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Abstract

Hierarchical zeolites containing both micropores and mesopores are valuable catalysts for facilitating reac-
tions of large molecules. Furan acylation by fatty acids is a promising reaction for valorizing biomass, and
the self-pillared pentasil (SPP) zeolite was found to perform particularly well for this reaction. To better
understand the distribution of molecules in hierarchical zeolites at the elevated temperature (T = 523 K) and
the elevated pressure (p > 1 bar associated with typical reaction conditions, unary and binary adsorption
was predicted using Monte Carlo simulations in the isothermal-isobaric Gibbs ensemble. Adsorption of six
species (furan, hexanoic acid, n-hexane, n-decane, n-tetradecane, and 3,6-diethyloctane) was investigated
from vapor, liquid, and supercritical phases, and loadings into the micropores, onto the mesopore surface,
and in the mesopore interior of SPP were obtained. As pressure increases, n-alkanes fill the micropores before
loading the surface and then the interior of the mesopore, while furan and hexanoic acid adsorb strongly
to the mesopore surface due to hydrogen bonding interactions with surface silanols. Hydrogen bonding
interactions also draw hexanoic acid molecules in the micropore region toward the pore mouths, so their
carboxylic acid group forms H-bonds with silanols, while the alkyl tails interact with the micropore walls.
Mesopore condensation is observed for molecules below their critical point, and occurs when the Gibbs free
energy of transfer into the mesopore interior and onto the mesopore surface converge. When hexanoic acid
adsorption occurs in the presence of alkane solvents, then the selectivity and spatial distribution of hexanoic
acid in the micropores and on the surface can be tuned by adjusting the fluid pressure and the alkane length
and/or branching.
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1. Introduction

Hierarchical materials integrate micropores with larger mesopores to enable high-performance catal-
ysis [1, 2]. Micropores control catalysis through molecule-scale confinement [3, 4] and mesopores provide
additional surface area and allow bulky molecules to access catalytic sites [5]. Mesoporous zeolites can
enhance diffusion relative to conventional zeolites under some conditions, though transport phenomena
in hierarchical materials is complex [6]. These qualities make them useful catalysts for a wide range of
chemistries. As complex multiscale materials, they also exhibit rich thermodynamic and transport behavior
in adsorption [7, 8, 9, 10, 11] and catalysis [12, 13, 14].
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Figure 1: Synthesis of oleo-furan sulfonate surfactants. The adsorption of fatty acid, furan, and n-alkanes occuring during the
Al-SPP catalyzed acylation reaction are the subject of this work.

One useful catalyst is the self-pillared pentasil (SPP) class of zeolite, a hierarchical zeolite with a “stack-
of-cards” geometry arising from intergrown 2D nanosheets of MFI zeolite [15, 16]. With 2-8 nm mesopores
formed between nanosheets and 0.6 nm micropores in the MFI framework, SPP has enabled high yields
in numerous catalytic processes including methanol-to-olefins [17], glucose isomerization to fructose [5] and
butadiene synthesis from tetrahydrofuran [18]. While several studies have examined fundamentals of ad-
sorption, transport [6, 19], and catalysis [14, 20] in SPP, it can be difficult to characterize these phenomena
under reaction conditions.

In this work, we investigate the adsorption processes involved in the synthesis of oleo-furan sulfonate
(OFS) surfactants via furan acylation with fatty acids [21]. These bio-based surfactants use a furan-based
polar head group (from sugar dehydration) with a fatty acid-derived hydrocarbon tail (from plant and
algae oils). While they have similar critical micelle concentrations to petroleum-derived linear alkyl ben-
zene sulfonates, OFS exhibit superior hard-water stability [21]. Furthermore, chain length, branching, and
functionalization can be customized to tailor surfactants to specific applications [21].

OFS are synthesized in a multi-step process: 1) acylation of furan with fatty acid, 2) hydrogenative
dehydration of the product alkylfuran ketone, and 3) sulfonation to form OFS (Fig. 1). The bottleneck in
this process is the acylation step [21]; selective hydrogenation and sulfonation are established commercial
processes. The highest-performing catalyst was found to be Al-SPP with 89% yield to alkylfuran ketone
[21].

Prior studies of acylation on zeolites have pointed to the importance of understanding and regulating
competitive adsorption [22, 23, 24]. Specifically, these explore acylation in a related system: toluene and
anisole by acetic anhydride on Brønsted acidic zeolites. Through the use of adsorption measurements, batch
reactions, and kinetic modeling, these studies demonstrate how catalytic reaction performance is influenced
by competitive adsorption, in particular, the deactivation of the catalyst due to adsorption of the reaction
product. Recent work by Ji, et al. on furan acylation by fatty acids on H-MFI specifically probed furan
acylation under flow conditions, by reacting acetic acid and hexanoic acid with furan and 2-methylfuran [25].
Steady state operation was achieved with nearly 100% selectivity at 523 K, but only when acid is in excess;
when furan or 2-methylfuran is in excess, they polymerize and produce coke, even at room temperature. They
measured adsorption of acetic acid, furan, and 2-methylfuran using temperature-programmed desorption,
finding both furans and acetic acid adsorb strongly to Brønsted acid sites. Due to low polymerization rates
in excess acid, the authors infer that in competitive adsorption conditions, acid either outcompetes furan in
binding to the Brønsted acid site, or at least prevents a second furan from reaching the first one adsorbed
to the acid site [25]. However, little is known about how these molecules adsorb under reaction conditions,
especially on the hierarchical SPP material; the objective of the present work is to probe the adsorption and
phase behavior of furan, fatty acids, and hydrocarbons at reaction conditions in the absence of Brønsted
acid sites.

We use configurational-bias Monte Carlo simulations [26] in the isothermal-isobaric version of the Gibbs
ensemble [27] to probe adsorption in all-Si SPP of reactants and alkane solvents in furan acylation at T = 523
K. We compare adsorption from vapor, liquid, and supercritical phases of hexanoic acid, furan, n-hexane,
n-decane, n-tetradecane, and 3,6-diethyloctane, where the latter is selected as a sorbate that does not adsorb
in MFI due to steric limitations. We investigate the spatial distribution of the sorbate molecules in the the
micropores, mesopore surface, and mesopore interior of SPP. We also consider mixtures of hexanoic acid
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Figure 2: Model of the SPP zeolite with adsorption regions shaded in different colors. The fluid box shows liquid n-decane at
p = 64 bar.

and alkanes to investigate the role that solvent selection plays in the distribution of adsorbates throughout
the material.

2. Methods

Simulations were performed in the isobaric-isothermal version of the Gibbs ensemble [27, 28, 29] us-
ing the Monte Carlo for Complex Chemical Systems–Minnesota (MCCCS-MN) software [30]. Trial moves
included translations, rotations, dual cut-off [31] coupled-decoupled configurational-bias Monte Carlo (CD-
CBMC) moves [26, 32, 33] to sample configurations within each simulation box, as well as inter-box swap
moves [34, 35] to equilibrate chemical potentials between the simulation boxes. Volume moves were per-
formed only on the box representing the fluid reservoir [36]. Analysis of regional adsorption was performed
using a modified version of the MCFlow software [37].

Alkane solvents were modeled using the transferable potentials for phase equilibria-united atom (TraPPE-
UA) force field for linear [38] and branched [26] alkanes. Hexanoic acid was modeled by combining alkane
parameters from TraPPE-UA with parameters from the acetic acid force field by Kamath et al. [39]. Furan
was modeled as a rigid nine-site model using the explicit-hydrogen TraPPE-EH model [40]. The SPP zeolite
was treated as semi-flexible, with rigid Si and O atoms and flexible hydrogens on the silanols. The bulk of
the SPP zeolite was modeled using TraPPE-zeo [41], while the Lennard-Jones and partial charge parameters
for the silanol groups were adopted from previous work [42, 43]. A cutoff distance of 14 Å was used for the
adsorbate-adsorbate and adsorbate-zeolite interactions in the zeolite phase, with analytical tail corrections
applied for Lennard-Jones interactions and Ewald summation for the Coulomb interactions beyond this
cutoff [41, 44]. A larger cutoff at approximately 40% of the box length was used for low-density vapor
phases. The SPP structure was generated starting with 3 x 3 x 3 supercell of MFI (using the ORTHO
structure of MFI, with coordinates from van Koningsveld et al. [45]) from which a 2 x 2 x 3 section was
removed and dangling oxygen atoms were converted to silanols [11] (see Fig. 2). This process produces a
mesopore with a volume fraction of 44% (of the total volume) bound by MFI nanosheets with a thickness
of 20 Å. The dimensions of the zeolite box were 60.066 x 59.697 x 40.149 Å.

Each adsorption simulation was initialized with an empty zeolite box (i.e., reflects the adsorption branch
for cases with adsorption hysteresis); to avoid nucleation issues in the reservoir box, this box was initialized
as a low-density gas when p < pvap or as a high-density liquid when p > pvap. Four independent simulations
were performed, each with at least 50,000 MC cycles of equilibration and 60,000 MC cycles of production.
To analyze the adsorption behavior, three domains of SPP are distinguished in Fig. 2: micropore (micro),
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Table 1: Vapor pressures for hexanoic acid, n-decane, n-tetradecane, and 3,6-diethyloctane at T = 523 K. The uncertainties of
the simulation data are reported as the standard error of the mean from 16 independent simulations. Experimental values for
n-decane are from NIST [50] and for n-tetradecane from Morgan and Kobayashi [51].

Compound Simulation Experiment
pvap [bar] pvap [bar]

Hexanoic acid 5.567

n-decane 5.936 5.028
n-tetradecane 1.19411 0.931
3,6-diethyloctane 3.256

mesopore surface (surf), and mesopore interior (meso). The “mesopore surface” of SPP begins at the O
atoms of the silanol groups, extending into the mesopore domain for 6 Å. With this definition, 55.66% of the
SPP volume is microporous, 22.7% is the mesopore surface, and 21.7% is mesopore interior. The number
density in each region is measured by locating each sorbate molecule’s center of mass and sorting it into one
of these three regions, totaling the population in each region, and normalizing by the volume of the region.
The free energy of transfer from the fluid phase to any of these regions can be computed from the ratio of
number densities [46, 47]

∆Gfluid→zeo = −RT ln
( ρzeo

ρfluid

)
(1)

where ρzeo is the number density in a specific region of the zeolite box. Eq. 1 can also be used to compute
free energies of transfer between regions, e.g. from the mesopore to the micropore.

Hydrogen bonding with surface SiOH of SPP was analyzed for furan (H-bond acceptor), and hexanoic
acid (both donor and acceptor). The criteria for an H-bond required dO−HO < 2.5 Å and θOHO > 90◦

[48, 49]. Molecules were labeled as H-bonded to the surface if they participated in at least one H-bond with
an SiOH, whether as donor or acceptor; H-bonded adsorbates were further classified based on their center
of mass as adsorbed into the micropore or the surface region as defined in Fig. 2 (none were located in the
mesopore).

3. Results and Discussion

3.1. Vapor pressure

For compounds with a critical temperature above 523 K, the vapor pressures were obtained using
simulations in the NV T -Gibbs ensemble (see Table 1). For n-decane and n-tetradecane, the TraPPE–UA
model over predicts pvap by 18 and 28%, respectively. Experimental data are not available for hexanoic acid
and 3,6-diethyloctane; the prediction for the former falls slightly below that for n-decane and that for the
latter is about midway between the two linear alkanes as would be expected from the number of carbon
atoms.

3.2. Unary adsorption

Single-component adsorption was investigated at T = 523 K, for furan from p = 1 bar to p = 64 bar
and for all other species from p = 1/64 bar to p = 64 bar. The upper bound of this range is higher than
the critical pressures of n-hexane and furan (30.2 and 53.2 bar, respectively [50]). The unary adsorption
isotherms in SPP are compared in Figure 3. At low pressures, the less volatile species adsorb most strongly,
with loading in the following order: n-tetradecane> hexanoic acid> n-decane> n-hexane> furan. However,
3,6-diethyloctane is an outlier showing a loading similar to n-hexane despites its much lower volatility. For
sorbate molecules with Tc > 523 K, the loading shows a jump before reaching saturation. n-tetradecane
saturates SPP around p = 1/2 bar, 3,6-diethyloctane saturates SPP around p = 2 bar, and hexanoic acid
and n-decane saturate SPP around p = 4 bar. These pressures are approximately 0.6pvap. In contrast,
p = 64 bar is not sufficiently high to achieve saturation loading for n-hexane and furan at T = 523 K. At
the highest pressure, efficient packing generally drives differences in loading, with smaller molecules packing
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Figure 3: Predicted unary adsorption loadings for furan, hexanoic acid, and alkanes. Filled symbols indicate adsorption from
a liquid phase.

more efficiently; furan > hexanoic acid > n-hexane > n-decane > n-tetradecane > 3,6-diethyloctane. At
even higher pressure, the loading for n-hexane will exceed that of hexanoic acid. The lower loading for
3,6-diethyloctane than for n-tetradecane already indicates that the micropore region is not accessible for
this branched molecule.

3.2.1. Reactants: Furan and hexanoic acid

At pressures below 20 bar, furan exhibits the lowest adsorption loading of the compounds investigated
here (see Fig. 3). At all pressures, furan preferentially adsorbs onto the mesopore surface as indicated by the
higher number density in this region (see Fig. 4). At low pressures, adsorption in the mesopore interior is
enhanced by only a factor of 1.2 due to weak interactions with the nanosheets in comparison to the density
of furan in the superheated vapor phase. However, at higher pressures (p > 32 bar), adsorption density
in the mesopore interior exceeds that in the micropores, even approaching the density in the mesopore
surface region near 64 bar. This is commensurate with an increase in the density of the fluid phase; because
furan is above its critical temperature (490 K [40]), there is no phase change in the fluid as its density
increases. In contrast, adsorption density in the micropores is initially enhanced by a factor of 7 but,
actually, becomes unfavorable at the highest reservoir density due to the entropic cost of loading in the
highly confined environment.

∆Gtr for furan into the mesopore surface and micropore regions of SPP are about −9.5 and −8.8 kJ/mol,
respectively, at p = 1 bar, and become increasingly less favorable as pressure increases due to an increase in
entropic cost as these regions start to fill (see Fig. 4). This increase is more pronounced for the micropore
region. ∆Gtr into the mesopore interior is much less favorable at −1 kJ/mol at 1 bar, but becomes more
favorable at increasing pressures due to stronger sorbate–sorbate interations, surpassing that of the micropore
above 32 bar.

H-bonding with the silanols helps to drive furan adsorption (a snapshot is shown in Fig. 5); 364% of
surface-adsorbed furan are participating in H-bonds at p = 1 bar (see Fig. 5). As loading increases, more
molecules adsorb to the surface and the fraction of H-bonded furans on the surface decreases to 24.13%
at p = 64 bar. 82% to 89% of the H-bonded furans have their center of mass in the surface region; the
remainder is positioned at pore mouths of the MFI channels, with centers of mass in the micropore region.
These constitute only a small fraction (3.45% to 4.7614%) of furans in the micropores.

At p = 1/64 bar, hexanoic acid adsorbs into the micropores with a highly negative ∆Gtr of −30.82

kJ/mol (see Fig. 4). As pressure increases, hexanoic acid loading on the mesopore surface increases, and at
1/8 bar, the density in the surface region exceeds that in the micropore. Loading on the mesopore surface
increases steadily until approaching saturation near 4 bar. The loading in the mesopore interior is negligible
(and statistically insignificant for p ≤ 1/32 bar) until it begins to increase around 1 bar. The isotherm in
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Figure 4: Loading as function of pressure (left) and density (middle) and Gibbs free energy of adsorption (right) into the
different SPP regions for furan (top) and hexanoic acid (bottom).
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Figure 5: H-bonding of furan (top) and hexanoic acid (bottom) to SiOH groups in SPP, and snapshots at p = 8 bar and p = 1

bar, respectively. xmicro in H−bond = NH−bonding with SiOH
micro /Ntotal

micro is the fraction of molecules in the micropores forming H-

bonds with SiOH. xsurf in H−bond = NH−bonding with SiOH
surf

/Ntotal
surf is the fraction of molecules in the surface region participating

in H-bonds with SiOH. xH−bonded on surf = NH−bonding with SiOH
surf

/NH−bonding with SiOH
surf+micro

is the fraction of H-bonded adsorbate

molecules located in the surface region (the remaining are in the micropores). In the snapshots, red adsorbates are H-bonded
to surface SiOH, while blue adsorbates are not.
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the mesopore interior is much steeper than that in the micropore and the surface, with a step change in
density between 2 and 4 bar, akin to a phase change, before it fully saturates by 8 bar.

As pressure increases, ∆Gfluid→micro and ∆Gfluid→surf are significantly more favorable than ∆Gfluid→meso.
They begin to converge with increasing pressure, and when ∆Gfluid→meso ≈ ∆Gfluid→surf ≈ −18 kJ/mol,
condensation in the mesopore occurs, after which the entire zeolite is saturated. These changes occur
while hexanoic acid is in the vapor phase; the fluid phase does not condense until 5.567 bar (see Table 1).
For adsorption from the liquid phase, ∆Gfluid→surf ≈ ∆Gfluid→meso ≈ 0 kJ/mol, whereas ∆Gfluid→micro is
unfavorable at 5 kJ/mol.

Mesopore condensation occurs due to a shift of the vapor–liquid coexistence curve within the confines
of the mesopore, as previously observed for simulations of Lennard-Jonesium in a slit pore [52] and exper-
imentally for gases in a controlled-pore glass [53]. This also conforms to a Type IV isotherm, according to
IUPAC classification [54]. The IUPAC classification was primarily established to facilitate characterization
of micro- and mesoporous materials via small molecules adsorbing under cryogenic conditions (e.g. N2 and
Ar). Here, we observe analogous behavior for hexanoic acid at a much higher temperature (while T < Tc),
as previously noted by Severson and Snurr for n-alkanes in carbon slit pores [55]. The weak interactions
with the pore walls and with molecules adsorbed at the pore wall that lead to mesopore condensation are
also present for furan, but here ∆Gfluid→meso decreases only to −4 kJ/mol.

H-bonding is much stronger for hexanoic acid than for furan (see Fig. 5) because the former possesses
two H-bond acceptor sites and can also act as H-bond donor. At p = 1/64 bar, 95.58% of the acid molecules
in the surface region participate in H-bonds with SiOH. As pressure increases, the ratio of surface-adsorbed
acid molecules in H-bonds decreases gradually to 80.76% for p ≥ 4 bar, when mesopore condensation occurs.
The molecules on the mesopore surface form strong H-bonds at low pressure, but when loading increases,
not all acid molecules in the surface region are able to form H-bonds to SiOH. The reduction in fraction of
surface H-bonds between p = 1/4 and p = 4 bar coincides with a decreased magnitude in ∆Gfluid→surf .

Because hexanoic acid’s hydrophobic tail interacts favorably with the micropore walls through dispersiv-
ion interactions, a substantial fraction of the H-bonded molecules have their center of mass in the micropore
region; 452% of H-bonded molecules protrude into the micropores at p = 1/64 bar, but this decreases to
242% when adsorbing from the liquid phase. As the loading in the micropores increases, the fraction of
micropore-adsorbed acid forming H-bonds with the surface increases from 151% at p = 1/64 bar, to 422%
when the zeolite is saturated. This illustrates a complex interplay between dispersion interactions between
the micropore walls and the alkane tails, and H-bonding between surface SiOH and the acid head group. At
low p, hexanoic acid is distributed throughout the micropores; when loading is low, dispersion interactions
are favored. As pressure increases, additional molecules are preferentially added to the mesopore surface
and the regions of the micropores that allow H-bonding with SiOH. At saturation and when adsorbing from
the liquid phase, the most favorable distribution in the micropores is achieved by locating acid head groups
near the surface to H-bond with SiOH, with the alkane tails in the micropores or laying across the pore
mouths. We speculate that these configurations may be favorable for catalysis, anchoring the alkane tails
in the micropore while providing access on the surface for reactions with adsorbed furan.

3.2.2. Solvents: Linear and branched alkanes

Adsorption of three linear and one branched alkane solvent was also studied to examine the influence
of alkane chain length and branching on adsorption behavior. At 523 K, n-hexane is supercritical, whereas
n-decane, n-tetradecane, and 3,6-diethyloctane are subcritical, with vapor pressures falling in the range
from 1 to 6 bar (see Table 1). Here 3,6-diethyloctane was selected because its architecture (spacing between
branch points and length of the side chains) effectively prevents adsorption in the micropores of MFI.

As previously found by Bai et al. [11] for linear alkanes with 6 to 9 carbon atoms, the three n-alkanes
studied here preferentially adsorb into the micropores at low pressures (see Fig. 6); longer n-alkanes adsorb
more strongly, qmicro

C14 > qmicro
C10 > qmicro

C6 . At high pressures, the micropores become saturated, and packing
consideration enables higher loadings of shorter chains, with qmicro

C6 > qmicro
C10 > qmicro

C14 . A Henry’s law region
with constant ∆Gfluid→micro is only observed here for n-hexane, whereas lower reservoir pressures would be
needed for the longer n-alkanes to access the Henry’s law region. Beyond the Henry’s region, ∆Gfluid→micro

increases nearly linearly with increasing logP , then jumps to about +5 kJ/mol for adsorption from liquid
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Figure 6: Loading as function of pressure (left) and density (middle) and Gibbs free energy of adsorption (right) into the
different SPP regions for (a) n-hexane, (b) n-decane, (c) n-tetradecane, and (d) 3,6-diethyloctane.
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or highly compressed supercritical fluid phases. ∆Gfluid→micro values at low pressure are more favorable
for longer n-alkanes, but the larger entropic cost due to reduced conformational freedom leads to a larger
increase with increasing pressure for the longer n-alkanes. At p = 1 bar, fortuitously, the ∆Gfluid→micro

values for all three n-alkanes are close to −16 kJ/mol.
As observed for furan and hexanoic acid, surface loading for each n-alkane increases in the intermediate

pressure range (see Fig. 6). Longer n-alkanes exhibit onset of adsorption on the surface at lower pressures
than shorter n-alkanes, and also exhibit steeper adsorption profiles. At high pressures, the surface become
saturated; longer n-alkanes saturate the surface sooner due to stronger interactions of the larger number of
methylene units with the zeolite nanosheets, while shorter alkanes exhibit a higher saturation loading due to
more efficient packing of smaller molecules. In contrast to hexanoic acid, the surface densities for n-decane
and n-tetradecane reach only about 50% of saturation loading before mesopore condensation occurs. Given
the lengths of these n-alkanes, a fraction of the molecules adsorbs only partially with one terminus onto
the mesopore surface while their center of mass is found in the mesopore interior. Even at supercritical
conditions for n-hexane, the steepest increases in the mesopore surface and interior loadings are shifted to
pressures lower by factors of 4 and 2, respectively, than for the reservoir phase.

Without the ability for H-bonding interactions with the surface silanols, n-alkanes do not adsorb as
strongly to the surface as hexanoic acid. From p = 1/8 to 4 bar, the Gibbs free energy of adsorption of
hexanoic acid varies from −26 to −18 kJ/mol; i.e., the decrease in available silanol groups leads to a signif-
icant increase with increasing pressure. In contrast, ∆Gfluid→surf remains fairly constant for adsorption of
n-decane and n-tetradecane from the gas phase and also for n-hexane at fluid densities below 0.2 molec/nm3.
For the n-alkanes, the ∆Gfluid→surf values for adsorption from low-density fluid phases are regularly spaced
with −10, −17, and −24 kJ/mol for n-hexane, n-decane, and n-tetradecane, respectively. Each methylene
unit added to the alkane chain increases ∆Gfluid→surf by approximately 7/4 kJ/mol. For adsorption from
the liquid phase (or a highly compressed supercritical phase), ∆Gfluid→surf values are close to zero.

As with the micropores and the mesopore surface, the mesopore interior is loaded first with the longer
alkanes, but at the highest pressures, the short alkanes pack more efficiently. Mesopore condensation is
clearly observed for n-tetradecane and n-decane, with step-change adsorption in the mesopore occurring
at p = 1/2 bar and p = 4 bar, respectively. Again, we observe ∆Gfluid→meso ≈ ∆Gfluid→surf at mesopore
condensation.

Hexanoic acid and n-decane provide an interesting comparison, because these compounds have compa-
rable vapor pressures (see Table 1), yet different chemical functionality. At 2 bar, just before mesopore
condensation, ρsurf

acid reaches 87% of the maximum value of ρsurf
acid observed; the surface is essentially satu-

rated before mesopore condensation occurs. In contrast, ρsurf
C10 reaches 58% of the maximum value of ρsurf

C10

observed. This enhanced acid loading on the surface does not significantly change the pressure at which
mesopore condensation occurs; both species exhibit mesopore condensation between 2 and 4 bar.

When the reservoir phase is in vapor or supercritical states, the density in the mesopore is always higher
than the density in the reservoir, on account of the weak interactions that molecules in the mesopore feel
from the pore walls and other molecules adsorbed on the surface. Even at 64 bar, when n-decane and n-
tetradecane are liquids, the density in the mesopore is slightly higher than the fluid density (ρfluid = 2.3542

molec/nm2 and ρmesopore = 2.392 molec/nm2 for n-decane, and ρfluid = 1.8583 and ρmesopore = 1.8995 for
n-tetradecane). In contrast, the surface density of the alkanes is lower than the liquid density. However,
caution is needed because these observations focus on the location of a molecule’s center of mass (that is
needed for calculation of the Gibbs free energy). For longer alkanes, not all of the segments will fall into
the same region as the center of mass. Prior simulation studies have shown enhanced segmental densities
near planar surfaces [56, 57]. However, this behavior is distinct from hexanoic acid at saturation, where the
trend is reversed. The saturation density in the mesopore is slightly lower (3.482 molec/nm3) than the fluid
density (3.7236 molec/nm3), while the surface density is slightly greater (3.973 molec/nm3). For hexanoic
acid, H-bonding interactions result in a tighter packing on the surface with many of the non-polar tails
pointing into the mesopore interior but the center of mass still always being in the surface region.

By design, the adsorption behavior of 3,6-diethyloctane differs markedly from the linear alkanes. As seen
in Fig. 6d, loading in the micropores is disfavored compared to those in the mesopore surface and interior
regions. For adsorption from the gas phase, the loading density in the micropores is similar to the reservoir
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density (i.e., ∆Gfluid→micro ≈ 0 kJ/mol), whereas it is about two orders of magntude smaller for adsorption
from the liquid phase. Adsorption at the mesopore surface is strongly favored, but its ∆Gfluid→surf ≈ −18
kJ/mol is comparable to n-decane that has two fewer carbon atoms, i.e., the branching also reduces the
propensity for surface adsorption. In general, 3,6-diethyloctane’s loading hehavior on the surface and in the
mesopore is comparable to that of n-decane and n-tetradecane. Mesopore condensation occurs between p =
1 and 2 bar, and is preceded by an increase in loading on the surface. Again, ∆Gfluid→meso ≈ ∆Gfluid→surf ≈
−18 kJ/mol at this point.

3.3. Binary adsorption

To investigate competitive adsorption in SPP, we considered binary mixtures of hexanoic acid and alkanes.
In particular, how does co-adsorption with solvent affect the loading of hexanoic acid on the surface and in
micropores, and how does solvent branching influence the distribution of molecules in the micro/mesoporous
environment? Simulations with 500 solvent molecules (either n-hexane, n-tetradecane, or 3,6-diethyloctane)
and 50 or 300 hexanoic acid molecules were performed at T = 523 K and p ranging from 1 to 64 bar.
Adsorption loadings for each species in each region of SPP are reported in Fig. 7, and representative snapshots
of the system are shown in Fig. 8.

3.3.1. Micropores

In the micropores of SPP, adsorption of hexanoic acid can be significantly altered through co-adsorption
of solvent molecules. Presence of 3,6-diethyloctane generally does not significantly affect adsorption of
hexanoic acid in the micropores because this solvent is largely excluded from this region. In this case, these
mixtures show hexanoic acid loadings comparable to that from pure hexanoic acid at the same hexanoic acid
number density in the fluid phase. The exception to this rule is the 50:500 acid:3,6-diethyloctane mixture
at higher pressures where the reservoir phase condenses and lowers the chemical potential of hexanoic acid
compared to a unary vapor phase at the same hexanoic acid number density (ρfluid ≈ 10−2 molec/nm3). The
presence of hexanoic acid in the mixture further lowers the already very low loading of 3,6-diethyloctane.
Together these lead to extremely high selectivity for hexanoic acid in the micropore; the mole fraction of
hexanoic acid in the micropores is > 95%, even when the mole fraction in the fluid is < 2% (see Figs. 7 and
8).

At low pressure, hexanoic acid loading in the micropores decreases by an order of magnitude in the
presence of n-tetradecane, whereas the solvent loading is less affected (see Fig. 7). At these conditions, there
is little selectivity for either sorbate in the micropores. As pressure is increased, the micropore loading of
hexanoic acid increases more rapidly than for n-tetradecane because hexanoic acid is smaller and packs more
efficiently. For the hexanoic acid/n hexane mixtures, there is a significant difference in the behavior between
the 50:500 and 300:500 mixtures (see Fig. 7). For the former mixture, the loading of hexanoic acid in the
micropores is significantly lower and, actually, decreases with increasing number density in the fluid phase
(which corresponds to an increase in pressure), as replacing hexanoic acid with the smaller n-hexane, which
is entropically favorable. In contrast, the n-hexane loading is only slightly lowered. As pressure increases,
the mole fraction of hexanoic acid in the micropore decreases from 45% to less than 15%. The effects are
less pronounced for the 300:500 mixture. Here the n-hexane loading is decreased by a factor of about 4,
whereas the hexanoic acid loading is only slightly decreased. This leads to acid mole fractions about 80%
in the micropores.

Comparing the three solvents, we find that a highly branched solvent can induce near 100% adsorption
selectivity in the micropores, a light solvent such as n-hexane also leads to substantial enrichment, with
xacid,zeo significantly above the parity line, whereas a heavy n-alkane can displace hexanoic acid from the
micropores.

3.3.2. Mesopore surface

Hexanoic acid is always enriched on the mesopore surface relative to the fluid phase. For light and heavy
n-alkane solvents, xacid,zeo on the mesopore surface is greater than xacid,zeo in the micropores (see Fig. 7).
This is due to the favorable H-bonding interactions with surface silanols – interactions that favor hexanoic
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Figure 7: Adsorption into the micropore (left), mesopore surface (middle), and mesopore interior (right) regions of SPP from
binary mixtures of hexanoic acid and n-hexane (n-C6), n-tetradecane (n-C14), and 3,6-diethyloctane (36DEO). Simulations
were initialized with mixture compositions of 50 or 300 hexanoic acid molecules and 500 alkane molecules. Filled symbols
indicate adsorption from a liquid phase.
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Figure 8: Snapshots illustrating the loading of hexanoic acid (green) and alkane solvent (purple) molecules into SPP. Loadings
are shown for binary mixtures of hexanoic acid and n-hexane (left), n-tetradecane (middle), and 3,6-diethyloctane (right) at
p = 1 bar (top) and p = 64 bar (bottom). The simulations include 50 hexanoic acid molecules and 500 alkane molecules
distributing between reservoir (not shown) and SPP. The reservoir is in a vapor state at p = 1 bar and in a dense liquid-like
state at p = 64 bar.
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acid over all alkanes. For 3,6-diethyloctane, however, the micropore enrichment is even larger due to steric
hindrance for micropore adsorption. On the surface, loadings of hexanoic acid from mixtures are comparable
to unary adsorption at lower pressures, though at higher pressures, competition from solvent causes reduced
loading on the surface. For example, in the 50:500 acid:n-hexane system, at the lowest number densities (low
pressures), surface loading is low and competition is not significant, however, as pressure increases, hexanoic
acid loading is reduced in comparison to the unary loading as the n-alkanes displaces it on the surface (see
Fig. 7 and Fig. 8). Concurrently, the n-alkane loading on the mesopore surface is lowered in the presence
of hexanoic acid. Similar as for the micropore loading, an alkane-rich liquid solution constitutes a more
hospitable environment than the vapor phase for hexanoic acid; thus, at the same hexanoic acid number
density, the loading is lowered by about a factor of 8 for liquid- versus vapor-phase adsorption. Nevertheless,
the mole fraction enrichment is larger for liquid-phase adsorption because of the higher entropic penalty for
adsorption of n-tetradecane and 3,6-diethyloctane.

3.3.3. Mesopore interior

The mesopore interior always shows a higher number density than the fluid phase when adsorbing from
vapor, due to weak dispersion interactions with the mesopore walls and adsorbates in the surface region (see
Fig. 7). Generally, co-adsorption causes hexanoic acid and solvent loadings to exceed unary adsorption at the
same number density because the unlike interactions also contribute to favorable interactions in the mesopore
interior. For vapor-phase adsorption, hexanoic acid shows compositional enrichment in the mesopore interior
for the mixture with the more volatile n-hexane solvent, whereas hexanoic acid exhibits depletion when co-
adsorbing with the less volatile n-tetradecane and 3,6-diethyloctane solvents. For adsorption from the liquid
phase, the compositions in the reservoir and the mesopore interior are essentially the same.

4. Conclusions

Adsorption of furan, hexanoic acid, and alkane solvents were investigated into Si-SPP under reaction
conditions. Species below their critical point exhibited mesopore condensation following an enrichment of
mesopore surface-adsorbed species. As mesopore condensation is approached, ∆Gfluid→meso becomes more
favorable and reaches ∆Gfluid→surf , and a value near −18 kJ/mol is found here for hexanoic acid, n-decane,
n-tetradecane, and 3,6-diethyloctane.

H-bonding interactions with hexanoic acid drive saturation of the surface prior to mesopore condensation.
Absence of H-bonding in n-decane, which has a comparable vapor pressure to hexanoic acid, leads to less
surface enrichment, but does not significantly shift the pressure at which mesopore condensation occurs.
H-bonding of hexanoic acid to the surface contributes to its stronger free energies of adsorption compared
to the alkanes, but these interactions become less important as the surface saturates with acid and the
number of H-bonds per acid molecule decreases. Up to a third of the hexanoic acid molecules adsorbed
in the micropore region also form H-bonds on the surface; the dispersion interactions draw the alkyl tails
to the zeolite micropore walls, while H-bonding draws the carboxylic acid head groups to the pore mouths
and corners of the mesopore framework. In binary mixtures of hexanoic acid and alkanes, the solvent chain
length and degree of branching can be used to control the distribution of hexanoic acid in the various
regions of the zeolite. Hexanoic acid selectively adsorbs to the mesopore surface due to favorable H-bonding
interactions with silanols. Hexanoic acid is also mostly enriched in the micropores, though can be displaced
by n-hexane at high pressures or by n-tetradecane at low pressures. In mixtures with a highly branched
solvent, hexanoic acid adsorbs with nearly 100% selectivity in the micropores due to the molecular sieving
nature of the zeolite.
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