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Abstract: Natural gas sweetening is an essential process within hydrocarbon processing operations,
enabling compliance with product quality specifications, avoiding corrosion problems, and enabling
environmental care. This process aims to remove hydrogen sulfide (H2S), carbon dioxide, or both
contaminants. It can be carried out in fixed-bed adsorption towers, where iron oxide-based solid
sorbent reacts with the H2S to produce iron sulfides. This study is set out to develop a fluid-dynamic
model that allows calculating the pressure drop in the H2S adsorption towers with the novelty to
integrate reactivity aspects, through an iron sulfide layer formation on the solid particles’ external
skin. As a result of the layer formation, changes in the particle diameter and the bed void fraction
of the solid sorbent tend to increase the pressure drop. The shrinking-core model and the H2S
adsorption front variation in time support the model development. Experimental data on pressure
drop at the laboratory scale and industrial scale allowed validating the proposed model. Moreover,
the model estimates the bed replacement frequency, i.e., the time required to saturate the fixed bed,
requiring its replacement or regeneration. The model can be used to design and formulate new solid
sorbents, analyze adsorption towers already installed, and help maintenance-planning operations.

Keywords: fluid-dynamic modeling; fixed-bed tower; pressure drop; H2S removal; shrinking-core
model; solid sorbent; adsorption

1. Introduction

Natural gas is a mixture of light hydrocarbons in a gaseous state composed mostly of
methane (C1), ethane, propane, butanes, and heavier compounds. It also contains water
vapor, carbon dioxide (CO2), hydrogen sulfide (H2S), and nitrogen, which are considered
impurities [1]. Hydrogen sulfide is an acid gas, highly corrosive in the presence of water,
and a very toxic compound [2]. The H2S presence in natural gas streams or petroleum
refinery streams can generate operational problems in pipelines and equipment.

When a natural gas stream contains an unacceptable H2S concentration (>4 mole
ppm), it must be subjected to a sweetening process to remove the H2S excess and meet
market specifications. Common processes used for H2S removal are chemical absorption,
physical absorption, direct conversion, membranes, and adsorption [3,4]. In natural gas
production and processing facilities (both onshore and offshore conditions), the usage of
adsorption towers for H2S removal has been reported [5,6]. The H2S adsorption towers
are vertical vessels containing a fixed bed traversed by a natural gas stream, and which
provide solid-gas surface contact where the H2S removal occurs [7].

The most commonly used solid sorbents in the oil and gas industry contain iron oxides
due to high H2S adsorption capacity and their significant abundance in nature [8–10]. The
typical chemical reactions that can occur with hydrogen sulfide at room temperature are as
follows:

Fe3O4(s) + 6H2S(g) → 3FeS2(s) + 4H2O(l) + 2H2(g) (1)
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Fe2O3(s) + 3H2S(g) → Fe2S3(s) + 3H2O(l) (2)

The above reactions consider only Fe3O4 (magnetite) and Fe2O3 (hematite) as the iron
oxides responsible to carry out the displacement reactions in the solid state with hydrogen
sulfide. The reactions produce different iron sulfides on the solid sorbent surface with
water as a reaction product [11]. Today, the H2S adsorption mechanism on iron oxides
is still being studied [12–15] from the investigation of compilation collections made by
Meyer et al. [16]. Some authors agree that the iron sulfides monolayer formation is the
determining reaction step [17,18].

The progressive conversion model and the shrinking-core model are commonly used
to describe how the non-catalytic heterogeneous reaction processes occur between solid
particles and a gaseous fluid; this is the case for the H2S removal process using solid
sorbents in fixed-bed adsorption towers [13,19]. The shrinking-core model describes that
the chemical reaction occurs first at the solid particles’ external skin. The reaction zone
then moves inside the solid, leaving behind completely converted material and inert solids.
Thus, at any time, there exists an unreacted core of material that shrinks in size during the
chemical reactions [20].

The fluid-dynamic analysis in a fixed-bed adsorption tower agrees to estimate opera-
tional aspects, such as the pressure drop across the adsorption tower and the replacement
time of the solid sorbent [21]. From an engineering point of view, it is well known that the
Ergun equation allows estimating the pressure drop of a gaseous stream passing through a
fixed-bed as a function of both the natural gas properties and the solid characteristics [22].
The Ergun equation is as follows:

dP
dz

= − G
ρDp
·
(

1− φ

φ3

)
·
[

150(1− φ)µ

ϕ
3
2 Dp

+
1.75G

ϕ
4
3

]
(3)

where P is the pressure, z is the fixed-bed height, G is the natural gas mass velocity per
cross-section area, µ and ρ are the viscosity and density of natural gas, Dp and ϕ are the
particle diameter and sphericity of the solid sorbent, and φ is the bed void fraction. The
last one corresponds to the empty volume in a fixed-bed adsorption tower.

The Ergun equation only delineates the gas stream passage across a porous solid
bed [23]. Additionally, it does not consider the chemical reactions that could take place
between the gas stream and solid particles making up the fixed bed, as occurs in the H2S
adsorption towers. To the best of our knowledge, fluid-dynamic analysis studies in this
type of adsorption tower considering the solid sorbent’s reactivity aspects have not been
reported. The present study is set out to develop a fluid-dynamic model that estimates the
pressure drop in adsorption towers for H2S removal from natural gas, with the novelty of
integrating reactivity aspects between the H2S and solid sorbents. This model considers
the formation of an iron sulfide layer as an engineering application of the shrinking-core
model and the H2S adsorption front variation in time. As a result of this layer’s formation,
the particle diameter and the bed void fraction of the solid sorbent change; consequently,
the pressure drop within the fixed bed increases. A detailed description of the developed
reactivity model is carried out. Experimental data from the literature on pressure drop at
the laboratory scale and large scale are used to compare and validate the proposed model.
Furthermore, case studies are proposed to show how solid sorbent properties influence the
pressure drop within the adsorption towers. Additionally, the model allows quantifying
the time required to saturate the fixed bed within the adsorption towers (repositioning
time).

2. Reactivity Model Development

The H2S removal is carried out in a cylindrical vessel (total height (L) and diame-
ter (D) are known) in a vertical position, where the natural gas stream enters through
the upper part of the tower. The fixed-bed behavior in the adsorption process can be
explained as follows (Figure 1). At the beginning, the adsorption tower is thoroughly free
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of contaminants; the natural gas begins to circulate continuously through it, and the upper
layers of the fixed bed start to react with the H2S at point (a). Once these upper layers are
saturated, the adsorption process migrates to the layers below them until they are also
saturated, and the adsorption zone changes from point (b) to point (c). The adsorption
zone moves from the top of the fixed bed to the bottom. At point (d), the adsorption zone
reaches the bottom, and the H2S output concentration increases rapidly to equal the inlet
concentration. This indicates that the solid sorbent has been saturated and needs to be
replaced or regenerated [3,4].
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To integrate the shrinking-core model to the fluid-dynamic analysis of fixed-bed ad-
sorption towers for H2S removal from natural gas, the following premises and assumptions
were considered:

• Pressure drop calculations are performed using the Ergun equation (3), considering
the sphericity as a factor that describes the particles’ geometry. A completely spheri-
cal particle corresponds to perfect sphericity (ϕ = 1), while the more irregular that
particle is, the lower the sphericity [24,25].

• The natural gas properties (mole composition (yi), flowrate (Q), temperature (T),
and pressure (P) allow quantifying its viscosity and density at operating conditions,
using the Peng–Robinson [26] equation of state and the Jarrahian and Heidaryan [27]
mathematical adjustments, respectively.

• The solid sorbent is iron oxide-based [17,18], with known physical and chemical
characteristics (adsorption capacity (ACsorbent), particle diameter

(
Dp
)
, sphericity (ϕ),

bed void fraction (φ), and bed density (ρbed). The adsorption capacity refers to the
H2S amount that the solid sorbent can remove, i.e., the maximum ratio H2S quantity
that the total mass of the sorbent can retain. The H2S composition ([H2S]in) in the sour
gas and the solid sorbent adsorption capacity determine the total amount of sorbent
required in an adsorption tower to meet H2S composition ([H2S]out) in the sweet gas
stream.

• The reactivity between hydrogen sulfide and solid sorbent is modeled, taking as a
reference the chemical reaction (2) of the hematite (Fe2O3) structure, with the formation
of iron sulfide (Fe2S3) and water as reaction products. It is well- known that the
hematite structure has a significant affinity to react with H2S. The reaction can occur
at room temperature, and it also can be reversible. Due to these characteristics,
hematite is commonly used to formulate iron oxide-based solid sorbents for H2S
removal [28,29].
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• The shrinking-core model is considered to describe the formation of an iron sulfide
monolayer at the solid particles’ external skin. It is considered to be distributed
evenly over the entire surface of the particles. As a result of the layer formation,
there are changes in the particle diameter and the bed void fraction of the solid
sorbent [13,17,30].

• The reaction water keeps the solid sorbent moist. The produced water favors the
H2S removal process since it serves as a vehicle for the acid gas dissolution on the
solid sorbent surface, promoting its interaction and chemical reaction with the iron
oxides [31].

• The chemical reaction inside the fixed-bed adsorption tower is given by packing
sections that progressively become saturated. That is to say, the bed wears out one
section at a time (adsorption front).

Next, the proposal of how the solid particles’ volume variation occurs within the
H2S adsorption towers is detailed. The volume variation produces changes in the particle
diameter and the bed void fraction of the solid sorbent.

2.1. Volume Variation in the Particles of Solid Sorbents

To include the reactivity into the fluid-dynamic analysis, it is necessary to initially
contemplate aspects of the reaction between the solid sorbent and the hydrogen sulfide
present in the natural gas stream. Analyzing from the engineering point of view, what
happens in the fixed bed is shown in Figure 2i. Initially, at point (a) the H2S molecules
around the solid sorbent adhere to the sorbent surface (at point (b)). Subsequently, the
chemical reaction between iron oxide and H2S takes place at point (c). The presence of
liquid water on the sorbent surface favors the H2S adsorption process. Davydov et al. [30],
in a study on the reaction mechanism of hydrogen sulfide with ferric oxide and hydroxide
surfaces, establish that “initially, almost all the surface sites can interact readily with H2S,
to form a layer of iron sulfides”.
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The hematite changes to iron sulfide according to the chemical reaction (2). The unit
cell volume of hematite

(
VFe2O3

∣∣
u.c

)
and the iron sulfide

(
VFe2S3

∣∣
u.c

)
are 302.72 Å3 [32] and
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422.35 Å3 [33], respectively. Knowing the volume of both, it is possible to calculate the ratio
between the unit cells ( f∆V), as shown in Equation (4).

f∆V =
VFe2S3

∣∣
u.c

VFe2O3

∣∣
u.c

= 1.395 (4)

The ratio above indicates that the particles’ volume—in the reacted bed zone—tends
to increase in size at the end of the reaction [34,35]. Figure 2ii shows a comparison between
the reacted bed and the unreacted bed properties. Due to the iron sulfide deposition on
the solid sorbent surface, the particle diameter in the reacted bed

(
Drp

)
is larger than the

particle diameter in the unreacted bed
(

Dp
)
. Further, since the particle diameter increases,

the distance between them decreases, and the bed void fraction should become smaller.

2.2. Particle Diameter Variation Calculation

To know the particle diameter variation, first, it is necessary to quantify the hydrogen
sulfide mass

(
mH2S

∣∣
p

)
adsorbed in each particle of the fixed-bed adsorption tower. It is

considered that all H2S removed from natural gas
(

mH2S
∣∣
total

)
is uniformly distributed

among the solid particles total number
(
np
)

inside the adsorption tower.
The equations’ sequence that allows calculating the particle diameter variation is

detailed below:

mH2S
∣∣

p =
mH2S

∣∣
total

np
(5)

where
mH2S

∣∣
total = Vbed · ρbed · ACsorbent (6)

np =
Vbed · (1− φ)

Vp
(7)

Vbed =
π · D2 · L

4
(8)

Vp is the volume of an individual particle, Vbed is the total fixed-bed volume, and ρbed is the
bed density, i.e., the amount of solid sorbent per volume unit.

Subsequently, for each particle, the mass of hematite that reacts with sulfur sulfide(
mFe2O3

∣∣
p

)
and the corresponding volume

(
VFe2O3

∣∣
p

)
are calculated using Equations (9)

and (10), respectively:

mFe2O3

∣∣
p =

1
3
·
MWFe2O3

MWH2S
·mH2S

∣∣
p (9)

VFe2O3

∣∣
p =

mFe2O3

∣∣
p

ρFe2O3

(10)

where the coefficient 1/3 corresponds to the stoichiometric relationship according to
chemical reaction (2).

To obtain the particle volume variation
(
∆Vp

)
due to the chemical reaction, Equation

(11) is used.
∆Vp = VFe2O3

∣∣
p·( f∆V − 1) (11)

The variation of the particle radius
(
∆rp

)
is then calculated using Equation (12) by

dividing it by the surface area of the particle
(

Asp
)
; finally, the diameter of the reacted

particle is obtained using Equation (13).

∆rp =
∆Vp

Asp
(12)

Drp = Dp + 2·∆rp (13)
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Noting that, the solid sorbent sphericity is used in the Ergun equation (Equation (3))
to consider the solid particles’ geometric irregularity.

2.3. Bed Void Fraction Changing Calculation

The calculation of the bed void fraction after the chemical reaction (φr) is carried out
using Equation (14):

φr = 1−
Vrp
∣∣
total

Vbed
(14)

where Vrp
∣∣
total corresponds to the total volume of bed particles after the reaction. Consider-

ing the particles’ total volume after chemical reaction is equal to the particles’ total volume
before the reaction plus the particle volume variation.

Vrp
∣∣
total = Vp

∣∣
total + np·∆Vp (15)

Therefore,

φr = 1−
Vp
∣∣
total + np·∆Vp

Vbed
(16)

The equation above can be rearranged to obtain:

φr =

(
1−

Vp
∣∣
total

V bed

)
−

np·∆Vp

Vbed
(17)

where
(

1− Vp|total
V bed

)
is the bed void fraction before the reaction (φ) [36]. Therefore,

φr = φ−
np·∆Vp

Vbed
(18)

2.4. Integration of the Reactivity Model to the Fluid-Dynamic Analysis

To integrate the reactivity model to the fluid-dynamic analysis, it is required to divide
the H2S adsorption tower into three main sections: reacted bed zone, adsorption front,
and unreacted bed zone. Each of these sections has different characteristics, as shown in
Figure 2.

• Reacted bed zone: the reaction between the natural gas and the solid sorbent is already
considered to have been carried out. Therefore, the Ergun equation calculations
consider:

# The particle diameter
(

Drp
)

and the bed void fraction (φr) are calculated using
Equations (13) and (18), respectively.

# The H2S concentration in the natural gas stream remain the same in comparison
to the input ([H2S]in) since no chemical reaction occurs in the reacted bed zone.

• Adsorption front: in this tower zone, the H2S removal takes place. The calculations
consider the following aspects:

# The H2S moles are reduced to the natural gas output specification ([H2S]out).
# The H2S removed from natural gas (∆[H2S]) is calculated using Equation (19).

∆[H2S] = [H2S]in − [H2S]out (19)

# The change in pressure drop is entirely due to the fact that the natural gas
moles decrease by the chemical reaction between the H2S and the solid sorbent.
The pressure drop is calculated from the Peng–Robinson equation of state [26]
by:

∆Pr = f (∆[H2S], Q, P, T, Z) (20)

where Z is the compressibility factor.
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• Unreacted bed zone: it is contemplated that the reaction between the gas and the solid
has not yet occurred. Therefore, the Ergun equation calculations consider:

# The particle diameter
(

Dp
)

and the bed void fraction (φ) remain at the initial
values for the solid sorbent.

# The H2S moles remain constant to the output specifications.

2.5. Complementary Calculations

• Repositioning time: refers to the time (expressed in days) required to spend out the
fixed bed within the H2S adsorption towers, requiring the replacement or regeneration
of the sorbent. The repositioning time (tr) is calculated from the total amount of H2S
removed from the gas phase

(
mH2S

∣∣
total

)
and the H2S mass flowrate

( .
mH2S

)
using the

following equation:

tr =
mH2S

∣∣
total

.
mH2S

(21)

where:
.

mH2S =
Q·∆H2S·MWH2S

Vm
(22)

• Absorption front height: at a given time (t ≤ tr), the adsorption front height (hr) is
calculated as:

hr = t· L
tr

(23)

where L is the fixed-bed total height.
• Percent variability: for statistical purposes, the variability from the original solid

sorbent properties in particle size increase (α) and in bed void fraction decrease (β)
are calculated using Equations (24) and (25), respectively.

α =

(
Drp

Dp
− 1
)
·100 (24)

β =

(
φr

φ
− 1
)
·100 (25)

3. Methods

Figure 3 illustrates the procedure established to integrate the reactivity model pro-
posed in this study to the fluid-dynamic analysis of fixed-bed adsorption towers for H2S
removal from natural gas. The first stage consisted of coding the Ergun equation for
calculating the pressure drop across the fixed bed without taking reactivity aspects into
account. The second stage incorporated the reactivity aspects, i.e., increases in the particle
diameter and bed void fraction decreases, based on the chemical reaction between hematite
and H2S and the shrinking-core model, as described in Section 2.
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Figure 3. Schematic representation for integrating the shrinking-core model to the fluid-dynamic
analysis of fixed-bed adsorption towers procedure.

The differential equations system resulting from incorporating the reactivity aspects to
the Ergun equation cannot be solved analytically. The pressure and the H2S concentration
of the natural gas stream vary across the adsorption tower, as do the particle diameter
and the void bed fraction change in each tower zone (as seen in Figure 2). Numerical
analysis is an alternative method for solving these systems of equations. The Runge–Kutta
fourth-order method is commonly used to solve differential equations [37], but it requires
the implementation of computational procedures. In this study, an Excel spreadsheet with
a Visual Basic code was developed to simultaneously resolve the differential equations
system by discretizing the fixed-bed height in hundreds of small differentials (dz). Figure 4
depicts the model computation strategy. The input data are natural gas properties, sorbent
solid properties, and fixed-bed vessel characteristics. The calculation was started from
the adsorption tower top, considering that the natural gas stream also enters through the
upper part and descends across the vessel. The main output data are the pressure drop,
the amount of H2S removed, the vessel loading, and the repositioning time.

The results obtained from the model computation strategy can be represented graphi-
cally with the pressure drop values as a function of the adsorption tower height. Since the
particle size increases and the bed void fraction decreases in the reacted zone, a greater
friction between the natural gas stream and the reacted solid sorbent takes place inside the
adsorption tower. Hence, an increase in pressure drop is expected when reactivity aspects
in the fluid-dynamic analysis are considered.

Table 1 shows the H2S removal process data using solid sorbents selected as a base
case to demonstrate the applicability of the model proposed in this study. Subsequently,
the model validation was carried out using data available from the literature regarding
the dynamic evaluation of fixed-bed breakthrough curves for H2S adsorption, both at the
laboratory scale and large scale. Finally, more than 250 theoretical case studies were raised
beginning with the base case and from the typical natural gas streams at processing condi-
tions, the solid sorbent properties defined from commercial solids and developing solids
reported in the literature, and the fixed-bed vessel characteristics with the dimensions
often used for the adsorption towers. The case studies were proposed using the combi-
natorial applications of parameters from Table 1 (with variations between the maximum
and minimum values) as hypothetical conditions of H2S removal processes using solid
sorbents. A comparison of the pressure drops without reactivity (only the Ergun equation)
and integrating the reactivity aspects was carried out to demonstrate the robustness of the
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developed model in the face of solid sorbent properties and fixed-bed vessel characteristics
variability.
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Table 1. Base case and case studies parameters.

Properties Base Case
Case studies

References
Minimum Maximum

Natural gas stream

C1 content (mole %) 52.56 39.59 64.21 [1]
H2S content (mole ppm) 300 150 450 [7]

Pressure (kPa) 3447.38 344.74 5171.07 [4]
Temperature (K) 310.93 288.15 323.15 [11]

Flowrate (*) (MMSCFD) 25 2.5 100 [17,38]
H2S specification (mole ppm) 4 2 10 [7]

Solid sorbent

Adsorption capacity
(Kg H2S/Kg Solid) 0.24 0.05 0.80 [39,40]

Particle diameter (cm) 0.33 0.1 1.5 [41,42]
Sphericity 0.7 0.5 1 [43]

Bed void fraction 0.3 0.2 0.7 [43,44]
Bed density (Kg/m3) 1491.16 800.93 1601.85 [39,40]

Fixed-bed vessel
Diameter (m) 3.05 0.31 3.35 [45,46]

Length/diameter ratio 3 2 4 [36,45]
(*) conversion factor to SI units (1 MMSCFD = 0.028 MSm3/d).
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4. Results and Discussion
4.1. Base Case Analysis

Figure 5 shows the relationship between pressure drop and time due to integrating
reactivity aspects to the fluid-dynamic analysis of fixed-bed adsorption towers for H2S
removal from natural gas. The relationship is directly proportional due to the chemical
reaction between the acid gas and iron oxide. At the initial time (Day 0), the reacted bed
section is negligible, and the pressure drop corresponds to the passage of the natural gas
being described only by the Ergun equation. In time, the pressure drop rises mainly due to
the reacted bed zone increases, resulting in a change in the solid sorbent characteristics, i.e.,
increases in particle diameter and decreases in bed void fraction [34,35]. Finally, in the latter
time (Day 72), the bed is completely reacted. This time corresponds to the repositioning
time in which the solid sorbent must be regenerated or replaced.
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Figure 5. Base case: pressure drop dependence on time.

The pressure drop variability over time shows the reactivity aspects’ influence in the
adsorption tower’s fluid-dynamics behavior, reaching an increase of up to ~60% concerning
the initial values. The Ergun equation by itself does not consider changes over time in the
particle diameter and the bed void fraction, as occurs in the H2S capture process using
solid sorbents. These two parameters notably influence the increase in pressure drop, as
depicted in Figure 5; specifically, the particle diameter increases by 1.95% while the bed
void fraction reduces by −13.66% compared to the original solid sorbent properties (see
Table 1).

4.2. Validation: Laboratory-Scale and Large-Scale

The model validation was carried out using data from the literature (Figure 6),
both at laboratory-scale testing [47,48] (∆P/L < 1 kPa/m) and at large-scale testing [49]
(∆P/L > 1 kPa/m).
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Figure 6. Validation: (i) laboratory-scale testing, (ii) large-scale testing.

The laboratory-scale data (Figure 6i) are compared with the drop pressure estimated
by the model. Most data fall within an average absolute deviation of <10%, and only one
value deviates from this trend. Regarding the large scale (Figure 6ii), all data are below
an average absolute deviation of 10%. Therefore, the model fits with accuracy to the data
from laboratory-scale and large-scale testing for the fluid-dynamic analysis of fixed-bed
adsorption towers for H2S removal from natural gas.

4.3. Case Studies

More than 250 hypothetical cases were run using both the reactivity aspects and no-
reactivity conditions (only the Ergun equation) in order to compare their results (Figure 7i).
In all cases, a greater pressure drop is observed when reactivity aspects are included. It
indicates that the integration of the shrinking-core model to the fluid-dynamic analysis
of fixed-bed adsorption towers results in an increase in the pressure drop values. These
greater pressure-drop values are consequences of the changes in the particle diameter and
the bed void fraction of the solid sorbent [34,35].
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Figure 7. Case studies comparison: (i) pressure drop—with and without reactivity aspects, (ii) block plot—variability in
solid sorbent properties.
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Figure 7ii shows the percent variability of particle diameter and bed void fraction for
the different pressure drops in the case studies. From the original solid sorbent’s properties,
the particle diameter increments are ranged (0.20%; 7.15%), with an average value of 2.60%,
while the bed void fraction decreases are ranged (−0.66%; −28.13%) with an average of
−9.70%. The statistical analysis above demonstrates that the bed void fraction decrease is a
highly influential variable on pressure drop since the available void space for natural gas
passage inside the adsorption towers is reduced as the H2S adsorption front advances.

5. Summary and Conclusions

In this study, a fluid-dynamic model was developed to estimate the pressure drop
in adsorption towers for H2S removal from natural gas. The model integrates reactivity
aspects considering the formation of an iron sulfide layer, according to the shrinking-core
model and the H2S adsorption front variation in time. The reactivity integration considers
a variation in particle size (with an increment factor of 1.395 in the solid particles’ external
skin), resulting in particle diameter increases and bed void fraction decreases. A detailed
description of the developed reactivity model proposal was carried out. Experimental data
on pressure drop at the laboratory scale and large scale is consistent with the proposed
model, with an average absolute deviation of <10%, demonstrating its accuracy. The case
studies analysis showed how the solid sorbent properties influence the pressure drop
within the adsorption towers. Additionally, the model allows quantifying the repositioning
time, i.e., the time required to saturate the fixed bed within the adsorption towers, requiring
the replacement or regeneration of the sorbent.

This model can be used to:

• Design and formulate new solid sorbents at laboratory-scale testing, e.g., determining
the solid sorbent’s physical properties that establish the best compromise between a
high H2S reactivity and a low-pressure drop-in fluid-dynamic tests).

• Analyze adsorption towers already installed at the large scale, e.g., identifying opera-
tional problems, such as higher or lower pressure drop values than expected.

• Help plan maintenance operations., e.g., solid sorbent replacement frequency or solid
sorbent quantity required.
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Nomenclature

a, b, c cell parameters (Å)

ACsorbent solid sorbent adsorption capacity
(

kgH2S kg−1
sorbent

)
Asp surface area of an individual solid particle

(
m2)

http://repositorio.yachaytech.edu.ec/handle/123456789/219
http://repositorio.yachaytech.edu.ec/handle/123456789/219
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C1 methane
D fixed-bed diameter (m)
Dp solid sorbent particle diameter (m)
Drp solid sorbent particle diameter in the reacted bed (m)

dz fixed-bed height differential
(

kgH2S kg−1
sorbent

)
f∆V ratio of volume variation
G natural gas mass velocity per cross-section area (kg s−1 m−2)
hr adsorption front height (m)

[H2S]in inlet H2S concentration (mole ppm)

[H2S]out outlet H2S concentration (mole ppm)
L fixed-bed total height (m)
mFe2O3

∣∣
p mass of an individual solid particle (kg)

.
mH2S H2S mass flowrate bed

(
kg d−1

)
mH2S|p H2S mass adsorbed per individual solid particle (kg)
mH2S|total H2S total mass adsorbed (kg)
MWFe2O3 hematite molecular weight

(
kg kmol−1

)
MWH2S H2S molecular weight

(
kg kmol−1

)
np solid particles total number
P natural gas pressure (kPa)
Q natural gas flowrate

(
MSm3 d−1

)
T temperature (K)
t time (d)
tr repositioning time (d)
VFe2O3

∣∣
u.c hematite unit cell volume

(
Å3
)

VFe2S3

∣∣
u.c iron sulfide unit cell volume

(
Å3
)

Vbed fix-bed volume
(
m3)

VFe2O3

∣∣
p volume of an individual solid particle

(
m3)

V m molar volume
(

22.4 m3 kmol−1
)

Vrp
∣∣
total total volume of particles in reacted bed

(
m3)

Vp volume of an individual particle in unreacted bed
(
m3)

Vrp volume of an individual particle in reacted bed
(
m3)

Vp
∣∣
total total volume of particles in unreacted bed

(
m3)

Vbed fixed-bed volume
(
m3)

yi natural gas composition (mole %)
z fixed-bed height (m)
Z compressibility factor
Greek symbols
α particle size increase (%)
β bed void fraction decrease (%)
∆[H2S] H2S removed from natural gas (mole ppm)
∆P pressure drop (kPa)
∆P/L pressure drop per fixed-bed height

(
kPa m−1

)
∆Pr pressure drop due to the chemical reaction (kPa)
∆rp solid particle radius variation (m)
∆Vp solid particle volume variation

(
m3)

µ natural gas viscosity
(

kg m−1 s−1
)

ρ natural gas density
(

kg m−3
)

ρFe2O3 hematite density
(

kg m−3
)

ρbed fixed-bed density
(

kg m−3
)

φ bed void fraction in unreacted bed
φr bed void fraction in reacted bed
ϕ solid sorbent sphericity



Energies 2021, 14, 5576 14 of 15

References
1. Ricaurte, M.; Fernández, J.; Viloria, A. An improved method for calculating critical temperatures and critical pressures in natural

gas mixtures with up to nC11 hydrocarbons. Oil Gas Sci. Technol. Rev. IFP Energ. Nouv. 2019, 74, 53. [CrossRef]
2. Ayala, L.; Morgan, E. Natural gas production engineering. In Exploration and Production of Petroleum and Natural Gas, 17th ed.;

Riazi, M., Ed.; ASTM International: West Conshohocken, PA, USA, 2016; pp. 395–428. [CrossRef]
3. Bahadori, A. Natural Gas Processing. Technology and Engineering Design, 1st ed.; Gulf Professional Publishing: Waltham, MA, USA,

2014; pp. 483–546. [CrossRef]
4. Kohl, A.; Nielsen, R. Chapter 2–Alkanolamines for hydrogen sulfide and carbon dioxide removal. In Gas Purification, 5th ed.; Gulf

Professional Publishing: Houston, TX, USA, 1997; pp. 40–186. [CrossRef]
5. Gupta, M.; Sukanandan, J.; Singh, V.; Pawar, A.; Deuri, B. A holistic approach for mitigation of H2S from crude oil and gas in an

offshore/remote environment. In Proceedings of the SPE Oil and Gas India Conference and Exhibition, Mumbai, India, 9–11
April 2019. [CrossRef]

6. Pollitt, I.; Conde, J. Novel approaches to sour gas treatment in oil and gas—Onshore and offshore facilities. In Proceedings of the
Abu Dhabi International Petroleum Exhibition & Conference, Abu Dhabi, UAE, 12–15 November 2018. [CrossRef]

7. Mokhatab, S.; Poe, W.; Mak, J. Chapter 8–Sulfur recovery and handling. In Handbook of Natural Gas Transmission and Processing,
4th ed.; Gulf Professional Publishing: Cambridge, MA, USA, 2019; pp. 271–305. [CrossRef]

8. Ahmad, W.; Sethupathi, S.; Kanadasan, G.; Lau, L.; Kanthasamy, R. A review on the removal of hydrogen sulfide from biogas by
adsorption using sorbents derived from waste. Rev. Chem. Eng. 2021, 37, 407–431. [CrossRef]

9. Georgiadis, A.; Charisiou, N.; Goula, M. Removal of hydrogen sulfide from various industrial gases: A review of the most
promising adsorbing materials. Catalysts 2020, 10, 521. [CrossRef]

10. Liu, D.; Li, B.; Wu, J.; Liu, Y. Sorbents for hydrogen sulfide capture from biogas at low temperature: A review. Environ. Chem. Lett.
2020, 18, 113–128. [CrossRef]

11. Speight, J. Natural Gas. A Basic Handbook, 2nd ed.; Gulf Professional Publishing: Cambridge, MA, USA, 2019; pp. 277–324.
[CrossRef]

12. Gao, S.; Brown, B.; Young, D.; Singer, M. Formation of iron oxide and iron sulfide at high temperature and their effects on
corrosion. Corros. Sci. 2018, 135, 167–176. [CrossRef]

13. Feng, Y.; Wen, J.; Hu, Y.; Wu, B.; Wu, M.; Mi, J. Evaluation of the cycling performance of a sorbent for H2S removal and simulation
of desulfurization-regeneration processes. Chem. Eng. J. 2017, 326, 1255–1265. [CrossRef]
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