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Abstract Engineered carbon-based nanoparticles are increasingly used for environmental, industrial, and
medical purposes. Thus, understanding their interaction with and transport through materials is important.

We examine the impact of nanoparticle hydrophobicity and porous medium surface area on the transport of
carbon nanoparticles through sand-packed columns under saturated and unsaturated conditions. The fluorescent
carbon nanoparticles (FCNs) used in this study, synthesized from citric acid and ethanolamine, exhibit
synthesis-temperature-dependent hydrophobicity. To quantify the impact of hydrophobicity on retention, we
use FCNs synthesized at four temperatures: 190°C (FCN190), 210°C (FCN210), 230°C (FCN230), and 250°C
(FCN250). Several observations are noted. First, the more hydrophobic particles (FCN230 and FCN250) attain
lower outlet concentrations and mass recovery than more hydrophilic particles (FCN190 and FCN210). For
instance, while 77% of the FCN190 was recovered after passing through a fine-sand-packed column, only

23% of the FCN250 was recovered. Second, sand surface area significantly impacts FCN recovery. A 17-fold
increase in sand surface area yields a 30% decrease in the recovery of FCN210. Third, no significant difference
in the mass recovery of the FCNs was observed between the unsaturated and saturated conditions, which is
attributed to the small size of the FCNs relative to the water film thickness surrounding sand grains. Fourth,
the particle transport model in HYDRUS-1D successfully simulated FCN transport, showing approximately

a tenfold increase in the attachment coefficient for hydrophobic FCNs. In summary, through experiments and
modeling, we show that hydrophobicity is a major factor impacting FCN transport.

1. Introduction

Engineered nanoparticles are increasingly used for industrial and environmental purposes (Ames et al., 2013;
Galdames et al., 2020; Ko & Huh, 2019; Y. V. Li et al., 2014; Rudolph et al., 2020; Suzuki et al., 2018).
An important class of engineering nanoparticles is carbon-based particles that exhibit unique physical and
chemical properties that make them suitable for various applications (Hedayati et al., 2016). Carbon-based
particles have applications in medicine and pharmaceuticals (He et al., 2013), energy sectors (Tan et al., 2012),
wastewater treatment as an adsorbent (Tan et al., 2012), and industries such as optical materials (J. Wang
et al., 2009). Fluorescent carbon nanoparticles (FCNs) have gained attention due to their optical properties,
ease of synthesis, detection, and measurement, high stability and quantum yield, and biological and environ-
mental compatibility (Krysmann et al., 2012; Qu & Sun, 2020; Y. Wang & Hu, 2014). Earlier versions of FCNs
synthesized at 200°C from citric acid and ethanolamine have been used to describe flow patterns in experimen-
tal columns of glass beads (Subramanian et al., 2013) and calcium carbonate (Y. V. Li & Cathles, 2016; Y. V.
Li et al., 2014). In the field, they have been used as an inert tracer to characterize flow in fractured quartzite
in Altona, NY (Hawkins et al., 2017; Zhao, 2015) and long-term tracer tests in oil field carbonate rocks in
Saudi Arabia (Kanj et al., 2011; Kosynkin & Alaskar, 2016). The small diffusion constant of these FCNs,
less than one tenth that of anionic tracers such as Br~ or Cl-, potentially allows them to detect preferential
flow channels (Subramanian et al., 2013). The minimal attachment of these FCNs, synthesized at 200°C,
has been attributed to the near-neutral surface charge (reported {-potential ~0), small size, and hydrophilic
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decoration (Y. V. Li et al., 2014; Subramanian et al., 2013). However, laboratory experiments showed that
these FCNs are adsorbed on silica surfaces. Sinclair et al. (2020) noted that the attachment of these FCNs to
quartz surfaces in quartz crystal microbalance experiments increased with their hydrophobicity and that the
hydrophobicity of FCNs increased with their pyrolysis temperature due to carbonization and loss of hydrophilic
functional groups. Sinclair et al. (2020) further showed that electrostatic forces are not responsible for attach-
ment because the addition of electrolytes did not impact the attachment of particles to the quartz microbalance
(Sinclair et al., 2020). With the widespread usage, production, and disposal of carbon-based nanoparticles and
the expected increased use in future decades (J. Wang et al., 2008), investigating the factors that impact their
transport in porous media is crucial (M. Wang et al., 2016). Temperature-sensitive hydrophobicity of FCNs
allows investigation of the impact of hydrophobicity on the transport and retention of carbon-based nanoparti-
cles in porous media.

Transport in porous media is affected by a mixture of physical and chemical properties of the transported parti-
cles and the media. These properties, which are often investigated by column tests, include grain size and surface
area (Bradford et al., 2002; Morales et al., 2009) and the chemical characteristics of the media and transported
particles (Johnson & Elimelech, 1995; Schijven et al., 2002; Torkzaban et al., 2007), including particle hydro-
phobicity (Wan & Wilson, 1994a). Under unsaturated moisture conditions, film straining of particles may occur,
which depends on capillary forces and meniscus deformation and is, therefore, dependent on moisture content
(film thickness) and particle sizes (Sang et al., 2013; Torkzaban et al., 2008; Wan & Tokunaga, 1997). Another
important factor that impacts the transport of nanoparticles is the site blocking (occupation) of attachment sites
(Johnson & Elimelech, 1995; Lu, Xu, et al., 2013; Mattison et al., 2011). This phenomenon depends on the parti-
cle abundance and the collector surface availability and controls particle penetration depth (Becker et al., 2015;
Sun et al., 2015).

Models based on the convection—dispersion equation with first-order attachment are typically used to predict the
fate of chemicals and particles in porous media (Goldberg et al., 2014; Morales et al., 2009; Tian et al., 2010).
More complex transport models include terms that consider the chemical and physical heterogeneity in particle
transport, including attachment (adsorption) and detachment (desorption), such as multisite kinetics and site
blocking (Bradford et al., 2003; Goldberg et al., 2014; Schijven et al., 2002). In the current study, we investigate
if a two-kinetic sites model can simulate the transport of FCNs in sand columns.

Column tests are an essential, long-established approach for investigating the transport of particles and chemicals
through porous media and their interaction with grain surfaces. We report here the result of the column experi-
ments and modeling of the transport of FCNs with varying hydrophobicity due to particle synthesis at different
temperatures in porous media. The overarching objective of our study is to describe the impact of the hydropho-
bicity of FCNs on their transport. Our specific objectives are to (a) decipher the role of FCN hydrophobicity in
their breakthrough in the sand columns, (b) investigate the impact of sand surface area on the retention of the
FCNs, (c) explore the impact of unsaturated conditions on the transport of FCNs, and (d) model the transport of
FCNs through a saturated porous medium and determine their transport parameters.

2. Material and Methods
2.1. FCN Synthesis and Characteristics

We used the same batch of FCNs produced and characterized by Sinclair et al. (2020). Briefly, FCNs were
synthesized by continuously stirring citric acid monohydrate (Sigma Aldrich) with ethanolamine (EMD Milli-
pore) with a 1:3 M ratio at 160°C for 30 min to produce a precursor, which was then pyrolyzed at 190°C, 210°C,
230°C, or 250°C for 2 hr (Sinclair et al., 2020). These FCN products were dialyzed for ~1 week to remove
small molecule contaminants and finally lyophilized for >48 hr. The diameter of the particles synthesized at all
temperatures was 13 + 8 nm, as measured by transmission electron microscopy (Sinclair et al., 2020). The fluo-
rescence and hydrophobicity of the particles depend strongly on pyrolysis temperature. The fluorescent quantum
yield increases from 11% at 190°C to a peak of 16% at 210°C and then declines to 10% at 230°C and 4% at
250°C. High-performance liquid chromatography and quartz crystal microbalance measurements showed particle
hydrophobicity increases with synthesis temperature (Sinclair et al., 2020). Specifically, increasing the pyrolysis
temperature beyond 210°C during FCN synthesis causes a decline in particle fluorescence and an increased parti-
cle hydrophobicity due to transformations of particle surface decoration (Sinclair et al., 2020).
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Table 2

Table 1
Properties of Sands Used for the Current Study Before Acid Washing and the Brunauer—Emmett—Teller (BET) Surface Area

Sand type Source dyt (mm) dy* (mm) dy* (mm) Purity (% silica) Porosity ~BET surface area (m%g)

Fine AGSCO Co. 0.075 0.11 0.135 99.5 0.45 0.2592 + 0.0014
Medium AGSCO Co. 0.23 0.28 0.49 99.5 0.43 0.0148 + 0.0003
Coarse Unimin 0.725 0.9 1.02 90 0.41 0.0734 + 0.0005

*According to manufacturers for untreated sand (see Figure S4 in Supporting Information S1 for particle size distribution).

2.2. Breakthrough Experiments

For breakthrough experiments, we used fine, medium, and coarse sands (Table 1). According to the manufac-
turers, the sand purity was 99.5% for the fine and medium AGSCO sand and 90% for the coarse Unimin sand
(Table 1), and impurities primarily included metal oxides. For instance, Unimin sand consisted of aluminum oxide
(5.5%) and potassium oxide (2.5%). Therefore, the sands were treated with 10% nitric acid (Tian et al., 2012).
We examined the surface composition of the sands after acid washing using a scanning electron microscope
equipped with energy-dispersive spectroscopy (Text S1 in Supporting Information S1). Our analysis showed that
the surface compositions of the clean sands were similar (>99% silica). The clean sands contained trace amounts
of reactive minerals (aluminum, potassium, and iron <1%; Figures S1-S3 in Supporting Information S1). The
porosity of the sand in the columns was measured using the water saturation method (Table 1).

The impact of FCN hydrophobicity was investigated by injecting FCNs synthesized at four different tempera-
tures, described above, through fine sand (Table 2). To investigate the effect of surface area on FCN transport,
FCN210 was injected through columns packed with different sand types. These particles (FCN210) were selected
due to the higher quantum yield of these particles compared to the other FCNs (Sinclair et al., 2020). Similarly,
FCN210 was used under unsaturated conditions to investigate the impact of moisture saturation on the transport
of FCNs. A summary of the experimental treatments is shown in Table 2. Additional breakthrough experiments
were conducted (data presented in Text S2 in Supporting Information S1). Separate bromide tracer experiments
were carried out to determine porous media characteristics (Table 2).

The experiments were carried out in vertical, cylindrical columns (2 cm in diameter, 17 cm in length). The sand
in the column was wet packed with deionized water. The bottom of the column consisted of a 20 pm nylon filter
connected to a fraction collector (Figure 1). For saturated experiments, the top of the sand was kept 2 cm below
the water level at the outlet to maintain saturated conditions in the column (Figure 1a). For unsaturated column
experiments, we used the same column as the saturated experiments, but with 12 small holes on the side of the
column to allow air exchange, a standard practice previously used when simulating unsaturated conditions in
sand-packed columns (Lenhart & Saiers, 2002; Tian et al., 2012). The fraction collector was placed in a vacuum
chamber connected to a bubble tower that controlled the suction at 40 cm (Figure 1b). The experiment began
after a steady-state condition was achieved. After the experiment, sand moisture was measured by weighing the
sand before and after oven-drying at 105°C for 24 hr. Both saturated and unsaturated tests were performed in at
least duplicates (Table 2).

Summary of Experimental Treatment Presented in the Current Study

Experiments

Saturation Media Nanoparticles No. of replicates

Hydrophobicity

Surface area

Unsaturated

Bromide

Saturated and unsaturated Fine sand -

Fine sand FCN190, FCN210, FCN230, and FCN250 3
Fine sand FCN210
Medium sand

Coarse sand

Fine sand FCN210

Medium sand

NN NN N W

Medium sand
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Figure 1. Experimental setup for (a) saturated and (b) unsaturated column conditions.

After passing through two saturated soil pore volumes (PVs) of electrolyte solution (50 mM CaCl,), two PVs
of the FCN solution (20 mg L~! FCN, 50 mM CaCl,, and 50 mg L~! KBr) were passed through the column.
The brine concentration (50 mM CaCl,) was similar to that of Sinclair et al. (2020) in the FCN attachment to
quartz microbalance investigation. The injection of FCN solution was followed by eight PVs of the electrolyte
solution. The flow remained constant during the experiment at 1.25 mL min~! and was propelled with a syringe
pump. During the experiments, samples were collected at ~3-min intervals using a fraction collector. The exper-
iments were conducted under saturated and unsaturated conditions, as depicted in Figure 1.

2.3. Analysis

The Brunauer—Emmett-Teller (BET) surface area of sand was measured using the nitrogen sorption method using
a Micromeritics ASAP2020 surface area analyzer (Hesse et al., 2020; Table 1). The concentration of FCNs was
determined using an Agilent Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, California,
USA). The concentration of FCNs was measured in the influent and effluent samples at the excitation wavelength
of 358 nm and peak emission wavelengths between 450 and 470 nm, and linear calibrations were constructed. A
Dionex ICS-2000 Ion Chromatograph (Dionex, California, USA) was used to determine bromide concentrations.
The statistical analysis was performed using JMP (Statistical Discovery™ from SAS). The Student’s ¢ test was
used for the comparison between treatments.

2.4. Transport Model

To model the transport of FCNs, we used the particle transport model within HYDRUS-1D (Ver. 4.17.0140;
Simtinek §ejna, Saito, et al., 2013). HYDRUS-1D uses a finite element method to solve convective—dispersive
equations numerically (Siminek éejna, Saito, et al., 2013; Simdnek & van Genuchten, 2008). This model simu-
lates both uniform and nonequilibrium transport and solves inverse problems by fitting the best solution based on
the lowest sum of squared residuals (SSQ; Simének éejna, Saito, et al., 2013).

Uniform transport used for conservative tracer (bromide) is described by the convection—dispersion equation:

2
0_6' =D 6_6 — U@_c (1)
ot 0 _x2 ox

where c is the aqueous concentration [M L=3], ¢ is time (T), D is the dispersion coefficient [L2 T~!], v is the aver-

age pore water velocity [L T~'], and x is the spatial coordinate [L].

For the simulation of FCN transport in porous media, three models were tested and compared with the observed
breakthrough curves (BTCs). The model that best simulated our experimental observations was a two-kinetic
sites particle transport model which assumes due to physical and chemical reasons, the attachment on either
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Table 3
Model Performance and Best Fit Parameters for Uniform Model (for Bromide) and Two-Site Kinetic Attachment/
Detachment Model (for FCNs) for the Fine Sand

Model Model performance Model best fit parameters

Disp.* Smax1 (M ke ke kyy Kai
Exp. SSQ R? E. MCE CD (cm) g™ (min~) (min~") (min~")  (min~')
Bromide 0.04 1.00 1.00 0.98 0.99 0.134 NA NA NA NA NA
FCN190 0.012 1.00 1.00 098 099 0.134° 3.880¢ 0.022 0.078 0.015 0°
FCN210 0.016 0.99 099 098 098 0.134° 15.5%¢ 0.035 0.082 0.022 oP
FCN230 0.007 0.99 0.99 098 098 0.134° 194.4b- 0.038 0.030 0.110 o°
FCN250 0.015 1.00 0.99 098 099 0.134° 327.4b¢ 0.018 0.049 0.079 0>

Note. The R? correlation coefficient, mean cumulative error (MCE), Nash-Sutcliffe model efficiency (E;), and coefficient of
determination (CD) methods were used to quantify the quality of each of the model results.

2L ongitudinal dispersivity (D/v, where D is the dispersion coefficient, and v is the velocity of water). *Fixed values. ‘Adapted
from Sinclair et al. (2020).

site is kinetic (Simiinek Sejna, Saito, et al., 2013). The one-site and the two-site kinetic models, which assume
kinetic attachment at only one site, did not satisfactorily reproduce the observed BTCs (see Text S3 and Figure
S6 in Supporting Information S1). Thus, we focused on the two-kinetic sites transport model (assuming kinetic
attachment on two sites) which is described by

dc  pos;  pOsy 0%c dc
il -_—— - == D——-—p—
o "9 oo e Cox @

where subscripts 1 and 2 are the first and second kinetic attachment sites, p is the bulk density of the porous
medium [M L~3], @ is the volumetric moisture content [L3 L~3], and s, and s, are the adsorbed concentrations on
the first and second kinetic sorption sites [M M~!], respectively. Langmuirian dynamics govern the attachment
of FCNss, as observed by Sinclair et al. (2020). Thus, at site 1, we assumed Langmuirian dynamics control the
occupation, but detachment is not permitted (we take k; = 0 in Equation 3). At site 2, kinetic attachment and
detachment were allowed. Thus, the solid phase mass balance on sites 1 and 2 is given as

0
,1)ﬁ = Okayic — pkaisi 3)
ot
052
p% = Okanc — pkarsz )

where k, and kg [T~'] are the first-order attachment and detachment coefficients, respectively, and y is the
dimensionless particle retention function which can be described by Langmuirian dynamics (Adamczyk
et al., 1994):

S1

yi=1- ®)

Smax 1
where Spyax1 is the maximum solid phase concentration [M M~!]. To avoid fitting too many parameters, which
may lead to nonunique solutions, we used the maximum solid phase concentrations measured using quartz micro-
balance by Sinclair et al. (2020). The maximum solid phase concentrations for FCN250, FCN230, FCN210, and
FCN190 were 126, 75, 6, and 1.5 ng/cm?, respectively (Sinclair et al., 2020), and were used in the model after
adjusting for the BET surface areas of the sands (Tables 1 and 3).

Simulations in HYDRUS-1D were performed for constant flux upper and lower flow boundary conditions, a first-
type upper transport boundary condition with known concentrations, and a zero-concentration gradient as the
lower transport boundary condition. The software executed the simulations for 101 nodes in the column profile
and a minimum time step of 0.01 min.
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1 eBromide OFCN190 2.5. Model Evaluation
{?ﬁ%ﬁ“ OFCN210 @FCN230 Both graphical displays of the BTC and statistical assessments were used to
OFC_N250 ___________________ evaluate how well the model fits the observed data. The BTCs were plotted
0.8 T : . a : as normalized effluent concentrations (C/C,)) versus PVs after adjustment
. é’: 80 I a I for the water trapped in the drainage tube (~3 mL). For statistical assess-
| 8 60 i ments, we used (a) correlation coefficient (R?), (b) Nash—Sutcliffe model
0.6 § b efficiency (E; Nash & Sutcliffe, 1970), (c) mean cumulative error (MCE;
(5: E 8 40 ] . Perrin et al., 2001), and (d) coefficient of determination (CD; Loague &
) 2 20 b i Green, 1991). The value of R? ranges from 0 to 1, MCE and E, range from
0.4 E % 0 . . —oo to 1, and CD ranges from 0 to co. A value of 1 represents a perfect fit for
= 8 e 8 8 : all these parameters.
i % % % % : The E; criterion is commonly used for evaluating model performance. If E;
0.2 L W w T ' is less than zero, the simulated values are worse than the observed mean
---------------------- ' (Loague & Green, 1991). The E; is given as (Nash & Sutcliffe, 1970)
(2
""fl‘(!((“""’.””_” ) Y1 (Cobsi — Ciim,)’
0 (0CEEOOEEEIeeeeeeeeeeeeeee(eeee(® Er=1- - (6)
0 2 4 6 g8 10 ZL, (Coni —Con)

. . . where C,ps is the mean observed concentration during the experiment, and i
Figure 2. The breakthrough curves (normalized effluent concentrations

[C/C;] vs. pore volume [PV]) and the mass balances of fluorescent carbon denotes time. The MCE evaluates how well a model reproduces the concen-

nanoparticle (FCN) synthesized at different temperatures: FCN190, FCN210, trations over the entire experimental period, given as (Perrin et al., 2001)
FCN230, and FCN250 for the fine sand. Error bars indicate the standard

deviations for the experimental replicates. Distinct letters above the mass Zl’_’zl Ceim.i E:’zl Cops.i

recoveries indicate that the difference between the recovery of FCNs is MCE =1 - | 2,, Co - Z,, Co )
significant (p < 0.05). i=1 obsi i=1 simi

where Cy,; 1s the observed concentration, Cg,; is the simulated concentration. The fourth criterion, CD, is a
measure of the proportion of the total variances of observed data that are explained by the simulated values,
expressed as (Loague & Green, 1991)

. (Cobs,i - a)z ®

2

z
CD =
z

:’=] (Csim,i - Cobs)

3. Results and Discussion
3.1. Effect of Hydrophobicity on FCN Retention

To investigate the impact of hydrophobicity on the transport of particles, we analyzed saturated column experi-
ments using three types of sands and four FCNs synthesized at different temperatures and bromide as a conserva-
tive tracer. A significant difference (p < 0.0001) was observed between the mass recovery of hydrophilic particles
(FCN190 and FCN210) and hydrophobic particles (FCN230 and FCN250). The mass recovered in the effluent
declined from 77% for FCN190% to 23% for FCN250 (Figure 2). These observations were in line with the greater
hydrophobicity of FCNs pyrolyzed at higher temperatures (Sinclair et al., 2020). The hydrophobicity of organic
nanoparticles is known to be an important factor in their interactions with mineral surfaces (Gessner et al., 2000;
Lundqvist et al., 2008).

The breakthrough of FCNs and bromide occurred at the same time. However, while bromide concentrations
reached C/C,, ~ 1 at about PV = 1.5, the C/C, for FCN190, FCN210, FCN230, and FCN250 gradually reached a
plateau at 0.7, 0.6, 0.1, and 0.2, respectively (Figure 2). While bromide concentrations decreased rapidly to zero
at PV = 3.5, FCNs exhibited long tails (Figure 2). This asymmetrical breakthrough with long tails points to a
nonequilibrium transport, in which the attachment is rate limited (van Genuchtern, 1981), and was previously
observed for nanoparticles in porous media (Hu et al., 2017; Johnson & Elimelech, 1995; Kasel et al., 2012; Lu,
Xu, et al., 2013; Lu, Yang, et al., 2013; Mattison et al., 2011).
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Figure 3. The breakthrough curves (normalized effluent concentrations [C/
C,] vs. pore volume [PV]) of FCN210 for medium, fine, and coarse sands and
the relationship between sand surface area and the recovery of FCN210. Error
bars indicate the standard deviations for the experimental replicates for the
fine sand and duplicates for the medium and coarse sand.

3.2. Effect of Grain Surface Area on FCN Retention

To illustrate the impact of sand surface area on the recovery of FCNs,
we chose to focus on the transport of FCN210 in saturated sands due to
its higher quantum yield and hydrophilicity compared to the other FCNs
(Sinclair et al., 2020). Figure 3 presents the BTC and the mass balance of
FCN210 for sands with different surface areas. The C/C,, of FCN210 for
the medium sand reached ~0.92 at PV = 2.5, while for the fine sand and
coarse sand, the C/C,, reached 0.63 and 0.74, respectively (Figure 3). The
recovery of the FCN210 through fine sand (69%) was the lowest among
the sands (Figure 3). But notably, the recovery of FCN210 through the
medium sand was greater than that through the coarse sand (Figure 3;
p < 0.002). This lower recovery through the coarse sand in comparison
to that of medium sand is due to the larger number of collector sites,
as evidenced by the larger BET surface area (Table 1), which leads to
increased retention of FCNs (Figure 3; Mekonen et al., 2014). This larger
surface area of the coarse sand compared to the medium sand is attributed
to its greater surface roughness, leading to increased particle attachment
sites (Morales et al., 2009).

Another factor mentioned in the literature affecting recovery is straining,
defined as the trapping of particles in small pore throats and is related
to the sizes of particles and medium grains (Crist et al., 2005; Lu, Xu,
et al., 2013). Straining occurs when the particle to grain diameter ratio
exceeds a certain threshold (Wan & Tokunaga, 1997), for instance, 0.008
(Xu et al., 2006) or 0.0017 (Bradford et al., 2002). However, for the FCNs
and sands used in this study, this ratio is 1-2 orders of magnitude smaller
than these thresholds (1.4 x 107 for coarse sand and 1.3 x 10~* for fine

sand). Therefore, straining was not likely to contribute to FCN retention in our experiments. Similarly, Y. Li

et al. (2008) showed that straining did not occur for fullerene nanoparticles in quartz sand with a diameter

ratio of 0.0002.

3.3. Effect of Unsaturated Conditions

To examine the role of the air—water—solid interface on the retention of FCNs, we conducted unsaturated exper-
iments. Figures 4a and 4b show the BTCs of the FCN210 and bromide under unsaturated conditions through
the fine and medium sand columns. The arrival of FCNs and bromide tracer occurred earlier under unsatu-
rated conditions than under saturated conditions (Figures 2—4). This early arrival is especially noticeable for the

a PV b PV
0 2 4 6 8 10 0 2 4 6 8 10 12
12— 12 m——————— """
LFine sand il  Medium sand
1 STeeei’s 1 %]
3 .
0.8 0.8 . @
* . * Bromide
°
Q06 | o éﬁ 06 | ¢ ©FCN210 (Unsaturated)
@ . % i = FCN210 (Saturated)
0.4 e 0.4
2 .
° [ |
Q
=] Ca

Unsaturated PV

6 8 10 12 0 5 10 1 20 25
Unsaturated PV

Figure 4. Fluorescent carbon nanoparticle (FCN) breakthrough curves (normalized effluent concentrations [C/C] vs.
unsaturated pore volume [unsaturated PV] and total pore volume [PV]) under unsaturated conditions for the (a) fine and (b)
medium sands for bromide and FCN210. Error bars indicate the standard deviations for the experimental duplicates.
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medium sand with a lower saturation level (48% in medium sand vs. 90% in fine sand). This difference in satu-
ration level is due to the greater water-holding capacity of the finer sands under the same capillary tension (set
at 40 cm). However, the shape of the BTCs, the recovery, and, thus, the mass balances of the FCNs were similar
under unsaturated and saturated conditions (p > 0.05; Figure 4). Similar results were observed for FCN190 in fine
and medium sand (Figure S5 in Supporting Information S1).

When air and water are both present in the pore space, colloidal-size particles can be strained in water film
and air—water—solid interfaces (Gao et al., 2008; Wan & Tokunaga, 1997; Wan & Wilson, 1994b). Wan and
Tokunaga (1997) suggest that colloids are trapped in thin water films as the saturation drops to a point where
pendular rings become disconnected, or the diameter of the particles exceeds the thickness of the film, after
which capillary forces retain the particles on the grain surface. These forces are related to the deformation of the
water film (Gao et al., 2008). Given that we did not observe a difference in the retention of particles, our results
indicate that film straining did not contribute to the retention of FCNs in porous media (Gao et al., 2008; Zevi
et al., 2006). This can be explained by the small diameter of the FCNs and the relatively high column saturation
in which films stayed connected. Similarly, in another study with column saturations greater than 16%, no addi-
tional retention of carbon nanotubes with diameters of 20-30 nm and lengths of 0.5-2 pm was observed under
unsaturated conditions (Mekonen et al., 2014).

3.4. Transport Modeling

The FCN concentrations in the effluent of the fine sand column for the four saturated hydrophobicity experiments
(Table 1) were used to investigate the effect of hydrophobicity on the parameters of the two-kinetic sites particle
transport model (Equations 2-5). The dispersivity and the flow velocity in the columns were obtained by fitting
the bromide tracer experiments concentrations against the convective dispersive equation (Equation 1).

As expected, the convection—dispersion equation fits the bromide BTC concentrations well, evident from the
simulated and observed BTCs (Figure 5a) and the statistical assessment of the model (Table 3). The R?, E;, MCE,
and CD for simulated BTC of bromide varied between 0.96 and 1 (Table 2). The best fit dispersivity value for
the fine sand, 0.134 cm, is within the values reported previously in small experimental columns and sandy media
(Table 2; Lal & Shukla, 2005; Perfect et al., 2002).

The two-kinetic sites particle transport model successfully simulated the BTC of all four FCNs in fine sand, and
R?, E,, MCE, and CD values varied between 0.94 and 1 (Table 2). This two-kinetic sites particle transport model
also fits the coarse and medium sand BTCs well (Text S4 and Figure S7 in Supporting Information S1). As
summarized in Table 3, the best fit model values of k,, for FCNs (Equations 2-5) obtained with the HYDRUS 1D
model varied between 0.02 and 0.04 min~!, and the best fit values of k,;, were 0.03-0.08 min~!. The k,, values,
however, were nearly an order of magnitude greater for the more hydrophobic FCNs than those for the more
hydrophilic FCNs. The best fit k,, values were 0.01-0.02 min~' for FCN190 and FCN210, independent of sand
type (Table 3 and Table S2 in Supporting Information S1). These values increased to 0.08 and 0.11 min~! for the
FCN250 and FCN230 (Table 2). Note that these values are independent of the maximum solid phase concen-
tration, smax 1, Since the applied mass of FCNs (~1.4 mg) is many times smaller than that can be absorbed in the
column, making the last term in Equation 5 nearly zero. Figure S8 in Supporting Information S1 shows that 2
orders of magnitude change in sy 1 leads to small changes (<7%) in estimated C/C,, values.

The best fit values for k,; were within those observed for carbon nanotubes in sand (Kasel et al., 2012; Zhang
et al., 2019) and goethite-coated sand (Zhang et al., 2016), despite the differences in the composition of
carbon-based particles, the media, flow rate, and electrolyte solution. Our observations agree with those of
Sinclair et al. (2020), which showed that the attachment to quartz surfaces of FCN230 and FCN250 was greater
than for FCN190 and FCN210. This is interpreted as the result of the transformation of their surface chemistry at
synthesis temperatures >210°C leading to an increased hydrophobicity. Thus, the greater values of the attachment
coefficient on site 1, when the FCN hydrophobicity increases, indicated that site 1 primarily represents hydro-
phobic interactions. We assume that the hydrophobic interactions at this site are irreversible (G. Li et al., 2002)
and take k, to be zero.

Our modeling shows that interactions on two kinetic sites were essential to successfully simulate these nano-
particles’ transport. With particle detachment not allowed, site 1 acts as a sink where interactions are primarily
hydrophobic and irreversible. Hydrophobic associations between the adsorbate and mineral surface play an
essential role in organo-mineral interactions (Coward et al., 2019). On site 2, however, there is a high exchange
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Figure 5. Measured and modeled breakthrough curves for the fine sand under saturated conditions. The data points are the
average concentrations of three replicates.

rate of attachment and detachment, which captures the asymmetry of the BTCs (Figure S9 in Supporting Infor-
mation S1). The transport model does not capture the underlying reason behind these interactions which requires
molecular scale investigations. However, an explanation could be the creation of a “kinetic zone” due to the hier-
archical attachment of FCNs on sand surfaces due to the heterogeneity of the functional groups on their surfaces
(Kleber et al., 2007). In this view, FCNs attached on site 1 create reversible attachment sites (site 2) for other
FCNs leading to a hierarchical assembly (Coward et al., 2019; Kleber et al., 2007). Further, the heterogeneity of
the sand surface and FCNs could create the second attachment site. Thus, a combination of hydrophobic and elec-
trostatic interactions may have played a role, although, using quartz microbalance, Sinclair et al. (2020) reported
a minimal role of electrostatic interactions because varying the ionic strength of the solution did not affect the
attachment. Nevertheless, we showed that the two-kinetic sites model gives a good description of the BTCs and
the asymmetry of the BTC. The experiments, modeling, and conceptualization presented in the current study
could have broad applications in understanding the transport of carbon-based nanomaterials and the impact of
hydrophobicity on their transport in porous media.
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4. Conclusions

Due to their hydrophilicity (if synthesized at low temperature) and high quantum yield (which makes the meas-
urement of particle concentration easy), FCNs have been successful in characterizing subsurface water transport.
This study examined the role of the hydrophobicity, sand grain surface area, and saturation of the porous media
on the transport of FCNs using column experiments and pulse application of FCNs. Hydrophobicity and surface
area of the porous media impacted the transport of FCNs. Saturation levels, however, did not have an impact on
FCN retention. Increased hydrophobicity led to a 60% decrease in the FCN recovery, while increased surface area
led to a 30% decrease. A particle transport model with two-kinetic attachment/detachment sites in HYDRUS-1D
software package successfully simulated the transport of FCNs. Kinetic occupation with no detachment on one
site, site 1, controls the hydrophobic retention observed, while reversible retention on a second site controls
the shape of the BTCs and captures the asymmetry of the BTCs. On site 1, an order of magnitude difference
between the attachment coefficients of the hydrophobic and hydrophilic FCNs to sand was determined. Further
molecular work is needed to describe the physiochemical reasons for irreversible and reversible kinetic attach-
ment on these two sites. Site blocking and straining, however, had minimal impact. A broader application of this
study is the illustration of how the variable hydrophobicity of the FCNs described and tested here can be used to
better understand the role of hydrophobicity in the transport of carbon-based nanoparticles and organic nanopar-
ticle contaminants in porous media.
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modeling the transport of FCNs in porous media and is available at https://www.pc-progress.com/en/Default.
aspx.
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