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Abstract: The issues of feedstocks, product markets, and environmental emissions have continu-

ously proposed a number of challenges for industrial evaluation of fresh fluid catalytic cracking 

(FCC) catalyst before its application in commercial units. In this work, a convenient method was 

proposed by comparing with the existing commercial equilibrium catalyst. A series of laboratory 

experiments for steam treatments and microactivity tests were established to collect reliable data, 

and the standalone catalyst or co-catalysts were assessed to show the evaluation process and the 

predicted unit performance. The results had deviation, but a consistent yield distribution than that 

of a commercial equilibrium catalyst. These evaluations and predictions would provide us with not 

only the view of hydrothermal stability and yield distribution at the unit level, but also the economic 

potential for fresh catalyst based on the existing industrial catalyst, which will provide refiners with 

industrial basis for further decisions. 

Keywords: FCC catalyst; industrial evaluation; deactivation; yield distribution; commercial  

equilibrium catalyst 

 

1. Introduction 

Fluid catalytic cracking (FCC) technology has been (and is still) one of the most im-

portant conversion processes in petroleum refinery for converting heavy fractions to more 

valuable fuels, such as gasoline, diesel, liquefied petroleum gas (LPG), olefinic gases, and 

some other products [1–3]. Due to the high flexibility of operation for different types of 

feedstocks, such as biomass-derived feedstocks, FCC technology has been long-lasting, 

and witnessed several stages of developments and revolutions for catalyst, feedstock, pro-

cess technology, and reactor design [4–6]. In other words, the wider diversity of feed-

stocks, fluctuation of product market, and environmental emissions control have contin-

uously proposed a number of challenges for fresh FCC catalysts, reaction conditions, and 

even production distribution [7–10]. 

The modern FCC catalyst comprises four major components and additives so as to 

switch adaptability to change product demand and offer increasing profitability [4,11]. 

The new developed catalysts are supposed to own high resistance to contaminants from 

the heavy feedstocks, in addition to excellent hydrothermal stability due to the harsh re-

generator conditions [12–14]. On the other hand, the fresh FCC catalyst need to be as-

sessed to predict the unit’s performance before utilization in the real FCC units, so as to 

enable the refiner to make important decisions concerning the unit operation [15]. The 

catalyst activity in fresh state is an inadequate assessment for commercial performance 
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due to the hydrothermal deactivation and metal deposition in the commercial FCC units. 

Therefore, selecting the right FCC catalyst is a major challenge facing refiners today, and 

FCC profit margins can suffer if the improper catalyst is used. 

Evaluation of fresh FCC catalysts can require expensive laboratory or actual field 

tests, where feedstock disturbances or market demands could make the evaluation diffi-

cult. The first step is to assess the potential in cracking activity and yield selectivity, either 

for a standalone catalyst or for co-catalysts [15], and hydrothermal effect and metals dep-

osition are two main factors that influence the catalyst deactivation for commercial FCC 

units [15–18]. Hydrothermal deactivation represents the equilibrium activity as a function 

of a regenerator bed temperature and regeneration bed flue gas water partial pressure, 

while metal deactivation reflects the influence of metal content on commercial equilibrium 

catalyst (E-Cat). Several methods are developed to simulate the E-Cat, by loading metal 

on the fresh catalyst in laboratory, then the artificially E-Cat can be tested on laboratory 

units, either with fixed bed, fixed fluid bed, the once through, or circulating pilot plant, or 

the Chemical Reactor Engineering Centre (CREC) Riser Simulator [4,15]. Actually, there 

are many standard test methods determining the activity (American Society for Testing 

Materials (ASTM) D3907/D3907M–19) and selectivity (ASTM D5154/D5154M–18, ASTM 

D7964/D7964M–19) for either E-Cat or laboratory deactivated FCC catalysts, and the mi-

croactivity test or Advanced Cracking Evaluation (ACE) test is conducted in either fixed 

bed (ASTM D5154/D5154M–18) or fluidized bed (ASTM D7964/D7964M–19). Certain 

standard guides also cover the metal free steam deactivation (ASTM D4463/D4463M–19) 

or metal deactivation (ASTM D7206/D7206M–19) of FCC catalyst on the basis of standard 

test methods. These guides provide specific sets of conditions that can be used to find 

hydrothermal conditions, which give as close a match as possible to the E-Cat properties, 

including activity and selectivity to products. Our prior test showed that the practical 

stream conditions may be slight deviation for E-Cat form a particular commercial unit. 

Moreover, these standards do not provide a detailed prediction method from lab scale to 

commercial scale. 

Hence, in this work, an integrated process was proposed on the base of above stand-

ard test methods to evaluate the deactivation of fresh catalyst and to predict the commer-

cial performance in certain FCC unit. The certain commercial FCC catalyst was used to 

establish the series conditions to simulate the deactivation process and E-Cat properties. 

The accuracy of the evaluation was enhanced by using high-throughput experimental 

equipment. Based on the series experiments and standard testing results, the proposed 

evaluation method was used to assess hydrothermal stability for the standalone catalyst 

or co-catalysts and to predict the equilibrium yield at the level of the industrial unit. 

2. Evaluation Method and Experimental Description 

This section provides a detailed description of the simulated industrial evaluation 

method and its required experiment for fresh FCC catalyst. 

2.1. Simulated Industrial Evaluation Method 

Due to the complex hydrodynamics and mixture, the lumping kinetic model has 

gained acceptability in description of an industrial FCC unit. For instance, the six lumped 

kinetic model has a feed, and five products, consisting of diesel, gasoline, liquefied petro-

leum gas (LPG), dry gas, and coke, adequately represent the product distribution 

[16,17,19]. If all products deem directly from the cracking of the feedstock oil, the reaction 

rate or the kinetic model equations can be expressed as fellow: 

�� = ������������� (1)

���

��
= (����)����������������� (2)
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where ��  and ���������  are reaction rates of each product and cracking,  ��  are the 

weight fractions, ��  are the overall rate constants, ��  are catalyst deactivation coeffi-

cients. All of the units of variable are 1 except the �� of s−1, since the reaction rates are 

described by weight fractions. 

Thus, the products can be represented approximately by linear relations of feedstock 

conversion at constant reaction temperature, 

�� = ����������� (3)

��������� =
�����

1 − �����

 (4)

where �� are the slope of linear relations, ���������  are referred as the equilibrium activ-

ity function and ����� is the weight percent conversion (%), which includes the all prod-

ucts except diesel (light cycle oil, LCO) and bottoms. 

However, due the deactivation effect, the regeneration of the recycled catalyst and 

supplementation of the fresh catalyst were adopted to maintain certain catalyst activity 

and feedstock conversion. The equilibrium activity function has the relationship with 

these facts. 

��������� =
����

���� + ��

������ (5)

where ������  is the fresh activity function, ��  is the overall deactivation coefficient, 

DRRC is the daily replacement rate of catalyst, representing the catalyst make-up rate at 

unit catalyst inventory per day. Since the main deactivation factors are hydrothermal ef-

fect and metals upon the catalyst, �� can be further refined by these two factors: 

�� = ����
����

0.1� ��� (6)

where ��� and ���  are the deactivation factors of hydrothermal effect and metal con-

taminant, respectively. The former factor ��� is a function of temperature and the water 

content (���� ) in the regenerator bed flue gas, and is specifically indicated with 95% 

stream here. The latter factor, ��� , adjusts catalyst deactivation due to equilibrium cata-

lyst metals content. Based on Equations (5) and (6), either higher values of ��� or ���  

would means fast deactivation, which would result in higher make up rates being re-

quired to maintain a given equilibrium catalyst activity. 

Catalyst stabilities all tend to be similar at low regenerator temperatures, but can be 

substantially different at high temperatures. Thus, a series of temperatures have been in-

troduced to describe the hydrothermal effect [9,18]. Then, for the similar metal deactiva-

tion of catalyst, the ��� at different temperature can be reformulated through Equations 

(5) and (6) as follows: 

��,�

��,��

=
���,�

���,��

=

�
������

����,�
− 1�

�
������

����,��
− 1�

 (7)

Similarly, for the same FCC system at same temperature, different catalysts are sup-

posed to have the analogous relationship for deactivation factors: 

��,���

��,�

=
���,���

���,�

=

�
������,���

����,���
− 1�

�
������,�

����,�
− 1�

 (8)

Therefore, based on Equations (3) and (8), one may evaluate the relative performance 

of a fresh FCC catalyst comparing to a base catalyst in a given performance category. In 
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other words, if there is a certain base catalyst with a complete set of hydrothermal deacti-

vation data, such as equilibrium catalyst (E-Cat), one may use Equations (3)–(8) to rapidly 

assess a fresh FCC catalyst at the industrial level. Besides, these results could be further 

used to evaluate the DRRC, and the economic benefits of the fresh catalyst if the market 

information of raw materials and products is known. 

2.2. Recommended Experimental and Device Requirements 

To apply the hydrothermal deactivation for industrial evaluation, suitable laboratory 

tests for any catalyst should be available, and the following catalytic testing are recom-

mended, both the fresh catalyst and the base catalyst. The fresh catalyst is treated with the 

recommended steaming conditions in Table 1, which were recommend by Petro-sim of 

KBC corporation [20,21]. However, the certain actual FCC process may deviate from the 

recommended activity, then the hydrothermal conditions are suggested to be modified 

for the actual E-Cat. 

Table 1. Steaming conditions for hydrothermal deactivation evaluation. 

Description 

Recommended 

Conditions 
Assumed Regenera-

tion Temp 

Modified Con-

ditions 

Temp Hours Temp Hours 

1 Fresh activity T1 (705) 6 - T5 H2 

2 Mild deactivation T2 (760) 6 660 T6 H2 

3 Moderate deactivation T3 (775) 6 705 T7 H2 

4 Severe deactivation T4 (795) 6 750 T8 H2 

Note: (1) The steaming conditions are 1 atmosphere, 95% steam; the catalytic tests are carried out 

at the conditions of 515 °C, Weight hourly space velocity (WHSV) 25, and catalyst to oil of 5.0. (2) 

In current procedure, T5 = 735 °C, T6 = 790 °C, T7 = 805 °C, T8 = 815 °C, H2 = 24 h. 

Moreover, these experimental data must have a high degree of precision of ±0.5 for 

conversion and mass balance so as to ensure the accuracy of the evaluation. In the work, 

we adopt the high throughput apparatus of Advanced Cracking Evaluation (ACE) to 

carry out the hydrothermal treatment (ACE HT-100) and catalysis test (ACE-Model R+ 

MM), which has good parallelism and precision to further industrial evaluation. Both ap-

paratuses are licensed from Kayser Technology Inc. of Houston, Texas, USA. 

The ACE-Model HT-100 is a pilot plant for hydrothermal (HT) deactivation of cata-

lysts in lots as larger as 100 g. The catalyst (50~100 g) was calcined for 2 h at 800 °C and 

then added into the reactor. Deionized water was introduced into the reactor by high per-

formance liquid chromatography (HPLC) pump, and the steam ratio was adjusted by ad-

justing the amount of fluidized nitrogen. The aging temperature is controlled by a six sec-

tion furnace, and the temperature control accuracy is ±1 °C. The proportion of steam and 

aging temperature are determined according to the experimental scheme. The velocity for 

the steaming cycle is 6 cm/sec in the lower reactor section. 

Cracking performance was tested in an ACE-Model R+ MM unit. The 9 g catalyst is 

added and the temperatures are 515 °C and 715 °C for reaction and regeneration, respec-

tively. The catalyst to oil ratio (C/O = 5.0) was performed. Gaseous products are analyzed 

using an INFICON GC-3000 online chromatograph, according to the Universal Oil Prod-

ucts Company (UOP) method 539. Simulated distillation of liquid products are carried 

out using an Agilent 7890B chromatograph according to the SH/T 0558 procedure. Coke 

deposited on the catalyst was quantified with a SERVOMEX CO2 analyzer. 

2.3. Catalysts to Be Evaluated 

Several FCC catalysts were selected, screened, roasted, and compounded in a certain 

proportion for hydrothermal treatment and catalysis test, and then the forecasting or in-
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dustry evaluation were carried out to analyze and verify the evaluation method. The se-

lected catalysts are listed in Table 2, and the properties of heavy feed oil are listed in Table 

3. These catalysts, except LHG catalyst, had been tested in FCC of heavy oil with certain 

advantage [22–24]. 

Table 2. Selected fluid catalytic cracking (FCC) catalysts and their compounded proportion. 

No. Catalysts Proportion 

Cat.1 LDO-70 - 

Cat.2 YN-20, YN-E-Cat - 

Cat.3 LDO-70 + LB-5 4.25:1 

Cat.4 LPC-70 + LHG 5:1 

Cat.5 LDO-70 + LB-5 6:1 

Cat.6 LDO-70 + LHG 5:1 

Note: Cat. is the abbreviations of catalyst; LDO, LB, LPC, LHG, YN are the catalyst label. 

Table 3. Feed properties. 

Program Property Metal Content/(μg/g) 

Molecular Weight /(g/mol) 374 Ni 9.57 

Viscosity (100 °C)/(mm2/s) 12.27 V 10.09 

Density (70 °C)/(Kg/m3) 867.3 Na 16 

ω (Conradson Carbon Residue)/% 4.17 Ca 18.11 

Flash Point/°C 204 Fe 10.22 

ω (Paraffin)/% 68.9 Pb 0.03 

ω (Aromatics)/% 21.7 Cu 0.87 

ω (Gelatin)/% 9.4   

3. Results and Discussion 

3.1. Modification for Hydrothermal Conditions 

For each recommended hydrothermal condition, the selected catalysts were treated 

and then tested at the same reaction conditions through ACE-Model. Parallelism and ac-

curacy test for the experimental equipment had shown that the results have a high degree 

of precision of ±0.5 for conversion and mass balance, which would ensure the accuracy of 

the evaluation. 

The catalytic activities were compared with the reference activity under recom-

mended conditions by Kayser Technology, Inc. [20,21]. As shown in Table 4, the activities 

of selected catalysts were much higher than the reference value for both Cat.1 and Cat.2, 

which indicates that the hydrothermal effects are mild within the current recommended 

conditions. The activity of moderate deactivation deviated from that of E-Cat. Actually, 

many FCC E-Cat have conversion, about 72~76% [9,11,17]. Therefore, it is necessary to 

modify the hydrothermal conditions and the “Reference conversion” or “Reference cata-

lyst” to fit the conditions of commercial units. 

Table 4. Catalytic activity (wt. %) under different hydrothermal conditions. 

Deactivation 
Reference 

Conversion 

Recommended Conditions Modified Conditions 

Cat.1 Δ Cat.2 Δ Cat.1 Cat.2 

Fresh 76.74 87.01 10.27 89.14 12.40 86.98 87.13 

Mild 71.85 84.10 12.25 85.45 13.60 82.53 83.44 

Moderate 69.13 83.03 13.90 84.45 15.32 76.17 77.63 

Severe 67.1 79.05 11.95 81.50 14.40 69.27 65.75 

Note: Δ means the conversion difference between the activity and reference value. 
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Besides the temperature, the hydrothermal aging time also influenced the deactiva-

tion process [25], which presents the daily replacement rate of catalyst (DRRC). So, after 

repeated exploration of hydrothermal aging temperature and time, the moderate deacti-

vation conditions were tested, and conversion performance was close to the value of 

75.01% for E-Cat. Then, the new serial hydrothermal conditions were adjusted with the 

temperature difference on the basis of the recommended value with the new hydrother-

mal aging time. The product distributions of E-Cat and Cat.2 are compared in Figure 1, 

and the ACE run report is listed in Table 5. 
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Figure 1. Product distributions of equilibrium catalyst (E-Cat) and Cat.2 at new serial hydrother-

mal conditions. 

Table 5. Catalytic activity (wt. %) for Cat.2 under Modified Conditions. 

Description E-Cat 
YN-20 

T5 T6 T7 T7 T8 

Recovery, wt% 101.0 101.1 101.0 100.4 100.7 100.6 

Conversion, wt% 75.08 87.13 83.44 77.63 79.28 65.75 

Yields, wt%:       

Coke 7.20 8.83 6.48 5.67 5.77 5.18 

Dry Gas 2.40 2.82 2.14 1.90 1.91 1.83 

Hydrogen 0.31 0.05 0.05 0.06 0.06 0.06 

Hydrogen Sulfide 0.28 0.28 0.28 0.28 0.28 0.28 

Methane 0.69 0.97 0.72 0.62 0.64 0.60 

Ethane 0.47 0.68 0.52 0.48 0.46 0.47 

Ethylene 0.65 0.83 0.57 0.46 0.48 0.41 

Propane 1.16 1.94 1.10 0.77 0.81 0.53 

Propylene 7.69 5.98 5.62 5.07 5.37 3.98 

n-Butane 0.84 1.87 1.16 0.75 0.81 0.43 

Isobutane 3.69 7.35 5.13 3.45 3.85 1.82 

C4 Olefins 8.85 6.19 7.19 7.26 7.65 6.00 

1-Butene 1.66 1.39 1.56 1.47 1.56 1.15 

Isobutylene 3.04 1.31 1.80 2.22 2.28 2.13 

c-2-Butene 1.76 1.49 1.64 1.52 1.63 1.15 

t-2-Butene 2.35 1.97 2.16 2.01 2.15 1.52 

Butadiene 0.03 0.02 0.03 0.03 0.04 0.05 

Gasoline 43.27 52.16 54.64 52.77 53.10 45.99 

LCO 15.39 9.50 11.72 14.51 13.68 16.92 

Bottoms 9.53 3.37 4.84 7.86 7.04 17.33 

TOTAL 100.00 100.00 100.00 100.00 100.00 100.00 
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The conversion decreased from 87.13% to 83.44%, 77.63, and, at last, to 65.75% for the 

fresh to mild, moderate, and severe deactivation. As shown in Figure 1, the fresh catalyst 

had the highest coking rate and yield of light component products due to the high activity, 

and the severe sample showed a large amount of uncracked bottoms but a similar yield 

of gasoline. While the moderate catalyst showed a higher yield of gasoline but a lower 

yield of LPG than that of E-Cat at the same level conversion. This difference may be due 

to the metal deactivation effect on the E-Cat [4,26]. Therefore, these results were consistent 

with the hydrothermal deactivation and would reflect the industrial catalytic process for 

further evaluation of the compounded FCC catalysts. Then, the Cat.2 was deemed as a 

“Reference catalyst” and the experimental results under the modified conditions were 

used to demonstrate the prediction of equilibrium activity and industrial evaluation in the 

following sections. 

3.2. Predicted Equilibrium Activity 

Based on Equations (3) and (4), the product yields were approximately proportional 

to the activity of FCC catalyst under the same reaction conditions. One may obtain differ-

ent conversions by changing the ratio of catalyst to oil and then predict the product dis-

tribution for the equilibrium conversion. The predict yields for Cat.2 are shown in Figure 

2. At the same conversion of E-Cat, the calculated yields showed similar distribution, but 

with lower yield of LPG and higher yield of gasoline, which is also due to the metal deac-

tivation effect, since the metal upon the FCC catalyst would lead to the cracking and de-

hydrogenation reactions besides the deactivation effect [4,27]. 
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Figure 2. Comparation of yields for E-Cat and prediction: Cal-75% represents the calculated yields 

based on the different ratio of catalyst to oil at the conversion of E-Cat. 

3.3. Industrial Evaluation for FCC Catalysts 

The exploration of hydrothermal deactivation for Cat.1 and Cat.2 had given us a view 

for the approximate industrial evaluation to fresh FCC catalysts. The established series of 

hydrothermal treatments were further applied to the compounded FCC catalysts, their 

catalytic activities and HT factors are described in Figure 3. 

The catalytic activity of the listed four compounded catalysts in Figure 3a decreased 

sharply under the current series conditions and the conversion of moderate deactivation 

remained above 75%, but that of severe deactivation was around 70%. 
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Figure 3. Catalytic activity and hydrothermal (HT) factor for compounded FCC catalysts treated 

by the modified series hydrothermal conditions: (a) conversion, (b) HT factors based on the rec-

ommended base catalyst, (c) HT factors based on Cat.2. 

These data prove that the established series of hydrothermal treatments can include 

and reflect the cycle deactivation process of an industrial unit. Moreover, the HT factors 

based on the recommended base catalyst in Figure 3b had a larger range, although keep-

ing linear characteristics, while the HT factors based on Cat.2 in Figure 3c showed similar 

trends to that of the recommended characteristics. This benchmarking treatment pro-

moted us to compare the fresh catalyst with the base one, which would be further applied 

as an industrial evaluation of hydrothermal deactivation once the base one itself was a 

working industrial FCC catalyst. Thus, one can see that, compared with Cat.2, Cat.3, and 

Cat.4, had higher hydrothermal stability, but slightly lower activity, while Cat.5 and Cat.6 

would have longer regeneration cycles or lower DRRC if maintaining the same conver-

sion. 

Accordingly, the predicted product distribution at equilibrium conversion for these 

four compounded catalysts are shown in Figure 4. All compounded catalysts exhibited 

similar product distributions to that of Cat.2, which is lower yield of LPG and dry gas but 

higher yield of gasoline than that of E-Cat. LDO-70 was tested as one of the catalysts for 

heavy oil conversion that can increase propylene yield and the octane number of gasoline 

[22]; LB-5 showed good resistance for abrasion and heavy metal [23]. By contrast with 

LDO-70, LPC-70 could improve the accessibility of heavy oil macromolecules to active 

centers, and then enhance the conversion of heavy oil and the selectivity of gasoline [24]. 

Therefore, when compared with Cat.2 as a base catalyst, Cat.3 had the highest yield of 

gasoline, but the lowest yield of dry gas, Cat.4 had the highest yield of LPG. Moreover, 

Cat.4 had a predicted conversion, about 77%, which deviates from linearity of 75%. This 

result indicates the Cat.4 has better hydrothermal stability and reactivity. 
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Figure 4. Predicted product distribution at equilibrium conversion of 75% for four compounded 

catalysts. 

4. Conclusions 

In this work, a convenient industrial evaluation method was proposed to assess the 

hydrothermal deactivation for fresh FCC catalyst. Based on the adjusted serial hydrother-

mal conditions, the hydrothermal stability and equilibrium yield of the fresh FCC catalyst 

could be assessed by comparing with certain equilibrium catalysts. The evaluation of the 

single or compounded catalyst showed different hydrothermal stabilities, but similar dis-

tribution, than that of E-Cat. Moreover, these results could be used to evaluate the DRRC, 

and then the economic benefits or potential for fresh FCC catalyst if the market infor-

mation of raw materials and products is known, which will provide refiners industrial 

performances for further decisions. 
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