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Chapter 1  

1 Introduction and Scopes 

1.1 Introduction 

FCC (Fluidized Catalytic Cracking) unit is the most important conversion process used in 

petroleum refineries, called the heart of high-conversion refineries. It is a complex process 

that cracks long chain molecules from vacuum gasoil and residues to produce high value 

refinery products. These products encompass a high percentage of Liquefied Petroleum 

Gas (LPG), light and middle distillates (gasoline and diesel) and a low percentage of the 

heavy cut hydrocarbons and fuel oil (Potapenko et al. 2012; Robinson, Shaheen, and 

Shaheen 2006; Cuadros et al. 2012). More than 80% of the gasoline in oil refineries is 

produced by FCC units, with the FCC gasoline being a major sulfur contributor (80-95%) 

in the final gasoline blend (Wen et al. 2012).   

The oil refining industry in North America is still enduring a poor profitability. Several US 

refineries has been closed since 2012 due to low profit margins. To complicate matters oil 

refineries are under constant pressure to meet the requested environmental sulfur limits in 

gasoline and diesel (Wen et al. 2012). Parkinson suggested an optimization which includes 

in-situ FCC gasoline sulfur reduction and SOx reduction (Parkinson 2012).  

In this new economic and regulatory landscape, petroleum refineries, and specifically FCC 

units, have to improve and develop new technologies to increase their profits. For this 

reason, new alternatives for the production of FCC gasoline with low sulfur have recently 

attracted the attention of several groups of researchers. Most of them are looking for 

alternatives of gasoline sulfur reduction in-situ. In this regard, del Rio et al. (Del Rio, 

Bastos, and Sedran 2013) reported a study of FCC sulfur reduction additive in order to find 

an optimum additive + catalyst blend. Karakhanov et al. (Karakhanov et al. 2016) studied 

mesoporous (La/MCM-41) additives for sulfur removal in FCC, achieving 40% 

desulfurization in the whole FCC liquid product (Gasoline +). 
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The reduction of sulfur in FCC gasoline, using sulfur reduction additives is becoming a 

critical alternative to produce high quality gasoline. Different kinds of FCC sulfur 

reduction additives for gasoline have been proposed and demonstrated in the last 15 years, 

with the additive activity being strongly affected by its formulation. Some additives are 

based on molecular sieve materials. These molecular sieves contain Lewis acid sites which 

are considered hydrogen transfer promoting centers. With respect to these additives, a 

Lewis acid site may involve transition metals such as Zn, Cu, Ni, Co, Fe, Mn, and more 

preferably Zn (Bourane 2014; Dean 2013; Trond Myrstad 2008; Trond Myrstad et al. 1999; 

Wormsbecher 1994). 

Potapenko et al., in 2012, reported that sulfur compounds transformation in FCC units 

depends on both catalyst and feedstock properties. In fact, sulfur removal can be controlled 

by changing the catalyst acid-base properties as well as the feedstock hydrogen donor 

capacity  (Potapenko et al. 2012; Potapenko, Doronin, and Sorokina 2012). Moreover, Wen 

et al. (Wen et al. 2012) describes that gasoline desulfurization is a function of the selected 

feedstock.  

Other approaches also considers; a) alkylation of thiophene and other sulfur compounds to 

transfer a light hydrocarbon fraction to a heavy fraction (Tang et al. 2015; F. L. Yu et al. 

2016), b) pervaporation for thiophene removal from the FCC gasoline (Jain, Attarde, and 

Gupta 2016). 

Recently, CREC Research team has proposed a novel alternative for gasoline sulfur 

reduction in FCC units using a offretite (OFF) with included Zn (transition metal) additive 

(Aponte 2011; Aponte, Djaouadi, and de Lasa 2014). This OFF topology with included 

Zn+2, is envisioned as a good selective adsorption additive, given it enhances Lewis site 

acidity, as well as the bridging of aluminum ions (Pidko and Van Santen 2007). These two 

properties are critical to promote sulfur selective adsorption rather than sulfur contained 

hydrocarbon conversion. It was found that the Zn-OFF has specific advantages with these 

being its 8 ring small pores. It was observed that sulfur species have a special preference 

to being adsorbed on the OFF small pores. In this respect, it is assumed that acid sites play 
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an important role in the sulfur species selective adsorption (Aponte 2011; Aponte and de 

Lasa 2016; Aponte, Djaouadi, and de Lasa 2014). 

FCC gasoline sulfur reduction using additives is still an interesting topic to research. Sulfur 

reduction additives can be blended to the FCC catalyst. In this respect, additives can be 

added and /or removed at the discretion of the refiner without requiring a shutdown of the 

FCC plant. Unfortunately, these additives partially reduce the sulfur content in gasoline up 

to 20–30 wt% only. It is required however, that sulfur reduction additives to be effective 

should decrease the total sulfur both in the gasoline and in diesel by more than 50%. 

Given the high interest and value of this topic, the present PhD research proposed considers 

the study gasoline sulfur species selective adsorption in FCC units using a Zn-OFF 

additives. The demonstration and quantification of this additive is proposed to be 

developed under fluidized bed conditions as in the industrial FCC unit. The additive to be 

studied, is constituted by a metalloaluminosilicate (zeolite) with an offretite topology and 

Zn embedded in its structure. During the preparation process, this zeolite is blended with 

other materials such as a kaolin filler and a Ludox binder. This PhD research, is especially 

focused on understanding: a) the additive acid properties, b) the role of zinc, c) the sulfur 

adsorption mechanism, and d) the optimization and modeling of sulfur selective adsorption 

in the context of FCC units using Zn-OFF additives.  

 

  



4 

 

 

1.2 Research Objectives 

1.2.1 Overall objective 

The main objective of the present research is to evaluate the adsorption effectiveness of 

Zn-OFF additives for gasoline desulfurization. More specifically, the purpose of this 

research is to understand the key factors affecting the selective adsorption such as 

shape/selectivity, metal loading, thermodynamic constraints and mechanistic reaction 

steps.   

1.2.2 Specific Objectives 

1) To propose and to establish a Zn-OFF additives synthesis method ensuring Zn 

inclusion in the OFF framework 

2) To perform a physicochemical characterization of the synthesized OFF and Zn-OFF 

additives. The OFF and Zn-OFF characterization should include pyridine desorption 

and NH3-TPD. NH3-TPD runs should allow evaluation of the OFF and Zn-OFF NH3-

TPD desorption kinetic parameters 

3) To develop an experimental program using the CREC Riser Simulator reactor allowing 

quantification of the sulfur species selective adsorption. This program of runs should 

consider a novel method to evaluate gas phase concentrations and temperatures, cat/oil 

ratios and initial feed compositions, typical of FCC units 

4) To establish the role of Zn in the Zn-OFF additive using thiophene, 2-methylthiophene, 

2,5-dimethylthiophene and 1,3,5-trimethylbenzene over different Zn-OFF additives. It 

is anticipated that these model compounds will provide insights into: a) extent of 

selective sulfur species adsorption and, b) undesirable sulfur species conversions 

5) To understand the sulfur selective adsorption pathways for Zn-OFF additives and the 

influence of them using concurrently FCC commercial catalysts. The experimental 

work should include catalyst/additive testing under typical FCC operating conditions  
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Chapter 2  

2 Literature Review 

This chapter provides a review of the technical literature concerning the offretite (OFF) 

zeolite, its synthesis, its modifications and its characterizations.  In addition, this chapter 

considers the zeolites loaded with zinc and more specifically its methods of preparation 

and its applications. 

Furthermore, the last section of this chapter covers the different types of in-situ FCC 

gasoline sulfur reduction mechanisms currently apply in the oil refining industry. 

2.1 Introduction 

Zeolites are very stable solids with valuable acidic properties. The zeolite chemical 

composition can be modified. This has encouraged the development of new zeolites for 

novel industrial applications in oil refining. In addition to the chemical composition, 

zeolites can be manufactured with specific pore dimensions and topology of the crystalline 

structure. These features are key in a catalytic process, with reactions taking place on active 

sites placed within the zeolite internal pores and cavities (Moliner, Martínez, and Corma 

2015; Weitkamp 1991; Ciobanu, Ignat, and Carja 2008). Therefore, the structure of the 

channels and cavities gives rise to special effects of selectivity. Particularly, the 12 rings 

channel like OFF has been reported as a strength active centers (Penchev et al. 1983a). 

While the offretite zeolite synthesis have been studied by a number of authors (Gorshunova 

et al. 2016; Howden 1986; Howden 1987a; Yang and Evmiridis 1996; Moudafi et al. 1986; 

Whyte et al. 1971; Wu et al. 1974; Fernandez, Vedrine, et al. 1986), only a few applications 

consider the OFF zeolite. This is rather surprising given the advantages of the OFF 

topology for selective reactivity and adsorption. 

In spite of this, the present PhD research proposes a novel application of OFF zeolites for 

the removal of sulfur containing species from FCC gasoline. 

 



6 

 

 

The production of FCC gasoline with low sulfur has recently attracted the attention of 

several groups of researchers. Potapenko et al. (Potapenko, Doronin, and Sorokina 2012) 

reported that the transformation of sulfur compounds in FCC is controlled by catalyst acid-

base properties and feedstock hydrogen donor capacity. Moreover, Wen et al. (Wen et al. 

2012) describes the sensitivity of the gasoline desulfurization to the selected feedstock 

(residue or reprocessing naphtha) in the FCC process.  

FCC gasoline sulfur reduction is still a challenging research topic, specifically using 

additives.  Additives can be added and /or removed at the discretion of the refiners without 

the need of a shutdown of the FCC plant or the requirement of a large capital investment. 

It is however, anticipated that a good in-situ sulfur reduction process should achieve a total 

sulfur species in gasoline and diesel by more than 50%. This still represent nowadays a 

significant technical challenge. 

Many types of FCC sulfur reduction additives have been designed and studied in terms of 

their performance in the last 10 years. The mechanism of reaction for these additives 

depends on their chemical and structural formulations. In this respect, there are a number 

of patents (Wormsbecher 1994; Mystard 2002; Bhore 2003; Turner 2010) based on using 

materials impregnated with a Lewis acid. The Lewis acids are transition metals such as Zn, 

Cu, Ni, Co, Fe and Mn, more preferably Zn. It is believed that the Lewis acidity is required 

to improve hydrogen transfer. However, there are other patents (Chester et al. 2005a; 

Chester et al. 2005c; Chester et al. 2009a; Chester et al. 2009b; Hu et al. 2005; Cheng et 

al. 2008) that claim that the additive mechanism takes advantage of the metals contained 

in zeolites. These zeolites may remove the sulfur species contained in the feed as inorganic 

sulfur.  

Regarding the application of modified zeolites to desulfurization processes, one can notice 

that the zeolites provide shape selectivity with a controlled pore size distribution. Added 

metals yield enhanced adsorption for sulfur species (Chester et al. 2005a; Chester et al. 

2005c; Chester et al. 2009a; Chester et al. 2009b; Hu et al. 2005; Cheng et al. 2008). As 

well, vanadium oxide supported on silicoaluminates have been considered for shape 

selectivity with induced adsorption (Dai, Zheng, and Qian 2009; T Myrstad 2000). 
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One of the disadvantages of the above reported additives is that they are prone to crack 

sulfur compounds. Formation of H2S is limited and more coke is formed (Andersson 1999). 

This situation unfortunately leads to further conversion of high sulfur coke in the FCC 

regenerator, contributing to SOx emissions 

In addition to this progress, new FCC gasoline sulfur reduction additive compositions are 

being studied (Bourane 2015; Karakhanov et al. 2016). In this respect, Aponte et al. 

(Aponte 2011; Aponte, Djaouadi, and de Lasa 2014) proposed a novel alternative for 

gasoline sulfur reduction in FCC units using an additive. A thiophene selective adsorption 

process was demonstrated on this basis, using a gasoline sulfur reduction additive under 

FCC conditions. 

In view of this and the promising results of my MESc (Aponte 2011), the present PhD 

project considers an OFF zeolite for in-situ FCC gasoline sulfur reduction.  

2.2 Offretite zeolites and their applications 

The zeolites are formed by tridimensional tetrahedral TO4 (T=Al, Si, B, Ga, Gr, Fe, P, Co, 

etc.) joined together for common oxygen atoms. The most common zeolites are composed 

by silica and alumina tetrahedral, [SiO4]
4- and [AlO4]

5-, respectively, which are called 

primary building units (refer to Figure 2-1).   

These primary building units are assembled together into a secondary building units 

(SBUs) (refer to Figure 2-1).  Following this, these groups are connected together to form 

an array of interconnected channels. This system is called "a cage-like structure" is known 

as Composite Building Units (CBUs). The CBUs are connected together to form a 

framework structure of zeolites (Giannetto 1990; Holmes 2011; IZA 2016) 
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a) Primary Building Units (PBUs) 

 

[AlO4]
5-               [SiO4]

4- 

Example of the structure building units of 5R. 

 

b) Secondary Building Units (SBUs) 

 

c) Composite Building Units (Holmes, 2011)

     

       SOD cage                     CAN cage                 D6T cage             GME cage 

Figure 2-1. Example of a zeolite structure formation: a) Primary Building Units, b) 

Secondary Building Units, and c) Composite Building Units  

Currently, there are 232 unique zeolite frameworks identified with the IZA acronym. Each 

one is formed by different combinations of SBUs (IZA 2016).  

Regarding the OFF, it is the result of 6-membered rings (6R) in the pattern AABAAB..., 

where AA forms a double 6R, and the B are 6-membered rings located at the bottom and 

top of gmelinite cages (GME). Between the double 6R , there are cancrinite cages and the 

columns of gmelinite cages are 12-membered ring channels (aperture 6.7 x 6.8 Å) parallel 

to the z-axis (IZA-SC 2007). Figure 2-1 reports a configuration of the OFF Structure. 

4R 5R 6R 8R
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Figure 2-2. Offretite Structure (Modeled by Material Studio) 

The OFF main channels (12R) are connected by eight-membered rings with an elliptic 

cross section (refer to Figure 2-2) of 3.6 Å and 5.2 Å. They are joined to the side cavities 

of the gmelinite type (Mavrodinova et al. 1985). 

Initially, it was believe that the OFF 6-membered rings were Al free (Gard and Tait 1972). 

In 1996-1998, however, it was found that there is a random distribution of Al between both 

kinds of 6-membered rings, having Al distribution similar to other zeolite structures. One 

should note that the Si-Al distribution in the OFF is essentially disordered on the 

tetrahedral framework sites (Alberti et al. 1996; Gualtieri et al. 1998). 

2.2.1 General Aspect of the Offretite  

The "offretite" was named in honor of Professor Albert J. J. Offrét in 1890 (IZA 2016; 

IZA-SC 2007). The first OFF characterization of a natural offretite was published at that 

time. Following this, Sheppard et al. (Sheppard and Gude 1969) reported an ungraded 

characterization for natural offretites. It was the first time that the erionite (ERI) and OFF 

zeolites were clearly distinguished.  

In 1971, a synthetic OFF physiochemical characterization was reported, with BET surface 

areas of 339-467 m2/g (Whyte et al. 1971). Since then, improvements in preparation 

method have been performed, reaching OFF zeolites with 400-670 m2/g of BET surface 

area, 0.23-0.30 cc/g pore volume. Nowadays, 430-500 m2/g BET surface area is considered 

12-ring 
channels

6-ring 
channels

8-ring 
channels
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a typical range for a synthetic OFF (Ocelli and Pollack 1986; Cavalcante et al. 1995; 

Itakura et al. 2010).   

A general physicochemical characterization for a wide range of OFF zeolites, is presented 

in Table 2-1 (Minerology Database 2016; IZA-SC 2007).   

Table 2-1. General physicochemical characterization of offretite zeolites 

Empirical formula example K1.1Ca1.1Mg0.7Al5.2Si12.8O36•15.2(H2O) 

Chemical Composition 

SiO2, wt% 

Al2O3, wt% 

MgO, wt% 

CaO, wt% 

Na2O, wt% 

K2O, wt% 

Fe2O3, wt% 

 

52-64 

15-20 

0.3-2.0 

3-8 

0.0-1.1 

1.5-6.7 

0-1 

BET Area, m2/g 339-467 

Pore volume, cc/g 0.23-0.30 

XRD main peaks (Relative intensity 

>17%), 2ϴ 

7.66º, 15.35º, 19.31º, 20.35º, 23.11º, 

23.51º, 24.68, 30.98º, 31.23º, 35.64º 

Bulk Density, g/cc 2.13-2.16 

Molecular Weight, g/mol 1453 

 

There are three cations commonly associated with natural offretite. These are:  K+, Mg2+ 

and Ca2+. These cations can be found in different locations within the structure. K+ ions are 

located in the center of the cancrinite cages, hydrated Mg2+ ions are found in the gmelinite 

cages and Ca2+ ions are located in the 12-membered ring pore (Holmes 2011). 

A natural offretite has a very low Si/Al ratio of 2.3 – 2.5 which connects to around 5.5 

monovalent cations per unit cell. One of these is the K+ ion in the cancrinite cage, one Mg2+ 

ion in the gmelinite cage, and the remaining contribution from Ca2+ ions in the pore. While 
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Table C.6. Conversion for Run PP1ZN9A using 1.2 wt% 2MTh in TMB at 530 °C, reaction 

time 5 s, 0.1g of Zn(3.5wt%)-OFF additive (Total evacuation) 

Run  PP1ZN9A 

2-methylthiophene conversion, 𝑋2𝑀𝑇ℎ, % 10.58 

TMB Conversion, 𝑋𝑇𝑀𝐵, % 2.33 
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Appendix D: BHJ Method 

The calculation method follows generally described by Barret, Joyne and Halenda, called 

BHJ method (Webb and Orr 1997) . The pore volume distribution is established using the 

N2 isotherm data for each material. To calculate the radius, the Kelvin equation was 

affected: 

𝑙𝑛 (
𝑃∗

𝑃𝑜
) = − (

2𝛾𝜗 cos 𝜃

𝑅𝑇𝑟𝑚
)                  (𝐷. 1)    

Where θ stands for the wetting angle, γ represents the surface tension for nitrogen, and ν is 

nitrogen molar volume, rm representing the radius of the meniscus, R is the gas rate constant 

and T denotes temperature.  

To apply BHJ Method in Kelvin equation rm is substitute by (rc-t), where t is the thickness 

of the adsorbed layer, and rc the radio of capillarity.    

𝑟𝑐 = −
2𝛾𝜗 cos 𝜃

𝑅𝑇𝑙𝑛 (
𝑃∗

𝑃𝑜
)

+ 𝑡                 (𝐷. 2) 

The thickness of the adsorbed layer can be calculated via a number of semi-empirical 

equations. In this documents, the following relationship was considered: 

𝑡 = [
13.99

0.034 − log10 (
𝑃∗

𝑃𝑜
)

]

1/𝑛

                 (𝐷. 3) 

Then, using the correlation factors of 1/n=1/2 (Webb and Orr 1997). In addition, some 

other considerations were affected such as: a) θ is near to zero so the cos θ is essentially 

the unity, b) 0.00894 N/m of the nitrogen surface tension at 77K, c), d) 34.7cm3/mol of 

nitrogen molar volume. Then, one substitutes all the values the resulting equation was: 

𝑟𝑐 = −
9.7

𝐿𝑛 (
𝑃∗

𝑃𝑜
)

+ [
13.99

0.034 − log10 (
𝑃∗

𝑃𝑜
)

]

1
2⁄

          (𝐷. 4) 

Table D.1 shows and example of the results obtained applying equation D.4.  


