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Abstract 

The main aim of this work is to develop regression models for the characterization of deactivated fluid catalytic cracking 

catalysts (FCC) as a result of metal deposition and coke. The regression analysis and ANOVA was performed in Microsoft 

Excel. Four dependent variables were used including activity, surface area, average particle size and apparent bulk density. The 

independent variables ranged over twelve parameters covering physical and chemical properties of FCC spent catalyst. The 

methodology used to develop the models is the backward elimination procedure which is dependent on p-value of parameters 

with a significant level of 0.1. The regression models for activity and surface area were obtained with R
2
 values of 0.73 and 

0.53 respectively, while models for average particle size and apparent bulk density were obtained with R
2
 values of 0.75 and 

0.62 respectively. 
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1. Introduction 

Fluid catalytic cracking (FCC) is one of the most important 

operations carried out in a modern petroleum refinery and its 

principle aim is the upgrading of low value petroleum feed 

stock and its conversion to more valuable liquid fuels like 

gasoline. Ever since the development of the catalytic 

cracking processes by Eugene Houdry in the 1920s, the 

search began for a catalyst to produce gasoline from lignite. 

It has become the mainstay of the refineries as far as their 

economics are concerned. Today almost all the catalytic 

cracking practiced in refineries is done through FCC and this 

goes onto show how valuable a process it is for any refinery. 

There are several licensed technologies available from 

licensers like Shell Oil Company, UOP, ABB Lummus and 

Kellogg Brown and Root (KBR). The mechanical design of 

the FCC units vary from licenser to licenser. The key 

difference in the operation of these units comes from the 

different FCC catalyst formulations used by different 

refineries at different points of time as per the required 

product distribution. 

Currently, the major feedstock to the FCC reactor is gas-oil 

and the major products from catalytic cracking are liquid 

petroleum gas (LPG) and gasoline. Ever since then several 

kinds of zeolites have been commercially synthesized and 

applied as FCC catalysts. Zeolite catalysts provided a greater 

profit with little capital investment. Simply stated, zeolite 

catalysts have been and still are the biggest bargain of all 

time for the refiner. Improvements in catalyst technology 

have continued, enabling refiners to meet the demands of 

their market with minimum capital investment. Compared to 

amorphous silica alumina catalyst, the zeolite catalysts are 

more active and more selective. The higher activity and 

selectivity translates to more profitable liquid product yields 

and additional cracking capacity. To take full advantage of 

the zeolite catalysts, refiners have revamped older units to 
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crack more of the heavier, lower value feed stocks [1]. 

FCC Catalyst deactivation is a major source of expense in the 

refining industry. Of concern is the deposition of contaminant 

metals into the catalyst particles, leading to premature 

deactivation. Costs to industry for catalyst replacement and 

process shutdown total billions of dollars per year. The 

increasing portion of large molecules containing hetero-

atoms and metal contaminants in fractions of increasing 

boiling point mainly accounts for the difficulties in 

processing heavy oils. Residual oils contain a lot of 

contaminant metals, such as V, Ni and Fe that cause severe 

deactivation of catalysts. Under the Residuum Fluid Catalytic 

Cracking (RFCC) operating conditions, almost 100% of these 

metal contaminants deposits on the catalyst surface. 

Consequently, problems associated with decreased catalyst 

stability, activity and selectivity are becoming more often and 

more serious. Due to the complexity of the deactivation 

mechanisms, the prediction of the commercial catalysts 

performance is one of the most important research activities 

in the oil refining industry. As a result, one of the biggest 

challenges in FCC research field is to first simulate how the 

fluid cracking catalyst is deactivated in a commercial FCC 

unit and then evaluate its performance. The main objective of 

this study is to develop realistic analysis by using 

mathematical and regression models in Excel to develop 

models for activity, surface area, average particle size, 

apparent bulk density as a function of physicals and chemical 

properties of FCC catalyst. 

2. Literature Review 

The introduction of FCC catalyst in commercial FCC 

catalysts in the early 1960s was one of the most significant 

advances in the history of catalytic cracking. FCC catalyst 

provided a greater profit with little capital investment. 

Compared to amorphous silica-alumina catalysts, the zeolite 

catalysts are more active and more selective [1]. Hagen [2] 

summarizes their advantages over conventional catalysts as 

follows: 

• Crystalline and therefore precisely defined arrangement of 

SiO4 and (AlO4
-
) tetrahedral. This results in good 

reproducibility in production. 

• Shape selectivity: only molecules that are smaller than the 

pore diameter of the zeolite undergo reaction. 

• Zeolite catalysts are thermally stable up to 600�C and can 

be regenerated by combustion of carbon deposits. 

• Controlled incorporation of acid centers in the 

intracrystalline surface is possible during synthesis and/or 

by subsequent ion exchange. 

2.1. Components of FCC Catalysts 

A modern FCC catalyst includes four major components. 

They are crystalline zeolite, matrix, binder, and filler. 

2.1.1. Zeolite 

The first component, zeolite, is the primary active ingredient 

of the FCC catalyst, which can vary in the range of 15 to 50 

wt. % of the catalyst. It is a molecular sieve with a well 

defined lattice structure, which provides the selectivity to 

allow only a certain size range of hydrocarbon molecules to 

enter the catalyst lattice structure. The acidic sites on the 

zeolite provide most of the activity of the FCC catalyst. The 

basic building blocks of zeolite are silica and alumina 

tetrahedral. Each tetrahedron of the basic block has either 

silicon or an aluminum atom at the center and four oxygen 

atoms at the corners. The pore diameter of the zeolite lattice 

is approximately 8 angstroms. The unit cell size (UCS) is the 

distance between the two repeating cells in the zeolite 

structure. Fresh FCC catalyst has a UCS in the range of 24.5 

to 24.75 angstroms. In general, zeolite does not allow 

hydrocarbon molecules with a molecular diameter greater 

than 8 to 10 angstroms to enter the structure. The acidic sites 

of zeolite catalyst come from the alumina tetrahedron. The 

aluminum at the center of the tetrahedron is at a (+3) 

oxidation state surrounded by four oxygen atom at the 

corners, which are shared with neighboring cells. Thus each 

alumina tetrahedron carries a net charge of (-1), which has to 

be balanced by a positive ion. Sodium ion is commonly used 

in catalyst production for this purpose, which is later replaced 

by an ammonium ion. Upon drying of the catalyst, ammonia 

is vaporized, resulting in the formations of acidic sites of 

both the Bronsted and Lewis types. The Bronsted acidic sites 

can be further exchanged with rare earth material, such as 

cerium and lantheium [3]. Furthermore, it is necessary to 

determine the nature of acid sites, their concentration and 

their strength. The density of Brönsted acid sites is attributed 

to the Si/Al ratio. The strength of the acid sites is dependent 

on the acid strength distribution and the location within the 

crystalline framework [4]. 

One of the most important reasons behind the selection of 

zeolites as catalysts for high temperature reactions is their 

good thermal stability. Most of the zeolites remain unaffected 

by temperatures as high as 650°C. Catalyst stability is 

influenced by numerous factors, including decomposition, 

coking, and poisoning. The structural collapse of the 

specially prepared high silica zeolites becomes significant 

only at temperatures as high as 1000°C [5]. 

2.1.2. Matrix 

Matrix means components of the catalyst other than zeolite. 

The term active matrix means the component of the catalyst 
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other than zeolite heaving catalytic activity [1]. The second 

component, matrix, plays an important role for cracking large 

hydrocarbon molecules, thus contributing significantly to the 

overall performance of FCC catalyst. Matrix also contains 

alumina but mostly in amorphous form, which is another 

source of the catalytic activity. The function of matrix is to 

provide active sites in larger pores in the amorphous form of 

alumina, which allow larger hydrocarbon molecules to 

diffuse in and crack into smaller molecules. This precracking 

function of the matrix enables FCC catalyst to process 

heavier feedstock with large hydrocarbon molecules, which 

are otherwise unable to enter the zeolite structure [3]. 

2.1.3. Filler and Binder 

The filler is clay incorporated into the catalyst to dilute its 

activity. Kaolin is the most common clay used in the FCC 

catalyst. The binder serves as a glue to hold the zeolite, 

matrix, and filler together. Binder may or may not have 

catalytic activity. The functions of the filler and the binder 

are to provide physical integrity (density, attrition resistance, 

particle size distribution, etc.), a heat transfer medium, and a 

fluidizing medium in which the more important and 

expensive zeolite component is incorporated [1]. 

2.1.4. Additives 

FCC additives with a cracking or noncracking function can 

be incorporated into the catalyst by the manufactures, or can 

be added separately by the refiner for many years, cat cracker 

(FCC) operators have used additive compounds for 

enhancing cracking performance of the catalyst. The main 

benefits of these additives (catalyst and feed additives) are to 

alter the FCC yields and reduce the amount of pollutants 

emitted from the regenerator. The additives most frequently 

used in FCC catalysis are: Octane-boosting additives; SOx 

reducing additives; Metal passivators and traps; and CO 

combustion promoters [6]. 

2.2. Catalyst Deactivation 

There are several ways of classifying the various forms of 

catalyst deactivation. First, poisoning of the FCC catalyst 

may be reversible or irreversible. The first cause is mainly 

related with coke, while the latter case is related with 

deleterious metals from the FCC feed. Both of them (coke 

and metals) are deposited on the catalyst during cracking. 

During FCC operation basic and polar molecules, e.g. 

nitrogen compounds, reversibly act as poisons, as they are 

readily adsorbed on the catalyst acidic sites, leading to an 

instantaneous, deactivation. 

Besides metals, hydrothermal deactivation is also irreversible 

and includes combined action of water and high 

temperatures. Water, existing as steam at high temperatures, 

causes the hydrolysis and collapse of the zeolite Al–O–Si 

bonds. This leads to zeolite dealumination, which typically 

destroys its surface area, creates mesoporosity and leaves Al 

as extra-framework species, located either within the existing 

micropores or forming deposits on the exterior surface of the 

zeolite crystallites. The coke deactivation severity depends 

significantly on the nature of coke, its structure and 

morphology and finally its exact location on the catalyst 

surface [7]. 

Metals, such as nickel, vanadium, and sodium, are present in 

crude oil. These metals are often concentrated in the heavy 

boiling range of atmospheric bottoms or vacuum residue. 

These metals are catalysts themselves and promote 

undesirable reactions such as dehydrogenation and 

condensation. Dehydrogenation means the removal of 

hydrogen; condensation means polymerization. Hydrogen 

and coke yields are increased, and gasoline yields are 

reduced. These metals also permanently poison the FCC 

catalyst by lowering the catalyst activity, thereby reducing its 

ability to produce the desired products. Virtually all the 

metals in the FCC feed are deposited on the cracking 

catalyst. Paraffinic feeds tend to contain more nickel than 

vanadium. Each metal has negative effects [1]. 

2.3. Equilibrium Catalyst (E-cat) Analysis 

The E-cat results are divided into catalytic properties, 

physical properties, and chemical analysis. Both chemical 

and physical properties of the catalyst determine how the 

FCC unit is designed and operated. 

2.3.1. Catalytic Properties 

The activity, coke and gas factors are the tests that reflect the 

relative catalytic behavior of the catalyst. Activity means 

ability to crack a gas oil to lower boiling fractions. The first 

step in E-cat testing is to burn the carbon off the sample. The 

sample is then placed in a Micro Activity Testing (MAT) unit. 

Catalyst activity is affected by operating conditions, 

feedstock quality, and catalyst characteristics.  

The Coke Factor (CF) and Gas Factor (GF) are influenced by 

the type of fresh catalyst and the level of metals deposited on 

the E-cat. Both the coke and gas factors can be indicative of 

the dehydrogenation activity of the metals on the catalyst [1]. 

CF can be described as the coke selectivity of the equilibrium 

catalyst compared to a steam deactivated reference catalyst at 

the same conversion. Increases in this value can show up as 

increases in regenerator temperature and delta coke. Catalyst 

type can impact the coke factor, but major changes are 

frequently a result of changing levels of contaminant metals 

on the e-cat [8]. Coke yield gives an instantaneous response 

to metals deposition on the catalyst. Total metals (Ni + V) as 

low as 500 ppm can produce CF values 10-30% above fresh 
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catalyst values. Higher coke factor means higher coke per 

unit of conversion. The coke factor is affected by the 

contaminant metals level on the equilibrium catalyst, the 

metals tolerance of the fresh catalyst and the unit turnover 

rate [9]. On the other hand, GF can be described as the light 

hydrocarbon production (C1 - C4) of the equilibrium catalyst 

relative to the C1 - C4 production of a standard catalyst at the 

same conversion. The GF like CF is a function of the type of 

fresh catalyst used and of the contaminant metals deposited 

on the catalyst. However, GF is much less sensitive than the 

CF. GF is more an indicator of the type of catalyst used than 

it is of metals contamination [9]. 

2.3.2. Physical Properties 

The physical form of a modern FCC catalyst is a fine powder 

with a broad particle size distribution (PSD), mostly in the 

range between 10 to 150 microns. The average particle size is 

around 70 to 80 microns. The apparent bulk density of FCC 

catalyst is about 50 to 60 lb/ft
3
 [3]. 

The surface area of an E-cat is an indirect measurement of its 

activity. The total surface area includes area associated with 

both the zeolite and the matrix. Hydrothermal conditions in 

the cat cracker destroy the zeolite cage structure, thus 

reducing its surface area. They also dealuminate the zeolite 

framework. During the steam stripping step carried out 

before regeneration of these catalysts the pore structure might 

collapse and thereby there is loss of surface area [1]. Total 

catalyst surface area is generally associated with the catalyst 

activity. This relationship is dependent on the catalyst type, 

so a correlation between surface area and activity may not be 

consistent between different catalyst types. 

The Apparent Bulk Density (ABD) of the equilibrium 

catalyst is higher than the fresh catalyst. ABD due to thermal 

and hydrothermal changes in pore structure that occur in the 

unit, A too high apparent bulk density (ABD) can restrict 

fluidization, and a too low ABD can result in excessive 

catalyst loss [1]. The apparent bulk density (ABD) is a 

function of the catalyst composition and of other physical 

properties such as pore volume and particle size distribution. 

Very high regenerator temperatures can sinter the catalyst 

matrix, which can show up as a drop in surface area along 

with an increase in bulk density. It can also reduce catalyst 

losses in the regenerator. 

The pore size distribution has a major role to play in the 

catalyst properties of zeolites. If the pores are too small, then 

they have a greater tendency to get clogged by coke and they 

also exhibit greater diffusional resistance. If the pores are too 

large they provide a lower surface area for a given volume 

and hence lower the efficacy of the catalyst and lead to 

enhanced attrition. The pore size distribution is also an 

important parameter for the catalyst matrix as well. The 

shape of the pores is the most important property governing 

the shape selectivity of the catalyst which is the most 

important characteristic used in many applications [5]. 

Pore volume is an indication of the quantity of voids in the 

catalyst particles and can be a clue in detecting the type of 

catalyst deactivation that takes place in a commercial unit. 

Catalysts with higher pore volumes have higher levels of 

active matrix components. Hydrothermal deactivation has 

very little effect on pore volume, whereas thermal 

deactivation decreases pore volume [1]. 

Particle Size Distribution (PSD) is an important indicator of 

the fluidization characteristics of the catalyst, cyclone 

performance, and the attrition resistance of the catalyst. Most 

of the FCC catalysts have particle size ranging from 60 to 80 

µm [1]. 

2.3.3. Chemical Properties 

The chemical properties viewed amounts of the most 

common contaminants found on the equilibrium catalyst. 

Metals present in the feed normally deposit quantitatively on 

the catalyst, so the level of metals on the E-cat depends on 

the amounts in the feed and the rate of fresh catalyst make 

up. Metals deposited on the E-cat affect both the activity and 

selectivity of the catalyst. [8]. 

Sodium causes permanent deactivation of the catalyst by 

neutralizing its acid sites. It causes the zeolite to collapse in 

the regenerator; especially in the presence of vanadium. 

Changes in the level of sodium in the FCC feed can occur as 

a result of operational problems at the crude distillation units 

or de salter. Sodium is a potent poison that deactivates the 

catalyst almost immediately. Sodium in combination with 

vanadium will increase catalyst deactivation. Also in the E-

cat is the sum of sodium added with the feed and sodium on 

the fresh catalyst. Sodium deactivates the catalyst acid sites 

and causes collapse of the zeolite crystal structure [1]. 

Vanadium also promotes dehydrogenation reactions, but less 

than nickel vanadium is a more severe poison. Unlike nickel, 

vanadium, vanadium migrates towards the interior zeolite 

portion, thus destroys its structure with a permanent loss of 

surface area and activity [10]. Vanadium occurs as part of 

organometallic molecules of high molecular weight. When 

these heavy molecules are cracked, coke residue containing 

vanadium is left on the catalyst. During regeneration, the 

coke is burned off and vanadium is converted to vanadium 

oxides such as vanadium pentoxide (V2O5). V2O5 melts at 

(690°C) which allows it to destroy zeolite under typical 

regenerator temperature conditions. V2O5 is highly mobile 

and can go from one particle to another.  

In contact with the catalyst, nickel deposits on the matrix. 

Nickel promotes dehydrogenation reactions, removing 
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hydrogen from stable compounds and making unstable 

olefins, which can polymerize to heavy hydrocarbons. These 

reactions result in high hydrogen and coke yields [8]. The 

higher coke causes higher regenerator temperatures. This 

lowers the catalyst to oil ratio and lowers conversion. A 

number of indices relate metal activity to hydrogen and coke 

production. The nickel is four times as active as vanadium in 

producing hydrogen (4Ni + V). 

Copper is another poisons to the FCC catalyst that has more 

than twice the activity of nickel in dehydrogenation. Some 

NOx reducing additives contain copper, which adversely 

impacts the FCC reactor yields. Copper also is present in 

some feed stocks. It catalyzes both hydrogenation and 

dehydrogenation reactions, leading to increased production 

of hydrogen and coke [8]. 

Iron is usually present in FCC feed as tramp iron and is not 

catalytically active. Tramp iron refers to various corrosion by 

products from upstream processing and handling. A 

distinction must be made between tramp Fe and Fe deposited 

on the cracking catalyst. Tramp Fe is composed of Fe 

particles in the catalyst stream that originate from erosion of 

pipes, vessels and other hardware. To the extent that these 

particles do not break up in very fine particles that can attach 

themselves to the cracking catalyst, they have little effect on 

catalyst activity and selectivity. Iron deposited on the catalyst 

is, in most cases, the result of organic, colloidal or other 

finely dispersed Fe in feed. It has been recently recognized 

that this latter form of Fe is an important factor causing FCC 

catalyst deactivation. Fe compounds present in crude oil, and 

as minute impurities in cracking catalyst, have some 

dehydrogenation activity but at orders of magnitude less than 

Ni or V. 

The dehydrogenation activity of nickel, vanadium, copper 

and iron can be expressed as "equivalent nickel" as follows 

all values are ppm [8]: 

"Equivalent Nickel" = Ni+ Cu+ V/5+ Fe/10             (1) 

Organ nitrogen component can also be poisons for variety of 

catalyst such as hydrocracking and catalytic reforming 

catalyst. These compounds react to form ammonia which 

then neutralizes acids function on the catalyst surface. This 

effect is reversible if the source of organic nitrogen is 

removed and the acidity restored. In catalytic reforming, the 

basic nitrogen compounds adsorb on the acid sites and reduce 

isomerization and cracking activity but do not appear to have 

little effect on dehydrogenation activity [11]. 

The alumina content of the E-cat is the total weight percent 

of alumina (active and inactive) in the bulk catalyst. The 

alumina content of the E-cat is directly related to the alumina 

content of the fresh catalyst. When changing catalyst grades, 

the alumina level of the E-cat is often used to determine the 

percent of new catalyst in the unit [1]. The bulk 

silica/alumina ratio in the catalyst does not correlate with the 

Si/AI ratio in the zeolite. And since different catalyst types 

have different alumina contents, the catalyst alumina content 

cannot be used to infer the relative matrix content of different 

catalysts [8]. 

The level of carbon on the regenerated catalyst provides an 

indirect measurement of the coke deposited on the catalyst. 

The deposition of carbon on the E-cat during cracking will 

temporarily block some of the catalytic sites. The carbon, or 

more accurately the coke, on the regenerated catalyst (CRC) 

will lower the catalyst activity and, therefore, the conversion 

of feed to valuable products. The CRC is an important 

parameter for a unit operator to monitor periodically. Most 

FCC units check for CRC on their own, usually daily. The 

CRC is an indicator of regenerator performance. If the CRC 

shows signs of increasing, this could reveal malfunction of 

the regenerator's air/spent catalyst distributors. It should be 

noted that the MAT numbers reported on the E-cat sheet are 

determined after the CRC has been completely burned off 

[1]. 

The rare earth content of a catalyst affects both its activity 

and its selectivity. Rare earth improves the catalyst activity 

and hydrothermal stability. At the same time, an increase in 

rare earth content of the zeolite shifts the catalyst product 

selectivity toward more gasoline and less LPG. An increase 

in zeolite rare earth content also reduces the gasoline octane 

potential. Increased rare earth content also increases the coke 

making tendency of the catalyst. This can show up as an 

increase in delta coke on the unit, which tends to lower the 

catalyst circulation rate and increase the regenerator 

temperature. 

It should be noted that the important measure for rare earth is 

the amount of rare earth on the zeolite, while the quantity 

reported on the E-cat sheet is rare earth on the catalyst. 

Therefore the rare earth content of different catalyst families 

(particularly if one contains rare earth which is not in the 

zeolite) may not be directly comparable. Other potential 

sources of REO on the catalyst include additives of vanadium 

trapping, combustion promotion and SOx reduction [8]. 

3. Methodology 

The linear regression is used with least squares method and 

analysis of variance (ANOVA) to find relationships between 

dependent variable and independent variables. For this 

purpose and in order to obtain models that represents the 

relationship between the four dependent activities, surface 

area (SA), average particle size (APS) and the apparent bulk 

density (ABD). The objective of using regression analysis is 
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to determine the significant independent variables. 

3.1. The Steps of Linear Regression 

Regression analysis is a necessary part of virtually almost 

any data reduction process. Popular spreadsheet programs, 

such as Microsoft Excel provide comprehensive statistical 

program packages, which include a regression tool among 

many others. Stepwise regression method is an automated 

tool used in the exploratory stages of model building to 

identify a useful subset of predictors. The process 

systematically adds the most significant variable or removes 

the least significant variable during each step.  

The procedures can be classified into three selection 

procedures are used to yield the most appropriate regression 

equation: forward selection, backward elimination and 

stepwise selection. Backward elimination starts with all 

predictors in the model and removes the least significant 

variable for each step then stops when all variables in the 

model have p-values that are less than or equal to the 

specified alpha (0.1). 

Steps: 

(i). Start with all the predictors in the model 

(ii) Remove the predictor with highest p-value greater than 

αcrit 

(iii) Refit the model and repeat step 2 

(iv) Stop when all p-values are less than αcrit (0.1). 

The αcrit is the significance level (α) is the probability of 

rejecting the null hypothesis when it is true.  

The regression output has three components: Regression 

statistics table, ANOVA table and regression coefficients 

table [12]. 

3.2. ANOVA Output 

The analysis of variance (ANOVA) is shown in Table 1. It 

shows how the regression equation accounts for variability in 

the response variable. There are four parts to the ANOVA 

table: sums of squares, degrees of freedom, mean squares, 

and the F statistic [13]. 

Table 1. ANOVA output. 

Sources of variation degrees of freedom Sum of squares Mean squares F-ratio Significance F 

Regression K SSR ��� =
���

�
 � =

���

���
 P-value 

Error (residuals) n-k-1 SSE ��� =
���

	 − � − 1
   

Total n −1 SST    

 

(i) Sums of squares (SS) 

In the ANOVA regression, there are three types of sum of 

squares: Regression SS, Error SS and Total SS. The sum of 

squared errors (SSE) is the sum of the squares of the 

regression residuals, the sum that is minimized by the least 

squares procedure. 

(ii)-Mean square (variance) 

There are three types: regression mean of squares (MSR), 

error mean of squares (MSE), and total mean of squares 

(MST). The mean square error (MSE) measures the variance 

of the error term (the square of the standard error of the 

regression). 

(iii)- Degrees of freedom: 

The degree of freedom is given by the number of 

observations (n) minus the number of parameters (K) that 

were estimated. 

(iv)- F-numbers: 

The F-number is the quantity that can be used to compare 

two models describing the same experimental data. 

3.3. Mathematical Multiple Regression 

Models 

The equation which describes how the dependent variable Y 

is related to the independent variables X1, X2... XK and an 

error term ɛ [12]. 

General multiple regression model equation takes the 

following form: 

Yi=β0 + β1X1 + β2X2 + ……+βKXK + ɛ        (2) 

Where: 

Yi = observed value (which is your dependent variable) 

Xi = is (Independent Variables) for which are predict a value 

of Y. 

In the multiple regression model, β0, β1... βK are the 

parameters and ɛ is a random variable. The error term 

accounts for the variability in Y, which is not captured by the 

linear relationship between Y and the independent variables. 

E (ɛ) = 0                                        (3) 

The multiple regression equation is: 
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Yi = β0 + β1X1 + β2X2 + …+βKXK                    (4) 

In general, the values of the parameters are not known and 

have to be estimated from the sample data. Using this 

sample, we can develop an estimated multiple regression 

equation, which takes the following, form: 

��= b0 +b1X1 +b2X2 + …+ bkXk               (5) 

Where b0, b1,..., bK are the estimated values for the 

parameters β0, β1,..., βK, and �� is the estimated value of the 

dependent variable. 

∑��
� = ∑(� − ��)

� = min 	                 (6) 

Where ei is random error in sample. 

3.4. Analytical Data 

The equilibrium catalyst (E-cat) data sheet provides regularly 

updated information that can be used to assess the operation 

of the FCC unit. The analyses included on the sheet allow the 

refiner and catalyst supplier to formulate a catalyst 

management policy consistent with the goals of the refiner. 

Table 2 shows the E-cat analytical data, from a specific 

refinery, which are divided into catalytic properties, physical 

properties, and chemical analysis [8]. 

Table 2. FCC equilibrium catalyst analytical data [8]. 

Samples 

number 
MAT% 

SA  

(m2/g) 

Na 

 (wt %) 

Fe 

 (wt %) 

C  

(wt %)  APS 
Ni  

(ppm) 

V 

(ppm) 
Cu (ppm) 

ABD 

(g/cc) 

AL2O3 

(wt %) 
CF 

REO 

(wt %) 

1 71 167 0.28 0.48 0.04 76 1317 1918 13 0.92 43.2 0.75 0.69 

2 67 160 0.29 0.48 0.04 76 1457 2077 18 0.92 43.1 0.81 0.69 

3 68 165 0.3 0.48 0.04 79 1421 2014 20 1.0 43.1 0.94 0.68 

4 66 156 0.35 0.47 0.05 80 1415 2066 19 0.94 43 0.79 0.74 

5 67 163 0.33 0.47 0.05 79 1390 1997 18 0.95 43.1 0.8 0.72 
6 64 166 0.34 0.48 0.04 79 1360 1973 13 0.96 42.9 0.83 0.74 

7 64 164 0.35 0.47 0.05 79 1145 1742 20 0.96 42.6 0.87 0.74 

8 63 163 0.29 0.45 0.03 80 1151 1630 15 1.01 42.1 1.08 0.71 

9 65 169 0.27 0.46 0.04 84 1200 1640 13 0.96 40.9 0.76 0.68 

10 67 177 0.26 0.46 0.06 84 1137 1555 14 0.96 40.5 0.67 0.70 

11 67 173 0.26 0.45 0.06 80 1103 1519 10 0.95 40.4 0.75 0.72 

12 69 180 0.26 0.45 0.05 79 1046 1421 11 0.96 40.6 0.68 0.73 

13 66 178 0.28 0.45 0.05 84 972 1249 11 0.96 40.2 0.8 0.67 

14 67 174 0.29 0.45 0.05 79 981 1268 5 0.97 40.1 0.88 0.62 

15 66 171 0.29 0.44 0.03 79 1043 1362 15 0.95 40.0 0.78 0.61 
16 67 167 0.30 0.45 0.04 80 1141 1483 16 0.98 39.4 0.76 0.66 

17 67 166 0.30 0.44 0.03 83 1231 1655 15 0.98 39.3 0.73 0.72 

18 68 169 0.30 0.43 0.02 78 1218 1574 18 0.98 39.5 0.83 0.68 

19 70 164 0.34 0.43 0.03 81 1344 1739 18 0.99 39.4 0.76 0.66 

20 67 175 0.34 0.44 0.03 79 1203 1595 19 0.98 39.8 0.8 0.67 

21 63 165 0.34 0.43 0.02 81 1249 1717 18 0.99 39.8 0.9 0.68 

22 64 172 0.34 0.42 0.03 81 1303 1747 17 1.02 39.2 0.96 0.67 

23 65 170 0.28 0.41 0.04 82 1390 1793 14 0.96 38.5 0.82 0.77 

24 65 172 0.28 0.40 0.03 81 1372 1753 14 0.97 38.3 0.86 0.77 

25 65 172 0.26 0.40 0.03 79 1403 1744 15 1.03 38.0 0.90 0.79 

26 66 159 0.25 0.39 0.07 78 1436 1759 11 0.98 37.9 0.90 0.82 

27 66 168 0.23 0.4 0.04 80 1367 1734 8 0.97 38.1 0.64 0.93 

28 69 163 0.26 0.41 0.03 83 1412 1702 12 0.99 38.2 0.69 0.79 

29 65 157 0.28 0.44 0.03 78 1493 1842 17 0.99 38.3 0.89 0.70 

30 69 160 0.31 0.46 0.03 78 1404 1769 23 0.99 38.3 0.84 0.36 

31 66 172 0.32 0.48 0.03 77 1209 1574 26 0.92 38.6 0.73 0.61 

3.5. General Models 

There are four dependent variables Activity, surface area, average particle size, Apparent Bulk Density. The independent 

variables are shown in Table 3. 

Table 3. Model’s independent variables (parameters). 

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 

SA Na Fe C APS Ni V Cu ABD AL2O3 CF REO 

 

Model 1: effect of parameters in activity 

Ya = f (X1,X2,X3,X4,X5,X6,X7,X8,X9,X10,X11,X12). 

Where  

Ya: activity. 

Model 2: effect of parameters in surface area (SA) 

Ysa = f (X2,X3,X4,X5,X6,X7,X8,X9,X10,X11,X12). 
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Where 

Ysa: surface area. 

Model 3: effect of parameters in average particle size (APS) 

Yp = f (X1,X2,X3,X4,X6,X7,X8,X9,X10,X11,X12). 

Where 

Yp: average particle size. 

Model 4: effect of parameters in Apparent Bulk Density 

(ABD) 

Yd = f (X1,X2,X3,X4,X5,X6,X7,X8,X10,X11,X12). 

Where 

Yd: Apparent Bulk Density. 

3.5.1. Model Assumptions 

These are the following assumptions about the multiple 

regression models: 

1. The relationship between X and Y is linear. 

2. The expected value of the error term is zero. 

3. The variance of the error term is constant for all the values 

of the independent variable, X. This is the assumption of 

homoscedasticity. 

4. The error term is normally distributed with a mean of zero 

and a standard deviation of σ
2
. 

3.5.2. Testing Significance of Regression 

The hypotheses are related to the significance of regression. 

Failing to reject H0 implies that there is no linear relationship 

between x and y. On the other hand, if H0 is rejected, it implies 

that at least one βi show a significant relationship to y. 

There are two types of hypotheses testing: 

a- Null hypothesis: 

H0 = there is no linear relationship between the variables. 

Null: β1 = β2 =... = βK = 0 

b- Alternative hypothesis: 

HA = there is a linear relationship between the variables 

Alternative: At least one β ≠ 0 

(1). F-test: 

The hypothesis for the F test takes the following form: 

Reject null hypothesis if: F > F α,K,n−K−1 

Do not reject null if: F ≤ F α,K,n−K−1 

(2). T-test: 

In hypothesis testing t-statistic indicates whether specific 

parameter is different from zero. In comparing, t-statistic for 

two parameters, a larger t-statistic indicates that the 

independent variable is more important than other. If the 

absolute value of test statistic is greater than the critical 

value, you can declare statistical significance and reject the 

null hypothesis. 

(3). P- value: 

P-value or calculated probability is the estimated probability 

of rejecting the null hypothesis (H0) of a study question when 

that hypothesis is true. The p-value for each term tests the 

null hypothesis that the coefficient is equal to zero (no effect) 

a predictor that has a low p-value is likely to be a meaningful 

addition to your model because changes in the predictor's 

value are related to changes in the response variable. 

Comparing the P-value to the significance level (α = 0.1), 

and rejecting the null hypothesis when the: 

P value > 0.10 →the observed difference is "not significant". 

P value ≤ 0.10 →the observed difference is "significant". 

4. Results and Discussion 

The results of the regression analysis are shown in Table 4-6. 

The first model includes activity as function of Fe, APS, Ni, 

V, ABD, AL2O3, CF and REO with values of R
2
 of 73.3%, 

R
2

adj of 63.6%, low F significance and standard error equal to 

one for all the eight variables. Fe has a high negative impact 

on the catalyst activity. The second model includes surface 

area as function of Ni, and AL2O3 with a value of R
2
 of 

53.2%, R
2

adj of 50%, low F significance and standard error 

equal 4.3 for all the variables. AL2O3 and Ni have a negative 

effect on the surface area. The third model includes average 

particle size as function of SA, Fe, CU, ABD, AL2O3, CF and 

REO with R
2
 value of 74.6%, R

2
adj equal to 66.8%, low F 

significance and standard error equal 9.6 for all the variables. 

The fourth model includes Apparent Bulk Density as function 

of APS, Ni, V and CF with value of R
2
 of 61.8%, R

2
adj value 

of 56.0%, low F significance and standard error equal 0.0177 

for all the variables. 

Table 4. Summary of regression models. 

Dependent variables R2 R2 adjusted Standard error F significant 

Activity 0.73338 0.63642 1.17308 7.62E-05 

Surface area 0.53159 0.49813 4.32683 2.45E-05 

APS 0.74592 0.66859 9.60286 1.42E-05 

ABD 0.61845 0.55975 0.01772 3.28E-05 
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Table 5. Significance variables for final models. 

Dependent variables Independent variables 

Activity f (Fe, APS, Ni, V, ABD, AL2O3, CF, REO) 

Surface area f (Ni, AL2O3) 

APS f (SA, Fe, Cu, ABD, AL2O3, CF, REO) 

ABD f (APS, Ni, V, CF) 

Table 6. Regression model equations for FCC catalyst component. 

Dependent variables Mathematical Expression 

Activity Y��= 46.97285 - 43.86966*x3 - 0.322057*x5 + 0.0234768 *x6 - 0.016987 *x7 + 23.600832*x9+ 1.6626481*x10 - 20.957*x11 - 
12.85711*x12 

Surface area Y��� = 235.66322 - 0.029153*x6 - 0.772183*x10 

Average particle size Y��=205.2853 + 0.838256*x1 + 781.4091*x3 + 1.793985*x8- 282.185*x9 -12.7844*x10 + 77.97549*x11 + 124.0875*x12 
Apparent Bulk Density Y��= 0.460089249 + 0.004277718*x5 + 0.000160572*x6 - 0.00010634*x7 + 0.179267897*x11 

 

5. Conclusion 

Four regression models have been developed to capture the 

relationship of catalyst activity, surface area, average particle 

size and apparent bulk density as a function of a range of 

physical and chemical properties. The models provide a 

quick and simple method for catalyst characterization based 

on the quantitative estimates of the identified variables. They 

also provide an insight into critical parameters in catalyst 

deactivation which are crucial to future catalyst development. 
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