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Design, optimization and
controllability analysis of an
improved sulfur recovery unit
based on SuperClaus process

T. Kazemi & R. Eslamloueyan™

To meet stricter environmental regulations, the SuperClaus process has been proposed to enhance
sulfur recovery in Claus sulfur recovery units (SRUs). SuperClaus modifies the traditional Claus process
by adding a catalytic bed for direct hydrogen sulfide oxidation after the Claus beds. This study begins
with a steady-state simulation of the Claus process using AspenPlus, with results closely matching
industrial data—showing relative errors of 5.56% for SO,, 8.10% for H,S, and 0.84% for sulfur recovery.
The SuperClaus process is then designed, optimized, and simulated under steady-state conditions.
Unit operations, such as the reaction furnace, heat recovery boiler, and catalytic reactors, were
modeled as plug-flow reactors (PFRs). Simulation results show sulfur recovery increases from 95.9%
to 98.5% using SuperClaus process. In addition to considering the detailed reaction kinetics and
design of an optimized SuperClaus reactor, the main novelty of this work is the dynamic simulation

of the SuperClaus unit performed using AspenPlus Dynamics. The control system is tested under step
changes in feed temperature (£20%), pressure (+10%), and concentration (+5%). Results indicate that
concentration changes have the most significant impact on overshoot in the control loop. Despite
disturbances, the control system effectively maintains desired setpoints, demonstrating the robust
performance of the SuperClaus configuration under varying operating conditions.
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In processes like natural gas sweetening, hydrogen sulfide (H,S) is separated from hydrocarbons, forming an
acid gas stream containing H,S, CO,, water vapor, hydrocarbons, and trace compoundsl. Due to environmental
concerns, acid gas cannot be released directly and must undergo treatment. Sulfur Recovery Units (SRUs)
convert H,S to elemental sulfur, which is used in industries such as rubber, pharmaceuticals, sulfuric acid, and
pesticides?.

The history of SRUs dates back to 1883 when Carl Friedrich Claus developed a process to convert H,S to
sulfur via a partial oxidation reaction: H)S+1/2 O, > 1/8 S;+ H,0.

In 1938, the process was improved by partially burning H,S with air to form SO,, which reacted with
unburned H,S in a catalytic reactor’. The modified Claus process consists of thermal and catalytic sections. In
the thermal section, one-third of H,S combusts to form SO,, which reacts with the remaining H,S to form sulfur.
Equations (1) and (2) presents these reactions.

H,S + ;OQ — SO, 4+ H2O (1)
SOs + 2HsS 282 + 2H,0 (2)

The resulting gas passes through a heat recovery boiler and condensers, where sulfur is removed. The catalytic
section promotes further H,S and SO, conversion via the Claus reaction (Egs. 1-3).

SOs + 2H,S 5 %sn + 21,0 3)
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Each catalytic stage includes a reactor and condenser. Sulfur vapor is condensed, and with each stage, H,S and
SO, levels drop, allowing lower reactor inlet temperatures. Water vapor increases in the stream over time, raising
corrosion risks and shifting equilibrium away from sulfur production. Thus, recovery gains from additional
reactors diminish. Two-reactor Claus units recover 90-96% sulfur; three-reactor systems recover 95-98%.

Stricter environmental regulations have prompted the development of improved methods, such as the
SuperClaus process. A key distinguishing feature of this process is the SuperClaus catalyst used in the final reactor,
which directly oxidizes hydrogen sulfide (H,S) to sulfur (as shown in Egs. 1-5), bypassing any equilibrium
limitations. The SuperClaus process can achieve sulfur recovery rates of up to 99%?>.

H>S + %Oz — %Sn + H>O (4)

Dynamic simulation of the SuperClaus process is crucial for process design and optimization because feed
conditions—such as temperature, pressure, and composition—vary due to multiple upstream gaseous eftluent
streams.

Sulfur recovery units (SRUs), particularly the Claus process, have been extensively studied. In the following,
the research on both the Claus and SuperClaus methods has been reviewed, focusing on three areas: (I) empirical
and equilibrium modeling, (II) reaction kinetics and rate equations, and (III) process simulation.

(I) Empirical and equilibrium modeling.

Bennett and Meisen studied equilibrium models for the reaction furnace®. They developed the model using
experimental equilibrium data at atmospheric pressure and a temperature range of 600-2000 K. By changing
oxygen-to-hydrogen sulfide ratios in the feed between 0.05 and 1, they concluded that if the oxygen-to-hydrogen
sulfide ratio is less than stoichiometric and the furnace temperature is maintained, sulfur recovery can increase
by 10%. Fischer published volume percentage charts for the main compounds exiting the reaction furnace in
1974 but did not provide data on the method’s accuracy®. Maneri et al. extensively reviewed the research works
on the Claus reaction furnace models®. The models were based on equilibrium and empirical formulation, and
were able to predict the outlet stream composition of the heat recovery section especially hydrogen, carbon
monoxide, carbonyl sulfide, and carbon disulfide concentrations.

(II) Reaction kinetics and rate equations.

In 1976, Steijns et al. proposed a mechanism for the direct oxidation of hydrogen sulfide, consistent with most
of the available kinetic data’. They considered four different catalysts: molecular sieves 13X, gamma-alumina,
molecular sieve carbon, and active carbon. They also developed a reaction rate equation for the direct oxidation
of hydrogen sulfide. However, they did not consider possible side reactions alongside the primary selective
oxidation of hydrogen sulfide.

In 1993, Tong et al. suggested a kinetic model for the hydrolysis reaction of carbonyl sulfide®. In another
study, they used four mechanisms to study the kinetics of carbon disulfide hydrolysis on alumina and Titania
catalysts®. In 1997, they employed their developed rate equations for Claus catalytic reactions to simulate Claus
catalytic reactors™®.

Karan conducted research for his doctoral thesis, focusing on the partial oxidation of hydrogen sulfide
and the potential side reactions that could occur in the Claus process and heat recovery furnace!!. He utilized
experimental data to develop reaction rate equations to produce carbonyl sulfide and carbon monoxide, as
well as a thermal decomposition rate equation for hydrogen sulfide. Karan also investigated the production
of carbonyl sulfide within the heat recovery furnace. He concluded that by adjusting operational variables and
unit design, the amount of carbonyl sulfide produced in the heat recovery furnace could be reduced by over
50%. Additionally, Karan et al. studied the formation reaction of carbonyl sulfide (COS) at high temperatures,
proposing a rate equation for its reversible production from carbon monoxide and sulfur'?. In 1999, Kara et
al. investigated the thermal decomposition of hydrogen sulfide, the reaction that produces carbon monoxide
from hydrogen and carbon dioxide, and the reaction that generates carbonyl sulfide from carbon monoxide and
hydrogen sulfide’®. In a separate study, Karan and Behie conducted a kinetic analysis of carbon disulfide (CS2)
formation from reactions involving methane (CH4) with hydrogen sulfide and methane with sulfur'.

Hawboldt conducted kinetic modeling of crucial reactions in the Claus process furnace'®. The reactions he
studied included the reversible thermal decomposition of hydrogen sulfide, thermal decomposition, and the
oxidation of ammonia, as well as two main Claus reactions. He derived rate equations for these reactions using
the kinetic data from a pilot-scale pipe reactor. The pilot conditions were similar to the operating conditions of
the industrial Claus units. He also conducted experiments to determine the competition for oxygen consumption
between hydrogen sulfide, ammonia, and ethane. In 2000, Hawboldt et al. developed a rate equation for the
thermal decomposition of hydrogen sulfide!®. Monnery et al. presented a rate equation for the thermal Claus
reaction!’.

In 2018, Shinkarev et al. proposed a kinetic model for the selective oxidation of hydrogen sulfide on carbon
nanofiber catalysts'®. Their research included catalyst synthesis and kinetic studies. In addition to the direct
oxidation of hydrogen sulfide to elemental sulfur, they also considered possible side reactions in the direct
oxidation reactor and provided rate equations for those reactions.

(III) Rigorous modeling of Claus process.
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In 2016, Zarei et al. focused on modeling the heat recovery section of the Claus process'®. They minimized
Gibbs’s free energy and added parameters to thermodynamic property relationships to model the reaction
furnace. These new parameters reduced the prediction error of the outlet flow rate from 33.5% to 7.86%. They
modeled the kinetics of the heat recovery boiler. The combined reaction furnace and heat recovery boiler
modeling aligned well with experimental data. They optimized the parameters of the heat recovery boiler and
the reaction furnace to maximize sulfur recovery and minimize carbonyl sulfide emissions.

In 2017, Kazempour et al. conducted kinetic modeling of the thermal section of an industrial Claus unit
and compared the results with industrial data®®. Their optimization focused on maximizing sulfur recovery
and steam production while meeting the hydrogen sulfide to sulfur dioxide ratio limit. In 2018, Kardan and
Eslamloueyan utilized kinetic, equilibrium, and kinetic-equilibrium models to simulate a furnace and heat
recovery boiler in an industrial sulfur recovery unit?'. Their comparison of the modeling results with industrial
data revealed that the kinetic model provided the most accurate simulation of the unit. They also examined the
impact of heat loss from the furnace on the outlet stream conditions, discovering that preheating the acid gas
feed reduces sulfur recovery efficiency. Conversely, their simulation results indicated that lowering the acid gas
temperature could optimize the ratio of hydrogen sulfide to sulfur dioxide.

In 2020, Mehmood et al. conducted kinetic modeling of a reaction furnace, considering 11 reactions and
three different acid gas concentrations??. They found their model reliable and suggested it could be used for
computational fluid dynamics studies, optimization, and control of sulfur recovery units, comparing it to others’
published work. Abedini et al. modeled and simulated the catalytic beds of an industrial Claus unit?*. They split
the 2-meter catalytic bed into 100 parts and solved mass and energy balance equations for each part.

Asadi et al. examined the Claus process using T-SWEET (PROSIM) software?*. They investigated the effects
of acid gas feed conditions, such as hydrogen sulfide concentration, the hydrogen sulfide to carbon dioxide ratio,
and the airflow rate, on the temperature of the reaction furnace and the sulfur recovery. With the improvement
of the above parameters, the sulfur recovery increased from 96.67% to 98.67%. There were no validations with
industrial data in their work. Manenti et al. used a kinetic model with 2400 reactions and 140 compounds to
model the Claus unit’s thermal and catalytic Sect?. They considered the furnace’s combustion chamber a stirred
reactor, the reaction section as tubular reactors, and the Claus catalytic beds as tubular plug-flow reactors. They
optimized for maximum sulfur recovery and steam production.

In 2015, Nabikandi and Fatemi conducted a study on the kinetic and equilibrium modeling of a sulfur
recovery unit, achieving a recovery rate of 97.4 mol%. They determined that the kinetic model is more accurate,
effectively predicting concentration, temperature, and pressure throughout the furnace and reactors. In contrast,
the equilibrium model is limited to predicting conditions only at the outlets of the furnace and reactors®. In
2016, Nabjan et al. simulated the Claus process using the Aspen HYSYS simulator?”’. They examined how
changes in operating variables affect sulfur recovery and utilized conversion and R-Gibbs reactors without
employing reaction rate equations. The results indicated that sulfur recovery increases as the nitrogen to oxygen
(N2 to O2) ratio in the air stream rises. Additionally, the study found that when the air flow rate reaches 140.6
kgmol/hr, sulfur recovery can attain 100%. However, the simulation results were not compared or validated with
industrial data, and the initial sulfur recovery rate before the sensitivity analysis was unknown. Ghahraloud et
al. used energy and mass balance equations to model an industrial sulfur recovery unit and employed a genetic
algorithm to optimize the process®. Furthermore, they found that replacing adiabatic catalytic reactors with
autothermal reactors can increase sulfur recovery by 5.18%. Al Hamadi et al. used Chemkin Pro and Aspen
HYSYS to simulate the reaction furnace and heat recovery boiler and validated their results using literature
data?. They also explored the impact of oxygen concentration on sulfur recovery. In three different conditions
with different hydrogen sulfide concentrations, they used a precise reaction mechanism to investigate the effect
of oxygen concentration (between 20 and 100%) of the inlet air flow on sulfur recovery, BTEX compound
destruction, toxic gas release rate, gas fuel consumption, etc. They presented the simulation results in the form of
graphs. They interpreted the graphs and stated that oxygen concentrations above 30% can have an adverse effect
on sulfur recovery rate. With increasing oxygen concentration, the CO2 concentration output from the BTEX
incinerator and the gas fuel consumption rate in the incinerator decreased, but the SO2 concentration increased.
Also, the carbon monoxide concentration increases with increasing oxygen concentration until the furnace
temperature is less than 1350, and then with further increasing oxygen concentration and increasing furnace
temperature, the carbon monoxide concentration also decreases. They recommended an oxygen concentration
above 50% for UAE sulfur recovery units, given their feed concentration, to maximize aromatics breakdown and
minimize carbon monoxide production. In 2019, Ibrahim et al. proposed improvements to Claus sulfur recovery
units using Chemkin Pro software?®. The modifications included two reaction furnaces, heat recovery boilers,
and separate intermediate condensers for water and sulfur products. The study found increased sulfur recovery
efficiency from 63% to 75%. Hashemi et al. conducted a study using PROSIM software to simulate an industrial
Claus sulfur recovery unit with an acid gas bypass from the reaction furnace in 2020%°. They validated the
simulation results with plant data and examined the impact of operational parameters on sulfur recovery. Rao
and Haydary simulated the SuperClaus process using the Sulsim tool within Aspen HYSYS software in 20193L.
Initially, they achieved a sulfur recovery of 93.89%. By incorporating Air Demand Analysis and adjusting the
H.,S to SO; ratio in the tail gas stream to 2, they improved the recovery rate to 98.6%. They then simulated a feed
stream with a higher H,S percentage. To meet the desired recovery rate in this scenario, they employed the bypass
flow method, which did not significantly enhance sulfur recovery. In the subsequent steps, they added a selective
oxidation reactor, resulting in a recovery rate of 99.14%. Furthermore, by incorporating a tail gas section with a
recycle stream and replacing the alumina catalyst with a titania catalyst, the performance improved to 99.92%.

Despite the SuperClaus process’s high efficiency in achieving the targeted recovery percentage, we could not
find any articles specifically dedicated to the simulation of this process. Moreover, despite the critical importance
of dynamic simulation in analyzing and predicting system behavior and control system performance—especially
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when acid gas conditions deviate from steady state, a situation likely to occur in sulfur recovery units—we did
not find any dynamic studies on the Claus or SuperClaus processes in the available literature. Our research aims
to fill that gap by presenting a comprehensive model of the SuperClaus process. Along with an in-depth analysis
of the reaction kinetics and the design of an optimized SuperClaus reactor, this work’s main novelty lies in the
dynamic simulation of the SuperClaus unit conducted using AspenPlus Dynamics. We will thoroughly analyze
how this process behaves under steady and unsteady-state conditions. By developing this model, we will gain
valuable insights that will enhance our understanding of the SuperClaus process performance and its capabilities
compared to conventional SRU units.

Materials and methods

This section outlines the modeling and simulation of the SuperClaus process using AspenONE software. We
utilize industrial data from a Claus unit to perform and verify a steady-state simulation of the Claus process.
We then present the steady-state simulation of the SuperClaus process in Aspen Plus and discuss its dynamic
simulation procedure.

Steady-state simulation of an industrial Claus process

Process description

Figure 1 shows a simplified schematic of the Claus unit under study. Acid gas containing 31.66% hydrogen
sulfide is preheated to 220 °C and split into a furnace feed (414.3 kmol/hr) and a bypass stream (10.58 kmol/
hr). Both air and feed streams are preheated before entering the reaction furnace, which has combustion and
non-combustion zones. The hot gas exits the furnace at 954 °C, cools to 307 °C in the heat recovery boiler, and
undergoes further non-combustion reactions. It is then cooled to 180 °C in the first condenser, separating liquid
sulfur. The remaining gas mixes with the bypass stream and enters the first catalytic reactor at 235 °C, where
Claus and carbon disulfide hydrolysis reactions occur. After cooling to 181 °C in the second condenser, sulfur
is separated, and the vapor is reheated to 215 °C before the second catalytic reactor. The gas is cooled again in
the third condenser, reheated to 200 °C, and passes through the third catalytic reactor. Finally, it is cooled to
129 °C in the fourth condenser. The resulting tail gas, containing residual sulfur compounds, is incinerated
before atmospheric release.

Pseudo-component definition and thermodynamic model

In the thermal and catalytic Claus reactions and the super-Claus reactor, sulfur forms as S, S, and Ss allotropes.
Although selectable in Aspen Plus, missing property data prevents successful simulation. Therefore, these
allotropes were defined as pseudo-components based on their normal boiling point (444 °C), density (1810
g/mol), and molecular weight*. The Peng-Robinson equation of state, previously used successfully for Claus
process modeling®, was applied in the simulation.

Simulation of the reaction furnace and waste heat boiler
Table 1 presents the Claus unit’s acid gas feed properties. Preheated air (378.2 kmol/hr) and methane-rich fuel
(3.3 kmol/hr) enter the adiabatic tubular reaction furnace (1.2 m diameter, 0.9 m length). Table 10 lists the
combustion reactions and rate equations used for modeling. Due to missing combustion data for benzene,
toluene, and mercaptans, their reactions were simulated using a stoichiometric reactor model.

The oxygen-free second section of the furnace is where non-combustion reactions occur. We modeled this
section as a 3.2-meter-diameter and 3.5-meter-long adiabatic tubular reactor, considering reactions 5 through
10.

HsS + 0.5S02 — H20 + 0.75S2 (5)
HeS — Ha + 0.5 So (6)
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Fig. 1. The process flow diagram of an industrial Claus process.

Scientific Reports|  (2026) 16:4118 | https://doi.org/10.1038/s41598-025-33984-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Feed condition
T,°C | 55 | P,bara | 1.68 | F, kmol/hr | 424.9
Feed composition
Component | F;, kmol/hr | Component | F;, kmol/hr | Component | F,, kmol/hr
H,8 134.4 nC, 0.022 CeH, 0.098
S0, 0 ic, 0.014 CH,$ 0.012
COZ 254.4 iC5 0.004 CZH65 0.057
C, 35 nC, 0.004 C.H,S 0.012
C, 027 nC, 0.05 N, 0.086
o 0.082 C,H, 0.024 H,0 316
Table 1. Acid gas feed conditions.
CO + 0.552 +» COS (7)
CO2 + Hs +» CO 4+ H20 (8)
CO + H2S + COS + Heo 9)
CH4 + 282 — CS2 + 2HQS (10)

Table 11 represents the rate equations for these reactions. The waste heat boiler (WHB) consists of a 5.5-meter-
long shell containing 300 tubes, each 64 mm in diameter. Furnace effluent passes through the tubes, cooling via
heat transfer with boiling water. Boiler feed water enters the shell side at 110 °C, and steam exits at 165 °C. As
reactions 5 to 10 occur within the tubes, the WHB was modeled as a tubular plug-flow reactor with heat transfer.
The shell-to-tube heat transfer coefficient was reported as 44.5 W/m?*K by Dimian and Bildea (2008)".

Simulation of the catalytic section

The catalytic section of the Claus process includes preheaters, catalytic reactors, and condensers. An auxiliary
furnace preheats the stream to the first reactor, while simple heat exchangers heat the feeds to the second and
third reactors to 215 °C and 200 °C, respectively, with slight pressure drops. The catalytic reactors are modeled
as adiabatic plug-flow reactors, each with a 1.4-meter catalytic bed. Reactor diameters are based on maintaining
the same volume as the beds. The spherical catalyst used is activated alumina with a 4 mm diameter and 1300
kg/m? density?®. The specifications of the catalytic beds are as below:

Claus reactor | Length, mm | Diameter, m | Catalyst weight, Kg

1st reactor 1400 4625 18,650
2nd reactor 1400 5046 13,650
3rd reactor 1400 4625 16,850

In the first catalytic reactor, the hydrolysis reactions of carbon disulfide and carbonyl sulfide take place
alongside the Claus reactions. Equation 11 to 13 show the hydrolysis reactions, and Table 12 gives the rate
equations for these reactions.

2H5S + SO5 <+ 2H20 4 0.375 Ss (11)
CS2 4+ 2H20 — CO2 + 2H3S (12)
COS 4+ H20 — CO2 + HaS (13)

In Aspen Plus, the condensers were modeled with a simple heat exchanger and a two-phase separator. Following
the first through third catalytic reactors, the condensers reduce the reactor outlet temperatures to 181 °C, 173 °C,
and 129 °C, respectively. Like the industrial condenser, each heat exchanger has a pressure drop of 0.035 bar.

Steady-state simulation of the superclaus process

Unlike the Claus process, the SuperClaus process uses SuperClaus catalysts in the final reactor to directly oxidize
hydrogen sulfide into sulfur, with air supplying the necessary oxygen. Operational parameters differ slightly
from the Claus process. In 2018, Shinkarev et al. studied the kinetics of hydrogen sulfide oxidation on carbon
nanofiber-based SuperClaus catalysts'®, identifying two side reactions (Egs. 14-16). The catalysts, with a density
of 2.2 g/cm237, have diameters between 1 and 5 mm, and 3 mm was used for simulation.

1 1
HQS“FEOQ — 686+H20 (14)
HsS + 202 — SOz + H2O (15)
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éSG + O3 — SO, (16)

The rate equations for these reactions and their corresponding constants are presented in Table 13.

Since industrial data were unavailable for the SuperClaus reactor, this reactor and its operating conditions
were designed using Aspen Plus optimization and the sequential-quadratic programming (SQP) method
to maximize sulfur recovery. Decision variables included catalyst mass, air flow rate and temperature to the
reactor, feed temperature, and airflow to the furnace. The constraint was to maintain the hydrogen sulfide molar
percentage exiting the last Claus catalytic reactor between 0.8% and 1.5%.

Dynamic simulation of the superclaus process
Before dynamic simulation, equipment and valve sizes must be specified under normal conditions. Reactor
sizes were provided earlier. Industrial data show that the first three condensers are horizontal (2.5 m long, 0.5 m
diameter), and the fourth is vertical (0.75 m long, 2.5 m diameter). Control valves were sized to operate 50%
open at the steady state condition.

Due to fast combustion reactions, dynamic modeling of the SuperClaus process creates a complex system of
stiff ODEs and nonlinear equations, especially in the furnace. To address this, hydrogen sulfide combustion was
modeled using Aspen’s plug-flow reactor, while hydrocarbon combustion used a stoichiometry reactor model.

Control structure of the superclaus process

Figure 2 shows the SuperClaus control system, which regulates hydrogen sulfide at the third condenser outlet
instead of maintaining a H,S/SO, ratio like the Claus process. A concentration controller adjusts the air-to-acid
gas ratio based on H,S content. The air splits before the furnace, with 30% sent to a bypass, and a flow controller
manages total inlet airflow.

Airflow to the auxiliary furnace controls the first catalytic reactor’s inlet temperature, and a ratio controller
adjusts the bypass acid gas flow accordingly. Preheaters regulate feed temperatures for the second Claus and
direct oxidation reactors. The final condenser controls the tail gas temperature. Level controllers regulate
condenser sulfur levels by adjusting the exit stream. Flow controller FC-AS maintains the SuperClaus reactor air
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@ e
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Fig. 2. The control structure of the SuperClaus process.
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Controller Controlled variable Manipulated variable

H2S-MOLFR H,S concentration at the outlet of the third condenser ;Tt: ratio of the reaction furnace air to the acid gas feed

FC-Al Flow rate of the inlet air to the reaction furnace Flow rate of the auxiliary air to the reaction furnace

TC-RIFEED The inlet temperature of the first catalytic reactor Air flow rate to the auxiliary furnace

FC-AG2 Flow rate of the acid gas fed to the auxiliary furnace AOpem'ng percentage _ofthe control valve in the acid gas
inlet line to the auxiliary furnace

TC-R2FEED The inlet temperature of the 2nd catalytic reactor Heat duty of the feed preheater of the 2nd catalytic reactor

TC-super The inlet temperature of the SuperClaus reactor Heat duty of the feed preheater of the SuperClaus reactor

TC4 The outlet gas temperature from the last condenser The heat duty of the last condenser

FC-A4 Tnlet air flow rate to the SuperClaus reactor Opening percentage of the control valve in the air line to

the SuperClaus reactor

E101-LC, E102-LC, E103-LC, E-104-LC

Liquid sulfur level in the condensers Outlet flow rates of the liquid sulfur from the condensers

Table 2. Overview of the control loops of the superclaus process.

Tail gas conditions Simulation | Industrial data | Percentage of relative absolute error, %
Temperature, "C 129 128.9 0.08
Pressure, bar 1.04 1.03 0.97
Total molar rate, kmol/hr | 769.4 767.7 0.22
H,S molar rate, kmol/hr | 3.4 3.7 8.1
SO, molar rate, kmol/hr | 1.7 1.8 5.56
H,0 molar rate, kmol/hr | 196.6 196.4 0.4
O, molar rate, kmol/hr 0 0 0
N, molar rate, kmol/hr 296.3 293.8 0.85
CO, molar rate, kmol/hr | 259.6 258.0 0.62
H2 molar rate, kmol/hr 7.6 7.1 7.04
Sulfur recovery, % 95.9 95.1 0.84

Table 3. The verification of the Claus process simulation.

supply. All controllers are listed in Table 2. The SuperClaus process with the main controllers was modeled in the
AspenPlus dynamic simulator.

Controller tuning method

Proper control structure and parameters are essential for good dynamic performance under disturbances.
Fast-acting level and flow controllers used Luyben’s heuristics and Aspen Plus Dynamics defaults®. For flow
control, Luyben suggests a PI controller with a 0.5 gain and 0.3 min integral time, while Aspen defaults for level
control are a gain of 10 and 60 min integral time. Aspen Plus Dynamics’ autotune feature, which uses the relay-
feedback method, was applied to tune temperature and concentration controllers. Ultimate gain and period were
determined by inducing sustained oscillations, and controller settings were calculated using the Tyreus-Luyben
method.

Results and discussion

This section presents the steady-state and dynamic simulation results. First, we validate the Claus process steady-
state results against plant data, followed by the SuperClaus steady-state results. Then, we show the controller
tuning and the closed-loop dynamic performance of the SuperClaus unit.

Steady-state simulation of Claus process

Table 3 shows the simulated operating conditions of the Claus unit’s tail gas, including temperature, pressure,
flow rate, and component mole percentages. A comparison with industrial data shows that all relative errors are
within acceptable limits.

Steady-state simulation of superclaus process
As discussed, simulating the SuperClaus process requires replacing the Claus catalyst properties with those of
a direct oxidation catalyst in Aspen Plus and optimizing the operating conditions. The AspenPlus optimizer
conducts the optimization calculation. Table 4 represents the decision variables affecting the sulfur recovery.
This Table summarizes the optimization results, which increased sulfur recovery efficiency to 98.5% and
reduced H,S in the third condenser output to 1.39%.
The sensitivity analysis was performed to select these decision variables. For instance, Fig. 3 illustrates the
sensitivity analysis results of the airflow inlet to the SuperClaus reactor. As can be observed in Fig. 3, the optimal
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Objective function value
Sulphur recovery percentage (%) 98.5
Decision variables Values
Inlet air flow rate to the reaction furnace (kmol/hr) 350.3
Inlet air flow rate to the SuperClaus reactor, (kmol/hr) 29.9
Inlet air temperature to the SuperClaus reactor, °C 209.7
Inlet temperature of the acid gas stream to the SuperClaus reactor, °C | 199.8
SuperClaus catalyst loading, ton 20

Table 4. The results of the superclaus reactor optimization.

0.00800

0.00798

0.00794

0.00792

0.00790

0.00788

Tail gas H2S mass fraction
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Air flow rate to the SuperClaus reactor, kg/h

Fig. 3. The sensitivity analysis results for the effect of airflow inlet to the SuperClaus reactor on tail gas
hydrogen sulfide concentration.
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Fig. 3. Response to the disturbance D1 (a) H,S concentration controller, (b) The ratio controller, (c) The air
flow controller, (d) The air control valve.

Parameters Claus | SuperClaus
Temperature(°C) 129 129
Pressure (bar) 1.04 1.03
Molar rate ( &322l | 7697 | 770.7
Flow
rate | Flow rate
Components ( k:lfo i I % )
H,S 34 |00
S0, 17 |17
H,0 196.6 | 197.6
0, 00 |00
N, 296.3 | 298.0
o, 259.6 | 260.1

Table 5. Simulated tail gas properties for the Claus and superclaus process.

Flow
rate | Flow rate

( kmol kmol)

Components hr hr

H

7.6 8.4

2
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Disturbance | Definition

D1 +20% step change in the feed temperature

D2 -20% step change in the feed temperature

D3 +5% step change in the feed H,S concentration
D4 -5% step change in the feed H,S concentration
D5 +10% step change in the feed pressure

D6 -10% step change in the feed pressure

Table 6. List of step disturbances to the incoming acid gas.

Row | Controller Controller action | K (%/%) | T; (min)
1 TC-R1FEED Reverse 4.74 5.28

2 TC-R2FEED Reverse 2.96 7.92

3 TC-super Reverse 11.01 10.56

4 TC4 Reverse 8.91 22.44

5 H2S-MOLFR Direct 0.12 14.52

6 FC-Al, FC-AG2, FC-A4 Reverse 0.50 0.30

7 E101-LC, E102-LC, E103-LC, E-104-LC | Direct 10 60

Table 7. The tuning results for controllers of the superclaus process.

mass flow of air supplied to the SuperClaus reactor is 16 kg/h. The air flow rate has varied from 15 to 18 kg/h,
and its effect on the concentration of hydrogen sulfide in the tail gas has been plotted.

Table 5 compares the tail gas streams of the Claus and SuperClaus processes, showing a significant reduction
in hydrogen sulfide from 4392 ppmv to nearly 0.0 ppmv. Sulfur recovery also improves from 95.9% to 98.5%,
highlighting the effectiveness of the SuperClaus process.

The dynamic simulation results of the superclaus process

The following sections assess how well the control system handles step disturbances to the incoming acid gas,
as defined in Table 6. All controllers in the SuperClaus dynamic simulation are PI-type. Table 7 presents their
tuning results: rows 1-3 cover feed temperature controllers for the two Claus and one SuperClaus reactors; row
4 shows the tail-gas temperature controller; row 5 relates to the H,S concentration controller after the third
condenser; and rows 6-7 list flow and level controller parameters from Table 2.

The control system response to DI and D2: +20% step change in the feed temperature

In case of disturbance DI, fifteen minutes into the simulation, the acid gas feed temperature rises from 55 °C
to 66 °C, which causes an abrupt increase in H,S concentration after the third condenser (Fig. 3a). With an
increase in the feed temperature, the volumetric flow rate of the acidic gas entering the reaction furnace rises,
which reduces the residence time of the feed in the reaction furnace and consequently decreases the conversion
of hydrogen sulfide. Therefore, the concentration of this component initially increases sharply, and as the
concentration controller gradually increases the airflow rate to the reaction furnace, its concentration begins to
decrease.

The controller raises the air-to-acid gas ratio setpoint to correct this, as shown in Fig. 3b, leading to increased
airflow into the reaction furnace (Fig. 3c). Initially, the air valve opening and airflow drop briefly (Fig. 3¢, d)
due to a quick rise in acid gas volumetric flow, prompting the feed valve to reduce the acid gas flow before
the controller adjusts the air ratio. Disturbance D1 impacts the reactor temperature controllers When the first
reactor’s feed temperature rises, its controller reduces air to the auxiliary furnace, lowering the bypass acid gas
flow. In contrast, D1 causes the second reactor’s feed temperature to drop due to reduced air, lowering the first
reactor’s output rate and reducing flow to the second condenser. As a result, the condenser overcools the gas,
and the preheater compensates by increasing its heat load. The SuperClaus reactor’s controller behaves similarly
to the second reactor controller. The tail gas temperature controller is barely affected, and control is maintained
effectively. All four condenser-level controllers performed well, so their responses are not shown.

For disturbance D2, controller responses are opposite to those in D1. The H,S mole fraction at the third
condenser outlet decreases as the acid gas temperature drops. The concentration controller compensates by
lowering the air-to-acid ratio, reducing airflow. Meanwhile, the first reactor feed temperature drops, prompting
its controller to increase auxiliary furnace airflow, which raises bypass acid gas flow, so the second reactor feed
temperature increases due to higher flow from the first reactor. The condenser cannot fully cool the stream, so
the second reactor’s controller reduces the preheater heat load. The SuperClaus reactor’s controller responds
similarly. D2 also raises the last condenser’s outlet temperature, which is corrected by reducing its heat load.
Liquid sulfur level controllers performed well, so their responses are not shown.
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Fig. 4. The responses to the disturbance D3 (a)The concentration controller, (b) The first reactor controller, (c)
The second reactor controller, (d) The SuperClaus reactor.

The control system response to D3 and D4: 5% step change in the H,S feed concentration

For disturbance D3, as the concentration of hydrogen sulfide (H,S) increases in the acid gas, its levels at the
outlet of the third condenser also rise. Figure 4 illustrates the controller’s responses and their effects on the feed
temperature controllers of the catalytic reactors. In response, the concentration controller adjusts by increasing
the air-to-acid gas ratio. This change aims to enhance the conversion of H,S in the furnace, which helps return
the outlet concentration to its designated set point.

The controllers respond to the disturbance D4 in the opposite way to D3. When HS,S in the acid gas feed
decreases, its concentration at the third condenser’s outlet also drops. The controller lowers the air-to-acid gas
ratio to maintain the setpoint, reducing H,S conversion in the furnace and restoring the outlet concentration.
Reactor temperature controller responses are similar to those for D3, so they are not repeated here. In all cases,
the temperature controllers effectively rejected the disturbance.

The control system response to D5 and D6: £10% step change in the feed pressure
In case of the disturbance D5, fifteen minutes into the simulation, a 10% increase in acid gas feed pressure
increases the molar flow of acid gas and air to the furnace. Figure 5 illustrates this response to disturbance D5.

An increase in acid gas pressure at the reactor furnace inlet causes a sudden surge in the stream’s flow rate,
consequently reducing the residence time within the reaction furnace. This reduced residence time lowers the
conversion efficiency of hydrogen sulfide (H,S). As a result, the H,S concentration in the output from the fourth
condenser rises, triggering the concentration controller to increase the furnace air intake. This corrective action
boosts the H2S conversion to reduce the H,S level. Due to a slightly oscillatory response, the H,S concentration
undershoots the setpoint before eventually stabilizing at the target value.

In the short term, this boosts flow rates; however, in the long term, it increases the H,S concentration at the
outlet of the fourth condenser. This change triggers the concentration controller to adjust airflow and restore the
setpoint. The disturbance has minimal impact on the inlet temperatures of the Claus and SuperClaus reactors,
which the temperature controllers swiftly correct. Additionally, level controllers ensure that the liquid levels in
the condensers remain at their setpoints.
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Fig. 5. The concentration controller response to the disturbance D5.

Modeling type Experimental Validation | Software Reactors’ models References

Steady state and dynamic | Industrial data AspenPlus Detailed kinetics This work

Steady state No validation Hysys Equilibrium and stoichiometric Nabjan et al.”
Steady state No validation Hysys Sulsim, Chemkin | Built-in models of Sulsim and Chemkin | Al Hamadi et al.?®
Steady state No validation Hysys Sulsim Built-in models of Sulsim Rao and Haydary’!

Table 8. Differences among this work and others similar research works.

Claus Process | SuperClaus Process
Sulfur recovery (%) | 95.9 98.5
Tail gas H,S (ppmv) | 4392 0
# catalytic reactors | 3 3
Controllability Average Average

Table 9. A comparison between Claus and superclaus process.

The disturbance D6 initially reduces acid gas and air flow rates. Over time, lower H,S at the fourth
condenser’s outlet activates the concentration controller, which adjusts airflow to restore the setpoint. Reactor
inlet temperatures are largely unaffected, and temperature and level controllers maintain their setpoints.

Conclusion

This study conducted steady-state and dynamic simulations of the SuperClaus process by using AspenPlus and
AspenPlus dynamics software. Although there are some research works that simulated the Clause SRU units but
this works differs in several respects as shown in Table 8.

Industrial data for a Claus unit verified the simulation results for the Claus process at steady-state conditions.
For instance, the relative error percentages for hydrogen sulfide and sulfur dioxide concentrations in the tail
gas stream are 8.10% and 5.56%, respectively, and the relative error percentage for sulfur recovery in the Claus
unit is 0.84%. To simulate the SuperClaus process, we calculated some of the unknown design parameters of the
SuperClaus process so that they maximize the sulfur recovery percentage. A comparison between the simulation
results of the Claus and SuperClaus processes indicates that changing from the Claus to the SuperClaus process
can increase the sulfur recovery percentage from 95.9% to 98.5% and reduce the concentration of hydrogen
sulfide present in the tail gas from 4392 ppmv to zero.

Table 9 represents a comparison between Claus and SuperClaus process. Furthermore, this research
investigated the dynamic behavior of the SuperClaus process in response to step changes in the feed temperature,
concentration, and pressure. The dynamic simulation results show that the process control system could reject
the disturbances and adjust the controlled variables at their set points.

Also, the simulation results confirmed that the worst disturbance is the variation of hydrogen sulfide
concentration in the feed stream. Although the step change in the feed temperature can be as significant as 20%
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and 10%, respectively, the hydrogen sulfide concentration change in the acid gas feed cannot become more than
5% because the control valve on the inlet airflow to the auxiliary furnace gets saturated.

Data availability
The data used in this study were generated through simulation and would be available from the corresponding
author on reasonable request.

Appendix A
See Tables 10, 11 and 12, and 13.

Reactions Rate equations (Note) References
H2S +1.502— SO2 + H2O

—rH2S = 4.28%107° exp (%) Puys ng °

CH4 + 1.5 02— CO+2H20 11 —2.03*10% | ~0.7 ~0.8 33
2 4 2 2 Ty = 502710 exp(==x1——) C¢4, Co, ?

C2Hg +2.502—2CO +3 H20 9 —1.26*10% | ~0.1 1.65 3
3| 2hie 2 2 “Teane = 7-31* 10%exp (—Fr-) Ceiu, CH ?

C3Hg +3.502—3CO+4H30 9 —1.26* 105\ ~0.1 1.65 33
4| 38 2 2 Ty = 569 * 10” exp (=) C&i 1, Co,

5 C4H10+4502—4CO+5H20 :4.95*109exp(71'2r§;105)00'15 010'25 33

“Tcanio C4H1g
CsHi2 +5502—5C0O+6H2O 9 —1.26% 10, ~0.25 1.5
6| o2 2 2 Tesy = 4397107 exp ( RT ) Ccgn,, Co, ”
CegHi14 +6502—6CO+7H20 9 —1.26%10% | ~0.25 1.5 33
7 Teguis = 394 % 10° exp (=) C&sn,, Co,

Table 10. Combustion reactions and their rate equations. r in mol/L.s, Pi in Pa, Ci in mol/L, and T in K.

Reaction | Rate equation T
’ —riys = 049 exp (AR )  Prys - PLY - 8.60%10 texp (R0 ) Puyy - Py, |2
7 Teos = 3.18%10° exp (%700) - Cco- Cs, — 2.05%10° eXP(% . Coos Ct -
8 reo = 3.95%10%° exp (%) Ceo, - CYP N
9 rcos = 1.59%10% exp (=13210) . Coo - O}l ,
10 rom, = 5.53%10exp (—1§222) Con, Cs, y

Table 11. Reaction rates of the non-combustion reactions.

Reaction | Rate equation (Note) References

0.1875
Prso P,
1eos107 Cxp(7%)§7o) (PH2S P, - A —

14+ 1.125%10~5 exp (1’25;’0) Pry0 )2
K = VKg,Kg = 9.502%10 7 exp (L-11710-)

36

/ p—
~TH2s =

0.639 e'ltp( _}2?2?0) Pesy PH,O

’
12 —Tcoga = 10
(1+1.25 emp(%) PH,0 )
—40400
, 5.486 ewp(T) Peos Pry0 0
13 —Tcos =

.y ( 98100
(14 3.43 exp( 2310 ) PH,0O )

Table 12. Hydrolysis reaction rate equations. r’ in mole/kg.s, T in K and P, in kPa.
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Reaction Rate equation
CHys5050
— _E1 22 " O3
14 m _k1CXp( RT) E4 B5 E6
I+kge RT Cp,gtkse RT C%s I+kge RT Cppy0
—k By %5 5C0,
15 T2 = K2 €Xp (7ﬁ) ET ES EG
Ltkre BT Cppysthge BT 0% | ( 14kee BT Opry0
cB 0.5
E Sg O
16 r3 = ks exp (—R—%) 7%76 2
1+kge BT Chy0
kl (3.62 £ 0.25)x108 E, kJ/mol 57.73 £3.99
k, (5.69 + 0.63)x1012 E, KkJ/mol 109.6 + 18.6
k3 (7.34 £ 0.69)x10* E, kJ/mol 215.6 +£18.0
k4 407.5 £39.0 E, kJ/mol 0.24 + 0.06
Parameters
k, |634+044 E; | ki/mol 5.04 £ 0.48
ks 0.661 +0.091 Eg kJ/mol 5.06 +0.74
k7 368.2 + 36.1 E, kJ/mol 0.47 £ 0.05
ks 1247 £ 141 Es kJ/mol 1.89 £0.17

Table 13. Kinetics of superclaus reactions'®.
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