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Abstract 

The paper presents the results of mathematical model-based predictive calculations of the processed 
feedstock features and regenerated catalyst activity influence on the catalytic cracking products yield, 
taking into account the catalyst deactivation by coke, nickel, and vanadium. It was found that when 
the feedstock composition, nickel (0–0.00006 wt%), and vanadium (0–0.00019 wt%) in the process 
feedstock change, the activity of the catalyst reaches 7.1% and 10.4% for the reactions catalyzed by 
zeolites Y and ZSM-5, respectively. The process target products yield (gasoline fraction and wet gas) 
changes by 3.62 wt% and 2.7 wt% with an increase in the ratio of saturated and aromatic 

hydrocarbons from 1.8 to 3.2 units. 

Keywords: Catalytic cracking, Zeolite-containing catalyst, Coke, Nickel, Vanadium, Activity, Mathematical 
modeling. 

 

1. Introduction  

The catalytic cracking and hydrocracking processes implementation significantly increased 

the oil refining depth [1-3]. Today, various types of feedstock are processed by catalytic crack-

ing-vacuum and atmospheric gas oils and fuel oils, coking and visbreaking gas oils, hydrocrack-

ing residues, combinations of these streams, their mixtures with plant feedstock, etc. [4-6]. 

Depending on the processed feedstock and the processing purpose (production of gas, gasoline 

or diesel fuel components), catalytic cracking technologies vary wildly by used catalysts [10-13] and 

from the hardware aspect viewpoint (involving in processing a feedstock with different boiling 

points, products recycling, involving light olefins as feedstock, multi-stage regeneration, cool-

ers, etc.) [7-9]. 

Improving the catalytic cracking units efficiency is a complex and multifactorial task. Today 

a significant number of studies are aimed at developing new and modernizing existing catalytic 

cracking units and developing catalysts for heavy oil fractions, and residual feedstock pro-

cessing, including those promoting yield and octane number of gasoline and gases and less 

suffer from heavy metal poisoning [14-17]. 

But the solution to this problem is complicated by the changes in the feedstock hydrocarbon 

composition and the catalyst activity. Further, the change in the catalyst activity largely de-

pends on the coke content on its surface and carcass aluminum elimination and is determined 

by the content of aromatic hydrocarbons and resinous substances, as well as heavy metals in 

the fraction, thereby affecting the yield and composition of cracking products. 

Nickel adsorbed on the catalyst from catalytic cracking feedstock contributes to a change 

in the catalyst dehydrogenation ability and consequently, to an increase in its coking degree 

due to the hydrogen cleavage reactions intensification (dehydrogenation, aromatization, con-

densation, and coke formation) and a decrease in its activity [18]. The process feedstock va-

nadium compounds in the presence of steam at high temperature lead to the zeolite crystalline 

structure destruction during dealumination, causing the active centers loss [19]. In the article [20], 
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the vanadium poisoning nickel inhibition mechanism is discussed, because experimental stud-

ies have shown that when nickel coexists with vanadium, the physico-chemical properties 

degradation and dealumination are usually reduced. According to the deactivation mechanism, 

a decrease in the catalyst activity under the vanadium influence occurs upon the catalyst 

interaction with vanadium acid formed by vanadium oxide contact with water vapor [21]. While 

nickel partially inhibits the destructive effect of vanadium, which leads to a decrease in zeolite 

carcass dealumination and the catalyst surface area, activity, and acid sites preservation. 

Considering a large number of parameters that affect the process performance, the meth-

ods of mathematical modeling allow a comprehensive assessment of these factors' influence 
[22-26]. At the same time, it is important to take into account the combined effect of nickel and 

vanadium on the catalyst activity, considering the inhibitory effect of nickel, as well as the 

implementation of a selective approach that considers the change in the catalyst activity in 

the reactions catalyzed by HY and ZSM-5 catalysts, when modeling the cracking feedstock 

group composition. 

The paper presents the results of mathematical model-based predictive calculations of the 

processed feedstock features and regenerated catalyst initial activity influence on the catalytic 

cracking products yield, considering the catalyst deactivation by coke and heavy metals. 

The aim of the work is to predict the catalytic cracking products yield depending on the 

processed feedstock features and the regenerated catalyst initial activity of the, taking into 

account its deactivation by coke, nickel, and vanadium. 

2. Object and methods of research 

The object of the study is a vacuum gas oil catalytic cracking unit. The feedstock composi-

tion varies over a wide range, having a significant effect on catalyst deactivation, products 

yield, and composition. 

Feedstock chemical conversion is carried out inside the riser-reactor in the microspherical 

zeolite-containing catalyst (HY and ZSM-5) upflow. In accordance with the experimental data, 

the activity of the regenerated catalyst varies in the range 74.0–84.0% and largely determines 

the composition and quality of the cracking products. The fresh catalyst activity after the 

preparation and loading stages is 2–4 points higher. In this case, the coke content on the 

catalyst in the cracking process before regeneration may reach 1.0% wt. 

Figure 1 shows the main parameters of the catalytic cracking unit operating mode that 

affects the products yield and composition. 

 

Fig. 1. The reactor and the regenerator operating conditions relationship 

As a rule, with an increase in the fraction boiling temperature, the feedstock tendency to 

coke formation increases due to the increase in aromatic hydrocarbons and heavy metals 

1576



Petroleum and Coal 

                        Pet Coal (2019); 61(6): 1575-1581 
ISSN 1337-7027 an open access journal 

content in the process feedstock. In oil fractions with a boiling point above 200°C, cyclic hy-

drocarbons have a mixed (hybrid) structure. Typically, cyclic hydrocarbons contain paraffin 

side chains, but some of them contain both naphthenic and aromatic rings. 

To study the processed feedstock features and the regenerated catalyst activity influence 

on the products yield and composition, process mathematical model-based calculations were 

performed [27]. The mathematical model takes into account the thermodynamic irreversibility 

occurrence in terms of the current chemical affinity of the reactions and catalyst regeneration 

at each step of the calculation (1). 
18
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Initial conditions: τ=0; Ci=0; T0=Ti.t. 

where: Ci and Cn  – the hydrocarbons i-th group concentration in the riser-reactor and regen-

erator, mol/L; τ and τreg – residence time in the riser-reactor and regenerator, s; j and k – the 

reaction sequence number; ψ – the catalyst deactivation parameter, Wj and W-j – the catalytic 

cracking chemical reaction rates in the forward and reverse directions; k – the rate of the 

chemical reaction of the regeneration process; Т and Тreg– the flow temperature in the riser-

reactor and regenerator, К; ρf, сf and ρfreg, сfreg – density and heat capacity of the flow in the 

riser-reactor and regenerator, kg/m3, kJ/kg ∙ K; ΔrHo
T  – the chemical reaction thermal effect, 

kJ/mol; Тi.t. – the feedstock and catalyst thermal equilibrium temperature, K. 

The mathematical model considering the reversible catalyst deactivation by introducing the 

functions of changing the catalyst activity for the reactions catalyzed by HY and ZSM-5 zeo-

lites, depending on the coke formed on the catalyst in the reactor concentration, determined 

by the processed feedstock features (2):  
0,106

ZSM 0
cСА А е

 
 

  
0,071

0
cС

HУА А е
 

 
 

(2) 

where: АHY, AZSM – the catalyst current activity for reactions catalyzed by HY and ZSM-5 zeo-

lites, respectively; A0 – catalyst activity with a minimum coke content in the cycle (regener-

ated catalyst); –0.106 и 0.071 – deactivation constants determined on the basis of data on 

the acid sites concentration; Сc – coke content on the catalyst,% wt.  

When calculating the coke content, the change in the dehydrogenating activity of the cat-

alyst under the action of nickel for reactions proceeding with the hydrogen participation was 

taken into account (the assumption is made that nickel is completely deposited on the catalyst). 

The change in the catalyst dehydrogenation activity (AH2) was determined on the basis of the 

established experimental regularity of the change in hydrogen content in the cracking gas 

depending on the nickel content in the process feedstock (3): 

AH2= e1,1554·СNi (3) 

where СNi – is the nickel content in the cracking feedstock, ppm. 

The reduction in the catalyst activity depending on the combined nickel and vanadium con-

tent recording was implemented in the cycle in accordance with the reactions proposed in the 

article [28]. The formation of metal oxides occurs in the air stream during regeneration of the 

organometallic compounds Ni and V from the adsorbed catalyst surface [29]: 

2Ni+O2→2NiО    →     4V+5O2→2V2O5 

V2O5+3Н2O→2Н3VO4 

2NiO+2Н3VO4→Ni2V2O7+3Н2O 

2Н3VO4+Al2O3→2AlVO4+3Н2O 

Next, we determine how much the amount of Al2O3 is reduced relative to the initial amount 

of Al2O3, taking into account the amount of catalyst in the system. 
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3. The forecasting of processed feedstock features influence on the cracking products 

yield with consideration of changing the catalyst activity  

The catalytic cracking process mathematical model application allows a comprehensive as-

sessment of the feedstock composition and the catalyst activity effect on the gasoline fraction, 

wet gas, and coke yields. Moreover, not only the initial activity of the regenerated catalyst but 

also the change in activity along the height of the riser-reactor has a significant effect on the 

catalytic cracking products yield and composition. The catalyst activity at the reactor outlet 

depends on the regenerated catalyst activity and the concentration of coke formed on the 

catalyst. The coke content is determined by the thermodynamics and kinetics of the process 

reactions, the feedstock composition, and features and the process conditions. 

3.1. The effect of resin, saturated and aromatic hydrocarbons content on the gaso-

line fraction, wet gas and coke yields 

Model-based calculations made it possible to evaluate the effect of various hydrocarbon 

groups content (Tab. 1) and the catalyst activity after regeneration on the cracking products 

yields in the range of 0.74 - 0.84 units, ceteris paribus. The ratio of saturated hydrocarbons 

to aromatic in the feedstock varied in the range of 1.6–3.2 units, according to experimental 

data. 

Table 1. Cracking feedstock composition for model-based calculations 

Feature Content, % wt. 

Feedstock sample number №1 №2 №3 №4 №5 

Saturated hydrocarbons 62.3 65.5 68.3 68.2 74.6 

Aromatic hydrocarbons 33.9 31.3 29.0 27.2 23.2 

Resinous components 3.8 3.2 2.7 4.7 2.2 

Ratio of saturated hydrocarbons to aromatic CSH/СAH 1.8 2.1 2.4 2.5 3.2 

Model-based calculations showed (Fig. 2) that with an increase in the ratio of saturated and 

aromatic hydrocarbons from 1.8 to 3.2 units and the regenerated catalyst activity from 0.74 

to 0.84 units total yield of gasoline fraction and gases increases by 5.84% wt. (from 72.08 to 

77.92% wt.), the yield of the gasoline fraction increases by 3.62% wt. 

 

Fig. 2. The dependence of coke and total yield of gasoline and wet gas on the processed feedstock 
composition and the catalyst activity (model-based calculations) 

The yield and content of coke on the catalyst varies from 5.84 to 3.08 and 1.05 to 0.55% wt. 

respectively. At the same time, for feedstock sample No. 4, there is a decrease in the gasoline 

fraction yield and a high yield of coke (5.25 ÷ 5.53% wt.). This is associated with high resinous 

compounds content in the fraction, which undergoes high condensation and coke formation, 

reduces the catalyst activity, thereby causing a decrease in the yield of the target product - 

gasoline fraction. 
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3.2. The effect of coke, nickel and vanadium content on the catalyst activity  

Predictive calculations showed that with an increase in the nickel content in the cracking 

feedstock from 0 to 0.00006 wt%, with a constant vanadium content (0.00003 wt%), the 

coke content on the catalyst increases from 0.774 to 1.091% wt. (Fig. 3). Figure 4 shows the 

catalyst activity predicted calculations depending on the coke content. 

  

Fig. 3. The dependence of the coke content on the 
catalyst on the nickel content in the cracking feed-
stock (model-based calculations) 

Fig. 4. The dependence of the catalysts activity in 
relation to the reactions catalyzed by zeolites HY 
and ZSM-5 on the coke content on the catalyst 
(model-based calculations) 

The increase in coke content on the catalyst from 0.55 to 1.03% wt. leads to a decrease in 

catalyst activity from 76.1 to 73.5% for reactions catalyzed by zeolite Y, and from 74.6 to 

70.9% for reactions catalyzed by zeolite ZSM-5, which is 7.1 and 10.4% relative to the activity 

of the regenerated catalyst (79.1%). 

Predictive calculations of the catalyst activity loss due to dealumination taking into account 

the annual volume of processed feedstock (2.4 million tons) showed that with an increase in 

the vanadium concentration in the process feedstock by 0.00019 wt%, the catalyst activity 

decreases by 3.48 %. At the same time, with an increase in the cracking feedstock nickel 

content to 0.00006 wt%, the deactivating effect of vanadium decreases by 0.95% due to the 

interaction of nickel with vanadium acid.  

3.3. The feedstock composition influence on the catalytic cracking products yield 

and composition, taking into account changes in the catalyst activity  

 

Fig. 5. The dependence of the products yield and the 

gasoline octane number on the catalytic cracking 
feedstock composition (model-based calculations) 

The decrease in catalyst activity over 

the reaction apparatus height due to 

coke accumulation affects the composi-

tion and quality of catalytic cracking 

products at the constant activity of the 

regenerated catalyst (Fig. 5). 

When processing feedstock with a 

high content of high molecular weight 

paraffin and naphthenes (CSH/СAH = 2.8 

units), the gasoline yield is 58.87 wt%, 

the gasoline octane number according to 

the research method is 90.2 unit. The 

gaseous products yield for such feed-

stock is higher 17.13 wt% than for feed-

stock with a high aromatic hydro-carbons 

content (CSH/СAH = 2.2 units) – 16.4. 

The decrease in gasoline yield by 1.68 wt% with decreasing the saturated to aromatic 

hydrocarbons ratio is associated with the deactivation of the catalyst during condensation 
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reactions, respectively. The coke yield for such feedstock is higher (5.02% wt.), relative to 

feedstock sample No. 4 – 3.28% wt. 

As a result, with a higher concentration of aromatic hydrocarbons in the catalytic cracking 

feedstock, the gasoline yield is lower (57.19 wt%), gasoline has a high octane number ac-

cording to the research method (92.2 unit). In addition, for such feedstock, the yields of light 

(12.00 wt%) and heavy (9.2 wt%) gas oils are higher than when processing vacuum distillate 

with a high saturated hydrocarbons content (11.64 and 8.74 wt%.). 

4. Conclusions 

The implementation of a selective approach that takes into account the coke formation 

regularities upon a change in the feedstock hydrocarbon composition and the heavy metal 

allows predicting these factors influence on the reversible and irreversible catalyst deactivation 

for the reactions catalyzed by HY and H-ZSM-5 zeolites and involving hydrogen. 

The processed feedstock hydrocarbon composition, in particular, the high content of resin-

ous compounds, nickel, and vanadium, significantly affect the yield of catalytic cracking prod-

ucts. When the feedstock composition is changed, the coke content on the catalyst changes 

in the range of 0.55–1.03 wt% with constant process conditions and the regenerated catalyst 

activity, the catalyst activity changes by 7.1% and 10.4% in relation to reactions, catalyzed 

by zeolites Y and ZSM-5, respectively. The consequence of this is a significant change in the 

process target products yield (gasoline fraction and wet gas by 3.69 wt.% and 2.7 wt.%). In 

this case, the catalytic cracking gasoline fraction yield and octane features may be increased 

by adjusting the process conditions taking into account the feedstock composition the catalyst 

activity. 
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