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Abstract

The Modified Claus process is the most common method for Received: 3 February 2025
removing hydrogen sulfide from natural gas. Despite studies Accepted: 26 May 2025
conducted on the simulation of catalytic beds in sulfur recovery Page Number: 89-107

units, no comprehensive research has yet been carried out on
the impact of sulfur capillary condensation on catalyst
deactivation. In the present study, dynamic modeling and
simulation of sulfur production processes in catalytic beds were
performed, considering the Claus reaction and hydrolysis. After
validating the proposed mathematical model, the distribution of
operational parameters such as temperature, pressure, and
component concentrations, taking catalyst deactivation into
account, was analyzed. The results from the simulation showed
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Claus Process,
Catalytic Beds,

Mass Transfer,

that, for the current case study, approximately 80% of the catalyst Dynamic Modeling,
deactivates after 300 days of loading in the bed due to sulfur Catalyst Deactivation,
capillary condensation, resulting in a more than 49% reduction in Sulfur  Capillary
sulfur production. Condensation
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Figure 1. Schematic of the sulfur recovery unit.

1. Hydrogen Sulfide HS) 2. Carbon Dioxide (COy) 3. Sulfur Recovery Units (SRU)
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Table 1. Reactions in the catalysts of the Claus process and Reaction Rate Equations [27].
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Table 2. The molar fraction of stream of furnace gas outlet and first reactor inlet [9].

Component H2 02 N2 CcoO CO2 H2S COs SO2 CS; H20
Furnace outlet (yi) 0.001 0 0.373 0.017 0.232 0.035 0.0183 0.027 0.0016 0.241
First catalytic
reactor inlet (1) 0.01 0 0.3901 0.0157 0.2433 0.0363 0.0211 0.0286 0.0016 0.2526
Component S1_Vapor Sz Vapor Sz_Vapor Sa_Vapor Ss_Vapor Se_Vapor S7_Vapor Ss_Vapor S Liquid Argon
Furnace outlet (yi) 0 0.045 0 0 0 0 0 0 0 0
Pl GHRTE 128E-22  2.33E-06  278E-07  156E-07  7.72E-06 000012  531E-05  0.00015 0 7.18E-15
reactor inlet (yi)

S: Sulfur

1. Finite Difference (Approximations)
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Inputs: Temperature (T), pressure (P), molar flow rate (G), component mole fractions (yi) at the
reactor inlet, physical properties of the reactor, number of stages (n) and time (t,).

\ 4
-
i
e
r 3
i
=
r 3

-
e
F 3

‘Initialize the initial guesses for

Obtain the properties of the components for segment J at time step t
v

(equ. 22) Solve the system of equations from the mass balance equation and calculate y

¥

each component (equ. 4,5,12) of Calculate the a; — k[ - Nl =3 Dm

N NO

NO YES
< [ —af?| <ty 172" — ¥ | <>
\/ YES
Solve kelvin equation and calculate AD = Pz = Pz equ19)
Ad v
. . <& !
To correct the Calculate AH pna X Negng |4 &f = ?T’(equ‘ Calculate N png ,Veona
energy equation -
17,27,28)
¥ -~
Solve the mass balance equations to obtain bulk mole b (e ot ok NO
fraction of each component (equ. 15,16)
YES
NO — _
< |T/* —TPd | <¢ >‘ Solve the energy balance equations to obtain T (equ32

YS

Calculate the pressure in segment J+1 using the Ergun equation. (e 35

YES

NO

t=t+dt

YES

NO ¢ < tt\

oadiddl yl Jao o c¥alas Ja ala oS0 ¥ JSud

Figure 3. Algorithm for solving equations in the proposed model.
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Table 3. Temperature, pressure and molar flow rate of stream of furnace gas outlet and first reactor inlet [9].

Flow Stream Temperature(c) Pressure (bar) Molar flow (mol/s)
Furnace outlet 1000 15 355.76
First catalytic reactor inlet 235 1.37 339.944

[8] (SIS yiws lis gad ¥ Jgaa

Table 4. Reactors specifications [9].

A=YV o - O, 5 B kL

Catalyst Particle Bed Pore Particle

Bed Height Reactor Reactor weight Density Porosity Volume Average Particle Catalyst
(m) Length (m) Diameter (m) (kg) (kg/m3) Factor (c) (m3rkg) diameter (m) Shape Material
Spherical Alumina

1.4 6 2.7 36000 1300 0.4 0.00045 0.004 P (v-
Al, 03)
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Table 5. Industrial output data from the first to third reactors [9] along with simulation results and error percentage.

osUS i)

<

First Reactor Second Reactor Third Reactor
5 i L [ e | v |
?'\ P (Pa) 134000 134000 122000 123000 0.8 110000 111000
: T (°C) 307.6 304.9 1.15 222 2219 0 198.1 198 0
Comp. mol/s mol/s mol/s mol/s mol/s mol/s
CO; 89.39 89.59 0 89.39 89.39 0 89.39 89.39 0
N> 132.61 132.61 0 132.61 132.66 0 132.61 132.61 0
H,S 541 6.2 6 1.45 1.77 59 1 1.04 2.7
Cos 0.34 0.34 0 0.34 0.34 0 0.34 0.34 0
CS; 0.06 0.06 0 0.06 0.06 0 0.06 0.06 0
SO, 2.7 3.1 4 0.73 0.88 5 0.37 0.4 34
Cco 6.03 6.03 0 6.03 6.03 0 6.03 6.03 0
H, 35 35 0 35 35 0 35 35 0
H,0 92.77 91.91 1 96.73 96.43 0.3 97.43 97.3 0.13
S, 0.075 0.003 0
Se 0.36 342 0.26 1.04 0.04 0.26
Sg 2.06 0.82 0.12
Total 335.29 336.63 0.3 331.93 0.22 330.64 330.83 0.15
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Figure 4. Cumulative moles of condensate sulfur in the depth of
first catalytic bed at different time intervals.
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Figure 7. Average Deactivation coefficient diagram of the first
catalytic bed over a 300-day period.
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Figure 8. Distribution of H,S concentration in the depth of first
catalytic bed at different time intervals.
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Figure 12. Deactivation coefficient diagram over a 300-day
period in different inlet Pressure.
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Figure 13. Deactivation coefficient diagram over a 300-day
period in different inlet Temperature.
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Nomenclature

(kg/m3) Velocity (m/s)
Mass transfer Schmidt
o4 . Sc
mechanism number
Penetrati
Mass transfer ene_: r.a on
" coefficient of
Fai coefficient (kgmol/ Dj; L
component i in
m3.hr) .
component j
Viscosity of
Sh; Sherwood number Mm . y
gas mixture
The diffusi
y d'lf.fusmn Molecular
D coefficient of volume of
im component At Vi .
. . component i
inside a mixture
L Catalyst Length C Total
(m) t Concentration
Molar flow
Catalyst pellet rate of
dp . Nee
diameter (m) condensed
sulfur (mol/s)
Sulfur
Molar gas density liquid/vapor
Pm (mol/m3) ¥ surface tension
(N/m)
Density of
Molar volume of . epsny °
\V/ sulfur (m¥/mol) Ps liquid sulfur
(kg/md)
Volume of
Pore Intera Particle Vv free space in
volume Volume (m?) 2 each element
(m%)
Enthalpy of
Volume of void sulfur
Vp 3 AHcond -
space (kg/m°) condensation
(kJ/gmol)
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K =9.502+107 exp (111

w‘eMoo)9—l (?) de} L SYolxe

ki = kojexp (— :—})

K; = K exp (— AH‘)

RT

5)

(-l

(Y-

(Y-l

G Molar flow 0 Gas density
(kgmol/hr) & (kg/m3)
Mole fraction of Fluid velocity
i the component i U, V (m/s)
N, Mass transfer flux Re Reynolds
! (kgmol/ m3.hr) number
s Mass transfer p Pressure (pa)
(m2) surface
Mass transfer Reaction
k; coefficient (kgmol/ AH enthalpy
m3.hr) (KJ/hr)
Mole fraction of
at the component j .
. Bulk Density
Ysi the interface Pb (kg/m3)
between gas and
liquid
Product
(Sbea) Bed Area (m2) AH, enthalpy
(KJ/hr)
Specific surface Reactant
a area of particles AHg enthalpy
(m2/m3) (KJ/hr)
. Catalyst height . Mole Flow of
(m)) ! component i
Reaction rate of Specific heat
R; component i cp; capacity
(kgmol/Kgeat. hr) (J/mol.C)
. Temperature
€ Bed porosity T ©
Molecular
Intera particle weight of gas
€ i MW, .
porosity mixture
(kg/mol)
Pe Catalyst density Vs Superfacial
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Figure 6. The rate constants of reactions [25].

1
K, Hy0» [m]
6.91 30.77 0.338 -
19.75 40.41 3.43 98.1
3 2.3 25.27 1.25 83.22
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Table 7. Coefficients of the viscosity equation.

T | Viscosity a(10-8) ) ¢ (107-4) d (107-4)

HS C cp 150-350 0 -1.441 0.4162 109.1
so; C cp 150-350 -333900 2723 -6.828 746
HO C cp 150-350 0 0 0.4096 79.58
Ho C cp 150-350 0 0.4 0.2 78
N C cp 150-350 0 -1 0.4 168
co ¢ cp 150-350 0 1 0.4 162
co. C cp 150-350 0 ) 05 138
cos C cp 150-350 0 1 0.4 117
sc:. C cp 150-350 0 0.9 0.4 92

s c cp 150-350 -0.00933 76 1757 256

0539 Lo yS dalas slacu b A Jgua

Figure 8. The coefficients of the specific heat equation.

T Temp_range c (10n-5) | d(10n-8) | e(10n-11) | f(10M-15)

H2S C JmolC 25-1400 34.026 0.0097 ) -3.00 1.00 0.00
SO2 C J/molC 25-1400 38.717 0.0429 -4 1.00 0.00 0.00
CHO0O C JmolC 25-1400 33.46 0.0069 0.6 -0.36 0.00 0.00
S6 C J/molC 25-1400 116 0.1617 -60 100.00 -70.00 0.00
CO2 C JmolC 25-1400 36.11 0.0423 -2.88 0.75 -70.00 0.00
COS C JmolC 25-1400 41.09 0.0484 -7 7.00 -4.00 8.00
CS; C JmolC 25-1400 45.98 0.0422 -7 8.00 -5.00 10.00
H2 C JmolC 25-1400 28.84 0.00008 -0.33 -0.09 0.00 0.00
N2 C JmolC 25-1400 29 0.0022 0.57 -0.29 0.00 0.00
Co C JmolC 25-1400 28.95 -0.0041 0.35 -0.22 0.00 0.00
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