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Abstract water vapor adsorption/desorption isotherms are measured on five shales from Illinois basin
by dynamic vapor sorption method. The experimental adsorption data are modeled by the Guggenheim,
Anderson, and De Boer model and the Freundlich model over the entire range of measured relative
humidity (Ry,) values (0-0.95). Modeling results show that shale hydration is controlled by surface chemistry
at low R, through a strong intermolecular bonding, while is mainly influenced by the pore structure at
high R;, (>0.9) through capillary condensation. This is consistent with the progressive decrease of isosteric
heat of adsorption with water content, obtained by the Clausius-Clapeyron equation. Exceptionally, for
the one shale containing 8.6% montmorillonite, mesopore condensation only accounts for 33% of the
measured water adsorption even at Ry, ~0.95 due to the limited external pores and the important role of clay
swelling. The specific surface area defined by Guggenheim, Anderson, and De Boer analysis as available for
water adsorption is larger than that available for low-pressure N, adsorption due to the complex surface
chemistry. The one shale rich in expansive montmorillonite and with a large interlayer capacity for water
but inaccessible to N, molecules conditions this result. Among the other four shales, one with high kerogen
content behaves the highest water adsorption, possibly due to the high content of oxygen-containing
functional groups and the potentially high pore volume of kerogen. These findings contribute to a better
understanding of water storage and transport behavior in shales and impact behavior relevant to structures
and reservoirs founded in such media.

1. Introduction

The petrophysical and petrochemical properties of shales have been extensively investigated in the geos-
ciences, materials-, and engineering-sciences related to hydrocarbon extraction (Curtis, 2002) and environ-
mental protection (Jackson et al., 2013; Vidic et al., 2013), injection-induced seismicity (Elsworth et al.,
2016), wellbore stability (Chen et al., 2003), ground control issues in underground coal mines (Chugh &
Missavage, 1981; Van Eeckhout, 1976), geological disposal of radioactive wastes (Gautschi, 2001), and
CO, sequestration in depleted shale reservoirs (Busch et al., 2008; Guiltinan et al., 2017). An important com-
ponent in many of these studies is in understanding mechanisms of shale-water interaction due to liquid and
water vapor uptake as driven by different processes. Although a broad spectrum of possible mechanisms
have been reported for shale hydration, including capillary suction, osmotic attraction, and the role of other
surfaces forces such as hydrogen bonding, cation hydration, Van de Waal, and other forces (Derjaguin, 1992;
Li et al., 2016; Tuller et al., 1999), water sorption behavior on shale and the role of pore structure and com-
plex mineralogy on hydration mechanisms remain incompletely understood. A microscale study of water
vapor sorption on shales will illuminate potential shale hydration mechanisms to enhance fundamental
understanding of water-shale interactions.

Water vapor adsorption on shales and other mudrocks has been studied to investigate the relationship
between pore structure and hydration behavior. Based on the presumption that water molecules will not
condense within hydrophobic organic pores, water sorption isotherms (Zolfaghari, Dehghanpour, &
Holyk, 2017; Zolfaghari, Dehghanpour, & Xu, 2017) may be used as a proxy to characterize pore size distri-
bution. The utilization of this proxy is robust, unless surface chemistry rather than pore structure controls
water adsorption at low relative humidity (Ry,) (Seemann et al., 2017; Thommes et al., 2013). Additionally,
water molecules may also adsorb to the organic matter on the interior pore surfaces by hydrogen bonding
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with oxygen-containing functional groups and/or condense in these organic pores (Allardice & Evans, 1971;
Nishino, 2001). Water sorption isotherm data on thirteen mudrocks (Seemann et al., 2017) have been fit to
varied physisorption models including BET (Brunauer et al., 1938), BJH (Barrett et al., 1951), and Dubinin
(Dubinin, 1960) models with the various authors concluding that direct relationships between water adsorp-
tion and pore structure do not exist since pore surface chemistry dominates the water adsorption response at
low relative humidities. However, the pore structure based on low-pressure nitrogen adsorption technique
may not precisely represent the pore structure of shale containing expansive clays such as montmorillonite,
which may contain large amount of “internal” pore spaces inaccessible to nitrogen molecules (Aylmore &
Quirk, 1967; Diamond & Kinter, 1956; Hendricks et al., 1940; Mooney et al., 1952a). Thus, multiple pore
characterization and imaging techniques (Clarkson et al., 2013; Macht et al., 2011) may be required for a bet-
ter understanding of the correlation between water vapor adsorption and pore structure. The water adsorp-
tion behavior on Marcellus shale has been characterized by thermal gravimetric sorption (TGA-SA) at
various temperatures (Tang et al., 2017). The Dent multilayer adsorption model was found to reasonably
represent the water vapor adsorption isotherms and estimate adsorption on both primary and secondary
sorption sites. However, hydration mechanisms in the clay-water and kerogen-water systems that involve
physicochemical interactions are expected to differ from those of pure physical sorption—such underlying
mechanisms are difficult to deconvolve since shales are typically complex and heterogeneous and contain
mixtures of minerals and kerogen types.

Hydration mechanisms in shales depend on mineralogy and physicochemical structure and are considerably
more complex than that in coals or conventional reservoir rocks. This added complexity results from the pre-
sence of both strongly hydrophilic clay minerals and overall hydrophobic/hydrophilic organic kerogen. The
hydrophobicity/hydrophilicity of the organic kerogen depends strongly on its thermal maturity and the com-
position of its functional groups (Hu et al., 2014, 2016). Kaolinite, illite, and montmorillonite, which may be
present in varying proportions in typical shales, have different water vapor adsorption capacities and swelling
properties depending on their crystalline structure, cation exchange capacity (CEC), specific surface area
(SSA), and particle size. Nonexpansive 1:1-type kaolinite and 2:1-type illite have less overall water adsorption
capacity due to smaller SSA and CEC. In comparison, 2:1-type montmorillonite with a higher SSA and CEC
exhibits greater potential for adsorption and swelling due to interlayer cation hydration (Sposito, 2008;
Woodruff & Revil, 2011). Unlike purely hydrophilic minerals that dominate conventional reservoir rocks,
pores in kerogen may have mixed-wetting characteristics (i.e., simultaneous hydrocarbon-wetting and
water-wetting) depending on maturity level (Hu et al., 2014, 2016). Lower maturity kerogens generally have
both higher oxygen to carbon ratios and denser oxygen-containing functional groups—these are intrinsically
more hydrophilic-prone than more mature and overmatured kerogens. Similar phenomena have also been
reported for coal—recovered from measurements of water-coal contact angles—revealing that coal contains
a full spectrum of strongly hydrophobic sites, weakly hydrophobic sites, and hydrophilic sites (Gutierrez-
Rodriguez et al., 1984). Since kerogen shares similar functional groups with coal (high kerogen content),
kerogen may also play a similarly important role in water vapor adsorption on organic-rich shales.

To date, the underlying hydration mechanisms in shales with complex mineral compositions and pore struc-
tures are still not fully understood. The role of minerals on the water hydration has been investigated, but the
influence of nanopore structure on water storage capacity has not been comprehensively studied. The
novelty of this study is to interrelate the pore structure and the mineral composition to the water vapor sorp-
tion behavior on nanoporous shales and thus to provide an improved understanding of hydration mechan-
isms in different mineralogical compositions including nonexpansive clays, expansive montmorillonite, and
kerogen. The study measures water vapor adsorption/desorption isotherms for five different shale samples
(three gray shales and two black shales) from the Illinois basin by dynamic vapor sorption (DVS). The
adsorption isotherms are analyzed and fitted to a Guggenheim, Anderson, and De Boer (GAB) model and
to a Freundlich model over the applicable range of R;, values. Shale hydration mechanism at different R},
values are discussed using combined GAB and Freundlich analyses inclusive of isosteric heat of sorption,
which is calculated based on the well-known Clausius-Clapeyron equation. Additionally, SSAs measured
by water and N, adsorption are contrasted, and the correlation between water adsorption and N, adsorption
is discussed. Furthermore, role of mesopore condensation in water adsorption at different Rj, values is also
quantitatively studied based on the characterized pore size distribution and the well-known Kelvin equation.
Finally, the relative roles of clays and kerogen in shale hydration are discussed.

SANG ET AL.

7213

85UB017 SUOWIWOD 3A 810 3ol dde au Aq peusenob ae sajoliie YO ‘8sn JO Sa|nJ 1oy Afeid78UIIUO AB|IM UO (SUORIPUOD-PUR-SLLIBY WD A8 I ARe.q) 1 BuI|UO//Sd1Y) SUORIPUOD PUe swie | 8up 89S *[£202/60/22] U0 A%iqiTauliuo A8|iM ‘10 0jul d ISHON DA Aq Z661:204M6T0Z/620T 0T/I0p/wod" A8 1M Areiqipuljuosqndnfe;/sduy wo. pepeojumod ‘g ‘6T0Z ‘€L6.176T



AAAAAAAAAAAAAA
'AND SPACESCIENCE.

Water Resources Research 10.1029/2019WR024992

Illinois
&
e
Indiana AR ,&\SC'A“\
Co

ﬂb é@\'\

No.6 Coal S
0

5A Rock
No.5A Coal Seam

Bear Run Mine, Carlisle, Indiana

‘lllinois Basin

% Sampling Location

A

North Kentucky

0 30 60

C———

Miles

Figure 1. Shale sampling locations from coal mines in the Illinois basin.

2. Materials and Methods

2.1. Sample Collection, Preparation, and Characterization

A total of five different shale samples were collected from two coal mines in Illinois basin (Figure 1). Among
the five shale samples, four (6R, 6F, 5A, and 7R) were collected from the Bear Run Mine located at Carlisle,
Indiana, with the final sample (H6) recovered from the Wildcat Hills Mine located at Equality, Illinois. The
samples are labeled relative to the adjacent coal seams. The lithostratigraphic column of the sampled strata
isillustrated in Figure 1 with the four shale samples 6R, 6F, 5A, and 7R named after their corresponding coal
seams (i.e., 6R gray shale and 6F black shale from No. 6 coal seam [Hymera], SA gray shale from No. 5A coal
seam [Springfield], and 7R gray shale from No. 7 coal seam [Danville], and Hé6 for the Herrin No. 6 coal
seam). Among the five shale samples, the three gray shales (6R, 5A, and 7R) have no organic content
(TOC ~0%) with the two black shales containing ~31.4% (6F) and ~21.4% (H6) TOC. The thermal maturity
of the organic shales (6F and H6) is indexed by vitrinite reflectance (R,) of the kerogen—as 0.31% (6F)
and 0.71% (H6), indicating a fairly low maturation. The mineralogical compositions for each sample are
listed in Table 1. The three gray shales (6R, 5A, and 7R) share the same type of mineral compositions with
no pyrite and carbonates, while the two black shales contain similar amounts of pyrite (2.7% and 3.1%,
respectively) with the 6F shale containing 1.4% calcite and the H6 shale containing 3.3% dolomite. Overall
the five shale samples have relatively high illite contents, among which black shale H6 contains both the
highest illite (29.3%) and montmorillonite (8.6%) contents. The functionalized oxygen-to-carbon (O/C)
atomic ratio are 20.4% (+0.6%) for 6F shale and 5.0% (+1.6%) for H6 shale, which were measured by X-
Ray Photoelectron Spectroscopy in Materials Characterization Laboratory at Penn State University.

2.2. Pore Structure Characterization

Low-pressure N, adsorption at 77 K were performed on all five shale powder samples (60-80 mesh) using a
Micromeritics ASAP 2020 in the Materials Characterization Laboratory at Penn State University. Prior to
each N, adsorption experiment, the shale sample was automatically degassed at ~80 °C for ~16 hr to avoid
potential damage of kerogen in the two black shales. Compared to the low pressure N, adsorption experi-
ment for pore characterization, mercury intrusion porosimetry (MIP) for one gray shale (5A) and the two
black shales (6F and H6) were also performed using a Micrometrics Autopores V 9620 located in the
Materials Characterization Laboratory at Penn State University. A detailed description of the N, adsorption
results (6R, 5A, 6F, and H6) and MIP results (5A, 6F, and H6) have been reported in a previous study (Sang
et al., 2018).
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Table 1
Mineralogical Composition of Shale Samples Based on XRD Analysis (%)
Clays Mica Other phyllosilicate minerals Feldspar Carbonates ToCP*®

Sample Quartz Illite Mont.® Muscovite Chlorite Clinochlore Dickite Halloysite Palygorskite  Albite  Pyrite Calcite Dolomite  TOC

6R 14.2 21.5 = 29.3 = 28.9 3.4 = = 2.7 = = = =
5A 17.3 27.7 = 21.2 = 14.7 15.7 = = 3.4 = = = =
7R 26.6 29.9 = 12.3 = 11.7 9.7 = = 9.9 = = = =
6F 16.7 20.1 — 6.0 8.6 — — — 12.3 0.8 2.7 1.4 — 314
Hé6 17.7 29.3 8.6 5.0 = = = 11.6 = = 31 = 33 214

Note. XRD = X-ray diffraction.

aMont. stands for montmorillonite. °TOC refers to total organic carbon (kerogen). The vitrinite reflectance (R,) of kerogen in 6F and H6 were 0.31% and 0.71%,
respectively. “The functionalized oxygen-to-carbon (O/C) atomic ratio are 20.4% (20.6%) for 6F shale and 5.0% (1.6%) for H6 shale, which were measured by
X-Ray Photoelectron Spectroscopy in Materials Characterization Laboratory at Penn State University.

2.3. DVS

Water vapor sorption isotherms were recovered for powdered samples of the shale using DVS. The DVS
instrument (Figure 2) accurately determines water vapor ad/desorption isotherms as well as kinetics at each
pressure step. During each experiment, a gas flow stream with a fixed flow rate of 200 standard cubic centi-
meters per minute (sccm) was continuously supplied into the sample chamber. The relative humidity,
equivalent to the partial pressure ratio p/p, of water vapor, was adjusted by two mass flow controllers by
mixing a dry N, stream with a wetting N, stream containing 100% humidity. The mass change of the sample
due to water vapor ad/desorption was continuously monitored and recorded by an ultrasensitive microba-
lance capable of measuring to a resolution of 0.1 ug + 1%. To avoid potential condensation of vapor in the
balance chamber and to ensure optimal performance of the microbalance, dry purge gas was constantly flo-
wed through the balance chamber at a rate of 70 + 10 sccm and a temperature of 40 °C. Powdered samples
(60-80 mesh) in native state in batches of ~10-20 mg were loaded onto a small pan suspended on a micro-
balance. The R, value started from 0 to achieve the initial dry condition, followed by a full cycle of
adsorption/desorption measurement with a stepwise increase/decrease of Ry, by +0.1. The equilibrium state
is defined when mass change is less than or equal to 0.002% per minute and maintained stable for ten min-
utes. For each sample, three temperatures (20, 30, and 40 °C) were performed to obtain each ad/desorption
isotherm. The reproducibility of the laboratory results was confirmed by performing three repeats of
each experiment.

Figure 3 shows a typical suite of raw data for water vapor sorption on the black shales (6R and H6) for a full
wetting and drying cycle at 30 °C. Under initial dry conditions (R,~0%), the residual water desorbs and mass
of the sample decreases to a constant value—taken as the mass of the dry sample (or reference mass). Water
vapor adsorption/desorption isotherms are then directly recovered from the difference between the refer-
ence mass and the equilibrium mass of shale samples at a prescribed R,

3. Results and Discussion

GAB and Freundlich models, together with an analysis of the isosteric heat of sorption, are applied to study
the water vapor sorption behavior of the five shale samples. Please refer to the appendix for the details of
these models and theories. In particular, we focus on determining SSA using two probing gases (N, and
H,0) and use these outcomes to describe respective sorption mechanisms. These contrasting behaviors
are then linked to the roles of clay minerals and kerogen in controlling shale hydration processes as a func-
tion of Ry,.

3.1. Water Sorption Isotherms

The water vapor ad/desorption isotherms for all five shale samples at 30 °C are presented in Figure 4. These
adsorption isotherms follow type II adsorption patterns according to International Union of Pure and
Applied Chemists classification (Thommes et al., 2015) except for the H6 black shale. As is shown in
Figure 4, the adsorption isotherm of the H6 shale is similar to type II except at high R, (>0.85) where it
shows no obvious condensation. The water adsorption isotherms (Figure 4) are sample dependent,
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Figure 2. Dynamic vapor sorption (DVS) apparatus. (a) Schematic and (b) photograph. MFC refers to the mass flow
controller.

resulting from the specific variations of mineralogical composition and/or pore morphology. Unlike N,
sorption, which is predominantly controlled by pore structure, water vapor sorption behavior in shales is
known to be influenced by the combined effects of surface chemistry and micropore structure (Seemann
et al., 2017; Thommes et al., 2013). Based on the X-ray diffraction results, samples 6R, 5A, 7R, and 6F
contain no expansive clay minerals. The water adsorption rates of these four shales vary with Rj, from the
range 0 to ~0.95. These type II adsorption isotherms can be divided into three segments, as shown in
Figure 4: (a) a rapid increase in sorption mass/volume at low R, (0-0.25) where monolayer adsorption
dominates, (b) a moderate increase over the intermediate R; range (0.25-0.85) where multilayer sorption
occurs after monolayer adsorption is complete, and finally, (c) a rapid increase in sorption at high Ry,
(0.85-0.95) that continues, without reaching a plateau, where capillary condensation dominates (Allardice
& Evans, 1971; Tang et al., 2017, Wan et al., 2016). However, for the H6 black shale, containing 8.6%
montmorillonite, only one inflection point is observed (R, ~0.25), dividing the adsorption isotherm into
only two segments—a rapid increase at low R, (<0.25) followed by a linear low-gradient segment
between 0.25 < Rj, < 0.95. This is consistent with water adsorption isotherms for montmorillonite
reported in the literature (Hatch et al., 2012) with linear form at high R;,. Thus, multilayer adsorption,
followed by capillary condensation, may not be an appropriate mechanism for the hydration of shales
containing montmorillonite (Feng et al., 2018; Hatch et al.,, 2012), which rather shows a stepwise
interlayer hydration mechanism and exhibits sigmoid-type adsorption curves (Cases et al., 1997; Ferrage
et al., 2010; Mooney et al., 1952b). This has also been validated by X-ray diffraction profiles recovered for
montmorillonite under controlled humidity (Bérend et al., 1995; Cases et al., 1997; Ferrage et al., 2010).
Instead of the sigmoid-type adsorption curves, representing the transitions from zero to one to two
interlayer water sheets, the adsorption isotherm of the H6 shale is smooth and unstepped. This can be
attributed to a collective effect of capillary condensation in the shale micropores/mesopores at high R,

100 5 129 100 - 144
(@) (b
80 80 4143
q 1259
S B
& 5 &
5 60t g g < i
£ g 1125 £ Z
= s = ]
2 40t 2 a0t ~ 1141
= =
Y v
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—RH —Sample mass ——Sample mass
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Figure 3. Typical water vapor sorption measurements—raw data recovered from the dynamic vapor sorption analyzer for the black shales: (a) Sample 6F and

(b) Sample H6, both at 30 °C.
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Figure 4. Water vapor ad/desorption isotherms for the five shale samples at 30 °C.

and hydration heterogeneity (Cases et al., 1997; Ferrage et al., 2005, 2010; Michot et al., 2005), which is
caused by a continuous distribution of hydration states in montmorillonite.

Among samples 6R, 5A, 7R, and 6F (Figure 4), the 6F black shale has the highest water vapor adsorption
while the 7R gray shale has the lowest over the entire range of R;,. This finding is consistent with the N,
adsorption results (Figure 5) and MIP results (Figure 6), demonstrating that relatively high total pore volume
and/or SSA tend to have a higher water adsorption capacity for shales containing negligible fractions of
expansive clays. The discrepancy in the mass/volume of water versus N, adsorption at the same relative pres-
sure is mainly attributed to, apart from pore-water interaction, the involvement of surface chemistry con-
trolled by mineral surfaces, cation types, functional groups and wettability (Akin & Likos, 2014; Hu et al.,
2014; Thommes et al., 2013). Comparing Figure 4 to Figures 5b and 6b, despite representing the lowest pore
volume and/or SSA recovered from N, adsorption and MIP results, the H6 black shale shows the highest
water adsorption at low Ry, (<0.6) and an intermediate value at high R, (>0.85). The intelayer cation hydra-
tion of expansive montmorillonite may be the root cause of the remarkable water adsorption capacity of the
H6 shale at R;, < 0.6. Apparently, the interlayer surface area of montmorillonite, which is far larger than its
external surface area, is inaccessible to N, moleclues and this may preclude its probing by low-pressure N,
adsorption technique (Aylmore & Quirk, 1967; Diamond & Kinter, 1956; Hendricks et al., 1940; Mooney
etal., 1952a) and MIP technique (Sang et al., 2018). Apparent from the N, adsorption results and MIP results
(Figures 5b and 6b, respectively), the external pore volume and SSA for the black shale (H6) are a minimum
which explains the low water vapor adsorption capacity for R;, > 0.85—where water consendation may be
limited by small external pore spaces. This is also apparent in the trend of adsorption isotherm that H6 exhi-
bits a less sharp water uptake at Rj, > 0.85 than other shales. The lack of an obvious upwards concave portion
of the isotherm for H6 shale at high R, may be attributed to the reduced dominance of vapor condensation
due to the limited “external” pore volume. It is notable that capillary condensation in shale
micropores/mesopores, together with hydration heterogeneity in montmorillonite (Cases et al., 1997;
Ferrage et al., 2005, 2010; Michot et al., 2005), results in the smoothing of the hydration isotherm in the
H6 shale at high R, (>0.85).

3.2. Hysteresis Behavior of Tested Shales

The hysteresis of water vapor ad/desorption on shale has been reported in previous studies (Seemann et al.,
2017; Tang et al., 2017; Zolfaghari, Dehghanpour, & Holyk, 2017). The water vapor ad/desorption isotherms
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of the five shale samples are hysteretic, which may be explained by the following mechanisms. At high R,
values where there exists capillary menisci or water film, the hysteresis is usually associated with differences
in mechanisms of condensation and evaporation due to the structural heterogeneity of the mesopores. This
includes the role of specific curvature in contact with the vapor at a specified relative pressure during capil-
lary condensation being different from that during evaporation (Gregg et al., 1967; Katz, 1949; Sing, 1985). At
low Ry, values where sorption-water dominates, the sorption hysteresis can be related to particle surface
hydration controlled by the adsorptive surface forces (Lu & Khorshidi, 2015; Tuller et al., 1999). For H6 shale
containing expansive montmorillonite, the hysteresis of water vapor sorption at low R, values could also be
involved with the crystalline cation hydration in montmorillonite, since the intermolecular forces between
crystalline layers during cation hydration is stronger than that during dehydration due to clay swelling, caus-
ing cation hydration harder to occur than dehydration (Lu & Khorshidi, 2015).

3.3. Modeling Analyses

3.3.1. GAB Modeling Analysis

The measured water vapor sorption isotherms were fitted and analyzed by the GAB model (see the details in
the Appendix Al) over the entire R), range (0-0.95). Table 2 presents the GAB parameters including V,,, C,
and a correction factor K. The corresponding goodness of fit indexes of the GAB model are also shown in
Table 2, indicating the remarkable fit of the results (R2 > 0.99). Apart from the GAB model, BET multilayer
sorption theory may also work for the interpretation of water vapor sorption data at lower R, ranges (0.05-
0.35) (Do, 1998). However, for the five clay-rich shales especially H6 shale, which contains a fairly amount of
expansive montmorillonite, BET model may fail to interpret monolayer coverage of water vapor due to the

Hg intrusion and extrusion curve  (a) 0.08 - (b)
——5A
——5A int ——5A ext &0
- L
-=-GF_int —-6F_ext E —=-6F
= = °E: 0.06 -
—+—HG6_int —4—H6_ext Ei 116
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2 0.04 |
=
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“
2
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g
=
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Figure 6. Mercury intrusion porosimetry results for 5A, 6F, and H6 shale: (a) Mercury in/extrusion curves (Sang et al., 2018); (b) cumulative pore volume.
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Table 2
GAB Modeling Parameters of Adsorption Isotherms (0-0.95) for the Five Shales at 30 °C
Model coefficients Goodness of fit indexes
Shale
Model type type Vi C K RH. SSE R? RMSE
GAB (0-0.95) 6R 0.53 5.09 0.82 0.37 8.47E—-04 0.999 1.03E-2
5A 0.33 7.46 0.84 0.32 3.84E—-04 0.999 0.69E—2
7R 0.29 5.74 0.86 0.34 3.92E—-04 0.999 0.70E—2
6F 0.51 13.17 0.87 0.25 1.51E-02 0.998 4.34E-2
Ho 0.80 9.84 0.61 0.39 8.59E—04 0.999 1.04E-2

Note. RH,. refers to the critical Ry, at which monolayer coverage completes for GAB fit. RMSE = root-mean-square error; SSE = sum of squares of the error.

05+

| 6R
X S5A

—6R Fr
—5A Fr

High strength regime

involvement of cation hydration and/or induced clay swelling (Akin & Likos, 2014; Khorshidi et al., 2017).
Instead, the GAB model is recommended for the estimation of monolayer sorption and surface area and
(Arthur et al., 2018; Timmermann, 2003). As a matter of fact, GAB equation reduces to the BET equation
if K = 1, under which circumstances the heat of multilayer adsorption is equal to the heat of liquefaction.
K values in Table 2 are less than 1, indicating that heat of multilayer adsorption of water molecules is less
than the heat of liquefaction (Arthur et al., 2016, 2018). Therefore, in this study, we apply GAB parameters
to describe respective sorption mechanisms in the five shales.

From Table 2, the two black shales (6F and H6) behave higher C values, indicating stronger binding strength
of water to the primary binding sites than the three gray shales. Highest C value for the 6F black shale may
be due to the high content of the hydrophilic oxygen-containing functional groups (O/C = 20.4%) in the
immature organic matter (R, = 0.31%), providing principal sites for strong hydrogen bonding (Allardice &
Evans, 1971; Nishino, 2001). The relatively high C value for the H6 black shale possibly results from the
strong intermolecular bonding between water molecules and shale surfaces, including hydrogen bonding
and cation-dipole attraction in montmorillonite (Mooney et al., 1952a, 1952b). According to Table 2, the
7R gray shale has the smallest C value and thus the smallest intermolecular bonding between water mole-
cules and mineral surfaces.

The GAB monolayer adsorption Vi, for all five tested samples are also listed in Table 2. V;,, shows the same
sequence with the amount of water vapor adsorption at lower R, values in the order: H6 > 6F > 6R > 5A >
7R. Particularly, H6 shale containing expansive montmorillonite presents the highest V,,, which is attribu-
ted to the significant contribution of cation hydration and clay swelling at higher Rj, values (Arthur et al.,
2018). The relatively large monolayer capacity directly corresponds to a large SSA. The SSA obtained from
water adsorption, and its difference to the SSA obtained from N, adsorption is discussed later in
section 3.5. Additionally, for the four illite-rich shale samples, that is,
6R, 5A, 7R, and 6F, the critical R, at which monolayer coverage completes
at 0.37, 0.32, 0.34, and 0.25, respectively. These values are approximately
consistent with a study by (Newman, 1983) that monolayer coverage for
non-swelling clays is completed at the critical Ry, of 0.47 divided by a cor-
rection factor 1.7. For H6 shale containing montmorillonite, the critical R,
is 0.39, which is smaller than the critical R, (0.47) for swelling clays
reported in the study (Newman, 1983) but similar to that (0.34) reported
in another study (Arthur et al., 2018).
Low strength ) . .
regime 3.3.2. Freundlich Modeling Analysis

=> The experimental data for the five shale samples show two distinct linear
regions (Figure 7) when plotting them in the linear form of the Freundlich
model (see the details in the Appendix A2). The two distinct linear regions

Qe

Figure 7. Adsorption isotherms for the five shale samples at 30 °C recovered

In(RH)

-1 0.5 0 can be fitted by the Freundlich model separately with the corresponding
Freundlich constants k and n presented in Table 3. Variable k represents
water adsorption capacity with n, the reciprocal of the slope of the plot

from linear fits of the Freundlich model. Note the two distinct linear regions of InV versus InRy, represents the adsorption strength. The two distinct

and the critical Ry, value at the inflection point (Rj, ~0.6).

regions represent two different adsorption regimes, depending on the
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Table 3

Freundlich Modeling Parameters of Adsorption Isotherms of the Five

Shale Samples at 30 °C

value of n: a high adsorption strength regime at low Rj, values and a low
adsorption strength regime at high R, with a transitional relative humid-

Model coefficients Goodness of fit indexes

ity of RH, ~0.6. The presence of twin adsorption regimes recovered from
the Freundlich model has been observed in previous studies of water

RMSE adsorption on clay minerals (Feng et al., 2018; Hatch et al., 2012; Zhang

et al., 2016). This model is capable of describing experimental adsorption
188F—2 0970 7.92E—2  data at a broad range of Ry, values.

In the stronger adsorption regime (Rj, < 0.6), a similar trend of k with the
2.00E—3 0999 225F—2  trend of monolayer capacity Vi, (Table 2) is observed as H6 > 6F > 6R >
232E-2 0967 8.80E—2  5A > 7R. For the weaker adsorption regime (R, > 0.6), k values of the five
5.90E-3 0995 3.83E-2  ghales have the following trend: 6F > 6R > H6 > 5A > 7R. This is consis-
tent with the ordered trend of the sorption isotherms for the five shale

Shale
Model type  type  k n RH® SSE R?
Freundlich 6R 1.24 120 ~0.6 1.71E-2 0.989 6.54E—2
k,n 2.37 049
5A 0.83 1.28 540E-3 0996 3.67E-2
1.61 048 2.57E—-2 0.961 9.25E-2
7R 0.75 1.14
148 0.46
6F 141 1.40
2.82 047 4.88E—2 0.930 1.28E—1
H6 145 1.59 2.00E—3 0.998 2.23E-2
1.84 0.94 1.80E—3 0.989 2.48E-2

samples. Therefore, the Freundlich constant k predictively represents

Note. RMSE = root-mean-square error.
4RH, refers to the critical Ry, at which the transition of the two distinct

regimes occurs for Freundlich fit.

the water adsorption capacity in both strong and weak
adsorption regimes.

From Table 3, the values of n for all shale samples are greater than unity at

low Ry, suggesting a strong affinity to water vapor. Conversely, the n
values at high R, are smaller than unity, indicating a weaker affinity to water vapor. For the stronger adsorp-
tion regime (R, < 0.6), the H6 black shale presents the strongest adsorption strength (n = 1.59), followed by
the 6F black shale (n = 1.4), and the sample 5A (n = 1.28), 6R (n = 1.20), and 7R (n = 1.14) gray shales. This is
consistent with the parameter C, recovered from the GAB analysis, indicating again that the two black shales
show stronger adsorption strength, which is possibly due to the presence of kerogen containing hydrophilic
carbonyl and hydroxyl groups (6F shale) and/or montmorillonite (H6 shale) containing interlayer
exchangeable cations.

From Table 3, in the weaker adsorption regime (R;, > 0.6), the H6 black shale retains a stronger adsorption
strength (n =0.94) than the other four shale samples (n = ~0.5). As suggested by the X-ray diffraction pat-
terns of montmorillonite during hydration (Cases et al., 1992), two or three water sheets can be formed in
the interlamellar spaces at R, magnitudes between 0.5 and 0.93. Therefore, cation-dipole attraction may still
contribute to a stronger adsorption strength of the H6 black shale in the weaker adsorption regime (Rj, >
0.6). As observed in Figure 7, the amount of water adsorption at R, ~0.95 deviates upwards from the low
adsorption regime curve, indicating a lower adsorption strength (smaller n value) at this R,. This can be
attributed to the predominance of condensation effects in the mesopores, resulting in a reduced adsorption
strength due to the only weak dipole-dipole interaction between water molecules.

3.4. Isosteric Heat of Sorption

Sorption isotherms of the five shales are temperature dependent (Figure 8)—water vapor adsorption on sam-
ples 6R, 5A, 7R, and 6F under different humidity environments are negatively correlated with temperature.
Higher temperature tends to enhance the excitation of water molecules, reduce the intermolecular distance,
and reduce the interaction energy between water molecules and solid surfaces. Consequently, water mole-
cules are unstable at higher temperature and tend to be desorbed from the adsorption sites, causing the
reduction of equilibrium moisture content at a specific Rj, value due to the decrease of mutual attractive
forces. The isosteric heat of adsorption is one of the most fundamental thermodynamic quantities to describe
the energy of interaction or intermolecular bonding between water molecules and solid surfaces (Myers,
2002). Figure 9 presents the water vapor adsorption as a function of vapor pressure (p) at different tempera-
tures (T) along with plots of In(p) against (1/T) for sample 6R. For a specific vapor pressure, AH,qs values
can be deduced from the slope of the plot In(p) against 1/T via the Clausius-Clapeyron equation
(equation (B1) in Appendix B).

The isosteric heats of adsorption (AH,4) for the tested shale samples (Figure 10) are negative, ranging from
~44 to 54 kJ/mole at a water adsorption of ~0.1-1.8 mmol/g, and as such represents an exothermic process.
The heat of adsorption for the tested shales decreases smoothly with increased water content and progres-
sively approaches the latent heat (AHy,o) of vaporization of pure water at ~30 °C. This can be attributed
to a continuous distribution of the binding sites for water adsorption. At low R, water molecules adsorb
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Figure 8. Effect of temperature on water adsorption on sample 6R as a function of Ry, (a) and partial pressure (b) of water vapor.

on the more active sites where there is stronger intermolecular bonding between water molecules and solid
surfaces. As Ry, increases to the relative higher values, water molecules adsorb in the less active sites and
multilayer adsorption occurs. At high Rj, values, vapor condensation in capillary pores dominates which
is associated with a weak dipole-dipole interaction between water molecules. In other words, adsorption
will occur initially at the most active sites with the highest interaction energy released. As R, increases,
adsorption/condensation gradually occurs at the less active sites with lower interactive energies released
(McLaughlin & Magee, 1998). No distinct transition from monolayer to multilayer and to capillary
condensation is observed since monolayer/multilayer adsorption on more flat surfaces and condensation
in smaller capillaries can occur simultaneously at different pore sites (Allardice & Evans, 1971). The
observation that the values of AH,q4, are larger than AHy,o also indicates that intermolecular bonding
between water molecules and the sorption sites is higher than that between water molecules of the
condensed pure water (Masuzawa & Sterling, 1968). A similar trend has been reported for water vapor
adsorption on sodium montmorillonite (Mooney et al., 1952a), Marcellus shale (Tang et al., 2017), lignite
(Wan et al., 2016), and on foods (Quirijns et al., 2005).

Among the five shale samples, sample H6 presents the highest isosteric heat of adsorption followed by sam-
ples 6F and 6R, while samples 5A and 7R present the least. This is overall consistent with the GAB analysis
and the Freundlich analysis described in section 3.3. Besides, sample H6 (black shale) presents a higher isos-
teric heat of adsorption than vaporization of pure water at high water content, consistent with the
Freundlich analysis. This can be attributed to hydration in the interlamellar space of the montmorillonite
at high R, values (Cases et al., 1997; Ferrage et al., 2010; Mooney et al., 1952b) where a relatively higher

interaction energy is maintained due to a strong cation-dipole attraction.

3.5. Comparison of N,-SSA and H,0-SSA

The SSAs of the five shale samples can be calculated from the water
adsorption isotherms by multiplying the number of monolayer water
molecules by the cross-sectional area of a single water molecule (10.6
A% Newman, 1983). A comparison of SSAs of the five shale samples eval-
uated from both N, and water adsorption is shown in Figure 11. SSAs
recovered from water adsorption are larger than those recovered by N,
adsorption for all samples. Presumably, the adsorption of water and nitro-
gen occupy the same surface sites if we consider merely Van der Waals
force and ignore the size effect of water molecule and nitrogen molecule.
However, due to the polarity of water molecules, a complex surface chem-
, istry (Seemann et al., 2017; Thommes et al., 2013) can cause greater water

In(p) v.s. (1/7)
8t
-~ =
15}
< 1T S
A~ 8
S 5
<
=2 6 s
=
.=
8
St g
4 . .
0.00315 0.00325 0.00335 0.00345

UT, K

adsorption than N, adsorption at the same relative pressure, since the
intermolecular bonding between water molecules and shale surfaces

Figure 9. Isosteric curves of sample 6R at various water contents from 0.1- (such as hydrogen bonding and ion-dipole attraction) are much higher

1.8 mmol/g.

than the Van der Waals forces between shale surfaces and nitrogen
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Heat of adsorption, kJ/mol

molecules (Mooney et al., 1952a). This can lead to a larger monolayer cov-
erage “area” for water molecules where nitrogen molecules cannot be
adsorbed, due to smaller Van der Waals forces. Particularly, for expansive
clay minerals, such as montmorillonite containing multiscale pore struc-
tures, the “internal” interlamellar pore spaces are inaccessible to nitrogen
molecules (Aylmore & Quirk, 1967; Diamond & Kinter, 1956; Hendricks
et al., 1940; Mooney et al., 1952a) due to the lack of cation-dipole attrac-
tion. Water molecules, however, can be adsorbed by the exchangeable
cations in these interlamellar spaces (<2 nm) of the two sandwiched
layers. This is due to the cation-dipole attraction inducing a remarkable
increase of interlayer distance, known as clay swelling, which in turn con-
tributes significantly to water adsorption (Hatch et al., 2012; Hendricks

40
0

0.5

Water content, mmol/g

et al., 1940; Mooney et al., 1952b). Additionally, water can also be
adsorbed on the external surfaces, interparticle mesoporous spaces (2-50

Figure 10. Isosteric heat of adsorption as a function of water content for the 1) and macroporous spaces between aggregates (>50 nm; Cases et al.,
tested shales. The latent heat (AHyy,0) of vaporization of pure water at ~30  1992; Ferrage et al., 2005; Salles et al., 2010). As expected, among all the

°C is also shown (horizontal red dashed line).

50
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Figure 11. SSAs of the five shale samples obtained from low-pressure N,

shale samples, sample H6 containing 8.6% montmorillonite records an
“abnormally” largest H,O SSA despite having the smallest N, SSA (8.9
m?/g), as is shown in Figure 11. The inaccessible porosity/SSA of sample H6 (black shale) has also been jus-
tified by small angle neutron scattering (SANS) measurements capable of detecting the pore spaces inacces-
sible to N, molecules (Sang et al., 2018).

3.6. Role of Mesopore Condensation

Based on Kelvin equation, the ratio of capillary water in mesopores (2-50 nm) to the measured water adsorp-
tion at different R;, (Figure 12) was estimated through the pore size distributions for the five shales, which
were obtained by the low pressure N, adsorption experiment from adsorption branches (see supporting
information Figure S1). Figure 12 shows that mesopore condensation contributes increasingly to the total
water adsorption as Ry, increases. For the four shale samples (6R, 5A, 7R, and 6F), mesopore condensation
at R, < 0.4 is insignificant while it starts to dominate at R, > 0.9. The low contribution of mesopore conden-
sation to total water adsorption at R, < 0.4 can be attributed to the dominant roles of particle surface hydra-
tion and/or cation hydration which are mainly controlled by surface forces, cation capacity and types. For
H6 shale, the contribution of mesopore condensation is lower than ~33% throughout the entire measured
range of R;, (0-0.95). There are two possible explanations. On the one hand, condensation in mesopores is
limited due to the small external mesopores, as indicated by N, adsorption (Figure 5b) and MIP results
(Figure 6b). On the other hand, interlayer cation hydration in montmorillonite and induced-swelling play

an important role in total water adsorption throughout the measured Rj,

range, leaving the less dominant role of capillary condensation in

EN: SSA
EH.O SSA

mesopores. This is also consistent with previous modeling analyses and
analysis of heat of sorption that the interaction energy for H6 shale at high
Ry, values is still relatively strong compared to other samples. Note that

Shale Samples

sorption thickness is neglected in this study, which may lead to a slight

underestimation of the mesopore condensation based on Kelvin equation

(Barrett et al., 1951). Besides, due to the limitation of low pressure N,

adsorption, which only characterizes pores larger than 1.7 nm based on

I BJH adsorption branch, micropore filling and condensation in large
7R 6F H6

micropores (smaller than but close to 2 nm) are not considered in
this study.

3.7. Role of Clay Minerals and Kerogen

For shales containing nonexpansive clay minerals, such as kaolinite and
illite, layer-by-layer adsorption followed by vapor condensation at high
Ry, is a satisfactory model for water vapor adsorption behavior (Feng

adsorption at —196 °C (77 K), and SSAs obtained from water vapor adsorp- ~ €t al., 2018; Hatch et al., 2012; Schuttlefield et al., 2007). Hydration in

tion (green bar) at 30 °C. SSA = specific surface area.

shales containing expansive montmorillonite, however, may not follow
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Kelvin pore diameter, nm
4.0 5.7 92 194 399

1.7 22 3.0

this conventional trend. This is because hydration in montmorillonite is
fundamentally different to that for nonexpansive kaolinite and illite. At
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Ry, values below 0.1-0.2, monolayer molecular hydration occurs on the
“external” particle/pore surfaces (Keren & Shainberg, 1975; Salles et al.,
2008). At higher Ry, values, multilayer adsorption of water vapor in these
“external” particle/pore surfaces begins and capillary condensation in
mesopores then occurs with the further increase of R, values.
Concomitantly, water molecules also start to hydrate on the “internal”
surfaces and/or at the interlayer cations to form a discrete number (typi-
cally 1 or 2) of interlayer water sheets (Cases et al., 1992; Ferrage et al.,
2005; Salles et al., 2008). This results in a remarkable interlamellar swel-
ling which in turn contributes to further water adsorption and/or conden-
sation at high Rj, values (Hatch et al., 2012; Hendricks et al., 1940; Mooney
et al., 1952b). Therefore, water adsorption on shale containing expansive

0.6 0.7 0.8 0.9 1 clays involves a complex interlayer cation hydration process, which may

Relative humidity not be fully represented by monolayer/multilayer sorption and capillary

condensation in shales containing only nonexpansive clays.

Figure 12. Ratios of mesopore (2-50 nm) condensation based on Kelvin . . .
equation to measured water adsorption at different Ry, values for the five Shale organic kerogen, especially for low thermal maturity kerogen, may

shale samples at 30 °C.

Weakly-interacting

water molecules ~_

L..’
¥

o
Stroné =
hydrogen bond

Monolayer
adsorption

also play an important role in shale hydration. This is due to its potential

of containing a large number of micropores/mesopores (Liu et al., 2019)
and hydrophilic functional groups (Hu et al., 2014, 2016). As measured by X-ray Photoelectron
Spectroscopy, the functionalized oxygen-to-carbon (O/C) atomic ratio for 6F shale comes to 20.4%, which
is much higher than that for H6 shale (only 5.0%). This high functionalized oxygen-containing functional
groups together with the high porosity, as characterized by N, sorption and MIP intrusion, could lead to a
relatively high water sorption capacity for 6F shale than other shales (Figure 4). Figure 13 shows a sche-
matic of the water adsorption process in kerogen containing both hydrophilic and hydrophobic sites.
For hydrophilic sites, water molecules absorb on the surfaces of oxygen-containing groups through hydro-
gen bonding at low R, values. These form clusters on the preadsorbed molecules or condense in these
hydrophilic pores at high R;, values (Charriére & Behra, 2010; Mahajan & Walker, 1971; McCutcheon
et al., 2003; Svabovd et al., 2011). Therefore, hydrophilic pores in kerogen can contribute to the total
amount of hydration in organic-rich shales. For hydrophobic sites, the lack of hydrogen bonding with
functional groups causes almost no water adsorption at low Rj values, since intermolecular interaction
between water molecules and the surface is less than the mutual water-water interaction. Though there
is negligible water adsorption on these hydrophobic pores at low R, values, water clustering may still occur

Hydrophobic sites Cluster - Formation
formation : — of highly
ordered
structures

Multilayer i Capillary
adsorption ~ condensation

Hydrophilic sites Hydrophilic sites Hydrophilic sites

Figure 13. Schematic of water adsorption mechanisms in organic matter within shale containing both hydrophilic (functional groups) and hydrophobic sites. For
hydrophilic sites, monolayer adsorption occurs at low Ry, due to strong hydrogen bonding, and condensation dominates at high R, with weak dipole-dipole
attraction. For hydrophobic sites, water clustering, and condensation may occur at very high Ry, (Cailliez et al., 2008; Kimura et al., 2004).
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in these hydrophobic pores at high R, values (Cailliez et al., 2008; Kimura et al., 2004). In this sense,
hydrophobic pores in kerogen may also contribute to a certain degree to the total amount of hydration
in organic-rich shales. Water vapor adsorption in pure kerogen plays a significant role during gas extrac-
tion in gas shale reservoirs because methane will compete with water vapor for both adsorption and diffu-
sion (Wang et al., 2011). In this study, we can only measure and quantify the combined water vapor
adsorption for all the shale compositions and it is not feasible to quantify the relative contribution for each
constituent of the shale. Certainly, further studies will be required to characterize and quantify the pure
kerogen water adsorption behavior under in situ reservoir conditions.

4. Conclusions

Water vapor ad/desorption experiments are conducted for three gray shales (6R, 5A, and 7R) and two black
shales (6F and H6) from Illinois basin at various temperatures (20, 30, and 40 °C) and R, (0 to 0.95) using
DVS method. GAB and Freundlich models are applied to model the hydration mechanisms of the shale sam-
ples over the entire Rj, ranges. Shale hydration under different humidities is found to be closely related to
both surface chemistry and pore structure. The principal findings are summarized as follows.

Water vapor adsorption on the five shales is by pure physisorption. Layer-by-layer adsorption followed by
capillary condensation explains the observed water vapor sorption behavior on the shales containing no
expansive clays. At low Ry, water molecules initially adsorb on active shale particle/pore surfaces with high
isosteric heat of sorption, influenced by mineral surfaces, cation types, and functional groups. At very high
Rj, (>0.9), capillary condensation in mesopores starts to dominate and is mainly determined by the pore
structure. For shales containing montmorillonite, however, interlayer cation hydration and clay swelling
cannot be neglected.

The GAB model and the Freundlich model can describe the adsorption isotherms over the entire range of Ry,.
The Freundlich model reveals a strong adsorption strength at lower R, (<0.6) and a weak adsorption
strength at high R;, (>0.6).

Overall, the SSA measured by water adsorption is larger than that recovered from N, adsorption—due to the
complex surface chemistry occurring for water adsorption at low Rj values. For sample H6, containing
expansive montmorillonite, many interlayer voids/spaces in the montmorillonite are accessible to water
but inaccessible to N, molecules. This results in a much larger SSA measured by water than that by N,.
Despite this higher water adsorption at low Ry, values (<0.6) due to the large amount of interlayer spaces,
the amount of water condensation can still be limited at high Rj, values due to its small external pore volume.

Among the four shales containing no expansive clays, kerogen with high oxygen-containing functional
groups may lead to an overall higher water adsorption capacity for one organic-rich shale.

Appendix A: Water Sorption Isotherm Models

Al. GAB Model

The GAB model (Anderson, 1946; de Boer, 1953; Guggenheim, 1966) is an extension of the BET theory
(Brunauer et al., 1938) and is applicable over a more broad range of relative humidity. BET theory assumes
that the heat of adsorption after the completion of the monolayer is equal to the heat of liquefaction, whereas
the GAB model assumes that the heat of adsorption of the second and/or higher multilayers is less than the
heat of liquefaction, implying that molecules of the sorbate beyond monolayer adsorption continues to be
interacted with the sorbent surface. GAB equation introduces an additional parameter K in the following
expression.
VnKCRy,

V' = (1=KR,)[1-KR, + CKR;] (A1)

where V,,, and C are analogous to that in the BET equation, representing monolayer adsorption and a con-
stant related to heat of adsorption, respectively; K is a correction factor, quantifying the potential of multi-
layer molecules relative to the potential of bulk liquid.
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A2. Freundlich Sorption Model

The Freundlich model (Freundlich, 1932) is an empirical model to represent sorption on heterogeneous sor-
bents. Unlike the Langmuir model, the amount of adsorbed water is absent of a plateau at high Ry,. Also, the
adsorption rate of water at high R, is much smaller than the BET model (Do, 1998), which is functionally
unlimited. The linear form of the Freundlich model is defines as

InV = lnk + %lnRh (A2)

where Vis the sorbed volume; k and n are the Freundlich empirical constants recovered from regression of
the adsorption data and representing the sorption capacity and sorption strength, respectively.

A3. Error Analysis

Three indexes were calculated to evaluate the accuracy in the fitting of results: the sum of squares of the
error (SSE), the maximum degrees of freedom correlation coefficient squared (R%), and the root-mean-square
error (RMSE). The SSE measures the total deviation of the experimental values from the fitted values; R
measures how well the fit explains the variation of the data; and RMSE is an estimate of the standard devia-
tion of the random component in the data. These three indexes are mathematically given by the following
equations.

SSE = 2;11‘/”1‘ (Yi_ﬁi)z (A3)

m ~1\2
R —1— Zi:l(yi_.)_)i)z (A4)
i i=y1)

1 1/2
RMSE = |5, 0050 | (»3)

where y;,y; andy; are the experimental data, the fitted value and the mean of experimental data respectively.
Variable m is the number of data samples. For all models, lower values of SSE and RMSE and higher value of
R? indicate a better regression quality.

Appendix B: Isosteric Heat of Water Vapor Sorption

The differential enthalpy of the system (AH,q45) due to adsorption at a particular sorption site, known as the
isosteric heat of adsorption, plays an important role in describing the strength of the interaction between
water vapor molecules and adsorbent. This is a measure of the intermolecular bonding between water mole-
cules and sorbent surfaces. Assuming that the isosteric heat of adsorption is temperature independent, the
Clausius-Clapeyron equation allows the estimation of the heat of adsorption AH,4s as

dln(p) 1
{aum} , = TR (B

where p is the partial pressure of the water vapor (kPa); T is the temperature (K), and R is the universal gas
constant (J-mol™-K™1); and AH, 4 is the heat of adsorption at a specific water content ¥ (mmol/g). The heat
of adsorption AH,4s can be calculated from the linearized plot of InP versus (1/T) over a given moisture con-
tent range. Typically, the slope of this In(p)-versus-(1/T) is negative, defining AH, 4 as negative and prescrib-
ing that water adsorption is an exothermic process.
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