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Abstract: This study examines the effects of two representative colloid-sized clay particles (kaolinite,
KGa-1b and montmorillonite, STx-1b) on the transport of formaldehyde (FA) in unsaturated porous
media. The transport of FA was examined with and without the presence of clay particles under various
flow rates and various levels of saturation in columns packed with quartz sand, under unsaturated
conditions. The experimental results clearly suggested that the presence of clay particles retarded by
up to ~23% the transport of FA in unsaturated packed columns. Derjaguin–Landau–Verwey–Overbeek
(DLVO) interaction energy calculations demonstrated that permanent retention of clay colloids at
air-water interfaces (AWI) and solid-water interfaces (SWI) was negligible, except for the pair
(STx-1b)–SWI. The experimental results of this study showed that significant clay colloid retention
occurred in the unsaturated column, especially at low flow rates. This deviation from DLVO
predictions may be explained by the existence of additional non-DLVO forces (hydrophobic and
capillary forces) that could be much stronger than van der Waals and double layer forces. The present
study shows the important role of colloids, which may act as carriers of contaminants.

Keywords: unsaturated porous media; clay colloids; kaolinite; montmorillonite; formaldehyde; sand;
co-transport

1. Introduction

Colloid-sized particles are in great abundance in unsaturated or vadose zones, and they are capable
of binding a variety of contaminants. Colloid-sized particles either facilitate or hinder contaminant
migration in the subsurface. Colloid particles are frequently mobilized in the vadose zone during
infiltration events, which are initiated by rainfall, snowmelt or irrigation [1]. Therefore, a complete
understanding of the role of colloids on contaminant transport in the subsurface is essential.

Many studies have focused on colloid and colloid facilitated contaminant transport in porous
media [2–5]. Several studies have focused specifically on colloid transport in the presence of metals [6],
pesticides [7,8], and pharmaceuticals [9–11]. Some other studies have examined the co-transport
of colloids with bio-colloids experimentally [12–15], and numerically [16]. However, the majority
of colloid transport studies are focused on fully saturated porous media [17,18]. Relatively little
research has been conducted on the transport of colloids in the presence of contaminants under
water-unsaturated conditions [19–22].

In unsaturated porous media, there exist three phases: solid, water and air. Consequently, there
are numerous mechanisms that contribute to colloid mobilization. The degree of water saturation can
affect colloid spreading [23], and important interactions can occur at the solid-water interfaces (SWI)
and air–water interfaces (AWI) [24]. The existence of two different interfaces makes the transport of
colloids more complicated, because colloids can also be captured at the AWI, and immobilized by film
straining [25]. Colloid capturing at the AWI is an irreversible process [26,27]. However, mobilization
of colloids can be enhanced during drainage or groundwater table fluctuations.
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Kaolinite and montmorillonite are common alumino-silicate clay minerals, which at colloidal size
(<2 µm) are highly mobile in the subsurface [28]. These mobile clay colloids have high surface area
and cation exchange ability. They have a strong affinity for a variety of contaminants and often serve
as carriers of contaminants in aquatic systems [11,29]. Moreover, formaldehyde (FA) is often released
into soil systems in order to inactivate or destroy pathogenic bacteria and fungi [30]. FA can pose
a risk to public health if it is released in the environment, because it is a contaminant of concern in
surface waters, aquifers, and agricultural lands. FA has relatively strong affinity for kaolinite colloid
particles [30].

The objective of the present study was to investigate the influence of flow rate and water content
on the mobilization of FA and clay colloids (kaolinite and montmorillonite) in unsaturated sandy media.
Studies conducted in unsaturated soils are of special importance because they are more representative
of natural infiltration conditions. Furthermore, the available information on the simultaneous transport
of multiple contaminants in unsaturated porous media is limited. To our knowledge, the transport of
FA in unsaturated porous media in the presence of clay colloids has not yet been investigated.

2. Materials and Methods

2.1. Formaldehyde (FA)

The FA (>99%) used in this study was purchased from Sigma-Aldrich. A 1000 mg/L FA stock
solution was prepared and stored in a darkroom at 4 ◦C. The solutions were prepared by dilution of
the stock solution at pH 7. All experiments were conducted using FA with initial concentration of
C0 = 2 mg/L.

For the determination of FA concentration, the Nash colorimetric method was employed [31],
which has been widely used in a number of studies [32–34]. In brief, a volume of FA-containing
solution is mixed with Nash reagent at a maximum concentration of 8 mg/L (1:1 v/v). Nash reagent
reacts with FA to produce the yellow colored diacetyl dihydro-lutidin product. The resulting complex
is measured at 412 nm with a UV-VIS Spectrophotometer (Shimadzu, Japan, UV-1900). Preparation
of 100 mL Nash reagent was obtained by adding 15 g of ammonium acetate, 0.3 mL of acetic acid,
and 0.2 mL of acetyl acetone in distilled deionized water (ddH2O). The solution was subsequently
stored in a dark bottle. Ultrapure water (Easypure II, Barstead, NH, USA, resistivity of ~18.2 MΩ·cm
at 25 ◦C) was used for the preparation of all solutions. The detection limit for this colorimetric method
was 0.17 mM [34]. All of the experiments with FA were performed in a fume hood.

2.2. Sand Packed Columns and Colloids

The columns were packed with quartz sand. The grain diameter of the quartz sand was in
the range 0.425–0.600 mm (sieve No. 30/40). Metal oxides and trace quantities of organics present
on the surface of sand may influence the surface characteristics of sand and may promote colloid
deposition [24]. A solution containing 0.1 M HNO3 (70%) and 0.1 M NaOH was used to wash the sand
which was then rinsed thoroughly with ddH2O [35,36]. Subsequently, the sand was dried at 80 ◦C
before storage in a sealed beaker until use.

The clay colloids Kaolinite (KGa-1b, well crystallized kaolin, from Washington County, Georgia)
and Montmorillonite (STx-1b, Ca-rich montmorillonite, white, from Gonzales County, Texas) were
purchased from Clay Minerals Society (Columbia, MO, USA). KGa-1b has a specific surface area (SSA)
of 10.1 m2/g, according to the Brunauer–Emmet–Teller (BET) method, and a cation exchange capacity
(CEC) of 2.0 meq/100 g. STx-1b has respective SSA and CEC values of 82.9 m2/g and 84.4 meq/100 g,
respectively. Only KGa-1b and STx-1b particles with size <2 µm separated by sedimentation [37]
and purified according to Rong et al. [38] were used. Specifically, a quantity of 12.5 g of clay was
mixed with 50 mL ddH2O in a 1-L beaker and then 5–10 mL of a 30% hydrogen peroxide solution was
added to oxidize the organic matter, while adjusting the pH to 10 with 0.1 M NaOH. After dilution
of the suspension in a volume of 1 L, the colloid fraction with size <2 µm was separated from larger
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particles by sedimentation (1 h). The separated suspension of colloids was flocculated using a 1 M
NaCl solution. Finally, the separated colloid particles were washed thoroughly using ddH2O and
ethanol, and subsequently dried at 60 ◦C.

Clay particles (KGa-1b or STx-1b) in appropriate amounts were resuspended in ddH2O.
The suspensions were subsequently sonicated (37 kHz) for 15 min by an ultrasonic processor (Elmasonic
S 30/(H), Elma Schmidbauer GmbH, Singen, Germany) to avoid aggregation. The initial concentration
of the two clays (100 mg/L) was within the range of colloid concentrations measured in the vadose
zone [39,40]. The resulting suspensions for all the experiments had a pH of 6.85 ± 0.05. A ZetaSizer
analyzer (Nano ZS90, Malvern Instruments) was used to measure the zeta potential and hydrodynamic
diameter of the suspended clay colloids, which were −32.7 ± 2.6 mV and 1141 nm for KGa-1b particles,
and −25.6 ± 4.6 mV and 1173 nm for STx-1b particles, respectively (see Table 1). All measurements
were obtained in triplicate. The optical density of colloids was measured at 280 nm using a UV-vis
Spectrophotometer (UV-1900, Shimadzu).

Table 1. Zeta potentials of clay colloids in the presence and absence of FA.

Zeta Potentials (mV)

KGa-1b −32.7 ± 2.6
STx-1b −25.6 ± 4.6

KGa-1b & FA −36.8 ± 5.8
STx-1b & FA −37.8 ± 3.0

2.3. Column Transport Experiments

A cylindrical Plexiglas column with length of 15.2 cm and internal diameter of 2.6 cm was used for
the column experiments. The unsaturated column setup used in this study (see Figure 1) was similar
to the one employed by Anders and Chrysikopoulos [41], and Mitropoulou et al. [42]. The column
was packed by adding quartz sand in small increments with gentle vibration of the column, using a
pestle, in order to avoid formation of stratifying layers [43]. To ensure that the packed column was
fully saturated without any trapped air bubbles, several pore volumes of ddH2O were passed from the
bottom to the top of the column at a flowrate of 1 mL/min. The porosity of each packed column was
calculated gravimetrically and listed in Table 2. The observed range of porosities was 0.41–0.45.

Figure 1. Schematic illustration of the experimental apparatus.
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Table 2. Experimental conditions and results. †

Experiment Flow Rate
(mL/min) Sw (%) θm (-) θ (-) U

(cm/min) Mr (%) M1(i)/M1(tr) (-) aexp (-) (C/C0)max
(-)

Formaldehyde
(FA) 1 41.9 0.18 0.43 0.44 84.2 0.95 – 0.97

FA 1.5 50.0 0.22 0.44 0.65 89.0 1.04 – 0.98
FA 2 61.4 0.28 0.45 0.84 91.3 1.06 – 0.99
FA 3 70.7 0.31 0.44 1.29 85.9 1.02 – 1.00

FA-(KGa-1b) 1 40.9 0.18 0.44 0.43 67.6–44.3 (0.76)–(0.50) 0.129 (0.75)–(0.59)
FA-(KGa-1b) 1.5 52.4 0.23 0.43 0.66 62.6–66.8 (0.74)–(0.79) 0.021 (0.73)–(0.94)
FA-(KGa-1b) 2 59.0 0.25 0.42 0.89 64.7–64.1 (0.76)–(0.75) 0.065 (0.78)-(0.84)
FA-(KGa-1b) 3 70.0 0.30 0.43 1.31 72.4–82.8 (0.86)–(0.98) 0.009 (0.85)–(0.98)
FA-(STx-1b) 1 40.7 0.17 0.41 0.46 74.8–68.5 (0.85)–(0.77) 0.039 (0.88) –(0.84)
FA-(STx-1b) 1.5 50.1 0.21 0.41 0.68 69.7–74.1 (0.82)–(0.87) 0.035 (0.85)–(0.89)
FA-(STx-1b) 2 59.9 0.24 0.41 0.93 78.7–71.3 (0.92)–(0.83) 0.044 (0.94)–(0.89)
FA-(STx-1b) 3 70.2 0.29 0.41 1.38 74.5–80.2 (0.89)–(0.95) 0.001 (0.90)–(1.00)

Tracer 1 40.8 0.17 0.42 0.45 88.5 –
Tracer 1.5 49.5 0.21 0.42 0.67 84.8 –
Tracer 2 59.6 0.25 0.42 0.89 85.7 –
Tracer 3 70.0 0.30 0.42 1.34 84.1 –
† Where Sw is the degree of saturation, θm is the water content, θ is the porosity, U is the interstitial velocity, Mr is
the mass recovery, aexp is the collision efficiency, and (C/C0)max is the maximum effluent concentration. The various
initial concentrations are: C0_FA = 2 mg/L, C0_KGa-1b = 100 mg/L, C0_STx-1b = 100 mg/L.

Because the pressure potential in unsaturated soil is always negative, a constant suction must
be applied at the bottom of the column in order to extract the pore water and achieve unsaturated
conditions. Therefore, the packed soil column was placed on top of a vacuum chamber so that the lower
column outlet was positioned tightly in the conical shaped hole of the cover plate (Soil Measurement
Systems, Tucson, AZ, USA). A fraction collector was positioned inside the vacuum chamber so that the
column effluent drips directly into the test tube that needs to be filled. The vacuum in the chamber
was adjusted using a pressure regulator, which was monitored by a hand-held tensiometer attached to
the tensiometer port. The experiments were performed under a pressure difference of about 5 kpa.
The input solution was applied to the top of the column, using a syringe pump. The column was
equilibrated with several pore volumes of ddH2O in order to achieve steady-state flow through
the column. This was followed by ~6 pore volumes of an experimental solution containing FA or
FA-colloids. Finally, the column was flushed with 2 pore volumes of ddH2O. The effluent (9 mL) was
collected in 10 mL glass tubes at regular time intervals.

Two tensiometers were applied at 2.5 and 7.5 cm from the upper sand surface to measure the water
potential of the packed column. The experimental water potential data were acquired in real time from
the tensiometers with a CR800 datalogger (Campbell Scientific, Inc., Logan, UT). The experiments
were carried out at room temperature (~23 ◦C), and all additional experimental conditions are listed in
Table 2.

Note that the water content in each packed column was adjusted by modifying the vacuum
chamber pressure and the influent flowrate. The desired degree of saturation was achieved by draining
the initially saturated column, and by changing the influent flowrate according to the hydraulic
conductivity that corresponded to the specified saturation. At the bottom of the column, the pressure
head was slowly dropped until practically equal measurements at the two tensiometers were observed.

Column transport experiments were conducted at four different flowrates (1, 1.5, 2 and 3 mL/min),
resulting in four different levels of water saturation (~40, 50, 60, 70%, respectively). The volumetric
water content (θm) and degree of saturation (Sw) were calculated gravimetrically by measuring the
weight of the dry and wet column (initially and at the end of the experiment), and these are listed
in Table 2. The volumetric water content is defined as the ratio of liquid volume to porous medium
volume (L3/L3), and the degree of saturation (Sw = θm/θ) is measured as the ratio of the volumetric
water content to porosity.

For each water-content, a tracer experiment was conducted in a fashion similar to the FA or
FA-colloid transport experiments. Chloride anion, in the form of 5 mM sodium chloride (NaCl)
was used as a soluble tracer [44]. The chloride concentration was measured by ion chromatography
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(761 Compact IC, Metrohm, with a separator column Metrosep A Supp 4–250 × 4.0 mm). The tracer
experimental conditions are listed in Table 2.

3. Theoretical Considerations

The concentrations of FA, FA-colloids, and tracer collected at the end of the packed column (x = L)
were analyzed by the first absolute temporal moment, M1 (t), which describes the mean residence
time or average velocity [45]. The mass recovery, Mr (-), of the injected FA or FA-colloid complex was
quantified by the following equation [46]:

Mr =
m0

Min/U
(1)

where m0 (t·M/L3) is the total mass in the concentration breakthrough curve, Min (M/L2) is the mass
injected in the column, and U (L/t) is the interstitial fluid velocity.

In this study, four different effluent concentrations were determined: (1) FA in the absence of clay
colloids, CFA (M/L3), (2) clay colloids (kaolinite or montmorillonite), Ccc (M/L3), (3) FA in the presence
of clay colloids, CFA-cc (M/L3), and (4) tracer, Ctr (M/L3). The mass recovery, Mr (-), for each of the four
different concentrations (CFA, Ccc, CFA-cc, and Ctr) was determined. Also, the temporal moments, M1

(t), of the CFA, Ccc, and CFA-cc concentration distributions were normalized with that of Ctr. Note that
M1 describes the mean residence time or average velocity. Also, the ratio M1(i)/M1(tr) compares the
velocity of species “i” relative to that of the conservative tracer. Note that when M1(i)/M1(tr) < 1, there is
solute or particle retardation and when M1(i)/M1(tr) > 1 there is solute or particle velocity enhancement.

The dimensionless collision efficiency, aexp, was estimated using the equation [47]:

αexp = −
2
3

dc

L(1 − θm)η0
ln
[

Ciss

Ci0

]
(2)

where dc (L) is the mean collector diameter, Ciss (M/L3) is the effluent concentration of colloid i after
the breakthrough curve has reached a steady state, Ci0 (M/L3) is the influent colloid concentration, and
η0 is the single collector contact efficiency. Here η0 was calculated from the relationship provided by
Tufenkji and Elimelech [48] by replacing θ with θm and using the following parameter values: particle
diameter for kaolinite dp = 1141 nm, particle diameter for montmorillonite dp = 1173 nm, particle
density for clay colloids ρp = 2200 kg/m3 [49], fluid density ρf = 999.7 kg/m3, Boltzman constant kB =

1.38 × 10−23 (J/K), Hamaker constant A123 = 7.5 × 10−21 J for the colloid water sand interaction [13],
absolute temperature T = 298 K, dynamic fluid viscosity µw = 8.91 × 10−4 kg/(m·s), and gravitational
acceleration g = 9.81 m/s2.

The total interaction energy, ΦDLVO (J), between clay colloid–SWI and clay colloid–AWI were
calculated based on the classical Derjaguin–Landau–Verwey–Overbeek (DLVO) theory using the
following expression [50–53]:

ΦDLVO (h) = ΦvdW (h) + Φdl (h) + ΦBorn (h) (3)

where ΦvdW (J) is the van der Waals energy estimated by the expression provided by Gregory [54],
Φdl (J) is the electrostatic interaction energy estimated by the expression provided by Hogg et al. [52],
ΦBorn (J), is the Born interaction energy estimated by the expression reported by Ruckenstein and
Prieve [55], and h [m] is the separation distance between two approaching areas. For both colloid-SWI
and colloid-AWI systems, the ideal sphere-plate model was employed.

The combined Hamaker constant, A123, defined by Israelachvili [56], was estimated by the
procedures outlined by Syngouna and Chrysikopoulos [50], using previously measured values of A121

equal to 3.1 × 10−20 J for kaolinite, and 2.5 × 10−20 J for montmorillonite [57], A22 = 3.7 × 10−20 J and A33

= 0 J [56]. Furthermore, the calculated A11 was equal to 1.36 × 10−19 J for kaolinite, and 1.23 × 10−19 J
for montmorillonite, the calculated A123 for colloid-water-AWI system was equal to −3.39 × 10−20 J for



Water 2020, 12, 3541 6 of 16

kaolinite and −3.05 × 10−20 J for montmorillonite, whereas the value of A123 for colloid-water-SWI
was set equal to 7.5 × 10−21 J for both clay colloids. The negative values of the Hamaker constants for
clay colloids indicate that the van der Waals forces are repulsive for clay colloids at the AWI, whereas
positive values imply that the van der Waals forces are attractive for clay colloids at the SWI.

Although natural colloids are not spherical, often they are assumed to be spherical particles,
in order to calculate the various forces that act upon them [58]. Within unsaturated soil pores there exist
capillary forces, which strongly affect water distribution, as well as flow and transport [59]. Colloid
capillary retention represents the deposition of colloids in unsaturated porous media through capillary
force interactions. Certainly, the capillary and associated friction forces are instrumental to colloid
retention within water films [59]. At low water contents, capillary forces pin the colloid to the sand
surface [58].

A capillary force, Fc (M·L/t2), acting on a colloid captured in a thin water film, developed around a
sand grain, can be decomposed into two forces: one parallel, Fpc (M·L/t2), and one vertical Fvc (M·L/t2)
to the sand surface. The force components parallel to the sand grain (laterally around the colloid) are
balanced so that the net force is equal to zero, and the vertical forces can be combined into one force
through the center of the colloid, which holds the colloid against the sand surface. Note that the grain
surface is assumed to be flat, because the diameter of the clay used in this study is much smaller than
the diameter of a sand grain. The expression required for the calculation of the total vertical capillary
force, Fv-tot, for a spherical colloid with radius rp (L), trapped to the grain surface within a water film
with height hf, has been provided by Bai et al. for the case where hf ≤ 2rp [60]. The capillary potential
energy, ΦC (J), for a colloid that protrudes a distance, df, out of the film or the air–water–solid interface,
was calculated using the expression provided by Gao et al. [59], with the following contact angles
βKGa-1b = 46.1◦ and βSTX-1 = 30.5◦ [61].

4. Results and Discussion

4.1. Transport Experiments

Figure 2 presents the normalized effluent FA concentrations (C/C0) as function of pore volume
for the transport experiments in water unsaturated columns packed with sand, at 4 different flow
rates (1, 1.5, 2, and 3 mL/min). For comparison purposes, together with the FA breakthrough data
are shown the corresponding conservative tracer (chloride) breakthrough curves. Note that the tracer
breakthrough curves are approximately symmetric in shape, indicating that physical non-equilibrium
is not significant, due to a narrow pore size distribution of the sand. The very small concentration
fluctuations observed are attributed to experimental errors associated with concentration measurements
and small variations in water flux. Note that the maximum normalized FA concentrations ((C/Co)max) in
the effluent were practically equal to 1.0 for all flow rates examined (see Table 2). The FA breakthrough
curves for all flow rates were also practically identical to the corresponding breakthrough curves of
the conservative tracer. This observation suggests that there was no significant interaction between
FA and the sand or the air-water interfaces in the unsaturated columns (see Figure 2). Note that
Fountouli et al. [32] have also reported the absence of FA retention by the quartz sand in batch and
water saturated packed columns.
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Figure 2. Breakthrough data from the transport experiments with FA and tracer in unsaturated columns
packed with sand under various flow rates: (a) 1, (b) 1.5, (c) 2, and (d) 3 mL/min.

Furthermore, for each breakthrough curve, the Mr values, as calculated with Equation (2), and the
ratio of M1 for FA to that for tracer (M1(FA)/M1(tr)) were computed and listed in Table 2. The mass
recoveries and peak concentrations for FA with increasing flow rate and increasing saturation level,
Sw (-), remained practically steady. As expected, the ratio M1(i)/M1(tr), for all flow rates examined,
is approximately equal to unity, suggesting that the transport of FA was neither retarded nor accelerated.

4.2. Co-Transport Experiments

Figure 3 presents the normalized effluent concentrations for FA and kaolinite (KGa-1b) colloids as
function of pore volume for the simultaneous transport (co-transport) experiments of FA and KGa-1b
in water unsaturated columns, at 4 different flow rates (1, 1.5, 2, and 3 mL/min). The Mr values were
calculated with Equation (1) and are listed in Table 2. Note that the Mr values for FA were considerably
lower in the presence than the absence of KGa-1b. Furthermore, the calculated M1(FA)/M1(tr) ratio
indicated that in the presence of KGa-1b the transport of FA was retarded by 23.7% at the lower flow
rate (1 mL/min) and 14% at the higher flow rate (3 mL/min). The calculated M1(KGa-1b)/M1(tr) ratio also
indicated that KGa-1b was retarded by 50% at the lower flow rate (1 mL/min) and 1.6% at the higher
flow rate (3 mL/min).
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Figure 3. Breakthrough data from the co-transport experiments with FA and kaolinite particles in
unsaturated columns packed with sand under various flow rates: (a) 1, (b) 1.5, (c) 2, and (d) 3 mL/min.

Figure 4 presents the normalized effluent concentrations for FA and montmorillonite (STx-1b)
colloids as function of pore volume for the simultaneous transport (co-transport) experiments of
FA and STx-1b in unsaturated columns, at 4 different flow rates (1, 1.5, 2, and 3 mL/min). The Mr

values were determined with Equation (1) and are listed in Table 2. Note that the Mr values for FA
were significantly lower in the presence than the absence of the STx-1b colloids. Furthermore, the
calculated M1(FA)/M1(tr) ratio indicated that in the presence of STx-1b the transport of FA was retarded
for all flowrates used in this study (see Table 2). The calculated M1(STx-1b)/M1(tr) ratio also indicated
that STx-1b was retarded 22.6% at the lower flow rate (1 mL/min) and 4.7% at the higher flow rate
(3 mL/min).
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Figure 4. Breakthrough data from the co-transport experiments with FA and montmorillonite particles
in unsaturated columns packed with sand under various flow rates: (a) 1, (b) 1.5, (c) 2, and (d) 3 mL/min.

Clearly, the experimental results suggested that both clay colloids (KGa-1b and STx-1b) hinder
FA transport. In general, higher Mr values were observed for STx-1b than KGa-1b. The higher
retention observed for KGa-1b could be attributed to its higher hydrophobicity compared to that of
STx-1b. It should be noted that similar results have been reported in the literature by Syngouna and
Chrysikopoulos [21]. Note that the maximum normalized FA concentrations in the effluent were in the
range 0.97–1.00 in the absence of the clay colloids, 0.73–0.85 in the presence of KGa-1b, and 0.85–0.94
in the presence of STx-1b, suggesting that FA retention is proportional to clay retention (or inversely
proportional to the clay Mr value).

The zeta potentials of KGa-1b and STx-1b colloids measured in the presence of FA were
−36.8 ± 5.8 mV and −37.8 ± 3.0 mV, respectively. The zeta potential for the KGa-1b particles with and
without formaldehyde was similar, but for STx-1b the zeta potential was more negative than in the
absence of FA, probably due to FA adsorption onto STx-1b. Note that zeta potentials more negative
than -30 mV suggest good stability.

The results of this study (see Table 2) clearly suggest that the presence of clay colloids hinder FA
transport through unsaturated porous media. This is attributed to the retention of clay colloids in the
porous medium, which in turn retain FA. Several theoretical and experimental investigations have
shown that suspended mobile colloids can hinder the mobility of various contaminants in porous and
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fractured porous media [62–65]. However, many other factors (e.g., changing pH and ionic strength,
presence of organic matter, heterogeneity of natural soil), which are not examined in this study, could
also affect the transport of FA in unsaturated porous media.

4.3. Collision Efficiencies

The experimental collision efficiency, aexp, was calculated with Equation (2) for all co-transport
cases considered in this study (see Table 2). The aexp values for the co-transport experiments with
KGa-1b were in general higher than those with STx-1b. The lower aexp values were observed at the
highest flow rate for both clay colloids (KGa-1b and STx-1b). This result is consistent with previously
published experimental results [21,66,67]. According to filtration theory, a decrease in the interstitial
velocity yields an increase in the number of collisions that occur between passive colloid particles and
collectors, which eventually leads to increased colloid retention [67].

4.4. DLVO and Capillary Energy Profiles

Total ΦDLVO interaction energy profiles, for the experimental conditions of this study, were
determined for the interaction pairs for both clays (KGa-1b and STx-1b) with the two interfaces (AWI
and SWI) and they are shown in Figure 5. The estimated minima (Φmin1 and Φmin2) and energy
barrier (Φmax1) values are listed in Table 3. The DLVO interaction energy profiles indicate that Φmin1

exists only for the pair (STx-1b)-AWI (see Table 3). The absence of a negative Φmin1 suggests that
permanent retention of clay colloids at AWI and SWI was unlikely to happen under the conditions of
this study, whereas the existence of Φmin1 for the pair (STx-1b)-AWI suggests that STx-1b colloids could
adhere onto AWIs if they possess sufficient kinetic energy to overcome the potential energy barrier.
The inclusion of the Born repulsion contributed to the elimination of Φmin1. Moreover, Φmin2 exists
for the clay-SWI pairs considered here at very large separation distances (h > 450 nm). These are in
accord with previously published experimental results [21]. Clearly, the DLVO theory suggests that
clay attachment may occur on SWI only by STx-1b colloids, and that AWIs are not expected to retain
clay colloids. It should be noted that similar results have been reported by Xu et al. [39]. However,
the experimental results of this study showed that significant clay colloid retention occurred in the
unsaturated column. Therefore, another retention mechanism must be involved. This deviation from
DLVO predictions, can be explained by the presence of additional non-DLVO interactions, such as
hydrophobic forces and hydration pressure [68]. These non-DLVO interactions may be stronger than
van der Waals and double layer forces [42,60,69].

Figure 5. Predicted DLVO energy interactions as a function of separation distance, based on sphere-plate
model for: (a) (KGa-1b)-AWI, (b) (STx-1b)-AWI, (c) (KGa-1b)-SWI, and (d) (STx-1b)-SWI.
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Table 3. Estimated Derjaguin-Landau-Verwey-Overbeek (DLVO) interaction energy profile components.

Interacting Pair Φmax1 (kBT) Φmin1 (kBT) Φmin2 (kBT)

(KGa-1b)-AWI 1278.9 na na
(STx-1b)-AWI 788.2 na na
(KGa-1b)-SWI 1160.9 na −0.004
(STx-1b)-SWI 758.1 −958.5 −0.005

na: not available.

The DLVO theory has proven to be a useful tool for colloid transport and retention in unsaturated
systems. However, previous research findings [60,68,69] suggested that DLVO theory does not always
provide a good description of colloid interaction with the AWI. In unsaturated porous media, colloid
retention is more complicated than in saturated porous media, due to the presence of AWIs. Non-DLVO
interactions may occur on AWIs; however, they are neither fully understood nor yet quantified [68].
Bradford and Torkzaban [69] also reported that non-DLVO forces such as hydrophobic, hydro-dynamic
and capillary forces are likely to play a significant role on colloid interactions with AWIs. This is
consistent with the findings of this study where higher retention was observed for KGa-1b than STx-1b
(KGa-1b is more hydrophobic than STx-1b).

The capillary energy potentials, Φc, of the clay colloids (KGa-1b and STx-1b), which were calculated
as a function of distance df that a colloid protrudes out from a thin water film, are shown in Figure 6.
The results are very similar to those reported by previous investigators [21,59,70]. As shown in Figure 6,
the values of capillary energy potentials, Φc, are zero when the water film is thicker than or equal to the
colloid diameter (df ≤ 0), but they keep increasing as the colloid protrudes a distance df > 0 out of the
water film. Note that the calculated capillary potential is lower for KGa-1b (the more hydrophobic clay
colloid) than for STx-1b. Capillary energy forces are much greater than electric double layer repulsive
forces and can push colloids close enough to the sand grains, and in turn lead to retention by van der
Waals forces [21]. Moreover, attachment at the AWI interfaces is the responsible mechanism for the
retention of both hydrophilic and hydrophobic colloids [26].

Figure 6. Effect of the distance df that a retained colloid protrudes a thin water film on the capillary
potential energy, Φc, for clay colloids KGa-1b and STx-1b.

4.5. Effect of Water Saturation

The degree of saturation, Sw, and water content, θm, for the various experiments conducted
in this study are listed in Table 2. Note that the breakthrough curves presented in Figure 2 show
that the effluent FA concentrations are not affected by variations in water saturation. However,
the results shown in Figures 3 and 4 for the co-transport experiments indicate that the breakthrough
concentrations of FA and clay colloids are affected by the degree of saturation, which controls the water
film thickness that leads to film straining [42]. The larger the water saturation, the higher the clay
colloid peak concentration. Higher peak effluent concentrations are observed at larger flow rates (see
(C/C0)max values in Table 2). Increased colloid mobilization, caused by increased flow rate and water
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content, has also been reported by other investigators [58,71]. It should also be noted that a change in
Sw may alter colloid retention due changes that occur in the hydrodynamic forces applied onto the
colloids [48,65]. Previous studies have also demonstrated that colloid retention in porous media tends
to be more pronounced when Sw is lowered [72].

5. Conclusions

The influence of two clay colloid particles (KGa-1b and STx-1b) on the transport of FA in
unsaturated columns packed with quartz sand under various flow conditions was investigated.
The results of this study show that the presence of kaolinite and montmorillonite colloids retarded by
up to ~23% the transport of FA in unsaturated packed columns. In all cases considered in this study,
the Mr values for FA were lower in the presence than the absence of clay particles. In most of the
cotransport experiments, the Mr values for KGa-1b clay particles were lower than those for STx-1b
clay particles, with Mr values ranging between 44.3% and 82.8% for KGa-1b, and 68.5% and 80.2% for
STx-1b clay particles. DLVO interaction energy calculations demonstrated that permanent retention of
clay colloids at air–water and solid water interfaces was insignificant, except for the pair (STx-1b)-SWI.
However, the experimental results of this study showed that clay colloid retention occurred in the
unsaturated column, especially at low flow rates. The retained colloids contributed to the increased
FA retention. This deviation from DLVO predictions may be explained by the existence of additional
non-DLVO forces (hydrophobic and capillary forces) that could be much stronger than van der Waals
and double layer forces. Furthermore, the results of this study have shown that increasing the flow
rate and water content leads to more pronounced colloid mobilization. The experimental findings of
the present study improved our understanding of how clay colloid particles can affect the transport of
FA in unsaturated porous media. The findings of this study not only advance the current knowledge
of FA transport in unsaturated porous media, but also suggest that clay colloid particles could be used
as adsorbents for the elimination of contaminants, such as FA, from waters by simple filtration.
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Nomenclature

A123 Hamaker constant (J), M·L2/t2

CFA concentration of FA, M/L3

Ccc concentration of clay colloids, M/L3

CFA-cc concentration of FA in the presence of clay colloids, M/L3

Ctr concentration of tracer, M/L3

Ciss concentration of colloid i at steady state, M/L3

Ci0 influent colloid concentration, M/L3

dc collector diameter, L
df distance that a colloid protrudes out from a thin water film, L
dp average particle diameter, L
Fc capillary force, M·L/t2

Fpc parallel component of capillary force, M·L/t2

Fvc vertical component of capillary force, M·L/t2

Fv-tot total vertical capillary force, M·L/t2

g gravitational acceleration, L/t2

h separation distance between two approaching surfaces, L
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hf water film thickness, L
kB Boltzman’s constant (J/K), [M·L2/t2

·T]
m0 total mass in the concentration breakthrough curve, t·M/L3

M1 first normalized temporal moment, t
Mr mass recovery, (–)
Min mass injected in the column, M/L2

rp radius of colloidal particle, L
Sw degree of saturation, (–)
T temperature, K
U interstitial fluid velocity, L/t
Greek letters
aexp experimental collision efficiency, (–)
β contact angle (◦)
η0 single collector contact efficiency, (–)
θ porosity (voids volume to porous medium volume), (–)
θm volumetric water content (liquid volume to porous medium volume), (–)
µw dynamic fluid viscosity, M/L·t
ρp colloidal particle density, M/L3

ρf fluid density, M/L3

ΦBorn Born potential energy (J), M·L2/t2

Φc capillary potential energy (J), M·L2/t2

Φdl electrostatic interaction energy (J), M·L2/t2

ΦDLVO DLVO potential energy (J), M·L2/t2

Φmax1 primary maximum (J), M·L2/t2

Φmin1 primary minimum (J), M·L2/t2

Φmin2 secondary minimum (J), M·L2/t2

ΦvdW van der Waals potential energy (J), M·L2/t2

Abbreviations
AWI air–water interface
DLVO Derjaguin-Landau-Verwey-Overbeek
ddH2O deionized distilled water
FA Formaldehyde
KGa-1b Kaolinite
STx-1b Montmorillonite
SWI Solid–water interface
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