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Abstract

This PhD project has been focused on the process intensification of COS
hydrolysis, a reaction which stays in the framework of acid gas cleaning and
that nowadays drives increasing attention by the petrochemical industry.

The rising economy, the increase of the demand for energy and fuels, and
the consequent increase in exploitation of natural resources, have originated
growing environmental concerns. Among these, the attention to sulfur
contents in fossil fuels has recently received a deep focus. It is well known
that most of the sulfur-derived compounds are toxic for human health, and
their presence in the atmosphere could be related to the acid rains. The topic
plays a key role in modern energy scenario, and it has become an incentive in
improving the existent desulfurization technologies. The sulfur compounds
are conventionally distinguished in organic and inorganic. Carbonyl sulfide is
an organic sulfur compound, whose emissions in the atmosphere have
anthropogenic roots in desulfurization processes.

In this PhD project, the problematic of carbonyl sulfide abatement has been
addressed, and the existent removal technologies have been discussed,
highlighting the limitations of the nowadays processes. The core of this three-
years project has been the proposal and investigation of some innovative
solutions to overcome the most relevant issues. Considering the present state-
of-the-art, the research could provide a noteworthy improvement to the
existent technologies. Hence, the shared opinion of the scientific committee
of this thesis was to address the aims in two main directions: the development
of a catalyst to efficiently conduct this reaction, and the development of a
process technology to provide a potentially competitive industrial solution.

Once reached the milestones of finding a low-temperature active
formulation, enumerating the criticalities of the process, it was offered a
solution to enhance the reaction performances while demonstrating the
potentiality of a coupled configuration. An open architecture configuration
constituted by a closed box in with the hydrolysis reactor and the absorber
were able to work at the same temperature condition was tested, assessing the
feasibility of the process integration.

Then, the process intensification of COS hydrolysis was addressed
following two different approaches.

On one hand, the optimized formulation was transferred on a structured
catalyst, and the advantages that this solution provided to the process were
highlighted, demonstrating how the micrometric layer of active phase
deposited on the carrier reduces the diffusion limitation typical of this system.
Then, the activity of the structured catalyst was investigated in a remarkably
wide range of operating conditions, considered the extreme variability of a
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real tail gas composition. Once the complete overview of the behavior of the
catalyst was achieved, the collected data were employed to develop a kinetic
model able to predict the performances of the process in a furtherly broad
condition spectrum. In addition, the stability of the catalyst was evaluated,
pointing out its ability of keeping unvaried performances, despite the
formation of sulfates species on the surface due to critical reaction conditions.

Afterwards, the study of COS removal was conducted in liquid phase in
presence of an aqueous solution of a customized tertiary amine. The
evaluation of the effect of the presence of different packing materials with
different shapes was performed. Then, the aging of the amine solution was
evaluated in presence of COS and HS, and the experimental campaign
allowed to observe that the removal in liquid phase goes through an aliquot of
physical absorption and a sensible extent of reaction in liquid phase, with the
portion of liquid water present in the solution.

Finally, a new experimental setup was designed for evaluating an
unexplored technology: a three-phase system for the performance of COS
hydrolysis. The system was composed of the structured catalyst — for a fast
and efficient conversion of the COS present in a gaseous stream — and the
amine solution, in which the catalyst was completely immersed, to
continuously subtract the produced H-S. The feasibility of this application was
demonstrated with an outstanding success in the experiments: the three-phase
system allowed to completely remove the COS — together with the produced
H.S — obtaining a clean outlet gas in a single room-temperature operating unit,
excellently dwarfing the performances of both the constituting processes.
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Introduction

The rising economy, the demand of energy and fuel which is intensifying,
and the consequent increase in exploitation of natural resources, have
originated growing environmental concerns. Among these, the attention to
sulfur contents in fossil fuels has recently received a deep focus. It is well
known that most of the sulfur-derived compounds are toxic for human health,
and their presence in the atmosphere is dangerous; indeed, they can be
addressed as the main responsible for acid rains. Despite the undeniable
interest of the modern world toward the renewable energies, the increase in
exploitation of less precious fossil fuels, such as coal, cannot be neglected.
These sources contain a remarkably higher concentration of sulfur-based
compounds compared to oil and natural gas, hence this phenomenon amplifies
the general attention to the environmental issues and the volumetric growth of
harmful substances in atmosphere. The topic plays a key role in modern
desulfurization scenario, and it has become an incentive in improving the
existent desulfurization technologies.

It is commonly accepted to classify the sulfur-containing compounds as
organics and inorganics. Carbonyl sulfide is an organic sulfur compound, and
it is the most long-lived reduced sulfide which can be present in the
atmosphere. Although its concentration in air is determined also by volcanic
activity, most of the carbonyl sulfide is produced anthropogenically in
desulfurization processes. In this Ph.D. thesis, the problematic of carbonyl
sulfide abatement will be addressed, and the existent removal technologies
will be discussed, highlighting the limitations of the nowadays processes. The
core of this three-years project has been the proposal and investigation of some
innovative solutions to overcome the most relevant issues. The results
achieved to this aim will be discussed in this dissertation.






Chapter I.
COS removal: general issues and
present technologies

1.1 Carbonyl sulfide: chemistry and properties

Carbonyl sulfide (COS or S=C=0), also known as carbon oxide sulfide or
carbon oxysulfide, is a colorless gas at ambient conditions and it is classified
as dangerous for human health and a pollutant for the environment. Before
1867, COS was erroneously observed as a mixture of carbon dioxide and
hydrogen sulfide, until it was synthetized (Ferm, 1957). Together with carbon
disulfide (CSy) it is one of the main constituents of volatile organic compounds
(VOCs). As stated in the introduction, a fraction of atmospheric COS comes
from natural sources, such as the chemical and biological conversion of soils
and sediments, and emissions from volcanos or fumaroles. Besides, it has been
estimated that 14 to 32% of the atmospheric COS is ascribable to human
activities (Zhao et al., 2019b). The amount of COS released in the atmosphere
is progressively increasing, determining growing concerns.

Carbonyl sulfide is geologically present in natural gas and oil, while others
sulfur compounds — constituents of coal — can be COS precursors. Considering
the massive exploitation of fossil fuels, this aspect is at the basis of the
anthropogenic emissions. In natural gas, most of the COS can be hydrolyzed
to H.S through the saturation process with water, making the removal of this
compound relatively simple. Nevertheless, its fraction in oil is harder to be
separated due to the proximity of boiling points of COS and propane, which
leads to a COS recovery in the propene fraction of 90%, with the remaining
10% being into the ethane fraction (Svoronost and Bruno, 2002).

COS has been demonstrated to be inert in the troposphere; indeed, it is
transported into the stratosphere where photodissociation and photo-oxidation
occur (Inn et al., 1979; Sandalls and Penkett, 1977). Carbonyl sulfide is
naturally removed from the atmosphere mainly by oxidation (eq. I-1, leading
to SO,) and hydrolysis (eqg. I-2, leading to H,S), and to a lesser extent by
dissolution in atmospheric water and dry deposition on earth (Zhao et al.,



Chapter |

2013). In addition, a fraction of the oceanic formation of hydrogen sulfide can
be accounted to the presence of COS in the atmosphere: it can reach the ocean
water surface and decompose through photolysis or hydrolysis, giving HzS
(Radford-Knery and Cutter, 1994).

COS + 0, - CO + SO, I-1

COS + H,0 2 €O, + H,S I-2

From an industrial point of view, COS presence in the process streams
causes several problems. Firstly, it is not possible to convert COS as the other
VOCs with a catalytic oxidation process, because sulfur is a poison for most
of the catalysts. Furthermore, the oxidation may lead to the formation of SO;
instead of SO; (eg. I-3): SOs is an unstable compound, which can form sulfuric
acid in presence of water, leading to corrosion of the construction materials
(Ojala et al., 2011).

COS + 20, — CO, + S04 1-3

Among the possible pathways for COS conversion, oxidation to SO is
particularly harmful, considering that the oxide can react with other pollutants
to form sulfate particles, which alter the radiative properties of the Earth’s
atmosphere (Zhao et al., 2019b) and strongly influences the stratospheric
aerosol layer (Crutzen, 1976). Moreover, these sulfate particles are
constituents of fine particulate matter (PMzs) (EPA, 2018; Fioletov et al.,
2016). For all these reasons, the threshold for SO, emissions in Italy has been
fixed from D.Lgs. n°183 (15" November 2017) in the range 35-400 mg Nm~
depending on the industrial application. As the emission of all the sulfur
compounds is quantified as equivalent SO, this limitation applies also to COS
emission. These restrictions are getting progressively more stringent
worldwide; hence, COS abatement is currently gaining increasing interest,
attracting the attention of both the scientific and the industrial world.

1.2 The anthropogenic emissions and the Claus reaction

The presence of sulfur compounds (mainly sulfides and mercaptans) in
fossil fuels is well known, and plenty of desulfurization technologies have
been developed to efficiently clean the raw materials to be employed in
chemical catalytic processes. Among them, hydrodesulfurization is one of the
most consolidated technologies to this aim. The main problem related to this
strategy is that H,S, which is toxic and highly corrosive, represents one of the
main products. It is further converted into elemental sulfur through a sulfur
recovery unit (SRU), which is usually based on the Claus process. Besides the
small fraction of COS naturally contained in fuels, most of the anthropogenic
carbonyl sulfide comes from the Claus, where it is unintentionally produced
in the anoxic region of the thermal stage.
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The Claus process involves two steps: hydrogen sulfide is firstly fully
oxidized to SO- (eq. 1-4), which is then partially reduced to elemental sulfur
(eq. 1-5). This stepwise conversion is achieved through a thermal stage
(oxidation) and several catalytic units aimed at the partial reduction of SO,
generally two or three. The thermal stage employs a furnace reactor, operating
in the temperature range of 900-1300 °C (with higher temperatures reached in
the proximity of the flame). Due to the presence of the flame, the thermal stage
reactor can be further divided into a partially oxidizing flame zone, in the
proximity of the burners and with the highest concentration of oxygen,
characterized by temperatures around 2500 °C, and an anoxic zone, with
temperatures in the range 900-1200 °C (Clark et al., 2001). The catalytic
stages further convert SO, in Sy at low temperature, approximately 300 °C.
The lower the temperature in the catalytic stages of the Claus process, the
higher the H.S conversion. Nevertheless, it is not feasible to work below sulfur
dewpoint (around 260 °C), as solid sulfur can accumulate in the catalytic bed.
Therefore, more than one catalytic stage is conventionally part of the Claus
process, which is then coupled to a TGT (tail gas treatment) unit (Kohl and
Nielsen, 1997a). A schematic representation of a generic Claus process is
given in Fig. I-1.

CATALYTIC STAGES

=0 ) =

THERMAL STAGE =

H,S-rich stream
 —

Air

to TGT unit

- /@/
flame region anoxic region ‘ ‘ ‘ ‘
[

J |

Liquid sulfur recovery

Fig. I-1: Schematic representation of the Claus process

Of course, this is a simplified description of the process. The feed stream
is not constituted by pure hydrogen sulfide but it can be considered H,S-rich.
Considering that other compounds, in particular hydrocarbons in traces, are
sent to the Claus process, it is characterized by the occurrence of several
competitive reactions, leading to the formation of a sensible number of by-
products. Particularly, most of the side reactions occur in the thermal stage,
since nothing can be used to tune the selectivity. Hence, several combustion
products such as SO,, CO, and H,O are produced. In the anoxic region, these
products further react with H,S. The combination of all the existent species in
the system leads to the occurrence of a wide number of side equations (egs.
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I-6 to 1-14), which are the main responsible for COS and CS, formation (Karan
etal., 1998).

H,S +20; 2 S0 + H;0 -4
SO, + 2H,S 2 2 S, + 2H,0 I-5
CO, + H,S 2 COS + H,0 -6
CO, + 2H,S 2 CS, + 2H,0 -7
CH, + SO, 2 COS + H,0 + H, -8
CH, + 2S, 2 CS; + H,S -9
CS, + H,0 2 COS + H,S 1-10
CS, + CO, 2 2C0S I-11
CS, + S0, 2 COS + 50 + 5, 1-12
CS, + SO 2 COS + S, 1-13
CS, + 4H, 2 CH, + 2H,S 1-14

Based on the above, the Claus process can be considered the most relevant
anthropogenic COS source, and for this reason the greatest part of the research
about carbonyl sulfide abatement deals with the treatment of the Claus tail
gas. Furthermore, the process reports an efficiency in hydrogen sulfide
conversion of about 90-93%, leading to a tail gas containing residual HS
together with COS (Rhodes et al., 2000). This is a problem in several COS
abatement processes, as it will be better discussed in the following paragraph.

1.3 COS removal technologies

As briefly discussed, the Claus tail gasses are generally sent to further tail
gas treatment units. The aim of these processes is mainly to convert the
hydrogen sulfide presents in traces in the outlet stream of the Claus. There is
a multiplicity of TGT units, since different reactions can be suitable to the
aim. Between them, several downstream processes usually perform the
catalytic hydrogenation of the residual species, and this also includes COS:
two popular options are the Beavon and the SCOT process. Both of them
realize a catalytic reduction of all sulfur compounds to hydrogen sulfide, using

4
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hydrogen or reducing gas mixtures (Fenton and Gowdy, 1979). Considering
the great variability in composition that a tail gas can have, the selectivity of
these processes is not always satisfying with respect to COS. Indeed, oxidized
sulfur (mainly SO) is the compound that can more easily undergo
hydrogenation, while COS and CS; are only slightly reactive, and tend to
combine with water through the hydrolysis reaction. Selective COS
hydrogenation can be performed (following either eq. 1-15 or 1-16), but it
requires expensive Co-Mo catalysts and not-so-mild operating conditions, i.e.
350-400 °C (Tong et al., 1992). For these reasons, the process has not been
intensively studied.

COS + H, 2 CO + H,S 1-15

COS + 4H, 2 CH, + H,S + H,0 I-16

The same consideration applies to COS oxidation and thermal
decomposition processes. Very few and old papers report the study of these
reactions, attesting the poor interest towards these topics (Homann et al.,
1969; Partington and Neville, 1951).

In conclusion, the problem of COS removal was not faced directly, so far.
The processes that are able to partially reconvert COS can be considered a
casualty, and they are not particularly effective, while the issue of COS
presence into the process streams is becoming progressively more impactant.

The solution would be the insertion, within the process chain of sulfur
abatement, of a unit dedicated to the challenging COS conversion, as
represented in Fig. I-2.

CLAUS PROCESS:
H,S stepwise conversion H,S — SO, — Sy H,S (tr.)
COos
Thermal stage: ErisiEe s Co, TGT
H,S — SO, €0, Removal of the
H,S residual H,S from the
Air COS formation S0, = S« stream
HC (tr.)
COS
HC
CO
co,
INCINERATOR

Conversion of the
residual compounds to
oxidized species (SO,,

CoO, ...)

Fig. 1-2: How the proposed technology fits into current sulfur recovery
process chain: a simplified scheme
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The most advantageous and consolidated technology for COS removal
from sour gas is the absorption with amines, and the most promising is
represented by the hydrolysis reaction.

1.3.1 Absorption with amine solutions

Absorption applied to gas purification processes can occur via three main
mechanisms: (i) physical solution, which is achieved when the solubility of
the component being absorbed is higher in the amine solution rather than in
the gaseous stream in which it is contained; (ii) reversible reaction, which
involves a chemical reaction among the component being absorbed and the
amine that leads to loosely bonded product and allows the amine regeneration;
(iii) irreversible reaction, that cause the formation of products which cannot
be decomposed to release the absorbate (Kohl and Nielsen, 1997b). In this
view, absorption of COS in an aqueous amine solution can occur following
three possible paths: (i) physical absorption, i.e. depending on the solubility
of COS in the solution; (ii) liquid-phase hydrolysis, with subsequent physical
absorption of the reaction products, H.S and COy; (iii) direct reaction with the
amine, forming a relatively stable compound. The latter mechanism, in the
case of COS, often leads to an irreversible reaction, with the formation of
products that cannot be converted into the amine again. Of course, even
though this mechanism is effective in the removal of the undesired compound,
this is extremely costly. For this reason, the kind of amine that can be suitable
for COS absorption is always chosen to avoid the occurrence of direct
reactions. The physical solubility of COS in amines is very low, but of course
it contributes, even though to a minor extent, to the carbonyl sulfide removal.
In conclusion, liquid-phase hydrolysis is considered the primary mechanism
of COS removal from gaseous streams by amine solutions.

Amines can be classified based on the number of substituent groups: a
primary amine has structure RNH; with the only substituent R-; a secondary
amine is R1R2NH and a tertiary amine is R1R2RsN. Among the possible amine
solutions, monoethanolamine (MEA) solutions have been widely used for H,S
and CO; removal from synthesis gas but their use cannot be applied to gaseous
streams containing COS and CS, so their application has been reduced over
the years. Indeed, COS reacts with MEA (primary amine) forming irreversible
reaction products, mainly protonated amine thiocarbamate salts, determining
in an excessive chemical loss of the amine if the gas stream contains
significant carbonyl sulfide amounts (Speight, 2018). Secondary amines are
much less reactive with COS and CS,, thus diethanolamine (DEA) represents
a valid alternative in COS absorption. The main drawback is that DEA has
high reactivity with CO,, forming corrosive degradation products, thus its
application is suitable only in presence of low-CO; containing streams.

COs-rich streams can, instead, be treated with a tertiary amine, such as
methyl diethanolamine (MDEA), which allows the selective absorption of H,S
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in presence of COz even with high H.S/CO: ratios. MDEA is also more stable
than primary and secondary amines. It has a lower vapor pressure, resulting in
minor losses in the vapor phase, and for this reason, it can be used in
concentrations up to 60 wt.%. The expression of COS absorption in aqueous
MDEA solutions can be expressed following eq. I-17 (Al-Ghawas et al.,
1989).

COS + H,0 + R;R,R3N 2 Ry R,R;NHT + HCO,S™ 1-17

MEA, DEA and MDEA (Fig. 1-3) are the most widely employed amines in
sour gas treatment. Nevertheless, none of them is suitable for COS absorption.
Indeed, MEA reacts too strongly with COS leading to the non-recoverability
of the original amine and, to a lesser extent, DEA presents the same issue. On
the other hand, MDEA has a very low affinity with COS, particularly when
the treated gas also includes other sour compounds, such as H.S and CO,. As
discussed, MDEA offers the possibility to selectively remove H.S in a CO;
containing stream, thus it is clear that the amine affinity with CO: is relatively
low: an even lower fraction of COS is removed by MDEA when the stream
contains the three compounds (R. J. Littel et al., 1992; Magné-Drisch et al.,
2016). Despite the discussed issues related to COS absorption with amines,
plenty of studies are reported in the literature concerning this topic,
considering the perspective of a combination of this treatment with other TGT
units, which could offer a satisfactory abatement of the COS concentration.

H
7/

I
HO-C-C- N\ Monoethanolamine
I H

HO\ I
CC .
: : , N-H Diethanolamine
CcC
HO Il
HO 1
CC N
X
1 N—-CHs  Methyldiethanolamine
CcC
HO™ I

Fig. 1-3: Structure of the most common amines
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1.3.2  Hydrolysis reaction

The COS catalytic hydrolysis reaction (eq. 1-2) is widely considered the
most effective solution for COS removal from a gaseous stream. It has several
advantages, with the most important being the mild operating conditions, and
the possibility of using water instead of hydrogen as a reactant.

The reaction has a slightly exothermic nature (AHs k = -30 kJ mol™).
Therefore, thermodynamic limitations fix the optimal range for operating this
reaction at temperatures below 200°C. Considering this, the most relevant
issue is constituted by the kinetic limitations due to the low temperature. The
employment of metallic species which could enhance the catalytic
performances leads to another issue, the catalyst stability. Indeed, metallic
particles easily undergo sulfidation, causing deactivation. Furthermore,
because of the extremely high COS conversion required from the strict
regulations on sulfur emissions, it should be performed below 100 °C, at
atmospheric pressure. The studies available in the literature point out other
two limitations, when hydrolysis is operated below 100°C: the competitive
adsorption of the two reactants limits the COS conversion; diffusion
limitations become determining for the observed reaction rate. For these
reasons, the research scenario is, at first, focused on the development of new
catalytic formulations with extremely high activity, thus being able to
overcome the kinetic limitations.
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State of the art

I1.1  Context and stats on COS hydrolysis

As discussed in the Introduction, hydrolysis of carbonyl sulfide is an
exothermic reaction, thus thermodynamically promoted by low temperatures.
To some extent, it occurs spontaneously in the catalytic stage of the Claus
process, where the COS formed in the previous thermal stage is hydrolyzed to
H2S again. Indeed, some commercial Claus catalysts — typically titania —
already partially provides for COS destruction within the process, even though
most of the produced COS is sent to further treatments, where its removal is
challenging (Sui et al., 2020). Unfortunately, the temperature in the catalytic
stage is still too high for the hydrolysis to take place to the desirable extent:
COS conversion within the Claus catalytic stage has been reported being about
75% at ~340°C (Rhodes et al., 2000). Therefore, COS hydrolysis has
progressively become a dedicated stage, having its own catalysts and
optimized operating conditions.

Evaluating the studies nowadays available in the literature, according to
the Scopus database, it is possible to observe the interest towards this process,
born in the ‘40s and increased over the decades, according to Fig. I1-1.

Furthermore, the process is acquiring interest if compared to the more
credited absorption technology by means of amine aqueous solutions. Indeed,
according to Scopus, most of the recently published works dealing with COS
removal are related to hydrolysis, as shown in Fig. I1-2.
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Fig. 11-2: Comparison of the scientific interest toward COS hydrolysis and
absorption with amine solutions

A deeper evaluation of the research works available in the literature points
out that COS hydrolysis can be differentiated into low-temperature and high-
temperature process. This is mainly due to the criticisms that this reaction
offers: on one hand, low temperatures limit operating costs and promote the
reaction with respect to its thermodynamic equilibrium; on the other hand,
kinetic constraints and diffusional limitations limit the activity of the low-
temperature system, determining better suitability of higher temperatures to
conduct the reaction. Nevertheless, high temperatures are costly and
determine thermodynamic limitations to COS conversion, resulting in a worse
match with the environmental restrictions. The latter topic has determined a

10
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strong increase in interest towards the low-temperature process, leading to a
different distribution of studies across the decades, according to Fig. I1-3.
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Fig. 11-3: Interest (%) in low-temperature and high-temperature hydrolysis

Despite the newborn interest in low-temperature COS hydrolysis, the
existent plants still operate at relatively high temperatures, to minimize the
issues related to kinetic limitations (Nimthuphariyha et al., 2019; Williams et
al., 1999). For this reason, several studies are carried out investigating new
catalytic formulations at industrial operating conditions, which can be
beneficial in improving the existing processes. Therefore, this dissertation will
review COS hydrolysis in two separate sections, highlighting the differences,
advantages, and disadvantages of each technology.

11.2  COS hydrolysis in liquid phase: the removal via amine solutions

As discussed, secondary and tertiary amines are the most suitable for COS
removal, but in general MEA, DEA, MDEA and piperazine-promoted MDEA
aqueous solutions are for sure the most widely employed and investigated
(Vaidya and Kenig, 2009). Above all, literature studies mainly report the
reaction mechanism and the evaluation of the kinetic parameters for COS
absorption with a large variety of amines; furthermore, some comparative
studies dealing with absorption efficiency may also be found. Most of these
studies do not consider the amine regeneration, either as a possibility or as a
regeneration technique, thus there is not any reference to the type of reaction
(whether it is irreversible or not) and reaction product that is formed.
Nevertheless, before approaching the literature review, is important to
mention the effect of the irreversible reaction on a generic amine absorption
unit.

In a wide range of applications, the reaction between the compound being
removed and the amine does not lead to the formation of non-re-convertible
products: it is also the case of H>S or CO, removal. In these circumstances,
we can say that the amine has a certain resistance to breakdown; nevertheless,
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on prolonged use, alkanolamines may however be converted into undesirable
products, from which is not possible or not easy to regenerate the amine. The
same can occur in presence of compounds that interact with the amine via
irreversible reactions, as COS and CS; actually do. This phenomenon is
commonly referred to as amine degradation, and not only leads to amine
losses, which of course are an important economic factor, but it also
contributes to operational problems such as corrosion or foaming which
shorten the life of the equipment (Islam et al., 2011). It is clearly reported that
degradation of the amine deals with the protonation, which leads to carbamate
(in the case of CO,) or thiocarbamate salt (in the case of COS and CSy)
formation. The formation of foam in the absorber, which depend of course on
the liquid solution's physical properties such as surface tension, density and
viscosity, determines the replacement cost of amine and also an increase in
the cost of solvent pumping, as its viscosity tends to increase. Corrosive
compounds which can be formed in the amine degradation process may act as
chelants to remove protective films from metal surfaces, and the prevention
of this issue mainly consists in using more expensive construction materials.
In addition to all the mentioned expenses, it is worth considering also that the
cleaning of piping and process units may be pricey and may impact
remarkably on the overall cost of the plant.

The reaction mechanism of COS with primary and secondary amines (from
now on respectively PAs and SAs) has been reported for the first time by
Sharma in 1965 (Sharma, 1965). The author found that the reaction of COS
both with primary and secondary amines is exactly the same as CO;,, as
reported in Table 1I-1, where the instantaneous reactions were denoted with
(inst.). He suggested that this could be due to the same linear structure of the
two molecules, and that this should result in a strict correlation between the
COS and CO: kinetic. The experimental results confirmed this hypothesis, and
the obtained correlation is reported in eq. 11-1.

logi0kam—cos = 10g10kam-co, — 2 II-1

Table 11-1: Comparison of COS and CO2 mechanism (Sharma, 1965)

COS mechanism CO2 mechanism
COS + RNH, » RNHCOS™ + H* CO, + RNH, -» RNHCOO™ + H*
RNH, + H* - RNH;™ (inst.) RNH, + H* - RNH;" (inst.)

COS + R;R,NH - R;R,NCOS™ + H* €O, + R;R,NH - R;R,NCOO~ + H*
R;R,NH + H* - R;R,NH, " (inst.) R,;R,NH + H* - R;R,NH, ™ (inst.)
COS + 40H™ - C05*” 4+ S?~ + 2H,0 CO, + 20H™ - C0,*~ + H,0
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Littel et al. proposed a more detailed study of COS reaction with primary
and secondary amines in a wider temperature range and for different values of
the amine concentration (R. J. Littel et al., 1992). They reported that, for
primary amines, a linear dependence of the kinetic constant kapp from the
amine concentration was observed, and that this dependence is still linear with
the temperature increase from 10 to 50°C. The experimental results pointed
out also those primary amines had a fractional reaction order, in particular 1.4
for MEA and 1.6 for DGA (diglycolamine). All the secondary amines have
been studied in the same concentration range while for what concerns the
temperature conditions DEA has been studied in the same MEA temperature
range, while DIPA (diisopropanolamine), AMP (2-amino-2-methyl-1-
propanol) MMEA (methylmonoethanolamine), and MOR (morpholine) were
studied only at 30°C. The experimental evaluations resulted in a kinetic order
for all the secondary amines of almost 2. The authors concluded that all kinetic
experiments could be described by the zwitterion mechanism proposed at first
by Caplow for CO, with secondary amines reaction (Caplow, 1968). The
mechanism is comprehensive of the formation of the zwitterion compound
(eqg. 11-2) and the deprotonation reaction by means of a base B resulting in a
thiocarbamate formation (eq. 11-3), where RiR:NH*COS  is the zwitterion
compound; this led to an overall forward reaction rate reported as eq. I1-4.

COS + R;R,NH 2 R;R,NH*COS™ 11-2

R;R,NH*COS™ + B 2 R;R,NCOS™ + BH* 11-3

R _ [R1{R,NH][COS] 11-4
COS — 71 T

+
k2 kHzO[H20]+kR1R2NH[RlRZNH]

Lee et al. agreed with the mechanism proposed by Littel et al. but reported
instead a second order for MEA and a first order for COS, suggesting that the
rate-determining step for the overall reaction was the zwitterion
deprotonation, thus obtaining the simplified reaction rate expression reported
ineq. I1-5 (Lee et al., 2001).

r = k3[COS][MEA]? 11-5

A similar result has been obtained by Hinderaker et al. with COS in
aqueous DEA, leading to eq. I1-6, which is the same reaction rate expression
(Hinderaker and Sandall, 2000).

r = k3[COS][DEA]? 1-6
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Rivera-Tinoco et al. adopted the two-step zwitterion mechanism for the
estimation of the kinetic parameters in the COS — DEA system for aqueous
and methanolic solutions, assuming each of the two steps of the mechanism.
The study validates the zwitterion mechanism (always used for aqueous
solutions only) also for alcoholic solutions, and a comparison of the obtained
results showed that methanol enhanced the pre-exponential factor, improving
the reaction rate.

Despite the weak affinity of COS with MDEA, this tertiary amine is
actually widely studied because at least it does not imply the problems of
irreversible reaction that raise for PAs and SAs. The first expression of the
reaction between COS and MDEA was given by Al-Ghawas et al., and it is
given by eq. I-17; the authors reported that the experimental evidence through
a spectrophotometric analysis of the saturated amine highlighted a difference
among the reaction products of H,S and CO; absorption rather than COS
absorption (Al-Ghawas et al., 1989). The saturated amine resulted in a
different color and absorbed light at different wavelengths (518 nm for COS
absorption and 503 nm for CO2+H>S). The reaction of COS in MDEA can be
presented as egs. 11-7, 11-8 and 11-9 and eq. 11-7 can be considered almost
instantaneous; eq. 11-9 leads to the same H,S+CO, in MDEA reaction
products. Because of the saturated amine characterization results, the authors
concluded that eq. 11-9 is very slow if not totally negligible. Thus, the overall
reaction is given by the sum of eq. 11-7 and 11-8 and results in eg. I-17, with a
first-order kinetic for MDEA and COS and a second-order Kinetic for the
overall reaction. The kinetic parameters were also estimated in the study.

H,0 4 R;R,R3N 2 RyR,R3NH* + OH™ 11-7
COS + OH™ 2 HC0,S™ 1-8
HCO,S™ 4+ OH™ 2 HCO3™ + HS~ 11-9

A further step in the reaction mechanism of COS with tertiary amines
(TAs) was achieved by Littel et al., who analyzed the interaction in presence
of TAs aqueous and nonaqueous amine solutions (Rob J. Littel et al.,
1992a)(Rob J. Littel et al., 1992b). They proposed a two-step mechanism in
which the equilibrium constant for eq. 11-11seemed to be very high, as they
observed an almost total absorption of COS.

COS + H,0 + R;R,R3N 2 R;R,R;NH* + HCO,S™H,0 + 11-10
R,R,RsN 2 R;R,R;NH* + OH™
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HCO,S™ + H,0 + R;R,R3N 2 Ry R,R;NH* + HCO3™ + HS™ 1I-11

As the presence of water seemed to be essential for the occurrence of the
first reaction, the study further evaluated the absorption of COS in solution of
MDEA in ethanol and octanol, obtaining that only physical absorption was
observed in nonaqueous solutions of TAs, which agreed well with the
proposed mechanism. Thus, water presence was found to be actually essential,
as it acts as a base promoting the interaction between COS and the amine, and
this mechanism is addressed as a “base-catalyzed mechanism”.

COS removal was studied in the case of aqueous solutions of DEA and
MDEA by Amararene et al. in the temperature range 25 — 80 °C (Amararene
and Bouallou, 2004). The authors estimated the kinetic parameters in both
cases, adopting for COS in DEA absorption the zwitterion deprotonation
mechanism and for COS in MDEA the base-catalyzed mechanism for COS
hydrolysis.

A detailed kinetic study of COS — MDEA system was proposed by Rivera-
Tinoco et al., who considered for the kinetic parameters estimation both mass
transfer and chemical reaction, respectively through Henry’s law and the
zwitterion mechanism, in the temperature range 40 — 80 °C (Rivera-Tinoco
and Bouallou, 2007). The obtained kinetic parameters found a good agreement
with the previous literature results and allowed the reaction modeling in a wide
range of temperatures and amine concentrations.

A study on the hydrolysis of COS catalyzed by tertiary amine was also
proposed by Chen et al. whit an absorbent solution consisting in a non-
specified tertiary amine in a mixture of dimethyl ethers of polyethylene
glycols containing a variable percentage of water, in the range 1 — 9.7 wt.%
(Ernst et al., 1990). The authors found a first-order dependence on the amine,
performing batch experiments with different residence times and amine
concentrations. They also evaluate the effect of water percentage in the solvent
solution on the estimated kinetic constant, obtaining a trend with a maximum
reaction rate for an intermediate water amount (2 — 5 vol.%). The obtained
results suggested a two-step mechanism involving (i) the complexation of
COS with the amine and (ii) the subsequent hydrolysis of the complex.

A comparative study of the removal efficiency and stability of SAs and
TAs was proposed by Palma et al. adopting very low amine concentrations
(Palma et al., 2019). The study pointed out that DEA and DIPA are the most
suitable amines for COS removal, while MDEA showed a minor removal
efficiency and the worst stability and MEA actually performed at the best in
the first screening but was excluded from further investigations because of its
high vapor pressure and because of the irreversible reaction with COS. The
authors reported also that a reduction in the overall solution volume caused a
decrease in the COS removal, but this phenomenon was more evident for
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DIPA, leading to the conclusion that DEA could be selected as the most
suitable amine for COS absorption.

Sometimes, the absorption efficiency is enhanced with the employment of
activated aqueous amine solutions: these consist in a TA aqueous solution in
which a small amount of a SA or PA is added as an activator. In the framework
of a research program that focused on acid gas removal with amines,
Huttenhuis et al. studied COS absorption in presence of piperazine, a cyclic
secondary amine frequently used as an activator (Huttenhuis et al., 2006). The
kinetic study resulted in a 1.6 reaction order for piperazine, suggesting the
occurrence of the zwitterions mechanism.
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Table 11-2: Summary of the reviewed COS absorption with amines

processes
Amine Amine
S:\Li?:]eed concentration Teomp. kinetic Ref.
! (mol/m?3) ™ °C) order*
PAs MEA L4° (R. J. Littel et
1 _ _ (<] a "y |
SAS 200 — 3000 10 - 50°C D;S:; 125 al., 1992)
PSAASé 1000 25°C 12 (Sharma, 1965)
B 0  ago b (Lee etal.,
MEA 10 — 40 wt% 25 -65°C 2 2001)
B om. oo b (Hinderaker and
DEA 500 — 2500 25°C; 75°C 2 Sandall, 2000)
B B b (Al-Ghawas et
MDEA 1259 — 2599 20-40 2 al., 1989)
TEA, :
DMMEA, 300 - 1000 30 10 (RoP Jlg')‘étztg)' et
DEMEA B
5-40
DEA, wt.% DEA 25 _ 80 ob (Amararene and
MDEA 5-50 Bouallou, 2004)
wt.% MDEA
(Rivera-Tinoco
MDEA 415 — 4250 40 - 80 1P and Bouallou,
2007)
(Ernst et al.,
_ a
TAs 250 — 1000 25 1 1990)
MEA,
DEA, 0 o b (Palma et al.,
MDEA, 1 wt.% 20°C 2 2019)
DIPA
. . (Huttenhuis et
_ _ a
Piperazine 100 - 1500 20-40 1.6 al., 2006)
(Rivera-Tinoco
DEA 380 — 2030 25-50 1° and Bouallou,
2008)

* COS kinetic order was always found to be 1
** where not indicated

2 This refers to a determined value

b This refers to an assumed value
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11.3  Low-temperature COS hydrolysis

Low-temperature hydrolysis (LTH) is often performed at the operating
temperature of 30 °C, and in any case below 80 °C. The research in this field
is mainly devoted to the individuation of peculiar structure and textural
properties able to minimize diffusion limitation within the system; therefore,
plenty of different oxides have been evaluated, but a limited number of studies
deal with efficient catalytic active phases.

11.3.1 Alumina and alumina-doped catalysts

Alumina is one of the most utilized metal oxides in catalysis, and it is for
sure the most employed species in COS hydrolysis. Despite its role is usually
being a support for other metals, which are the active sites for a generical
reaction, in case of COS hydrolysis it can be used directly as final catalyst.
Indeed, it is well recognized that COS hydrolysis is a base-catalyzed reaction,
thus the conversion of carbonyl sulfide is mainly demanded to the presence of
basic sites, which can be offered by alumina itself. As a general concept, when
the addition of a species to the support produces a modification of the
superficial basicity, increasing the density of basic sites which are demanded
to the COS absorption, then the final catalyst can be more efficient than bare
alumina. If no relevant modifications are generated, or if the density of basic
sites is even decreased, the addition of a metal can be detrimental for the
catalytic activity. For these reasons, alumina or different metal oxides can also
be used without further modification in COS hydrolysis.

The porous structure and the specific surface area of the catalysts employed
in COS hydrolysis are generally strongly relevant, as the reaction can be
controlled by diffusional phenomena. Al,Os and TiO. with complex structures
were prepared and tested by He et al. (He et al., 2019) obtaining the so-called
3DOM (three dimensional ordered microporous) structure. The proposed
structure demonstrated to enhance the hydrolysis reaction, as it allowed an
effective pulling out of HS, thus

diminishing the sulfur deposition on the catalyst surface. The study of the
exhausted catalysts showed also that the most abundant deposited sulfur
specie was elemental sulfur for the TiO, catalyst, while sulfate species for
Al,O3 catalyst: the latter species have a particularly negative effect, as they
not only block the pores but also deactivate the catalyst for their marked
acidity.

Alkali-free ordered mesoporous alumina prepared via one-pot synthesis
was studied for COS hydrolysis by Jin et al (Jin et al., 2021). The authors
reported that the catalyst showed improved catalytic activity with the
enlargement of the mesopore size. Furthermore, due to sulfur deposits, the
samples with smaller pores demonstrated a prompt loss in activity, while the
catalysts with larger mesopores maintained longer the COS conversion at high
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values. Smelting grade alumina was found to catalyze COS hydrolysis in
presence of traces of moisture (Mikhonin et al., 2013), demonstrating an
enhancement in the activity corresponding to the increase in temperature.
Wang et al. (Wang et al., 2008) studied the COS hydrolysis on alumina
catalysts in presence of oxygen through experimental and mathematical
evaluations, under atmospheric pressure and at 40 — 70°C. They estimated a
deactivation coefficient and found it to be remarkably sensitive with the
relative humidity, while it changed less with temperature. An increase in
0O,/COS ratio led to a higher COS concentration at the outlet of the reactor,
and this value increases overtime because of the progressive deactivation.

In case of low-temperature hydrolysis, the overcoming of Kkinetic
limitations can be handled through doping with transition metals or alkali and
alkaline-earth metals. West et al. (West et al., 2001) studied the effect of y-
Al;O3 promotion with Na and transition metals, namely Fe, Co, Ni, Cu and
Zn, on the COS hydrolysis performances at 30°C, COS and H,O concentration
respectively equal to 150 and 1200 ppm and 122000 h-*. The study showed
that all the selected metals are able to enhance the catalytic performances of
bare AlOs;, in terms of specific activity (mol COS hydrolyzed/g/h).
Nevertheless, in the greatest part of the formulation this improving effect only
lasted for a short time: then, a rapid decrease in the activity was observed for
all the catalysts but Ni and Zn doped alumina. Ni and Zn modifiers enhanced
the specific activity while keeping the same stability overtime of the original
Al,O3. The retention of sulfur during the initial time of the test suggested the
formation of sulfided catalyst surfaces, which is consistent with the
deactivated samples results: the exception of Ni and Zn modified y-Al.O3 may
be ascribed to stabilized sulfided surfaces, which still allowed the presence of
hydroxy! groups on the surface. Alkali doping of y-Al,Os with Li, Na, K, Cs,
Mg, Ca and Ba was studied by Thomas et al. (Thomas et al., 2003) in low-
temperature hydrolysis conditions (at 20°C) and for different metal loadings.
In their 5 h experiments, the authors observed that the majority of alkali
additives acted as a poison: K and Cs showed a slight enhancement in COS
conversion but only at the highest loading (5 wt.%) while Na and Mg showed
a significant improvement in the activity at all concentrations, but this effect
only lasted for the first 3 hours of testing.

11.3.2 Mixed oxides

In the past 10 years, the academia has moved its interest toward the study
of different metal oxides as support or catalyst for several reactions. Among
these, transition metals oxides and hydrotalcite-like compounds have aroused
remarkable interest for the application in COS hydrolysis.

Song et al. (Song et al., 2020) performed an experimental and theoretical
study on the simultaneous removal of COS and CS; over Fe;O3 and CuO. The
synergistic effect of the Fe,Os+CuO improved the removal of both sulfur
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compounds. For what concerns the COS removal, the reaction was carried out
at 70°C, in presence of 400 ppm of COS and relative humidity of 49 vol.%,
setting a space velocity of 10000 and 80000 h* over Fe;Os;, CuO and with
both the oxides. The higher COS removal efficiency was obtained on the
Fe,O3+CuO catalysts at a space velocity of 10000 h?, for which the COS
conversion was stable at 100% for the first 5 h. From the experimental data it
was observed that CS, is firstly adsorbed on Fe,Os, achieving the CS;
hydrolysis and leading to the formation of COS, which then migrates from
Fe>O3 to CuO where the COS hydrolysis occurs.

Hydrotalcite-like compounds (HTLCs) are a particular natural class of the
anionic clays. The generic formula of these compounds can be given as [M(;.
MU, (OH),]x (A" wn) -mH20 where M and M) are respectively divalent
and trivalent cations which occupy octahedral positions within the hydroxide
layer. A™ are anions which counter balance the positive charges in the
hydroxide sheets, which result when trivalent cations are substituted with
divalent cations; the MU"/(M® + M) ratio is equal to x and represents the
layer charge density (Wang et al., 2011; Zhao et al., 2012). In general, the
employment of HTCLs could offer good performances: at 25°C, a COS
conversion of about 100% was reported, but for all the catalysts it decreases
overtime, showing the highest values for the above-mentioned preparation
conditions (Wang et al., 2011). The M{/M® ratio is a fundamental
parameter that is able to influence the textural properties of HTLCs, because
of the different dimension of the cations, which alter the structure. Zhao et al.
(Zhao et al., 2012) investigated a series of Zn-Ni-Fe containing HTLCs
prepared with different M®/M®" ratios. They observed that this parameter
could strongly affect the surface area and the basic properties of the resulting
oxide, thus influencing the catalytic performances. The textural properties
always have a noteworthy influence on the activity, in particular at such low
temperatures. Hydrotalcites prepared with the ultrasonic technique were found
to have a higher particle dispersion and a smaller crystallite size with respect
to the sample prepared by the co-precipitation method without ultrasonic
assistance (Zhao et al., 2016). The improved pore structure enhances the
diffusion and the physical/chemical adsorption of the gaseous pollutant. The
effect of the ultrasonic treatment was very significant on the efficiency of COS
removal because promoted the interaction between Ni and Al, also involving
the increase of the number of weak basic sites (OH") and moderate basic sites
(M-0) and the diminution of the strong basic sites (O?) that are responsible
of the catalyst deactivation. In fact, the strong basic sites promote the H,S
oxidation with consequent sulfur formation leading to the occlusion of the
pores of the support. The desulfurization performance was investigated at
temperature of 60°C for the both the catalysts prepared; the COS removal was
complete in the first 90 min over the catalysts treated with the ultrasonic
irradiation (NiAl-UHTO), while for the NiAI-HTO the total COS conversion
was only observed for 30 min. Zhao et al. (Zhao et al., 2019b) studied Zn-Ni-
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Al HTLCs adjusting the pH value from 7 to 12. They observed the highest
COS conversion in the pH range 9.5 — 10.5 and these samples also reported
the highest stability; the study of the catalysts surface pointed out that the
density of the basic sites decreased in the order HTO-10 > HTO-9 > HTO-11
(where HTO denotes the HTLC derived oxide), thus explaining the best
catalytic performances for the samples prepared with a pH around 10. In a
subsequent study, Zhao et al. (Zhao et al., 2019a) investigated also the effect
of Al atomic-scale doping in NiAI-HTO. The authors varied the Ni/Al ratio
from 1 to 5 obtaining samples which activity decreased in the order Ni3Al-
HTO > Ni5AI-HTO > NilAI-HTO; nevertheless, all samples deactivated in
the 3 hours test. The characterization analyses demonstrated that Al doping of
the HTO determined the presence of abundant surface basic sites; moreover,
in Ni3AI-HTO was evident a striking reduction of Ni?* by Al doping in NiO,
which suggested a large amount of oxygen vacancies. Promotion with
potassium determined a dramatic improvement in activity (Zhao et al., 2018).
Modification of the catalyst with the appropriate amount of KOH and K,CO3
allowed to obtain outstanding performances when compared to the un-doped
samples, while KCI and KNOs were found not suitable for this application, as
they decrease the desulfurization efficiency. In particular, they suggested that
K2COj3 is decomposed on the catalyst surface in K;O: it enhances the catalytic
activity because of its electron donation, which can improve the Lewis basicity
of Ni atoms.

Further studies on HTLCs report the doping of hydrotalcites with alkali
and/or rare earth metals. Zhao et al. studied the effect of Ce-doping on a series
of Zn-Ni-Al-HTLCs at 50°C (Zhao et al., 2010). The activity tests performed
highlighted that Ce doping remarkably enhanced the catalytic performances,
with a maximum reached at the Al/Ce ratio equal to 50, but excessive Ce-
loading led to a negative effect on COS hydrolysis. SEM results reported that
Ce-doping strongly influenced the surface morphology of the catalyst, and in
particular from EDS results the authors found that Ce addition increased the
degree of dispersion. Wang et al. (Wang et al., 2012) evaluated the catalytic
performances over CoNiAI-HTLCs modified by cerium with several Al/Ce
ratio, namely 60, 50, 20, 10, 5. The CoNiAI-50 catalyst was found to be the
most active and stable in COS hydrolysis conducted at 50°C and 2000 h™* with
a 2.67 vol.% relative humidity. Guo et al. (Guo et al., 2015) prepared MgAICe
hydrotalcite-based compounds with different ratio of Al/Ce by co-
precipitation methods. The authors investigated the effect of the operating
conditions, e.g. ratios of Al/Ce, pH during the preparation, hydrothermal and
calcination temperature on the COS removal efficiency at 50°C. The optimal
operating conditions were found to be a ratio of 16/1, pH=8, a hydrothermal
temperature of 140°C and a calcination temperature of 600°C. The catalyst
synthesized under these conditions was tested at 50°C, by feeding 470 ppm
COS with a relative humidity of 2.7 vol.% H.0. A total COS conversion was
observed for 80 min. A strong decrease of the catalytic activity was observed
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at calcination temperatures higher than 600°C. This was ascribable to the
destruction of the pore structure of the hydrotalcite, which led to the reduction
of the number of active sites.

Together with the above-discussed materials, principally alumina, HTLCs
and transition metals mixed oxides, used both as support and as catalyst,
several other substances have been studied for the COS removal. Mi et al. (Mi
etal., 2019) investigated a particular support, MgAl layered double hydroxide
nanosheets, for simultaneous removal of COS and H.S. The layered double
hydroxides (LDHs) are a complex 2D structure, and because of their well-
defined geometry they represent an interesting material as well as HTLCs.
LDHs are composed of positively charged metallic layers, interlayer anions
and water, and they can be designed by the formula [M?*1xM3*«(OH)]**-(A™
xn)*-mH20. The authors developed a solid-state mechanochemical method to
prepare these structures and compared the synthesized MgAI-LDH to
commercial MgAI-LDH (c-MgAI-LDH) and co-precipitated MgAI-LDH
(MgAI-LDH-cp). The work pointed out that the synthesized MgAI-LDH
resulted in a higher SSA and higher exposed OH" active sites. Wei et al. (Wei
et al., 2021a) prepared N-doped MgAI-LDO for the COS hydrolysis at low
temperature. N-doped MgAI-LDO catalysts were calcined at a temperature of
650°C in NHjs for 4 h. N-doping method was used to modify the basic sites
preserving the surface area and the pore structure. The basicity and the H.O
adsorption-desorption properties resulted particularly enhanced by the
presence of the N-species formed in surface and bulk. A complete COS
conversion was obtained at 70°C for 24 h without any deactivation
phenomena. Sulfur species were observed by increasing the reaction
temperature at 90°C due to the H,S oxidation reaction.

11.3.3 Carbon-based materials

The interest toward carbon-based materials has progressively increased in
the past 10 years, mostly because of the relatively low environmental impact,
resulting in their employment in a wide number of applications, for example
hydrocarbon conversion (Di Stasi et al., 2021a, 2019) and synthesis (Di Stasi
et al., 2021b; Renda et al., 2021). Besides, in the scenario of environmental
catalysis, activated carbons (AC) and biochar have been extensively studied
and applied for removal treatments. Activated carbons are well-known coal-
derived materials, with a widespread application in waste-water treatment and
H>S adsorption (Feng et al., 2005; Roddaeng et al., 2018; Thompson et al.,
2016; Yan et al., 2002). They are actually expensive materials, as they require
high energy-intensive thermal activation in order to achieve the desirable
adsorption properties (Thompson et al., 2016). On the other hand, biochar is
less costly and, more important, it is a biomass-derived material, so even more
environmentally friendly. Biochar is a bio-sorbent with a carbon content
varying from 50 to 93 wt.% which is obtained through biomass pyrolysis: raw
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materials for biochar production may be any natural resource with a high
carbon content, such as agricultural residues, woody plants or animal wastes
(Alhashimi and Aktas, 2017). Both biochar and AC find a solid application in
COS hydrolysis, because of their well-developed pore structure and high
specific area (Song et al., 2017; Yi et al., 2013).

Li et al. (Li et al., 2010) reported the evaluation of the low temperature
hydrolysis performances on promoted AC, in particular Al-Na-AC. The
authors reported that the realized formulation acted as bi-functional catalysts,
with two different active sites: (i) the hydrolysis site, where COS is converted
to H,S and (ii) the oxidation sites, where H.S is subsequently oxidized to
elemental S or sulfuric acid, thus not appearing in the outlet gas stream. Of
course, the deposition of a solid product onto the surface lead to a certain
deactivation of the catalyst, due to the textural changes and active sites losing.
The authors evaluated the reaction performances in different condition of
temperature, relative humidity (RH) and space velocity. In the low
temperature conditions evaluated, COS hydrolysis is by far more sensitive to
temperature than oxidation, thus it was considered as the rate determining step
(RDS) of the reaction: as the hydrolysis performances increased with
temperature, it was observed an increase in the breakthrough time at higher
temperatures. The stability properties were quantified by means of a
deactivation coefficient, a, and a sulfide deposition coefficient, 3: the authors
found that 3 was not affected by temperature while a slight variation in oo was
observed, obtaining a minimum at 50 °C. The influence of the relative
humidity on these parameters was instead remarkably higher, with a marked
decrease both in a and B with the increase in RH, which then determined an
enhanced increase in removal efficiency. Nevertheless, this also couples to the
negative impact which water has on COS hydrolysis rate, due to the
competitive adsorption of the reactants on the catalyst surface.

The effect of the operating conditions on simultaneous COS and CS;
hydrolysis in presence of Al,O3-K/CAC (where CAC is a coal-based activated
carbon) was also studied by Sun et al. (Sun et al., 2014) in the temperature
range 30 — 70°C. The authors observed that calcination temperature has a non-
monotonic effect on the catalyst stability, in fact a remarkable advantageous
condition was found to be at 300 °C, in the investigated range of 200-600 °C.
The change in temperature found a good agreement with the literature studies:
COS hydrolysis was always promoted by a temperature increase, even if
reporting the same trend overtime and slightly different conversions when
raising from 50 to 70 °C, while CS; hydrolysis showed its better performances
at lower temperatures and in particular at 50 °C. Moreover, the sulfur capacity
(mgs/gac) reached its maximum at 50 °C. This was why the hydrolysis product
(H2S) can be converted in elemental sulfur (S) or sulfuric acid, and the yield
rate to the latter increases faster than that to S, thus leading to poisoning of the
catalyst.
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Yi et al. studied microwave activated carbons for LTH of COS using two
different AC types, in particular microwave coal-based activated carbon
(MCAC) and microwave coconut shell activated carbon (MCSAC), doping
both the blank samples with Fe-Cu-Ni mixed metal oxides (Yi et al., 2013).
The study pointed out that pore volume and specific surface area (SSA) are
important parameters for the hydrolysis performance, as Fe-Cu-Ni/MCSAC,
which gave the best activity and stability, showed more pores and higher SSA.
Furthermore, the stability of the sample was related, by XPS analysis, to the
presence of a smaller amount of S and SO4% species on the catalyst surface.

In general, AC were found to present very high COS conversions, but their
stability only lasts few hours. Guo et al. compared the stability of K*/AC with
K*/PCN and X-MPCN (where X could be Li*, Na*, K*, Rb*, Cs") (Guo et al.,
2019). Polymer carbon nitride (PCN) is a N-and-C compound that presents a
unique structure and intrinsic abundant basic sites, thus it actually is promising
in acid compounds-related processes, while metalated PCN (MPCN) is a
metal promoted compound, where the doping agents frequently are alkali
metals. The study pointed out that MPCN catalysts always have a lower initial
COS conversion but, with they have an incredible stability overtime. Thus, the
more active formulations, namely K*-MPCN and Rb*-MPCN, overcome the
K*/AC conversion value after 3 hours of reaction.

Song et al. (Song et al., 2017) evaluated the performances of low
temperature COS hydrolysis in presence of a series of walnut shell biochar
(WSB), studying the effect of type and amount of metal oxides and alkali in
the formulation and of the calcination temperature. The proposed work reports
an interesting evaluation on the effect of several transition metals on the
hydrolysis performances. In particular, the catalysts were prepared by loading
13% KOH on WSB and the activity and stability of the WSB supported
catalysts can be listed in decreasing order as follows: Fe-KOH/WSB >
13%KOH/WSB > pure biochar > Ni-KOH/WSB > Cu-KOH/WSB > Zn-
KOH/WSB > Cr-KOH/WSB > Co-KOH/WSB. The sample Fe-KOH/WSB
was found to perform as its best when Fe was impregnated by Fe(NO)s, with
an optimal loading of 5 wt.% and at the calcination temperature of 400 °C.
Bimetallic formulations were also evaluated, obtaining a decreasing activity
and stability in the order Fe-Cu > Fe-Zn > Fe-Ni > Fe-Co > Fe > Fe-Cr.

114 High-temperature COS hydrolysis
1141 Al,Os and other metal oxides

As already discussed for low-temperature COS hydrolysis, a relevant
parameter, together with the density of hydroxyls on the surface, is the specific
surface area (SSA) of the catalyst. In the case of alumina, the work of Williams

et al. (Williams et al., 1999) demonstrated that the higher the SSA, the higher
was the reaction rate observed. Further significant information comes from
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the work of Huang et al. (Huang et al., 2006a) performed on a 300 m#/g y-
Al,O3. The authors observed that when COS hydrolysis is performed al 220°C
with a simplified stream, only containing COS and water (with dilution in N>),
a mixture of solid and liquid elemental sulfur is produced with a selectivity of
ca. 18%. Therefore, if this was the industrial conditions, alumina would not
be suitable for large-scale applications. Nevertheless, the experiments
performed with an industrial simulated stream containing CO, CO; and H>
showed the absence of elemental sulfur deposited in 20 h of time-on-stream
reaction, leading to the conclusion that these compounds hinder the sulfur
formation, making alumina perfectly suitable for industrial applications.

Even though alumina is the most widely studied oxide for COS hydrolysis,
both as catalyst itself and as support for active metals, other oxides have been
evaluated, such as titania or rare earth metal oxides. Bachelier et al. reported
a comparative study on the activity of different metal oxides, namely Al,Os3,
ZrO; and TiO,, towards COS hydrolysis (Bachelier et al., 1993). The study
pointed out that hydrolysis proceeded with higher extent on ZrO; and the
author attributed this result to the high density of OH groups, which presence
on the catalyst surface was higher on zirconium oxide. The remarkable activity
of ZrO, was reduced by both SO, addition and sulfidation, even though the
order of activity was not varied, and zirconia was still the best performing
catalyst compared to alumina and anatase.

Yang et al. investigated pure SnO- and rare earth metal-doped SnO- for the
high temperature simultaneous COS and H,S removal (Yang et al., 2016).
SnO; was doped with Y and La, and the comparison of the pure and doped
oxide showed that the latter had a remarkably higher breakthrough sulfur
capacity. The authors ascribed this evidence to the higher pore volume and
smaller pores of the doped SnO,, which led to a better dispersion of Y and La
and consequently to higher COS conversion and a lesser extent in SnS
formation during desulfurization. The 40 wt.% La-SnO sample resulted in a
breakthrough sulfur capacity (BSC) of 148.4 mg/g with a nearly 100% COS
conversion.

The introduction of the oxygen vacancies in metal oxides could represent
an interesting approach to enhance the catalytic activity by promoting the
water dissociation and the formation of the hydroxyls. The formation of
asymmetric oxygen vacancies in transition-metal doped CeO, catalysts was
studied for the COS hydrolysis reaction (Zhao et al., 2020a). The transition
metals (Fe, Ni, Co) were inserted in the lattice of CeO, and formed a solid
solution structure. The catalytic performances were evaluated in the range of
temperature of 100-200°C. The Co/CeO; exhibited the highest COS removal
efficiency (87%) any showing deactivation phenomena within 50 h of testing.
The COS hydrolysis reaction was studied over this catalyst in presence of the
20 vol.% CO under humid conditions (2.5 vol.% H>0O). The authors observed
that when water and CO were fed to the reactor, the COS removal was
complete, while when they were cut off the COS conversion decreased

25



Chapter Il

suddenly to zero. When water was resupplied, the removal efficiency of COS
and the selectivity of H>S returned to the initial values (100%) due to the
replacement of the hydroxyl groups. The presence of oxygen could also be
detrimental for COS hydrolysis catalysts, as H,S oxidation leads to elemental
sulfur deposition on the surface, which can cause continuous changes in the
textural properties and a decrease in the number of the active sites because of
the physical covering.

11.4.2 Active species for high-T COS hydrolysis

The comparative studies present in literature which compare alumina
catalysts with other metal oxides highlight that alumina is by far the most
suitable species for the catalysis of COS hydrolysis. Nevertheless,
modification of bare alumina with other components often allows to enhance
the catalytic performances and the sulfur-poisoning resistance, impacting on
the life time of the catalyst. In general, two types of doping can be
distinguished: transition-metals doping or alkali and alkaline-earth metal
doping. The formers are often employed because the presence of a metal offers
a different kind of active site which can be more suitable for the adsorption of
reactants; on the other hand, the latter are employed thanks to their basic
behavior, which not only promotes the activity of the catalyst but also hinders
sulfur deposition or sulfidation of the active sites.

The promotion effect of Zn on alumina at 150 °C was investigated by
Huang et al. (Huang et al., 2005), through a series of catalysts with a variable
Zn loading and obtained with different preparation method (incipient wet
impregnation and co-precipitation). Untreated bare alumina rapidly
deactivates, reaching in 4 h a stable value of COS conversion; the same value
was achieved with a previous sulfurization of the catalyst with H.S or with
HS in presence of water. In the Zn-doped sample, instead, a continuous
decrease in the activity was observed both for the untreated and the sulfided
catalyst, while the fully sulfided catalyst showed a remarkably low activity.
Zn addition to y-Al,Os; decreases the rate of deactivation, which is very
pronounced for the undoped alumina catalyst, but the ZnO acts like sink for
sulfur species, thus the enhancement in intrinsic activity is intended to be short
lived. These catalysts were further tested at higher temperature (220 °C) and
in presence of more complex feedstocks (Huang et al., 2006a). The work
pointed out that in this condition the ZnO-doped catalyst was the most long-
living, allowing a running time of 591 h, further highlighting the promotional
effect of zinc addition.

Shangguan et al. studied the performances of a synthesized magnesium-
aluminum spinel in the range 150-250 °C and compared the performances
with a bare alumina (Shangguan et al., 2019). They observed that, in general,
MgAI;O4 catalyst resulted in better performances in any experimental
condition, changing the temperature and the space velocity in the range 2000
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— 12000 h™*. The greatest difference between the un-doped alumina and the
magnesium-aluminum spinel was observed in the stability, which was
evaluated at 250 °C and 9000 h* for almost 30 h. The MgAl.O, catalyst
showed a reduction in conversion from 99% to 97%, while y-Al,O3 was 100%
active at the beginning of the test, but the COS conversion dropped to 87% at
the end of the experiment. The authors ascribed these results to the higher pore
volume and pore size showed by the MgAI.O4 spinel catalyst, which led to an
improved diffusion rate of COS hydrolysis.

Nimthuphariyha et al. reported a study on COS hydrolysis at 7000 h-* and
T =150 —250°C on a series of Pt/Al,Os catalysts doped with barium, in which
both the metals loadings were optimized (Nimthuphariyha et al., 2019). They
found that the Al,O3 gradually deactivates in an atmosphere containing 500
ppm of COS, but the activity showed a sudden decrease when the COS
concentration was risen to 750 ppm. The addition of Pt allowed to hinder this
phenomenon, and the positive effect was as marked as Pt loading was higher.
Nevertheless, the trend in deactivation observed for alumina with 500 ppm of
COS was the same for 0.5%Pt/Al,O; with 1000 ppm of COS. Further
stabilization was achieved with Ba addition to alumina: in particular, the best
performances were achieved by the 0.5%Pt/5%Ba/Al,O3 formulation, which
allowed to obtain a complete COS conversion at 200°C for the whole 10-hours
test at different COS concentrations. The authors evaluating also the effect of
the effect of temperature, reporting that a decrease in temperature leads to a
decrease in activity in any condition.

Pt addition, together with KO, was reported also by Shangguan et al., who
highlighted that these components addition allowed to enhance the hydrolysis
performances. The CO.-TPD evaluation pointed out that Pt and K increased
the number of basic centers, and in particular that the weak basic centers are
the active sites for COS hydrolysis.

Not always the addition of other component has a positive effect on the
reaction performances of the hydrolysis catalyst. Xu et al. reported a study on
the promotion of Al,O; with Mo and K, with the aim of improving the
deoxidization ability of the catalyst (Xu et al., 2018). In fact, the authors
observed that the presence of oxygenated compounds in the reacting system
may lead to sulfidation of the catalyst. Even though the study was effective in
finding a formulation which could improve the deoxidation ability of the
catalyst, in particular with K addition, at the same time it was observed that
the addition of Mo to alumina decreases the surface basicity, thus leading to a
worsening in the hydrolysis performances. The COS conversion was further
decreased by pre-sulfidation of the catalyst, when MoS; became the species
present on the surface.
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11.4.3 Oxysulfides

Oxysulfides are also studied as catalysts for COS hydrolysis, as they
demonstrated to have a higher resistance to O, and SO, presence than a more
conventional oxide such as alumina or titania. Zhang et al. investigated several
oxysulfide catalysts, in particular sulfidized oxides of rare earth metals (Zhang
et al., 2004). The order of activity was found to be La = Pr ~ Nd = Sm > Eu >
Ce > Gd = Ho > Dy > Er with an almost complete COS conversion found for
the most active formulations at 200°C and 5000 h™. La,O.S was tested in
presence of O, and SO, and the results showed that the catalyst had an
excellent resistance in presence of the former, while the activity resulted
depressed by SO. introduction. Nevertheless, the poisoning effect could be
suppressed by increasing the reaction temperature and the catalyst was found
to be able to recover its initial activity once SO, was removed from the gas
stream.

Sulfides are widely present in sour gas abatement process because the
former part of an oxide-catalytic bed of a desulfurization reactor is often
sulfurized; if the formed sulfide is active towards COS hydrolysis, there is the
concrete possibility of COS conversion before the contact with the oxide. In
this view, as ZnO was widely studied as a good sorbent for sulfur compounds,
Taniguchi et al. studied COS hydrolysis over ZnS formed from ZnO
sulfurization (Taniguchi et al., 1995). The authors found that ZnS is active
towards COS hydrolysis and, to a lesser extent, also towards COS
hydrogenation. From the results of the experimental activity, the study
suggests that if the contact time between COS and ZnS is sufficient, the
equilibrium of COS conversion in H2S is expressible with eq. 11-12.

2COS + H, + H,0 2 2H,S + CO + CO, 11-12

I1.5  Comparison between low-T and high-T process

As widely discussed in the previous sections, the low-temperature process
particularly suffers of the limitation to diffusion. Therefore, a strong focus on
the textural properties is evident in literature works. On the other hand, the
high-temperature process can easily work under kinetic-controlled conditions,
and consequently more conventional metal oxides are involved in the
literature studies, as reported in Fig. 11-4. Furthermore, a consistent fraction of
the research involves alkaline and alkaline-earth metals, which exhibit basic
properties, resulting the most suitable species to be employed for a base-
catalyzed reaction as COS hydrolysis.
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Fig. 11-4: Catalytic systems available in literature for performing low-T and
high-T hydrolysis

A summary of the discussed studies is reported in Table 11-3.

29



Chapter Il

Table 11-3: Summary of the literature review on catalysts for COS
hydrolysis at Low/High Temperature

LOW-TEMPERATURE HYDROLYSIS (LTH)

Catalyst Highlights of the study Year Ref.
Fe,O3 catalyzes COS hydrolysis .
Fe,0s and stabilizes HS as iron sulfide: 1992 (M';;agg; al.
simultaneous removal
Na, Fe, Co, Ni, Ni and Zn enhance the specific (West et al.,
Cuand Zn activity without losing in stabilit 2001 2001)
doped y-Al;,03 y g y
. Na and Mg enhance the
L1, Na, K, Cs, performance but are short living; (Thomas et al.,
Mg, Ca and Ba . . 2003
doped y-AlOs K and Cs.sllghtly improve the 2003)
v conversion at high loadings
O- presence is detrimental for
Commercial COS hydrolysis; the deactivation 2008 (Wang et al.,
Al;O3 coefficient is a function of relative 2008)
humidity
Ce doping remarkably enhance the
Zn-Ni-Al-Ce catalytic performances, with a 2010 (Zhao et al.,
HTLCs maximum reached at the Al/Ce 2010)
ratio equal to 50
RH is the driving factor, as it
Al-Na-AC decreases the hydrolysis (a'ge but 2010 (Lietal., 2010)
enhances the removal efficiency
by shrinking the deactivation
Non-stable samples; best activity
overtime observed with the (Wang et al.,
HTLCs preparation condition of 25°C and 2011 2011)
pH=7-95
Sonr:tle\lliln_ilr:mg Very high conversion and stability 2012 (Zhao et al.,
i an/pan =
HTLCs with MU/M 3 2012)
C?,:]\Ic:('jbi‘]lc;?thl)‘ Cs Al/Ce ratio equal to 50 gave the 2012 (Wang et al.,
1ed by best active and stable catalyst 2012)
cerium
Fe-Cu-Ni Fe-Cu-Ni/MCSAC: highest pore
promoted volume and SSA and smallest .
MCAC and amount of S/SO4%, thus was the 2013 (vietal, 2013)
MCSAC most active and stable catalyst
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Al,03-K/CAC

MgAICe
hydrotalcite-
based
compounds with
different ratio of
Al/Ce

Preparation of
NiAI-HTLCs
with ultrasonic
treatment

Transition
metals on

KOH-activated
biochar

K doping of
NiAI-HTO

K2CO3 doped
3DOM
structures of
A|203 and Ti02

ZnNiAI-HTO

NiOxAI-HTO
where x =1, 3,
5
X-MPCN and
K*-AC
(X = Li*, Na*,
K*, Rb*, Cs")
MgAI-LDHs
nanosheets

Simultaneous COS and CS;
hydrolysis finds its maximum
sulfur capacity at 50°C

The effect of the ratios of Al/Ce,
pH during the preparation,
hydrothermal and calcination
temperature on the COS removal
efficiency was investigated

The hydrotalcite treated with
ultrasonic presents a higher
particle dispersion and a smaller
crystallite size with respect to the
sample prepared by the co-
precipitation method

Fe>KOH>biochar>Cu>Zn>Cr>Co
Fe(NO)s, Fe = 5%wt, Tcaic =
400°C
Fe-Cu>Fe-Zn>Fe-Ni>Fe-
Co>Fe>Fe-Cr

KCI and KNO3 decrease the
desulfurization efficiency; KOH
and K,COs enhance the activity by
modifying the Lewis basicity of
Ni

The structure allows an effective
pulling out of H.S, thus enhanced
COS hydrolysis activity

HTO-10 achieved an almost total

stable conversion; the basic sites

decreased in the order HTO-10 >
HTO-9 > HTO-11

activity decreased in the order
Ni3AI-HTO > Ni5AI-HTO >
NilAI-HTO

K*-MPCN and Rb*-MPCN:
highest COS conversion and no
loss of activity in 10 h

New solid-state mechanochemical
synthesis method

2014

2015

2016

2017

2018

2019

2019

2019

2019

2019

State of the art

(Sunetal.,
2014)

(Guo et al.,
2015)

(Zhao et al.,
2016)

(Song et al.,
2017)

(Zhao et al.,
2018)

(He et al., 2019)

(Zhao et al.,
2019b)

(Zhao et al.,
2019a)

(Guo et al.,
2019)

(Mi et al., 2019)
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Transition
metals (Fe, Ni,
Co)- on CeO,

Fe,O3; and CuO
Fe,O3+CuO
catalysts

N-doped MgAl-
LDO

CeO,, Fe/Ce0,, Co/Ce0s,
Ni/CeO, showed high stability for
the COS hydrolysis reaction

The higher COS removal
efficiency (100%) was obtained on
the Fe;O3+CuO catalysts for the
first 5h

A complete COS conversion was
obtained at 70°C for 24 h without
any deactivation phenomena

2020

2020

2021

(Zhao et al.,
2020b)

(Song et al.,
2020)

(Wei et al.,
2021b)

HIGH-TEMPERATURE HYDROLYSIS (HTH)

Catalyst Highlights of the study Year Ref.
. ZrO7 has higher OH groups .
210z, Ti0y, presence on the surface and results 1993 (Bachelier etal.,
Al,0; . o 1993)
in better activity
ZnS is active towards COS (Taniguchi et al
Zns hydrolysis and, to a lesser extent, 1995 %995) B
COS hydrogenation
Activity order: La~Pr~=Nd~ Sm
> Eu>Ce>Gd~Ho>Dy>Er (Zhang et al
Oxysulfides La,0,S underwent deactivation 2004 g v
- 2004)
only in presence of SO (good O2
resistance)
) Zn addition to y-Al,O3 decreases (Huang et al.,
Zn0h-Al203 the rate of deactivation 2005 2005)
The simulated industrial stream (Huang et al
Al;O3 contributes to enhance the 2006 g N
s 2006b)
selectivity to H,S
La and Y promote COS
hydrolysis; (Yangetal.,
+Y +
SnO2+Y+La  o0La-Sn0; resulted in BSC of 200 2016)
148.4 mgl/g
Mo and K Mo and K increase the
deoxidation ability but decrease 2018 (Xu et al., 2018)
doped Al;O3 .
the hydrolysis performances
MgAl,O, offers higher pore
MgAIl,04, Al,O3 volume, thus higher removal 2019 (Shangguan et
S al., 2019)
efficiency
0 0 . . .
PL-Ba/Al,Os 0.5%Pt/5%Ba/Al,03 achieved a 2019 (Nimthuphariyha

total COS conversion for 10 h

etal., 2019)

*LTH has T < 80°C; HTH has T > 100°C
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11.6 The industrial interest

COS removal from natural gas, synthesis gas or process and fuel gasses
has acquired a huge importance, as widely discussed in the Introduction. The
interest of industry toward this application is demonstrated by the large
number of patents concerning the hydrolysis reaction in gas/liquid phase that
were registered over the last 50 years. Patents give a solid representation of
the point reached by the research, at least in terms of applicable solutions, and
provide for a strong indication on the main achievements, on what is still
missing and what can be further done in this field.

In this paragraph, the most recent solutions proposed over the past 20 years
were listed and summarized. The patents refer to the formulation and synthesis
of novel catalysts for COS hydrolysis in gas phase, and the design of plants
for the purification of the gaseous stream containing sulfur compounds such
as COS, H,S, SO; or other contaminants as NHs, HCN. The claims for each
patent and the most relevant information, in terms of species and operating
temperature, are reported in Table 11-4.
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Table 11-4: Summary of the patents pending on COS removal since 2010
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A solution of high interest and remarkable potential in terms of industrial
application is the one commercialized by IFP Energies Nouvelle (France). The
company focused on the objective of reaching the highest possible removal
efficiency, by performing the hydrolysis reaction in presence of a suitable
heterogeneous catalyst and properly coupling this unit with other cleaning
technologies. To date, the removal of sulfur compounds from gaseous streams
is performed via absorption in aqueous amines solutions, in the so-called
sweetening technology. The existing sweetening processes do not have the
capability to remove all the COS while maintaining high H.S/CO: selectivity
(typically achieved with the employment of MDEA solutions), therefore the
coupling of this technology with the hydrolysis of carbonyl sulfide is highly
attractive. The COSWEET™ process, developed by IFP Energies Nouvelles
(IFPEN), is the technology for a deep COS removal closest to the industrial
application. Through the evaluation of several plant configurations, the
company ended up with the proposal of a catalytic reactor integrated within
the selective removal of H,S by a MDEA amine unit, following the scheme
given in Fig. 11-5.
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Fig. 11-5: COSWEET ™ process developed by IFPEN

The solution proposes a sort of integration of the hydrolysis with the
absorption, by connecting the inlet (COS reach) and the outlet (H.S reach) of
the hydrolysis reactor with two different section of the absorber contactor. In
this way, the H,S produced with the hydrolysis reaction still has a portion of
the absorber available to be removed. This solution is highly attractive, even
though it is as far as possible to the idea of low expenses. The proposed
configuration, if compared to the absorber alone, implies the addition of a
reaction unit, two heat exchangers and a compression stage. Indeed, the COS
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hydrolysis is currently performed at higher temperature than the sweetening
process because of the kinetic limitations of the reaction, and the conventional
pellets catalysts determine a remarkable pressure drop in the hydrolysis unit,
requiring the pressurization of the feed stream.

As discerned in this chapter, the state of the art of COS hydrolysis has
proposed several catalysts with the potential of being applied at room
temperature; nevertheless, the investigations limited to the lab scale
applications and the simulated streams keep these results still too far from the
industrial perspective.
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AiIms of this thesis

As examined in the previous sections, the removal of carbonyl sulfide is a
key issue in the modern era, and its relevance could potentially grow. This
Ph.D. project was proposed and funded by the company KT-Kinetic
Technology of Rome (ltaly). The company is an international EPC contractor
in crude oil refining industry, specialized in sulfur recovery and gas treatment.
The interest of the company - and of the industrial sector in general - toward
the process intensification of COS hydrolysis is related to the necessity of an
efficient, inexpensive and reliable removal technology. At the present time,
different solutions are applied, but none of them allows to reach a competitive
removal efficiency.

Therefore, this project has been structured to the aim of putting a step
forward in the industrialization and commercialization of the COS hydrolysis
technology, keeping as main objective the process intensification, in its
founding principles of compactness and optimization.

To pursue this aim, the research has been conducted to address different
types of targets:

¢ Investigation to reach the optimal catalytic formulation, to match
the industrial need of inexpensiveness and easy supply with the
specific requirement of high low-temperature activity

e Experimental evaluation of the possibility to couple the hydrolysis
stage to the sweetening process in an open-architecture plant
configuration

e Process intensification, from a catalytic and technological point
of view, with the investigation respectively on structured catalysts
and integrated closed-architecture configuration.






Chapter IV.
Materials and Methods

IV.1 Characterizations

For the characterization of the samples in this work, several analytic
techniques have been employed: specific surface area (SSA) determination,
X-ray diffraction (XRD), scanning electron microscopy (SEM) with EDS
elemental mapping of the species, thermogravimetric analysis (TGA) and
Raman analysis.

The SSA determination was conducted in a NOVAtouch Sorptometer
(Anton Paar, Malmd, Sweden). The samples have been degassed at 150 °C for
12 hours and than N at 77 K was adsorbed and desorbed for the determination
of the full adsorption/desorption isotherm.

X-ray diffraction patterns were recorded under a CuKo radiation
(A=1.5406 A) using a Bruker D2 instrument (Billerica, MA, United States);
the samples were scanned over a 26 range of 10-80° with a step of 0.05°.

The optical analysis was performed by means of a Scanning Electron
Microscope (SEM) Philips Mod.XL30 (Amsterdam, the Netherlands),
coupled to an Energy Dispersive X-ray Spectrometer (EDS) Oxford (Oxford
Instruments, Abingdon, UK).

TGA was performed in the TA Instrument Q600 (New Castle, DE, United
States), coupled with a Pfeiffer Quadrupole Mass Spectrometer (Pfeiffer
Vacuum GmbH, Asslar, Germany) in order to analyse the gaseous phase
produced during the analysis.

The Raman spectra were produced in a dispersive MicroRaman inVia,
Renishaw (Renishaw, Wotton-under-Edge, UK), equipped with 514 nm Ar
ion laser, in the range 200-2000 cm?® Raman shift. Once selected, the
optimized laser power of 25 mW was applied to all the samples.
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IV.2 Experimental setup

The experimental setup used for this activity has been entirely designed
and realized in the framework of this Ph.D. project; to the aim of following
the different activities, it has been adjusted over the years, obtaining several
dedicated configurations. Recalling the objectives of this work, the hydrolysis
of carbonyl sulfide has been studied in “gas-phase” (with heterogeneous
catalysts), in “liquid-phase” (non-catalytic) and in a three-phase trickle bed
reactor. Therefore, different reactors and plant layout are described in this
section.

For safety reason, each configuration of the experimental setup has been
confined under a fume hood, to avoid possible toxic gasses leakages.

IV.2.1 Gas-phase COS hydrolysis

The experimental study on gas-phase COS hydrolysis comprehended both
the screening of the catalytic formulation and operating conditions conducted
over pellet catalysts and the process intensification with the study of structured
catalysts.

The laboratory tests were carried out in a tubular stainless-steel reactor,
reported in Fig. IV-1(a), heated with a 120 Q heating element controlled by a
PID device connected to a K-type thermocouple positioned on the external
wall of the reactor. Since the dependency of the operating temperature was
observed to be particularly strong, three K-type thermocouples were inserted
within the catalytic bed through a 1/8” sheath, and distributed axially to
monitor the temperature for ensuring a perfect isothermal condition.

The reactor was vertically located in the plant layout proposed in Fig.
IV-1(b). The gas feed was regulated by thermal mass flow controllers,
connected to pure N, and pure CO- cylinders, and precision mixtures of COS
in Ar (1 vol.% of COS) and H.S in N2 (0.2 vol.% of H>S).

To ensure a precise control over water concentration, the typical literature
configuration with a water saturator was avoided. Instead, the exact amount
of water was fed in liquid phase and vaporized in a specifically designed boiler
(Fig. 1\V-1(c)). This is constituted of a coil (d 3 mm) wrapped around a
cartridge resistance (700 W) in which an exact amount of water is fed by a
thermic-type mass flow controller (MFC). The outlet of the coil is connected
to a shell (@ 70 mm), in which N is fed and a perfect mixing of vapor and
inert is achieved; this is enhanced by the presence of steel wool within the
shell.

Due to the presence of water in the reactant mixture, a vessel for water
condensation and separation was always present before vent. Furthermore,
each vent line was connected to an activated carbon vessel, to avoid COS and
H.S dispersion in the atmosphere.
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The product stream was evaluated continuously by means of a Hiden
Analytical mass spectrometer, following masses 18, 28, 34, 40, 44, 60, 64, 76
(respectively water, nitrogen, hydrogen sulfide - H2S, argon, carbon dioxide,
COS, sulfur dioxide - SO, and carbon disulfide - CSy). The interference matrix
and the electric parameters, i.e. the emission current and electron energy, were
optimized in order to minimize the fragmentation within the chamber and to
simultaneously intensify the signals for “small components”, namely HsS,
COS, SO; and CS;, which are present in ppm concentrations.
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IV.2.2 Liquid-phase hydrolysis and open-architecture configuration

The study of COS hydrolysis in liquid phase, using aqueous solutions of
amines, was performed in a plant layout identical to the one illustrated in Fig.
IV-1(b), but with the adequate change of the reactor. To avoid the motion of
the liquid phase, a glass vessel (@30 mm) designed as a saturator was
employed, as Fig. IV-2(a). The gas flows through a 6 mm ID tube concentric
to the vessel from top to bottom, and rise through the amine solution in small
bubbles, developing a high contact gas/liquid surface. The outlet gas is
collected in another 6 mm ID tube in the upper part of the saturator.

The open-architecture configuration designed for the coupling of the
hydrolysis section to the absorber is shown in Fig. 1VV-2(b). The absorption
unit is downstream to the hydrolysis reactor, in order to work with a stream
containing both H2S and COS, and three different sampling points have been
included, to the aim of analyzing the reactants stream (#1), the hydrolysis
products (#2) and the products of the overall process (#3).

The analysis of the gaseous stream was performed as previously described
with the mass spectrometer. The analyzer is able to process only one of the
three sampling streams at time, so the choice of the time for switch between
them is a relevant parameter.

IV.2.3 Integrated plant units and layout

The optimization of the absorber and the integration of the hydrolysis and
sweetening steps in a single three-phase reactor led to the obtainment of a
completely different reactoristic solution. The three-phase reactor, reported in
Fig. IV-3(a), was designed as a @%” tube 130 mm long, with a cone in the
upper part to discourage the entrainment of small droplets of liquids.

The reactor was properly located in the plant, obtaining the final layout
reported in Fig. IV-3(b).
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IV.3 Pellets catalysts preparation

For the study of COS hydrolysis in gas phase, pellets catalysts in sphere
shape were tested at first. Commercial y-Al,O3; was calcined at 200°C and then
employed as catalyst. 3 mm and 5 mm pellets (respectively provided by Fluka
and Sigma-Aldrich) were employed in this phase. To enhance the catalytic
activity, a modified-alumina was prepared on both supports. Following the
wet impregnation procedure, calcined alumina spheres were immersed in a
basic solution (KOH, provided by Sigma-Aldrich) for 1 h; the solution was
prepared to obtain a 10 wt.% loading of KO after calcination. Then, the
solution was filtered, and the recovered catalyst was dried overnight at 120°C
and calcined at 200°C to obtain the complete conversion of KOH into K;0.

Activation of the K-modified samples has been carried out with a 20% CO-
in N2 stream at 60°C, until complete transition of K0 in K;COs.

IV.4  Structured catalysts preparation

Structured catalysts are conventionally obtained using a carrier and a
washcoat. The carrier is a complex 3D structure which can have different
shapes and can be made of different materials; the characteristic is that a single
piece or a modular configuration of several pieces constitutes the whole
catalytic bed. On such structures, the adhesion of a catalytic material is usually
obtained through the washcoating procedure: a slurry of the support or the
active species themselves, called washcoat, is deposited on the carrier through
a several steps procedure and, after drying and calcination, the structured
catalyst is obtained.

In this work, the selection of the most adequate carrier was carried out,
considering the following structures: (i) cordierite flow-through monoliths,
(i) steel wire mesh, (iii) OB-SiC foams with ppi = 10, (iv) Al foams with ppi
=40, (v) Ni-Fe alloy foams with ppi = 20.

IV.4.1 Washcoat preparation

The washcoat prepared in this work is a suspension of y-AlOs in an
aqueous solution containing pseudobohemite and methylcellulose.
Considering that y-AlOs is a catalyst for the hydrolysis of carbonyl sulfide,
the washcoat itself is the active phase. For the modified-alumina formulation,
potassium addition can be achieved through impregnation directly on the
structured catalyst, following the same procedure adopted for the pellet-
shaped samples. The washcoat was prepared as follows.

e A suspension of methylcellulose in water was prepared through
stirring for 24 h (500 rpm) to achieve the polymer swelling.
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e Once the suspension was completely transparent,
pseudobohemite (y-Al.03-xH,O, PS) was added and the
suspension was kept stirring at 400 rpm for 12 h.

e In order to avoid the possible jellification of the slurry, the pH
was adjusted at 4 by adding nitric acid (HNO3).

o y-Al,Os; was finally added at the suspension. The slurry was
constantly stirred at 500 rpm for 24 h.

The amount of solids in the slurry was set at 20 wt.%, while the PS: y-
Al,O3 ratio was set at 3:10 and the methylcellulose content was fixed at 1
wt.%, based on previous works (Palma et al., 2018).

For the described procedure, the following reactants were employed:
pseudobohemite Pural SB (Sasol), y-AlOs Puralox SCCa 150/200 (Sasol),
nitric acid (Sigma-Aldrich), methylcellulose (Sigma-Aldrich). Before
addition to the suspension, y-Al;Os is grounded in a mill Retsch RM100 until
an average dimension inferior to 10 um was achieved (the procedure takes
approximately 1 h or milling). Average dimension was evaluated through
optical microscopy.

IV.4.2 Washcoat deposition

Washcoat can be deposited on a structured carrier through several methods.
Considering the shape of the carriers selected for this study, the dip-coating
procedure was adopted as deposition system. The standard dip-coating
procedure (Visconti, 2012) was at first followed, in order to discriminate the
best carrier among the selected possibilities. This consists in a cycling
procedure of: 1) dipping the carrier within the washcoat (20 min to 1 h); 2)
remove the washcoat excess; 3) drying; 4) calcination. Usually, 5 to 10 cycles
are necessary in order to deposit the desired washcoat amount on the carrier.
Subsequently, the washcoat adherence is often verified with a mechanical
solicitation, which can be compressed air blowing or ultrasound stress test.
The achievable washcoat loading, the number of required steps and the mass
of whashcoat lost after the solicitation are the parameters to be taken in
consideration for the carrier choice.

Then, such procedure was optimized for the selected carrier as reported in
Fig. IV-4. Drying was performed at 120°C for 1 h, while calcination was
conducted at 450°C for 3 h, to achieve the transition from pseudobohemite to
'Y-A|203.
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Fig. IV-4: Scheme of the dip coating optimized procedure

Washcoat excess removal was performed either by suction with a rotative
pump or with a benchtop centrifuge, optimizing the rpm value: the latter
method was found to be the most suitable for all the evaluated carriers, and
the optimal velocity was set to 500 rpm.

Once reached the desired washcoat loading, the structured catalyst was
doped with K, following the same impregnation procedure described for
pellets catalysts; it was activated in a 20 vol.% CO; stream as well.

IV.5 Experimental evaluations

Operating conditions for all the experimental evaluations are briefly
reported in this paragraph. A wide number of tests has been carried out, with
a variety of operating conditions: for this reason, here are reported the ranges
of investigation of each process; further information will be given alongside
the results, for better clarity.

The COS hydrolysis in gas phase was conducted in the experimental setup
reported in Fig. IV-1(b). Catalytic activity was evaluated at room temperature
or slightly higher (30-80 °C), contact time was varied in the range 0.75t0 6 s
and the concentration of the feed gas was constituted as follows: 500 ppm
COS, water in the range 5-10 vol.%, eventual CO; presence, N balance.

The absorption in amines solution was evaluated in presence of DEA and
a customized tertiary amine solution provided by KT in the experimental setup
showed in Fig. IV-1(b) using a saturator-like reactor showed in Fig. IV-2(a).
Amines were diluted in aqueous solution with a mass concentration in the
range 20-60%, and the absorption capacity was tested varying the temperature
between 30 and 60°C. COS concentration was varied between 200 and 1000
ppm and then set to 500 ppm (simulating a condition without the hydrolysis
step) and H.S abatement was evaluated with concentration in the range 100-
500 ppm in N stream. The contact time realized in the absorber was varied
between 30 and 60 s.
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The efficiency in coupling COS hydrolysis and absorption unit was
evaluated in the configuration of in Fig. IV-2(b). Both the units were operated
at 60°C with a COS concentration in the feed stream of 500 ppm (10% H-0,
N2 bal.); the contact time ensured was 3 s for the hydrolysis reactor and 18 s
for the absorber.

The process intensification performing an integrated step of COS
hydrolysis + gas sweetening was investigated in the designed reactor and plant
layout respectively reported in Fig. IVV-3(a) and (b). For these tests, the contact
time was varied in the range 5-17 s.

Reaction performances were evaluated in terms of COS conversion in the
hydrolysis unit (Xcos, eq. 1V-1), COS and H,S removal efficiency in the
absorber (Rcos, Ruzs, €qs. 1V-2 and V-3 respectively) and the concentration
of the sulfur compounds in ppm.

X — COS(mol)IN—COS(mol)OUT Iv_l
cos COS(mol)y

R — COS(mol)IN—COS(mol)OUT IV-Z
cos COS(mol)y

R _ HaS(mol)n—H,S(molour IV-3
H,S H,S(mol)n

IV.6  Kinetic evaluations
IV.6.1 Power-law kinetic expression

A series of concentration-versus-contact time data can be processed using
the differential or the integral method in order to analyze the kinetic data.
Through the integral method, the rate equation is guessed and, after an
appropriate integration and mathematical manipulation, the trend of the
integrated concentration function versus time is observed. If it yields a straight
line, the guessed expression describes adequately the rate of the studied
reaction, and the kinetic constant is given by the slope of the obtained line. In
the differential method, the fit of the rate expression to the data is verified
directly and without any integration (Levenspiel, 2001). Bearing in mind such
characteristics, the differential method of analysis requires a large number of
experimental evaluations. Moreover, when a simple reaction rate expression
is guessed, the integral method is always preferred.

In the preliminary hypothesis of no variation in temperature or water
concentration, only the dependence from the COS concentration should be
considered in the kinetic analysis. For this reason, the integral analysis method
was adopted, guessing a rate expression as eq. IV-4, withn =0, 1 or 2.
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dc n i

—Icos = —% = KappCcos" = KappClos (1 —Xcos)" V-4
The rate expression can be integrated for the variable Xcos instead of Ccos
considering that no change in volume occur during the reaction. Hence, the
integrated expressions are reported in egs. V-5, IV-6 and IV-7 respectively
whenn=0,n=1lorn=2.

CosXcos = kt V-5
—ln(l - Xcos) =kt IV-6
1 Xeos _ g V-7
Ccos 1-Xcos

Considering then the effect of water concentration on the reaction rate, the
power-law can be expressed as eq. 1VV-8.

dc :
—TIcos = — dctos = (—Tcos) = Kapp(Ccos)™ (Cu,0)" Iv-8

IV.6.2 Langmuir-Hinshelwood kinetic expression

For the Langmuir-Hinshelwood kinetic model, the COS hydrolysis
reaction as expressed in eg. 1VV-9 was considered the only reaction to occur.

COS + H,0 2 €O, + H,S V-9

Since the amount of reacting species is particularly low, the whole reacting
domain was assumed to be isotherm despite the exothermicity of the system.
The validity of this hypothesis was ensured by monitoring the temperature
alongside the catalytic bed. As a first approximation, the power law expression
for the reaction rate was considered (eqg. 1V-10). Nevertheless, according to
the literature, the low-temperature reaction follows the Langmuir-
Hinshelwood behavior, with the adsorption of both the reactants. Therefore,
the reaction rate can be expressed as eq. 1V-11, where 0; is the number of
active sites occupied by the i-species. In this expression, the effect of the
reverse reaction was considered neglectable, taking into account the
thermodynamic equilibrium of the system and the operating conditions
adopted in this study (T < 100 °C).

rcos = Ke*Pcos " P H,0 IV-10

rcos = Ke* Ocos * Ou,0 IV-11
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The Euler method was used for the discretization of the system, applying
the hypothesis of differential reactor, and the optimization of the parameters
was based on the minimization of an objective function defined as eg. 1V-12,
where ¢ represents the test, Xexp,c represents the experimental value of test ¢
and Xmod,c represents the model results for the ¢ condition.

f= min(22=1(xexpc - Xmodc)z) IV-12

To apply the hypothesis of differential reactor and to minimize the errors
related to a less precise analysis of the products composition, the conditions
with too high (> 90%) or too low (< 10%) COS conversion were excluded by
the objective function.
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Characterizations

V.1 Characterizations results
V.1.1 Pellets catalysts

The pellet catalysts have been at first analyzed through SSA determination.
Considered that the support employed was commercial y-alumina, it was
expected to have a high SSA value. Nevertheless, the support was calcined in
order to produce the final catalyst, hence the specific surface area of the final
catalyst K/AI3 was determined through BET method, and additional
information on the porous structure have been obtained through the
observation of the complete adsorption/desorption isotherm.

The sample showed a specific surface area of 204 m?/g, and as can be
observed from Fig. V-1 its porous structure is mainly characterized by the
presence of mesoporosity. A non-neglectable amount of micropores was also
present, and it can be deduced by the height of the knee of the curve, at low
relative pressure values.

100 - u-n
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60 | a4

Adsorbed volume (cm3)
\
\I

0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (-)
Fig. V-1: Adsorption isotherm of the pellet catalyst
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The XRD spectrum of the catalyst showed only the characteristic peaks of
the y-alumina, in particular 28°, 38°, 49° and 67°, as displayed in Fig. V-2.

— Fresh K/AI3

Intensity (a.u.)

260 (°)
Fig. V-2: XRD spectrum of the fresh K/AI3 sample

Then, the dispersion of potassium was evaluated through SEM-EDX
characterization, obtaining the elemental maps reported in Fig. V-3. From the
images it is possible to appreciate the homogeneous dispersion of the
deposited K onto the Al,O3 spheres, which is particularly important for the
availability of the active sites and confirmed the suitability of the selected
catalyst preparation method and of the potassium precursor employed.

Al Kal O Kal K Kal

imm ! ™mm ! Tmm |

Fig. V-3: SEM-EDX images of the fresh sample K/AI3

Finally, the sample was tested via Raman analysis. As anticipated in
section IV.5, the catalyst is activated in presence of a CO,-rich stream to
stabilize the formulation. Hence, the Raman spectrum of the final catalyst was
directly compared to the one of potassium carbonate, as given in Fig. V-4. The
main peak characteristic of K.COs is t 1063 cm™, and this Raman response

54



Materials and Methods

can be observed also in sample K/AI3, despite the peak is broader and less
intense. Therefore, through this particular analysis it was possible to conclude
that the activation procedure converts the K,O formed during the calcination
procedure into the more stable form of potassium carbonate.
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Fig. V-4: Raman spectrum of fresh K/AI3 compared to K2CO3

V.1.2 Structured catalysts

The most suitable carrier to prepare structured catalysts for COS hydrolysis
was optimized in this work. Among five different kind of structures and
materials, the selected one was a Ni-Fe foam, with a pores density of 20 ppi.
The carrier, and the washcoat deposited according to section 1V.4.2, have been
observed with an optical microscope. The foam carriers widely used in
catalysis are distinguished by several geometric parameters, but in particular
the are described as “constituted by filament, and each crossing point between
filament is called a node”. From Fig. V-5 (a) it is possible to observe that the
carrier is constituted by flat filaments, which is uncommon, since mostly they
have a tubular shape. In addition, the randomic arrangement of the pores is
particularly appreciable from the image, and it is possible to observe that the
cells of the structure have remarkably different dimensions.
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Fig. V-5: Optical microscope observation of: (a) NiFe foam carrier; (b)
washcoated structure

From Fig. V-5 (b) it is possible to observe that the high loading of washcoat
deposited onto the structure creates a layer of non-neglectable thickness.
Indeed, also the cell size is remarkably reduced by the presence of the
washcoat layer.

As discussed, a previously studied procedure was adopted for the washcoat
preparation. Before the deposition of the washcoat onto any of the structured
carriers, the liquid slurry was characterized in order to verify the content of
solids in the slurry and in order to set the optimal calcination temperature. The
former is particularly important for the viscosity of the washcoat: too low
viscosity does not ensure the optimal adhesion on the carrier and too high
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viscosity increases the risk of plugging the carrier structure. The latter impacts
on the crystalline structure of the layer but also on the specific surface area:
the choice of a too low calcination temperature could not ensure the complete
transition of PS into y-Al;Os; on the other hand, a too high calcination
temperature would damage the exposed surface, negatively impacting on the
mass transfer phenomena.

The content of solid was evaluated through thermo-gravimetric analysis
(TGA). As displayed in Fig. V-6 (a), the sample undergoes a remarkable
weight loss below 200 °C. This is to be ascribed to the water loss, and the
remaining mass, which corresponds to the solids content in washcoat, was
exactly 20 wt.% of the initial slurry. Further evaluation of the mass produced
by calcination in air — given in Fig. V-6 (b) — highlighted the water removal
from the sample; CO; can be addressed to decomposition of methylcellulose.

The crystalline structure was observed via x-ray diffraction (XRD) analysis
on washcoat samples calcined at 200 and 450°C (W200 and W450
respectively). The diffraction spectra obtained for both samples are reported
in Fig. V-7; standard diffraction peaks for pseudobohemite and y-Al,O3 were
added as reference. The comparison among the samples clearly showed that
W200 presented the diffraction peaks characteristic of PS, while W450 has
the crystalline structure of y-Al,Os. Hence, despite calcination at 200°C allows
to obtain the complete water removal and the decomposition of the polymer,
it is not sufficient to ensure the transition of PS into y-Al,Os. For this reason,
the calcination temperature of all the samples was set at 450°C.

Finally, the activated structured catalyst has been characterized as well via
Raman analysis, in order to be sure that the K.COs species obtained on the
pellets was still available on the structured sample. As reported in Fig. V-8,
the foam catalyst showed a sharp peak at 1063 cm corresponding to K,COs,
perfectly in agreement with the observations made on the pellet sample.
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Chapter VI.
Catalyst optimization

VI.1 Catalysts screening and influence of operating parameters

As widely discussed through the introduction and literature review
sections, COS hydrolysis is a process that receives a deep interest from the
industrial sector. In particular, low-temperature hydrolysis acquired the
greatest relevance, as it represents the less expensive treatment. Indeed, the
economic aspect cannot be neglected in the development of tools for the
industry. Therefore, the most suitable catalyst to be employed in this process
should be: i) as simple as possible; ii) with an inexpensive choice of
support/active phase; iii) active at low temperature and high contact times; iv)
reliable, thus stable over time in presence of sulfur compounds. Considering
this, the first approach to the study of the reaction was focused on the research
of a formulation and operating conditions which could be suitable to conduct
the reaction.

The study of the recent literature pointed out that some Claus catalysts
could provide, to some extent, COS conversion via hydrolysis (Sui et al.,
2020). Therefore, the former evaluations on the process were conducted on a
commercial TGT alumina-based catalyst in pellets shape (3 mm) “Promoted
alumina Claus catalyst” (Eurosupport, The Netherlands). For this commercial
sample, the activity was evaluated in the temperature range 40-60 °C, which
was selected as the most interesting gap, and varying the GHSV (Gas Hourly
Space Velocity) in the range 600-3000 h™. COS hydrolysis was performed
with a feed mixture composed of: COS 500 ppm, H,0 5 vol.% and N bal.

The results of this preliminary screening are displayed in Fig. VI-1. As can
be observed, both the operating parameters have a strong influence on the
reaction performances of the catalyst, leading to the conclusion that such
commercial catalyst requires at least 60 °C and a remarkably high contact time
(6 s, corresponding to the GHSV of 600 h) to reach a COS conversion close
to 100%, which is the thermodynamic equilibrium (Th.Eq.) value in every
condition.
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Fig. VI-1: Promoted alumina Claus catalyst activity. COS conversion over
a) temperature; b) space velocity. Operating conditions: COS 500 ppm, H20 5
vol.%, N2 bal., a) GHSV=600 h; b) T=60°C.

This preliminary screening on a commercial catalyst allowed to understand
the operating range in which the COS hydrolysis can be performed to achieve
a considerable COS conversion. Nevertheless, these outcomes state how much
the research is far away from commercialization. Indeed, despite the total
conversion was achieved in some conditions, these require either one between
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high temperature or elevated contact time. In particular, the latter implies large
reaction volumes, which are not likely to be employed on an industrial scale.

In addition, the experimental evaluations reported so far were conducted
in presence of a stream only containing COS and water. The industrial
treatment of Claus tail gasses involves a stream that includes several other
species that could influence the hydrolysis extent. Among all of them, the
presence of CO; rises the major concern, for two reasons: on one hand, it is a
reaction product, thus the chemical equilibrium of the reaction is strongly
altered by its presence; on the other hand, CO; is a molecule which has several
physical characteristics in common with COS, thus it potentially results in
competitive absorption phenomena on the catalyst surface.

For this reason, a dedicated analysis was performed to evaluate the
influence of CO; presence in the feed stream, choosing a concentration value
corresponding to a conventional content of a TGT stream, 20 vol.%. The
outcomes are reported in Fig. VI-2. As expected, such a large amount of CO;
in the feed stream has a detrimental effect on COS conversion, and this effect
is progressively more pronounced with the increase of the space velocity,
suggesting the hypothesis that CO, negatively influences the conversion, not
because of a chemical equilibrium limitation but mostly because of mass
transfer and competitive adsorption issues.
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Fig. VI-2: Influence of CO: presence in the feed stream on COS conversion.
Operating conditions: COS 500 ppm, H20 5 vol.%, N2 bal., GHSV=600 h,
T=60 °C

63



Chapter VI

Based on these evaluations on the selected commercial sample, the
optimization of the catalyst was mandatory.

COS hydrolysis is widely recognized as a base-catalyzed reaction, and it is
well-known that diffusion phenomena may easily influence the reaction
performances, especially at low temperatures. Therefore, a y-Al.O; with a
high specific surface area was selected and tested (Sigma-Aldrich, Germany);
for conformity, the catalyst was chosen in spherical-shaped pellets (3 mm). A
further step was to modify the catalyst with the addition of potassium, which
gives basic properties to the surface. The catalysts were tested in the same
operating condition of the commercial promoted Claus alumina catalyst and
in presence of CO,, with the aim of discriminating their potential in an
unfavorable condition. The samples were labeled as PROMOTED (promoted
Claus alumina catalyst), Al3 (y-Al>Os with 3mm pellets diameter) and K/AI3
(potassium-promoted y-Al,Oz with 3mm pellets diameter). The results are
shown in Fig. VI-3 (black columns). Even though the commercial catalyst
PROMOTED has a non-declared formulation, one could speculate that it is
alumina, and probably doped with a small content of active species. Despite
that, its activity in presence of CO- strongly decreased. On the other hand, the
bare gamma alumina showed remarkably higher activity. This could be easily
addressed to the textural properties of the selected material, which enhanced
the transport phenomena within the particles. The addition of potassium to the
formulation further increased the COS conversion, even though the effect was
slightly appreciable due to the close-to-the-equilibrium conditions. The
remarkable difference in activity among the considered catalysts was observed
instead in presence of different feed streams. Indeed, to the aim of simulating
a refinery stream, other compounds were gradually added to the reaction
mixture, to evaluate the effect of each. In particular, since the hydrolysis unit
is expected to process the Claus tail gas stream, the species considered in this
study had been H.S, H, and CO.. The feed conditions have been summarized
in Table VI-1.

Table VI-1: Feed composition in each experiment

Feed 1 Feed 2 Feed 3 Feed 4
COS 500 ppm 500 ppm 500 ppm 500 ppm
H.0 5 vol.% 5 vol.% 5 vol.% 5 vol.%
CO2 0 20 vol.% 20 vol.% 20 vol.%
H.S 0 0 100 ppm 100 ppm
H; 0 0 0 36 vol.%
N2 bal. bal. bal. bal.
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The results were added to Fig. VI-3. Two main conclusions can be driven
from the observation of the COS conversion in each system configuration. At
first, that CO, addition confirms to have a detrimental effect on COS
conversion, as already observed from Fig. VI-2, while the presence of other
compounds, especially hydrogen, seems to mitigate this negative influence. In
addition, it was observed that each catalyst suffered differently the presence
of CO,, with the K-doped alumina having the highest resistance to CO;
addition.

Hence, besides the enhancement in COS conversion due to the change in
catalysts could not be observed in presence of the simple hydrolysis stream, it
was then clearly visible when the catalyst was tested in more stressful
operating conditions. The same conclusion has been driven by reducing the
contact time from 6 s to 1 s in presence of Feed 1. Based on these outcomes,
a formulation constituted by potassium-modified y-Al.Os; was selected as the
best alternative for this process.

I Feed 1 2227 Feed 2 N Feed 3 [ Feed 4|

100

COS conversion (%)
s 8 8

N
o

Promoted AI3  K/AI3  Th. Eq

Fig. VI-3: Screening of the catalysts for COS hydrolysis. Operating
conditions: COS 500 ppm, H20 5 vol.%, GHSV=600 h, T=60 °C

Another important aspect in COS hydrolysis is the concentration of water
in the feed mixture. Indeed, especially at low temperatures, water frequently
shows a competitive adsorption on the catalyst surface, which hinders the COS
adsorption and, consequently, its conversion. For this reason, the water
concentration effect was studied over the optimized formulation, K/Al3. To
this aim, the operating conditions were determined to be more critical for the
COS conversion, to better observe the differences and have a more precise
evaluation of the experimental concentrations. Low water contents were
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evaluated at 43 °C and 2400 h, while higher water contents were studied at
60 °C and 2400 h, and the results are respectively reported in Fig. VI-4 (a)
and (b). Clearly, water concentration strongly influences the reaction
performances. Indeed, by keeping unvaried all the operating parameters but
the water concentration, the COS conversion decreases strongly with a
hyperbolic trend. Nevertheless, from an industrial point of view, it is
convenient to decrease the water content up to the saturation concentration
corresponding to the hydrolysis operating temperature, to avoid excessive
refrigeration costs. Therefore, depending on the temperature, the water
concentration in the feed stream is expected to be above 5 vol.%.
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Fig. VI-4: Effect of water concentration on COS hydrolysis over K/AI3.
Operating conditions: COS 500 ppm, Nz bal., GHSV=2400 h, a) T=43 °C b)
T=60°C
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In the most severe operating conditions (i.e. 2400 h* and H,O 10 vol.%),
the catalyst requires an operating temperature of 80 °C to reach a total COS
conversion (Fig. VI-5).
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Fig. VI-5: COS conversion over K/AI3. Operating conditions: COS 500
ppm, H20 10 vol.%, GHSV=2400 h™.

V1.2  Evaluation of the transport phenomena

The knowledge of the dependency on the operating parameters does not
provide sufficient information for a process like COS hydrolysis. Indeed, due
to the low operating temperature, the transport phenomena play a key role.
The extents of internal and external diffusion resistance were both evaluated,
by varying respectively the pellets dimension and the gas linear velocity. The
results of the study are represented in Fig. VI-6, where the limitations to the
mass transfer are easily proved. The COS conversion is seen to decrease
sensibly when the pellet dimension is increased to 5 mm, for both the bare
alumina and the potassium-modified sample (Fig. VI-6a), therefore ensuring
that the system suffers of strong internal diffusion resistance. On the other
hand, the increase in gas linear velocity (Fig. VI-6b) — keeping the GHSV
constant — does not provide for an enhancement of COS conversion, thus
leading to the conclusion that there is no external diffusion resistance within
the system, at least above 1.25 cm/s.

Nevertheless, it is necessary to bear in mind that the considered phenomena
are investigated on a laboratory scale. For what concerns the measure of the
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internal diffusion phenomena, the results can be considered reliable, since the
phenomenon takes place on the microscale. Instead, the verification of
external diffusion phenomena can be limited by the small scale of the
investigation, since that there is an operative limit in the gas velocities that can
be ensured. Eventually, this will result in higher gas phase velocity on the
industrial scale, which would produce a higher mass transfer coefficient,
enhancing the COS conversion. For this reason, it is possible to state that, for
what concerns the laboratory scale investigations, there are no limitations due
to the external diffusion of the reactants. Furthermore, the results can be
considered obtained in conservative conditions, since the eventual increase of
the gas linear velocity would enhance the mass transfer and thus the
availability of COS on the catalyst surface.

. Y

(@) 100

B (2] (]
o o o
T T

COS conversion (%)
S

0 .
5 mm pellets 3 mm pellets  Th.Eq.

b kA
(b) 100r
X
< 80t

[
i=l
» 60
[¢b]
=
O 40'
o
wn
o 20+
O

1.25 cm/s 2.5cm/s Th.'Eq.

Gas linear velocity (cm/s)
Fig. VI-6: Study of the a) internal and b) external mass transfer resistances.
Operating conditions: COS 500 ppm, H20 10 vol.%, N2 bal., GHSV=1200 h*,
T=60°C
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V1.3  Evaluation of the stability

The stability of a catalyst is a key issue in an industrial process, since the
higher the lifetime the lower the operating costs. Hence, the stability of the
optimized catalyst has been evaluated.

A first, short-term stability test was performed in mild and conservative
operating conditions: 60 °C and a contact time of 4.4 s allowed the catalyst to
convert all the COS present in the feed stream. In this condition, it is possible
to evaluate if — at its higher activity — the catalyst deactivates due to a
sulfidation of the active sites, which is a phenomenon widely reported in
literature. The result is displayed in Fig. VI-7, where a comparison with other
literature stability studies is also provided. The literature studies reported as a
comparison are listed in Table VI-2.

As it can be noticed, the stability achieved is particularly promising if
compared to other formulations available in literature, especially considering
the alumina-based ones, which have major similarities with the formulation
provided in this work.
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Fig. VI-7: Short-term stability and comparison with literature. Operating
conditions: COS 500 ppm, H20 5 vol.%, T =60 °C, tc = 4.4 s.
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Table VI-2: Table of references for Fig. VI-7

Ref. Full citation

1 West, J. et al. Ni- and Zn-promotion of y-Al203 for the hydrolysis of COS
under mild conditions. Catal. Commun. 2001, 2, 135-138.

2 Thomas, B. et al. Ambient temperature hydrolysis of carbonyl sulfide using
y-alumina catalysts: Effect of calcination temperature and alkali doping.
Catal. Letters 2003, 86, 201-205.

3 He, E.et al, 2019. Macroporous alumina- and titania-based catalyst for
carbonyl sulfide hydrolysis at ambient temperature. Fuel 246, 277-284.

4 Sun, X. et al. Simultaneous catalytic hydrolysis of carbonyl sulfide and
carbon disulfide over Al203-K/CAC catalyst at low temperature. J. Energy
Chem. 2014, 23, 221-226.

5 Zhao, S. et al. 2019. Calcined ZnNiAl hydrotalcite-like compounds as
bifunctional catalysts for carbonyl sulfide removal. Catal. Today 327, 161—
167.

6 Wang, H. et al. Calcined hydrotalcite-like compounds as catalysts for
hydrolysis carbonyl sulfide at low temperature. Chem. Eng. J. 2011, 166,
99-104.

7 Zhao, S. et al. Characterization of Zn-Ni-Fe hydrotalcite-derived oxides and
their application in the hydrolysis of carbonyl sulfide. Appl. Clay Sci. 2012,
56, 84-89

8 Song, X. et al. Research on the low temperature catalytic hydrolysis of COS
and CS; over walnut shell biochar modified by Fe—Cu mixed metal oxides
and basic functional groups. Chem. Eng. J. 2017, 314, 418-433.

In order to evaluate the possible deactivation due to carbon dioxide
presence in the feed stream, a long-term stability test was conducted by
applying stressful operating conditions. Indeed, it was already observed the
detrimental effect of this species on COS conversion, but it could also harm
the lifetime of the catalyst.

The stability was investigated with a simulated refinery stream, using the
same concentration of species in Feed 4 from Table VI-1. As can be observed
from Fig. VI-8, the catalyst demonstrated to ensure the same COS conversion
during the whole stability test.

The stability achieved is particularly promising for the scale-up of the
process, since the time of the test chosen (50 h) is significant on the lab scale,
and it is the average duration of most of the stability tests reported in the open
literature.

Furthermore, in this particular system, the deactivation might be due to
sulfides formation because of H,S or sulfates formation because of the
simultaneous presence of H,S and an oxidant agent, as CO; could be. Both
processes are remarkably fast, occurring in the first 2-3 hours of reaction, as
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can be observed from the stability studies from literature reported in Fig. VI-7.
Hence, it is reasonable to presume that if no reduction in COS conversion was
detected during the first 50 hours of evaluation, it is unlikely that the catalyst
will undergo deactivation for longer time-on-stream tests.
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Fig. VI-8: Stability test over pellet catalyst. Operating conditions: COS 500
ppm, H20 5 vol.%, CO: 20 vol.%, H2 36 vol.%, H2S 100 ppm, N2 bal. T =60 °C,
tc=15s.
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At the end of the long-term stability test, the catalyst was characterized
with N, adsorption isotherms, XRD and Raman spectroscopy, and compared
to the results obtained in section V.1.1.

As result, the spent sample SSA was equal to 200 m?/g, thus no significant
changes in the porous structure were provoked by the prolonged activity.

From the XRD analysis reported in Fig. VI-9 it is possible to observe that
apparently also the chemical composition of the sample was kept unvaried.
Nevertheless, the XRD allowed only the observation of Al,O3; characteristic
peak, and therefore no conclusion can be drawn so far.

Hence, an additional characterization has been performed through Raman
analysis, to observe possible sulfur compounds formation. Since it is well
known that sulfides and sulfates have a Raman response at low Raman shift,
the analysis was conducted in the range 200-700 cm™.

Indeed, two peaks arose in the spent spectrum which were not observed in
the fresh catalyst, at approximately 220 and 470 cm™. These can be addressed
to the deposition of elemental sulfur in the form a-Sg (Remazeilles et al.,
2011). Despite the sulfur deposition, this result is not discouraging. Indeed, it
means that the potassium carbonate seems to be not attacked by the sulfur
compounds present in the reacting atmosphere, and that the elemental sulfur
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which is deposited on the sample does not cover the active sites (the activity
is unvaried) nor has a deleterious effect on the catalyst porosity.

The presence of elemental sulfur onto the catalyst was also demonstrated
via SEM-EDX analysis of spent K/AI3. The mapping is given in Fig. VI-11.

Fresh K/AI3
—— Spent K/AI3

Intensity (a.u.)

20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°)

Fig. VI-9: XRD spectra of the fresh and spent K/AI3
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Fig. VI-10: Raman spectra of the fresh and spent K/AI3 in the range 200-
700 cm?

72



Catalyst Optimization

Fresh K/AlI3 Spent K/AlI3

Al Kal Al Kal

mm ! Tmm

O Kal O Kal

K Kol K Ka1

S Kal

r

1mm

Fig. VI-11: SEM-EDX analysis on fresh and spent K/AI3
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Chapter VII.
Liquid-phase hydrolysis and
open-architecture system

VII.1 The concept

In the first part of this PhD project, it was selected a catalyst able to satisfy
the requirements of the thesis objectives: it is characterized by an affordable
and easily providable formulation, demonstrating a remarkable low-
temperature activation. Indeed, it was tested in different operating conditions,
and in any of them, it was possible to find a noteworthy catalytic activity
below 80 °C.

Therefore, this achievement highlighted the potential of coupling the
hydrolysis unit with the absorber in a “closed box” configuration in which
both reactors operate at the same temperature. It is worth reminding that, to
the best of our knowledge, at this stage of research there are no feasibility
studies available on this topic.

The aimed configuration is given in Fig. VII-1.

COS rich

stream
COS lean

LTH Amines stream

Fig. VII-1: Aimed open architecture configuration scheme
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VI1.2 Liquid phase hydrolysis: absorption in amine solutions

The liquid-phase hydrolysis tests were conducted following the
methodology explained in section 1V.2.2.

Because of the poor suitability of primary amines in this kind of process,
secondary and tertiary amines only were considered for performing COS
absorption. In particular, DEA was chosen at first, for its remarkable COS
absorption ability reported in literature.

The dependency of the removal efficiency on the operating parameters was
investigated by varying the temperature, the contact time and the
concentrations of COS and DEA. The influence of temperature and contact
time was investigated with a feed stream of 500 ppm of COS in N, and an
aqueous solution with 40 wt.% of DEA. The outcomes are reported in Fig.
VII-2. As awaited, an increment in temperature or contact time allowed to
enhance the COS removal, as both are beneficial to the reaction kinetics.
Nevertheless, there is a limit in temperature concerning the vaporization of the
solution, depending on the employed amine; furthermore, also too high
contact time would not have a satisfactory match with the industrial needs.
For this reason, the temperature was not increased above 60 °C and the contact
time was kept below 36 s. Furthermore, it is possible to observe that, when the
absorption temperature is kept at 30 °C, the COS removal efficiency is
constant during the whole test. This could be addressed to a faster deactivation
of the absorbing solution at high temperatures, since the condition promotes a
higher removal efficiency. The COS removal reached a plateau after almost 2
h test, and the removal efficiency is only slightly higher than the one reported
for the test at 30 °C.
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Fig. VII-2: COS removal efficiency in different conditions of contact time
and temperature. Feed: 500 ppm of COS in N3; solution: 40 wt.% DEA in H20.

The influence of DEA concentration was evaluated by setting the
temperature at 60 °C and the contact time at 18 s. It was observed that an
increase in DEA concentration slightly improved the COS removal (Fig.
VII-3). This is according to kinetic studies reported in literature, which
individuated a fractional reaction order n (1 < n < 2) in DEA. In particular,
considering the works of Littel et al., at low DEA concentration the reaction
kinetic was reported to be first order in DEA while, at increasing DEA
concentration, the system showed a change in the reaction order, and the best
representation of the experimental data was obtained with a second order in
DEA (R. J. Littel et al., 1992). This is according to several other literature
works (Amararene and Bouallou, 2004; Hinderaker and Sandall, 2000).
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Fig. VI1-3: COS removal efficiency in aqueous solution with different DEA
concentrations. Feed stream: 500 ppm of COS in N2; T =60°C; tc = 18s.

The influence of COS concentration was investigated at 30 °C and with a
contact time of 36 s; the outcomes are reported in Fig. V1I-4. As it can be seen,
no significant differences can be detected in removal efficiency at three
different COS concentrations. This finds a perfect agreement with literature,
where the reaction order in COS was always reported to be 1 (Hinderaker and
Sandall, 2000; Lee et al., 2001; R. J. Littel et al., 1992; Sharma, 1965; Vaidya
and Kenig, 2009). This result is particularly relevant. Indeed, in the
perspective of having the absorption unit downstream to the hydrolysis
section, COS concentration may vary significantly depending on the catalyst
employed for the hydrolysis and on the operating conditions. These results
ensure that the amine solution should provide a considerable COS abatement
even when a very low concentration is present in the feed stream, thus always
providing a further removal compared to the stand-alone hydrolysis unit.
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Fig. VII-4: COS removal efficiency in agueous solution with different COS
concentrations. Aqueous solution with DEA 40 wt.%; T = 30°C; tc = 36 s.

VI1.3 Hydrolysis + absorption: open-architecture layout

Through the screening of the catalysts, the formulation K/Al was found to
be the best-performing catalyst. In addition, it was also observed that, because
of the internal diffusion phenomena which take place in this system, the
smallest the pellets the highest the COS conversion. To keep open different
possibilities regarding the pellets dimension and shape, both the catalysts
K/AI5 and K/AI3 were selected for this investigation.

The operating conditions for the experimental evaluation of the open-
architecture layout were chosen as the best compromise between the single
units. Therefore, they were set to have both the units working at the same
temperature, thus without implementing a further heating/cooling step, and
with the same gas flowrate. COS hydrolysis was then operated at 60 °C and 3
s, with a feed stream having composition: COS 500 ppm, H20 10 vol.%, N>
bal. COS absorption was performed at 60 °C and 18 s.

The results of the complete system were evaluated through COS
conversion in the hydrolysis reactor and the removal efficiency of COS and
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H.S in the absorption unit. From Fig. VII-5 it is possible to observe that the
overall COS removal from the feed stream is clearly enhanced in the two-step
system with respect to the stand-alone hydrolysis unit, due to the previously
discussed ability of the DEA aqueous solution in sequestrating COS.
Furthermore, the presence of the amine absorption step allowed to seize a
fraction of about 50% of the produced H:S. It has to be considered that COS
hydrolysis accounts for the sulfide conversion, and however another sulfur
compound is produced, which has to be separate from the product stream in
any case. Coupling the hydrolysis with the absorption step allows achieving a
theoretical 100% removal of any sulfide. In our system, around 37% of total
sulfur removal from the feed stream was realized for both catalysts, which is
a remarkable achievement. Hence, the feasibility of coupling COS hydrolysis
unit with an absorber in an open-architecture configuration has been
demonstrated by this study, with particularly promising results in terms of
sulfur compounds removal.
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Fig. VII-5: Performances of the in-series system of COS catalytic hydrolysis
and absorption with amine solutions.

Analyzing the present results in terms of equivalent SO, the system
allowed to convert a feed stream containing 500 ppm of COS in a product
stream containing around 200 ppm of COS and 130 ppm of H,S, with an
overall reduction of equivalent SO; at the end of the process chain. This result
is particularly promising, considering the target limits in sulfur emissions.
Indeed, D.Lgs. n. 183 (15" November 2017) fixed a threshold of 35-400
mg/Nm? of equivalent SO, that are allowed to be emitted into the atmosphere,
depending on the application. This system allowed to reduce the equivalent
SO, from over 700 mg/Nm? in the feed stream to 450 mg/Nm?3, thus our result
is approaching the upper limit of the government ordinance and can go
beyond, by optimizing operating conditions and plant configuration.
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VIl.4 Absorption with a customized amine solution

Once stated the functionality of the open-architecture process, several
other considerations have been made. The principal aim of this project was to
evaluate the possibility of including the hydrolysis step in a pre-existing
sweetening process. At this point of the activity, the feasibility and the
potential advantages of this application have been corroborated.

Nevertheless, the actual industrial configuration has not been taken into
account yet. The existing technology should be altered as less as possible;
furthermore, the H>S removal efficiency of the process must be kept unvaried.
As observed through the results of simultaneous absorption of COS and H.S
in DEA solution, this kind of absorber is not able to completely remove
hydrogen sulfide from the gaseous stream; instead, the removal efficiency is
approximately 50%. Therefore, absorption of COS with DEA solutions cannot
be performed in existing sweetening systems, as the H,S removal efficiency
is insufficient.

To solve this limitation, the KT proprietary sweetening technology utilizes
a customized product constituted of a mixture of MDEA and additives which
enhance the selectivity of the tertiary amine toward H.S. This absorbent, from
now on addressed as cMDEA, was directly supplied by the company KT, and
employed for further experimental evaluations.

Despite several changes in the operating conditions in terms of absorbent
solution temperature, contact time and gas linear velocity, it was not possible
to find a set of operating conditions able to ensure a significant COS removal.
The maximum value achieved was 4.7% of COS removed in a condition of
high temperature and contact time (60 °C and 36 s).

This result, anyway, is justified by the operating conditions of the
laboratory scale process, which result remarkably different from the ones
adopted on the large scale. In the experimental setup employed for these tests,
the contact time ensured for the absorption (18-36 s) was considerable, if
compared to the industrial condition of ~25 s. Nevertheless, this time is a
combination of the gas flow rate and the available solution volume, which are
both a function of the geometry of the system. The saturator-like reactor
allowed to use a solution volume of maximum 80 cm?, and this forced the gas
flow rate to be in the range 100-200 Ncm?® mint, Therefore, the average gas
linear velocity reached in the annulus section of the reactor is between 0.25-
0.5 cm/s. This velocity value is outstandingly lower than the one realized in
an industrial absorber. Thanks to the high flow rates due to the large volume
of gas processed and to the presence of packing within the column, the gas
linear velocity reached is around 15 cm/s.

The absorption is a physical event that is strictly dependent on the transport
phenomena within a system. The transferring of a species (here, COS) from

81



Chapter VII

one phase to another is not only related to the difference in concentration, but
it is also driven by the phase equilibrium and by the availability of the species
at the physical interphase. In particular, the COS concentration at the gas-side
interphase is determined by the ability of COS to diffuse within the gas bulk,
and it is quantified by the coefficient K¢ (diffusion coefficient in the gas side).
Inturn, Kg is related to the fluid dynamic of the system and, in particular, it is
a function of the gas linear velocity. Therefore, a low gas velocity determines
a low Kg, and a low Kg value implies an insufficient amount of COS at the
interphase: despite the concentration gradient is maximum, no COS is able to
change phase.

This is likely what happened in the saturator-like reactor, which gave no
COS absorption. Hence, to keep the possibility of system integration and to
employ in the system the selective H,S absorber cMDEA, a modification of
the reaction geometry and thus fluid dynamic is mandatory.

VIL5 Preliminary evaluation with packed column

Considering the scarce results obtained with this configuration and the
cMDEA solution employed, it was necessary to prove the hypothesis of high
resistance to mass transport, before any optimization of the reactor geometry.
To this aim, the saturator-like reactor was filled with glass spheres in order to
enhance the turbulence within the system, increasing the local gas velocity
and therefore the gas-side diffusion of COS into the bulk. As reported in Fig.
VII-6, an increase in COS removal efficiency up to 17% was observed,
highlighting the importance of optimal fluid dynamic conditions and the
presence of packing material.

Then, the glass spheres were substituted with the alumina spheres Al3, to
evaluate the possibility of a minimum simultaneous catalytic effect offered by
the packing. The spheres were observed to soak within the solution, reducing
the apparent volume. The performances were found to be worse than the ones
obtained with glass spheres, probably because of the observed phenomenon.
Indeed, the volume of amine solution that fills the pores of alumina spheres is
not easily available from the gas bubbles, hence the system behaves like it had
a lower sorbent volume. To confirm the hypothesis, an additional test was
performed using the same AI3 packing but performing a calcination step at
940 °C to reduce the pore volume of the alumina (the sample was labeled as
C940). As it can be observed, in this case the COS removal efficiency was as
high as the one obtained with glass spheres. Therefore, no catalytic activity
offered by alumina was registered in this condition in agueous solution.

It can be concluded that:

e The coupling of hydrolysis and absorption with amine solutions is
promising, as it allows to enhance sulfur removal in terms of
equivalent SO,
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To work with sorbents which can ensure an almost total H.S
removal, the fluid dynamic conditions need to be optimized

The packing can be substituted with a catalyst, even though the
alumina spheres were found to be not suitable to this aim. Further
investigations are needed, to evaluate the possibility of finding a
catalyst which can ensure a noteworthy activity in COS removal,
enhancing the process.

no packing glass spheres Al3 Al3_C940

Fig. VII-6: COS absorption in cMDEA in a packed column
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Chapter VIII.
Process Intensification

Methods for the process intensification of COS hydrolysis have been
investigated in the last part of this Ph.D. project, and they are the core of this
research.

As reported, process intensification is “a strategy to reduce dramatically
(>100X) the size of a chemical plant, while keeping a target production
objective by either shrinking the size or reducing the number of unit
operations.” (Boffito and Van Gerven, 2019). Following this definition, and
considering the COSWEET™ technology as a starting point, to further
simplify the chemical plant it is possible to act following three pathways:

1. Reducing the activation temperature of the catalyst up to the
operating temperature of the absorber, to avoid the use of heat
exchanger

2. Find a catalyst able to ensure a neglectable pressure drop, to avoid
the compression stage

3. Integrate the hydrolysis step within the absorber, to eliminate the
presence of a dedicated unit for the reaction.

The step 1 of the process intensification can be considered halfway. Indeed,
the catalyst optimized during the study of the gas phase hydrolysis was the
better formulation matching all the requirements for industrial applicability
and ensuring noteworthily high COS conversion values at a relatively low
temperature. This also allowed the coupling of this stage to the absorption unit
without any heat exchanger in between, which is already a step further the
present technology. Nevertheless, as demonstrated by the analysis of the mass
transport limitations, the COS catalytic conversion is limited by the internal
diffusion; on the other hand, the reduction in the size of the pellets is not a
feasible solution, since it would further increase the pressure drop and
therefore the operating pressure required.

The reduction of the pressure drop can be performed by substituting the
conventional pellets catalysts with structured catalysts. In addition, the
conventional functionalization of 3D structures for their application in
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catalysis is realized through the deposition of a micrometric layer of a
washcoat, which act as catalytic support for a proper active species, if any.
This micrometric layer is particularly promising: it would be like reducing the
pellet dimension to microns, thus enormously enhancing the mass transport
velocity of COS from the gas bulk to the catalyst surface. Nevertheless,
structured catalysts have never been applied to the COS hydrolysis process.
Hence, this study would allow the accomplishment of pathways 1 and 2,
completing the catalytic aspect of this process intensification, but it is a leap
of faith.

For what concerns the integration of the hydrolysis and absorption units, it
is possible to address this study as the technological part of the process
intensification. It also is the most interesting and promising outcome of this
work.

VIII.1 Structured catalysts

Prior to any catalytic investigation, it was necessary to identify the most
suitable carrier to be applied in COS hydrolysis. To this aim, several carriers,
different in constructing material and shape, have been evaluated and the most
appropriate was selected based on the amount of washcoat that could be
deposited, its adherence, and the easiness of the preparation. Once selected the
carrier, the performance of the final catalyst in COS hydrolysis were
investigated in different operating conditions.

VIILL1.1 Screening of the carriers

For the individuation of the most suitable carrier to be employed for the
preparation of the structured catalyst, the following samples were
investigated:

e Cordierite flow-through monolith
Steel wire mesh
OB-SiC open cells foam (10 ppi)
Aluminum open cells foam (40 ppi)
Ni-Fe open cells foam (20 ppi)

These samples were selected among the most employed structured
catalysts. Nevertheless, it is worth highlighting that, prior to each
investigation, the foam structures are the most promising to be applied to this
catalytic system. Indeed, as was demonstrated in the previous section, COS
hydrolysis is a process that suffers of high internal diffusion resistance. On the
other hand, no external diffusion resistance was observed experimentally in
this work, but it might be due to the limitations in sensibly modifying the
operating parameters. The phenomenon is likely to occur when remarkably
different fluid dynamic conditions are applied. Hence, the presence of a

86



Process Intensification

catalyst whose structure is able to enhance the mass transport phenomena due
to the random geometry which increase the turbulence is particularly
encouraging.

All the selected structured carriers were treated before washcoat
deposition. The conventional procedure for the ceramic material (i.e.
Cordierite monolith and OB-SiC foam) and for the Al foam involves a
calcination step prior to the first deposition step. Such pre-treatment was
applied also to the steel mesh and to the Ni-Fe foam. Nevertheless, as the latter
were new materials and no literature studies were available regarding their use
as carrier in catalysis, other pre-treatments were evaluated.

Steel wire mesh were treated in five different ways, as listed. After washing
with acid/basic solution the samples were dried overnight at room
temperature, prior to the washcoat deposition.

A) Thermal treatment: calcination at 450°C
B) Acid treatment: HCI (20%) + H3PO4 (1%) solution, 2 h
C) Acid treatment: HF (60%) solution, 2 h
D) Basic treatment: KOH (20%) solution, 2 h at 130°C
E) Acid treatment followed by basic treatment:
o HCI (20%) + H3PO4 (1%) solution, 30 min
o KOH (20%) solution, 2 h at 130°C

Such treatments were chosen to partially erode the surface, leading to two
possible effects: on a hand, the increase in roughness of the surface could offer
a higher grip of the washcoat; on the other hand, the exposure of a more
reactive internal layer could offer the possibility of a more stable chemical
bond between the wire mesh and the washcoat itself. Each performed
treatment determined the modification of the surface of the wire mesh, as
verified through the SEM images reported in Fig. VIII-1. Briefly, one can
conclude that acid treatment with HF and basic treatment with KOH
determined the stronger corrosion of the surface, while intermediate erosion
was achieved through mild acid treatment and the two-step treatment. Only a
slight modification of the surface was determined by the calcination of the
wire mesh.
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ig. VIII-1: SEM images of the treated steel wire mesh

The effectiveness of this pre-treatment on the adhesion was evaluated
directly by considering the washcoat loading obtained with a single-step
deposition. To this aim, the conventional sequence of washcoat deposition (as
described in section 2.3.2) was employed for all the selected structures. The
results of this analysis are reported in Fig. VI1I-2. As outcome, in general acid
treatments worked better than basic treatments, with the mild acid washing
(HCI + H3PO4 solution) offering the highest washcoat loading and, indeed, the
highest adhesion. The untreated wire mesh (not shown) performed similarly
to the thermally treated sample, showing a poor washcoat adhesion.
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Fig. VIII-2: Washcoat loading obtained through a single impregnation step
of pre-treated steel wire mesh

For what concerns the Ni-Fe foams, as suggested by the provider, only the
thermal treatment was evaluated, in order to avoid possible damage to the
alloy. The calcination of the foam led to the formation of metallic oxides onto
the surface, clearly distinguishable through the color of the foam (Fig. VI11-3).
Despite that, the single-step washcoat deposition gave almost the same result
in terms of loading (around 7 wt.%), leading to the conclusion that either the
untreated or the calcined foam can be used for the catalyst preparation.

g VI11-3: Untreated and calcined Ni-Fe foam

Therefore, an acid-washed steel wire mesh (treatment B) together with
calcined samples of cordierite monolith, OB-SiC foam, Al foam and Ni-Fe
foam were employed for washcoat deposition. The suitability of such carriers
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was evaluated by considering the maximum washcoat loading achieved and
the number of impregnation steps required. The impregnation step is
considered complete after the calcination of the sample. To understand the
purposes of this analysis, it has to be taken in consideration that the target
washcoat loading is higher than the commonly reported in literature, in which
loads of 15-25 wt.% were applied (Frey et al., 2015; Montebelli et al., 2014;
Palma et al., 2020, 2016).

The outcomes are displayed in Fig. VI1I-4.

As it can be easily observed, the foam structures allowed depositing the
higher washcoat mass, and among them, the Ni-Fe foam reached the 28 wt.%
loading. This result might be ascribed to both the material and the porosity of
the foam. Indeed, the dimension of the cells can help in holding the washcoat
anchored to the structure, and this finds agreement with the fact that the OB-
SiC foam, which has the bigger pores, required the highest number of
impregnation cycles to reach the same washcoat amount deposited on Al and
Ni-Fe foams. On the other hand, too small pores could make more complex
the introduction of the washcoat within the foam. Therefore, it is reasonable
that the Ni-Fe foam, which has an intermediate pore average diameter,
displayed the best results in terms of washcoat loading and number of
deposition cycles.
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Fig. VIII-4: Washcoat loading of different structured carriers. Loading is
intended as percentage of the ratio washcoat-to-carrier mass

Nevertheless, the achieved results were still to be improved. The mass of
washcoat per unit of volume reached through this impregnation sequence was
too low compared to the pellets density, suggesting that the use of structured
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catalysts would remarkably increase the catalytic volume needed for the
reaction. To the aim of increasing the washcoat loading and, at the same time,
performing the deposition through the lowest number of impregnation cycles,
a new procedure has been optimized according to Fig. 1\V-4. Following the
customized procedure, the results in terms of washcoat loading and number of
cycles were outstanding: the weight of the washcoated structure was increased
from 40 up to 105 wt.%, leading to a maximum washcoat loading of 54 wt.%,
and the impregnation steps number was decreased to 3, according to Fig.
VIII-5.
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Fig. VI11-5: Washcoat loading as function of cycle number in Ni-Fe foams in
case of conventional (black) and optimized (red) procedure

Based on the above, the screening of five different possible carriers pointed
out that the Ni-Fe foams are the most suitable to be applied in the preparation
of structured catalysts with a 54 wt.% of washcoat loading, therefore they have
been employed for the catalytic tests.

VIIL1.2 Activity tests

A preliminary investigation on the employment of a structured catalyst for
COS hydrolysis has been carried out on the catalyst NiFe_W450 prepared
following the developed procedure. The results, evaluated in terms of COS
conversion, were compared to the ones obtained with the sample AlI3. To set
an adequate operating condition for the first test of structured catalyst in COS
hydrolysis, it was considered the different geometry of this sample compared
to pellets. Indeed, the foam structure has more than 90% of the apparent
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volume constituted by voids; therefore, the actual catalytic volume is far from
the apparent one.

To ensure a correct comparability of the performances obtained on
NiFe_450 with the sample Al3, a weight-basis evaluation of the space velocity
was considered. The structured sample was loaded with 4 g of alumina
washcoat. Hence, the same weight of AI3 was employed in the catalytic
activity tests. For both samples, the total flowrate fed to the system was 400
Ncc min, ensuring a weight-basis gas hourly space velocity (WGHSV) of 6
NL(hg)™. The tests were performed at 60°C and 1 atm, with a feed mixture
composed of COS 500 ppm, H,O 10 vol.%, N; bal.

The first, outstanding result is that the sample NiFe_W450 demonstrated
to be able of converting COS, confirming the possibility of employing
structured catalysts in this process. Furthermore, comparing the observed
activity to the COS conversion of the sample Al3 as reported in Fig. VII1I-6,
NiFe_W450 showed a remarkably higher COS conversion, compared to the
pellets.

This result upholds one of the initial hypotheses of lower internal diffusion
resistance in structured catalysts: the development of a thin layer of alumina
on the foam structure allowed the minimization of such resistance, increasing
the reaction rate and thus allowing obtaining higher conversions.
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Fig. VII1-6: Comparison of activity for pellets and foam. Operating
conditions: COS 500 ppm, H20 10 vol.%, Nz bal. 60°C, 1 atm, cat. mass =4 g

This preliminary evaluation paved the way to further investigation on
structured catalyst application to COS hydrolysis.

To the aim of performing a comprehensive study of the activity of these
catalysts, new structured samples were prepared based on NiFe W450. In
particular, new samples were shaped with a central hole to locate the
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thermocouple sheat in order to monitor the temperature alongside the whole
catalytic bed, and the foams were loaded with washcoat up to the loading of
50 wt.%, as it was for the sample NiFe_W450. Then, the calcined foams were
impregnated with a KOH solution, calcined and activated in CO; as described
in section 1V.4.2.The final samples are structured catalyst with an alumina
washcoat doped with K,CQs, displayed in Fig. VIII-7 (a) and (b), and labeled
from now on as NiFe_ KWC.

Two foams, each 50 mm long, were wrapped into a quartz wool mat to
avoid bypass phenomena between the foams and the reactor wall, and then
located into the reactor up to the final loading of about 10 g (washcoat +
K>CO3), as displayed in Fig. VIII-7 (c).

Side view
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_ l _

“—quartz wool

TC sheat
I foam #1 (4.522 g)

4T foam #2 (4.7 @)

¢Gas ouT

Fig. VI11-7: (a) and (b) views of the final structured catalyst; (c) scheme of
the reactor loading.

The performances of the structured catalysts were evaluated through a
screening at different operating temperatures and contact times. The
temperatures were varied in the range 40-90 °C, considering 40 °C as the
minimum temperature at which the condensation of water is avoided, and 90
°C as the maximum process temperature, recalling the target of performing
COS hydrolysis below 100 °C.

The whole temperature span was investigated in three contact time
conditions — 1 s, 2 s, and 4 s — which corresponded to a wGHSV of 3.2, 6.4
and 10.8 NL(hg)™ respectively. Since the refinery tail gas streams are often
processed in cooling towers, the typical water content is around 5 vol.%.
Therefore, the experimental evaluations were conducted in presence of a feed
composed of COS and a large excess of water (H.O:COS=100:1, with 500
ppm COS). The outcomes are displayed in Fig. VIII-8.
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For this system, the variation of the operating temperature within a span of
almost 50 °C allowed to cover the whole activity range of the catalyst, as COS
conversion varied from less than 10% up to 100%. This result is an
outstanding achievement, since even at the less favorable contact time
conditions the structured catalyst was able to achieve a total conversion below
100 °C, in perfect agreement with our target.

Furthermore, as expected, the decrease in contact time implied a drop in
the catalytic activity resulting in the X-vs-T curves shifted to higher
temperature. Despite the difference in operating conditions and kind of
catalyst, this result is strongly coherent with previous literature findings, in
which is clearly reported the remarkable kinetic limitations suffered by this
system due to the low temperatures.
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Fig. VI11-8: Experimental data of COS conversion for the whole set of
operating conditions. (COS =500 ppm, H20 =5 vol.%, N: bal.)
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VIILL1.3 Influence of the components over the reaction

To the aim of applying this catalyst in an industrial plant, several other
considerations are mandatory. To the best of our knowledge, the influence of
a more complex composition of the feed stream on the performances of COS
hydrolysis has not been reported so far. Poor attention has been paid to the
presence of high concentrations of CO; in the feed stream, even though it is a
product of most of the industrial processes, both in the sector of chemicals
production and power generation. At the same time, the amount of water fed
to the system is usually regulated by cooling towers, and therefore it depends
on the plant location and atmospheric conditions and can suffer a certain
variability.

For this reason, the effect on the activity of the concentration of CO; and
water was lately evaluated, and the outcomes are reported in Fig. VIII-9 (a)
and (b) respectively. Both water and CO. had a detrimental effect on the
catalytic activity, but the decrease of COS conversion followed two
remarkably different trends. In particular, the effect of water concentration
was milder than the one of CO,, with a gradual decrease in COS conversion
in presence of H;O, in opposition to the strong drop detected in presence of
COa.

To understand the different dependencies of COS conversion on water and
carbon dioxide concentration, it was necessary to consider the thermodynamic
equilibrium of such a complex mixture, reported in Fig. VI11-10. Since a high-
water contents theoretically promote the reaction, it was possible to exclude
the effect of thermodynamic limitations on the reaction. On the other hand,
CO; slightly impacts on the COS thermodynamic conversion, but the
equilibrium value is above 99.98% at 393 K and 20 vol.% of COg, therefore
the equilibrium limitation did not apply to the experimental results. Hence, the
decrease in COS conversion could only be ascribed to adsorption phenomena,
in which the behavior of COS, H,O and CO; is competitive and, in particular,
COS has the lowest affinity to the active sites.

Based on the discussed results, the different trends in COS conversion
reduction observed in presence of either water or carbon dioxide could only
be attributed to the dissimilar interactions with the catalyst surface, i.e. COS,
water and carbon dioxide have different adsorption behavior. However, this
aspect will be further evaluated through the mathematical modeling of the
system.
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VIIl.1.4 Evaluation of the stability

Stability is a key issue in the development of a catalyst for processes
involving sulfur compounds. Despite the K-doped formulation was already
observed to be stable for a considerable amount of time (50 h, as shown in
Fig. VI-8), the result achieved on the pellet catalysts could not be reproducible
on the structured sample. Therefore, the foams were tested in a time-on-stream
experiment at a contact time of 2 s and a temperature of about 60 °C.
Temperature and COS conversion were monitored for 170 h. In addition, to
further stress the catalyst, more than 100 hours of stability test were conducted
in presence of a stream containing 20 vol.% of CO,. Indeed, it has been
reported that deactivation can be caused by two different mechanisms: (i)
sulfidation of the catalyst caused by H,S (Huang et al., 2005) and (ii)
formation of sulfur oxidized species on the catalyst surface, which are able to
deactivate the catalysts (Li et al., 2017). According to the second mechanism,
the presence of oxidizing species such as CO. could determine the
deactivation.

The results of the study are reported in Fig. VI1I-11. As it can be observed,
there is a slight decrease in COS conversion in the first 24 hours of test, which
however corresponds to the slight decrease in temperature. As it was observed
through the screening of the catalytic activity, the system has a high
dependency on the operating temperature, and in particular between 50 and
60 °C a small temperature variation induces a sensible variation in the COS
conversion. When CO; was added to the feed stream the conversion dropped,
as expected, but it remained constant for almost 120 h. To evaluate any
possible deactivation effect, CO, was removed from the feed stream and the
initial conditions were restored. COS conversion was found to be slightly
lower, but again its variation is coherent with the variation in temperature.

To further corroborate that the variation in COS conversion is only
ascribable to temperature and not to deactivation phenomena, the initial and
final conversion values and temperatures were overlapped to the first
screening of the catalyst activity. In Fig. VIII-12, the red dots represent the
initial and final COS conversion of the stability test. They are perfectly
coherent with the shape of the conversion curve, corroborating the absence of
deactivation of the catalyst within 170 h of time-on-stream test.
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and final activity of the catalyst measured during the stability test
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VIIL15 Characterization of the spent catalyst

Since during the tests performed on structured catalysts no deactivation
was observed, neither during the activity test nor at the end of the stability test,
the foams were occasionally analyzed to evaluate the surface modification.
The characterization chosen to this aim was the Raman analysis, since the
sulfur compounds are easily detectable under visible-light radiation.

The foams were analyzed in different conditions (fresh, spent, spent and
calcined) and in different axial positions, according to Table VI1I-1.

Table VIII-1: Resume of the labels for the samples characterized with
Raman analysis

Distance from inlet section

Label Sample condition Foam (cm)

A Fresh 1-2 1-4-7-9 (overlapped)
B1 Spent 1 1 — 4 (overlapped)

B2 Spent 2 7 -9 (overlapped)

C1 Spent + calcined 1 1 — 4 (overlapped)

c2 Spent + calcined 2 7 -9 (overlapped)

D1 Spent 1 1

D2 Spent 1 3

D3 Spent 1 5

D4 Spent 2 7

D5 Spent 2 9

E Spent 1-2 1-4-7-9 (overlapped)

Samples B and C were obtained at the end of the activity tests. After the
characterization of sample B, due to the observed spectra, the foams were
calcined obtaining the sample C. The results are displayed in Fig. VIII-13. As
can be observed from the comparison of the fresh sample A and the spent
sample B, there is a complete disappearance of the peak corresponding to the
potassium carbonate at 1063 cm™. Meanwhile, a peak at 1097 cm™ arose,
which can be attributed to the formation of KAI(OH),CO;3 in the humid
atmosphere (Wang et al., 2001). Indeed, once calcined in air (and
consequently in presence of atmospheric COy), the peaks of K,COs at 1063
and 1026 cm™ reappeared, even though it was still existent the signal of the
presence of KAI(OH),COs. In addition, a peak at 450 cm™ was detected on
samples B which disappeared after calcination. This signal could be attributed
to K;SO. (Qiu et al., 2019), which formation could be due to the large
presence of CO; in some tests. Indeed, it has been reported that the presence
of an oxidant in the reaction system induces the formation of metal sulfates,
which usually are responsible for the deactivation of the catalyst (Li et al.,
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2017). However, no other signals related to K>SO are clearly distinguishable,
and the activity was not observed to decay.
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Fig. VII1-13: Raman spectra of NiFe_ KWC foams at the end of the activity
tests
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Fig. VI11-14: Raman spectra of NiFe_ KWC foams at the end of the stability
tests

101



Chapter VIII

The samples D (Fig. VI1I1-14) were obtained at the end of the stability test
and of the overall experimental campaign, which lasted approximately six
months. Also in this case, no deactivation was observed based on the
performances of the catalyst. However, looking at the spectra obtained in
different points of the samples, several observations can be made. Firstly,
there is an evolution in the peaks, moving from the inlet to the outlet section
of the catalytic bed. The peak ascribable to the presence of KAI(OH).CO:s is
visible in correspondence of the inlet and the outlet section, but it is
particularly sharp in positions that correspond to the middle part of the
catalytic bed (spectra of the position D3 and D4). In position D2, there are two
small peaks at 450 and 980 cm™* which become more evident in positions D3
and D4, and can be attributed without a doubt to the presence of K,SO. over
the surface. In addition, in positions D2 and D3, but more clearly in position
D4, there is a peak at 280 cm™ that can be related to the presence of sulfides
on the surface, and in particular to the presence of K.S.

Hence, it is possible to conclude that the presence of H,S produced by the
reaction and the co-existence of a large amount of CO; imply the formation of
potassium sulfides and sulfates over the catalyst. However, this did not have
an impact on the catalytic activity, which remained unvaried all over the tests
period.

To further stress the catalyst, it was left in a more concentrated hydrolysis
stream (1 vol.% COS) for 24 h. At the end of the test, the initial activity
dropped remarkably (COS conversion around 10%), and the foams showed a
distinguish layer of sulfur deposited onto the surface. The results of the
analysis are in line with the previous observation on spent catalysts and with
the visible sulfur deposition. In addition, a peak ascribable to a.-Ss appeared
in the spent spectrum at 155, 223 and 474 cm™ (Fig. V111-15), coherently
with the macroscopic sulfur observation (Fig. V1I1-16). The resume of the
peaks attribution in this section is given in Table VII1I-2.
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Table VIII-2: Raman peaks attribution for the spectra in this work

Peak position (cm™) Attribution Ref.
155 o-Sg (Remazeilles et al., 2011)*
206 FeS !
220 0-Sg !
222 R-NiS (Bishop et al., 1998)?
280 KaS/FeS !
350 B-NiS 2
450 K2S04 (Qiu et al., 2019)*
474 o-Sg !
621 K2S04 8
980 K2S04 8
1063 K2CO; (Wang et al., 2001)*
1097 KAI(OH),CO; 4
1147 K>S0, 8
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VI11.2 Hydrolysis and absorption integration
VIill.2.1 The idea

As discussed, the integration of two or more process units is one of the
main tools of process intensification. In the case of COS abatement, the idea
at the basis of the integration of the hydrolysis and absorption units can be
explained as follows.

As proven in the first part of this PhD thesis, it is possible to find a
condition in which the hydrolysis and the absorption can work at the same
operating conditions. This is already a solution to lower the overall equipment
and processing costs. Once achieved the temperature coupling, the process
could be further intensified. The industrial columns are equipped with packing
materials, to enhance the mass transfer between phases. In the hypothesis of
substituting this packing material with a catalyst, different interphase surfaces
can be created:

e A solid/gas/liquid (S/G/L) interphase is created. A fraction of the
overall COS entering the system is converted over the catalyst via the
heterogeneous gas-phase reaction at the interphase S/G, while another
aliquot is absorbed at the interphase G/L (Scheme A in Fig. VI11-17).
In this case, the COS concentration at the solid surface is at its
maximum (only depends on the diffusion phenomena of COS in the
gas bulk) and the reaction can be performed at its maximum extent. In
addition, the gas phase hydrolysis over the catalyst could be further
enhanced by the continuous absorption of H2S by the amine solution.

e A solid/liquid/gas (S/L/G) interphase is created. COS has to be
absorbed in the liquid phase at the interphase G/L, and then transferred
at the L/S interphase where it can react (Scheme B in Fig. VI11-17). In
this second case, the resistance to mass transfer is due to the
concentration gradient in the gas and liquid film, and also to the
limitation of the gas/liquid equilibrium regulated by the Henry’s low.
Hence, the COS concentration at the solid surface is inevitably lower
than case A, then a lower COS conversion is expectable.

105



Chapter VIII

GAS FILM GASFILM | 1quID FILM
R | | g I
| GAS BULK | I
| | |
[ [ [
I COS° conc. I I
E COS conc. |
COS conc. ] : : , lig.-side :
at the solid surface i | | |
| | |
| | |
| | |
| | |
[ [ [
| | |
[ [ [
SOLID | | | LIQUID BULK
| | |
| | |
| | |
| | [
: : | COS conc.(t)
| | |
@ | | |
| | |
| | |
1 1 1
’)JQUID FILM GAS FILM
K I
|
[
J_ COS° conc.
|
[ |
COS conc.| GAS BULK
gas-side |
»
SOLID COS conc. :
lig.-side :
‘ [
cos conc. || A I
at the solid surface ! :
| |
| |
[ [
| LIQUID BULK :
| |
| |
| |
1 1

Fig. VIII-17: Schematic representation of the three-phase system’s possible
interphase surfaces.

The possibility of substituting the optimized packings already present in an
absorption column with a conventional pellet is slightly appealing: the pellets
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would never allow to achieve the same interphase surfaces, and the overall
mass transfer would be penalized.

Nevertheless, this work demonstrated that it is possible to employ
structured catalysts for the gas-phase hydrolysis. Furthermore, their
application resulted in an enhancement of the catalytic performances of the
process, thanks to the existence of a micrometric layer of catalyst deposed on
the carrier which offer an inferior mass transport resistance, boosting the
overall reaction rate.

Structured catalysts can be of any shape and any material; eventually, the
coating procedure is adjusted to reach the desired adherence. Hence, it is
possible to hypothesize a substitution of the non-catalytic packing material
with a catalyzed packing material, to investigate the possibility of a three-
phase reaction system. Naturally, this study must be preceded by the
optimization of the reactor configuration, to approach the industrial fluid
dynamic conditions. Furthermore, a comprehensive evaluation of the behavior
of the system in several conditions, to discriminate the absorbing capacity and
the influence of the packing material must be conducted prior to the evaluation
of the effect of the catalyst presence within the system.

VIIL2.2 Reactor design

As discussed in Chapter VII, the hydrolysis and the absorption stage can
be performed as a closed box kept at the same temperature. Nevertheless, the
results achieved with the customized absorber cMDEA were discouraging,
with only the 4.7% of COS removed from the gaseous stream at 60 °C and 36
s. As already observed, the geometry of the reactor is not able to represent
sufficiently the highly turbulent conditions realized in an industrial absorber,
and in particular the gas linear velocity is extremely limited.

Therefore, the design of a new lab-scale absorber was performed. In order
to reach a gas linear velocity as near as possible to the industrial process, the
aspect ratio of the reactor was completely overturned. The diameter was
shrunk from 32 mm up to 10 mm. Therefore, to ensure a sufficient contact
time considering the limitation on the flowrate, the length of the reactor was
increased to 110 cm. Because of the high gas linear velocity produced by this
configuration, the possibility of entrainment of liquid droplets was taken into
account. Hence, the reactor designed comprehended a conic section at the
head, in correspondence to the outlet of the gas stream, to avoid the liquid to
reach the sampling line, which could induce problems to the analyzer and
possible plugging of the capillary.

In addition, considering the reduced dimensions of this reactor, it was
designed to be modular. This choice had the purpose of solving two issues: in
the first instance, to have user-friendly charge/discharge operations; secondly,
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to moderate as much as possible the damage to the structured catalysts, which
are particularly fragile, since the diameter is remarkably small.

Cone

Bottom/inlet flange

16 M
- 16

Fig. VI11-18: Scheme of the designed reactor configuration

The scheme of the reactor was provided in Fig. IV-3 (a).

A preliminary test to evaluate the fluid dynamic was performed with a
colored solution, to trace eventual entraining to the outlet, and indeed even
when using half of the total height of the reactor some droplets of solution
were dragged to the outlet. To overcome the problem, it was decided to work
with a maximum solution volume of 50 cm? and to add a coarse filter before
the conic section to disrupt the droplets. This solution allowed to establish an
adequate condition to operate the reactor.

VIIL2.3 Absorption test in liquid phase

To evaluate the absorption ability of the cMDEA solution in the new
designed reactor, several tests were performed. The contact time was varied
in the range 4-14 s, since higher contact time were not achievable in this
configuration, and the temperature was kept at 60 °C for sake of comparison.

Since the liquid phase in the designed configuration is batch, to avoid a
possible deterioration of the solution due to deactivation or changes in
liquid/gas interphase equilibrium conditions, each condition has been tested
with a fresh amine solution. The COS absorption was evaluated as average of
the value acquired over a one-hour test.

The results are outstanding, when compared to the one obtained in the
previous reactor configuration, as reported in Table VIII-3. As can be easily
observed, even with a contact time of approximately one-half of the previously
evaluated one, the system was able to ensure a COS removal efficiency of
about 28%, compared to the 4.6% reached in the saturator-like configuration.
This outcome confirmed the theory of mass transfer limitation, and further
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highlighted the importance of having a high gas linear velocity within the
system.

Table VII1-3: Comparison of COS removal efficiency at 60 °C in the two
configurations employed for absorption in cMDEA

Total Contact  Gaslinear COS removal

Configuration flowrate time velocity efficiency

(Ncm® min) (s) (cms?) (%)
Saturator-like
reactor (& 30 200 36 0.5 4.6
mm)

180 14 5 28.1
T“b”('ggerﬁf;;’r 400 6 10 21.6
600 5 16 17.3

Furthermore, it was also observed that with the decrease of the contact time
and the increase in gas linear velocity, a reduction in COS removal efficiency
occurred, but it was not particularly effective, with the lower value obtained
of 17.3% of COS removed. Despite the contact time approximately 1/6 of the
initial value, thanks to the improved transport in the gaseous bulk the
efficiency was still significantly higher than the one measured in the first
attempt. Therefore, also the absorption temperature was progressively reduced
to 33 °C, the lowest condition which was possible to achieve. The absorption
ability of the cMEDA solution was evaluated in each contact time condition
and the results are shown in Fig. VI1I1-19.

As can be observed, the temperature reduction produces a drop in the COS
removal efficiency. Nevertheless, even in the most disadvantageous operating
condition, almost the 10% of initial COS is removed from the gas stream.
Furthermore, the obtained results are conservative, with respect to the
industrial conditions. Indeed, the condition at 33 °C and 14 s, with a gas linear
velocity of 5 cm s, allows to achieve a 15% COS removal efficiency, which
is a value comparable to the industrial abatement, performed at ~ 25 s and with
a gas linear velocity of ~ 13 cm s,
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Fig. VI11-19: COS removal in cMDEA aqueous solution as a function of T
and contact time. COS™ = 500 ppm. No packing material in the absorber.

After these preliminary evaluations, several investigations were conducted
to test the amine solution absorption capacity. Indeed, it is likely that, in a
batch configuration, the solution is saturated with all the compounds in the
system. The time and the saturation capacity are significant for the
forthcoming evaluation of the three-phase system performances.

Hence, a stability test on COS absorption was conducted in presence of 40
cm?® of cMDEA solution, at the temperature of 33 °C and the contact time of
14 s, and the outcomes are reported in Fig. V111-20. The test was conducted
both in the absence and in presence of a non-catalytic packing, in particular
NiFe foams.

The first consideration that can be made observing the outcomes is that the
absorption behavior is different depending on the presence of the packing
material. In particular, when the removal is realized only in presence of the
cMDEA solution, the COS concentration plateau is reached after almost 4 h,
while with the system containing also the NiFe foams the plateau is reached
after almost 12 h. This observation is quite strange if considering that in
presence of physical absorption, the capacity of the solution should be the
same; the only difference between the two configurations is the absorption
velocity (higher for the system with packing) and thus the breakthrough time
(lower for the system with packing, consequently). The other particularity is
that the COS concentration reached at the plateau is not consistent with the
fed COS.
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In the present literature, the absorption of COS in tertiary amine solutions
has been described as a stepwise process that needs the hydrolysis reaction in
liquid phase to occur first. Coupling this consideration with the present results,
it can be hypothesized that the total amount of COS absorbed in cMDEA
solution is the sum of two contributions: a part of COS is physically absorbed
by the solution, while another part reacts in liquid phase forming H,S and CO5,
both absorbed by the cMDEA and then not observed during the test.

Hence, the liquid phase reaction is enhanced by the presence of packing,
subtracting COS to the physical absorption aliquot, and increasing the time to
reach the plateau value. In addition, once that the COS absorption capacity is
reached, the liquid phase hydrolysis continues since that the H.S absorption
capacity is apparently higher.

NiFe foams\
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Fig. VI11-20: COS absorption in cMDEA solution: stability test. Operating
conditions: t=14s, T =33 °C, COS 500 ppm, H20 5 vol.%, N2 bal.

To prove that in the time of COS absorption test it was impossible to see
any H,S leaving the cMDEA solution, also the H.S absorption capacity of the
sorbent was tested, in presence and in the absence of NiFe foams as packing
material. The outcomes are reported in Fig. VIII-21.

As can be observed, the H,S absorption capacity is outstanding, compared
to the COS absorption capacity. The H»S concentration instantaneously went
to zero when the feed stream was kept in contact with the solution, and the
removal was total in the first hours of test. The time of breakthrough was of
almost 5 h in case of no packing and almost 6 h in case of NiFe foams
presence. Accordingly, the H,S concentration at the outlet of the absorber
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returned to 500 ppm after 45 h for the NiFe foams system and after 60 h for
the no packing system.

\— no packing — NiFe foams\
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T Bypass Reaction
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Time (h)

Fig. VI11-21: H2S absorption in cMDEA solution: stability test. Operating
conditions: t =14 s, T =33 °C, HzS 500 ppm, H20 5 vol.%, N bal.

This result is consistent with the hypothesis of chemical reaction in liquid
phase, since that in presence of 500 ppm of H>S the solution is able to absorb
the whole hydrogen sulfide for almost 5-6 h, thus a higher time can be
expected for a much lower concentration (closing the balances of Fig. V111-20,
no more than 100 ppm of H.S).

To further corroborate the initial hypothesis, the cMDEA solution
absorption was tested in presence of 5000 ppm of COS: the higher
concentration is expected to allow to observe the hydrogen sulfide
breakthrough. The outcomes, reported in Fig. VII1-22, completely upheld the
hypotheses of this section.
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Fig. VI11-22: COS absorption in cMDEA solution: stability test. Operating
conditions: t=14 s, T =33 °C, COS 5000 ppm, H20 5 vol.%, N: bal.

At the beginning of the absorption test, the COS removal was consistent
with the one observed in the 500 ppm test: the removal is order 1 with respect
to COS. Then, a fast increase in COS conversion was observed, while the H,S
concentration at the outlet remained zero until 6 h of test. Afterward, a slight
increase in H,S concentration was observed, fixing again the breakthrough
time to 6 h. Considering that, except for the COS concentration, none of the
other operating conditions was changed, this would suggest that almost 500
ppm of H,S are produced. The reaction was interrupted at 45 h, when the
plateau in H.S concentration seemed to be reached.

At the end of the reaction, the balance closure was verified by calculating
the average concentration of COS and H.S in the time span 40-44 h. As can
be observed from Table VI1I-4, the sulfur balance is closed within an error of
1%. In addition, the H,S concentration at the end of the test corresponds to
492 ppm, coherently with the time of breakthrough.

Table VIII-4: Sulfur balance verification at the end of 5000 ppm COS
hydrolysis in liquid phase stability test

Time span COS H,S Error
(h) (Ppm) (Ppm) (%)
40-44 h 4454 492 1%
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VIIL2.4 Absorption test with a non-catalytic packed column

A general solution adopted in the industrial absorption column to enhance
the transport phenomena between two different phases is to fill the column
with a packing material. This allows to expand the interphase contact surface,
and to increase the mass transfer coefficient. Due to the modest dimension of
the lab-scale reactor, common packing material such as rasching ring are not
applicable. To the aim of the process integration, packing materials having the
same shape of the catalysts employed in this work were tested in a first
instance. The pellets catalysts have been represented by glass spheres having
a 3 mm diameter, as Fig. VI1I1-23 (a), while the foam catalysts are substituted
with the foam carrier, without any catalytic phase deposited, a detail of the
geometry is given in Fig. VI11-23 (b). To fit within the reactor, the foams were
manually shaped in a cylindrical form with a diameter of 8 mm and a length
of 160 mm, and then wrapped in a Teflon tape (Fig. VI11-24), to avoid eventual
gas bypass phenomena between the packing and the reactor wall, and to help
them sliding along the reactor length in the loading procedure.

(@

absorption in cMDEA
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To test the influence of the packing material, a total volume of 40 cm?® of
packing was set, corresponding to 4 stacked foams. The tests were conducted
at a contact time of 4 and 14 s, and varying the temperature between 33 and
60 °C, to be comparable to the previous evaluations. The results are reported
in Fig. VI111-25 (a) and (b).

As can be observed, the presence of a packing material is always beneficial
to the absorption efficiency. This was expected, since the packing material has
the explicit function of improving the mass transport and the interphase
surface. Nevertheless, it is worth noting that in every operating condition, the
foam structure is able to ensure better performances, thanks to its peculiar
structure which increases the turbulence of the fluids. This is particularly
visible at 14 s, since in this condition it is possible to observe the benefit of
both the higher contact time and the higher turbulence which increase the local
gas velocity, and thus the Kg coefficient.

Hence, the foams can be considered a good approximation of the
conventional column packing.
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Fig. VII1-25: COS removal in cMDEA aqueous solution as a function of T
and type of packing material. Operating conditions: 5s, 500 ppm COS; (a) t
=4s,(b)T=14s.
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VIIL2.5 Absorption with a catalytic packing: three-phase system

To evaluate the effect of a catalytic packing within the absorption system,
and to compare the efficiency of different catalysts in the liquid phase, both
the pellet catalysts and the foams were tested. The foam catalysts were re-
prepared following the procedure described in section 1V.4, using the carriers
shaped as in Fig. VIII-24. The tests were carried out in agreement with the
previous ones, using temperatures in the range 33-60 °C and contact times of
5and 17s.

For sake of comparison, the COS efficiency obtained for both the catalysts
was compared to the absorption in cMDEA (gas/liquid system) and in the
corresponding cMDEA+packing system.

For the pellet catalysts, the results of the evaluation are reported in Fig.
VI1I-26. As it can be observed from Fig. VI1I1-26 (a), when the contact time is
4 s, it seems that the substitution of an inert packing material with a catalyst
is not effective. The removal efficiency remained almost unvaried at all the
temperatures evaluated. This may be ascribed to the fact that the catalyst
pellets are soaking in the cMDEA solution, and the pores — which are
responsible for the catalytic activity — are filled of liquid phase. Therefore, the
mechanism followed by COS to arrive on the catalyst surface is probably the
one displayed in Scheme B of Fig. VIII-17. The mass transport is limited by
several resistances (diffusion in the gas bulk, absorption in the liquid solution,
diffusion in the liquid bulk), and the contact time ensured is not enough for
the COS to arrive on the solid surface. In good agreement with this hypothesis,
as shown in Fig. VI1I1-26 (b), an improvement in the removal efficiency was
observed at 14 s, in particular in condition of low operating temperatures.
Despite the lower gas linear velocity, the higher contact time allows some of
the COS in the feed to reach the catalyst surface and react. The advantageous
effect of having a catalyst within the solution is observed especially at low
temperatures because, as it was already observed (section V1.2), the pellet
catalyst suffers of the problem of internal diffusion within the pores, already
perceptible at 60 °C. Hence, at this temperature, the COS diffusion in
porosities controls the overall reaction rate, and the presence of the catalyst is
only slightly appreciable, compared to the effect of the glass spheres.
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Fig. VIII-26: COS removal in cMDEA aqueous solution as a function of T
and type of packing material. Operating conditions: 500 ppm COS; (a) Tt =4
s,(b)t=14s.
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As demonstrated in the first part of this chapter, the diffusion limitations
due to the porous structure of the pellets can be overcome through the
employment of structured catalysts. Furthermore, it has been observed that the
complex structure of the foams employed as a carrier particularly enhances
the mass transport, improving the COS removal also in presence of the
ammine solution only. Hence, four foams shaped as Fig. VI11-24 were coated
with the alumina washcoat and loaded with potassium, repeating the
procedure followed for the @25 mm samples formerly tested, obtaining the
samples shown in Fig. VII1-27. Then, the catalytic foams were wrapped with
the Teflon tape as it was done for the non-catalytic ones, and stacked in the
reactor. In line with all the previous experimental evaluations, the samples
were activated in a 20% CO; stream for 1 h.

LAY LT BRSPS s N Sl "‘,{'
Lm::. ST AT AR
| |

Fig. VI11-27: Catalytic foam (whole length and detail of the coating)

The foams were tested in the gas-phase reaction at first, to quantify the
ability to convert COS when no liquid phase is present, and to discern the
effect of the heterogeneous reaction and of the absorption in the three-phase
system. For sake of comparison, the same flowrate employed in the previous
tests with the cMDEA solution (which ensured the contact time of 4 and 14 s
with respect to the liquid phase) were used for the catalytic activity tests. The
results are reported in Table VIII-5. As can be observed, the catalytic activity
is always outstanding, even in low-temperature conditions, thanks to the high
contact time and the favorable fluid dynamic conditions.

Table VIII-5: COS conversion in the heterogeneous gas-phase reaction over
the @9 mm foams

Total Contact COS conversion (%)
flowrate time
(Nce min') (s) 33°C 40 °C 50 °C 60 °C
180 14 25% 53% 99% 100%
600 4 5% 35% 90% 100%
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Afterwards, to the catalytic foams stacked in the reactor, the cMDEA
solution was added, to test the heterogeneous system. Since the effect of the
heterogeneous reaction was observed with pellets in particular at high contact
time, for the preliminary investigation a total flowrate of 180 Ncc min™ was
chosen, setting a contact time of 14 s.

The three-phase system was tested in two operating temperature
conditions; the results obtained from the test are reported in Fig. V111-28.

At 40 °C, comparing the three-phase system with catalytic packing
material with non-catalytic absorption, only a slight increase in COS removal
was observed. Nevertheless, if the achieved removal efficiency is compared
to the conversion obtained with the same catalyst and in the same reactor (thus
same fluid dynamic conditions), it can be noticed that the values are
corresponding. This could suggest that the actual limitation in this three-phase
system is the conversion on COS on the catalyst surface. Therefore, the
operating condition was modified by setting the temperature at 60 °C, a
condition in which the catalyst already ensured a total COS conversion (Table
VI11-5) in order to not have limitations on the catalyst side.

As it can be observed from the second data set of Fig. V111-28, the three-
phase system achieved an almost total removal of COS. Hence, the previous
hypothesis was confirmed to be valid: the limitation of the three-phase system
in presence of structured catalysts is the COS conversion operated by the
catalyst, since no other limitations to mass transport seemed to be present. For
this reason, it can be supposed that the situation prospected by Scheme A in
Fig. VIII-17 is the multiphase condition of the system. The micrometric layer
of catalytic phase has its own porosities, but it behaves like a flat surface with
respect to the liquid, probably promoting the direct contact between the
structured catalyst and the gas phase.

These evaluations allowed to draw the following conclusions:

e It is feasible to perform a catalyst-assisted absorption of COS in a
single three-phase reactor, with an enhancement of COS removal with
respect to the absorption only

e The three-phase system removal efficiency is only limited by the COS
conversion over the catalyst, thus from the catalyst activation
threshold

e There is no beneficial effect due to H.S removal through the amine
solution on the hydrolysis, hence the three-phase system has no
thermodynamic limitations.
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Fig. VI11-28: COS removal in three-phase system using catalytic foams as
packing material in comparison with non-catalytic absorption and gas phase
hydrolysis. Operating conditions: COS 500 ppm, H20 5 vol.%, N2 bal.; contact
time of 14 s.

The results of a short-term stability test on the three-phase system at 60 °C
are displayed in Fig. VI11-29. As can be observed, for the first 20 minutes of
test, the COS removal offered by the solution was total. Then, a slight decrease
in the removal capacity up to the discussed 98% was observed, and this
performance was maintained for the whole time of the test, which was more
than 1 h. Hence, the catalyst was considered stable observing this time-on-
stream test, with a COS emission of 9 ppm offered by the entire system. In
addition, it is also possible to appreciate the role of the selected sorbent
cMDEA, specifically designed to have a total selectivity toward HzS. Indeed,
no hydrogen sulfide was detected by the mass spectrometer during the whole
test.
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Fig. VII1-29: Time-on-stream stability test over the catalytic foam

Concluding, the designed three-phase system allow to treat a COS stream
in a single process unit achieving an almost-total removal of sulfur
compounds.

This achievement results particularly promising for industrial applications
from several points of view.

In a first instance, the feasibility of a three-phase system means that it is
possible to convert COS with the hydrolysis reaction without adding reactors
and auxiliary units to pre-existent systems.

Secondly, it means that the COS removal obtained industrially in a single
step can be enhanced without so much effort.

Then, the H,S produced by the hydrolysis is no longer to be further
removed, since that it is absorbed by the amine as it is produced, during the
hydrolysis.

Concluding, this technology allows to enhance the COS removal even up
to 100% with a change in the conventional operating conditions, without any
modification of the industrial systems. The substitution of the column
packings with a packing material coated with a suitable catalyst would simply
do.
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Modelling Results

IX.1 Preliminary kinetic model over pellet catalyst

During the first year of PhD, preliminary Kinetic evaluations were
performed on the optimized formulation. The knowledge of the kinetic
parameters which are characteristic for each catalyst is particularly important
for several calculations: dimensioning of reactors, scale-up considerations and
further modeling of a reacting system. For what concerns previously reported
kinetic models for COS hydrolysis, it is important to remind that, as above
discussed, the reaction conditions strictly influence the driving phenomena
and the reaction mechanism. For this reason, a model already present in
literature could not be suitable to be applied in different conditions. The
operating conditions employed in this work are scarcely investigated in
literature, due to the remarkable disadvantage in using such high-water
concentrations, therefore it is reasonable to find a poor agreement between the
model available in literature and the present work. Hence, no assumption was
made based on the literature in order to retrieve a kinetic description of the
present catalytic system.

As a first step, the reaction order in COS and H.O was evaluated,
considering a power-law-type expression for the reaction rate.

Since the water concentration was found to be relevantly impacting on
COS conversion, the reaction order in COS was evaluated on the optimized
catalyst K/AI3 under two water concentrations (2 vol.% and 10 vol.%). In a
first analysis, as reported in Fig. 1X-1, the amount of reacted COS was found
to be linear with the COS concentration in the feed stream, thus it was possible
to conclude that the reaction rate is first order in COS. The same conclusion
could be drawn with a different evaluation performed using the second feed
condition (H2O 10 vol.%): the COS concentration in the feed was kept
unvaried, while the contact time was modified. The tests were conducted both
on the catalyst K/Al3 and on the support Al3, obtaining the results shown in
Fig. IX-2.
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Fig. IX-1: Determination of COS reaction order. Operating conditions: H.0

2 vol.%, T =60 °C.

The Fig. IX-2 (a) shows the variation of COS conversion on contact time,
and it is possible to see that, for both the catalysts, it is well approximated by
a decreasing exponential function, approaching the total conversion in a long
contact time. According to the integral analysis method and following eq.
IV-4, it is possible to solve the equation in the hypothesis of any reaction order
n. The results of the linear regression for the reaction order investigated were
expressed in term of the statistic coefficient of determination, R?, for both
samples and are reported in Table IX-1.

Table 1X-1: R? valued obtained for the linear regressions

Al3 K/AI3
n=0 0.987 0.9619
n=1 0.9998 0.9976
n=2 0.990 0.9861

The R? value is remarkably high in each case (> 0.95), and this is due to
the relatively small number of experimental points; however, it is still possible
to individuate a best fitting in the reaction order equal to 1, as shown in Fig.

1X-2 (b).
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Fig. IX-2: (a) COS conversion dependency on contact time at T = 60°C

and H20 = 10 vol.%; (b) linear fit assuming an order-one kinetic in COS

Since the same conclusion was obtained adopting two different methods
and two different operating conditions to establish the apparent reaction order
in COS, it was assumed to be 1 from now on. Different were the conclusions
drawn for the reaction order in water.

With the same methodology previously adopted, it was observed the
amount of COS converted as a function of water concentration in feed,
obtaining the results reported in 1X-3). As it can be observed, there is a quasi-
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linear trend in water concentration effect on COS conversion with a reaction
order of -1 in water. Nevertheless, the approximation is poor. Therefore, a
power-law expression for the reaction rate would be poor as well.
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Fig. 1X-3: Determination of H20 reaction order. Operating conditions: COS
500 ppm, T =60 °C.

The best option to describe the model is to select another reaction rate
expression. Despite most of the kinetic model available in the present
literature utilize a power-law expression, some more detailed works describe
the COS hydrolysis using a Langmuir-Hinshelwood type reaction kinetic.
This kinetic expression considers the adsorption on the catalyst surface of all
the species which characterize a reacting system. In a system with n
components, the total number of active sites (81or) can be occupied by the i
species in different ways, depending on the tendency of each species to adsorb
on the catalysts surface and on the species concentration within the system. In
general, the adsorption of a component i can be expressed as eq. 1X-1, with its
adsorption equation given as eq. IX-2 and 8* being the number of free active
sites. When more than one species is present, the adsorption is defined
competitive, and the Langmuir equation for adsorption is generalized
according to eq. IX-3. These considerations represent the basis for most of the
kinetic models available in the open literature, and in particular have been
widely applied to the COS hydrolysis case, leading to the expression for the
reaction rate that has been reported the most, eqg. IX-4 (Chiche and Schweitzer,
2017; Tong et al., 1993; Zhao et al., 2020a).
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= KR IX-1
L 14KP;
i+6"26 IX-2
9, = —KPi 1X-3
b S 14KP
KcosPcos - KHz0PH20 IX-4

r =
cos € 1+KcosPcos+KuzoPHz0

Using the Langmuir-Hinshelwood equation reported in literature, the
kinetic and adsorption parameters can be obtained through the fitting of a set
of experimental data. This has been done using fixed feed conditions, and
changing the operating temperature and contact time. The parameters derived
by the fitting are reported in Table 1X-2, while the results of the fitting are
displayed in Fig. IX-4.

Table IX-2: Kinetic and adsorption parameters obtained for the
preliminary Kinetic evaluation

COS H.0
0
(T:”_l) 1311075 1406107
AH
-7 -
(kJ mol) o %
KO Ea
(Torr?s™) (kJ mol?)
~33 ~01

The model demonstrated a good representability of the experimental data
for the higher temperatures, while a bad agreement was obtained for the
condition of 43 °C (Fig. 1X-4 a). In addition, it was evaluated the predictivity
of the model by increasing the COS volumetric fraction in the feed stream
from the initial 500 ppm up to 1500 ppm. As shown in Fig. IX-4 (b), only the
53 °C experimental set was well represented by the kinetic expression found.
Besides, this preliminary result highlighted that the LH expression can be
suitable for the representation of the kinetic behavior of COS hydrolysis.

Naturally, in order to obtain a fully-descriptive and predictive kinetic
model, further considerations need to be made, and a wider range of
experimental conditions must be considered.
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IX.2 Kinetic model over structured catalyst

As stated in the Introduction and discussed in the previous section, the most
credited model to describe the reaction kinetic of COS hydrolysis is the
Langmuir-Hinshelwood theory.

The Langmuir-Hinshelwood expression given as eq. 1X-4, which will be
from now on addressed as Langmuir-Hinshelwood model 1 (LH1), is derived
from the adsorption egs. 1X-5 and 1X-6, from the hypothesis of superficial
reaction according to eq. IX-7 and considering a first order reaction in COS
and HO sites respectively, as eq. IV-11. The physical meaning of the two
adsorption equations is that both water and COS adsorb on the catalysts
surface following the single-site approach, and therefore the reaction occurs
between two adsorbed molecules.

COS + 0* 2 Bcos IX-5
H,0 + 6" 2 80 IX-6
B1,0 + Bcos 2 On,s + Oco, IX-7

LH1 cannot represent satisfactorily the COS hydrolysis reaction. This can
be easily demonstrated by considering the dependence of COS conversion on
CO; concentration in the feed stream. Since the model does not contain any
dependence on CO; concentration, it is impossible to describe the
experimental results. Hence, CO2 must be deemed in the model.

Considering the equilibrium constant in the operating range of this work,
the reaction can be assumed irreversible. For this reason, the only way to
introduce CO; in the LH equation is to consider its competitive adsorption,
leading to the expression of the total number of occupied active sites as eq.
IX-8. In a first instance, the CO; adsorption can be approached as single-site
adsorption, likewise COS and H:0, given by eq. IX-9. Substituting eq. 1X-8
in eg. IX-7, one can obtain the expression for LH2, gave in eq. 1X-10.

GTOT = BHZO + ecos +0" + GCOZ IX-8
CO, + 6" 2 0¢o, IX-9
reos = k KcosPcos - Kuz20PH20 IX-10

(o
1+KcosPcos+Ku20PH20 +KcozPco2

The kinetic and adsorption parameters for the LH2 model, have been
optimized through the minimization of the objective function defined in eq.
IV-12. Since the solver (non-linear GRG) provides for a local solution, the
initial values have been modified to obtain a global minimum for the system.
The functionality of COS conversion on temperature, contact time, CO» and
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H>O concentration predicted by the model is compared to the experimental
results in Fig. IX-5. As can be observed from the graphics, the LH2 model
cannot fit the actual COS conversion dependency on CO; and H:0
concentration.
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Fig. IX-5: Comparison of LH2 model and the experimental data. Fig. a)
COS =500 ppm, H20 =5 vol.%, Nz bal.; Fig. b) tc =2 s, COS =500 ppm, H20
=5vo0l.%, Nz bal.; Fig. ¢) tc = 2 s, COS = 500 ppm, N2 bal.
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Based on the above, the hypotheses considered for this model are not
satisfied, since it was impossible to find a set of parameters which fulfilled the
representation of the experimental data. Therefore, as guessed in the former
evaluation of the experimental results, it was necessary to distinguish for the
contribution of each species. Of course, this must find a mathematical
representation in the Kinetic expression. Following the Langmuir theory of
adsorption (Swenson and Stadie, 2019), it is possible to discriminate among
six different adsorption mechanisms:

e Single-site

e Multi-site

e Generalized
e Cooperative
e Dissociative
e Multi-layer

Despite the single-site approach is by far the most employed for the
description of adsorption phenomena, there are cases in which this assumption
fails, as in the present study. This can be due to the low temperatures, the low
concentration of the main reactant and the strong competition among the
species for the adsorption on the active site, together with the reaction
mechanism itself. Carbon dioxide adsorption mechanism was frequently
reported in other literature systems as dissociative (Chen et al., 2010;
D’Evelyn et al., 1986; Weatherbee and Bartholomew, 1982). Considering this
hypothesis, the adsorption of CO; becomes described by eq. IX-11, and the
number of sites consequently occupied depends on pco2'/? 1X-12.

CO, +20" 2 Bco, IX-11
O = KPEZ, 1X-12
COo2 1+KP1/2

CO2

On the other hand, water is usually considered in literature with the
approach of single-site adsorption. Nevertheless, COS hydrolysis has a
peculiar mechanism, which is strictly dependent on water concentration.
Indeed, DFT studies report that a single COS molecule could coordinate with
one up to eight water molecules, and that the coordination of COS with two
molecules of H,O occurs with the higher probability (Deng et al., 2007; Li et
al., 2014). Therefore, one can speculate that the need for this interaction could
induce the cooperative adsorption of two water molecules on a single active
site. Then, the adsorption equation is given by eg. IX-13 and the number of
active sites occupied by water molecules is expressed as eq. 1X-14, with a
quadratic functionality in pu2o.

Since no particular observations regarding the COS adsorption behavior
could be found in literature, it was assumed that this could be described by a
single-site mechanism. Considering the hypotheses of adsorption mechanism
(1) single-site for COS, (ii) dissociative for CO, (iii) cooperative for H.O, by
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substituting the number of sites occupied by each species in eq. 1X-8, the
reaction rate (LH3) can be expressed as eq.1X-15.

2H,0+ 6" 2 Bu,0 IX-13

O = _KPhi20 IX-14
H20 ™ 14xP2,,

r -k KcosPcos * KuzoPiizo IX-15
COS —

C 2 1/2
1+KcosPcos+KuzoPhz01tKcoz2Pco2

The optimization of the kinetic and adsorption parameters following the
LH3 expression are finally reported in Table 1X-3, and the comparison with
the experimental data is given by Fig. IX-6.

The fitting of the experimental results obtained with LH3 model is
outstanding, particularly in view of the high number of tests and conditions
which are represented, and also considering that a non-neglectable
experimental error affects the measurements.

Comparing the fitting obtained with LH2 and LH3 models, it can be
observed that it is always possible to extrapolate values for kinetic and
adsorption parameters which could fit a number of experimental data obtained
at fixed feed ratio, varying temperature and contact time (cases -a- in Figs. 1X-
5 and IX-6). When the variations also interest the concentration of reactants
and products in the feed stream, the addition of other constraints to the
resolution narrows the range in which the optimum can be found, and the
fitting cannot be obtained without an adequate kinetic expression. In the case
of COS hydrolysis, it was necessary to consider other possibilities for the
adsorption equations to guarantee an adequate representation of the
experimental data.

Based on the above, it is possible to speculate a reaction mechanism
according to Fig. IX-7, in which an active site can potentially adsorb one
molecule of COS and two of H20, while a single molecule of CO, can adsorb
following a dissociative mechanism, occupying two active sites.
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Fig. 1X-6: Comparison of LH3 model and the experimental data. Fig. a)
COS =500 ppm, H20 =5 vol.%, Nz bal.; Fig. b) tc =2 s, COS =500 ppm, H20
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Table 1X-3: Resume of the kinetic and adsorption parameters of this study

LH1 LH2 LH3
0 33 9.14-101 1.57.107
¢ (Torr? s?) (mol m3min?) (mol m23min?)
« Ea " 01 98.4 86.5
0
('%ﬁi) 1311075 1.59.10° 4.85.10°%
(ﬁlfn%?ﬁ) 79 54,7 40.8
o 1.406-10° 1.59.10° 3.42-10°
H20 (Torr 1) (Torr 2 (Torr 2
(ﬁlfnfglg) -99 -98.0 -81.4
Keoz” ; 279107 1.59.10°
(Torr -99) ) ’
AH
oo, ; -108.7 -79.4

COS H,0 COS H,0

NG

Fig. IX-7: Proposed mechanism for COS hydrolysis

Co,~

IX.3  Evaluation of the predictivity of the model
The knowledge of a kinetic expression describing a catalytic system is a

powerful tool, especially when applied to the industrial sector. Most of the
processes undergo frequent changes in the feed stream conditions, based on
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the kind of raw materials employed and other factors. This often defines
limitations in the operating ranges, and on the equipment. The knowledge of
the effect that a specific change would have on the process has the potential
of solving impending issues prior to their manifestation. Using as a starting
point a reliable kinetic model, a complete mapping of the reaction extent can
be provided, in almost every condition.

Crossing the H20 and CO; concentration, a matrix of over 26000 points
for each temperature and contact time couple can be obtained. The 3D plots
were obtained for four temperature conditions, up to 353 K, and the results are
displayed in Fig. IX-8. The results confirm the strong detrimental effect of
CO; presence in the system, which can be observed to be almost independent
on the water concentration. On the other hand, a slight increase in temperature
would significantly boost the COS conversion in a system in which a possible
change in the feedstock would force the CO- concentration to increase.
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Fig. IX-8: Projection of COS conversion in
several operating conditions using LH3 model.

To further corroborate the obtained model through the study of its
predictivity, some experimental tests were performed crossing the H.O and
CO; concentration to obtain points of COS conversion within the XY -area,
using as operating conditions T = 345 K and tc = 2 s. The experimental points
and the modelled surface were overlaid, and the outcomes are displayed in
Fig. IX-9. As can be observed, within the experimental error the model finds
a noteworthy agreement with the experimental data. This achievement
additionally validates the hypotheses of the adsorption type for each species,
and the kinetic and adsorption parameters mathematically optimized.
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Fig. 1X-9: Evaluation of the predictivity of the model. Comparison between
experimental data and modelled surface.
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Conclusions

As widely discussed in this final thesis, this PhD project arose from the
shared interest of our laboratory, the ProCeed lab of the University of Salerno,
and the company KT — Kinetic Technology of Rome, in depollution and new
technologies.

The primary aim of this project was to put a step forward in the knowledge
of carbonyl sulfide hydrolysis and in the transition of this technology between
the research scale and the industrial sector.

Considering the nowadays gap that prevents its large-scale application, a
first state-of-the-art analysis was performed in order to correctly address this
research.

Two main issues were observed to affect the catalysts reported in literature:
the complexity of the formulations, scarcely suitable from an industrial point
of view, and the lifetime of the catalyst. The first achievement of the present
study was then the finding of a relatively simple formulation, which
demonstrated to be remarkably active in COS hydrolysis at low temperatures,
reaching a complete COS abatement below 80 °C. Although the existence of
limiting mass transfer phenomena was demonstrated during this work, the
catalyst was designed to be in pellet shape, in order to faithfully resemble the
ones commonly adopted by the industry. Further investigations on this catalyst
allowed the stabilization of the active phase in a carbonate form, realizing a
formulation able to resist to the S-rich atmosphere for several hours. Despite
the deposition of elemental sulfur on the catalyst surface, no deactivation was
detected during the time-on-stream stability tests.

Once identified the catalyst able to satisfactorily perform the hydrolysis of
carbonyl sulfide at low temperatures, the feasibility of coupling the hydrolysis
stage with the sweetening unit typical of the tail-gas treatment plants seemed
not so far. A complete lab-scale setup was designed and realized in an open
architecture configuration, with the hydrolysis reactor and the absorber
operating at the same temperature in a closed box. Preliminary evaluations
performed using DEA as sorbent allowed to reach an overall COS removal at
60 °C of about 60%, which is a competitive result compared to the abatement
nowadays achieved by industrial applications. In addition, this solution would
allow to reduce the equivalent SO, emissions of about 36% with respect to the
stand-alone hydrolysis unit and of about 25% with respect to the conventional
sweetening units. Considering that, in these results, the DEA solution did not
allow to absorb completely the H,S produced by the hydrolysis stage, a switch
to a more selective absorber would provide for a better H.S removal. On the
other hand, the COS absorption would be penalized, hence for this kind of
configuration would be preferable to have a better-performing hydrolysis
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stage. Briefly, the units coupling in an open architecture configuration was
highly promising, but still needed further optimization.

The achievement reported so far are two milestones in the COS hydrolysis
process intensification, even though the actual research to this aim starts from
the basis laid up to this point.

To enhance the COS hydrolysis by overcoming the mass diffusion
limitations without losing the advantage of a shape applicable to industrial
processes, it was decided to transfer the optimized formulation on a structured
catalyst. These have a wide application in several processes, but they had not
been tested, so far, in COS hydrolysis. Discriminating among several possible
carriers, a 20 ppi Ni-Fe foam was selected, washcoated with an alumina-based
slurry and in the end treated in KOH for the active phase deposition. Applied
to COS hydrolysis, the structured catalyst demonstrated outstanding
performances compared to the pellets, remarkably lowering the application
range. This result has been addressed to the presence of a micrometric layer
of doped-alumina, which clearly reduced the limitation to the diffusion of the
reactants into the pores, compared to pellets. The obtainment of a system
working in Kinetic regime also allowed to redefine the kinetic model
representing the reaction rate, switching from a Langmuir-Hinshelwood type
expression with simplified hypothesis to a detailed LH type expression which
accounted for the presence of the reaction products and considering three
different adsorption mechanism. The developed model demonstrated to have
a faithful predictivity of operating conditions remarkably different from the
ones that allowed the parameters optimization. This achievement has a high
industrial interest, since the knowledge of the predictivity of a system allows
the tuning of the operating parameters in order to constantly ensure to reach
the abatement target.

Going toward the end of the project, a final goal was set: the integration of
catalytic COS hydrolysis and H,S absorption in sweetening unit, in a single
three-phase reactor. To fulfill this aim, a new reactor was designed and
realized in order to ensure fluid dynamic conditions and contact time
comparable to the industrial ones, and to accommodate structured catalyst in
a user-friendly configuration. The results obtained from this study
undoubtedly represent the most consistent step toward the industrial
application. It was demonstrated that it is possible to perform a catalytic-
assisted absorption of sulfur compounds in a sweetening unit, where COS is
converted at the solid/gas interphase in H.S, which is furtherly removed by a
highly selective tertiary amine. The system has been tested both at 40 °C and
60 °C, allowing to assess that the actual limitation in COS abatement of this
technology is the catalytic conversion: once the catalyst is able to ensure a
complete COS conversion, then the abatement of sulfur compound in the
integrated reactor is almost total.

The incalculable potential that this result has for the industrial sector can
be easily discussed. It was demonstrated that is possible to achieve the total
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removal of COS in Claus tail gas streams without any changes in existing
plants configuration. It would be sufficient to substitute the conventional inert
packing of the absorber column with a suitable catalytic packing, to have the
COS hydrolyzed to more easily removable H-S.
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Appendix

Modelling results

Table A-1: Resume of the catalysts reported in this work

Label

Sample details

Discussed in:

Promoted

Al3

K/AI3

Al5

K/AI5

NiFe_WC450

NiFe_KWC

Promoted alumina Claus catalyst
(commercial, pellets)

v-Al>,03

(commercial, spheres, 3 mm)
K2C03/Y-A|203

(laboratory, spheres, 3 mm)
v-Al>,03

(commercial, spheres, 5 mm)
K2C03/Y-A|203

(laboratory, spheres, 5 mm)
v-Al>,03(wc)/NiFe foam
(structured catalyst, laboratory)
Carrier: NiFe foam

Washcoat: calcined @450 °C
K2COzly-Al,O3(wc)/NiFe foam
(structured catalyst, laboratory)
Carrier: NiFe foam

Washcoat: calcined @450 °C
Active phase: K,COs
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Fig. A-1: Determination of the values reported in Table 1X-2: (a) kinetic
parameters; (b) COS adsorption parameters.
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