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Abstract
Harmful emissions are a global issue and cause trouble for human health
and for the environment. There is a wide variety of pollutants and
one pollutant is hydrogen sulfide, H2 S, that is a member of the group
Volatile Sulfur Compounds. H2 S is a compound that is known for
its smell of rotten eggs and is detectable by the human nose at very
low concentrations. At higher concentrations, H2 S is highly toxic and
even deadly for humans. It is also a corrosive gas, and can, therefore,
cause problems for materials that are being exposed to it. This can be
an issue when H2 S is present in biogas since it can damage engines or
pipes. It can also poison catalysts that are used for methane upgrading.
There are different methods of removing H2 S from air and common
ones are to use adsorption media or catalytic oxidation for gas-solid
reactions. The catalytic oxidation is oxidizing the H2 S and converts
it into elemental sulfur. A problem with these techniques is that they
need replacement after some time when they have been saturated.
The aim and objectives for this project are to find appropriate materials to test in a test rig that was finalized at the beginning of the
project, to compare their lifetime. This was done to find the most cost
effective material for H2 S removal. The effect of humidity in the air
was also examined.
Eight different samples were tested. Two of these were activated carbon
without impregnations and the other six were partial catalytic materials (impregnated carbons or metal oxide based materials). The partial
catalytic materials were significantly better than the activated carbons.
The lifetimes varied among the partial catalytic materials as well, and
are believed to be due to different active compounds on the surfaces
and the structure. When running the experiments with 70 % relative
humidity, the lifetimes were significantly longer than when the same
materials were run for 30 %. A lower concentration of H2 S in low relative humidity showed lower or the same loading capacity than higher
concentrations. Regeneration was tested for one of the metal based
materials with a satisfactory result.

Sammanfattning
Skadliga utsläpp i luften är en global diskussion och orsakar problem för
människors hälsa och för miljön. Det finns en mängd olika föroreningar
och en av dessa är vätesulfid, H2 S, som är en flyktig svavelförening. H2 S
är en förorening som är känd för att lukta ruttna ägg och detekteras
av en människas luktsinne redan vid mycket låga koncentrationer. Vid
högre koncentrationer är H2 S mycket giftig och till och med dödligt.
Det är också en frätande gas och kan därför orsaka problem för material. Detta kan vara ett problem med H2 S i biogas eftersom det kan
skada motorer eller röranslutningar. Ett annat problem är att föreningen kan förgifta katalysatorer som används för uppgradering av metan
vid biogasproduktion.
Det finns olika metoder för att avlägsna H2 S från luft och några av
de vanligaste är att använda adsorptionsmedia eller katalytisk oxidation. Den katalytiska oxidationen oxiderar H2 S och omvandlar det till
elementärt svavel. Ett problem med dessa tekniker är att materialet
behöver bytas ut efter en tid då de mättas.
Syftet och målen för detta projekt är att hitta lämpliga material att
testa i en provrigg som byggdes färdigt i början av projektet, för att
jämföra deras livstid och hur livslängden kan relateras till deras kostnad. Detta gjordes för att hitta det mest kostnadseffektiva materialet
för borttagning av H2 S från luft. Effekten av luftfuktighet undersöktes
också.
Åtta olika material testades. Två av dessa var aktivt kol utan impregneringar och de andra sex var impregnerade kol och metalloxidbaserade
material. De impregnerade aktiva kolen och de metallbaserade materialen var signifikant bättre än de aktiva kolmaterialen. Livslängden var
även olika för de impregnerade aktiva kolmaterialen, och antas bero på
hur impregneringarna genomfördes och materialens struktur. När experimenten kördes med 70 % relativ luftfuktighet var livstiden signifikant
längre än när samma material kördes med 30 % relativ luftfuktighet.
En lägre koncentration av H2 S i låg relativ fuktighet resulterade i lägre
eller samma kapacitet att ta upp H2 S än vid högre koncentrationer av
H2 S. Renegenerering testades för ett av de metallbaserade materialen
med tillfredsställande resultat.
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Nomenclature

⁄

Wavelenght

ﬂ

Density of material

BF

Breakthrough fraction

cin

Inlet concentration of H2 S

[ppm]

cout

Outlet concentration of H2 S

[ppm]

LC

Loading capacity

[arbitrary unit]

LC 1000

Loading capacity when 1000 ppm H2 S

[arbitrary unit]

LC 500

Loading capacity when 500 ppm H2 S

[arbitrary unit]

LC comp Loading capacity ratio
tb

Breakthrough time

[m]
[kg/liter]
[%]

[%]
[-]

1 | Introduction
Harmful emissions in air are of great concern due to the problems they cause
for the environment and for human health. According to the World Health
Organization, WHO, 7 million people are killed annually because of air pollution [1]. Many air pollutants occur naturally but it is mainly the pollutants
from anthropogenic sources that contribute to the large issues. Examples of
sources related to human activities are fuel combustion in vehicles or energy
generation and emissions from manufacturing sites or many other industries.
Naturally, locations with a high level of human activities that contribute to
emission often also have more air pollution, such as urban areas. However,
there is still a global issue with pollutants in air since it can easily spread in
the wind [2].
There is a wide variety of pollutants that come from different sources and
create different issues. Hydrogen sulfide, H2 S, is a molecule within the group
Volatile Sulfur Compounds, VSC, that is known for its smell of rotten eggs and
is detectable by the human nose already at very low concentrations. However,
the unpleasant smell is not the largest problem with this pollutant. It is also
toxic for humans and it is corrosive for different materials, which may cause
problems for pipes or engines. The pollutant can come from biogas production
plants, food production industry, paper and pulp plants and sewage treatment
plants, among many other industries [3].
There are many methods for air pollution abatement. To remove H2 S from a
gas stream, catalytic oxidation or adsorption on a solid surface are possible
methods. An issue with adsorption media is that they need to be replaced
or reactivated when it has been saturated with compounds on its surface. A
catalyst could, in theory, have eternal life but, in reality, tend to need replacement after some time due to possible poisoning or other reasons. Also, the
price for catalysts tend to be high.
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1.1

Aim and objectives

A sustainable solution for removal of H2 S needs to have a good performance
in terms of removal rate of the pollutants but it is also important that the
solution is cost effective. However, cost effective does not necessarily mean the
material with the lowest investment cost. Lifetime of the material also plays
a great role. Hence, the aim of the research project is to find solutions for
pollution abatement at ambient temperatures, with a focus on lifetime of the
samples since it highly relates to the cost. To meet the aim, some objectives
need to be fulfilled:
• Finalize the assembly of an experimental test rig for the experiments.
• Find appropriate adsorption or partial catalytic materials to examine.
• Compare the lifetimes of the H2 S for the different adsorbents or partial
catalytic materials.
• Examine how relative humidity influences the performance of the materials.

1.2

Ozone Tech Systems OTS AB

This master thesis project will be conducted at Ozone Tech Systems OTS AB’s
facility in Hägersten, Sweden, where their headquarter is located. In this facility, R&D, production and testing are found, as well as the sales department.
In this report, the company will simply be referred to as Ozonetech, which
is their commercial name. Ozonetech is a clean tech company that has been
awarded multiple times. The company specializes in technologies based on
ozone generation for systems and solutions to treat water and air. Their technology was patented in 1996 and it has been developed further ever since,
along with other new solutions and systems. Some of the many strengths of
Ozonetech’s products are their high efficiency, low energy consumption and
low maintenance cost [4].

1.3

Scope

This project was divided into different parts. The first part of the project was
to study literature to find what materials that were suitable for H2 S removal,
2

which was followed by placing orders on these samples. In this project, there
has been information that needed to be disclosed. Therefore, no materials will
be mentioned by name, and the technical specifications for the materials will
be limited so that they can not be traced.
The project also consisted of finalizing the assembly of a test rig that was
used for the experiments. Before the project started, the rig consisted of a
line where the efficacy of material was tested. The final assembly was to build
a line where the lifetime of the materials can be tested.
The experiments were focusing on the removal of H2 S from polluted air with
catalytic or adsorption material. These experiments were done in lab scale,
at Ozonetech’s facility. The performance of the materials was tested, in terms
of how much pollutant it removes and in terms of lifetime of the materials
examined.

1.4

Delimitations

It was discussed in the initial phase of the project how to simulate biogas in
the experiments. Since biogas has a very low, or no, concentration of oxygen,
one idea was to mix H2 S from a gas cylinder with nitrogen gas from a gas
cylinder, so that no room air would be let into the system. After calculations,
a realization was that it would not be economically feasible to setup such an
experiment. It was not possible to do the test on real biogas either. Therefore,
it was decided to do the experiments with the representative concentration of
H2 S but in room air, so the condition of low concentration of oxygen could not
be achieved. The materials that showed satisfactory results can be subject to
further testing on real biogas in a future project.

3

2 | Background
Ozonetech is currently selling solutions for odor removal and removal of other
toxic gases. The removal of H2 S can be done in different ways and different
methods are suitable for different cases. Examples of parameters to take into
consideration when designing a solution are the concentrations of pollutants,
the flow of the polluted air, and requirements from costumers due to wishes,
but sometimes also due to laws and regulations.
One example of a solution is the one for biogas upgrading. Since Ozonetech’s
speciality is to treat pollutants with ozone, there are steps in the upgrading
where the H2 S is removed by oxidation with ozone. In figure 2.1, a suggestion
of a possible solution for biogas upgrade is presented. RENA Pro is producing
ozone that is injected in the digester to remove high concentrations of H2 S
and is also used later on in the process along with Nodora CAT, which is a
system that is using catalytic material for removal of H2 S [5]–[7].

Figure 2.1. An example of a solution for H2 S removal. This is the process of biogas
upgrading [5].

2.1

Hydrogen sulfide

Hydrogen sulfide is a gas that is poisonous, corrosive and flammable and it
is known for its smell of rotten eggs. It is commonly a result of anaerobic
5

digestion, which is a process where organic matter is digested in oxygen free
environments by microorganisms. An example of that process is in biogas production where biomass waste, such as food waste or sewage waste, becomes
feedstock for gasification and produces biogas [8]. The microorganisms that
are producing methane, which is the desired product in biogas production,
are competing with other microorganisms that are producing H2 S which is a
by product in the process [9]. There are different reasons why the removal
of H2 S is important and in section 2.1.1, an explanation of the importance of
H2 S removal from biogas can be found.
As previously mentioned, H2 S has a characteristic smell of rotten eggs already
at low levels, far below 1 ppm, and can be fatal at higher concentrations.
Table 2.1 collected from Reiffenstein et al. [10] presents the human response
to different concentrations of H2 S and therefore also shows the importance of
abating it. At concentrations above 100 ppm, humans might not even smell
the gas due to loss of anosmia and it can, therefore, be hard to even know
that the H2 S is present, hence the danger.

2.1.1

H2 S in biogas

Biogas is a promising type of biofuel that has been commercially accepted
as an alternative to fossil based fuels. Because of the widely spread demand
for renewable energy, biogas can be a solution that can lead to an economic
profit while being beneficial for the environment. Biogas that is produced in
a digester has the approximate composition 30-40 % carbon dioxide (CO2 ),
60-70 % methane (CH4 ) and small concentrations of some contaminants, such
as H2 S, N2 , water and traces of oxygen. The compositions vary from case to
case and are highly dependent on the feedstock used [9].
With the typical composition described above, the biogas is not suitable to
use as a fuel and needs to be upgraded. To sell the gas as fuel, a high concentration of CH4 is desired and therefore, the CO2 and the contaminants
need to be removed. The amount of CO2 in the gas affects the heating value
and H2 S can affect material that the biogas contacts since H2 S is a corrosive
gas. This causes problems for engines and pipes that are downstream of the
biogas production and, therefore, it is one important reason why H2 S needs
to be removed. Another reason is that the H2 S can cause catalyst poisoning
for catalysts that are used in the CO2 removal step of the biogas upgrading,
and because of that lead to a shorter life time of those catalysts [9].
The concentration of H2 S in biogas depends on the feedstock into the digester.
6

Table 2.1. The human response on different H2 S concentrations presented by Reiffenstein
et al. [10]

Concentration [ppm]
0.003-0.02

Human response
Odor threshold

0.41

Obvious unpleasant odor

20 - 30

Strong offensive odor

30

Sickening sweet odor

50

Conjunctival irritation

50 - 100

Irritation of respiratory tract

100 - 200

Loss of smell (olfactory fatigue)

150 - 200

Olfactory paralysis

250 - 500

Pulmonary edema

500

Anxiety, headache, ataxia, dizziness,
stimulation of respiration,
amnesia, unconsiousness ("knockdown")

500 - 1000

Respiratory paralysis leading to death,
immeadeate collapse, neural paralysis,
cardiac arrythmias, death

High sulfur content in the feedstock naturally results in a higher concentration
of H2 S in the produced biogas. Biogas that uses landfill material as feedstock
can have an H2 S concentration up to 100 ppm and biogas that has municipal
organic waste, livestock manure and sludge from wastewater treatment plant
can have H2 S concentrations up to 10 000 ppm [9].

2.2

Methods for air treatment

There are many different methods for air treatment and, naturally, some methods are better suited for some applications. When choosing a method, there
are some things to consider, such as what the pollutant to be removed is,
the concentrations of the pollutant, the flow of the polluted gas stream and
7

what level of cleaning that is required, i.e. what the outlet concentration of
the pollutant needs to be after the treatment step. Some methods are more
suitable to use at higher concentrations but does not reach very low levels
of the pollutant and some methods can only handle lower concentrations and
reach very low concentrations of the pollutant. It is also possible to have several treatment steps in series, to achieve the desired level of purification. The
economic aspect is also important, and different methods can, of course, also
vary in price.

2.2.1

Gas adsorption

Gas adsorption is a separation method where gas is put in contact with some
adsorption material, a solid surface, and the pollutants in the gas is sticking to
the surface. Different adsorption media hold different properties and because
of that, binds to different gas compounds. Physisorption is when the molecules
bind to the adsorbent media with van der Waals forces and chemisorption is
when the molecules bind to the adsorbent media by covalent bondings or ion
bondings. Chemisorption is a stronger bonding than physisorption [11].
The phenomenon of gas adsorption is based on equilibrium and different material and pollutants have different equilibrium curves, or adsorption isotherms,
at a set condition. If parameters, such as pressure or temperature, are changing, so does the adsorption isotherm [11]. Even though the concept of 100 %
removal of a gaseous pollutant is appealing, it is not possible without violating
the thermodynamics of the equilibrium [12].
Activated carbon
Different materials can be used for the purpose and activated carbon is a
widely used adsorption material. Activated carbon is made by heating of
wood, coconut shell or other organic material to create a porous structure,
with a large surface area. For some applications, an impregnation of some
other material can be made, which means that the surface area of the activated carbon is covered by another compound. By doing that, it is possible
to have the benefit of a large surface area, due to the carbon, and selective
adsorption, or possibly even catalytic reaction, due to the impregnation [11].
The amount of pollutant that can be adsorbed onto the activated carbon,
often referred to as loading capacity, is different from carbon to carbon. Even
though the activated carbon’s surface area is large, space is limited and the
carbon gets saturated eventually. Ideally, all the surface area should be used
8

for uptake of the targeted pollutant but in reality, parts of the area often get
occupied by other things. One of these things could be by something as simple as water molecules that are present in the air. An upper limit of relative
humidity is, therefore, often set. This is individually set for different activated
carbons but is usually around 65-70 % [11].
As mentioned above, the adsorption media gets saturated eventually and in
order to keep removing pollutants, the activated carbon needs regeneration
or replacement. Depending on the bondings between the pollutants and the
adsorption media, the regeneration can be more or less difficult. For weaker
bondings, heating of the material can be enough for regeneration. The adsorption capacity often reduces each time a regeneration is done [11].

2.2.2

Catalysts for air treatment

To treat air, the chemical compounds that are referred to as pollutants can be
destroyed so that the initial pollution molecule no longer exists, and instead,
other, preferably less harmful products are created. To destroy the bond in
such a molecule, energy need to be supplied and absorbed by the reaction.
The purpose of a catalyst is to lower the activation energy for a reaction and
it can work selectively. This means that a pollutant molecule can be adsorbed
onto a catalyst surface where a reaction occurs, followed by desorption of the
reaction products. For example, by using a catalyst to react a pollutant to a
more harmless form, less external energy, such as heat, needs to be supplied to
the reaction. For some cases, catalysts can help destruct pollutants at ambient
temperatures [13].

2.2.3

Other methods for air treatment

Absorption
Absorption, or scrubbing, is when gaseous pollutants are transferred from
the gas phase to a liquid phase. Scrubbing towers, or columns, are used for
the treatment and to achieve high efficiency, the contact between the liquid
and the gas should be high. The compounds that are to be removed by the
scrubbing need to be soluble in the scrubbing liquid (often water), and it can,
therefore, be favorable to make the compound more soluble by pre-treatment,
before the scrubbing tower. This can be done by pre-oxidation or by changing
the pH [3].
9

Ozone treatment
Ozone treatment of air pollution is another method, and it is a technique
that Ozonetech is specialized in. There are different mechanisms that can
occur when treating pollutants with ozone. Direct photolysis is when a UV
light is absorbed by a pollutant so that it dissociates. In this phenomena,
no ozone is actually present. On the other hand, indirect photolysis is the
phenomena where ozone plays a great role. UV light at a wavelength, ⁄, up to
200 nm is absorbed by O2 and splits the bond between the oxygen atoms and
creates two "singlet" oxygen atoms, see equation 2.1. One of these "singlets"
is reacting with one oxygen molecule (O2 ) to create O3 , see equation 2.2. The
ozone is then absorbing UV light of a higher wavelength, up to 305 nm, and
dissociates to O2 and another "singlet" oxygen atom, see equation 2.3. This
singlet then reacts with water and create a hydroxyl radical, see equation 2.4.
The highly reactive hydroxyl radical then reacts with the pollutant, hence the
term "indirect photolysis" for this phenomena. 1D and 3P that is written by
the oxygen atoms represent that the atoms have different energies and O(1D)
has higher energy than O(3P) [3].

2.3

O2 + hv (⁄ < 200 nm) ≠≠æ 2 O(3 P)

(2.1)

O2 + O(3 P) ≠≠æ O3

(2.2)

O3 + hv (⁄ < 305 nm) ≠≠æ O(1 D) + O2

(2.3)

H2 O + O(1 D) ≠≠æ OH•

(2.4)

Removal of H2S from air

There are different methods of removing H2 S from a gas stream and some
of the techniques are presented previously in section 2.2. Some of the most
common ones are to use adsorption media or catalytic material, such as activated carbon or iron oxide or iron hydroxide based materials. Precipitation in
the digester chamber can also be done by adding iron salt into it. Scrubbing
(absorption) and membrane separations are other methods [9].

2.3.1

Removal with iron oxide or iron hydroxide

Iron oxide (Fe2 O3 ) or iron hydroxide (Fe(OH)3 ) based material can also act as
adsorbents and are oxidizing H2 S while regenerating the adsorbent simulta10

neously. Equation 2.5a and 2.5b show the adsorption step for iron oxide and
iron hydroxide, respectively, where iron (III) sulfide and water is the product.
At this step, the O2- anions in the iron hydroxide is replaced by S2- . Equation
2.6 shows the regeneration from iron sulfide back to iron oxide again. At this
step, the iron is reduced from Fe3+ to Fe2+ while S2- oxidizes to elemental
sulfur. Equation 2.7 shows the overall reaction for H2 S to elemental sulfur.
Note that the presence of oxygen is required for the regeneration step [9], [14].
Fe2 O3 + 3 H2 S ≠≠æ Fe2 S3 + 3 H2 O
2 Fe(OH)3 + 3 H2 S ≠≠æ Fe2 S3 + 6 H2 O

(2.5a)
(2.5b)

2 Fe2 S3 + 3 O2 ≠≠æ 2 Fe2 O3 + 3/4 S8

(2.6)

2 H2 S + O2 ≠≠æ 2 H2 O + 1/4 S8

(2.7)

Generally, when using iron oxide or iron hydroxide for H2 S removal, the contact time between the gas and the material is recommended to be between
1 to 15 minutes, but it can vary from case to case and product to product.
Because of the long contact time, a packed bed unit is required to be quite
large, so that the gas has sufficient time to react with the material [9].

2.3.2

Adsorption

Adsorption onto activated carbon is a technique that is used widely for different applications, and removal of H2 S is not an exception. Either the H2 S can be
adsorbed physically to the surface of the activated carbon, or catalytically converted to elemental sulfur, S, and water. For the catalytic conversion, which
in reality can be called partial oxidation, the activated carbon is impregnated
with something that allows the catalytic reaction (partial oxidation) to occur.
Often these impregnations can be by some sort of metal oxides, potassium
permanganate or potassium iodine. The reaction for the partial oxidation can
be seen in equation 2.8 [9].
2 H2 S + O2 ≠≠æ 2 S + 2 H2 O

(2.8)

For the activated carbon where only physical adsorption occurs, the carbon
becomes saturated after some time, when all the sites are occupied with H2 S
and needs regeneration or replacement in order to be able to keep removing
H2 S from the gas stream. The regeneration can be done in different ways, but
often is heat or steam used for the purpose [9]. For the catalytic conversion
11

on the impregnation, the catalytic conversion occurs, and the product stays
on the surface. Hence, the impregnated activated carbons also need to be
replaced eventually.

2.3.3

Compounds for impregnated activated carbons

As mentioned briefly before, there are possibilities to impregnate activated
carbon. By doing this, the material has the benefits of both the activated
carbon, high surface area, as well as the active compounds from the impregnation that allows for the H2 S to react. For example, if the iron oxide or iron
hydroxide explained above in this section would be put onto the surface of
activated carbon, the total surface area of the active material would be larger
than it would be by itself and more of the active material is, therefore, exposed
to the H2 S in the polluted air.
Some chemicals that have shown potential as impregnations onto activated
carbon are potassium hydroxide, KOH, and sodium hydroxide, NaOH, that
both are caustic. Potassium iodine, KI, and potassium permanganate are oxidative chemicals that oxidize the H2 S in the polluted air and create elemental
sulfur. These impregnations, however, need to be handled with care since
the reaction that is happening on the surface with these impregnations are
exothermic and therefore increases the risk for self ignition in the bed [15].
Copper oxides can also be used as sorbents for H2 S removal copper
Studies have shown that, for example, KOH impregnated activated carbon
has a significantly better performance than the same activated carbon that is
not impregnated [16]. Another study shows that activated carbon impregnated
with K2 CO3 was better than when impregnated with KOH or NaOH when
the impregnation ratio was higher. At low impregnation ratios, NaOH showed
the highest loading capacity [17]. Studies have also shown that Na2 CO3 shows
better performance than KOH and NaOH in some conditions [18]. Different
parameters makes different impregnations better for different cases. Activated
carbon impregnated with KOH and CaO showed good result in experiments
when the oxygen level was low [19].

2.4

Measuring quality of material for H2S
removal

The adsorption materials and catalytic materials that are used for the purpose
of H2 S removal can differ in quality. To find a material suitable for the pur12

pose, it is important to establish the requirements for the process in question.
However, there are some things that generally are considered to be favorable.
A long lifetime of the samples is one obvious property that is beneficial. For
adsorption media, the lifetime is often expressed in terms of a breakthrough
curve, as can be seen in figure 2.2. If a packed bed reactor is filled with adsorption material, the pollutant will at first be adsorbed by the material in the
beginning of the bed and when those sites are full, the gas will be adsorbed
by the first available sites in the bed. The sites are being filled up along the
bed and clean air is exiting the bed as long as there are open sites in the adsorption material, but when most of the sites have been occupied, pollutants
are starting to exit the bed, or "break through" the bed and that is what the
breakthrough curve is representing [20].
In figure 2.2, the breakthrough time, t b , is the time when the fraction between the outlet concentration and the inlet concentration of the pollutant
is the set value of pollutant that is allowed. Saturation occurs when that
fraction is equal to 1, i.e. adsorption is no longer taking place. Concentration of pollutant in the initial gas stream, loading capacity of the carbon
and flow rate are some parameters that affect the breakthrough time [20], [21].
Another important aspect when measuring the quality of a material is the
removal efficiency of the pollutant. A high removal efficiency means that there
is a low concentration of the pollutant in the outlet gas, and a low removal
efficiency means that the concentration of the pollutant in the outlet gas is
closer to the concentration in the inlet gas. The breakthrough fraction, BF,
which is the inverse of the removal efficiency, can be calculated with equation
2.9 where c in is the initial concentration of the pollutant and c out is the concentration at some point where the concentration is measured, after the bed
[21].

BF =

cout
· 100 %
cin

where:
BF = Breakthrough fraction [%]
cout = outlet concentration [ppm]
cin = inlet concentration [ppm]
13

(2.9)

Figure 2.2. Breakthrough curve for adsorbents.
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3 | Method and materials
3.1

Design of test rig

Before this master thesis project started, the line to test lifetimes of materials
needed to be constructed. Therefore, the building of this line was a vital part
included in the scope of this project. The beds (A and B) that were used in
this project are shown in figure 3.1 and they were built in other projects at
the company. Teflon tubes were used to connects all parts, and throughout
the line, Teflon tubes with an inner diameter of 8 mm to 10 mm were used
(outer diameter 10 mm to 12 mm). The Teflon tube from the sampling point
(between packed bed A and packed bed B), had the inner diameter of 4 mm
(outer diameter of 6 mm).

Figure 3.1. A schematic of the lifetime line in the experimental test rig, assembled in the
beginning of the project.

As seen in figure 3.1, there were two packed beds. Bed A was the testing
bed and the total flow and the empty bed contact time was the same for all
experiments, as well as the bed volume. These values are confidential. Bed A
was used to test the adsorption and catalyst material for H2 S and therefore, a
15

sampling point was placed right after bed A. The second bed, B, was there to
act as a safety bed and was larger than bed A. When bed A started to break
through, the H2 S that was breaking through was adsorbed in the second bed
rather than let out in the exhaust air. This design makes a fume hood, in
theory, not needed. However, for precautionary reasons, the exhaust was, of
course, let out in a fume hood. Ball valves were placed before and after the
beds, in order to close the system if experiments needed to be paused. An
MFM was used to be able to read the flow of H2 S that was injected into the
system and a rotameter was placed before the pump to read the total flow of
air and H2 S mixture in the system.

3.1.1

Equipment

H2 S measurement
H2 S concentrations were measured with an X-am 5000, purchased from Dräger.
It was used to test the outlet concentrations in the test rig, i.e. after the packed
bed. The device used in this experiment was equipped with a DrägerSensor
XXS H2 S with a measuring range between 0 and 200 ppm. The detection
limit was 2 ppm and the resolution was 1 ppm. Response time was 15 seconds and the measurement accuracy was ± 2 %. Condition requirements was
a relative humidity between 10 to 90 % and a temperature between -40 and
50 °C. Along with the device goes a pump, with a tube that could be used
to connect the sampling points in the test rig. The device was calibrated by
Dräger personnel before the experiment started.
The X-am 5000 is a device with the convenient size of a mobile phone and
can be brought along at sites where there are risks of high concentrations of
dangerous gases and, therefore, its strength is not to be very accurate at very
low levels.
Mass flow meter
The mass flow meter, MFM, that was monitoring the flow of H2 S containing
gas is from the manufacturer Christian Bürkert GmbH & Co. KG. H2 S is a
corrosive gas and that was considered when choosing the MFM. The model
used in this test rig was the 8700 that had a maximum flow of 5 dm3 /min. The
need for flushing the unit with air after finishing an experiment was considered
but after asking the service department at Bürkert, the answer was that it was
16

not needed. The response time was less than 3 seconds and the accuracy, after
30 minutes of warm up time, was 0.3 % of full scale.
Pump
In the efficacy line, previous master student Tani Skoog argued why a fan or
pump should be put at the end of the system, to suck air through it, rather
than before the system, to push air through it, due to safety reasons. The
placement of a fan or pump after the system, in case of leakage, results in a
dilution of the H2 S inside the system since ambient air is sucked into it. If
instead the pump or fan was placed before the system, the H2 S inside the
system would be pushed out to the room in case of a leakage which would
endanger the health of the people working nearby. In the construction of
the lifetime line, a pump was installed at the end of the line, with the same
principle as the fan in the efficacy line.

3.2

Materials

The materials for H2 S removal used in this experiment were found and purchased in an initial phase of the project. The materials and their technical
specifications cannot be disclosed. However, eight different materials were
tested and the materials can be divided into two groups. One group with only
activated carbons, sample AC1 and AC2, and one group with partial catalytic
materials, sample PC1, PC2, PC3, PC4, PC5 and PC6. The partial catalytic
materials include impregnated activated carbons and metal oxides but cannot
be specified further than that.
In this project, the activated carbon materials and the partial catalytic materials were compared with each other as two groups. Internally, all the individual
samples were compared with each other more thoroughly.

3.3

Gas mixture

The gas used in this experiment is from AGA and is a gas mixture with 10
mol% H2 S in N2 with the initial pressure 89 bar. The gas was mixed with
room air to achieve the desired H2 S-concentration for the experiment. The
concentration of H2 S was set to 1000 ppm. The pump that was used to suck
the flow through the system had a maximum capacity that was representing
the total flow. To achieve a concentration of 1000 ppm H2 S, the flow of the
10 % H2 S in N2 was one hundredth of the total flow, which was controlled
17

with the mass flow meter from Bürkert. The H2 S stream was injected into an
air stream that was from the room air. The experiments were carried out in
an environment with a relative humidity of approximately 30 % and in room
temperature.
When all the materials had been screened with a H2 S-concentration of 1000
ppm according to the method described above, some materials was tested with
half of the concentration, 500 ppm H2 S, as well. The flow of H2 S was simply
halved.

3.4
3.4.1

Method of experiments
Lifetime and performance testing

The different materials were loaded into one of the vessels to create a packed
bed. The gas containing H2 S was run through the system and the concentrations of the gas in the outlet of the packed bed was measured with the
Dräger X-am 5000. When the concentrations of H2 S started to increase, the
breakthrough curve was created by applying equation (2.9).
Different materials were tested in two different cases for comparison but also
to test the impact relative humidity has on the performance of the materials.
In Case 1, the inlet concentration of H2 S was 1000 ppm in air, and the total
flow was set by the maximum capacity of the pump. The relative humidity
was 30 % and not controlled, only monitored. In Case 2, the inlet concentration of H2 S was 1000 ppm in air with the same total flow as in Case 1, but
with a controlled relative humidity of 70 %. These experiments were executed
similarly in order to compare the results.
For some of the materials, half of the concentration (500 ppm) of H2 S was also
tested to see whether there would be a difference between the loading capacities when the parameter concentration was changed. Equation 3.1 presents
how the ratio of these loading capacities were calculated.
LCcomp =

LC500
· 100 %
LC1000

where:
LCcomp = Loading capacity ratio [%]
LC500 = Loading capacity when 500 ppm H2 S
LC1000 = Loading capacity when 1000 ppm H2 S
18

(3.1)

The loading capacities have been calculated by adding up the adsorbed mass
of H2 S that is occurring before any breakthrough occurs. This is done by
integrating the inverse breakthrough fraction between t = 0 and the breakthrough time, t b . This means that the loading capacity only includes the
possible loading of H2 S when the material can be used. For example, with a
1000 ppm inlet, and a 10 ppm outlet, the breakthrough fraction is 1 %. At
this point, loading of H2 S is still occurring on the surface but the material
should no longer be used because the outlet concentration is too high.
The values for the loading capacities in this report are unitless since the specific information cannot be disclosed. However, the numbers are comparable
with each other since the values have been calculated in the same way.

3.4.2

Regeneration experiment

A regeneration test was done on one of the materials by letting air with a
relative humidity of 70 % flush the packed bed after 200 ppm of H2 S in the
outlet was reached. The regeneration test was conducted on a material from
a Case 1 experiment, i.e. on material that had been performance tested with
air with a relative humidity of 30 %.
When the performance test was done and the outlet concentration of H2 S
was 200 ppm, the H2 S supply was turned off and the humidifier was turned
on, set on 70 % relative humidity. The humid air was run through the packed
bed for 9 hours with the H2 S supply turned off. After that, the H2 S feed was
turned on again so that the inlet concentration in the regenerated bed was
1000 ppm again. When the outlet concentration reached 200 ppm, the same
procedure was followed again until the efficiency of the material had been reduced to half, i.e. when the lifetime of the material was more than half after
a generation compared to the same material before the regeneration.
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4 | Results and discussion
4.1
4.1.1

Lifetimes and loading capacities
Breakthrough curves

For the first case, where all the available materials were screened, the concentration of H2 S was 1000 ppm in air. The relative humidity was not controlled
in this experiment. However, the relative humidity was monitored and around
30 % for each run. Since the H2 S detector has a limitation in its range of H2 S
detection between 0-200 ppm, the breakthrough curves shown in figure 4.1 do
not reach 100 %.

Figure 4.1. Breakthrough curves for the tested materials from Case 1.

Figure 4.1 shows the different performance of the materials. In general, the
best results came from the partial catalytic materials. PC4 showed the longest
breakthrough time but PC3 was similar. The slopes of the breakthrough
curves are different which indicates different reactions on the surface. This
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can be due to different impregnations or structure of the materials.
The slopes are also important to observe. A material with a very steep slope
means that there is less time to exchange the material to avoid high concentrations of H2 S in the outlet. A flatter breakthrough curve allows for more time
to exchange the material in the filter before higher concentrations of H2 S are
reached. Another thought is that a steeper curve means that the material is
using more of its potential. A flatter curve indicates that H2 S is being loaded
onto the material for a long time when the material is unusable since there is
H2 S in the outlet.
The activated carbon without any impregnations shows results that are significantly worse than any of the others, which was also suggested in the literature
studied prior to the experiments. This result points to that a material for H2 S
removal needs to allow for some sort of reaction in order to perform well, and
faster reactions are beneficial for higher efficiency. Therefore, impregnations
on activated carbon or metal oxide based materials are believed to be necessary for an efficient treatment since the impregnation or metal oxide enhances
the reaction of H2 S. Selective impregnations, or materials, are more suitable
for H2 S removal than activated carbon materials.
For time management purposes, only the materials that showed potential in
Case 1 were subject to further testing. The materials that were tested in Case
2 were four of the six partial catalytic materials. The rest were excluded from
further testing since they did not show satisfactory results in Case 1. In Case
2, the concentration of H2 S was 1000 ppm in air and the relative humidity
was 70 %, which was controlled with a humidifier. The breakthrough curves
are shown in figure 4.2.
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Figure 4.2. Breakthrough curves for the tested materials from Case 2.

The materials that were examined in Case 2 had a significantly longer lifetime
than the same materials showed in Case 1. A higher relative humidity prolonged the lifetime for all the samples. The reason for that can be discussed.
One reason might be that the humid air was regenerating the material and
removing the H2 S simultaneously and therefore had a longer lifetime before
breakthrough. In the technical data sheet for one of the partial catalytic materials, it is explained that the importance of moisture is due to that the H2 S
is dissolved in the water content in the air before reacting with the surface,
which strengthens that theory.
An exothermic reaction was occurring on the surface on these materials which
was observable since the temperature of the packed bed was rising when running the H2 S through them. Since the material at the beginning of the packed
beds was saturated first, it was also possible to feel, by touching the bed, how
far the saturation had reached in the bed. If these materials were to be used
in a larger application, this technique can be used to get an indication when
the material is close to being saturated.

4.1.2

H2 S loading

The loadings on the different materials when the experiments were run in
30 % and 70 % relative humidity, respectively, are presented in figure 4.3.
The values represent the loading onto the materials before any breakthrough
occurs, i.e. only when the outlet concentration of H2 S is 0 ppm.
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Figure 4.3. Loading capacities from experiments in 30 % relative humidity (white) and
70 % relative humidity (gray). AC1, AC2, PC5 and PC6 were only performed for 30 %
relative humidity. Detailed data can be found in Appendix A.1.

For the activated carbons, the experiments showed a small uptake in H2 S.
However, these numbers are believed to be 0 since it is possible that there was
a delay in the detector. Another explanation could also be that the detector
did not show any H2 S concentration in the first minutes because the H2 S in
the mixture simply had not had enough time to travel through the system.
All of the materials showed a significantly smaller loading capacity than those
stated in the materials technical data sheet, from the suppliers. The suppliers
often write that the loading capacity can reach a value, under specific and
optimal conditions. These conditions can have been tested under controlled
circumstances in lab scale and might not be applicable to any real scenarios.
For marketing reasons, these numbers are still the ones used by the suppliers.
Another explanation might be that the term loading capacity has different
definitions. The loading capacities from the experiments in this project are
calculated from before any breakthrough occurs, i.e. as long as the outlet
concentrations are 0. The loading capacities calculated by suppliers might be
both before and after breakthrough occurs, which would give a higher value.

4.1.3

Regeneration with humid air

Regeneration by flushing the beds with air with a relative humidity of 30 %
was tested for all the materials without any regeneration effect, i.e. the outlet
concentration of H2 S was the same before and after the regeneration test with
24

normal air.
One material, PC3, was tested for its regeneration capacity by flushing the
packed bed with air with a relative humidity of 70 %. At this relative humidity, regeneration of the material could be seen. In figure 4.4, the breakthrough
curves are shown for each run of the same material after regenerating it twice.
The first run, before any regeneration, the time before breakthrough started
was 10 hours and 50 minutes. After the first regeneration, the material had
its breakthrough after 9 hours and 30 minutes. After the second regeneration,
the time before breakthrough was 4 hours and 35 minutes.

Figure 4.4. Breakthrough curves for the regeneration test. PC3 was regenerated twice.

The regeneration experiment points to that the moisture in the air is regenerating the material. The H2 S mixture in these experiments are only run with
low relative humidity and the humid air is only used after saturation. However, it is also possible that some of the moisture is adsorbed on the material
and reacts with the H2 S mixture even though the relative humidity of the
gas mixture going into the packed beds are 30 %. Another thing that is important to note, in this context, is that the detector used in the experiments
detects and is calibrated for H2 S. However, there are cross sensitivities with
some other compounds that would result in a reading on the detector. This
decreases, or eliminates, the risk of having compounds reacting in the bed and
then let out in the exhaust air. SO2 is an example of such a compound.
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4.1.4

Lower H2 S concentration

Some of the materials were tested with a lower concentration of H2 S, 500 ppm,
to see whether the loading capacity would increase when the conditions were
less severe. In table 4.1, the loading capacity is presented as a percentage of
the loading capacity for the corresponding material from Case 1 and calculated
with equation 3.1. The relative humidity was 30 %.
Table 4.1. From experiments with 500 ppm H2 S concentration.

LC comp [%]
PC1
103
PC4
88
PC2
71
The result in table 4.1 shows that the loading capacities are similar or lower
than for the corresponding values in Case 1 and the breakthrough times were
similar or shorter as well when the concentration was lower. This points
to that the limiting factor for the performance of the materials is not the
concentration of the H2 S and that the dependency on relative humidity is of
greater concern since the difference in the results from Case 1 and Case 2 were
far more significant.

4.2

Discussion on cost effectiveness

The longest lifetimes does not necessarily mean that it is the most cost effective material since the investment costs also play a large role in the matter.
However, when discussing cost effectiveness, it is important to consider all different costs and not only the material cost. Every exchange has costs in terms
of manpower, transportation, disposal fees and so on. Naturally, this means
that fewer exchanges are desired to keep costs low. However, if there are large
varieties in material costs, a cheaper material might be better in some cases
even if the lifetime is shorter and the material needs replacement more often.
It can also be of interest to examine the differences in investment costs based
on weight versus based on volume since densities of the materials can vary.
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5 | Conclusion
Eight samples for H2 S removal were collected and tested in this experiment in
the test rig that was assembled at the beginning of the project. The materials
were tested on their lifetime and a general conclusion was that the partial
catalytic materials performed significantly better than the unimpregnated activated carbons.
PC4 had the longest lifetime but was closely followed by PC3 in the case
where the relative humidity was 30 %. PC3 showed the longest lifetime in
70 % relative humidity. Since PC3 was so close to PC4 in the low humidity
experiments, PC3 may be a better choice if the conditions are not completely
known, since it performs well in both cases. The partial catalytic materials
that are impregnated carbons are also believed to be suitable for removal of
VOCs and mercaptans if they are present along with H2 S in polluted air.
Metal oxides are expected to only be suitable for H2 S removal.
High relative humidity showed a significantly better result than low relative
humidity. For PC3, a relative humidity of 30 % resulted in a lifetime that was
only 20 % of the lifetime for the same material at a relative humidity of 70 %.
The other materials showed similar results. It was also showed that treatment
with humid air in a saturated bed was an alternative. Regeneration could be
done twice, with lower efficiency after each regeneration.

5.1

Future research

For the future, more research on the effect of humidity could be done. Regeneration tests could be done on more materials to see if it has a positive impact
on more materials than the one examined in this project.
Another future study could be a more thorough case study on an actual biogas plant to see how the materials perform at low, or no, oxygen conditions.
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Related to this, it could be of interest to see if the materials also can remove
other contaminants, such as mercaptans or VOCs.
More analysis on the outlet gas should be done, to ensure that there are no
dangerous compounds in the gas after the packed bed. Also, more methods
for characterization of the materials could be a future study, to understand
if there are any structures that favors H2 S removal more than others. BETanalysis could be done for the surface area, as an example.
Another future study could be to test other parameters, such as different
flow rates, a larger number of different concentrations of H2 S or different temperatures.
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A | Appendix
A.1

Loading capacities

Table A.1 shows the different loading capacities for the different materials
from the low relative humidity experiments and table A.2 shows the same
information but from the high relative humidity experiments.
Table A.1. The loading capacity per volume of the different materials, from Case 1.

PC1
PC2
PC3
PC4
PC5
PC6
AC1
AC2

H2 S loading
18.5
33.3
35.5
40.9
23.0
15.8
0.26*
0.84*

The adsorbed mass of H2 S is
possibly 0 and the values presented are believed to be due
to delayed response time in the
analyzing apparatus.
*

Table A.2. The loading capacity per volume of the different materials, from Case 2.

PC1
PC2
PC3
PC4

H2 S loading
64.4
53.4
75.8
68.7
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