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Ab initio screening of cation-exchanged zeolites
for biofuel purification†

Hicham Jabraoui, a Ibrahim Khalil,b Sébastien Lebèguea and Michael Badawi *a

Using periodic density functional theory calculations combined with four dispersion-correction schemes,

we have investigated the adsorption of phenol, toluene and water for various cation-exchanged faujasite

zeolites. In the context of purifying the biofuels derived from the catalytic cracking of lignocellulosic bio-

oils in a fluid catalytic cracking (FCC) unit, our aim was to find a suitable material with a higher affinity for

phenol versus toluene and water, which are also present in the biofuel charge. In order to identify the most

promising adsorbent materials, we have undertaken a full screening of monovalent cations which can be

incorporated into the faujasite-type zeolite (FAU). We have evidenced that phenol can be adsorbed in two

modes: O-interaction (where phenol is adsorbed via its oxygen) and π-interaction (where phenol is

adsorbed via its aromatic ring). The screening of the interaction energies of the different exchanged zeo-

lites showed that over HFAU the phenol is selectively adsorbed via O-interaction, contrary to what is ob-

served over alkali and transition metal exchanged zeolites where the π-interaction dominates for the ad-

sorption of phenol, leading to weaker interaction with the zeolite compared to toluene. On the Lewis

modeled acid sites, namely the defect Lewis acid site (D-LAS) and the extraframework Lewis acid site (EX-

LAS), the two interaction modes of phenol show almost equivalent interaction energies. In terms of selec-

tivity, HFAU is the most selective to phenol adsorption towards O-interaction even in the presence of tolu-

ene and H2O molecules. Both adsorption modes of phenol present a higher interaction energy than those

of toluene and H2O once adsorbed over an EX-LAS. The alkali and metallic cations have a high affinity for

toluene molecules, which prohibit their use for the biofuel purification process.
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1. Introduction

Due to climate change as well as the exhaustion of petroleum
resources, recently clean renewable fuel sources have started
to be an alternative choice to fossil fuels.1–3 Alternative liquid
biofuels can be derived from lignocellulosic biomass (e.g. ag-
riculture residues, forest and industrial waste, wood…).1,4,5

Bio-oils obtained after biomass pyrolysis present a high oxy-
gen content (20–55 wt%),3,4 which is responsible for their in-
stability and corrosive properties.6,7 To obtain bio-oils with
similar properties to those of crude fuel, an upgrade of these
55
bio-oils must be performed by eliminating oxygen.6,7 To this
end, hydrodeoxygenation (HDO) is one of the possibilities
retained by the industry. Then the bio-oils obtained can be
mixed with vacuum gas oil (VGO) before proceeding to a fluid
catalytic cracking unit (FCC).1,4,5 Bio-hydrocarbons are
obtained at the outlet of the FCC unit, containing a small
amount of oxygenated compounds (0.5 wt% to 7 wt%),
mainly phenolic derivatives.1,5,8,9 It was recently shown8 that
the presence of oxygenated impurities in the biofuel composi-
tion is responsible for producing toxic exhaust gases after
biofuel combustion. For this reason, phenol-type compounds
must be removed to obtain an ultrapure biofuel.

Among the techniques which can be used for the purifica-
tion process,10 adsorption is attractive because it consumes
much less energy than pervaporation or solvent extraction.11

To be efficient, several criteria must be fulfilled: a high ad-
sorption capacity and a high selectivity are needed to allow
t. Des. Eng., 2019, 00, 1–11 | 1
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the concentration of the undesired products.12 In addition,
regeneration under mild conditions is an important property
of the adsorbent that allows repeating the adsorption process
over several cycles.12,13

In this context, the development of a selective and regen-
erable adsorbent to capture phenol from a hydrocarbon mix-
ture is an important research topic. The idea is to select an
adsorbent able to separate phenol from a biofuel mixture in
the presence of aromatic compounds (40 wt% of the biofuel
composition).14 In particular, the adsorbent has to selectively
adsorb phenol and its derivatives in the presence of water
and toluene (chosen as a model aromatic molecule).

Some promising materials that can be used to address this
issue are inorganic sorbents such as zeolites.15–17 These rela-
tively low-cost materials have found many applications in ad-
sorption and catalytic processes owing to several advan-
tages.18 Indeed, they present a high specific surface area that
increases their adsorption capacity as well as the possibility
of easily exchanging extraframework cations.19 In addition,
good thermal stability and shape selectivity (pore diameters
and apertures) are among the factors that make zeolites ex-
tensively usable for selective trapping applications.15,22

Among the large number of existing zeolites,20–22 beta
(BEA), mordenite (MOR), MFI and faujasite (FAU) are often
used to extract phenol from wastewater.12,23 However, only a
few papers have dealt with phenol removal from hydrocar-
bons. A first patent, published in 1952, proposed the treat-
ment of phenol-containing stocks with a strong alkali metal
hydroxide solution.24 A second patent (1971) proposed to ad-
sorb phenol over polyurethane foams followed by regenera-
tion with acetone.25 Recently, we have studied the adsorption
of phenol from isooctane over HFAU with different Si/Al ra-
tios.26 We have shown that the phenol molecules were
strongly adsorbed over the acid sites (Brønsted and Lewis).
Many monovalent cations can be experimentally incorporated
into the faujasite (FAU) framework, such as H+, Cu+, Ag+ or
alkali metals, and their distribution is widely available,27

making FAU a material of interest for molecular storage.
However, no systematic experimental or theoretical studies

have been devoted to the effect of cations on the selective
trapping by zeolites of phenol species from hydrocarbons in
the presence of H2O and toluene. Since phenol and toluene
present similar chemical structures, achieving their complete
separation can be a very difficult task. Nowadays, molecular
modeling is widely used to design new porous materials for
dedicated applications especially when the separation process
is very challenging.28–33 As a matter of fact, the accuracy of
density functional theory (DFT) is sufficient to predict the ad-
sorption enthalpies of various molecules in zeolites.34–44,46,47

Indeed, computed adsorption enthalpies of alkanes in differ-
ent zeolite structures have been found to be in good agree-
ment with calorimetric experiments.38–40 Also, the important
effect of the nature of the cation on the capture of harmful
species such as H2S,

45 CO2 (ref. 37 and 46–48) or iodine spe-
cies from nuclear streams41–44 has been highlighted using at-
omistic modeling.
2 | Mol. Syst. Des. Eng., 2019, 00, 1–11
In this paper, using DFT with periodic boundary condi-
tions, we have studied the influence of the monovalent cat-
ions H+, Li+, Na+, K+, Cs+, Cu+ and Ag+ on the affinity and ad-
sorption properties of zeolites towards phenol, toluene and
water. In the second section, we describe the theoretical
methods and the zeolite models that we have used. Then we
present our results on the cation screening for the adsorption
of each molecule in section 3.1. In section 3.2, the choice of
the most suitable cation for the removal of phenol from bio-
fuel is discussed in terms of thermodynamic selectivity. Fi-
nally, we draw the main conclusions from the present work.

2. Computational details
2.1. Methods

The adsorption of phenol, toluene and water molecules in
DAY, D-LAS (defect Lewis acid site of a faujasite), EX-LAS
(extraframework Lewis acid site), and cation-exchanged
faujasites is investigated using periodic DFT with the Vienna
Ab initio Simulation Package (VASP).49 Our studies employ
the PBE functional50 and the projector augmented plane
wave (PAW) method.51,52 The plane wave cutoff energy is set
at 450 eV. Kohn–Sham equations have been solved iteratively
until the energy difference between cycles becomes lower
than 10−6 eV. Gaussian smearing has been set to 0.1 eV. The
structure has been fully optimized until all forces become
smaller than 0.02 eV Å−1 per atom. Brillouin-zone sampling
was restricted to the Γ-point. To accurately describe the ad-
sorption process of the investigated molecules in faujasite, it
is necessary to take into account the van der Waals interac-
tions (vdWs).39,42 To this end, we have used four kinds of cor-
rection, namely D2, TS, TS/HI and FI/MBD. In the D2 correc-
tion of Grimme,53,54 the vdW interactions are described as an
atom-pairwise correction, where the C6 (dipole–dipole) dis-
persion coefficients for each type of atom are defined inde-
pendently of the system. The Tkatchenko–Scheffler correction
(TS)55 is based on the idea that the C6 coefficients are
obtained using rescaled atomic polarizabilities. The TS/HI
scheme is an improved version of the TS method based on
an iterative Hirshfeld partitioning.56,57 Finally, the FI/
MBD58,59 oversees a simple pairwise correction by taking into
account the many-body interactions used in the original
MBD method,60 but in this version, the ionicity of the atoms
is fully accounted for. These correction methods are
implemented in VASP.53,54,58 The adsorption phenomena are
evaluated using the total interaction energy ΔEint between
one molecule and one FAU formulation. The adsorption phe-
nomena are evaluated using the interaction energy between
one molecule and one FAU formulation, which is expressed
as follows:

ΔEint = Ezeolite + EX − Ezeolite‐X (1)

where Ezeolite-X is the energy of the FAU with adsorbed mole-
cules, Ezeolite is the energy of the empty zeolite and EX is the
energy of the isolated molecule in the gaseous phase.
This journal is © The Royal Society of Chemistry 2019



MSDE Paper

1

5

10

15

20

25

30

35

40

45

50

55

1

5

In this notation, a positive value of ΔEint corresponds to
an exothermic process. The dispersion energy contribution
ΔEdisp to ΔEint is estimated in a similar way:

ΔEdisp = Edispzeolite + Edisp X − Edispzeolite‐X (2)
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2.2. Structural model

The framework of faujasites (FAUs) consists of cuboctahedral
sodalite units connected by hexagonal prisms (D6R), forming
large empty cavities called supercages. These supercages are
interconnected by their 12-membered ring windows, also
called hexagonal windows (12MR), to thereby form the po-
rous network. The siliceous structure of faujasite crystallizes
within the Fd3m symmetry space group.61 The standard cell
has a cubic structure with the lattice parameters a = b = c =
25.028 Å (576 atoms, Si192O384).

62,63 To reduce the computa-
tional effort, we have used a primitive rhombohedral cell
(two supercages and eight hexagonal windows connecting the
sodalite cages to the supercages) containing 144 atoms. Crys-
tallographic investigations27,61,64,65 have shown that among
the possible cationic sites, site II is the most occupied loca-
tion when the Si/Al ratio is higher than 5. Therefore, we have
substituted a Si atom in the primitive cell with an Al atom to
get a Si/Al ratio of 47 and then introduced a monovalent cat-
ion in site II. This site is in the supercage above the hexago-
nal window and between the supercage and the sodalite cage,
which is sufficiently accessible to accommodate large guest
adsorbates (see Fig. 1).

The considered cations were H+, Li+, Na+, K+, Cs+, Cu+ and
Ag+. We have also considered two kinds of Lewis acid sites,
namely defect Lewis acid site (D-LAS)66 and extraframework
Lewis acid site (EX-LAS).67 The D-LAS is modelled by simply
removing the H+ from the H-FAU structure (Si/Al = 47).25,65

The so-called EX-LAS site is modelled66 by substituting three
Si atoms with three Al atoms in a 6MR window, and then an
extra framework Al3+ cation is added in order to reach neu-
trality (see Fig. 4). The performances of these formulations
are compared with those of the zeolite dealuminated (DAY)
faujasite in order to know the effects of each investigated cat-
ion or suggested Lewis acid site models. The composition of
This journal is © The Royal Society of Chemistry 2019

Fig. 1 Periodic model of a primitive cell of M-FAU (Si/Al = 47) zeolite, wher
the zeolite DAY used for this study is a pure siliceous struc-
ture with a Si/Al ratio of ∝, inducing a high hydrophobicity.68
3. Results and discussion
3.1. Theoretical investigation of the adsorption of phenol,
toluene and water in FAU zeolites using dispersion-corrected
DFT schemes

In this part, we are interested in the systematic DFT investi-
gation of the adsorption of phenol, toluene and water on var-
ious formulations of faujasite zeolite: a DAY cage, different
cation-exchanged faujasites (H+, Li+, Na+, K+, Cs+, Ag+, Cu+),
and D-LAS and EX-LAS Lewis acid site models. Calculations
were performed using four levels of theory, namely PBE + D2,
PBE + TS, PBE + TS/HI, and PBE + FI/MBD. Our results are
reported in Table 1 and Fig. 1. The contribution of dispersion
interactions (due to London forces) to the interaction ener-
gies are reported and discussed in the ESI.† The phenol can
be adsorbed via two modes, through its oxygen atom (O-inter-
action) or its aromatic ring (π-interaction).

3.1.1. Adsorption of phenol
a. O-interaction. In siliceous faujasite (DAY), the computed

total interaction energy (ΔEint) of phenol adsorbed via its
oxygen atom is equal to 27, 34, 29 and 28 kJ mol−1 for PBE +
D2, PBE + TS, PBE + TS/HI, PBE + FI/MBD, respectively. In
the presence of any type of cationic or Lewis site in the
faujasite cage, ΔEint of phenol is increased. It is generally
accepted that the strength of adsorption of alkenes and
aromatics increases with the cation content.69,70

Indeed, in the protonated faujasite (H-FAU), the interac-
tion energy of the phenol ranges between 78 and 90 kJ mol−1,
being higher than those found in DAY by around 60 kJ mol−1

whatever the level of theory. In Na-FAU, ΔEint of the phenol
molecule is slightly lower, about 75 kJ mol−1.

In the case of other investigated alkali cations, we notice
that the energy of the interaction of phenol can reach a maxi-
mum value when it is adsorbed over the Li+ site. This energy
decreases from 92 kJ mol−1 for Li+ to 59 kJ mol−1 for Cs+. This
behavior can be related to the chemical hardness of cations
as introduced by Pearson et al.71 Indeed, the chemical hard-
ness of the cation decreases when going down in the column
of alkali metals in the periodic table, which explains the
Mol. Syst. Des. Eng., 2019, 00, 1–11 | 3
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Fig. 2 Total interaction energies of phenol by O-interaction, phenol by π-interaction, toluene and water molecules, in DAY, H-, Li-, Na-, K-, Cs-,
Cu-, Ag-, D-LAS-, and EX-LAS-FAU (Si/Al = 47).
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diminution of ΔEint of phenol adsorbed by its hydroxyl group
along the series.

On both transition metals Cu+ and Ag+, the total interac-
tion energies of phenol exhibit similar values (around 80 kJ
mol−1 for PBE + D2, 90 kJ mol−1 for both PBE + TS and PBE +
TS/HI, and 70 kJ mol−1 for PBE + FI/MBD), which are higher
than those of DAY by around 50 kJ mol−1 and similar to those
of H-FAU independently of the level of theory. On D-LAS, we
found a strong interaction energy of phenol, ranging from
170 to 183 kJ mol−1 with all used levels of theory, much
higher than that of DAY by about 150 kJ mol−1. Finally, we
found the strongest interaction energy of phenol over the EX-
LAS, ranging from 198 to 210 kJ mol−1 for the four levels of
theory (see Table 1).

Therefore, the O-interaction mode adsorption of phenol is
more favorable over the following adsorption sites: EX-LAS >

D-LAS > Li-FAU > Cu-FAU = Ag-FAU > H-FAU. In addition,
the four levels of theory used exhibit a similar trend regard-
ing the evolution of ΔEint for the investigated faujasite formu-
lation (see Fig. 2).

b. π-interaction. In DAY, the interaction energy of the
phenol adsorbed via its aromatic ring is equal to 52 kJ mol−1

for PBE + D2, 70 kJ mol−1 for PBE + TS, 55 kJ mol−1 for PBE +
TS/HI, and 50 kJ mol−1 for PBE + MBD. In the presence of
any type of cationic site or Lewis site in the zeolite cage, ΔEint
of phenol increases.
4 | Mol. Syst. Des. Eng., 2019, 00, 1–11
Over protonated sites, the π-interaction of phenol presents
a ΔEint of around 64 kJ mol−1. By comparison between the
two investigated adsorption modes, the O-interaction mode
is energetically the most stable in H-FAU (see Fig. 3). This
high stability may be due to the creation of the hydrogen
bonding interaction upon adsorption (see Fig. 4). Our results
are in line with those reported by Namuangruk et al.,72 who
indicated that benzene and ethylbenzene also interact weakly
with the faujasite protonated site by π-interaction. In the case
of the alkali-exchanged zeolites, the adsorption of phenol by
its aromatic ring is more energetically favorable than that of
the O-interaction mode, which can be correlated with the
high interactions of cation–aromatic complexes.73 Thus, ΔEint
is around 96 kJ mol−1 on both Li+ and Na+, 84 kJ mol−1 on
K+, and 79 kJ mol−1 on Cs+.

The transition metals Cu+ and Ag+ also show a high affin-
ity for phenol, as the corresponding interaction energies are
around 135 kJ mol−1 for both cations. This behavior is experi-
mentally observed in the case of benzene.74 On D-LAS, the
ΔEint of phenol adsorbed via its π interaction is about 37 kJ
mol−1, lower than that of DAY by about 161 kJ mol−1. In this
case, the O-interaction mode is the most favorable (ΔEint ∼
174 kJ mol−1). For the EX-LAS site, the ΔEint of phenol by its
aromatic ring ranges between 178 kJ mol−1 and 219 kJ mol−1.

Therefore, the adsorption of phenol by its aromatic ring is
more suitable over the following adsorption sites: EX-LAS >
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Comparison between the interaction energies of phenol O-interaction, phenol π-interaction, toluene and water molecules in DAY, H-, Li-,
Na-, K-, Cs-, Cu-, and Ag-FAU (Si/Al = 47), D-LAS-FAU (Si/Al = 47), and EX-LAS-FAU (Si/Al = 15) for the four levels of theory PBE + D2.
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D-LAS > Cu-FAU ≈ Ag-FAU > Li-FAU ≈ Na-FAU. The four used
levels of theory give a similar trend regarding the ΔEint evolu-
tion as a function of the investigated faujasites (see Fig. 2).

c. Comparison between the π and O adsorption modes of
phenol. During our theoretical investigation of phenol
adsorption in various formulations of the faujasite zeolite, we
have identified two possible adsorption modes, namely
O-interaction (via the hydroxyl group) and π-interaction (via
the aromatic ring). As we have considered both adsorption
configurations, we are able to distinguish which kind of ad-
sorption mode is favored on either a cationic site, an acid site
(Brønsted or Lewis), or a 6MR window (in the case of the
pure siliceous faujasite DAY).

In the case of Li-FAU, it is hard to identify the most stable
adsorption mode as the D2 and TS methods indicate that
π-interaction is favored while TS/HI and FI/MBD show the op-
posite trend. Overall, the interaction energy values range in a
narrow interval of 10 kJ mol−1.

On the Brønsted acid site, D-LAS, and EX-LAS, the adsorp-
tion of phenol via its oxygen atom is more favorable than the
one through its π-ring. However, in DAY, Na-FAU, K-FAU, Cs-
FAU, Cu-FAU and Ag-FAU, the adsorption of phenol via its ar-
omatic ring is greater than that reported via its oxygen atom
by around 15 kJ mol−1, 26 kJ mol−1, 13 kJ mol−1, 54 kJ mol−1

and 43 kJ mol−1, respectively. In this context, Takahashi
et al.73 have experimentally investigated the isotherm adsorp-
This journal is © The Royal Society of Chemistry 2019
tion of aromatic molecules, namely benzene and thiophene,
on several sorbents, including Ag-Y, Cu-Y, Na-Y, and USY.
They found that these molecules are strongly adsorbed on
Cu+ and Ag+ due to the presence of π-complexation.73

3.1.2. Adsorption of toluene. For all the sites mentioned
previously, the toluene molecule is preferably adsorbed on
the cations through its aromatic ring (Fig. 4), which is in line
with a previous experimental study75 and some earlier theo-
retical investigations76 in zeolites. These trends, as reported
in Fig. 2, are similar to those observed for the π-interaction
mode of phenol. Using four dispersion correction schemes,
we found that ΔEint of toluene in DAY ranges from 45 to 66
kJ mol−1 (Table 1). As reported above in the case of phenol
adsorption, the adsorption strength of toluene is higher on
cationic-exchanged zeolites compared to DAY.

In H-FAU, the value of ΔEint for toluene is 62 kJ mol−1 for
PBE + D2, 81 kJ mol−1 for PBE + TS, 63 kJ mol−1 for PBE + TS/
HI, and 56 kJ mol−1 for PBE + FI/MBD. Although there are no
experimental results concerning the adsorption enthalpy of
toluene for these systems, we can compare our results with
the ones on benzene, which presents similarities with tolu-
ene in its molecular structure. Indeed, a toluene molecule is
around 10 kJ mol−1 more adsorbed than benzene due to its
methyl group, compensating for the correction to extrapolate
an adsorption energy at 0 K to an adsorption enthalpy at 300
K, which is also around 10 kJ mol−1. Regarding our computed
Mol. Syst. Des. Eng., 2019, 00, 1–11 | 5
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Fig. 4 The adsorption modes of the most stable configurations for phenol O-interaction, phenol π-interaction, toluene and water molecules over
DAY, H-, Li-, Na-, K-, Cs-, Cu-, Ag-FAU (Si/Al = 47), D-LAS, and EX-LAS. For the sake of clarity, only the 6MR window surrounding the cation and
the molecule is displayed; blue, red, sky blue, white, gray, brown, and yellow atoms represent silicon, oxygen, aluminum, hydrogen, silver, carbon,
and sodium, respectivelyQ4 .

MSDEPaper

1

5

10

15

20

25

30

35

40

45

50

55

1

5

10

15

20

25

30

35

40

45

50

55



Q6

Table 1 Calculated interaction energies. ΔEint (kJ mol−1) of phenol, tolu-
ene and water on DAY, M-exchanged faujasite (Si/Al = 47) and faujasite
containing either D-LAS (Si/Al = 47) or EX-LAS (Si/Al = 15)

ΔEint (kJ mol−1)

Phenol (OH)
interaction

Phenol (π)
interaction Toluene Water

PBE + D2

DAY 27.0 51.8 47.4 16.9
H-FAU 81.8 61.7 62.3 85.3
Li-FAU 88.8 104.7 111.1 81.0
Na-FAU 69.2 102.5 115.7 56.9
K-FAU 53.7 77.0 86.6 63.7
Cs-FAU 61.5 98.9 111.1 42.1
Cu-FAU 82.5 130.4 146.0 69.7
Ag-FAU 86.2 130.4 139.6 82.6
D-LAS 173.3 162.5 135.7 43.9
EX-LAS 203.8 210.3 185.6 190.1

PBE + TS

DAY 34.2 69.9 66.2 21.3
H-FAU 90.6 77.7 80.8 82.7
Li-FAU 98.0 108.4 116.6 72.6
Na-FAU 80.0 105.8 122.4 62.3
K-FAU 69.7 95.8 110.6 67.9
Cs-FAU 68.1 84.9 99.3 39.5
Cu-FAU 89.8 147.7 161.4 74.5
Ag-FAU 91.6 146.0 148.4 85.2
D-LAS 183.4 175.1 153.1 43.2
EX-LAS 209.9 219.6 189.3 191.1

PBE + TS/HI

DAY 29.4 55.0 54.5 13.1
H-FAU 78.8 58.0 63.4 74.6
Li-FAU 86.9 83.0 90.9 74.4
Na-FAU 74.7 96.7 109.5 62.0
K-FAU 60.4 81.0 93.3 58.3
Cs-FAU 57.7 68.3 77.9 38.2
Cu-FAU 84.4 138.3 147.2 67.5
Ag-FAU 90.4 131.8 140.1 78.3
D-LAS 169.2 151.7 131.0 33.6
EX-LAS 198.5 178.1 158.6 184.6

PBE + FI/MBD

DAY 27.7 49.5 45.1 20.2
H-FAU 78.6 57.1 56.4 81.0
Li-FAU 96.2 86.4 86.4 82.6
Na-FAU 72.9 88.4 94.4 60.6
K-FAU 58.1 84.0 89.6 61.4
Cs-FAU 49.8 63.2 71.3 35.9
Cu-FAU 72.6 126.3 135.3 61.5
Ag-FAU 75.5 118.1 127.1 73.5
D-LAS 171.3 154.6 128.3 41.7
EX-LAS 199.0 195.4 163.1 190.0

MSDE Paper

1

5

10

15

20

25

30

35

40

45

50

55

1

5

10

15

20

25

30

35

40

45

50

55
adsorption energies, the value using the PBE + FI/MBD
scheme (56 kJ mol−1) strongly agrees with the one found ex-
perimentally for the senthalpy of adsorption of benzene (55
kJ mol−1).73 Moreover, Gould et al.77 have shown the high ac-
curacy of FI/MBD compared to recent dispersion methods
through benchmark calculations across various potential-
energy curves of the benzene dimer.

In Na-FAU, the ΔEint of the toluene molecule is 115 kJ
mol−1 at the PBE + D2 level of theory, 112 kJ mol−1 with PBE
This journal is © The Royal Society of Chemistry 2019
+ TS, 109 kJ mol−1 with PBE + TS/HI, and 94 kJ mol−1 with
PBE + FI/MBD, which is larger than those of DAY and H-FAU
for any level of theory. We found that the FI/MBD value is
closer than those of other used schemes to the benzene ad-
sorption enthalpy of 75 kJ mol−1 experimentally
determined.73

As observed for the π-interaction mode of phenol, the π

electrons of toluene interact more strongly with the
remaining alkali cations than with the proton. For the four
levels of theory, the ΔEint of toluene is around 100 kJ mol−1 in
Li-FAU, 95 kJ mol−1 in K-FAU and 90 kJ mol−1 in Cs-FAU. This
trend is consistent with what was observed for the interaction
of phenol via its aromatic ring (see above) and with an
ONIOM study of the adsorption of benzene in zeolites ex-
changed with alkali cations.78

When the proton is substituted by one of the investigated
transition metal cations (Cu+ or Ag+), the affinity of toluene
with the faujasite increases significantly, as ΔEint ranges be-
tween 135 and 161 kJ mol−1 in Cu-FAU, and between 127 and
148 kJ mol−1 in Ag-FAU. Archipov et al. have also experimen-
tally shown that adsorption of benzene is more favorable over
copper than over Brønsted sites in Y zeolite.79 These values
are higher than in the DAY cage by more than 80 kJ mol−1.
Over D-LAS, the interaction energy of phenol is about 137 kJ
mol−1, being higher than those found in DAY by around 80 kJ
mol−1 whatever the level of theory. Finally, EX-LAS gives inter-
action energies of about 167 kJ mol−1, which is almost 110 kJ
mol−1 higher than in the DAY cage. As shown in Table 1 and
Fig. 2 for the adsorption of toluene, the four levels of theory
give a similar behavior as a function of the studied faujasite.
We note that toluene has a strong affinity towards EX-LAS,
followed by Cu-FAU, D-LAS, Ag-FAU, LAS-FAU, Na-FAU, or Li-
FAU. Oliveira et al.80 have confirmed that toluene is strongly
adsorbed on transition metals compared with alkali metals.
More precisely, they found that for a temperature range be-
tween 303 and 333 K, the adsorption of toluene is more favor-
able in AgY than in NaY. Regarding other kinds of aromatic
molecules, Takahashi et al.73 found that benzene is strongly
adsorbed on CuY and AgY compared to NaY and H-USY.

3.1.3. Adsorption of water. The computed interaction en-
ergy of H2O in DAY is 17 kJ mol−1 for PBE + D2, 21 kJ mol−1

for PBE + TS, 13 kJ mol−1 for PBE + TS/HI, and 20 kJ mol−1

for PBE + FI/MBD. This energetic range is much lower than
the enthalpy of vaporization for water (44 kJ mol−1), which is
consistent with the hydrophobic character of DAY. As de-
scribed in the adsorption of phenol and toluene, the water
interaction energy becomes stronger in the vicinity of cat-
ionic or acidic sites. In H-FAU, the water molecule interacts
with the protonated site via its oxygen atom by creating a hy-
drogen bond, giving an interaction energy of between 74 and
85 kJ mol−1 (depending on the level of theory). Then, the
ΔEint of H2O in H-FAU is higher than the one in DAY by
around 60 kJ mol−1 whatever the level of theory.

As observed for the O-interaction mode of phenol, alkali
cations present a lower affinity towards water compared to
the proton. In Na-FAU, the ΔEint of the water molecule ranges
Mol. Syst. Des. Eng., 2019, 00, 1–11 | 7
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between 58 kJ mol−1 and 68 kJ mol−1, being lower than that
of H-FAU by around 20 kJ mol−1. In Na-FAU, the water mole-
cule interacts with the Na+ site via its oxygen, but the hydro-
gen bond is less likely to be created compared to H-FAU,
leading to lower interaction energies of between 58 and 68 kJ
mol−1. On the same material, Dzhigit et al.81 have experimen-
tally found that the adsorption enthalpy of water is about −65
kJ mol−1, which agrees with our ΔEint of −64 and −67 kJ mol−1

for the PBE + D2 and PBE + MBD/FI levels of theory, respec-
tively (see Table 1).

For the remaining alkali cations (Li+, K+ and Cs+), the
interaction energy of water decreases from Li+ (about 80 kJ
mol−1) to Cs+ (about 40 kJ mol−1). This trend is in good agree-
ment with previous theoretical studies about the adsorption
of water in alkali-exchanged faujasite41 and mordenite zeo-
lites.82 This behavior is also observed in the case of the
O-interaction mode of phenol. These findings can be theoret-
ically explained based on the HSAB (hard–soft bases and
acids) theory.70,83 Accordingly, the alkaline cations H+, Li+,
Na+ and K+ are hard acids, which prefer to interact with hard
bases such as H2O. Moreover, an experimental study of the
interaction between water and alkali-metal cation-exchanged
X-type zeolites shows that the adsorption energy decreases
from Li+ (about 86 kJ mol−1) to Cs+ (about 66 kJ mol−1), which
is correlated to the increase of the cation softness from Li+

(about 0.03) to Cs+ (about 0.095).84 In addition, Jentys et al.85

have found experimentally that in alkali-metal-exchanged
ZSM-5, the adsorption of water molecules at low coverage on
alkali-metal cations are more favored for Li-, Na-, and
K-ZSM5 than for Cs- and Rb-ZSM5.

On both transition metals Cu+/Ag+, the ΔEint values of wa-
ter are 74/85 kJ mol−1 for PBE + D2, 74/85 kJ mol−1 for PBE +
TS, 67/78 kJ mol−1 for PBE + TS/HI, and 61/73 kJ mol−1 for
PBE + FI/MBD, which are higher than those in DAY by
around 52/64 kJ mol−1 whatever the level of theory. The
slightly lower ΔEint for Cu+ compared to Ag+ can also be cor-
related to the lower chemical hardness of Cu+ compared with
the Ag+ cation.70 Over D-LAS, we found an interaction energy
ΔEint of water ranging between 34 and 42 kJ mol−1, with no
contact between the O atom of water and the Al atom. In con-
trast, on the EX-LAS, the O atom of water directly interacts
with the Al atom, leading to a very strong interaction between
water and the EX-LAS site; in this case, the ΔEint of H2O
ranges from 185 to 191 kJ mol−1 depending on the method
employed (see Table 1). In conclusion, the water molecule
prefers to be adsorbed in the following order of priority: EX-
LAS > D-LAS > H-FAU ≈ Ag-FAU ≈ Li-FAU > Cu-FAU (see
Table 1). This behavior is also well followed in the
O-interaction mode of phenol. Thus, the strong adsorption of
both water and phenol via their hydroxyl group may be due
to hydrogen bonding interactions. Accordingly,
Pelmenschikov et al.,86 using ab initio and IR tools, have at-
tributed OH bands to the water molecule complex with the
bridging OH group in zeolites. In addition, all levels of theory
exhibit a similar behavior with respect to ΔEint of water as a
function of the studied faujasites (Fig. 2).
8 | Mol. Syst. Des. Eng., 2019, 00, 1–11
3.2. Effect of zeolite formulation on the adsorption selectivity
of phenol towards toluene and water

In the previous section, we have discussed the adsorption be-
havior of phenol, toluene and water in various zeolite formu-
lations independently. Since there is virtually no result in the
literature, both theoretically and experimentally, to compare
with our results, we have tested different dispersion correc-
tion schemes to the DFT and observed that their type does
not affect the observed trends (Fig. 2). This means that we
can now safely compare the three molecules on each site in
order to find the most suitable faujasite formulations able to
perform a selective adsorption of phenol from a biofuel
charge containing toluene and water molecules. For the sake
of clarity, we will discuss in this part only the geometric pa-
rameters and interaction energies obtained by using the PBE
+ FI/MBD level. This method is chosen because it provides
interaction energies close to the experimental data as shown
in the case of toluene adsorption (see section 3.1.2).

We remind the reader that the aromatic compounds repre-
sented here by toluene are mainly present in the final compo-
sition of the biofuels. In addition, water is usually present in
bio-oils as it can be formed during the HDO treatment upon
reaction of the oxygenated molecules with H2.

6 The water
molecule can also be considered as a part of the natural com-
position of faujasite.87 Herein, the faujasite structures used
are (1) DAY (siliceous faujasite) to evaluate only the effect of
the zeolite framework, (2) D-LAS to investigate the effect of
the isolated Lewis acid site, (3) H-FAU and (4) M-FAU (M cor-
responds to the studied alkali and transition metal) to study
the effect of the counter cation type on the selective adsorp-
tion of phenol (Fig. 3 and 4).

In DAY, the π-interaction mode of phenol is the most sta-
ble. Here, the phenol, toluene, and water molecules interact
with a 6MR window at distances of 2.66 Å, 2.38 Å and 2.66 Å,
respectively. In this case, phenol is slightly more adsorbed
than toluene by around 4 kJ mol−1, and this energy difference
is not enough to ensure a complete selective adsorption of
phenol towards toluene. However, phenol is more adsorbed
than water by around 29 kJ mol−1.

On the protonated site, the O-interaction mode of phenol
is the most stable. In this configuration (see Fig. 4), two hy-
drogen bonds have been identified: one between the oxygen
of phenol and the protonic acidic site (length of 1.46 Å) and
the other between the hydrogen of the phenol's hydroxyl
group and one oxygen atom of the framework (length of 2.43
Å). In addition, the oxygen of the water molecule and the hy-
drogen of the methyl group of toluene interact with the oxy-
gen of the faujasite structure at a distance of 1.37 Å and 2.67
Å, respectively. As a result, in the protonated faujasite, phe-
nol is strongly adsorbed compared to toluene by around 22
kJ mol−1. H-FAU allows almost a similar adsorption energy of
both phenol and water (Table 1).

In Na-FAU, phenol is strongly adsorbed via its aromatic
ring and is more adsorbed than water by around 38 kJ mol−1.
Nevertheless, toluene is more adsorbed than phenol by
This journal is © The Royal Society of Chemistry 2019
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around 16 kJ mol−1. Results show that Na-FAU interacts with
the aromatic ring of both phenol and toluene at a distance of
2.45 Å and with the oxygen of the water molecule at a dis-
tance of 2.30 Å.

On Li+, phenol prefers to be adsorbed by its aromatic ring
at a distance of 1.91 Å. Here, phenol is more adsorbed than
toluene by around 10 kJ mol−1 and water by around 14 kJ
mol−1. However, this energy difference is not enough to en-
sure a complete selective adsorption of phenol towards water
and toluene. For the remaining alkali cations (K+ and Cs+),
the π-interaction mode of phenol is the most stable. There-
fore, the π-ring of the phenol interacts with K+ and Cs+ at dis-
tances of 2.81 Å and 3.21 Å, respectively. Here, phenol is
adsorbed more than water by around 25 kJ mol−1 but less
adsorbed than toluene by around 7 kJ mol−1.

In Cu-FAU and Ag-FAU, the cationic transition metals
interact with the aromatic rings of phenol and toluene and
the oxygen atom of water. In this case, we see a preferential
adsorption of toluene than phenol by a difference of about 9
kJ mol−1, whereas phenol is more adsorbed than the water
molecule by 65 kJ mol−1 in Cu-FAU and 45 kJ mol−1 in Ag-
FAU.

As noted above, the O-interaction mode of phenol is the
most preferable on D-LAS. In this case, one oxygen atom of
the faujasite structure interacts with the hydrogen atom of
phenol or the hydrogen of the methyl group of toluene with a
distance of 2.15 Å and 1.82 Å, respectively. For the water mol-
ecule, its two hydrogen atoms interact with two oxygen atoms
of the faujasite with distances of 1.81 Å and 2.22 Å. In D-LAS,
phenol is more adsorbed than toluene and water by around
43 kJ mol−1 and 130 kJ mol−1, respectively. This means that
zeolites containing defect Lewis acid sites can selectively trap
phenol from toluene and water.

Finally, the O-interaction mode of phenol is the most pref-
erable on the EX-LAS. In this case, the extraframework Al3+

cation in the faujasite structure interacts with the hydrogen
atom of the phenol group and the hydrogen of the methyl
group of toluene with distances of 1.87 Å and 2.23 Å, respec-
tively. For the water molecule, Al3+ as a charge compensator
cation in the faujasite structure interacts with the oxygen
atom of water with a distance of 1.89 Å. Over EX-LAS, phenol
is more adsorbed than toluene and water by around 30 kJ
mol−1 and 40 kJ mol−1, respectively. This implies a great po-
tential for using zeolites containing extraframework Lewis
acid sites to perform a selective trapping of phenol towards
toluene and water.

Conclusion

In the context of biofuel purification, our work aimed to
identify a suitable zeolite formulation able to selectively ad-
sorb phenol from a biofuel mixture containing toluene and
water molecules. Using periodic DFT calculations with four
types of correction to describe van der Waals interactions,
namely PBE + D2, PBE + TS, PBE + TS/HI and PBE + FI/MBD,
we have investigated systematically the interactions of phe-
This journal is © The Royal Society of Chemistry 2019
nol, toluene and water molecules in DAY, FAU containing ei-
ther D-LAS or EX-LAS and M-exchanged faujasite zeolites,
where M = H, Li, Na, K, Cs, Cu and Ag. The computed inter-
action energies with the four different corrections follow the
same trends. We can summarize our main findings as
follows.

(1) Phenol can be adsorbed in the considered zeolites
through two adsorption modes: O-interaction or
π-interaction, where the most stable adsorption configuration
depends on the type of adsorption site.

(2) In H-FAU, EX-LAS, and D-LAS-FAU, the O-interaction
mode of phenol is the most favored while over other alkali
and transition metals, the π-interaction mode of phenol is
the most stable.

(3) Toluene is always adsorbed through its aromatic ring,
and it can be adsorbed significantly compared to phenol
when the latter is also adsorbed by its aromatic ring. There-
fore, the faujasites exchanged with alkali ions (except Li+) or
transition metal cations are not attractive for the purification
of biofuel as they are expected to adsorb toluene more
strongly than phenol.

(4) Over H-FAU, phenol is more adsorbed than toluene
due to its ability to interact through its hydroxyl group with
the Brønsted site. However, water can affect the adsorption
of phenol since the interaction energies of water and phenol
are similar over the H-FAU zeolite.

(5) The most selective adsorption site is EX-LAS-FAU, for
which the interaction energies for both adsorption modes of
phenol are much higher than those of toluene and water.

Overall, the faujasite structure containing a Brønsted acid
site, D-LAS, and EX-LAS (to a lesser extent) presents a high af-
finity to phenol in comparison with water and toluene, which
can be appropriate candidates for performing an optimal se-
lective adsorption of phenol from biofuel. As increasing the
amount of Brønsted sites implies decreasing the Si/Al ratio,
making the zeolite more hydrophilic, the best strategy should
consist in increasing the Si/Al ratio by dealumination of the
framework in order to create more suggested Lewis sites and
especially EX-LAS.

Therefore, our work suggests that improving the amount
of EX-Lewis acid sites and D-LAS in the faujasite structure
would be a suitable way to selectively purify second-
generation biofuels by the removal of phenol molecules.
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