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Abstract: Spent hydrogenation catalysts are an important source of regeneration catalysts due to their large waste
volume and high particle integrity. Most of the existing recovery technologies focusing on recovering valuable metals
limit studies on the recovery of carrier particles. This study addresses the key challenge of ineffective classification of
rod-shaped spent catalyst particles via traditional sieving due to their length-to-diameter ratios exceeding standard
specifications. A fluidized bed classification process is innovatively proposed, and a coupled computational fluid
dynamics (CFD) and discrete element method (DEM) simulation combined with response surface methodology (RSM)
is employed to systematically elucidate the intrinsic mechanisms and optimization principles of fluidized bed

classification. The results demonstrate that a fluidized bed enables efficient classification of particles with varying
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aspect ratios via gas-solid fluidization. Gas velocity is identified as the dominant factor influencing classification

efficiency, followed by feed flow, whereas inlet height exhibits a negligible impact. A critical feed flow threshold

exists under specific gas velocity and inlet height; exceeding this threshold leads to a decline in classification

efficiency. By establishing a Box-Behnken design (BBD) model, optimal conditions are identified as a gas velocity of

10.45 m/s, a feed flow of 7.50 t/h, and an inlet height of 3.50 m, achieving 100% classification efficiency. This study

clarifies the multi-physics coupling mechanism in fluidized bed classification and provides theoretical guidance for

pre-classification processes of carrier particles during spent hydrogenation catalyst recycling.

K ey wor ds: spent hydrogenation catalyst; recovery; classification; numerical simulation
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TableS1 Main equationsin coar se-grained CFD-DEM method

Average mass conservation equation:
O(@yp,) /Ot +V (g PVg) =0

Average momentum conservation equation:
(V) | Ot +V (@ PV V) ==, VP +V - (,7,) + F, ,, + 2, 0,8

Velocity vector of the gas phase:
7, = 1y (VW + V) =2/3-(Vv,)l

Gas phase density:
py=FM/IRT

Momentum source term interacting with the particle phase:

Force generated by the gas phase on the particles:

Pressure gradient force Fyp:

Fyp=-V,VP
Drag force calculation when using CGM:

Fiy com =1/ 2+ (feamCopeA' |V, =V, | (Vg = V)
Where Cp, is the drag coefficient, expressed as:
Co =y Cp +(1=y)Cp,
Where y is the mixing parameter, calculated by:
y=1/m-tan""[150-1.75(0.8 - @,)] + 0.5
Where Cp, is expressed as:
Cpy =200, / a,¢*Re+7/3¢

Where ¢ is the sphericity of the particles, defined as:

¢= A / 4,
Where Cp, is expressed as:

Cpy =, “max{24/ a,Re, -[1+0.15(ct,Re,)***"1,0.44}

Particle relative Reynolds number Re, when using CGM:

Re, com = P, |Vp —Vy |dp,CGM /fCGM:ug
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Table S2 Nomenclature of the symbols

Symbol Physical significance
g Gas phase

p Particle phase

a, Concentration of the particulate phase

Pyg Density of the gas phase

Py Density of the particulate phase

Vg Velocity vector of the gas phase

vy Velocity vector of the particulate phase

Ty Viscous stress tensor of the gas phase

T Temperature of the gas phase

| Identity matrix

F, Pressure of the gas

n Number of particles inside the computational cell volume

Ve Computational cell volume

F, . Force generated by the particles on the gas phase

F Force generated by the gas phase on the particulate phase

Iy Drag force

Fyp Pressure gradient force

Vo Volume of the particle

vpP Local pressure gradient

A Projected particle area in the flow direction

Jeom Scale factor of the coarse particle

Fp.com Drag force of the coarse particle

Ch Drag coefficient

4 Mixing parameter

¢ Sphericity of the particles

Ay Surface area of a sphere with the same volume as the particle
4, Actual surface area of the particle

Rep,cc,M Particle relative Reynolds number of the coarse particle

d, cam Diameter of the coarse particle

Hy Viscosity of gas phase

d, Spherical equivalent diameter of the particle

Vips Volume of the spent hydrogenation (HDS) catalyst rod particle
t Graded time of the spent HDS catalyst particles

G Gravity of the spent HDS catalyst particles

m Mass of the spent HDS catalyst particles

g Acceleration due to gravity

a Acceleration of the particle

Voi Velocity of a particle dropped from the inlet at i second

Vgi Cross-sectional gas velocity at i second

a; Acceleration of a particle dropped from the inlet at 7 second
L Distance of a particle dropped from the inlet at i second

A Gradation efficiency

N Number of the spent HDS catalyst particles with a diameter greater than 1.5 mm in the product collection section
N, Total number of spent HDS catalyst particles in the product collection section
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Table S3 Composition of particles
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Table S4 Critical gas velocity required

for particle gradation

Diameter/mm Percentage/%
0.29 1.00
1.14 3.04
1.44 35.50
1.65 34.28
1.82 14.81
1.96 6.03
2.08 3.45
2.19 1.89

Diameter/mm Velocity/(m-s™")
1.14 8.23
1.44 9.25
1.65 9.90
1.82 10.39
1.96 10.79
2.08 11.11
2.19 11.40

R S5 MALKIEBIEIE R T &G
Table S5 Boundary conditions of model
validation for the fluidized graded bed

% S6 BBD WI=EZE=/KFiit
Table S6 Three-factor and three-level for BBD

Physical property Value
Jeam 7
Particle temperature 300 K
Gas velocity 9.25 m/s
Feed flow 1.25t/h
Inlet height 3.50 m

Independent

Factor level

variable Unit  Symbol - 5 )
Gas velocity m/s A 9.85 1045 11.05
Inlet height m B 1.5 35 5.5
Feed flow t/h C 5 7.5 10

RST DEYENRSM T EHEER
Table S7 Design and simulation results of RSM of grading efficiency

Independent variable

Response value

NO. Gas velocity, Inlet height, Feed flow, Grading efficiency,
Al(ms™) B/m C/(th™) A 1%
1 10.45 3.5 7.5 100
2 9.85 1.5 7.5 75.37
3 11.05 5.5 7.5 100
4 10.45 3.5 7.5 100
5 10.45 3.5 7.5 100
6 11.05 3.5 10 100
7 10.45 5.5 10 100
8 9.85 3.5 10 76.56
9 10.45 1.5 10 100
10 10.45 3.5 7.5 100
11 10.45 5.5 5 100
12 9.85 5.5 7.5 81.17
13 10.45 1.5 5 100
14 11.05 3.5 5 100
15 9.85 3.5 5 78.24
16 10.45 3.5 7.5 100
17 11.05 1.5 7.5 100
*k B REBE
Table S8 Model fit statistics
Standard deviation Mean Coefficient of variance/% R? Adj. R’ Pred. R Adeq Precision
0.8397 94.78 0.8860 0.9968 0.9926 0.9481 38.9173
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Table S9 ANOVA results of the regression equation
Source Coefficient estimate Sum of squares Degree of freedom Mean square F value P value
Model - 1516.81 9 168.53 239.00 <<0.0001
A 11.0825 982.57 1 982.57 1393.37 <<0.0001
B 0.725 4.21 1 4.21 5.96 0.0446
C -0.21 0.3528 1 0.3528 0.5003 0.5022
AB —1.45 8.41 1 8.41 11.93 0.0106
AC 0.42 0.7056 1 0.7056 1 0.3505
BC -8.71x107'° 0 1 0 0 1
A2 —11.0825 517.14 1 517.14 733.35 <<0.0001
B 0.2175 0.1992 1 0.1992 0.2825 0.6115
c -0.2175 0.1992 1 0.1992 0.2825 0.6115
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Fig. S2 Midpoint gas velocity of the section every 0.1

m



