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ABSTRACT

The purification of second-generation biofuels is becoming an urgent issue due to the
toxicity of the combustion products of residual phenol in these biofuels. The use of solid
sorbents such as zeolites appears as a promising solution for ensuring the selective sorption
of phenol towards aromatics (the main components of biofuel). In the present work, we
have adopted a bottom-up approach for removing phenol from a synthetic biofuel feed
containing isooctane, 1 wt.% phenol, 1 wt.% n-nonane and 40 wt.% toluene, using faujasite-
type Y zeolites with Si/Al ratio = 2.5. The adsorption modes of the molecules involved have
been assessed by comparing theoretical and experimental infrared spectra. In addition,
coupling molecular modeling with breakthrough curves has revealed the important role of
protons embedded in zeolites for the selective removal of phenol.
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interaction energies
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Introduction

The increase in the global energy consumption through the use of fossil fuels is expected to
have harmful consequences, such as the emission of greenhouse gases known to be the
main drivers of climate change.[l‘S] For such reason, concerns are raised for the
development of clean and renewable derivatives and energy sources.®8 Among the
possible renewable energy sources, biomass, and especially lignocellulosic biomass, presents
the unique potential of providing liquid biofuels that can replace fossil fuels.[:%1]
Thermochemical pretreatment of this biomass followed by hydrodeoxygenation reactions
yield HDO-oils, that are further mixed with vacuum gas oils (VGO) and proceeded into a fluid
catalytic cracking unit (FCC) in order to produce bio-hydrocarbons which still contain some
phenol type molecules (0.5 wt.% to 7 wt.%).[21%2% Recently, the harmful effects generated
by phenol molecules during the combustion of synthetic biofuels were confirmed, e.g. toxic
exhaust emissions. These phenol molecules have to be removed in order to obtain ultra
clean biofuels.[?*?%

Among the various purification processes, adsorption is a low-energy consuming process
that allows selective removal of impurities and their further valorization after
desorption.?324 Due to their relatively low cost, good thermal stability, shape selectivity
(pore diameter and aperture) as well as their ability of easily exchanging extra-framework
cations, zeolite materials have found many applications in adsorption and catalytic
processes.2>3] Low aluminum loaded zeolites (BEA with Si/Al = o=) were found to be the
most efficient ones for the removal of phenol in wastewater, mainly because of the
competitive adsorption of water molecules on zeolite acid sites.?*3% Recently, faujasite
(FAU)-type zeolites were used for the selective adsorption of phenol from alkane solutions,
with a high adsorption capacity and a good regeneration ability.?43"] However, the
adsorption performance decreased in presence of competitive adsorbates such as
toluene.B8 Therefore, understanding the interactions of phenol and toluene on zeolitic acid
sites will help in designing an adsorbent that allows the selective purification of phenol
molecules from an aromatic rich hydrocarbon mixture. These findings are leading us to
undertake experiments over faujasite-type zeolites exchanged with proton and sodium

cations (HY and NaY zeolites; Si/Al = 2.5). The effect of the counter cation type on the

adsorption modes of phenol and toluene will be investigated with the aim to select the



cation type that enhances the selective adsorption of phenol. In that sense, in-situ IR
spectroscopy is a powerful technique for investigating the interaction modes of adsorbates
on zeolite active sites.[3%%% The combination of experiments and predictive calculations for
IR spectra can be critical for the allocation of the spectra related to the adsorption modes of
the different adsorbate/adsorbent systems.[3°2l |n the present work, in-situ IR spectroscopy
experiments have been combined with periodic DFT in order to assign the vibrational
frequencies of the different adsorption modes of phenol and toluene over proton and
sodium exchanged zeolites. The interaction energy of the most stable adsorbed
configuration of phenol and toluene have been compared for the two zeolites with the
purpose to select the most suitable cation-type for achieving the selective removal of phenol
from synthetic biofuel feed (isooctane + 1 wt.% phenol + 1 wt.% n-nonane + 40 wt.%
toluene).

The paper starts with describing the experimental and computational techniques used for
assessing the vibrational modes of phenol and toluene. Then, the different adsorption
modes of toluene and phenol over Lewis cation sites Na+ (NaY zeolite), and Brgnsted acid
sites (HY zeolite) were identified and subsequently assigned using gas phase infrared
adsorption (FT-IR) analysis complemented with DFT calculations. Finally, zeolites selectivity
towards phenol adsorption from synthetic biofuel feeds (containing up to 40 wt.% toluene)

has been assessed by gas-phase FT-IR and liquid flow adsorption measurements.

Experimental Section

Characterization of the adsorbents

HY and NaY zeolites with a Si/Al ratio of ~2.5 were supplied by Union Carbide. The chemical
composition of these zeolites was checked by inductively coupled plasma (ICP) connected
with optical emission spectroscopy using a Varian ICP-OES 720-ES. Their textural properties
were characterized by nitrogen adsorption isotherms at 77K using gas adsorption system
ASAP 2020 (Micrometrics) for a relative pressure (P/Po) between 0.05 and 1. Total surface
are values were determined using Langmuir model, while the pore volume values and
external surface areas were determined by the t-plot method (Fig. SI.1). X-ray powder

diffraction (XRPD) patterns were obtained with a PANalytical X'Pert PRO diffractometer with



Cu Ko radiation (A= 0.15418 nm, 40 mA, 45 kV, the step size of 0.02° and a scan speed of
1°.min). The degree of crystallinity of the zeolite fraction can be calculated by comparing
the sum of the areas of the four most intense Bragg diffraction peaks at 26 of 20.4°, 23.7°,
27.1°, and 31.4° of the considered sample with the sum of the same peak areas of the NaY
zeolite that is considered as a fully crystalline zeolite.*3! Chemical and textural properties of
the two studied zeolites are gathered in Table 1. Both zeolites present similar Al amount in
the framework as shown by the similar values of Si/Al ratios given by ICP analysis. The XRPD
patterns show a full crystalline phase over these two zeolites with compared intensities and
absence of amorphous phase. High crystallinity values and low external surface areas in both
samples confirm to the absence of defects in these zeolite structures. The two materials also

present similar a total pore volume that is mainly formed from micropores.

Table 1 - Chemical and textural properties of the studied adsorbents

Si/Al Crystallinity ~ Surface area  External surface  Pore volume (cm3.g?)

Zeolites
(At. ratio) (%) (m2.g?) area (m2.g?) Total micro meso
NaY 2.5 100 1015 14 0.39 0.36 0.03
HY 2.5 97 1063 49 0.39 0.36 0.03

Adsorption experiments

IR gas phase adsorption and co-adsorption experiments

Gas phase adsorption and co-adsorption experiments of phenol (with/without toluene) over
NaY and HY zeolites were performed in an in-situ infrared setup. The setup is devised in two
parts connected by a valve: the first (V1) where the adsorbates can be introduced and the
second (V2) where the adsorbents are holed. The volume of V2 is estimated at twice that of
V1. Each zeolite sample was pressed into a self-supported wafer (10-15mg, precisely
weighted) with a surface of 2 cm? under a pressure of 107 Pa. Prior to adsorption
measurements, sample wafers were thermally activated under secondary vacuum (10 Pa)
at 623K for 4 hours (heating rate of 1K.min! between 298K and 623K), and then cooled
down to 298K (~10K.min). A spectrum of the activated sample was acquired after the
activation, using a Thermo Fischer 6700 FT-IR spectrophotometer equipped with an MCT

detector. 64 scans were accumulated for each measurement with a resolution of 4 cm™. For



single molecule adsorption measurements, the valve connecting V1 and V2 was opened and
vapor pressures of toluene (1060 Pa) or phenol (20 Pa) were introduced on the wafer at
298K. The procedure was repeated until an equilibrium state was reached (negligible
fluctuation of the intensities of the bands of the adsorbates). For toluene-phenol co-
adsorption experiments, after the thermal activation, vapor pressure of toluene (1060 Pa)
was introduced until reaching the equilibrium state. Using a vacuum pump and the valve
connecting V1 and V2, the toluene pressure on the cell was reduced in order to reach a
pressure of 530 Pa in V2, and a full evacuation in V1. Vapor pressure of phenol (20 Pa) was
then introduced to V1 and the valve connecting V1 and V2 was opened. By estimating the
relation between the volume of the two parts (V2 = 2 x V1), the mol ratio of phenol:toluene
was considered equal to 1:53. After reaching the equilibrium state (almost 10-15 minutes),
an evacuation of few seconds at 298K and a spectrum was collected. All spectra were
analyzed by calculating the difference between spectrum after toluene and/or phenol
adsorption minus spectrum after the thermal activation. All reported spectra were

normalized to a disc constant mass of 5 mg.cm™ of dried catalyst.

Liquid phase co-adsorption experiments

Phenol and toluene co-adsorption experiments were performed under flow conditions. The
liquid solution containing phenol (Aldrich, 99.5% purity) was obtained by dissolving 7.0 g (1
wt.%) of phenol into 1.0 L solution of isooctane (Aldrich, 99+% purity), 1 wt. % of n-nonane
(Aldrich, 99% purity) and various concentrations of toluene 0, 1, 10, 40 wt. % (Aldrich,
99.5+% purity). The amount of phenol and toluene in the solution were chosen taking into
consideration the quantity of these two molecules in biofuels after FCC treatment.
Adsorption experiments were performed at 298K and atmospheric pressure. For all
measurements, adsorbents were in-situ activated at 623K for 4 hours under argon flow to
remove adsorbed water from the pores. Adsorption tests were performed in a glass column
of 300 mm length and 6 mm internal diameter. 500 mg of zeolite sieves, granulated between
200 and 400 pum, were packed in the glass column giving a bed volume of 2 to 3 cm3. The
liquid solutions containing phenol were fed into the column in a rate of 1 ml.min? using a
Gilson pump. The solution was collected periodically and analyzed by a Shimadzu 2010 gas
chromatograph equipped with a CP-sil 5CB capillary column (30 m), a flame ionization

detector and nitrogen as carrier gas and using the n-nonane as internal standard. Results



were plotted as breakthrough curves and the amount of adsorbed phenol per gram of each

solid was calculated using the following equation (Eq.1):

= “n (Eq.1)

Mads

where q is the amount of adsorbed phenol per gram of solid (mmol.g), Co is the initial
phenol concentration (mmol.L), D is the flow rate of the charge containing phenol (L.min),
Mads is the mass of zeolite (g), and tr is the retention time (min) when the ratio of C¢/Co is

equal to 0.5.
Computational methods

Periodic DFT calculations of the adsorption of phenol and toluene in HY and NaY zeolites is
performed using the Vienna Ab initio Simulation Package (VASP).[*l Here, we have used the
PBE functional,!*! and the projector augmented plane wave (PAW) method.*¢47 The plane
wave cutoff energy is defined as 450 eV. The Gaussian smearing was set at 0.1 eV. Sampling
of the Brillouin zone was limited to the I-point. The Kohn-Sham equations have been
iteratively solved until the energy difference between the cycles becomes lower than 107°
eV. Previous investigations348-51 have demonstrated the need to consider van der Waals
(vdW) interactions to accurately describe the adsorption of molecules in zeolites, Herein, we
have used the very recent FI/MDB dispersive correction method.!*? As in the original MDB
method,>3>>4 the FI/ MDB oversees a simple pairwise correction taking into account the
many-body interactions while taking fully account for the ionicity of atoms.5%°%! |n this
paper, The adsorption energy is defined as the sum of the energy of the empty zeolite and
the energy of the isolated molecule in the gas phase minus the energy of the FAU with the
adsorbed molecules. A positive value is corresponding to an exothermic process.

To simulate infrared spectra, we have used the density-functional perturbation theory
(DFPT),[56-%81 which allows to get infrared intensities and frequencies. Indeed, in the dipolar
approximation, the intensity of the infrared active modes can be determined as the product
of the Born effective charges Z's = OPg/0R« (the first derivative of the polarization Pg with
respect to the ionic coordinates) and the eigenvectors of the vibrational eigenstates eg(l)as
follows (Eq.2) where the sum is on all the atoms of the system:[>7:>8

I(w) = XalX1 25 Zap (D) eg(D]? (Eq.2)
Using the relaxed structures for the adsorption modes, we have performed IR spectra

simulations of the IR spectra. In the dipolar approximation, the intensity of ith normal mode



of vibration at a frequency wj, is proportional to the square of the change of dipole moment
associated with the atomic motion along the eigenvector e; of that mode (Eq.3):[>7>8]

Lo |Zoe| = B[S B Zip e O (Ea3)

Where, e;4(l) is the displacement of /th-atom in the eigenvector of the ith normal mode and
Z wp(l) = dP4/ARs (/) is the Born effective charge of the Ith atom. We obtained the quantities
in Eq.3 by employing the density-functional perturbation theory (DFPT) implemented in
VASP package.® This method has been proved to accurately reproduce IR experimental

spectra.[>7:60l
Structural model

The faujasite structure (FAU) is described in supporting information (Fig. S1.2).161-%4 |n this
paper, we considered two faujasite structures, NaY and HY, where Si/Al ratio = 2.5.
According to the known experimental cation distribution,!®® we constructed the NaY
structure by substituting 14 Si atoms for 14 Al atoms, allowing us to add 14 Na atoms in
different locations: 8 in site Il (supercage), 2 in site | (D6R cage) and 4 in the site I’ (sodalite
cage) (

Fig. 1). The lattice parameters obtained after a fully optimization of our structure were
a=1755A, b=17.47 A and c=17.69A (a =B =y = 60°), and the corresponding cell volume
was equal to 3840.43A3. HY (Si/Al = 2.5) was represented by the model previously described
by Sastre et al.® which was built from the comparison between IR spectroscopy and

periodic DFT to mimic a HY zeolite under realistic experimental conditions.

“ Sodalite_
) {
7/ | *
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Fig. 1 - Periodic model of a NaY primitive cell showing different cages and cation
distribution.



Results and Discussion

Adsorption modes: theoretical prediction and spectral vibration

analysis

In this section, we have investigated by modeling tools the adsorption of toluene and phenol
on HY and NaY zeolites. To reach the most stable configurations, we have performed DFT
calculations taking into account the recent dispersive correction method FI/MDB. The
predicted spectral vibrations for each molecule were compared to experimental

measurements performed using an in-situ FT-IR cell.

Vibrational frequencies of the interaction modes of toluene

The DFPT measurements for toluene adsorption were performed over the described
faujasite model (Si/Al = 2.5) owning Na*or H*as compensator charge cations. Over NaY, the
most stable configuration of after our DFT calculations was identified as an interaction of the
aromatic ring of the toluene with the Na* cation of the Y zeolite (Fig. 2), which is in line with
earlier theoretical investigations performed in zeolites.[®”! For such interaction mode, named
n—interaction, the distance between the aromatic ring and the Na* cation was 2.48 A and the
interaction energy corresponds to 158.7 kJ/mol. This preferential m—interaction mode of
toluene over NaY was previously reported over Na-FAU with higher Si/Al ratio (Si/Al = 47).537]
Despite the similarity in the adsorption mode, the interaction energy over the high
aluminum loaded NaY(2.5) zeolite was found to be 64.3 kJ/mol higher than in the one
reported over Na-FAU(47).37] This can be due to the presence of the AI-OH-Si group in
higher amount in the NaY model, which enhances the strength of interactions between the
zeolite and toluene molecules, since the total interaction energy increases with the amount
of protonated sites in the faujasite. Over the HY zeolite model, toluene was preferentially
adsorbed between the two supercages of the zeolite model (Fig. 2). This particular
configuration was found to be the most stable with a corresponding adsorption energy of
54.7 kJ/mol, which was lower than the one of toluene with NaY zeolite (158.7 kJ/mol). These

findings highlight a higher affinity of sodium-exchanged zeolites for toluene adsorption.



Toluene over NaY Toluene over HY

I

dya_n = 2.48 A v dy_n=3.60 A
AE;,,= 158.7 kJ/mol AE,,,=54.7 kJ/mol

Fig. 2 - The adsorption modes, the experimental (FT-IR) and the predicted (DFPT) vibrational
frequencies of the most stable configurations of toluene over NaY (left hand side) and HY
(right hand side). The difference between the peak positions of experimental IR spectra of

toluene adsorption over HY and NaY zeolites is not very pronounced to be seen in this

Figure, for better copmparison see Table2. For the sake of clarity, a zoom on the 12MR ring

between two supercages of a primitive faujasite unit cell is displayed for HY zeolite. Legend:

blue (Si), red (0), sky blue (Al), white (H), gray (C), and yellow (Na).

The difference between the adsorption modes of toluene will raise variations in the
vibrational frequencies, thus by using IR spectroscopy we will be able to detect the
difference between both adsorption modes. DFPT method was used to predict the
vibrational frequencies of the most stable configuration of toluene over each zeolite and the
results were confirmed by experimental toluene adsorption measurements followed by FT-
IR spectroscopy. The use of the DFPT method allows to access a theoretical analysis of the
spectral vibrations to interpret macroscopic properties, such as the adsorption of the organic
molecule into porous materials. Herein, we only studied the most stable configuration of
each molecule adsorbed in the two solids. The corresponding vibrational frequencies for
toluene adsorption and gas phase toluene were studied in the region of 1300-1600 cm™, and
results are shown in Table 2.

First, gas phase toluene bands were extracted from Omnic software database while the
observed bands in the region of 1300-1600 cm™ are shown in Table 2. The stretching
vibrations of carbon bonds of the aromatic ring of toluene v(CCring) Were observed in the
range of 1604 and 1457 cm’, the bending vibration of the C-H bonds &(CHring) of the

aromatic ring was identified at 1495 cm™, the deformation vibration of the methyl group



6(CHme) was depicted at 1466 cm™, while the band at 1380 cm™ corresponds to a
combination of v(CCring) and &(CHwme) vibrations.[®®° For toluene adsorption over NaY
zeolite, experimental (from FT-IR) measurements and DFPT calculations present the same
order of magnitudes. However, the vibrational bands obtained by FT-IR were in better
agreement with the toluene vibration bands in gas phase, since red-shift of 11 to 16 cm™* was
observed over all the computed bands (Table 2). The adsorption mode of toluene over NaY
involves an interaction between the aromatic ring of toluene and the zeolitic Na* cation (Fig.
2), thus, the v(CCring) vibrations show red-shifts of 5 cm™ and 9 cm™® for the bands at 1604
cm? and 1457 cm, respectively (Table 2). The shift was less pronounced on v(CHring),
6(CHwme) and v(CCring) + 6(CHwme) vibrations, due to their indirect involvement in the proposed
adsorption mode. Regarding toluene adsorption over HY zeolite, the most stable adsorption
mode does not involve any interaction of the molecule with the acid sites. Thus, the shift
values were only -2 cm™ and -4 cm™ for the two v(CCring) vibrations at 1604 cm™ and 1457
cm?, and less than 4 cm™ for all other vibrational modes (Table 2). In summary, the higher
affinity of NaY zeolite towards toluene adsorption can be explained by the stable
configuration obtained via the interaction of the aromatic ring with the Na* cation. This
adsorption mode can be highlighted by the bands at 1599 and 1448 cm™ that correspond to
V(CCiring) vibrations.
Table 2 - Predicted (DFPT) and experimental (FT-IR) vibrational frequencies (in cm™) of gas

phase toluene and adsorbed toluene over NaY and HY zeolites in the wavenumber region
1350-1650 cm™,

Toluene? Toluene over NaY Toluene over HY
Vibrational mode Gas phase DFPT FT-IR DFPT FT-IR
V(CCiring) 1604 1588 1599 (-5) [1595 1602 (-2)
6(CHring) 1495 1478 1494 (-1) |1480 1495 (0)
6(CHwme) 1466 (Asym. def.) |1452 1464 (-2) |1455 1465 (-1)
V(CCiring) 1457 1434 1448 (-9) (1440 1453 (-4)
V(CCring) + 6(CHme) | 1380 (Sym. def.) [1367 1383 (+3) (1371 1383 (+3)

2 Frequencies extracted from the database of Omnic software; v(CCring): aromatic C-C stretching; &(CHring):
aromatic C-H bending; &(CHme): methyl C-H bending; Asym. def.: asymmetric deformation; Sym. def.:
symmetric deformation. Values between the brackets correspond to the difference in the wavenumber
frequencies between gas phase toluene bands and adsorbed toluene bands depicted by FT-IR.
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Vibrational frequencies of phenol interaction modes

As for toluene, different configurations were observed for phenol when changing the
counter cation type. An overlook on the gas phase phenol bands, extracted from Omnic
database, in the region of 1400-1650 cm™ shows the stretching vibrations of the carbon
bonds of the aromatic ring v(CCring) at 1606, 1596 and 1473 cm™.7071 A combination band of
V(CCring) + 6(CHring) Was also observed at 1497 cm™.7072] The region 1300-1400 cm™, where
the &(OHphenot) vibration can be observed, was not investigated due to the difficult
interpretation of the broad aspect of this band as shown in by FT-IR measurement (Fig. SI.3).
Over NaY zeolite, the most stable adsorption mode of phenol represented by a m—interaction
of the aromatic ring of phenol with the sodium cation, in a distance of 2.43 A (Fig. 3). The
total interaction energy was about 101.8 kJ/mol, being slightly higher than the interaction
energy of phenol found over a Na-FAU(47) with lower aluminum loading.?”! In comparison
with toluene adsorption, the difference between the interaction energies (AEint (toluene)= 158.7
klJ/mol > AEint (pheno)= 101.8 kJ/mol) emphasizes a preferential adsorption of toluene, in
regards to phenol, over the NaY zeolite, by a difference of 56.9 kl/mol. DFPT computed
vibrations of phenol over NaY and the experimental ones measured by FT-IR are shown in
Table 3. As for toluene, the vibrational bands obtained by FT-IR were in high agreement with
the phenol vibration bands in gas phase, since a red-shift of 4 to 14 cm™* was observed on all
the computed bands. As can be expected from the adsorption configuration, all the bands
including the v(CCring) vibrational mode were red-shifted by -5 and -7 cm™ in comparison to
gas phase phenol bands. Thus, the v(CCiing) vibrations of the interaction mode of phenol over
NaY zeolite appears experimentally at 1599, 1591, 1492 and 1468 cm™. The band observed
at 1498 cm™ is referred to the &(CHring) vibration that corresponds to the combination
V(CCring) + 6(CHring) bands at 1497 cm in the gas phase phenol spectrum. Due to that evoked
adsorption mode, v(CCring) vibration shows a shift value of -5 cm™ and thus was observed at

1492 cm?, while 6(CHying) vibration was slightly affect and thus remains at 1497 cm™.
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Fig. 3 - The adsorption modes, the predicted (via DFPT) and the experimental (via FT-IR)
vibrational frequencies of the most stable configurations of phenol over NaY. Legend: blue
node (Si), red node/sphere (0), sky blue node (Al), white sphere (H), gray sphere (C), and

yellow sphere (Na).

Over HY zeolite, two configurations were observed for phenol adsorption: (1) the first,

namely n—interaction, takes place between the aromatic ring of phenol and the acid site of

the zeolite, with a distance of 2.45 A, while (2) the second, namely O-interaction,

corresponds to an interaction of the oxygen atom of phenol and the acid site of the zeolite,

with a distance of 1.99 A (Fig. 4). The O-interaction was found to be the most stable

configuration with an interaction energy of 115.4 kl/mol, which is 53.5 kJ/mol higher than

the interaction energy via the m—interaction mode (Table 3). In comparison with toluene

adsorption, high affinity towards phenol adsorption is observed over the HY zeolite, with a

difference of 60.7 kJ/mol.

Table 3 - Predicted (DFPT) and experimental (FT-IR) vibrational frequencies (in cm™) of gas
phase phenol and phenol adsorbed over NaY and HY zeolites in the wavenumber region
1300-2600 cm™,

Phenol® Phenol over NaY Phenol over HY
DFPT DFPT  DFPT
Vibrational mode Gas phase ) FT-IR ] ] FT-IR
(m-inter) (m-inter) (O-inter)
v(OHny) - - - - 2563 2459-2938
V(CCiring) 1606 1595 1599 (-7) |1595 1601 1603 (-3)
V(CCiring) 1596 1581 1591 (-5) |1577 1585 1596 (0)
V(CCring) + 6(CHring) | 1497 1480 1492 (-5) (1479 1481 1492 (-5)
1498 (+1) 1499 (+2)
V(CCiring) 1473 1454 1468 (-5) [1448 1465 1474 (+1)

@ Frequencies extracted from the database of Omnic software; v(OHwy): zeolite O-H stretching; v(CCring):
aromatic C-C stretching; &(CHring): aromatic C-H bending. Values between the brackets correspond to the

12



difference in the wavenumber frequencies between gas phase toluene bands and adsorbed toluene bands
depicted by FT-IR.

The theoretical study of the vibrational frequencies of each of the two adsorption modes of
phenol over HY zeolite was performed by DFPT. The results are reported in Table 3 and show
the phenol adsorption band via the aromatic ring at 1595 v(CCring), 1577 v(CCring), 1498
V(CCring) + 6(CHring) and 1448 cm™ v(CCring). These vibrations were similar to those showed for
phenol adsorbed over NaY zeolite via the same adsorption mode. For the most stable
configuration, O-interaction, bands were observed at 1601 v(CCring), 1585 v(CCring), 1481
V(CCring) + 6(CHring) and 1465 cm™ v(CCring). In addition, a specific band was depicted at 2563
cm that refers to the zeolitic OH stretching v(OHuy). Experiment measurements for phenol
adsorption over HY zeolite followed by FT-IR spectroscopy show a small influence on the
V(CCiring) and &(CHring) vibrational bands of phenol (bands observed at 1603, 1596, 1491, 1499
and 1474 cm™). Additionally, two broad bands were observed in the high wavenumbers
region (2200-3400 cm™): the first at 2938 cm™ that corresponds to a v(OHuy) vibration and
the second at 2459 cm™ with its shoulder at 2531 cm™ that refer to 2 §(OHuy) vibrations (Fig.
4). These bands were shifted to low wavenumbers due to a strong Fermi resonance.’374 The
additional broad band observed around 3200 cm™ was attributed to v(OHphenol) Vibrations of
hydrogen bounded phenol-phenol at high loading. Thus, by correlating the peak positions on
the experimental vibrational frequencies and the zeolitic OH stretching v(OHuy), it is
confirmed that phenol adsorption via O-interaction is the configuration adopted over HY
zeolite. The presence of this adsorption mode of phenol suggests that HY zeolite can be a
suitable material for performing the selective removal of phenol for hydrocarbon mixtures

including aromatic compounds, such as toluene.
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Fig. 4 - The different adsorption modes of phenol over HY zeolite with their respective
interaction energies and predicted vibrational frequencies via DFPT (negative scale). For
comparison, the FT-IR phenol adsorption spectrum in the region of 1400-3400 cm™ is
shown (positive scale). Legend: blue node (Si), red node/sphere (0), sky blue node (Al),
white sphene (H), and gray sphere (C).

Selective adsorption of phenol in presence of toluene

In this section, the selective adsorption of phenol over NaY and HY zeolites in the presence
of different amounts of toluene will be investigated using gas phase in-situ FT-IR setup and
liguid phase flow adsorption setup. Selectivity measurements in gas phase consist on
following the vibrational bands of adsorbed phenol molecules after adding a gas mixture of
phenol and toluene over HY and NaY zeolites. While, selectivity measurements in liquid
phase rely on the analysis of the breakthrough curves obtained after flowing mixtures of

phenol in hydrocarbons solution containing different loading of toluene (1 — 40 wt.%) on a
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standing bed of adsorbent. The selectivity factor of each zeolite will be determined by

analyzing the ratios of adsorbed phenol over toluene.

Co-adsorption in gas phase

The protocol described in the experimental section for toluene-phenol gas phase co-
adsorption was used. After establishing a toluene equilibrium of 1060 Pa in the IR cell,
spectra of the solids, NaY and HY wafers, were recorded and reported in Fig. 5. The
equilibrium state was considered to be reached when the intensity of the toluene bands was
stable in regard to the addition of gas phase toluene molecules. While keeping the toluene
pressure in the IR cell, an equilibrium pressure of phenol (20 Pa) was added and spectra
were recorded until reaching the equilibrium state (Fig. 5). The molar composition of the
mixture (mol ratio phenol:toluene = 1:53) was chosen by considering the ratio between
phenol and aromatic compounds in biofuels after FCC treatment (mol ratio of
phenolics:aromatics = 1:45).[22231 After saturation with toluene, bands corresponding to
adsorbed toluene species appeared in the spectra recorded over NaY (Fig. 5 dashed red line)
and HY (Fig. 5 dashed blue line) zeolites. After adding phenol vapors in mixture with toluene
over NaY zeolite, phenol vibrational bands at almost 1470 and 1590 cm™ appears in minor
amount (Fig. 5 solid red line). However, the phenol molecules added in the gas mixture did
not displace the toluene molecules already adsorbed over NaY zeolite, even after further
doses. On the other hand, once phenol was added over HY zeolite (Fig. 5 solid blue line),
toluene molecules were displaced until that no more specific bands referred to toluene
appear in the spectrum. These findings highlight an important selectivity aspect of HY zeolite
towards phenol in the presence of toluene, which supports its use for selective removal of

phenol traces from biofuels.

Phenol

NaY2.5 HY2.5 Phenol

Phenol Phenol

Toluene

1600 1500 0
Wavenumber (cm-?) Wavenumber (cm?)

1400 1600 1500

Fig. 5 - FT-IR equilibrium spectra of phenol-toluene co-adsorption in gas phase over NaY
and HY zeolites. Dotted lines correspond to toluene adsorption spectra, solid line refer to
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the spectra recorded after adding phenol over the adsorbents saturated with toluene.

Co-adsorption in liquid phase followed by breakthrough experiments

To study the adsorption selectivity of the two zeolites in liquid phase experiments, mixtures
of isooctane, n-nonane, 1 wt.% of phenol containing various concentrations of toluene (0, 1,
10 and 40 wt.%) were prepared and flowed over a packed bed of the adsorbent in a dynamic
adsorption system. In absence of toluene, the maximum phenol uptakes of NaY and HY
zeolites were identified. Fig. 6 shows a higher adsorption capacity over HY zeolite (2.1
mmol/g) in comparison to NaY (1.2 mmol/g), which can be due to the phenol-phenol
rearrangement inside the supercages of the HY zeolite at high loading.’?*! By taking into
consideration the presence of 4.2x10%° supercages per gram of zeolite, the maximum
adsorption capacities correspond to 3 and 2 phenol molecules per supercage of HY and NaY
zeolites, respectively. In addition to its lowest adsorption capacity, the phenol uptake of NaY
zeolite was strongly affected by the presence of toluene in the mixture. In presence of 1
wt.% toluene, different behaviors were observed by each zeolite. By following the amount of
phenol and toluene at the outlet of the adsorption bed, breakthrough curves were plotted as
shown in Fig. 6A and Fig. SI.4. The analysis of the breakthrough curves was divided into 3
regions. During the first minutes (region 1), both toluene and phenol molecules were filling
the free volume in the zeolite pores (Fig. 6A). After few minutes, the elution of toluene starts
over both zeolites prior to the phenol elution. After the total elution of toluene molecules,
the toluene concentrations in the effluent surpass temporarily that in the feed, indicating a
roll-up effect of toluene. Indeed, the adsorbed toluene molecules are displaced and replaced
by phenol. The ratio adsorbed/displaced (A/D) toluene was calculated for both zeolites and
results show an A/D value of almost 75 over NaY zeolite, which indicates a high affinity
towards toluene adsorption since less than 2% of the adsorbed toluene molecules were
displaced. In contrast, HY zeolite shows preferential adsorption of phenol since all adsorbed
toluene molecules were displaced (A/D = 1.0). These results are in consistent with the
theoretical results where phenol molecules have shown stronger interaction energies with
HY zeolite than toluene, see Fig. 2 and Fig. 4 (AEint (phenoi/vy) = 115.4 kl/mol > AEint (toluene/Hy) =
54.7 kJ/mol). Over the sodium cation, toluene molecules have shown stronger interaction

energies than phenol, which explains the reason why they remain adsorbed over the NaY
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zeolite. The reason behind that phenol molecules were keep being adsorbed was not fully
understood, it can be due to a specific adsorption configuration adopted by phenol
molecules at high loading in the supercage of the zeolite as shown for pure phenol
adsorption over HY(2.5) and H-USY(40) zeolites in a previous work,?* or to a specific phenol-
toluene interaction mode during the adsorption process. NVT Monte Carlo simulations can
be performed to understand the latter observation. In the last region of the breakthrough
curves (region 3) the maximum adsorption capacities were reached over the adsorbents.

Co-adsorption measurements were repeated with different toluene loadings in the mixtures
(10 and 40 wt.%) and the corresponding breakthrough curves are shown in Fig. Sl.4. The
amount of adsorbed phenol and toluene at the end of each adsorption cycle were calculated
and compared to the amount of adsorbed phenol in absence of toluene (Fig. 6B). The
presence of toluene loadings in the mixture leads to decrease the phenol adsorption
capacity of NaY zeolite. The presence of 1 wt.% toluene decreased the amount of adsorbed
phenol by 38% (0.81 mmol/g instead of 1.23 mmol/g), the difference of 0.42 mmol/g
corresponds to adsorbed toluene over this sample. Inversely, the adsorption capacity of HY
zeolite towards phenol was maintained in the presence of 1 wt.% of toluene. At high toluene
loadings, the inherent effect of toluene on the phenol adsorption over NaY zeolite was even
more pronounced, since the amount of adsorbed phenol decreased by 58% and 83% in
presence of 10 and 40 wt.% of toluene, respectively (Fig. 6B). Over HY zeolite, the amount of
adsorbed phenol was intact, even in the presence of 40 wt.% of toluene, which confirms the
high selectivity of the protonic zeolites in the selective removal of phenol from hydrocarbons

containing aromatic components.
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Fig. 6 — (A) Breakthrough curve of phenol:toluene (1:1) co-adsorption over NaY zeolite,
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showing the three regions described in the text. (B) Amount of adsorbed phenol and
toluene in flow reactor system as a function of the different toluene loadings (0, 1, 10, and
40 wt.%).

Conclusion

We have investigated experimental IR measurements and DFT for building a selective
purification process for phenol removal from aromatic rich hydrocarbon mixtures. Especially,
we have identified the adsorption modes and interaction energies of toluene and phenol
over NaY and HY zeolites. We have also investigated the influence of these interactions on
the vibrational frequencies of IR spectra. Toluene adsorbed over NaY zeolite via m—
interactions with an interaction energy of 158.7 kl/mol. This adsorption mode involved an
interaction of the toluene aromatic ring with the zeolitic Na* cation that was depicted by a
red-shift of the v(CCring) vibration bands observed at 1599 cm™? (-5 cm™?) and 1448 cm™ (-9
cm1). Over HY zeolite, toluene preferentially adsorbed between the two supercages of the
zeolite model, involving minor fluctuations on the overall IR spectrum. The interaction
energy (54.7 kJ/mol) of toluene over HY zeolite was lower than over NaY zeolite, showing a
higher affinity of sodium-exchanged zeolites than proton-exchanged zeolites for toluene.

The most stable adsorption configuration for phenol over NaY zeolite corresponds to the n—
interaction of the phenol aromatic ring with the Na* site. The adsorption configuration
involves a red-shift of 5 cm™ over all the bands including the v(CCiring) vibrational mode. Thus,
relative vibrational bands of this mode appear experimentally at 1599 v(CCring), 1591
V(CCring), 1492 v(CCring) and 1468 v(CCring) cm™. The interaction energy of phenol with NaY
zeolite shows a value of 101.8 ki/mol, which is about 56.9 kl/mol lower than the interaction
energy of toluene over this zeolite. These findings emphasize a bad selectivity of NaY zeolite
towards phenol adsorption in the presence of toluene. Over HY zeolite, the most stable
adsorption configuration of phenol corresponds to an interaction of the oxygen atom of
phenol and the acid site of the zeolite (O-interaction). Specific vibrations of this adsorption
mode were observed at 2563 v(OHuy), 1601 v(CCring), 1585 v(CCring), 1481 v(CCring) + 6(CHring)
and 1465 v(CCring) cm™. Owing this adsorption mode and its high interaction energy 115.4
kJ/mol (about 60.7 klJ/mol higher than for the interaction of toluene over HY), HY zeolite
could be a suitable material for selectively removing phenol from hydrocarbon mixtures

comprising toluene.
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Finally, these findings were confirmed by competitive gas (FT-IR) and liquid (flow adsorption
process) phase adsorption experiments on a synthetic biofuel feed. Results confirmed a
higher adsorption capacity of HY zeolite than NaY zeolite for phenol. In addition, the
presence of different amounts of toluene in the mixture dramatically affected the
adsorption capacity of NaY zeolite for phenol, while no effect was observed for HY zeolite.
With a novel combination of gas phase FT-IR adsorption, DFT and DFPT calculations, and
liquid phase adsorption, the present work underlined the superiority of HY zeolite over NaY

for reaching an efficient selective capture of phenol from biofuels.
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“Theoretical and experimental assessment for the selective removal of phenol from synthetic
2" generation biofuels. Investigation of the competitive adsorption, identification of the
adsorption modes and their relative interaction energies and vibrational frequencies”
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Nomenclature

DFPT Density-Functional Perturbation Theory
DFT Density Functional Theory

FCC Fluid Catalytic Cracking

FT-IR Fourier Transform Infrared Spectroscopy
HDO Hydrodeoxygenation

MCT Mercury Cadmium Telluride detector
PBE Perdew, Burke and Ernzerhof

VASP Vienna Ab initio Simulation Package
VGO Vacuum Gas Oil
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