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Abstract As soils become dry, water primarily exists as vapor that adsorbs to and desorbs from particle
surfaces. The drying process also often enhances soil water repellency, yet the effects of repellency on soil
water vapor sorption and exchange are not well understood. The objective of this study was to quantify the
water vapor sorption dynamics of two minerals (Ca2+ saturated kaolinite and montmorillonite), in which
water repellency was induced using two organic agents: cetyl trimethylammonium bromide (~4% by mass)
and stearic acid (0.5%, 5%, 10%, 20%, and 35% by mass). Samples were then analyzed for water vapor
sorption isotherms, solid-water contact angles, organic carbon content, mineral surface morphology,
hydrophobic functional groups (using Fourier transform infrared spectroscopy), zeta potential, and particle
size distributions. The results showed that the water repellent treatments altered particle surface potentials
and decreased surface areas relative to the controls. As a result, those samples adsorbed significantly less
water and had less hysteresis between adsorption and desorption isotherms than the nontreated controls
(p < 0.05). Differences in water adsorption were most pronounced for water activities >0.6, where
hydrophobic compounds may have inhibited water vapor condensation, even at low concentrations. In
contrast, solid-water contact angles were small in montmorillonite treatments with <10% stearic acid,
suggesting that low levels of hydrophobic compounds may have greater effect on vapor sorption compared
to liquid water imbibition. Altogether, these results imply that repellency may reduce water retention in dry
soils and enhance water vapor losses.

Plain Language Summary Many soils become water repellent as they dry, such that water drops
cannot penetrate the soil surface, yet specific interactions between water vapor and water-repellent soil
particles remain poorly understood. In this study we applied two different chemicals to clay minerals to
induce varying degrees of water repellency and then measured the ability of treated particles to adsorb and
rerelease water vapor. The water repellent minerals adsorbed less water vapor than nontreated minerals,
because the applied chemicals (1) reduced the ability of water vapor to access wettable sites on mineral
surfaces, (2) caused particles to aggregate together, further limiting the surface area available to water vapor,
and (3) altered the ability of minerals to attract water vapor onto their exposed surfaces. These findings
suggest that soil water repellency may enhance water vapor losses from drying soils, yet more study is
needed to verify that these results translate to natural field soils.

1. Introduction

Soil water repellency can decrease soil infiltration capacity (Steenhuis et al., 2005) and water holding capacity
(Orfanus et al., 2014), enhance overland flow and flooding (Larsen et al., 2009; Miyata et al., 2007), accelerate
development of preferential flow (Ritsema et al., 1993), and in some cases increase agrichemical leaching
(Letey, 2001). These alterations may drive soil erosional processes and increase the mobility of surface-bound
pollutants, with the potential to reduce water quality and degrade aquatic ecosystems (Doerr et al., 2000;
Kidron, 2015). Soil water repellency has become more prevalent in recent years due to drought conditions
and wildfires (Abatzoglou & Williams, 2016; Dai, 2011; Dennison et al., 2014; Granged et al., 2011), as well
as changes in agriculture management practices, such as long-term applications of feedlot manure (Miller
et al., 2017; Valolahti et al., 2015). Global climate change effects such as rising temperatures and shifting pre-
cipitation patterns may also result in more widespread development of repellency (Goebel et al., 2011). Thus,
it is critical to understand how soil water repellency influences hydrological processes.

Previous research has focused on interactions between soils and liquid water, for example, by quantifying
how water repellency can increase solid-water contact angles and thereby reduce soil capillarity
(Leelamanie et al., 2008) and water infiltration (Granged et al., 2011). In contrast, it is not yet well understood
if and how changes in particle surface properties induced by water repellency affect soil water vapor sorption
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and exchange. Water vapor sorption/desorption dynamics—where vapor molecules bind to/release from
mineral surfaces—form a primary control on near-surface moisture distributions in soils as they dry
(Schneider & Goss, 2012). The drying process can also enhance repellency (Doerr & Thomas, 2000), meaning
that the potential exists for feedbacks between soil water repellency formation and vapor exchange. Such
mechanisms may be particularly relevant in arid and semiarid regions, where water primarily exists in the
vapor phase (Tuller & Or, 2005).

Water vapor sorption onto particle surface is regulated by adhesion forces (i.e., van der Waals attraction, elec-
trostatic, and acid-base interactions; Derjaguin et al., 1987), which are controlled by particle surface charac-
teristics such as surface area (Arthur et al., 2015; Tuller & Or, 2005), surface charge (Arthur et al., 2016; Leão
& Tuller, 2014; Woodruff & Revil, 2011), and surface-free energy (Leão & Tuller, 2014; Parks, 1984). Each of
these properties may be altered by the introduction of hydrophobic surface functional groups. Water vapor
sorption on mineral surfaces generally occurs in three stages: (1) water vapor monolayer
adsorption/desorption on external surfaces; (2) water vapor interlayer and multiple layer
adsorption/desorption; and (3) capillary condensation, which refers to the growth and coalescence of water
into liquid-like overlayers (Yeşilbaş & Boily, 2016). The monolayer regime occurs when water activity (aw)
ranges from near 0 to between 0.19 and 0.53, depending on clay mineral type and properties (Newman,
1983; Puri & Murari, 1964; Quirk & Murray, 1999). In both kaolinite and montmorillonite, a monolayer forms
on external surfaces until aw reaches ~0.2 (Hatch et al., 2012). Swelling 2:1 minerals (e.g., montmorillonite)
also have internal monolayer adsorption, which occurs in the range of water activities 0.2 < aw < 0.6
(Arthur et al., 2018; Quirk & Murray, 1999). Several studies have demonstrated that water molecules do not
form uniform monolayers on particle surfaces, as polar molecules tend to cluster around cation sites (Lu &
Khorshidi, 2015; Quirk, 1955). This effect is particularly notable in minerals with high surface area (e.g., smec-
tite), where the monolayer formation partially overlaps with cation hydration. Water vapor
multilayer/interlayer adsorption also develops when aw ranges from 0.2 to 0.6; this process is dominated
by both mineral structural properties and water-water and water-cation interactions on mineral surfaces
(Branson & Newman, 1983; Ormerod & Newman, 1983). Water films begin to demonstrate liquid-like behavior
when aw > 0.55 (Arthur et al., 2016), while capillary condensation is the primary form of soil hydration for
aw > 0.6 (Hatch et al., 2012).

Because it includes information about all three hydration stages, the soil water vapor sorption isotherm is a
useful tool for characterizing water vapor dynamics in soil. Isotherm curves express soil water vapor sorption
in terms of soil water content (i.e., mass of water adsorbed per mass of soil) as a function of aw at a constant
temperature. In general, water vapor sorption isotherms follow unique paths in response to variations in soil
water energy levels and form hysteresis loops that are contained between two master adsorption and deso-
rption curves. Hysteresis in a water vapor sorption isotherm indicates that vapor adsorption onto the particle
surface requires less energy than vapor release (Laird et al., 1995). This result may be attributed to both par-
ticle surface and cation hydration, which are dominated by particle surface charge, energy, and area (Lu &
Khorshidi, 2015). Hysteresis in dry-end water retention (aw< 0.95) therefore can characterize the interactions
between water vapor and solid surfaces (Prunty & Bell, 2007).

In the past, it has been assumed that water vapor moves freely in soil regardless of any water repellency that
the soil may exhibit (Imeson et al., 1992; Miyamoto et al., 1972). More recent research has indicated that
hydrophobic substances in soil may reduce the water vapor movement at very low water activities (Arthur
et al., 2014; Dagnelie et al., 2010; Inagaki et al., 1996; Maaz et al., 2016), but the underlying interactions and
mechanisms have not yet been critically examined. The overall objective of this study was to quantify the
effects of particle surface hydrophobicity on water vapor sorption characteristics. By comparing water vapor
sorption characteristics with variations in particle surface properties, we intend to improve the general under-
standing of the effects of soil water repellency on water vapor sorption and exchange.

2. Materials and Methods
2.1. Sample Preparation and Treatments

We conducted a set of experiments using model soil systems by measuring soil water vapor sorption
isotherms for two mineral types—kaolinite (Georgian kaolinite, KGA) and montmorillonite (Wyoming Na-rich
montmorillonite, SWY)—that had been mixed with varying types and amounts of organic compounds to
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induce hydrophobicity. The minerals came from the Clay Mineral Society
Source Clays Repository and were prepared by sequentially washing the
samples with sodium acetate (NaOAc), hydrogen peroxide (H2O2), and
sodium dithionite (Na2S2O4) to remove soluble salts, carbonate, organic
matter, and free iron oxides. The clay fraction (<2 μm) was obtained by cen-
trifuging thewater suspension of eachmineral at 60 g for 6min. The purified
clays were then washed with a calcium chloride (Ca2Cl) solution and rinsed
with deionized water to prepare Ca2+-saturated samples.

To establish water repellency in the model systems, the monoionic clay
samples were mixed with one of two hydrophobicity-inducing agents:
stearic acid (SA) or cetyl trimethylammonium bromide (CTAB). SA is a fatty
acid commonly found in soils consisting of an 18-carbon chain with a car-
boxylic acid group [CH3(CH2)16COOH]. CTAB is a cation surfactant com-
monly used in industrial processes that contains a 16-carbon chain and a
quaternary ammonium functional groups on the other end ([(C16H33) N
(CH3)3]

+Br�). The following hydrophobic treatments were used, with the
relative mass of adsorbed compound indicated: 0% (control), 0.5% SA,
5% SA, 10% SA, 20% SA, 35% SA, and CTAB (saturated). Diethyl ether
was used to dissolve the SA before application to the minerals
(Leelamanie & Karube, 2007; Lichner et al., 2006), while distilled water
was used as a medium to apply CTAB following the procedure of Zhu
et al. (1998). Three replicates were used for each combination of mineral
type and hydrophobic treatment (n = 3).

2.2. Sample Characterization and Analysis

All treated samples were divided into subsamples to analyze physicochem-
ical properties. Particle zeta potential was measured using a Zetasizer
3000HS (Malvern Instruments, Worcestershire, UK) with the following para-
meters: temperature = 25 °C, dielectric constant = 79.0, and viscosity = 0.890.
Particle size distribution was measured using a CILAS 1190 particle size ana-
lyzer (CILAS, Inc., Orleans, France), following the sample preparation proce-
dure of Gee and Bauder (1986). Total organic carbon of samples was
detected by a C/N analyzer (VarioMax CNS macroelement analyzer,
Elementar Analytical Systems GmbH, Hanau, Germany). The occurrence of
functional groups of SA and CTAB contributing to hydrophobicity was
examined by a Nicolet 8700 Fourier transform infrared (FTIR) spectrometer
(ThermoFisher Scientific, Inc., Waltham, USA), following the sample prepara-
tion procedure of Schwen et al. (2015). An environmental scanning electron
microscope (FEI Quanta 600 FEG, Hillsboro, USA) was used to examine the
morphology and organization of the particles under the different hydropho-
bic treatments. Sample pH was measured in 1:5 soil to water suspensions
using a 3100 M pH meter (OHAUS, Inc., Parsippany, USA).

Solid-water contact angles were measured for all samples following the
method of Whelan et al. (2015) and Bachmann et al. (2000). Briefly, a layer
of mineral grains was fixed on a glass microscope slide with double-sided
adhesive tape by sprinkling, gentle pressing, and removing loose material.
Deionized water droplets with a volume of 20 μL were placed on the sam-
ple and photographed within 3 s under a constant temperature (25 °C).
The contact angle was calculated using ImageJ software (version 1.50i).
Note that a contact angle of ~0° indicates a hydrophilic surface, a contact
angle between ~0 and 90° indicates subcritical water repellency, and a
contact angle larger than 90° indicates critical water repellency, also
known as hydrophobicity (Bachmann et al., 2000).

Table 1
Average of pH and Total Organic Carbon (TOC) of Ca2+-Kaolinite (KGA) and
Ca2+-Montmorillonite (SWY) Minerals Treated with Different Mass
Percentages of Stearic Acid (SA) and Saturated by Cetyl Trimethylammonium
Bromide (CTAB)

pH TOC g 100 g�1

Treatments KGA SWY KGA SWY

Control 5.4 ± 0.01 6.9 ± 0.1 0.1 ± 0.01 0.1 ± 0.02
0.5% SA 5.3 ± 0.2 6.6 ± 0.1 0.5 ± 0.03 0.4 ± 0.1
5% SA 5.3 ± 0.5 5.9 ± 0.04 4.2 ± 0.03 3.5 ± 0.8
10% SA 5.3 ± 0.5 6.3 ± 0.7 6.2 ± 0.6 6.9 ± 0.3
20% SA 5.0 ± 0.5 6.0 ± 0.6 13.5 ± 0.5 13.7 ± 0.3
35% SA 4.8 ± 0.3 5.9 ± 0.01 23.8 ± 0.9 24.4 ± 0.3
CTAB 5.2 ± 0.2 5.8 ± 0.3 1.2 ± 0.2 3.4 ± 0.6

Note. ± values represent standard errors (n = 3).

Figure 1. Particle size distributions of (a) Ca2+-montmorillonite and (b) Ca2+-
kaolinite minerals treated by 0% (control), 0.5%, 5%, 10%, 20%, and 35%
stearic acid (SA) and saturated by cetyl trimethylammonium bromide (CTAB).
Error bars represent standard errors (n = 3).
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Water vapor sorption isotherms were measured using a vapor sorption
analyzer (METER Group, Inc., Pullman, USA) with the following settings:
adsorption followed by desorption over the water activity range of 0.05–
0.95, resolution of 0.02, Dynamic Dewpoint Isotherm mode, and
temperature = 25 °C. Approximately 2.0 g air-dried sample was used in
each measurement. In order to provide all samples with the same initial
condition and thereby avoid the effects of historical wetting and drying
states on water vapor sorption isotherms, all of the prepared samples were
conditioned with P2O5 in a glass desiccator for 3 days prior to the tests.
Water content was determined at the conclusion of the isothermmeasure-
ments by oven drying the samples for 48 hr at 105 °C.

For analysis, the isotherms were divided into three regions that represent
distinct modes of solid-water interaction: external monolayer sorption for
aw ≤ 0.2, multilayer/interlayer sorption for the range 0.2 < aw < 0.6, and
capillary condensation for aw ≥ 0.6. Differences in adsorbed and desorbed
water were calculated for each region (e.g., adsorbed water between 0.2
and 0.6 was determined as water content at aw = 0.6 minus water content
at aw = 0.2).

Isotherms were also analyzed for the total area associated with hysteresis:

Hysteretic Area ¼ ∫
aw;f

aw;i
θdes � θadsð Þdaw (1)

where aw,i and aw,f represent the initial and final water activities, and θdes
and θads are the respective water contents of the desorbed and adsorbed
water (both as functions of aw).

2.3. Statistical Analysis

Statistical analysis was performed using R software (version 3.5.0) and
Python (version 3.6). All data were tested for normality and homogeneity
of variances prior to analysis using a one-way analysis of variance
(ANOVA) with Tukey honestly significant difference. Differences were con-
sidered significant for α 0.05.

3. Results
3.1. Mineral pH and Organic Carbon Contents of Treated Samples

Mineral pH ranged from 5.4 to 4.8 in the KGA treatments and from 6.9 to
5.9 in the SWY treatments (Table 1). ANOVA showed that the pH did not
significantly vary for either mineral because of the addition of the
repellency-inducing chemicals (p > 0.05).

Next, we used three different methods to examine the interactions of SA and CTAB with kaolinite and mon-
tmorillonite. In the first approach, we measured the total amount of carbon associated with each treatment.
These results showed that the amount of SA present for a given treatment was generally consistent between
minerals (e.g., the 20% SA treatment had an actual carbon contents of 13.5% by mass for kaolinite and 13.7%
for montmorillonite; Table 1). The CTAB was more variable, with 1.9% CTAB (carbon content = 1.2%) adsorbed
onto the kaolinite at saturation versus 5.4% CTAB (carbon content = 3.4%) adsorbed onto the montmorillo-
nite at saturation. The retention of CTAB on kaolinite may be attributed in part to the presence of
smectite impurities.

In the second approach, we used FTIR spectroscopy to identify hydrophobic functional groups on themineral
surfaces. Note that full FTIR results and analyses are presented in the supporting information (Ellerbrock &
Gerke, 2016; Lin et al., 2016; Nobrega et al., 2012; Santos et al., 2014; Simkovic et al., 2008; Youssef et al.,
2013). In brief, minerals treated with CTAB showed evidence of hydrophobic aliphatic methyl and methylene

Figure 2. Zeta potential of (a) Ca2+-montmorillonite and (b) Ca2+-kaolinite
treated by 0% (control), 0.5%, 5%, 10%, 20%, and 35% of stearic acid (SA)
and saturated by cetyl trimethylammonium bromide (CTAB; n = 3). The
upper whiskers refer to the values ranging from the upper quartile to the
highest data point that is less than the upper quartile plus 1.5 times the
interquartile (Q3 + 1.5 IQR); the lower whiskers refer to the values ranging
from the lower quartile down to the lowest data point that is greater than the
lower quartile minus 1.5 times the interquartile (Q1 � 1.5 IQR). Different let-
ters denote significant differences between mean values (ANOVA with
Tukey’s HSD, p < 0.05). ANOVA = analysis of variance; HSD = honestly sig-
nificant difference.

10.1029/2018WR023352Water Resources Research

CHEN ET AL. 4



functional groups, with the CTAB molecules becoming fixed within the montmorillonite interlayer spaces via
electrostatic interaction. At low concentrations (i.e., SA ≤ 10% for kaolinite and SA ≤ 5% for montmorillonite),
the SA treatments showed evidence of hydrophobic methyl and methylene groups; at higher SA concentra-
tions hydrophilic (carboxyl) groups were also detected. This latter observation suggests the formation of free-
phase SA.

In the third approach, we used an environmental scanning electron microscope to characterize SA- and
CTAB-treated clays (full details and results are again presented in the supporting information). In summary,
these images showed that at low concentrations, CTAB and SA formed compact and smooth coatings on
the minerals (Figure S2). However, higher SA concentrations (i.e., ≥ 10% in kaolinite and ≥ 20% in montmor-
illonite) caused the surfaces to become rough and irregular, likely due to the formation of SA in free phase (as
seen in the small white particles on the mineral surfaces in Figures S2a4 and S2a5, and S2b4 and S2b5).
Kaolinite had more free-phase SA than montmorillonite due to its lower surface charge and smaller
surface area.

3.2. Particle Size Distribution

Particle size distributions of all treatments are shown in Figure 1. There were no significant differences
between the controls and minerals treated with low SA concentrations (i.e., SA ≤ 10% for montmorillonite,
and SA ≤ 5% for kaolinite). Increased SA concentrations caused the particle size distributions to shift to the
right compared to the controls, indicating that the particle sizes became larger due to particle aggregation.
In addition, free-phase SA may have formed agglomerates in the treatments with high SA concentrations (as
seen in Figure S2). For montmorillonite, the CTAB treatment showed a significant shift toward larger particle
sizes, whichmay suggest aggregation as well as a possible interlayer expansion in themontmorillonite sheets
due to CTAB molecules entering the clay structure. For kaolinite, the aggregation was relatively minor for
CTAB treatment, which may relate to the small amount of CTAB adsorbed by kaolinite.

Figure 3. Solid-water contact angle measured for Ca2+-montmorillonite and Ca2+-kaolinite minerals treated by 0% (con-
trol), 0.5%, 5%, 10%, 20%, and 35% of stearic acid (SA) and saturated by cetyl trimethylammonium bromide (CTAB;
n = 3). The upper whiskers refer to the values ranging from the upper quartile to the highest data point that is less than the
upper quartile plus 1.5 times the interquartile (Q3 + 1.5 IQR); the lower whiskers refer to the values ranging from the lower
quartile down to the lowest data point that is greater than the lower quartile minus 1.5 times the interquartile (Q1 � 1.5
IQR). Different lowercase letters denote significant differences between mean values for kaolinite samples, and different
capital letters denote significant differences between mean values for montmorillonite samples (ANOVA with Tukey’s HSD,
p< 0.05). The red line indicates a contact angle (CA) of 90°, used here to differentiate between subcritically water repellent
and hydrophobic conditions. ANOVA = analysis of variance; HSD = honestly significant difference.
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3.3. Surface Potential (Zeta Potential)

The mineral zeta potentials were altered by the treatments with SA and
CTAB (Figure 2). The average zeta potential of the untreated minerals
was �18.90 (kaolinite) and �20.51 mV (montmorillonite), which were
similar to the values reported by Leroy et al. (2015) and Yukselen and
Kaya (2003). CTAB caused a significant change in mineral zeta potentials,
with average values of �2.43 (kaolinite) and �8.52 mV (montmorillonite).
The net negative charge of the clay particles were therefore reduced by
the addition of CTAB. The SA treatments showed a similar trend for the
montmorillonite (i.e., the zeta potentials of treated montmorillonite were
significantly different than the untreated mineral) and for the kaolinite
samples mixed with low concentrations of SA (0.5% and 5%). However,
the net negative charge of the clay particles significantly increased (i.e.,
significant decrease in zeta potential) when kaolinite had higher SA con-
centrations (> 5%). This result may relate to the amount of free-phase
SA in the samples.

3.4. Water Repellency
3.4.1. Solid-Water Contact Angles
The solid-water contact angle increased with the percentage of SA applied
to the minerals, thus indicating increasing soil water repellency (Figure 3).
The montmorillonite samples only showed hydrophobicity (i.e., contact
angle ≥ 90°) for SA concentrations of 35%, while the kaolinite samples
became hydrophobic for SA concentrations ≥ 5%.The CTAB-treated miner-
als were hydrophobic, even though relatively little CTAB was adsorbed
onto the mineral surfaces compared to the SA treatments (Table 1). The
kaolinite had larger solid-water contact angles than the montmorillonite
for any given level of SA, which may be attributed to montmorillonite hav-
ing greater surface charge and surface area (thus mitigating some of the

induced repellency). Still, the montmorillonite had a larger solid-water contact angle than the kaolinite for
the CTAB treatment, possibly reflecting the greater concentration of absorbed material (Table 1).
3.4.2. Water Vapor Sorption Characteristics
For both minerals, water vapor sorption isotherms showed nonlinear relationships between water content
and water activity, though the isotherms differed in shape and magnitude due to different mineral structure
and surface properties (Figure 4). Montmorillonite had higher water contents than kaolinite for all treatments
and water activities. The addition of either hydrophobicity-inducing agent (CTAB or SA) reduced the amount
of water vapor sorbed onto the minerals for a given water activity, with increasing SA concentrations asso-
ciated with less water vapor sorption (Figure 4). The adsorption and desorption isotherms were both affected,
meaning that the addition of hydrophobicity-inducing chemicals increased the amount of energy required to
adsorb and desorb water. The montmorillonite samples showed hysteresis between adsorption and deso-
rption curves, whereas in the kaolinite samples the adsorption and desorption curves were indistinguishable.
The addition of CTAB and SA significantly decreased the hysteretic area of the montmorillonite samples, with
increasing SA concentrations associated with smaller hysteretic area (Figure 5).

The isotherms were divided into three stages that represented distinct modes of water vapor sorption: (1)
external monolayer adsorption (aw < 0.2), (2) multilayer/interlayer adsorption (0.2 < aw < 0.6), and (3) capil-
lary condensation (aw ≥ 0.6). The differences in water contents over each of those activity ranges were then
calculated (Figure 6). For the kaolinite treatments, significant differences in adsorption were seen for the
multilayer/interlayer adsorption and capillary condensation regions, but not in the monolayer region
(Figure 6a). During desorption, significant differences only occurred in the capillary condensation region
(Figure 6b). Montmorillonite samples, in contrast, showed significant differences in both absorbed
(Figure 6c) and desorbed (Figure 6d) water for all three regions of water activity. The control samples had
significantly higher water contents than all of the treated samples, except for the monolayer regime in the
0.5% SA montmorillonite treatment.

Figure 4. Mean of water vapor sorption isotherms of (a) Ca2+-montmorillo-
nite and (b) Ca2+-kaolinite treated by 0% (control), 0.5%, 5%, 10%, 20%,
and 35% of stearic acid (SA) and saturated by cetyl trimethylammonium
bromide (CTAB; n = 3).
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4. Discussion

In this study, we observed that the addition of the hydrophobicity-
inducing agents CTAB and SA caused montmorillonite and kaolinite
minerals to become repellent to both liquid water (Figure 3) and
water vapor (Figures 4 and 6). While the effects of soil water repel-
lency on liquid water imbibition have been well studied (Leelamanie
& Karube, 2007; Miller et al., 2017; Schwen et al., 2015), the latter find-
ing provides evidence that further refutes the assumption that repel-
lency does not affect soil vapor dynamics (Doerr et al., 2000). Our
results also suggest that water vapor may be more sensitive than
liquid water to low levels of hydrophobic compounds. For example,
SA concentrations ≤10% did not significantly increase the solid-water
contact angle in montmorillonite, whereas the amount of sorbed
water vapor decreased even when SA represented only 0.5% of the
sample by mass. Thus, while degree of repellency may cause a
threshold-type response for liquid water imbibition (Bauters et al.,
1998; Steenhuis et al., 2005), vapor sorption appears to continually
decrease with increasing amount of hydrophobic agents in the clay
minerals. One potential reason for this discrepancy is that water drop
testing, being a small-scale imbibition process, may only show effects
when a sufficient number of pores become water repellent (Bauters
et al., 2000; Steenhuis et al., 2005), whereas vapor sorption depends
on microscale variations in repellency.

We identified three main mechanisms by which the applied chemical
treatments decreased soil vapor sorption. The chemical surface coat-

ings (1) decreased the number and accessibility of wettable sites, as seen in low SA concentration samples
(Figure S2); (2) increased aggregation (Figure 1), which likely reduced specific surface area; and (3) reduced
particle surface free energy (zeta potential) of the mineral surfaces, which led to reduced van der Waals
and acid-base interactions with water (Figure 2). These three changes inhibited the ability of the mineral
surfaces to adsorb water vapor (Figure 4). The relative importance of these mechanisms appears to vary
between minerals and hydrophobicity-inducing agents, depending on the interaction modes between each
mineral and counter agent (Figure 7). While both molecules used to induce soil water repellency were amphi-
philic (i.e., one hydrophobic and one hydrophilic end), the charges of the polar ends were different for each.
The CTAB molecules have a positive (cation) end that can replace calcium ions. In addition, the CTAB mole-
cules may have penetrated into the interlayer space of montmorillonite (a 2:1 mineral), forming interlayer
hydrophobic complexes with quasi-crystalline structure (Shang et al., 2002). The SA molecule has a negative
(anion) end, but in its acid form likely only coated the external mineral surface through electrostatic attraction
facilitated by bridging calcium cations. The strength and stability of the mineral surface-calcium-SA linkages
were much weaker than the strength of mineral surface CTAB bonds. Moreover, diethyl ether, the organic sol-
vent used in the SA treatments, likely promoted the montmorillonite 2:1 layers to collapse together (Song &
Sandí, 2001). After the subsequent removal of diethyl ether via evaporation, water vapor molecules could
again diffuse into the interlayer space. As a result, even though the CTAB-saturated montmorillonite had
nearly identical carbon content as the 5% SA montmorillonite treatment (Table 1), the water vapor sorption
curves of these minerals had different shapes, with the CTAB-treated samples having significantly lower
water contents (Figure 4) and hysteretic areas (Figure 5). These differences were also reflected by the solid-
water contact angles: 130° for the CTAB-treated montmorillonite versus 0° for the 5% SA montmorillonite
treatment. Thus, even though both treatments had approximately the same mass of adsorbed chemical
(~3.5%), the CTAB samples showed hydrophobicity (i.e., contact angle ≥ 90°) while the SA samples showed
hydrophilicity (i.e., contact angle ≈ 0°).

By contrast, kaolinite—a 1:1 mineral that lacks interlayer space—did not show significant differences in
adsorbed and desorbed water vapor between the CTAB and 5% SA treatments (Figures 4 and 6). The solid-
water contact angle for the CTAB-treated kaolinite (90°) fell between the contact angles for the 0.5% and

Figure 5. Hysteresis area for water activity ranges from 0.05 to 0.95 for Ca2+-mon-
tmorillonite samples. Experimental treatments were 0% (control), 0.5%, 5%, 10%,
20%, and 35% of stearic acid (SA) and saturated by cetyl trimethylammonium
bromide (CTAB; n = 3). The upper whiskers refer to the values ranging from the
upper quartile to the highest data point that is less than the upper quartile plus 1.5
times the interquartile (Q3 + 1.5 IQR); the lower whiskers refer to the values ran-
ging from the lower quartile down to the lowest data point that is greater than the
lower quartile minus 1.5 times the interquartile (Q1 � 1.5 IQR). Different letters
denote significant differences between mean values (ANOVA with Tukey’s HSD,
p < 0.05). ANOVA = analysis of variance; HSD = honestly significant difference.
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5% SA treatments (Figure 3), meaning that the contact angle roughly scaled with the mass of adsorbed
chemical (Table 1). Because kaolinite has relatively few sorption sites due to its low-specific surface area
and surface charge, the SA molecules condensed at high concentrations into a free phase (Figure S2) and
joined small clay particles together into larger aggregates (Figure 1; Piccolo & Mbagwu, 1999). Both of
these factors reduced the specific surface area of the mineral, as well as its ability to sorb vapor.

The distinct modes of chemical-mineral interaction also influenced vapor sorption dynamics. In our analysis,
we conceptually divided the vapor sorption isotherms into three domains: external monolayer coverage
(aw ≤ 0.2), multilayer/interlayer coverage (0.2 < aw < 0.6), and capillary condensation (aw ≥ 0.6). The
montmorillonite showed significant reductions in sorbed water for all three domains, while the kaolinite only
showed differences for multilayer adsorption and the capillary condensation region. The effect of the
induced repellency on the monolayer water coverage on kaolinite was not significant, as the low surface area
and negligible charge of that mineral may have caused any effects to be below the instrument detection
limits. Both minerals showed the greatest reduction in adsorbed and desorbed water vapor in the capillary
condensation range, suggesting that soil water repellency can weaken the adhesion force that drives capil-
lary water condensation (Philip, 1977). For kaolinite, the significant reduction of adsorbed water contents
in kaolinite samples for aw > 0.6 may imply that addition of hydrophobicity-inducing agents prevented
cation dissociation and hydration (Hatch et al., 2012). For montmorillonite, the decrease in hysteretic areas
for the treated minerals (Figure 5) may be due to a reduction in cation hydration, where the nonunique

Figure 6. Differences between maximum and minimum water content for three water activity ranges (0.05–0.2, 0.2–0.6, 0.6–0.95), for Ca2+-kaolinite samples
undergoing (a) adsorption and (b) and desorption, and for Ca2+-montmorillonite samples undergoing (c) adsorption and (d) desorption. Experimental treatments
were 0% (control), 0.5%, 5%, 10%, 20%, and 35% of stearic acid (SA) and saturated by cetyl trimethylammonium bromide (CTAB) (n = 3). The upper whiskers refer to the
values ranging from the upper quartile to the highest data point that is less than the upper quartile plus 1.5 times the interquartile (Q3 + 1.5 IQR); the lower whiskers refer
to the values ranging from the lower quartile down to the lowest data point that is greater than the lower quartile minus 1.5 times the interquartile (Q1 � 1.5 IQR).
Different letters denote significant differences between mean values, while ns denotes no significant differences between treatments (ANOVA with Tukey’s HSD,
p < 0.05). ANOVA = analysis of variance; HSD = honestly significant difference.
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energy associated with the hydration and dehydration of exchangeable cations is a primary cause of water
vapor sorption hysteresis (Lu & Khorshidi, 2015).

Integrated together, these findings imply that water repellent surfaces can prevent vapor sorption and
condensation, meaning that more water will remain in the vapor phase as soil water repellency increases.
In natural soils, repellency often breaks down at high water contents (de Jonge et al., 2007), so the reduced
ability to condense water vapor may represent a positive feedback by which hydrophobic conditions are
maintained even in relatively humid conditions. This mechanism may also pertain to previous observations
showing that air humidity and liquid solid-water contact angles were positively correlated (i.e., greater
contact angles were observed at higher air humidity; Whelan et al., 2015). Still, the Whelan et al. (2015) study
observed this relationship for sand particles that had been treated with SA yet not in natural dune sand
particles, meaning that these results could be artifacts arising from the use of pure minerals and
hydrophobicity-inducing chemicals. Similar caution may be warranted when extending the findings of the
present study, which usedmodel minerals, to natural soils. Still, kaolinite andmontmorillonite minerals repre-
sent two of the most common clay minerals found worldwide (Ito & Wagai, 2017), while SA is a common
organic component within the soil environment (Deng & Dixon, 2002). The amphiphilic nature of both SA
and CTAB also means that these chemicals represent the dominant molecular structure found in soil organic
matter (Kleber & Johnson, 2010). While these factors all imply the study should have relevance to natural sys-
tems, future investigations still should examine whether these mechanisms occur within real soils.

5. Summary and Conclusion

To elucidate the mechanisms andmagnitudes of how soil water repellency affects vapor sorption, we treated
kaolinite and montmorillonite minerals with one of two hydrophobicity-inducing agents (SA and CTAB) and
then measured their water vapor sorption dynamics. The water repellent treatments reduced water vapor
sorption in proportion to the mass of applied chemicals. The montmorillonite samples showed differences
in sorption throughout the entire range of water contents, whereas the kaolinite samples only differed in

Figure 7. Conceptual model of interactions between hydrophobicity-inducing agents (CTAB and SA) and kaolinite and montmorillonite surfaces, and subsequent
effect on water vapor sorption. SA = stearic acid; CTAB = cetyl trimethylammonium bromide.
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the high range of water activities (aw > 0.6), where water vapor typically condenses due to capillary attrac-
tion. Water repellent surfaces therefore may act to prevent water vapor sorption and condensation.
Compared to liquid water, vapor had greater sensitivity to low concentrations of hydrophobicity-inducing
agents, as themontmorillonite samples showed significantly reducedwater vapor sorption yet no differences
in solid-water contact angles for SA concentrations ≤5% bymass. By extension, hydrophobicity-inducing che-
micals in minerals can affect water retention even if they are not concentrated enough to inhibit infiltration.

Upscaling these findings, by lowering the surface potential of soil particles and reducing available sorption
sites, soil water repellency may accelerate water vapor losses from mineral soils. These effects may be most
notable when water evaporation reaches the vapor diffusion stage (i.e., stage III evaporation), where the
reduced ability to condense and store water may increase vapor pressure gradients that drive transport.
While more study is needed to examine whether these mechanisms translate to natural soils, soil water
repellency may be a concern in arid or drought-stricken regions not only for its influence on soil infiltration
capacity but also for its potential to encourage water vapor losses.
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