beings (Liu and
Cohen 2014). The transport of engineered nanoparticles is generally affected by the solution
chemistry, type and size of materials comprising the porous medium, flow velocity, gravity
effects, temperature, the presence of humic acid, biofilms, natural organic matter, and the
presence of fine mineral particles (Jiang et al. 2013; Lanphere et al. 2013, 2014; Xiao and
Wiesner 2013; Chrysikopoulos and Syngouna 2014; Kim and Lee 2014; Lv et al. 2014; Bayat
et al. 2015; Cai et al. 2015; Sun et al. 2015).

Kaolinite (KGa-1b) is one of the most common minerals, which can be found in the
subsurface (Wilson et al. 2014). Various experimental and theoretical studies have shown
that kaolinite has a significant impact on the transport behavior of colloids, biocolloids
(bacteria, viruses) and engineered nanoparticles (Vasiliadou and Chrysikopoulos 2011; Kim
et al. 2012a, b; Cornelis et al. 2013; Syngouna and Chrysikopoulos 2013, 2016; Cai et al.
2014; Katzourakis and Chrysikopoulos 2014, 2015; Bayat et al. 2015). Therefore, the effects
of the presence of suspended kaolinite particles on the transport of engineered nanomaterials
in water-saturated porous media should be thoroughly understood.

Graphene oxide (GO) is a carbonaceous nanomaterial, which is used in many different
applications, such as water purification/desalination, biomedical and electrochemical appli-
cations, photocatalysis, and biological or gas sensors (He et al. 2015; Hegab and Zou 2015;
Reddy et al. 2015; Song et al. 2015; Tang et al. 2015; Toda et al. 2015). In addition, var-
ious studies have suggested that, under specific circumstances, GO can be toxic to plants,
fish, mammalian organisms, and bacteria cells (Seabra et al. 2014; Chen et al. 2015; Hu
et al. 2015; Liang et al. 2015; Wu et al. 2016). GO is a two-dimensional graphene-layered
nanomaterial, composed of oxygen-bearing functional groups (Dreyer et al. 2010; Kim et al.
2012a). Therefore, GO sheets can be easily dispersed in water (Zhou et al. 2016). For these
reasons, several investigators have studied how various factors (solution chemistry, initial
concentration, grain size, unsaturated media, the presence of biofilm, heavy metals and sur-
factants) can influence the transport of GO in porous media (Feriancikova and Xu 2012;
Lanphere et al. 2013; Liu et al. 2013, 2015; Fan et al. 2015a, b; Jian-Zhou et al. 2015; Sun
et al. 2015; Zhou et al. 2016). Note that GO nanoparticles are expected to have a similar fate to
carbon nanotubes, because of their similarities (e.g., nanometer size, carbon-based structure,
and application in consumer electronic devices) (Lanphere et al. 2014). Also, approximately
80% of the carbon nanotubes manufactured will potentially end up in landfills (Keller et al.
2013). Therefore, it is almost certain that GO nanoparticles from landfills will easily migrate
and pose a potential threat to underlying aquifers, where kaolinite is widely present (Han
et al. 2008). Heteroaggregation of GO nanoparticles with kaolinite minerals is a critical
process for the stability of GO nanoparticles (Wang et al. 2015), and the deposition of GO
nanoparticles onto the solid matrix of subsurface formations can play a dominant role in the
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cotransport of GO andKGa-1b. Recent studies suggested that the kinetics of GO nanoparticle
attachment onto suspended kaolinite particles could be describedwith a pseudo-second-order
model (Sotirelis and Chrysikopoulos 2017), which is associated with physicochemical inter-
actions such as chemisorption (Ho 2006). However, to our knowledge, no previous work has
examined the simultaneous transport (cotransport) of KGa-1b colloids with GO nanoparti-
cles.

The scope of this work was to examine the cotransport of GO nanoparticles with KGa-
1b colloids in water-saturated columns under various solution chemistry conditions and
different types of porousmedia. Flowthrough experimentswere performed in columns packed
with either glass beads or quartz sand. Suspensions of GO, KGa-1b and GO–(KGa-1b), at
three different pH values, and three different ionic strengths (Is) were used. Appropriate
collision efficiencies, mass recoveries and temporal moments were calculated. Furthermore,
Derjaguin–Landau–Verwey–Overbeek (DLVO) energy profiles were constructed from the
surface properties of GO or KGa-1b and glass beads or quartz sand, for the experimental
conditions of this study.

2 Materials and Methods

2.1 Nanoparticles and Colloids

The GO sheets used in this study were purchased from Sigma-Aldrich (St. Louis, USA). A
freshGO suspensionwas prepared before each experiment bymixing appropriatemass ofGO
sheets with phosphate-buffered solution (PBS) at low ionic strength (IS = 7 mM). The initial
GO concentration, CGO [M/L3], used for both transport and cotransport experiments was
CGO = 5 mg/L. The GO suspension was sonicated (Elmasonic S 30/(H), Elma Schmidbauer
GmbH, Singen, Germany) for 2 h to ensure that the suspension was thoroughly uniform, as
suggested by Sotirelis and Chrysikopoulos (2015, 2017).

Kaolinite (KGa-1b, well-crystallized kaolin, from Washington County, Georgia) (Pruett
and Webb 1993), with specific surface area (SSA) of 10.1m2/g, evaluated by the Brunauer–
Emmett–Teller (BET) method, and cation exchange capacity (CEC) of 2.0meq/100g (van
Olphen and Fripiat 1979) was purchased from Clay Minerals Society (Columbia, MO,
USA). The desired <2 µm KGa-1b fraction was separated by sedimentation (Vasiliadou
and Chrysikopoulos 2011) and was purified following the procedure described by Rong et al.
(2008). A fresh KGa-1b suspension was prepared before each experiment by adding appro-
priate mass of KGa-1b colloids in phosphate-buffered solution (PBS) with low ionic strength
(Is = 7 mM). The initial KGa-1b concentration,CKGa-1b [M/L3], used for both transport and
cotransport experiments was CKGa-1b = 50 mg/L.

All of the solutions were prepared with distilled deionized water (ddH2O) with specific
resistivity of ∼18.2 M
 · cm. The various GO and KGa-1b suspensions with different ionic
strengths were adjusted with NaCl, whereas the suspensions with different pH values were
adjusted with either H2PO4 or NaOH. Furthermore, all chemicals used in this study were of
analytical reagent grade, employed without any additional purification.

The optical density of the GO nanoparticles and KGa-1b colloids was analyzed at wave-
lengths of 231 and 280 nm, respectively, by a UV–Visible spectrophotometer (Cary 400 BIO,
Varian, Palo Alto, California). The corresponding concentrations of the GO nanoparticles
and KGa-1b colloids were determined by the procedures outlined by Chrysikopoulos and
Syngouna (2012), and Sotirelis and Chrysikopoulos (2015).
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The effluent concentrations of the GO nanoparticles for the cotransport experiments were
determined with the procedure outlined by Zhao et al. (2015). Each effluent liquid sample
(2 mL) was centrifuged (3500 rpm or 1900×g, 30 min), and then the optical density of the
supernatant GO nanoparticles suspension was analyzed. Also, the KGa-1b colloids effluent
concentrations for the cotransport experiments were determined with energy-dispersive X-
ray fluorescence (EDXRF) (Spectro Xepos, AMETEK, USA), via detection of the aluminum
(Al) present. The samples were analyzed directly by placing the effluent liquid in a special
cup with a thin (4 mm) bottom layer of polymer Prolene (Chemplex) to reduce the X-ray
absorption. Subsequently, each sample was irradiated for 900 s. All KGa-1b concentrations
were determined by using a standard calibration curve of X-ray values (counts/s) versus KGa-
1b concentration units (mg/L). It should be noted that for each measurement, the recorded
X-ray (counts/s) were adjusted by subtracting the corresponding X-ray (counts/s) of a PBS
sample in the absence of KGa-1b.

All zeta potentials and hydrodynamic diameter measurements for the GO nanoparticles
and KGa-1b colloids, under the experimental conditions of this study, were measured in
triplicate with a zetasizer (Nano ZS90, Malvern Instruments, Southborough, MA).

2.2 Packed Columns

The flowthrough experiments were conducted using glass columns with diameter of 2.5
cm and length of 30 cm. Each column was packed with either glass beads or quartz sand
under standing PBS to minimize air entrapment. Screens at the inlet and outlet ends of
the column held the glass beads in place and distributed the inflow evenly. The column
was placed horizontally to reduce gravity effects (Chrysikopoulos and Syngouna 2014).
For the column packed with glass beads, the estimated dry bulk density was determined as
ρb = 1.68± 0.02 g/cm3, the porosity θ = 0.42± 0.01, and the packed column pore volume
PV = 61.5 ± 1.5 mL. Similarly, for the column packed with quartz sand, it was determined
that ρb = 1.70 ± 0.02 g/cm3, θ = 0.39 ± 0.01, and PV = 56.7 ± 1 mL.

Before each flowthrough experiment a fresh column was packed. The water-saturated
packed column was equilibrated by injecting 2 PVs of the background solution, using a
peristaltic pump (Masterflex L/S, Cole-Palmer). Subsequently, 3 PVs of the appropriate
suspension (GO, KGa-1b or GO-KGa-1b) were injected, followed by 2 PVs of background
solution.Theflow rate (Darcianflux)was set to q = 1.5mL/min.All flowthrough experiments
were conducted at room temperature (∼25 ◦C).

The columnpackingswere either spherical glass beadswith 2mmdiameter (Merck,Darm-
stadt, Germany) or quartz sand [(sieve no. 30), (96.2% SiO2, 0.15% Na2O, 0.11% CaO,
0.02% MgO, 1.75% Al2O3, 0.78% K2O, 0.06% SO3, 0.46% Fe2O3, 0.03% P2O5,
0.02% BaO, 0.01% Mn3O4, and 0.28% loss on ignition), (Filcom, Netherlands)]. The glass
beads as well as the sand were carefully cleaned, following the procedures described by Syn-
gouna and Chrysikopoulos (2013). Briefly, the packing materials were soaked in 0.1 M nitric
acid HNO3 (70%) for 3 h to remove surface impurities (e.g., metal hydroxides and organic
coatings), rinsed with ddH2O, then soaked in 0.1 M NaOH for 3 h, rinsed with ddH2O again,
then dried in an oven at 101 ◦C, and finally stored in screw cap sterile beakers until use in
the column experiments.

The zeta potentials of the twodifferent columnpackings used in this studywere determined
and are listed in Table 1. However, it should be noted that, because the glass beads and sand
grains were too large for direct measurement by the zeta potential analyzer, a few glass
beads and sand grains were crushed into fine powders and then mixed with the appropriate
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Table 1 Measured zeta
potentials

Conditions Zeta potential (mV)

pH IS(mM) GO KGa-1b Glass beads Quartz sand

4 7 −24.3 −37.9 −35.1 −
7 7 −36.2 −51.4 −54.1 −57.3

10 7 −41.4 −54.2 −68.1 −
7 12 −32.3 −49.7 −48.5 −
7 27 −30.1 −46.7 −35.7 −

T = 25 ◦C, CGO = 5 mg/L,
CKGa-1b = 50 mg/L,
Cglass = 200 mg/L,
Csand = 200 mg/L

PBS solution to form a sufficiently stable suspension that could be used for zeta potential
measurement (Stephan and Chase 2001; Mitropoulou et al. 2013).

Two sets of flowthrough experiments were performed. The first set of experiments was
performedwithGOnanoparticles, andKGa-1b colloids alone (transport experiments) in order
to determine their individual transport behavior under various solution chemistry conditions.
The second set of flowthrough experiments was performed to investigate the effect of the
presence of KGa-1b colloids on GO nanoparticles transport (cotransport experiments) under
various solution chemistry conditions. Both sets of experiments (transport and cotransport)
were conducted at pH = 4, 7, 10 and Is = 7, 12, 27 mM.

2.3 Tracer Tests

Chloride (Cl−), in the form of 1 mM sodium chloride (NaCl) in ddH2O, was chosen as
the nonreactive tracer for the characterization of the packed column. It should be noted
that alkali halides are the most commonly used salts for subsurface fluid tracing. The tracer
experiments were performed by injecting 2 PVs of ddH2O, followed by 3 PVs of tracer
solution, followed by 2 PVs of ddH2O. Effluent chloride concentrations were measured
using ion chromatography (761 Compact IC, Metrohm, Switzerland).

3 Theoretical Considerations

3.1 Colloid Filtration Theory

The attachment behavior of GO nanoparticles andKGa-1b colloids onto glass beads and sand
grains under the experimental conditions were explored with the classical colloid filtration
theory. The dimensionless collision efficiency, α[−], which is the ratio of the collisions
resulting in attachment to the total number of collisions between suspended particles and
collector grains (Yao et al. 1971), was calculated from each breakthrough curve by the
following expression (Rajagopalan and Tien 1976):

α = − 2dc ln(RB)

3 (1 − θ) η0L
(1)

where dc [L] is the average collector diameter (2.0 and 0.7 mm, for glass beads and sand,
respectively); η0 [–] is the dimensionless single-collector removal efficiency for favorable
deposition (in the absence of double layer interaction energy), which can be calculated from
the relationship proposed by Tufenkji and Elimelech (2014); and RB is the ratio of suspended
particles mass recovery relative to the tracer mass recovery, which was calculated by the
following expression (Syngouna and Chrysikopoulos 2013):
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Table 2 Measured
hydrodynamic diameters

Conditions Hydrodynamic diameter (nm)

pH IS (mM) GO KGa-1b

4 7 552 662

7 7 524 635

10 7 413 513

7 12 598 657

7 27 654 709T = 25 ◦C, CGO = 5 mg/L,
CKGa-1b = 50 mg/L

RB = Mr(i)

Mr(tr)
(2)

where subscript “i” represents the type of suspended particles (GO or KGa-1b) and subscript
“tr” the tracer; Mr(i) [–] is the mass recovery of the suspended particles i; and Mr(tr) [–] is
the tracer mass recovery in the outflow. The mass recovery of the suspended particles or the
tracer was quantified by the following expression (Mitropoulou et al. 2013):

Mr(i)(L) =

∞∫

0
Ci (L , t) dt

tp∫

0
Ci (0, t) dt

(3)

where tp [t] is the time period of constant source concentration; Ci [Mi/L3] is the concen-
tration of suspended particles (subscript i represents GO nanoparticles or KGa-1b colloids);
and L is the length of the packed column.

All theoretical α values for GO nanoparticles and KGa-1b colloids, for all transport and
cotransport experiments, were calculated with Eq. (1) using the following parameter val-
ues: complex Hamaker constant, A123 = 1.92 × 10−21 [J] for GO–water–glass beads and
GO–water–sand; A123 = 7.04 × 10−21 [J] for KGa-1b–water–(glass beads or sand); Boltz-
mann constant, kB = 1.38 × 10−23 [J/K]; fluid absolute temperature, T = 298 K; particle
diameters, dp, of GO nanoparticles and KGa-1b colloids, listed in Table 2; particle density,
ρp = 2200 kg/m3 for GO nanoparticles (Stankovich et al. 2006); ρp = 2650 kg/m3 for
KGa-1b colloids (Haynes 2013); fluid density, ρf = 999.7 kg/m3; absolute fluid viscosity,
μw = 8.91 × 10−4 kg/(m s); and acceleration due to gravity, g = 9.81 m/s2.

The factors expected to contribute toGOnanoparticle andKGa-1b colloid retentionwithin
the packed columns are straining, collector surface heterogeneity and angularity. However, in
this work, straining cannot be considered as an important mechanism of mass loss, because
the average size of the GO nanoparticles and KGa-1b colloids was approximately 0.05% and
0.14% of the average diameter of glass beads (2 mm) and sand (0.7 mm), respectively, which
were much smaller than the 5% limit recommended by Hendry et al. (1999) and Choi et al.
(2007), or the 0.5% limit recommended by Bradford et al. (2004).

3.2 Moment Analysis

The concentration breakthrough data obtained at the column exit, indicated as location x=L,
were analyzed by the normalized temporal moments (Syngouna and Chrysikopoulos 2013):
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Mn (x) =

∞∫

0
tnCi (x, t)dt

∞∫

0
Ci (x, t) dt

(4)

The first normalized temporal moment, M1 [t], defines the mean breakthrough time or aver-
age velocity. The second normalized temporal moment, M2 [t2], characterizes the temporal
spreading of the breakthrough curve. Worthy to note is that the ratio M1(i)/M1(tr) indicates
the degree of velocity enhancement of colloid particle i relative to the conservative tracer. If
this ratio is less than one, there exists nanoparticle or colloid retardation, and if it is greater
than one, there exists velocity enhancement of nanoparticle or colloid transport (Syngouna
and Chrysikopoulos 2013).

3.3 DLVO Theory

The interaction surface forces between GO nanoparticles and KGa-1b colloids with the glass
beads and sand grains were calculated with the DLVO theory (Derjaguin and Landau 1941;
Verwey and Overbeek 1948). According to the DLVO theory, the total energy interaction
between two approaching surfaces ΦDLVO [J] equals to the arithmetic sum of the van der
Waals, ΦvdW [J], double layer, Φdl [J], and Born, ΦBorn [J], potential energies (Loveland
et al. 1996):

ΦDLVO (h) = ΦvdW (h) + Φdl (h) + ΦBorn (h) (5)

here h [m] is the separation distance between the approaching surfaces.
Interaction energy profiles were constructed for all experimental conditions. It should be

noted that a typicalDLVO interaction energy profile is characterized by the primaryminimum,
Φmin1 (deep energy “well”), the primary maximum, Φmax1 (energy barrier to attachment and
detachment), and the secondary minimum, Φmin2 (shallow energy “well”) (Chrysikopoulos
and Syngouna 2012).

In this paper, the GO–glass beads, GO–sand, (KGa-1b)–glass beads and (KGa-1b)–sand
interactions were treated as sphere–plate interactions because the sizes of the GO nanopar-
ticles and KGa-1b colloids are much smaller compared to the size of glass beads or sand
grains. Consequently, the ΦvdW for the GO–glass beads, GO–sand, (KGa-1b)–glass beads
and (KGa-1b)–sand interactions were calculated with the expression (Lyklema 1991; Voorn
et al. 2007):

ΦvdW (h) = − A123

6

[
2rp

(
h + rp

)

h
(
h + 2rp

) + ln

(
h

h + 2rp

)]

(6)

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

A123 = √
A121A323 (7)

In this study, the combined Hamaker constants for the system GO–water–GO were set to
A121 = 2.23 × 10−21 J (McAllister et al. 2007), for the system (KGa-1b)–water–(KGa-
1b) was set to A121 = 3.1 × 10−20 J (Chrysikopoulos and Syngouna 2012) and for the
system (glass or sand)–water–(glass or sand) was set to A323 = 1.6 × 10−21 (Ackler et al.
1996). Consequently, the A123 for (GO)–water–(glass or sand), (KGa-1b)–water–(glass or
sand), and (GO)–water–(KGa-1b) were 1.89× 10−21 J, 7.04× 10−21 J, and 8.31× 10−21 J,
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respectively. Furthermore, the Φdl [J] for sphere–plate interactions were calculated with the
expression (Voorn et al. 2007):

Φdl (h) = πεrε0rp

[
(
Ψ 2
1 + Ψ 2

2

)
ln

(
exp (2κh) − 1

exp (2κh)

)

+ 2Ψ1Ψ2 ln

(
exp (κh) + 1

exp (κh) − 1

)]

(8)

where Ψ1 [V] is the Stern potential of the GO nanoparticle, Ψ2 [V] is the Stern potential
of the KGa-1b surface (in this study, we assumed that the Stern potential equals to zeta
potential), and κ [1/m] is the inverse of the effective diffuse double layer thickness, known
as the Debye–Huckel length:

κ =
[
2000 ISNAe2

εrε0kBT

]1/2
(9)

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/(Jm)] is the dielectric constant of the
suspending liquid, ε0 [C2/(Jm)] 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.

TheΦBorn interactions forceswere neglected because theBorn potential energy is insignif-
icant in aqueous systems. Also, the presence of hydrated ions is almost certain that will
prevent surface–surface separation distances to diminish to the limiting value of h ∼ 0.3nm
(Elimelech et al. 1995). In this paper, the interaction forces were intentionally calculated for
h > 0.3 nm.

3.4 Transport Modeling

The transport of GO nanoparticles and KGa-1b colloids in one-dimensional water saturated,
homogeneous porous media with uniform flow, accounting for nonequilibrium reversible
attachment onto the solid matrix, is governed by the following partial differential equation
(Sim and Chrysikopoulos 1995):

∂Ci (t, x)

∂t
+ ρb

θ

∂C∗
i (t, x)

∂t
= −U

∂Ci (t, x)

∂x
+ Di

∂2Ci (t, x)

∂x2
(10)

whereCi [Mi/L3] is the concentration of suspended particles (subscript i is GO nanoparticles
or KGa-1b colloids); C∗

i [Mi/Ms] is the concentration of particles attached onto the solid
matrix (subscript i is GO nanoparticles or KGa-1b colloids); t [t] is time; x [L] is the Cartesian
coordinate in the longitudinal direction; U [L/t] is the average interstitial velocity along the
x-direction; and Di [L2/t] is the longitudinal hydrodynamic dispersion coefficient of the
suspended particles. The second accumulation term in Eq. (10) can be expressed as:

ρb

θ

∂C∗
i (t, x)

∂t
= ri−i∗Ci (t, x) − ri∗−iC

∗
i (t, x) (11)

where ri−i∗ [1/t] is the rate coefficient of particle attachment onto the solid matrix, and ri∗−i

[1/t] is the rate coefficient of particle detachment from the solid matrix. The initial condition
and the appropriate boundary conditions for a one-dimensional semi-infinite aquifer are as
follows (Sim and Chrysikopoulos 1995):
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Ci (0, x) = 0 (12)
dCi (t,∞)

dx
= 0 (13)

−Di
∂Ci (t, 0)

∂x
+UCi (t, 0) =

{
UC0(i), t ≤ tp
0, t > tp

(14)

where C0(i) [Mi/L3] is the injected constant concentration of particles. Condition (12) estab-
lishes that there is no initial particle concentrationwithin the porousmedium.Thedownstream
condition (13) preserves concentration continuity. The flux-type boundary condition (14) for
pulse injection, over a predefined time period tp, implies concentration discontinuity at inlet
and leads to material balance conservation (Chrysikopoulos et al. 1990). The analytical solu-
tion to the particle transport model (10) and (11), subject to conditions (12)–(14) has been
developed by Sim and Chrysikopoulos (1995) as follows:

Ci (t, x) =
{


(t, x) 0 < t ≤ tp

(t, x) − 


(
t − tp, x

)
t > tp

(15)

where


(t, x) = C0(i)U

D1/2
i

exp

[
Ux

2Di

]
⎧
⎨

⎩

t∫

0

τ∫

0

He−Hτ J0
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(16)

where J0 is the Bessel function of the first kind of zeroth order, “exp” is the exponential
function; “erfc” is the complementary error function; ξ and τ are dummy integrationvariables;
A = ri−i∗ ; B = ri−i∗ri∗−iθ/ρb; and H = ri∗−iθ/ρb (Sim and Chrysikopoulos 1998). The
above analytical solution is incorporated in the nonlinear least squares regression software
ColloidFit (Katzourakis and Chrysikopoulos 2017) used in this study.

4 Results and Discussion

4.1 Transport Experiments

The experimental data from the tracer as well as the various GO nanoparticle transport exper-
iments in columns packed with glass beads under different pH and IS values are presented in
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Fig. 1. Furthermore, the corresponding mass recoveries calculated with Eq. (3) are listed in
Table 3. All tracer andGO nanoparticles breakthrough curves were nicely fitted with Colloid-
Fit (Katzourakis and Chrysikopoulos 2017). Note that for pH = 4 and IS = 7 (see Fig. 1b),
the breakthrough data could not be fitted, because the simple transport model, Eq. (10),
employed by ColloidFit does not account for the substantial GO aggregation that occurred
under these conditions. As expected, the chloride tracer breakthrough curves yielded Mr

values close to 100%, which suggested that there was no tracer retention by the packed col-
umn. Figure 1b–d shows the GO nanoparticles effluent concentrations for three different pH
values (pH = 4, 7, 10). Note that for the case of pH = 7, there was only a slight retention of
GO nanoparticles by the packed column (Mr = 95.8%, see Table 3). For pH = 4, the mass
recovery at the column exit (Mr = 91.3%, see Table 3) was smaller than that at pH = 7,
or equivalently the retention of GO nanoparticles was greater than that at pH = 7, whereas
for pH = 10 no retention of GO nanoparticles was observed (Mr = 100.4%, see Table 3).
Clearly, decreasing the pH yielded smaller absolute zeta potential values (see Table 1), which
resulted to smaller repulsion forces (Chen and Elimelech 2007) betweenGOnanoparticles, as
well as between GO nanoparticles and glass beads. Similarly, Fig. 1f–h presents the effluent
GO concentrations for three different IS values (IS = 7, 12, 27 mM). Based on the calcu-
lated Mr values listed in Table 3, it is evident that by increasing IS the attachment of GO
nanoparticles onto glass beads was enhanced, which led to greater retention by the packed
column.

The experimental data from the tracer as well as the various KGa-1b colloid transport
experiments in columns packed with glass beads under different pH and IS values are pre-
sented in Fig. 2. Furthermore, the corresponding mass recoveries calculated with Eq. (3) are
listed in Table 3. All tracer and KGa-1b colloid particles breakthrough curves were nicely
fitted with ColloidFit (Katzourakis and Chrysikopoulos 2017). As expected, no tracer reten-
tion was observed, because both chloride tracer breakthrough curves yielded Mr values close
to 100%. Figure 2b–d presents the KGa-1b colloid effluent concentrations for three differ-
ent pH values (pH = 4, 7, 10). Note that for the case of pH = 7 (see Fig. 2c), there was
significant retention of KGa-1b colloid particles by the packed column (Mr = 76.6%, see
Table 3). For pH = 4 values (see Fig. 2b), the KGa-1b mass recovery at the column exit was
much smaller than the one observed at pH = 7 (Mr = 48%, see Table 3) or equivalently the
retention of KGa-1b colloids was quite larger than the one observed at pH = 7, probably
due to the substantial aggregation of KGa-1b colloids at pH = 4 (Wang et al. 2015). Clearly,
aggregation of KGa-1b colloids is expected to play a significant role on the transport and
retention of KGa-1b colloids in water-saturated porous media. For pH = 10 (see Fig. 2d), a
significant retention of KGa-1b colloids (Mr = 72.5%, see Table 3) was observed. Note that
the KGa-1bmass recovery at pH = 10 was slightly smaller (Mr = 72.5%) than that observed
at pH = 7 (Mr = 76.6%). Similarly, Fig. 2f–h presents the effluent KGa-1b concentrations
for three different IS values (IS = 7, 12, 27 mM). Based on the calculated Mr values listed
in Table 3, it is evident that by increasing IS the attachment of KGa-1b colloids onto glass
beads was enhanced, which led to greater clay particle retention within the packed column.
Worthy to note is that by increasing Is, the absolute KGa-1b zeta potential values and the
repulsion forces between KGa-1b colloids as well as between KGa-1b colloids and glass
beads (or sand) were decreasing (see Table 1).

The experimental data from the tracer, GO nanoparticles, and KGa-1b colloids transport
experiments in columns packed with quartz sand at pH = 7 and IS = 7 mM are presented in
Fig. 3. The corresponding mass recoveries calculated with Eq. (3) are listed in Table 3. The
breakthrough curveswere nicely fittedwithColloidFit. For all three cases (chloride tracer,GO
nanoparticles, and KGa-1b colloids), the Mr values were smaller than the respective values
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Fig. 1 Breakthrough data (symbols) and fitted model simulations (curves) for the transport of: a, e chloride
(diamonds), and b–d, f–h GO nanoparticles (cyrcles) in a column packed with glass beads, under various pH
and IS values (Here T = 25 ◦C, C0(Cl) = 1 mM, C0(GO) = 5 mg/L, q = 1.5 mL/min)

obtained from transport experiments in columns packed with glass beads (see Table 3). Also,
the GO peak concentrations and mass recoveries were considerably higher than the KGa-
1b peak concentrations (compare Fig. 3b, c, and Mr values in Table 3). This observation
is in agreement with the results from the experiments with the column packed with glass
beads (compare Fig. 1 with Fig. 2). The colloidal stability of GO nanoparticles is greater
than KGa-1b colloids, because the critical coagulation concentration (CCC) is greater for
GO nanoparticles than KGa-1b colloids, CCCGO > CCCKGa-1b (Wu et al. 2013; Wang et al.
2015; Sotirelis and Chrysikopoulos 2017) .Worthy to note is that, despite the fact that low Mr

values cannot lead to the conclusion that the retained GO nanoparticles or KGa-1b colloids
were irreversibly attached, the possibility that the observed low Mr values were caused by
irreversible attachment cannot be ruled out.
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Table 3 Estimated parameters associated with transport experiments

Conditions GO KGa-1b

pH IS (mM) Mr(%) M1(i)/M1(tr) α(−) Mr (%) M1(i)/M1(tr) α(−)

Glass beads

Tracer 102.1 1 − 103.2 1 −
Tracer 102.8 1 − 102.6 1 −
4 7 91.3 0.95 0.13 48.0 0.48 0.56

7 7 95.8 0.96 0.07 76.6 0.82 0.21

10 7 100.4 1.02 0.02 72.5 0.73 0.28

7 12 95.6 0.96 0.07 70.3 0.73 0.26

7 27 92.1 0.93 0.10 57.2 0.59 0.39

Quartz sand

Tracer 93.8 1 – − − −
7 7 78.6 0.84 0.04 64.6 0.71 0.07

The fitted parameters estimated by ColloidFit together with the corresponding 95% con-
fidence intervals for the chloride tracer and all particle transport experiments are listed in
Table 4. For the conservative tracer, only the dispersion coefficient was fitted. However,
for the transport of GO nanoparticles and KGa-1b colloids, three parameters were fitted
(Di , ri−i∗ and ri∗−i ). Note that the fitted dispersion coefficient was smallest for the chloride
tracer and largest for the bigger suspended particles (KGa-1b colloids). This observation is in
perfect agreement with the work by Chrysikopoulos and Katzourakis (2015), who concluded
that that the dispersivity is particle size-dependent, and increases with increasing suspended
particle size. Also, the dispersion coefficients for chloride, GO and KGa-1b were estimated
to be greater for transport in columns packed with glass beads than quartz sand. In most of
the cases considered, the attachment rate coefficients were greater for KGa-1b colloids than
GO nanoparticles (rK−K∗ > rG−G∗).

The collision efficiency values, α (-), were calculated with Eq. (1) for each transport
experiment conducted with GO nanoparticles or KGa-1b colloids and are listed in Table 3.
The calculated α values were greater for KGa-1b colloids than GO nanoparticles, which
was in agreement with the observed smaller mass recovery of KGa-1b colloids. Also, the α

values were greater for the transport experiments conducted in columns packed with glass
beads than in columns packed with quartz sand. The greatest α values were determined at
pH = 4, for both GO nanoparticles and KGa-1b colloids. Furthermore, the ratio M1(i)/M1(tr)
was computed for each transport experiment conducted with GO nanoparticles or KGa-1b
colloids, and the values are listed in Table 3. Note that, for most of the cases considered
M1(i)/M1(tr) < 1, indicating that the transport of GO nanoparticles and KGa-1b colloids was
retarded compared to the conservative tracer.

4.2 Cotransport Experiments

For the cotransport experiments, only the suspended GO nanoparticle concentrations and
the suspended total KGa-1b colloid concentrations were measured at the column exit. The
total KGa-1b colloid concentrations represent the sum of the suspended KGa-1b colloids and
the suspended GO–(KGa-1b) aggregates (GO nanoparticles attached onto KGa-1b colloids).
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Fig. 2 Breakthrough data (symbols) and fitted model simulations (curves) for the transport of: a, e chloride
(diamonds), and b–d, f–h KGa-1b colloids (squares) in a column packed with glass beads, under various pH
and Is values (Here T = 25 ◦C, C0(Cl) = 1 mM , C0(KGa-1b) = 50 mg/L, q = 1.5 mL/min)

In this study, the suspended KGa-1b colloids could not be differentiated from the GO–
(KGa-1b) aggregates. Consequently, although advancedmathematicalmodels for cotransport
are available in the literature Katzourakis and Chrysikopoulos (2014, 2015), these models
cannot be applied without experimental measurements of the requiredGO–(KGa-1b) effluent
concentrations.

The effluent GO nanoparticle concentrations from the cotransport experiments conducted
in columns packed with glass beads under different pH and IS values are presented in Fig. 4.
Furthermore, the corresponding mass recoveries calculated with Eq. (3) are listed in Table 5.
Figure 4a–c presents theGOnanoparticle effluent concentrations for three different pH values
(pH = 4, 7, 10). For pH = 7 and 10, the calculated mass recoveries Mr = 92.7 and 94.3%,
respectively, indicated that there was a slight retention of GO nanoparticles by the packed
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Fig. 3 Breakthrough data
(symbols) and fitted model
simulations (curves) for the
transport of: a chloride, b GO
nanoparticles, and c KGa-1b
colloids in a column packed with
quartz sand (Here T = 25 ◦C,
pH = 7, IS = 7 mM ,
C0(Cl) = 1 mM,
C0(GO) = 5 mg/L,
C0(KGa-1b) = 50 mg/L,
q = 1.5 mL/min)

column. For low pH = 4, the retention of GO nanoparticles was substantial (Mr = 53.8%,
see Table 5). Figure 4d–f presents the GO nanoparticle effluent concentrations for three
different IS values (IS = 712, 27 mM). Based on the calculated Mr values listed in Table 5,
it was evident that by increasing IS, the attachment of GO nanoparticles onto glass beads
was increased, which led to greater GO retention within the packed column. Worthy to note
is that, the observed retention of GO nanoparticles by the packed column was greater for the
cotransport than the transport experiments (compare Mr values in Tables 3, 5). Note that at
pH = 4, the Al-O face/edge of KGa-1b colloids was positively charged (Wang et al. 2015).
Consequently, at pH = 4 the attachment of the negatively charged GO nanoparticles onto
KGa-1b colloids already attached onto the column packing material was more favorable.
Furthermore, increasing IS led to smaller absolute zeta potential values (see Table 1), which
in turn led to smaller electric double layer repulsion between GO nanoparticles and KGa-1b
colloids already attached onto the column packing material.

The effluent total KGa-1b colloid concentrations from the cotransport experiments con-
ducted in columns packed with glass beads under different pH and IS values are presented
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Fig. 4 Breakthrough data of GO nanoparticles from the cotransport experiments in a packed column with
glass beads, under various pH and Is values (Here T = 25 ◦C, C0(GO) = 5 mg/L, C0(KGa-1b) = 50 mg/L ,
q = 1.5 mL/min)

in Fig. 5. The corresponding mass recoveries calculated with Eq. (3) are listed in Table 5.
Figure 5a–c presents the KGa-1b colloid effluent concentrations for three different pH values
(pH = 4, 7, 10), whereas Fig. 5d–f presents the effluent total KGa-1b colloid concentra-
tions for three different IS values (IS = 7, 12, 27 mM). The consistently low Mr values
(Mr < 22%, see Table 5) suggested that the total KGa-1b colloid mass retention by the
packed column was very high for all cases considered. Also, the experimental data shown
that decreasing pH or increasing IS led to higher total KGa-1b colloid mass retention by the
packed column.

The effluentGOnanoparticle and totalKGa-1b colloid concentrations from the cotransport
experiment in a column packed with quartz sand at pH = 7 and IS = 7 mM are presented in
Fig. 6. The corresponding mass recoveries calculated with Eq. (3) are listed in Table 5. Note
that mass recovery was higher for GO (Mr = 58.1%) than for total KGa-1b (Mr = 12.9%).
Furthermore, the calculated Mr values for both effluent concentrations (GO nanoparticles
and total KGa-1b colloids) were greater for the column packed with glass beads than quartz
sand (see Table 5).

The collision efficiency values, α (-), were calculated with Eq. (1) for each breakthrough
curve of suspended GO nanoparticles and total KGa-1b colloids (see Table 5). The calculated
α values were greater for the total KGa-1b colloids than GO nanoparticles. This result is
consistent with the smaller Mr values determined for the total KGa-1b colloids. Also, the
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Fig. 5 Breakthrough data of the total KGa-1b colloids from the cotransport experiments in a packed column
with glass beads, under various pH and Is values (here T = 25 ◦C,C0(GO) = 5 mg/L,C0(KGa-1b) = 50 mg/L,
q = 1.5 mL/min)

calculated α values were greater for the experiments conducted in columns packed with
glass beads than quartz sand. The greatest α values were determined at pH = 4, for both GO
nanoparticles and total KGa-1b colloids. Furthermore, the ratio M1(i)/M1(tr) was computed
for each effluent concentration collected from the cotransport experiments (see Table 5).
Note that, for most of the cases considered, the calculated M1(i)/M1(tr) < 1 values indicated
that for the cotransport experiments, the GO nanoparticles and total KGa-1b colloids were
retarded compared to the conservative chloride tracer. Worthy to note is that, for all cases
considered, the RB values were smaller (more retardation) and the calculated α values were
larger for the cotransport than the transport experiments.

4.3 DLVO Calculations

The effect of pH and IS on theΦDLVO interaction energy profiles forGO–glass beads or (KGa-
1b)–glass beads (sphere–platemodel) is presented in Fig. 7. For pH = 7 and Is = 7 mM, there
is a shallow Φmin2 and a relatively high Φmax1, indicating the presence of strong repulsive
forces between GO nanoparticles or KGa-1b colloids and glass beads. For pH = 4, there
is a smaller Φmax1 and a deeper Φmin2 (see Fig. 7a, c). Furthermore, Fig. 7b, d illustrates
the effect of IS on the interaction energy profiles for GO–glass beads and (KGa-1b)–glass
beads, respectively. Increasing IS resulted in a small reduction in Φmax1 and considerable
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Table 5 Estimated parameters associated with cotransport experiments

Conditions GO KGa-1b

pH IS (mM) Mr(%) M1(i)/M1(tr) α(−) Mr(%) M1(i)/M1(tr) α(−)

Glass beads

4 7 53.8 0.59 0.80 9.2 0.10 1.78

7 7 92.7 0.96 0.11 21.5 0.24 1.15

10 7 94.3 1.00 0.10 19.2 0.22 1.49

7 12 88.8 0.91 0.14 19.0 0.21 1.24

7 27 79.9 0.85 0.22 13.3 0.14 1.39

Quartz sand

7 7 58.1 0.67 0.06 12.9 0.15 0.39

Fig. 6 Breakthrough data of: a GO nanoparticles, and b total KGa-1b colloids from the cotransport exper-
iments in a packed column with quartz sand (Here T = 25 ◦C, pH = 7, IS = 7 mM, C0(GO) = 5 mg/L,
C0(KGa-1b) = 50 mg/L, q = 1.5 mL/min)

deepening inΦmin2 (see Fig. 7b, d). These findings are in agreement with the results from the
transport and cotransport experiments of this study. Although the secondary energyminimum
is deeper for pH = 4, IS = 27 mM, the observed greater attachment of GO and KGa-1b
onto glass beads and sand cannot be fully attributed to the deepening of Φmin2, because the
energy barrier (Φmax1) is much greater than the secondary energy minimum (Φmin2). The
interaction energy profiles between GO–sand or (KGa-1b)–sand (sphere–plate) for pH = 7
and Is = 7 mM are presented in Fig. 8. Note that these energy profiles are very similar to
the respective energy profiles for glass beads (compare Figs. 7 and 8).

5 Conclusions

The results of this study suggest that the presence of KGa-1b colloids, in columns packed
with either glass beads or quartz sand, significantly affect the transport of GO nanoparticles.
In all cases considered in this study, the Mr values of the suspended GO nanoparticles
were lower in the presence of KGa-1b colloids. Furthermore, at pH = 4 and IS = 27
mM,GO nanoparticles retention by the packed column was increased for both transport
(absence of KGa-1b colloids) and cotransport experiments (presence of KGa-1b colloids).
For all transport and cotransport experiments conducted, the migration of the suspended GO
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Fig. 7 Predicted DLVO total interaction energy profiles between: a, b GO–glass beads, and c, d (KGa-1b)–
glass beads, as a function of separation distance for the experimental conditions. Each figure insert highlights
the corresponding secondary energy minima

Fig. 8 Predicted DLVO total interaction energy profiles between: a GO–sand, and b (KGa-1b)–sand, as a
function of separation distance for the experimental conditions. Each figure insert highlights the corresponding
secondary energy minima. Here pH = 7 and Is = 7 mM

nanoparticles was retarded (M1(i)/M1(tr) < 1) compared to the chloride tracer. Also, GO
nanoparticles were retained more by the quartz sand than the glass bead column packing in
the presence and absence of KGa-1b colloids.
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