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Abstract

This study focuses on the transport in porous media of graphene oxide nanoparticles (GONP)
under conditions similar to those applied in the generation of in-situ reactive zones for
groundwater remediation (i.e. GO concentration of few tens of mg/l, stable suspension in
alkaline solution). The experimental tests evaluated the influence on GO transport of three
key factors, namely particle size (300-1200 nm), concentration (10-50 mg/L), and sand size
(coarse to fine). Three sources of GONP were considered (two commercial and one
synthesized in the laboratory). Particles were stably dispersed in water at pH 8.5 and showed
a good mobility in the porous medium under all experimental conditions: after injection of 5
pore volumes and flushing, the highest recovery was around 90%, the lowest around 30%
(only for largest particles in fine sand). The particle size was by far the most impacting
parameter, with increasing mobility with decreasing size, even if sand size and particle
concentration were also relevant. The source of GONP showed a minor impact on the
mobility. The transport test data were successfully modeled using the advection-dispersion-
deposition equations typically applied for spherical colloids. Experimental and modeling
results suggested that GONP, under the explored conditions, are retained due to both blocking
and straining, the latter being relevant only for large particles and/or fine sand. The findings
of this study play a key role in the development of an in-situ groundwater remediation
technology based on the injection of GONP for contaminant degradation or sorption. Despite
their peculiar shape, GONP behavior in porous media is comparable with spherical colloids,
which have been more studied by far. In particular, the possibility of modeling GONP
transport using existing models ensures that they can be applied also for the design of field-
scale injections of GONP, similarly to other particles already used in nanoremediation.

Keywords:

Graphene oxide, transport in porous media, nanoparticle size effect, blocking, straining,
nanoremediation

Highlights:

Graphene oxide transport is controlled by blocking and straining phenomena
Graphene oxide mobility in porous media strongly depends on its lateral size

A power law correlates the attachment/detachment coefficients to GO particle size

Good mobility/stability of GO makes it potentially capable in groundwater remediation
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1. Introduction

Graphene oxide nanoparticles (GONP) are carbon-based irregular 2D flakes with a nanoscale
thickness (Chen et al., 2012). GONP contain large amounts of oxygenated functional groups
at the surface, such as carbonyl, carboxyl, hydroxyl, and phenol (Huang et al., 2011). They
have been studied for several, diverse applications, e.g. in electronics, biomedicine, and
sensors (Liu et al., 2013a; Novoselov et al., 2012; Qi et al., 2014a; Tortello et al., 2016). More
recently, laboratory studies showed that GO can effectively remove several organic
contaminants (Akpotu and Moodley, 2018; Igbal and Abdala, 2013; Yang et al., 2013) and
heavy metals (Jiang et al., 2018; Yin et al., 2019; Zhao et al., 2019; Zhou et al., 2016) from
contaminated water. This evidence opens perspectives for several environmental applications,
including wastewater treatment and in-situ remediation of contaminated aquifer systems, in

particular for the removal of recalcitrant compounds and specific contaminants of concerns.

For the in-situ remediation the reference technology is the nanoremediation, that is, the
injection of nanoparticles into the contaminated aquifer system for degradation, sorption
precipitation or complexation of organic or inorganic contaminants (Corsi et al., 2018; Karn
etal., 2009; O'Carroll et al., 2013; Patil et al., 2016; Tosco et al., 2014). The reactive particles
must be dispersed and stably suspended in water-based slurries, thus allowing effective
injection and targeting of the treatment area, which can be accomplished only with a strong
control of the particle mobility in the porous medium. As a consequence, it is of pivotal
importance to understand the main operative parameters controlling particle transport in the
porous medium, and to develop reliable transport models to predict the particle mobility
during injection and the final distribution of the reactive material. In this work, we study at a
laboratory scale the potential injectability of GONP in the subsurface, which is a crucial aspect

for the use of any nanoparticle for in situ treatment of a contaminated aquifer. In particular,
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we study how GONP transport in porous media is affected by those parameters which usually
play a key role in nanoparticle injection for groundwater remediation, namely particle size

and concentration, and porous medium size.

Compared to other materials already used for nanoremediation, eg. zero valent iron NPs,
GONP inherently possess negative charges under a wide range of different environmental
conditions, and can be easily dispersed in aqueous solutions, remaining suspended for a long
period, even in the absence of stabilizers (Liu et al., 2013b; Qi et al., 2014a). Moreover, up to
now most studies demonstrated that GONP tend to poorly interact with the porous medium,
and therefore are retained on sand grains in limited amounts (Dong et al., 2016; Fan et al.,
2015a; Feriancikova and Xu, 2012; Lanphere et al., 2013; Liu et al., 2013a; Liu et al., 2013c;
Qi et al., 2014a; Sun et al., 2015; Xia et al., 2019). Thus, previous studies suggest a good
potential mobility of GONP in aquifers and a relatively easy injectability at the field scale,

compared to other nanoparticles already employed in the nanoremediation.

Until now, studies have been published on the suspension stability, transport and retention of
GONP in porous media (Lanphere et al., 2014; Li et al., 2016; Liu et al., 2013b; Wang et al.,
2017). However, they mostly focused on the influence of solution chemical parameters such
as pH, ionic strength (IS), ion valence, and natural organic matter (NOM) concentration,
which all play a key role on the long term fate of GONP in aquifer systems (Chrysikopoulos
etal., 2017; Fan et al., 2015a; Fan et al., 2015b; Feriancikova and Xu, 2012; Jian-Zhou et al.,
2015; Lanphere et al., 2013; Liu et al., 2013b; Liu et al., 2013c; Lu et al., 2017; Peng et al.,
2017; Qi et al., 2014a; Xia et al., 2019). In particular, the influence of ion concentration and
valence is now relatively well understood. Conversely, in this work we focus mainly on
particle size and concentration and their physical interactions with porous media of different
grain size; all these parameters become extremely relevant when particle suspensions are

injected on purpose in the subsoil.
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Particle size is known to play a critical role in colloid transport, as already elucidated by a
broad literature, from colloid filtration theory and beyond. The porous medium grain size can
have a huge impact on the colloid transport and retention, as predictable by the colloidal
filtration theory (CFT) (Tufenkji and Elimelech, 2004; Yao et al., 1971). However, a direct
extension of known processes and modeling approaches to GONP is not necessarily
straightforward, due to the peculiar shape of such platelets. To the authors’ knowledge, no
previous study has already investigated and quantified the influence of particle size on GONP
transport, and a few studies (Dong et al., 2019; Sun et al., 2012) have investigated the grain
size effect on the transport and retention of GONP. Also, there is a lack of systematic
information about the relationship between size of plate-like nanoparticles and their retention
kinetic parameters. In this study, we consequently develop empirical equations expressing

this relationship.

As a general rule, when colloidal suspensions are fairly stable and particles are sufficiently
small compared to pore size to avoid straining and filtration phenomena, the injected
concentration has a limited impact on particle transport, which is dominated by blocking
phenomena (Tosco et al., 2014). This is the case of colloidal suspensions like bacteria,
carboxylic latex, silica, titania and silver nanoparticles, and carbon nanotubes (Bradford and
Bettahar, 2006; Bradford et al., 2009; Camesano and Logan, 1998; Godinez and Darnault,
2011; Kasel et al., 2012; Liang et al., 2013; Wang et al., 2012; Zhang et al., 2010). When
considering the injection of particle suspensions for nanoremediation, graphene oxide is
expected to be injected in relatively high concentrations (eg. several tens of mg/L) and then
diluted in groundwater. In these conditions, the injected concentration often plays a major role
in particle mobility and distribution in the porous medium. Sun et al. (2015) found that GONP
mobility into sand-packed columns increased at higher input concentrations, coherently with

the good colloidal stability of graphene oxide suspensions. In the present work, the impact of
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the injected concentration on GONP mobility is further studied, extending the range of

conditions explored in the cited study.

In light of what discussed above, the aim of the present research is to elucidate unexplored or
still unclear aspects related to GONP transport in porous media under conditions which could
be expected for its application in nanoremediation, and to provide a reliable modeling
framework able to correctly reproduce the observed processes. Column transport tests were
performed using different graphene oxide types, particle size, injected concentration and sand
samples. The experimental results were modeled using a well-established advection-
dispersion-deposition equation for particle transport, using the numerical solution provided
by the software MNMs (Bianco et al., 2016). Afterwards, the dependence of the model

coefficients on the abovementioned parameters was quantified.
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2. Materials and methods

2.1.  GONP suspensions

In this study, three types of graphene oxide were used, identified as GO1, GOz, and GOs (Table
1). GO1 (Graphenea Inc., Spain) is a single-layer graphene oxide dispersion, provided in a
concentrated stock solution (4 g/L). GOz (Cheap Tubes Inc., US) is a single-layer GO
provided in a dry powder ;from ,a stock solution (2 g/L) was then prepared by suspending the
particles in DI water. GOs was synthesized in the laboratory following an eco-friendly
improved Hummer’s method developed by Chen et al. (2013), and stored in a stock solution

at 1.45 g/L.

The synthesized GOs was characterized into details using the following methods: energy-
dispersive X-ray spectroscopy (EDX, Octane SDD equipped with the SUTW detector,
EDAX, United States), Fourier transform infrared spectroscopy (FT-IR, Bruker FTIR
Equinox 55 spectroscopy, equipped with a MCT cryo-detector, Germany), X-ray diffraction
(XRD, Equinox 3000, Inel, United States), Atomic Force Microscopy (AFM, NTEGRA
AFMNT-MDT, NT-MDT Spectrum Instruments, Russia), and Field Emission Scanning
Electron Microscopy (FE-SEM, Supra 40, ZEISS, Germany). The results of the
characterization are reported in the Supporting Information. For the commercial GO1 and GO:

samples similar analyses were provided by the manufacturers (see Sl for references).
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Table 1: characteristics of GO1, GO, and GO3

Size range i Elemental analysis (***
Name | Producer Synthesis after Number of Thllc:;eersss of ysts ()
method SO”'Cat'f” layers (**) (nm) (**) |Carbon %|Oxygen %|Hydrogen %) Sulfur %
(um) (*) (whw) | (wiw) (wiw) (wiw)
Modified
GO: | Graphenea | Hummer’s 0.3-1.6 1 0.8~1.2 49-56 41-50 0-1 2-4
method
Modified
GO; %Eig Hummer's | 0508 1 07-12 | 3542 | 4555 35
method
Improved
Hummer’s
Gos | (ow | method 0.9-15 1-2 08-2 | 45-60 | 40-55 - <
Y (without using
NaN03)
(*) DLS measurements
(**) AFM analysis for GOs, manufacturers’ data sheets for GO, and GO,
(***) EDX analysis for GO, manufacturers’ data sheets for GO, and GO,

Size and zeta potential measurements were performed using dynamic light scattering (DLS)

(Zetasizer Nano ZSP, Malvern Instruments, UK) for the three GO types.

For all tests, the GONP suspension was prepared immediately before injection by: diluting
the stock solution to the desired GO concentration with DI water, applying probe sonication
(UP200s Hielscher Ultrasound Technology, Germany), adding NaCl and NaOH to adjust,
respectively, ionic strength (20 mM) and pH (8.5£0.5), and degassing in a vacuum chamber
to remove residual air micro-bubbles. For GO1 and GOs, a different sonicating duration was
used to adjust the average size of the particles (see detailed discussion on paragraph 3.1) and
for GO2 a 5 mins sonication was performed. The pH value was selected as typical value for
GONP suspensions with good colloidal stability, which is therefore expected to be used in

case of GO application to groundwater nanoremediation.

2.2.  Porous medium

Silica sand with a minor content of K-feldspar (Sibelco, Dorfner, Germany) was sieved to
obtain three different size ranges: coarse S1 (0.3~1.0 mm, dso=0.75 mm), medium Sz (0.25~0.5

mm, dso=0.4 mm), and fine Sz (0.075~0.6 mm, ds0=0.28 mm). Prior to column packing, to
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remove fine suspended solids, metal oxides and other possible impurities, the sand was
cleaned following the procedure reported in (Liu et al., 2013b; Qi et al., 2014a; Sun et al.,
2015; Tosco et al., 2009). The zeta potential of the sand was measured (Zetasizer Nano ZSP,
Malvern) following the method developed by Johnson et al. (1996). The measured values of
zeta potential were -38+2, -40+1 and -42+2 mV for Si, Sz, and Sz in 20 mM NaCl solution at

pH 8.5, respectively.

2.3.  GONP transport tests

A Plexiglas cylinder (length 15.2 cm, inner diameter 1.6 cm) was wet-packed with degassed
sand following the protocol detailed by Tosco et al. (2012). The column experiments were
performed at a constant injection rate of 1.63x10® m®s, resulting in a Darcy velocity of
8.11x10° m/s. GONP suspensions were prepared following the protocol described in
paragraph 2.1 at concentrations of 50, 20, 15 and 10 mg/L, representative of GONP
concentrations applicable for field injections. The injection protocol involved the following

steps:

- Pre-equilibration of the column with DI water for 5 pore volumes (PVs);

- Pre-flushing with background electrolyte solution (NaCl 20 mM) for 5 PVs;

- Injection of the GONP suspension in the background electrolyte solution for 4.5 PVs;
- Flushing with the background electrolyte solution for 4 PVs;

- Final flushing with DI water for 5 PVs (only for selected column tests).

During the experiments, salt and GONP concentrations were continuously measured at the
column inlet and outlet using an UV-Vis Spectrophotometer (Specord S600, Analytik Jena,
Germany) equipped with flow-through quartz cells with 5 mm light path (Hellma, Germany).
The concentration was continuously monitored at a measurement frequency of 10 seconds at
wavelengths of 198 nm (for dissolved species) and 230 nm (for GONP).

9
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For each column test, the effective porosity (¢) and the dispersity (o) were determined via
inverse fitting of the NaCl breakthrough curve (BTC), according to (Bianco et al., 2016). An
average effective porosity of 0.49(+£0.015), 0.47(=0.005), and 0.44(x£0.015) and an average
dispersity of 5.16(+0.784)x10~* m, 4.87(x0.589)x10* m, and 3.97(+0.813)x10* m were
obtained for the sands Si, Sz, and Ss, respectively. The detailed results for each column test
are reported in Table S1.

At the end of each column test, the sand column was dissected into five sections of 3 cm each
to determine the profiles of retained GO mass and average particle size. The dissection
procedure and the validation of concentration profiles against breakthrough curve mass

balances are detailed in SI.

The GONP column transport tests were performed using different combinations of GO type
(GO1, GO2, and GQOg), size and concentration, as well as different sand average size to

systematically investigate the influence of these parameters on the transport of GONP.

2.4.  GONP transport and retention modeling

The transport and retention of GONP in 1D saturated porous media was modeled using the
general formulation of the advection-dispersion equation modified to include the particle mass
exchange (deposition and release) between liquid and solid phase (Bradford and Bettahar,
2006; Bradford et al., 2003; Hosseini and Tosco, 2013; Qi et al., 2014a; Qi et al., 2014b;
Tosco and Sethi, 2010; Wang et al, 2011) implemented in MNMs

(https://areeweb.polito.it/ricerca/groundwater/software):

0 050 _ _ 2 cocy+ 2 (e %

at (SC) + Zi (pb E) T ox (qC) + 0x (ED ax)
aS;

Pp—, = fi(C.S) = ekq i€ — ppka,S;

(eq. 3)
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where C is the concentration of the nanoparticles in the liquid phase [M L3, t is time [T], €
is the medium porosity [-], i is a subscript regarding to the i" interaction site, pb is the bulk
density of the porous medium [M L], Si is the mass concentration of nanoparticles deposited
on the it site [M M], x is the distance traveled from the inlet [L], q is Darcy flow rate [L T
11, D is the dispersion coefficient [L? T], kai and ka,i are the attachment and detachment
kinetic coefficients, respectively [T?], and wi is a function controlling the interaction
dynamics of colloid deposition for i*" site.

In this study, a 2-site model considering two interaction mechanisms was used to describe
particle interactions with the porous medium, namely, a physico-chemical
attachment/detachment site with a maximum retainable concentration Smax1 [M M7]
(reversible blocking site, i=1) and a second site describing the physical retention of the
nanoparticles (irreversible straining site, i=2). For the second interaction mechanism, the

formulation proposed by Bradford et al. (2004; 2003) was adopted:

b= (1-5) (e.2)
Y, = (1 + diso)ﬂm'z (eq.3)

where dso is the mean size of sand grains [L], and Bstr,2 [-] is a kinetic exponent controlling the

shape of the spatial distribution of retained nanoparticles.

The experimental breakthrough curves (BTCs) of GONP were fitted to the mathematical

model using MNMs. The fitting parameters include the attachment/detachment kinetics (Ka,1,

kad,1, ka2) and the maximum retainable concentration Smax,1. The exponent Bstr,2 was assumed

equal to the value proposed in the literature (0.432) with good results (Bradford et al., 2003).
3. Results and discussions

3.1. Characterization of synthesized GONP (GO3)

11
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EDX analysis indicated that GO1 and GOs contain similar percentages of C and O (Table 1).
For GOz the produce reports a slightly higher content of C and lower of O. FT-IR transmission
spectra confirmed for GOs the existence of epoxide (—O-), carbonyl (-C=0), carboxyl (-
COOH) and hydroxyl (—OH) functional groups on the GOs surface (Figure S2). The XRD
pattern of dried GO3 showed a reflection peak at 20=12°, corresponding to d-space of 0.741
nm (Figure S3). This large interlayer spacing between the sheets implies the existence of
oxygenated functional groups produced by the harsh chemical oxidation of pure graphite
(with the smaller initial d-spacing of about 0.3 nm) and the formation of graphene oxide (Chen
et al., 2013; Paulchamy et al., 2015; Shahriary and Athawale, 2014).

The specific surface area of the GO3 (989 m?%g) was estimated using the methylene blue
titration method proposed by Montes-Navajas et al. (2013). The experimental procedure and
calculations of specific surface area are detailed in the SI (Figure S4).

AFM analysis indicated that the synthesized GOz suspension (in DI, after 45 seconds ultra-
sonication) consisted of single- or two-layer flakes with thickness 0.8~2 nm (Figure S5) and
lateral size of 500~1000 nm. AFM analysis of GO2 provided by the manufacturer evidenced
a similar thickness (up to 3 nm). FE-SEM analysis also showed that the lateral size of GOs
after synthesis (without size adjustment) ranged between 900~1500 nm (Figure S6).

GONP formed stable colloidal suspensions: kinetic aggregation measurements using DLS
(Figure S7) and visual sedimentation tests (not reported) indicated that the three GONP were
all stably dispersed in a 20 mM NaCl solution for at least two hours (i.e. longer than the
duration of the transport tests). This is in agreement with the strongly negative values of Zeta
potential measured for the suspensions (-50+4, -55£6, and -56£1 mV for GOz, GO2, and GOs,

respectively).

It was observed that applying probe sonication for a different duration the average size of the

GONP in suspension changes: the longer the duration, the smaller the average size (Figure

12
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S8). Particle size distribution is broader if no sonication is applied, or applied for short
durations, and becomes narrower when sonication is prolonged (3 mins or higher). Sonication
did not significantly alter other properties of the GONP (colloidal stability and zeta potential,
compare Figure S9). Consequently, based on these results, the average size of GO1 and GO3
(Table 2) was controlled by changing the duration of probe sonication during the suspension

preparation, following Figure S8.

It is worth to mention that, due to their platelet-like shape, GONP size measurements obtained
from DLS cannot be directly interpreted as the correct size of the particles, and are rather
related to both platelet lateral size, shape and thickness, as discussed in the literature (Lotya
et al., 2013). Consequently, in this work the measured average size values were used as a
semi-quantitative measurement of the lateral size, and changes in average size were analyzed
mainly in terms of particle size increase/decrease, rather than absolute values. The actual
lateral size was instead obtained from SEM and AFM measurements (See Supporting

Information).

3.2.  Column transport tests

The GONP column transport tests were performed using different combinations of GO type
(G041, GO2, and GOg), lateral size and concentration, as well as different sand average size to
systematically investigate the influence of these parameters on the transport of graphene oxide
(Table 2). The observed and simulated BTCs were normalized to the injected concentration
(C/Co) and reported as a function of pore volumes (Figure 1, Figure 4, and Figure 6). In the
graphs, P.V. = 0 (time t = 0) corresponds to the beginning of GO injection, thus equilibration
and pre-flushing steps are not reported. The retention profiles were reported as a normalized
concentration of deposited GONP (S, namely mass of GONP normalized to the sand mass)

(Figure 2, Figure 5, and Figure 7).

13
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The experimental BTCs were fitted using the 2-site retention model equations (1-3). As a
general rule, the results indicated that under the tested experimental conditions the model
equations can satisfactorily simulate the observed BTCs of GONP (for all the experiments
RZ>0.99) with a very little mismatch in both rising and tailing parts of the BTCs. For GO
only, in some cases, the second site (straining) had a negligible effect on the particle transport
and was therefore removed. The fitted model parameters are summarized in Table 2.

The low values of kq,1 (detachment coefficient for blocking deposition) obtained for all the
tests indicated that physico-chemical deposition will be practically irreversible if the ionic
strength (and therefore the particle-collector electrostatic interactions) is not modified. This
is coherent with the negligible tailing observed in the experimental breakthrough curves. A
few additional tests were performed flushing the columns after particle deposition with
stepwise decreasing salt concentration. The results (Figure S10) revealed that particles
retained due to physical-chemical interactions are not readily mobilized unless a strong
decrease in salt concentration is applied (in our experiments, NaCl concentration below 5

mM).

14
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Table 2: Experimental conditions of column transport tests and fitted coefficients (ka1, ka1,

Smax,1, and ka,Z)

TNeZt. 'Ic';yope (rri;O/L) G?nrsr:)ze Sand [Iﬁll] [idlﬁ 8[375]1 ka2 [s7]
1 50 898+47 Coarse 6.06-10* 8.34:10° 5.38:10 4.70-10*
2 50 1000+49 Medium | 1.20-10°% 8.18-10 4.79-10° 1.90-10°°
3 50 984455 Fine 2.30-10°° 3.54.10° 9.00-10 3.10-10°%
4 20 1128+111 Coarse 9.07-10* 5.00-10° 3.25-10 1.40-10°°
5 20 1100463 Medium | 2.50-103 3.20-10°% 5.36-10 2.40-10°
6 20 1076459 Fine 2.44.10°3 2.92-10° 4.90-10° 5.28:10°%
7 15 1122+72 Fine 2.90-10°3 1.81-10° 4.93.10° 6.20-10°
8 GO 10 1082+69 Fine 3.60-10° 5.47-10° 3.46-10 8.90-10°
9 20 12864332 Fine 4.08-10° 2.34.10° 4.72.10° 9.30-10°3
10 20 980+40 Fine 2.51-10° 3.46-10° 5.44.10 5.70-10°
11 20 820+70 Fine 1.88-10°° 3.49-10° 4.87-10° 2.63-10°
12 20 595+30 Fine 1.70-10°3 4.60-10° 5.34.10 8.95-10*
13 20 530430 Fine 1.64-103 5.50-10° 5.56-106 9.87-10*
14 20 380+20 Fine 1.60-10°° 5.80-10° 4.23-10 7.27-10*
15 50 417+15 Coarse | 9.50-10* | 5.64-10° 9.88-10¢ 3.73-10*
16 50 388+20 Medium | 1.30-10° 6.33-10° 8.20-10° 6.82-10*
17 50 38048 Fine 2.61-10° 1.02.10° 1.38.10° 1.40-10°°
18 20 362421 Coarse | 1.60-10° | 509-10° | 5.79-10° -

19 G0z 20 393+14 | Medium | 8.64-10% | 3.41.105 | 4.48-10° -

20 20 370+16 Fine 2.75-10°° 2.45-10° 1.12-10° -

21 15 448+54 Fine 2.70-10°° 1.80-10° 1.07-10° -

22 10 409+44 Fine 4.25.10° 1.34.10° 8.98-106 -

23 50 68724 Coarse | 7.76-10° | 113.10% | 841.10° | 543.10°
24 50 679+19 Medium | 1.10-10°% 8.22-10°% 8.15-10 9.82.10*
25 50 727428 Fine 2.10-10°° 4.60-10° 8.04-10 1.90-10°3
26 20 650+15 Coarse 1.10-10° 4.03-10° 4.83.10° 1.50-10°°
27 20 677421 Medium | 1.80-103 3.51-10°% 7.03-10 1.40-10°°
28 20 733+43 Fine 1.90-10°° 4.04-10° 4.37-10° 3.70-10°
29 | GO 15 645527 Fine | 360:10% | 547-10° | 3.46:10° | 8.90-10°
30 10 588+28 Fine 4.60-10° 1.02-10° 5.45.10 8.40-10°
31 20 1167+111 Fine 2.80-10°° 2.74-10° 6.24-10 8.60-10°
32 20 868+41 Fine 2.00-10°° 3.44.10° 5.65-106 3.30-10°
33 20 450+15 Fine 1.49-10° 4.82:10° 5.21-10 1.09-10°°
34 20 270+60 Fine 1.30-10°° 6.33:10° | 4.36-10° 8.71.10*
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3.2.1. Effect of lateral size and type of GONP

For a given GO type, the average lateral size was adjusted by tuning the duration of the probe
sonication prior injection, following Figure S8. Figure 1 and Figure 2 report the experimental
and simulated BTCs and the measured retention profiles in columns packed with fine sand
(Ss) for different lateral sizes of GOz (tests no. 6 and 9-14) and GOs (test no. 28, 31-34) in the
range 300 to 1300 nm. The results revealed that the GO size strongly affects retention and
transport in saturated sand columns. The mobility of GONP tends to increase with decreasing
particle size. Mass balances (Table S1) indicate that the percentage of retained particles
decreases with decreasing the GO size, consistently with results reported by previous studies
for other types of particles, e.g. the work of Hu et al. (2017) for spherical carbon nanoparticles.
Thus, it suggests that particle shape, for our GONP, has no major influence in this sense.

However, a better insight into retention mechanisms is necessary.

Figure 2a shows that larger GO1 produces strongly declining retention profiles, while smaller
GO: produces a more uniform distribution along the column. Previous studies mainly
observed GONP retention to be dominated by physical-chemical interactions with the porous
matriX, resulting in blocking phenomena (Dong et al., 2019; Dong et al., 2016; Dong et al.,
2017; Feriancikova and Xu, 2012; Liu et al., 2013b; Sun et al., 2015; Wang et al., 2018; Xia
et al., 2019). In our study we observed the same behavior for small particles, while for the
largest ones (close to or exceeding 1 micron) the declining retention profiles suggest that
physical retention also plays an important role. Particle size analysis on retained particles
(Figure S11) showed that, for these tests, larger particles are retained close to the column inlet,
and smaller ones travel longer distances; conversely, an almost constant size distribution was

observed when particles significantly smaller than 1 micron were injected.
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Figure 1: Observed and simulated breakthrough curves (BTCs) of (a) GO1 and (b) GOs with
different lateral sizes at the same input concentrations of 20 mg/L in Sand S3. Symbols:
experimental data/ Lines: simulation results
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Figure 2: Observed retention profiles of (a) GO1 and (b) GOs with different lateral sizes at
the same input concentrations of 20 mg/L in Sand S3

Likely, the discussed behavior can be attributed to straining. This result is consistent with a
previous study (Qi et al., 2014a) where the significant straining effect was reported for
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heterogeneous (natural) saturated porous media. For rounded-shape colloids, it is commonly
accepted that straining is a relevant process if the ratio of particle (dp) to finer sand size (d1o)
dp/d10 > 0.008 (Xu et al., 2006). For our sand Ss (having dio = 75 um) this corresponds to
GONP of approximately 600 nm. As an evidence, clearly declining profiles were observed

for particles of 1 um or larger, corresponding to a ratio dp/di0 > 0.013.

For GOs (Figure 2b) a quite uncommon trend was obtained, with higher retention in the central
portion of the column. This is particularly evident for particles with intermediate size,
probably due to the relatively broad size distribution of these samples (Figure S8 I1-b). Similar
non-monotonic trends have been recently attributed to competing deposition of non-
monodispersed colloids in fractures (Malgaresi et al., 2019). This trend was less evident for
the smallest particles (270 nm) with a fairly sharp particle size distribution, which tended to
produce more uniform retention profiles. For the largest ones (1167 nm) instead, a strongly
declining trend was observed due to the predominant effect of straining which masked the

competition effect.

The fitted values of the model parameters (namely, Ka,1, Smax,1, kd,1, Ka2) are reported in Table
2 and Figure 3. Fitted values of Smax1 oscillate in the range of 3.5-6.0-10° g/g (Figure 3b),
without any evident correlation between Smaxi and GO lateral size (dp). This range is
comparable with the retained concentrations (S) measured for small particles (Figure 2) when
straining does not play a significant role. The attachment kinetics ka1 and ka2 both increase
with increasing particle size dp (Figure 3a and c). Increasing ka1 with dp means that smaller
GONP attach to the retention site 1 more slowly than larger ones, even if they all tend to reach
a similar saturation concentration. This is also reflected by the different steepness of

breakthrough curves for small particles in Figure 1.
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Similar to ka1, the parameter ka2 increases with increasing dp. For small particles, ka1 and ka2
are similar. Conversely, when straining becomes relevant, ka2 significantly exceeds ka1 and
retention due to blocking becomes negligible compared to straining. In this case, retention
profiles are strongly declining along the column and breakthrough curves tend to a plateau

concentration C/Co lower than 1, which represents an irreversible straining.

An empirical power function can be used to model the correlation of the three parameters

(Ka,z1, ka1 and ka,1) with dp:

ki=a+bdy,° (4)

where ki is the generic attachment/detachment kinetic coefficient, and a, b, and c are fitting
parameters. For Ka the fitted values are a=1.41-103s?, b = 3.10-10% (s-m)?, ¢ = 3.077 with
R%=0.938; for ka2 a = 6.14-10% s, b = 1.20-10° (s-m)*, ¢ = 2.905 with R? = 0.947; for Ka,1
a=437-10" st b = 1.28-108 (s:m)?, ¢ = -0.567 with R? = 0.915. The fitted curves are
reported in Figure 3a-c as solid lines. The fitting is satisfactory for all coefficients, with R?
values above 0.93 in all three cases. It is worth to notice that for all kinetic coefficients the
value represents the lowest, asymptotic kinetics for small (in case of attachment) or large (in
case of detachment) particles. A very similar exponent, close to 3, is found for ka1 and Kaz.
The exponent for kq,1 is negative reflecting the declining trend of the detachment kinetics with

increasing particle size.
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Figure 3: GONP deposition and release coefficients as a function of average particle size
for GO1 and GOs: (a) Ka,1 (b) ka2 (C) ke, @and (d) Smax

Interestingly, the results were very close to previous findings obtained for rounded-shaped

colloids. The obtained trends of ka2 versus dp are consistent with Bradford et al. (2003) who

reported that a power function can represent a good correlation between ka2 and particle size

for latex microparticles. Moreover, the exponent obtained from the detachment kinetic

coefficient (-0.567) is very close to the theoretical value of -0.58 proposed by Rittman (1982)

and later adopted by Brovelli et al. (2009) for the detachment of biofilms. However, further
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studies would be needed to understand if the empirical law of equation 4, or similar power

functions, can be generalized to any type of particles.

3.2.2. Effect of input concentration

The transport tests at different input mass concentration (Co) were performed in columns
packed with sand Ss (tests no. 3 and 6-8 for GO1, n. 17 and 20-22 for GOz, n. 25 and 28-30
for GOs, see Table 2). The GONP size is constant for each test performed with the same GO
type but different sizes were selected for GO1, GOz, and GOs, in order to have a set of tests
where, respectively, straining is relevant (for GOz, average size close to 1 um), is not relevant
(GOz2, approximately 400 nm) and is expected to play a role, but not to dominate transport

(GOs, 700 nm).

The breakthrough curves (Figure 4) show similar trends for all three types of GONP: changing
the input concentration in the range of 10 to 50 mg/L affected the transport and retention of
the nanoparticles. The mobility of all types of GO tends to increase with increasing the
injected concentration Co. This finding is consistent with Sun et al. (2015), the only previous
study, to our knowledge, investigating the influence of inlet concentration on the transport
and retention of GONP. Mass balance and mass recovery calculations (Table S1) confirm that
the total retained mass decreases with increasing Co. The observed behavior is coherent with
blocking-dominated deposition. In other words, a higher Co saturates the deposition sites more
rapidly compared with lower Co, thus increasing the overall mobility of the injected
suspension. Our tests with higher Co show a steeper increase of the breakthrough curves, even
if the effect is less pronounced for GO2, which is the sample with the overall highest mobility
and smallest particle size. It is noteworthy that some differences exist among the GO types.

However, based on the results discussed in the previous paragraph, it can be assumed that
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these differences are related mainly to the different size of the three samples, rather than to

possible minor differences in composition and surface properties.
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Figure 4: Observed and simulated breakthrough curves (BTCs) of (a)GO1 (Z-Ave. 1050£100 nm), (b)
GOz2 (Z-Ave. 410+50 nm), and (c) GOs (Z-Ave. 650+100 nm) at different input concentrations from
50 mg/L to 10 mg/L in sand Ss. Symbols: experimental data/ Lines: simulation results
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Figure 5: Observed retention profiles of (a) GO1, (b) GO2, and (c) GOs at different input
concentrations from 50 mg/L to 10 mg/L in sand Sa.

Considering the modeling of GONP transport, the fitting obtained is satisfactory for all
breakthrough curves. For GO1 and GOs, the two-site deposition model correctly describes the

GO transport. Conversely, for GOz, characterized by the smallest particle size, straining is
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irrelevant for all tests except those where the highest concentration (50 mg/L) is injected. This
suggests that, in such conditions, a stronger interaction arises between deposited particles and

those suspended in the pore water, promoting enhanced deposition processes.

The attachment and detachment kinetic coefficients ka1 and kq,1 do not significantly change
with changing injected concentration. Conversely, a slight increase of Smax,1 With increasing
injected concentration is observed, even if the explanation for this is unclear, and further

investigation would be needed to elucidate this aspect.

3.2.3. Effect of sand grain size

Figure 6 depicts the experimental and simulated BTCs of GOx (tests n. 1-6 in Table 2) injected
at 20 and 50 mg/L in sands Si (coarse), Sz (medium) and Ss (fine). The corresponding
retention profiles are reported in Figure 7. Also, for this set of tests, the size of the three GO

samples was adjusted to approximately 1 um for GO1, 400 nm for GOz and 700 nm for GO:s.

The results indicate that the sand grain size significantly affects the transport and retention of
GONP. The same tests performed using GOz (tests 15-20 in Table 2) and GOs (tests 23-28 in
Table 2) are reported in the Supporting Information (Figure S13) and show similar results.

The impact of sand size on the transport of GOz and GO3s showed similar results.

As a general outcome, the mobility of GONP at a given Co tends to increase with increasing
the sand grain size. The highest breakthrough concentration is found in coarse sand. The
corresponding retention profile is almost constant along the column, thus indicating that
straining is limited or even negligible. Conversely, reducing the grain size, the breakthrough

decreases, and straining becomes more relevant. The mass balances (Table 1) confirm that
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decreasing the sand size lead the total retention to significantly increase for all GO types and

both injected concentrations.

The fitted parameters reported in Table 2 indicate how changing the sand size affects the
relative importance of blocking and straining retention mechanisms. As for physical-chemical
deposition following the blocking dynamics, the attachment kinetic coefficient ka1 increases
with decreasing sand size (from Sz to Ss), and coherently ka1 decreases for both injected
concentrations. This was expected from the established literature on colloid removal
efficiency in granular media (Messina et al., 2016; Sun et al., 2015; Tufenkji and Elimelech,
2004; Yao et al., 1971). Some other experimental studies investigating the effect of the grain
size on the particle attachment rate (Bradford and Bettahar, 2006; Kasel et al., 2012; Liang et
al., 2013; Sun et al., 2015; Torkzaban et al., 2010) achieved the similar results, even if the
great majority of such studies focused on spherical colloidal particles, e.g. carboxyl latex,

QDs, and AgNPs.

Differences in the maximum retainable concentration due to physico-chemical interactions
(Smax,1) among the three sand samples are attributable to differences in SSA, since no
significant difference in zeta potential was observed. As a general rule, the fitted values of
Smax,1 (Table 2) increase with decreasing sand size (i.e. from Sz to S3) for a given GO type and
injected concentration; this results in Smax,1 Values for Ss approximately two times higher than
the Smax,1 Obtained for Si, in agreement with SSA of sand grains (assuming spherical grains,
SSA for S1 and Ss is respectively 0.008 and 0.003 m?/kg, being the average grain size 0.75

and 0.28 mm).

Straining also contributed to the retention of GONP and affected the shape of profiles of
retained particles. Based on the considerations discussed in the previous paragraphs, straining

is expected to occur for GOz and, limitedly, for GO2. Back again to the ratio dp/di0 and the

24



493

494

495

496

497

498

499

500

501
502

503

straining limit of 0.008 (Xu et al., 2006), GO1 was expected to exceed this threshold value in
sand Ss, and to approach the limit for S2. Coherently, the retention profiles (Figure 7) showed
a steep decrease for Sz and a less pronounced decrease for S2. The fitted straining coefficients
ka2 are lower for coarse sand and increase with decreasing sand size. Changes in ka2 from Sz
to Ss cover approximately one order of magnitude (typically from 10 s to 103 s%) and are
more evident at the highest injected concentration (for example, compare the values of ka2 for

GO1 and GOs injected at 50 mg/L).
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Figure 6: Observed and simulated breakthrough curves for GOs, injected in columns
packed with sand Si, Sz, and Ss at a concentration of 50 mg/L and 20 mg/L.
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Figure 7: Observed retention profiles of GO1 with two different input concentrations of (a)
50 mg/L and (b) 20 mg/L in various sand sizes of S1 (coarse), Sz (medium), and Ss (fine).

4. Conclusions

This study showed that GONP can be stably dispersed in water and are remarkably mobile
when injected in silica sand. The experimental results also showed that a parameter having a
major impact on GONP mobility is the particle lateral size; also the size ratio of particle to
sand grains is relevant. Conversely, the source of graphene oxide (i.e. synthesized in the
laboratory or provided by commercial producers) had a minor impact, even if the C and O
content of the three GONP types was not identical. This suggests that the outcomes of this
study could potentially be extended also to other GONP not considered here. The injected
concentration affected the mobility of the particles but, at least in the range herein explored,

has had no dramatic effect.

Despite the peculiar shape of GONP compared to more conventional colloids, the advection-
dispersion-deposition equation commonly used for colloid transport in porous media was still
adequate to describe the transport of these particles. The experimental and modeling results

indicated that both physico-chemical (blocking) and physical (straining) retention
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mechanisms strongly influence the transport and retention of GONP. Blocking is observed in
all cases and is coherent with the good colloidal stability of the particles. Straining becomes
relevant for larger particles and/or finer sand, as expected from round-shaped colloids, and
plays a relevant role only for particles exceeding approximately 0.5-1% of the sand dio.
Therefore, the retention associated to the physical interaction of GONP with the porous

medium cannot be neglected.

Concerning the potential application to groundwater remediation, the results of this study are
very promising. GONP are sufficiently mobile to expect a relatively easy injection in the field,
and the possibility to control their migration and deposition in the subsoil by modifying the

particle size.
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