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Abstract: Sulfur, and in particular, H2S removal is of significant importance in gas cleaning processes
in different applications, including biogas production and biomass gasification. H2S removal with
metal oxides is one of the most viable alternatives to achieve deep desulfurization. This process is
usually conducted in a packed bed configuration in order to provide a high solid surface area in
contact with the gas stream per unit of volume. The operating temperature of the process could be as
low as room temperature, which is the case in biogas production plants or as high as 900 ◦C suitable
for gasification processes. Depending on the operating temperature and the cleaning requirement,
different metal oxides can be used including oxides of Ca, Fe, Cu, Mn and Zn. In this review, the
criteria for the design and scale-up of a packed bed units are reviewed and simple relations allowing
for quick assessment of process designs and experimental data are presented. Furthermore, modeling
methods for the numerical simulation of a packed bed adsorber are discussed.
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1. Introduction

H2S is a colorless gas that is denser than air [1]. It is flammable [2], toxic [3] and highly corrosive [4],
with an unpleasant smell of rotten eggs [5]. H2S needs to be removed from fuels since it converts to
SO2 during combustion and causes acid rains when released into the environment [6]. Because of these
properties, H2S removal is a crucial step in gas cleaning and finds application in different industries
including coal and biomass gasification [7,8], biogas production [9] wastewater treatment, food
processing and production and other fuel production processes [10]. In most of these applications the
concentration of H2S is magentarelatively low, i.e., well below 1 vol%.

Absorption-based methods to remove H2S are used in different reactor configurations, such as
packed columns or spray towers. The most common solver is water which, however, cannot remove
H2S to low concentrations due to the low solubility of H2S in water, with the Henry’s constant of
about 10−3 mol/(m3 Pa) at room temperature [11]. Most of the available solvents that have high
solubilities for H2S require extreme operating conditions, i.e., high pressures and/or low temperatures,
which translates into high operating costs [12]. Due to this, absorption based methods, although high
in technological readiness, are less favorable for the treatment of diluted gas streams when compared
to other technologies.

In particular, regarding adsorption based technologies, we find activated carbon as the most
common adsorbent available but it has a very low sulfur removal capacity [13]. The adsorption capacity
can be enhanced by impregnating the activated carbon with metals, resulting in composite sorbents in
which the metal is present in the form of nano-scopic oxide particles [14–16]. Bio-chars containing
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different metals, including Ca, Fe and Mn, where found to have similar sulfur removal capacities as
composite active carbon materials [17–19]. This is especially interesting, as bio-chars are obtained from
waste materials. Due to the low cost of feedstock and high removal capacities [20], these materials
have the potential to be viable sorbents. However, there is limited testing of carbonaceous sorbent
materials for high temperature applications.

Membrane technology with facilitated transport properties is another alternative to remove H2S.
However, the complications of operating a membrane process at optimum conditions still makes it
an unfavorable alternative at the current development stage [13]. H2S can be removed by precipitation
techniques as well. A solution containing FeCl2, FeCl3 or FeSO4 can be used to precipitate the sulfur in
the form of FeS. Technical complications of operating a continuous process based on this principle
aside, the final concentration of H2S after treatment remains around 100 ppm which is still high for
most applications [21,22].

Biological processes degrade H2S to elemental sulfur have shown a high potential at pilot and
demonstration scale plants. Despite being environmentally friendly and economically advantageous,
there are still challenges to be addressed [23,24]. Biological removal of H2S can use both photo-trophic
and chemo-trophic bacteria to bio-oxidize hydrogen sulfide. The requirement of a light source for
photo-trophic bacteria is the main constraint for adapting the technology to the industrial scale [23].
Chemo-trophic bacteria require an oxygen or nitrite source, and if the amount is not at the optimum
level, H2S tends to convert to sulphates which is not desired [25,26].

Using metal sorbents to remove H2S from diluted gas streams is a common practice nowadays [27].
The active compound of the sorbent is a metal oxide that reacts with H2S to trap the sulfur in the form
of solid metal sulfide according to:

H2S (g) + γMO (s)
 H2O (g) + γMS (s) (1)

where γ is the stoichiometry coefficients, MO is the metal oxide and MS is the produced metal sulfide.
Notice that MO and MS in the notation used here do not strictly refer to stoichiometric compounds,
i.e., MO may stand for e.g., Fe2O3. Depending on the cleaning requirement and the desired operating
temperature, there are different metal oxides that are suitable to be used in reaction (Equation (1)).
The efficiency, simplicity and relatively low cost of metal oxide based sorption methods have given the
method ”an edge” over other possible alternatives [28].

This review presents an overview of the current state of development of metal oxide sorption
processes for the removal of H2S in packed bed reactors. Next to discussing the key results from the
literature we specifically discuss design criteria for packed bed reactors, present guidelines for the
selection of a suitable metal oxide and review modelling strategies for describing and analyzing H2S
removal in a packed bed. The latter is complemented by a set of mathematical approximations that
allow for a quick assessment of process designs and experimental data and their feasibility. There are
several review papers on syngas and biogas cleaning that discuss H2S removal methods [8,13,19,29–35],
however, only few discuss the removal by using unsupported metal oxides suitable for high temperature
applications [27,36,37]. The presents paper adds an additional dimension to these works by reviewing
the metal oxide sorption process from the viewpoint of process design and process modeling.

2. Process Design

Considering a process for the removal of H2S employing reaction (Equation (1)), two characteristic
length scales become apparent: The reactor scale which is typically of the order of few centimeters
to meters, and the pellet scale which is typically of the order of few hundred of micrometers up to
centimeters. Figure 1 shows these two scales schematically for a packed bed reactor. The gas stream
containing H2S is introduced into the reactor where it gets in contact with the pellets that contain the
metal oxide. The metal oxide reacts with H2S which binds the sulfur in form of solid metal sulfide.
Transport phenomena taking place outside the pellets, i.e., the mass transfer of the gaseous reactant
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from the bulk of the fluid to the pellet surface, is commonly referred to as external mass transfer.
Moreover, the transport phenomena taking place inside the pellet include internal mass transfer,
i.e., the diffusion of the gaseous reactant to the reaction sites, and the reaction itself. The two scales are
typically treated as being separable, i.e., phenomena on the pellet scale are often studied in simpler
set-ups, e.g., by placing a pellet into a well mixed atmosphere whose H2S concentration is kept at
a constant value. [38,39].

Figure 1. Schematic of a packed bed reactor for H2S removal with metal oxides: (a) reactor scale,
(b) pellet scale.

2.1. Reactor Scale

There are three common reactor configurations for conducting reaction (Equation (1)): entrained
flow reactor [40], fluidized reactor [41] and packed bed reactor [7]. In an entrained flow reactor,
the sorbent particles are immersed into the gas stream which carries them through the reactor.
Thus, the residence time of the gas and the sorbent in the reactor are of a similar order of magnitude.
In a packed bed reactor, the gas stream flows through the reactor while the sorbent particles remain in
the reactor. The residence time of the sorbent is considerably larger than that of gas. Hence, from the
viewpoint of the solid sorbent the packed bed reactor resembles a batch reactor. A fluidized bed reactor
lies in between these two extremes and, depending on the operating mode, from the viewpoint of the
solid sorbent the reactor resembles a well mixed continuous reactor or a batch reactor. The parameter
that can be used to characterize the different reactor configurations is the particle volume fraction φ,
that relates to the bed porosity εb as follows:

φ =
Total volume of solid particles

Total volume of reactor
= 1− εb. (2)

The entrained flow reactor has the lowest solid volume fraction while the packed bed reactor has
the highest solid volume fraction among the three reactor configurations (φ > 40%) [42].

There are different empirical correlations to predict the bed porosity for a packed bed reactor.
A simple correlation with acceptable accuracy is given by Benyahia and O’Neill [43]:

εb =
A(

d0/dp + C
)2 + B (3)

where dp is the equivalent sphere diameter of the particles, d0 is the reactor diameter and A, B and C
are empirical parameters. Table 1 gives these parameters for common particles shapes. Notice that
the first term on the right hand side (rhs) of Equation (3) represents a correction for the case where
the particle size is comparable to the reactor diameter; for dp � d0 the first term vanishes and the bed
porosity becomes a constant.
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Table 1. Parameter values of Equation (3) for different pellet shapes [43].

Shape of Pellets A B C

Spheres 1.740 0.390 1.140
Cylinders a 1.703 0.373 0.611

a Aspect ratio height/diameter = 0.76 to 1.78.

Important parameters in choosing the reactor configuration are pressure drop, attrition of particles
and contact surface. In this specific case, the available contact-surface between the solid particles and
the fluid is of great importance since the kinetics of the removal reaction is not very fast and more
importantly a high level of sulfur removal is often required. Among the three reactor configurations,
the packed bed reactor provides the largest contact surface area for a fixed reactor volume. This is one
of the reasons why the packed bed is the reactor of choice in most applications.

To estimate the pressure drop in a packed bed reactor Ergun equation is used, which reads as [44]:

∆p
L

= 150
(1− εb)

2

ε3
b

µgug(
Φdp

)2 + 1.75
(1− εb)

ε3
b

ρgu2
g

Φdp
(4)

where ∆p/L is the pressure drop per unit length, ug is the superficial gas velocity, Φ is the particle
sphericity, ρg is the density of the gas mixture and µg is the viscosity of the gas mixture. Expressions
for estimating ρg and µg for a gas mixture are given in Appendix A. The Ergun equation accounts for
the different flow regimes, i.e., the first term on the rhs of Equation (4) is dominant when the flow is
laminar while the second term is dominant when the flow is turbulent.

2.2. Pellet Scale

The pellet size and pellet porosity are the main properties that affect the removal process on the
scale of the pellet. Pellet porosity directly affects the intra-pellet diffusion [45]. In order to improve the
intra-pellet diffusion, it is more favorable to make pellets with high porosity without sacrificing the
mechanical durability. Pellet size also affects the bed porosity and the pressure drop as described by
Equations (3) and (4), respectively. Moreover, the pellet size affects the characteristic time of diffusion
which means that smaller pellets require shorter diffusion time [46]. However, small pellets in a packed
bed lead to high pressure drop. Hence, finding the optimum size of the pellets, that are not too small
to cause high pressure drop and not too large that lead to poor diffusion through the pellet, turns
into an optimization problem with the three main controlling factors, namely, characteristic time of
diffusion through the pellet, bed porosity and bed pressure drop.

2.3. Operating Conditions

The reaction (Equation (1)) was tested at different reactor pressures, ranging from 1 to
20 atm. The observations show that increasing the reactor pressure adversely affects the rate of
conversion [38,47,48]. This is explained by recalling that molecular diffusivity is inversely proportional
to pressure, i.e., DM ∼ P−1 [44]. Hence, the mass transfer decreases as the pressure increases. Notice that
the effect of pressure on the metal oxide conversion was investigated by keeping the partial pressure of
the gaseous reactant constant, i.e., the percentage of H2S in the gas phase was gradually lowered as the
pressure was increased such that the effects of a changing reactant concentration could be eliminated from
the experiments. Hence, it is more favorable to run the removal process at atmospheric condition rather
than pressurized.

Regarding the operating temperature, despite the common perception that metal oxides are used
only at elevated temperatures [7,28,49–52], there are several works that show that certain metal oxides
can remove H2S to ppm levels even at room temperature [53–56]. The operating temperature of H2S
removal with metal oxides can be anywhere between 25 and 1100 ◦C. The reaction (Equation (1)) is



Appl. Sci. 2019, 9, 5316 5 of 24

exothermic which means that at elevated temperature the equilibrium is shifted to the left. This implies
that under thermodynamic control the higher the temperature, the higher the outlet concentration
of H2S, i.e., less efficient removal. However, both the reaction kinetic and diffusion can benefit from
elevated temperatures. Depending on the operating temperature, different metal oxides can be suitable
for the purpose. This will be further discussed in Section 4.

3. Challenges and Limitations

The removal of H2S by metal oxides in a packed bed configuration is an established technology.
However, some challenges still remain. In regard to practical applications, these are, in particular, the
regeneration of the sorbent and the presence of other compounds in the gas feed. It is difficult to ensure
that the sulfur removal capacity of the sorbent does not decline during desulfurization–regeneration
cycles. Morphological changes and fusion of particles into each other are among the main reasons for
incomplete regeneration [57–59]. Also, other compounds in the gas phase can dramatically change
the removal efficiency [36]. This can be due to a shift in the equilibrium of the sulfidation reaction
(Equation (1)) towards the reactants in the case of wet gas streams, deposition of materials and coking
of the sorbent in the case of the feed stream containing tars and particulates and adsorption of foreign
species onto the sorbent surfaces.

3.1. Particle Fusion

The metal sulfides that form during desulfurization has a larger molar volume than the original
metal oxides which means that the metal oxide particles grow in size during sulfidation [60]. In a packed
bed where the neighboring metal oxide particles are in contact with each other, there is not enough free
space in the proximity of the particles, such that the particles tend to fuse together as they go through
the sulfidation process (see Figure 2a) [61].

Figure 2. Schematic of pellet fusion. (a) The bed is fully packed with metal oxides with a low bed
porosity which results in particle fusion during sulfidation. (b) Inert particles are added to the packing
to prevent fusion during sulfidation.

A possible solution to avoid such a problem is to make the bed porous enough that there is
sufficient free space for the particles to grow. From Equation (3), it is clear that the minimum value of
bed porosity is equal to B. Let us consider a packed bed of metal oxides with a porosity of εb filled
with pellets that have a porosity of εp. Assuming that the fusion of particles during the sulfidation
process reduces the pellet porosity to zero and the bed porosity to B, we can derive a condition for the
minimum initial bed porosity under which fusion of particles is less likely:

εb ≥
(B− εp) + ρpG
(1− εp) + ρpG

; G =
∑ xi

ρi,o

(
ρi,oMi,s

ρi,sMi,o
− 1

)
(5)

where ρp is the pellet density defined in Equation (A1) and G is the total volume expansion per
unit mass of the sorbent. The subscriptions o and s refer to oxide and sulfide form of metal i in the
sorbent, respectively.
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However, for a packed bed of pure metal oxides, Equation (5) predicts very large porosity values
that are not feasible in a packed bed configuration. Another possible solution for preventing the fusion
of pellets in such cases is to add inert materials in the packing [62]. This could be either inside the
pellets or simply by adding particles that are made of inert material in the packing matrix as shown in
Figure 2b. γ-Al2O3 is an example of a suitable material to be used as inert [61], especially with recent
developments to synthesize it from waste materials [63]. In this case, the main question to answer is
how much inert is required to avoid the fusion. Similar to the previous case, it is assumed that during
sulfidation, pellet porosity goes to zero and the bed porosity decreases to a value that is equal to B.
This leads to an estimation for the minimum mass fraction of inert to suppress fusion of particles inside
the packed bed:

xinert ≥ρinert

[
(1− εp)(1− εb)G

(εb − B) + εp(1− εb)
−

∑ xi
ρi,o

]
(6)

where xinert is the mass fraction of the inert material and ρinert is the density of it.

3.2. Sorbent Utilization

Low sorbent utilization is one of the main issues when operating a packed bed of metal oxide,
in particular when using regenerated sorbents [59]. The sorbent utilization can be estimated from the
breakthrough curve. A breakthrough curve of a packed bed shows the outlet concentration of the reactor
as a function of time. A schematic of a breakthrough curve is shown in Figure 3a. Although simple in
concept, breakthrough curves carry a lot of information about the various phenomena taking place in
the packed bed.

(a) (b)

Figure 3. Analysis of breakthrough curves. (a) Schematic of a breakthrough curve indicating the
breakthrough time τb, the surface utilization time τ1 and the time for complete sorbent utilization τ2.
(b) Schematic illustration of the sorbent utilization at t = 0, τ1 and τ2.

The breakthrough time τb is defined as the time at which the concentration of H2S in the outlet
stream of the reactor reaches a predefined threshold value. In experiments, the latter is typically taken
close to the detection limit. The theoretical maximum breakthrough time, denoted by τ2 in Figure 3,
is calculated by assuming full utilization of the sorbent. Considering a sorbent that consists of several
different metal oxides, the time for full sorbent utilization reads as:

τ2 =
ms

QC0

∑
i

xi
γiMi

=
τ0(1− εb)ρp

C0

∑
i

xi
γiMi

(7)

where ms is the total mass of sorbent in the packed bed, xi is the mass fraction of metal oxide i in
the sorbent, Mi is the molecular weight of metal oxide i, ρp is the pellet density (see Equation (A1)
in Appendix A), εb is the bed porosity, Q is the volumetric flow rate of the gas stream and C0 is
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the concentration of H2S in the inlet stream. Moreover, τ0 = V/Q is the superstitial residence time,
where V is the volume of the empty reactor (i.e., the reactor in the absence of sorbent).

The full sorbent utilization time τ2 given by Equation (7) together with the breakthrough data
allows for calculating the removal capacity, defined as the ratio of the actual amount of H2S that is
removed divided by the maximum amount that can be removed:

ζ =
1
τ2

∫
∞

0

(
1−

C(t)
C0

)
dt (8)

where C(t) is the reactor outlet concentration. The integral in Equation (8) is proportional to the
amount of H2S that is removed by the packed bed. In graphical terms, it corresponds to the area above
the breakthrough curve as indicated by the hatched area in Figure 3a. Sometimes, C(t) for large t has
to be extrapolated or modelled as experiments are often terminated soon after H2S is detected at the
reactor outlet. Reasons for a low removal capacity can be blockage of sorbent due to deposition of
other material, blockage of pores or inactivation of sorbent due to reduction of the metal oxide.

The time for full sorbent utilization presents an upper bound to the breakthrough time τb.
This motivates to define a removal efficiency of a packed bed as:

η = τb/τ2. (9)

Compared to the removal capacity, the removal efficiency defined in Equation (9) can readily
be deduced from breakthrough curves that are terminated soon after breakthrough. Notice that in
general, the removal efficiency is different than the removal capacity. For a practical assessment of the
sorbent utilization, the removal efficiency is of higher relevance.

Another characteristic time that helps for the interpretation of breakthrough data can be derived
by considering the onset of the sulfidation reaction. Inspired by the work of Babé et al. [64] we consider
the early stages of the reaction where only the sorbent surface is affected while the metal oxide in the
inside of the sorbent particles remains untouched, i.e., the reaction first consumes the metal oxide on
the surface before proceeding towards the inside of the sorbent particles. Estimating the thickness of
the first layer of the metal oxide by the largest dimension of the crystal unit cell [64], the characteristic
time for surface utilization for a sorbent consisting of several metal oxides reads as:

τ1 =
τ0(1− εb)ρpS

C0

∑
i

aixiρi

γiMi
(10)

where S is the specific surface area of the sorbent, ai is the lattice constant of metal oxide i, ρi is the
density of the (pure) metal oxide i and Mi is the molecular weight of metal oxide i.

Comparing the time scales τ1 with the breakthrough time τb allows for better understanding the
dynamics of the processes that take place in the packed bed. On the one hand, a breakthrough time
smaller than τ1 is an indication that the reaction is too slow. In order to enhance the sorbent utilization
we have to increase the contact time between the gas and the sorbent and improve the mass transfer.
On the other hand, a breakthrough time slightly larger than τ1 is an indication that the sulfidation
reaction does not proceed beyond the surface of the sorbent. In order to enhance to sorbent utilization
we may need to reduce the particle size or to enhance reactant migration in the sorbent material.

4. Selecting a Suitable Metal Oxide

The literature discusses several metal oxides for the removal of H2S [27]. However, depending
on the operating temperature only a few may turn out to be suitable. This section presents criteria
for selecting a suitable metal oxide and examines the possible candidates according to the presented
criteria. The selection criteria are [30] (1) removal efficiency, (2) sorbent durability and (3) regenerability
and cost of sorbent.
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4.1. Removal Efficiency

The reaction (Equation (1)) has a high equilibrium constant which means the forward reaction
is favorable (i.e., removal of H2S). The equilibrium constant for reaction (Equation (1)) is defined as
K = [H2O]/[H2S] and obeys the thermodynamic relation:

K = exp
(
−

∆G
RT

)
(11)

where ∆G is the standard Gibbs free energy change of reaction (Equation (1)), T is the temperature and R
is the gas constant. Table 2 gives ∆G for a few common metal oxides undergoing reaction (Equation (1)).
The values given in Table 2 were calculated from the Gibbs free energy of formation of the reactants
and the products, that can be found in [65]. Notice that reaction (Equation (1)) is exothermic. Hence,
with increasing temperature the equilibrium constant decreases and the equilibrium becomes less
favorable for the metal sulfide.

Table 2. Gibbs free energy change for the sulfidation of different metal oxides.

Desulfurization Reaction ∆G (kJ/mol)

ZnO + H2S
 ZnS + H2O −61.3
MnO + H2S
MnS + H2O −32.9
CuO + H2S
 CuS + H2O −110.6
CaO + H2S
 CaS + H2O −64.6
FeO + H2S
 FeS + H2O −43.9

In addition to the equilibrium, there always exist kinetic limitations that prevent reactions from
reaching equilibrium in a given reactor. The intrinsic reaction rate (i.e., the reaction rate without
transport limitations) of reaction (Equation (1)) is commonly expressed as:

r = ksCn
H2S (12)

where r is the reaction rate defined as the rate of consumption of H2S per unit surface area of sorbent,
ks is the intrinsic rate function, CH2S is the concentration of H2S at the surface of the sorbent and n is
the reaction order. In order to decouple the effects of binders added to the sorbent some authors write
the intrinsic reaction rate as [50,66]:

r = k′sCMOCn
H2S (13)

where CMO is the molar concentration of the metal oxide in the solid sorbent.
The reaction rate is typically measured by placing a small amount of sorbent in powder form in

a gravimetric chamber whose atmosphere is kept at a constant H2S concentration, i.e., by continuously
flushing the chamber with a gas stream containing a defined amount of H2S. The reaction rate is then
deduced from the increase in solid weight over time. Using such an approach, most studies found the
reaction (Equation (1)) to be of the first order with respect to H2S [48,50,51,66–72]. An exception is
copper-based sorbents that showed a reaction order smaller than one [72,73]. For all sorbents, the rate
function ks (and k′s) are found to follow Arrhenius law:

ks = k0 exp
(
−

Ea

RT

)
(14)

where k0 is the kinetic prefactor and Ea is the activation energy.
Table 3 gives an overview of the reaction rate for different metal oxides together with the

temperature range over which the reaction rate was measured and the method that was used to
determine the kinetic parameters. In cases where the reaction rate is reported in the form of Equation (13)
we estimated CMO from the molar density of the solid sorbent [49] or from the weight fraction of MO
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and the true sorbent density [66]. Also, in cases where the experimental data was evaluated using
the grain model (see Section 5) we estimated the grain radius as Rg = 3/(Sρ), [51,67] where S is the
specific surface area and ρ is the sorbent density (see Equation (A1)).

Table 3. Kinetic parameter for different metal oxides.

MO Temperature Range Prefactor k0 Activation Energy Ea Method Ref.

Iron-based:
Fe2O3 600–900 ◦C 2.5× 10−3 cm/s 13.8 kJ/mol Grain model [67]
Fe2O3 500–800 ◦C - 14.7 kJ/mol (not specified) [68]

Manganese-based:
MnO 300–800 ◦C 0.456 cm/s 23.8 kJ/mol Initial kinetics [50]

Mn-ore 400–600 ◦C 0.93 cm/s 30.6 kJ/moll Initial kinetics [66]
MnO 800–920 ◦C 4.16 cm/s 37.42 kJ/mol Shrinking core model [69]

Zinc-based:
ZnO 300–750 ◦C 0.110 cm/s 30.3 kJ/mol Initial kinetics [50]
ZnO 400–800 ◦C 1.31 cm/s 43.11 kJ/mol Initial kinetics [70]
ZnO 550–650 ◦C 3.7× 10−3 cm/s 16.2 kJ/mol Grain model [51]

Calcium-based:
CaO 300–800 ◦C 0.038 cm/s 21.6 kJ/mol Initial kinetics [50]
CaO 650–900 ◦C 640 m/s 155 kJ/mol Grain model [48]

CaCO3 560–670 ◦C 5200 m/s 163 kJ/mol Grain model [71]
Copper-based: a

CuCeOx 350–750 ◦C - 16 kJ/mol Initial kinetics [73]
Cu-Cr2O3 650–850 ◦C - 19.8 kJ/mol Initial kinetics [72]

a Sorbent showed reaction order smaller than one.

The reported kinetic prefactors show considerable variation, even among the same metal oxides.
This is in part due to the different methods used for evaluating the experimental data. Also, we
notice that except in the case of calcium-based sorbents, the activation energies are relatively small.
On the one hand, this may hint to an adsorption–desorption mechanism accompanying the sulfidation
reaction [67]. On the other hand, the low activation energies may also be caused by “pollution” of
the measured reaction rate by transport phenomena: Likewise to the reaction rate function; transport
coefficients also increase with temperature, although to a much lesser extent. For instance, molecular
diffusivity of gases follow DM ∼ T1.75/P while Knudsen diffusivity follows Dk ∼ T0.5 [44]. Transport
limitations might become relevant at high temperature. The weaker increase of the transport coefficient
with temperature compared to the (intrinsic) reaction rate might cause a reduction of the measured
activation energy.

Taking together the considerations on the equilibrium and on the kinetics, it can be seen that
the kinetics benefits from increasing the temperature while the equilibrium becomes less favorable.
Hence, the upper bound for the operating temperature for a given metal oxide is determined by the
equilibrium while the lower bound is controlled by kinetic limitations [74]. Specifically, from the
equilibrium data and the specified amount of H2S removal, the maximum operating temperature for
a metal oxide is derived from Equation (11) as:

Tmax ≈
∆G
R

[
ln

(
CH2S,∞

CH2O,0 + γ(CH2S,0 −CH2S,∞)

)]−1

(15)

where CH2S,0 and CH2O,0 are the inlet (or initial) concentrations of H2S and H2O, respectively (if the
inlet stream does not contain any steam CH2O,0 = 0), and CH2S,∞ is the desired concentration of
H2S after the removal is completed, i.e., the concentration after the gas has passed the packed bed
before breakthrough. Similarly, the minimum operating temperature is estimated treating reaction
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(Equation (1)) as an irreversible reaction taking place in a well mixed continuous reactor. The resulting
minimum temperature reads as:

Tmin ≈
Ea

R

[
ln

(
CH2S,∞

(CH2S,0 −CH2S,∞)τk0

)]−1

(16)

where τ is the residence time of the reactor. Notice that Equation (16) is derived by assuming the
intrinsic reaction to be the rate limiting step which is valid for small (micrometer sized) sorbent
particles in the early stages of the removal process. For larger sorbent particles transport limitations can
become dominant even for low temperatures. In this case, transport phenomena need to be accounted
for in the estimate of the minimum operating temperature. Also, we note that Tmin and Tmax are
approximated based on the assumption that the metal oxides are stable and only participate in the
sulfidation reaction (Equation (1)).

4.2. Durability

Sorbents require a high mechanical and chemical strength such that they can sustain high operating
hours. The main mechanical strength issue with metal oxide sorbents is attrition which is more significant in
fluidized bed reactors compared with fixed beds reactors [75]. Also, some metal oxides experience sintering
at high temperatures which leads to changes in the surface and pore structure [76]. Such changes can have
a significant impact on the performance of the sorbent. Also, compounds other than H2S contained in
the gas stream can interact with the solid oxide and affect the removal efficiency of the sorbent [77], so it
is important that the metal oxide does not extensively participate in other reactions rather than reaction
(Equation (1)). The most common solution to increase the chemical and mechanical resistance of the sorbent
is to mix or dope it with other compounds such as titanium [61,78].

Table 4 presents an assessment of durability issues for different metal oxide together with remediation
strategies. The metal oxides in Table 4 all have a favorable equilibrium and show reasonable fast kinetics.

Table 4. Durability issues of different metal oxides and possible remediations.

MO Durability Assessment Remediation

CaO

Not fully regenerable due to formation of calcium sulfate [79].
50% capacity loss after 3 cycles due to sintering [80]. Slow
kinetics at low temperatures, most effective at 880 ◦C [71].
Deep desulfurization is not possible due to thermodynamic
constraints [36]. Prone to attrition [80].

Regeneration is done by one step oxidation with O2
followed by reduction with CO [80] or H2 [81].
Core-shell pelletization leads to 10 cycles of constant
removal capacity [80]

ZnO

Reducing of ZnO in reducing conditions (e.g., in syngas)
followed by vaporization of elemental Zn at temperature
higher than 600 ◦C leads to sorbent loss and reduction of
removal capacity [82,83]. Sulfate formation during
regeneration is an issue [57].

Doping with Co [84], Mn [85] and Cu [28,86] to
increase stability and performance. Addition of
Al2O3 [87] or supporting on TiO2 can improve the
stability [61]. Steam regeneration prevents the sulfate
formation to a good extend [88,89].

Fe2O3

Reducing environment leads to spongy iron formation that
reacts very slowly with H2S [67] and instead reacts very fast
with a carbon source (e.g., CO or CO2) to form iron
carbide [61] or catalyzes the Boudouard reaction and leads to
choke formation [90].

Using SiO2, TiO2, and Al2O3 as binders improve
the durability [78].

CuO

(a) Copper oxides reduce to elemental copper in a reducing
environment like syngas and at high temperatures. Elemental
copper is one order of magnitude less active than copper
oxides in desulfurization [27]. During sulfidation of copper
oxide, sintering of the dens sulfide layer at the outer surface of
sorbent particles reduces the sorbent utilization [91]. It has
a favorable equilibrium therefore deep desulfurization is
achievable.

Doping with chromium oxide [92] and
manganese [93–96]. Also addition of molybdenum [97],
vanadium [96–99] and cerium [100] can improve the
sorbent performance. Dispersion on a support such as
γ-Al2O3 [101], SiO2 [102], and ZrO2 [103].

MnO
Does not have a favorable thermodynamics. Stable even at
high temperatures. Prone to form manganese sulfate which is
difficult to regenerate.

Doping other metal ions into manganese oxide such
as Zn [104–106], Fe [106] and Al [107–109].
Desulfurization at temperatures higher than 700◦

reduces the chances of sulfate formation [96].
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4.3. Cost and Regenerability

Metal oxide sorbents are primarily used for H2S removal from diluted streams. In the form so
called guard beds they present own-standing units that are easily integrated into a process. In such
applications regeneration of the sorbent is usually not considered as the spent bed is simply replaced
once the sorbent saturated. This is typically the case for calcium based sorbents and, to a lesser extent,
iron based sorbents that are relatively cheap such that the issue of regeneration loses significance and
fresh sorbent is re-supplied when needed [110].

However, regeneration of sorbent gains importance when the fresh sorbent is costly to supply and
prepare or in operations with multiple beds that cycle between removal and regeneration. Regeneration
is essentially the reversal of the sulfidation reaction, i.e., the conversion of the metal sulfide to the
metal oxide. The gas that is formed in the regeneration step typically contains sulfur in the form of
SO2 which is then processed further using, e.g., the Claus process that separates sulfur and stores
it in form of elemental sulfur or sulfuric acid [12]. Regeneration usually takes place under extreme
operating conditions, i.e., high pressure and temperature. Regeneration agents include air, oxygen
or steam to which SO2 or CO2 is added. Table 5 gives an overview of previous works on regeneration
of used metal oxides, including operating conditions and regeneration agents that were employed.
The number of cycles with little to no significant drop in the sorbent capacity is also reported in Table 5.

Table 5. Regeneration of spent metal oxides.

Sorbent Regeneration Agent Operating Condition Ref.

Ca-based Oxidation with O2 followed by reduction with CO 1050 ◦C, tested for 10 cycles [80]
Fe-based Mixture of 15% steam, 5% O2 and 80% N2 400–700 ◦C, tested for 5 cycles [111]
Zn-based Mixture of 50% steam, 3–6% O2 and balance N2 650–750 ◦C, tested for 20 cycles [112]

Cu-based Oxidation in air followed by regeneration in a mixture
of steam and H2

375 ◦C, tested for 50 cycles [113]

Mn-based SO2, O2, steam or a combination of them. > 600 ◦C, tested for 110 cycles [107]
Air > 900 ◦C, tested for 5 cycles [114]

The critical aspect of regeneration is the preservation of the removal efficiency of the sorbent.
Changes in surface and pore structure during repeated sulfidation–regeneration cycles can lead to
a loss of specific surface area and pore blockage [80] which in turn results in incomplete regeneration
and eventually a reduction of the sulfur removal capacity. A common issue with the regeneration of
sorbents for H2S removal is that during the sulfidation process, the metal oxide particles are fused
together. This is due to the higher molar volume of the metal sulfide compared to the metal oxide.
This means that in the sulfidation process, the particles slightly grow in size and some neighboring
particles might squeeze into each other which results in the fusion of the particles, as schematically
shown in Figure 2b. This limits the available contact surface and hinders the regenerating agents to
reach to some parts of the spent sorbent, resulting in an incomplete regeneration. This issue is usually
fixed by mixing the sorbent with an inert solid that does not react during sulfidation. In this way the
increase of the solid volume is reduced and so the possibility of fusion of particles is lowered.

5. Modeling of Solid–Gas Reactions in Packed Beds

In this section, modeling methods to simulate the removal of H2S from a diluted gas stream by
using a packed bed of metal oxides is discussed. The bed is filled with pellets that contain metal
oxides. As the gas stream passes through the packed bed, H2S transfers from the bulk of the fluid to
the surface of the pellets. H2S then diffuses through the pellets to reach the metal oxides (MO) where
it finally reacts with them according to reaction (Equation (1)). At operating temperatures higher
than 100 ◦C, the products of the sulfidation reaction (Equation (1)) are water vapor and metal sulfide
(MS). The water vapor transfers back to the fluid bulk, while the metal sulfide substitutes the metal
oxide in the solid phase. The transfer of water vapor to the fluid bulk has negligible effects on the
overall rate of H2S removal and therefore is usually not included in the modeling process. Moreover,
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despite the exothermic nature of the sulfidation reaction, temperature changes are negligible for the
low H2S concentrations typically experienced in sorption processes employing metal oxides. Also,
the equilibrium of reaction (Equation (1)) at the operating temperature is to the right for most of the
metal oxides such that reaction (Equation (1)) can be considered irreversible.

Consider a packed bed of fresh sorbent of length L to which a stream containing H2S at a concentration
C0 is fed. Assuming a constant gas flow, a mass balance for the bulk fluid concentration reads as:

∂C
∂t + uint

∂C
∂x = E∂2C

∂x2 − νapNp

B. C.:


C0 = C−

E
uint

∂C
∂x

at x = 0

∂C
∂x

= 0 at x = L

I. C.: C = 0

(17)

where C is the concentration of H2S in the bulk fluid, uint = Q/(εbA) is the interstitial velocity of
the gas stream, with Q denoting the volumetric gas flow rate, εb is the bed porosity and A is the
cross-sectional area of the packed bed, E is the axial dispersion in the bed, ν = (1− εb)/εb is the solidity
of the packed bed, ap is the specific surface area per unit volume of the pellets (for spherical pellets with
diameter dp we have ap = 6/dp) and Np is the flux of H2S from the bulk fluid to the pellets. Boundary
conditions (B.C.) are formulated as Danckwerts boundary conditions [44], while initial conditions (I.C.)
assume the bed is initially free of H2S.

The flux Np depends on the H2S concentration at the pellet surface Cp,s. In order to find Cp,s,
we revisit the transport phenomena occurring on the pellet surface and its vicinity. H2S transfers from
the bulk fluid to the pellet surface, from where it diffuses into the pellet. Assuming no accumulation of
H2S on the pellet surface, the following expression is derived:

Cp,s = C−
Np

kg
(18)

where kg is the external mass transfer coefficient that is estimated from an appropriate
Sherwood-correlation [42,115], while Np is estimated by realizing the phenomena occurring inside the
pellets. In the literature, there are three major types of models to describe the pellet dynamics. In the
following, we present these models and how they are used to estimate Np.

5.1. Lumped Model

We begin by investigating a simple lumped model to estimate the flux of H2S into the pellets.
The specific lumped model that we present here is referred to in the literature as deactivation model [98].
According to this model, consumption and structural changes of the sorbent are lumped in a single
parameter, namely the activation coefficient α which is defined as α = 1 −X, where X is the solid
conversion. The flux of H2S into the pellets Np is determined from:

Np = αksCp,s (19)

where ks is the surface reaction rate function that may differ from the intrinsic rate function presented
in Section 4. knowing Np, the gas concentration on the pellet surface is obtained from Equation (18) as
Cp,s = kgC/(kg + αks). The rate of decay of sorbent activity is described by a power law according to [98]:

∂α
∂t = −kαCn′

p,sα
m′

I. C.: α = 1
(20)

where kα is the deactivation rate constant, and n′ and m′ are the deactivation exponents which are
usually predetermined at fixed integer values [99,116]. Therefore, this model has two fitting parameters,
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ks and kα. In order to find these parameters, Equations (17)–(20) are solved simultaneously and the
obtained breakthrough curve from the model is compared to experimental data.

A simplification of the mathematical problem can be derived by neglecting axial dispersion and
assuming quasi-steady state conditions in the bed [99,116,117]. The latter implies that the changes of
concentration in time are substantially smaller compared to the changes of concentration along the bed.
This reduces Equation (17) to:

uint
∂C
∂x

= −νapNp. (21)

Table 6 lists typical parameter values obtained by fitting the activation model to experimental
breakthrough curves. Although the activation model agrees with the experimental data and has
an analytical solution for the breakthrough curve, it lacks the ability to explain the phenomena that
take place in the desulfurization process. As a consequence, the fitting parameters extracted from this
type of modeling have no clear physical meaning, and hence, they cannot be related to the material
properties or the operating conditions. This limits the capabilities of the activation model for the
analysis of experiments, process optimization and scale-up calculations.

Table 6. Deactivation model in the literature.

Sorbent n′ m′ ks (m/s) kα (s−1) Ref.

Cu, M and V oxides 0 1 ∼10−2
∼10−2 [99]

Zn-Mn oxides 0 1 ∼10−2
∼10−2 [116]

5.2. Shrinking Core Model

The shrinking core model (SCM), also referred to in the literature as unreacted core model, unlike
the deactivation model, is based on a mechanistic view for the sorbent conversion inside the pellets.
Initially the fresh sorbent on the pellet surface reacts with H2S and forms a layer of solid product
(consumed sorbent, colloquially called the ash layer). In the continuation of the process, H2S diffuses
through the consumed sorbent layer to reach the fresh sorbent. Since the reaction rate is considered
to be much faster than the diffusion rate, the reaction takes place on a sharp front separating the
consumed sorbent from the fresh sorbent, as seen in Figure 4 as the reaction interface.

Figure 4. Schematic of the shrinking core model. The light gray is the fresh sorbent and the dark gray is
the consumed sorbent. A sharp interface separates the fresh and consumed sorbent. As the conversion
proceeds the consumed sorbent shell grows inward.

The two main transport mechanisms in the SCM are: diffusion through the consumed sorbent
layer and surface reaction. The fluxes attributed to each of these phenomena are equal on the reaction
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interface since there is no accumulation of H2S on the interface. Therefore, we can derive an expression
for the flux to the pellets that reads as [118]:

Np =
(

1
kRx

+ 1
kD f

)−1
Cp,s

kRx = ks(1−X)2/3

kD f =
Da
Rp

(1−X)1/3

1−(1−X)1/3

(22)

where kRx and kDf are the mass transfer coefficients of reaction and diffusion, respectively, ks is the reaction
rate function of the surface reaction, Rp is the characteristic length of diffusion which in case of spherical
pellets corresponds to the pellet radius, Da is the apparent diffusivity of H2S in the consumed sorbent and X
is the sorbent conversion. Notice that the kRx is derived by assuming that the surface reaction is of first order
with respect to the gas. The sorbent conversion is obtained from a mass balance over the sorbent:

∂X
∂t =

γap
CMO

Np

I. C.: X(x, 0) = 0
(23)

where CMO is the molar concentration of the sorbent (calculated from the density and the molecular
weight of the metal oxide) and γ is the stoichiometric coefficient of the sorbent. Equation (17) together
with Equations (22) and (23) are solved simultaneously to obtain the solid conversion X(x, t) and
the H2S concentration C(x, t) along the bed at different times. Solving the coupled equations can be
numerically expensive. To mitigate this problem, a method referred to as constant pattern method was
frequently adopted in the literature. Wang et al. [119] presents a simple description of the constant
pattern method applied to the SCM.

Table 7 gives the apparent diffusivity for different metal oxides obtained from applying the SCM to
fit experimentally measured breakthrough curves. As pointed out in earlier works [120], the estimated
diffusivities are relatively large when compared with values obtained from correlations for molecular
or Knudsen diffusion (the value of Da for iron oxyhydroxide is much lower compared to those of the
other sorbents in Table 7 which is due to the low operating temperature in which the measurements for
this sorbent were done). This hints to additional phenomena that accompany the sulfidation process
and that are not covered by the SCM, an aspect which needs to be considered when using the SCM for
optimizing the pellet properties.

Table 7. Apparent diffusivity in the shrinking core model for different sorbents at given temperature range.

Sorbent T (◦C) Da (m/s2) Ref.

Zinc titanate 550–700 ∼10−7 [119]
Zinc ferrite 500–600 ∼10−5 [119,121]

Perovskite-type sorbents 300–500 ∼10−7 [122]
Zinc oxide 250 ∼10−8 [123]

Calcium oxide 560–1100 ∼10−6 [124]
Manganese based 850 ∼10−6 [125]
Iron oxyhydroxide 0–100 10−9 [126]

5.3. Grain Model

The grain model considers the pellets to consist of smaller grains, as shown in Figure 5. The void
spaces between the grains represent the pores in the pellet and the grains mimic the non-porous part
of the pellet. H2S diffuses through the pellet pores to reach the grain surfaces. There, the grains follow
a shrinking core type of behavior, i.e., H2S diffuses through the non-porous consumed sorbent that covers
the grain surface (i.e., the ash layer) to reach the fresh sorbent where it reacts, forming a sharp reaction
interface that separates the fresh sorbent from the consumed sorbent [118]. The grain model thus adds
another scale to the modeling, namely the grain scale on which the ash diffusion and the reaction take
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place. The main transport phenomenon on the pellet scale is the intra-pellet diffusion, while the convective
flow through the packed bed is the main phenomenon on the bed scale. Hence, Equation (17) is still
valid to describe the bed scale and only the modeling of the pellet flux Np is refined. The latter is derived
from the concentration distribution inside the pellets that is governed by a mass balance over the pellet.
For a spherical pellet containing non-porous grains the mass balance of H2S reads as:

εp
∂Cp
∂t = 1

r2
∂
∂r

(
Der2 ∂Cp

∂r

)
− (1− εp)agNg

B. C.:


∂Cp

∂r
= 0 at r = 0

Cp = Cp,s at r = Rp

I. C.: Cp = 0

(24)

where Cp is the H2S concentration inside the pellet, εp is the pellet porosity, ag is the specific surface
area per unit volume of the grains (ag = 6/dg for spherical grains of diameter dg), De is the effective
intra-pellet diffusivity and Ng is the flux of H2S to the grains. It is suggested that effective intra-pellet
diffusivity follows De ∼ ε2

pDp to count for the effect of the porous media and tortuosity of the
pores [39,127]. Pore diffusivity Dp is typically expressed as a combination of the molecular diffusivity
DM and the Knudsen diffusivity DK:

Dp =

(
1

DM
+

1
DK

)−1

(25)

Figure 5. Schematic of the grain model. On the grain scale, the light gray is the fresh sorbent and the
dark gray is the consumed sorbent. Grains undergo a shrinking core-like of behavior. Grains closer to
the pellet surface are consumed sooner as the conversion proceeds in a pellet.

The values of DM and DK are calculated from the expressions found in the literature [45]. To find
the flux to the grains Ng we establish a shrinking core model on the grain scale. Following a similar
argument that lead to Equation (22) results in:

Ng =
(

1
kRx

+ 1
kD f

)−1
Cp

kRx = ks(1−X)2/3

kD f =
Dash
Rg

(1−X)1/3

1−(1−X)1/3

(26)
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where ks is the surface reaction rate function, Dash is the diffusivity of H2S in the consumed sorbent
and Rg is the characteristic length of grain diffusion which in case of spherical grains corresponds to
the grain radius. The sorbent conversion X is obtained similarly as in the SCM (Equation (23)):

∂X
∂t =

γag
CMO

Ng

I. C.: X = 0
. (27)

Notice that with respect to the SCM where the sorbent conversion is only a function of time and
the axial coordinate x brought in by the bed scale, here, the sorbent conversion also depends on the
radial position inside the pellet r.

The flux to the pellets that connects pellet the scale to the bed scale reads as:

Np = −De
∂Cp

∂r
at r = Rp. (28)

Combining the grain model governed by Equations (24)–(28) with the packed model governed by
Equation (17) leads to a coupled system of equations whose solution is comprised of the concentration
field of H2S in the fluid bulk, C(x, t), the concentration field of H2S in the pellets, Cp(r, x, t), and the field
of sorbent conversion X(r, x, t). Deriving these three fields by simultaneously solving the governing
equations is numerically demanding. Therefore, it is common to make additional assumptions that
allow for simplifying the model, for example, by lumping the intra-pellet diffusion into an intra-pellet
mass transfer coefficient [128].

Table 8 gives the numerical values of the ash diffusivity obtained by fitting the grain model to
experimental data. Compared to the apparent diffusivities obtained from the SCM (Table 7), the ash
diffusivities derived from the grain model are several order of magnitude smaller and fall in the range
that is expected for diffusion through a non-porous solid matrix. The value of Dash for zinc oxide in
Table 8 is much smaller than those of the other sorbents which is due to a slightly modified grain model
that was used to analyze the experimental data in this study [64].

Table 8. Grain model in the literature.

Sorbent T (◦C) Dash (m/s2) Ref.

Mixed oxides 500–600 ∼10−12 [129,130]
Zinc ferrite 540–600 ∼10−12 [131]
Zinc oxide 400 10−17 [64]

5.4. Dimensional Analysis

The modeling approaches presented above not only provide a tool for the prediction of the
behavior of a packed bed sorption process, but also, they can be used for the analysis of the process
which together with experimental data gives further insights that are of use beyond the scope of
process modeling.

In the following we focus on the shrinking core model that describes phenomena taking place
on the pellet scale and on the bed scale (see Figure 1). Specifically, the pellet scale is the scene of
reaction and intra-pellet diffusion. The characteristic times of these two processes read as τRx = Rp/ks

and τD = R2
p/Da for reaction and diffusion, respectively. The ratio of these two time-scales defines

a Damkohler number:

Da =
(rate of reaction)
(rate of diffusion)

=
τD

τRx
=

ksRp

Da
(29)

(the Damkohler number defined in Equation (29) can be derived rigorously by multiplying Equation (23)
by τD and substituting for ap = 6/Rp which after some re-arrangement recovers Da.) Typically, pellet
sizes are of the order of Rp ∼ 10−2 m, while the rate function of the surface reaction and the intra-pellet
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diffusivity are of the order of ks ∼ 10−2 m/s (see Table 3) and Da ∼ 10−6 m2/s, which corresponds to
a Damkohler number of Da ∼ 102. Such a large Damkohler number implies that diffusion is the rate
limiting step on the pellet scale.

The knowledge that diffusion is the rate-limiting step on the pellet scale also guides the analysis
of the bed scale, that is the scene of convection. The characteristic time of convection is equal to the
residence time τ = L/uint. The ratio of the diffusion time scale τD and the convection time scale τ
defines a Peclet number:

Pe =
(rate of convection)
(rate of diffusion)

=
τD

τ
=

R2
p

τDa
. (30)

Clearly, effective operation of the packed bed requires Pe � 1 to make sure that the gaseous
reactant has enough residence time in the bed to fully diffuse through the pellets. Based on this, we can
derive a lower limit for the fluid residence time in the packed bed sorber, as:

τmin ≈
R2

p

Da
. (31)

This approximation can help with sizing the reactor in cases where the flow rate is fixed.

6. Summary

This review paper presents the viable metal oxide candidates to remove H2S. Among the studied
reactor configurations, packed bed reactors are more favorable as they provide the highest contact-surface
area between the solid and gas phase, which is important in cases where deep removal of H2S is required.
The kinetics and equilibrium of the reaction between metal oxides and H2S is reviewed and approximations
for obtaining the operating temperature interval for the metal oxides based on kinetic and equilibrium data
are derived. The size and structure of pellets can affect the performance of the sorbent. A guideline on
finding the optimum pellet size is presented in this work. Simple approximations are derived to estimate
sorbent utilization and the quality of sorbent sulfidation. It is suggested to add inert solid to the sorbent to
avoid fusion of particles during sulfidation. An approximation to estimate the minimum necessary amount
of inert is also derived in this work. The most common modeling methods to describe the solid–gas reaction
of H2S and metal oxides are discussed and reviewed. Among the reviewed models, the grain model is the
most comprehensive in describing the sulfidation process with physically meaningful parameters but it is
numerically expensive.

The modeling of sulfur removal processes has received relatively little attention within the last
years, especially when compared to works that develop and explore novel sorbent materials. However,
the transfer of the lab results obtained with these sorbents to the industrial scale will require a thorough
quantitative understanding of the underlying processes. Process models that account for the various
phenomena that take place in a packed bed unit can provide such understanding in a rational manner.
Development of numerical models that account for the various scales of a packed bed sorption process
and routines for parameter estimation are therefore seen as important directions for future work.
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Nomenclature

A cross section area packed bed, m2

a lattice constant metal oxide crystal, m
ap specific surface area per unit volume pellet, m−1

ag specific surface area per unit volume grains, m−1

C concentration, mol/m3

CMO molar concentration solid metal oxide, mol/m3

D diffusion coefficient, m2/s
d0 reactor diameter, m
dp pellet size, m
E axial dispersion coefficient packed bed, m2/s
Ea activation energy, J/mol
G volume expansion,m3/kg
kD f mass transfer coefficient diffusion process, m/s
kg external mass transfer coefficient, m/s
kRx mass transfer coefficient reaction process, m/s
ks kinetic rate function surface reaction, m/s
k′s kinetic rate function, m4/(mol s)
kα deactivation rate constant, (mol/m3)−m′

k0 kinetic prefactor, m/s
L bed length, m
M molecular weight, kg/mol
ms mass of sorbent, kg
N molar flux, mol/m2/s
Q volumetric gas flow rate, m3/s
R gas constant, R = 8.315 J/(mol K)
Rg grain radius, m
Rp pellet radius, m
r reaction rate, mol/(m2 s)
S specific surface area, m2/kg
T temperature, K
uint interstitial velocity, uint = Q/(εbA), m/s
V Volume reactor shell, V = AL, m3

X conversion of solid sorbent, –
xi weight fraction metal oxide i, –

Greek symbols
α activation coefficient lumped model, –
γ stoichiometric coefficient, –
εb bed porosity, –
εp pellet porosity, –
ζ sorbent utilization, –
η removal efficiency, –
µ viscosity, kg/m/s
ν solidity of the packed bed, ν = (1− εb)/εb, –
ρ structural (or true) density, kg/m3

ρp apparent pellet density, kg/m3

φ particle volume fraction, φ = 1− εb, –
τ fluid residence time in the packed bed, τ = L/uint, s
τb breakthrough time, s
τ0 superstitial residence time, τ0 = V/Q, s
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Appendix A

Appendix A.1. Solid Densities

Density of the solid material that is consisted of different compounds with specific mass fractions
xi is obtained from:

ρs =
1∑

i(xi/ρi)
(A1a)

ρp = (1− εp)ρs (A1b)

ρb = (1− εb)ρp (A1c)

where ρi is the structural density of compound i, ρs is the solid density, ρp is the pellet density and ρb
is the bed density.

Appendix A.2. Gas Mixture Properties

ρg,i is the gas density of compound i in the mixture.
The viscosity of gas mixture is estimated from [132]:

µg =

∑
yiµiM0.5

i∑
yiM0.5

i

(A2)

where µg is the viscosity of the gas mixture, µi is the viscosity of pure component i in SI units and Mi
is the molar weight of component i in g/mol. The pure component viscosity µi is obtained from
Chapman–Enskog equation according to:

µi =
8.44× 10−25(MiT)0.5

σ2
i Ωi

(A3)

where Mi is the molecular weight, T is the absolute temperature, σi is the hard sphere diameter
of the gas molecule and Ωi is the collision integral for species i. A parametrization of the latter is
given in [132] as: Ωi = 1.16145 (kbT/εi)

−0.14874 + 0.52487 × 10−0.77320 kbT/εi + 2.16178 × 10−2.43787 kbT/εi ,
where kb = 1.38048× 10−23 J K−1 is the Boltzmann constant and εi is the characteristic Lennard–Jones
energy of species i. Please note that all the parameters are in SI units expect for Mi in Equation (A2).
Values for σi and εi for several gas species can be found in [132].
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