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Abstract
Purpose Bound water has a large impact on physical and chemical properties of clay. The objective of this study was to
investigate the contents, types, and physical properties of bound water and provide insights for understanding the thermal
behavior and hydration process of the marine mucky silty clay under the control of bound water.
Materials and methods An integrated approach incorporating isothermal adsorption, thermogravimetric analysis (TGA), and
specific gravity testing were developed to determine the contents and the boundaries of different types of bound water in Qingdao
clay and investigate their physical characteristics.
Results and discussion Adsorption isotherm can be divided into two phases, which are the formation of strongly bound water and
some capillary water under condition of p/ps < 0.9 and the formation of weakly bound water in the coverage for p/ps > 0.9. The
initial dehydration temperatures of strongly bound water range between 87 and 92 °C in the hydrated clays under condition of p/
ps < 0.98. Weakly bound water starts to be released at temperatures near 60 °C and is completely removed at temperatures
between 90 and 108 °C. Capillary water and free water are evaporated before 60 °C. The specific gravity of hydrated clay
decreases linearly with adsorbed water contents. The volume of hydrated clay, volume of adsorbed water, and thickness of water
film approximately linearly increase with adsorbed water contents.
Conclusions Quantitative determination and classification for bound water can be implemented through thermogravimetry (TG)
and derivative thermogravimetry (DTG) curves. The physical properties of hydrated clay and bound water film are directly
affected by the adsorbed water contents. The results may contribute to environmental and engineering risk assessment.
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1 Introduction

Bound water in clay is composed of polar water molecules
adsorbed on the surface of charged clay particles and differs in

structure and properties from free water (Low 1979; Sposito
and Prost 1982). Bound water is defined as the water in an
electric double layer in general (Li et al. 2015). According to
the distance and the attraction between water molecules and
clay particle surfaces, bound water can be divided into strong-
ly and weakly bound water. Bound water has a large impact on
adsorption properties, thermogravimetric and mechanical be-
haviors (Ye et al. 2017) of clay due to its special physical and
chemical properties. Clay has been commonly used as adsorp-
tion material (Bachmaf and Merkel 2010), subgrade, and bar-
rier layer (Wong et al. 2017) in nuclear waste repository or
landfill. Therefore, bound water involves chemistry, environ-
ment, and engineering problems such as sludge dewatering
(Smith and Vesilind 1995; Yen and Lee 2001; Jin et al.
2004; Bian et al. 2018), soil remediation (Chen and Wu
1998), soil deformation (Chen et al. 2000), nuclear waste dis-
posal (Sun et al. 2016), and gas reservoirs formation evalua-
tion (Yuan et al. 2018). Investigations on the characteristics of
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bound water have been of interest to the community of colloid
chemistry (Sposito and Prost 1982), environmental science,
soil science, geotechnical engineering, and oil-gas well engi-
neering. Content determination, type classification, and phys-
ical properties of bound water can provide insights for under-
standing the hydration mechanism of clay, the migration law
of bound water, and the influence of bound water on the phys-
ical and chemical properties of clay.

A few methods, individually or in combination, were ap-
plied to content determination and type classification of bound
water on the surfaces of materials, such as centrifugal setting
method (Yen and Lee 2001; Jin et al. 2004), X-ray diffraction,
differential scanning calorimetry (DSC) (Liu et al. 2014), nu-
clear magnetic resonance (NMR) (Yuan et al. 2018), the per-
mittivity method (Hilhorst et al. 2001), and the dilatometric
method (Smith and Vesilind 1995; Wu et al. 1998; Bian et al.
2018). Multi-method solutions are recommended, for in-
stance, the combination of the DSC method and conventional
oven drying (Liu et al. 2014), the NMR in parallel with low-
pressure nitrogen gas adsorption (Yuan et al. 2018). Generally,
these methods embody the continuous enrichment and deep-
ening of test techniques and provide a theoretical and techni-
cal basis for the quantitative study of bound water, but also
have their disadvantages. The reliability of centrifugal setting
method is questionable for the differences in sediment elastic-
ities (Yen and Lee 2001). The dilatometrically measured
bound water content is dependent on temperature, solids con-
centration, and other variables, which results in poor precision
at low solids concentrations (Smith and Vesilind 1995).
Nuclear magnetic resonance has deficiency in the demarcation
for strongly and weakly bound water. X-ray diffraction and
infrared spectroscopy place an emphasis on qualitative verifi-
cation. Isothermal adsorption and thermogravimetric analysis
(TGA) have their advantages in the description of clay-water
interactions (Osipov 2012; Neuhaus 2013) and the determina-
tion of dehydration intervals, respectively. In recent years,
TGA is widely applied to soils such as air-dry soils (Wang
et al. 2011), loess (Li et al. 2015), cationic exchanged smec-
tites (Kuligiewicz and Derkowski 2017), and soils for agricul-
tural use (Kucerik et al. 2016, 2018) to determine their bound
water contents. One major problem is the partition between
strongly and weakly bound water. There are no uniform clas-
sification criteria for bound water based on TGA (Wang et al.
2011; Kucerik et al. 2016, 2018). The classification relying
only on thermogravimetry (TG) curves is not enough to cope
with the complex dehydration situations of some soils.

The physical and chemical properties of bound water can
be further studied on the basis of determination for bound
water content. Differences exist in structure, state, and prop-
erties among the water molecules at different binding sites
(Martin 1962; Sposito and Prost 1982; Kasprzhitskii et al.
2016). Therefore, for easing computation and practical pur-
poses, the quantitative descriptions are mostly at a holistic

level of water film including the physicochemical properties
of bound water film (mass, volume, density, thickness,
strength, and so on) (Prost et al. 1998; Wu et al. 1998;
Stepkowska et al. 2004) and their influence factors (soil tex-
ture, relative vapor pressure, adsorption time, and so on)
(Stepkowska et al. 2004; Wang et al. 2011).

The thickness of the water film in clays is generally at the
nanoscale, which contributes to the difficulties in quantitative
classification and characterization of bound water through an
individual technique (Smith and Vesilind 1995; Li et al. 2015).
Therefore, the definitive and systematic approaches should be
proposed at this stage based on multi-method collaboration.
Furthermore, previous studies have paid much attention to the
bound water in single clay minerals such as kaolinite (Chen
et al. 2000; Kasprzhitskii et al. 2016), smectite (Kuligiewicz
and Derkowski 2017), or illite; there is still a lack of detailed
investigation for bound water in undisturbed mucky silty clay.
One reason for that could be the complexity of clay (Barros
et al. 2007). The surface of nature adsorbents, such as soils, is
highly heterogeneous owing to their complexity of chemical
composition and irregularities of physical structure (Chen and
Wu 1998). The formation, distribution, and physical proper-
ties of bound water in undisturbed clay are different from
those in single clay minerals.

This paper focuses on two main problems: one is the char-
acterization of bound water in the special clay, Qingdao
mucky silty clay and the other is the direct, effective, and
accurate classification of bound water rather than vague defi-
nition. An integrated approach was developed incorporating
isothermal adsorption, TGA, and specific gravity testing to
solve above problems. Our aims were (1) to obtain the adsorp-
tion isotherm and built a phased adsorption model, (2) to mea-
sure the TGA laws of hydrated clays with different adsorbed
water contents, (3) to determine the boundaries of strongly
and weakly bound water based on the TG and derivative
thermogravimetry (DTG) curves, and (4) to explore the phys-
ical properties of water film and the effect of bound water on
clay properties. To the best of our knowledge, this work first
presented the quantitative classification for bound water com-
bining adsorption isotherm, TG, and DTG curves. In addition,
this study provides theoretical values and reference functions
for future use in research regarding environmental science and
soil science topics.

2 Materials and methods

2.1 Soil samples

Soil samples called Qingdao clay in this paper were collected
from a depth of between 6.0 and 13.0 m in the northern part of
the Kiaochow Bay in Qingdao. The samples are undisturbed
soils belonging to Quaternarymarine sedimentary mucky silty
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clay, ash black, pure, and delicate, in liquid plastic state. The
physical properties of the samples are shown in Table 1.
Grain-size distribution was measured by a combination of
sieving and hydrostatic sedimentation methods, and the con-
tents of sand, silt, and clay are 8.3%, 71.1%, and 20.6%,
respectively. There is a general recognition that soil texture
is the key factor determining soil water adsorption capacity
(Wang et al. 2011). In general, mucky silty clay has higher
clay content than sandy soils and silty soils and therefore
higher specific surface area (SSA). The ability of soil to adsorb
water molecules is positively associated with its specific sur-
face area (SSA) (Chen and Wu 1998; Robinson et al. 2002;
Dolinar 2014) and clay content (Li et al. 2015; Kucerik et al.
2018). Therefore, more attention should be paid to bound
water of mucky silty clay in environmental and engineering
projects.

The mineral composition of Qingdao clay was determined
by an X-ray diffractometer (XRD) under the tube voltage of
40 kVand the measuring range of 2.6 to 45°. An X-ray fluo-
rescence spectrum analyzer (XRF) was used to analyze the
chemical composition. Table 1 depicts the mineral and chem-
ical composition of Qingdao clay. Primary minerals include
quartz, feldspar, calcite, and pyrite, with a total content of
82.6%. The abundance of primary minerals indicates that the
weathering degree of Qingdao clay is not high. The primary
minerals are often the main component of silt. The secondary
minerals are all hydrophilic clay minerals including illite/
smectite mixed layer, illite, chlorite, and kaolinite, with a total
of 17.4%. Clay minerals are the material basis of bound water
in soil. The non-clay minerals in the soils have no significant
influence on the formation of bound water, but play a role in
the process of capillary condensation (Li and Bo 1982). The
content of SiO2 is the highest, followed byAl2O3, Na2O, K2O,
and Fe2O3. The high content of SiO2 is due to the high content
of quartz. Al2O3 and K2O are related to feldspar, illite, and
illite/smectite mixed layer.

2.2 Isothermal adsorption experiment

Isothermal adsorption can be used to determine the mass of
adsorbed water on the surface of dried clay particles under
different relative vapor pressures (p/ps) (p being the vapor
pressure in the desiccator and ps being the saturated vapor
pressure) and analyze the hydration law of clay. According
to the components of Qingdao clay and the dehydration laws
of clays in the relevant studies (Wang et al. 2011; Sun et al.
2016; Kucerik et al. 2018), bound water in Qingdao clay can
be removed at the temperature range of 200 to 250 °C. The
dehydroxylation of clay minerals occurs at 400 to 500 °C
(Wang et al. 2011) and the surface of clay particles was unaf-
fected before 400 °C (Huang et al. 2011). Considering these
factors, air-dried clay was crushed, passed through a 0.075-
mm sieve, and then dried at 250 °C to constant mass. Under

the above treatment, 12 samples were obtained for isothermal
adsorption experiment. The water vapor adsorption apparatus
include 12 desiccators with a diameter of 150 mm and a height
of 235 mm. The perforated ceramic plate in the desiccator
divides the inner space into upper and lower chambers for
sample placement and the control of relative vapor pressures,
respectively. Twelve dried clay samples in weighing bottles
were placed separately in the 12 desiccators equilibrated at p/
ps = 0.1–1. Relative vapor pressures ranging from 0.1 to 0.98
were controlled by sulfuric acid solution in the humidification
chambers of desiccators, and the saturated vapor pressure (p/
ps = 1) was kept by distilled water (Table 2). Desiccators were
placed in a thermotank at 25 °C, and the temperature was kept
constant with an accuracy of 0.1 °C. Mass of each sample was
measured every 24 h until constant. To reduce error, multiple
experiments (n = 4) were executed on the samples at each
relative vapor pressure. For each p/ps, the final measurement
result was the average of the testing values. The average
values of the clay samples at each p/ps were evaluated by
two-sided t tests (a = 0.05).

2.3 Thermogravimetric analysis

Mass loss and temperature ranges corresponding to physical
or chemical phase changes can be obtained through TG and
DTG curves. A Netzsch STA 449F3 type synchronous ther-
mal analyzer was used to test the thermal mass loss of speci-
mens after adsorption equilibrium under different relative va-
por pressures. Specimens were placed in crucibles and heated
from 25 to 900 °C. (room temperature is 25 °C) under a
flowing nitrogen atmosphere at a heating rate of
10 °C min−1. Replicated experiments (n = 4) were performed
on the specimens.

2.4 Specific gravity tests

Specific gravity tests were performed on 12 samples after
adsorption equilibrium at each relative vapor pressure. The
specific gravity of hydrated clay was determined by the pyc-
nometer method (GB/T50123-1999 1999). A certain mass
(m0) of specimen was placed in a 50-mL pycnometer after
adsorption equilibrium at certain p/ps. The total mass of bottle
and specimen was measured and half a bottle of anhydrous
kerosene was injected into the pycnometer. The pycnometer
was pumped for 3 h under one negative atmospheric pressure
and then filled with anhydrous kerosene after vacuum
pumping. The pycnometer containing sample was placed in
a water bath at 25 °C in 30 min, and then removed and
weighed (m1). The pycnometer was washed and dried after
the suspension had been discarded. The empty pycnometer
was filled with anhydrous kerosene. The total mass of pyc-
nometer and kerosene at 25 °C (m2) was weighed according to
the above method. Measurements for each sample were
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replicated four times with an accuracy of 0.0001 g. The spe-
cific gravity of hydrated clays can be calculated through m0,
m1, m2, and the density of kerosene.

3 Results and discussion

3.1 Adsorption isotherm

Adsorbed water content (q) refers to the mass of water re-
leased from sample by heating at 250 °C until there is no
further mass loss, which is different from the water content
determined by the conventional oven-drying method (i.e.,
heating the sample at 100–110 °C for 24 h). Figure 1 a pre-
sents the adsorption isotherm of Qingdao clay, adsorbed water
contents increase with p/ps. The morphology of adsorption
isotherm manifested as irregular BS^ type is not like
Langmuir adsorption model (Langmuir 1918; Fan et al.
2013) but close to BETmultilayer adsorption model (Fig. 1b).

The adsorption isotherm has two inflection points at p/ps =
0.3 and p/ps = 0.9, which define three intervals: p/ps < 0.3, 0.3
< p/ps < 0.9, and p/ps > 0.9. The values of q are 1.04% and
4.24% at two inflection points. When p/ps < 0.3, adsorbed
water contents gradually increase with p/ps (Fig. 1c), the ad-
sorption rule expressed by Eq. (1) accords with the Freundlich
model (Freundlich 1906; Huang et al. 2013). The Freundlich
isotherm is based on the assumption that adsorption occurs on
a heterogeneous adsorption surface with different energies of
adsorption (Tangaraj et al. 2017). The assumption matches the
practical case of Qingdao clay at low relative vapor pressures.

q ¼ 1:55 p=psð Þ1=3:15 ð1Þ

In the coverage for 0.3 < p/ps < 0.9, adsorbed water con-
tents steadily increase with p/ps, and the adsorption model is
in accordance with the expression:

q ¼ 0:51þ 4:17 p=psð Þ2 ð2Þ

When p/ps > 0.9, adsorbed water contents exponentially
increase with p/ps. The equation is as follows:

q ¼ 4:08þ 9:41� 10−17e39:59 p=psð Þ ð3Þ

Various adsorption stages correspond to different forms
and binding sites of adsorbed water. Adsorbed water contents
show convex increasing in the first stage (p/ps < 0.3) because
of monolayer coverage (Sing 1985). Water molecules are cap-
tured not only on the base surface but also at high-energy
position of clay minerals such as crystal fracture and crystal
angle. At this stage, water molecules are adsorbed on basal
surface in groups with the formation of Bisland structure^
rather than a uniform cover (Osipov 2012). Within the range
of 0.3 to 0.9 p/ps, water molecules slowly spread on the base
surface of the clay minerals with the increase in p/ps. Water
molecules and clay minerals form entities by electrostatic at-
traction and hydrogen bonding in this process. In the coverage
for p/ps < 0.9, the major characteristic is the formation of
strongly bound water, the adsorbed water mainly includes
mono-hydrated layers (one plane of water molecules) and
bi-hydrated layers (two planes of water molecules) on the
basal surface of crystal layer (Cancela et al. 1997; Ferrage
et al. 2005; Osipov 2012). Capillary condensation may also
occur at contacts between particles at these low values of p/ps
(Prost et al. 1998). Above 0.9 p/ps, the rapid growth in
adsorbed water content corresponds mainly to multilayer ad-
sorption associated with capillary condensation (Cases et al.
1997). The sharp increase also implies the emergence of a new
form of bound water, namely, weakly bound water (Li and Bo
1982; Wang 2001; Wang et al. 2014).

Adsorption isotherm is widely used in environment, agri-
culture, and engineering areas because of its conciseness and
practicability. Several characteristic water contents can be ob-
tained from adsorption isotherm of Qingdao clay, such as the
adsorbed water contents at p/ps = 0.6 (ω0.6), p/ps = 0.9 (ω0.9),
and p/ps = 1 (ω1). The values of ω0.6, ω0.9 and ω1 for Qingdao
clay are 1.95%, 4.24%, and 18.78%, respectively. Water

Table 1 Physical parameters and
composition of soil samples Physical parameters Mineral composition (%) Chemical composition (%)

Natural density ρ (g/cm3) 1.95 Quartz 51.3 SiO2 74.51

Plagioclase 24.5 Al2O3 11.50

Specific gravity ρs (g/cm
3) 2.68 Potash feldspar 3.6 Fe2O3 2.40

Calcite 1.9 FeO 0.71

Void ratio е 0.79 Pyrite 1.3 CaO 1.25

Liquid limit ωL (%) 26.8 Illite/smectite mixed layer 13.1 MgO 1.13

K2O 2.43

Plasticity limit ωP (%) 15.7 Illite 2.4 Na2O 2.44

Kaolinite 0.9 TiO2 0.73

Specific surface area SSA (m2/g) 83.2 Chlorite 1.0 P2O5 0.07

LOI 2.49
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molecules are adsorbed on basal surfaces of clay particles with
the formation of an Bisland structure^ rather than a uniform
cover (Osipov 2012) when q < ω0.6. Formation of strongly
bound water is main behavior in the coverage for q < ω0.9.
When q > ω0.9, multilayer adsorbed water sharply increases
in the three-phase system. The value of ω1 is close to the
plastic limit of clay, which is an important parameter of clay
in engineering.

3.2 TG and DTG curves of hydrated clays

Different types of bound water correspond to different dehy-
dration temperatures in the procedure of continuous heating
because of the difference in connection forces. Figure 2 illus-
trates the TG curves of samples after adsorption equilibrium
under different relative vapor pressures. Only five TG curves
are listed because of space limitation. There are no obvious
multistage steps in the TG curves, so a method based on de-
rivative thermogravimetry (DTG, units of percentage mass
loss °C−1) is developed to divide strongly and weakly bound
water. The DTG curve is superior to the TG curve because it
improves the resolution of the TG curve. It can not only ac-
curately reflect the initial and ultimate temperatures of the
reaction but also confirm the maximum reaction rate. Based
on the TG and DTG curves, the thermal reactions in stages on
the hydrated clays can be effectively identified.

The DTG curves of hydrated clays all have obvious peaks
in the temperature region between 25 and 250 °C. The peak of
a DTG curve is the maximum of mass loss rate, and the tem-
perature corresponding to the peak is defined as Ts. Mass loss
rate decreases with temperature after mass loss rate has
reached the peak, which indicates the dehydration stage of
water in a new form, that is, strongly bound water.
Therefore, Ts is the initial dehydration temperature of strongly
bound water, and the content of strongly bound water can be
obtained by the mass loss from Ts to 250 °C. The initial de-
hydration temperatures range between 87 and 92 °C for
strongly bound water in the hydrated clays under condition
of p/ps < 0.98 but reach up to 108 °C at the saturated vapor
pressure. The thermogravimetric interval is 108–250 °C for
strongly bound water in the hydrated clay under the saturated
vapor pressure.

Dehydration occurs at low temperatures from hydrated clay
on account of capillary condensation. For dispersive non-clay
minerals, water starts capillary condensation in the micropores
even though p/ps is relatively low. There is no weakly bound

water in hydrated clays under condition of p/ps < 0.9 because
of the weak surface dissociation of non-clay minerals.

Another boundary temperatures Tw appear on the DTG
curves in the temperature region of 58–62 °C for hydrated
samples under condition of p/ps > 0.9. The release of weakly
bound water occurs at temperatures near 60 °C on the surface
of solid particles such as mica and clay in general (Morin and
Silva 1984). For high water content samples (Fig. 2d, e), par-
ticular dehydration processes occur in the temperature region
between Tw and Ts (60–90 °C) with weakly bound water in-
volved; capillary water and free water in samples have been
lost before 60 °C.

Although numerous investigations of bound water in clay
have been carried out based on TG curves, there are no uni-
form criteria to distinguish strongly and weakly bound water.
Critical temperatures are one of the widely used methods
(Eisenberg and Kauzmann 2005; Wang et al. 2011; Kucerik
et al. 2016, 2018); however, various authors have specified
different critical temperatures on weakly bound water that
makes the bound water definition inconclusive. Another ap-
proach is to regard the inflection points on the TG curves as
the demarcation points of strongly and weakly bound water
(Wang 2001; Wang et al. 2014; Li et al. 2015). This method
requires the TG curves which have apparent steps and inflec-
tion points in the dehydration intervals. For many clays and
clay minerals, their TG curves manifest as smooth and con-
tinuous decline curves in their dehydration intervals, which
causes difficulty in efficient partition. The classification meth-
od in this study is proposed under this background to provide
a definitive and systematic approach to determine the types of
bound water and their corresponding contents. The initial de-
hydration temperatures (Tw and Ts) are more intuitive and
concrete than the ambiguous critical temperatures.
Combination of TG and DTG curves has wider range of ap-
plications and higher resolution compared with the TG curves.
In addition, TG and DTG curves reveal the details which are
hidden in the adsorption isotherm, for example, the contents
and the dehydration laws of capillary water under different
relative vapor pressures. Multi-method combined testing is
essential for determination and classification of bound water.

3.3 Types and boundaries of bound water

The results of TGA verify the change law of adsorption iso-
therm. We obtained the contents of strongly and weakly
bound water, capillary water, and free water in hydrated clays
under different p/ps through the integrated approach (Table 3).

Table 2 Relationship between p/ps and concentration of sulfuric acid solution

p/ps 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.95 0.98 1

Mass fraction (%) 64.45 57.76 52.45 47.71 43.10 38.35 33.09 26.79 17.91 11.02 6.00 0
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Strongly bound water is closely associated with clay min-
erals with higher initial dehydration temperature (90–108 °C)
and smaller dehydration rate than weakly bound water. The
thermogravimetric interval of strongly bound water is 90–
250 °C for the hydrated clays under condition of p/ps < 0.98,
108–250 °C for the hydrated clays at p/ps = 1.

Weakly bound water forms when p/ps > 0.9. The DTG
curves show that weakly bound water is completely removed
at temperatures between 90 and 108 °C. The temperature
range from 60 to 90 °C can be regarded as the thermogravi-
metric interval of weakly bound water in the coverage for 0.9
< p/ps < 0.98.

The existing p/ps ranges are crossed for capillary water and
bound water. Some capillary water already exists before the
weakly bound water is fully formed. This phenomenon is also
widespread in the vapor adsorption process of kaolin and illite

(Li and Bo 1982). As transitional water between bound water
and free water, capillary waters formed under different p/ps
correspond to different thermogravimetric intervals because of
their difference in distribution location and connection force.
Capillary water is equivalently attached to the strongly bound
water layer when p/ps < 0.9. When p/ps > 0.9, capillary water
is maintained by the force of meniscus in the three-phase
system and is equivalently attached to the surface of weakly
bound water layer. The thermogravimetric intervals of capil-
lary waters vary by p/ps because of the differences in posi-
tions, interactions, and water diffusion. The capillary water
has properties similar to those of free water under condition
of p/ps > 0.9, such as low dehydration temperatures.

Figure 3 indicates the variation of different types of
water with p/ps. Capillary water contents increase with
p/ps and finally tend to a steady value of approximately

Fig. 1 Adsorption isotherms and
adsorption models. (a Qingdao
clay; b monolayer and multilayer
adsorption; c p/ps = 0~0.3; d p/
ps = 0.3~0.9; e p/ps = 0.9~1.0)
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2%. Weakly bound water occurs under condition of p/ps >
0.9 with the maximum content of 8.84%. The formation
of strongly bound water does not finish at p/ps = 0.9 but
continues with the increase in p/ps. In the process of iso-
thermal adsorption, the control factors of vapor adsorption
are inward wedging forces of water molecules related to
relative vapor pressures and the cohesion among clay par-
ticles. The cohesion impedes the inward wedging of water

molecules. Some water molecules are stuck on the surface
of particle aggregates, which result in some weakly bound
water starting to form before the strongly bound water is
completely formed. With the increase in p/ps in the des-
iccators, inward wedging forces increase and water mole-
cules move farther into the aggregates, which lead to
more adequate hydration of clay minerals and the increase
in contents of strongly bound water.

Fig. 2 Thermogravimetric curves for clay samples after adsorption equilibrium at different relative vapor pressures. (a p/ps = 0.3; b p/ps = 0.6; c p/ps =
0.9; d p/ps = 0.98; e p/ps = 1)
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3.4 Physical properties of adsorbed water

The physical properties of hydrated clays and adsorbed water
can be obtained by isothermal adsorption and specific gravity
tests. The specific gravity of hydrated clays (ρhc) linearly de-
creases with adsorbed water contents (Fig. 4a). The volume of
hydrated clay (Vhc) can be obtained by the specific gravity and
the mass of hydrated clay. The formula is as follows:

Vhc ¼ mhc=ρhc ð4Þ
where mhc is the mass of hydrated clay. It can be seen that Vhc

is linearly correlated to adsorbed water contents (Fig. 4b).
The physical properties of adsorbed water were investigat-

ed including the volume (Vw) and density (ρw) of adsorbed
water, and the assumed thickness of adsorbed water film (hw).
The parameters can be described by Eqs. (5–8) neglecting the
volume change of dried clay particles with water contents.
The method calculating Vw is expressed as Eq. (5).

Vw ¼ Vhc−Vc ð5Þ
where Vc is the volume of dried clay. ρw can be described as
given in Eq. (6).

ρw ¼ mw=Vw ð6Þ
wheremw is the mass of adsorbedwater, and the value ofmw is
equal to the difference betweenmhc and the mass of dried clay
(mc) according to Eq. (7).

mw ¼ mhc−mc ð7Þ

Figure 4 c–e summarize the change rules of Vw and ρw. The
volume of adsorbed water linearly increases with adsorbed

water content. The density of the adsorbed water decreases
with p/ps. The values of ρw range from 1.30 to 1.32 g/cm3

under condition of p/ps < 0.3 and then fluctuate in the region
between 1.25 and 1.27 g/cm3 for 0.3 < p/ps < 0.9. When p/p-
s > 0.9, ρw sharply decreases and finally drops to 1.16 g/cm3

under the saturated vapor pressure. In general, ρw linearly
decreases with adsorbed water content in the coverage for p/
ps > 0.3.

Water film thickness is an important parameter for studying
the formation process and the scope of adsorbed water. In
macroscale, the thickness of adsorbed water film is directly
related to the mineral content (Osipov 2012), relative vapor
pressure (Halsey 1948; Prost et al. 1998), temperature, and
pressure (Morin and Silva 1984). In order to reflect the overall
features of the non-uniform adsorbed water film in Qingdao
clay, the assumed thickness of adsorbed water film (hw) is
used; hw can be defined as the thickness of the water filmwhen

Table 3 Results of TGA and
isothermal adsorption Feature

points
p/ps Isothermal

adsorption
TGA

q (%) Dehydration
(%)

ωs
a

(%)
Ts
(°C)

ωw
b

(%)
Tw
(°C)

ωc
c

(%)

0.11 0.76 0.73 0.42 89.78 – – 0.31

0.22 0.99 0.97 0.50 88.65 – – 0.47

0.33 1.04 1.01 0.52 91.83 – – 0.49

0.41 1.30 1.28 0.68 87.60 – – 0.60

0.52 1.63 1.60 0.83 87.42 – – 0.77

ω0.6 0.61 1.95 1.95 1.06 87.84 – – 0.89

0.71 2.35 2.31 1.25 88.03 – – 1.06

0.80 2.96 2.95 1.46 87.50 – – 1.49

ω0.9 0.91 4.24 4.22 2.21 87.39 – – 2.01

0.94 5.54 5.48 2.80 90.25 0.66 57.88 2.02

0.98 10.12 10.08 4.46 91.59 3.58 61.90 2.04

ω1 1 18.78 18.85 7.55 107.9 8.83 60.81 2.47

a Strongly bound water content, b weakly bound water content, c capillary and free water content

Fig. 3 Contents of various absorbed water under different relative vapor
pressures
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adsorbed water is evenly distributed on the surface of clay
particles. The calculating formula for hw can be expressed as:

hw ¼ Vw=SSA ð8Þ

where Vw is the volume of adsorbed water, SSA is the specific
surface area of Qingdao clay, and the measured value of SSA is
83.2 m2/g.

Figure 4 f represents variation of hw with adsorbed
water contents; hw linearly increases with q. When p/

ps = 0.9, hw is 4.08 Å, which is 1.5 times of the diameter
of the water molecule (2.77 Å). The variation of hw can
provide straightforward interpretation and verification for
the process of vapor adsorption including Bisland
structure^ (Osipov 2012) and multilayer continuous ad-
sorption. Sposito and Prost (1982) expounded that impor-
tant structural difference in adsorbed water occurs in the
first nanometer next to the smectite surface at low water
content especially when the film of adsorbed water is not
yet continuous. The data of hw demonstrate the rule could

Fig. 4 Variation of physical parameters of hydrated clay and adsorbed water. (a ρhc versus q; b Vhc versus q; c variation in Vw with q; d variation of ρw
with q; e variation of ρw with p/ps; f relationship between hw and q)
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equally apply to Qingdao clay. Classical double-layer ef-
fects are obvious at high water content (p/ps > 0.9). When
q reaches the maximum value of 18.78%, hw is 19.42 Å,
which is nearly seven times of the diameter of a water
molecule. The assay method for the physical properties
of adsorbed water in the present study will be valuable
in revealing and explaining the hydration mechanism of
mucky silty clay and the impact of adsorbed water on the
hydrated clay.

4 Conclusions

This study examined the vapor adsorption and thermogra-
vimetric behaviors of Qingdao clay. Bound water is clas-
sified by the adsorption isotherm and DTG curves. The
specific conclusions drawn from this study are as follows:

1. Adsorbed water contents increase with relative vapor
pressure. The isothermal adsorption process can be divid-
ed into two phases with the demarcation point of 0.9 p/ps.
The main event is the formation of strongly bound water
and capillary water under condition of p/ps < 0.9. The
weakly bound water forms when p/ps > 0.9 with multimo-
lecular adsorption.

2. The DTG curves of hydrated clays have obvious peaks in
the temperature region between 25 and 250 °C. The initial
dehydration temperatures of strongly bound water range
between 87 and 92 °C in the hydrated clay under condi-
tion of p/ps < 0.98, whereas they can reach up to 108 °C at
the saturated vapor pressure. Weakly bound water starts to
be released at temperatures near 60 °C and is completely
removed at temperatures between 90 and 108 °C. The
capillary and free water are evaporated before 60 °C.

3. Strongly and weakly bound water contents both increase
with p/ps. The existing p/ps ranges are crossed for capil-
lary water and bound water.

4. The specific gravity of the hydrated clay decreases
with the adsorbed water content in a linear relation-
ship. The volume of hydrated clay, volume of
adsorbed water, and assumed thickness of water film
linearly increase with adsorbed water contents. The
density of adsorbed water decreases with p/ps, ranging
from 1.16 to 1.32 g/cm3, and linearly decreases with
absorbed water content under condition of p/ps > 0.3.
The maximum thickness of water film is seven times
of the diameter of a water molecule.
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