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Accurately predicting the fate and transport of graphene oxide (GO) in porous media is

critical to assess its environmental impact. In this work, sand column experiments were

conducted to determine the effect of input concentration and grain size on transport,

retention, and size perturbation of GO in saturated porous media. The mobility of GO in the

sand columns reduced with decreasing grain size and almost all GO were retained in fine

sand columns for all of the tested conditions. This result can be explained with colloid

filtration and XDLVO theories. Input concentration also influenced the retention and

transport of GO in the sand columns because of the ‘blocking’ mechanism that reduces the

particle retention rate. After passing through the column, average GO sizes increased

dramatically. In addition, the sizes of GO retained in the sand also increased with travel

distance. These results suggested that transport through the porous media induced GO

aggregation. A mathematical model based on the advectionedispersion equation coupled

with the second-order kinetics to reflect the blocking effect simulated the experimental

data well.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene oxide (GO) is a layered carbon-based nanomaterial

that contains graphene sheets and oxygen-bearing functional

groups (Dreyer et al., 2010). As an emerging class of carbon

nanomaterial, GO has received increasing attention in many

new fields of application because of its unique structure and
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exceptional physical and chemical properties (Eda et al., 2008;

Chen et al., 2012; Kim et al., 2012; Yang et al., 2013). Given the

potential for wide applications and rapid growth in production

of this new engineered nanomaterial, it is inevitable that a

considerable amount of GO nanoparticles (nanosheets) will be

released into the environment, including soil and ground-

water systems, during manufacture, transportation, use, and
092.
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disposal. Furthermore, recent studies have shown that GO can

be toxic toward a variety of organisms including bacteria,

animals, and humans (Chang et al., 2011; Wang et al., 2011;

Gurunathan et al., 2013). In order to evaluate and determine

the environmental impact and potential risk of this new ma-

terial, an understanding of the transport behavior of GO in

porous media is needed.

To date, only few investigations have been directed toward

understanding the deposition and transport of GO nano-

particles in porous media (Feriancikova and Xu, 2012;

Lanphere et al., 2013; Liu et al., 2013a, 2013b). These studies

showed that the mobility of GO nanoparticles is strongly

affected by the solution chemistry (e.g., ionic strength),

moisture content, and medium surface properties

(Feriancikova and Xu, 2012; Lanphere et al., 2013; Liu et al.,

2013a, 2013b), which are among the most common environ-

mental conditions that have large influences on the fate and

transport of other engineered nanoparticles (Tian et al., 2011,

2012; Liang et al., 2013). In addition, findings from these

studies also suggested that current theories and models of

colloid (nanoparticle) deposition and transport in porous

media can be applied to describe the transport behaviors of

GO particles with reasonable accuracies (Feriancikova and Xu,

2012; Lanphere et al., 2013; Liu et al., 2013a, 2013b). Never-

theless, transport and retention processes for GO in porous

media are far from fully understood.

Several studies have demonstrated that both particle

input concentration and porous medium grain size can

strongly affect the deposition and transport of colloidal and

nanosized particles in porous media under various condi-

tions (Bradford and Bettahar, 2006; Bradford et al., 2009;

Wang et al., 2012a; Liang et al., 2013). Wang et al. (2012a)

investigated the effect of input concentration on the reten-

tion and transport of silica nanoparticles in porous media

and showed that a lower particle number concentration can

lead to higher relative retention and less surface coverage.

Similarly, Kasel et al. (2013) and Liang et al. (2013) found that

that the mobility of functionalized multi-walled carbon

nanotubes and silver nanoparticles in porous media

increased at higher input concentrations. These effects of

input concentration on nanoparticles retention and mobility

have typically been attributed to blocking or filling of a

limited number of retention sites (Johnson and Elimelech,

1995; Camesano and Logan, 1998; Bradford and Bettahar,

2006). The porous medium grain size has also been found

to play an important role in controlling the retention and

transport of nanoparticles (Bradford and Bettahar, 2006; Li

et al., 2008; Liang et al., 2013). Filtration theory predicts that

the nanoparticle mass transfer rate to collector surfaces in-

creases with a decrease in the grain size (Yao et al., 1971;

Tufenkji and Elimelech, 2004). The maximum solid phase

concentration of retained nanoparticles has also been

observed to increase with a decrease in grain size (Li et al.,

2008; Liang et al., 2013). Both of these factors indicate that

nanoparticle retention is expected to increase in finer grained

porous media. Conversely, Tian et al. (2011) found that grain

size had little effect on the transport of surfactant-dispersed

single-walled carbon nanotubes in saturated porous media.

The influence of particle input concentration and porous

medium grain size on the transport of GO nanoparticles,
which have unique structure and surface properties, still

have not yet been reported.

A number of publications have demonstrated that the size

distribution of nanoparticle suspensions can change during

transport (Solovitch et al., 2010; Chen et al., 2011; Jiang et al.,

2012; Wang et al., 2012b, 2012c). Jiang et al. (2012) found that

ZnO nanoparticles aggregated during transport, and that the

retained aggregate size decreased with transport distance.

Wang et al. (2012c) and Solovitch et al. (2010) reported that the

average size of TiO2 nanoparticles increased dramatically

after passing through sand columns. Conversely, Chen et al.

(2011) and Wang et al. (2012b) found that the size of TiO2

and Alizarin red S labeled hydroxyapatite nanoparticles,

respectively, decreased after transport through sand. Differ-

ences in the size distribution of nanoparticles with transport

have been associated with non-exponential distributions of

retained nanoparticles that are not consistent with filtration

theory predictions (Chen et al., 2011; Jiang et al., 2012; Wang

et al., 2012b). Previous research has not examined the effects

of changes in the graphene oxide size distribution during

transport, or determined how this influences the retention

profile shape. It is likely that such changes in the retention

profile shapewill also depend on the input concentration level

and the grain size (Kasel et al., 2013; Liang et al., 2013).

The overarching objective of this work was to determine

the mechanisms governing GO transport in saturated porous

media under different particle input concentration and grain

size conditions. Laboratory columns packed with quartz sand

of three grain sizes (0.1e0.2 mm, 0.5e0.6, and 0.85e1.0 mm)

were used as experimental porous media. Dispersed GO of

three concentrations (5, 10, and 25 mg/L) were applied to the

columns for breakthrough and retention analysis. The specific

objectives were to: (1) determine the effect of particle input

concentration and grain size on GO retention and transport,

(2) compare the size distribution of GO in influent, effluent and

sand media, (3) understand the governing GO retention

mechanisms, and (4) model the transport and retention of GO

in saturated porous media.
2. Materials and methods

2.1. GO

Single layer GO (ACS Material, Medford, MA), prepared by the

modified hummer's method (according to the manufacture),

was used as received from the manufacturer. The physical

dimensions of GO were determined in a previous study with

an atomic force microscope (AFM) and the results indicated

that the average thickness and the average square root of the

area of the GO are 0.92 ± 0.13 nm and 582 ± 111.2 nm,

respectively (Wu et al., 2013).

For stock suspensions preparation, 50 mg of GO were

added into 500 mL deionized (DI) water and the mixture was

then sonicated for 2 h with a Misonix S3000 ultrasonicator

(QSonica, Newtown, CT) for thorough dispersion. Prior to

each experiment, the stock solution was diluted to a desired

GO concentration and ionic strength (20 mM NaCl) with DI

water and a 100 mM NaCl solution. The solution ionic

strength was selected based on the findings of our previous

http://dx.doi.org/10.1016/j.watres.2014.09.025
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study that GO particles are very stable with low NaCl con-

centrations (�30 mM) (Wu et al., 2013). Three input concen-

tration levels (Co) of 5, 10, or 25 mg/L were employed in the

transport experiments. The pH values of the GO suspensions

were 4.9e5.4.

Concentrations of the GO suspensions were monitored

with an Evolution 60 UVeVis Spectrophotometer (Thermo

Scientific, Waltham, MA) at a wavelength of 230 nm followed

the method of Liu et al. (2013a). The hydrodynamic diameter

of the GO wasmeasured by a ZetaSizer (Malvern Instruments,

Worcestershire, U.K.) with a He�Ne laser (633 nm). The elec-

trophoretic mobility of the GO was determined using a Zeta-

Plus (Brookhaven Instrument Co., Holtsville, NY). Stability of

the GO suspensions was also determined by monitoring the

light absorption and hydrodynamic diameter of the GO over

time for 8 h and the results indicated that the GO suspensions

were stable under the tested experimental conditions

(Figure S1, Supporting Information).

2.2. Porous media

Quartz sand (Standard Sand & Silica Co.) was used in this

study and was sieved into three different size ranges: fine

(0.1e0.2 mm), medium (0.5e0.6 mm), and coarse

(0.85e1.0 mm). The sand was washed sequentially by tap

water, 10% nitric acid (v:v) and deionized water to remove

metal oxides and other impurities following the procedures of

Tian et al. (2010). The zeta potential of the sand wasmeasured

following the method developed by Johnson et al. (1996).

2.3. GO transport and retention

GO transport experiments were performed in acrylic columns

(2.5 cm inner diameter, 16.7 cm length) that were wet-packed

with the sands of different sizes (i.e., fine, medium, or coarse).

Stainless steel membranes with 50 mm pores (Spectra/Mesh,

Spectrum Laboratories, Inc.) were used at both inlet (bottom)

and outlet (top) to seal the column and to distribute the flow.

Solutions were pumped upward through the column at a

constant rate of 1mL/min (Darcy velocity of 0.2 cm/min) using

a peristaltic pump (Masterflex L/S, Cole Parmer Instrument,

Vernon Hills, IL).

The packed sand column was first flushed with 4 pore

volumes (PVs) of DI water and then 4 PVs of electrolyte solu-

tion (20 mM NaCl). A breakthrough experiment was then

initiated by injecting a 4 PV pulse of the selected GO suspen-

sion (different input concentrations of 5, 10, or 25 mg/L), fol-

lowed by flushing with 3 PVs of the 20 mM NaCl electrolyte

solution. A fraction collector (IS-95 Interval Sampler, Spec-

trum Chromatography, Houston, TX) was used to collect the

effluent samples from the column outlet. The concentration

and hydrodynamic diameter of GO in the effluent were

measured immediately after sample collection with the

methods mentioned previously.

The spatial distributions of retained GO in the sand col-

umns were determined right after the breakthrough experi-

ment. The quartz sand in each column was carefully

excavated in ~2 cm increments and transferred into 50 mL

vials. The GO particles were detached from the surface of the

quartz sand by adding about 20 mL of DI water into the vials
and the mixtures were gently shaken for 1 h. Previous studies

have shown that DI water can effectively remobilize GO par-

ticles retained on sand surfaces (in the secondary minima)

(Lanphere et al., 2013). The supernatant was taken immedi-

ately to determine the concentrations and the hydrodynamic

diameters of the remobilized GO particles. The amount of the

sand in each vial was determined after drying in an oven for

�12 h at a temperature of 60 �C.
2.4. Modeling GO transport and retention

The following mass balance equations were employed to

describe the transport and retention of GO in saturated porous

media (Bradford et al., 2002):

vðqCÞ
vt

¼ v

vZ

�
qD

vC
vZ

�
� vðqCÞ

vZ
� vðrbSÞ

vt
(1)

vðrbSÞ
vt

¼ qjkC (2)

where q is the volumetric water content [-], C is the aqueous

phase GO concentration [N L�3, N and L denote the number of

GO and units of length, respectively], t is time [T, T denotes

time units], z is the distance from the column inlet [L], D is the

hydrodynamic dispersion coefficient[L2 T�1], q is the Darcy

water flux [L T�1], j is a dimensionless function to account for

site “blocking” [-], k is the “clean-bed”, first-order retention

coefficient [T�1], rb is the soil bulk density [M L�3, M denote

units of mass], and S is the solid phase GO concentration[N

M�1]. The first and second terms on the right hand side of

Equation (1) account for dispersive and advective transport of

GO in the aqueous phase, whereas the third term is used to

describe GO retention on the solid phase. The pore water ve-

locity and dispersivity values in the GO transport simulations

were based on values determined from the conservative tracer

experiments.

The colloid filtration theory has often been applied to

model the retention of engineered nanoparticles in saturated

porous media (Tian et al., 2010; Feriancikova and Xu, 2012;

Gurunathan et al., 2013). In this case, a constant, first-order

rate expression (i.e., j equals 1) is used to describe the reten-

tion kinetics. A number of studies have demonstrated that

nanoparticle retention may also be subject to blocking

(Bradford et al., 2002; Bradford and Bettahar, 2006; Chowdhury

et al., 2011; Kasel et al., 2013; Liang et al., 2013). The site

“blocking” effect was modeled using the Langmuirian

approach (i.e., second-order kinetics) (Deshpande and

Shonnard, 1999) as:

j ¼
�
1� S

Smax

�
(3)

where Smax is the maximum solid phase concentration of

deposited GO [N M�1]. Equation (3) assumes that the retention

rate linearly decreases as S approaches Smax.

The abovemodel was applied to simulate the experimental

breakthrough curves (BTCs) and retention profiles (RPs) by

simultaneously inverse fitting of k and Smax using the Lev-

enbergeMarquardt nonlinear least squares optimization al-

gorithm in HYDRUS-1D.

http://dx.doi.org/10.1016/j.watres.2014.09.025
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3. Results and discussion

3.1. XDLVO energy

The average hydrodynamic diameter of GO particles in 20 mM

NaCl solution was determined to be 590 ± 94 nm (Figure S1),

which is similar to the AFM result (Wu et al., 2013). The elec-

trophoretic mobility and corresponding zeta-potential values

of the GO particles and the three types of quartz sand are

shown in Table 1. Under the experimental conditions, the

electrophoreticmobility values of theGOand the sandwere all

negative. The corresponding zeta potentials of the GO and the

three types of sand were �39.92 to �25.54 mV. Although the

tree types of quartz sandwere obtained from the samevendor,

their zeta potential values were different, probably because

they may contain different type of trace elements (Gotze and

Lewis, 1994). XDLVO theory was used to calculate the interac-

tion forces between theGO (nanosheets) and the three types of

quartz sand, assuming plateeplate interactions (Feriancikova

and Xu, 2012; Wu et al., 2013). The XDLVO forces include van

derWaals attraction, electric double layer repulsion, andLewis

acidebase interactions. Details about the XDLVO theory can be

found in the Supporting Information (S1).

The interaction between the GO and the three types of sand

werecalculated tobe repulsive. TheirXDLVOenergyprofilesall

showed energy barriers higher than 11.4 mJ/m2 (i.e., 2.76 kT/

nm2) to the primary minimum (Fig. 1). It is almost impossible

for GO particles to overcome these energy barriers to attach to

the sand surfaces in a primary minimum (Shen et al., 2007).

However, the XDLVO curves showed the presence of a sec-

ondary minimum of �6.77 � 10�4 mJ/m2 (i.e., �1.64 � 10�4 kT/

nm2), �6.34 � 10�4 mJ/m2 (i.e., �1.54 � 10�4 kT/nm2), and

�7.34 � 10�4 mJ/m2 (i.e., �1.78 � 10�4 kT/nm2) for GO with

coarse, medium, and fine sand, respectively. When these

values aremultiplied by the average cross-sectional area of the

GOparticles (338,724nm2,AFMresult (Wuet al., 2013)) then the

average depth of the secondary minimum becomes very sig-

nificant (�49.5 kT). This observation suggests that GO particles

may interact with the three types of sand in a secondary

minimum. Similar interaction energy profiles for GO particles

and quartz sand in electrolyte solutions have been reported in

the literature (Feriancikova and Xu, 2012; Liu et al., 2013a).
3.2. GO transport and retention

Observed and simulated BTCs for GO in the saturated sand

columns for various grain sizes and input concentration levels

are presented in Fig. 2aec. The data is plotted as normalized
Table 1 e Basic surface properties of GO and sand
medium.

Electrophoretic mobility
( � 10-8 m2/V)

Zeta-potential (mV)

GO �2.27 ± 0.12 �30.73 ± 1.58

Sand (coarse) �2.48 ± 0.16 �32.56 ± 2.14

Sand (medium) �2.95 ± 0.20 �39.92 ± 2.76

Sand (fine) �1.89 ± 0.15 �25.54 ± 2.05
effluent concentration (C/Co) as a function of pore volumes

passed through the column. The corresponding RPs for GO in

the sand are given in Fig. 2def. The RPs are plotted as the

normalized solid phase concentration (S/Co) against the dis-

tance from the column inlet (Fig. 2def). The simulations were

obtained from the solution of Equations (1)e(3). Mass balance

information (effluent, sand, and total) for these experiments is

provided in Table 2. A summary of the fitted model parame-

ters is given in Table 3, as well as the Pearson's correlation

coefficient for the goodness of model fit (R2).

Colloid filtration theory (Yao et al., 1971) predicts BTCs that

are symmetric and RPs that are exponential with depth.

Conversely, the BTCs for GO tended to be asymmetric, with

values of C/Co increasing with continued GO injection.

Asymmetric breakthrough behavior has been observed in

previous studies of colloid and nanoparticle transport in

saturated porous media (Bradford et al., 2002; Bradford and

Bettahar, 2006; Chowdhury et al., 2011; Kasel et al., 2013;

Liang et al., 2013). Findings from these studies suggest that

this time-dependent retention process cannot be simply

described as a constant rate, first-order deposition coefficient.

Instead, the kinetics of particle retention on grain surfaces

will decrease over time as the attachment sites are blocked or

filled by previously retained particles (Bradford et al., 2002;

Bradford and Bettahar, 2006). Similarly, the shape of the GO

RPs in this work was inconsistent with the predictions of

clean-bed filtration theory. Blocking will also influence the

shape of the RPs. In particular, RPs will transition from

exponential to uniform with depth as the S approaches Smax.

With best-fit parameters, the blocking model matched the

experimental BTCs and RPs very well (Fig. 2, Table 3).

Mass balance calculations indicated that the total column

mass balance ranged from 96.2% to 113.2% (Table 2), providing

a high degree of confidence in our experimental procedures.

The mass balance results also confirm that GO retention on

the sand surface was strongly influenced by the secondary

minima because almost all of the previously retained GO

particles were released from the sand after washing with DI

water (Hahn and O'Melia, 2004). When the solution chemistry

changed from 20mMNaCl to DI water, the secondary minima

disappears because of an increase in double layer thickness.

XDLVO profiles of the interactions between GO and the three

types of sand in DI water can be found in Figure S2 of the

Supporting Information.

3.3. Grain size

Fig. 2 indicates that the sand grain size had a strong influence

on the amount of GO transport and retention. In comparison

with the coarse and medium sand, the fine sand had the

highest removal of GO particles under the tested conditions.

In fact, nearly no breakthrough of GO in the fine sand columns

was observed for all three input concentrations (Fig. 2c). Mass

balance calculations showed that less than 1% of GO were

recovered in the effluents of the fine sand (Table 2). The

mobility of GO in the coarse and medium sand columns were

higher with recovery rates of 26.6%e56.9% and 16.4%e33.2%

(Table 2), respectively, depending on Co. Retention of GO at a

given Co tended to increase with decreasing sand size (e.g.,

fine > medium > coarse). Several previous studies have also

http://dx.doi.org/10.1016/j.watres.2014.09.025
http://dx.doi.org/10.1016/j.watres.2014.09.025
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Fig. 1 e XDLVO energy between GO particles and coarse (a), medium (b), or fine (c) sand in 20 mM NaCl solution.
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observed that the retention of other engineering nano-

particles in saturated porous media increased when the

porous medium grain size decreased (Kasel et al., 2013; Liang

et al., 2013). Kasel et al. (2013) and Liang et al. (2013) have
Fig. 2 e Observed and simulated (using best-fit deposition para

(def) of GO of different input concentrations in coarse (a, d), me

experimental data and lines are model results.
attributed this effect to an increasing rate of mass transfer to

the collector surface as the grain size decreases. This trend is

predicted by colloid filtration (Yao et al., 1971; Tufenkji and

Elimelech, 2004). Furthermore, the XDLVO energy profiles
meters) breakthrough curves (aec) and retention profiles

dium (b, e), and fine (c, f) sand columns. Symbols are

http://dx.doi.org/10.1016/j.watres.2014.09.025
http://dx.doi.org/10.1016/j.watres.2014.09.025


Table 2 e Summary of experimental conditions and mass balance information.a

Sand size Input concentration (Mg/L) Porosity Pore velocity (cm/min) Disp.(cm) ME MR MT

Coarse 25 0.39 0.52 0.1195 56.9% 39.7% 96.6%

Coarse 10 0.39 0.52 0.1195 41.5% 54.7% 96.2%

Coarse 5 0.39 0.52 0.1195 26.6% 86.6% 113.2%

Medium 25 0.41 0.51 0.1038 33.2% 78.1% 111.3%

Medium 10 0.41 0.51 0.1038 20.3% 86.5% 106.8%

Medium 5 0.41 0.51 0.1038 16.4% 94.2% 110.6%

Fine 25 0.39 0.52 0.0504 0.22% 103.3% 103.5%

Fine 10 0.39 0.52 0.0504 0.57% 97.2% 97.8%

Fine 5 0.39 0.52 0.0504 0.57% 102.0% 102.6%

a Disp. is the longitudinal dispersivity determined on basis of the conservative tracer study, andME, MR, andMT aremass percentages recovered

from effluent, sand and total, respectively.
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(Fig. 1) show that the depths of the secondary minimumwells

for the three types of sand were similar, suggesting that they

should have similar attachment efficiencies (Hahn et al.,

2004). Thus the overall removal rate of the GO by sand

should increase with decreasing grain size.

The best-fit values of k ranged from 0.03 to 0.06, 0.05e0.09,

and 0.61e1.39 min�1 for GO retention on coarse, medium, and

fine sand grains, respectively (Table 3). As discussed above,

this result is consistent with the predictions of colloid filtra-

tion theory and XDLVO theory that finer sand should have

higher GO removal efficiencies. The best-fit values of Smax

ranged from 10.5 to 12.3, 7.7e38.9, and 26.7e84.6 mg/g for

coarse,medium, and fine sand grains, respectively. For a given

Co the value of Smax increased with decreasing sand grain size.

This observation suggests that the number of attachment

sites for GO retention increases with the surface area of the

sand. It also implies that blocking should be more important

in coarser textured sand. Indeed, Fig. 2 indicates that blocking

effects on the BTCs (asymmetric) and RPs (transitioning from

exponential to uniform with depth) are more pronounced in

coarser textured sand.

It should be noted that the RPs in the fine sand columns

looked similar to an exponential shape. However, the amount

of particles retained in the first two layers, which is more than

90% of the total GOmass, was very close to each other (Fig. 2f).

In this case, most of the attachment sites in these two layers

were occupied by GO particles. This further confirmed that

previously retained GO particles can block or fill retention

sites on grain surfaces. The high values of k and Smax in the

fine sand produced more than 99% retention under the tested
Table 3 e Model parameters of GO retention and transport in t

Sand size Input concentration (mg/L) Best-fit p

k (min�1) Sm

Coarse 25 0.0335

Coarse 10 0.0400

Coarse 5 0.0579

Medium 25 0.0456

Medium 10 0.0699

Medium 5 0.0866

Fine 25 1.388

Fine 10 1.128

Fine 5 0.610
experimental conditions. This implies that fine sand can

potentially be used as a low-cost filter media to remove GO

from water. The high recovery of the GO from the sand in-

dicates that the filter sand can be regenerated by simply

mixing and rinsing with DI water.

3.4. Input concentration

It was hard to determine the effect of input concentration on

GO transport in fine sand columns because there was no/little

GO breakthrough (Fig. 2c). However, less GO breakthrough

occurred with lower input concentration in the coarse and

medium sand columns (Fig. 2a and b). Mass balance calcula-

tions indicated that the recovery rates of GO in the effluents

almost doubled for both coarse (26.6%e56.9%) and medium

(16.4%e33.2%) sand when the input concentration increased

from 5 to 25 mg/L (Table 2). This concentration dependent

transport behavior can be explained by blocking. In particular,

attachment sites are filled more rapidly by a higher input

concentration. This produces a larger reduction in the reten-

tion rate and thereby diminishes retention and increases the

potential for GO transport in the sand.

The best-fit values of k and Smax for the different experi-

mental systems are presented in Table 3. These values were

obtained through inverse modeling without any physical

constraints. Filtration theory and XDLVO calculations do not

predict a dependence of k and Smax on Co. Interestingly, values

of k and Smax were found to systematically change with Co. In

particular, the value of Smax was found to increase with

increasing Co formost of the cases. It is possible that this trend
he sand columns under various experimental conditions.

arameters Average Smax

ax (mg/g) R2 k (min�1) Smax (mg/g) R2

12.32 0.9883 0.0353 11.08 0.9887

10.43 0.9554 0.0390 11.08 0.9551

10.50 0.9663 0.0571 11.08 0.9658

38.87 0.9274 0.0608 21.07 0.8200

16.66 0.9847 0.0642 21.07 0.9801

7.665 0.9911 0.0614 21.07 0.9586

84.60 0.9881 0.4411 51.22 0.7562

42.39 0.9995 0.5606 51.22 0.9706

26.68 0.9945 0.3464 51.22 0.9856

http://dx.doi.org/10.1016/j.watres.2014.09.025
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Fig. 3 e Size distributions of GO in influents and effluents of coarse (a) and medium (b) sand columns. Data are expressed as

means ± standard deviation (n ¼ 4e9).

wat e r r e s e a r c h 6 8 ( 2 0 1 5 ) 2 4e3 330
maybe an artifact of the selected blockingmodel. For example,

the dependence of Smax on Co may be different when using the

random sequential adsorptionmodel (Johnson and Elimelech,

1995), which assumes a nonlinear dependency on S during

blocking. Additional simulations of the BTC and RP data were

conductedwhen using the average best-fit value of Smax (Table

3) for each sand type (from three GO input concentrations).

The newmodel simulations still matched all the experimental

BTCs and RPs well with seven out of nine R2 values larger than

0.95 and the other two larger than 0.75 (Table 3 and Figure S4,
Fig. 4 e Size distribution of retained GO in coarse (a), medium (

means ± standard deviation (n ¼ 4e9).
Supporting Information). This observation suggests that

Equation (3) provided an adequate description of the ‘block-

ing’ effect for various Co values when using average values of

Smax.

3.5. GO size distributions

The size distributions of the GO particles in the influents, ef-

fluents, and sand media were monitored by measuring their

hydrodynamic diameters. Although the hydrodynamic
b) and fine (c) sand columns. Data are expressed as

http://dx.doi.org/10.1016/j.watres.2014.09.025
http://dx.doi.org/10.1016/j.watres.2014.09.025
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diametermeasurementmay not be themost accuratemethod

to determine the actual GO sizes, it can still provide reason-

able representations of the size distributions of GO nanosheet,

particularly with respect to the trend of GO size perturbations

(Chowdhury et al., 2013; Wu et al., 2013).

In this work, the hydrodynamic diameters of GO in the

influents remained the same before and after the break-

through experiment for all the tested conditions, which is

consistent with the results of the stability test (Figure S1,

supporting information). After passing through the coarse and

medium sand column (no/little breakthrough in fine sand),

the hydrodynamic diameters of GO in the effluents increased

dramatically for all the samples collected at different time

intervals (Fig. 3). Because the GO sizes in the effluents at

different pore volumes were close to each other for all com-

binations of input concentrations (i.e., 5, 10, and 25 mg/L) and

two sand (i.e., coarse and medium), average hydrodynamic

diameters were thus used to compare GO sizes before and

after passing through the sand columns. For coarse sand

columns, the average size of GO in the influents was

574 ± 82 nm and it increased to 1059 ± 267 nm in the effluents.

For the medium sand columns, the average size of GO

increased from 678 ± 63 nm to 1176 ± 246 nm after passing

through the columns. The size distributions of retained GOs in

all the sand columns also showed a trend of increasing par-

ticle sizes with travel distance (Fig. 4). The GO size almost

remained the same as that of the input in the segment near

the column inlet, then increased with increasing transport

distance, and finally reached the largest in the segment near

the column outlet. Regression analysis showed that there are

relatively strong upward trends of the average GO size for

each input concentration in all the columns (Figure S3, Sup-

porting Information). Furthermore, the slope and intercept of

the regression lines increased with increasing sand grain size.

Previous studies of other engineered nanoparticles, such as

TiO2 nanoparticles, have reported an increase in size after

passing through porous media (Solovitch et al., 2010; Chen

et al., 2011; Wang et al., 2012c). One potential explanation

comes from colloid filtration theory predictions that the con-

tact efficiency increases with decreasing particle size when

the suspended particles are smaller than 2 mm (Yao et al., 1971;

Tufenkji and Elimelech, 2004). Consequently, smaller particles

are expected to have a faster deposition rate than the larger

ones (when they are smaller than 2 mm), and the average GO

size is therefore expected to increase with distance from the

column inlet. This hypothesis implies that the variance of the

GO size would decrease with transport distance. Conversely,

the error bars on the data presented in Figs. 3 and 4 indicate

that the variance of the GO size became larger after passing

the column. In addition, this hypothesis also indicates that

the retention rate coefficient would be depth-dependent (Yao

et al., 1971; Tufenkji and Elimelech, 2004), whereas the RPs in

Fig. 2 were well described using Equations (1)e(3).

An alternative hypothesis for an increasing particle size

with transport distance is simultaneous particle aggregation

and deposition in porous media (Solovitch et al., 2010).

Although the GO particles in the influents were stable, their

aggregation rate might increase after entering the porous

media. In support of this hypothesis, Figs. 3 and 4 indicate that

the GO particle size and variance increased when passing
through the porous media. Aggregation in porous media may

occur by ripening when retained particles act as attachment

sites for retention (Tong et al., 2008), but ripening is typically

associated with a decreasing breakthrough curve shape with

continued particle injection which was not observed in Fig. 2.

Alternatively, flow induced aggregation may also occur in

porous media when advective transport provides sufficient

energy for colliding particles to overcome the energy barrier

and aggregate (Chen et al., 2011). Further investigations are

needed to better determine and quantify the controlling

mechanisms of particle size increase during filtration.
4. Conclusions

This work provides new information on retention and trans-

port of GO particles in saturated porous media by not only

evaluating their BTCs and RPs but also monitoring their size

perturbations in the influents and effluents, and within the

sand columns. The results demonstrated that both input

concentration and grain size have impact on the transport and

retention of GO in porousmedia.While the grain size effect on

GO deposition on sand surface matched the predictions of the

colloid filtration theory and the XDLVO theory, the input

concentration effect reflected the site ‘blocking’ mechanism

that is not included in the classic theories. After passing

through the columns, the size of the GO particles increased

with travel distance. Classic colloid filtration theory could not

explain the observed changes in the GO particle size with

transport distance. Conversely, results suggestion that trans-

port through the porous media induced GO aggregation. This

suggested that, in order to accurately predict the fate and

transport of GO particles in porous media, mathematical

models should be derived in a mechanistic way to reflect the

governing deposition and aggregation mechanisms. Findings

from this study also suggested that sandy porous media,

particularly fine sand,may be used as filtermaterial to remove

GO from water.
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