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Abstract  

 

The guaiacol adsorption capacity of several Y zeolites with different physicochemical 

properties was tested by performing breakthrough adsorption experiments, in order to 

investigate the guaiacol adsorption on Fluid Catalytic Cracking catalysts during bio-oils/FCC 

feedstocks co-processing. X-Ray diffraction, nitrogen sorption measurements and pyridine 

adsorption followed by Infrared Spectroscopy were used to determine the framework Si/Al 

ratio, the textural parameters, and finally the nature and amount of acid sites. Klinkenberg 

model was used to fit the experimental data and to obtain the guaiacol adsorption capacity and 

ka (overall coefficient of mass transfer) and Ke (adsorption equilibrium constant) parameters, 

which are directly related to, respectively, kinetic and thermodynamic aspects. Ke values, and 

so guaiacol adsorption, were observed to increase with the total number of Brønsted and Lewis 

acid sites on the zeolites, as well as with the amount of Na exchange. Conversely, mesoporosity 

increases the diffusion rate of guaiacol inside the zeolite structure, leading to higher ka values 

and decreasing guaiacol retention. Overall, data show that guaiacol adsorption on the FCC 

catalysts, and so its impact on the activity, might decrease with the catalyst age, owing to the 

changes on the FCC catalyst properties taking place during operation.       
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1. Introduction 

 

In order to reduce the dependence on crude oil and decrease CO2 emissions, traditional 

fossil fuels must be replaced by alternative fuels based on renewable sources, such as 

lignocellulosic biomass. Lignocellulosic biomass is currently one of the renewable sources of 

carbon that can be converted into liquids (bio-oils) able to be used as transportation fuels [1,2]. 

Furthermore, contrarily to petroleum, biomass presents the advantage of containing negligible 

amounts of sulphur, nitrogen and metals, and its balance of CO2 is neutral. However, these 

wood-derived bio-oil fractions contain important amounts (up to 45 wt.%) of oxygenated 

compounds, such as carboxylic acids, aldehydes, alcohols, ketones, esters, ethers, phenols, 

furans and carbohydrates. The presence of significant amounts of oxygenated molecules in the 

bio-oils composition gives them some undesirable properties, such as high viscosity, thermal 

and chemical instability, lower miscibility with hydrocarbons and high tendency to form coke 

[3–5]. 

The co-processing of bio-oils with conventional Fluid Catalytic Cracking (FCC) 

feedstocks could be a promising short-term possibility to produce bio-fuels [6,7]. However, the 

high amounts of O-compounds in the bio-oils can limit their direct addition to the FCC 

petroleum-based feedstocks. Hence, a previous upgrading of the bio-oils, by reducing their 

oxygen content, is normally required and can be performed by hydrodeoxygenation (HDO). 

Nevertheless, phenolic molecules are difficult to remove by HDO, and usually remain after the 

treatment [8–10].  

The impact of lignin derived phenols, such as phenol and guaiacol, on FCC catalysts 

during bio-oils/FCC feedstocks co-processing has been explored in the literature. These 

oxygenates can have a detrimental impact on FCC catalysts. In fact, studies performed with the 

two main components of FCC catalyst, HY and HZSM-5 zeolites, revealed that phenolic 

molecules significantly and quickly deactivate these zeolites [2,11–14], due to the phenolic 

compounds adsorption on both Brønsted and Lewis acid sites, together with coke molecules. 

However, questions remain regarding how zeolite physicochemical properties can influence 

phenolic molecules adsorption. This is especially important considering that FCC catalysts are 

a mixture with a distribution of ages and chemical and physical properties, and phenolic 
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compounds adsorption. Therefore, their impact on activity might change depending on the age 

of the catalyst particles [15]. 

Some works related to adsorption of phenol [16–18] and phenolic compounds such as 

ortho-nitrophenol, para-nitrophenol, meta-nitrophenol, and 2,4-dinitrophenol on synthetic 

zeolites have been published. It was found that, for the FAU structure, the capacity of 

adsorption increased with the Si/Al ratio, and that, for the same Si/Al ratio, Y zeolite was more 

effective than BEA and mordenite [18,19]. However, so far, it appears that no data are available 

concerning guaiacol adsorption on synthetic zeolites. 

Therefore, in this work, guaiacol adsorption was studied over several Y zeolites 

presenting very distinct physicochemical properties, by performing breakthrough adsorption 

experiments, to analyze the potential for guaiacol to adsorb on the FCC catalyst during bio-

oils/FCC feedstocks co-processing. The breakthrough adsorption experiments were carried out 

in order to: a) analyze the diffusion ability of guaiacol molecules within the zeolite porous 

structures, b) evaluate the strength of the interaction between the zeolites and the O-compound, 

and c) determine the maximum amount of guaiacol that can be retained on the zeolites, under 

the experimental conditions selected. The influence of the Si/Al ratio, the presence of extra-

framework aluminium (EFAL) species and sodium, and the textural properties on the 

adsorption process were evaluated. Finally, the conclusions obtained from the experimental 

data were extrapolated to the conditions of the bio-oils/FCC feedstocks co-processing.  

 

 

2. Experimental 

 

2.1. Materials 

 

Different commercial Y zeolites (FAU structure), namely DAY P (Degussa), 

Na2.1USHY (Grace Davison), CBV 720, CBV 780, CBV 600, CBV 500 (all from Zeolyst), 

were used as adsorbents. CBV 500 sample, supplied in the ammonium form, was calcined at 

500 ºC under a flux of dry air to be converted into its protonic form. Besides these commercial 

Y zeolites, another zeolite sample was prepared from the Na2.1USHY zeolite by increasing its 

Na content. For that purpose, an ammonium form of this zeolite was firstly prepared by 

subjecting the zeolite to a three-time ion-exchange treatment under reflux with a 2 M 

ammonium nitrate aqueous solution, at 100 ºC, for 4 h, using a solution/zeolite ratio of 4 mL 

g-1. After ion-exchange, the suspension was filtered under vacuum and the zeolite obtained was 
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washed with deionized water and dried overnight in an oven at 100 ºC. Then, a 4 h ion-

exchange was performed (three times) at room temperature, with a solution/zeolite ratio of 4 

mL.g-1, by using a 2 M sodium nitrate aqueous solution. Finally, the zeolite sample obtained 

after Na-exchange was filtered under vacuum, dried overnight in an oven at 100 ºC and calcined 

at 500 ºC under a flux of dry air (referred to as Na3.0USHY). 

 

2.2. Characterization 

 

Powder X-Ray diffraction (PXRD) patterns were recorded on a Bruker AXS Advance 

D8 diffractometer. Powder patterns were taken at room temperature between 5 and 40 º (2), 

with a scan step of 0.02 o and a time step of 6 s, using Cu-K radiation. NaCl was used as an 

internal standard and mixed with the samples. The unit cell parameter ao was subsequently 

calculated from each diffractogram, using CELREF software and Si/Al ratio obtained using the 

empirical formula from [20].  

Elemental chemical analyses were performed by inductively coupled plasma atomic 

emission spectrometry (ICP-AES), using a Philips ICP PU 7000 spectrometer, after acid 

digestion of the samples.  

Particle size distribution curves of the zeolite samples were determined by Laser 

diffraction, using a CILAS 1064 particles size analyzer from Malvern. 

Nitrogen adsorption measurements were carried out at -196 °C on a Micrometrics 

ASAP 2010 apparatus. Before adsorption, the fresh zeolite samples were degassed under 

vacuum at 90 °C for 1 h and then at 350 °C for at least 4 h. N2 isotherms were used to determine 

the total porous volume (Vtotal), the micropores volume (Vmicro), the external surface area (Sext) 

and the pores size distribution (PSD) curves. The total pore volume was calculated from the 

adsorbed volume of nitrogen for a relative pressure P/P0 of 0.97, whereas Vmicro and Sext were 

determined using the t-plot method. The mesopores volume (Vmeso) was given by the difference 

Vtotal - Vmicro. The PSD curves were calculated from the analysis of the isotherm adsorption 

branch based on the Barrett-Joyner-Halenda (BJH) algorithm.  

The samples acidity was characterized by pyridine adsorption followed by FTIR 

spectroscopy, using a Nicolet Nexus spectrometer. The samples were pressed into thin wafers 

(10-20 mg cm-2) and pre-treated in an IR quartz cell at 450 ºC for 2 h under secondary vacuum 

(10-6 mbar). The samples were then cooled down to 150 ºC and contacted with pyridine (Peq = 

1.5 mbar) during 10 min. Then, pyridine excess was removed for 30 min under secondary 
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vacuum and the IR spectra were recorded. The concentrations of Brønsted and Lewis sites able 

to retain the pyridine at 150 ºC were determined using the integrated areas of the bands at 1545 

and 1455 cm−1, respectively, and using extinction coefficients from literature [21].  

The determination of theoretical adsorption energies for guaiacol on the Brønsted and 

Lewis acid sites of the zeolites, as well on the basic Si-ONa-Al sites, were estimated based on 

density functional theory (DFT) calculations, using the molecular modelling software Spartan 

v1.1.0. The Brønsted and Lewis acid sites were represented by simple clusters with formulas 

AlSiOH7 and AlSi3O3H9, respectively. For the Si-ONa-Al sites, a AlSiONaH6 cluster was used.  

The hybrid B3LYP functional formalism and the 6-31G* atomic orbital basis set were 

employed to optimize the zeolite clusters, guaiacol geometry and cluster + adsorbed molecule 

configurations. The theoretical adsorption energies were calculated as ΔEadsorption = E 

(cluster+adsorbed molecule) - E (cluster) - E (molecule gaseous phase).   

 

2.3. Breakthrough adsorption experiments 

 

The breakthrough adsorption experiments were carried out in a vertical Pyrex fixed-bed 

column at 150 °C, under atmospheric pressure, in the gas phase. Before each adsorption 

experiment, the zeolites were pre-treated at 200 °C under dry air flow (60 mL.min-1) for 1 h 

and cooled down to the adsorption test temperature. 

To keep the length of the zeolite bed constant (1.5 cm) around 120 mg of each zeolite were 

used. The feed was constituted by a solution of 1.2 wt.% of guaiacol (Sigma-Aldrich, 99%) in 

n-heptane (Sigma-Aldrich, 99%) and N2, with a N2/guaiacol mixture molar ratio of 9. N2 was 

added to decrease the partial pressure of the guaiacol mixture and allows for its complete 

vaporization at the breakthrough adsorption experiment temperature. The mixture flow rate (3 

mL.h-1) was kept constant with a B|Braun compact perfusor. Variation of guaiacol vapor 

concentration during the adsorption experiments was monitored with a Chrompack CP 9001 

gas chromatograph. The chromatographic column was a Varian CP SIL 5CB fused silica 

column with a dimethylpolysiloxane stationary phase and following dimensions: 10 m x 0.32 

mm i.d., 0.25 µm film thickness. The operating conditions were as follows: an injector 

temperature of 275 ºC; a detector temperature of 260 ºC; N2 was the make-up gas (27 mL min-

1) and the oven temperature program was 5 min at 50 ºC.  

The breakthrough adsorption curve is usually expressed in terms of the outlet/inlet 

concentrations ratio (C(t)/C0) as a function of the operation time (t). The model of Klinkenberg 
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[22–24], Eq. 1, was used to fit the guaiacol adsorption breakthrough curves obtained 

experimentally.  
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and where erf(x) is the error function, ka the overall mass transfer coefficient, Ke the adsorption 

equilibrium constant, z the bed height, u the gas velocity, t the time and ε the bed void fraction. 

The following parameters were considered: ε = 0.3; z = 1.5 cm and u = 728 cm min-1. The 

model was adjusted to the experimental data by minimizing the sum of the squared absolute 

errors for C/C0. Based on this, ka and Ke values were determined for each zeolite. The maximum 

adsorption capacity of the zeolites for guaiacol, 𝑄𝑇 (mmol g-1), was also estimated from the 

model fitted curves, according to Eq. 2.  

 

𝑄𝑇 =
(∫ 1𝑑𝑡−∫

𝐶(𝑡)

𝐶0

𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
𝑡𝑏𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ

𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
0 𝑑𝑡)×𝐹0

𝑚
, 

Eq. 2 

 

where breakthrough time (tbreakthrough) corresponds to the initial detection of the adsorbate at the 

adsorber outlet, i.e. the minimum time required to cross the adsorbent bed, saturation time 

(tsaturation) is the point when the maximum capacity of retention of the adsorbent is reached, F0 

the entry molar flux of guaiacol and m the mass of zeolite used. However, tbreakthrough and tsaturation 

times were replaced by t5% and t95% times (times required to desorb 5 and 95 % of the adsorbate 

respectively; also calculated from the model fitting), since these later parameters are normally 

preferred as they are more reliable. Finally, the breakthrough adsorption slope was determined 

for each zeolite, by considering a linear adjustment C(t)/C0 versus time within the interval t5% 

and t95%.   

 

3. Results and discussion 

3.1. Characterization 
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The main physicochemical characteristics of the different adsorbents used in this study 

are reported in Table 1. All the samples are well crystalline materials with a FAU structure. 

The framework Si/AlIV ratio calculated for each sample from the PXRD patterns are reported 

in Table 1, together with the unit cell formula (obtained from chemical analysis and PXRD 

results), the Na content, the global Si/Al and the particles size. The accuracy of the framework 

Si/AlIV determined by PXRD was corroborated by comparing the values obtained with 

framework Si/AlIV from 29Si NMR found in the literature for the same commercial Y zeolites 

[25]. The amount of EFAL (extra framework Al) species per unit cell was obtained by the 

difference of the total Al content (from global Si/Al ratio) and the framework Al content 

(framework Si/AlIV ratio). Hydrogen content was then calculated to balance negative charges 

(together with Na species), in order to obtain a neutral unit cell formula. From the Table 1, it 

can be seen that the samples present a very large range of global Si/Al (2.6-100), framework 

Si/AlIV ratio (3.7-40), EFAL species contents (0-47.8) and different Na content.  

 

    TABLE 1 

 

Nitrogen isotherms and PSD curves obtained for all the samples are shown in Figure 1 

(all the isotherms have been shifted vertically for sake of clarity). Table 2 gives the 

corresponding textural parameters, namely pore sizes (in the mesopores region), external 

surface area Sext and pores volume (Vmicro and Vmeso). Basically, two groups of FAU zeolites 

can be distinguished: one group corresponding to samples essentially microporous (isotherm 

of type I with a horizontal plateau at high relative p/p0), with no or very weak mesopores 

contribution, and another group corresponding to microporous materials with an important 

contribution of mesopores (isotherms I with a hysteresis loop at high p/p0). Logically, the first 

group, consisting of Na2.1USHY, Na3.0USHY, CBV 500 and DAY P (see Figure 1, open 

symbols), presents low external surface area (Sext< 40 m2 g-1) and small mesopores volume 

(Vmeso< 0.10 cm3 g-1).  

 

 

    FIGURE 1 
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On the other hand, the second group containing the remaining samples (CBV 720, CBV 

780 and CBV 600, Figure 1, closed symbols), shows higher external surface area (> 55 m2 g-1) 

and larger mesopores volume (> 0.13 cm3 g-1). The presence of substantial mesoporosity in the 

later samples could be attributed to the fact that those materials had been all subjected to a 

dealumination process (in order to increase the framework Si/AlIV ratio), as they present a 

rather high value (> 5) when compared with the less dealuminated samples (Si/AlIV < 5). 

Interestingly, DAY P sample, which is a highly dealuminated sample, does not present any 

significant mesoporosity. Additionally, all the samples show micropores volume values in the 

range 0.24-0.34 cm3 g-1, typical for this type of materials. Moreover, while free EFAL species 

samples present relatively high micropores volumes (0.30-0.33 cm3 g-1), the presence of EFAL 

species in the other samples slightly decreases the micropores volume (0.24-0.29 cm3 g-1). This 

effect is more pronounced for CBV 600 sample, which is the one presenting the highest EFAL 

species content (0.24 cm3 g-1 for 47.8 EFAL species per unit cell). 

 

     TABLE 2 

 

 

Table 2 also shows the quantitative results obtained from pyridine adsorption, namely 

the amount of both Brønsted (B) and Lewis (L) acid sites able to retain pyridine molecule at 

150 ºC under vacuum. In Figure 2, the amount of total, Brønsted and Lewis acid sites as a 

function of, respectively, global Si/Al, framework Si/AlIV and the amount of EFAL species per 

unit cell, is shown. The total acidity (B+L) naturally follows the global Si/Al ratio of the 

different samples (see Figure 2-A), i.e., the higher the global Si/Al ratio, the lower the total 

acidity. The following total acidity amount order was observed: DAY P (Si/Al = 100) << CBV 

780 (40) << CBV 720 (15) < CBV 600 (2.6), Na2.1USHY (2.8), Na3.0USHY (2.8) < CBV 500 

(2.9).  

On the other hand, Brønsted acidity can also be directly correlated with the framework 

Si/AlIV ratio, as it can be seen in Figure 2-A. DAY P and CBV 780 are the materials that present 

the highest Si/AlIV ratios (respectively 100 and 40) and logically present the lower amount of 

Brønsted sites, respectively 24 and 39 µmol g-1. Na2.1USHY, Na3.0USHY and CBV 500, with 

Si/AlIV of about 3.7-4.0, have the highest amount of Brønsted acid sites, with the two first 
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having a slightly lower value because of the presence of compensating Na+ cations. CBV 720 

and CBV 600 present an intermediate Brønsted value, as their Si/AlIV ratio is about 9-16.  

 

 

     FIGURE 2       

 

Concerning Lewis acid sites, here again it can be seen that the amount of Lewis sites 

follows the amount of EFAL species in the unit cell (Figure 2-B). However, CBV 600 sample, 

with an amount of 47.8 EFAL per unit cell, does not have much more Lewis acid sites than, 

for example, CBV500 sample (14.4 EFAL). A possible explanation could be that some Lewis 

sites might not be accessible to pyridine molecules, probably because of some hindrance caused 

by the presence of a very large amount of EFAL species in this sample.  

 

All the adsorbents used in this work have a FAU structure, which is usually accessible 

to aromatic molecules with relatively large kinetic diameters, owing to the presence of 

supercages characterized by 12-membered rings (12-MR) with an open diameter of 7.4 Å. 

Through DFT calculations using the software Spartan, a kinetic diameter of 6.6 Å was 

estimated for guaiacol, which might indicate that the adsorption of guaiacol occurs 

preferentially on the supercages of the Y zeolites. In addition, it is also well-known that 

guaiacol interacts with both Brønsted and Lewis acid sites [14]. Theoretical adsorption energies 

calculated from Spartan software show that the interaction of guaiacol with Lewis acid sites (-

108 kJ mol-1) is stronger than with Brønsted acid sites (-88 kJ mol-1). Interestingly, the 

theoretical adsorption energy of guaiacol on basic Na-exchanged zeolite framework sites was 

found to be -104 kJ mol-1. Being similar to that estimated for Lewis acid sites, this might 

anticipate that Na presence also favors guaiacol adsorption.      

 

 

3.2. Adsorption performance 

Illustrative breakthrough curves, corresponding to the adsorption of 1.2 wt.% of 

guaiacol in n-heptane, obtained for DAY P and Na2.1USHY samples, are presented in Figure 

3. The results (amount of adsorbed guaiacol QT, breakthrough curves slopes, t5% and t95%) 

extracted from the fitting curves are presented in Table 3, together with parameters ka and Ke 
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also obtained from the model fit. The amount of guaiacol adsorbed by each sample was also 

confirmed by thermogravimetric measurements.  

 

     TABLE 3 

 

 

 

 

     FIGURE 3 

 

    

 

Guaiacol breakthrough results show that all the samples reach a guaiacol adsorption 

equilibrium. However, from the different curves obtained, and also from the parameters 

extracted from the experimental fittings, one can distinguish once again two main groups. The 

first one (Group I) corresponds to samples DAY P (illustrated in Figure 3-A), CBV 720, CBV 

780 and CBV 600 and is defined by the following features:  small t5% (< 30 min) and t95% (< 

50 min) and a very small difference between t5% and t95%, demonstrated by a steep breakthrough 

curve slope (≥ 0.043 min-1, see Table 3). On the other hand, the second group (Group II), 

corresponding to samples CBV 500, Na2.1USHY (illustrated in Figure 3-B) and Na3.0USHY, 

can be defined by longer t5% (≥ 35 min) and t95% (≥ 77 min), resulting in a gentler breakthrough 

curve slope (< 0.025 min-1). The direct consequence is the final guaiacol capacity that is very 

different from one group to the other: 1.05 mmol g-1 or less for the first group and 1.51 mmol 

g-1 or more for the second group. 

 

Concerning the parameters ka and Ke obtained from the Klinkenberg model, one can 

see that samples with a higher guaiacol adsorption capacity (Group II) have higher adsorption 

equilibrium constants (Ke > 11x103), while samples having a poorer guaiacol adsorption 

(Group I) present lower Ke values (< 7x103). Indeed, a very good linear correlation can be 

obtained by simply plotting the amount of guaiacol adsorbed, QT, as a function of Ke (see 

Figure 4), clearly showing that guaiacol adsorption onto FAU samples is essentially ruled by 

thermodynamics considerations. In the next section, it will be shown how FAU zeolites 

properties can explain this result. Concerning the overall coefficient of mass transfer (ka), this 
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expresses how fast guaiacol molecules diffuse through the zeolite porous system. It can be seen 

in Table 3 that zeolites of Group I present higher ka values (1.65-3.70 min-1) than those 

belonging to Group II (0.69-1.10 min-1). This means that diffusion of guaiacol is much faster 

on DAY P, CBV 720, CBV 780 and CBV 600 zeolites than on CBV 500, Na2.1USHY and 

Na3.0USHY zeolites, which correlates well with the slopes estimated for the breakthrough 

adsorption curves (Figure 5). Indeed, the lower the ka value, the smoother the slope of the 

breakthrough curve, meaning a higher difference between t5% and t95%. It is well known that 

molecules diffusion within the pores of a zeolite mainly takes place through the interaction 

with pore walls. Thus, the stronger the guaiacol adsorption to the pore walls of the zeolites, the 

lower the ability for the guaiacol molecules to diffuse through the zeolite porous system, which 

explains the lower ka values (lower slopes values) for the zeolites of Group II.      

 

FIGURE 4 

 

FIGURE 5 

 

 

 

3.3. Guaiacol adsorption vs zeolite properties  

 

3.3.1. Sodium influence 

With the purpose of studying the effect of the presence of sodium in zeolites framework 

on the guaiacol adsorption, zeolites Na2.1USHY, Na3.0USHY and CBV 500 were chosen, as 

they present similar physicochemical properties, except for the amount of Na. The two first 

zeolites are the only ones presenting Na in their framework as compensating cation, as it can 

be seen in Table 1. Na content on FCC catalysts can typically range from 0.2 to 0.5 wt.% upon 

exposure to the Na-containing FCC feedstocks. Considering the maximum value of 0.5 wt.% 

and the fact that the FCC catalysts usually contain 10-40 wt.% of Y zeolite in their formulations 

[15], the Na content on the pure zeolite can range from about 1 to 5 wt.%. Therefore, 2 and 3 
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wt.% of Na were chosen as representative amounts. It can be observed that presence of Na in 

the zeolite structure (up to 3 wt.%) seems to increase the guaiacol adsorption. This is not strange 

considering that the theoretical adsorption energy of guaiacol is higher on the basic Na-

exchanged zeolite framework sites (-104 kJ mol-1) than on the Brønsted acid sites (-88 kJ mol-

1). Indeed, Beutel et al. reported, by employing 1H and 29Si MAS NMR spectroscopy, that 

hydrogen bonding of phenol to the oxygen atoms of the zeolite is not the only interaction 

between phenol and Na-X zeolite. Of the same importance is the interaction of phenol aromatic 

ring with either Na+ cations or oxygens of zeolite supercages [26]. Some other studies also 

demonstrated similar phenol interaction with exchanged cations and zeolite oxygens [27,28]. 

 

3.3.2. Si/Al ratio influence  

Zeolites, which are porous crystalline aluminosilicates, are formed by SiO4 and AlO4 

tetrahedra connected by oxygen atoms, and their hydrophilic/hydrophobic character will 

depend essentially on the Si/Al framework ratio. It is generally accepted that for Si/Al < 10, 

zeolites are hydrophilic, i.e. water can interact easily with compensating cations (protons, etc.), 

while for Si/Al > 10, they turn hydrophobic because of the presence of non-polar Si-O-Si 

bridging groups [29]. Several studies have investigated the application of synthetic zeolites for 

the adsorption of phenolic compounds from wastewater and noticed the improvement of 

adsorption capacity with increased hydrophobicity [16,17,30,31]. In our case, the amount of 

guaiacol adsorbed onto the different FAU adsorbents as a function of Si/Al ratio and percentage 

of Al is illustrated in Figure 6. As it can be seen, the adsorption of guaiacol is favored using 

FAU zeolites with a low Si/Al ratio of about 4 (high number of aluminum atoms), i.e., zeolites 

with a rather hydrophilic character. This shows the importance of the number of framework 

and extra framework Al for the adsorption of guaiacol, in absence of an adsorption competition 

with water. Although this later condition is necessary, it is not enough to explain why CBV 

600 sample is less efficient to adsorb guaiacol, although it has the same global Si/Al ratio as, 

for example, CBV 500 sample. This will be analyzed later in this paper.   

  

     FIGURE 6 
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3.3.3. Acid sites and EFAL species 

From Figure 6 (B), one could see that the amount of Al in the zeolites plays a crucial 

role in the adsorption of guaiacol. Normally, zeolites present two types of Al species: Al species 

that are incorporated on the zeolite framework and account for the Brønsted acidity, and extra 

framework Al species. These extra framework (EFAL) Al species (octahedral, oligomers 

species or tri-coordinated Al) present in FAU structures are known to be responsible for the 

Lewis acidity of zeolites. Therefore, if guaiacol adsorption generally increases with the total 

number of Al, this is the same as saying that a higher guaiacol retention is expected for samples 

with a higher total amount of Brønsted and Lewis acid sites, which is indeed observed in Table 

3. Following our findings concerning the estimated theoretical adsorption energies, it seems 

reasonable that both Brønsted and Lewis acid sites are responsible for the adsorption of 

guaiacol on the different FAU adsorbents. In fact, when plotting the evolution of the amount 

of guaiacol adsorbed as a function of the number of Brønsted acid sites (Figure 7), an increase 

in the amount of guaiacol retained on the zeolites can be seen with the Brønsted acidity. Figure 

8 shows the amount of guaiacol adsorbed as a function of Lewis acidity (A) and EFAL species 

(B). Indeed, it also seems that guaiacol adsorption capacity follows both the Lewis acidity and 

EFAL amounts. However, in this latter case, the guaiacol adsorption passes through a 

maximum for CBV 500 sample, which is followed by a decrease for CBV 600. This result is 

unexpected considering that CBV 600 zeolite is the sample presenting the highest amount of 

EFAL species or Lewis acid sites, which were observed by DFT calculations to have a higher 

adsorption energy for guaiacol. The behavior of CBV 600 sample can be easily explained, 

taking into account the accessibility of the acid sites to the guaiacol molecules, which might be 

partially hindered by the large amount of EFAL species present in this sample. This conclusion 

is also supported by the previous observation on the underestimation of the Lewis acid sites by 

pyridine adsorption. 

 

    FIGURE 7 

 

 

    FIGURE 8 
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3.3.4. Textural parameters influence  

 

Figure 9 shows the amount of guaiacol adsorbed (QT) on the various zeolites as a 

function of the mesoporous volume (Vmeso), together with the linear relationship between Vmeso 

and external surface area Sext. When all the samples are compared, with exception of DAY P, 

the zeolites with a relatively high Vmeso (> 0.10 cm3 g-1) adsorb less guaiacol (< 1.10 mmol g-

1). This is quite surprising, considering that higher mesoporous volumes should lead to more 

space available to adsorb the bulky guaiacol molecules. Therefore, a higher guaiacol retention 

should be expected for the samples presenting an enhanced mesoporous volume. However, it 

is also known that the presence of mesopores in combination with micropores in zeolites is 

responsible for an increase in the diffusion rate of the guaiacol molecules inside the zeolite 

structure [2]. Indeed, according to the breakthrough curves slopes and ka in Table 3, samples 

presenting improved mesoporous volume and external surface area are those for which a sharp 

slope and higher ka values (higher diffusion rates) were found. Therefore, the increase in the 

diffusion rate generated by the higher mesoporous volume seems to prevail over the increase 

in space, in what concerns the guaiacol adsorption on the zeolites. In the case of the 

microporous volume, this one is generally similar for all the zeolite samples, except for 

CBV600 which presents a lower microporous volume. As previously mentioned, the high 

number of EFAL species on this sample might partially block its porous structure, decreasing 

the micropores volume, the accessibility to the acid sites and, consequently, reducing the 

guaiacol adsorption.  

 

FIGURE 9 

 

Overall, these results demonstrate that for acidic zeolites the total number of Brønsted 

and Lewis acid sites is the most important parameter that governs the amount of guaiacol 

adsorbed. Nevertheless, the presence of mesoporosity also seems to have an impact on the 
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guaiacol adsorption, as it increases the diffusion rate of guaiacol molecules. In addition, 

adsorption of guaiacol is increased if protons are exchanged by Na as compensating cations. 

Considering the properties of the catalyst used in the FCC process, these results can be 

extrapolated to the conditions of the bio-oils/FCC feedstocks co-processing. The equilibrium 

catalyst circulating in the FCC unit is composed by a mixture of catalyst particles with different 

ages and different chemical and textural properties [15]. Typically, the fresh ultra-stable Y 

(USY) zeolite used in the process has a low Si/Al framework ratio of 5. However, even though 

this USY catalyst is produced by controlled dealumination and presents an increased 

hydrothermal stability, it still undergoes further dealumination when submitted to the 

consecutive regeneration steps [32,33]. As a result, Al atoms are released from the zeolite 

framework, leading to an increase in the Si/Al framework ratio to 5-20. Consequently, this 

causes a reduction in the number of Brønsted acid sites, an increase in the Lewis acid sites (as 

EFAL species are generated) and an increase in the mesoporous volume of the zeolite. 

Therefore, adsorption of guaiacol is expected to be higher on fresh FCC catalyst, due to lower 

Si/Al ratio, higher amount of Brønsted acid sites and moderate quantity of EFAL species. On 

the other hand, an aged FCC catalyst with a higher Si/Al, a lower number of Brønsted acid sites 

and a higher number of EFAL species (that may hinder adsorption as observed) should adsorb 

a lower number of guaiacol molecules during co-processing. Additionally, the higher 

mesopores volume of the aged FCC catalyst would also facilitate the diffusion of the guaiacol 

molecules, decreasing their retention inside the zeolite structure. On the other hand, it is also 

known that Na content on the FCC catalysts also increases with circulation time, due to the 

presence of Na-containing compounds in the feed [15]. As observed, this increase in the sodium 

content should increase the amount of guaiacol adsorbed. However, Na passivators are used on 

the FCC catalyst to avoid the protons being exchanged by the Na, which would minimize this 

effect. Thus, the different guaiacol adsorption capacities for the fresh and aged FCC catalysts 

would certainly have implications on the poisoning effect of guaiacol during bio-oils/FCC 

feedstocks co-processing. Given the expected higher retention of guaiacol on the fresh FCC 

catalyst, a higher detrimental effect should be anticipated in this case.       

 

4. Conclusions 
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Various FAU zeolites, with different framework Si/Al ratios (ranging from 3 to 100), 

amounts of Brønsted and Lewis acid sites and textural parameters, were tested for the 

adsorption of guaiacol. The parameters obtained from experimental guaiacol adsorption 

breakthrough curves and subsequent model fitting, i.e. guaiacol capacity, adsorption 

equilibrium constant (Ke), coefficient of mass transfer (ka), t5% and t95%, breakthrough curve 

slopes showed a direct correlation with the physicochemical properties of the zeolites. All the 

results show that materials with low Si/Al ratio (about 4) and high total amount of both 

Brønsted and Lewis acid sites (> 600 µmol g-1) present a higher guaiacol adsorption, as well 

as higher Ke values, confirming theoretical adsorption energies calculations. On the other hand, 

zeolites with higher mesoporous volumes or external surface area led to a higher diffusion rate 

within the zeolite structure (higher ka values), decreasing guaiacol retention. In addition, the 

replacement of protons by sodium atoms as compensating cations was also observed to increase 

guaiacol adsorption. Taking into account the changes that take place on the FCC catalyst 

properties during operation, it is expected that the poisoning effect of guaiacol during bio-

oils/FCC feedstocks co-processing is attenuated with the increase of the catalyst age.      
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TABLES 

 

 

Table 1. Physicochemical characteristics of the different Y zeolites used in this study. 

Zeolites Unit cell formula 

Na 

(wt.%)
a 

Si/Alb Si/AlIV
c 

Si/AlIV 

NMRd 

Particle size 

(µm)e 

DAY P H1.9Al1.9Si190.1O384 0.0 100 - - 6.2 

Na2.1USHY Na17.5H20.9Al38.4Si153.6O384; 16.5 EFAL 2.1 2.8 4.0 - 4.4 

Na3.0USHY Na24.6H16.3Al40.9Si151.1O384; 13.1 EFAL 3.0 2.8 3.7 - - 

CBV 720 H11.3Al11.3Si180.7O384; 0.8 EFAL 0.0 15 16 22 4.4 

CBV 780 H4.9Al4.7Si187.3O384 0.0 40 40 40.4 - 
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CBV 600 H18.9Al18.8Si173.2O384; 47.8 EFAL 0.0 2.6 9.2 9.6 4.6 

CBV 500 H40Al40Si152O384; 14.4 EFAL 0.0 2.9 3.8 4.6 - 
afrom elemental analysis; bfrom manufacturer; cframework Si/AlIV ratio calculated from the unit cell parameter a0 

(PXRD experiments), using Breck–Flanigen equation [20], dfrom P. P. Pescarmona et al. [25], emeasured by laser 

diffraction. 

 

 

 

 

 

Table 2. Textural and acidity properties of the Y zeolite samples. 

Sample 
Pore size 

(Å) 

Sext 

(m2.g-1) 

Pore volume (cm3 g-1)a Acidity (µmol g-1)b 

Vmicro Vmeso Brønsted Lewis Total 

DAY P 58 36 0.30 0.06 24 23 47 

Na2.1USHY 159 15 0.29 0.04 416 373 789 

Na3.0USHY 162 17 0.29 0.06 453 225 678 

CBV 720 242 84 0.31 0.21 281 122 403 

CBV 780 240 83 0.33 0.18 39 101 140 

CBV 600 159 56 0.24 0.13 271 396 667 

CBV 500 161 33 0.28 0.08 628 343 971 

aVmicro from t-plot, Vmeso = Vtotal – Vmicro; bfrom pyridine desorption at 150 ºC. 

 

 

 

Table 3. t5%, t95%, QT, breakthrough curves slopes, ka and Ke parameters obtained from 

Klinkenberg model fittings [22]. 

Sample t5% (min) t95% (min) Slope (min-1) QT (mmol g-1) ka (min-1) Ke (x103) 

DAY P 10 19 0.100 0.40 3.70 3.0 

Na2.1USHY 49 86 0.024 1.82 1.04 13.8 

Na3.0USHY 50 87 0.024 1.86 1.10 14.1 

CBV 720 22 43 0.043 0.87 1.65 6.6 

CBV 780 17 34 0.053 0.68 1.79 5.2 

CBV 600 29 47 0.050 1.05 2.60 7.9 

CBV 500 35 77 0.021 1.51 0.69 11.4 
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Figures captions 

 

Figure 1. Nitrogen sorption isotherms (A) and PSD curves (B) for the different zeolite samples 

(□ DAY P,  Na3.0USHY,  Na2.1USHY, ∆ CBV 500 ◄ CBV 720, ■ CBV 780 and ● CBV 

600). 

 

Figure 2. Total (∆) and Brønsted (○) acidity as a function of, respectively, global and 

framework Si/Al (A); Lewis (□) acidity as a function of EFAL species (B). 

 

Figure 3. Breakthrough curves (guaiacol adsorption) obtained for DAY P (A) and Na2.1USHY 

(B) samples. 

 

Figure 4. Amount of guaiacol adsorbed (QT) as a function of parameter Ke. 

 

Figure 5. Slope of the breakthrough adsorption curves as a function of parameter ka. 

 

Figure 6. Amount of guaiacol adsorbed as a function of global Si/Al ratio (A) and Al molar 

percentage (B). 

 

Figure 7. Amount of guaiacol adsorbed (QT) as a function of Brønsted acidity. 

 

Figure 8. Amount of guaiacol adsorbed (QT) as a function of Lewis acidity (A) and EFAL 

species (B). 

 

Figure 9. Amount of guaiacol adsorbed QT as a function of the mesopores volume Vmeso (inset: 

Vmeso as a function of external surface area, Sext). 
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Abstract  

 

The guaiacol adsorption capacity of several Y zeolites with different physicochemical 

properties was tested by performing breakthrough adsorption experiments, in order to 

investigate the guaiacol adsorption on Fluid Catalytic Cracking catalysts during bio-oils/FCC 

feedstocks co-processing. X-Ray diffraction, nitrogen sorption measurements and pyridine 

adsorption followed by Infrared Spectroscopy were used to determine the framework Si/Al 

ratio, the textural parameters, and finally the nature and amount of acid sites. Klinkenberg 

model was used to fit the experimental data and to obtain the guaiacol adsorption capacity and 

ka (overall coefficient of mass transfer) and Ke (adsorption equilibrium constant) parameters, 

which are directly related to, respectively, kinetic and thermodynamic aspects. Ke values, and 

so guaiacol adsorption, were observed to increase with the total number of Brønsted and Lewis 

acid sites on the zeolites, as well as with the amount of Na exchange. Conversely, mesoporosity 

increases the diffusion rate of guaiacol inside the zeolite structure, leading to higher ka values 

and decreasing guaiacol retention. Overall, data show that guaiacol adsorption on the FCC 

catalysts, and so its impact on the activity, might decrease with the catalyst age, owing to the 

changes on the FCC catalyst properties taking place during operation.       
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1. Introduction 

 

In order to reduce the dependence on crude oil and decrease CO2 emissions, traditional 

fossil fuels must be replaced by alternative fuels based on renewable sources, such as 

lignocellulosic biomass. Lignocellulosic biomass is currently one of the renewable sources of 

carbon that can be converted into liquids (bio-oils) able to be used as transportation fuels [1,2]. 

Furthermore, contrarily to petroleum, biomass presents the advantage of containing negligible 

amounts of sulphur, nitrogen and metals, and its balance of CO2 is neutral. However, these 

wood-derived bio-oil fractions contain important amounts (up to 45 wt.%) of oxygenated 

compounds, such as carboxylic acids, aldehydes, alcohols, ketones, esters, ethers, phenols, 

furans and carbohydrates. The presence of significant amounts of oxygenated molecules in the 

bio-oils composition gives them some undesirable properties, such as high viscosity, thermal 

and chemical instability, lower miscibility with hydrocarbons and high tendency to form coke 

[3–5]. 

The co-processing of bio-oils with conventional Fluid Catalytic Cracking (FCC) 

feedstocks could be a promising short-term possibility to produce bio-fuels [6,7]. However, the 

high amounts of O-compounds in the bio-oils can limit their direct addition to the FCC 

petroleum-based feedstocks. Hence, a previous upgrading of the bio-oils, by reducing their 

oxygen content, is normally required and can be performed by hydrodeoxygenation (HDO). 

Nevertheless, phenolic molecules are difficult to remove by HDO, and usually remain after the 

treatment [8–10].  

The impact of lignin derived phenols, such as phenol and guaiacol, on FCC catalysts 

during bio-oils/FCC feedstocks co-processing has been explored in the literature. These 

oxygenates can have a detrimental impact on FCC catalysts. In fact, studies performed with the 

two main components of FCC catalyst, HY and HZSM-5 zeolites, revealed that phenolic 

molecules significantly and quickly deactivate these zeolites [2,11–14], due to the phenolic 

compounds adsorption on both Brønsted and Lewis acid sites, together with coke molecules. 

However, questions remain regarding how zeolite physicochemical properties can influence 

phenolic molecules adsorption. This is especially important considering that FCC catalysts are 

a mixture with a distribution of ages and chemical and physical properties, and phenolic 
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compounds adsorption. Therefore, their impact on activity might change depending on the age 

of the catalyst particles [15]. 

Some works related to adsorption of phenol [16–18] and phenolic compounds such as 

ortho-nitrophenol, para-nitrophenol, meta-nitrophenol, and 2,4-dinitrophenol on synthetic 

zeolites have been published. It was found that, for the FAU structure, the capacity of 

adsorption increased with the Si/Al ratio, and that, for the same Si/Al ratio, Y zeolite was more 

effective than BEA and mordenite [18,19]. However, so far, it appears that no data are available 

concerning guaiacol adsorption on synthetic zeolites. 

Therefore, in this work, guaiacol adsorption was studied over several Y zeolites 

presenting very distinct physicochemical properties, by performing breakthrough adsorption 

experiments, to analyze the potential for guaiacol to adsorb on the FCC catalyst during bio-

oils/FCC feedstocks co-processing. The breakthrough adsorption experiments were carried out 

in order to: a) analyze the diffusion ability of guaiacol molecules within the zeolite porous 

structures, b) evaluate the strength of the interaction between the zeolites and the O-compound, 

and c) determine the maximum amount of guaiacol that can be retained on the zeolites, under 

the experimental conditions selected. The influence of the Si/Al ratio, the presence of extra-

framework aluminium (EFAL) species and sodium, and the textural properties on the 

adsorption process were evaluated. Finally, the conclusions obtained from the experimental 

data were extrapolated to the conditions of the bio-oils/FCC feedstocks co-processing.  

 

 

2. Experimental 

 

2.1. Materials 

 

Different commercial Y zeolites (FAU structure), namely DAY P (Degussa), 

Na2.1USHY (Grace Davison), CBV 720, CBV 780, CBV 600, CBV 500 (all from Zeolyst), 

were used as adsorbents. CBV 500 sample, supplied in the ammonium form, was calcined at 

500 ºC under a flux of dry air to be converted into its protonic form. Besides these commercial 

Y zeolites, another zeolite sample was prepared from the Na2.1USHY zeolite by increasing its 

Na content. For that purpose, an ammonium form of this zeolite was firstly prepared by 

subjecting the zeolite to a three-time ion-exchange treatment under reflux with a 2 M 

ammonium nitrate aqueous solution, at 100 ºC, for 4 h, using a solution/zeolite ratio of 4 mL 

g-1. After ion-exchange, the suspension was filtered under vacuum and the zeolite obtained was 
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washed with deionized water and dried overnight in an oven at 100 ºC. Then, a 4 h ion-

exchange was performed (three times) at room temperature, with a solution/zeolite ratio of 4 

mL.g-1, by using a 2 M sodium nitrate aqueous solution. Finally, the zeolite sample obtained 

after Na-exchange was filtered under vacuum, dried overnight in an oven at 100 ºC and calcined 

at 500 ºC under a flux of dry air (referred to as Na3.0USHY). 

 

2.2. Characterization 

 

Powder X-Ray diffraction (PXRD) patterns were recorded on a Bruker AXS Advance 

D8 diffractometer. Powder patterns were taken at room temperature between 5 and 40 º (2), 

with a scan step of 0.02 o and a time step of 6 s, using Cu-K radiation. NaCl was used as an 

internal standard and mixed with the samples. The unit cell parameter ao was subsequently 

calculated from each diffractogram, using CELREF software and Si/Al ratio obtained using the 

empirical formula from [20].  

Elemental chemical analyses were performed by inductively coupled plasma atomic 

emission spectrometry (ICP-AES), using a Philips ICP PU 7000 spectrometer, after acid 

digestion of the samples.  

Particle size distribution curves of the zeolite samples were determined by Laser 

diffraction, using a CILAS 1064 particles size analyzer from Malvern. 

Nitrogen adsorption measurements were carried out at -196 °C on a Micrometrics 

ASAP 2010 apparatus. Before adsorption, the fresh zeolite samples were degassed under 

vacuum at 90 °C for 1 h and then at 350 °C for at least 4 h. N2 isotherms were used to determine 

the total porous volume (Vtotal), the micropores volume (Vmicro), the external surface area (Sext) 

and the pores size distribution (PSD) curves. The total pore volume was calculated from the 

adsorbed volume of nitrogen for a relative pressure P/P0 of 0.97, whereas Vmicro and Sext were 

determined using the t-plot method. The mesopores volume (Vmeso) was given by the difference 

Vtotal - Vmicro. The PSD curves were calculated from the analysis of the isotherm adsorption 

branch based on the Barrett-Joyner-Halenda (BJH) algorithm.  

The samples acidity was characterized by pyridine adsorption followed by FTIR 

spectroscopy, using a Nicolet Nexus spectrometer. The samples were pressed into thin wafers 

(10-20 mg cm-2) and pre-treated in an IR quartz cell at 450 ºC for 2 h under secondary vacuum 

(10-6 mbar). The samples were then cooled down to 150 ºC and contacted with pyridine (Peq = 

1.5 mbar) during 10 min. Then, pyridine excess was removed for 30 min under secondary 
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vacuum and the IR spectra were recorded. The concentrations of Brønsted and Lewis sites able 

to retain the pyridine at 150 ºC were determined using the integrated areas of the bands at 1545 

and 1455 cm−1, respectively, and using extinction coefficients from literature [21].  

The determination of theoretical adsorption energies for guaiacol on the Brønsted and 

Lewis acid sites of the zeolites, as well on the basic Si-ONa-Al sites, were estimated based on 

density functional theory (DFT) calculations, using the molecular modelling software Spartan 

v1.1.0. The Brønsted and Lewis acid sites were represented by simple clusters with formulas 

AlSiOH7 and AlSi3O3H9, respectively. For the Si-ONa-Al sites, a AlSiONaH6 cluster was used.  

The hybrid B3LYP functional formalism and the 6-31G* atomic orbital basis set were 

employed to optimize the zeolite clusters, guaiacol geometry and cluster + adsorbed molecule 

configurations. The theoretical adsorption energies were calculated as ΔEadsorption = E 

(cluster+adsorbed molecule) - E (cluster) - E (molecule gaseous phase).   

 

2.3. Breakthrough adsorption experiments 

 

The breakthrough adsorption experiments were carried out in a vertical Pyrex fixed-bed 

column at 150 °C, under atmospheric pressure, in the gas phase. Before each adsorption 

experiment, the zeolites were pre-treated at 200 °C under dry air flow (60 mL.min-1) for 1 h 

and cooled down to the adsorption test temperature. 

To keep the length of the zeolite bed constant (1.5 cm) around 120 mg of each zeolite were 

used. The feed was constituted by a solution of 1.2 wt.% of guaiacol (Sigma-Aldrich, 99%) in 

n-heptane (Sigma-Aldrich, 99%) and N2, with a N2/guaiacol mixture molar ratio of 9. N2 was 

added to decrease the partial pressure of the guaiacol mixture and allows for its complete 

vaporization at the breakthrough adsorption experiment temperature. The mixture flow rate (3 

mL.h-1) was kept constant with a B|Braun compact perfusor. Variation of guaiacol vapor 

concentration during the adsorption experiments was monitored with a Chrompack CP 9001 

gas chromatograph. The chromatographic column was a Varian CP SIL 5CB fused silica 

column with a dimethylpolysiloxane stationary phase and following dimensions: 10 m x 0.32 

mm i.d., 0.25 µm film thickness. The operating conditions were as follows: an injector 

temperature of 275 ºC; a detector temperature of 260 ºC; N2 was the make-up gas (27 mL min-

1) and the oven temperature program was 5 min at 50 ºC.  

The breakthrough adsorption curve is usually expressed in terms of the outlet/inlet 

concentrations ratio (C(t)/C0) as a function of the operation time (t). The model of Klinkenberg 
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[22–24], Eq. 1, was used to fit the guaiacol adsorption breakthrough curves obtained 

experimentally.  

 

𝐶

𝐶0
=

1

2
[1 + erf (√𝜏 − √𝜉 +

1

8√𝜏
+

1

8√𝜉
)] 

Eq. 1 
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2
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𝑧

𝑢
(

1−𝜀

𝜀
)

𝑥
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and where erf(x) is the error function, ka the overall mass transfer coefficient, Ke the adsorption 

equilibrium constant, z the bed height, u the gas velocity, t the time and ε the bed void fraction. 

The following parameters were considered: ε = 0.3; z = 1.5 cm and u = 728 cm min-1. The 

model was adjusted to the experimental data by minimizing the sum of the squared absolute 

errors for C/C0. Based on this, ka and Ke values were determined for each zeolite. The maximum 

adsorption capacity of the zeolites for guaiacol, 𝑄𝑇 (mmol g-1), was also estimated from the 

model fitted curves, according to Eq. 2.  

 

𝑄𝑇 =
(∫ 1𝑑𝑡−∫

𝐶(𝑡)

𝐶0

𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
𝑡𝑏𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ

𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
0 𝑑𝑡)×𝐹0

𝑚
, 

Eq. 2 

 

where breakthrough time (tbreakthrough) corresponds to the initial detection of the adsorbate at the 

adsorber outlet, i.e. the minimum time required to cross the adsorbent bed, saturation time 

(tsaturation) is the point when the maximum capacity of retention of the adsorbent is reached, F0 

the entry molar flux of guaiacol and m the mass of zeolite used. However, tbreakthrough and tsaturation 

times were replaced by t5% and t95% times (times required to desorb 5 and 95 % of the adsorbate 

respectively; also calculated from the model fitting), since these later parameters are normally 

preferred as they are more reliable. Finally, the breakthrough adsorption slope was determined 

for each zeolite, by considering a linear adjustment C(t)/C0 versus time within the interval t5% 

and t95%.   

 

3. Results and discussion 

3.1. Characterization 
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The main physicochemical characteristics of the different adsorbents used in this study 

are reported in Table 1. All the samples are well crystalline materials with a FAU structure. 

The framework Si/AlIV ratio calculated for each sample from the PXRD patterns are reported 

in Table 1, together with the unit cell formula (obtained from chemical analysis and PXRD 

results), the Na content, the global Si/Al and the particles size. The accuracy of the framework 

Si/AlIV determined by PXRD was corroborated by comparing the values obtained with 

framework Si/AlIV from 29Si NMR found in the literature for the same commercial Y zeolites 

[25]. The amount of EFAL (extra framework Al) species per unit cell was obtained by the 

difference of the total Al content (from global Si/Al ratio) and the framework Al content 

(framework Si/AlIV ratio). Hydrogen content was then calculated to balance negative charges 

(together with Na species), in order to obtain a neutral unit cell formula. From the Table 1, it 

can be seen that the samples present a very large range of global Si/Al (2.6-100), framework 

Si/AlIV ratio (3.7-40), EFAL species contents (0-47.8) and different Na content.  

 

    TABLE 1 

 

Nitrogen isotherms and PSD curves obtained for all the samples are shown in Figure 1 

(all the isotherms have been shifted vertically for sake of clarity). Table 2 gives the 

corresponding textural parameters, namely pore sizes (in the mesopores region), external 

surface area Sext and pores volume (Vmicro and Vmeso). Basically, two groups of FAU zeolites 

can be distinguished: one group corresponding to samples essentially microporous (isotherm 

of type I with a horizontal plateau at high relative p/p0), with no or very weak mesopores 

contribution, and another group corresponding to microporous materials with an important 

contribution of mesopores (isotherms I with a hysteresis loop at high p/p0). Logically, the first 

group, consisting of Na2.1USHY, Na3.0USHY, CBV 500 and DAY P (see Figure 1, open 

symbols), presents low external surface area (Sext< 40 m2 g-1) and small mesopores volume 

(Vmeso< 0.10 cm3 g-1).  

 

 

    FIGURE 1 
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On the other hand, the second group containing the remaining samples (CBV 720, CBV 

780 and CBV 600, Figure 1, closed symbols), shows higher external surface area (> 55 m2 g-1) 

and larger mesopores volume (> 0.13 cm3 g-1). The presence of substantial mesoporosity in the 

later samples could be attributed to the fact that those materials had been all subjected to a 

dealumination process (in order to increase the framework Si/AlIV ratio), as they present a 

rather high value (> 5) when compared with the less dealuminated samples (Si/AlIV < 5). 

Interestingly, DAY P sample, which is a highly dealuminated sample, does not present any 

significant mesoporosity. Additionally, all the samples show micropores volume values in the 

range 0.24-0.34 cm3 g-1, typical for this type of materials. Moreover, while free EFAL species 

samples present relatively high micropores volumes (0.30-0.33 cm3 g-1), the presence of EFAL 

species in the other samples slightly decreases the micropores volume (0.24-0.29 cm3 g-1). This 

effect is more pronounced for CBV 600 sample, which is the one presenting the highest EFAL 

species content (0.24 cm3 g-1 for 47.8 EFAL species per unit cell). 

 

     TABLE 2 

 

 

Table 2 also shows the quantitative results obtained from pyridine adsorption, namely 

the amount of both Brønsted (B) and Lewis (L) acid sites able to retain pyridine molecule at 

150 ºC under vacuum. In Figure 2, the amount of total, Brønsted and Lewis acid sites as a 

function of, respectively, global Si/Al, framework Si/AlIV and the amount of EFAL species per 

unit cell, is shown. The total acidity (B+L) naturally follows the global Si/Al ratio of the 

different samples (see Figure 2-A), i.e., the higher the global Si/Al ratio, the lower the total 

acidity. The following total acidity amount order was observed: DAY P (Si/Al = 100) << CBV 

780 (40) << CBV 720 (15) < CBV 600 (2.6), Na2.1USHY (2.8), Na3.0USHY (2.8) < CBV 500 

(2.9).  

On the other hand, Brønsted acidity can also be directly correlated with the framework 

Si/AlIV ratio, as it can be seen in Figure 2-A. DAY P and CBV 780 are the materials that present 

the highest Si/AlIV ratios (respectively 100 and 40) and logically present the lower amount of 

Brønsted sites, respectively 24 and 39 µmol g-1. Na2.1USHY, Na3.0USHY and CBV 500, with 

Si/AlIV of about 3.7-4.0, have the highest amount of Brønsted acid sites, with the two first 
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having a slightly lower value because of the presence of compensating Na+ cations. CBV 720 

and CBV 600 present an intermediate Brønsted value, as their Si/AlIV ratio is about 9-16.  

 

 

     FIGURE 2       

 

Concerning Lewis acid sites, here again it can be seen that the amount of Lewis sites 

follows the amount of EFAL species in the unit cell (Figure 2-B). However, CBV 600 sample, 

with an amount of 47.8 EFAL per unit cell, does not have much more Lewis acid sites than, 

for example, CBV500 sample (14.4 EFAL). A possible explanation could be that some Lewis 

sites might not be accessible to pyridine molecules, probably because of some hindrance caused 

by the presence of a very large amount of EFAL species in this sample.  

 

All the adsorbents used in this work have a FAU structure, which is usually accessible 

to aromatic molecules with relatively large kinetic diameters, owing to the presence of 

supercages characterized by 12-membered rings (12-MR) with an open diameter of 7.4 Å. 

Through DFT calculations using the software Spartan, a kinetic diameter of 6.6 Å was 

estimated for guaiacol, which might indicate that the adsorption of guaiacol occurs 

preferentially on the supercages of the Y zeolites. In addition, it is also well-known that 

guaiacol interacts with both Brønsted and Lewis acid sites [14]. Theoretical adsorption energies 

calculated from Spartan software show that the interaction of guaiacol with Lewis acid sites (-

108 kJ mol-1) is stronger than with Brønsted acid sites (-88 kJ mol-1). Interestingly, the 

theoretical adsorption energy of guaiacol on basic Na-exchanged zeolite framework sites was 

found to be -104 kJ mol-1. Being similar to that estimated for Lewis acid sites, this might 

anticipate that Na presence also favors guaiacol adsorption.      

 

 

3.2. Adsorption performance 

Illustrative breakthrough curves, corresponding to the adsorption of 1.2 wt.% of 

guaiacol in n-heptane, obtained for DAY P and Na2.1USHY samples, are presented in Figure 

3. The results (amount of adsorbed guaiacol QT, breakthrough curves slopes, t5% and t95%) 

extracted from the fitting curves are presented in Table 3, together with parameters ka and Ke 
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also obtained from the model fit. The amount of guaiacol adsorbed by each sample was also 

confirmed by thermogravimetric measurements.  

 

     TABLE 3 

 

 

 

 

     FIGURE 3 

 

    

 

Guaiacol breakthrough results show that all the samples reach a guaiacol adsorption 

equilibrium. However, from the different curves obtained, and also from the parameters 

extracted from the experimental fittings, one can distinguish once again two main groups. The 

first one (Group I) corresponds to samples DAY P (illustrated in Figure 3-A), CBV 720, CBV 

780 and CBV 600 and is defined by the following features:  small t5% (< 30 min) and t95% (< 

50 min) and a very small difference between t5% and t95%, demonstrated by a steep breakthrough 

curve slope (≥ 0.043 min-1, see Table 3). On the other hand, the second group (Group II), 

corresponding to samples CBV 500, Na2.1USHY (illustrated in Figure 3-B) and Na3.0USHY, 

can be defined by longer t5% (≥ 35 min) and t95% (≥ 77 min), resulting in a gentler breakthrough 

curve slope (< 0.025 min-1). The direct consequence is the final guaiacol capacity that is very 

different from one group to the other: 1.05 mmol g-1 or less for the first group and 1.51 mmol 

g-1 or more for the second group. 

 

Concerning the parameters ka and Ke obtained from the Klinkenberg model, one can 

see that samples with a higher guaiacol adsorption capacity (Group II) have higher adsorption 

equilibrium constants (Ke > 11x103), while samples having a poorer guaiacol adsorption 

(Group I) present lower Ke values (< 7x103). Indeed, a very good linear correlation can be 

obtained by simply plotting the amount of guaiacol adsorbed, QT, as a function of Ke (see 

Figure 4), clearly showing that guaiacol adsorption onto FAU samples is essentially ruled by 

thermodynamics considerations. In the next section, it will be shown how FAU zeolites 

properties can explain this result. Concerning the overall coefficient of mass transfer (ka), this 
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expresses how fast guaiacol molecules diffuse through the zeolite porous system. It can be seen 

in Table 3 that zeolites of Group I present higher ka values (1.65-3.70 min-1) than those 

belonging to Group II (0.69-1.10 min-1). This means that diffusion of guaiacol is much faster 

on DAY P, CBV 720, CBV 780 and CBV 600 zeolites than on CBV 500, Na2.1USHY and 

Na3.0USHY zeolites, which correlates well with the slopes estimated for the breakthrough 

adsorption curves (Figure 5). Indeed, the lower the ka value, the smoother the slope of the 

breakthrough curve, meaning a higher difference between t5% and t95%. It is well known that 

molecules diffusion within the pores of a zeolite mainly takes place through the interaction 

with pore walls. Thus, the stronger the guaiacol adsorption to the pore walls of the zeolites, the 

lower the ability for the guaiacol molecules to diffuse through the zeolite porous system, which 

explains the lower ka values (lower slopes values) for the zeolites of Group II.      

 

FIGURE 4 

 

FIGURE 5 

 

 

 

3.3. Guaiacol adsorption vs zeolite properties  

 

3.3.1. Sodium influence 

With the purpose of studying the effect of the presence of sodium in zeolites framework 

on the guaiacol adsorption, zeolites Na2.1USHY, Na3.0USHY and CBV 500 were chosen, as 

they present similar physicochemical properties, except for the amount of Na. The two first 

zeolites are the only ones presenting Na in their framework as compensating cation, as it can 

be seen in Table 1. Na content on FCC catalysts can typically range from 0.2 to 0.5 wt.% upon 

exposure to the Na-containing FCC feedstocks. Considering the maximum value of 0.5 wt.% 

and the fact that the FCC catalysts usually contain 10-40 wt.% of Y zeolite in their formulations 

[15], the Na content on the pure zeolite can range from about 1 to 5 wt.%. Therefore, 2 and 3 
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wt.% of Na were chosen as representative amounts. It can be observed that presence of Na in 

the zeolite structure (up to 3 wt.%) seems to increase the guaiacol adsorption. This is not strange 

considering that the theoretical adsorption energy of guaiacol is higher on the basic Na-

exchanged zeolite framework sites (-104 kJ mol-1) than on the Brønsted acid sites (-88 kJ mol-

1). Indeed, Beutel et al. reported, by employing 1H and 29Si MAS NMR spectroscopy, that 

hydrogen bonding of phenol to the oxygen atoms of the zeolite is not the only interaction 

between phenol and Na-X zeolite. Of the same importance is the interaction of phenol aromatic 

ring with either Na+ cations or oxygens of zeolite supercages [26]. Some other studies also 

demonstrated similar phenol interaction with exchanged cations and zeolite oxygens [27,28]. 

 

3.3.2. Si/Al ratio influence  

Zeolites, which are porous crystalline aluminosilicates, are formed by SiO4 and AlO4 

tetrahedra connected by oxygen atoms, and their hydrophilic/hydrophobic character will 

depend essentially on the Si/Al framework ratio. It is generally accepted that for Si/Al < 10, 

zeolites are hydrophilic, i.e. water can interact easily with compensating cations (protons, etc.), 

while for Si/Al > 10, they turn hydrophobic because of the presence of non-polar Si-O-Si 

bridging groups [29]. Several studies have investigated the application of synthetic zeolites for 

the adsorption of phenolic compounds from wastewater and noticed the improvement of 

adsorption capacity with increased hydrophobicity [16,17,30,31]. In our case, the amount of 

guaiacol adsorbed onto the different FAU adsorbents as a function of Si/Al ratio and percentage 

of Al is illustrated in Figure 6. As it can be seen, the adsorption of guaiacol is favored using 

FAU zeolites with a low Si/Al ratio of about 4 (high number of aluminum atoms), i.e., zeolites 

with a rather hydrophilic character. This shows the importance of the number of framework 

and extra framework Al for the adsorption of guaiacol, in absence of an adsorption competition 

with water. Although this later condition is necessary, it is not enough to explain why CBV 

600 sample is less efficient to adsorb guaiacol, although it has the same global Si/Al ratio as, 

for example, CBV 500 sample. This will be analyzed later in this paper.   

  

     FIGURE 6 
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3.3.3. Acid sites and EFAL species 

From Figure 6 (B), one could see that the amount of Al in the zeolites plays a crucial 

role in the adsorption of guaiacol. Normally, zeolites present two types of Al species: Al species 

that are incorporated on the zeolite framework and account for the Brønsted acidity, and extra 

framework Al species. These extra framework (EFAL) Al species (octahedral, oligomers 

species or tri-coordinated Al) present in FAU structures are known to be responsible for the 

Lewis acidity of zeolites. Therefore, if guaiacol adsorption generally increases with the total 

number of Al, this is the same as saying that a higher guaiacol retention is expected for samples 

with a higher total amount of Brønsted and Lewis acid sites, which is indeed observed in Table 

3. Following our findings concerning the estimated theoretical adsorption energies, it seems 

reasonable that both Brønsted and Lewis acid sites are responsible for the adsorption of 

guaiacol on the different FAU adsorbents. In fact, when plotting the evolution of the amount 

of guaiacol adsorbed as a function of the number of Brønsted acid sites (Figure 7), an increase 

in the amount of guaiacol retained on the zeolites can be seen with the Brønsted acidity. Figure 

8 shows the amount of guaiacol adsorbed as a function of Lewis acidity (A) and EFAL species 

(B). Indeed, it also seems that guaiacol adsorption capacity follows both the Lewis acidity and 

EFAL amounts. However, in this latter case, the guaiacol adsorption passes through a 

maximum for CBV 500 sample, which is followed by a decrease for CBV 600. This result is 

unexpected considering that CBV 600 zeolite is the sample presenting the highest amount of 

EFAL species or Lewis acid sites, which were observed by DFT calculations to have a higher 

adsorption energy for guaiacol. The behavior of CBV 600 sample can be easily explained, 

taking into account the accessibility of the acid sites to the guaiacol molecules, which might be 

partially hindered by the large amount of EFAL species present in this sample. This conclusion 

is also supported by the previous observation on the underestimation of the Lewis acid sites by 

pyridine adsorption. 

 

    FIGURE 7 

 

 

    FIGURE 8 
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3.3.4. Textural parameters influence  

 

Figure 9 shows the amount of guaiacol adsorbed (QT) on the various zeolites as a 

function of the mesoporous volume (Vmeso), together with the linear relationship between Vmeso 

and external surface area Sext. When all the samples are compared, with exception of DAY P, 

the zeolites with a relatively high Vmeso (> 0.10 cm3 g-1) adsorb less guaiacol (< 1.10 mmol g-

1). This is quite surprising, considering that higher mesoporous volumes should lead to more 

space available to adsorb the bulky guaiacol molecules. Therefore, a higher guaiacol retention 

should be expected for the samples presenting an enhanced mesoporous volume. However, it 

is also known that the presence of mesopores in combination with micropores in zeolites is 

responsible for an increase in the diffusion rate of the guaiacol molecules inside the zeolite 

structure [2]. Indeed, according to the breakthrough curves slopes and ka in Table 3, samples 

presenting improved mesoporous volume and external surface area are those for which a sharp 

slope and higher ka values (higher diffusion rates) were found. Therefore, the increase in the 

diffusion rate generated by the higher mesoporous volume seems to prevail over the increase 

in space, in what concerns the guaiacol adsorption on the zeolites. In the case of the 

microporous volume, this one is generally similar for all the zeolite samples, except for 

CBV600 which presents a lower microporous volume. As previously mentioned, the high 

number of EFAL species on this sample might partially block its porous structure, decreasing 

the micropores volume, the accessibility to the acid sites and, consequently, reducing the 

guaiacol adsorption.  

 

FIGURE 9 

 

Overall, these results demonstrate that for acidic zeolites the total number of Brønsted 

and Lewis acid sites is the most important parameter that governs the amount of guaiacol 

adsorbed. Nevertheless, the presence of mesoporosity also seems to have an impact on the 
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guaiacol adsorption, as it increases the diffusion rate of guaiacol molecules. In addition, 

adsorption of guaiacol is increased if protons are exchanged by Na as compensating cations. 

Considering the properties of the catalyst used in the FCC process, these results can be 

extrapolated to the conditions of the bio-oils/FCC feedstocks co-processing. The equilibrium 

catalyst circulating in the FCC unit is composed by a mixture of catalyst particles with different 

ages and different chemical and textural properties [15]. Typically, the fresh ultra-stable Y 

(USY) zeolite used in the process has a low Si/Al framework ratio of 5. However, even though 

this USY catalyst is produced by controlled dealumination and presents an increased 

hydrothermal stability, it still undergoes further dealumination when submitted to the 

consecutive regeneration steps [32,33]. As a result, Al atoms are released from the zeolite 

framework, leading to an increase in the Si/Al framework ratio to 5-20. Consequently, this 

causes a reduction in the number of Brønsted acid sites, an increase in the Lewis acid sites (as 

EFAL species are generated) and an increase in the mesoporous volume of the zeolite. 

Therefore, adsorption of guaiacol is expected to be higher on fresh FCC catalyst, due to lower 

Si/Al ratio, higher amount of Brønsted acid sites and moderate quantity of EFAL species. On 

the other hand, an aged FCC catalyst with a higher Si/Al, a lower number of Brønsted acid sites 

and a higher number of EFAL species (that may hinder adsorption as observed) should adsorb 

a lower number of guaiacol molecules during co-processing. Additionally, the higher 

mesopores volume of the aged FCC catalyst would also facilitate the diffusion of the guaiacol 

molecules, decreasing their retention inside the zeolite structure. On the other hand, it is also 

known that Na content on the FCC catalysts also increases with circulation time, due to the 

presence of Na-containing compounds in the feed [15]. As observed, this increase in the sodium 

content should increase the amount of guaiacol adsorbed. However, Na passivators are used on 

the FCC catalyst to avoid the protons being exchanged by the Na, which would minimize this 

effect. Thus, the different guaiacol adsorption capacities for the fresh and aged FCC catalysts 

would certainly have implications on the poisoning effect of guaiacol during bio-oils/FCC 

feedstocks co-processing. Given the expected higher retention of guaiacol on the fresh FCC 

catalyst, a higher detrimental effect should be anticipated in this case.       

 

4. Conclusions 
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Various FAU zeolites, with different framework Si/Al ratios (ranging from 3 to 100), 

amounts of Brønsted and Lewis acid sites and textural parameters, were tested for the 

adsorption of guaiacol. The parameters obtained from experimental guaiacol adsorption 

breakthrough curves and subsequent model fitting, i.e. guaiacol capacity, adsorption 

equilibrium constant (Ke), coefficient of mass transfer (ka), t5% and t95%, breakthrough curve 

slopes showed a direct correlation with the physicochemical properties of the zeolites. All the 

results show that materials with low Si/Al ratio (about 4) and high total amount of both 

Brønsted and Lewis acid sites (> 600 µmol g-1) present a higher guaiacol adsorption, as well 

as higher Ke values, confirming theoretical adsorption energies calculations. On the other hand, 

zeolites with higher mesoporous volumes or external surface area led to a higher diffusion rate 

within the zeolite structure (higher ka values), decreasing guaiacol retention. In addition, the 

replacement of protons by sodium atoms as compensating cations was also observed to increase 

guaiacol adsorption. Taking into account the changes that take place on the FCC catalyst 

properties during operation, it is expected that the poisoning effect of guaiacol during bio-

oils/FCC feedstocks co-processing is attenuated with the increase of the catalyst age.      
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TABLES 

 

 

Table 1. Physicochemical characteristics of the different Y zeolites used in this study. 

Zeolites Unit cell formula 

Na 

(wt.%)
a 

Si/Alb Si/AlIV
c 

Si/AlIV 

NMRd 

Particle size 

(µm)e 

DAY P H1.9Al1.9Si190.1O384 0.0 100 - - 6.2 

Na2.1USHY Na17.5H20.9Al38.4Si153.6O384; 16.5 EFAL 2.1 2.8 4.0 - 4.4 

Na3.0USHY Na24.6H16.3Al40.9Si151.1O384; 13.1 EFAL 3.0 2.8 3.7 - - 

CBV 720 H11.3Al11.3Si180.7O384; 0.8 EFAL 0.0 15 16 22 4.4 

CBV 780 H4.9Al4.7Si187.3O384 0.0 40 40 40.4 - 
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CBV 600 H18.9Al18.8Si173.2O384; 47.8 EFAL 0.0 2.6 9.2 9.6 4.6 

CBV 500 H40Al40Si152O384; 14.4 EFAL 0.0 2.9 3.8 4.6 - 
afrom elemental analysis; bfrom manufacturer; cframework Si/AlIV ratio calculated from the unit cell parameter a0 

(PXRD experiments), using Breck–Flanigen equation [20], dfrom P. P. Pescarmona et al. [25], emeasured by laser 

diffraction. 

 

 

 

 

 

Table 2. Textural and acidity properties of the Y zeolite samples. 

Sample 
Pore size 

(Å) 

Sext 

(m2.g-1) 

Pore volume (cm3 g-1)a Acidity (µmol g-1)b 

Vmicro Vmeso Brønsted Lewis Total 

DAY P 58 36 0.30 0.06 24 23 47 

Na2.1USHY 159 15 0.29 0.04 416 373 789 

Na3.0USHY 162 17 0.29 0.06 453 225 678 

CBV 720 242 84 0.31 0.21 281 122 403 

CBV 780 240 83 0.33 0.18 39 101 140 

CBV 600 159 56 0.24 0.13 271 396 667 

CBV 500 161 33 0.28 0.08 628 343 971 

aVmicro from t-plot, Vmeso = Vtotal – Vmicro; bfrom pyridine desorption at 150 ºC. 

 

 

 

Table 3. t5%, t95%, QT, breakthrough curves slopes, ka and Ke parameters obtained from 

Klinkenberg model fittings [22]. 

Sample t5% (min) t95% (min) Slope (min-1) QT (mmol g-1) ka (min-1) Ke (x103) 

DAY P 10 19 0.100 0.40 3.70 3.0 

Na2.1USHY 49 86 0.024 1.82 1.04 13.8 

Na3.0USHY 50 87 0.024 1.86 1.10 14.1 

CBV 720 22 43 0.043 0.87 1.65 6.6 

CBV 780 17 34 0.053 0.68 1.79 5.2 

CBV 600 29 47 0.050 1.05 2.60 7.9 

CBV 500 35 77 0.021 1.51 0.69 11.4 
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Figures captions 

 

Figure 1. Nitrogen sorption isotherms (A) and PSD curves (B) for the different zeolite samples 

(□ DAY P,  Na3.0USHY,  Na2.1USHY, ∆ CBV 500 ◄ CBV 720, ■ CBV 780 and ● CBV 

600). 

 

Figure 2. Total (∆) and Brønsted (○) acidity as a function of, respectively, global and 

framework Si/Al (A); Lewis (□) acidity as a function of EFAL species (B). 

 

Figure 3. Breakthrough curves (guaiacol adsorption) obtained for DAY P (A) and Na2.1USHY 

(B) samples. 

 

Figure 4. Amount of guaiacol adsorbed (QT) as a function of parameter Ke. 

 

Figure 5. Slope of the breakthrough adsorption curves as a function of parameter ka. 

 

Figure 6. Amount of guaiacol adsorbed as a function of global Si/Al ratio (A) and Al molar 

percentage (B). 

 

Figure 7. Amount of guaiacol adsorbed (QT) as a function of Brønsted acidity. 

 

Figure 8. Amount of guaiacol adsorbed (QT) as a function of Lewis acidity (A) and EFAL 

species (B). 

 

Figure 9. Amount of guaiacol adsorbed QT as a function of the mesopores volume Vmeso (inset: 

Vmeso as a function of external surface area, Sext). 

 

 




