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Abstract

The purification of biofuels becomes a challenging issue because of the harmfulness of remaining
phenolic molecules for human health and engines. To this end, protonic Y zeolites with different Si/Al
ratios were explored as effective adsorbent materials to remove phenol from isooctane solution by
using a dual experimental/computational strategy. Phenol was selectively removed from isooctane
over HY and USY zeolites with a maximal adsorption capacity of 2.2 mmol.g™, that corresponds to 3-
4 phenol molecules per zeolitic supercage. The adsorption equilibrium was reached faster over
dealuminated zeolites, due to the presence of large pores at the expense of microporosity as well as a
low density of acidic sites. We further evidence that the presence of acid sites limits the regeneration
capacity since phenol strongly adsorbed on both Brgnsted and Lewis acid sites. USY zeolite with the
highest Si/Al ratio presents the best regeneration capacity since it has the lower aluminum loading. A
fundamental understanding of these performances was obtained by coupling characterization (Infrared
Spectroscopy, breakthrough curves and desorption experiments) and modeling tools (Grand Canonical

Monte Carlo and Density Functional Theory).
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1. Introduction

Worldwide energy demand is expected to rise by roughly 55% from 2010 to 2040," inducing a growth
in the fossil fuel consumption known as the first responsible of the greenhouse gas emissions.? In such
a context, there is a strong incentive to develop processes for environmentally friendly renewable fuel
sources.®® Hence, the use of liquid biofuels is a way to contribute to the reduction of greenhouse gas
emissions.®” Currently, a significant effort is deployed on processing second generation biofuel
production i.e that is issued from non-edible biomass as lignocellulosic biomass, wood, agricultural
waste, etc."® Oils obtained from biomass pyrolysis present physicochemical and rheological properties
similar to crude oils.” However, their high oxygen contents (20-55 wt.%),*!° limit their uses
(instability, corrosiveness and low energetic power)."* To remove oxygen and to obtain bio-oils with
characteristics compatible with fuels issued from crude oil feedstock, pyrolytic bio-oils can be mixed
to vacuum gas oil (VGO) with different VGO/HDO ratios for being co-processed in a FCC unit.
1212913 Thanks to the hydrogen transfer that occurs during the FCC process, a large fraction of oxygen
is removed leading to an oxygen amount of the refined biofuels ranging from 0.5 wt.% to 7 wt.%."
The residual oxygen-containing compounds are mainly substituted-phenol type molecules.>*? It has
been recently shown that, even in small concentration, these oxygenated impurities decrease the motor
efficiency and produce toxic exhaust gas after bio-fuel combustion." This critically urges for the
elimination of phenol-type compounds to obtain ultra-pure bio-fuel. In this work, we propose to tackle
this important issue by envisaging a physisorption-based separation process involving the use of a

porous material as adsorbent.

Conversely to catalytic reactions, adsorption is a low-energy consuming process. Moreover, selective
adsorption allows concentrating the undesired product that can be further valorized for other
applications. The adsorbent must present high adsorption capacity as well as high selectivity.** In

addition, regeneration under mild conditions is an important property of the adsorbent that will allow



the adsorption process to be repeated on several cycles.”>™” Most of the works on the selective capture

of phenol have been reported on aqueous solutions and in particular from wastewater.*>*¢*8

Khalid et al.' studied the effect of Si/Al ratio of Y zeolites on the selective adsorption of phenol from
wastewater. They show that over the zeolites with high aluminum loading the amount of adsorbed
phenol species decreased. This decrease in the adsorption capacity is related to the affinity of water for
the aluminum atoms. Comparison of the performances of different zeolites showed that hydrophobic
zeolites with high Si/Al ratio are recommended for a selective and reversible adsorption of phenol into
aqueous phase.'® For the same purpose, Roostaei et al."® have tested alumina and silica gel but their
results showed no significant adsorption of phenol into water over these solids. In contrast, over a Y-
type zeolite, the kinetics of adsorption was fast and reversible and the phenol diffusion increased for
small particle sizes.™ At the end, both studies have shown that charcoal presents the highest adsorption
capacity but due to its high price and its regeneration cost it cannot be used as an adsorbent at an

industrial scale'®**?°,

In contrast, only a very few studies have dealt with the elimination of phenol-derivatives from
hydrocarbons. Two patents published in 1952 and 1971 studied phenol removal from hydrocarbons.
122 The first patent proposed a treatment of the phenol containing stocks with a strong alkali metal
hydroxide solution. The second patent proposed to adsorb phenol over polyurethane foams followed
by regeneration with acetone. These two processes are far from the requirement of green chemistry
and alternative adsorption solutions are still required. In this context, we propose to test the promises
of a series of protonated Y zeolites for the elimination of phenol from a hydrocarbon mixture by
adsorption. Their performances are assessed terms of adsorption capacities and regenerability of the
materials. In particular, the influence of the Si/Al ratio (from 2.5 to 47) was studied through a
combination of breakthrough curves experiments, characterization of materials and molecular

simulation techniques.

The paper is organized as follows: in Section 2, the experimental and computational methods are

presented. In Section 3, after a complete characterization of the zeolitic solids, the experimental results



regarding the adsorption capacities of HY and various USY are discussed in light of our Grand
Canonical Monte Carlo (GCMC) simulations. The regeneration and recycling abilities of the
investigated zeolites are further assessed by desorption experiments and completed by the evaluation
of the adsorption energies computed by Density Functional Theory (DFT) calculations. Finally, we

will give our conclusions in the last section.

2. Methods

2.1 Characterizations of the adsorbents

Y zeolite with Si/Al ratio of 2.5 was supplied by Union Carbide. Ultra stable Y (USY) zeolites with
Si/Al ratios varying from 13 to 40 were supplied by Zeolyst International. The chemical composition
of zeolites was checked by inductively coupled plasma (ICP) coupled 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/Py) between 0.05 and 1. Total and external surface areas were determined using

the t-plot method.

X-ray powder diffraction (XRPD) patterns were obtained with a PANalytical X'Pert PRO
diffractometer with Cu Ka radiation ( A= 0.15418 nm, 40 mA, 45 kV, the step size of 0.02° and a scan
speed of 1° min™). By using X'Pert Highscore plus software we can determine the lattice parameter of
the different zeolites. This parameter allows the estimation of the number of aluminum atoms per unit
cell of the zeolite framework (Na)) by applying the formula quoted in Table SI-1.2 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 20 of 20.4°, 23.7°, 27.1° and 31.4° of the considered sample
with the sum of the same peak areas of the HY2.5 zeolite that is considered as a fully crystalline

zeolite®,

#Si MAS NMR and *’Al MAS NMR spectra were recorded on a Bruker Avance 111 500 MHz (11.7 T)

spectrometer. 4 mm rotor and a spinning speed of 12 kHz, for silicon, and 14 kHz for aluminum, were



used. For 2Si MAS NMR, spectra were measured at a Larmor frequency of 79.4 MHz, with a 30°
pulse and a recycle delay of 20s. For >’Al MAS NMR, measurements were carried out at 130.3 MHz,
with a 10° selective pulse and a recycle delay of 1s. Tetramethylsilane (TMS) and AI(NO3); (1M)
were used as references for *Si and *Al, respectively. *’Al-NMR was used to determine the ratio
between framework aluminum atoms (AI(IV)) and extra-framework aluminum atoms (Al(VI) and
Al(V)) while ®Si-NMR served to determine the degree of crystallinity for USY13 and USY33
adsorbents. The crystallinity was calculated by comparing the sum of the areas of the signals specific

of the Si atoms in close connection with 1, 2 or 3 Al atoms to the total area of the Si atom signals.

The acidic sites characterization was performed by pyridine adsorption followed by infrared (IR)
spectroscopy. Each sample was pressed into a self-supported wafer (10-15mg, precisely weighted)
with a surface of 2 cm? under a pressure of 10’ Pa. Sample wafer was then activated by heating from
298 K to 623 K (1K.min™) followed by an isotherm at 623 K for 4 hours under secondary vacuum (10"
% Pa). The vapor of pyridine was introduced into the cell at RT with calibrated doses from 0.05 to 1.70
pmol. A final equilibrium pressure of 266 Pa was established in the IR cell. Desorption was carried
under secondary vacuum from room temperature (RT) up to 423 K for 20 minutes at each temperature.
The FTIR spectrometer was a Thermo Fischer 6700 equipped with an MCT detector. 64 scans were
accumulated for each measurement with a resolution of 4 cm™. Spectra were analyzed by calculating
the difference between spectrum after pyridine adsorption (or desorption) minus spectrum
2

corresponding to the activated sample. All spectra were normalized to a disc constant mass (5 mg.cm™

of dried catalyst).

2.2 Phenol adsorption experiments

Phenol adsorption experiments were performed under flow conditions. Phenol (Aldrich, 99.5% purity)
was used as a model molecule for all the adsorption studies. The liquid solution containing phenol was
obtained by dissolving 7.0 g (1 wt.%) of phenol into 1000 mL of isooctane (Aldrich, 99+% purity).

The amount of phenol in the solution was chosen by taking into consideration the quantity of phenol



present in biofuels after FCC treatment as well as the limit of solubility of phenol in isooctane (2.5

wt.%). Adsorption experiments were performed at room temperature and atmospheric pressure.

For all these experiments, adsorbents were activated by an in-situ pretreatment at 623K for 4 hours
under argon flow to obtain the protonic form of the zeolites and to remove adsorbed water from the
pores. Adsorption tests were performed in a glass column with a length of 300 mm and an internal
diameter of 6 mm. 0.5 g of zeolites, with a granulometry between 200 and 400 um, is packed which
gives a bed volume from 2 to 3 cm®. The phenol in isooctane solution was fed into the column using a
Gilson pump allowing a constant flow rate of 1 ml.min™. The solution was collected periodically and
analyzed by a Shimadzu 2010 gas chromatograph with a CP-sil 5CB capillary column (30 m), using a
flame ionization detector and nitrogen as a carrier gas. The results were obtained as a breakthrough
curve and the amount of phenol adsorbed per gram of solid was calculated using the following

equation (1):

q = Co.D.tp (1)

Mads

where ¢ is the amount of adsorbed phenol by gram of solid (mmol.g?), C, is the initial phenol
concentration (mmol.L™), D is the flow rate of the charge containing phenol (L.min™), m,g is the mass

of zeolite (g), and tr is the retention time (min) when the ratio of C,/C, is equal to 0.5.

The adsorbent capacity to perform several adsorption cycles was also tested. After one cycle, the
adsorbent was in situ regenerated under mild conditions i.e. by an argon flow (90 cm®.min™) at 473 K
for 4 hours. Successively, a second adsorption was performed under the same condition as the first

cycle.

2.3 Computational methods

2.3.1 Force-field-based Grand Canonical Monte Carlo

Force-field-based GCMC simulations were performed to explore the single component adsorption

behavior of the phenol into a series of faujasites at T=300 K using the CADSS simulation code.’” The



simulation box consisted of one faujasite unit cell considering crystal models for DAY, USY and HY
described in Section 2.3.3. The interactions between phenol and the faujasites were described by a
combination of a Lennard-Jones (LJ) potential van der Waals term and a Coulombic contribution. The
LJ force field parameters for all zeolite atoms were taken from the TraPPE-Zeo force field

parameterized by Bai et al.®

which has been proved to accurately predict both adsorption and
diffusion of hydrocarbons and oxygenated molecules over a wide range of pressures and temperatures

in zeolites.?

The partial charges for each atom of the faujasites were those derived by Jousse et al.?®

The phenol
molecule was described by the TraPPE potential model,*"%? that was derived using the vapor-liquid
equilibrium (VLE) data.”® The whole set of potential parameters and charges is summarized in (Table
SI-2). The cross-interaction LJ parameters to describe the phenol/faujasite interactions were obtained
using the Lorentz-Berthelot mixing rules.®®*® A cutoff radius of 12.0 A was applied to the LJ
interactions, while the long-range electrostatic interactions were handled by the Ewald summation
technique. For each state point, GCMC simulations consisted of 2.10" steps to ensure the equilibration,
followed by 5.10" steps to sample the desired thermodynamic properties. For the simulations, a
configurational-based GCMC scheme was considered with four types of trials: (i) displacement of a
molecule (translation or rotation), (ii) a partial and full regrow of a molecule, (iii) creation of a new
molecule and, (iv) deletion of a molecule. The adsorption enthalpies were calculated using the revised
Widom’s test particle method.*> NVT Monte Carlo simulations were run at different loadings to

calculate the radial distribution functions (RDFs) between the phenol and the faujasites and to gain

insight into the adsorption mechanism.

2.3.2 Density Functional Theory

DFT calculations have been performed using the Vienna Ab initio Simulation Package (VASP).*

These calculations employed the PBE functional and the PAW method developed by Blochl as

36,37,38

adapted by Kresse and Joubert, a plane-wave cutoff energy of 450 eV and a Gaussian smearing

of 0.1 eV. The Kohn-Sham equations were solved self-consistently until the inter-cycles energy



difference takes a value smaller than 10 ® eV. The structural relaxations have been carried out until all
forces were smaller than 0.02 eV/A. The Brillouin zone sampling was restricted to the I'-point. To take
into account the van der Waals interactions which are not correctly treated by the PBE functional, we
have selected two correction methods: (1) the semi-empirical scheme D2 reported by Grimme where
the Cg coefficients are tabulated,® and (2) the more sophisticated FI/MBD correction which considers

many-body interactions, 4+

ionicity of the atom and Cg coefficients which depend on the electronic
density. These methods have been implemented in VASP and tested for different systems by Bucko et
al.**42%3 These methods have been demonstrated to describe accurately the adsorption of molecules

into zeolites.**® The phenol/faujasite interaction energy (AE;,,) was calculated using the following

equation:

AEint = Ezeolite—phenol - Ezeolite - Ephenol (2)

Where E,colitephenor: the energy of the zeolite with the phenol adsorbed inside; Ecie: the energy of the

empty zeolite and Epnenoi: the energy of the isolated phenol in the gas phase.

The contribution of the dispersion (AE;sp) to the interaction energy was estimated as follows:

AEdisp = Edisp zeolite—phenol — Edisp zeolite — Edisp phenol (3)

Where Egisp zeolite-phenol: the dispersion energy of the phenol loaded into the zeolite; Egisp zeoiite: the
dispersion energy of the empty zeolite; Egisp phenoi: the dispersion energy of the isolated phenol in the

gas phase.

2.3.3 Structural models of faujasite

Three faujasites with different Si/Al ratios have been considered to model the different investigated

samples.

- A pure siliceous faujasite named as DAY was used to simulate the siliceous supercages which are

presents in USY with high Si/Al ratios.*"*®



- The USY model (Si/Al = 47) was built by substituting a Si atom by an Al atom and adding one H
atom on one neighbor O atom in the 6MR window to investigate an isolated Brgnsted acid site. A
Lewis acid site (LAS) can be similarly modeled just by deleting the H atom from the USY model.

- The HY (Si/Al = 2.5) was represented by the model previously reported by Sastre et al.* which
was built by confrontate periodic DFT modeling with IR spectroscopy to mimic realistic HY

zeolites

These structures were considered in their primitive rhombohedral and conventional cubic cells (see
Table SI-2). The primitive cell that contains two supercages and eight hexagonal windows connecting
the sodalite with these supercages was used for DFT calculations. The conventional cell that contains

8 supercages was employed for the GCMC simulations.

These three models of primitive cells were preliminary fully optimized (position of atoms, cell shape
and cell volume relaxed) at the PBE+D2 level of theory to use these structures by GCMC simulations,
we have converted the optimized unit primitive cells to the corresponding conventional unit cells (see

Table SI-2 and Figure SI-1 for details).

3. Results and discussion

3.1 Adsorbents characteristics

The structural and textural properties of the various adsorbents are presented in Tables SI-1 and Sl-4.
Table SI-4 shows that the total surface area of HY2.5 (1063 m2.g™) is clearly larger than that of USY
samples (~930 m’.g™), while the external surface area of the dealuminated zeolites (up to 112 m*.g™)
is larger than that of the HY2.5 zeolite (49 m?.g™"). Hence, the extent of dealumination tends to
increase the external surface area. We observed that the total pore volume is higher for USY (~0.50
cm®.g™") compared to HY zeolite (0.39 cm®.g™). By contrast, the micropore volume is slightly smaller
for USY zeolite (~0.30 cm®.g™) than for the parent one (0.36 cm®.g™). These results are consistent with
the fact that the dealumination usually leads to a partial destruction of the crystalline microporous

network and to the formation of new large pores in the zeolite crystal.*



Table 1 — Chemical formula of the different adsorbents

oAb nAl (mmol.g™
Adsorbents Formula ® Frfr:{éb\\lxllork Total Frar(neworlf : EFAL
HY2.5 Mssg (AlO2)s48 (S102)137.2 2.5 4.25 4.25 0
USY13 Mi25(Al0;)125(Si02)1795 ; 2.9(Al,03) 59(SiO;) 14 119 081 038
USY22  My3(AI02)74(Si02)1se0 ; 2.1(Al;05) 64(SiO,) 26 072 046 026
USY33  Mss(AlIO,)ss(SiOs)sss ; 2.1(Al,05) 130(SiO;) 34 049 028 021
USY40  Ms7(Al0,)37(Si0%)ss5 ; 1.8(Al,05) 100(SiO) 51 0.41 0.21 0.20

2 Atomic ratio determined by combining data from ICP, ?’ AI-NMR, Si-NMR and XRD analysis.
® Based on the values of the chemical formula in the table.

XRPD, Al NMR and *Si NMR data (Figure SI-2) allowed the estimation of the Si/Al ratio and the
crystallinity of the zeolite (Table SI-1). As shown in Table SI-5, the crystallinity values determined by
the two approaches are very close. In the following calculations, Si/Al ratios issued from ’Al NMR

and crystallinity values issued from XRPD will be considered.

By combining the data issued from ICP, XRPD, *’Al-NMR, and #Si-NMR, the complete formula of
each adsorbent can be determined (Sl section 4). The formula presented in Table 1 are expressed as
My (AlO,), (SI0,)y; z(AlO3) t(SiO,) where x and y correspond to the number of Al and Si atoms in the
zeolite framework respectively, z and t correspond respectively to the number of extra-framework Al
(EFAL) and Si atoms of the zeolite and finally M represents the counter cation. The counter cations of
these samples are not only protons but they can be also Na* (seen by the ICP analysis), NH," (from *H-

NMR, results obtained after the solids pretreatment) as well as AI**

in the USY samples as
demonstrated by Malicki et al.>* The ratio between the different cation forms varies according to the

sample.

The acidic properties of the adsorbents were characterized directly by the quantification of the zeolitic
v(OH) bands at 3640 and 3545 cm™ (Figure SI-3 and Table 2) and indirectly by pyridine adsorption
(Figure SI-4).°>*® Indeed, in the IR spectra recorded after the pyridine adsorption, the band at 1545
cm * is characteristic for pyridinium ions PyH", and that at 1455 cm * reveals to coordinated pyridine
(LPy). The densities of Bransted (BAS) and Lewis (LAS) acid sites can thus be deduced from their

integrated intensities (¢(PyH") = 1.8 pmol™.cm; &(LPy) = 1.5 umol™.cm).>* As shown in Table 2, all

10



the samples present Brgnsted acid sites (BAS) and Lewis acid sites (LAS) in very different amounts

and ratios.

Over HY2.5 zeolite, the amount of OH located in the supercages is consistent with the PyH" species.
This is related to the steric hindrance of pyridine, since pyridinium ions are formed from the
interactions with the OH groups present in the supercages and not the ones in the sodalite cages. By
contrast and as already observed on dealuminated zeolites, pyridine is able to form pyridinium ions
with the OH groups of the supercage, the OH groups of the sodalite cages (due to the mobility related
to their strongly acidic character) as well as the OH groups of the extraframework amorphous silica

52,55

alumina phase (ASA).

Table 2 — Brgnsted and Lewis acidic sites concentration as determined by pyridine adsorption. Amount of
Brgnsted acid site versus the amount of OH groups in the zeolitic framework.

Adsorbents Amount of OH Amount_of OH Acid sites (umol.g™)
supercage* sodalite* |
HY2.5 1160 2040 1263 22 1285
USY13 51 68 321 211 532
USsY22 45 58 136 189 325
USY33 30 22 101 62 163
uUSY40 22 25 60 17 77

*molar absorption coefficients: e(Von supercage) = 7.5 UMOI™.CM; &(Vor sodaiite cage) = 5.6 mol™*.cm*

3.2 Phenol adsorption capacities

3.2.1 Breakthrough curves

We have first noticed that isooctane is not retained by any zeolite considered in this work. The
breakthrough curves obtained for the adsorption of phenol in isooctane (7g.L™) over the different
adsorbents are shown in Figure 1. Overall the adsorbents, the retention time is similar varying from 13
to 15 min. The maximum amount of phenol adsorbed per gram of adsorbent at this retention time was
calculated according to equation (1). For all the studied zeolites, the maximum adsorption capacity
varies between 2.0 and 2.2 mmol.g™ (Figure 1). Consequently it appears that the Si/Al ratio is not the

factor that determines the maximum adsorption capacity of phenol in a hydrocarbon mixture. Our

11



results contrast with what is observed for phenol adsorption from aqueous solution, where a high Si/Al
ratio was recommended to limit the water adsorption and increase the amount of adsorbed phenol
species.’® We should mention that, in this work, the maximum adsorption capacity over HFAU (2.2
mmol.g™) is higher than that obtained in previous work dealing with the phenol adsorption from
wastewater (~ 0.5 mmol.g™).* This difference is related to the higher initial concentration of phenol in
the solution (7 g.L ™" in our study for 0.8 g.L ™" in the previous work) and also to the different type of the

used solvent, since that with isooctane we are less bothered by the competitive adsorption.

1.0
0.9
0.8
0.7
3 0.6 —s—HY 2.5 (2.1)
3 % -0 USY 13 (2.2)
0.4 ~-a--- USY 22 (2.0)
03 USY 33 (2.1)
0.2 ~-o---USY 40 (2.0)
0.1
0.0 ¢ B0
0 10 20 30 40 50
Time (min)

Figure 1: Breakthrough curves of phenol adsorption over the studied zeolites In parenthesis: the amount
of adsorbed phenol at retention time in mmol.g™

The maximum adsorption capacity is not the only key factor to select the most efficient adsorbent.
Since we are looking to obtain ultra pure biofuel, we have to avoid any release of phenol during the
adsorption process. In this respect the most efficient adsorbent will be the one which present the latest
breakthrough time. It can be seen in the Figure 1 that the slope of the breakthrough curve for HY2.5
(solid line) is very smooth compared to the ones obtained for the USY series (dashed lines). Indeed, on
HY2.5, the breakthrough is detected after 6 min of adsorption but the solid is saturated by phenol 45
min later. For all the dealuminated zeolites, the breakthrough occurs after almost 10 min, and the
adsorbents reach a total saturation in 8 to 10 min later. Hence after the breakthrough, the USY-type
adsorbents are quickly saturated by phenol. On these dealuminated zeolites, the creation of large pores

at the expense of microporosity as well as the low density of acidic sites facilitates the phenol

12



diffusion. In contrast, for the HY2.5 zeolite, the large amount of acidic sites available as well as its
microporous-type of porosity makes the phenol diffusion slower than for USY zeolites. As a
conclusion, USY40 appears as the best candidate to efficiently remove phenol from an isooctane

solution.

3.2.2 Determination of the amount of phenol molecules per zeolitic supercage

In this section we will consider the effects of textural and structural properties of the various

adsorbents on their phenol adsorption capacity.

As for textural properties, adsorption capacities of the studied samples cannot be related to the surface
area. Indeed, HY and USY possess similar phenol adsorption capacities whereas their surface areas are
very different (Table SI-4). The studied adsorbents present similar total pore volume but with different
distributions of the pores sizes. The size of the phenol molecule (kinetic diameter = 0.56 nm*°) allows
its easy entrance in the supercage of the HY2.5 network (supercage aperture = 0.74 nm ; supercage
internal diameter = 1.30 nm°"®) but not in the sodalite cage (aperture = 0.25 nm>’). Moreover for USY
samples, the dealumination creates large pores in the amorphous zone (greater or equal to the size of a

supercage) in which phenol molecules can be obviously adsorbed.

We further wanted to determine how much phenol molecules can be adsorbed into one faujasite
supercage. The amount of phenol species adsorbed into the micropores of the zeolite crystalline form
(Npn) can be assessed considering the ratio between the micropore volume and the total pore volume
(Table 3). Moreover, considering the crystallinity of the USY zeolite and since a fully crystalline
faujasite possesses 4.2 x 10% cages per gram,” it is possible to calculate, for each adsorbent, its
number of supercages per gram (Nsc). Dividing the number of phenol molecules into the micropores
per the number of present supercages in each gram of solid, the number of phenol molecules per

supercage for the different adsorbents can be obtained.

Table 3 shows that the number of phenol molecules per supercage of the faujasite is almost constant
and close to 3 whatever the zeolite considered. Indeed, the number of phenol molecules per supercage

varies between 2.4 and 3.0 for the various studied zeolites.

13



Table 3 —Phenol molecules adsorbed in the adsorbent and into the zeolite framework.
Number of phenol molecule per supercage of the zeolite (Non / Ny)

Adsorbed % of Npn in micropores  Nsc in the crystalline
Adsorbents phenol micropores ? per g of solid form per g of solid Nph / Ngc
(mmol.g™) Ny ° (*10%) N, © (*10%)
HY2.5 2.1 92 11.7 4.2 2.8
USsY13 2.2 69 9.1 3.2 2.9
usy22 2.0 61 7.3 3.1 2.4
USsY33 2.1 60 7.5 2.5 3.0
USY40 2.0 60 7.2 2.7 2.7

# (micropore volume) / (total pore volume)
b Npn = (adsorbed phenol molecules) x (% of micropores)
© Ng = (4.2%10%supercages) x (crystallinity)

3.2.3 GCMC simulations

The simulated adsorption isotherms for the three faujasites are reported in Figure 2. It is shown that at
saturation pressure, all the zeolites have the same phenol uptake of 32 molecules per conventional unit
cell, i.e. 4 molecules per supercage. This value is slightly higher than that obtained in the experimental
study. We can provide two comments to explain this difference: first, our theoretical adsorption
capacity corresponds to a system saturated by phenol whereas the experimental phenol concentration
in the liquid feed during the breakthrough curve experiments is below the saturation limit. The
difference can be also related to the limitation of the phenol diffusion in zeolites pores due to the

presence of defects or external surfaces which are not taken into account in our models.

Figure 2 shows that at low pressure, the adsorption isotherms show distinct slopes for the three
faujasites. This trend reflects a different affinity for the phenol and the role of the protonated sites at
the initial stage of adsorption. This result is consistent with the experimental observation reported by

the breakthrough curves of Figure 1.
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Figure 2: GCMC simulated adsorption isotherms for phenol in HY (purple dotted line), USY (green
dotted line) and DAY (blue dotted line) at 300 K

Figure 3 reports the simulated adsorption enthalpy profile as a function of the amount of adsorbed
phenol. At low loading, the adsorption enthalpies of phenol in DAY, USY, and HY are around -79, -
81, and -83 kJ/mol respectively. So, the adsorption enthalpy increases with the amount of Brensted
acid sites present in the material, meaning that the presence of the bridging hydroxyl group Al-OH-Si
enhances the strength of interactions between the zeolite and the phenol. Furthermore, we observed
that the adsorption enthalpy increases with the phenol loading due to the increase of the phenol/phenol

interactions.
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Figure 3: Adsorption enthalpy of phenol adsorbed into HY (purple dotted line), USY (green dotted lines)
and DAY (blue dotted line) versus adsorbed molecules.

As a further step, the preferential adsorption sites of phenol were explored. We first observed that, at
the initial stage of adsorption, the interactions between phenol and DAY occur between the hydrogen
atoms of the hydroxyl function of phenol and the oxygen atoms of DAY with a characteristic distance
of about 2.5 A as shown in the corresponding radial distribution functions and snapshot on the right-
hand side (Figure 4a). In the case of the protonated faujasites USY and HY, the most probable
interactions take place between the oxygen atom of the hydroxyl function of the phenol and the
hydrogen atom of the bridging hydroxyl group AI-OH-Si of the protonated faujasites, with a
characteristic distance of about 2.5 A (Figure 4b and c). This emphasizes the predominant role of the
Ophenol-Hzeolite iNteractions in the adsorption of phenol in USY and HY zeolites. These predominant

interactions are illustrated by the snapshots reported in Figure 4(a-c).
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Figure 4: GCMC simulation of the phenol location at low phenol loading in (a) DAY, (b) USY, (c) HY.
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hand side: Snapshot of the phenol adsorbed in the faujasite supercage, pink knots = Al, blue knots = Si,
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We further evidenced at high coverage a OH- = type interaction. This is consistent with the previous
work reported by Jentys et al.®* who revealed that the adsorption of the aromatic molecule on the
MCM-22 zeolite involved the interactions between the electrons m of the aromatic molecule and the
silanol terminal group Si-OH. The computed preferential distribution of phenol molecules at saturation
is presented in Figure 5. We evidenced that the phenol molecules are randomly distributed in the
12MR channels of all faujasites. In the case of DAY, the phenol molecules are found to form

agglomerates of four molecules per supercage (Figure 5a). We can notice that the shape of these

phenol clusters is the same from one supercage to another throughout the DAY.
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In the USY, the phenol molecules are also homogenously agglomerated in the differently modeled
supercages. A slight difference in the geometry is shown when comparing with DAY cages, which is
due to the phenol interaction with the Brgnsted acid site of the USY supercage (Figure 5b). These
guest molecules mostly interact together via hydrogen bonds between the hydroxyl groups of two
consecutive molecules with short characteristic distances H(OH)-O(OH) ~2A (see Figure SI-5). This
is even more pronounced for DAY and USY as shown by a higher intensity of the corresponding peak

present in the RDFs.

In the HY, the phenol agglomerations are not perfectly spherical as observed in both DAY and USY,
due to the presence of a high number of 7 —stacked phenols (see the 3 upper stacked-molecules in

Figure 5c).
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Figure 5: Simulation of the preferential arrangements of phenol confinements inside a supercage of (a)
DAY, (b) USY and (c) HY. Red knots = O atoms; gray knots = C atoms, white knots = H atoms.

3.3 Regeneration of the adsorbents

3.3.1 Residual phenol species

As mentioned in the introduction, when using an adsorption process for the purification of a mixture,
an important parameter that will determine the choice of the adsorbents is the regeneration and
recycling properties.”>*® In the present study, after one cycle of phenol adsorption, the ability of the

various zeolites to be regenerated under mild conditions was tested through the determination of
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adsorption capacities in a second cycle. To remove the adsorbed phenol molecules, a thermal
treatment under Argon flow (90 cm®min™) at 473 K for 4 hours was applied. Note that phenol
crystallized at the outlet of the experimental device due to the condensation of phenol species in the
line. The analysis of these crystals by IR-ATR confirmed the condensation of phenol without any
chemical transformation. The performances after two adsorption-desorption cycles and the

regeneration ability of each solid is shown in Table 4.

Table 4 — Capacity of the zeolites for phenol adsorption and regeneration over two cycles.

Adsorbents Adsorbed phenol (mmol.g'l) Residual prfnol Regeneration capacity
Cycle 1 Cycle 2 (umol.g™) (%)
HY2.5 2.1 0.9 1200 43%
USsY13 2.2 1.6 600 73%
usy22 2.0 1.6 350 83%
uUsY33 2.1 1.9 150 93%
USsY40 2.0 1.9 100 95%

Analysis of these results showed that the amount of adsorbed phenol in cycle 2 increases with the
Si/Al ratio of the zeolite (Table 4). Hence, dealumination clearly improves the regeneration capacity of
the zeolitic adsorbent. Indeed it reaches 43% on HY2.5 whereas it increases up to 95% on USY33 and

USY40.

3.3.2 Residual phenol species as a function of the acidic properties

To identify the nature of the sites responsible of the residual phenol species formation (species non-
desorbed after Argon flush at 473K), a parallel between the amount of these residual phenols species
and the acidic properties of the adsorbents has been made. The amount of residual phenol species were
compared to the different acid sites concentration of the adsorbent. Figure SI-6 reports the residual
species amount versus the concentration of LAS or BAS, while Figure 6 presents a comparison with
the total amount of acid sites. The best fitting was obtained when the presence of both BAS and LAS
was considered (R? = 0.986). Hence, strongly adsorbed phenol species can be formed on the zeolitic

proton as well as on the extraframework LAS sites of the adsorbent. From these results, one can
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conclude that decreasing the acidic properties of the adsorbent is an efficient way to improve the
regeneration capacity. Figure 6 points out that, for HY2.5 zeolite that presents mainly BAS, almost
1200 pmol of residual phenol molecules remain in high interaction with 1285 umol of total acid sites,
moreover the slop of the curve gives a value near to 1 which confirms that over one acid site only one

residual phenol molecule can be strongly adsorbed.
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Figure 6: Amount of residual phenol as a function of acid sites in USY zeolites

3.3.3 Interaction energies of phenol over DAY, USY and HY

Using periodic DFT calculations, the interaction energies of isolated phenol molecule on the different
models representative of the different zeolites were computed (Figure 7). The supercages can contain
BAS, LAS or can be purely siliceous; the probability of the presence of these 3 supercage types
mainly depends on the Si/Al ratio. The interaction energy of phenol with the different supercage types
was calculated using two dispersive-corrective methods, D2 and FI/MBD (Table 5), which led to
similar results. In the DAY supercage, phenol accommodates in a parallel plane to the 6MR window
with interaction energy of -51 kJ.mol™ (Figure 7 and Table 5). The adsorption of phenol in the
protonated faujasites may involve a donor-electron acceptor complex without ignoring the presence of
dispersion forces between the n-electrons of the phenol and the proton of the bridging hydroxyl group

Al-OH-Si. In presence of an isolated Bransted acid site in the supercage (USY model with Si/Al=47),
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the interaction energy of phenol increases to -85 kJ.mol™. On HY zeolites (Si/Al = 2.5) the interaction
energy of the phenol with one zeolitic proton reaches -94 kJ.mol™. Note that this sample does not
present any Lewis acid sites. Compared to an isolated Bransted site (-85 kJ.mol™), phenol adsorbed in

HY zeolite presents a slightly higher interaction energy by around 10 kJ.mol™.

DAY USY

Figure 7: Configuration of one isolated phenol molecule adsorbed into DAY, USY, LS and HY supercages
computed by DFT calculation at 0 K.

These DFT-interaction energies are consistent with those simulated by GCMC simulations (section
3.2.3). This observation suggests that both microscopic models used to represent the zeolites and the
phenol, as well as the cross interatomic LJ contributions, are accurate enough to account well the
adsorption process. Over a Lewis acid site, the interaction energy is much higher and goes up to -154
kJ.mol ™. We have noticed that the phenol molecule prefers the O-interaction over a Brgnsted acid site
and the m-interaction over a Lewis acid site. We also observed that phenol interacts with one Brgnsted

site in our USY and HY models, which is consistent with the slope of the curve presented in Figure 6.
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Table 5 — Interaction energy (dispersion energy) calculated by two different methods for phenol into
faujasites: DAY (pure siliceous), USY (1 acidic proton every two supercages and 1 LAS every two
supercages) and HY (only acidic proton)

AEin; (AEgi) in kd.mol™

vdW correction methods D2 FI/MBD
DAY -51 (-46) -49 (-39)
USY/Interaction with one acidic proton -85 (-44) -78 (-38)
USY/ Interaction with one LAS -154 (-63) -153 (-29)
HY/ Interaction with one acidic proton -94 (-52) -84 (-40)

3.3.4 Effect of the Si/Al ratio on the regeneration capacity

The bulky pyridine molecules (dmoecular = 0.56 NM) are assumed to not access the sodalite cage and
D6R channels of HY2.5 zeolites. Indeed the quantified OH groups are related to the presence of an
aluminum atom in the supercage. Knowing the number of OH groups and the number of supercages
per gram of solid, we can evaluate the number of OH groups present per unit cell (8 supercages). From
that, we can estimate a percentage of DAY supercages per unit cell for the different zeolites as
indicated in Table 6. HY2.5 zeolite has almost 13 OH groups per unit cell where the probability to
have a supercage without any proton is very low. For USY zeolites the number of quantified OH
groups per unit cell varies between 0.4 and 0.8; which gives a percentage of 90% to 95% of pure
siliceous supercages (DAY) in these zeolites. We have already mentioned that the adsorption energies
of phenol over a Brgnsted acid site for HY and USY zeolites presents similar values (-85 and -94
kJ.mol™). Moreover, the amount of residual phenol species directly correlates with the amount of
guantified acid sites. From that, we can conclude that a high regeneration capacity can be obtained by
increasing the amount of pure siliceous cages (DAY cages) in the zeolite. Results in Table 6 show that
for a high concentration of DAY cages in the USY zeolites (90 to 95%) the regeneration capacity

increases to 73% and 95% in comparison to the HY zeolites (43%).

Table 6 — Percentage of DAY supercages per unit cell of Y and USY zeolites.

Regeneration capacity Supercage OH groups DAY supercage

Adsorbents (%) per unit cell (%)
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HY2.5 43% 13.3 0%

USY13 73% 0.8 90%
USY22 83% 0.7 91%
USY33 93% 0.6 93%
uSY40 95% 0.4 95%

4. Conclusion

The separation of phenol from isooctane by protonic Y zeolites adsorbent with different Si/Al ratios
was experimentally and theoretically explored. The phenol adsorption capacity of the different zeolites
was demonstrated to be very similar, around 2.2 mmol.g™. Experimental and GCMC approaches
showed that this amount corresponds to 3 — 4 phenol molecules adsorbed per supercage. This
emphasizes that the Si/Al ratio and the strength of the acid sites do not affect the solid adsorption
capacity but rather their diffusion rate. A parallel between experiments and GCMC simulations
confirmed that increasing the Si/Al ratio improves the separation of phenol from isooctane as it

facilitates the diffusion of phenol inside the porosity.

The solid regeneration under Argon flow at 473K showed that residual phenol molecules remain in
interaction with Brgnsted and Lewis acid sites. DFT enables us to evaluate the interaction energy of
phenol molecules within zeolites. On purely siliceous faujasite, phenol is physically adsorbed (-51
kJ.mol™). In presence of acid sites in the faujasite structure, interaction energies become stronger
(around -90 kJ.mol™®) which is high enough to create strongly adsorbed phenol species. Over a Lewis
acid site, phenol is strongly adsorbed and the interaction energy is equal to -154 kJ.mol™. Note that on
USY zeolite with the highest Si/Al ratio the amount of Lewis acid sites is very low. At a high Si/Al
ratio, the amount of purely siliceous cages increases, and thus the fraction of physically adsorbed
phenol species. Consequently, experiments and theoretical calculations explain why USY zeolite with
the highest Si/Al ratio (USY 40) presents the highest regeneration ability. We have shown throughout
this work that the use of USY zeolite is very attractive for phenol selective adsorption from isooctane.
In a near future we plan to deal with more complex hydrocarbons mixture containing aromatic

compounds (40 wt.% of a model biofuel) such as toluene that can competes the phenol adsorption.
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Nomenclature

FT-IR Fourier Transform - Infrared Spectroscopy
DFT Density Functional Theory

IR Infrared Spectroscopy

GCMC Grand Canonical Monte Carlo

usy Ultra-Stable Y Zeolite

EFAL Extra Framework Aluminum

VASP Vienna Ab initio Simulation Package
MCT Mercury Cadmium Telluride detector
VGO Vacuum Gas Oil

FCC Fluid Catalytic Cracking

HDO Hydrodeoxygenation

VLE vapor-liquid equilibrium
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