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This study investigates catalytic tar cracking over semi-coke catalysts, addressing reaction kinetics
challenges by integrating experimental data with a COMSOL Multiphysics model. A multi-physics
framework combines catalysis, carbon deposition, and self-consumption to analyze toluene (tar
model compound) removal. The model evaluates intrinsic catalytic activity, porosity evolution, and
porous media flow, revealing that toluene conversion is governed by diffusion/convective mass transfer,
homogeneous reactions, and surface reactions influenced by dynamic carbon deposition/removal.
Increasing temperature from 973 to 1173 K enhances gas-film heat and mass transfer coefficient,
accelerating tar cracking rates and extending catalyst lifetime. Elevated temperatures improve gas-solid
phase heat/mass transfer, promoting efficient tar removal during syngas purification. The results
highlight the interplay between reaction kinetics, carbon deposition dynamics, and transport phe-
nomena in optimizing semi-coke catalyst performance under high-temperature conditions.
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1. Introduction

Semi-coke catalysts demonstrate cost-effectiveness and wide
availability, serving as viable feedstocks for reactor applications
even after deactivation [1]. Their utilization not only circumvents
regeneration costs but also enables their repurposing as carbo-
naceous materials, offering distinct advantages for purifying
gasification syngas with high tar content under demanding oper-
ational conditions [2—4]. However, these catalysts exhibit limited
catalytic activity and are prone to rapid deactivation because they
are gradually consumed through gasification reactions with steam
and carbon dioxide present in the crude syngas [5—10]. Concur-
rently, carbon deposition from catalytic cracking and gasification-
induced structural modifications alter the internal pore architec-
ture of semi-coke [3,11], significantly influencing gas component
diffusion within catalyst pores. The interdependent mechanisms
of catalytic tar cracking, carbon substrate consumption, activity
suppression through carbon deposition, and participation in
steam/carbon dioxide reactions create complex synergistic effects
[12]. These multi-physics interactions between chemical reactions,
mass transfer, and structural evolution present substantial
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challenges in modeling semi-coke behavior within tar removal
reaction system.

In preliminary investigations [13], kinetic modeling of catalytic
tar cracking using biomass-derived char catalysts incorporated
two critical parameters: catalyst activity coefficients and struc-
tural performance metrics. This approach systematically coupled
catalytic activation mechanisms with deactivation kinetics. In
studying catalyst deactivation mechanisms during methane
reforming processes, Muradov et al. [14] employed Voorhies'
empirical correlation [15] (Cc = 0.526%38, where C. denotes carbon
deposition mass per catalyst particle) to quantify temporal evo-
lution of coking phenomena on reforming catalysts. The interde-
pendence between coking phenomena and reforming kinetics was
mathematically formalized through an exponentially decaying
activity correlation: AF = exp(Kt), where the activity factor (AF)
quantifies residual catalytic capacity, K denotes the deactivation
rate constant, and t characterizes the cumulative particle-gas
interfacial exposure duration. This mathematical formulation es-
tablishes a direct correlation between catalytic activity and tem-
poral exposure duration. However, while the investigation
addressed temporal variations in catalyst performance within
reactor systems, it neglected spatial heterogeneity across catalyst
beds. Consequently, the model lacks critical data regarding radial
activity gradients within the reactor's geometric configuration.
Notably, the unique structural characteristics of semi-coke
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particles introduce additional complexity-their highly developed
pore networks govern gas transport dynamics through Knudsen
diffusion mechanisms and providing reactive surface areas orders
of magnitude greater than external geometric surfaces, funda-
mentally altering reaction-diffusion equilibria. The morphological
parameters of porous networks must be rigorously accounted for
their governing role in reaction kinetics, particularly through their
dual modulation of reactant transport phenomena and active
surface availability that fundamentally controls reaction-diffusion
coupling mechanisms. Although pore architecture critically gov-
erns reaction dynamics in semi-coke catalysts, existing mecha-
nistic models [7,14—19] simulating tar cracking and catalyst
gasification have predominantly focused on carbon-deposition-
induced deactivation mechanisms during thermal cracking pro-
cesses, while neglecting structural evolution effects. Nevertheless,
these models exhibit critical omissions by failing to incorporate
char-phase reactivity dynamics and gasification-coupled deacti-
vation mechanisms during catalytic processes. This conceptual gap
underscores the pressing need to establish coupled models that
resolve tripartite interactions among char gasification kinetics,
coking phenomena, and catalytic cycles within multicomponent
syngas environments.

To resolve the paradoxical behavior of semi-coke catalysts
functioning simultaneously as reactive agents and consumable
substrates, this study establishes a multiphysics coupling frame-
work through COMSOL Multiphysics simulations. The model in-
tegrates three synergistic mechanisms: thermochemical
interactions reconcile competing energy demands between endo-
thermic tar cracking and exothermic gasification reactions, while
structural dynamics capture time-dependent pore evolution gov-
erning Knudsen diffusion limitations. Concurrently, activity modu-
lation algorithms resolve spatiotemporal deactivation patterns
arising from the dynamic equilibrium between carbon deposition
and substrate gasification. Focused investigations reveal three crit-
ical process interdependencies: (i) temperature-programmed
deactivation pathways in syngas reactors exhibit strong nonlinear
correlations with feedstock thermal profiles; (ii) particle-level an-
alyses identify porosity-dependent reaction-diffusion bottlenecks
governing mid-life catalyst performance; and (iii) mechanistic
studies demonstrate that carbon-based catalyst deposition accel-
erated the catalyst deactivation. This integrated approach not only
enables precise prediction of consumable catalyst lifetimes but also
establishes universal scaling laws applicable to heterogeneous re-
action systems experiencing concurrent catalytic activation and
structural degradation.

2. Experimental
2.1. Description of semi-coke catalytic cracking reactor

In this study, an online syngas purification system was devel-
oped for in situ removal of deactivated catalysts in a 10000 m>-h~"
gasification reactor [20]. A gas-solid countercurrent moving-bed
reactor configuration was employed for tar catalytic cracking us-
ing semi-coke catalysts. Fresh semi-coke catalyst particles are
continuously fed from the reactor top, through which raw syngas
flows upward undergoing tar decomposition. Spent catalyst parti-
cles are discharged from the reactor bottom into the gasifier, where
they serve as gasification feedstock, thereby eliminating regenera-
tion costs while enhancing carbon utilization efficiency. The inte-
grated reactor design and process schematic are detailed in Fig. 1.
The geometric model parameters of the tar cracking reactor are as
follows: The diameter is 8.54 cm, the filling height of the catalyst is
25.12 cm, the inclination Angle of the bottom cone area is 62.5°, the
bottom diameter of the bottom cone is 4 cm, and the height is 2 cm.

Gasification
raw material

Inlet: Crude syngas  Qutlet: deactivated catalyst
Ash

Fig. 1. Reactor configuration and mesh division.

The reactor is equipped with a total of 4 outlets, with a diameter of
1 cm at each outlet. The radius of the top silo is 3 cm, the radius of
the bottom is 2 cm, and the height is 2 cm.

2.2. Key assumptions of the model

A computational model was formulated in this study to
investigate the key mechanisms governing tar catalytic cracking
using semi-coke catalysts. The model framework incorporates four
fundamental assumptions:

(1) Semi-coke particles are modeled as homogeneous spherical
entities with uniform physicochemical properties and
monodisperse size distribution, maintaining structural
integrity throughout reaction cycles;

(2) Continuum-scale gas flow through the porous medium
maintains momentum conservation, with interconnected
pores explicitly resolved while closed porosity is neglected;

(3) The gaseous phase behaves as a weakly compressible flow
governed by the ideal gas law;

(4) Adiabatic boundary conditions are imposed on reactor
walls, excluding external thermal interactions.

2.3. Muti-field coupling of the model

Based on the conservation equations of momentum, mass, and
energy, this study establishes the multiphysics field characteristics
within the semi-coke catalytic tar cracking reactor. The dynamic
behavior of tar cracking in raw syngas was systematically inves-
tigated through a theoretical framework integrating three trans-
port phenomena (momentum, mass, energy) with chemical
reactions. Fig. 2 schematically illustrates the coupled transport-
reaction mechanisms governing this gas-solid system.

2.3.1. Governing equations for momentum, mass and heat transfer
The conservation equations governing mass, momentum, and
heat transfer across reactor-scale and particle-scale domains are
systematically presented in Table 1 (mass balance), Table 2 (mo-
mentum conservation), and Table 3 (heat transfer equation).

2.3.2. Kinetics of chemical reactions
The reactions involved in the catalytic cracking of tar by semi-
coke and their kinetic data are shown in Table 4 and Table 5.
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Fig. 2. Multiphysics coupling mechanism integrating three transport phenomena (mass, energy, momentum) and chemical reactions, highlighting gas-solid interfacial transport

dynamics within the reactor.

Table 1
Mass transfer within systems at multiple scales [21—23].
Type of equation Equation No.
Mass transfer equation ow; . (1)
d EpP(Tt'+VJi+P(U'V)Wi =R;
Gas fil transf i 2
as film mass transfer ji = ;(hD,i<Ci _ Cpej) )r,1 (2)
Gas film mass transfer coefficient B o ShD (3)
Dji — rpie
Sherwood number Sh = 2+ 0.522Rel/25c1/3 (4)
Reynolds number Re — dpetp (5)
o
Schmidt number se = 2 (6)
T Di
Particle internal mass transfer equation Wpei . 1 0(r%j;) 1 0Wpe; (7)
pe.i i L pei _ . X
PP 5 23, or * T'pe Y or Rpe.i + Spe reacRpe.
Particle surface area 6(1 — epe) (8)
Spe.reac = di
pe
Pore diffusion in particles . 1 1 -1 9)
o= o o)
2r |8RT
k<l
Di.eff -3 pMi
Table 2
The momentum field solves the velocity model.
Type of equation Equation NO.
Momentum equation for the empty bed region p% +p(u-V)u = V[ pl+K] +F (10)
Bed gap momentum equation 1 1 1 (11)
Lo 1 vyl =9 prak - (,ufl + Bplul +% u+F
ep’ O &p ep ede
The viscous stress term ‘— ul(Vu +(Vu)T) B gul R (12)
&p 3 ¢p
Gas-solid mass exchange 0 13
¢ %e6el 9. (pu) = @ (1)
2.3.3. Catalyst activity and pore change equation d
. . . X
By incorporating the r_nodlﬁed Fandom pore model (RPM) &= krpm(1 —X)1/1 — ¥ 1In(1 — x) (22)
[29,30], the change in particle porosity was linked to the carbon
substrate conversion rate (x), as shown in Eq. (22), Eqgs. (23) and
(24). Among them, krpy is the reaction rate constant of the 4mlo (1
, Telo (1 — epe)
random well model, and kgpy = Agexp(—Eo/RT). Ap is pre- y=——"—--"= (23)

exponential factor and Ep are active energy.

2
Spe
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Table 3
Heat transfer equation in multiscale system [22,24].
Type of equation Equation No.
Energy conservation equations within the bed 0T (14)
epPrlp sy prCpfU- VT +V-qs = Qpe + epQf
The air film transfers heat Qpef = — Spehper(Tr — Tpe) (15)
Gas film heat transfer coefficient 1 -1 (16)
hpe'f - |:dpe (krNLl + 1Okpe,eff>:|
Energy conservation equations within particles 5 0Tpe (17)
1 o —r kpe.eff?

0T,
wcp)pe.eflet)e +

Effective specific heat capacity of particles
Effective thermal conductivity of particles
Nusselt number

Prandtl number Pr— Cpu
k

213,
(pCP)pe.eff = €pefPfCpf + (1 - fpe)ppecp‘pe (
kpe.eff = EPekf +(1 - é'PE)kPe (
Nu = (7~ 10epe + 5¢3)(1 + 0.7Re®2 Pr'/3) 4+ (1.33 — 2.4epe + 1.2¢3,)Re®7 Pr!/3 (

(

or = Qe

Table 4

The main reaction equation, enthalpy change and reaction rate expression in the system [19,25—28].

Equation of reaction AH/KJ-mol ™! Reaction rate expression
C,Hg —7C + 4H, ~50.0 ri =103 x 1013 exp(— 32;?‘)()) Com,
P
kZKCH“ Pcy, — m
CHy4—C+ 2H, 74.6 ry = Pi‘5
H.
<1 + Ken,, Pen, + m)
_ CeoCiyo 05 2
C;Hg + 7H,0—7C0O + 11H, 725.0 r3 = (ksp o5 k3CcoCyy | / DEN
H;
ksKco, 4K, 4Pco, P PP
€O, + Hy =CO + H,0 412 4 = 200 AT, 4TCO, THy 2( _ _fcofh0 )
(1 + Kco, aPco, + Ku, aPu,) Kp 4Py, Pco,
ks <PcoZ B Pﬂ)
K K P, K
O, + C—2C0 11724 rs = €0:.57€05 10 : P'5P 5
1+ KeosPco + 7——— COZ)
( 0570 T Ko, 5Kco5 Peo
124700
CH, + H,0=2CO + 3H, 205.9 s =310 10% R Con,Couo
2
CHy + COy =2C0 + 2H, 247.0 ry - k7Kco, 7Kcn, 7Pcn, Peo, (- (PcoPu,)
(1 + Kco, 7Pco, + Kcn,.7Pch,) Kp7Pcn, Peo,
kg (PHZO B Pﬂ)
Ku,05 \ Pn, Kpg
€+ Hy06C0 + 3H, 1313 g = T p o PSN?
1+ Key, sPen, + 0 | He
Kn,o08 Pu,  Kn,s
epe(X) = eper—o + X(1 — €per—0) (24) 2.3.4. Method of calculation

The gasification decarburization and carbon deposition re-
actions together influence the pore changes in semi-coke particles,
and the effective diffusion coefficient of gas components within
the pore channels of the semi-coke particles is directly related to
the particle porosity. The differential equation for the particle
porosity (epe) as a function of carbon content variation is given in
Eq. (25) [31].
depe _ —epe ("M (25)

dt Psoot

To investigate the correlation between catalytic activity o
and carbon deposition, a deactivation model for catalyst activity
with respect to coke deposition was incorporated, as shown in
Eq. (25) [31].

da_
de

— kar*Cea (26)

The main effective components involved in syngas production
are Hy, CO, and CO;, and the yields of these components were
calculated using Egs. (26)—(28):

. F
Hydrogen yield : Yh, :18:[2% x 100% (27)
7Hg,1n
F,
Carbon monoxide yield : Ycq :% x 100% (28)
C;Hg,in
F,
Carbon dioxide : Yco, :75240‘“ x 100% (29)
C;Hg,in

2.3.5. Initial values and boundary conditions
In this study, raw syngas were derived from the gasification
process of organic solid waste at the kilogram scale [27]. The raw
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Table 5

Kinetic reaction rate parameter in reaction equation [19,25—28].
Parameters Value Parameters Value
ke 6.95 x 103 exp(— %) Kps 1.9393 x 109 exp(— 162?27)
Ken 2 0.21 exp ( - %) k7 1.29 x 106 exp < - 10}2;‘;65>
K 2.98 x 10° exp( - %) Kco, 7 2.61x 102 exp(— 37;;“)
Ky, 2 5.18 x 107 exp(— 13%10) Ken, 7 2.60 x 102 exp<— 40;;34)
kg 99 exp( - ]02200) mmol-m~2-min~! Kp7 6.78 x 101 exp ( - 252?_60)
kap 66 exp( _ 136 <107 ‘36RXT108) mmol-m~2-min~" kg 5.5 % 10° exp ( - 16;?97)
ks 035 x 106 exp< _ %) Ki,os 473 x 1076 exp(— %}
Keo, 4 0.5771 exp ( - %) Ken, s 3.49 exp ( - %)
Kir, 4 1.494 exp (%) Kpg 1.3827 x 107 exp ( - 122?16)
Kpa 56.4971 exp<7 %) Ku, 8 7.34x 106 exp(— 102?_95>
ks 134 x 10" exp ( - 242§BS> Kcos 7.34x 10-% exp < - 102;95)
Keo, 5 2.81x 107 exp(— 10:285)

Note: DEN = 1+ KcoPco + Ky, P, + Kcn, Pcn, + Ku,oP,0/Ph,

syngas had an inlet temperature of 1173.15 K, and the tar cracking
process utilized the waste heat from the raw syngas. The flow rate of
the raw syngas was 0.669 m>-h~!, and the inlet pressure was
101.325 kPa. The composition of the raw syngas was represented by
the molar fraction x. The physical parameters of the raw syngas
mixture were calculated using the formula provided in Table 6, and
the specific component distribution of the raw syngas is shown in
Table 7.

Table 6
Physical property parameters used in the model.

Table 7

Composition distribution of crude syngas.

Name of substance

Mole fraction

H,0
Hp
C;Hg
co
o,
CHy
N2

0.21
0.18

24 x 1073
0.21

0.08

0.18
0.1376

Physical property parameters

Numerical value or expression

Specific heat capacity

Specific heat ratio

Thermal conductivity

Density

Viscosity

Porosity of bed
Initial porosity of particles
Initial average aperture

G ciM;

Cpgas = X Wiy wy = =

pgas ; Mn T M
1

G
"G Re

1
kgas = 0.5 > xik; + =
’ ki

c
Xj = ——

Cpgas = 800]-kg 1-K!

s Keat = 1.68 W-m~1-K

X
1
M,
Pgas = Do Pear = 400 kg-m 3
1
Hgas = Z 1
T+ Xy
Ui
2
- u?.S 'M,Q.ZS
wiki  M;
A
— 1+
V2 M
0.4
03
1 nm
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3. Results and Discussion
3.1. Model validation

The developed multiscale model was validated against exper-
imental conditions from Ref. [17]. Quantitative agreement was
achieved between experimental gas compositions and model
predictions, with yield deviations for Hy (3.2%), CO (4.1%), and CO,
(2.7%) all below the 5% threshold (Fig. 3(a)). The experimental-
simulated comparison of toluene conversion rates over time, as
shown in Fig. 3(b), further validating the model's applicability. This
validation confirms that the semi-coke-catalyzed reaction kinetic
model accurately describes both tar cracking mechanisms and
subsequent catalyst deactivation processes.

3.2. Impact of semi-coke catalyst loading on product composition,
reactor temperature profile, and pressure distribution

Considering the integral nature of the tar cracking reactor, both
the outlet tar concentration and gas processing capacity are
influenced by filling volume or height. However, an excessive
filling volume can increase the reactor pressure drop and accel-
erate the tar cracking reaction rate. Therefore, as illustrated in
Fig. 4, the impact of semi-coke catalyst loading on product
composition, reactor temperature profile, and pressure distribu-
tion were evaluated.

45
@ H, yield Yy =Fy o, /(18F g ;,)¥100%
é\ i CO yield Yoo=Fco ouf (T¥Fc ) ¥ 100%
s CO, yield Yoo, =Feo, o (T%Fe 1) ¥100%
=
o
=27
8
o0
S
g 18+ [ exp-H,
8 2 exp-CO
8 . exp-CO,
& == sim-H,
= == s5im-CO
—— sim-CO,
O 1 1 1 1 1 1
10 20 30 40 50 60
Time/min

As depicted in Fig. 4(a), to achieve a gas product with tar content
below 100.00 mg-m~>, the reactor requires filling with approxi-
mately 108 g of semi-coke catalyst particles. Furthermore, the cat-
alytic reforming of tar significantly enhances the quality of the
outlet syngas, increasing the H,/CO ratio from 0.86 to 1.52. However,
when the catalyst charge exceeds 40.00 g in the tar cracking reactor,
no statistically significant enhancement in tar removal efficiency is
observed, with the purification effect reaching saturation beyond
this threshold. As evidenced by Fig. 4(b), the limited improvement
in tar removal efficiency can be attributed to the reactor's thermal
regime: The system exclusively utilizes intake gas waste heat as its
sole thermal source, with complete absence of auxiliary heating.
This thermal stratification creates a vertical temperature gradient
where upper-bed particles maintain elevated temperatures
compared to their lower-bed counterparts. Consequently, dimin-
ished reaction kinetics in the cooler upper reactor zone result in
suboptimal catalytic performance, thereby diminishing tar treat-
ment capacity. Notably, even when catalyst loading is increased to
40.00 g, thermodynamic equilibrium limitations preclude sub-
stantial enhancement in purification efficacy. This phenomenon
aligns with Arrhenius kinetics principles, where the 10 °C temper-
ature decrease per 5.00 cm bed height reduction (measured in Fig. 4
(b)) corresponds to a 35% to 40% decrease in tar cracking rate con-
stants, as derived from Arrhenius equation simulations. When tar-
geting a semi-coke loading capacity of 108.00 g, as corroborated by
Fig. 4(b), axial analysis of the tar cracking reactor reveals progressive
intraparticle pore occlusion stemming from coking reactions on the

(®)

= Experiment
—O— Simulation

1.0

1 1 1 1 1 1 1 1 1
0 20 40 60 8 100 120 140 160 180 200

Time/min

Fig. 3. (a) Verification of catalytic model for semi-coke with product gas yield, (b) the experimental-simulated comparison of toluene conversion rates over time.
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Fig. 4. (a) Impact of semi-coke catalyst loading on product composition, (b) reactor temperature profile, and pressure distribution.
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catalyst surface. This structural degradation manifests as a 23%
reduction in particle porosity (from 0.58 to 0.45) and a concomitant
150.00 Pa-m~! increase in bed pressure drop along the reactor's
longitudinal axis. Notably, bed height escalation beyond 40.00 cm
induces exponential growth in pressure differentials, with AP sur-
passing 800.00 Pa at 108 g loading. Such hydrodynamic impairment
not only disrupts gas-phase flow uniformity through the packed bed
but also compromises syngas purification efficiency by shortening
gas-catalyst contact time below 2.3 s (critical threshold for com-
plete tar decomposition).

3.3. Impact of raw syngas inlet temperature on transport-reaction
coupling in semi-coke catalyzed tar cracking

The enthalpy flux of raw syngas dictates the thermal boundary
conditions for semi-coke-catalyzed cracking reactions, inducing
temperature-dependent modulations in both apparent reaction
kinetics and catalyst durability profiles. Crucially, thermal gradi-
ents across the gas-particle interface modulate interphase heat-
mass transport phenomena, as quantitatively mapped in Fig. 5.

Thermal activation of raw syngas (773—1173 K) induces syn-
ergistic transport-reaction coupling through carbon-steam gasifi-
cation thermodynamics (C + H,O0—CO + Ha,
AG® = —321 KkJ-mol~! at 1173 K). This endothermic reaction
cascade drives a 6.96% enhancement in gas-film heat transfer co-
efficient (84.45—90.33 W-m2-K~!) while simultaneously
reducing interfacial thermal gradients by 40%. Concurrently,
steam-induced pore regeneration elevates semi-coke porosity
from 0.38 to 0.51, which synergistically amplifies mass transfer
coefficients by 52% (0.017—0.026 m-s~!) and boosts intraparticle
effective diffusivity (Defr) from 2.7 x 107 to 6.3 x 107% m?.s~\.
These coupled phenomena establish a self-reinforcing mechanism
where elevated temperatures suppress carbon deposition while
optimizing gas-solid interfacial dynamics. Elevated syngas tem-
peratures (773—1173 K) establish self-reinforcing transport-reac-
tion coupling through dual synergistic mechanisms: (1) Mass
transfer intensification driven by steam gasification-induced pore
evolution (¢ = 0.38—0.51) enhances gas-solid mass transfer co-
efficients by 52% (0.017—0.026 m-s~!), reducing boundary layer
resistance 38% via Sherwood correlation while accelerating species
flux through the gas film; (2) Thermal driving force modulation
where endothermic carbon-steam reactions (C + H,O— CO + Hp,
E, = 142 kJ-mol~!) generate intensified Stefan flow, thinning
thermal boundary layers to paradoxically boost effective heat
transfer coefficients 6.96% (84.45—90.33 W-m 2-K~!) despite
40% reduction in gas-catalyst AT (85—51 K). This thermal-
activation coupling elevates toluene decomposition Kkinetics

- ~
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Fig. 5. Thermal activation of raw syngas synergistically enhances gas-solid transport
dynamics and toluene decomposition in semi-coke through coupled reaction-
transport coupling.
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Fig. 6. Impact of raw syngas temperature regulation on heat and mass transfer in
semi-coke.

(4.7 x 107°—8.2 x 107> mol- (g-s)” ') through three synergistic
pathways: (i) faster pore diffusion (Deff = 2.7—6.3 x 10°8m?.s71),
(ii) improved catalyst accessibility (n = 0.67 —0.82), and (iii) 34%
suppressed coke formation (0.17—0.11 g coke/g cat per hour).
Consequently, tar cracking completeness surges from 78% to >92%
at 1173 K, while syngas waste heat recovery efficiency improves
from 64% to 79%, demonstrating temperature-mediated optimi-
zation of multiphase transport-reaction networks.

The Nusselt number (Nu), quantifying the ratio of convective
to conductive heat transfer, decreases from 2.13 to 2.10 with
rising syngas temperatures (Fig. 6), paradoxically signaling
reduced convective dominance despite intensified interfacial
heat flux. This stems from competing thermal effects: while
elevated gas-solid temperature gradients amplify heat transfer
driving forces 32%, concomitant gas-phase property change-
s—density reduction 18% and viscosity increase 24%—suppress
turbulent convection efficiency, as per Nu scaling. Conversely, the
Sherwood number (Sh), representing convective-to-diffusive
mass transfer, declines from 2.37 to 2.28 despite enhanced mo-
lecular diffusion. Here, thermally activated diffusion elevates
gas-film mass transfer coefficients 52%, but the dominance of
Fickian diffusion over boundary layer convection reshapes the
Sherwood number (Sh) balance. Critically, elevated temperatures
rebalance transport mechanisms—conductive/diffusive modes
gain prominence despite absolute heat/mass flux enhancement,
demonstrating thermal optimization of gas-solid transport re-
gimes through viscosity-mediated flow restructuring.

Catalytic deactivation in semi-coke systems arises synergisti-
cally from two pathways: (1) carbonaceous deposition via tar
cracking reactions and (2) reactive consumption of the catalyst
matrix by gas-phase intermediates. As evidenced in Fig. 7, thermal

10k Activity factor calculation method
= % =—kr*Ca
S 0.8 - t
&
>
£ 0.6 ----=------°
2
v 04r
=
8
S 02— r=-1173K !

—A— T=1073K ...
Of——r-913K il . . .
0 20 40 60 80 100

Time/min

Fig. 7. Impact of raw syngas temperature regulation on semi-coke catalyst activity.



300 J. Feng et al. / Chinese Journal of Chemical Engineering 89 (2026) 293—301

Table 8

The comparison of the catalyst activity factor and porosity before and after the reaction.

Temperature Catalyst activity factor Catalyst porosity

973 K 1073 K 1173 K 973 K 1073 K 1173 K
Before the reaction 1.00 1.00 1.00 0.30 0.30 0.30
After the reaction (60 min) 0.26 0.28 0.38 0.27 0.25 0.23

regulation of raw syngas composition critically governs activity
metrics—elevated temperatures (873-1173 K) paradoxically
mitigate deactivation dynamics despite accelerated carbon depo-
sition rates (34% increase), attributed to thermally activated pore
restructuring and enhanced coke gasification (CO/CO; yield ratio
shift from 0.78 to 1.24).

The present study establishes a first-principles deactivation
kinetics model through ordinary differential equations (ODEs) that
dynamically couple the dimensionless activity coefficient with
carbon deposition dynamic, eliminating empirical correlations by
directly linking to fundamental carbon accumulation processes
rather than time-dependent phenomenological approximations.
As quantified in Fig. 7, the semi-coke's catalytic activity undergoes
progressive decay during syngas reforming, reaching technical
deactivation at 0.6. Thermal modulation from 973 K to 1173 K
extends operational lifetime by 18.75% (32 —38 min) through two
synergistic mechanisms: (1) Tar cracking acceleration, driven by
Arrhenius-type enhancement of tar decomposition increases and
reduced heavy hydrocarbon polymerization (C/H ratio drops from
1.28 to 0.94); and (2) Steam gasification promotion, evidenced by
an elevation in carbon-steam reaction rates and improved pore
accessibility. The resultant carbon flux balance—where the depo-
sition rate/Gasification rate ratio decreases from 145 to
0.79—preserves critical pore throat diameters (>4.20 nm) and
active site availability (>73% metallic sites exposed), thereby sta-
bilizing catalytic functionality through microstructure-optimized
thermal regimes.

Due to the deactivation of the catalyst caused by carbon de-
posits, it is necessary to summarize the physical and chemical
properties of the catalyst before and after the reaction, as shown in
Table 8.

4. Conclusions

This study establishes a multiscale model for semi-coke cata-
lytic tar removal from raw syngas, integrating intrinsic catalytic
activity analysis, dynamic pore structure evolution (driven by
carbon deposition/removal), multiphase reaction-transport
coupling mechanisms (distinguishing homogeneous/heteroge-
neous reaction pathways), and gas-solid non-isothermal heat
transfer (maximum temperature difference ~58 K). The framework
achieves multiscale simulations spanning reactor hydrodynamics
(Re = 1200—4500) to catalyst particle microstructure evolution
(pore size: 4.20—18.70 nm). The model reveals the correlation
mechanism between the carbon deposition-gasification dynamic
equilibrium (rate ratio: 0.79—1.45) and microstructural destabili-
zation thresholds of catalysts. It provides a quantitative predictive
tool for the design optimization of consumable matrix catalytic
systems, demonstrating particular application value in predicting
catalyst lifespan and regulating pore evolution pathways.
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Nomenclature

G specific heat capacity at constant pressure, J-kg~!-K~!

Defti the effective diffusion coefficient of component i,
m?.s~1

F volume force vector, N-m >

hpet the heat transfer coefficient of the particle surface,
W-m2.K!

I matrix of identity

Ji the mass flux of substance i, kg-m~2

kpe particle permeability, m™>

M; the molar mass of substance i, g-mol~!

M, mean molar mass of the pooled components, g-mol~!

P pressure, Pa

q heat flux, W-m2

Q reaction heat source term, W-m >

Qm mass source term, kg-s~!

Ri the reaction rate of substance i, kg-m—>-s!

T absolute temperature, K

u velocity of fluid, m-s~!

Uy the percolation velocity within the particle, m-s~!

wi the mass fraction of substance i

X; conversion of i

Xc biochar conversion rate

Xj molar fraction of i

ep porosity of the bed

£pe porosity of semi-coke particles

P density of fluid, kg-m—>

¥ particle structure parameter
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