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ABSTRACT 9 

The upgrading of heavy coker naphtha under conditions of the industrial fluid catalytic 10 

cracking (FCC) unit has been investigated, with the aim of obtaining light olefins and a 11 

gasoline fraction suitable to be used in the blending of motor fuels. The experiments 12 

have been conducted in a riser simulator reactor at: 500 and 550 °C; catalyst to oil mass 13 

ratio, 6 gcat goil
-1; and, contact time, 3 to 12 s. Moreover, the effect of the properties of 14 

two commercial equilibrium catalysts on the products has been also assessed. Products 15 

have been grouped in: dry gas, liquefied petroleum gases, gasoline, light cycle oil and 16 

coke. The presence of strong acid sites in the catalyst favors the formation of light 17 

olefins, with yielding a 5 and 3.3 wt% of propylene and butenes, respectively, at 550 °C 18 

and 6 s. A higher content of zeolite (with moderate acid strength sites) and a bigger size 19 

of the mesopores of the matrix promote the formation of a commercially interesting 20 

gasoline fraction with a yield of 90 wt% under the same conditions, with a 21 

concentration of aromatics, naphthenes, n-paraffins, olefins and iso-paraffins of 25, 10, 22 

28, 21 and 15 wt%, respectively, and a RON of 84. 23 
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1. Introduction 25 

General trend in the extraction of petroleum has been toward heavy and low-quality oil 26 

[1,2]. Consequently, heavy oil is becoming the main feedstock of refineries all over the 27 

world and heavy oil upgrading units are playing a key role to the best utilization of 28 

resources [3]. Consequently, the establishment of thermal cracking units (i.e. visbreaker 29 

and coker units) in refineries is increasing, in order to convert the heavy fractions of 30 

products obtained in the distillation of heavy oils into lighter fractions. These fractions, 31 

in turn, will be added to the pools of fuels if their quality is good enough or upgraded in 32 

fluid catalytic cracking (FCC) or hydrotreatment units [4,5]. 33 

FCC unit aims the production of gasoline and light olefins from a variety of heavy 34 

gasoils that come from: (i) the atmospheric distillation column (atmospheric residue, 35 

AR); (ii) vacuum distillation tower (vacuum gasoil, VGO); and (iii) coker unit (coker 36 

gasoil) [6]. So, given the changes in feedstock the FCC unit is commonly submitted to 37 

and the impact that these changes have on the composition and quality of obtained 38 

products, this unit is submitted to continuous modifications and innovations [7,8]. 39 

Some of these modifications affect directly to the operating conditions the FCC unit 40 

works: higher temperature, shorter contact time, and larger catalyst to oil mass ratio 41 

(C/O) in order to further crack the heaviest feeds sufficiently [9]. Another big field of 42 

research are the improvements of FCC catalyst that must face the following challenges 43 

[10]: (i) increase diesel flexibility; (ii) maximize the production of high-value added 44 

chemicals; (iii) control flue gas emissions; and (iv) enhance the tolerance to metals 45 

poisoning. To reach these goals several studies can be found in the literature focused on 46 

tailoring the properties of the zeolite included in the catalyst [11–14], studying the effect 47 

of the binder [15–17], analyzing the catalyst deactivation by the deposition of coke and 48 



metals [18–20] and tuning the diffusion of the reactants towards the active sites [21–49 

23]. 50 

Nevertheless, the most significant modifications and innovations are oriented to the 51 

design and technologies applied in the FCC unit. This way, numerous technologies have 52 

been developed to modify the riser termination devices, as a poor design of them 53 

significantly increases the yields of dry gas and coke in the reactor vessel located after 54 

the riser reactor. In general, they look for increasing the efficiency and the velocity in 55 

the particle recovery to terminate the catalytic cracking reactions and shorten post-riser 56 

residence time. Among these technologies, the most important systems are [24]: fender-57 

stripping cyclone separation system (FSC), the circulating-stripping cyclone separation 58 

system (CSC), the vortex quick separation system (VQS) and the short residence time 59 

separator system (SRTS). On the other hand, improvements can be focused on 60 

designing a new controlling system for the FCC unit as it does the multi-zone cascade-61 

controlled (MZCC) technology [25]. MZCC technology, which is based on a multi-zone 62 

synergetic control and on the optimization of mixing the heat of catalyst and oil, 63 

improves the accessibility towards active sites in the catalyst and mass and heat transfer, 64 

leading to higher yields of liquids and lower of gases and coke. 65 

But, the most important innovations proposed so far in FCC units are those that propose 66 

modifications in the reaction zone. So, the maximizing iso-paraffins (MIP) technology 67 

applies a sequential two-zone riser to improve gasoline and propylene yields, but also to 68 

produce an iso-paraffins rich gasoline with lower content of sulfur [26]. On the other 69 

hand, TSR (two-stage riser) technology proposes to treat fresh feedstock and cycle oil in 70 

two separate reactors to avoid competing adsorption and reaction effects to maximize 71 

light oil production [27], whereas the subsidiary riser FCC (SRFCC) process uses an 72 



additional riser reactor to improve the quality of the gasoline fraction by reducing the 73 

content of olefins [28,29].  74 

In this context is where our research has a bearing. We have studied the upgrading of 75 

heavy coker naphtha by means of catalytic cracking in a riser simulator reactor with the 76 

aim of assessing the suitability of the industrial FCC unit to upgrade this secondary 77 

stream (with a high content of olefins and heavy aromatics), adapting its composition to 78 

the requirements of the gasoline pool of the refinery and with the production of olefins 79 

as a secondary goal. In addition, two different equilibrated commercial catalysts have 80 

been tested in order to investigate the effect of their properties on the products 81 

distribution and composition. 82 

2. Experimental 83 

2.1. Materials 84 

2.1.1. Heavy coker naphtha 85 

The heavy coker naphtha (HCN), which is a thermally cracked naphtha obtained in a 86 

coker unit, has been directly provided by Repsol S.A. from their facilities located in 87 

Tarragona (Spain). Given the tendency of this stream to form gums when contacted 88 

with oxygen, special care has been taken to store it [30]. Main physicochemical 89 

properties of the HCN are collected in Table 1. Density has been estimated according to 90 

ASTM D4052 Standard, whereas simulated distillation curve has been obtained 91 

following the procedure described in the ASTM D2887 Standard in an Agilent 6890 92 

Series GC Systems gas chromatograph equipped with an FID detector and a WCOT 93 

Ultimetal semicapillary column (5 m × 0.53 mm × 0.17 µm). On the other hand, the 94 

content of sulfur has been obtained by means of X-ray fluorescence spectrometry in a 95 



Panalytical Axios mAX advanced apparatus according to the ASTM D4294 Standard. 96 

Finally, the composition has been determined in an Agilent 7890A Series GC Systems 97 

gas chromatograph equipped with an FID detector and a high-resolution Tracer 98 

capillary column (60 m × 0.20 mm × 0.50 µm). 99 

Table 1. Physicochemical properties of the heavy coker naphtha (HCN). 100 

density at 15 °C (g cm3) 0.7737 

Simulated distillation (°C)  
IBP 67 
10 wt% 109 
30 wt% 134 
50 wt% 152 
70 wt% 166 
90 wt% 183 
FBP 201 

Content of sulfur (wt%) 1.22 

 101 

Figure 1. Distribution of HCN components according to their chemical nature and 102 

number of carbon atoms. Key: n–P, n–paraffins; i–P, iso–paraffins; O, olefins; N, 103 

naphthenes; and A, aromatics.  104 
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2.2.2. Equilibrium catalysts 105 

Two different commercial equilibrium catalysts have been used for the cracking 106 

experiments: ECAT-1 and ECAT-2, which have been supplied by Petronor Refinery 107 

(Spain) and Petrobras (Brazil), respectively and collected from the catalyst purge stream 108 

of the FCC unit. Hence, they consist on equilibrium catalysts after their circulation 109 

through reaction and regeneration sections. Both catalysts have been used in the 110 

corresponding refineries for the cracking of vacuum gasoil with the aim of maximizing 111 

the production of gasoline fraction. The catalysts have been characterized by means of 112 

several techniques and their main properties have been collected in Table 2. To 113 

determine the average particle size, a number of ca. 500 particles have been analyzed 114 

for each catalyst by means of scanning electron microscopy in a Hitachi S-4800 115 

scanning electron microscope as described in ASTM E1382 Standard. Textural 116 

properties of the catalysts have been determined by means of N2 adsorption-desorption 117 

isotherms in a Micromeritics ASAP 2010 equipment. Prior to analysis, samples have 118 

been degasified at 300 °C for 8 h under vacuum in order to remove all the impurities. 119 

The specific surface areas have been determined using the Brunauer-Emmett-Teller 120 

(BET) surface method. The total pore volumes have been obtained from the amount of 121 

N2 adsorbed in the range of relative pressures of 0.05-0.98. The micropore volumes 122 

have been estimated using the results obtained at almost insignificant relative pressures 123 

(almost null). This way, obtained values are approximately a 10 % higher than those 124 

obtained using the correlation of Harkins & Jura (t-plot method). The contents of zeolite 125 

have been estimated from the N2 adsorption isotherms following the procedure 126 

described by Johnson [31]. Finally, unitary cell parameters of the USY zeolite (ASTM 127 

D3942 Standard) have been determined from the X-ray diffractograms obtained in a 128 



Philips X’Pert PRO powder diffractometer equipped with a PIXcel detector based on 129 

the solid-state technology and a secondary monochromator with Cu-Kα radiation. 130 

Table 2. Properties of the commercial equilibrium catalysts. 131 

 ECAT-1 ECAT-2 

Physical properties 
Average particle size (µm) 74 75 
BET surface area (m2 g-1) 205 179 
Micropore area (m2 g-1) 40 140 
Pore volume (cm3 g-1) 0.25 0.17 
Micropore volume (cm3 g-1) 0.02 0.06 
Average matrix mesopore diameter (Å) 43 61 
Unitary cell parameters (Å) 24.31 24.26 

Chemical composition 
Al2O3 (wt%) 48.0 34.2 
SiO2 (wt%) 48.7 62.8 
SiO2/Al2O3 ratio 1.01 1.82 
Rare earth oxides (wt%) 2.70 1.26 
P2O5 (wt%) – 0.13 
TiO2 (wt%) – 0.39 
Na (wt%) 0.17 0.50 
Fe (wt%) 0.35 0.01 
V (ppm) 1200 2675 
Ni (ppm) 270 3995 
Cu (ppm) 10 – 

Catalytic properties 
USY zeolite content (%) 14 21 
Total acidity (mmolNH3 g-1) 0.018 0.058 
Acidic strength (kJ molNH3

-1) 145 122 
Brønsted/Lewis acid sites ratio 3.2 1.6 

The chemical composition of the catalysts has been determined by means of inductively 132 

coupled plasma atomic emission spectroscopy in a Horiba Jobin Yvon Activa 133 

spectrometer. Prior to be introduced into the plasma, samples have been digested in 134 

hydrofluoric acid to dissolve them. A relevant content of metals (Fe, Ni, V) has been 135 

detected, which are accumulated in the matrix of the catalysts in the successive reaction-136 



regeneration cycles. The presence of these metals is one of the main causes of 137 

irreversible deactivation of FCC catalyst, which obliges to the continuous substitution 138 

of a fraction of the catalyst stream (equilibrated catalyst) by fresh catalyst. Besides, 139 

these metals promote some secondary and undesired reactions, specifically the 140 

hydrogen-transfer ones (Ni is the most active metal). Therefore, comparing the 141 

composition of both catalysts shown in Table 2, it can be seen that ECAT-1 has higher 142 

contents of Fe and Cu, whereas V and Ni are the most important metals in ECAT-2. 143 

Both total acidity and acidic strength have determined by means of ammonia 144 

temperature programmed desorption in a TG-DSC Setaram 111 calorimeter provided 145 

with a Harvard Apparatus syringe pump and connected in-line with a Balzers Quadstar 146 

422 mass spectrometer. The Brønsted/Lewis acid sites ratio has been determined by 147 

Fourier transform infrared spectroscopy in a Thermo Nicolet 6700 FTIR interferometer 148 

equipped with a SPECAC transmittance cell. Detailed descriptions of followed 149 

experimental protocols can be found elsewhere [32,33]. 150 

2.2. Cracking experiments 151 

The cracking experiments have been conducted in a CREC Riser Simulator Reactor. It 152 

consists on a laboratory-scale unit, which has been patented and manufactured at the 153 

University of Western Ontario (London, Canada), designed to reproduce the behavior of 154 

the industrial fluid catalytic cracking (FCC) unit [34]. A detailed description of the 155 

experimental procedure followed in the cracking experiments can be found in our 156 

previous works [35,36]. Additionally, a schematic diagram of the unit is provided in the 157 

Supplementary Material (Figure S1). 158 

Investigated reaction conditions have been the following: temperature, 500 and 550 °C; 159 

catalyst to oil (C/O) mass ratio, 6 gcat goil
-1; and contact time, 3, 6, 9 and 12 s. 160 



Investigated ranges for both temperature and contact time are the ones commonly used 161 

in the industry to adapt the production of the FCC units to the different variations that 162 

can occur in the feedstock composition, behavior of the catalyst or targeted products 163 

distribution [37]. To ensure both the soundness and reproducibility of the data, each one 164 

of the experiments has been repeated at least three times. 165 

2.3. Product analysis 166 

The product analysis equipment has consisted on an Agilent 7890A Series GC Systems 167 

gas chromatograph equipped with an FID detector and a HP-PONA capillary column 168 

(50 m × 0.20 mm × 0.50 µm). Obtained products have been grouped in several fractions 169 

in agreement with the fractionation produced in refineries: dry gas (C1−C2), liquefied 170 

petroleum gases (LPG, C3–C4), gasoline (C5−C12) and light cycle oil (LCO, C13-C20). 171 

Given the preciseness in the identification of the reaction products, they have been also 172 

classified according to their chemical nature and number of carbon atoms. 173 

In addition to gas and liquid products, there has been a carbonaceous deposit formed on 174 

the catalyst, which is commonly known as coke. The amount of coke formed has been 175 

determined by temperature programmed oxidation in a TA Instruments TGA-Q 5000 176 

thermobalance according to the procedure described by Rodríguez et al. [33]. 177 

2.4. Reaction index 178 

In the catalytic cracking of heavy feeds conversion is commonly defined as the amount 179 

of LCO and heavy cycle oil (HCO, C21+) fractions converted into lighter products (dry 180 

gas, LPG and gasoline) and condensed to coke [38,39]. Nevertheless, this definition 181 

cannot be used in the cracking of the HCN as their components are within the range of 182 

the gasoline fraction (Table 1). Hence, yield of each fraction i, which is defined as the 183 



mass ratio of each particular fraction referred to the total mass fed, has been used as a 184 

reaction index to determine the extent of reaction. 185 

i
i

 mass of fraction  Yield of fraction  (wt%) = 100
total mass fed

⋅  (1) 186 

3. Results 187 

3.1. Product distribution 188 

Figure 2 shows the effect of the contact time on the product distribution obtained in the 189 

cracking of heavy coker naphtha (HCN) with ECAT-1 at 500 and 550 °C (Figure 2a and 190 

b, respectively). These results expose the influence of the contact time, which is 191 

equivalent to the longitudinal position along the riser reactor of the industrial unit, in 192 

obtained results. During the first 9 s of contact, the cracking reactions evolve leading to 193 

lower yields of gasoline and higher of dry gas and LPG fractions. From this time of 194 

contact on, obtained yields reach almost constant values. However, it can be seen that at 195 

500 °C (Figure 2a) neither the LCO fraction nor the coke one follow this pattern. LCO 196 

fraction goes through a maximum for a contact time of 7-8 s and reaches its minimum 197 

value at 12 s, whereas the deposition of coke is maximized at short times (3 s at 500 °C 198 

and 6 s at 550 °C). 199 

Focusing on the effect of the temperature, it can be seen that an increase of 50 °C in the 200 

reaction temperature entails an increase of the over-cracking reactions that promote the 201 

formation of dry gas and LPG fractions in detriment of the gasoline one. On the other 202 

hand, the yields of LCO fraction and coke are practically not influenced by the increase 203 

of temperature. Similar trends have been observed in the cracking of VGO both in a 204 

riser simulator reactor [40] and in a pilot-scale FCC apparatus [41]. Indeed, in the latter 205 

case, the yields of dry gas and LPG fractions obtained at 500 °C and C/O of 6 gcat goil
-1 206 



are similar to the ones obtained in this work in the cracking of HCN. However, in the 207 

cracking of the VGO, the yield of gasoline fraction is strongly affected by over-cracking 208 

reactions and goes through an intermediate maximum. 209 

 210 

Figure 2. Evolution with contact time of the yields of the different product fractions 211 

obtained at 500 °C (a) and 550 °C (b) with catalyst ECAT-1. 212 

In order to properly understand the effect of both temperature and contact time on the 213 

yields of the different fractions, the mechanism of catalytic cracking reaction must be 214 

taken into account. The reaction network involves four main catalytic pathways [10,42]: 215 

(i) carbonium ion formation by means of proton transfer from zeolite Brønsted sites to 216 

alkanes; (ii) carbenium ion formation by proton transfer from zeolites to alkenes; (iii) 217 

hydride transfer from alkanes to zeolites to forming carbenium ions; and (iv) β-scission 218 

reaction of a carbenium ion forming a primary carbenium ion and an alkene. These 219 

catalytic steps, which are promoted at high temperatures, are inhibited by the catalyst 220 

deactivation and have to compete with thermal cracking mechanisms. The latter group 221 

of reactions occur through homolytic cleavage of C–C bonds that lead to the formation 222 

of free radicals that undergo subsequent β-scission reactions [43]. Hence, high 223 

0 2 4 6 8 10 12
0

5

10

15

20

80

100

0 2 4 6 8 10 12
0

5

10

15

20

80

100

 

 

Yi
el

d 
(w

t%
)

Contact time (s)

a)                500 °C b)                    550 °C

Yi
el

d 
(w

t%
)

Contact time (s)

 Dry Gas
 LPG
 Gasoline
 LCO
 Coke



temperature will promote the formation of ethylene and other methyl- and ethyl-groups 224 

free radicals that combine with other hydrogen-free radicals to stabilize in the form of 225 

methane, ethane and hydrogen [44]. In addition, a continue formation of dry gas can be 226 

assumed because of the interaction of H+ ions with the pentacoordinated carbonium ions 227 

obtained in the monomolecular cracking of alkanes [45]. 228 

The formation of coke principally occurs at short contact times (< 3 s), which is a fact 229 

commonly observed in FCC units in the catalytic cracking of heavy feeds [46,47]. The 230 

formation of coke can follow several pathways [20,48], being the most important those 231 

that lead to the formation of: (i) additive coke and (ii) catalytic coke. This way, additive 232 

coke has a thermal origin and is formed by the deposition of poly-aromatic compounds 233 

that lead to the blockage of the micropores of the catalyst. On the other hand, catalytic 234 

coke is the product obtained in bimolecular hydrogen-transfer reactions via aromatics 235 

intermediates. The extent and evolution degree of the reactions that lead to the 236 

formation of this type of coke strongly depend on the properties of the catalyst, 237 

composition of the feedstock and operating conditions. In addition, additive and 238 

catalytic cokes are also known as external and internal cokes, respectively, depending 239 

on the coke location on the zeolite. Considering the boiling range of the HCN (Table 1), 240 

it can be assumed that the type of coke that will be preferentially formed is the catalytic 241 

one as the molecules will reach and access the channels of the zeolite. 242 

3.2. Composition of the gas fraction 243 

Figure 3 collects the effect of the contact time on the concentration of the different 244 

gaseous compounds (C1–C3 on Figure 3a-b and C4 on Figure 3c-d) for the studied 245 

temperatures (500 and 550 °C). It should be highlighted that gases are formed at short 246 

contact times and that their concentration is barely modified with the course of time. On 247 



the other hand, an increase of the temperature from 500 to 550 °C promotes the 248 

formation of C1–C3 gases in detriment of the C4 ones, meaning that cracking reactions 249 

are selectively favored at high temperatures with respect to dehydrogenation and 250 

isomerization ones [49]. 251 

 252 

Figure 3. Evolution with contact time of the composition of the gas fraction obtained 253 

with catalyst ECAT-1 in the catalytic cracking of HCN. Graphs (a) and (b) correspond 254 

to C1–C3 compounds at 500 and 550 °C, respectively. Graphs (c) and (d) correspond to 255 

the different C4 isomers. 256 
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Attending to the results collected in Figure 3, most abundant products in the gaseous 257 

fraction are: iso-butane (iC4), propylene (C3
=), iso-butene (iC4

=) and propane (C3), with 258 

the yields in the ranges of 22.3-33.2, 22.9-25.7, 9.4-11.9 and 7.5-9.6 wt%, respectively. 259 

Konno et al. [50] have obtained similar distributions of the gaseous products in the 260 

catalytic cracking of synthetic naphthas. Nevertheless, the concentration of ethylene and 261 

propylene, which are the most attractive olefins to be marketed, can be increased by 262 

using zeolite-based catalysts modified with HZSM-5 zeolite [51] or by tailoring the 263 

porous structure of the catalyst decreasing the diffusion resistances [52]. 264 

In order to have a brief idea of the mechanisms that govern the cracking of the HCN, the 265 

cracking mechanism ratio (CMR) has been determined at both 500 and 550 °C. This 266 

parameter is a measure of protolytic cracking to β-scission reactions as C1-C2 products 267 

reflect protolytic cracking, while iC4 reflects the formation of products through β-268 

scission of ramified hydrocarbons [53]. CMR values are in the range of 0.26-0.22 and 269 

0.72-0.51 for the temperature of 500 and 550 °C, meaning that high temperatures 270 

promote the protolytic cracking reactions, whereas long contact times the β-scission 271 

ones. 272 

Olefinicity is a result of a competition between cracking and hydrogen-transfer 273 

reactions, which are producing and consuming olefins, respectively. This parameter 274 

(Cx
=/Cx-Total mass ratio) is commonly used to determine the quality of the LPG fraction. 275 

This way, the olefinicity of the C3 compounds remains almost constant with temperature 276 

and contact time in values of ca. 0.74. On the other hand, the olefinicity of C4 277 

compounds increases with temperature from 0.39-0.35 at 500 °C to 0.44-0.39 at 550 °C. 278 

This trend is a consequence of: (i) the boosting of the cracking reactions at higher 279 

temperatures because of their higher activation energy; and (ii) the inhibition of the 280 

hydrogen-transfer reactions because they are thermodynamically disfavored at high 281 



temperatures given their exothermic nature. On the contrary, longer contact times 282 

promote hydrogen-transfer reactions causing a decrease of the olefinicity of the C4 283 

compounds, as observed by Passamonti et al. [54] in the catalytic cracking of VGO. 284 

These authors relate the notorious reduction of the concentration of iso-butane when 285 

increasing cracking temperature (evident effect in Figure 3c and 3d) to formation 286 

mechanisms of this molecule. This way, it can obtained trough hydrogen-transfer of a 287 

butene, but also in the cracking of components within the gasoline fraction. Furthermore 288 

the increase of the concentration of C3 compounds with temperature, while C4 species 289 

are reduced, can be related to the selective cracking of the olefins of the gasoline 290 

fraction, with a preferential formation of ethylene and propylene [40]. 291 

3.3. Composition of the gasoline fraction 292 

The composition of the gasoline fraction has been analyzed by chromatographic means 293 

and the effect of both temperature and contact time has been depicted in Figure 4. It can 294 

be seen that the concentration of iso-paraffins (i-P) increases with contact time, while 295 

those of olefins (O) and naphthenes (N) decrease. Besides, there are no big differences 296 

among the results obtained at 500 (Figure 4a) and at 550 °C (Figure 4b) for these 297 

families of compounds. On the other hand, linear paraffins (n-P) and aromatics (A) 298 

show opposite trends as the former shows an increasing trend at 500 °C and decreasing 299 

at 550 °C and the latter a decreasing trend at 500 °C and decreasing at 550 °C. 300 

Comparing the composition of produced gasoline fractions with that of the HCN several 301 

changes are observed. For both temperatures of 500 and of 550 °C the concentration of 302 

iso-paraffins and of olefins are mainly modified. This way, the concentration of iso-303 

paraffins increases at least a 7 wt% at 500 °C and a 5 wt% at 550 °C, whereas that of 304 

olefins decreases at least a 6 wt% at 500 °C and a 3 wt% at 550 °C. With regard to the 305 



remaining families of compounds, bigger differences have been observed at 500 °C with 306 

an increasing concentration of n-paraffins and decreasing of naphthenes and aromatics. 307 

At 550 °C, in turn, the concentrations of n-paraffins and aromatics remain in values 308 

similar to those of the feed and the concentration of naphthenes decreases. The different 309 

trend in the concentration of aromatics can be assigned to: (i) an increase of the 310 

condensation reactions at 550 °C that lead to obtain bigger amounts of aromatics and 311 

heavier molecules; and (ii) promotion of the cracking reactions of the lateral chains of 312 

the aromatics compounds at 500 °C that convert them in lighter molecules. 313 

 314 

Figure 4. Effect of the contact time on the concentration of families of compounds of 315 

the gasoline fraction obtained in the catalytic cracking of HCN at 500 (a), and 550 °C 316 

(b) with catalyst ECAT-1. Key: n–P, n–paraffins; i–P, iso–paraffins; O, olefins; N, 317 

naphthenes; and A, aromatics. 318 

The evolution of the concentration of aromatics with contact time relies on the 319 

refractoriness of the C–C bonds of the aromatic ring and its formation by means of 320 

cyclization of olefins and dehydrogenation of naphthenes [55,56]. Indeed, a proper 321 

analysis of the effect of the operating conditions on these reactions is a complex task 322 
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given the different nature of the reactions. This way, the formation of aromatics by 323 

Diels-Alder cyclization of olefins is boosted at high temperatures and long contact 324 

times. However, the formation of aromatics by means of hydrogen-transfer reactions via 325 

naphthenes intermediates are inhibited at high temperatures but boosted at long contact 326 

times [57]. 327 

For a more detailed analysis of the effect of the temperature on the composition of the 328 

gasoline fraction for the different families of compounds grouped according to their 329 

number of carbon atoms has been listed in Table S1 in the Supplementary Material. 330 

Note that results have been for a contact time of 6 s, as they show an intermediate 331 

behavior of the catalytic cracking of the HCN. Attending to linear paraffins in the first 332 

place, their distribution in the HCN shows the highest concentration in the range of C8–333 

C10, which does not suffer high variations (ca. 1 wt%) at none of the tested temperatures 334 

given the low reactivity of this family of compounds. In spite of their global low 335 

reactivity, high-molecular weight paraffins (C10–C11) are more affected by cracking 336 

reactions leading to the formation of lighter n-paraffins (C5–C6). This redistribution 337 

within this family of compounds is far more evident at 550 than at 500 °C, as cracking 338 

reactions are boosted at high temperatures. 339 

The high reactivity of the iso-paraffins and of the olefins is clearly reflected in the 340 

results obtained at both temperatures. Regarding iso-paraffins, their high concentration 341 

in the HCN is in the range of C8–C10, which is rapidly cracked to lighter fractions in the 342 

range of C5–C7. The effect of the temperature is quite evident for these compounds as at 343 

500 °C just the C9 and C10 molecules react, while at 550 °C even the C8 ones are 344 

substantially reduced. A similar behavior has been obtained for the olefins. The C7–C8 345 

olefins the predominant ones in the HCN, but they are substantially reduced together 346 

with the C9–C10 ones. In addition, temperature has a strong effect as an increase from 347 



500 to 550 °C further converts the C7–C11 olefins to form lighter ones within the 348 

gasoline range (C5–C6) and in the LPG fraction (C3–C4). 349 

Finally, lighter aromatic compounds (C6–C9) have been obtained in the gasoline fraction 350 

at both 500 and 550 °C comparing with the composition of the HCN. This reduction is 351 

more marked at 550 than at 500 °C, meaning that aromatic rings are hardly cracked, but 352 

do they are their lateral chains. 353 

In order to define the properties of the gasoline fraction, several indices are commonly 354 

computed: research octane number (RON) [58], olefinicity (Cx
=/Cx-Total mass ratio), iso-355 

paraffinicity (i-Cx/n-Cx mass ratio) and iso-olefinicity (i-Cx
=/n-Cx

= mass ratio). Obtained 356 

values have been collected in Table 3. RON is the most meaningful one and close 357 

values to that of the HCN (84.2) have been obtained, slightly lower at 500 °C (82.9) and 358 

practically a similar value at 550 °C (84.3). The content of olefins increases with 359 

reaction temperature both for C5 and for C6 molecules, meaning that the cracking of 360 

paraffins that lead to the formation of olefins is boosted at high temperatures. The 361 

branching of paraffins and olefins within the gasoline fraction decreases with 362 

temperature because of the aforementioned higher reactivity of the ramified chains.  363 



Table 3. Effect of the temperature and of the catalyst on the quality indices of the 364 

gasoline fraction obtained for a contact time of 6 s. 365 

Quality index 
ECAT-1  ECAT-2 

500 °C 550 °C  550 °C 

olefinicity     

C5
=/C5-Total 0.27 0.34  0.46 

C6
=/C6-Total 0.24 0.25  0.41 

iso-paraffinicity     

i-C5/n-C5 5.04 4.26  2.62 

i-C6/n-C6 2.03 1.70  0.72 

iso-olefinicity     

i-C5
=/n-C5

= 1.49 1.48  1.22 

i-C6
=/n-C6

= 1.35 1.11  0.98 

RON 82.9 84.3  83.4 

3.4. Effect of the properties of the catalyst 366 

The catalytic cracking of HCN has been afforded with catalyst ECAT-2 to assess the 367 

effect of the properties of the catalyst (Table 2) on the products distribution and on their 368 

composition. Thus, the effect of the contact time on the yield of the fractions obtained at 369 

550 °C with ECAT-2 has been depicted in Figure 5 together with those previously 370 

reported in Figure 2b to facilitate the comparison of obtained results. Note that ECAT-2 371 

has been only tested at 550 °C because at this temperature the effect of the acidic and 372 

chemical properties of the catalyst are maximized and a clearer and more fruitful 373 

comparison can be done. Comparing the results obtained with both catalysts, it can be 374 

seen that the yield of gasoline fraction (Figure 5a) decreases more slowly with ECAT-2 375 

than with ECAT-1. Furthermore, lower yields of LPG and LCO fractions have been 376 



obtained with ECAT-2 (Figures 5a and 5b, respectively), while the yields of dry gas and 377 

coke are superior to those of ECAT-1 (Figure 5b). The rapid deposition and high 378 

content of coke of ECAT-2 contributes to an attenuation of the catalytic activity and its, 379 

subsequent, rapid deactivation. This interpretation is consequent with the low yield of 380 

LPG obtained, which is the fraction directly obtained in the cracking of the gasoline one 381 

[59]. Likewise, is in concordance with the higher yield of dry gas, whose formation is 382 

related to the thermal cracking that is promotes by the catalyst deactivation. The 383 

different performance of the catalyst is related to their physicochemical properties 384 

(Table 2). Total acidity is notoriously greater in ECAT-2 (0.058 mmolNH3 g-1) than in 385 

ECAT-1 (0.018 mmolNH3 g-1). However, the average acid strength is greater for ECAT-386 

1 than for ECAT-2 (145 and 122 kJ molNH3
-1, respectively). This way, the former 387 

catalyst has a lower density of superficial acid sites, but these sites are strongly acid. 388 

The different Brønsted/Lewis acid sites ratio obtained for both catalysts (3.2 for ECAT-389 

1 and 1.6 for ECAT-2) is in concordance with the different strength of the acid sites, as 390 

it is accepted that Brønsted-type acid sites are of greater acid strength. 391 

The higher content of coke of ECAT-2 (Figure 5b) can be attributed to its higher total 392 

acidity and content of zeolite (Table 2) that boost the condensation reactions of the 393 

aromatics [48]. Furthermore, the considerable higher content of Ni in ECAT-2 can also 394 

promote the formation of coke as it even promotes in a higher extent the condensation 395 

reactions that lead to the formation of coke [60]. Moreover, ECAT-1 has a higher 396 

content or rare earth oxides that confer a higher hydrothermal stability to the zeolite and 397 

contributes to avoid undesired reactions, such as the condensation ones [61]. Porous 398 

structure of the catalyst can also be crucial in the formation of coke. This way, a 399 

structure with a higher content of mesopores, like that of ECAT-2 (Table 2), could hold 400 

up the deactivation of the catalyst by blocking of the channels of the zeolite, but it will 401 



at the same time ease the condensation of poly-aromatic structures that act as coke 402 

precursors. Attending to the content of coke (Figure 5b), it can be assumed that the 403 

latter case is the predominant one with ECAT-2. 404 

 405 

Figure 5. Evolution with contact time of the yields of the gasoline and LPG fractions 406 

(a), and dry gas, LCO and coke fractions (b) at 550 °C with both catalysts. 407 

For a proper comparison of the LPG fraction obtained with both catalysts (Figure 5a), 408 

the olefinicity indices of the LPG fraction obtained with ECAT-2 at 550 °C for a contact 409 

time of 6 s have been also determined. While for ECAT-1 obtained values have been of 410 

0.74 and 0.45 for C3 and C4 molecules, respectively, the values obtained with ECAT-2 411 

have been of 0.50 and 0.68, respectively. Thus, the LGP fraction obtained with ECAT-2 412 

has a lower content of olefins because of its rapid deactivation and loss of cracking 413 

capacity of the olefins within the gasoline fraction to lighter ones. 414 

The composition of the gasoline fraction obtained with both catalysts at a temperature 415 

of 550 °C for a contact time of 6 s has been compared in Figure 6. Please note that the 416 

data corresponding to the feed and to ECAT-1 have been reproduced from Figure 4b for 417 
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the sake of the comparison with the results obtained with ECAT-2. As it can be seen in 418 

Figure 6, the catalyst used clearly conditions the composition of the gasoline fraction 419 

obtained. Hence, in the composition obtained with ECAT-2 stands out the reduction of 420 

the content of aromatic compounds and the increase of the concentration of n-paraffins, 421 

olefins and naphthenes. Given the refractoriness of the aromatic compounds, the lower 422 

content of aromatics is mainly attributed to the branching of lateral chains instead of to 423 

ring-opening reactions. 424 

Based on the results obtained with ECAT-1 and ECAT-2 (Figure 4b and Figure 6, 425 

respectively) and from the expectation of upgrading the HCN in FCC units, ECAT-1 426 

appears as a good option in order to obtain an olefin-rich LPG fraction. On the other 427 

hand, ECAT-2 is appropriate to produce a gasoline fraction suitable to be incorporated 428 

in the blending of the commercial pool of gasoline given its moderate content of 429 

aromatics. 430 

 431 

Figure 6. Comparison of the composition of the gasoline fraction obtained with the 432 

different catalysts. Conditions: temperature, 550 °C; and contact time, 6 s. Key: n–P, n–433 

paraffins; i–P, iso–paraffins; O, olefins; N, naphthenes; and A, aromatics. 434 
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Additionally, the indices that determine the properties of the gasoline fraction have been 435 

also determined for the gasoline obtained with ECAT-2. Obtained values for the 436 

olefinicity, iso-paraffinicity, iso-olefinicity and RON have been tabulated in Table 3. As 437 

aforementioned, the olefinicity of gasoline fraction obtained with ECAT-2 is higher 438 

than that obtained with ECAT-1, meaning that hydrogen-transfer reactions are more 439 

inhibited with ECAT-2 than with ECAT-1. This inhibition is a consequence of the rapid 440 

formation of coke that occurs with ECAT-2, which partially deactivates the catalyst 441 

hindering the cracking of these rather heavy olefins to lighter ones that will be part of 442 

dry gas and LPG fractions. The attenuation of the hydrogen-transfer capacity of the 443 

catalyst caused by the fast coke deposition has been already observed by Passamonti et 444 

al. [62] when comparing catalysts with different hydrogen-transfer capacity. On the 445 

other hand, gasoline fraction obtained with ECAT-1 is more ramified, i.e. higher values 446 

of iso-paraffinicity, because of the higher isomerization capacity of this catalyst. 447 

Finally, the RON obtained with both catalyst are quite similar in spite of the different 448 

composition of the gasoline fraction obtained with each of them.  449 

4. Conclusions 450 

Obtained results expose the interest of upgrading heavy coker naphtha by means of 451 

catalytic cracking in the FCC unit. The properties of the catalyst used strongly affect the 452 

distribution and composition of the fractions obtained. This way, a catalyst with the 453 

properties of ECAT-1 (high acid strength and Brønsted/Lewis ratio) should be 454 

preferably used when LPG fraction and light olefins (ethylene, propylene and butenes) 455 

are targeted. Olefinicity indices of the fraction C3–C4 increases with temperature as 456 

cracking reactions are preferentially boosted instead of hydrogen-transfer ones, 457 

obtaining at 550 °C and a contact time of 6 s a yield of propylene of 5 wt% and of 458 

butenes of 3.3 wt%. For a gasoline fraction suitable to be used in the blending of 459 



automotive fuels, a catalyst with a high density of acid sites with moderate strength 460 

(such as ECAT-2) offers better results. 461 

The composition of the gasoline fraction (C5-C12) evolves with contact time, so at long 462 

contact times the concentration of olefins and naphthenes is reduces, while that of iso-463 

paraffins increases. These results rely on the promotion of the cracking reactions and on 464 

the high reactivity of the olefins and naphthenes, especially those of bigger molecular 465 

weight. Consequently, at longer contact times the concentration of C9+ olefins is 466 

reduced and that of C5-C8 increases. The concentration of aromatics remains almost 467 

constant in the products, but lighter molecules (in the C6-C8 range) form it because of 468 

the branching of the lateral chains of C9+ aromatics, reducing the average molecular 469 

weight of the family of aromatics. On the contrary, temperature has not a marked effect 470 

on the composition of the gasoline fraction obtained. It has been obtained a yield of 471 

gasoline of 90 wt% with ECAT-2 at 550 °C and for a contact time of 6 s, whose 472 

concentration of aromatics, naphthenes, n-paraffins, olefins and iso-paraffins is of 25, 473 

10, 28, 21 and 15 wt%, respectively, and its RON is of 84. 474 

As aforementioned, the yields obtained for the dry gas, LPG and coke fractions in the 475 

cracking of HCN are similar to those reported in the literature for the cracking of VGO. 476 

Based on this and on the appropriate composition of the gasoline fraction obtained, it 477 

will be interesting to study the co-feeding of heavy coker naphtha together with VGO to 478 

the FCC unit. 479 
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