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Abstract: Surfactants released into the terrestrial environment in large amounts can potentially
alter the physical, chemical and biological properties of soils, particularly the saturated hydraulic
conductivity (Ks). Unfortunately findings regarding this process are quite limited. In this study,
column tests were used to analyze the effects of Aerosol 22, a widely used anionic surfactant, on Ks

of loamy sand and sandy loam soils. Solutions were injected into columns from the bottom with
controlled pressure heads. Both the overall Ks of columns and the Ks of 6 layers at distances of
0–1 cm, 1–3 cm, 3–5 cm, 5–7 cm, 7–9 cm, and 9–10 cm from the bottom, were continuously monitored
before and after the surfactant injections. Results showed that the overall Ks of all columns decreased
after 2–4 pore volumes of the surfactant injections. However, stabilization and even increase at the
beginning of the surfactant injection was also observed due to the different Ks variations in different
layers. Specifically, a surfactant injection of 2–4 pore volumes continuously decreased the Ks of
the 0–1 cm layers which yielded a Ks reduction of two orders of magnitude and dominated the Ks

variations of the column. In contrast, an increase in the Ks of the 1–3 cm and 3–5 cm layers was more
likely, while Ks variation of the 5–10 cm layers was less likely. We hypothetically attributed the Ks

variations to the swelling of clay, the collapse of soil aggregates and subsequent particle displacements
from surfactant adsorption, which caused pore clogging in the bottom 0–1 cm layer and higher
porosities in the layers above. The adsorption of the surfactant aggregates and crystallization were
also possibly thought to cause a pore clogging in the bottom layer thus decrease the surfactant
concentration from the inlet, the severity of which affects these layers less at greater distances from
the inlet. In view of the uncertainty showed by the experimental results, we also suggest to include
more replicate columns in future studies, so as to increase the repeatability of the measurements.
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1. Introduction

Greywater has long been regarded as a potential reusable water resource for irrigating household
lawns and gardens with approximately 20 million hectares of farmland worldwide now irrigated
mainly with wastewater [1,2]. The use of such wastewater has been recognized as an important
management option for farmland irrigation, especially in arid regions, where water resources are
scarce and wastewater is the only or the major water resource [3]. Surfactants, the widely used
chemical additives in household cleaning and personal care products [4], are generally the dominant
source of xenobiotic organic compounds found in sewage and municipal wastewater [5,6], and their
concentrations meet or exceed several or even tens of grams per kilogram [7–10]. Consequently,
large amounts of surfactants are regularly released into the terrestrial environment, particularly in
developing countries where wastewater is poorly treated or simply untreated before irrigation [11].
Even in developed countries such as the United States, an estimated 5% of domestically produced
Linear Alkylbenzene Sulfonates (LAS) reaches the aquatic environment by several routes [12], which
is a considerable amount given the millions of tons of annual consumption [13]. Surfactants are not
all degradable in aquifers; they may be adsorbed on mineral surface and sediments, or transported
with aqueous solutions [14]. Kuhnt (1993) demonstrated how the adsorbed surfactants can change the
physical, chemical, and biological properties of soils [15], e.g., create water-repellent soils [16], and
evidence also suggests that accumulated surfactant in soils is harmful to both agricultural productivity
and environmental sustainability [17,18].

The wide application of surfactant occurs essentially because of its amphiphilic property [19].
Although surfactants exist as monomeric molecules in aqueous solutions at low concentrations,
the molecules will aggregate into micelles when the concentration reaches the critical micelle
concentration (CMC). At this point, the hydrophobic non-polar regions make maximum contact
with one another to form a hydrocarbon-like core, with the hydrophilic polar-regions in maximum
contact with water [19]. This formation of micelles will in turn (1) reduce the surface tension and
interfacial tension of the aqueous solution [9,15,16]; and (2) enhance the solubility of water-insoluble
compounds such as hydrophobic organic compounds (HOC) [9,14]. The resulting surfactants may
then be potentially used in the in-situ flushing of HOC from soils [20,21].

In addition to the reduction of the liquid/solid interfacial tension, the surfactant in the soils will
also increase the contact angle between the liquid and minerals; thus causing a reduction in capillary
rise [3,22]. However, Law and Kunze (1966) argued that water molecules are adsorbed more strongly
on the oxygen-hydrogen groups of the adsorbed surfactant, which should in turn increase the capillary
rise [23]. Although surfactants are commonly introduced into soils to improve infiltration capacity,
in their column tests Abu-Zreig et al. (2003) observed a decreased in the infiltration rate when the
surfactant was applied [3]. However in their analysis, Lehrsch et al. (2011) observed an identical
tension infiltration in both the presence and the absence of the surfactant [24]. In their comparison of
three surfactants (Triton X-100, Aerosol 22 and HDTMA) on the infiltration rate of three soil types (clay,
clay loam, and loam), Mingorance et al. (2007) observed that each surfactant shifted the infiltration
rate at various levels for a given soil type, with a specific surfactant either increasing or decreasing
the infiltration rate in the various soils under study [25]. Kuhnt (1993) noted that surfactant may
either increase or decrease the infiltration rate, with the shift depending upon the degree of soil water
repellency, the method employed to apply the surfactant, and the effects of the surfactant on surface
tension and the liquid/solid contact angle [15].

The infiltration tests noted above may have also implied the uncertain influence of surfactant
on saturated hydraulic conductivity (Ks). Specifically, Mingorance et al. (2007) observed a decrease
of Ks of the tested soils in the presence of Aerosol 22 and HDTMA, but in the presence of Triton
X-100 [25]. Nevertheless, it is now accepted that a decrease in Ks will occur with the application of a
surfactant. Specifically in their study of disturbed and undisturbed soil samples, Misra and Sivongxay
(2009) reported a dramatic decrease of Ks after treatment with greywater, within a range of 84% and
95%; moreover, these reductions appeared irreversible since the use of tap water to further leach the
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greywater-treated soil caused a further reduction in Ks [4]. In a similar study, Liu and Roy (1995)
injected sodium dodecylsulfate (SDS), sodium dodecylbenzene sulfonate (SDBS), and sodium metaphosphate
(Calgon) into different soil-sand mixtures. In all scenarios except that of pure sand, Ks decreased
sharply from the moment of injection, and the cumulative reduction in Ks was up to 0.5–2 orders of
magnitude after the injection of 3–7 pore volumes of surfactant solution [20].

Abu-Zreig et al. (2003) determined that the surface tension and contact angle were not the
mechanisms behind the Ks reduction, since water in saturated soils moves mainly in large pores,
in which the capillary force does not predominate [3]. Many studies were undertaken to analyze the
collapse of soil aggregates induced by anionic surfactant [15,25,26]. Since the reduced surface tension
leads to higher wettability of primary particles, aggregates lose their stability more easily making
the particles more prone to dispersion. Consequently, soil pores may be clogged by these displaced
particles. Additionally, Na+ is electrolyzed from various sorts of anionic surfactants in aqueous solution,
resulting in high sodium adsorption ration (SAR), which is also believed to have an adverse effect
on the stability of soil aggregates [4,20,27]. For example, in their study of sulphonic induced changes
to the pore radius and pore size distribution in sandy loam and loam, Abu-Zreig et al. (2003) found
that the shape factors of these both increased by more than 50%, with a corresponding decrease in the
penetration coefficient between 16% and 18% [3]. However, the influence of cationic surfactants
on soil processes differs from the anionic counterparts, as they are most likely to be adsorbed
on minerals [28,29]. This adsorption changes the surface of the soil particles from hydrophilic to
hydrophobic, and the consequent displacement of water leads to a higher aggregate stability [15].
It is also possible that the surfactant induced Ks reduction may be from surfactant precipitation when
divalent cations such as Ca2+ and Mg2+ are dissolved in aqueous solution [30–32]. Such a reduction,
which occurs frequently in salinized or alkalized soil, could be the primary reason of Ks reduction [20].

As Abu-Zreig et al. (2003) and Misra and Sivongxay (2009) observed, data on the changes of soil
hydraulic properties from the use of surfactants is both limited and controversial [3,4]. Specifically,
the Ks variations inferred by the infiltration tests described above may not be fully reliable, given the
possibility of air trap and preferential flow occurrence during infiltration. Moreover, previous studies
emphasized elucidating the overall Ks of the columns, with little data derived on the variation of the
Ks profile. Thus in this study, we sought to examine the influence of the anionic surfactant, which is the
most widely used surfactant in industry [12,33], on the Ks of various soil types and, more importantly,
to assess the Ks responses in soils with difference distances from the injection point of the surfactant.

2. Material and Method

2.1. Soil Preparation

A total of four soil types collected from fallow pastures in Kankakee County, Illinois and cultivated
pastures in Cache County, Utah were used in this study. The collected soils were stored in lidded
buckets at room temperature for experiments after been air-dried at 37 ◦C and been sieved by a
2 mm mesh.

Particle size analysis using the pipette method showed that all four soil types were rich in sand
(Table 1) [34], while the contents of clayey particles varied between 7.9% and 19.5%. Therefore,
using the USDA (United States Department of Agriculture) texture soil classification the soils were
categorized as either sandy loam or loamy sand and subdivided into four series of soils—Sparta,
Gilford, Lewiston, and Greenson—in consideration of their origins. The results of the ignition loss
study suggested that the organic matter content of the four soils, falling with a range of 3.4% to
4.2%, did not differ greatly. The electrical conductivity (EC) and pH were obtained by measuring the
saturated soil paste extracts [35], and the cation exchange capacities (CEC) were measured using the
sodium acetate/ammonium acetate replacement method. As shown in Table 1, the pH of the Gilford
soil was notably lower than the other three soils, all of which were close to that of the neutral solution.
The cation contents of Lewiston and Greenson were much higher than the Sparta and Gilford samples,
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however, resulting in higher ECs of saturation extracts. Nevertheless, the ECs of the four soils, none of
which were deemed to be salinized or alkalized, were lower than 1 dS/m.

Table 1. Physical and chemical properties of soils.

Properties
Soil Series *

Sparta Gilford Lewiston Greenson

Composition and texture

Sand (%) 82 84.4 79.7 66.9
Silt (%) 8.4 7.7 7.7 13.6

Clay (%) 9.5 7.9 12.5 19.5
Organic matter (%) 3.4 4.2 - ** 3.8

USDA texture Loamy sand Loamy sand Sandy loam Sandy loam

Chemical properties

pH 6.9 5.2 7.5 7.4
EC(dS/m) 0.36 0.68 1.01 0.75

CEC (meq/100g) 8.6 8.4 11.5 17.5
Sodium (mg/kg) 3.27 1.87 11.29 13.55

Magnesium (mg/kg) 4.84 5.71 14.91 12
Calcium (mg/kg) 9.36 14.64 37.1 42.9

SAR 0.22 0.10 0.39 0.47

Notes: * The Sparta and Lewiston series of soils were collected from Kankakee County, Illinois and the Gilford
and Greenson series of soils were collected from Cache County, Utah.; ** Organic matter content of Lewiston is
not available.

2.2. Surfactant

The surfactant used in this study is Aerosol 22 (Sigma-Aldrich co., St. Louis, MO, USA). It is an
anionic surfactant in which the sulfo-group acts as the dominant hydrophilic head, and it is widely
used as dispersing and solubilizing agents, e.g., in lime soap and paint. The specifications of this
chemical are listed in Table 2.

Table 2. Specifications of Aerosol 22.

Test Specification Molecule Formula

Appearance Liquid
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Molar weight (g) 742
CMC (%/wt) 0.04

Ca tolerance (ppm, CaCO3 at 0.5%) 200
pH (As is) 7.0–8.0

Surface tension (min·mN/m) 36

2.3. Apparatus and Procedure

The apparatus used for this column test is shown in Figure 1. A five cm inner diameter plexiglass
pipe was cut into pieces of 10 cm in length, and small holes were drilled through the pipe wall at
various distances from the bottom end, i.e., 1 cm, 3 cm, 5 cm, 7 cm, and 9 cm. Three holes, two of
which are shown in Figure 1 were drilled at each distance, and uniformly distributed at every 120◦

around the pipe wall. Slim steel tubes with the same external diameter (1/16 inches) to that of the
holes were inserted into the pipe. It should be noted that the in-column ends of steel tubes were all
covered with nylon mesh to prevent particle clogging. Headpieces of the apparatus were produced by
3-D printing (uPrint SEPlus, Stratasys Inc., Eden Prairie, MN, USA), using the designation proposed
by Rangel et al. (2012) [36]. The funnel-shaped grooves were expected to generate a unidirectional
flow in the column, and aqueous solutions were either injected or collected from the reserved pipe.
Additionally, two small holes were reserved in the headpieces, and steel tubes were inserted into
the grooves. The headpieces were painted for impermeability and then tightly connected with the
prepared plexiglass pipe. Rubber rings were placed at the interfaces to prevent leakage and the entire
connection was reinforced by steel bars and screws. Finally, all slim steel tubes were connected to
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hoses for pressure head measurement, and the pressure heads measured at the same distance from the
bottom were averaged.

The testing soils were layer-compacted into the plexiglass pipe, with steel and nylon mesh placed
at the bottom and top, to support the soils and to prevent particle loss. These compactions were carried
out in triplicate for each soil type. Bulk densities of the compacted soils were 1.48 g·cm−3, 1.50 g·cm−3,
1.38 g·cm−3 and 1.36 g·cm−3 for Sparta, Gilford, Lewiston and Greenson, respectively, and differences
among the triplicates were controlled less than 0.005 g·cm−3. Aqueous solutions were injected from
the bottom of the column, with the pressure head controlled by a Marriotte bottle. The soils column
was pre-saturated with a 1 mM KCl solution, by elevating the Marriotte bottle controlled pressure
head at a rate of approximately 1 cm·h−1. The pressure head of the injection flow was then controlled
to be constant, and the 1 mM KCl solution was continuously injected to achieve an approximate
1.2–2.5 pore volume (Vp, one Vp was about 82 cm3, 80 cm3, 89 cm3 and 91 cm3 in Sparta, Gilford,
Lewiston and Greenson columns, respectively). A 1 mM KCl + 2CMC Aerosol solution was then
injected. The flow rates of the effluent were continuously monitored during the test, as were the
pressure heads throughout the columns. The pressure head at the inlet was approximately 30 cm
higher than at the outlet, and the accuracy of the pressure head measurements was ±0.5 mm, and that
of the effluent volume was ±0.5 mL. After a period of test, water leakage was observed at the junction
between the plexiglass pipe and the lower headpiece, and the corresponding triplicate tests were all
stopped when this occurred. Eventually, durations of Sparts, Gilford, Lewiston and Greeson columns
tests were 34 h, 72 h, 74 h, and 342 h, respectively.
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Figure 1. Apparatus for measuring saturated hydraulic conductivity of testing soils.

3. Results

3.1. Saturated Hydraulic Conductivities of the Columns

The observations prior to the injection of the surfactant solution noted a cumulative volume
of effluent from each column that increased linearly with time (R2 > 0.99) under stable hydraulic
gradients, indicating a temporally constant hydraulic conductivities and a stable matric structures of
the columns. Figure 2 also shows that overall Ks of each column were highly constant when solutions
did not contain surfactant, and the coefficients of variations of each column’s Ks were generally
lower than 4%. However, differences of Ks among the replicates could be much more significant,
especially among the columns of Gilford and Greenson. Such a difference could be attributed to the
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non-uniform soil compaction, although the packing procedures were aimed to keep the same bulk
density among the replicates. On average, the Ks of the Sparta, Gilford and Lewiston columns were
7.46 ± 0.17 × 10−4 cm/s, 2.18 ± 0.23 × 10−4 cm/s and 1.25 ± 0.04 × 10−4 cm/s, respectively, which
generally decreased with an increase in the clay content. The Ks of Greenson, the soil with the highest
clay content, however was only 1.25 × 10−5 ± 0.09 × 10−5 cm/s, which was at least one order of
magnitude lower than those of the other three soils.

Figure 2 shows that the continuous surfactant solution injections changed the Ks of all of the
testing columns. Although the processes of Ks variation were different among the columns, even
among replicates, in the later stage of each test, the Ks of all columns were unexceptionally lower
than those before surfactant solution injections. For example, after 4-Vp (2-Vp for Greenson) injections
of surfactant solution, the Ks of Sparta, Gilford, and Lewiston were reduced on average by 61.8%,
26.9%, and 4.3%, respectively, while after a 2-Vp injection of the surfactant solution, the Ks of Greenson
reduced on average by 45.7%.
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Also the Ks of the three replicate Sparta columns decreased almost synchronously throughout
the tests, which occurred from the moment of the surfactant solution injection. Further, the Ks of
the columns decreased rapidly during the early stage of the surfactant solution injection, with a
cumulative reduction of 64% after a 5-Vp (about 400 cm3) injection of surfactant solution. The Ks

reductions then tended to be slower with the Ks of the columns almost constant at the end of the tests.
Specifically, during the last 4-Vp injections of the surfactant solution, the Ks of the three columns were
only reduced to 12%. The Ks of the Greenson columns also began to decrease from the moment of
surfactant solution injection, and the Ks decreased almost linearly with the cumulative volume of the
effluent. However, the extremely low level of Ks of Greenson and dysfunction of the apparatus after
a long-term run prevented a large scale retrieval of the effluent from the columns. Thus it remains
unclear if the Ks of the columns would tend to be constant, as were the Sparta columns, with the
injection of addition surfactant.

The Ks variations of Gilford columns at the initial stages of the surfactant solution injections
exhibited a great deal of variation. However, once the Ks started to decrease, they all decreased almost
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linearly with cumulative effluent volumes and, more importantly, the Ks reduction rates of the three
replicates were closely adjacent. It is noteworthy that the Ks of the Lewiston columns did not decline
immediately once the surfactant solution was injected. On the contrary, the Ks of all the replicates
increased by 12.5–20.8% when the surfactant solution was initially injected; the Ks of the two replicates
increased rapidly and peaked at about 1-Vp injection of the surfactant solution, while the Ks of the
third replicate increased much slowly and peaked at around 2-Vp injection of the surfactant solution.
The Ks of all the replicates then declined, but at different rates, with no indication of a constancy of the
Ks of the columns throughout the tests.

3.2. Saturated Hydraulic Conductivities of Layers

Since the pressure heads were monitored at several distances from the bottom of the soil column
(Figure 1), the column was divided into 6 layers, i.e., 0–1 cm, 1–3 cm, 3–5 cm, 5–7 cm, 7–9 cm,
and 9–10 cm, and Ks of each layer can also be calculated. The Ks of the layers was observed to be
generally constant before surfactant solution injections with the variation coefficients mostly less than
6%. However, the differences among layers could be more significant. The average and standard
deviation based on the Ks of the six layers in each column presented in Figure 3 shows a range in
the variation coefficients between 3.2% and 41.2%. Nevertheless, the Ks of the six layers were kept in
the same order of magnitude in each column. Figure 3 also shows that the arithmetic mean Ks of the
six layers were all higher than the column’s overall Ks, with the difference between each generally
growing with the standard deviation of the layers’ Ks. This growth is due to the overall vertical is Ks in
layered soils, which largely controlled by and always lower than the lowest Ks among the layers.

The Ks variations of the soil layers during each Vp surfactant solution injection are presented in
Figure 4. It is clear that the 0–1 cm layers of all 12 columns decreased continuously during surfactant
solution injections, and ended up with an average of 87% reduction after 4-Vp (2-Vp for Greenson)
surfactant solution injection. Moreover, more than half of the reduction occurred during the first Vp

surfactant solution injections, indicating an instant influence of the surfactant on the soil properties.
However, the Ks variations of the other five layers were more diverse with the Ks of these layers either
increasing or decreasing during a specific Vp of surfactant solution injection. Although the temporal
sequences of the increase/decrease were highly random, an increase dominated the Ks variations of the
1–3 cm and 3–5 cm layers. Further, after 4-Vp (2-Vp for Greenson) surfactant solution injections, both
layers ended up with higher Ks than before the surfactant solution injection, except several occasions
in the Sparta columns. Here, the Ks variations of the remaining three layers, i.e., 5–7 cm, 7–9 cm, and
9–10 cm, were more likely to vary. Both the increase and decrease had opportunities to dominate the
variations, and even the same layer among replicate columns may have ended up with increased,
decreased, or basically unchanged Ks.
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Figure 4. Ks variations of each soil layer during surfactant solution injections. The colored bars
represent the variations during each pore volume (Vp) surfactant solution injection, while the black
dots represent variations after 4-Vp surfactant solution injection for Sparta, Gilford, and Lewiston, and
2-Vp for Greenson. Ks0 is the temporal average Ks of a soil layer before surfactant solution was injected.

Further, given the relationship between the overall Ks of a column and those of the layers
(Equation (1)), the Ks variation of a column can also be composed by Ks variation in each layer, as
shown in Equation (2). Therefore, the contribution of a soil layer to overall Ks variation of a column
can be estimated, by Equation (3).
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where Ksc is the overall saturated hydraulic conductivity of a column, cm/s; n is the total number
of soil layers in the column; hi is the thickness of the ith layer, cm; Ksi is the saturated hydraulic
conductivity of the ith layer, cm/s; d is the differential symbol; Conti is the contribution of the ith layer
to Ksc variation, %; ∆Ksi and ∆Ksc are the saturated hydraulic conductivity changes of the column
and the ith layer respectively, during the 4-Vp (2-Vp for Greenson) surfactant solution injection, cm/s.
It should be noted that saturated hydraulic conductivity of a given soil layer is contained in all adding
terms of Equation (2), and thus its variation will influence Ksc by influencing all the terms. However,
we regard only the term with dKsi as the contribution of the ith layer to Ksc variation. The differential
form in Equation (2) was then written into the difference form in Equation (3), in which Ksi of a given
layer was not constant, and its temporally averaged value was applied in this study. Given these
simplifications, the summed contribution of all layers may not be strictly 100%, but the residue is
generally acceptable according to our results below.

Figure 5 indicates that Ks variations of the columns were dominantly controlled by the 0–1 cm
layer, the contribution of which to the Ks reduction was 115% on average, and was no less than 82%
among the 12 columns. Since the Ks of the 1–3 cm and 3–5 cm layers increased in most columns during
surfactant solution injections, their contributions were mostly negative, with the approximate average
values of −14% and −15%, respectively. The contributions of the remaining three layers, i.e., 5–7 cm,
7–9 cm, and 9–10 cm, swung in both negative and positive directions, indicating an uncertain influence
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of the surfactant on their hydraulic properties. Nevertheless, the average contributions of these three
layers were 0.7%, −3.3%, and −2.0%, respectively, and relevant standard deviations were all less
than 20%. From these data we may conclude with some confidence that surfactant is not likely to
significantly influence Ks of these layers.
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Figure 5. The contribution of each soil layer in the variations of the overall Ks of columns after an
injection of a 4-Vp surfactant solution for Sparta, Gilford, and Lewiston, and a 2-Vp injection solution
for Greenson. Since the Ks of all columns declined during surfactant solution injections (Figure 2),
positive contribution means Ks decline of a soil layer, while the negative contribution means an increase
in Ks.

4. Discussion

With regard to overall Ks of soil columns, the reductions from the application of an anionic
surfactants have been widely reported elsewhere [4,20,25]. In most cases, these reductions were
attributed to (1) the collapse of soil aggregates due to the adsorption of the surfactant on minerals
and/or high SAR, which caused pore clogging by the displaced particles [4,15,25–27]; and (2) pore
clogging by surfactant precipitation when the divalent cations such as Ca2+ and Mg2+ were contained
in soils [30–32]. However, our experiments revealed that the variations in Ks variations could differ
among the layers. Our findings suggest that the reasons for the reductions noted above may not fully
explain the observed phenomena or, at least, they may not be the dominant causes in many cases.

Specifically, the surfactant precipitation may not have been significant in our soil columns.
Although the contents of divalent cations (Ca2+ and Mg2+) in Lewiston and Greenson were times
higher than those in Sparta and Gilford (Table 1), they were at least two orders of magnitude lower
than those in the soils used by Liu and Roy (1995), who observed significant pore clogging induced by
surfactant precipitation [20]. Moreover, since the soil columns were injected with 1.2–2.5 Vp of 1 mM
KCl solution at the beginning of tests, divalent cations were readily released from soil particles due
to cation exchange between soil and K+, and were then flushed out, resulting in even lower contents
of divalent cations upon surfactant solution injections. In fact, although Ks reduction processes were
different among soil types (Figure 2), the extent of Ks reduction did not increase with the content
of divalent cations; e.g., relative Ks reduction of Lewiston was much less than that of Sparta after
4-Vp surfactant solution injection (4.3% V.S. 61.8% by replicates averages, Figure 2), indicating an
unimportant role of surfactant precipitation in Ks variations in our experiment.

The collapse of soil aggregates and particle dispersion are inevitable in the presence of anionic
surfactant. Regarding individual soil particles, the presumably laminar flow in the soil pores was
not able to flush them upwards into effluents; instead, small clayey particles were likely to percolate
downward by gravity, while leaving behind the coarse particles. Consequently, a densely structured
layer would then form at the bottom while the porosity of the above layers would in turn increase.
Such an increase could, at least partially, explain the dramatic Ks reduction of the 0–1 cm layer, and
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the general Ks increase of the 1–3 cm and 3–5 cm layers (Figure 4). Specifically, after 4-Vp (2-Vp for
Greenson) surfactant injection, the relative Ks increases of the 1–5 cm layer were −12.4%, 29.8%, 82.3%,
and 39.5% for Sparta, Gilford, Lewiston, and Greenson, respectively, by replicate averages. These
values show an increasing trend with higher clay contents, which is in accordance with the results of
the experiments conducted by Gardner and Arias (2000) [37].

Further, Gardner and Arias (2000) confirmed swelling of the clay in presence of surfactant, which
would cause a net reduction in the available pore space, and consequently decrease of Ks [37]. Therefore,
the surfactant-clay interaction may result in Ks reduction by both transport and swelling of clayey
particles, and the later was regarded as the primary mechanism in Gardner and Arias’ (2000) study.
However, in this study, clayey particles were more likely to percolate downward and precipitate in the
bottom layer of the columns, rather than being flushed out as occurred in Gardner and Arias’ (2000)
experiments, hence the transport of clayey particles and consequently pore clogging should have
played a more prominent role in Ks reduction than in Gardner and Arias’ (2000) experiments, and
further investigation is needed to distinguish the roles of transport and swelling of clayey particles in
Ks reduction showed in this study.

Meanwhile, lots of studies have revealed Ks reduction caused by bioclogging [38,39]. Bacteria
colonizing in soils cover pore walls with biofilms in which the cells are intimately associated with a
meshwork of exopolymer of glycocalyx, resulting in less pore space for water flow, and the exopolymer
is also likely to cause changes in the swelling properties of soils and the dispersion of colloidal
particles [40]. At the same time, bacterial respiration will release air bubbles entrapped in soils [40],
which may leading to Ks reduction [41]. In spite that, biocologging was rarely mentioned in previous
studies related to the influence of surfactant on hydraulic properties of soils. This is basically because
nutrients for bacteria activities is strictly required. For example, bacteria is more likely to colonize close
to the inlet of nutrients so as to get more energy and chemicals, and inappropriate nitrogen/carbon
ration will inhibit bacteria activities [39,40]. However, in this study the soil columns could hardly be
regarded as pleasant for bacterial activities. Nitrogen was basically deprived in the injected solutions,
moreover, the bacteria that can cause clogging may not be the winner in the competition among
colonies. From this point of view, although bioclogging cannot be absolutely excluded from the reasons
for Ks reduction, it ought not to be prominent in this study.

To some extent, the 0–1 cm layers in our soil columns are similar to the colmation layer caused
by sewer exfiltration. This colmation layer usually has a thickness ranging from millimeters to
centimeters [42–44], with a perpetual and extremely low permeability [33]. This low permeability has
been traditionally attributed to pore clogging caused by organic particles contained in sewage [45].
However, Nikpay et al. (2015) recently reported that the adsorption of surfactant, which is also
contained in sewage, may also contribute to soil pore clogging [46]. They suggested that regardless of
the surfactant concentration in the solution, and no matter whether the surfactant is in monomer or
in micelle forms, the surfactant will aggregate at the surface of soil particles by layers, resulting in a
narrower pathway for water flow, and thus reduced Ks. A stable thickness of the surfactant aggregation
layer will be reached when adhesive forces and hydrodynamic drag on surfactant molecules are equal,
and a crystalline layer will start to form afterwards. This creation of the layer may also have occurred
in our soil columns when the surfactant was adsorbed primarily on particles close to the inlet of flow.
The stable aggregation layer may have been reached and crystallization may have occurred [47], given
the decreasing flow rate and the continuous surfactant solution supply with constant concentration.

The pore volume serial number of surfactant solution, shown in Figure 6, indicates the greatest
change in the Ks of each layer. The largest change in the 0–1 cm layer always occurred during the
first Vp of surfactant solution, with the time generally postponed with an increasing distance from the
bottom so that the greatest Ks change would occur in these layers. Since the influences of the surfactant
on the hydraulic properties is stronger at higher concentrations [3], we can further confirm that the
surfactant was unevenly distributed in the column, and also decreased with a distance from the inlet
of flow, a process also suggested by Nikpay et al. (2015) [46]. Therefore, the surfactant may not have
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been able to exert an influence on the soil at a relatively distant location from the inlet of flow within a
limited time. Presumably, influence best explains why variance of the Ks of the 5–10 cm layers was so
uncertain, but which exhibited a constancy after averaging all of the testing columns.
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Figure 6. Pore volume serial number of surfactant solution during which Ks exhibited the most changes.
Red bars represent the median values. The data of the Greeson columns was not included, since only a
2-Vp surfactant solution was injected. In the Greenson columns, the Ks of the 0–1 cm and 1–3 cm were
more likely to change most in the first Vp of the surfactant solution, while the Ks in the 3–5 cm, 5–7 cm,
7–9 cm, and 9–10 cm were more likely to occur in the second Vp of surfactant solution (see Figure 4).

The discussion above may also give some implications on the variations of the column overall Ks.
Without exception, Ks of the 0–1 cm layer in all columns showed decreasing reduction rates versus
effluent volume (Figure 4). Ks variation rates of other layers also tended to decrease after reaching
their peaks (Figure 6). Therefore, we could expect that after a period of time, Ks variation of all
layers would tend to be slower, and overall Ks of the columns would tend to be constant. However,
Figure 2 shows that by the end of tests, only the overall Ks of Sparta columns tended to be constant,
while overall Ks reduction rates of the other columns generally kept constant or even increased.
This inconstancy may be ascribed to the different volumes of surfactant solution injection. Since the
volumes of surfactant solution injection of Sparta columns were the highest, Ks of these columns were
more likely to reach constant.

Despite the shared features of the columns on Ks variations discussed above, uncertainties of
the results cannot be ignored. For example, although Ks of all columns resulted in reduction at
the end of the experiment, stabilization and even increase of Ks at the beginning of the surfactant
injection was also observed (Figure 2). For Ks of the layers, only the 0–1 cm of all columns showed
continuous decrease during tests, while for other layers, Ks may periodically increase or decrease,
without synchronization even among triplicates (Figure 4). This may due to non-uniform compaction
of the soil column despite considerably close bulk densities among triplicates, and the difference among
triplicates may have been enlarged by soil structure deformation during tests. In this circumstance,
study with more replicate columns is needed in future, so as to decrease the uncertainty of the results
and increase repeatability of the measurements.

5. Conclusions

The effects of the anionic surfactant Aerosol 22 on Ks of two types of soils, i.e., loamy sand and
sandy loam, were analyzed by column tests in this study. Results showed that the Ks of all columns
decreased with a continuous injection of surfactant solution. Nevertheless, the Ks of the columns were
found to stabilize and even increase at the initial stage of the surfactant solution injections, due to
different Ks variations in the layers at different distances from the inlet of flow which was at the bottom
of the soil column.

Specifically, the Ks of the 0–1 cm layers in all columns decreased continuously, terminating
with two orders of magnitude Ks reductions after 2–4 pore volumes of surfactant solution injection.
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In contrast, the Ks of the 1–3 cm and 3–5 cm layers fluctuated during surfactant solution injection but
ended up with an overall increase, while the Ks variations of the layers with distances between 5 and
10 cm from the inlet were highly uncertain and were minimal by the columns’ average. Contributions
of the 0–1 cm, 1–3 cm, 3–5 cm, 5–7 cm, 7–9 cm, and 9–10 cm layers to the Ks reductions of the columns
were 115%, −15%, −14%, 0.7%, −3.3%, and −2.0%, respectively by the columns’ average, indicating a
dominant control of the 0–1 cm layer on Ks variations of columns.

Hypothetically, we attributed the Ks variations to the swelling of the clay, the collapse of soil
aggregates and consequent particle displacements due to surfactant adsorption, which resulted in pore
clogging in the bottom 0–1 cm layer and higher porosities in the layers above. Meanwhile, adsorption
of surfactant aggregates and crystallization may also have contributed to pore clogging in the bottom
layer. In this case the soil column acted as a filter, and surfactant concentration may have decreased
with distance from the inlet, resulting in fewer effects on the layers at a larger distance from the inlet.

It should also be noted that uncertainties of the results cannot be ignored, Ks of most layers
periodically increased or decreased, without synchronization even among triplicates. Hence study
with more replicate columns is needed in future, so as to decrease the uncertainty of the results and
increase repeatability of the measurements.
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