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A B S T R A C T

The understanding of water vapor adsorption and equilibrium in the low permeability matrix of gas shale is
crucial for predicting and optimizing gas productivity in shale gas reservoirs. In this study, water vapor ad-
sorption isotherms for gas shale samples from the Lower Silurian Longmaxi Formation in Southern China were
measured gravimetrically at two temperatures (30 °C and 50 °C) under the relative humidity ranging from 11.1%
to 97.0%, and four different isotherm models were used to fit the experimental data and to analyze water vapor
adsorption on shale rocks. The experimental results showed that water vapor adsorption for shale rocks followed
a typeⅡsigmoid shape over the humidity range. At the lower humidity range, the monolayer-multilayer ad-
sorption was the dominant process while capillary condensation and temperature effects became significant with
relative humidity increasing. As the amount of total organic carbon increases, water adsorption weakens while
calcite has an inhibitory effect. Through quantifying the average relative error (ARE), coefficient of determi-
nation (R2) and chi-square (χ2) of the isotherm models relative to data, the GAB isotherm model was identified to
be the best-fitting isotherm to describe the water adsorption process in shale rocks. Moreover, the FHH plot was
used to analyze and distinguish the states of water retention by adsorption and capillary condensation.

1. Introduction

Despite the success of deep horizontal drilling and hydraulic frac-
turing to yield large production from shale gas reservoirs, uncertainties
associated with basic transport processes require understanding, which
improves efficiency and minimizes environmental impacts. The hy-
draulic fracturing process introduces large volumes of water into shale
gas reservoirs. Less than half of the fracturing water is recovered as the
flow back fluid with the production of gas wells, and most of the in-
jected fluid remains in the matrix or fractures of the reservoirs to in-
terfere with gas production (Engelder et al., 2014; Makhanov et al.,
2014; Shen et al., 2016, 2017). Organic rich shale rocks are char-
acterized by small pore size and extremely ultra-low permeability,
which can consist of a high amount of clay minerals (Boyer et al., 2006;
Alexabder et al., 2011; Shen et al., 2015, 2018). Because of these spe-
cial features, shale rocks are subject to these changes such as hydration,
swelling and instability (Chenevert, 1970a,b; Lomba et al., 2000; Chen
et al., 2003; Rojas et al., 2006). Due to water adsorption and subsequent
swelling, the intrinsic properties of gas shale will be affected, which
may lead to shale failure. When a solution is injected into shale rocks,

water will be adsorbed on the sites of clay minerals and free surfaces,
which results in a water film predominately formed through surface
hydration. Water adsorption by shale clays can cause swelling and
damage shale matrix permeability (Chenevert, 1970a,b; Scott et al.,
2007). With the growing of water film, capillary and osmotic hydration
will occur (Roshan et al., 2015, 2016). Such water adsorption is par-
ticularly important in wellbore stability analysis (Chenevert, 1970a,b,
Chenevert and Pernot, 1998; Al-Awad and Smart, 1996). And water
retained in the shale matrix will reduce the relative permeability to gas,
which impedes gas production. The water vapor adsorption of gas
shales is essential for understanding the alteration of shale properties
and predicting water blocks in gas recovery because it provides some
important information on how water saturation of shale pores depends
on the vapor pressure of water. Therefore, the determination of water
vapor adsorption and equilibrium in shale rocks is significant for pre-
dicting gas productivity and for optimizing extraction conditions in
shale gas reservoirs.

The adsorption phenomenon of water taking place in porous media
is a complex process, which is associated with the characterization of
porous materials (Everett, 1988; Sing, 1991; Willems et al., 1988).
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Adsorption equilibrium is usually described by an isotherm model,
which provides the valuable information on pore structure and capacity
in porous materials (Kwiatkowski, 2007). There are various isotherm
models developed over the years to analyze and describe the experi-
mental adsorption equilibrium data, such as the Langmuir, Freundlich,
Brunauer-Emmett-Teller (BET), Dubinin–Radushkevich, Guggenheim-
Anderson-de Boer (GAB), and Frenkel-Halsey-Hill (FHH) isotherms
(Allen et al., 2003; Foo and Hameed, 2010). These models are used for
describing and predicting adsorption equilibrium, and the isotherm
parameters. The underlying thermodynamic assumptions of these
model often provides some insight into both the surface properties and
sorption mechanism of the sorbent (Ho et al., 2002). In the last few
years, many studies have focused on methane adsorption isotherms in
shale (Rexer et al., 2013; Heller and Zoback, 2014). However, there is
little work on water vapor adsorption on shale rocks and the feasibility
of isotherm models. Although Al-Awad and Smart (1996) and Dosunmu
and Okoro (2012) successively proposed that the GAB isotherm model
could be successfully applied to fit water adsorption on shale rocks, a
detailed comparative of the isotherm models was somewhat lacking. In
addition, water vapor adsorption of gas shale is not fully understood,
and many uncertainties still exist in the process. Thus, there is a ne-
cessity to understand the water vapor adsorption process and determine
adsorption isotherms for water on shale rocks so as to enhance the re-
covery of shale gas reservoirs.

In this study, the measurements of water vapor adsorption isotherm
for gas shale samples from the Lower Silurian Longmaxi Formation in
Southern China were performed using gravimetric measurements under
controlled relative humidity at 30 °C and 50 °C, respectively. The water
vapor adsorption process and the effects of temperature on shale rocks
were analyzed, and the type of isotherms for the shale samples was
determined according to the International Union of Pure and Applied
Chemistry (IUPAC) classification. Four different isotherm models in-
cluding Langmuir, Freundlich, GAB and FHH isotherms were applied to
fit the experimental isotherm data, and the isothermal parameters ob-
tained from these models were used to understand the water adsorption
equilibrium on shale rocks. In order to evaluate different isotherm
models, three metrics, including the average relative error (ARE),
coefficient of determination (R2) and chi-square test (χ2), were applied.
Furthermore, the FHH plot was used to determine the states of water
absorbed by adsorption and capillary condensation.

2. Materials and methods

2.1. Shale samples

Shale samples used in this study were obtained from four different
sites within the Lower Silurian Longmaxi Formation in Southern China
at depths ranging from 1911.45m to 1987.85m. These samples were
crushed to pass a 800 μm sieve, and the particle size range of
500–800 μm was used for water vapor adsorption measurements. Total
organic carbon (TOC) analysis was obtained on the fraction < 250 μm
using a Shimadzu TOC-V. The BET surface areas of the 500–800 μm
fractions were measured with nitrogen adsorption at 77 K. The X-ray
diffraction analyses show that quartz, plagioclase and pyrite were
common in all the samples, and that calcite was also detected except in
the sample S5. The characteristics of the shale rocks are summarized in
Table 1.

2.2. Adsorption isotherm measurements

Water vapor adsorption isotherms were measured to characterize
water retention in shale rocks using the gravimetric techniques at 30 °C
and 50 °C. The shale samples were put in controlled-humidity en-
vironments maintained at a constant temperature in an incubator
(Tokunaga et al., 2003). A schematic diagram of the method used for
obtaining water vapor adsorption equilibrium in shale rocks was shown

in Fig. 1. Saturated salt solutions shown in Table 2 were used to provide
the controlled-humidity environments (Tokunaga et al., 2003;
Greenspan, 1977) within the desiccated container. These salt solutions
controlled relative humidity (RH) at values ranging from 11.1% to
97.0%. The RH is the ratio of the water vapor pressure to the saturation
vapor pressure (Tokunaga et al., 2003). The shale samples were first put
in weighing jars and dried overnight at 110 °C, then were weighted
after cooling to room temperature in a desiccator containing silica gel.
The jars containing shale samples were periodically removed from
constant humidity desiccated container and weighed to monitor pro-
gression toward adsorption equilibrium. Weights of shale samples were
measured daily for a specific humidity until adsorption equilibrium
when the weights became constant, after which shale samples were
transferred to a higher humidity container. And vapor adsorption
equilibrium was reached in 10–20 d, after which shale rocks were again
oven dried. The measurement at 50 °C was carried out after oven drying
samples from the 30 °C measurements, following the same procedure.

3. Adsorption isotherm models

In order to describe the isotherm phenomenon, a number of ad-
sorption isotherm models have been developed over the years
(Adamson, 1990; Talu and Meunier, 1996). The isotherm models de-
scribe the equilibrium relationship between the adsorbed amount and
the pressure of the adsorbate at a constant temperature (Limousin et al.,

Table 1
Some measured characteristics of shale samples used in this study.

Sample Depth (m) TOC (%) Surface Area (m2/g)

S1 1911.45 2.70 18.25
S2 1948.44 4.00 26.68
S3 1955.67 4.80 23.43
S4 1984.21 5.40 23.46
S5 1986.13 6.30 29.38
S6 1987.85 1.60 16.16

Fig. 1. Schematic diagram for apparatus used to measure water vapor adsorption iso-
therm (① — incubator; ② — desiccated container; SI (I= 1, 2, 3, 4, 5, 6) — jars with
different shale rocks; ③ — plate to support the jars; ④— saturated solution plus the salt to
control the humidity).

Table 2
Saturated salt solutions used to control relative humidity. Relative humidity values are
from Greenspan (1977).

Salt Relative Humidity (%)

30 °C 50 °C

LiCl 11.28 11.10
MgCl2 32.44 30.54
NaBr 56.03 50.93
KI 67.89 64.49
NaCl 75.09 74.43
KCl 83.62 81.10
K2SO4 97.00 95.82
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2007; Shang et al., 1995; Talu and Meunier, 1996). The isotherm
parameters and their thermodynamic relations are often used to inter-
pret adsorption mechanism and the properties of the adsorbent. How-
ever, the macroscopic adsorption measurements do not yield under-
standing on molecular level mechanisms underlying adsorption
processes (Sposito, 1984). Such insight, accessible through spectro-
scopy, is beyond the scope of the present study. In this study some
common isotherm models were used to fit the experimental data and to
describe and understand the adsorption process at a macroscopic level.

3.1. Langmuir isotherm

The Langmuir adsorption isotherm developed by Langmuir (1916),
was used to describe gas adsorption onto solids when the continuous
monolayer coverage can occur in activated carbon. The Langmuir
model assumes that the monolayer adsorption from the gas phase oc-
curs on specific homogeneous sites of the solid adsorbent, which has
been successfully used to describe adsorption in microporous solids
(Sing et al., 1985). It may be expressed as

=
+

q
q k p

k p1
m L

L (1)

where q is the adsorbed amount; qm is the maximum amount adsorbed
at monolayer coverage; kLis the Langmuir constant ( =k p1/L L), pLis the
Langmuir pressure; pis the pressure of the adsorbate.

To determine the constant kLandqm, the Langmuir equation (1) can
be expressed in its linear form as
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3.2. Freundlich isotherm

The Freundlich adsorption isotherm (Freundlich, 1906) is an ex-
ponential equation, which describes the reversible, multilayer adsorp-
tion by the following form

=q k pF n
1

(3)

where kF is the Freundlich isotherm constant; n is adsorption intensity
which can be used to describe the heterogeneous adsorbent (Moon and
Lee, 1983).

Freundlich adsorption parameters can be obtained by transforming
the Freundlich equation (3) into the linear form

= +q k
n

pln ln 1 lnF (4)

3.3. GAB isotherm

Guggenheim (1966), Anderson (1946), and De-Boer (1953) pro-
posed the GAB isotherm based on the theory of multilayer gas ad-
sorption to surfaces. The GAB isotherm for water can be written as

=
− − +
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where aw is water activity, =a p p/w 0; cG and kG are the GAB constants,
which are related to the properties of the monolayer and multilayer
(Adamson, 1990). The GAB isotherm is an extension of the BET iso-
therm of Brunauer, Emmett, and Teller (Brunauer et al., 1938, 1943),
and when the GAB parameter =k 1G , the GAB and BET models are
identical. The BET model is widely used to determine the surface area of
adsorbents, typically with gases such as N2, Ar, or Kr, over lower ranges
of vapor pressure (0.05 < p/po < 0.3). And the BET model normally

predicts too little adsorption at low pressures and too much adsorption
at high pressures (Adamson, 1990).

The GAB isotherm can be represented as a polynomial expression as
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3.4. FHH isotherm

Based on an assumed variation of adsorption potential with distance
from the surface, the FHH isotherm, developed by Frenkel (1946),
Halsey (1948) and Hill (1949), is used to describe the multilayer ad-
sorption on the surface of the flat solid as well as capillary condensa-
tion. The FHH isotherm may be expressed as

⎜ ⎟
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where n and A are the FHH constants related to adsorbent and gas at a
particular temperature; ε0 is the potential of the solid surface of the
adsorption; xm

n is the film thickness at the monolayer point; T is the
temperature; R is the gas constant.

For fitting the data, the FHH isotherm can be simplified into the
following form,

=
−

q B
p pln( / )

n

0 (9)

=B Aqm
n (10)

Then the FHH isotherm can be described as follows

= +q B
n n

p pln ln 1 ln(ln( / ))0 (11)

4. Results and discussion

4.1. Water vapor adsorption isotherm

Water vapor adsorption on the six shale samples was measured at
the relative humidity (p/p0) from 11.1% to 97.0%. The water adsorp-
tion isotherms at the temperatures of 30 and 50 °C were shown in Fig. 2,
and they exhibited fairly similar adsorption isotherms. As can be seen in
Fig. 2, the isotherm can be divided into two sections. Within the range
of p/po < 0.65, the adsorbed water nearly linearly increased with p/po
at a slower rate. In the range of p/po > 0.65, the adsorbed water

Fig. 2. Measured water vapor adsorption isotherm of six shale samples at 30 °C and 50 °C.
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increased with p/po at a much increasing rate. This change suggested
that capillary condensation had taken place in the later period. The
results in Fig. 2 also show that at the lower relative humidity (p/
po < 0.65), the temperature effect on water adsorption is insignificant.
As the relative humidity increases (p/po > 0.65), the temperature ef-
fect becomes considerable. Higher temperature associated with in-
creased water retention, suggesting that the physicochemical process
had occurred that requiring both higher temperature and humidity.
Unlike conventional rocks, shale is a very fine-grained and clastic se-
dimentary rock, which is characterized by extremely low porosity,
ultra-low permeability and high clay content (Shen et al., 2015, 2016).
In the study, the TOC values of shale samples ranged from 1.6% to
6.3%. Plagioclase and pyrite are the minerals common to all samples,
and calcite was also detected except in the sample S5. Thus, the phy-
sicochemical process will occur in shale at the higher temperature and
humidity, and consequently water retention increases.

Compared with the properties of the shale samples, it seems that
water adsorption had positive correlation with organic carbon content
and temperatures. Fig. 3 shows the comparisons of water adsorption
with different total organic carbon and temperatures. With the in-
creasing of total organic carbon, water content in shale rocks increases
at the higher relative humidity. The elevated temperature is beneficial
to water adsorption in shale rocks, which is not the same as methane
adsorption by shale (Hu, 2014). It is notable that the sample S5 exhibits
a higher adsorption capacity than other shale samples, for it has the
highest surface area (29.38m2/g) shown in Table 1. We suspect that the
reason is that there is no calcite in sample S5. Calcite might have
suppressed water adsorption in shale rocks. Some previous studies by
Chenevert (1970a,b), Kahr and Madsen (1995) have reported the effect
of clay minerals on water adsorption capacity on reservoir rocks. Kerisit
and Parker (2004), Rahaman et al. (2008) and Schultz et al. (2013)
proposed that calcite is characterized by high surface area and weak
affinity for water. Consequently, shale rocks with calcite will have a
relatively low water capacity in the shale samples. However, the shale
sample S5 has the highest water vapor adsorption due to the highest
organic carbon (OC), and the higher OC strengthens shale water vapor
adsorption. Therefore, it can be seen that the water vapor adsorption on
shale rocks is closely related to the clay minerals and organic carbon.

According to the IUPAC classification (Sing et al., 1985), water
vapor adsorption isotherms on shale rocks exhibit a standard typeⅡ
sigmoid shape. The type Ⅱ isotherm is very common in a non-porous or
a macro-porous adsorbent, where multilayer adsorption occurs at the
high relative humidity (Schrodt and Ocampo, 1984; Rouquerol et al.,
2014). The isotherm is concave at the low relative humidity, then
nearly linearly increasing, and finally convex to the p/p0 axis. The

inflection point of the isotherm indicates that capillary condensation
goes on after the completion of the monolayer-multilayer adsorption.
The analysis of surface area on shale rocks shows that shale rocks in-
clude micro-porous, meso-porous and macro-porous. It is reasonable
that water adsorption is complex process from monolayer-multilayer
adsorption to capillary condensation. Previous studies have shown that
water adsorption on shale exhibits the type Ⅱ isotherm with monolayer-
multilayer adsorption, and the type Ⅴ isotherm with capillary con-
densation (Chen et al., 2003; Dosunmu and Okoro, 2012; Hill, 1949).
The X-ray diffraction analyses indicate that some minerals (quartz,
plagioclase, pyrite and calcite) exist in shale rocks, and the interaction
of water molecules with clay surfaces will further take place with
temperatures increasing.

4.2. Modelling of water vapor adsorption isotherm

The Langmuir, Freundlich, GAB and FHH isotherm models were
used to fit the experimental data of water vapor adsorption on shale
rocks at 30 °C and 50 °C. Fig. 4 shows the comparisons between the
experimental data and different models on the samples S1, S2, S3, S4,
S5 and S6. From the results of Fig. 4, it is clear that the Langmuir model
does not describe water adsorption well because it was developed for
systems where adsorption is dominated by surface site specific inter-
actions and where multilayer adsorption is not accounted. Although the
Freundlich was widely used in the adsorption of a heterogeneous ad-
sorbent, it does not fit the data well either, particularly at the high
relative humidity. Although there is a little deviation at p/p0 > 0.93,
the GAB model fits the data reasonably well. The GAB model is used to
describe the monolayer and multilayer adsorption that fits a number of
different materials (Adamson, 1990). Several studies on water adsorp-
tion of shale rocks indicated that the GAB model fit well up to 0.96 (Al-
Awad and Smart, 1996; Dosunmu and Okoro, 2012), and indicated a
deviation at p/p0 > 0.93 with varying extents depending on the type of
shale rocks. The FHH model is commonly used to describe adsorption
combined with capillary condensation at the higher relative humidity
(Frenkel, 1946; Halsey, 1948; Hill, 1949), and the water content ad-
sorbed increases rapidly at p/p0 > 0.65, which indicates a capillary
condensation phenomenon. In this study, the plots using the FHH model
give a good fit through the entire range of relative pressure range for
some shale samples. From the result of Fig. 4, the GAB model fits the
experimental data well in the whole stage of relative humidity. Thus the
GAB model is optimal to fit the water vapor adsorption of shale sam-
ples, and can be used to describe and predict water vapor adsorption
equilibrium in shale rocks.

The isotherm parameters for different fitted models were de-
termined at two different temperatures using the linear regression and
the isotherm parameters of different isotherm models are summarized
in Table 3. The monolayer moisture content is the most important
parameter in these models, which is a measure of adsorption capacity of
the shale samples. As seen in Table 3, the monolayer moisture content
varies from the different models. The values with the Langmuir model
are 12.31, 11.03, 8.87, 8.38, 17.95 and 15.92mg/g for the shale sample
S1, S2, S3, S4, S5 and S6, respectively. With the temperature increasing,
the calculated maximum Langmuir monolayer coverage capacity in-
creases. The monolayer moisture content calculated from the Freun-
dlich model is very small, and it would decrease with temperatures
increasing. From the results of the GAB model, the maximum mono-
layer moisture content at 30 °C is 10.89mg/g (sample S4), and the
minimum is 3.13mg/g (sample S3). With the change of temperatures,
they exhibit various trends, which are related to the shale features.
Although the monolayer moisture content using the FHH model cannot
be determined, it is shown that their values have a tendency to decrease
with increasing temperatures from the values of B and n. The decrease
of the monolayer moisture content (qm) indicates a reduction in the
number of active sites as a result of physical and chemical changes by
temperatures (Dosunmu and Okoro, 2012). The prediction of qm is very

Fig. 3. Effect of total organic carbon on water vapor adsorption isotherm.
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important since it gives information on solving the problems of shale
failure and wellbore instability (Al-Awad and Smart, 1996; Dosunmu
and Okoro, 2012).

4.3. Estimation of the best-fitting isotherm model

Within recent decades, the linear regression is frequently considered
as one of the most important methods determining the best-fitting
isotherm and estimating the isotherm parameters (Ho et al., 2005).

Fig. 4. Comparisons of four isotherm models fitted experimental data of different shale samples.
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However, the linearization of isotherm models may alter the error
structure and violate the error variance (Allen et al., 2003). Thus, in
order to determine and evaluate the best suitable isotherm model fitting
the experimental data, three common error functions, including the
average relative error (ARE) (Kapoor and Yang, 1989), coefficient of

determination (R2) (Subramanyam and Das, 2014) and chi-square
analysis (χ2) (Ho, 2004) between the calculated and experimental data,
were examined respectively.

The average relative error (ARE) is often used to compare the ex-
perimental and calculated data, which provides a tendency to estimate

Table 3
Isotherm parameters for fitting four different isotherm models with the experimental data.

Sample NO. Temperature (°C) Langmuir Freundlich GAB FHH

qm (mg/g) kL (10−4Pa−1) kF (10−2 mg/g) n qm (mg/g) cG kG B=A(qm)n (mg/g)n n

S1 30 12.31 8.19 8.64 1.71 4.25 47.86 0.72 223.54 3.16
50 23.25 0.62 0.23 1.09 3.56 9.55 0.84 11.07 1.76

S2 30 11.03 7.93 6.52 1.65 3.70 38.16 0.75 100.74 2.94
50 15.82 0.91 0.25 1.12 3.11 9.65 0.85 8.70 1.74

S3 30 8.87 6.72 3.13 1.37 2.57 16.84 0.85 11.91 2.06
50 72.99 0.13 0.05 0.93 4.32 3.42 0.80 7.00 1.54

S4 30 8.38 10.89 10.74 1.93 3.24 84.12 0.69 173.24 3.55
50 14.73 0.79 0.32 1.19 2.49 16.58 0.82 9.51 2.04

S5 30 17.95 6.22 8.60 1.62 5.36 61.82 0.74 519.70 3.17
50 44.25 0.38 0.21 1.05 4.46 9.65 0.85 15.42 1.71

S6 30 15.92 7.12 9.88 1.69 5.71 34.18 0.67 741.47 3.42
50 23.09 0.84 0.51 1.19 4.53 11.53 0.80 25.21 2.01

Fig. 5. Comparisons of average relative errors with different isotherm models at 30 °C (a) and 50 °C (b).

Fig. 6. Comparisons of coefficient of determination (R2) with different isotherm models at 30 °C (a) and 50 °C (b).

Fig. 7. Comparisons of chi-square test (χ2) with different isotherm models at 30 °C (a) and 50 °C (b).
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the experimental data. It minimizes the error distribution across the
entire range. According to Eq. (12), Fig. 5 shows the distribution of the
average relative error (ARE) with different isotherm models. From the
result of Fig. 4, the GAB isotherm model is better to describe water
adsorption on shale rocks compared with other models.

∑=
−

×
=

average relative error
n

m m
m

1 100%
i

n cal

i
1

exp

exp (12)

where mcal is the calculated value with the isotherm model; mexp is the
experimental value; n is the number of the experimental data.

The correlation coefficient (R) and the coefficient of determination
(R2) are the proportion of the variance in the dependent variable (Ho,
2004). The coefficient R2 has been used to determine the relationship
between the experimental data and the calculated data. The coefficient
R2 may vary from 0 to 1. The results of different isotherm models are
summarized in Fig. 6 using Eq. (13). It is seen that the all isotherm
models (Langmuir, Freundlich, GAB and FHH) provide the high coef-
ficient of determination (R2). However, the Langmuir and FHH iso-
therms are not expected to describe water adsorption well according to
the result of Fig. 4, especially high relative humidity. It implies that
using the coefficient R2 to estimate the fitting degree sometimes causes
errors.

= −R SS
SS

1 res

tot

2
(13)

where SSres is the sum of squares of residuals; SStot is the total sum of
squares (proportional to the variance of the data).

The chi-square analysis (χ2) is an important statistical tool to esti-
mate the best fit of an isotherm model. The value χ2 indicates the si-
milarities between the calculated and the experimental data. The
smaller the value is, the better the agreement among them is. From
Fig. 7, the GAB isotherm model is better than other models since the
value χ2 is minimum. Based on the above analysis, it can be known that
the GAB model provides the best fits to the measured water vapor ad-
sorption isotherms on shale rocks.

∑=
−

χ
m m

m
( )cal

cal

2 exp
2

(14)

4.4. States of water retention

The FHH model is commonly used to describe the multilayer ad-
sorption on the surface of the flat solid as well as capillary condensa-
tion. In general, the FHH plot allows us to analyze and determine the
states and location of water adsorbed in shale rocks verses relative

humidity, which is very common in soil science (Prost et al., 1998). The
FHH curves can be obtained by plotting log(water content (mg/g)) as a
function of log(log(1/RH)), as shown in Fig. 8. From the result of Fig. 8,
it can be seen that the FHH plot curve provides a useful plot for dif-
ferentiating three domains of water retention in shale rocks, including
monolayer adsorption, multilayer adsorption and capillary condensa-
tion. At the lowest values of RH, the domain 1 corresponds to the
monolayer adsorption process. Water will be adsorbed on the hydro-
philic sites of shale. With relative humidity increasing, the multilayer
adsorption in the domain 2 will occur on free surfaces, which are the
walls of shale pores or surfaces that allow to expand freely (Ho, 2004;
Prost et al., 1998). The domain 3 is observed for the higher RH and
corresponds to capillary condensation. The process occurs in pores that
correspond to the shale fabric, which results in adsorbed water in-
crease. Jurinak (1963) and Pierce (1960) successively applied the FHH
model to break out the domains of water retention in kaolinite, quart
and Al2O3 samples. In the study the hypothesis is that adsorption is the
predominant process, and it mainly exists in the domain 1 and 2. At
higher relative humidities more than 0.65, capillary condensation will
become dominant in shale pores. Thus the FHH model allow us to
analyze water retention by adsorption and capillary condensation in
shale rocks.

5. Conclusions

In this work, the measurements of water vapor adsorption isotherms
on shale rocks from the Lower Silurian Longmaxi Formation in
Southern China were carried out at 30 and 50 °C for over a relative
humidity range of 11.1%–97.0% using the gravimetric method. The
water adsorption of all shale samples exhibited a typeⅡ sigmoid shape,
indicating the complex processes including monolayer-multilayer ad-
sorption, and capillary condensation. At the relative humidity less than
0.65, adsorption is the dominant process and the temperature effect is
small. When the relative humidity is greater than 0.65, capillary con-
densation becomes significant and the adsorbed water contents become
considerable with temperature increasing. According to the experi-
ments, it is shown that the amount of organic carbon and clay minerals
has a great effect on water adsorption. With the amount of total organic
carbon increasing, water adsorption will strengthen while calcite will
inhibit the water adsorption capacity in shale rocks. The GAB isotherm
model provided the best fit to the experimental data, which could de-
scribe and predict water vapor adsorption in shale rocks. And the FHH
plot allows us to determine the three different statues of water adsorbed
by monolayer and multilayer adsorption, and capillary condensation.
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