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Modified calcium bentonite (Ca-bentonite) is extensively used in engineered barrier systems (EBSs) for municipal and industrial
disposal sites due to its high swelling potential and low hydraulic conductivity. However, few studies have focused on the
micromechanism of hydration and swelling under the effect of inorganic chemical solution. In this study, free swell index (FSI)
and the type and content of modified Ca-bentonite bound water under the inorganic chemical solution were quantitatively studied
by using the free swell test and nuclear magnetic resonance (NMR). According to the results, modification of sodium and polymer
significantly increases the FSI of Ca-bentonite, bringing it close to that of natural sodium bentonite. In addition, the chemical
stability of polymer-modified bentonite is significantly higher than that of sodium-modified bentonite but less than that of natural
Na-bentonite. The FSI of modified Ca-bentonite decreases with the increase of cation valence and ionic strength. T2 distribution
curves of the two types of modified bentonite are three-peak curves. With the increase of ionic strength, the content of total water
and permeated hydrated water (accounting for 69%–95%) in bentonite decreases gradually, whereas the surface hydration water
(accounting for 2%–31%) and free water content (accounting for 0–15%) increase. A uniform linear relationship exists between the
FSI and corresponding total peak area of NMR (independent of ion valence, concentration, and bentonite type). Furthermore, a
linear relationship exists between the FSI of the same type of bentonite and the T2 relaxation time. Research results can provide
data and theoretical basis for quantitative analysis and mechanism of the hydration swelling of bentonite.

1. Introduction

Bentonite, which mainly consists of montmorillonite clay
minerals, is widely used in engineered barrier systems (EBSs)
due to its low hydraulic conductivity that restricts pollutant
migration and minimizes the risk of groundwater contami-
nation. Sand-bentonite mixtures are typically used as buffer/-
backfill materials for the disposal of high-level radioactive
pollutants; soil-bentonite vertical cutoff walls and geosyn-
thetic clay liners (GCLs) are mostly used in the EBS for
municipal and industrial disposal sites [1–3]. The low perme-
ability of the bentonite mixture is mainly determined by the
swelling ability of the bentonite. The reason is that its main
mineral component, montmorillonite, has strong hydration

and swelling properties, which cause filling of the pores
between the soil particles, as well as narrowing and curving
of the permeation channels, thereby reducing permeability
to achieve the function of blocking and preventing the migra-
tion of pollutants.

The hydration swelling mechanism of bentonite can be
explained through the theory of diffusion double layer. The
adsorbed cations on the surface of bentonite are diffused to
equalize concentration throughout the pore fluid; the
charged surface and distributed charge in the adjacent phase
are together called diffuse double layer, as shown in Figure 1,
which includes Stern layer and Gouy–Chapman diffusion
layers on the surface of clay particles [4]. The swelling ability
of bentonite is positively related to the thickness of the
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diffusion double layer, whereas the type of bentonite
(sodium-based or calcium-based) and ionic strength of the
pore fluid are the two key factors that determine the thick-
ness and swelling ability of the diffusion double layer. In
the process of blocking the pollutant migration, the high
concentration of cations in the pollutants greatly compresses
the thickness of the double layer of the bentonite, causing the
reunion of the bentonite particles, thereby reducing the
swelling ability of the bentonite and increasing its perme-
ability. As a result, the performance of bentonite in blocking
pollutants is reduced.

Studies on the evolution of the swelling and permeability
performance of bentonite under the effect of inorganic chem-
ical solution have always been an important research focus in
environmental geotechnical engineering. Many previous
studies have shown that under the chemical attack of low
ionic strength solutions and leachate, the hydration cations
between the bentonite layers exchange with the ions in the
solution. The high-valence cations in the solution can replace
the sodium ions between the interlayers of bentonite, thereby
reducing the bentonite swelling and resulting in the failure of
GCL permeability performance [3, 5, 6]. Shackelford et al. [7]
found that containing high-concentration monovalent cat-
ions and low-concentration divalent cations can cause GCL
hydraulic conductivity to increase significantly by at least
one order of magnitude. Jo et al. [8] conducted the influence
of NaCl, KCl, and CaCl2 solutions on the long-term perme-
ability characteristics of GCL and investigated the variation
law of hydraulic conductivity. Clay with greater content of
sodium montmorillonite (Na-MMT) is more susceptible to
the penetration of inorganic solutions, and the chemical solu-
tions that contain different species of cations have varying
influences on clay, as confirmed by Lee and Shackelford [9].
Di Maio [10] exposed the bentonite sample to saturated
NaCl, KCl, or CaCl2 solutions and observed inward diffusion
produced ion exchange in the cases of KCl and CaCl2. Kol-
stad and Benson et al. [11–13] further studied the effect of
multispecies inorganic solutions containing polyvalent cat-
ions on the swelling and permeability properties of the

sodium-bentonite fromGCL. The high cation valence further
reduces the swelling of bentonite, increases the hydraulic
conductivity, and improves the permeability. A strong rela-
tionship was observed between permeability and free swell.

When clay minerals and inorganic solutions interact,
causing changes in their structure leads to differences in
hydration swelling behavior [14]. The difference of swelling
ability is essentially related to the change of bound water con-
tent and type under different hydration states on the surface
of bentonite particles. When bentonite particles interact with
chemical solutions, the hydrated cation in the solution is
adsorbed to the surface of the bentonite particles to maintain
the electrical neutrality. According to the adsorption force of
the water molecules by the bentonite, the interlayer water can
be divided from the inside out into surface-hydrated water
(inside the Stern layer, solid), permeated hydrated water
(inside the Gouy–Chapman diffusion layer, semisolid), and
free water. Water adsorbed by clay is known to cause clay
swelling to a certain extent. Phase changes of the water
present in soils play an important role in the swelling process
[15]. Mojid and Cho [16] estimated the thickness (t) of the
fully developed diffuse double layer (DDL) from water con-
tent at the fully developed state of the DDLs, which agrees
well with the result calculated using the method of Schofield
[17], and proved that the critical water content is a direct
function of the specific surface area of the clay and the thick-
ness of the fully developed DDLs.

Over the last decade, various experimental approaches
to study the existence state and evolution law of water in
soil on a microscale, such as mercury intrusion porosime-
try, scanning electron microscopy, nitrogen adsorption,
and X-ray visualization, have been developed and widely
used in soil microstructure testing to reveal the inherent
nature of changes in the soil macrophysical and mechanical
properties from a microscopic level [15, 18–20]. However,
the preceding microtechnical testing methods require soil
drying, which is difficult to apply in the investigation of
micromechanisms of bentonite hydration and swelling.
The NMR is a quantitative testing method that can rapidly,
nondestructively, and accurately determine the content of
various types of water in soil pores. Wang et al. [21] used
solid-state 1H magic-angle spinning NMR spectroscopy to
investigate molecular-level interactions of the interlayer
water near the montmorillonite surfaces on commercial
bentonite; theoretical calculation showed that two types of
interaction in the interlayer space of montmorillonite may
occur: water-water and cation-water interaction. The water-
water interaction formed loosely bound water and the
water-cation interaction formed tightly bound water near
the montmorillonite surfaces. The water-water interaction
was dominant at relatively high water content, and the
cation-water interaction was dominant at relatively low water
content. Ohkubo et al. [22] investigated the compacted satu-
rated bentonites using the NMR technique, assuming the
relaxation time with a 3-hydrated layer, which was used as
a threshold to justify whether the bulk-like water (pore
water) is, and evaluated the proportion of bulk-like water to
total water. The proportion of bulk-like water obtained from
continuous distribution analysis of relaxation time was in
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Figure 1: Stern electrical diffusion double layer model.
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agreement with previous XRD results. Xie et al. [15] found
that the experiment results for the cationic interlayer water
and interlayer surface water measured using low-field
nuclear magnetic resonance (LF-NMR) were consistent with
the thermogravimetric analysis (TGA) results; the adsorbed
water on Na-MMT of the first step was the cationic interlayer
water, the second step was the interlayer surface water, and
the third step was the sum of the part of the interlayer surface
water and free water. In this experiment, the bentonite
swelled and dispersed in the solution. TGA of the slurry
sample obtained by centrifugation produced great errors,
whereas the NMR technique accurately completed the study.
Tian et al. [23, 24] integrated proton NMR spin-spin relaxa-
tion time (T2) distribution measurement with a Tempe appa-
ratus to characterize the hydraulic processes of unsaturated
soils, shedding insights into the microscopic mechanisms of
pore water distribution and migration in the soil during
hydraulic cycles, and further determined the pore size
distribution of the soil. The new procedure was validated by
comparing the new result with the measurement through
the MIP.

The type of cation between interlayers is the key factor to
determine the bentonite swelling ability. At present, natural
Na-bentonite is the most commonly used element in environ-
mental geotechnical engineering for containment barriers,
whereas Ca-bentonite is difficult to use directly because of its
extremely poor properties such as swelling, cation exchange
ability, dispersibility in solution, and thermal stability [25].
China has abundant reserves of bentonite, but the natural
Na-bentonite only accounts for approximately 10%, and
most of the reserves are Ca-bentonite. To improve the swell-
ing performance of Ca-bentonite, this material is commonly
modified with sodium or polymer, but research on the
chemical stability of the modified bentonite interacting with
pollutants is rarely reported. Therefore, the present study
takes sodium- and polymer-modified Ca-bentonite as the
research object, discussing the attenuation law of the modi-
fied Ca-bentonite swelling under different concentrations
and multivalence cations, and combining with the LF-
NMR technique to quantitatively evaluate the changes of
different water types in hydration bentonite. The research
results provide parameter thresholds and theoretical support
for the application of safety analysis of modified bentonite
in pollution barrier systems.

2. Materials and Methods

2.1. Materials. In this study, two typical commercially modi-
fied varieties of Ca-bentonite were selected, of which benton-
ite 1 was sodium-modified Ca-bentonite, and bentonite 2 was
polymer-modified Ca-bentonite adding anionic polyacryl-
amide (APAM) and cationic polyacrylamide (CPAM). Infor-
mation on the two types of polymer modifier are listed in
Table 1. The basic properties of the two kinds of modified
Ca-bentonite are presented in Table 2. The XRD spectra of
bentonite 1 and 2 are shown in Figure 2. The basal spacing
of the sodium-modified Ca-bentonite (B1) was 1.2897 nm,
and the polymer-modified Ca-bentonite (B2) had a larger
basal spacing of 1.4949 nm. These results could be attributed

to the replacement of Ca2+ by PAM in the organic intercala-
tion reaction of B2, and the basal spacing of bentonite would
increase for the larger size of organic molecules.

In previous research [7, 11, 12], NaCl and CaCl2 were
selected to simulate the solution containing monovalent
and divalent cations. The present study mainly considered
the influence of monovalent and divalent cations on the
chemical stability of bentonite. Here, the ionic strength was
set as 0, 10, 50, 100, and 500mM. The AR NaCl and CaCl2
for the test were purchased from Sinopharm Chemical
Reagent Co. Ltd. (China). The conductivity of deionized
water used in the experiment was 0.055μS/cm.

2.2. Methods

2.2.1. Free Swell. The free swell tests were conducted accord-
ing to ASTM D5890 [26]. The bentonite was ground into a
fine powder with a mortar and pestle. The samples were
sieved from No. 200 (75μm), air dried for 24h, and then
stored in an airtight container prior to testing. A 100ml
graduated cylinder, accurate to ±0.5ml, was used to inject a
solution configured according to the predetermined ion

Table 1: Physical properties of polymer modifier.

Preparation method Ionic degree Concentration

CPAM Solution polymerization 8.91mol% 2.7 wt%

APAM Solution polymerization 4.1mol% 3.5 wt%

Table 2: Physical properties of tested bentonite.

CEC
(meq/100 g)

Gs
Liquidity
limit (ωL)

Plasticity
limit (ωP)

SSA
(m2/g)

FSI
(ml/2 g)

B1 73.5 2.71 353 86 379 26

B2 65.2 2.63 289 59 267 25
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Figure 2: X-ray diffraction patterns of soils used in this study: B1
and B2.
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concentration up to 90ml. Then, 2 g of sieved bentonite was
added to the measuring cylinder slowly in increments of
0.1 g. The time interval between the two additions is not less
than 10min. Then, solution was further added to the measur-
ing cylinder until the volume reached 100ml, and the flow
rushed the particles attached to the wall into the solution. If
present air or water separation in the column, the cylinder
is gently tipped at a 45° angle and rolled slowly to homoge-
nize the settled clay mineral mass. The graduated cylinder
with the hydrating clay mineral was left undisturbed for a
minimum of 16 h before recording the volume of the
hydrated clay mass and its temperature was recorded. After
16 h of exposure, free swell index (FSI) corresponded to the
bentonite swelling height measured in the cylinder (ml/2 g).
This test was conducted in triplicate, and the mean result is
presented in the following discussion.

2.2.2. NMR. After the free swell test, the upper free water in
the graduated cylinder was drained. Then, the specimen sat-
urated with the chemical solution (DI water, NaCl, and
CaCl2) in the graduated cylinder was moved into the sample
tube of the NMR apparatus, where the NMR measurement
was conducted. The NMR apparatus used in the experiments
were developed by Niumag Corp. (China). To generate a
stable magnetic field, the temperature of the magnet unit
was held at 32°C, with a variation of 0.01°C. The NMR tech-
nique uses a proton group with a spin magnetic moment
located in a uniform magnetic field (main magnetic field) to
lose balance after deflection under the action of interfering
radiofrequency magnetic fields. When the radiofrequency
interference stops, the proton group returns from an unbal-
anced state to a balanced state. To determine the nuclear
magnetic signal free attenuation (FID) curve, the shape of
the FID curve is related to the proton lateral relaxation time
(T2). The theoretical analysis [23] shows that the transverse
relaxation time of the pore fluid (T2) and pore radius (R) is
expressed in the following relationship:

1
T2

= ρ2
2
R
, ð1Þ

where ρ2 is the T2 surface relaxivity. Although ρ2 varies with
the mineralogical composition of the soil, it is a constant for a
specified soil and independent of temperature and pressure.

Equation (1) implies that T2 of the pore fluid is propor-
tional to the pore radius R, that is, in a larger pore, more time
is needed for the water molecules to reach equilibrium and
the T2 of adsorbed water or smaller pore is less than that of
the larger pore. Based on this theory, the T2 relaxation time
distribution curve of the specimen can directly reflect the
pore fluid distribution in the geotechnical medium. In the
following, the area under the T2 distribution curve is called
“peak area” for convenience (as defined in [27]), which
represents the population of water molecules, indicating the
amount of water content in the bentonite specimen [24]. In
Figure 3, the conversion relationship between the peak area
of the nuclear magnetic signal and water content is shown.

3. Results

3.1. Free Swell. The results of the FSI test in different ionic
strength solutions are shown in Figure 4. Sodium modifica-
tion and polymer modification significantly improved the
FSI of Ca-bentonite (the FSI of natural Ca-bentonite in DI
water is only approximately 10ml/2 g). In DI water, the FSIs
of the two kinds of modified Ca-bentonite are relatively close
(B1 is 26.0; B2 is 25.0). With the increase of ionic strength,
the FSI of bentonite decreases accordingly. When the ionic
strength is close to 500mM, the FSI of bentonite tends to
be stable (B1 tends to approximately 5.0 and B2 tends to
approximately 9.0). However, the sodium-modified Ca-
bentonite has poor chemical stability. As shown in Figure 4,
the initial FSI of the sodium-modified bentonite is higher
than that of the polymer-modified bentonite. As the ionic
strength increases, the FSI of the sodium-modified bentonite
decreases faster and the final stable FSI is lower. Therefore,
we can conclude that the sodium-modified bentonite has a
lower resistance to the erosion of chemical solutions and a
weaker ability to maintain its high swelling capacity. At the
same time, this problem can also be explained by the modifi-
cation mechanism. The method of polymer modification is
that the ionic polymer enters the montmorillonite interlayer
because of its stronger affinity for the interlayer domain, so
the ion exchange does not easily occur again, which may
change the mineral structure and lead to the failure of the
antiseepage function. Prolonged exposure of the modified
Ca-bentonite to multispecies fluids disturbs the electronic
equilibrium, causing a loss of hydraulic performance [28],
and a similar conclusion is observed in this study. The effect
of cation on the FSI of polymer-modified bentonite is less
than that of sodium-modified bentonite. Under the same
ionic strength, the effect of divalent cations on the FSI is
significantly greater than that of monovalent cations for
polymer-modified bentonite (although the difference of cat-
ion valence is not obvious for sodium-modified bentonite).
The main reason is that the exchange capacity of divalent cat-
ions is greater than that of monovalent cations. As observed
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Figure 3: The conversion relationship between peak area and water
content in bentonite. Line is the linear fit.
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in Figure 4, the FSI of the sodium-modified bentonite does
not change considerably in the Ca2+ and Na+ solutions,
but changes greatly in the polymer-modified bentonite.
As the sodium-modified bentonite is obtained by exchang-
ing the interlayer of bentonite with the cations in the per-
meate, Ca2+ and Na+ remain between the interlayers of the
sodium-modified bentonite, thereby limiting the amount of
ion exchanges that occur in the solution, which results in a
minimal effect on the bentonite structure. Compared with
the natural Na-bentonite reported by Jo et al. (2001) and
Kolstad et al. (2004) [11, 12], our study showed that the FSI
of modified Ca-bentonite in DI water is close to that of natu-
ral Na-bentonite. However, in the monovalent Na+ solution,
as the ionic strength increases, the FSI attenuation rate of
modified Ca-bentonite is significantly greater than that of
natural Na-bentonite, whereas in the divalent Ca+ solution,
no obvious difference is observed between the FSI attenua-
tion rates of the aforementioned two types of bentonite.

3.2. NMR. On the basis of the NMR tests, the T2 distribution
curves and peak areas of the nuclear magnetic signal in T2
distribution of sodium-modified and polymer-modified Ca-
bentonite at different cation species and ionic strength were
obtained, as shown in Figures 5 and 6. The T2 distribution
curves of the two types of modified Ca-bentonite are three-
peak curves, which, respectively, correspond to three types
of bound water: surface hydrated (tightly bound water),
permeated hydrated (loosely bound water), and free water.
Among them, the permeated hydrated water (with the main
peak in T2 distribution, the T2 of B1 in the permeated
hydrated state centers around 1–100ms, and the T2 of B2
in the permeated hydrated state centers around 5–150ms)
is the main type of bound water in bentonite. As the concen-
tration of cations increases, the peak value and area of the
middle main peak gradually decrease, and the T2 corre-
sponding to the peak value gradually decreases, as indicated
in Figure 7. The main reason is that as the cation
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concentration increases, the double layer of bentonite is
gradually compressed, the permeated hydrated water gradu-
ally decreases, the spacing between particles decreases, and
the macroscopic performance shows that the FSI decreases.

4. Discussion

4.1. Diffusion Double Layer Theory of Surface Water Type of
Bentonite. The mechanism of bentonite hydration swelling
can be explained by the theory of diffusion double layer; the
essence of which is the change of water content among differ-
ent water types on the surface of bentonite particles [14].
When bentonite particles interact with chemical solutions,
the hydrated cation in the solution is adsorbed to the surface
of the bentonite particles to maintain the electrical neutrality.
According to the adsorption force of the water molecules
by the bentonite, the water content can be divided from
the inside out into surface-hydrated water (inside the stern
layer, solid), permeated hydrated water (inside the Gouy–
Chapman diffusion layer, semi-solid), and free water.

The FSI of bentonite is positively correlated with the
thickness of the DDL on the surface of bentonite. According
to the theory of diffusion double layer, the thickness of the
double layer can be calculated by Equations (2)–(6). From
Equations (2)–(5), the relationship shows that the thickness
varies inversely with the valence and square root of the con-
centration and directly with the square root of the dielectric
constant and temperature, with other factors remaining con-
stant. As the long-range repulsive force between particles
depends on the amount of overlap or interaction between
opposing double layers, the probable influences on behavior
that result from changes in the system composition can be
estimated. In general, the thicker the diffuse layer is, the less
the tendency for the particles in suspension to flocculate is
and the higher the swelling pressure in bentonite is [4, 29].

1
k
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εKT
e2∑niz2i

s

, ð2Þ

ni = 1000 MiNA, ð3Þ

I =
1
2
〠Miz

2
i , ð4Þ

ε = ε0D, ð5Þ
where e is the electronic charge (1:60 × 10−19 C), ni is the con-
centration of ions (ions/m3) of type i per unit volume, zi is
the ionic valence of type i, K is the Boltzmann constant
(1:38 × 10−23 J K−1), ε is the static permittivity of the pore
solution (C2 J−1 m−1), T is the temperature (K),Mi is the total
molarity of cations (mol/L), NA is Avogadro’s constant
(6:022 × 1023 mol−1), I is the ionic strength (mol/L), and 1/κ
is the thickness of the double layer on the surface of soil
particles.

To draw an approximate relationship, we assume that at
room temperature, the ionic solution contains only monova-
lent ions (D = 70, T = 298K), and the thickness of the electric
double layer on the surface of the clay particles in the NaCl
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solution is derived as Equation (6). This equation explains
that the thickness of the double layer is inversely propor-
tional to the ionic strength (ion concentration and valence).

1
κ
=

1
3:4789

ffiffi

I
p nmð Þ: ð6Þ

4.2. Quantitative Analysis of Surface Water Type of Bentonite.
The relationship between the ionic strength and peak areas of
different water types was determined from the peak areas of
the nuclear magnetic signal and the classification of bound
water types based on T2 distribution shown in Figures 5
and 6. For B1 and B2, which interacted with solutions con-
taining monovalent and divalent cations, the peak areas of
the nuclear magnetic signal can be divided into total water,
surface hydrated water, permeated hydrated water, and free
water. As shown in Figures 8(a) and 8(b), permeated hydra-
tion water is the main water type, accounting for approxi-
mately 69% and 95%. The total peak area has a similar

variation law with permeated hydration water, which
decreases gradually with the increase of ionic strength. The
trend is similar to the change of FSI with ionic strength,
and the reason is the compression of the diffuse double layer.

As shown in Figure 8(c), the surface hydration water
content is relatively small; the interval of the peak area of
B1 is 66–172 and that of B2 is 84–233. According to the
relationship between peak area and water content in
Figure 3, the corresponding interval mass of water is 0–
0.86 g and 0.09–1.40 g, respectively, and the corresponding
moisture content is 0%–43% and 5%–70%. As the cation
concentration increases, the surface hydration water content
gradually increases. With the increase of ionic strength, more
hydration cations enter the Stern layer and are adsorbed on
the surface of the bentonite particles. At the same ionic
strength, the effect of divalent ions on the Stern layer is more
significant, which is consistent with the conclusion reported
by Jo et al. [8]. Therefore, at the same ionic strength, surface
hydration water content under the influence of divalent
cations is higher than that of monovalent cations.
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Figure 8: Relationship between ionic strength and peak area of different bound water types on surface of bentonite particles: (a) total water,
(b) permeated hydration water, (c) surface hydration water, and (d) free water.
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As shown in Figure 8(d), with the increase of ionic
strength, free water content gradually increases. At the same
ionic strength, the free water content in B1 is significantly
greater than that in B2, and the effect of Ca2+ solution is
greater than that of Na+ solution [30]. The dependence of
the quantity of free water on ionic strength is different and,
in some cases, nonmonotonic. The reason is that the water
content of the modified bentonite under Ca2+ peaked at
50mM, and then gradually decreased, because the initial high
concentration of ionic solution caused the flocculation of
the bentonite particles to form aggregates, forming a large
number of interaggregation pores, so there is a proportional
correlation and reaching a peak. Then, the diffusion double
layer structure was compressed due to the cation exchange.
The water content was also reduced, which was the main
reason for the failure of the bentonite-based antiseepage
system.

4.3. Relationship between FSI and Characteristic Parameters
of NMR. According to the principle of the FSI test and
NMR technique, the FSI is equal to the sum of the volume
of 2 g bentonite particles and the volume of water. Based on
the assumption that the density variation between various
types of bentonite and bound water is ignored, a unique
linear relationship is observed between the FSI and total
peak area of the nuclear magnetic signal. In Figure 9, the
linear fitting relationship between the FSI of bentonite
and the total peak area of the nuclear magnetic signal under
different working conditions (different cation valence and
ionic strength) is shown. The results show that the linear
correlation coefficient is 0.99, and the fitting formula is
shown as follows:

TW= 284:5 FSI − 535:7: ð7Þ

In Figure 10, the linear fitting relationship between the
FSI and the optimal T2 (defined as the maximum T2 at the
main peak) is shown. For the same type of bentonite, an
obvious linear relationship exists between the FSI of ben-
tonite and the optimal T2 under different working condi-
tions (different cation valence state and ionic strength).
The fitting results are shown in Equations (8) and (9).
According to the quantitative relationship between T2 and
pore size (spacing between bentonite particles) in Equation
(1), the optimal T2 can be approximated as the average
spacing between bentonite particles [30]. According to the
theory of diffusion double layer, the reason for the hydra-
tion swelling of bentonite is the increase in the thickness
of the diffusion double layer, that is, the increase in the
spacing between particles. For the same type of hydrated
bentonite, the larger the average porosity is, the thicker
the double electric layer is, which means larger swelling
capacity. For different types of hydrated bentonite in
Figure 4, under the same ionic strength, the FSI of B2 > B
1, which shows that B2 has a larger swelling capacity under
the same conditions. In Figure 10, under the same average
pore size, the FSI of B2 < B1. We verified that the expan-
sion of interlayer domain is the main reason for the
improved swelling capacity of B2 under the same working

condition, which enhances the ability to adsorb water mol-
ecules, thereby resulting in a thicker water layer.

B1 : FSI = 0:41T2 − 0:41 R = 0:96, ð8Þ

B2 : FSI = 0:55T2 − 1:11 R = 0:98, ð9Þ
4.4. Discussion of Modification Methods. Use of chemically
modified bentonite appears as an alternative method to
reduce the infiltration risk of the multispecies leachate. Var-
ious types of manufacturing processes were developed to
reinforce the properties of Ca-bentonite such as hydraulic
conductivity, swelling ability, and chemical resistance.
These properties were enhanced by adding modifier to
achieve the same hydraulic behavior as sodium bentonite
with water [28]. As the modifier is divided into inorganic
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and organic, the mechanism of sodium modification on
bentonite is also different.

The method of inorganic modification is mainly achieved
by ion exchange, using the inorganic sodium salt (such as
Na2CO3), and the Ca2+ replaced by ions will be stripped
out of the bentonite in the form of precipitation. The precip-
itation CaCO3 was produced by sodium modification with
Na2CO3 on Ca-bentonite, which turns out to be fine calcium
carbonate particles that have a certain activity. Reverse reac-
tion occurs under certain conditions, such as the presence of
CO2 or a slightly lower pH value. The calcium ions exchange
sodium ions and reenter the montmorillonite layers, so the
sodium ions between the artificially sodium-modified ben-
tonite layers are not stable.

The polymer modification mechanism is that the
modifier polymers with special functional groups enter the
montmorillonite layer and form layered structures such as
intercalation and exfoliation. Many researchers [31–33] have
conducted experimental studies on polymer-modified ben-
tonite for antiseepage performance, and the latest experi-
mental results have been applied to vertical cutoff walls for
antiseepage performance [34]. The mechanism for enhanc-
ing antiseepage performance is as follows: (1) The intercala-
tion of polymer into the clay mineral layer enhances the
swelling of bentonite caused by chemical osmotic pressure.
The reason why organic cations have a strong affinity for
the clay mineral interlayer domain is that in addition to the
electrostatic effect, the larger molecular weight of the organic
cations, which leads to a larger van der Waals force, is also an
important factor [35]. (2) The hydrogel eluted from
bentonite-polymer composite can be a three-dimensional
network structure between the bentonite particles, changing
the microstructure and pore distribution of the soil, and
blocking the cation exchange between the bentonite and
external solution under the effect of wrap [36]. Liu [37] con-
firmed the intercalation structure of modified bentonite add-
ing polyacrylamide from the XRD results and further proved
that the modified bentonite material has a three-dimensional
cross-linking network structure from the SEM image. For the
modification mechanism of ionic polyacrylamide, the ionic
polymer can enter the interlayer through intercalation reac-
tion because it has a greater affinity for the interlayer domain.
The reason is not only the effect of electrostatic force but also
the large molecular weight and the increase of the interlayer
domain of bentonite after intercalation. When the bulk den-
sity of the loaded ionic polymer increases, a cross-linked
structure is also formed, which leads to greater hydration
swelling capacity. In summary, the difference in the mecha-
nism of the two modification methods leads to the difference
in the properties of the modified Ca-bentonite.

5. Conclusions

In this study, by combining the FSI test with NMR technique,
the variation law of FSI, pore water content, and hydration
state of modified Ca-bentonite under the effect of various
chemical solutions (different cationic valence and ionic
strength) are investigated. Based on the results obtained from
this study, the following conclusions can be drawn:

(i) Sodium modification and polymer modification can
significantly increase the FSI of Ca-bentonite. The
FSI of modified Ca-bentonite in DI water is close
to that of natural Na-bentonite. Under the effect of
the chemical solution, the FSI of modified bentonite
decreases with the increase of cation valence and
ionic strength. At the same ionic strength, the effect
of divalent cations on the FSI of polymer-modified
Ca-bentonite is significantly greater than that of
monovalent cations, but the difference on the FSI
of sodium-modified Ca-bentonite is not obvious
between divalent and monovalent cations. The
chemical stability of polymer-modified bentonite is
significantly higher than that of sodium-modified
bentonite, but still less than that of natural Na-
bentonite

(ii) The T2 distribution curves of the two kinds of mod-
ified bentonite are three-peak curves, which corre-
spond to three types of water: surface hydration
water (tightly bound water), permeated hydration
water (loosely bound water), and free water. Perme-
ated hydration water is the main form of water in
bentonite, accounting for 69% to 95%. With the
increase of ionic strength, the content of total water
and permeated hydrated water in bentonite
decreases gradually, whereas the surface hydration
water (accounting for 2%–31%) and free water con-
tent (accounting for 0%–15%) increase

(iii) Under different working conditions (different cation
valence and ionic strength of chemical solutions), a
uniform linear relationship exists between the FSI
of different types of bentonite and the corresponding
total peak area of NMR (in which the correlation
coefficient is greater than 0.99). The optimal T2
can be used to evaluate the average spacing of
bentonite particles. For the same type of bentonite,
a linear relationship exists between FSI and the T2
under different working conditions (in which the
correlation coefficient is greater than 0.96)

The research on modification of clay minerals is applica-
ble in various fields, and polymer modification attracts con-
siderable attention. For example, the modified bentonite is
used in water treatment to absorb organic pollutants in
water, and the modified clay is used to block the migration
of pollutants as well as solidify and stabilize heavy metal pol-
lutants in EBSs [38–41]. Organic polymer modification of
bentonite can increase the adsorption of organic pollutants,
which has a better effect than inorganic modified materials
[42]. The widespread application of bentonite is due to its
low hydraulic conductivity and high swelling capacity, which
is affected by the types of hydration state. Few studies have
quantitatively evaluated the changes in various water types
in hydration bentonite. The results obtained in this study
provide theoretical references for the application of
polymer-modified bentonite, such as inhibiting the hydra-
tion of bentonite in drilling engineering or obtaining the
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modified bentonite with the best hydration effect in impervi-
ous engineering. The modification and effect of polymer on
the mineral materials studied are necessary for the polymer
development and application.
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