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ABSTRACT: The (mutual) interactions of water and cyclo-
hexanol with the pore walls and functional groups of Brønsted
acidic zeolites of the BEA type (H-BEA) have been investigated.
Upon reaction with Brønsted acid sites, water forms hydrated
hydroxonium ions limited in size by the sorption free energy,
creating in this way domains occupied by water. Organic
molecules, such as cyclohexanol, occupy the remaining unoccupied
volume. The pore size of the zeolite H-BEA stabilizes hydrated
hydroxonium ions (H+(H2O)10) that are two H2O molecules larger
than those formed in the smaller pore zeolite H-ZSM-5. Increasing
the density of hydroxonium ions by increasing the concentration of
aluminum in the zeolite gradually leads to less negative standard
free energy of adsorbed cyclohexanol. The increasing proximity of
positive charges of the hydroxonium ions induces a higher excess chemical potential of the sorbed molecule, which is manifested in a
weakened interaction strength with the zeolite pores.

1. INTRODUCTION
Zeolites are microporous aluminosilicates widely used as
sorbents and catalysts. Brønsted acid sites (BAS) are formed
by protons that balance the negative charges resulting from the
substitution of Si4+ by Al3+ at tetrahedral positions in the
framework.1,2 The well-defined crystallinity and near-molecular
pore dimensions make zeolites highly active and selective
catalysts for a variety of reactions.3−5 Thus, understanding the
interactions of molecules, such as functionalized hydrocarbons,
with BAS in the confined environments of zeolite pores is
important to control the physicochemical processes that
govern sorption and reactivity. The heterogeneous environ-
ment of zeolite pores (silica channels with OH groups of BAS)
determines the colligative properties of the zeolite, such as
surface tension and wetting, and imposes complex effects on
catalysis.

In aqueous environments, protons can be transferred to
water molecules, forming hydroxonium ions (H3O+), which
strongly affect sorption in the micropores.6−8 The constraints
of the pores not only influence sorption but also may stabilize
charged transition states of catalyzed reactions, enhancing
conversion rates compared to identical substrates and solvent
compositions in mesopores or bulk solution environments.9−11

For H-MFI, in the presence of water, hydrated hydroxonium
ions consist of one hydrated proton and approximately eight
water molecules, i.e., H+(H2O)8.

6 This size is determined by
the interactions with the pores, influencing the standard free

energy of the hydroxonium ion.6,12 As a result, the catalytic
activity of hydroxonium ions in the constrained environment is
up to 2 orders of magnitude higher than in solution.13,14 Thus,
understanding and tailoring the nature of water in zeolite pores
are crucial to predict and control rates of hydroxonium ion-
catalyzed reactions.

In this work, we quantitatively describe the pore environ-
ment of H-BEA to address the nature and thermodynamics of
the solvation of BAS and cyclohexanol in the presence of
water. We utilize a wide range of H-BEA zeolites with varying
BAS concentrations, minimizing the contribution of defect
sites on the sorption of water, and use the prototypical
cyclohexanol sorption and dehydration to exemplify the
catalytic chemistry of functionalized organic molecules under
such conditions.

2. EXPERIMENTAL METHODS
2.1. Chemicals. Octadecyltrichlorosilane (Sigma-Aldrich,

>90%), cyclohexanol (Sigma-Aldrich, 99%), cyclohexene
(Sigma-Aldrich, 99%, GC-grade), 1,3-dimethoxy-benzene
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(Sigma-Aldrich, 99%), dichloromethane (Sigma-Aldrich,
HPLC grade), tetraethylammonium hydroxide (Sigma-Aldrich,
35 wt % in H2O), hydrofluoric acid (Sigma-Aldrich, 48 wt % in
H2O), and sodium sulfate (Acros Organics, 99%, anhydrous)
were used as received without further purification.

2.2. Preparation of Low-Defect H-BEA. Low-defect H-
BEA zeolite was synthesized in the presence of fluoride. The
detailed procedures have been reported elsewhere.15,16 In brief,
we used a hydrothermal synthesis at 140 °C, starting with a gel
molar composition of SiO2: xAl2O3:(0.54 + 2x) TEAOH:(0.54
+ 2x) HF:(7 + 2x) H2O. The obtained solid was separated
from the liquid by filtration and washed with deionized water
until neutral pH. Afterward, it was calcined at 500 °C for 2 h in
synthetic air to decompose the tetraethylammonium cation
and to remove fluoride anions. Materials with different Si/Al
ratios (15 to 400) were prepared by changing the gel
composition.

2.3. Characterization. 2.3.1. Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES). The elemental
compositions of the materials were determined by using a
PerkinElmer 7300DV ICP-OES instrument. Prior to analysis,
the H-BEA samples (50−60 mg) were digested with HNO3 (3
mL)/HCl (2 mL)/HF (0.5 mL)/H2O (0.5 mL) in a sealed
vessel at 210 °C for 30 min. After cooling to room
temperature, 1.5 mL of saturated boric acid solution was
added and then heated at 180 °C for 20 min.
2.3.2. X-ray Diffraction (XRD). The diffractograms were

collected using a Rigaku Mini Flex II benchtop X−ray
diffractometer operated at 40 kV and 15 mA using Cu Kα
radiation (0.154056 nm). Measurements were conducted on a
rotating powder sample holder in the 2θ range of 5−90° with
0.02°/s step size.
2.3.3. N2 Physisorption. The porosity of H-BEA was

assessed by N2 physisorption at −196 °C using a Micrometrics
ASAP 2020. Prior to N2 adsorption, each sample was degassed
at 300 °C for 5 h under a vacuum (10−3 mbar). The
Brunauer−Emmett−Teller, Barrett−Joyner−Halenda, and t-
plot methods were employed to determine the specific surface
area, mesopore volume, and micropore volume, respectively.
2.3.4. 27Al MAS NMR. Ultrahigh-magnetic field 27Al MAS

NMR experiments were performed on a Varian-Agilent Inova
63 mm wide-bore 850 MHz NMR spectrometer. A commercial
3.2 mm pencil-type MAS probe was used, allowing for the use
of typical 15 mg of sample. A single-pulse sequence with a
pulse length of 0.4 μs, corresponding to a pulse angle of 45°,
was selected for acquiring 27Al MAS NMR spectra with a
recycle time of 1 s and a total accumulation of 5000 scans. The
spectra were acquired at a sample spinning rate of 20 kHz ± 2
Hz and were referenced to 1.5 M Al(NO3)3 in H2O (0 ppm)
by using the center of the octahedral peak of solid γ-Al2O3 (at
13.8 ppm) as a secondary reference. For quantitative
measurements, the weights of samples loaded into the MAS
rotor were recorded and four spectra were acquired to check
the measurement stability of the spectrometer. Matching and
tuning conditions of the radio frequency circuit of the NMR
probe were set using a network analyzer for each sample. All
other experimental conditions were kept identical for all
analyzed samples. In this way, the absolute peak areas
normalized to the sample mass yielded a calibration factor
when being plotted against known Al concentrations derived
from elemental analysis. The spectra were analyzed using
NUTS NMR data processing software (Acorn NMR Inc.).

2.3.5. 29Si MAS NMR. The Bloch-decay 29Si MAS NMR
experiments were performed by using a Varian Inova 89 mm
wide−bore 300 MHz NMR spectrometer and a 5 mm HXY
MAS Chemagnetics style probe. The following parameters
were used: a pulse width of 0.4 μs, corresponding to a 9° tip
angle, and 60 s recycle delay, ensuring the acquisition of a fully
relaxed spin. The number of scans accumulated around 6000.
The spinning speed was set to 5 kHz.
2.3.6. Infrared (IR) Spectroscopy. A self-supporting disc of

H-BEA with a density of approximately 10 mg/cm2 was loaded
in the in situ IR cell. The sample disc was evacuated (10−7

mbar), treated to 450 °C with a heating rate of 10 °C/min, and
kept for 1 h. Then, the sample was cooled to 150 °C for
collection of IR spectra. The measurements were recorded on a
Thermo Scientific Nicolet IR spectrometer by using a MCT
detector with a resolution of 4 cm−1 and accumulated for 512
scans. The acid site concentrations were determined by IR
spectra of pyridine adsorbed on the H-BEA samples. After
equilibration with pyridine at 0.1 mbar (0.5−1.0 h) at 150 °C,
the cell was outgassed under vacuum (<1 × 10−4 mbar). The
integral area of the bands assigned to Brønsted (1565−1515
cm−1) and Lewis sites (1470−1430 cm−1) were employed for
quantification of acid site concentration with the molar
extinction coefficients of 0.73 cm/μmol and 0.96 cm/μmol
for BAS and Lewis acid sites (LAS), respectively.17−19

2.4. Adsorption Measurement. 2.4.1. Gas-Phase
Adsorption Measurements. Gas-phase adsorption of water
and cyclohexanol in H-BEA was performed by using a Seteram
microbalance connected to a vacuum system and a pressure-
controlled liquid-vaporizing system. In a typical experiment,
30−40 mg of H-BEA samples were loaded to the microbalance
and activated under a vacuum (≈10−4 mbar) at 500 °C for 5 h
followed by cooling to 25 °C. Water or cyclohexanol vapor was
introduced stepwise to the activated materials through a dosing
valve under controlled pressure. After equilibration, the
adsorbed amount was quantified by the mass increase, and
the released heat was monitored with the DSC signal.
2.4.2. Aqueous-Phase Adsorption Measurement. The

aqueous-phase adsorption of cyclohexanol on H-BEA was
carried out by immersing 30−40 mg of H-BEA in an aqueous
solution of cyclohexanol at a certain concentration and stirring
for at least 24 h. The zeolite was filtered from the liquid, and
the residual concentration of cyclohexanol in the filtrate was
measured with an Agilent 7890A GC equipped with a flame
ionization detector (FID) and HP-5 column (25 m length and
0.25 μm i.d.) after extraction with dichloromethane. The
quantification was done using 1,3-dimethoxy-benzene as an
internal standard. The uptake was determined by the change in
bulk concentration, volume of the solution, and mass of the
solid sample as shown in eq 1

Q Q
K

K

Cy C OH

1 Cy C OHsat
ads
0

6 aq

ads
0

6 aq
= ·

[ ]
+ [ ] (1)

where Q is the cyclohexanol uptake; Qsat is saturation uptake of
cyclohexanol; [Cy-C6OH]aq is the equilibrium concentration
of aqueous cyclohexanol; and Kads

0 is the adsorption constant.
The coverage of cyclohexanol (θ) can be expressed by the
quotient Q/Qsat (θ = Q/Qsat).

3. RESULTS AND DISCUSSION
3.1. Physicochemical Properties of H-BEA. The

crystallinity and structure of the H-BEA (Si/Al = 15−400)
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zeolites were characterized by XRD and compared with
commercial H-BEA (Si/Al 75, denoted as C-BEA75) (Figure
1a). The diffractograms of both C-BEA75 and H-BEA zeolites
indicate that they are crystalline, phase-pure, materials.
Although the increase of Al in the framework may reduce
the crystallinity,20 we observed high crystallinity (>97%) in all
H-BEA zeolites studied, which indicates that Al was fully
incorporated in the framework. Furthermore, the signals 7.3
and 22.9° (Figure 1b,1c) are similar to those in pure silica BEA
(Figure S1), indicating a low concentration of defects in the
framework.20−22 The symmetric peak at 7−8° 2θ for C-BEA75
(Figure 1b) is ascribed to polymorphs A and B,23 which can
lead to a disordered structure and some structural defects.24

Asymmetric features in the X-ray diffractogram of H-BEA
indicate an enrichment of polymorph A with relatively low
structural defect sites.20 The diffraction patterns of the studied
H-BEA zeolites had a smaller full width at half maximum
(fwhm) compared to C-BEA75, e.g., the peak at 22.4° is ∼2.5-
fold smaller (0.16−0.19) for H-BEA zeolite than for C-BEA75
(0.43), indicating larger crystallite size for the H-BEA zeolite
(Figure 1c). The growth of the BEA crystal in F−-containing
medium and long aging time (20−460 h depending on the Si/

Al ratio) lead to minimizing the intercrystalline growth15,16 and
few connectivity defects.20−22

N2 physisorption (Table S1 and Figure S2) showed small
mesopore volumes (0.05−0.08 cm3/g) and dominant micro-
pore volumes (0.19−0.23 cm3/g and 0.68 nm median pore
diameter) due to the minimized intercrystalline growth. In
contrast, C-BEA75 had a large volume of mesopores (0.29
cm3/g).13

The IR spectra of H-BEA zeolites, in the range of 3200−
3800 cm−1, are shown in Figure 2a. The bands at 3730−3750,
3680, and 3610 cm−1 are attributed to isolated Si−OH
groups,25,26 H-bonded Si−OH groups in silanol nests,27−30

and bridging hydroxyl groups (Si−OH-Al), respectively. The
latter are the strong Brønsted acid sites.31 The isolated Si−OH
groups are generated by defects in the zeolite.16 For high-silica
H-BEA zeolites (Si/Al ≥ 75), the intensity of the OH band at
3735 cm−1 was significantly reduced compared to low-silica
materials (Si/Al < 75), indicating a decreasing concentration of
defects. Higher Si/Al ratios led to a lower intensity of the
bands of bridging Si−OH-Al groups at 3610 cm−1, reflecting
the decreasing Brønsted acid site concentration.

Figure 1. X-ray diffractograms of commercial H-BEA (C-BEA75) and H-BEA (Si/Al = 15−400) zeolites in the 2θ range of (a) 5−55°, (b) 5−11°,
and (c) 20−24°.

Figure 2. IR spectroscopy: (a) Hydroxyl region (3400−3800 cm−1) of H-BEA at 150 °C after activation at 450 °C under a vacuum (10−6 mbar) for
1 h. (b) Difference IR spectra of OH− stretching and NH− bending vibration regions for H-BEA after pyridine adsorption (0.1 mbar) at 150 °C
followed by outgassing under vacuum (10−6 mbar). (c) Intensity loss of the BAS−OH band at 3610 cm−1 (IBAS−OH) after pyridine adsorption as a
function of the intensity of the HPy+ band at 1540 cm−1 (IHPy+). All spectra were normalized to the weight of the sample.
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Pyridine was adsorbed on these materials and monitored by
using IR spectroscopy for quantification of the acid sites on H-
BEA zeolites (Table S2). Pyridinium ions (HPy+) are formed
when pyridine adsorbs on BAS (Si−OH-Al), showing a
characteristic band at 1545 cm−1 (Figure 2b). The decreased

intensity of the Si−OH-Al band (3610 cm−1), i.e., BAS sites
interacting with pyridine, was proportional to the increase in
intensity of the HPy+ band (1545 cm−1) (Figure 2c),
suggesting that pyridine adsorbs on BAS with a ratio of one
pyridine per BAS site.32

Figure 3. NMR spectroscopy: (a) 27Al NMR spectra and (b) 29Si NMR spectra of H-BEA zeolites (Si/Al = 15−400). (c) Defect concentration
quantified by Bloch-decay 29Si MAS NMR as a function of the BAS concentration. The defect sites of H-BEA (Si/Al = 15) prepared using alkaline
medium (red) and defective B-BEA (green) were added for comparison.

Figure 4. Gas-phase H2O adsorption isotherm on H-BEA: (a) Adsorption isotherm and (b) heat of adsorption of water on H-BEA zeolite (Si/Al =
15−400) at 30 °C. The uptake of water is normalized to BAS sites. (c) Integral heat of water adsorption as a function of number of water molecules
per BAS sites. (d) Integral heat of 1−2 water molecules adsorption on BAS sites. The dashed lines represent the differential heat of adsorption for
the first and second water molecules adsorbed on BAS.
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3.2. Quantification of Al Sites and Defect Sites by 27Al
NMR and 29Si NMR. The configuration and distribution of Al
sites in the H-BEA zeolites were examined by 27Al MAS NMR
(Figure 3a). We assumed that all Al sites can be detected by
both ICP-OES and 27Al MAS NMR. The total Al
concentration in H-BEA was quantified by using ICP-OES
(Table S1). The ratios of tetrahedral to octahedral Al sites
were determined by 27Al MAS NMR (Figure 3a). Tetrahedral
and octahedral Al sites were, thus, quantified by the
combination of 27Al MAS NMR and ICP-OES. The amounts
of Si or Al and the Si/Al ratios in the materials matched the
nominal ratios (Table S2). Signals of tetrahedral Al sites at
54−59 ppm were observed in 27Al MAS NMR, indicating
different chemical environments of the 9 Al T-sites in the H-
BEA framework.33 The relatively narrow line width for
tetrahedral Al sites in H-BEA zeolites with a low concentration
of Al suggests that Al atoms are mostly incorporated into the
framework, i.e., Al(OSi)4.

34 Furthermore, the concentration of
tetrahedral Al sites in H-BEA zeolites showed good agreement
with the BAS concentration determined by IR spectroscopy of
adsorbed pyridine, i.e., the concentration of tetrahedral Al sites
and BAS increased from 18 and 20 μmol/g for HBEA400 to
806 and 820 μmol/g for HBEA15, respectively (Table S2).
This indicates the absence of distorted tetrahedral Al sites.35

The narrow peak for octahedral Al sites in 27Al MAS NMR
spectra is produced by the highly symmetric coordination,
which reduces its quadrupolar moment. Distorted extra-
framework Al (EFAl) species lead to broad peaks at −10−5
ppm (beside the narrow peak at 0 ppm).36 We observed the

signal of symmetric EFAl sites at 0 ppm decreasing from 50
μmol/g on HBEA15 to 1 μmol/g on HBEA75 (Table S2) and
becoming negligible in H-BEA with low Al contents (Si/Al ≥
100).

For the quantification of the defect sites, Bloch-decay 29Si
MAS NMR was employed to characterize the Si−O−Si
connectivity in the zeolite framework (Figure 3b). Q3 (−100
to −108 ppm) and Q4 (−109 to −118 ppm) sites were
observed in the 29Si MAS NMR spectra for H-BEA zeolites.
Q4 represents Si(OSi)4 sites, and Q3 sites correspond to
(SiO)3SiOAl or (SiO)3SiOH. The signal at −103 ppm is
mostly related to SiOH at defect sites. This is quantified by
subtracting the Al(SiOAl) in Q3 at −106 ppm, excluding the
EFAl sites quantified by 27Al MAS NMR.37,38 The defect sites
for H-BEA decreased from 201 to 11 μmol/g with a decrease
of BAS sites (Table S2 and Figure 3c). Nevertheless, the defect
site concentrations in H-BEA zeolites are significantly lower
than those in defective H-BEA synthesized in alkaline medium
(380 μmol/g) and deboronated B-BEA (1110 μmol/g).16,39,40

This finding shows that the fluoride synthesis route generates
much fewer lattice defects in H-BEA than those by other
methods. Nevertheless, the defect site concentration is
25−70% when compared to the BAS concentration.

3.3. Water and Cyclohexanol Adsorption on BAS.
3.3.1. Water Adsorption on BAS. The gas-phase water uptake
was reduced with decreasing BAS concentration in H-BEA
(Figure S3a). However, upon normalizing the water uptake to
the concentration of BAS sites (Figures 4a and S3b), 10 water
molecules were consistently adsorbed per BAS site on all

Figure 5. Cyclohexanol adsorption on H-BEA: Adsorption isotherms of (a) aqueous-phase and (b) gas-phase cyclohexanol on H-BEA zeolites (Si/
Al = 15−400) at 30 °C. The solid lines represent the regression to the Langmuir isotherm model. (c) Heat of adsorption of gas-phase cyclohexanol
on BEA at 30 °C, as a function of cyclohexanol uptake. (d) Born−Haber cycle of gas-phase and aqueous-phase cyclohexanol on H-BEA zeolites.
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materials, including low-defect and defective H-BEA. On the
other hand, water uptake normalized by the sum of BAS and
defect sites showed a lack of correlation (Figure S3c). This
finding suggests that the defect sites impact drastically less the
adsorption of water than BAS. The heat of water adsorption, as
a function of the molecule adsorbed per BAS (Figure 4b),
increased from 66 ± 7 kJ/mol for the first water molecule to 77
± 7 kJ/mol for the second one. Increasing further the amount
of adsorbed water gradually reduced the heat, reaching 45 ± 2
kJ/mol for the 10th water molecule. This trend and magnitude
agree well with the adsorption heat of water on BAS of H-MFI
decreasing with increasing water loadings reaching the
condensation heat of water.6,41

The changes of adsorption heat with the number of water
molecules on BAS were also observed in the integral heat of
adsorption, i.e., heat of water adsorption normalized to BAS
(Figure 4c). The heat of adsorption, shown in the slope of the
curve, increased from 66 to 75 kJ/mol for the first and second
water molecules adsorbed, respectively (Figure 4d). According
to density functional theory (DFT), the first water molecule
adsorbed on BAS interacts via hydrogen bonding, having a low
adsorption heat, while the second water molecule induces
proton transfer to water, forming the protonated bimolecular
cluster H+(H2O)2.

42,43 Additional water molecules adsorb on
this hydroxonium ion core, forming the hydration shell. For
the 10th water molecule per BAS, the adsorption heat was
measured to be 45 kJ/mol, which is close to the condensation
heat of water (41 kJ/mol) at 30 °C.44 The adsorption heat of

gas-phase water enabled us to estimate the adsorption heat
from the liquid water to H-BEA via a Born−Haber cycle
(Figure S4) as the difference between the adsorption heat of
gas-phase water (67 kJ/mol) and the condensation heat of
water (45 kJ/mol), i.e., 22 ± 3 kJ/mol. The adsorption heat of
liquid water, however, is gradually reduced to zero until the
10th water molecule, thus losing the driving force for
adsorption.
3.3.2. Cyclohexanol Adsorption on BAS. The uptake of

cyclohexanol in H-BEA in the aqueous phase linearly increased
at low concentrations (<0.01 mol/L) and reached saturation at
>0.04 mol/L and inconsiderably increased up to 0.3 mol/L
(Figure 5a). A Langmuir adsorption formalism fits the
experiment results well (solid lines in Figure 5a). Table 1
shows that the adsorption constants and the saturation uptakes
increased with decreasing BAS concentration in H-BEA. Also,
the adsorption heat measured decreased from 25 to 18 kJ/mol
with BAS concentration (Table 1). These findings indicate
stronger adsorption and higher adsorption capacity of Cy-
C6OH on H-BEA with low hydroxonium ion concentrations.

The gas-phase cyclohexanol adsorption isotherms are shown
in Figure 5b. The adsorption equilibrium constants and
saturation uptakes, calculated with the Langmuir model, are
listed in Table S3. The saturation uptake of cyclohexanol
decreased from 2.20 to 1.75 mmol/g, with increasing Si/Al
ratio from 15 to 400, whereas the adsorption constant
increased from 3.3 × 104 to 1.2 × 105. At saturation, the
volume of cyclohexanol in the micropores varied from 0.169

Table 1. Adsorption Properties of Cyclohexanol on H-BEA Zeolite in Water

zeolite
BASa

[mmol/g]
Vmicropore

b

[cm3/g]
sat. uptakec

[mmol/g]
adsorption
constantc

adsorption heatd
[kJ/mol]

IHBEA
e

[mol/L]
activity

coefficient
chemical potential

[kJ/mol]

HBEA15 0.820 0.235 0.92 313 18.2 1.25 2.06 1.79
HBEA25 0.437 0.213 1.25 405 20.0 0.67 1.47 0.95
HBEA50 0.207 0.201 1.70 480 22.5 0.32 1.20 0.45
HBEA75 0.163 0.203 1.83 533 23.5 0.25 1.15 0.36
HBEA100 0.095 0.194 1.87 573 24.1 0.15 1.09 0.21
HBEA200 0.047 0.192 1.92 623 24.8 0.07 1.04 0.10
HBEA400 0.020 0.188 1.95 648 25.2 0.03 1.02 0.04

aThe BAS concentrations were quantified using the molar extinction coefficients (0.73 and 0.96 cm/μmol for BAS and LAS, respectively) for the
Brønsted (1565−1515 cm−1) and Lewis peaks (1470−1430 cm−1) normalized by the disc weight, after outgassing the physisorbed pyridine at 150
°C. bThe pore volume in micropores was determined from N2 physisorption using the t-plot method. cSaturated uptake and adsorption constant of
aqueous-phase cyclohexanol were obtained by fitting the adsorption isotherms with the Langmuir adsorption equation. dThe adsorption heat of
aqueous-phase cyclohexanol was measured by calorimetry. eIonic strength was normalized BAS to H-BEA crystalline volume.

Figure 6. Water adsorption on H-BEA: (a) Scheme of micropores in the H-BEA zeolite before cyclohexanol adsorption and saturation adsorption.
(b) Inaccessible micropore volume in the H-BEA zeolite (Si/Al = 15−400) at saturated cyclohexanol adsorption as a function of BAS sites.
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cm3/g for HBEA400 to 0.212 cm3/g for HBEA15 (Table S3
and Figure S5), which was close to the volume of micropores
of 0.188 and 0.235 cm3/g for HBEA400 and HBEA15,
respectively. This indicates, considering the density of liquid-
phase cyclohexanol (0.96 g/cm3), that the micropores are filled
with cyclohexanol under saturation. The initial heat cyclo-
hexanol adsorption from the gas phase for HBEA15 and
HBEA25 was 112 kJ/mol. This is probably due to the
adsorption of cyclohexanol on the defect sites and oxide debris
in the pores at very low coverage.45−47 By establishing the
adsorption of cyclohexanol on BAS, we did not consider this
initial heat of adsorption. The heat of cyclohexanol adsorption
from the gas phase consistently remained 87 ± 3 kJ/mol up to
2 mmol/g cyclohexanol uptake, regardless of the Si/Al ratio of
H-BEA (Figure 5c). The adsorption heat of cyclohexanol in
liquid water (18−25 kJ/mol, Table 1) allowed us to estimate
the heat of solvation of cyclohexanol in the presence of water
(65−69 kJ/mol) via the Born−Haber cycle shown in Figure
5d. The value is close to the standard solvation heat of
cyclohexanol in water (≈71 kJ).48

Cyclohexanol completely filled the micropores of H-BEA in
the gas phase (Figure S5). By considering the saturated
cyclohexanol uptake in the aqueous phase even at high
concentration (≈0.3 mol/L), a certain volume became
inaccessible to cyclohexanol (Figures 6b and S6a). As depicted
in Figure 6a, the space occupied by hydrated hydroxonium
ions reduces the pore volume available for the organic

substrates, e.g., phenol or cyclohexanol.6,49 Figure 6b shows a
linear correlation between inaccessible pore volume and the
concentration of BAS (i.e., hydroxonium ions) in H-BEA. The
hydrated hydroxonium ion concentration per H-BEA unit cell
increased from 0.1 to 3.2 with increasing BAS concentration,
which results in the reduction of cyclohexanol concentration
from 6.8 to 3.2 molecules per unit cell (Figure S6b).
Hypothesizing that the inaccessible space in micropores is
occupied by hydroxonium ions, we used the slope of 187 ± 9
cm3/molBAS to deduce a volume of 0.31 ± 0.02 nm3 per
hydroxonium ion in the micropore of the H-BEA zeolite.
Assuming that H3O+ has the same packing density of water,
this result implies that each hydroxonium ion consists of 10.4
± 0.5 water molecules and one proton, i.e., H+(H2O)10. This
shows good agreement with the composition of hydroxonium
ions estimated from the gas-phase adsorption of water on H-
BEA, i.e., 10 water molecules and one proton.

Note that this cluster is slightly larger than that of hydrated
hydroxonium ions in the zeolite H-ZSM-5, i.e., H+(H2O)8.

6

The adsorption enthalpy and entropy of gas-phase water
estimated from the adsorption constant and adsorption heat
are comparable for the first water adsorption on H-MFI (−67
and −135 J/mol/K) and H-BEA (−66 and −134 J/mol/K),
respectively (Table S3 and Figure S7). The protonation to the
bimolecular cluster (H+(H2O)2) leads to significantly lower
adsorption enthalpies and entropies by −8 and −45 J/mol/K
for H-MFI and −11 and −47 J/mol/K for H-BEA,

Figure 7. Adsorption properties: (a) Schematic of H+(H2O)10. and nonpolar domains in H-BEA micropore channels and the distance dh−n between
their centers. (b) Experimentally determined equilibrium adsorption constant of aqueous cyclohexanol on BAS (Ka, exp

0) as a function of BAS and
activity coefficient of aqueous cyclohexanol in the H-BEA micropore (γcy, pore+) at room temperature. (c) Excess chemical potential (μCy, pore

+) of
adsorbed cyclohexanol in the micropore of H-MFI (dpore = 0.55 nm)6 and H-BEA (dpore = 0.68 nm) as a function of dh−n. The dh−n is half of the
mean distance between two H+(H2O)10. neighbors, which is estimated by the cube root of the average zeolite volume normalized to the number of
H+(H2O)10.
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respectively. Hydration shell formation with further water
addition gradually increases adsorption enthalpy and entropy
(Figure S7a,b), where H-BEA shows a lower adsorption
enthalpy (by 3−4 kJ/mol) and higher adsorption entropy (by
1−7 J/mol/K) until the seventh water molecule compared to
H-MFI. The correlation of adsorption entropy with adsorption
enthalpy (Figure S8) shows less adsorption entropy loss in H-
BEA than in H-MFI, which we associate with the differences in
the hydration shell in H-MFI and H-BEA. The changes of
adsorption enthalpy and entropy with pore size observed in the
liquid phase are consistent with those observed in the gas
phase (Figure S7c,d). Therefore, the larger hydroxonium ions
in H-BEA are caused by a slightly higher adsorption enthalpy
of water and the lower entropy loss in the pores for H-BEA
(0.67 nm) compared to H-MFI (0.55 nm).6,12,50

3.4. Chemical Environment in the Micropore of H-
BEA in Water. In the presence of water, the hydroxonium
ions formed by BAS lead to fluxional domains in the
micropores of H-BEA, while the remainder are typically called
a hydrophobic domain. Water is largely confined in these
hydrophilic domains around the BAS (Figure 7a), but it is able
to rapidly diffuse between clusters. Very high pressure (>1000
bar), however, is required for water to completely fill the pores
of the siliceous zeolite.51,52 While the hydrophobic domains are
easily occupied by organic substrates, such as cyclohexanol,
these molecules cannot replace water in the hydrated
hydroxonium ions. Thus, domains of cyclohexanol and
hydroxonium ions coexist in the micropores of H-BEA under
saturation.

We have reported that the negatively charged framework
sites (anions) and hydroxonium ions (cations) in the
micropores of zeolites provide a quasi-solid electrolyte
environment.6 As a consequence, these cations and anions
yield a specific ionic strength, making an organic substrate
behave nonideally in the micropores. We calculated the ionic
strength in the micropores of BEA (IHBEA) using the
concentrations of hydroxonium ions ([H+(H2O)10]) and the
negative charged framework sites ([Z−]) per unit volume in H-
BEA as follows

I Z1/2 H (H O) 1/2 H (H O)HBEA 2 10 2 10= [ ] + [ ] = [ ]+ +

(2)

Hence, IHBEA is proportional to the BAS concentration, which
increased from 0.03 mol/L for HBEA400 to 1.25 mol/L for
HBEA15 (Table 1). We used the salting-out model6 to
quantify the activity of adsorbed cyclohexanol, according to eq
3

( ) K I Klog H (H O)10 Cy C OH,pore s HBEA s 2 106
= = [ ]+ +

(3)

where Ks is the Setschenow constant. The adsorption constant
(Ka, exp

0) and adsorption heat (Qa, exp) can be further expressed
as shown in eqs 4 and 5, respectively

( )K
K

log

H (H O)
10 a,exp

0

2 10
s[ ]

=+ (4)

Q
RT

K
TH (H O)

2.303a,exp

2 10

2 s

[ ]
=+ (5)

These equations feature an exponential decrease of Ka, exp
0 and

linear change of Qa, exp with the change in the concentration of
hydroxonium ions ([H+(H2O)10]). This is in line with the

correlations observed between the adsorption constant and
adsorption heat as a function of BAS concentration (Figure
7b). The regression of the experimental data using eq 4 yields a
value for Ks of 0.25 ± 0.2. The activity coefficient
(γCy‑Cd6OH,pore

+ ) was then calculated using Ks and the
concentration of hydroxonium ions as presented in Table 1.
The activity coefficient increased with BAS concentration from
1.02 (i.e., behaving nearly ideal) on HBEA400 to 2.06 on
HBEA15, which indicates an increasing deviation from ideality
with increasing BAS concentrations. The activity coefficient (γ
> 1) indicates a destabilization of adsorbed cyclohexanol in the
micropore of H-BEA zeolite due to the presence of
hydroxonium ions.

The excess chemical potential of cyclohexanol (μCy‑Cd6OH
excess )

induced by the interaction with the ions can be estimated
(Table 1) by using eq 6

RT lnCy C OH
excess

Cy C OH6 6
= +

(6)

Figure 7c shows the excess chemical potential of adsorbed
cyclohexanol in H-BEA as a function of the distance from the
center of the hydroxonium ion to the center of the nonpolar
domain (dh−n). The excess chemical potential is small when
dh−n is larger than 1.0 nm but sharply increases at dh−n < 1.0
nm.

Interestingly, hydroxonium ions impose a relatively lower
excess chemical potential over cyclohexanol in H-BEA (1.8 kJ/
mol) than in H-MFI (2.4 kJ/mol) at the same 0.5 nm dh−n.
This is linked to the lower adsorption heat of cyclohexanol on
H-BEA (18−25 kJ/mol) compared to that of H-MFI (24−34
kJ/mol) in aqueous solution. Cyclohexanol is destabilized by
the specific ionic strength in the zeolite micropore. The
positive excess chemical potential of adsorbed cyclohexanol
(0.1−1.8 kJ/mol for H-BEA and 0.3−2.4 kJ/mol for H-MFI)
increases the standard free energy of the initial state of reacting
cyclohexanol.53 It is interesting to explore whether and how
this contributes to the catalytic conversion of cyclohexanol.

4. CONCLUSIONS
The adsorption of water and cyclohexanol was studied for low-
defect H-BEA zeolites prepared via the fluoride route. In the
presence of water, hydrated hydroxonium ions form on
Brønsted acid sites (BAS) by protonation of water, leading
to localized domains next to “empty” domains in the pores. In
the micropores of H-BEA, the hydrated hydroxonium ion is
composed of 10 water molecules and one proton, i.e.,
H+(H2O)10. The increase of the hydroxonium ion concen-
tration restricts the volume of empty domains, thus reducing
the adsorption capacity for cyclohexanol.

The size of the hydroxonium ions in H-BEA was about 20%
larger than that in H-MFI (H+(H2O)8). This difference results
from the lower entropy loss in the larger H-BEA pore
compared to H-MFI by 3−4 J/mol/K. In both cases, the
“quasi-solid electrolyte” environment imposed by hydroxo-
nium ions and the negatively charged framework induce a
direct relation between the ionic strength and the excess
chemical potential of the sorbed substrate. Adsorbed cyclo-
hexanol is destabilized by its increasing excess chemical
potential induced by the hydroxonium ions to a larger extent
in H-MFI (0.3−2.4 kJ/mol) than in H-BEA (0.1−1.8 kJ/mol).
We conclude that this weaker effect of the impact of increasing
charge is related to the better shielding of the positive charge
by the slightly larger hydrated hydroxonium ion. It is
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somewhat surprising that such a small increase together with
the slightly lower entropy loss of sorbed molecules in large
pore zeolites such as BEA causes this measurable difference. It
will be interesting to see whether or not these subtle
differences induce differences in Brønsted acid-catalyzed
reactions.13
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