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1 | INTRODUCTION

|  Theodosia V. Fountouli

Abstract

Laboratory-scale experiments were conducted to investigate the simultaneous trans-
port of titanium dioxide (TiO,) nanoparticles and formaldehyde (FA) in columns
packed with quartz sand under water saturated and unsaturated flow conditions. The
effects of interstitial velocity and solution ionic strength on the TiO, and FA cotrans-
port were examined. The experimental results indicated that substantial retention of
TiO, nanoparticles occurs in both saturated and unsaturated porous media. The solu-
tion ionic strength was found to have a noticeable effect on the retention of TiO,
nanoparticles in the packed columns. Moreover, the results from the TiO, nanoparti-
cle transport experiments in water-saturated packed columns suggested that the TiO,
nanoparticle mass recoveries increased with increasing flow rate. The results from
the TiO, nanoparticles and FA cotransport experiments in both water saturated and
unsaturated packed columns did not reveal a distinct relationship between mass recov-
eries and flow rate. The transport of FA in both saturated and unsaturated packed
columns was hindered in the presence of TiO, nanoparticles, especially at high ionic
strength. This work provides useful insights into fate and transport of TiO, nanopar-

ticles and FA in saturated and unsaturated porous media.

release into the environment with potential harmful effects to
natural ecosystems and to human health (Baranowska-Wéjcik

Titanium dioxide (TiO,) is one of the most commonly used
metal oxides in numerous commercial products, including
cosmetics, pigments, sunscreens, and pharmaceuticals (Li
et al., 2017; Sun et al., 2015; F. Xu, 2018). Titanium diox-
ide nanoparticles are also used in several environmental
remediation applications (Li et al., 2017; Syngouna &
Chrysikopoulos, 2017), as well as in agriculture as nanofer-
tilizers and nanopesticides (Baranowska-Wojcik et al., 2020).
Extensive use of TiO, nanoparticles inevitably leads to their

Abbreviations: AWI, air—water interface; DLVO,
Derjaguin-Landau—Verwey—Overbeek; FA, formaldehyde; HDD,
hydrodynamic diameter; SWI, solid—water interface; UV-Vis,
ultraviolet—visible.

et al., 2020).

Titanium dioxide occurs in three different variants: rutile,
anatase, and brookite (Sygouni & Chrysikopoulos, 2015).
Anatase, in comparison with rutile and brookite, is used more
frequently in industrial applications, and it is the most toxic
form of TiO, (Baranowska-Wojcik et al., 2020). Although
TiO, is considered as an inert material, prolonged exposure
to TiO, nanoparticles’ even at small doses, can affect vital
internal organs and can increase the risk of developing one of
many possible serious diseases.

The fate and transport of TiO, nanoparticles in porous
media has been explored extensively in typical bench-scale
laboratory systems (G. Chen et al., 2011, 2012; Fang et al.,
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2009; Godinez & Darnault, 2011; Han et al., 2014; Sygouni
& Chrysikopoulos, 2015; Wang et al., 2014). Most of the pub-
lished studies examined the effects of ionic strength, pH, tem-
perature, flow rate, moisture content, soil type, and particle
concentration under water-saturated flow conditions (G. Chen
et al., 2011; Chowdhury et al., 2011; Lv et al., 2016; N. Xu
et al., 2018), and fewer studies under water-unsaturated flow
conditions (L. Chen et al., 2008, 2010; Fang et al., 2013; Hog-
gan et al., 2016). Certainly, the air—water interfaces (AWIs)
present in unsaturated porous media provide additional
degrees of complexity. Adsorption onto the AWIs and film
straining can affect the migration and retention of nanoparti-
cles in unsaturated porous media (Hoggan et al., 2016).
Formaldehyde (FA) is a known toxic organic substance that
is frequently released in environmental systems because it is
used in many different applications (Fountouli et al., 2019;
Paliulis, 2016). Therefore, FA removal from wastewater with
the use of natural or manufactured sorbents, including engi-

neered carbon nanotubes, is a topic of current research (Geor-
gopoulou & Chrysikopoulos, 2018). Although FA dissolved
in wastewaters can eventually infiltrate into the subsurface
soil and reach groundwater aquifers, the transport of FA in
subsurface formations has not received extensive attention
(Fountouli et al., 2019). Fountouli and Chrysikopoulos (2020)
investigated the cotransport of two colloid-sized clay particles
(kaolinite, KGa-1b, and montmorillonite, STx-1b) with FA in
unsaturated porous media and found that the presence of clay
particles retarded the transport of FA.

Recent studies revealed that FA adsorbs onto TiO, sur-
faces mainly in a monodentate configuration (Setvin et al.,
2017), and FA adsorption onto TiO, nanoparticles occurs
mainly due to a chemisorption process with pseudo-second-
order kinetics (Stefanarou & Chrysikopoulos, 2021). Also,
TiO, nanoparticles may facilitate the transport of coexist-
ing pollutants and colloidal and biocolloidal particles through
porous media (Cai et al., 2013, 2014, 2019; G. Chen et al.,
2012; Chowdhury et al., 2012; Fang et al., 2016; Guo et al.,
2018; Syngouna et al., 2017; Xia et al., 2019). However, the
cotransport of TiO, nanoparticles and FA in saturated and
unsaturated porous media, to our knowledge, has not been
investigated previously. Therefore, this study aimed to explore
the cotransport of TiO, nanoparticles and FA in bench scale
columns packed with quartz sand. The impact of AWIs on
the cotransport of TiO, nanoparticles and FA in unsaturated
porous media was investigated under different flow conditions
and different solution ionic strengths.

2 | MATERIALS AND METHODS
2.1 | Formaldehyde

Analytical grade FA (>99%, Sigma-Aldrich) was used in this
study. A master-stock FA solution (1,000 mg L™!) was pre-

Core Ideas

* We study simultaneous transport of titanium diox-
ide (TiO,) nanoparticles and formaldehyde (FA).

e The transport of FA in packed columns was hin-
dered in the presence of TiO, nanoparticles.

* The solution ionic strength significantly affected
TiO, retention within the porous medium.

pared using Milli-Q distilled deionized water (ddH,O) as sol-
vent and stored in a dark bottle at 4 °C. All experiments were
conducted inside a fume hood with initial FA concentration of
C, =2 mg L', which was prepared by dilution of the master-
stock solution. The FA concentration in the various samples
collected was determined by the Nash colorimetric method
(Nash, 1953), following well-established procedures, using an
ultraviolet—visible (UV-Vis) spectrophotometer (Shimadzu,
UV-1900), operated at 412 nm (Fountouli et al., 2019; Sey-
fioglu et al., 2006). The detection limit of this colorimetric
technique is 0.17 mM (Economou & Mihalopoulos, 2002).

2.2 | TiO, nanoparticle suspensions

A master-stock of TiO, nanoparticle suspension (1,000 mg
L~!) was prepared by mixing TiO, powder (anatase < 25 nm
in diameter, purity >99.9%, Sigma-Aldrich) with ddH,O fol-
lowing previously used procedures (Sygouni & Chrysikopou-
los, 2015). Particle sizes and zeta potentials were measured in
the suspension medium by dynamic light scattering (DLS),
using a Zetasizer NanoZS (model ZS90 analyzer, Malvern
Instrument). The initial concentration of TiO, nanoparticles
used in the experiments conducted in this study was 50 mg
L~! with pH = 6.8. The TiO, concentration of each sam-
ple collected was determined by converting the optical den-
sities of the TiO, nanoparticles measured at a wavelength of
287 nm (UV-vis spectrophotometer, Shimadzu, UV-1900) to
TiO, nanoparticle concentrations (Syngouna et al., 2017).

2.3 | Packed columns and transport
experiments

The various columns used in this study were packed with
quartz sand (Filcom, Sibelco). The sand grain diameter was
0.425-0.600 mm (Sieve no. 30/40). The sand was cleaned
thoroughly by following previously established procedures
(Lenhart & Saiers, 2002; Syngouna & Chrysikopoulos, 2011).

All saturated and unsaturated column experiments were
conducted under three different volumetric flow rates (Q =1,
2 and 3 ml min~'), and two different ionic strengths (0
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and 50 mM sodium chloride [NaCl]), at room temperature
(~23 °C). The saturated experiments were performed in glass
columns with length of 30 cm and inner diameter of 2.5 cm,
whereas the unsaturated experiments were conducted in Plex-
iglas columns with length of 15.2 cm and inner diameter of
2.6 cm. For each experiment, fresh, dry quartz sand was used
to pack column in small increments under gentle vibration, in
order to eliminate the possibility of forming stratified layers
(Lewis & Sjostrom, 2010).

All the water-saturated experiments were conducted in ver-
tically oriented packed columns with interstitial flow in the
upward direction. Note that the rate of particle deposition is
greater for up-flow than down-flow direction (Chrysikopou-
los & Syngouna, 2014). The details of the experimental pro-
cedures and sample collection were similar to those estab-
lished in earlier works (Syngouna & Chrysikopoulos, 2011;
Chrysikopoulos et al., 2017). The porosity and bulk density
of each column were estimated gravimetrically. The various
conditions of water saturated experiments are listed in Table 1.

All the unsaturated transport experiments were conducted
in vertically oriented packed columns placed on top of a vac-
uum chamber (Soil Measurement Systems), with flow direc-
tion vertically downwards. The details of the experimental
procedures and sample collection were similar to those used in
earlier studies (Anders & Chrysikopoulos, 2009; Fountouli &
Chrysikopoulos, 2020; Mitropoulou et al., 2013). The weight
of the initially dry column and the wet column at the end
of each experiment were used for the evaluation of the vol-
umetric water content (0,,) and the degree of saturation (S,,).
The three different flow rates used (1, 2, and 3 ml min_l)
yielded three different water saturation levels (~40, 50, and
60%, respectively). The various conditions of the unsaturated
experiments are listed in Table 1.

3 | THEORETICAL ASPECTS OF MASS
RETENTION AND DLVO THEORY

The mass recovered (M, [-]) of the injected solute and
nanoparticles at the effluent of packed columns was deter-
mined with the following equation (Chrysikopoulos & Kat-
zourakis, 2015):

__M"
t Min/U

6]

where my [T M L~3] is the zeroth moment and represents the
total mass in the concentration breakthrough curve (James &
Chrysikopoulos, 2011), M, [M L™2] is the mass injected in
the column, and U [L T~!] is the interstitial velocity of the
fluid.

The classical  Derjaguin—-Landau—Verwey—Overbeek
(DLVO) theory was used to calculate the total interaction
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energy, ®pryo (h), between TiO, nanoparticles, as well
as the quartz sand, solid—water-interface (SWI), and AWI
(Loveland et al. 1996):

®pryo (h) = Dyqy (h) + By (h) + Py, (D) 2

where @4y (1), @4 (J), and @y, (J) are the van der Waals,
double layer, and Born potential energies, respectively, and
h [L] is the separation distance between the two approach-
ing surfaces. In this study, the TiO, nanoparticles were con-
sidered spheres with diameters equal to their hydrodynamic
diameters, and the quartz sand, AWI, and SWI were regarded
as infinite plates. Therefore, the various DLVO interaction
energies were treated as ideal sphere—plate interactions. For
the for sphere—plate model, the @,y interactions were cal-
culated with the expression provided by Gregory (1981), the
@, interactions with the expression provided by Hogg et al.
(1966), and the ®p,,,, interactions with the expression pro-
vided by Ruckenstein and Prieve (1976). For the @, calcu-
lations, it was assumed that the required Stern potentials, ¥
[V], were equal to the corresponding zeta potentials. Further-
more, the required Hamaker constant A3 (J) for microscopic
bodies of composition “1”” and “3” in medium “2” (1 = TiO,,
2 = water, 3 = sand, AWI, or SWI) was determined by the
following rule (Israelachvili, 2011):

A123=<\/A_11—\/A_22) (\/A_%—\/A_22> 3

with A, = 15.3 x 10720 J for TiO, nanoparticles (Bergstrom,
1997), A5y = 3.7 x 10720 J for water (Israelachvili, 2011),
and Ay; = 8.5 X 10720 J for quartz sand (Bergstrom, 1997).
Also, Aj,3 = 1.4 x 10720 J for the system TiO,—water—sand
(Wu & Cheng, 2016). Furthermore, based on Equation 3
with Az3 = 0] for air (Israelachvili, 2011), it was estimated
that A},; = —3.5 x 10720 J for the system TiO,—water—air. It
should be noted that Hamaker constants with positive value
imply that the forces are attractive, whereas Hamaker con-
stants with negative value imply that the forces are repulsive.
Often, a DLVO interaction energy profile may contain a pri-
mary minimum, @, . ., max1> and a
secondary minimum, ®,; » (Chrysikopoulos et al., 2012).

a primary maximum, ®

4 | RESULTS AND DISCUSSION

The breakthrough TiO, concentrations collected from the
transport experiments in the columns packed with quartz
sand, under water-saturated as well as unsaturated condi-
tions, in the absence and presence of salinity (50 mM
NaCl) are presented in Figure 1 as a function of pore
volume. Three different flow rates (Q = 1, 2, and 3 ml
min~!) were considered. The effluent concentrations were
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TABLE 1 Experimental conditions and estimated parameter values

Run TiO, + FA  NaCl 0 Sw U
mg L~! mM ml min~! % cm min~

Saturated column experiments
1 50+0 0 1 100 0.52
2 50+0 0 2 100 1.02
3 50+0 0 3 100 1.52
4 50+0 50 1 100 0.52
5 50+0 50 2 100 1.00
6 50+0 50 3 100 1.52
7 50+2 1 100 0.51
8 50+2 2 100 1.02
9 50+2 3 100 1.54
10 50+2 50 1 100 0.53
11 50+2 50 2 100 1.04
12 50 +2 50 3 100 1.59
Unsaturated column experiments
13 50+0 0 1 40.9 0.45
14 50+0 0 2 50.1 0.94
15 50+0 0 3 60.0 1.37
16 50+0 50 1 40.1 0.46
17 50+0 50 2 50.4 0.90
18 50+0 50 3 60.1 1.38
19 50+2 1 40.2 0.46
20 50+2 2 50.4 0.90
21 50 +2 3 60.0 1.33
22 50 +2 50 1 39.5 0.46
23 50+2 50 2 50.7 0.91
24 50+2 50 3 60.0 1.33

Zeta M, (TiO,),
Pp 0 HDD potential (FA)
gcm™ nm mV %
1.73 0.39 138.1 323 (24.4), (-)
1.72 0.40 136.1 31.9 (23.3), ()
1.72 0.40 137.2 26.2 (41.2), (-
1.74 0.39 2,298 2.6 0.87), (-
1.72 0.41 1,871 5.1 (1.76), (-)
1.70 0.40 2,266 7.6 6.21), (-)
1.70 0.40 136.1 29.0 (13.6), (78.6)
1.71 0.40 133.1 32.0 (49.9), (90.6)
1.70 0.40 136.9 33.0 (41.1), (86.5)
1.75 0.39 2,104 5.9 (1.24), (66.4)
1.74 0.39 1,918 2.4 (0.66), (65.0)
1.75 0.39 1,696 7.5 (1.05),(67.9)
1.73 0.39 199.1 18.4 (1.75), (=)
1.72 0.40 194.1 13.9 (1.10), (=)
1.72 0.40 182.0 14.4 2.77), (=)
1.74 0.39 2,093 134 3.79), (=)
1.72 0.41 2,380 12.5 (2.24), ()
1.70 0.40 2,346 12.0 (1.90), (=)
1.70 0.40 184.1 20.0 (1.63), (80.3)
1.71 0.40 173.4 23.8 (1.27), (78.1)
1.70 0.40 208.8 23.9 (9.57), (77.5)
1.75 0.39 2,056 2.5 (1.93), (75.2)
1.74 0.39 2,089 4.5 (1.62), (67.4)
1.75 0.39 2,154 53 (1.42), (67.2)

Note. Q, volumetric flow rate; S,,, degree of saturation; U, interstitial velocity; py, bulk density; 0, porosity; HDD, hydrodynamic diameter; M, mass recovery; FA,

formaldehyde.

normalized with respect to the initial TiO, concentration Cj,.
The experimental conditions as well as the mass recovered
(M,), as estimated with Equation 1, are listed in Table 1.
The experimental results suggested that under water-saturated
conditions, the TiO, effluent concentrations and mass recov-
ered progressively increased with increasing flow rate. The
positively charged TiO, nanoparticles were retained by the
negatively charged quartz sand, as has also been observed in
previous studies (Cai et al., 2013; Chowdhury et al., 2011;
Fang et al., 2013; Solovitch et al., 2010; Xia et al., 2019).
The M, of TiO, nanoparticles was directly proportional to
the flow rate. Under unsaturated conditions, the TiO, efflu-
ent concentrations and M, values were very low for all three
flow rates considered in this study. The positively charged
TiO, nanoparticles were almost completely retained by the
negatively charged AWIs. Strong interaction between TiO,
nanoparticles and AWIs has also been observed by numer-

ous investigators (L. Chen et al., 2010; Hoggan et al., 2016;
Torkzaban et al., 2008; Wan & Tokunaga, 2002). As the
water saturation decreased, the AWI areas increased and con-
sequently the retention of TiO, nanoparticles increased (L.
Chen et al., 2010). On the contrary, Fang et al. (2013) reported
that AWIs had little effect on the retention and transport
of TiO, nanoparticles in sand columns. For all cases (sat-
urated and unsaturated) shown in Figure 1, the presence of
NaCl affected substantially the transport of TiO, nanoparti-
cles, as suggested by the estimated M, reduction (see Table 1).
The observed increase in TiO, retention with increasing
ionic strength is consistent with the classical DLVO theory
due to the compression of the electrical double layer (Lv
et al, 2016; Verwey & Overbeek, 1948). Similar observa-
tions have been reported by numerous other investigators (G.
Chen et al., 2011; Fang et al., 2016; Mukherjee & Weaver,
2010).
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FIGURE 1

Pore Volume

Normalized breakthrough curves (C/C,) of TiO, from transport experiments in columns packed with sand, without (filled

symbols) and with (open symbols) the presence of NaCl, under (a—c) saturated (a—c, circles) and unsaturated (d—f, squares) conditions, at various

flow rates: (a,d) @ =1, (b,e) @ =2, and (c, f) Q = 3 ml min™!

The normalized breakthrough concentrations of TiO,
nanoparticles and FA from the cotransport experiments in
columns packed with quartz sand, under water-saturated as
well as unsaturated conditions, in the absence and pres-
ence of NaCl, for three different flow rates are presented in
Figure 2. The experimental conditions are listed in Table 1.
For all cases considered here, the presence of NaCl con-
tributed to more pronounced retention of both TiO, nanopar-
ticles and FA within the columns. Note that the calculated M,
values were reduced in the presence of NaCl (see Table 1).

Previous studies have shown that the presence of NaCl
does not affect FA retention by the quartz sand (Fountouli
et al., 2019), and that FA can sorb significantly onto TiO,
nanoparticles (Stefanarou & Chrysikopoulos, 2021). Further-
more, no significant FA retention by the quartz sand has been
observed in batch experiments or in flowthrough experiments
in packed columns under both water saturated and unsaturated
conditions (Fountouli et al., 2019; Fountouli & Chrysikopou-
los, 2020). Consequently, the observed FA retention during
cotransport in both saturated and unsaturated columns can
be attributed to FA sorption onto TiO, nanoparticles, which

subsequently were attached onto quartz sand. As shown by
the results from the transport experiments (see Figure 1),
the results from the cotransport experiments suggested that
the normalized effluent concentration and M, for the TiO,
nanoparticles progressively increased with increasing flow
rate (see Figure 2 and Table 1), whereas the normalized
effluent concentration and M, of FA remained relatively unaf-
fected by flow rate fluctuations.

The experimental results for the average hydrodynamic
diameter (HDD) of a 50-mg L-! TiO, suspension, together
with the corresponding zeta potential measurements under
various conditions are presented in Figure 3. It was shown
that the HDD significantly increased from 1,065 to 1,829 nm
(see Figure 3a), and the zeta potential decreased from 35.9 to
4.2 mV (see Figure 3b) as the NaCl concentration increased
from 30 to 150 mM. The TiO, suspensions with NaCl
concentrations of <50 mM yielded zeta potential values
>30 mV, which are considered to represent stable solutions
where nanoparticles are expected to resist aggregation. Con-
sequently, the ionic strength played a significant role on both
HDD and zeta potential, due to the electric double layer
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Normalized breakthrough curves (C/C,) of TiO, and formaldehyde (FA) from cotransport experiments in columns packed with

sand, without (filled symbols) and with (open symbols) the presence of NaCl, under (a—c) saturated and (d—f) unsaturated conditions, at various flow

rates: (a,d) Q =1, (b,e) Q =2, and (¢, f) Q = 3 ml min~!

compression. Note that the zeta potential of TiO, remained
positive, indicating that aggregating particles were positively
charged and thus capable of attaching onto negatively charged
quartz sand grains. Also, due to their increasing particle size,
TiO, aggregates could be retained by straining within packed
columns. These findings are in agreement with previous stud-
ies (Chowdhury et al., 2011; Solovitch et al., 2010; Zhou et al.,
2016). It should be noted that the HDD values actually sug-
gest that substantial agglomeration of TiO, nanoparticles took
place within the packed column during the transport experi-
ments. This observation is in agreement with earlier work on
TiO, nanoparticles agglomeration in porous media (Sygouni
& Chrysikopoulos, 2015), where it was shown that a sub-
stantial percentage of the anatase TiO, nanoparticles injected
into the experimental column were retained within the column
packing due to agglomeration.

The effect of pH on HDD and zeta potential of a 50-mg
L~! TiO, suspension with and without the presence of salin-

ity (50 mM NaCl) is also presented in Figure 3. As expected,
it was shown that the HDD increased with increasing pH, and
HDD values were consistently higher in the presence of NaCl
(see Figure 3c). The zeta potential decreased with increasing
pH, and the measured zeta potential values were consistently
higher in the absence of NaCl, suggesting that the zeta poten-
tial was inversely proportional to TiO, aggregate size (see
Figure 3d). This result is in agreement with previous observa-
tions (Sygouni & Chrysikopoulos, 2015). The pH where the
electrophoretic mobility switches from positive to negative,
known as the isoelectric point (IEP), was found be equal to
pHigp = 6.6 in the absence of NaCl and pHjgp = 5.8 in the
presence of 50 mM NaCl. Therefore, the presence of salinity
contributes to the formation of larger aggregates with lower
zeta potential. It was shown that the TiO, aggregate size pro-
gressively increased with time, with and without the presence
of salinity (50 mM NaCl), in a similar fashion (see Figure 3e).
Furthermore, for both cases considered, a slight increase in the
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FIGURE 4

Predicted Derjaguin—Landau—Verwey—Overbeek (DLVO) interaction energy (®) profiles as a function of separation distance for:

(a) TiO,—SWI (soil-water interface), and (b) TiO,—AWI (air—water interface), based on the sphere—plate model, without (solid curves) and with

(dashed curves) the presence of NaCl. kg is the Boltzman constant (1.38 X 1072 J K1), T'is temperature (K).  is the separation distance between

the two approaching surfaces

zeta potential was observed with time, as the TiO, aggregate
size increased (see Figure 3f).

Total @ vy interaction energy profiles for the saturated
and unsaturated conditions of this study were determined for
the interaction pairs TiO, with two different interfaces (AWI
and SWI), and they are shown in Figure 4. The estimated
interaction energy minima (®,;,,; and ®,;,,) and energy bar-
rier (D,,,,;) values are listed in Table 2. Note that, in the
absence of NaCl, the calculated interaction energy profiles
for both pairs (TiO,—SWI and TiO,—AWI) were very sim-

ilar. Both exhibited a deep primary energy well (less than
—1,000kg T, where kg is the Boltzman constant [1.38 X 10723
JK~!'] and T is temperature [K]), but not an energy barrier.
In the presence of NaCl, only the interaction energy pro-
file for the pair TiO,—AWTI exhibited an energy barrier (see
Figure 4b). Also, note that the @, ;, value decreased with
increasing ionic strength (presence of NaCl). An increase
in ionic strength results in lower M, due to energy barrier
reduction and in increased tendency for nanoparticle aggre-
gation (Zhang et al., 2015). With the exception of the pair
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TABLE 2 Estimated interaction energy barrier (®,,,,;) and
energy minima (®,,;,, and ®;.,)
Interacting
pair NaCl L0 D D .o
mM ki T-
TiO,—SWI 0 —-0.019 -1,691.3 na
TiO,-SWI 50 —-0.046 —5,434.3 na
TiO,—AWI 0 —0.089 —1,336.4 na
TiO,-AWI 50 5922 0.116 na

Note. SWI, soil-water interface; AWI, air—water interface; kg, Boltzman constant
(138 x 1078 JK™"), T, temperature (K); na, not available.

TiO,—AWI in the presence of NaCl, the other three
pairs suggested favorable conditions for TiO, attachment
onto the quartz sand under the experimental conditions,
because the total potential remained negative for long
separation distances. These DLVO predictions are consis-
tent with the low M, observed for TiO, under both sat-
urated and unsaturated conditions of this study, which
is in agreement with previous work (Xia et al., 2019).
Although for the interaction pair TiO,—AWI in the pres-
ence of NaCl, DLVO would predict that particle attach-
ment would be decreased due to the high energy barrier.
However, the experimental results of this study have shown
the exact opposite trend (see Figure 1, d—f). This contradic-
tion is attributed to the presence of other retention mech-
anisms (e.g., surface charge heterogeneities, aggregation,
straining), which are not accounted by the DLVO theory.
Similar contradictions have been reported in several previous
studies (Chowdhury et al., 2011; Fang et al., 2013; Solovitch
et al., 2010). Furthermore, although secondary energy min-
ima (®,,;,») can play an important role on particles deposi-
tion (Zhou et al., 2016), based on the DLVO theory, none of
the four interaction pairs considered exhibited @ ;,, under the
experimental conditions (see Figure 4 and Table. 2).

S | SUMMARY AND CONCLUSIONS

The experimental results of this study suggested that substan-
tial retention of TiO, nanoparticles could occur under both
saturated and unsaturated conditions. It was shown that that
the majority of TiO, nanoparticles were either retained by the
quartz sand surfaces or by the gas—water interfaces. The solu-
tion ionic strength significantly affected the retention of TiO,
nanoparticles within the porous medium, an observation that
is consistent with zeta potential measurements and the tradi-
tional DLVO theory. Higher ionic strengths led to nanopar-
ticle aggregation, which in turn yielded TiO, retention in the
column. The TiO, mass recovered was shown to increase with
increasing flow rate in water saturated columns, but no clear

trend was observed for the unsaturated columns. The observed
FA retention during TiO, and FA cotransport experiments in
both saturated and unsaturated columns was attributed to FA
sorption onto TiO, nanoparticles, which subsequently were
attached onto quartz sand. Although the DLVO theory pre-
dicted a high energy barrier for the interaction pair TiO,—
AWT in the presence of NaCl, the experimental results did not
exhibit the anticipated reduction in particle attachment, possi-
bly due to other retention mechanisms that are not accounted
by the DLVO theory. The experimental findings of this study
suggested that quartz sand can satisfactorily be used to filter
TiO, nanoparticles from water. Understanding the transport
of TiO, nanoparticles and FA in porous media is helpful for
the prediction of their migration behavior in soil and ground-
water systems, thus minimizing their hazardous impacts.
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