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a b s t r a c t

This paper reports the application of multi-component hydrocracking catalyst grading technology in
diesel hydrocracking system to increase naphtha, and studies the influence of catalyst systems with
different number of graded beds on the reaction process of diesel hydrocracking. Three hydrocracking
catalysts with different physicochemical properties as gradation components, the diesel hydrocracking
reaction on catalyst systems of one-component, two-component and three-component graded beds with
different loading sequences are carried out and evaluated, respectively. The catalytic mechanism of the
multi-component grading system is analyzed. The results show that, with the increase of the number of
grading beds, the space velocity of reaction on each catalyst increases, which can effectively control the
overreaction process; along the flow direction of feedstock, the loading sequences of catalysts with
acidity decreasing and pore properties increasing can satisfy the demand of different catalytic activity for
the conversion of reactant with changing composition to naphtha, which has a guiding role in the
conversion of feedstock to target products. Therefore, the conversion of diesel, the selectivity and yield of
naphtha all increase significantly on the multi-component catalyst system. The research on the grading
technology of multi-component catalysts is of great significance to the promotion and application of
catalyst systems in various catalytic fields.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Refining and chemical integration can produce huge synergistic
effects and improve the anti-risk ability of enterprises, which has
become the development trend of the world petrochemical in-
dustry (Popovi�c et al., 2016). Hydrocracking technology has the
advantages of wide range of raw materials (Dik et al., 2019; Peng
et al., 2018), strong purpose of catalyst system (Angeles et al.,
2014), flexible product types and excellent quality (Zhang et al.,
2007). It can realize multiple production schemes, such as pro-
ducing more chemical raw materials (Cao et al., 2022; Sihombing
et al., 2020), more jet fuels and more middle distillate oil (Miao
et al., 2021). Therefore, the hydrocracking technology can provide
strong technical support for the continuous and high-speed
y Elsevier B.V. on behalf of KeAi Co
development of refining and chemical integration. Catalyst sys-
tem is the core of hydrocracking technology (Saab et al., 2020), the
updating and optimization of which is an effective method to
promote the extensive application of hydrocracking technology in
refining and chemical integration. Several research institutions
(Bellussi et al., 2013; Dai et al., 2016; Dik et al., 2014) have reported
that in the fixed bed hydrocracking reactor, the composition of
reactants is constantly changing with the direction of feedstock
flow, and the single-component catalyst in the traditional hydro-
cracking technology cannot meet the demand of reactant mole-
cules changing with the reaction for catalyst activity. Therefore, the
multi-component catalyst grading technology has gradually been
widely concerned by domestic and foreign researchers (Azizi et al.,
2013; Peng et al., 2020). The company of Advanced Refining Tech-
nologies have successfully developed the Stax technology of cata-
lyst grading (Weng et al., 2020), through two catalysts with high
hydrogenation activity and high desulfurization activity, respec-
tively. It is also found that the combining of two catalysts with
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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different functions improves the desulfurization efficiency of diesel
at different positions in the reactor, and the change of the loading
position of the same catalyst will also affect the desulfurization
effect of diesel. Threlkel et al. (2010) used the graded combination
of desulfurization catalyst and catalytic cracking catalyst to treat
the micro-carbon residue and metal components in heavy oil. The
results of the test showed that the grading of the two catalysts not
only reduced the hydrogen consumption in the reaction process,
but also enriched the products in the range of high added value
products such as light fraction, gasoline fraction and liquefied pe-
troleum gas. Peng et al. (2016) gradated the MoeCo catalyst with
high trans alkylation performance and WeMoeNi catalyst with
high hydrogenation activity to improve the desulfurization effi-
ciency. It is found that the raw material passed through the
WeMoeNi catalyst with high hydro-denitrification activity and the
MoeCo catalyst with high hydrodesulfurization activity succes-
sively, which effectively reduced the inhibition of alkylation on
nitrides and alleviated the restriction of too high reaction tem-
perature on thermodynamic equilibrium. Therefore, the grading of
MoeCo catalyst and WeMoeNi catalyst can more effectively
remove the 4, 6-dimethyldibenzothiophene from the feedstock.

To sum up, the current research on catalyst grading technology
mainly focuses on catalysts with different functions as grading
components, but the research of catalysts with the same function
with different activities is rarely involved. Due to the continuous
change of the reactant composition in reaction process, the catalyst
system including the catalysts with same function, can satisfy the
catalytic activity required for the conversion of dynamic reactants
to the target product, and provide guidance for the directional
conversion of the raw materials. It not only promotes the full
conversion of the raw materials, but also facilitate the formation of
the target product. Therefore, it is an efficient way to speed up the
efficiency of catalytic reaction to conduct gradation research on
catalysts with the same function to build a catalyst system highly
matched with the reaction process.

In this paper, the grading technology of catalysts with the same
function was studied for the first time. Three hydrocracking cata-
lysts with different activities supported by ultra-stable Y zeolite
(USY) and amorphous silicon-alumina (ASA) composite materials
(Cat-ASA1.7, Cat-ASA0.7 and Cat-ASA4.0) were used as graded com-
ponents, and with different loading sequences, the single-
component catalyst bed, two-component catalyst bed and three-
component catalyst bed were designed respectively. The effects of
different number of catalyst grading beds and the loading sequence
of catalysts on hydrocracking efficiency were discussed. Taking the
reaction process of diesel hydrocracking to produce more naphtha
as the evaluation system, the effect of different gradation schemes
of hydrocracking catalyst on the reaction system was studied
through the combined of chromatography and mass spectrometry
of products.
Scheme 1. Loading methods of three different catalyst graded beds.
2. Experimental

2.1. Catalysts preparation

The catalyst was composed of 22.5 wt% ASA, 30.0 wt% USY,
17.5 wt% alumina sol and 30.0 wt% metal (Ni, W). The USY was
mixed with the ASA (molar Si/Al ratio ¼ 0.7, 1.7 and 4.0 respec-
tively), and then mixed with the alumina sol to prepare the com-
posite supports. After that, the composite supports were co-
impregnated by the aqueous solution of nickel nitrate and ammo-
nium tungstate with the contents of 6.0 wt% and 24.0 wt% to obtain
the catalysts Cat-ASA0.7, Cat-ASA1.7, Cat-ASA4.0.
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2.2. Characterization

XRD, Bruker AXSD8 Advance X-ray diffractomet, analyzed the
bulk structure of the catalysts; SEM, Quanta 200 (FEI Co.,
Netherlands), was used to see the surface morphology of catalysts;
N2 adsorption-desorption, Builder KuboX1000, characterized the
specific surface area and pore structure of catalysts; Py-IR, VERTEX
80V spectromet, was used fordetecting the total acid and the acid
density of catalysts; HRTEM, Philips Tecnai G2 F20 electron micro-
scopy, was determined the distribution on the catalyst surface.
2.3. Catalytic testing and product analysis

The fixed bed reactor was for testing the catalytic activity of
catalyst. In the reactor, the loading modes of single component
catalyst, two-component catalyst and three component catalyst
were shown in Scheme 1. The bed diameter of all loading modes is
13 mm, and the height of each catalyst bed in the single component
catalyst, two-component catalyst and three component catalyst are
40, 20, 13 mm, respectively. In the multi-component catalyst
loading modes, the catalyst volume of each bed is same. Quartz
wool was added between the catalyst beds to prevent the catalysts
from contacting and mixing with each other.

The evaluation process of hydrocracking reaction took diesel as
feedstock, naphtha as target product, and the pressurewas 6.5MPa,
temperature was 370 �C, the liquid space velocity was 1 h�1, H2 to
diesel ratiowas 1000 (v/v). The properties of feedstock are shown in
Table 1. Before reacting, cyclohexane containing 3wt% CS2was used
to sulfurize the catalysts. The liquid products were analyzed by
chromatography with a simulated distillation packed column. The
calculation equations of diesel conversion and naphtha selectivity
were as follows. The specific composition of the liquid product was
analyzed by the combination of chromatography and mass
spectrometry.

Xdieselð%Þ¼
Mdiesel�feed �Mdiesel�product

Mdiesel�feed
� 100% (1)

Snaphthað%Þ¼
Mnaphtha�product

Mdiesel�feed �Mdiesel�product
� 100% (2)

where, Mdiesel�feed, Mdiesel�product are the quality of diesel in the
feedstock and product, Mnaphtha�product is the quality of naphtha in
the product.



Table 1
Properties of feedstock.

Characteristic Value

Boiling range

IBP/10% 175/221
30%/50% 252/272
70%/90% 294/323
95%/EBP 336/371
Density (20 �C), g/cm3 0.887
Sulfur content, mg/g 6.1
Nitrogen content, mg/g 4.0
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3. Results and discussion

3.1. Characteristics of the catalyst

3.1.1. XRD analysis
Fig. 1 shows the XRD patterns of the catalysts. There are eight

typical characteristic peaks of USY on the three catalysts, at 15.7�,
18.7�, 20.4�, 23.6�, 27.1�, 30.8�, 31.5�, 34.2� respectively (Meng et al.,
2012). No obvious difference is among the spectra of the catalysts,
which indicates there is the similar internal structure of these
catalysts (Saab et al., 2020). No characteristic peaks belonging to
pure SiO2, Al2O3, metals Ni and W compounds can be observed
(Pyagay et al., 2022). It means that the silicon and aluminum spe-
cies in ASA and aluminum sol in each catalyst exist in amorphous
form (Yao et al., 2001), and the crystallite size formed by Ni and W
species are too small to be found by XRD device (Zhang et al., 2013).

3.1.2. Texture property
Fig. 2(a) and (b) are the isotherm of adsorption and desorption,

the pore size distribution of catalysts respectively. As the Fig. 2(a)
shown, all the catalysts have the adsorption isotherm curves of type
IV and the hysteresis loops of type H-III, which indicates the exis-
tence of mesoporous structures (Tan et al., 2007). Fig. 2(b) is the
pore size distribution of catalysts, and the most probable pore size
of the catalysts decreases in the order of Cat-ASA0.7 > Cat-
ASA1.7 > Cat-ASA4.0. The most probable pore size of Cat-ASA0.7 and
Cat-ASA1.7 catalyst are around 15 and 10 nm respectively, which
functionwell in promoting the diffusion and chemical adsorption of
diesel macromolecules (Ding et al., 2016), as well as the
Fig. 1. XRD patterns of the catalysts.
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accessibility of acid sites (Ivanova et al., 2004; Licea et al., 2014).
However, the most probable pore size of Cat-ASA4.0 catalyst is only
6 nm, which is due to the enrichment of a large amount of silica
colloidal particles with small particle size on the surface of ASA4.0
blocking the pore structures (Busca, 2020; Zhu et al., 2018). And the
mesoporous structure of catalyst is mainly improved by ASA (Feng
et al., 2022; Ge et al., 2022), so the pore size of the Cat-ASA4.0
catalyst is smaller than the others.

Table 2 is the texture property of the catalysts, which includes
the surface area, volume ofmesopores (Vmeso), pore size (dmean) and
the Vmeso content (Cmeso). The values of these attributes decrease in
the order of Cat-ASA0.7 > Cat-ASA1.7 > Cat-ASA4.0, and Cat-ASA0.7
catalyst has the best texture properties, especially has the highest
surface area, Vmeso and Cmeso, which is consistent with the results
obtained from Fig. 2(a). The lowest Vmeso (0.406 g/mL) and Cmeso
(75.0%) means the poor mesoporous characteristics of Cat-ASA4.0,
which is not conducive to effective internal diffusion and chemical
adsorption of diesel macromolecules and is consistent with the
pore size distribution in Fig. 2(b).

3.1.3. Acid property
Table 3 is the acid distribution on the catalysts. All the content of

Brønsted acid sites (BAS), the B/L value representing the relative
content of BAS and the total acid of catalysts decrease in the order
of Cat-ASA4.0 > Cat-ASA1.7 > Cat-ASA0.7 at 200 and 350 �C. During
testing, as the temperature increases from 200 to 350 �C, the pyr-
idine molecules on the weaker acid sites would be desorbed
(Hensen et al., 2010), so the total amount of medium and strong
acids measured at 350 �C is positively correlated with the acid
strength of the catalyst. The BASwith strong acidity is themain acid
sites in the hydrocracking process (Sanchez Escribano et al., 2017),
Lewis is the weak acid site (Song et al., 2013), and the Lewis acid
sites (LAS) can assist the BAS in raw material processing (Li et al.,
2020; Song et al., 2013), so the content of BAS plays an important
role on the hydrocracking activity of catalyst. The B/L value is the
relative content of BAS and LAS (Zholobenko et al., 2020), the value
is related to the synergy between the two acid sites (Guo et al.,
2022). Obviously, the acid amount and the acid strength of each
catalyst also decrease in the order of Cat-ASA4.0 > Cat-ASA1.7 > Cat-
ASA0.7.

Table 4 shows the acid sites density of catalysts, which is ob-
tained by the ratio of the acid amount to the specific surface area of
each catalyst. It is the amount of the acid sties on the per unit area
of catalysts, and it has been confirmed that it can effectively affect
the selectivity of light oil (Derouane et al., 2013; Dik et al., 2019; Liu
H. et al., 2022). The density of BAS increases with the increase of the
ASA Si/Al ratio (Saber and Gobara, 2014). But the density of LAS is
the lowest at the Cat-ASA1.7 catalyst, which is consistent with the
references (Saber and Gobara, 2014), and it results in the lowest
total acid density of this catalyst. Nevertheless, the medium strong
acid density of each catalyst tested at 350 �C still decreases in the
order of Cat-ASA4.0 > Cat-ASA1.7 > Cat-ASA0.7, which is consistent
with the changing trend of BAS density. It means the content of acid
sites mainly for cracking process on per unit area of the three cat-
alysts decreases also in the order of Cat-ASA4.0 > Cat-ASA1.7 > Cat-
ASA0.7, as does the cracking property (De et al., 2010; Wang et al.,
2020).

3.1.4. Surface property
Fig. 3 is the TEM photograph of catalysts in vulcanized state, and

the metal sulfide with stacked strip can be seen clearly in every
picture. It has been reported that metal components with high
hydrogenation activity mostly exist in the corner positions of metal
sulfides (Liu et al., 2022; Liu J.X. et al., 2022; Zhou et al., 2018).
Therefore, the shorter the strip structure or the more stacking



Fig. 2. (a) N2 absorption-desorption isotherms of catalysts; (b) Pore size distribution.

Table 2
Preparation of the catalysts under different conditions.

Samples Surface area, m2$g�1 Pore volume, mL$g�1 dmean,
nm

Cmeso, %

Vtatal Vmicro Vmeso

Cat-ASA0.7 318 0.746 0.131 0.615 5.48 82.0
Cat-ASA1.7 306 0.740 0.148 0.592 5.31 80.0
Cat-ASA4.0 263 0.541 0.135 0.406 4.21 75.0

Table 3
Acid distribution of catalysts.

Samples Amount, mmol/g and distribution of acid sites

Total acid (200 �C) Medium and strong acid
(350 �C)

B L B þ L B/L B L B þ L B/L

Cat-ASA0.7 127 546 673 0.233 114 453 567 0.252
Cat-ASA1.7 186 491 677 0.379 176 432 608 0.407
Cat-ASA4.0 223 539 762 0.414 211 485 696 0.435

Table 4
Acid density distribution of catalysts.

Samples Acid density, mmol/m2 and distribution of acid sites

Total acid (200 �C) Medium and strong acid
(350 �C)

B L B þ L B/L B L B þ L B/L

Cat-ASA0.7 0.415 1.784 2.199 0.233 0.373 1.480 1.853 0.252
Cat-ASA1.7 0.585 1.544 2.129 0.379 0.553 1.358 1.912 0.407
Cat-ASA4.0 0.848 2.049 2.897 0.414 0.802 1.844 2.646 0.435
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layers of metal sulfides, the more highly active components exist,
which means that the stronger the hydrogenation activity of the
catalyst (Li et al., 2014; Wang et al., 2020; Yan et al., 2023). The
content of metal sulfide with short strip structure and many
stacking layers decreases in the order of Cat-ASA0.7 > Cat-
ASA1.7 > Cat-ASA4.0, which indicates the hydrogenation activity of
the catalyst also decreases in this order (Peng et al., 2022; Voiry
et al., 2013).

3.2. Test of grading catalysts bed

3.2.1. Single-component catalyst beds
The hydrocracking activity of the single component catalyst bed

is evaluated by the hydrocracking reaction system of diesel. The
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loading method of the catalyst is shown in Scheme 1(a), and the
product distribution is shown in Table 5. The content of gas in the
product increases in the order of Cat-ASA0.7 < Cat-A SA1.7 < Cat-
ASA4.0, all of which are consistent with acid density and acid
strength of the catalyst. Especially the catalyst Cat-ASA4.0 with the
gas content as high as 18.3%, it has the largest acid density and
strongest acid, which provides enough power for cracking (Peng
et al., 2022). But the narrow pore structure of catalyst Cat-ASA4.0
is not conducive to product diffusion timely, resulting in the
continuous cracking of the target product and the generation of gas
(Wang et al., 2021). On the contrary, the content of diesel in the
product of catalyst Cat-ASA0.7 is as high as 20.7%, which means that
the conversion of diesel on this catalyst is hindered. Although the
good hydrogenation activity of catalyst Cat-ASA0.7 can promote in
the ring-opening process of fused rings (Song, 2003; Wang et al.,
2020), the great structural properties can provide sufficient reac-
tion space for the reaction (Busca, 2019; Perras et al., 2019), but the
lowest acid density and worst acid strength cannot provide suffi-
cient active sites and cracking power for diesel conversion.

Fig. 4 shows the hydrocracking activity of a single component
catalyst bed. The conversion of diesel on catalyst Cat-ASA0.7 is the
lowest at 78%, which corresponds to the high diesel content in the
product of the catalyst in Table 5. The catalyst Cat-ASA4.0 shows the
highest diesel conversion rate, but the lowest naphtha selectivity
and yield, which confirms again that the target product is over-
cracked on this catalyst. The catalyst Cat-ASA1.7 has the best cata-
lytic performance, the diesel conversion rate up to 90%, the naphtha
selectivity and yield up to 72% and 65%, respectively. It is due to the
density of acid sites and acid strength on the catalyst Cat-ASA1.7 are
only inferior to the catalyst Cat-ASA4.0, the texture property and
hydrogenation activity are second only to catalyst Cat-ASA0.7.
Therefore, it has good hydrogenation and cracking activity, as well
as sufficient reaction diffusion space, which is not only beneficial to
the hydrocracking reaction of diesel, but also helps the products
leaving the active site immediately to improve the selectivity of
naphtha.

3.2.2. Two-component catalyst beds
The three catalysts Cat-ASA0.7, Cat-ASA1.7 and Cat-ASA4.0 are

combined orthogonally in pairs, and the two-component beds of A
and B are packed at a volume ratio of 1/1. The packing method is
shown in Scheme 1(b). There are three gradation combinations,
denoted as Com-1, Com-2 and Com-3, respectively. The acid density
and B/L value of these three catalysts decrease in the order of Cat-
ASA4.0 > Cat-ASA1.7 > Cat-ASA0.7. Therefore, the loading sequence of



Fig. 3. TEM images of catalysts.

Table 5
Product distribution of diesel hydrocracking on catalysts.

Catalyst Cat-ASA0.7 Cat-ASA1.7 Cat-ASA4.0

Gas, wt% 6.0 8.6 18.3
Liquid, wt% 94.0 91.4 81.7

Naphtha 73.3 82.2 75.2
Diesel 20.7 9.2 6.5

Fig. 4. Diesel hydrocracking activity of catalysts.
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increasing catalyst acidity is defined as positive sequence (Com-N)
and decreasing catalyst acidity is defined as negative sequence
(Com-S) in the logistics direction at all levels. The specific loading
method is shown in Scheme 1(b). The gradation combination of
each catalyst is shown in Table 6.

Table 7 shows the product distribution results of the diesel hy-
drocracking reaction in the two-component catalyst gradation
system. The gas content in the products of various combinations
increases in the order of Com-1 < Com-2 < Com-3, which is
consistent with the acidity of the catalysts in the combination, and
the naphtha content increases in the order of Com-1 < Com-
3 < Com-2. The product distribution of the Com-S grading system is
better than that of Com-N, which is shown by the low content of gas
and diesel components in the product and the high content of
naphtha. This phenomenon occurs in each catalyst combination.
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According to the characterization results of the catalysts in the
preceding part, the reason is that the two catalysts in grading
combination form a buffer active channel with strong to weak
cracking capacity, and the raw materials through narrow to wide
channels, which improves the catalytic efficiency of the grading
system.

Fig. 5 shows the evaluation results of diesel hydrocracking re-
action activity on the two-component catalyst gradation system. It
can be clearly seen that the conversion rate of diesel of all grades
combinations decreases in the order of Com-2 > Com-3 > Com-1,
and the order of naphtha selectivity and yield is in the order of
Com-2 > Com-1 > Com-3 decreasing. The Com-S grading systems
have higher catalytic activity than the Com-N, which are consistent
with the results in the Table 7. Among them, the Com-2-S combi-
nation has the highest catalytic activity, with the diesel conversion
rate, naphtha selectivity and yield are as high as 95.0%, 75.0% and
71.0%, respectively.

In the two-component grading system, due to the loading vol-
ume of each bed catalyst is only half of the single component bed
catalyst, the reaction space velocity is twice that of the single
component catalyst bed, which keeps the overreaction process
controlled. Furthermore, in the graded bed of Com-S, the acidity of
the catalyst decreases with the flow direction of the feedstock, and
then the composition of reactants is becoming lighter and lighter.
Then, with the increasing pore size, the reactants in feedstock are
screened, and the macromolecular substances are preferentially
processed (Yue et al., 2017). At the same time, the sufficient pore
structure is used to promote product diffusion, which not only
promotes the conversion of the diesel and the generation of
naphtha, but also alleviates the excessive cracking process. It can be
inferred that the catalyst packed in the order of decreasing acidity
and increasing texture properties is more conducive to improving
the conversion of raw materials and the selectivity of target
products.
3.2.3. Three-component catalyst beds
The catalyst Cat-ASA0.7, Cat-ASA1.7 and Cat-ASA4.0 are orthogo-

nally combined as three-component catalysts, and the hydro-
cracking performance of different gradation methods is studied.
The loading of the three-component graded bed is adding the C
component of catalyst based on the grading combination of two-
component catalyst, and renames it as Com-4, Com-5 and Com-6.
Moreover, the loading sequence of catalyst acidity with increasing
and decreasing are still marked as Com-N and Com-S, respectively.
The specific loading method of the three-component gradation bed
of A, B, and C is shown in Scheme 1(c), and the specific catalyst
gradation combination is shown in the Table 8.



Table 6
Catalyst combination of two-component graded bed.

Grade bed Com-1 Com-2 Com-3

Com-1-N Com-1-S Com-2-N Com-2-S Com-3-N Com-3-S

A Cat-ASA0.7 Cat-ASA1.7 Cat-ASA0.7 Cat-ASA4.0 Cat-ASA1.7 Cat-ASA4.0

B Cat-ASA1.7 Cat-ASA0.7 Cat-ASA4.0 Cat-ASA0.7 Cat-ASA4.0 Cat-ASA1.7

Table 7
Product distribution of diesel hydrocracking in two-component graded bed.

Catalyst Com-1 Com-2 Com-3

Com-1-N Com-1-S Com-2-N Com-2-S Com-3-N Com-3-S

Gas, wt% 17.6 13.3 20.7 19.3 21.2 23.1
Liquid, wt% 82.4 86.7 79.3 80.7 78.8 76.9

Naphtha 56.9 64.1 72.1 76.7 66.2 72.3
Diesel 25.5 22.5 7.1 4.0 12.6 4.6

Fig. 5. Diesel hydrocracking activity of two-component graded catalyst beds.

Table 9
Product distribution of diesel hydrocracking in three-component graded beds.

Catalyst Com-4 Com-5 Com-6

Com-4-N Com-4-S Com-5-N Com-5-S Com-6-N Com-6-S

Gas, wt% 18.1 13.8 15.1 9.3 10.0 6.9
Liquid, wt% 81.9 86.2 84.9 90.7 90.0 93.1

Naphtha 73.7 81.0 80.7 83.4 86.4 90.3
Diesel 8.2 5.2 4.2 7.3 3.6 2.8
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Table 9 shows the distribution results of the diesel hydro-
cracking reaction products of the three-component catalyst
gradation system. It can be found that the gas content in the
products increases with Com-6 < Com-5 < Com-4, and the naphtha
content decreases with Com-6 > Com-5 > Com-4. Obviously, the
catalytic activity order of the three-component gradation combi-
nation is Com-6 > Com-5 > Com-4. Compared with the two-
component catalyst grading system, the gas content and diesel
residue in the product of the three-component catalyst grading
system are significantly reduced, while the naphtha content is
significantly increased. Only the product of Com-4-N grading
combination contains 73.7% naphtha, and the naphtha content of
other graded combinations is higher than 80.0%. Among them, the
Table 8
Catalyst combination of three-component graded bed.

Grade bed Com-4 Com-5

Com-4-N Com-4-S Com-5-

A Cat-ASA0.7 Cat-ASA1.7 Cat-ASA
B Cat-ASA1.7 Cat-ASA0.7 Cat-ASA
C Cat-ASA4.0 Cat-ASA4.0 Cat-ASA
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naphtha content of Com-6-S grading combination with the best
catalytic performance is as high as 90.3%, while the diesel content is
only 2.8%, which is higher than that of the Com-2-S in the two-
component grading system.

In addition, the phenomena that the product distribution of
Com-S grading system is better than that of Com-N grading system,
is more obvious. Similarly, with the two-component grading sys-
tem, the loading volume of each layer of catalyst further decreases,
and the corresponding reaction space velocity increases, which
shorts the contact time between each layer of catalyst and feed-
stock, so effectively prevents the occurrence of overreaction pro-
cess. In addition, in the flowing direction of feedstock, the grading
channel, with catalyst acidity decreasing and pore structure
increasing, is denser and then promotes the conversion of diesel to
naphtha.

Fig. 6 shows the diesel hydrocracking activity of the three-
component catalyst gradation system. It can be seen from the
figure that the diesel conversion rate on each combination is higher
than 90.0%, but the selectivity and yield of naphtha decrease in the
order of Com-6 > Com-5 > Com-4. The reverse sequence scheme
Com-S in each combination has higher diesel conversion rate,
naphtha selectivity and yield than that of the positive sequence
loading scheme Com-N, which is consistent with the two-
component graded bed. The gradation combination Com-6-S with
decreasing acidity and increasing texture properties of the catalyst
shows the best diesel hydrocracking activity, its diesel conversion
rate is as high as 97.0%, and the selectivity and yield of naphtha up
to 78.0% and 76.0%, respectively, which is much higher than that of
the Com-2-S.
3.3. Mechanism analysis

In order to explore the hydrocracking activity mechanism of the
multi-component catalyst grading system, we conducted a test of
bed decline layer-by-layer on the grading combination Com-6-S
with the best catalytic activity, and completed the catalytic
Com-6

N Com-5-S Com-6-N Com-6-S

0.7 Cat-ASA4.0 Cat-ASA1.7 Cat-ASA4.0

4.0 Cat-ASA0.7 Cat-ASA4.0 Cat-ASA1.7

1.7 Cat-ASA1.7 Cat-ASA0.7 Cat-ASA0.7
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activity reaction evaluation of each bed layer under the same
evaluation conditions. The catalyst loading method is shown in
Fig. 7.

In the reaction process, the liquid product of bed A is the reac-
tion feedstock of bed B, the liquid product of bed B is the reaction
feedstock of bed C. The hydrocracking activities of the catalysts on
A, B and C beds are calculated according to the product distribution
on each bed, as shown in Fig. 8, the specific composition of feed-
stock and the liquid products is shown in Fig. 9. Although the acid
density and acid strength of the catalyst in bed A, B and C gradually
decreased, the diesel conversion and naphtha yield on each bed still
increase significantly. It means there is a synergistic effect among
the catalysts, which can promote the efficient conversion of diesel
to naphtha components.

The content of monocyclic naphthenic hydrocarbons and par-
affins hydrocarbons increases after the diesel processed by A-bed
catalyst Cat-ASA4.0, but the polycyclic aromatic hydrocarbons
decreased most significantly, from 5.5% to 1.2%. This means that the
catalyst Cat-ASA4.0 in A-bed mainly carries out the hydrocracking
process of polycyclic aromatic hydrocarbons, the main reactant for
hydrogenation process in this reaction. However, the content of
polycyclic aromatic hydrocarbons in the feedstock is only 5.5%, so it
cannot provide enough feedstock for the high conversion rate of the
Fig. 7. Loading modes of decreasing bed. (A: Cat-ASA4.0; B: Cat-ASA1.7; C: Cat-ASA0.7).
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A-bed catalyst, and it is also the reason for hydrogenation activity of
catalyst has little influence on the results of reaction. Moreover,
although the bed layer of A is the catalyst Cat-ASA4.0 with strong
cracking activity, the reaction space velocity is low in the mulit-
component catalysts grading system, which shortens the contact
time between the reactants and catalyst (Wang et al., 2019).
Therefore, the overreaction is controlled (Pastor-P�erez et al., 2018),
the ideal reaction process has been suppressed too, and as the
result, the conversion of diesel on the A-bed catalyst is only 28%.

A total of about 16.8% of aromatics and polycyclic naphthenic
hydrocarbons in the product of A-bed catalyst are hydrocracking on
the B-bed catalyst Cat-ASA1.7, and the content of monocyclic
naphthenic hydrocarbons and paraffins hydrocarbons, the ideal
components of naphtha, is significantly increased. The diesel con-
version, naphtha selectivity and yield on the B-bed catalyst increase
sharply, especially the selectivity of naphtha reaches up 99.0% as
Fig. 9. Composition of liquid products of decreasing bed. (PAHs: Polycyclic Aromatic
Hydrocarbons; MAHs: Monocyclic Aromatic Hydrocarbons; PNHs: Polycyclic Naph-
thenic Hydrocarbons; MNHs: Monocyclic Naphthenic Hydrocarbons; PHs: Paraffins
Hydrocarbons).
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shown in Fig. 8. It indicates that almost all diesel components in the
catalyst B-bed are processed into naphtha, which is consistent with
the high naphtha selectivity shown in the single-component cata-
lyst bed.

At this time, the feedstock has been processed by A-bed and B-
bed catalyst, the content of ideal component of naphtha, mono-
cyclic naphthenic hydrocarbons and paraffins hydrocarbons, is
already very high, but there are still only a small number of aro-
matics and polycyclic naphthenic hydrocarbons are not completely
converted in its composition (Peng et al., 2018). Although the C-bed
catalyst Cat-ASA0.7 with low acid density and weakly acidity, it uses
limited acidic sites to process the residual macromolecules, and on
the other hand, it promotes the diffusion of products through large
pores to prevent overreaction. Finally, the diesel conversion rate
and naphtha selectivity on the C-bed reach to 89% and 95%,
respectively. It indicates that most of the products in the B-bed are
effectively converted into the naphtha in the C-bed catalyst, which
further increases the content of ideal naphtha component in the
product.

In summary, due to the competitive adsorption among the
molecules of different sizes on the active sites (Guo et al., 2019;
Weitkamp, 2012), macromolecules with fused rings are preferen-
tially adsorbed and undergo hydrocracking reactions (Xu et al.,
2020; Yue et al., 2017). As the reaction progressing, the composi-
tion of feedstock becomes lighter and lighter, and the need for
active sites is getting lower and lower, but in order to promote the
diffusion of products and prevent them from overreacting, the
space needs are increasing.

It can be judged that in the multi-component catalyst grading
system, as the reaction space velocity on each layer of catalyst in-
creases, the excessive cracking process is controlled. Furthermore,
the active channel with decreasing acidity and the channel struc-
ture with increasing size highly match the processing process of
diesel hydrocracking to naphtha, and the more the number of
graded beds, the higher the matching degree, so the three-
component catalyst grading system has the highest catalytic
efficiency.

4. Conclusions

In the grading system of multi-component catalyst with acidity
decreasing and pore properties increasing in the flow direction of
feedstock, the composition of reactants becomes lighter and lighter,
but the catalyst can still maintain a high conversion efficiency of
feedstock and high selectivity of naphtha. It is due to the loading
volume of catalyst decreases, and the reaction space velocity on
each catalyst increases, which shortens the contact time between
catalyst and feedstock, and effectively controls the excessive reac-
tion. In addition, the pore channels of the catalyst increase, which is
conducive to the timely diffusion of the product, preventing its
deep cracking, and increasing the content of the naphtha compo-
sition in the product.

To sum up, along the direction of feedstock, the catalyst grading
system with acidity decreasing and pore structure increasing can
satisfy the demand for catalyst activity in the conversion process of
changing diesel components to naphtha. Therefore, a catalytic ac-
tivity channel matching the reaction process has been constructed.
Moreover, the number of graded beds is, the higher the matching
degree between the catalyst system and the reaction process is, and
the more conducive to the efficient conversion of diesel to naphtha
components. The three-component catalyst grading system pro-
vides guidance for the conversion of feedstock to naphtha, so the
selectivity and yield of naphtha are much higher than those of
single-component catalysts, and the reaction effect of 1 þ1 þ1 > 3
is achieved.
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