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200 mmol/L, and they were more mobile at lower IS. The presence and concentration of
surfactants could enhance the GONP transport, particularly as observed at higher IS. It was
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Introduction
Graphene oxide (GO) is an oxidized form of graphene-based
nanomaterials, featuring fascinating nanostructure with hydroxyl and epoxy bridge functional groups on the basal plane
and carbonyl and carboxyl groups on the edges (Dreyer et al.,
2010). These abundant hydrophilic O-functional groups on the
surfaces were useful in synthesizing GO hybrids and composites, and then maximize the benefit of the unique properties
in different applications (e. g. electronic, medical and environmental sectors) (Srivastava et al., 2014; Zhang et al., 2014).
However, recent studies found that GO would be the most
toxic graphene-based nanomaterial due to its considerable
water solubility and noticeable cell damage. Exposures to GO

might induce severe cyto-toxicity and lung diseases (Wang et
al., 2011; Ahmed and Rodrigues, 2013). Increased applications
and production of GO will likely lead to its release in the
environment (such a as landfill leachate and wastewater
infiltration) (Novikov et al., 2006; Hennebert et al., 2013),
therefore, research attention should be dedicated to investigate the fate and transport of such an emerging materials for
the public health concerns.
The threat extent of graphene oxide nanoparticles (GONPs)
to the environment and public health is correlated to their
ability to remain dispersed in the environment or to form
particle aggregations, and consequently their mobility (Petosa
et al., 2010; Ju-Nam and Lead, 2008). Nanoparticles with high
mobility probably penetrate the soil layers and enter ground
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water system, which posed potential risks for drinking water
(Hennebert et al., 2013; Saito et al., 2013). Researchers suggested
that the mobility and retention of GONPs in saturated porous
media packed in columns were controlled by complexity of the
porous media matrix (e.g., grain surface, moisture content) (Liu
et al., 2013a,b), the physicochemical parameters of solution
chemistry (e.g., ionic strength, pH and the presence of natural
organic matter) (Feriancikova and Xu, 2012; Lanphere et al.,
2013), and the fluid dynamics characteristic of the column
system (Liu et al., 2013a; Qi et al., 2014). Although progress has
been made towards a better understanding of the environmental fate and transport of GONPs, the current knowledge of the
fate and transport of GONPs in porous media is far from
complete. This is particularly true for the influence of other
coexisting compounds in solution. To our knowledge, no
research has been conducted to examine the effect of surfactants on the transport behavior of GONPs in saturated systems.
Surfactants are widely present in water environments with the
concentration even up to several thousand mg/L in municipal
wastewaters (Adak et al., 2005), and it can likely coexist with
the released GONPs during accidental infiltration or artificial
groundwater recharge. Due to their surface-active properties,
surfactants may adsorb to GONPs and affect their solubility and
transport in porous media by modifying the particle surface
chemistry and changing their interactions (Tkachenko et al.,
2006; Lin et al., 2010).
The objective of this work was thus to examine the
influence of surfactant on GONP transport through saturated
porous media, and therefore obtain insight into the mechanism of mediated transport by coexisting compounds. The
approach focused on a systematic identification of the
mechanisms for enhanced transport of GONPs through sand
columns with surfactants. The GONP transport experiment
results were interpreted through surface property measurement of sand and GONPs, breakthrough curve (BTC) monitoring, numerical modeling and Derjaguin–Landau–Verwey–
Overbeek (DLVO) theory.

1. Materials and methods
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20 mg/L, and all solutions were previously sonicated (40 min)
each time. To prepare the GONP dilution at specific ionic
strength (IS), sodium chloride (NaCl, p.a. quality) was used
as the background electrolyte (dissolved in DI water). All
column experiments below were performed at two IS: 50 and
200 mmol/L.

1.3. Transport experiments
Transport experiments were conducted by pumping a suspension of GONPs through an acrylic column packed with clean
quartz sand (Fig. 1). The acrylic column was 3 cm in diameter
and 15 cm in height. Standard gravimetric methods were used to
determine the sand density (1.61 g/cm3) and a column packing
porosity of 0.36 ± 0.01. The column was vertically oriented and
operated in an upflow mode using a peristaltic pump at a
constant Darcy's velocity of 7.5 × 10−3 cm/sec. Prior to each
experiment, 20 pore volumes (PVs) of the background electrolyte
solution of interest were first passed through the column to
ensure that the column was fully equilibrated with this solution.
Then suspension of GONPs within the same background
electrolyte composition was injected into the packed column
for 4 PVs (phase 1), followed by elution with GO-free solution
again (phase 2). The outflow from the columns was connected by
an auto fraction sampler (Huxi, CBS-A 100, Shanghai, China), and
the effluent GONP concentration was monitored using UV–Vis
spectrophotometer (Shimadzu, UV-2450, Kyoto, Japan) at a
wavelength of 230 nm. Prior to the GONP transport experiments,
the tracer (Br−) breakthrough tests were performed to estimate
the hydraulic dispersion coefficient.
In order to elucidate the influence of surfactants on GONPs
transport, typical anionic (sodium dodecylbenzene sulfonate,
SDBS) and non-ionic surfactants (Triton X-100) were added
into the background electrolyte composition. Dispersions
were prepared to have five systems per IS: no surfactant,
50% and 100% critical micelle concentration (CMC) SDBS, 50%
and 100% CMC Triton X-100. The CMC for Triton X-100 and
SDBS were reported to be 0.24 mmol/L (Du et al., 2013) and
963 mg/L (Godinez et al., 2013), respectively. These systems
became the feeding solutions for the different experiments
conducted in this study.

1.1. Porous media
1.4. Mathematical modeling
Quartz sand was used as the porous medium with a size range
of 0.36–0.50 mm and average diameter (d50) of 0.42 mm. The
sand was treated sequentially by 10% nitric acid (V/V) to
remove metal oxides, and then 10% peroxide to eliminate
organic materials. Subsequently, the sand was repeatedly
rinsed with deionized (DI) water until a neutral pH (7.1 ± 0.1
finally) was achieved and water conductivity reduced to zero.
The sand was dried in an oven at 110°C for 48 hr.

1.2. Graphene oxide
GO was purchased from Institute of Coal Chemistry, Chinese
Academy of Sciences, which was synthesized by a pressurized
oxidation method described by Bao et al. (2012). According to
the manufacture, the GONPs had an average height of 0.7 ±
1.2 nm, and an average perimeter of 781.1 ± 502.2 nm. The
GONP stock solution used in this study was prepared at

The DLVO theory was used to calculate the interaction forces
between GONPs and sand grains under the tested conditions.
The DLVO forces consider van der Waals (VDW) attraction
and electric double layer (EDL) repulsion. The total interaction energy is the sum of energies of these two interactions.
In this study, the Hamaker approximate expression for a
sphere-plane case (Gregory, 1981) was used for calculating the
retarded VDW attractive interaction; with the assumption of
constant potential at the surface, the EDL interaction was
calculated by the method derived by Hogg et al. (1966). The
average hydrodynamic radius and zeta potential involved into
these calculations were determined by dynamic light scattering
(DLS) and electrokinetic characterization measurements using
ZetaSizer Nano (Malvern).
The transport process of GONPs within the saturated
sand column was described by an advection–dispersion–
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The above model Formulations (1)–(3) were solved numerically with a finite-difference scheme for zero initial GO concentration, and pulse-input and zero-concentration-gradient
boundary conditions at the column inlet and outlet, respectively.
Then the solutions were fitted to GO breakthrough curves to
obtain the parameters katt , kdet and Smax. The effluent mass
recovery rate was also calculated by integrating the BTCs, then
the total deposition rates (Rd) of GONPs in columns could be
estimated based upon the specified mass input of GO.

Peristaltic pump

2. Results and discussion

retention (ADR) model considering the combined process of
Languirian dynamics blocking and depth-dependent straining.
The governing equations can be written as:
∂ðnC Þ
∂S
∂2 C
∂C
þ ρ ¼ nD 2 −q
∂t
∂t
∂x
∂x
ρ

ð1Þ

∂S
¼ nkatt ψC−kdet ρS
∂t

ψ¼

ð2Þ



−β
S
dc þ x
1−
Smax
dc

ð3Þ

where, n is the porosity; C (mg/L) is the concentration of GO in
effluent water; ρ (g/cm3) is the bulk density of the porous
media; S (mg /g) is the solid phase concentration of GO sorbed
on quartz sand; q is the flow rate; katt (min−1) and kdet (min−1)
are the first-order attachment and detachment coefficient,
respectively; ψ is a dimensionless function to account for
the combined process of Languirian dynamics blocking and
depth-dependent straining (Bradford and Bettahar, 2006; Shang
et al., 2013); Smax (mg/g) is the maximum solid phase particle
concentration; dc is the median diameter of the sand grains (d50,
mm); and β is an empirical dimensionless variable that controls
the shape of the retention profile, Bradford et al. (2003) found an
optimal value of β = 0.432, and we employed this value here.
0

Results of the average hydrodynamic diameter and zeta
potential measurements of GONPs are shown in Fig. 2. In
agreement with the anticipated influence of EDL compression, the IS played a significant role on both the zeta potential
and hydrodynamic diameter. The hydrodynamic diameter
increased with IS, while the absolute zeta potential presented
the opposite trend (less negatively), as compression of the EDL
gave rise to continuous decrease in the magnitude of surface
zeta potential (Lanphere et al., 2013; Akbour et al., 2013). The
hydrodynamic diameter of GONPs in the dispersions containing surfactants was smaller than the one without surfactants
regardless of the IS, demonstrating that surfactants allow
GONPs to remain dispersed or stable. Further, the absolute
zeta potential increased with concentration of surfactants,
which was bound to induce stronger electrostatic repulsion
forces between particles. These results were in a good
agreement with the works reported by Godinez and Darnault
(2011) and Villamizar et al. (2013). The enhancement of
electrostatic repulsion is likely because the surfactants
adsorbed to particle surface displaced the counterions and
then caused expansion of the electric double layer (Sjöberg et
al., 1999; Brown and Jaffé, 2001; Du et al., 2013). Interestingly,
note that SDBS showed larger effect than Triton X-100 on the
zeta potential and hydrodynamic diameter under the same
percent CMC. For instance, at IS of 50 mmol/L, the average
hydrodynamic diameter was 1447.6 nm in the presence of
50% CMC SDBS, and it was 1969.3 nm in the presence of
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50 mmol/L-GO zeta potential
50 mmol/L-Sand zeta potential

-5
Zeta potential (mV)

2.1. GONPs properties
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Fig. 1 – Schematic of the experimental apparatus and setup.
GO: graphene oxide.
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Fig. 2 – The average hydrodynamic diameter and Zeta potential of graphene oxide (GO) under experimental conditions.
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50% CMC Triton X-100, while the zeta potentials were − 28.8
and −26.3 mV respectively. As to sand particles, the variation
of zeta potential was consistent with that of GONPs, while the
sand diameter was regarded as constant (d50 = 0.42 mm).
In addition to electrostatic repulsion, previous studies also
supposed that surfactants adsorb to the surface of particles
creating steric repulsion between particles thus inhibiting
interactions and preventing more aggregation which can
cause an increase in particle size (Godinez and Darnault,
2011). Surfactants can form a monolayer packing on colloid (or
nanoparticle) and sand surfaces by hydrogen bonding between the carboxyl surface groups (COOH) and ethylene oxide
chain, and induce hydrophobic interaction (Geffroy et al.,
2000; Romero-Cano et al., 2002). This hydrophobic interaction
affects the surfactant sorption significantly. The sorption of
surfactants onto both colloidal and sand surfaces increases
steric repulsion between colloids and collectors. This steric
effect was dependent on the thickness of the electric double
layer (Debeye length) and the polymer chain length, and steric
effect only works when the chains of the sorbed surfactant
layer could extend beyond the EDL (Brown and Jaffé, 2001).
Actually, the Debeye lengths at IS of 50 and 200 mmol/L were
1.23 and 0.68 nm according to the calculated method described by Qi et al. (2014), while the chain lengths of SDBS and
Triton X-100 were 0.35 and 0.43 nm that were calculated
according to Shon et al. (2006). It was obvious that the chain of
both surfactants remained well within the electric double
layer. In addition, the chain length of SDBS was shorter than
that of Triton X-100, but displayed significant effect on
preventing aggregation. It appeared that steric effects are
insignificant for our experimental system, and electrostatic
interactions dominated the particle interactions. Therefore,
the negatively charged SDBS should be more effective to
disperse the GONPs with the same charge compared to
the neutral Triton X-100. Hua et al. (2009) also demonstrated
such a difference between the SDBS and Triton X-100, and
attributed it to their opposite surface charge.

2.2. DLVO interaction energies
DLVO interaction energy (Φ) profiles for different electrolyte
solutions are plotted as a function of separation distance in
Fig. 3. The calculated energy barriers were too large, > 200 kBT
(where kB is the Boltzmann constant and T is Kelvin temperature) to overcome. Consequently GONPs hardly deposited
into the primary energy minimum (Liu et al., 2013a; Shang et
al., 2013). The energy barrier decreased with increasing IS,
indicating that there were greater repulsive forces upon the
approach to the sand surface at IS of 50 mmol/L compared to
200 mmol/L. Similarly, the presence and concentration of
surfactants also raised the height of energy barrier, and then
prevented the deposition of GONPs into the primary energy
minimum more firmly. It has been also reported in the
literatures that secondary energy minima played a critical
role in the particle aggregation and deposition (Redman et al.,
2004; Kuznar and Elimelech, 2007; Mesticou et al., 2014). The
DLVO interaction energy profiles confirmed this by replotting
on a different scale (Fig. 3c and d). It showed two secondary
minimum wells at − 0.0956 and − 0.9315 kBT for the IS of 50 and
200 mmol/L in the absence of surfactants, respectively. The
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increase of IS and decrease of concentration of surfactants
deepened the secondary minimum wells distinctly, thus
higher IS and lower surfactant concentration could enhance
the secondary minimum deposition relatively. Compared to
Triton X-100 at the same percent CMC and IS, the profiles in
the case of solutions containing SDBS displayed higher primary
energy barriers and lower secondary minimum wells, which
gave a further indication that Triton X-100 contributed to the
secondary minimum attachment more effectively.

2.3. Influence of ionic strength on GO transport
Particle breakthrough curves (BTCs) obtained at experimental
conditions were presented in Fig. 4, and the best-fit transport
parameters in model were listed in Table 1 (the numerical
model described all the experimental breakthrough curves
very well, R2 > 0.90). In the figure, the normalized effluent
GONP concentration C/C0 was plotted as a function of pore
volume. The deposition of GONPs increased (C/C0 decreased)
with increasing IS both in the presence or absence of
surfactants. The maximum of C/C0 at 50 mmol/L was 1.61–
3.16 times as those at 200 mmol/L, while the average
deposition rates Rd were 39.28% and 70.55% respectively.
This trend of decreasing breakthrough with increasing IS
follows the DLVO calculation, suggesting that electrostatic
interactions were the main mechanisms controlling the
transport of GONPs. In principle, when the concentration of
NaCl in the solution increased, the diffuse double layers were
compressed causing a reduction in the repulsive electrostatic
double-layer forces and increase in the particle deposition
rate (Knappett et al., 2008; Rahman et al., 2013). The variations
of katt and Smax in modeling verified this trend quantitatively,
indicating that GONPs were less mobile in higher IS. It
was quite consistent with former studies on GO transport
(Feriancikova and Xu, 2012; Lanphere et al., 2013).

2.4. Effect of no surfactants vs. surfactants on GONP transport
By comparison of particle BTCs obtained in the presence of
surfactant with BTCs measured without the addition of surfactant (Fig. 4), it was clear that the presence and concentration of surfactant could enhance the GONP transport in sand
column regardless of the surfactant type. The total deposition
rates Rd were 50.84% and 79.41% in the absence of surfactants
at 50 mmol/L and 200 mmol/L respectively, while they reduced to 32.48% and 59.54% in the presence of 100% CMC
SDBS, and 36.01% and 64.31% in the presence of 100% CMC
Triton X-100. It was additionally observed that the increase of
GONP mobility translated by increasing percent CMC (from
50% to 100% CMC) was relatively less obvious at 50 mmol/L
than that at 200 mmol/L. We supposed that this phenomenon
attributed to the main particle retention mechanisms in porous
media: attachment and straining. As described in previous
literatures, the surfactants contributed unambiguously to the
repulsion forces and inhibited the particle aggregation and
attachment under a wide range of IS (Tufenkji and Elimelech,
2005). However, the influence of surfactants on straining was
not significant at lower IS compared with higher IS (Du et al.,
2013). Actually, the straining process was undoubtedly much
more remarkable under higher IS due to the electrostatic double
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Fig. 3 – Derjaguin–Landau–Verwey–Overbeek (DLVO) energy profiles between the graphene oxide and sand particles. (a) and (c),
IS = 50 mmol/L; (b) and (d), IS = 200 mmol/L. IS is short for ionic strength.
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Fig. 4 – Observed and modeled breakthrough curves of the tracer (Br−) and graphene oxide in columns.
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Table 1 – Summary of experimental conditions and model results. SDBS: sodium dodecylbenzene sulfonate; CMC: critical
micelle concentration.
Ionic strength (mmol/L)

Dispersion system

Rd

katt (min−1)

kdet (min−1)

Smax (mg/g)

R2

50
50
50
50
50
200
200
200
200
200

No surfactant
50% CMC SDBS
100% CMC SDBS
50% CMC Triton X-100
100% CMC Triton X-100
No surfactant
50% CMC SDBS
100% CMC SDBS
50% CMC Triton X-100
100% CMC Triton X-100

50.84%
36.99%
32.48%
40.06%
36.01%
79.41%
74.51%
59.54%
74.98%
64.31%

1.374
0.875
0.847
1.280
1.170
1.522
1.101
0.845
1.365
1.187

0.002
0.001
0.002
0.003
0.006
0.001
0.001
0.001
0.002
0.001

0.345
0.219
0.202
0.302
0.299
1.316
1.202
0.894
1.296
1.023

0.98
0.99
0.99
0.96
0.95
0.96
0.97
0.93
0.98
0.96

layer compression and subsequent particle agglomeration
(increase of particle size) (Bradford et al., 2007; Chowdhury et
al., 2013; Wu et al., 2013). Taken together, influence of surfactants on enhancement of GONPs transport was therefore
rather limited at lower IS (50 mmol/L), and the increase of
surfactant concentration could not obtain apparent effect.

2.5. Influence of anionic surfactants vs. non-ionic surfactants
on GONP transport
To investigate the effectiveness of the type of surfactant on
the GONP transport through saturated sand media, the BTCs
of several scenarios that involved specific concentration
(percent CMC) of SDBS and Triton X-100 were compared
based on IS variation (Fig. 4). It was interesting to see that the
GONP transport was surfactant type dependent. p Rd, katt and
Smax in the cases of SDBS were lower than those in cases of
Triton X-100 under the same IS and percent CMC conditions.
Although there were not considerable differences in magnitude, the consistency and regularity of the changes of these
parameters still could suggest that SDBS was more effective
to facilitate GONP transport than Triton X-100 in our
experimental conditions. This was in agreement with the
DLVO profile analysis in Section 2.2, and supported with the
observations by Hua et al (2009), in which, SDBS was more
efficient than Triton X-100 to enhance leaching of anionic
pesticide.
Moreover, the steady state portion of the particle BTCs
(after 2.5–3.5 PVs injection) was considerably more flat when
surfactants were added, particularly in the cases of Trion
X-100. Since the influent particle concentration in all experiments was comparable, flattening of the BTCs could be
contributed to elimination of particle blocking (Tufenkji and
Elimelech, 2005; Du et al., 2013; Kasel et al., 2013). It was
supposed to be that blocking occurs when previously deposited particles hinder subsequent deposition and is characterized by a continual increase in the effluent suspended particle
concentration (Nascimento et al., 2006; Porubcan and Xu,
2011). Firstly, adsorbed surfactants masked certain surface
heterogeneity of both GONPs and sand, thus eliminating the
favorable deposition sites and reducing the extent of “fast”
deposition at the initial stage, which could contribute to
flatten the BTCs. Secondly, compared to Trion X-100, SDBS, as
anionic surfactants, would make the sand and particle surface
more negative (affirmed by Zeta potential measurement
in Section 2.1), consequently enhanced the repulsion force

between particles and promoted blocking effects. The variations of the blocking parameters Smax in Table 1 also verified
this law. The Smax was smaller in the case of SDBS than that of
Trion X-100.
It's also worth noting that there were no size exclusion
phenomenon in our experiments according to the coincident
time of GONPs and tracer to reach the column outlet in BTCs.
And the C/C0 of GONPs quickly reached 0 after elution by 6 PVs
GO-free solution, suggesting that the release of immobilized
GONPs could be negligible under the same IS. That's why the
fitted values of kdet in the model were quite small.

3. Conclusions
This study demonstrated that the mobility of GONPs in
saturated porous media was dependent upon the presence
and concentration of the surfactants. Higher surfactant concentration could enhance the GONP mobility by influencing
the secondary minimum deposition. The total deposition
rates Rd were even down by more than 6–36% in the presence
of surfactants in our experiments. It was also interesting to
see that the GONP transport was surfactant type dependent.
SDBS was more effective to facilitate GONP transport than
Triton X-100 under the same IS and percent CMC conditions,
displaying a considerable potential to reduce the Rd by 0.6–
9.8%. Findings from this study also showed that the mathematical model considering the combined process of Languirian
dynamics blocking and depth-dependent straining could be
used to simulate the transport behavior of GONPs in soil and
groundwater system.
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