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Abstract

In this work, sand and bubble column experiments were conducted to explore the deposition
mechanisms of graphene oxide (GO) particles in porous media with various combinations of
moisture content and ionic strength. Sand column experimental results indicated that retention
and transport of GO in porous media were strongly dependent on solution ionic strength.
Particularly, GO showed high mobility under low ionic strength conditions in both saturated and
unsaturated porous media. Increasing ionic strength dramatically increased the retention of GO
particles in porous media, mainly through secondary-minimum deposition as indicated in the
XDLVO interaction energy profiles. Recovery rates of GO in unsaturated sand columns were
lower than that in saturated columns under the same ionic strength conditions, suggesting
moisture content also played an important role in the retention of GO in porous media. Findings
from the bubble column experiments showed that the GO did not attach to the air-water interface,
which is consistent with the XDLVO predictions. Additional retention mechanisms, such as film
straining, thus could be responsible to the reduced mobility of GO in unsaturated porous media.
The experimental data of GO transport through saturated and unsaturated porous media could be
accurately simulated by an advection-dispersion-reaction model.
Keywords: graphene oxide, porous media, surface deposition, air-water interface, transport

modeling



1. Introduction

Graphene oxide (GO) is a graphene-based and water-soluble nanomaterial, contains a range
of reactive oxygen surface functional groups, and is used in various industries for its exceptional
physiochemical properties (e.g., mechanical strength, electrical and thermal conductivities, etc.)
[1-6]. Given the wide-ranging applications and rapid growth in production for this material, it is
conceivable to expect a considerable amount of GO particles to be released into the environment
[7].

Considering that Graphene nanosheets and carbon nanotubes (CNT) share many unique
properties, it is not surprising that studies have identified toxic effects from both materials on a
variety of mammalian organism, human and bacterial cells [8-10]. The oxygen surface functional
groups make GO dispersing in water easily [11], thereby potentially increasing its environmental
contamination risks when released into soil and groundwater. Because of the reactive nature of
the surface functional groups and the extremely high surface area to mass ratio of the GO, the
presence of mobile GO particles in soil and groundwater may alter the fate and transport of
chemical compounds including hazardous materials [12, 13]. Therefore it is import to have
thorough investigations about fate and transport of GO in porous media.

Only few studies have focused on understanding the environmental fate and transport of GO.
A recent study by Feriancikova and Xu [14] was concerned with the transport behavior of GO
within saturated porous media under different ionic strength conditions and concluded that GO

particles have a high mobility in saturated porous media such as sandy groundwater aquifers. To



the authors’ knowledge, no research has been conducted to examine the transport behavior of GO
in unsaturated systems. It is expected that the transport behavior of GO could be more
complicated in unsaturated porous media than in saturated media because of the presence of an
additional phase (air) and its interfaces [15-17]. Nevertheless, a good understanding of the fate
and transport of GO particles in unsaturated porous media is very much needed because it is
important to assess the effectiveness of the soil vadose zone as a barrier to prevent the migration
of these nanoparticles into groundwater aquifers.

The overarching objective of this work was to explore the mechanisms governing the
deposition and transport of GO in porous media, particularly under unsaturated conditions.
Specific objectives were to: (1) examine the stability of GO in aqueous solutions under different
electrolyte conditions; (2) determine the combined effect of moisture content and solution ionic
strength on the retention and transport of GO in porous media; (3) examine the interactions
between GO and air-water interfaces; and 4) model the interaction and transport of the GO in
saturated and unsaturated porous media. To achieve these specific objectives, laboratory
experiments were conducted to study the deposition and transport of GO in saturated and
unsaturated porous media. Laboratory columns packed with quartz sand at different moisture
content and solution ionic strength combinations were used in the experiments. To further
understand retention mechanisms unique to unsaturated systems, bubble column experiments
were used to assess the interaction between the GO and air-water interface. Finally, mathematical

models were applied to interpret the experimental data.



2. Materials and Methods
21GO

Single layer graphene oxide (ACS Material, Medford, MA), prepared by modified hummer’s
method [18, 19], was used as received from the manufacturer. Transmission electron microscope
(TEM), as measured by the manufacturer, demonstrated that the diameter range of GO particles
was 1-5 um with a thickness range of 0.8-1.2 nm. The GO suspensions were prepared by mixing
12 mg of pristine GO with 1000 mL electrolyte solutions of 1, 10 and 100 mM NaCl (i.e., three
ionic strength conditions). Subsequently, the suspensions were sonicated with Misonix S3000
ultrasonicator (QSonica, Newtown, CT) for two hours to ensure thorough dispersion.
Concentrations of the dispersed GO suspensions were measured with light absorption at a
wavelength of 230 nm with an Evolution 60 UV-Vis Spectrophotometer (Thermo Scientific,
Waltham, MA) (Figure S1, supporting information). Stability of the GO suspensions in the three
electrolyte solutions was also determined by monitoring the light absorption of the suspension
over time for 7 hrs. Electrophoretic mobility (EPM) and the zeta potential of the GO were

measured using a ZetaPlus (Brookhaven Instrument Co., Holtsville, NY).

2.2 Porous media
The porous medium used was quartz sand (Standard Sand & Silica Co.) with a size range of

0.5-0.6 mm. The sand was washed sequentially by tap water, 10% nitric acid (v:v) and deionized
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water to remove metal oxides from the surface following the cleaning procedures of Tian et al.
[20]. The zeta potential of the sand porous media under different solution chemistry conditions

was measured following the method developed by Johnson et al [21].

2.3 Bubble column experiment

Bubble column experiments were used to examine the interaction between the GO particles
and the air-water interface, following the protocol of previous studies [22, 23]. An acrylic
column of 2.5 cm diameter and 65 cm height was used and the column was filled with the GO
suspensions during the experiments. The bottom of the bubble column was connected to a small
empty chamber, which was sealed with two stainless steel screens (50 pm mesh size), for
generating air bubbles. A peristaltic pump was used to force air flow (5 mL min™) into the
chamber and then through the steel screens at the bottom of the column. The average radius of
the air bubbles produced with this method was around 5*10™° m. Previous study indicated that
this method can create uniform micro air bubbles moving from the bottom to the top within the
column [23]. Additionally, four sampling ports sealed with stoppers were evenly distributed
along the length of the column to sample for GO solution and determine its temporal and spatial

distribution during the experiments.

2.4 Transport of GO in porous media

An acrylic column of 2.5 cm in diameter and 16.5 cm in height was used. The column has six
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vent holes drilled on opposite sides at 3, 7.5, and 12 cm from the top to the bottom. The vent
holes were sealed with gas-permeable porous PTFE membranes (Milliseal Disk, Millipore) to
allow air to enter the column and maintain unsaturated conditions. For each experiment, the
column was first wet-packed with the acid-clean sand prior to the transport study.

For the saturated transport experiments, the packed sand column was first flushed with DI
water and electrolyte solution induced in a downward direction using a peristaltic pump
(Masterflex LS, Cole Parmer Instrument, Vernon Hills, IL) at a rate of 1 mL min™.
Hydrochemical equilibration was reached by applying 3 pore volumes (PVs) of DI water
following 3 PVs of background solution made up of an electrolyte concentration (1, 10 or 100
mM NaCl) matching the GO suspension.

For the unsaturated transport experiments, two peristaltic pumps (Masterflex LS, Cole Parmer
Instrument, Vernon Hills, I1L) connected at the column inlet and outlet were used first to regulate
the sand-pack moisture content and then to maintain downward and steady-state flow in the
column. Initially, a saturated column was drained by elevating the outflow rate 5% higher than
the inflow rate. When the target moisture content was reached (i.e., 0.22), the inflow and outflow
rates were equalized to 1 mL min™. Similar to the procedure for saturated transport experiments,
hydrochemical equilibration was achieved by pumping 3 PVs of DI water and then 3 PVs of
background solution of an electrolyte concentration (1, 10 or 100 mM NaCl) matching the GO
suspension.

The breakthrough experiment was then initiated by injecting at the column inlet a 3 PV pulse
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of GO suspension (12 mg/L) at the above specified rates for each water saturation condition. The
effluent of the column was sampled using a fraction collector every 4 minutes and the
concentration of the GO effluent was monitored by UVS as described above. The same
procedure for breakthrough experimentation and sample collection was used for both saturated

and unsaturated experiments.

2.5 Mathematical models

The extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory was used to
calculate the interaction forces between GO particles, GO particles and quartz sand, and GO
particles and the air-water interface. Here, interactions between GO particles control their
stability in suspensions, interactions between GO and the sand are indicative of deposition in
both saturated and unsaturated conditions , while interactions between GO and the sand as well
as the air-water interface indicate the likelihood for deposition in unsaturated conditions. The
XDLVO forces included van der Waals attraction, electric double layer repulsion, and Lewis
acid-base (AB) interactions. Details of the expression for each force are included in the

Supporting Information (S1).
A transport model based on the advection-dispersion-reaction (ADR) theory was used to

simulate the retention and transport of GO in the sand columns. The governing equations can be

written as [24, 25]:
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where C is the concentration of suspended GO in pore water (M L), tis time (T), D is the
dispersion coefficient (L? T™), z is the distance traveled in the direction of flow (L), v is the
average linear pore-water velocity (L T™), pp is the medium bulk density (M L), nis the
porosity, S is the deposited/retained particle concentration, Kk is the particle retention constant,
S, 1S the maximum deposited/retained particle concentration. This model was applied to
simulate the experimental breakthrough curves and was 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.

3. Results and discussion
3.1 XDLVO energy

The zeta-potential values for GO particles and the quartz sand under the three ionic strength
conditions are presented in Table 1 with which XDLVO forces were determined. Zeta-potential
results indicate that the sand was consistently more negative than that of the GO particles under
matching ionic strength condition. The XDLVO interaction energy profiles at the range of ionic
strengths used are presented in Figure 1 for GO and GO (Figure 1a), GO and sand (Figure 1b), as
well as for GO and the air-water interface (Figure 1c). Inserts illustrate secondary energy

minimum wells.



The XDLVO energy profiles between the GO particles (Figure 1a) show strong primary
energy barriers higher than 7 mJ/m? (i.e., 1.7 kT/nm?) for all three ionic strength conditions,
which is hard to overcome because the diameter of the GO particles was 1-5 um (as reported by
the manufacture). Thus, it can be concluded that, under the experimental conditions tested,
aggregations of GO particles through primary minimum interactions were negligible. Previous
studies indicated that increasing ionic strength conditions can reduce the energy barrier through
reducing the repulsive electric double layer forces [26-28]. In this study, however, the primary
energy barrier stayed almost unchanged when the solution ionic strength increase from 1 mM to
10 mM and 100 mM. It has been also reported in the literature that increasing ionic strength
conditions may introduce secondary minima for nanoparticles to aggregate [27, 29-31]. The
XDLVO energy profiles between the GO particles confirmed this and showed two secondary
minimum wells at -0.0013 mJ/m? (-0.00032k kT/nm?) and -0.021 mJ/m? (-0.0051 kT/nm?) for
the ionic strength of 10 mM and 100 mM, respectively. These results suggested that the GO
particles in the 10 mM and 100 mM electrolyte solutions could aggregate through the secondary
minimum attachment.

Similarly, increasing ionic strength conditions had little effect on the primary energy
barriers but deepened the secondary-minimum wells between GO and the sand surface (Figure
1b). The primary energy barriers of all three tested conditions were very high (around 7 mJ/m?),
suggesting these conditions were unfavorable for the attachment of the GO particles on the sand

surfaces at the primary minima. However, the XDLVO energy profiles showed that the GO
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particles could deposit on the sand surfaces through the secondary minimum attachment at ionic
strength of 10 and 100 mM.

The XDLVO energy profiles between the GO and the air-water interface (Figure 1c) were
different from the above-mentioned profiles and showed much lower primary energy barriers.
Increasing in ionic strength not only deepened the primary energy minimum wells (from -17 to
-25mJ/m?), but also reduce the primary energy barriers (from 0.16 to 0.03 mJ/m?). The energy
profiles of GO and the air-water interface did not exhibit secondary-energy minima for any
condition, suggesting that the GO particles cannot attach to the air-water interfaces through the

secondary minimum deposition.

3.2 Stability of GO in different ionic strength conditions

Temporal changes of concentrations of GO aqueous solutions under three different ionic
strength conditions were exhibited in Figure 2. In general, the GO particles were stable in all
three electrolyte solutions. The relative concentrations of GO particles in the suspension stayed
unchanged under the ImM NaCl condition during the experiment, which is consistent with
results of the XDLVO theory that the condition is unfavorable for the aggregation in neither
primary nor secondary minima. When the ionic strength increased to 10 mM, it did not show
obvious effect on the relative concentrations of the GO particles, although its XDLVO profile
showed a secondary minimum at a separation distance at around 20nm. This inconsistency is

probably because the secondary minimum well is relatively low. Under the 100 mM NaCl
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condition, the GO suspension became slightly less stable and the relative concentration reduced
to about 0.95C, (where C, is the initial GO concentration) after 7 hrs. This result is consistent
with the predictions of the XDLVO theory that high ionic strength may promote the aggregation

of GO particles at the secondary minimum.

3.3 GO transport in bubble column

The changes of concentrations of GO with different temporal and spatial distributions in
bubble columns are shown in Figure 3. The concentration of GO within the bubble column
almost stayed unchanged for more than 4 hours with continuous bubble injections at the four
locations. This result suggested that the experimental conditions are not favorable for the GO
suspensions to deposit onto the air-water interfaces. This is probably because the GO particles
could not overcome the energy barriers to reach the primary minimum wells, although the

XDLVO energy profile showed deep primary minima for all three ionic strength conditions.

3.4 Transport of GO in porous media

Breakthrough curves of GO in saturated and unsaturated columns under different ionic
strength conditions are shown in Figure 4. Under saturated conditions, the transport of GO
exhibited high mobility with a recovery rate around 100% under the ImM NaCl Condition
(Figure 4a). The retention of GO increased to 14.1% when the ionic strength was increased to

10mM (Table 2). The recovery rates of GO decreased dramatically when the ionic strength
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increased to 100 mM and about 97% of the GO particles were retained in the column (Figure 4a).
These results are consistent with the XDLVO energy profiles of the interaction between GO
particles and sand surfaces as shown in Figure 1b. Because the GO particles are stable under all
the experimental ionic strength conditions (Figure 2), the retention of GO particles in the
saturated porous media under higher ionic strength conditions can be mainly attributed to the
deposition in the secondary minima. Other mechanisms, such as pore straining and ripening, may
not be very important under the tested experimental conditions.

lonic strength showed similar effect on GO transport in unsaturated porous media and the
retention of GO particles in the unsaturated columns was around 4.4%, 24.6%, and 98.5% for
ionic strength of 1 mM, 10 mM, and 100 mM, respectively (Table 2). This further confirmed the
predictions of the XDLVO theory of the secondary minimum deposition under higher ionic
strength conditions. Although the bubble column experiments indicated that air-water interface
could not capture any GO particles for the three ionic strength conditions tested, the retention of
GO in the unsaturated columns were about 3.8%, 10.3% and 1.5% lower than that of saturated
experiment, respectively. The enhanced retention of GO particles in the columns under
unsaturated conditions could be caused by additional deposition mechanisms, such as film
straining, which is commonly observed for colloid transport in unsaturated porous media [16, 17,
25, 32]. Additional investigations are still needed to further determine the mechanisms governing
the deposition and transport of GO particles in unsaturated porous media.

We used the ADR model to simulate the experiments and the dispersion coefficient was
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obtained by the breakthrough data of bromide from our previous studies [23, 33-35]. The model
simulations matched the experimental data very well for not only saturated sand column but also
unsaturated condition. The R? and the best-fit values of the two fitting parameters (i.e., k and Spax)
for GO were in Table 2. Although the maximum capacity term, Spax, Were used in all simulations,
some of the experimental breakthrough curves did not reflect the influences of the previous
depositions and the model simulations were insensitive to the Spax. Thus, the reactive equation of
the model (equation 2) could be reduced to the first-order kinetics equation by setting Smax to
infinite for those simulations. For the ionic strength of 10 mM, the best-fit Spax value of GO
transport in the unsaturated column was around 1.47 mg g™, slightly higher than that in the
saturated column (1.28 mg g*). This results confirmed that addition deposition mechanism(s)
could occur in unsaturated porous media to enhance the retention of GO particles. The best-fit k
values of GO transport under three ionic strength conditions ranged from 0.00018 to 0.12 min™
and 0.0020 to 0.28 min™ in saturated and unsaturated columns, respectively. As anticipated, the k
value increased as the water ionic strength increased for both saturated and unsaturated porous
media. In addition, under the same ionic strength condition, both the best-fit parameter values
and recovery rate of GO in unsaturated sand column were lower than that in saturated media. The
results confirmed that GO has mobility in porous media, particularly high mobility under low
ionic strength condition. Overall ionic strength played an important role in affecting the transport
of GO in both saturated and unsaturated porous media. It can be anticipated that a mass of GO,

when released into soils, might have a great impact on both the vadose zone and groundwater
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systems.

4. Conclusions

This study demonstrated that GO has high mobility in both saturated and unsaturated
porous media under low ionic strength conditions. Increasing ionic strength could dramatically
reduce the transport of GO particles in porous media. The result also suggested that moisture
content also played an important role in the retention and transport of GO in porous media.
Recovery rate of GO under unsaturated sand column were lower than which under saturated
media in the same ionic strength condition. In addition, mathematic models based on the
advection-dispersion-reaction equation could be used to simulate the retention and transport of
GO in both saturated and unsaturated porous media. It can be concluded that a mass of GO,
when released to groundwater systems, may have impacts on groundwater environment, as well

as other aquatic systems.
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Figure Captions

Figure 1. XDLVO energy between GO particles (a), GO and sand (b), and GO and air-water
interface under three different ionic strength conditions.

Figure 2. Stability of GO in aqueous solutions under three different ionic strength conditions.
Figure 3. GO concentrations at four sampling ports in the bubble columns measured at different
time intervals and ionic strength conditions.

Figure 4. Transport of GO in saturated (a) and unsaturated (b) sand columns under different ionic

strength conditions. Symbols are experimental data and lines are model results (simulated data).
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Tables

Table 1. Surface properties of the GO and sand used in this work

Electrophoretic mobility(*10® m?/Vs) Zeta-potential(mV)
ImM 10mM 100mM ImM 10mM 100mM
GO -2.93 -2.7 -2.24 -37.48 -34.42 -28.64
Sand -4.99 -4.25 -2.65 -63.82 -54.37 -33.9

Table 2. Best-fit parameter values and recovery rate calculation for GO in saturated (0.40) and

unsaturated (0.22) porous media.

Moisture content  lonic strength  Spmax(Mg g?)  K(min™) Recovery (%)  R?

0.40 1mM — 1.80E-04 99.4 0.99
0.40 10mM 1.28 6.74E-03 85.9 0.99
0.40 100mM — 1.18E-01 3.0 0.55
0.22 1 mM — 2.00E-03 95.6 0.99
0.22 10 mM 1.47 3.07E-02 75.6 0.99
0.22 100 mM — 2.79E-01 15 0.88
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Figure 2
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Relative Concentration(C/Cy)

Figure 3
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Figure 4
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