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Abstract

Removing sour gas from any suitable gas sweetening technology in a cost-effective
and environmentally responsible manner is a major challenge. This paper discusses
how to safely and economically dispose of small amounts of acid gases resulting

from the amine sweetening process. A two-stage Claus desulfurization unit was stud-
ied and simulated to treat acid gases resulting from natural gas sweetening operations
in Ras Gharib oil fields (Egypt). These acid gases are used as feedstock for the proposed
plant to produce a valuable product, such as elemental sulfur, which is used as a raw
material in many industries. Although many sulfur recovery techniques are available
for various conditions and applications, the Claus process is a critical and widely used
method for recovering elemental sulfur from gaseous hydrogen sulfide. This work
represents the potential benefits of treating acid gases with high hydrogen sulfide
content. In addition, operational variables that could affect sulfur production and sulfur
recovery efficiency of the studied Claus unit were studied and optimized. Aspen HYSYS
simulation software (version 9) was used to evaluate the economic aspects and opti-
mize the operational parameters of the unit for producing sulfur from acid background
gases. The results showed that the maximum sulfur production was achieved at a cata-
lytic converter reactor temperature of 270 °C and 210 °C for the first and second
catalytic reactor, respectively, with an air flow rate of 933.3 kg mol/h. The economic
study of the proposed desulfurization unit showed that the Claus unit would be eco-
nomically acceptable with an expected return on investment of approximately 10%
and an average payback period of 10 years. Moreover, the introduced plant has a posi-
tive impact on the environment by reducing the concentration of hydrogen sulfide

in the gas from 69.58 to 0.16%.
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Introduction

A valuable raw material, sulfur, is found in other fossil fuels as sulfur-containing ele-
ments that are converted to hydrogen sulfide during various processes, while hydrogen
sulfide (H,S) is the main form of sulfur in the natural gas industry. The increased sulfur
volumes in waste gases and the increasing environmental regulations drive demand for
recovered sulfur processes. The Environmental Protection Agency (EPA) has observed
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that the environment is harmed by rising levels of SO, and CO, in the atmosphere. In
crude oil, sulfur typically has an elemental level of 0.1-6 wt%; however, for some crude
oils and asphalts, the number could be as high as 14%. It results in SO, and CO, gases,
which damage the environment and atmosphere of the earth, called primary pollut-
ants. When SO, gas reacts with water in the atmosphere, it causes sulfur and nitric acid,
called a secondary pollutant [1].

In natural gas, the H,S and some of the carbon dioxide (CO,) are removed from the
sour gases through different sweetening processes. The sweetening unit’s resulting acid
gas stream is flared, burned, or fed to a sulfur recovery unit [2, 3].

Numerous sulfur recovery systems, including the Claus process, direct oxidation, liq-
uid redox, and H,S scavengers, are available for diverse conditions and purposes. The
H,S proportion in the incoming acid gas significantly determines the best sulfur extrac-
tion technique [4]. In 1883, the Claus process was introduced by a German scientist
called Carl Friedrich Claus. The early Claus process was very simple and consisted of
only one simple step in which H,S was reacted over a catalyst with oxygen in a single
reactor to produce elemental sulfur beside the water [5]. The sulfur recovery efficiency in
the early Claus process was low, and it was difficult to control the exothermic reaction. A
modification that divided the overall process into multiple steps was later developed to
solve the previous issues [6]. Two main processes comprise the modified Claus technol-
ogy: the combustion reaction section in the furnace and the catalytic reaction section in
catalytic reactors [7]. The chemical combustion section and catalytic stage reactions of
the process are shown in Egs. 1 and 2, respectively. Claus reactions are highly exother-
mic and reversible, and the conversions are highly dependent on temperature and sulfur

content.
H,S + 3/205 — SOz + HyO 1)
SO3 + 2H,S — 3S 4+ 2H,0 2)

The first step in the Claus process is the combustion operation which is carried out
in the furnace to oxidize one-third of the H,S to sulfur dioxide (SO,) at a pressure of
3-14 psig, besides burning any mercaptans and hydrocarbons in the inlet stream. In the
majority of refinery Claus units, ammonia and cyanides are also oxidized in the input
stream via the combustion process [8]. In most cases, the thermal section produces 60 to
70% of the total elemental sulfur produced in the process [9, 10]. In addition, some side
reactions can be formed in the furnace which results in the formation of H,, CS,, CO,
and COS [11].

The second step in the Claus cycle is the catalytic conversion stage. The main objec-
tive of this procedure is to encourage the remaining H,S and SO, to react, allowing
elemental sulfur to be recovered through several reactors. In most cases, the Claus pro-
cess usually contains a series of two or three reactors [12]. All catalytic reactors must
contain a catalyst; the common catalyst used in catalytic reactors is made of activated
alumina with the chemical formula of Al,O5;. However, activated titania is also employed
as a catalyst to improve sulfur recovery more than regular alumina. However, titania is
a very expensive material that can cost up to 10-15 times as much as activated alumina
[12, 13]. Other catalysts that can be utilized within the Claus process include activated
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bauxite and cobalt-molybdenum hydrogenation catalysts. In the catalytic reactors, the
generated CS, and COS in the previous combustion section are hydrolyzed. The follow-
ing major and side reactions occur on the catalyst surface:

2H,S 4 SOy <> 1/2S6 + 2H,0 3)
COS + HyO — H,S + CO, (4)
CSy + 2Hy0 — 2HsS + CO» (5)
CO, +H, — H,0 + CO (6)

The reaction in Eq. 3 is reversible and exothermic, while the reactions in Egs. 4 and 5
are irreversible and endothermic. Generally, the process is exothermic, and temperature
increases along the reactor.

Other operations in the Claus cycle include sulfur condenser and preheating opera-
tions. Following each catalytic converter, sulfur condensers are used to condense sul-
fur vapors in order to promote the Claus reaction [13]. These condensers are typically
designed for outlet temperatures of 165-185 °C to produce condensed liquid sulfur
at a temperature above the dew point of sulfuric acid, with a reasonably low viscosity.
The final sulfur condenser outlet can be as low as 130 °C. The preheating operation is
required to keep the process gas temperature at each catalytic converter’s inlet higher
than the anticipated outlet sulfur dew point while keeping the temperature as low as
possible to maximize H,S conversion. The temperature should also be high enough for
complete hydrolysis of COS and CS, to H,S and CO, as shown by reaction Eqs. 4 and 5
[6, 10].

Claus process can reach almost complete conversion of the H,S with suitable opera-
tion conditions. However, due to the thermodynamic limitations of the Claus reaction,
the sulfur conversion efficiency for three-stage Claus reactors typically does not exceed
95-97%. Researchers worked on the sulfur recovery Claus process to improve the sulfur
recovery rate. The recent research focuses on the reaction mechanism taking place in
sulfur recovery cycles, the reaction between H,S, SO,, and CO2, and side reactions, such
as hydrolysis of COS and CS,, and sulfation of catalyst. The general trend is how to treat
small amounts of acid gases economically using small-scale Claus units [6, 14].

Desulfurization of acid gases in low size is very challenging. Many previous papers
studied Stretford process; however, problems associated with the disposal of toxic vana-
dium-containing wastes produced by this process made the process not commercially
applicable. Other alternative processes, such as Lo-Cat and SulFerox processes, can be
used to recover sulfur. But due to sulfur plugging and foaming problems which lead to
extremely high maintenance cost, the utilization of these processes is very limited.

The novelty of this study lies in the potential benefits of treating small amounts of acid
gases with a high hydrogen sulfide content. This study paves the way for optimal exploi-
tation of the small quantities of gases that are constantly burned without any economic
benefit, in addition to its negative effects to the environment because of its severe pol-
lution effects. The current work can be used as a guideline for any similar cases in other
plants which already need to treat small amounts of sour gases.
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Regarding the Zero Routine Flare initiative by 2030, the present study introduces a
cost-effective and environmentally responsible manner to dispose small amount of H,S
instead of burning or flaring. Treating these gases can help reduce their overall emissions
and minimize their impact on the environment as hydrogen sulfide which is a highly
flammable, explosive gas, and can cause possible life-threatening situations if not prop-
erly handled. This study presents an idea for treating acid gases produced by the natural
gas amine sweetening unit of Ras Gharib oil fields (the Eastern Desert, Egypt), as it focus
on how to determine ways to economically utilize the small volume 111.9 kgmole/h (2.2
MMSCED) of gases rich in acid gases rather than sending them to the flare, which would
have an adverse effect on the environment. Thus, the aim of the present study is to intro-
duce a low-scale two-stage Claus process to recover sulfur from the investigated acid
gases. Furthermore, the economic analysis, profitability, and environmental impact as
well as the operational factors optimization of the proposed acid gas treating process
were also studied in the present research paper by using Aspen HYSYS (version 9) with
Sulsim Sulfur Recovery model as a simulation fluid package.

Methods

This paper describes how to securely and economically dispose of the modest amounts
of acid gases created by the amine sweetening process. The methodology applied in this
paper depends on determining the flow rate and the operating conditions of the acid
gases besides measuring the H,S content of these gases. The selection of the optimum
sulfur recovery process relies on many parameters that include the type of acid gas,
volume of gas, temperature, pressure, sulfur recovery level, the impurities present, and
environmental laws to be met, besides the economic reasons [10]. However, the H,S
fraction in the inlet acid gas is the primary screening parameter for selecting the most
cost-effective desulfurization method.

Regarding the H,S content in the considered acid gas stream to be treated, the opti-
mal process selection is the Claus desulfurization process. The suggested Claus process
for the proposed sulfur recovery unit will then be simulated using simulation software;
Aspen HYSYS (version 9) is a trustworthy and widely used software that can give accept-
able results with a high level of satisfaction and validity. This simulation program is also
beneficial for determining the optimal operational conditions at which the investigated
desulfurization plant can be operated with higher efficiency and lower cost.

Case study

This study discusses the utilization of the acid gases resulting from the amine sweeten-
ing unit used to treat 15 MMSCED of the sour gases produced from El-Hamd, Gharib,
and Fanar fields in the Eastern Desert (Egypt). This acid gas stream is taken as the feed
for the proposed desulfurization plant applying the Claus process. The analysis of the
acid gas stream made by a gas chromatograph to determine its composition is shown in
Table 1.

The operating conditions of the acid gas stream were measured using local gauges and
an orifice plate flow meter. The determined pressure, temperature, flow rate, and H,S
content (in mole fraction) as operating conditions of the acid gas feed are 15 psia, 41 °C,
111.9 kgmole/h (2.247 MMSCEFD), and 0.6958, respectively.
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Table 1 Acid gas stream composition

Component Mol fraction
Methane 0.0011
Ethane 0.0007
Propane 0.0005
i-Butane 0.00
n-Butane 0.0001
i-Pentane 0.0306
n-Pentane 0.0361
Hexane 0.0354
Heptane 0.0439
H,S 0.6958
H,0 0.0759
o, 0.0799
Total 1.00
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Fig. 1 Process flow diagram of the proposed desulfurization process

A two-stage Claus process was suggested in the current work as a desulfurization
plant to recover sulfur from the abovementioned acid gas stream as a feed. Because
of the high concentration of H,S (69.58%) in this stream, the straight-through Claus
process is the best choice to be applied for achieving the desired target of the des-
ulfurization process [3]. The process flow diagram of this proposed desulfurization
plant is shown in Fig. 1.

Results and discussion

As discussed before, the straight-through Claus process with two stages was chosen
to be the desulfurization unit to be applied for the sulfur recovery of the considered
acid gas stream. In the previous studies, different mathematical models based on the
mass and energy conservation laws at steady state conditions were used to simulate
the Claus process [15—17], an advanced approach was introduced by HYSYS software
to simulate the Claus process with more accuracy to match the actual operation con-
ditions of the process. The simulation results, operational condition influence, and
the economic study of the introduced sulfur recovery unit are discussed in the follow-
ing subsections.
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Simulation results of the proposed desulfurization unit

The proposed two-stage Claus process was simulated using the Sulsim (sulfur recovery)
package in Aspen HYSYS (version 9). The composition of the acid gas feed stream used
to simulate the plant is shown in Table 1 with the operation conditions mentioned ear-
lier. There are some assumptions taken into account when performing the simulation.
The furnace is designed as a reaction furnace (single chamber) at a pressure difference
of 3.5 kPa, the waste heat boiler (WHB) as a waste heat exchanger (single pass) at a pres-
sure difference of 3.5 kPa, the reactors (CV1 and CV2) as a catalytic converter, the con-
densers (CD1, CD2, CD3) as a sulfur condenser with a pressure drop of 3.5 kPa, and
heaters (E-100 and E-101) with a pressure drop of 3 kPa. Figure 2 shows a simulation of
the proposed sulfur recovery unit.

The proposed sulfur recovery cycle includes a reaction furnace (RF), a waste heat
boiler (WHB), heaters, condensers, and only two catalytic converters to control the cost.
Gamma alumina or y-Al,O; (activated alumina) is the catalyst bed used in the catalytic
converters to control the costs. Alumina is much less costly than titania, and satisfactory
results could be achieved using the gamma alumina bed. Gamma-alumina or y-Al203
is the most employed one for applications in catalysis and adsorption, because of its
high surface area, catalytic activities, good adsorption performance, and good porosity
parameters besides the thermal stability [18, 19].

The simulation results of the inlet temperature, outlet temperature, and operating
pressure of the reaction furnace are 41 °C, 1465 °C, and 103 kPa, respectively. The tem-
perature of the reaction furnace of 1465 °C is applied to ensure flame stability and total
burning of undesirable components like heavy hydrocarbons and ammonia [20, 21]. The
outlet stream of the reactor furnace with a high temperature (1465 °C) is used to produce
steam through the WHB which reduces its temperature to 300 °C. The elemental sulfur
produced due to the combustion reactions done in the reactor furnace is removed by
condensation from the WHB outlet stream in condenser 1 which condenses 40.79 tons/
day of elemental sulfur. Condenser 1 outlet stream of 135 °C [13] is indirectly heated
to the optimal temperature (approximately 270 °C) for catalytic conversion reactions
in the first reactor preheater by high-pressure steam coming from Claus WHB before
entering the first catalytic reactor. Due to the exothermic reactions, the gas leaving this
reactor has a temperature of about 300 °C. The effluent gas from the first Claus reactor
is then routed to the second condenser, where 7.83 tons/day of the produced sulfur is
condensed.

The process gas stream leaves the second condenser at 135 °C and is reheated in the
second preheater to 210 °C by using HP steam and it is then supplied to the second cata-
lytic reactor. It is more practical to increase the temperature to around 210 °C to keep
the outlet tail gas slightly over the sulfur dew point. The operating pressures for the first
and second preheaters are 93.06 kPa and 83.16 kPa, respectively. The outlet stream of
the second reactor is directed to the third condenser to condense 5.03 tons/day of the
produced elemental sulfur. The inlet and outlet temperatures of the third condenser are
217 °C and 135 °C, respectively. The tail gas produced from the third condenser can be
safely flared or injected into an underground reservoir without posing any environmen-
tal hazards. The tail gas composition generated by the desulfurization plant under inves-
tigation is addressed in Table 2.
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Table 2 Composition of the tail gas stream of the investigated desulfurization plant

Component Mole fraction
Methane 0.00
Ethane 0.00
Propane 0.00
Butane 0.00
Pentane 0.00
N, 0.6815
H, 0011
H,S 0.0016
H,0 0.1902
Co, 0.0975
co 0.0048
50, 0.0043
Cos 0.001
Argon 0.0081
Total 1.00

Table 3 Sulfur conversions and recoveries for different units of the proposed Claus cycle

Conversion/ recovery Reaction furnace Catalytic converter 1 Catalytic converter 2
% Tons/day % Tons/day % Tons/day
Conversion 69.21 4147 42.80 7.89 4845 511
Cumulative conversion 69.21 41.47 82.39 49.37 90.92 54.48
Recovery 98.38 40.79 91.36 7.83 85.90 5.03
Cumulative recovery 68.09 40.79 81.15 48.62 89.54 53.65

In reference to this table, it is evident that the H,S content decreases from 69.58 to
0.16% after the implementation of the proposed sulfur recovery process.

Table 3 shows sulfur conversion and recovery as a performance summary of the
considered Claus cycle [22]. Regarding the simulation results shown in Table 3, it
is noticed that about 41.47 tons/day of sulfur is converted through the reaction fur-
nace, and 98.38% of this converted amount (40.79 tons/day) is recovered with the
first condenser. The first catalytic converter can convert about 7.89 tons/day of sul-
fur plus the residual amount from the first condenser (0.68 tons/day), 91.36% of this
amount is recovered (7.83 tons/day) through the second condenser. The second cat-
alytic converter can convert about 5.11 tons/day of sulfur in addition to the residual
sulfur from the previous stages (0.74 tons/day), 85.90% of this amount is recovered
(5.03 tons/day) through the third condenser.

It is obvious that most of the sulfur produced in the whole process is recovered
from the reaction furnace section which produces about 41 tons/day of sulfur with a
recovery percentage of 69%. As presented in Table 3, the total sulfur produced from
the introduced sulfur recovery unit is about 54 tons/day.
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Operational variables affecting the desulfurization process efficiency

Many operational variables can affect the introduced desulfurization process efficiency.
These variables are oxygen enrichment, inlet catalytic reactor temperature, outlet tem-
perature of condenser, and feed gas flow rate. These operating variables are the variables
that can be changed in the Claus process in order to maximize sulfur production and
overall desulfurization recovery efficiency.

Effect of oxygen enrichment in inlet air flow on sulfur production rate

To increase the desulfurization process throughput, oxygen enrichment in air flow is
often used. The purpose is to convert as much H,S gas as possible into elemental sul-
fur during the desulfurization process. Oxygen enrichment increases flame tempera-
ture by eliminating the effect of diluent nitrogen in the air. The use of oxygen-enriched
technology can reduce the size of the sulfur recovery unit, thereby reducing invest-
ment costs. Enriching the combustion air with oxygen is an effective modification of the
Claus burner and is used to increase the temperature of the Claus reaction furnace. This
method can partially or completely replace the nitrogen in the air with oxygen, or sim-
ply increase the inlet air flow [17]. Enriched oxygen should be used with caution. Con-
trolling the combustion gas mixture is critical to preventing oxygen breakthrough in the
catalytic converter. Free oxygen can deactivate the alumina catalyst by sulphation. In the
presence of SO,, the alumina catalyst forms a layer of SO, which deactivates the catalyst
via two separate mechanisms [23, 24]. The first happens at temperatures ranging from
300 to 350 °C, when SO; interacts directly with the catalyst, forming Al,(SO,);, which
inhibits active sites (Eq. 7).

2A1,03 + 6SO3 + 307 — 2A15(SO4)3 7)

The second method involves SO; chemisorption on catalytic active sites at lower
temperatures, which causes geometric obstruction or changes in the structure of the
catalytic surface. Additionally, SO; combines with water to form sulfuric acid, which
corrodes steel [17, 18, 25].

In this work, oxygen enrichment is achieved by increasing the air flow rate entering
the reaction furnace. Figure 3 presents the relationship between the inlet air flow rate
to the reaction furnace (S1 stream) and the sulfur produced. It is noticed that the sulfur
production is increased by increasing the saturated air flow until it reaches its maximum
value at peaks, then falls with increased air flow. This is a logical finding because both
too much and too little air will impact H,S conversion. For the proposed sulfur recovery
plant, the maximum amount of sulfur recovered can be obtained at an optimum satu-
rated air flow rate of 933.3 kg mol/h with an increase of 12% of the normal air flow calcu-
lated from Eq. 1.

Effect of inlet catalytic reactor temperature on sulfur production rate

Most of the previous papers focused on the temperature of the furnace; however, this
paper studies the effect of reactor temperature. The reactor temperature is an important
operational variable in the desulfurization process and is inversely proportional to the
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H,S conversion of the sulfur recovery reactions. The simulation results for studying the
effect of the temperature on the H,S conversion for the first and second reactors are
illustrated in Figs. 4 and 5, respectively.

These results show that the conversion is increased at lower temperatures. However,
the temperature should be maintained at a higher level than the anticipated outlet sul-
fur dew point to avoid condensation of the vapor sulfur. Additionally, the temperature
within the first reactor must be high enough to promote the hydrolysis of COS and CS,
into H,S and CO,, respectively since hydrolysis reactions are non-reversible. It is a prac-
tical approach to keep the outlet tail gas slightly over the sulfur dew point [8, 15].

In the current paper, the cumulative sulfur recovery increased by 5%, when the tem-
perature of the first and second reactors was decreased from 320 °C and 260 °C to 270 °C
and 210 °C, respectively. The optimum temperature for the first and second reactors are
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270 °C and 210 °C respectively to maximize the sulfur produced without any expected
condensation of the vapor sulfur.

Effect of outlet condenser temperature on sulfur production rate

The effect of the output temperature of the three condensers (CD1, CD2, and CD3) on
the sulfur production rate was evaluated at a temperature of 70-200 °C. The Claus pro-
cess was simulated under the optimal operating conditions defined in the previous sec-
tions. Figure 6 shows the relationship between the sulfur production rate and the outlet
temperature of the different condensers.

It was found that the rate of sulfur production is inversely proportional to the tem-
perature emerging from the condensers. As the condenser outlet temperature increased,
the sulfur production rate decreased. It is also noted from the figure that the maximum
sulfur production rate was achieved at the optimum outlet temperature of 135 °C for
condensers 1 and 2, while the optimum outlet temperature for condenser 3 was at 70 °C
[13, 16].

However, many factors limit the utilization of these optimum temperatures such as
the increase in power of the condensers, the pressure drop inside the condensers, the
dew point temperature of sulfuric acid, and the viscosity of the produced liquid sulfur.
Besides that, the overcooling can result in another problem which is sulfur solidification
[26].

Effect of feed gas flow rate on sulfur production rate

To study the effect of changing the feed gas flow rate on the sulfur production rate
and the overall sulfur recovery efficiency, the Claus process was conducted at a
feed gas molar flow of 80-140 kg mol/h and the air flow rate at its optimum value of
933.3 kg mol/h. The temperature of the first and second catalytic converters is at their
optimum values, which are respectively 270 and 210 °C.

The simulation results are shown in Fig. 6a. It shows that the Claus process can oper-
ate very efficiently at a feed gas molar flow of 109 kgmol/h. This optimum value of feed
gas flow is close to the actual molar feed flow presented in this work (111.9 kgmol/h).

Regarding the effect of the concentration of hydrogen sulfide in the feed gas, it was
noted that increasing the concentration of hydrogen sulfide increases the production of
sulfur, and it reached its maximum value at 0.69 mol fraction of H,S (current value). As
the hydrogen sulfide concentration increased above 0.69 mol fraction, the sulfur recov-
ery decreased. These results are consistent with other results presented by Al Hamadi
et al. [16] and Abumounshar et al. [13]. But they explained the reason for this decrease
by saying that the decrease in sulfur recovery may be due to the increase in the reaction
temperature in the furnace, which leads to increased formation of carbon dioxide and
thus the pyrolysis of carbon dioxide to carbon monoxide.

In this work, it was found that increasing the feed gas stream or H,S concentration in
the feed without increasing the inlet air flow will reduce the temperature in the reaction
section as shown in Fig. 6¢ and thus reduce the products of the reaction section (Fig. 6a,
d). It was found that the concentration of other products SO,, COS, CO, and CS, also
decreased with increasing feed gas stream or H,S concentration in feed gas.
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Economic study of the proposed desulfurization plant

As mentioned earlier, the proposed sulfur recovery unit contains reaction furnace, waste
heat exchanger, heaters, condensers, and two catalytic converters in series. The com-
pany’s current direction is towards renting for several reasons. These reasons include
the uncertainty of reservoir life, short payback time, and reduction of investment haz-
ards [27]. Compared to similar projects, the average estimated rental cost for the opera-
tion and maintenance of the entire sulfur recovery cycle is around 8500 $ per day with
an annual cost of 3,102,500 USD. Another vital parameter that must be considered is
the plant installation cost. The overall installation cost for the proposed desulfurization
plant includes different items such as equipment erection, piping, instrumentation, util-
ity cost, building, site preparation, design, and contingency costs. Because a rental unit
is proposed in this study, the installation cost will depend mainly on piping, electricity,
contingency, and site preparation costs. The installation costs of the investigated plant
were calculated to be about 1,200,000 USD.

The operating cost of the considered plant includes mainly the raw materials and
power costs. The feed to the sulfur recovery plant under investigation which can be con-
sidered raw material is 111.9 kgmole/h (2.2 MMSCED) of acid gases that can be derived
from the sweetening unit. The cost of these gases can be neglected as it is already
directed to the flare without any economic benefits. Power is very vital for any project.
The estimated power requirements for the proposed desulfurization unit are 1750, 1380,
and 795 KW for the first, second, and third condensers, respectively.

The introduced plant’s cost for the first year will include the installation cost, with an
approximate value of 6,600,000 USD. The annual cost for the next years will be reduced
to nearly 5,400,000 USD. The average sulfur price is about 285 USD/ton, and the annual
outcome of selling 54 tons/day is about 5,503,265.60 USD. As a result, the current sul-
fur recovery project is predicted to generate revenue in the second year, with an ROI
of about 10% and a payback time of about 10 years, which makes the introduced sul-
fur recovery plant commercially viable. Furthermore, the current proposal has a positive
impact on the environment. This can be illustrated by the composition of the tail gas
produced from the investigated Claus unit as shown in Table 2. Regarding this table, it is
obvious that the H,S content decreased from 69.58 to 0.16% after applying the proposed
Claus desulfurization process. The produced tail gas can be flared or injected into an
underground reservoir without any environmental hazards.

Conclusions

This paper discusses the safe removal of acid gases from the amine sweetening unit used
in Ras Gharib oil fields (Western Desert, Egypt) in an economical method. The pro-
posed sulfur recovery plant for treating the considered acid gas stream was simulated
using Aspen HYSYS (version 9). All the data required to design this plant including all
the operational conditions of the reactor furnace, the two catalytic converters, and the
three condensers are introduced in this paper. The simulation results demonstrated that
the two-stage Claus process may be utilized efficiently to remove safely the sulfur from
small amounts of the acid gas stream. By applying this sulfur recovery technology, the
H,S concentration of the acid gas feed stream is decreased from 69.58 to 0.16%. The



Medhat et al. Journal of Engineering and Applied Science (2024) 71:109 Page 150f 16

investigated sulfur recovery unit produces approximately 54 tons/day of elemental sul-
fur. The produced elemental sulfur can be used in different industrial processes such as
the manufacturing of fertilizers, detergents, and chemicals. Additionally, sulfur is used
in the production of sulfuric acid.

The second part of the current work is directed to study the effect of some operational
conditions on the efficiency of the introduced desulfurization plant. The simulation
results showed that sulfur conversion is inversely proportional to the reactor tempera-
ture and positively proportional to oxygen enrichment within certain limits. Both reac-
tion temperatures and air flow rate were optimized to increase the produced sulfur. The
cumulative sulfur recovery increased by 5% when the temperature of the first and sec-
ond reactors was optimized from 320 °C and 260 °C to 270 °C and 210 °C, respectively.
For the oxygen flow rate, the amount of recovered sulfur can be increased from 32 to
53.65 tons/day when the air flow rate was increased to 933.3 kg mol/h by an increment
of 12% of the normal air flow leading to a cumulative conversion efficiency of 91%.

The last part of this paper is focused on the economic study of the introduced des-
ulfurization plant. According to the economic study results, the proposed two-stage
Claus technique is an economical and acceptable process for sulfur recovery of a small
amount of acid gas feed stream. Considering the costs of power, rental unit, and instal-
lation, the predicted annual savings for the current sulfur recovery project are estimated
at 5,503,265.60 USD, with a calculated ROI of around 10% and an average payback
period of 10 years, indicating the commercial viability of the introduced sulfur recovery
plant. As a result, the present proposal can effectively and responsibly dispose of small
amounts of acid gases with high sulfur content in a cost-efficient and environmentally

conscious manner.

Abbreviations

MDEA Methyl diethanolamine

MMSCFD  Million standard cubic feet per day
MMBTU Million British thermal unit

H,S Hydrogen sulfide
[€0N Carbonyl sulfide
cs, Carbon disulfide
kw Kilowatt

Co, Carbon dioxide
SO, Sulfur dioxide
SO, Sulfur trioxide

Acknowledgements
The authors would like to express appreciation and gratitude to Suez University in Egypt for its continuous support and
encouragement throughout the research process.

Authors’ contributions

Ahmed M. participated in conceptualization, methodology, software, validation, and writing—original draft. Professor
Fatma K. Gad participated in supervision, conceptualization, methodology, data curation and analysis. Dr Walaa M. She-
hata participated in supervision, conceptualization, methodology, data curation and analysis, optimization formulation
and analysis, and editing of the current research paper. Professor Ahmed A. Bhran participated in formal analysis, investi-
gation, visualization, data curation, and writing—review and editing of the current research paper. All authors have read
and agreed to the published version of the manuscript.

Funding
The authors did not receive any specific funding for this work.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author upon reason-
able request.



Medhat et al. Journal of Engineering and Applied Science (2024) 71:109 Page 16 of 16

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 29 January 2024 Accepted: 16 April 2024
Published online: 06 May 2024

References

1. Muhammad AZ, Ahsan M, Ahmad |, Muhammad Nouman AK (2022) Process modeling, optimization and cost analy-
sis of a sulfur recovery unit by applying pinch analysis on the Claus process in a gas processing plant. Mathematics
10(1):88. https://doi.org/10.3390/math 10010088

2. Pandey RA, Malhotra S (1999) Desulfurization of gaseous fuels with recovery of elemental sulfur: an overview. Crit

Rev Environ Sci Technol 29(3):229-268

Mokhatab S, Poe WA, Mak JY (2018) Handbook of natural gas transmission and processing

4. Ghubayra R (2022) Oxidative desulfurization of model diesel fuel catalyzed by polyoxometalates. The University of
Liverpool, United Kingdom

5. Groysman A (2017) Process units in oil refineries and petrochemical plants. In: Corrosion problems and solutions in
oil refining and petrochemical industry. Springer, Cham, pp 1-7

6. Eow JS (2002) Recovery of sulfur from sour acid gas: a review of the technology. Environ Prog 21(3):143-162

7. Kannan P, Raj A, Ibrahim S, Abumounshar N (2022) Process integration of sulfur combustion with Claus SRU for
enhanced hydrogen production from acid gas. Int J Hydrogen Energy 47(25):12456-12468

8. Spatolisano E, de Angelis AR, Pellegrini LA (2022) Middle scale hydrogen sulphide conversion and valorisation
technologies: a review. ChemBioEng Rev 9(4):370-392

9. Younger AH, Eng P (2004) Natural gas processing principles and technology-part I. Gas Processors Association, Tulsa

10. Suppliers Association (2004) Engineering data book, gas processors and suppliers association

11. Raj A, Ibrahim S, Jagannath A (2020) Combustion kinetics of H2S and other sulfurous species with relevance to
industrial processes. Prog Energy Combust Sci 80:100848

12. Jangam KV (2022) Hydrogen sulfide decomposition to hydrogen via a sulfur looping scheme: sulfur carrier design
and process development. Doctoral dissertation, The Ohio State University

13. Abumounshar N, Raj A, Ibrahim S (2022) Novel processes for lean acid gas utilization for sulfur production with high
efficiency. Chem Eng Sci 248:117194

14. Leppin D (2000) New, lower-cost acid gas removal and sulfur recovery technology for Permian basin natural gas
production operations. In: SPE Permian basin oil and gas recovery conference. SPE, Texas. pp SPE-59712. https://doi.
0rg/10.2523/59712-MS

15. Clark PD, Dowling NI, Huang M, Svrcek WY, Monnery WD (2001) Mechanisms of CO and COS formation in the Claus
furnace. Ind Eng Chem Res 40(2):497-508

16. Al'Hamadi M, Ibrahim S, Raj A (2019) Effects of oxygen enrichment on natural gas consumption and emissions of
toxic gases (CO, Aromatics, and SO,) in the Claus process. Ind Eng Chem Res 58(36):16489-16501

17. Haynes BS (2019) Combustion research for chemical processing. Proc Combust Inst 37(1):1-32

18. Bedrossian S (2004) Iron promoted activated alumina for scavenging free oxygen in Claus converters. Doctoral dis-
sertation, University of British Columbia. https://doi.org/10.14288/1.0058761

19. Gangwal SK, McMichael WJ, Dorchak TP (1991) The direct sulfur recovery process. Environ Prog 10(3):186-191

20. Ghahraloud H, Farsi M (2023) Process modeling and optimization of an eco-friendly process for acid gas conversion
to hydrogen. Int J Hydrogen Energy 48(16):6244-6252

21. ZareNezhad B, Hosseinpour N (2008) Evaluation of different alternatives for increasing the reaction furnace tem-
perature of Claus SRU by chemical equilibrium calculations. Appl Therm Eng 28(7):738-744

22. Al-Lagtah NM, Al-Habsi S, Onaizi SA (2015) Optimization and performance improvement of Lekhwair natural gas
sweetening plant using Aspen HYSYS. J Nat Gas Sci Eng 26:367-381

23. Liu J, Tsai BY, Chen DS (2022) Deep reinforcement learning based controller for modified Claus process. In: Com-
puter aided chemical engineering (vol. 49). Elsevier, pp 1609-1614. https://doi.org/10.1016/B978-0-323-85159-6.
50268-2

24. Gupta AK, Ibrahim S, Al Shoaibi A (2016) Advances in sulfur chemistry for treatment of acid gases. Prog Energy
Combust Sci 54:65-92

25. Hamad KI, Humadi JI, Abdulkareem HA, Al-Salihi S, Farhan Ol (2023) Efficient immobilization of acids into activated
carbon for high durability and continuous desulfurization of diesel fuel. Energy Sci Eng 11(10):3662-3679

26. HumadiJI, Shihab MA, Ahmed GS, Ahmed MA, Abdullah ZA, Sehgal S (2024) Process modeling and kinetic estima-
tion for desulfurization of diesel fuel using nano-ZnO/AI203: original scientific paper. Chem Ind Chem Eng Q
30(2):151-159

27. Fathi MI, Humadi JI, Mahmood QA, Nawaf AT, Ayoub RS (2022) Improvement of design synthetic nano-catalysts for
performance enhancement of oxidative desulfurization using batch reactor. AIP Conference Proceedings, 2660.
https://doi.org/10.1063/5.0109089

w

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/math10010088
https://doi.org/10.2523/59712-MS
https://doi.org/10.2523/59712-MS
https://doi.org/10.14288/1.0058761
https://doi.org/10.1016/B978-0-323-85159-6.50268-2
https://doi.org/10.1016/B978-0-323-85159-6.50268-2
https://doi.org/10.1063/5.0109089

	Process simulation, optimization, and cost analysis of a proposed sulfur recovery unit by applying modified Claus technology
	Abstract 
	Introduction
	Methods
	Case study
	Results and discussion
	Simulation results of the proposed desulfurization unit
	Operational variables affecting the desulfurization process efficiency
	Effect of oxygen enrichment in inlet air flow on sulfur production rate
	Effect of inlet catalytic reactor temperature on sulfur production rate
	Effect of outlet condenser temperature on sulfur production rate
	Effect of feed gas flow rate on sulfur production rate

	Economic study of the proposed desulfurization plant

	Conclusions
	Acknowledgements
	References


