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The transport of colloid in unsaturated porous media affects the migration of
contaminants and thus is closely related to groundwater resources protection.
To figure out the combined effects of grain size, colloid concentration and
injection flow rate on montmorillonite colloid transport characteristics in
unsaturated quartz sand, a total of 27 sets of column experiments were
conducted with three kinds of quartz sand (20, 40, 60 mesh), three flow
rates (1.98, 3.96, 5.94 cm®/min) and three colloid concentrations (300, 600,
900 mg/L), using three packed columns with the inner diameter of 11 cm and
the height of 40 cm. The experimental results showed that the transport of Na-
montmorillonite  colloid particles in  the unsaturated quartz sand
columnoccurred with significant retention. In the 20 mesh quartz sand
column, the average peak values of the penetration curves for low and high
concentration colloidal solutions of 300 and 900 mg/L increased by 44% and
27%, respectively, as the flow rate increased from 1.98 to 5.94 cm?®*/min. The
average peak value of the colloidal solution with concentration 300 mg/L
increased 17% more than that of the colloidal solution with 900 mg/L for
increasing flow rate. When the injection flow rate of the colloidal solution
was increased from 1.98 to 5.94 cm?®/min, the effect of flow rate on colloidal
transport was the most obvious, followed by the effect of media particle size,
while the effect of colloidal solution concentration was the least. The
calculation based on the total potential energy of Derjaguin-Landau-
Verwey-Overbeek (DLVO) and collision efficiency further explained the
retention of colloids in unsaturated porous media.
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1 Introduction

The clay colloids are widely distributed in subsurface aquifer
and vadose zones, with the characteristics of small size, large
specific surface area and high surface electrical potential (Vilks
and Baik, 2001; Um and Papelis, 2002; Schoonheydt et al., 2018;
Won et al., 2021; Xiao et al., 2022a). The transport of clay colloid
in porous media is closely related to many processes in the field of
environmental geoscience, including groundwater pollution and
remediation, reinjection of geothermal water and gas filed
produced water, oil and gas exploitation, as well as the
radionuclides migration (Torok et al, 1990; Ohnuki et al,
2010; Yang et al., 2013; Syngouna et al, 2017; Won et al,
2021; Xiao et al,, 2022b). Particularly, the clay colloids play a
significant role intransporting contaminants in porous media.
The high surface potential and large specific surface area of clay
colloids favorably adsorb the heavy metals, organic pollutants,
radionuclides, virus and bacteria, thus facilitating or hindering
the migration of these contaminants, and ultimately determining
the fate of the substances in the environmental systems (Um and
Papelis, 2002; Kim et al., 2003; Syngouna and Chrysikopoulos,
2013; Syngouna and Chrysikopoulos, 2016; Won et al., 2019;
Fountouli and Chrysikopoulos, 2020; Xiao et al., 2022¢; Liu et al.,
2022). Given that its high importance, it is necessary to

understand the clay colloid migration for effective
management of contaminants and other environmental
resources.

The transport characteristics of clay colloids in saturated
porous media are deeply influenced by many environmental
parameters such as particle size (Wang et al., 2012; Zhang
etal, 2020), matrix structure (Zhang et al.,, 2016), flow velocity
(Saiers and Lenhart, 2003a; Syngouna et al., 2017), solution
compositions and salinity (Grolimund et al., 1996; Saiers and
Lenhart, 2003b), as well as the solution pH (Walshe et al.,
2010; Ma et al., 2018). In order to clarify the migration and
retention behaviors of clay colloids under different influencing
factors, large research efforts have been carried out by many
scholars on the basis of batch experiments, column
experiments, mathematical model and numerical simulation
(Lenhart and Saiers, 2002; Torkzaban et al., 2008; Zhang et al.,
2014; Zhang and Hassanizadeh, 2017). Won et al. (2021)
investigated the transport and retention behaviors of
kaolinite and illite under different sand grain sizes and
solution ionic strengths. The results show that 1) a decrease
in the median sand grain size increases the amount of retained
clay and 2) the presence of an ionic strength threshold allows
for similar retention of clay colloids at 0.01 M and 0.1 M
during an increase in ionic strength from 0 to 0.1 M strength.
Bradford and Kim (2010) conducted the column experiments
to investigate the efforts of the solution chemistry sequence on
the clay release from sands with different grain sizes, which
shows that clay

release presents a relatively minor

enhancement with increasing pH and decreasing ionic
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strength. However, when monovalent sodium ions on the
clay and sand surfaces were exchanged for multivalent
cations, clay release was significantly enhanced. Syngouna
and Chrysikopoulos (2011) evaluated the combined effects
of quartz sand particle size and pore water flow rate on the
migration of three biocolloids in saturated quartz sand
columns. The results showed that there is no obvious
relationships between mass recovery of biocolloids and
water flow rate or particle size, while better agreement
between the Maxwell theoretical and experimental collision
efficiencies was observed. The deposition and release of clay
colloids in saturated porous media sand columns packed with
biochar-modified sand was studied by Haque et al. (2017), the
results showed that the deposition of clay colloids in biochar
was more favorable than that in sand.

Furthermore, many researchers have put a lot of efforts
into clay colloids migration and retention in partially
saturated porous media. Zevi et al. (2005) conducted colloid
migration in partially saturated quartz to directly observe and
characterize colloid transport behaviors using pore scale
visualization technologies. Torkzaban et al. (2008) used
filled columns and mathematical models to study the effects
of water saturation, pore water ionic strength and particle size
on the transport of latex microspheres in porous media, which
indicates that straining is the major mechanism of colloid
retention for both fully and partially saturated conditions.
Fountouli and Chrysikopoulos (2020) investigated the effects
of kaolinite and montmorillonite on formaldehyde transport
in unsaturated sandy media at different flow rates and
saturation conditions. The results showed that the presence
of clay particles would delay formaldehyde transport and
significant clay colloid retention occurred at low flow rates.
Additionally, the of
Derjaguin-Landau-Verwey-Overbeek ~ (DLVO)  theory
demonstrated that permanent retention of clay colloids at

calculation results on basis

solid-water interfaces and air-water interfaces was negligible.

In summary, the existing studies mainly focused on one or
two factors affecting the migration and retention of colloids in
fully or partially saturated porous media, column experiments in
unsaturated porous media are mostly set to a certain degree of
water saturation (Shang et al., 2008; Torkzaban et al, 2008;
Fountouli and Chrysikopoulos, 2020). Nonetheless, media
particle size, injection flow rate and initial colloid
concentration all affect the migration and retention of colloids
in porous media. The water content of the actual unsaturated
zone increases with depth, rather than a fixed water content.
Accordingly, the investigation on the combined effects of
medium particle size, injection flow rate and initial
concentration of colloidal solution on the migration of
colloids in unsaturated porous media with variable water
content is essential for a comprehensive understanding of the
behaviors of colloids or colloid-borne contaminant transport.

However, the corresponding studies in existing references remain
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Montmorillonite colloid particle size distribution curve.
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FIGURE 2

Standard curve of montmorillonite colloidal solution (Abs is
the absorbance of the solution).

very limited. The objective of this study was to investigate the
combined effects of media particle size, initial colloid
concentrations and  injection flow rates on Na-
montmorillonite colloid migration behaviors in unsaturated
quartz sand through prong the penetration time of colloid.
The breakthrough curves were fitted by the cumulative
Weibull model. The combined influences of three influencing
factors on the key parameters of breakthrough curves were
discussed. Furtherly, the relative importance of three
influencing factors was ranked and discussed.

2 Materials and methods
2.1 Montmorillonite colloid preparation
SD1005 high purity (reagent grade) sodium montmorillonite

colloid, made by Zhejiang Sanding Technology Co., Ltd., China,
is used in the experiment. The sodium montmorillonite is a 2:
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1 layered aluminosilicate mineral composed of nanostructured
micro crystals, and the particle size is less than 10 um (Sposito
et al, 1999; Schoonheydt et al, 2018). The particle size
distribution of colloid was gauged by Malvin laser particle size
analyzer (Mastersizer3000E, Malvern company, UK), which is
roughly in the range of 0.1-1.5 um (Figure 1).

The morphological characteristics of montmorillonite were
obtained by scanning electron microscope (SU8240, Hitachi,
Japan), as shown in Supplementary Figure S1. The
representative transmission electron microscopy (TEM, FEI
Tecnai G2 F20, FEI, US) image is shown in Supplementary
Figure S1.

Montmorillonite colloids were prepared into colloid
suspensions for sand column experiments with deionized
water, and the concentrations were 300 mg/L, 600 mg/L and
900 mg/L respectively. A colloid concentration calibration curve
was obtained by using sodium montmorillonite colloids, shown
in Figure 2. As a result, the obtained relationship for estimating of
the montmorillonite colloid concentration with high accuracy is
as follow:

Montmorillonite colloid concentration (mg/L) = Abs/0.003
1

2.2 Quartz sand column preparation

Three sizes of quartz sand were used to pack the columns
in this study: 1) coarse sand with a mean grain diameter of
0.9 mm (Sieve No 20), 2) medium sand with a mean grain
diameter of 0.45 mm (Sieve No 40), and 3) fine sand with a
mean grain diameter of 0.3 mm (Sieve No 60). According to
the particle size of quartz sand, the sieve with corresponding
mesh number was selected, and use swing sieve analyzer
(AS200, Retsch Company, Germany) was used to screen the
quartz sand to remove impurities and ensure that the particle
size is consistent.

The pretreatment procedures for thoroughly washing sand
are as follows. Firstly, washing the quartz sand with deionized
water and ultrasonic for 5 times, then soaking it in 1 M NaOH
and HCI solution for 24 h, respectively. Subsequently, the sand
was washed it with deionized water and ultrasonic for 3 times to
remove the residual alkali and acid solution. Finally, the sand was
dried in muffle furnace (L15/11, Nabertherm GmbH, Germany)
at 600°C for 8h. The high temperature of 600°C can
completely remove the organic matter in quartz sand. The
treated quartz sand is placed in a cool and dry place and
sealed for storage.

Supplementary Figure S2 displays the morphological
characteristics of quartz sand particles obtained by scanning
electron microscope. It can be seen from Supplementary
Figure S2 that there are both smooth areas and rough areas
on the surface of quartz sand particles.
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FIGURE 3

The average value of zeta potential value of montmorillonite colloid and quartz sand particles changing with pH in ionic water at 25°C.

2.3 Zeta potential

The zeta potential (§) represents a measure of the electrical
potential of the mineral surfaces, determines the thickness of
electrical double layer (EDL) at minerals surface, and controls the
electrostatic interactions strength between mineral surface and
polar species in aqueous solution (Shehata and Nasr-El-Din,
2015; Vinogradov and Jackson, 2015; Awan et al., 2022).

Given that its high importance, the zeta potentials of various
colloid concentrations and sands used in this study were
measured in deionized water by a ZetaPlus potential analyzer
(ZetaPlus Nano, Malvern, UK). Note that the sand grains used in
this work were too large for directly measurement of their zeta
potential by the ZetaPlus potential analyzer. Consequently, a few
sand grains were crushed into fine powder and then mixed with
the deionized water to form suspension.

All zeta potential measurements were collected in triplicate.
the of
montmorillonite colloid and quartz sand particles under
different pH conditions. At 25°C deionized water, the zeta
potential of quartz sand particles is determined to be
-20.1 mV, and the zeta potential of montmorillonite colloid is

Figure 3 shows average zeta potential values

determined to be -36.5 mV. In particular, the zeta potential of
montmorillonite colloid is negative in the examined pH range.

2.4 Experiment procedure

All colloid transport experiments were conducted in three
plexiglass columns, and each with a length of 40 cm and an inner
diameter of 11 cm. Each column used in the experiments was
filled with one size of quartz sand particles to obtain columns
filled with 20 mesh, 40 mesh and 60 mesh quartz sand particles,
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respectively. The columns were evenly filled with dried sand in a
layered manner. After each part of sand was filled, it needed to be
compacted, and then roughened the sand with a thickness of
1 cm on the surface, so as to continue to fill quartz sand. As
shown in Figure 4, the height of the filled sand was 33 cm. There
were 2 cm and 5 cm spaces reserved at the top and bottom of the
packed column without quartz sand filling, respectively. The
2 cm space was convenient for the uniform infiltration of the
spray water at the top, and the 5 cm space was to prevent the
deposition of the outflow liquid at the bottom. As the bottom
boundary for the filling with 60 mesh quartz sand, we used a
nylon membrane with mesh number of 120 supported by
plexiglass porous sieve plate (80 mesh is used for the nylon
membrane of the remaining two sand columns). The colloidal
solutions were introduced into the column through a modified
plexiglass cover (see Figure 4) with uniform hole distribution to
ensure even distribution over the whole cross-section of the
column. The bottom cover of the column was improved, and
the internal surface was made into a conical appearance to ensure
that the liquid flowing out of the porous sieve plate can smoothly
converge to the outlet at the bottom of the column and then be
collected.

The saturated permeability coefficients, pore volumes, bulk
density and weight of filled quartz sand of packed columns are
listed in Table 1. The saturated permeability coefficient was
measured by the constant head method with the Markov
bottle, the pore volume was measured by the saturation
method, and the porosity was obtained by dividing the pore
volume by the sand column volume. Bulk density is obtained by
dividing the weight of the sand column by its volume. The
saturated volumetric water content was solved by using the
Van Genuchten (VG) (Genuchten, 1980) model. It should be
noted that the saturated volumetric water content and porosity
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FIGURE 4
Schematic diagram of the experimental setup.

TABLE 1 The relevant parameters of packed columns.

Coarse sand column

Quartz sand weight (g) 5246
Saturated permeability coefficient (cm/s) 0.25
Pore volume (L) 0.85
Porosity 0.27
Saturated volumetric water content 0.32
Bulk density (g/cm®) 1.67

are not identical for each particle size of quartz sand. This is
because the application of the VG model to solve for the saturated
volume water content requires the use of the centrifuge method
to calculate the water content for each centrifugal force
condition, and the quartz sand has poor water holding
capacity, which can lead to errors when using the centrifuge
method.

Colloid transport experiments were conducted with the
column vertically oriented. 12 flexible pipes were used to
connect the water supply tank and the top cover of the
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Medium sand column Fine sand column

5329 5185
0.09 0.04
1.03 1.28
0.33 0.41
0.36 0.34
1.70 1.65

column through the peristaltic pump, respectively. The colloid
suspension was introduced into the column using the peristaltic
pump at a fixed injection flow rate. Prior to each experiment, the
pre-balance stage needs to be reached, that is, injecting deionized
water at the same flow rate for 24 h before introducing colloidal
suspension, so as to maintain a stable moisture content during
the experiment. Initial leaching with deionized water was carried
out for 24 h using downward flow from the top of the columns.
At the end of the leaching process, the absorbance of the effluent
was measured as the absorbance background value of each
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TABLE 2 The experimental conditions and characteristic parameters.

No. Sand Flow Concentration
mesh rate (mg/L)
(ecm?/
min)
1 20 1.98 300
2 20 1.98 600
3 20 1.98 900
4 20 3.96 300
5 20 3.96 600
6 20 3.96 900
7 20 594 300
8 20 5.94 600
9 20 5.94 900
10 40 1.98 300
11 40 1.98 600
12 40 1.98 900
13 40 3.96 300
14 40 3.96 600
15 40 3.96 900
16 40 5.94 300
17 40 594 600
18 40 5.94 900
19 60 1.98 300
20 60 1.98 600
21 60 1.98 900
22 60 3.96 300
23 60 3.96 600
24 60 3.96 900
25 60 594 300
26 60 5.94 600
27 60 594 900

experiment. Table 2 summarizes the experimental conditions of
each column for a total of 27 sets of column experiments. Liquid
samples were collected from the column effluent by using a
partial automatic collector (BSZ-40, Jihui analytical instrument
(Shanghai) Co., Ltd) with a fixed time interval.

After the pre balance stage, the 12 flexible pipes connecting
the water tank filled with deionized water reconnected to the
container filled with montmorillonite colloidal suspension. The
colloidal solution was let through the quartz sand column at the
set injection flow rate. The concentration of montmorillonite
colloid in the collected effluent was measured until 300 effluent
samples were collected, indicating that the penetration stage was
completed. For 20 mesh and 40 mesh quartz sand columns,
nearly 12 PV (Pore Volume) colloidal solution was applied to
collect 300 outflow samples. While in the 60 mesh quartz sand
column, about 9 PV was applied.

When the above operations were completed, the elution stage
begins. The 12 flexible pipeswere reconnected to the water tank

Frontiers in Environmental Science

C/Comax a (C/ 8 R? a
Comax)

0.595 0.536 115 0.990 0.064
0.655 0.658 163 0.986 0.053
0.664 0.647 102 0.992 0.051
0.840 0.736 142 0.987 0.046
0.780 0.779 2,02 0.992 0.054
0.804 0.785 177 0.992 0.047
0.855 0.792 2.17 0.986 0.046
0.860 0.821 2.27 0.991 0.045
0.842 0.816 2.23 0.991 0.051
0.527 0.585 2.6 0.990 0.035
0.626 0.606 2.60 0.996 0.026
0.702 0.680 2.78 0.995 0.020
0.763 0.693 2.89 0.991 0.026
0.659 0.768 3.95 0.993 0.039
0.740 0.736 2.89 0.993 0.028
0.791 0.746 3.72 0.993 0.030
0.812 0.794 3.8 0.995 0.027
0.829 0.816 371 0.996 0.024
0.604 0.568 4,00 0.990 0.013
0.613 0.613 469 0.996 0.012
0.671 0.663 3.38 0.993 0.010
0.765 0.703 439 0.991 0.011
0.641 0.732 6.00 0.997 0.019
0.695 0.732 6.70 0.996 0.015
0.783 0.748 5.38 0.995 0.014
0.779 0.775 5.51 0.995 0.014
0.787 0.776 5.40 0.994 0.014

with deionized water. The deionized water was let pass through
the column at the set flow rate to measure the absorbance in the
effluent until its value is the same or similar to the background
absorbance. According to the experimental results, about
39 effluent samples can be collected at this stage to meet the
conditions and stop the experiment. The absorbances (Abs) of all
effluent were measured by UV-VIS spectrophotometer (UV1800,
Shanghai Meipuda Instrument Co., Ltd) at 243 nm wavelength.
After subtracting the background absorbance, the colloid
concentration in the solution was calculated according to the
standard curve. The breakthrough curves were obtained by
plotting relative colloid concentration versus pore volume.

In order to ensure the consistency of the quartz sand
inside the

experiments, after each conditional column experiment, the

structure column during each group of
quartz sand column was cleaned with 100 L deionized water
using a large water head difference. Generally, the absorbance of

the effluent after cleaning is less than 0.07.
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It should be emphasized that the whole experimental
processes were carried out under the condition of 25°C in the
absence of sunlight, and the temperature was adjusted and
controlled by air conditioning.

In this study, Hydrus-1D was applied to simulate the water
content of each sand column at different flow rates, where the
water content increased with depth in the column. The average
volumetric water content obtained for the same mesh of quartz
sand column at the three flow rate experimental conditions did
not differ significantly, while the water content at the top of the
column and the depth at which the saturated volumetric water
content was initially reached differed in each case. For
subsequent calculations, the average volumetric water contents
of the 20-, 40-, and 60-mesh quartz sand columns were obtained
as 0.300, 0.355, and 0.310, respectively, based on the model
results.

2.5 Theoretical methods

2.5.1 Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is the
cornerstone of colloidal science, which is used to describe the
force between colloid and solid surface. The force is also referred
as DLVO force, mainly including van der Waals force, and
electric double layer force generated by electrostatic
interaction. According to the DLVO theory, the total potential
energy between the colloid and quartz sand particles is calculated
by Eq 2 (Loveland et al.,, 1996):

$oLvo (h) = Braw (b + ¢ (h) (2)

where ¢
¢, (h) (J) is the electrostatic potential energy of electric double

Law (M) (J) is the van der Waals force potential energy,
layer, and h (nm) is the distance between the colloidal particles
and the surface of the porous media particles.

For the sphere-plate particle geometry, the ¢, ,, () is
calculated by Eq 3 (Gregory, 1981; Chrysikopoulos and
Syngouna, 2012):

B () = —A‘”R<1 + @) G)

6h A

where R (nm) is the radius of colloid, A (nm) is the characteristic
wavelength (= 100 nm), Ajz; (J) is the combined Hamaker
constant. The expression for the calculation of Aj,; is as
follows (Israelachvili, 1992):

Aps = (VAU - VA5 )(VAs - VAz ) )

where Ay (J) is the Hamaker constant for the colloid particle, A,,
(J) is the Hamaker constant for the liquid, and As; (J) is the
Hamaker constant for the solid surface. The value of the
Hamaker constant of montmorillonite colloid particles,
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deionized water, and the quartz sand particles are announced
to be 1.23 x 107*° J (Fountouli and Chrysikopoulos, 2020), 3.70 x
10*°], and 6.80 x 1072°J (Tokunaga, 2011), respectively.
According to the calculation, Ajy; is 1.08 x 107°].

The potential energy of the bilayer electrostatic force can be
calculated by Eq 5 (Hogg et al., 1966; Mitropoulou et al.,, 2013):

1+exp(-h/x™")
1-exp(-h/x™")

#In[1-exp(—2h/x")]

NEAZ ln[ ] +(vi+v3)

¢, (h) = mege,

(©)

where gy = 8.85 x 107'* (C°] 'm™") is the permittivity of free pace,
e = 76.58 (-) is the relative dielectric constant of water
(Israelachvili, 2011), v, and v, are the surface potentials of
colloid particles and collector surface, respectively, and x (m™") is
the reciprocal of the thickness of the diffusion electric double
layer or the Debye-Huckel length. It is expressed as Eq 6
(Tokunaga, 2011; Chrysikopoulos and Syngouna, 2012;
Mitropoulou et al., 2013; Zhang et al., 2020):

2¢21000IN 4
©= \J &€ kT ©)
where @ = 1.6 x 107" (C) is the electron charge, I (mol/L) is the
ionic strength of the background electrolyte solution, N4 =
6.02 x 10 (mol™) is the Avogadro’s number, kg = 1.38 x
10* (J/K) is the Boltzmann constant, and T = 298 (K) is the
Kelvin temperature of 25°C.

2.5.2 Collision efficiency

The collision efficiency a, is generally estimated from the
results of column experiments by Eq 7 in unsaturated porous
media (Tufenkji and Elimelech, 2004):

2 d. C
“= 3T, ’”(a) @

where d. (m) is the diameter of collector, L (m) is the length of
the filling medium in the column, 6,, is the volumetric water
content, C (mg/L) is the concentration of effluent colloid, C,
(mg/L) is the concentration of influent colloid, #, is the single
collector efficiency, which is determined by Eq 8 (Tufenkji and
Elimelech, 2004; Wang et al., 2012):

1y = 24AS %NI—QO,OSIN;(:JISNO.OSZ +0. 55ASN;675N:.125

vdw

+0.22N NG N5 (8)

vdw

where Ag is a porosity-related parameter, Ny is aspect ratio, N p,
is Peclet number, N, 4, is van der Waals number, N 4 is attraction
number, Ng is gravity number. These parameters can be
obtained from Eqs 9-15:

2(1-¥)

T 2-3p+3)5-2y8 ©)

s
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FIGURE 5
Experimental breakthrough data for the same concentration of colloid solution in the same mesh of quartz sand column under different flow
rate conditions.
_ 1/3
where y = (1-6,) 2,2(,) _Pf)g
N, = _2\p 7J/e 15
G =
d, uU
Np =— (10)
< 3\ . . . .
where p, = 2200 (kg/m’) is the density of (colloid) particle

where d, (m) is the diameter of (colloid) particle.

where U (m/s) is the approach (superficial) velocity of fluid, D' is
the diffusion coefficient, it can be calculated by Eq 12:

(Olphen and Fripiar, 1979), p; = 999.7 (kg/m®) is the density of
fluid (Fountouli and Chrysikopoulos, 2020), g =9.81 (m/s?) is the
(11)

gravitational acceleration.

3 Results and discussion

o kT

- 6mur, (12)

3.1 The effect of flow rate on colloid
transport
where y = 891 x 107 (kgm™'s™") is viscosity of fluid (Fountouli

and Chrysikopoulos, 2020), r, (m) is the radius of (colloid) The experimental results of montmorillonite colloid

particle.
A
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transportation in unsaturated packed column are expressed as
breakthrough curves (BTCs), shown as the variation of
percentages of aqueous phase mass concentration (C/C,) with
PV. The breakthrough curves obtained for each experimental
condition are shown in Figure 5. C/C ay is the average value of
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FIGURE 6

The peak plateau values of the penetration curves at different colloid concentrations and injection flow rates in unsaturated sand column: (A,D)

20 mesh, (B,E) 40 mesh, and (C,F) 60 mesh.

the plateau period value of the penetration curve of colloid is
shown in Table 2.

As can be seen from Figure 5, on the whole, each penetration
curve shows a steep front and a long peak plateau period.
Moreover, none of the peak values of the penetration curves
of the colloid solutions reached 1, which indicates that there is
retention of montmorillonite colloids migrating in the sand
column. When the quartz sand particles are of the same size,
the higher the plateau that the C/Cy of the penetration curve can
reach as the flow rate increases from 1.98 cm*/min to 5.94 cm?/
min. This was the case for all three colloidal concentration
conditions.

In order to better compare the characteristics of the
penetration curves of colloid solution obtained under
various experimental conditions, the cumulative Weibull
The
cumulative Weibull model is also known as the ‘stretch

model is used to fit these penetration curves.
index’ function. It adds a parameter delta, which allows you
to modify the inflection point. Moreover, the upper asymptote
of the model is the maximum value of Y, and the lower
asymptote can be non-zero. This model is usually used to
simulate particle size during dissolution of solid dosage forms.
The equation of this model is as follows:

3

Y=a-b-e™* (16)

where, a is the maximum value of Y in the curve (upper
asymptote), b is the lower asymptote, m is the x value of the
control inflection point, § is the steepness of the curve.

The variance obtained from each set of experimental model
fits is greater than 0.9. The closer the R” is to 1, the more accurate
the model fit is proven.
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As shown in Figure 5, the transport of colloids in unsaturated
porous media is influenced by particle size, colloid concentration
and injection flow rate. For analyze the effect of flow rate on
colloid migration, we plot the peak variation of the penetration
curve at different flow rates as demonstrated in Figure 6. The
maximum of the peak mean values of the colloid breakthrough
curves are 0.860 (Figure 6D), 0.829 (Figure 6E) and 0.787
(Figure 6F) for the three sand grain size cases, respectively.
The maximum values are in the experimental condition with
the highest flow rate and the minimum values are almost always
in the experimental condition with the lowest flow rate
(Figure 6).

As shown in Figure 6D; Table 2, the average value of the peak
of the breakthrough curve is 0.595 at a flow rate of 1.98 cm*/min
under the coarse particle and low concentration condition, and
nearly 40% of the colloids is deposited in the medium quartz sand
during the transport in the sand column. Nevertheless, when the
flow rate is increased to 5.94 cm®/min, the mean value of the peak
penetration curve obtained in the experiment increases by 44%.
In coarse particles and high concentration conditions, the peak
mean value increases by 27% with increasing flow rate. The mean
values of the peaks obtained by increasing the flow rate increase
by 50% and 29% for medium and fine particle conditions,
respectively, when the colloid solution concentration is low.
Under the same conditions, the peak mean values increase by
18% and 17%, respectively, when the concentration of colloid
solution is higher. When the quartz sand particle size is
determined, the effect of increasing the colloid injection flow
rate on the peak of the permeation curve is more pronounced at
lower concentrations of colloid solution compared to higher
concentrations of montmorillonite colloid solution.
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The peak plateau values of the penetration curves of quartz sand particles of different mesh sizes at different colloid concentrations under the
conditions of injection flow rates: (A,D) 1.98 cm®*/min, (B,E) 3.96 cm®/min, and (C,F) 5.94 cm®*/min.

As the flow rate increases, the migration of colloids in the
sand column increases and the peak of the colloid penetration
curve rises. This indicates that the increase in flow rate facilitates
the migration of colloids in porous media. Similar findings have
been reported by others (Shang et al., 2008; Fountouli and
Chrysikopoulos, 2020). This is due to the fact that when the
flow rate increases, the contact time between the colloid and the
quartz sand particles decreases, reducing the possibility of colloid
adsorption on the surface of the quartz sand particles, which is
conducive to the migration of colloids. Another reason is that the
increase of the flow velocity will generate a greater hydraulic
shear force, which makes the colloids get more propulsion and
migrate to the water, along the trajectory of the liquid phase
(Chowdhury et al., 2011; Knappenberger et al., 2014), which will
result in more colloids at the outflow end.

3.2 The effect of colloid concentration on
colloid transport

It can be seen from Figure 5 that when the mesh number of
quartz sand is the same as the injection flow rate of colloidal
solution, the peak platform value of penetration curve changes
little with the initial concentration of colloidal solution, and the
peak platforms almost coincide under each group of conditions.

According to Table 2, when the solution injection flow rate is
1.98 cm’/min and the colloid concentration remains unchanged,
the difference of the peak platform value of the penetration curve
obtained under the three types of quartz sand mesh is less than
0.1, and the same situation occurs when the flow rate is 5.94 cm®/
min. Nevertheless, under the last flow rate, the difference of the
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peak platform value of the penetration curve obtained under the
three types of quartz sand mesh is greater than 0.1.

Figure 5 demonstrates the variation of peak mean values of
the penetration curves of colloid solutions with colloid
concentration for the same injection flow rate and quartz
sand particle size conditions. Under low flow rate conditions
(Figure 7D), the peak mean values increase with increasing
colloidal solution concentration and increase by 12%, 33%
and 11% with increasing concentration as the quartz sand
particles change from coarse to fine, respectively. However,
under high flow rate conditions (Figure 7F), the peak mean
values of the colloid breakthrough curves obtained for each
quartz sand size condition do not vary significantly with
concentration.

The mean values of the peak penetration curves obtain for
colloid solutions of high concentration are larger than the results
for other concentrations, both at low and high flow rates and for
almost every grain size condition. When the concentration of
colloid solution increases, the number of colloids in the solution
increases per unit volume, and at the same time, there is
competition for spots in the settling process, leading to a
decrease in the settling rate, which enhances the migration.

3.3 The effect of grain size on colloid
transport

The mean value of the peak increases with increasing flow
rate by 44% (Figure 8D), 31% (Figure 8E) and 27% (Figure 8F)
for the three concentration conditions in the coarse-grained sand
column, respectively. Similarly, in the fine-grained sand column,
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FIGURE 8

The peak plateau values of the penetration curves of quartz sand particles of different mesh sizes at different injection flow rates under the
conditions of colloid concentration: (A,D) 300 mg/L, (B,E) 600 mg/L, and (C,F) 900 mg/L.

the peak mean values increase by 30%, 27% and 17% with
increasing flow rate, respectively. Compared to the coarse
particle-filled quartz sand column, the peak mean values
obtain for each concentration of solution in the fine sand
condition show less variation with increasing flow rate. As the
particle size becomes smaller, the pore volume used to be able to
detect colloids in the effluent increases (Figure 5).

Figure 8; Table 2 show that regardless the colloid
concentration, the peak mean values tend to decrease with
smaller particle size of the quartz sand particles when the flow
rate are 3.96 cm’/min and 5.94 cm*/min. At high flow rates, the
peak mean values decrease by 8%, 9%, and 7%, respectively, as the
number of sand mesh becomes larger. While at moderate flow
rates, the peak mean values decrease by 6%, 18%, and 14%,
respectively. This indicates that when the quartz sand particles
change from coarse to fine, the specific surface area of sand
particles increases, so the contact area between colloid and
particles increases, which is favorable for the deposition of
colloid particles. It is worth noting that the variation of the
peak mean values at low flow rates, when the colloid solution is at
low and high concentrations, is not the same as the results for
other conditions.

3.4 Calculation of DLVO interaction
energy

In this study, although natural montmorillonite colloids are
not spherical, it is assumed that the colloids are spherical and
apply the equations mentioned previously to calculate the forces

Frontiers in Environmental Science

1

acting on the colloidal particles (Shang et al., 2008; Fountouli and
Chrysikopoulos, 2020). According to the DLVO theory, Figure 9
shows the total DLVO potential energy of the interaction
between the montmorillonite colloid and the solid-water
interface (SWI) and the colloid and the air-water interface
(AWI) under the experimental conditions in this study.
According to the colloidal particle size distribution curve
(Figure 1), the diameters of D10 (100 nm), D50 (150 nm),
D60 (160 nm) and D90 (280 nm) were used to calculate
DLVO potential energy, where D50 is used to indicate the
average particle size of colloidal particle size (Figure 9).

In this the
montmorillonite colloid was 150 nm, and its potential barrier
in the deionized water and quartz sand system was calculated as

experiment, average particle size of

116.10 kgT (Table 3), while the absence of secondary energy
minima (@uin2) indicates that the colloidal particles are unlikely
to be permanently retained on the surface of quartz sand
particles. Correspondingly, the retention of colloid particles at
the air-water interface (AWI) is not permanent. The interactions
of colloids with the solid-water interface (SWI) as well as the
colloids with the air-water interface (AWI) show repulsive energy
potentials, which could prevent the attachment of colloids to the
solid surface and the AWIs. However, the peak plateau value of
the penetration curve of the colloid solution did not reach 1. Itis
obvious that there are stagnant colloids present in the quartz sand
column, which contradicts the calculation of DLVO. Therefore,
another non-DLVO force needs to be considered in this study of
colloid migration in unsaturated quartz sand columns to explain
the deviation from the DLVO calculation (Fountouli and
Chrysikopoulos, 2020).
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TABLE 3 Estimated @max: ®min1 and @minz2 Using DLVO theory for the

colloid particle size of 150 nm.

This experiment considers unsaturated conditions, where
AWIs exist during colloid migration and non-DLVO

¢ max (kgT) Dpin1 (kpT) bpina (kpT) interactions such as hydrophobic, hydrodynamic and
capillary forces may occur for colloids on AWIs (Bradford
Colloid - SWI 116.10 -668.5 NA . . .
and Torkzaban, 2008). The capillary energy is calculated from
Colloid - AWI 116.16 NA NA . . .
the distance the colloid protrudes from the film or the air-
NA: not applicable. water-solid interface, and the values obtained in the studies
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FIGURE 10

The collision efficiencies of: (A) 1.98 cm®/min, (B) 3.96 cm?*/min, and (C) 5.94 cm?/min.
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are several orders of magnitude larger than the total
DLVO potential obtained (Syngouna and Chrysikopoulos,
2015; Fountouli and Chrysikopoulos, 2020). Thus, the
capillary energy is sufficient to push the colloid to the
quartz sand surface, where it is attracted by van der
Waals forces, leading to the retention of the colloid (Gao
et al., 2008).

3.5 Calculation of collision efficiencies

The collision efficiency a, was calculated for all
experiments according to Eqs 7-15 and the results are
presented in Table 2. Combining Table 2; Figure 10, it can
be seen that the o obtained in the sand column of the same
quartz sand grain size under high flow rate experimental
conditions does not differ much. According to the colloid
filtration theory (CFT), an increase in the interstitial flow rate
decreases the number of collisions occurring between the
passive colloid particles and the collectors, which does not
favor the retention of colloids and leads to an increase in the
number of movable colloids (Walshe et al., 2010; Fountouli
and Chrysikopoulos, 2020). This is consistent with the
phenomenon that the peak of the breakthrough curve of
colloids is the largest at high flow rate conditions as shown
in Figure 8. Moreover, the peak of the breakthrough curve for
the same particle size of quartz sand hardly varies with the
colloid concentration at high flow rates, also because the fast
flow rate reduces the number of effective collisions, and the
flow rate affects the colloid migration to a greater extent than
the effect of colloid concentration changes.

Under low flow rate conditions, increasing colloid solution
concentrations lowers the a value (Figure 10A). Figure 7D
demonstrates that an increase in colloid concentration reduces
the collision between colloid particles and the collector, with a
consequent increase in the peak of the penetration curve.
However, in the experiment with a flow rate of 3.96 cm®/
min, the a value did not change similarly to the low
flow rate condition (Figure 10B). The reason for this is
presumed to be that when the flow rate increased from
1.98 to 3.96 cm’/min, the flow rate dominated the degree of
influence of flow rate and colloid concentration on colloid
transport.

4 Conclusion

In this study, quartz sand column experiments were used to
determine the impact of flow rate, grain size, and colloid
concentration on the transport of sodium montmorillonite
colloids through the porous media. The experimental results
of the study indicated that colloid retention occurred under all
experimental conditions.
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(1) When the size of the quartz sand particles is determined,
an increase in the flow rate reduces the retention of
colloids, regardless of whether the concentration of the
colloid solution is low or high. For the coarse particle and
low concentration cases, an increase in flow rate from
1.98 cm®/min to 5.94 cm®/min increased the peak mean by
44%, while for the high concentration case, the peak
mean increased by only 27%. Flow rate effects on the
migration of colloids are more significant at lower
concentration.

(2) At a flow rate of 5.94 cm*/min, the peak mean values of the

breakthrough curves decreased by 8%, 9% and 7% with

increasing the number of quartz sand mesh, respectively.

Under the same flow rate condition, the peak average value

of the breakthrough curve almost does not change with the

change of colloid concentration.

(3) In the case of montmorillonite colloid solution transport

in a column of unsaturated quartz sand, the injection flow

rate of the solution plays a major role in the migration of

the colloid, the size of the porous medium grains plays a

secondary role, and then followed by the initial

concentration of the solution (that is, flow rates > grain
size > concentration).

(4

~

By calculating the total DLVO potential energy between the
colloid and the quartz sand, it is inferred that there is a non-
DLVO force—capillary force effect on the colloid retention
phenomenon appearing in this study.

The experimental results of this study would be useful for the
environmental decision-makers to prevent water resource
contamination migrate through the carrier band of colloid in
the water flow.
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