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Abstract: Qualitative and quantitative description are key to solving the problem of heavy metal
contamination on fluid catalytic cracking (FCC) catalysts. The loading efficiencies for different
metals were compared for the two lab simulation methods of Multi-Cyclic Deactivation (MCD) and
Advanced Catalyst Evaluation (ACE), and the microcatalytic performance of metal-contaminated
catalysts was evaluated using an ACE Model C device. The results show that the MCD and ACE
methods both obtain extremely high data accuracy, indicating that they can be used to ensure the
parallel reliability of experimental results. The typical operating parameters for hydrothermal aging
and metals loading can be adjusted to suit different metal types and content targets for either of
these two simulation methods. Compared with an equilibrium catalyst from an industrial unit, the
MCD method has the advantages of basic hydrothermal aging treatment with less metal loading
efficiency, while the ACE method has an accurate metal amount and high loading efficiency for
metal contamination, with a metal balance recovery rate above 99.5% at similar activation to the
equilibrium catalyst. When used with a reasonable and effective metal pretreatment scheme, these two
laboratory simulation methods can be used to evaluate new commercial catalysts and in fundamental
experiments for the improvement of FCC catalysts for removal of metal contamination.

Keywords: equilibrium catalyst; FCC catalyst; metal contamination; metals loading; microcat-
alytic performance

1. Introduction

Fluid catalytic cracking (FCC) technology has been and remains one of the most
important processes in the petroleum refinery industry for transforming heavy fractions to
more valuable fuels such as gasoline, diesel, liquefied petroleum gas (LPG), olefinic gases,
and other products [1,2]. In recent years, with an increase in the degree of deterioration
of crude oil, a large number of metals, such as vanadium [3,4], nickel [5,6], iron [7,8],
sodium [9,10], etc., have been deposited on FCC catalysts, which causes the activity of the
FCC catalyst to decrease and significantly changes the product distribution of the FCC
reaction, causing serious economic losses to the enterprise [11]. Therefore, it is imperative
to investigate this metal contamination and accelerate the improvement of FCC catalysts
with higher metal capacities.

To understand the role of metal contamination, metal loading is a key factor in catalyst
inactivation, and its accurate description is key to solving the problem of heavy metal
contamination. However, its qualitative and quantitative analysis is extremely complex [12].
The strong impact of the FCC catalyst on the global performance of the commercial unit
and its profitability justifies the effort to guarantee the use of the best formulation available,
and creates demand for proper catalyst testing methodologies. Moreover, efficient catalyst
and process development calls for a suitable laboratory tool to help in making evaluation as
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close to reality as possible. The high complexity and extreme magnitude of the commercial
process severely complicate its faithful reproduction in the laboratory. Studies have shown
that the content and presence of metals in the laboratory are quite different from industrial
equilibrium catalyst agents (E-Cats), especially for heavy metals such as V, Ni, Fe, etc.,
making it important to develop effective heavy metal loading methods [13]. At present,
there are a number of standard methods used in the laboratory to simulate industrial
equilibrium agents, mainly the Mitchell Incipient Wetness Impregnation (MI), Cyclic Metal
Deposition (CMD), Cyclic Propylene Steaming (CPS), and the Engelhard Transfer (ETM)
methods. Buurmans et al. [14] investigated the effect of nickel and vanadium deactivation
on the structure and acidity of FCC catalyst particles using steaming cyclic deactivation and
the Mitchell impregnation method. Etim et al. [15] investigated the influence of residual cat-
alyst acidity on catalytic products. The Mitchell (MI) method of simulating metal-poisoned
catalysts exaggerates both the industrial E-Cat properties and the catalytic behavior, espe-
cially at high loadings. Nguyen et al. [16] investigated the effect of hydrothermal conditions
on the catalytic deactivation of an FCC catalyst using a cyclic propylene steaming method.
Implementation of CDM and CPS methods is very difficult and time-consuming, and there
is a deviation in coke and gas yield [17-19]. Lerner et al. [20] investigated the assessment
of deactivation from vanadium interaction with Fluid Catalytic Cracking Catalyst using
ETM. However, there is no mature technical platform for evaluating the impact of catalysts
on the device; the existing catalyst technical service platform module has simple functions
and insufficient data contrast, meaning that the above methods have never been able to
achieve an effective match between the metal content and category of laboratory catalysts
and industrial E-Cats.

Multi-Cyclic Deactivation (MCD) is currently the closest laboratory heavy metal
pollution simulation pretreatment method to the actual operating conditions of the industry.
The core principle is to use raw oil configured with organic compounds of heavy metal
as the simulation oil and to achieve contact reaction between the catalyst and the raw oil
in a fixed fluidized bed reactor. Heavy metals are deposited on the surface of the catalyst
through a cracking reaction, then the catalyst activity is restored through a regeneration
process with water vapor, meanwhile achieving hydrothermal aging of the catalyst. This
reaction regeneration process is recorded as a cycle. After a long period of multiple cycles,
the final target heavy metal amount can be deposited on the catalyst. Control of the valence
state and distribution position of heavy metals on the catalyst can be achieved through
multiple cycles of redox postprocessing. Liao et al. [13] investigated the simulation of
iron contamination in the laboratory. The multi-channel cyclic aging device MCD package
consists of four reactors (i.e., four channels), each of which can operate independently
of each other and be installed in a framework that shares utilities, supervisory control,
and data acquisition. Each channel includes a fluidized bed reactor, independent intake
system, deionized water vapor generation system, feed oil supply system, gas product
condensation system, and common circuit system and feed oil pump heating system. The
deactivation of the FCC catalyst in an MCD unit is a simulation of the deactivation processes
in a commercial plant. Using a MCD multi-channel cyclic aging device, it is possible to
obtain a better understanding of the deactivation behavior of FCC catalysts.

Advanced Catalyst Evaluation (ACE) is a new method of catalyst metalation devel-
oped using a spray impregnation technique [21]. It is recognized for its high degree of
automation, low required dosage of agents/oils, short time consumption, and the ability to
conduct six parallel experiments at once, achieving a leap from laboratory to industrializa-
tion for exploring and studying the amplification effect in the catalyst preparation process.
The primary advantages are the need for only a small amount of materials (both raw
materials and catalysts) and good reproducibility. ACE devices have gained recognition
due to their high quality and good heat transfer characteristics. The various functional
catalysts developed in the laboratory adopt simulated treatment methods, to ensure that
they can be as close as possible to the industrial equilibrium agent in terms of their physical
and chemical performance indicators and product distribution after the treatment reaction;
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this allows the use effect of the functional catalyst in the device to be predicted, providing
accurate guidance for industrial operation.

Because the hydrothermal effect and metals deposition are two main factors that
influence catalyst deactivation in commercial FCC units, the typical operating parameters
for hydrothermal aging and metals loading are key to simulating E-Cats in the laboratory.
The MCD and ACE methods are the laboratory simulation pretreatment methods for heavy
metal contamination that can currently preset these operating parameters closest to actual
industrial devices. Therefore, in order to accurately describe both loading characteristics
and efficiency, MCD and ACE have been introduced as pretreatment methods for heavy
metal contamination simulation in the laboratory to investigate the influence of different
loading methods. In this way, characterization data are compared with the data of the
equilibrium catalyst (E-Cat) collected from an industrial unit. A reasonable and effective
metal pretreatment scheme is expected through screening and optimization processing,
which provides reliable experimental data for the analysis of the heavy metal loading
mechanism. After a digital evaluation system for FCC catalysts is established to replace the
pilot test on the basis of shortening the product evaluation cycle and evaluation costs, the lab
simulation methods and their evaluation data can be used to enhance the competitiveness
of catalysts in bidding.

2. Experiments
2.1. Experimental Device

An advanced MCD device was used to simulate an industrial FCC riser system. The
method of heavy metal deposition on the surface of the catalyst can more realistically
simulate the environment experienced by the catalyst in the actual industrial application.
The deactivated catalyst was treated using multiple cycles of cracking, stripping, regen-
eration, and cooling in an MCD (Multi-Cyclic Deactivation) unit produced by 360 KAS
Company (Amsterdam, The Netherlands). The earliest cyclic aging device was licensed by
AKZO CHEMICALS and designed and manufactured by Xytel Europe BV (Amsterdam,
The Netherlands). After years of development, it is now patented by Yabao Catalyst Com-
pany (Charlotte, NC, USA). In 2014, China Petroleum Lanzhou Chemical Research Center
introduced a multi-channel cyclic aging device, becoming the only multi-channel cyclic
aging device in Asia.

The latest ACE Technology is developed and manufactured by Kayser Technology Inc.
Company (MI, USA). The ACE M-100 is a precise tool for placing metals onto a catalyst
via several different pathways, including the crack-on/oil-based technique as well as flash
deposition by aqueous metal salts. The ACE HT-100-2 offers multi-mode capability for
hydrothermally deactivating catalysts under various environments.

The main experimental device for the pretreatment of metal loading on FCC catalysts
is shown in Figure 1. The multi-channel circulation aging device (MCD) can be used
to carry out high-temperature hydrothermal aging, and the target metal amount can be
set for each metal contamination cycle. The Advanced Catalyst Evaluation device (ACE
HT-100-2 and ACE M-100) can couple the hydrothermal aging treatment and heavy metal
cycle loading as well. The cracking performance with different catalysts was tested using
an Advance Cracking Evaluation (ACE Model C) unit developed by Kayser Technology
Inc. Company (MI, USA), using the ACE Model C evaluation device to evaluates the
microcatalytic performance of metal-contaminated catalysts.

2.2. Metal Contamination and Evaluation Scheme

The pretreatment steps and schemes for metal contamination for the MCD method
and ACE method are shown in Figure 2. Taking the MCD method as an example, the steps
in the experimental and evaluation method are as follows:

(1) The fresh catalyst is roasted first, then 100 g is weighed for each reactor.
(2) A series of hydrothermal aging temperatures and times are set, along with the corre-
sponding air flow, water volume, temperature, and other parameters.
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(6)

A micro-catalytic performance evaluation and product cutting distillation analysis for
the initial aging catalyst is conducted to determine the hydrothermal aging method.

Based on the determined hydrothermal aging method, the metal target value is set
and the original oil with heavy metal raw material is configured through the cor-
responding calculation formula for the metal loading. After the experiment, the
metal-contaminated catalysts are removed, weighed, and sealed for subsequent anal-
ysis and testing.

The amount of metal loading on the FCC catalysts is detected by X-Ray fluorescence
analysis to determine whether the catalyst has reached the metal pollution target, and
ACE Model C microcatalytic evaluation is carried out.

The pore volume, specific surface area, unit cell constant, and metal content on the
catalyst are analyzed and the corresponding data on the metal-contaminated catalysts
and equilibrium catalysts are compared.

(a) MCD Aging Device (b) ACE M-100 Metal Aging Device

Figure 1. Main experimental device used for the pretreatment of metal loading on FCC catalysts.

During the operation of multi-channel cyclic metal loading in step (4), the catalytic

cracking catalyst undergoes multiple cycles of reaction cracking, stripping, and high-
temperature regeneration in a fixed bed reactor. In the reaction cracking stage, organic
metal compounds are dissolved in the feed oil, then the feed oil is injected into the reactor
through a feed pump to bring it into contact with the catalyst. The heavy metals are
deposited on the surface of the catalyst. After the reaction is completed, high-purity
nitrogen or water vapor is used for stripping to remove volatile hydrocarbons and the
device is heated to the regeneration reaction temperature. In the regeneration reaction stage,
an oxidizing gas mixed with water vapor is usually used as the treatment gas. The oxidizing
gas can be mixed with high-purity nitrogen and oxygen or with high-purity nitrogen and
sulfur dioxide. The simulation of complete and partial regeneration conditions can be
achieved by adjusting the gas flow rate and gas composition during regeneration.

MCD Method

ACE Method

MCD
metal loading

ACE hydrothermal ACE Model C
initial evaluation| aging method evaluation

ACE-M-100
metal loading

MCD
hydrothermal aging

FCC
catalyst

ACE-HT-100
hydrothermal aging

Figure 2. Pretreatment method and evaluation scheme for metal contamination on FCC catalyst and

evaluation scheme.
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2.3. Experimental Conditions

In the catalyst preparation phase, the catalysts were first sieved using the ALPINE Air
Jet Sieve e200LS (Osaka, Japan) to maintain the particle size distribution. Finally, catalyst
particles ranging from 36 pm to 150 um were obtained. After roasting at 600 °C for 2 h
in a muffle furnace, they were placed in a dryer for later use. Due to the large amount of
catalyst used in this experiment, it was necessary to screen and calcine all the catalysts at
once, then dry and store them uniformly to ensure the uniformity of the catalyst.

(1) The fresh FCC catalysts came from commercial samples numbered LDO-70 and LB-5,
with a particle size between 36-150 pm, and were produced by the catalyst factory of
Lanzhou Petrochemical Company (Lanzhou, China). The two commercial samples
were mixed in a certain proportion, then weighed and subjected to subsequent hy-
drothermal aging and metal loading aging experiments as fresh catalysts for metal
contamination. The mixture was mainly used to regulate the olefin yield; the two
mixtures were used to reduce the error due to heavy metal loading on single catalyst
samples. The fresh catalyst information is listed in Table 1.

(2) Initial conditions for hydrothermal aging adopted the 90-95% water vapor values
recommended by KBC Petro-sim. For the raw 0il, we used a mixed oil provided by
Kayser Technology Inc. Company (MI, USA) with a metal content of 3% for nickel
and 1.64% for vanadium. The metal loading reaction temperature was 600 °C, the
regeneration temperature was 600 °C, and the freezer temperature was 4.0 °C. In
addition, the ratio of catalyst to oil was determined according to the target metal
amount.

(8) The crude oil used for microcatalytic evaluation was the raw material for a 3 million
tons/year catalytic cracking unit. The performance parameters for the crude oil were
374 g/mol of molecular weight, 12.27 mm? /s of viscosity (100 °C), 867.3 kg/m? of
density (70 °C), and 4.17 wt% of residual carbon. The reaction temperature was 530 °C,
with a catalyst-oil ratio of 5.0, while the regeneration temperature was 715 °C and the
freezer temperature was —15.0 °C.

Table 1. Fresh catalysts used for metal contamination.

No. Proportion Potential Device
1#Cat LDO-70: LB-5 = 6:1 3 million—Base
2#Cat LDO-70: LB-5 = 4.25:1 3 million—New

3. Results and Discussion
3.1. Comparison of Modified Conditions for Two Methods

After the completion of hydrothermal accelerated aging of the catalyst, its microactivity
parameters need to be measured to determine its hydrothermal stability. According to
this result, the aging conditions can be adjusted appropriately to bring the obtained aging
catalyst performance closer to that of industrial equilibrium agents. First, by studying
the aging conditions of key hydrothermal aging temperatures, an adjustment strategy for
aging temperature and time is obtained; then, other hydrothermal aging conditions are
adjusted to obtain a series of aging samples for microreaction analysis and fine tune the
aging method based on the results at all levels. By combining the testing and adjustment
of heavy metal pollution methods, the aging conditions of MCD and ACE methods were
ultimately obtained.

By comparison with the reference conditions and conversion, the modified conditions
for the MCD and ACE methods are listed in Table 2. The reference conditions from Petro-
sim of KBC Corporation [13] was the evaluation basis for the commercial FCC catalyst, and
the modified conditions were used to check and select the appropriate operating parameters.
For the same fresh catalyst sample, the hydrothermal aging condition of ACE method is
more severe than that of MCD method; however, the effect of metal contamination is
the opposite.
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Table 2. MCD and ACE conditions for hydrothermal aging and heavy metal contamination.
No. Description Ref. Steaming Cond. Ref.oConv. MCD Method ACE Method
Temp Hours Press Steam %o Temp Hours Temp Hours
1 Fresh 705 6 1 95% 76.74 725 18 735 24
2 Mild 760 6 1 95% 71.85 780 18 790 24
3 Moderate Base 775 6 1 95% 69.13 795 18 805 24
4000 ppm Ni 5000 ppm Ni
o, *
7 Moderate + Metals 775 6 1 95% 68.44 7000 ppm V 3000 ppm V
8 Severe 795 6 1 95% 67.1 805 18 815 24
Note: * The reference conversion of 68.44 wt% was given on the case of 3000 ppmw Ni and 3000 ppmw V.
3.2. Comparison of Heavy Metal Loading Efficiency
3.2.1. MCD Method
According to the FCC catalyst database, the average annual metal amount for the
chosen equilibrium catalyst is 4429 ppm of Ni and 7137 ppm of V. Thus, the MCD device
was set with the target metal levels of 4000 ppm Ni and 7000 ppm V, and the configuration
of feedstock oil and heavy metal were matched. Then, the metal loading scheme was
improved in order to obtain ideal metal contamination results for 1#Cat and the optimized
loading scheme was tested on another sample of 1#Cat. The metal contamination results
are listed in Table 3. As can be seen from Table 3, the metal content removed by the default
setup was only half of the target value. After reconfiguring the feedstock oil metal content
and enhancing the times of the new reaction unit cycles, the metal content was closer to the
target value. Through an analysis of the measurement results, it can be seen that a suitable
MCD method for metal contamination was established after optimization of the reaction
conditions and parameters.
Table 3. Heavy metal contamination using the MCD method.
Metal Contamination Results for 1#Cat
Loading Scheme
Ni/ppm RSD (%) V/ippm RSD (%)
Target value 4000 - 7000 -
Default setup 2200 0.56 3500 0.44
Enhance metal ratio in feed oil 2500 0.47 4000 0.39
Enhance times of reactor cycles 3400 0.27 6300 0.22
Metal contamination results for 2#Cat
Enhance times of reactor cycles 3900 0.31 6300 0.25

3.2.2. ACE Method

For the ACE method adopted the ACE M-100 device to carry out the metal loading test
with target metal contents of 4400 ppm Ni and 7100 ppm V; the configuration and results
are presented in Table 4. The parallel test used the same amount of catalyst and metal in
the base oil with a different ratio of catalyst to oil and injection time in order to maintain
the same loading results. The parallel tests all showed high metalated catalyst recovery
of above 99.5%, and the metal content on catalyst was even slightly higher than the target
value, which demonstrates excellent metal loading efficiency. Although the MCD device
was able to achieve integrated hydrothermal and metal aging, there was a certain deviation
between the total metal loading amount and the target value. The ACE device has an
excellent material balance recovery rate, which ensured the accuracy of the experiment,
and was able to achieve the metal contamination targets. Compared with the results of
the MCD method, the ACE device has a significant advantage in the ability to set a lower
target value for metal loading; however, the hydrothermal conditions of the ACE device
aging method are more stringent.
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Table 4. Heavy metal contamination with ACE method, showing the parallel accuracy.

Catalyst No. 1#Cat-1 1#Cat-2 1#Cat-3
Catalyst Load, gms 100.0 100.0 100.2
Ni Oil, gms 1.881 1.871 1.871
Mass of Feed V Oil, gms 5.521 5.503 5.503
Base Oil, gms 3.267 4.696 4.696
Cat-to-Oil Ratio, wt/wt 9.37 8.28 8.30
Pre-Feed Oil, secs 40 80 80
Ni Oil, secs 85 88 88
Injection Time V Oil, secs 250 254 254
Base Oil, secs 120 150 150
Cat. Stripping, secs 180 300 300
Ni, ppmw 4515 4492 4483
Calculated Metals on Catalyst
V, ppmw 7243 7220 7206
Expected, gms 101.75 101.75 101.95
Metallated Catalyst Product Measured, gms 101.30 101.20 101.40
Recovery, wt % 99.6 99.5 99.5

3.3. Microcatalytic Performance of Metal-Contaminated Catalysts

An equilibrium catalyst (E-Cat) with a high level of iron contamination was col-
lected from WEPEC, the industrial plant of the Dalian West Pacific Petrochemical Co.,
Ltd. (Dalian, China). The microcatalytic performance of the metal-contaminated catalysts
are presented in Figure 3, and the detail product distribution of dry gas, coke, liquefied
petroleum gas (LPG), gasoline, and diesel (light cycle oil, LCO) are listed in Table 5. In
comparison with the equilibrium catalyst (E-Cat.), 1#Cat for the MCD and ACE methods
has similar conversion to the E-Cat, while the deactivation is more severe for 2#Cat. When
using the MCD method, the metal-contaminated catalysts have less coke, gasoline, and
bottoms than when using E-Cat and ACE. This demonstrates that the catalysts are less
deactivated due to the lower metal contamination. Although its metal loading accuracy and
parallel efficiency are similar even through multiple cycles and simulations of industrial
devices, the simulated metal-contaminated catalyst of ACE still has difference from the
industrial E-Cat. Therefore, the catalytic performance is somewhat different with E-Cat.
Moreover, the catalyst performance for the ACE method has similar hydrogen and coke
yields to those of E-Cat, which proves the advantage of metal loading for the ACE method.

60 100
| —®—E-Cat.
L @ 1#CaMCD
i 2écarMcD K 80 |- Gasoline
v #Cat-ACE i\ I Lco
S 40 - —@ 2#Cat-ACE ”,r/’/ \4\ S Il Bottoms
© 3 /] \ = 600
% 30 7\ g
< \ =]
I \ D40 |
~20 | .4 \ >
r /N i\ e
7 & SN 20
or / |
F ‘4;,/‘{' I
0 ’: 1 1 1 1 1 O O Q/ Q)
& o & 0 & 3 < < C <
Q’a Q& \30 :ﬁ:’e\\ \S./ 0‘6'0\ Q},C C‘b\ﬂ\ & (ﬁﬁ\ R & ¢ ‘b’y?’
S < K A K ¥

Figure 3. Product distribution of metal-contaminated catalysts.
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Table 5. Microcatalytic performance for the metal-contaminated catalysts.

Description E-Cat 1#Cat-MCD 2#Cat-MCD 1#Cat-ACE 2#Cat-ACE
Cracking Temp., °C 515 515 515 515 515
Cat.-to-Oil, wt/wt 5 5 5 5 5
Yields, wt%:
Dry Gas 2.87 2.86 2.55 1.87 1.99
LPG 18.58 20.93 18.79 14.15 11.42
Gasoline 47.73 50.24 43.35 50.38 48.75
LCO 13.34 14.48 15.55 14.97 16.77
Bottoms 8.96 7 15.37 11.06 13.35
Coke 8.52 4.37 412 7.57 7.71
Recovery, wt% 100.1 99.87 99.72 100 100
Conv., wt% 77.7 78.4 68.81 73.97 69.87
total liquid yield, wt% 79.65 85.64 77.69 79.5 76.95
Light yield, wt% 61.08 64.71 58.9 65.35 65.52
Selectivity, wt%:
Dry Gas/Conv. 0.037 0.036 0.037 0.025 0.028
LPG/Conv. 0.239 0.267 0.273 0.191 0.163
Gasoline/Conv. 0.614 0.641 0.630 0.681 0.698
Coke/Conv. 0.110 0.056 0.060 0.102 0.110
Gas Yields, wt%
Hydrogen 0.54 0.17 0.09 0.45 0.59
Hydrogen Sulfide 0.01 0.01 0.01 0 0
Methane 1.12 1.25 1 0.62 0.64
Ethane 0.65 0.63 0.71 0.4 0.4
Ethylene 0.55 0.8 0.74 0.4 0.37
Propane 1.73 2.06 1.44 0.61 0.49
Propylene 5.69 5.82 5.49 4.25 3.5
n-Butane 0.84 1.25 1.07 0.57 0.4
Isobutane 5.69 7.13 6.06 2.69 1.74
1-Butene 1.66 1.18 0.98 1.22 1.05
Isobutylene 2.04 1.52 1.49 1.82 1.79
c-2-Butene 1.26 0.81 1.03 1.27 1.04
t-2-Butene 1.35 1.15 1.24 1.69 1.38

4. Conclusions

Two pretreatment methods of metal loading on FCC catalysts are presented in lab-
oratory simulations of metal contamination on industrial equilibrium catalysts. The pre-
treatment schemes are tested and proven to be applicable for the analysis of heavy metal
loading mechanisms.

(1) With the help of modern devices, the typical operating parameters for hydrothermal
aging and metal loading can be adjusted to suit different metal types and content
targets in both the MCD and ACE methods. These two simulation methods can obtain
extremely high data accuracy for metal contamination while ensuring the parallel
reliability, repeatability, and reproducibility of experimental results.

(2) The MCD method has advantages in the basic hydrothermal aging treatment, although
the high level of metal loading is slightly less than the target value, which leads to
lower deactivation and hydrogen yield. Enhancing the metal ratio in the feed oil or
the timing of the reactor cycles could improve the metal loading efficiency.

(3) The ACE method has significant advantages for metal contamination thanks to precise
loading amounts and excellent metal loading efficiency. In addition, the simulated
metal-contaminated catalyst has similar activation to that of industrial equilibrium
catalysts. The pretreatment scheme can be used for commercial evaluation for new
catalysts, and allows fundamental experiments for metal contamination and its im-
provement for FCC catalysts.
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