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Abstract

Governments around the world are currently seeking renewable alternatives to fossil fuels for the
production of electricity, heat and synthetic products. The main advantage of these renewable
alternatives is their low emission of greenhouse gases and global warming. Despite this, some of the
most attractive energies such as solar or wind power are very fluctuating and an alternative that provides
energy on a regular basis is needed. For this reason, biomass is a valid alternative to fossil fuels and is

also the only carbon containing renewable energy source.

Biomass gasification is one of the most promising technologies because it can produce a wide range of
solid raw materials in gas product with a medium-high calorific value to produce heat and high value-
added chemicals. However, this technology needs to be improved to be competitive against the low

prices of fossil fuels. One of the key areas that needs to be improved to achieve this goal is gas cleaning.

One of the most viable options, and one whose interest has increased a lot recently, is activated carbon
(AC). The main advantages of this material are its low cost and that it can withstand high working
temperatures. In addition, activated carbon can remove different impurities from the product gas such

as sulphur-containing gases as well as tars.

In this thesis, a literature review of the activated carbon technique for the removal of hydrogen sulfide
(H»S) and tars has been carried out. Chapter 4 deals with the mechanism of adsorption of H»S and the
parameters that influence the adsorption process, differentiating the active carbons into two types,
unmodified and impregnated with metals. The main conclusions drawn from the literature research is
that there is a differentiation in the adsorption mechanism of unmodified ACs and those modified with
metal impregnations. In addition, process parameters such as porosity, relative humidity, temperature or
pressure affect differently whether the activated carbon is modified or not. On the other hand, Chapter
5 reviews the removal of tar by AC. The results shown in different articles reveal high removal
efficiencies for some of the major tar compounds. However, this technique has to be further investigated
with these impurities because there are other components of the tars that still show disadvantages to be

removed at high temperatures and the process needs to be optimized.

Kurzfassung

Regierungen auf der ganzen Welt suchen derzeit nach erneuerbaren Alternativen zu fossilen
Brennstoffen fiir die Erzeugung von Strom, Wirme und synthetischen Produkten. Der Hauptvorteil
dieser erneuerbaren Alternativen ist die geringe Emission von Treibhausgasen und die globale
Erwidrmung. Trotzdem schwanken einige der attraktivsten Energien wie Solar- oder Windkraft sehr
stark, und es wird eine Alternative benétigt, die regelmiBig Energie liefert. Aus diesem Grund ist
Biomasse eine giiltige Alternative zu fossilen Brennstoffen und auch die einzige kohlenstoffhaltige

erneuerbare Energiequelle. Die Biomassevergasung ist eine der
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vielversprechendsten Technologien, da sie eine breite Palette fester Rohstoffe in Gasprodukten mit
einem mittleren bis hohen Heizwert zur Erzeugung von Wirme und Chemikalien mit hoher
Wertschopfung erzeugen kann. Diese Technologie muss jedoch verbessert werden, um gegeniiber den
niedrigen Preisen fiir fossile Brennstoffe wettbewerbsfihig zu sein. Einer der Schliisselbereiche, der

verbessert werden muss, um dieses Ziel zu erreichen, ist die Gasreinigung.

Eine der praktikabelsten Optionen und eine, deren Interesse in letzter Zeit stark zugenommen hat, ist
Aktivkohle (AC). Die Hauptvorteile dieses Materials sind seine geringen Kosten und dass es hohen
Arbeitstemperaturen  standhalten kann. Dariiber hinaus kann Aktivkohle verschiedene

Verunreinigungen aus dem Produktgas entfernen, wie schwefelhaltige Gase sowie Teere.

In dieser Arbeit wurde eine Literaturiibersicht iiber die Aktivkohle-Technik zur Entfernung von
Schwefelwasserstoff (H2S) und Teeren durchgefiihrt. Kapitel 4 befasst sich mit dem
Adsorptionsmechanismus von H2S und den Parametern, die den Adsorptionsprozess beeinflussen,
wobei die Aktivkohlen in zwei Typen unterschieden werden, die nicht modifiziert und mit Metallen
imprégniert sind. Die wichtigsten Schlussfolgerungen aus der Literaturrecherche sind, dass der
Adsorptionsmechanismus von nicht modifizierten ACs und solchen, die mit Metallimpridgnierungen
modifiziert wurden, unterschiedlich ist. Dariiber hinaus beeinflussen Prozessparameter wie Porositit,
relative Luftfeuchtigkeit, Temperatur oder Druck unterschiedlich, ob die Aktivkohle modifiziert ist oder
nicht. Andererseits wird in Kapitel 5 die Entfernung von Teer durch Wechselstrom untersucht. Die in
verschiedenen Artikeln gezeigten Ergebnisse zeigen hohe Entfernungseffizienzen fiir einige der
wichtigsten Teerverbindungen. Diese Technik muss jedoch mit diesen Verunreinigungen weiter
untersucht werden, da es andere Komponenten der Teere gibt, die noch Nachteile aufweisen, die bei

hohen Temperaturen beseitigt werden miissen, und der Prozess muss optimiert werden.

I
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1 Introduction

Currently, energy consumption is increasing worldwide. Despite the fact that fossil fuels are known to
have an expiration date, they are still the ones that currently cover most of the energy demand. Burning
fuels is known to cause pollution, with carbon dioxide (CO,), sulfur dioxide (SO), nitrogen oxides
(NOx) and particulates that could be emitted being its greatest exponents. In addition to pollution, some
gases mentioned as CO; or NOx increase the amount of greenhouse gases released into the atmosphere.
One of the most damaging impacts of greenhouse gas emissions is its global warming potential (GWP).
Global CO; emissions are worrying, because since 1975 they have increased from 15.54 billion metric
tons of carbon to 33.32 in 2018 [1]. In Figure 1, it can be observed the forecast of CO, emissions around
the world until year 2050. As can be seen, the emissions of this compound instead of ceasing, they are

increasing.

50

43.08

40

30

20

Emissions in billlon metric tons

2018 2020% 2025* 2030* 2035* 2040 2045* 2050*

Figure 1. Forecast of CO; emissions worldwide from 2018 to 2050 [1].
In order to reduce greenhouse gas emissions, the policies of different governments are evaluating
alternatives to fossil fuels. It is in this context that renewable alternatives to fossil fuels for electricity
generation appear in research for the last decades. Renewable energy systems include the generation of
electricity from wind, solar power, hydropower and bioenergy with the aim to supply most of the energy
demand in the long term. The long-term goal is due to these energy alternatives currently supply between

20-25 % of the world’s energy demand, mainly as traditional biomass and hydro power.

Currently, regarding electricity production, coal continues to be the largest source of production of
approximately 40% followed by renewable energy by 20%, nuclear by 17% and oil by 9% [2]. Table 1

shows the electricity production from the year 1971 to the present. In addition, it can also be seen the
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average emissions of C per kWh according to the fuel used.

Table 1. Past and projected global production from the electricity generating sector (TWh/yr)
and average C emissions per kWh [2].

1971 1995 2000 2010 2020
Coal 2100 4949 5758 7795 10.296
Natural gas 691 1932 2664 5063 8243
Oil 1100 1315 1422 1663 1941
Nuclear 111 2332 2408 2568 2317
Hydro 1209 2498 2781 3445 4096
Other renewables 36 177 215 319 433
Total 5247 13.203 15.248 20.853 27.326
Average GHG
emissions (2 C/kWh) 200 158 157 151 147

From Table 1, it can be seen that as new renewable technologies are used, the average carbon emissions
decrease. The main advantage of renewable energies is that they can provide energy services in
sustainable ways with very low greenhouse emissions. However, for renewable energy projects to
continue to grow, governments in different countries need to continue to invest in them and follow in
the footsteps of countries such as India, China or United States, the countries where renewables have

grown the most.

Within renewable energies, some of them are highly fluctuating depending on the location, such as solar
or wind. For this reason, biomass has acquired great interest in some countries and among them is
Austria, where more than 50% of the land area is forest. The main advantage of biomass compared to
other renewable energies is its capacity to store electricity and that can be used for peak loads and periods
of unfavorable weather conditions. Some of the resources used for biomass include forestry and

agriculture residues, municipal solid wastes, landfill gas, etc.

Biomass fuels are generally easier to gasify than coal and development in Integrated gasification
combined cycle (IGCC) systems utilize and improve the efficiency of a combined cycle gas turbine
(CCGT) technology. To facilitate energy transport, the conversion of solid biomass to liquid or gas
phase is necessary. There are different technologies for the conversion of biomass such as biological,
thermo-chemical or mechanical extraction. One of the most interesting technologies is gasification,
which can convert a wide range of feedstock to medium-high calorific gaseous products. These products
can produce energy, heat and chemicals with a significant reduction of the CO, emission compared to

fossil fuels.
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At the TU Wien, a dual fluidized bed gasifier (DFB) was developed in the 1990s and its feasibility was
demonstrated in Giissing, located in Austria. This pioneering biomass power plant with DFB technology
had a fuel input capacity of § MW and produced 2 MW.;. After it was demonstrated that this technology
was no longer promising but was a reality, the TU Wien recently developed a pilot plant in the city of

Vienna itself, which is still being investigated through different experiments.

1.1 Aim & Scope

The gas product obtained after the conversion of solid fuel (biomass) to gaseous fuel, contains different
gases, hydrocarbons, tars, nitrogen and suspended particulate matter. This product gas needs to be
cleaned in order to be used later to produce electricity or to obtain other high value-added compounds.
According to the state of the art, the gas cleaning techniques employed have been mostly scrubbers and
by cold gas filters. However, these techniques have the disadvantage that they are not very energy
efficient since the product gas has to be cooled down before it can be cleaned. For these reasons, recent
research has focused on finding other gas cleaning techniques. Two of the products that present the most
difficulties due to their detrimental effects on the gasification process are sulphur-containing gases and
tar. In the present work, the main objective of this thesis has been to investigate an increasingly used
alternative to conventional techniques which is the activated carbon. This material is based on the
adsorption process and can be used to remove both tars and sulphur-containing products such as H»S or

SO;.

The first part of the work contains a theoretical background with the fundamentals of biomass
gasification and methanation (Chapter 2). Once the basic theoretical fundamentals of gasification are
detailed, the activated carbon technique for gas cleaning is introduced in Chapter 3. This chapter gives
an overview of this technique with its history, main applications, gasification agents, etc. Chapter 4 deals
with the desulfurization of H,S with AC, emphasizing the differentiation between the mechanism of
adsorption and the parameters of unmodified AC and those modified with impregnating agents. Chapter
5 contains literature on the removal of tars using activated carbon. Finally, at the end of the work, the

conclusions are presented and discussed.
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2 Fundamentals for SNG production based on biomass
gasification

2.1 Biomass gasification

Knowing that fossil resources are gradually being depleted until the human being ends up spending
them, different countries, organizations and scientists are continuously looking for natural and
sustainable alternative ways to replace them. One of the most attractive renewable energies is biomass,
since unlike other widely used renewable energies such as solar or wind, its utilization is not fluctuating
and could be stored for different purposes. Because of this reason and the fact that biomass is the only

carbon containing renewable energy source, it is a valid alternative to fossil fuels.

As a consequence of the increase in interest in biomass field, one of the technologies included in
thermochemical conversion, gasification, has been regarded as an effective pathway to utilization of
biosource. Biomass includes living organisms such as plants, grasses or manures which they contain
major elements like C, H, O, S, P and S. The growing interest in this particular technology is due to
different reasons, but a couple of the most important are the continuous increase in the price of natural
gas and the second is the need for energy independence. In other words, the need for energy
independence refers to coal not only being used for the production of electricity, but also for the
production of synthetic natural gas as well as for other purposes. Next, Figure 2 shows the main

processes of biomass conversion technologies.

Biomass
|
| | |
Biological Thermo-chemical Mechanical
conversion conversion extraction
— Fermentation |—{ Combustion SEl e
technology
Apaergbm —  Gasification
digestion
— Pyrolysis

Figure 2. Main processes for the biomass conversion technologies [3].
Gasification is a thermochemical process that requires the conversion of a solid or liquid fuel into a gas

or vapor phase fuel and a solid phase by the sub-stoichiometric addition of a gasification agent (steam,
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air/oxygen, carbon dioxide) at high temperatures. The gas phase product, commonly referred to as
“producer gas” or “gas product”, can be used for heat production, combined heat and power generation

(CHP), the production of chemicals and fuels and the production of SNG. [4], [5]

The gasification process can be divided into the different stages drying, devolatilization and gasification.

A simplified sketch of the stages is depicted in Figure 3:

Drying Devolatilization " Gasification
100-150 °C 250-550 °C 700—-1000 °C
Gasification
Char
Blomass . sh
Volatiles
> —
> Producer
Steam gas

Figure 3. Process during gasification of a single particle [6].

1. Drying (endothermic stage): The evaporation of the water that is contained in the fuel occurs at
temperatures between 100 and 150 °C depending on the operating pressure. Due to the
evaporation of water, steam is released from the structure of the particle. Although the biomass
heats up, there is no considerable increase in temperature while the water evaporates.

2. Devolatilization or Pyrolysis (endothermic stage): In this stage, which occurs at temperatures
between 250-600 °C, the main organic compounds of the fuel are thermally decomposed into
gases, condensable vapors, liquids and coke. Pyrolysis reactions can be expressed as shown in

the following Equation 1.1:

Fuel + Heat — Gas (CH,, C,,H,, C0,,CO,H,,H,0,etc) + Tars + Char Eq. 1.1
Depending on the temperature, one or another fraction is obtained. Typically, at 500 °C all the

biomass is pyrolyzed. At the end of this stage, char and ash remains as solid fraction.

3. Gasification: Gasification, occurs at high temperatures, from 700 to 1000 °C. The remaining
solid carbon and gaseous components from the devolatilization and pyrolysis stage react with
steam to give the product gas. Table 2 summarizes the reactions during the gasification process,

which are classified into heterogeneous and homogeneous reactions.
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Table 2. Gasification reactions [7].

Heterogeneous gas-solid reactions

. . Reaction .
Type of reaction Reaction Enthalpy Equation
Oxidation of Highly
carbon C+0,=C0; exothermic 2422
Partial oxidation of 1 .
carbon C+ > 0, - CO Exothermic  Eq. 2.3
Heterogeneous C + H,0 - CO + H, Endothermic ~ Eq. 2.4
water-gas reaction
Boudouard reaction C+C0,—-2CO Endothermic  Eq. 2.5
Hydrogenation of C+2H,— CH, Shghtly. Eq. 2.6
carbon exothermic
Generalized steam y
gasification of solid ~ CyH, 0, + (x — z)H,0 - xCO + (x —-z+ E) H, Endothermic Eq.2.7
fuel (bulk reaction)
Homogeneous gas-gas reactions
Type of reaction Reaction Reaction Equation
yp Enthalpy q
Oxidation of Highly
hydrogen 2Hy+ 0y = 21,0 exothermic ~ £d- 28
Water-gas shift Slightly
reaction CO+ H0 < 0y + Hy Exothermic ~ £4' 29
Methanation CO+3H,< CHy+ H,0 Exothermic  Eq. 2.10
Generalized steam y
reforming of CyHy, +x H,0 - xCO + (x + E) H, Endothermic Eq. 2.11
hydrocarbons
Generalized dry y
reforming of CxHy, +xC0O, - 2x CO + 5 H, Endothermic  Eq. 2.12
hydrocarbons

2.1.1 Gas composition

The primary product of gasification, is a mixture of combustible gases hydrogen (H>), carbon monoxide

(CO), methane (CH4) and the incombustible gases like water vapor (H>O), carbon dioxide (CO,) and

nitrogen (N»). In addition to the main compounds, an amount of undesirable trace compounds is also

formed in the product gas. Most of these impurities are tars (higher hydrocarbons) and particulate matter

(ash, bed material, soot, etc.). Other elements that are also released during gasification process are

inorganic trace elements. The most representative are chlorine compounds such as HCI, sulphur species

(H2S, COS, thiophenes, mercaptanes), nitrogen compounds (HCN, NH3s, pyrroles, pyridines), alkali

metal species such as KCl, KOH, NaOH and NaCl and other trace metals. The composition of the gas

products depends on multiple factors, such as the composition and type of the biomass, type and quantity

6
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of the gasifying agent, the type of gasifier and the residence time, the type of catalyst, temperature and
operating pressure and several other factors. Below, in Table 3Table 3, a summary of the range of
product gas compositions and their lower heating value is presented.

Table 3. Synthesis Gas Composition and Heating Value for Air, Oxygen/Steam Blown and DFB
Gasification [5], [8].

Gas (vol %, dry) Air Steam/Oxygen DFB steam
CcO 9-21 20-47 18-25
CO, 11-19 9-30 18-25
H, 6-22 26-55 35-45
CH, 1-7 4-25 7-12
N> 40-60 0-3 0-3
LHV (MJ/my°) 3-6.5 12-17 10-15

2.1.2 Technologies for biomass gasification

In the last decades, gasification technology has acquired significant attention due to its objective of
converting biomass to product gas. For this reason, research and development concerning this topic has
focused on the different types of systems that exist in this process. These systems can be classified as

presented below:

e Heat transport into gasification reactor: allothermal or autothermal.
e Type of reactor: fixed bed, fluidized bed or entrained flow.

e Type of gasification agent: air, oxygen, steam, carbon dioxide, etc.

The first of the classification systems for biomass gasification is based on whether the heat transport is

allothermal or autothermal operation.

Allothermal gasification is characterized by the separation of the processes of heat production and heat
consumption. The energy that is needed to carry out the overall endothermic gasification process is
provided indirectly from a heat exchanger or a circulating heat carrier. In case of the dual fluidized bed
technology, the setup of this type of gasification consists of two reactors connected to each other by a
circulating heat carrier (bed material). Biomass is gasified in the first reactor and the remaining char is
transported to the second reactor and combusted to heat up the bed material. The hot bed material is
entrained and introduced to the gasification reactor again. This type of gasifier produces two gas streams:
one product gas stream without or very little amount of nitrogen and a flue gas stream (combustion

reactor). The main advantage of this type of gasifier is the production of nitrogen-free gas without the
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need to use pure oxygen. Another remarkable advantage in allothermal gasifiers is that all carbon from
the product gas cleaning can be recirculated to the combustion zone and converted to energy for
gasification reactions. In Figure 4, it can be shown a classification of gasification processes based on

heat supply and gasification agents.

On the other hand, for autothermal or direct gasification, the necessary heat for the endothermic
gasification reactions is supplied by partial oxidation of the fuel. If air is used as an oxidizing agent
during the process the gas product contains a high amount of nitrogen. Due to the partial oxidation,
product gases from autothermal gasification have lower heating values than product gases from

allothermal gasification [6], [8].

Biomass Gasification

Autothermal Allothermal
1
| |
Air 0,/H,0 H,0 co,
LHV: low LHV: medium LHV: medium LHV: medium
N,: high N,: zero N,: zero N,: zero
H,: low H,: high H,: high H,: medium

Figure 4. Classification of gasification processes based on heat supply and gasification agents [6].

The second classification system for biomass gasification is based on the type of reactor.

- Fixed bed

Fixed beds also known as moving bed, are the oldest and simplest gasifiers. In this type of gasifiers, the
fuel is supported on a grate. The other name by which it is known, moving bed, comes because the fuel
moves down in the gasifier like a plug. Within this type of gasifiers, there are three main groups that are
classified as: updraft gasifier, downdraft gasifier and cross-draft gasifier. Fixed bed gasifiers are

typically used for small scale operation of up to several MW.

- Updraft and Downdraft Gasifiers

In an updraft (countercurrent) gasifier (shown in Figure 5) the biomass is fed at the top while the
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gasification agent, which is usually air, is injected at the bottom. The fuel moves slowly from top to the
bottom and reacts with the gasifying agent which flows countercurrently upward in the gasifier. The
generated gas is discharged from the top. In a downdraft gasifier, the fuel is fed at the top and the
gasification agent could enter both from the top or from the side and gas product leaves the gasifier at

the bottom as well as ashes. [6], [9], [10].

’ &
Hopper
(/ ’, /_ 4
e Biomass /

/"/-5/-’—"635

Drying
Pyrolysis Pyrolysis

Reduction

Combustion
Air

Throat

Combustion

Air

= Gas

Updraft gasifier Downdrafl gasifier

Figure 5. Schematic of updraft and downdraft fixed-bed gasifiers [11].
- Entrained flow gasifier

In the entrained flow gasifier, dry pulverized solid materials, atomized liquid, or slurry materials are
gasified with different gasification agents (steam, air or oxygen) in co-current configuration. Coal heats
up very quickly and reacts with the oxidant. The residence time of this type of gasifier is in the order of
seconds or tens of seconds. The gasification temperature of this type of reactor is approximately around
1400 °C and the pressure ranges from 20 to 70 bar. Product gas from entrained flow gasifier contains
low tar and condensable gases due to high temperature operation. Main problems associated with the
operation of these gasifiers include handling high operation temperatures, refractory life and slag

control.

This type of gasifier is suitable for integrated gasification combined cycle (IGCC) plants and for large
scale application (>100 MW). As for this type of reactors a finely fed biomass material (0.1-0.4 mm) is
required, the biomass gasification process is still under development and research, since feedstock such
as wood would be impossible to use. Figure 6 shows the two most common entrained flow gasifiers. In
the first type, side-fed entrained-flow reactor, oxygen and powdered fuel enter from the side; in the

second type they enter from the top. [9], [12], [13].
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Figure 6. Two main types of entrained-flow gasifiers for biomass feedstock: (a) side-fed
entrained-flow reactor, (b) top-fed entrained-flow reactor [12].

Fluidization is the process in which a bed of solid particles is transformed to a fluid-like state by the

application of a gas.

In fluidized bed reactors, the processes of drying, pyrolysis, oxidation and reduction do not belong to
any specific region of the gasifier. With this type of gasifier, the processes occur throughout the reactor.
For this reason, it is often stated that fluidized gasifiers are the most homogeneous type of reactors.
Extremely good mixing between feed and gasification agent promotes excellent heat and mass transfer.
Unreacted particles that are entrained in the gas are recovered by cyclones for recycling. Fluidized beds
also are able to tolerate different types of fuel and their characteristics. Fluidized bed gasifiers are
suitable for small to medium scale (50 kW to 50 MW) application. Dependent on bed material diameter
and superficial gas velocities three types of fluidized beds are distinguished: bubbling fluidized bed
(BFB), circulating fluidized bed (CFB) and the combination of both types that results in dual fluidized
bed (DFB) [6], [9], [14], [15].

The bubbling fluidized bed (BFB) is a type of gasifier in which the gasifying agent is injected in the
bottom and the product gas leaves the gasifier at the top while the solid fuel is introduced in the bubbling
bed. This type of gasifier, also known as stationary fluidizing bed, uses bed materials with an average
particle diameter between 0,5 and 1 mm and superficial velocities typically in the range of 1-3 m/s.
These bed materials are fluidized with the gasification. The BFB gasifier is suitable for medium to large-

scale plants up to 25 MW [16].
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In a circulating fluidized bed (CFB), solids are continuously being entrained and recycled around an
external loop that comprises a bed material separator like a cyclone and a loop seal or L-valve. The main
advantage of CFB gasifier over a BFB is that the residence times are generally longer due to the multiple
recycles that can be performed with this system [17]. Another important advantage of this system is that
the char entrained from the reactor can be separated easily and burnt in an external fluidized bed.
Regarding the size of the bed particles, these are usually smaller than those of the type of BFB gasifier
(0,2 to 0,4 mm) [3], [6], [18]. Next, in Figure 7, a scheme is presented for the two types of reactors
discussed above, the BFB and the CFB.

-, Raw _; Raw
biosyngas ey
a) [ yng b) iy
: . — o 4
—_— s |
E ] ;Cyclone B
Freeboard N 1 x - -
Gas phase L ‘L / .
reactions - /4 f
[ i Gas phase 14
Fly ash and reacuor)s
i Circulating
ptiches fluidized bed

Additional Fuel

sand
N

Fuel
¥ Additional

sand \

Bubbling

fluidized bed Inert + Char

Bottom ash and rttom ash and
bed material + T Grate red material «—Ziziees

Fluidization
medium

Fluidization
medium

Figure 7. Simplified scheme of bubbling fluidized gasifier (left) and circulating fluidized gasifier
(right) [19].

2.1.3 Dual fluidized bed gasifier

A combination of fluidized bed reactors for the gasification process may leads to several advantages.
The dual fluidized bed (DFB) technology aims for the production of nitrogen-free gas product without
the need to use pure oxygen. Generally, the gasifying agent is steam, which increases the hydrogen
content of the gas product, obtaining a calorific value at the outlet stream in the range between 10 and
16 MJ/my®. The basic concept of this type of gasifier is that it consists of two reactors (as can be seen
in Figure 8 with the bubbling fluidized bed gasification reactor and the fast-fluidized combustion

reactor.

The operation principle of a DFB gasification process is as follows: biomass enters the gasification zone
together with the gasifying agent, mostly steam. Then, biomass is converted into gaseous products and
char in the gasification reactor. Afterwards, the product gas leaves the reactor at the top and the bed

material together with the residuals from the gasification process (char) circulates towards the
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combustion reactor. In this reactor, which is fluidized with air, all the remained char is burnt and the bed
material is heated up due to the exothermic combustion reactor. The bed material is entrained at the top
of the reactor, separated from the flue gas stream and fed back to the gasification reactor, where the heat

is required for the endothermic steam gasification reaction.

product gas flue gas
(H,, CO, CO,, CH,) (CO,, N,, H,0, 0,)

condensate <{ummm
(H;0) g <— heat ﬁ

GASIFICATION EEICVENCUEd COMBUSTION

800 — 850 °C bed material 880 - 920 °C
l l char —» ﬂ
steam
solid fuel air

(biomass, residuals, waste fuels)

Figure 8. Basic principle of a dual fluid gasification [20].

The DFB gasification (DFB), could have three types of configurations depending on the fluidization
states: two bubbling beds, a bubbling bed/fast fluidized bed and two fast fluidized beds. In Figure 9, the

most common scheme of the three configurations is presented, consisting of a bubbling fluidized bed
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(BFB) gasifier and a fast fluidized bed combustion reactor [6], [21]-[23].
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Figure 9. Common scheme of dual fluidized bed gasifier [24].

Below are some of the most relevant advantages and disadvantages when using this type of gasification

[14]:
Advantages:

e QGasification and combustion chambers are separated and can be optimized easily.

e Obtaining a product gas almost free of nitrogen without any air separation unit.
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e High fuel flexibility.
e No external heat is required for gasification since it is supplied from the heat generated by the

exothermic reactions in the combustion chamber.
Inconveniences:

e Some complex constructions could be expensive to implement.

e On certain occasions it is difficult to maintain the continuous circulation of the particles.

The pioneer works that are known of DFB gasifiers applied to biomass are from the 70s in Japan, where
Professor D.Kunii established a demonstration plant in Miyagi prefecture [25]. This fact inspired other
authors to start the research in this field as is the case of J.Corella in 1982 [26]. Regarding Europe, the
well-known combined heat and power (CHP) plant in Giissing (Austria) was the first industrial
demonstration plant of the DFB gasification process. The technology has been developed at TU Wien
(Institute of Chemical Engineering of TU Wien) in 1994 in cooperation with AE Energietechnik. Table
4 shows other commercial plants based on the DFB technology, such as Oberwart and Villach developed

in Austria or the 20 MW plant in Gothenburg (Sweden) [26], [27].

Table 4. Power plants with DFB gasifiers in Europe [27].

Location Usage/Product Fuel/Product (MW, MW)
Giissing (Austria) Gas engine 8.01uet/2.0e1
Oberwart (Austria) Gas engine/ORC 8.5me1/2.8e1
Villach (Austria) Gas engine 15¢uei/4el
Senden (Germany) Gas engine/ORC 15me/Set
Goteborg (Sweden) BioSNG 305ue1/20BiosNG
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2.2 Methanation

2.2.1 Fundamentals of methanation

Methane is a compound of high importance as an energy carrier in sectors of industry and its
transportation around the world. Generally, methane is industrially produced from fossil gas resources.
However, the depletion of these resources and the problems that they can cause in climate change,
recently research costs investment has been related to the catalytic and biological production of methane
from gases rich in carbon oxides (methanation). For this reason, the study of different parameters within
the process of methanation, such as its catalysts or H»/CO and H»/CO:s ratio for efficient production of
the SNG are key parameters. The methanation reaction was discovered in 1902 by Sabatier and
Lenderens (see Equation 2.14). It is a chemical reaction that converts COx to methane by hydrogenation.
As indicated by the enthalpies of the reactions in Table 5, these reactions are strongly exothermic,

therefore they are favored at low temperatures (200-400 °C) [28]—[30].

Table 5. Main reaction involved in methanation [31] .

Homogeneous (gas-gas) reactions

Type of reaction Reaction AHaosk (kJ mol")  Equation
Carbon monoxide
methanation CO +3H; —» CHy + Hy0 -206.28 Eq.2.14
Carbon dioxide
methanation CO; +4Hy » CHy +2 H,0 -165.12 Eq. 2.15
Homogeneous
water-gas shift CO + Hy0 & (0, + H, -41.16 Eq.2.16
Hydrogenation to
methane C;H; + Hy = CoH, -175.6 Eq. 2.17
C,Hy + Hy » CHg
C,H, + (4—E)H2 ~2CH,
* 2
Heterogeneous (gas-catalyst surface) reactions
Type of reaction Reaction AHaosk (kJ mol")  Equation
Boudouard reaction 2C0 - C+CO0, -172.54 Eq.2.18
Carbon
methanation 2H; +C - CH, -74.8 Eq. 2.19
Heterogeneous C+H,0 - CO + H, Eq. 2.20

water-gas reaction

The reactions that occur during the methanation process are summarized in Table 5. Equations 2.14
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and 2.15 are the main reactions of the process as mentioned above. Subsequently, carbon monoxide and
water are converted into carbon dioxide and hydrogen in a homogeneous water-gas shift reaction that

can be reversible (Equation 2.16). Then, the carbon species are converted to methane via hydrogenation.

2.2.2 Catalysts for methanation and deactivation mechanisms

The first catalyst used for the methanation process was Nickel in 1902 by Sabatier and Lenderens. Since
the methanation reaction is limited by thermodynamics (being a reversible exothermic reaction), it is
necessary to design suitable activity catalysts to achieve conversions close to equilibrium at moderate
reaction temperatures (equal to or less than 350 °C). For this reason, during the last 100 years, different
authors have investigated different catalysts focusing on group VIII metals, on Molybdenum (group VI)

and Silver (group 1) [28], [32].

One of the most used classifications is the one carried out by Vannice, which classified the metals

according to their activity and their selectivity for methanation and published the following order [33]:
Activity: Ru>Fe > Ni > Co>Rh>Pd>Pt>Ir
Selectivity: Pd > Pt > Ir > Ni > Rh > Co > Fe > Ru

As observed in the classification, due to its high activity and selectivity, Nickel is one of the most used
active compounds for its moderate price. The active compound is fixed on a support material with a high
surface area to achieve high dispersion. Strong interactions between the metal and the support are

favorable because the active compound can migrate in the support.

As it is mentioned above, numerous active metals such as Nickel (Ni), Iron (Fe), Cobalt (Co), Ruthenium
(Ru), Rhodium (Rh), Platinum (Pt), Palladium (Pd), Wolfram (W) and Molybdenum (Mo) and various
oxide supports such as Al,Os, SiO, TiO,, SiC, ZrO,, CeO,, and CeZr.<O> have been investigated in
methanation reactions (in both carbon monoxide and carbon dioxide reactions) for SNG production.
Below, the most important active metals and oxide supports are explained along with a comparison with

the advantages and disadvantages offered by each type of catalyst (see Table 6) [34]-[36].

Metals (active components)

e Nickel (Ni): The activity and selectivity of the supported Ni catalysts are strongly influenced by
the amount of Ni metal loading and the composition of the support. As can be seen in the
classification made by Vannice, this catalyst has been very studied for the production of SNG
due to its high performance-cost ratio. However, this catalyst has problems for the reaction such
as carbon deposition, sintering or sulfur poisoning during SNG production. Another problem is
the maximum yield achieved with Nickel, which is 80% at 400 °C [37].

e (Cobalt and Iron (Co and Fe): The activity of Cobalt is similar to Nickel for methanation reaction

but it is more expensive than Ni. Regarding Iron, it has a greater activity than Nickel but its

selectivity is very low.
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e Ruthenium (Ru): This catalyst is considered the most active and stable. With this catalyst a
production of 96 % of methane has been obtained operating at a temperature of 300 °C. Ru can
also be combined with Ni to form a bimetallic methanation catalyst, which showed much
enhanced performances.

e Palladium and Platinum (Pd and Pt): Depending on the type of support used, it will modify the

activity and selectivity of the catalyst to a lesser or greater extent. For example, in the case of
Palladium, using TiO, as a support, mainly methane is obtained. Regarding Platinum, the
catalytic activity of this active component could be improved if the metal is deposited on metal
oxide supports.

e Molybdenum (Mo): This metal has a relatively low activity and produces non-methane

hydrocarbons. As a result, most studies with this metal have focused on MoOx and MoSy in

sulfur resistant methanation.

Table 6. Advantages and disadvantages of main methanation catalysts [36].

Methanation Catalyst Advantages Disadvantages

High activity at a reasonable price
Nickel (Ni) Short lifetime of catalyst
Operating temperature (500-700 °C)

Lower price than Nickel
Iron (Fe) Low selectivity
Can operate at high temperature (700-950 °C)

Cobalt (Co) Similar activity to Nickel More expensive than Ni

The most active for methanation reactions Very expensive

Ruthenium (Ru)
High methane yield at low temperatures (96%) compared to other metals

Molybdenum (Mo) Sulfur tolerant properties Very low activity

Loss of catalytic activity over time is inevitable, but trying to reduce the processes by which the catalyst
can be deactivated is essential to maximize the yield of the methanation reactions. The classification of
the different catalyst deactivation mechanisms proposed by Bartholomew [38] is presented below in

Table 7.
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Table 7. Mechanisms of catalyst deactivation [39].

Mechanism Type Definition
Strong chemisorption of species on catalytic
Poisoning Chemical ) & rp ) P ) Y .
sites, thereby blocking sites for catalytic reaction
Physical deposition of species from fluid phase
Fouling Mechanical Y P ) P : ; P
onto the catalytic surface and in catalytic pores
Thermally induced loss of catalytic surface area,
Thermal degradation Thermal Y i Y )
support area, and active phase-support reactions
Reaction of gas with catalyst phase to produce
Vapor formation Chemical & ] ystp P
volatile compound
Vapor-solid and ) Reaction of fluid, support, or promoter with
) ) ) Chemical ) ) )
solid-solid reactions catalytic phase to produce inactive phase
Attrition/crushing Mechanical Loss to catalytic material due to abrasion

A brief summary of the most relevant mechanisms is given below.

Thermal degradation or sintering: In this mechanism there is growth of Nickel crystals and
there is a decrease in dispersion. This process implies a reduction of the active surface area.
Generally, this process occurs more slowly at low temperatures [38]-[40] [41].

Poisoning: The definition of the term “poisoning” is the deactivation of the catalyst by chemical
adsorption of some substance. Poisoning can be reversible or irreversible, depending on the type
of poison that is usually a molecule of the reactant, the product or a feed impurity. For nickel as
a catalyst, there are different atoms that can poison it, but the most relevant is sulfur.
Deactivation by the different compounds that sulfur can form is irreversible without first
destroying the structure of the catalyst. For this reason, there are several publications on sulfur
removal so that its quantity during the production of SNG is the minimum possible.

Carbon deposition: This mechanism is a serious problem for deactivation of supported metal
catalysts. Its three main causes are: (1) fouling of the metal surface, (2) blockage of catalysts
pores and (3) physical disintegration of the catalyst support. Coke formation and carbon
deposition usually occurs at relatively low rates under favorable conditions. Although catalysts
that are deactivated by carbon deposition can be regenerated, there are two major drawbacks

when regenerating them: (1) process interruption and (2) increased operating costs [42].

2.2.3 Methanation reactor types

The main reactor types used for the production of substitute natural gas (SNG) are classified into two
different groups: fixed bed reactors and fluidized bed reactors. Since the methanation reaction is a highly
exothermic reaction, heat management is a crucial aspect. As a consequence, heat transfer is one of the

key aspects for such a reactor concept.
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Fixed bed
Adiabatic fixed bed reactors do not require a complex construction and are relatively simple to control.
With these characteristics, fixed bed reactors have been widely used for the production of SNG from
coal. Figure 10 shows how to work in a reactor of this type. The temperature and the conversion increase
until the thermodynamic equilibrium conversion is reached. In order to overcome the equilibrium
limitation, the outlet’s reactor gas stream must be cooled before entering the next reactor, repeating the
process mentioned above. To achieve the maximum possible conversion, a series of adiabatic reactors

with intermediate gas cooling or recycle of product gas are needed [29], [30].

900
800 - 3
700 -
600 A /
500 - y

400

— Temperature [“C]

200 . .
0 10 20 30

— Methane content [vol-%]

Figure 10. Temperature profiles in series of adiabatic fixed bed reactors [30].
The Lurgi process was developed in Germany before the Second World War and is a suitable process
for the large-scale production of natural synthetic gas. During the 1970s, Lurgi (now Air Liquide)
developed a methanation unit consisting of two adiabatic fixed bed reactors with an internal recycle.
Two pilot plants were launched, one in South Africa and the other in Austria (located in Schwechat). In
Figure 11, a scheme of the Lurgi process for this type of reactor is shown. The two pilot plants operated
for a year and a half, using two different catalysts. The first catalyst was developed by the German
company BASF and had a high nickel content while the second was a catalyst with 20 wt% Ni/Al,Os.
The first catalyst showed a stable behavior during the 4000 hours of operation in which it was operating,
reaching an adiabatic equilibrium temperature of 450 °C. On the other hand, experiments with the

Ni/AlLyOs catalyst showed a rapid deactivation of this catalyst [29], [32].
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Figure 11. Lurgi process with adiabatic fixed bed methanation reactor.

The other main process within fixed bed reactors is known as TREMP, carried out by Haldor Topsoe.

The acronym for TREMP stands for (Topsoe Recycle Energy-efficient Methanation Process). This

process, consists of three adiabatic serial reactors with a recycle to control temperatures.

Table 8 shows the typical composition of SNG produced by using TREMP technology [43]-[45].

Table 8. Typical specification of SNG produced by the TREMP™ technology [43].

Gas compound

Gas composition

CH4 (mole %)
CO; (mole %)
H» (mole %)
CO (mole %)
Nz + Ar (mole %)
HHV (kJ/Nm?)

94-98
0,2-2
0,05-2
<100 ppm
2-3
37.380-38.370
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Fluidized bed
In addition to the production of SNG from fixed bed reactors, it is also possible to obtain this from the
methanation of syngas in a fluidized bed reactor. This reactor is ideal for the large-scale operation of
heterogeneously catalyzed reactions with high exothermicity, such as methanation. With a fluidized bed
reactor for methanation, it is allowed to work in isothermal conditions due to its high heat transfer
coefficients. Other advantages of this type of reactor compared to fixed bed methanation reactors are
the possibility for the in-situ water gas shift reaction to adjust the H»/CO ratio and the lower risk of

catalyst deactivation due to recirculation of the catalyst particles through the bed [30].

The first time the concept of methanation was investigated in a fluidized bed reactor was in 1952 by the
Bureau of Mines in a one-inch lab reactor [31]. The experiments were performed with two different
catalysts, one of iron and the other of nickel. Although the nickel catalyst was very active, it was very
vulnerable to being poisoned by sulfur. A decade after the first project mentioned above, in 1963
Bituminous Coal Research Inc. (BCR, USA) initiated the development of Bi-Gas Project, the first
industrial development of a fluidized bed methanation process with the aim of producing SNG from

coal [31].

Between 1975 and 1986, the Thyssen GmbH aimed to reduce costs for the production of SNG by 10%
compared to a fixed bed reactor and for this reason the project known as Comflux in Germany was
erected. A pilot plant operated for 4 years (1977 to 1981) for hundreds of hours under construction by
Didier Engineering GmbH in Oberhausen. This pilot plant verified the results obtained in the laboratory
scale reactor carried out by the University of Karlsruhe. The Comflux process was demonstrated on this
industrial scale (2000 m? sno/h and up to 20 MWsno). For this project, the deactivation mechanisms of
the catalyst, the kinetics of the reaction, the attrition resistance of the catalysts, the influences of sulfur
on the methanation and the deactivation due to carbon deposition for different nickel catalysts were

investigated by University of Karlsruhe in a bench-scale unit [31], [45], [46].

On the other hand, one of the problems that research is focusing the most on is to know which catalysts
are the most suitable in fluidized bed reactors. Unlike the commercially distributed catalysts used in
fixed bed reactors, in the case of fluidized bed reactors the catalysts are being tested to know which one
performs better. This topic was investigated by Liu et al [47]. In their article, the authors investigated a
Ni/Mg Al,Os3 catalyst. This catalyst was found to be resistant to high temperatures and poisoning. The
fluidized bed reactor operated correctly at a temperature between 477 and 550 °C considering both the

reaction kinetics and stability [47].
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2.2.4 Methanation thermodynamics

By the aid of a catalyst, methanation is an equilibrium reaction. Thus, the final gas composition can be
estimated by the thermodynamic calculations. Typically, it is recommended to operate the methanation
unit pressurized to maximize the SNG output. Nevertheless, the methanation reaction also shows
favorable equilibrium compositions at ambient pressure, which may be beneficial in terms of operating

costs. The equilibrium composition will be studied from the article by Bartik et al. in this chapter [48].

In their publication, different product gases mixtures were obtained from the gasification of biogenic
residues with the 100 kW, DFB gasifier located at TU Wien. Although in the article the research focused
on methanation at low temperatures at ambient pressures, a temperature variation from 200 to 500 °C
and a pressure range from 1 bar, to 10 bar, was carried out. The following assumptions were applied: as
the range of pressures is low, an ideal gas behavior is assumed; volume fractions are equivalent to mole
fractions; the concentration of the feed gas water is assumed to be zero. Below are the equations
summarized in Table 9 that have been used to analyze the results: the stoichiometric number (SN), the

yield of methane and carbon and the conversion of CO and CO..

Table 9. Main reactions involved in methanation [48].

Equation
Stoichiometric YH2
SN = Eq. 2.21
number (SN) 3-Ycot+ 4 Ycoz+ 2 Ycana q
n
CH. yield Yens = ZNClH—:le;zd - 100 Eq. 2.22
L rJee
. flc,eq
Carbon yield Yo = ZNl—nlfd -100 Eq.2.23
l rfee
n -n
CO conversion Xco = cos Zed Coeq 100 Eq.2.24
CO,feed
n -n
CO, conversion Xcoz = Coz'f.eed €0%ed . 100 Eq. 2.25

As previously mentioned, the article studied different product gas compositions, but this work will focus
on the Sorption Enhanced Reforming (SER) feed gas [49]. This gas, as its composition can be seen in
Table 10, has a high content of hydrogen. Approximately a complete conversion of CO and CO; to
methane can be achieved with this SER feed gas composition. The CH4 and C yield results can be seen
below in Table 11, along with carbon monoxide and dioxide conversions. The results are 99,9%

methane yield, and carbon formation is not expected.
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Table 10. Investigated SER feed gas [48].

Parameter Unit Feed gas
Source -
Gasification agent - H,O
Feedstock bed material - BA
Gasification Temperature °C 625
Combustion Temperature °C 820
Feed gas composition (water free feed)
H> vol.-% 68.3
CcoO vol.-% 6.5
COs vol.-% 8.9
CH4 vol.-% 14.5
C>H,4 vol.-% 1.9

Table 11. Results of the equilibrium calculations with SER feed gas [48].

Parameter Unit Feed gas
SN - 1.16
Yera % 99.9
Ye % 0
Xco % 100
Xco2 % 99.7

In Figure 12.a), it is observed how at temperatures below 300 °C the methane yield is close to 100%.
The influence of pressure on the composition of the SER feed gas is observed as the temperature
increases. As the temperature increases, the yield trend of methane decreases until reaching a value of
80% at 500 °C. In contrast to this decreasing trend, H>, CO and CO, that have an increasing trend can
be counteracted by pressurization. It is also observed from Figure 12.a) that above 440 °C water must

be added due to possible carbon formation.

The methanation process at a pressure of 1 bar absolute and at a temperature of 300 °C shows a favorable
composition of raw SNG without the need for compression. However, the methanation of the SER feed
gas also has some drawbacks. The desired high hydrogen content (about 70%) can only be achieved by
increasing the transport of carbon from the fuel to the flue gas. The excess carbon that would be still in
the raw SNG in the case of conventional dual fluidized bed gasification is removed within the

gasification process for the SER gas product.
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For this reason, the carbon utilization factor is low in relation to the general process. This utilization
factor resides mainly in the gasification process and not in the methanation process. Some options to
increase the carbon utilization factor would be: using the conventional DFB gasification and adding
hydrogen from external sources with techniques such as electrolysis or installing a water gas shift reactor

before the methanation reactor.
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Figure 12. Temperature and pressure variation for SER feed gas in the thermodynamic
equilibrium: 1 bara (full line), 5 bara (dashed line) and 10 bara (dash-dotted line). a) CH4 yield,
b) Raw-SNG gas composition.
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2.3 Gas cleaning

After reviewing the main fundamentals of biomass gasification and methanation, it is important to note
that this technology faces a major challenge with the raw gas product. Generally, the gas product of
biomass gasification contains a wide range of minor species and pollutants, including alkaline metals,
tars, chlorine compounds such as HCI, nitrogen compounds such as ammonia and HCN and sulphur
compounds such as COS, SO, or H,S. These contaminants must be removed before the gas is used for
applications such as fuel-cell, internal combustion engine or for conversion to liquid fuels through
Fischer Tropsch synthesis [50]. Table 12 shows the tolerated levels for these contaminating species in
some of their end uses.

Table 12. Contaminants species and tolerated levels in some end-users [51].

Process Contaminants Level
Internal combustion systems Tars < 10 mg/Nm?
Fuel cells H,S <1 ppm
Methanol synthesis Tars <0.1 mg/Nm?
NH; 10 ppm
HCN 0.01 ppm
Total sulphur 0.5 ppm
Halides 0.001 ppm

As can be seen from Table 12, among the impurities, tars compounds are the most numerous. Depending
on the type of end application, the limit concentration of the tars may vary. In Chapter 5 of this Thesis,
more data and literature of these compounds, which can cause problems such as clogging of fuel process

lines and deactivating catalysts, will be detailed.

During biomass gasification, the most common nitrogen-containing compounds produced are NH3 and
HCN. These species are the main precursors to NOx emissions in gas engines and downstream burners.
When the gasification stream of the gas is burned for electricity production, the conversion of NH3 to
NOx can be as high as 50% [51]. Depending on the nature of the biomass feedstock and the gasification
process conditions, the ammonia concentration can vary. In addition, NH; and other N-containing
compounds are undesirable because they are poisonous to catalysts. Ammonia can be eliminated by wet
scrubbing technology. However, while this technique is efficient for tar separation, the NHj3 separation
efficiencies are around 50%. For this reason, it is preferable to use hot-gas cleaning techniques, which,

in addition to be more efficient, do not need to cool the product gas and reheat it.

The sulphur contained in the biomass feedstock normally leads to the formation of carbonyl sulfide

(COS), hydrogen sulfide (H>S) and other gaseous sulfur compounds. The main problems caused by
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sulphur-containing compounds are deactivation of catalysts, contamination and are precursors of acid
rain, among others. Sulfur compounds can be removed with different techniques depending on the
required final quality of the product gas. More details on sulphur-containing compounds and the disposal

methods currently used are given in Chapter 4.

Other compounds that are very common to be found during the gasification process are alkali metal
salts. Normally, the trace elements found are K and Na. Typically, these compounds vaporize at high
gasification temperatures, but condense below 600 °C. These alkali salts can cause fouling problems
and in fluidized bed reactors they can lead to agglomeration of the bed materials. Different techniques

to capture alkaline salts when they are condensed into fine particles include cyclones or filters.

Particulate matters from gasification vary depending on the biomass feedstock. Typically, the size range
is from less than 1 mm to 100 mm [52]. Most of the particulate matter is composed of inorganic
compounds and the solid carbon residual from the gasification of the biomass. The inorganic content
may include alkaline metals, or metals such as iron or magnesium. The main problems with particulate
matter are corrosion, fouling and erosion, which may decrease the efficiency of the process. Physically,
particulate matter can be removed using ceramic candle filters or other methods such as inertial

separation, barrier filtration and electrostatic separation.

Other compounds contained in the product gas are halides, usually in the form of hydrochloric acid
(HCI). Normally, chlorine in biomass occurs when alkali metal salts are vaporized and react with water
vapor to form HCI. The value of its concentration depends mainly on the biomass feedstock. The most

common problem caused by this compound is the corrosion to downstream equipment [50].
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3 Activated Carbon for product gas cleaning

3.1 General information and History

Activated carbon (AC), also called activated coal or active carbon, could be described as a solid foam.
AC includes a wide amorphous range of carbonaceous materials that have a high degree of porosity and
an extremely high internal surface area. The ideal activated carbon would be one with the maximum
possible amount of internal surface area with a large volume in the pores to retain the maximum weight

of the adsorbed material [53].

Activated carbon has multiple applications due to its versatility as an adsorbent. Some of the main
applications are (i) removal of undesirable odor, color, organic and inorganic impurities from waste
water treatment, (ii) solvent recovery, (iii) air purification in different spaces such as restaurants or

chemical industrial processes, air pollution control and different gas-phase applications.

Activated carbon have been used for many centuries in the form of carbonized wood charcoal. Around
1500 B.C we see the first written record of medicinal use of charcoal. The Egyptians used the material
to adsorb undesirable odors and to cure intestinal ailments [54]. Approximately 1000 years later, some
archaeologists discovered that around 400 B.C the ancient Hindus and Phoenicians began to purify water
using charcoal for its antiseptic properties. This practice was acquired and adopted by other seafarers,
including the well-known Christopher Columbus, throughout history. During the following centuries
the charcoal was regularly used for its antibacterial and antiseptic properties. The revival of the study
on this substance was in the late 18™ century, when Lowitz [55] discovered during his experiments that
carbon could be used to decolor solutions, noting the adsorptive properties of charcoal in liquid phase.
In the 19" century the research of charcoal did not decline, especially in the medical field as it was
discovered to be an antidote to poisoning and a treatment for internal disorders. In 1900 the first
industrial production of activated carbon began for use in sugar refining industries. Carbon also received
a lot of attention as an adsorbent during the First World War, when they were used as gas masks for

protection against hazardous gases and vapors [56].

3.2 Structure of Activated Carbons

The adsorptive properties of AC are mainly influenced by its porous structure but also by its chemical
structure. AC are associated with appreciable amounts of elements such as oxygen or hydrogen. In
addition, the presence of heteroatoms, such as oxygen, sulfur or nitrogen from the initial carbonaceous
material, make them part of the chemical structure of AC since they become chemically bonded during
the activation process or other subsequent treatments. The final product of activated carbon is mainly
composed of carbon, with a composition between 85 and 95%. In addition to this element, activated

carbon has other heteroatoms such as hydrogen, nitrogen, sulfur, oxygen and phosphorous. The
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elemental composition of a typical activated carbon is as follows: 88% C, 0,5% H, 0,5% N, 1% S and

between 6-7% of oxygen with the balance representing inorganic ash constituents [56].

Most of these heterotatoms are bonded in the corners of the aromatic sheets or to carbon atoms and give
rise to carbon-oxygen, carbon-hydrogen, carbon-nitrogen, carbon-sulfur and carbon-halogen surface
compounds, also called as surface groups. Below are some of the most important concepts of each type

of bond:

e Oxygen surface groups: This type of bond is the most important due to its properties and can be

formed spontaneously by the exposure of carbon in the atmosphere. These surface groups can
influence surface characteristics such as polarity, acidity as well as physicochemical properties
such as chemical, electrical or catalytic reactivity [57], [58]. Oxygen functional groups are
formed as a result of reaction with other oxidizing gases and as well as with oxidizing solutions.

e Nitrogen surface groups: Unlike in the case of groups such as oxygen that form spontaneously

on carbon surfaces by contact with air, nitrogen functionalities can be found but its content in
activated carbons is very low [59]. Normally, nitrogen groups exist in the carbon matrix as a
consequence of its presence on the carbon precursor (i.e. carbazole, acridine or melamine).
Depending on the applied treatment method, the nitrogen functionalities on the carbon surface
will be different. One of the effects that can cause the incorporation of nitrogen groups is the
modification in the catalytic activity. In addition, it can also modify the adsorption properties of
carbon and increase the removal efficiency of compounds such as SO, and H>S.

e Hydrogen surface groups: Hydrogen groups are present on the surface of activated carbon as

chemisorbed water or as part of other surface groups (like carboxylic acid, phenols or amines).
This bond complex is even more stable than the oxygen-carbon bond and a temperature of
approximately 1000 °C is required to break the bond.

e Sulfur surface groups: This chemical compound can be present in carbon materials in its

elemental sulfur form or in sulfur compounds in small amounts. The bond between sulfur and
carbon is very stable even at high temperatures. However, if activated carbon is at high
temperatures in a hydrogen atmosphere it can be totally reduced. The carbon surface can be
modified by reactions of sulfur-containing compounds such as H>S, SO, or CS,. Some of the
main applications of using sulfur complexes are the adsorption of ions like mercury, cadmium
or lead [60], [61]. However, gases such as H,S or SO, are very harmful for the environment
because they are highly polluting. These two gases will be discussed in depth in the next chapter.

e Phosphorous groups: Phosphorous is one of the typical heteroatoms that could be on the surface

of AC. Its origin may be due to its inevitable presence when it is used as an activating agent
(H3PO4). Phosphorous-containing active carbon species have been studied with different
techniques like X-ray photoelectron spectroscopy (XPS) or nuclear magnetic resonance (NMR).

It has been reported that in the carbon matrix, this element is stable between 500 and 1000 °C.
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Chemically, the most stable bonds are of the form -C-P and -C-O-P while with P-O-C bonds
more scissions occur [62].

Halogenated groups: The reactions of these types of compounds with carbon materials are still

being investigated. Normally, the stability of the carbon-halogen groups complexes decreases
in the following order: chlorine > bromine > iodine. The bonds between carbon and chloride are
highly stable and cannot be removed by washing them with dilute alkalis. However, they can
be eliminated by fusion with NaOH or by heating at 700 °C in hydrogen. Both elements iodine
and bromine can complex with carbon, withstanding a maximum temperature of 500 °C. The
main applications that are being investigated with these two elements are focused on its ability
to react with mercury and thus be able to reduce the global emissions of this gas. Its activity
with impregnated carbons is similar to that adopted by sulfur, but with the advantage that

halogen complexes are cheaper and easier to treat with water.

The main difference between gas and liquid phase adsorbing carbons lies in the pore size distribution.
The first type (gas adsorbing carbons) have the most pore distribution volume in the micropore (less
than 2 nm radius) and in the macropore (larger than 50 nm) radius ranges with little pore volume in the
transitional pore or also called mesopore (2 to 50 nm radius) [53], [56]. Liquid phase activated carbons
have the majority of the pore size distribution in the mesopore group. In this group the volume varies
between 0,1 and 0,2 cm?/g. It should be noted that the surface area of the micropores constitutes
approximately 95% of the active surface area of carbon, while almost the remaining 5% of the active
surface of carbon is constituted by the surface area of the mesopore. The role of macropore in the
adsorption process on activated carbons is not considered important because its contribution to the
adsorbate surface area is very small with a pore volume between 0.2 and 0.4 cm?/g. Figure 13 shows

the classification of the three types of pores described above:

Macropore (> 50nm)
Mesopore (2~50nm)

Micropore (0.7~2nm)

Figure 13. Pore structure of activated carbon [57].
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3.3 Methods of production of Activated Carbon

There are two main methods for the production of activated carbon, by physical activation or by

chemical activation. Both methods require a high temperature.

e Physical activation (or Thermal activation)

Firstly, pretreatment of the raw material is necessary. At this step, the raw material is prepared to have
an adequate particle size by methods such as crushing or sieving. If the carbon is granular or powdered,
the raw material is usually pulverized, briquetted and again crushed to an appropriate particle size.
Occasionally a washing step which may be with an acid or water, is also needed to reduce the mineral

content from the source material [63].

In general, the method of physical activation is divided into two steps that occur consecutively. In the
first step, called carbonization pyrolysis, the devolatilization of the raw material occurs at medium or
high temperatures. The main objective of this step is to reduce the volatiles content of the raw material

in order to convert it to a suitable form for activation [64].

The precursor is pyrolyzed in the atmosphere of inert gases such as argon or nitrogen in a temperature
range from 200 °C to 950 °C. Different precursor carbonaceous materials are used e.g. tires, peanut

shells, oil palm wood for granular AC and powdered AC preparation, viscous rayon, etc. [65], [66].

The products in which the initial organic structure is discomposed during the thermal treatment is
divided into a gaseous fraction (rich in hydrogen), light hydrocarbons and tar and another solid fraction,

rich in carbon, called char.

During pyrolysis (or carbonization) the first products to form are gases and vapors that evolve from the
solid. The vapors obtained come directly from the carbonaceous material, so they are radical species.
When this stage is in the gas phase, these radical species can react with each other to different process
conditions to yield secondary (cracking products). At this point it should be noted that the composition
of the gas is highly dependent on the precursor used. Depending on the temperature used, methane,
hydrogen and soot (above 1000 °C) or intermediates of soot formation (between 800 and 900 °C) are
obtained. It has to be taken into consideration that during the thermal treatment, the cracking reactions
are very fast and it is possible to deposit soot on the char particles. For this reason, it is necessary to
have an understanding of the kinetics of the reactions that occur to acquire the final product with the
appropriate properties. The Figure 14 shows a typical scheme of carbonization (or pyrolysis) process

of carbonaceous material [57].
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Figure 14. Typical carbonization scheme of a carbonaceous material [57] .

In the second step, the char product obtained from the carbonization has a primary porous structure that
to be used as an adsorbent need to be upgraded or “activated”. For this reason, carbon is activated with
some activating agent. The most common activating agents are steam, carbon dioxide and oxygen or air.
These gases react with carbon atoms to remove some of the mass from the solid surface creating a

suitable microporous material to be used as an adsorbent.

In this step, different parameters such as the flow rate, the activation temperature, heating rate or

residence time affect the final characteristics of the AC.

e Steam activation

The reaction of carbon with steam is endothermic. The reaction that take place along with its enthalpy
is shown in Equation 3.1. Equations 3.2 and 3.3 are two reactions that happen from the products that
are produced from Equation 3.1 [57]. However, the latter reactions happen in a very slow way and it is

difficult for them to occur due to their kinetics.

kJ

C(S) + HZO(g) 4 CO(g) + Hz(g) AH = 132m_ol Eq 3.1
kJ

Co(s) + HZO(g) - COZ(g) + HZ(g) AH = _41.5@ Eq.3.2
2 AH = 5—k]

C(s) + Hz(g) s CH4(g) H = —-87. mol Eq33
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This type of activation is based on the opening and the development of the porosity of a carbonaceous
material through its slight oxidation that is caused by the hot steam that passes over it. The reaction of
char with steam typically takes place in a temperature range that is between 700 and 800 °C. As carbon
is at high temperatures, it is consumed and narrow pores are produced at the beginning, which will

gradually expand over time [67].

e Carbon dioxide activation

As with activation of AC with steam, the activation of AC with CO» occurs through an endothermic
reaction between char and CQO;. The reaction that occurs between CO; and char is shown below in

Equation 3.4 [63].

kj

The reaction shown above occurs at a temperature around 800 °C. During the reaction, part of the solid
char is removed and the other part is converted to carbon monoxide. This process develops porosity by
removing carbon atoms. It is active because it can adsorb in high quantity due to its large surface area

(approximately in a range between 100 and 2000 m?/g).

Within the chemical industry, although the steam activation method is often mostly used instead of using
carbon dioxide, there is constant disagreement between which of the two activating agents offers better
performance. Figure 15 shows how porosity develops (assuming chemical control in the two activating
agents) for steam and for carbon dioxide. In Figure 15, two activated carbons of the same starting
material are compared, one activated with steam and the other with CO,. Both samples have a similar
adsorption capacity (they have a similar isotherm height). However, the CO» sample showed narrower

pore porosity than in the steam activated sample [67].

16
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Figure 15. Nitrogen adsorption isotherms of steam and CO; ACs at similar burn-offs [55].
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e Oxygen activation

Another activating agent used to activate carbon is oxygen. Below are the reactions that take place
between carbon and oxygen. In the Equations 3.5 and 3.6, it can be seen that both carbon monoxide
and carbon dioxide are obtained as products. Both reactions are very exothermic (they are combustion

reactions) [63].

k]

C(S) + Oz(g) 4 COZ(g) AH = _387m_0l Eq 3.5
k]

2 C(s) + Oz(g) - 2 Co(g) AH = —226ﬁ Eq 3.6

Due to the high exothermicity of the reactions, it is difficult to control the temperature and sometimes a
runaway reaction occurs that is controlled by diffusion, burning part of the carbon only on the surface

of the particle and not in its inner surface.

e Chemical activation

Another way to prepare activated carbon is through the chemical activation method. In this second
commercial route, a carbon precursor with a chemical reagent is required for the reaction. One of the
differences with respect to the physical activation method is that with this type of activation only one
step is needed. Chemical activation includes co-carbonization of the precursor with three main chemical
agents used by the industry: zinc chloride (ZnCl,), phosphoric acid (H3PO4) and potassium hydroxide
(KOH). There are also studies where other alkali hydroxide such as sodium hydroxide (NaOH) or other

inorganic acids such as HNO3 or H>SO4 have been used as chemical agents [68].

For the preparation of activated carbon using this method, the impregnation of the precursor is first
produced by the chemical of the activation agent. At this stage, the precursor is in solution with an
activating agent and is subsequently dried. The Equation 3.7 shown below can be used to determine the

impregnation ratio that exists [57].

Wf —wi)

Eq.3.7
Wi d

Impregnation ratio =
Where W f and Wi are weights of precursor and impregnated precursor.

When the impregnation degree is low, increasing the impregnation degree in a small amount will result
in an increase in the total pore volume of the product and this increase is reflected in the number of small
diameter pores. If the impregnation degree continues to increase, the number of pores with a larger

diameter pores increases and the number of small diameter pores decreases [69].

Following this stage, as occurred in physical activation, carbonization of the impregnated sample occurs

in an inert atmosphere for an appropriate time to achieve the properties required in the final product.
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e Zinc chloride activation (ZnCl»)

In zinc chloride activation, the liquid chemical is intercalated into the carbon matrix to produce pores at
temperature above the melting point of chemical agent. The reaction between carbon and ZnCl, is
generally promoted in the extended carbon intermediate layers. The application of zinc chloride usually
improves the carbon content through the formation of an aromatic graphite structure [70]. The preferred
precursors for ZnCl, are those with high amount of volatiles such as lignocellulosic materials. The most

used is wood, but other materials such as ground olive stones are also used.

During impregnation with zinc chloride, this chemical agent reaches the internal parts of the raw material
and this causes hydrolysis reactions. These reactions cause changes in the structure such as weight loss,
elimination of volatiles and weakening of the carbonaceous structure. During the carbonization process
of the precursor that is impregnated with zinc chloride, the formation of tar decreases, which increases

the yield of the product.

Despite obtaining highly porous carbons, due to its corrosion problems, low recovery efficiencies and
the presence of residual zinc in the final carbon product have caused this agent to be replaced by

phosphoric acid [63].

e Phosphoric acid activation (H3;PO4)

Phosphoric acid is the most widely used impregnating agent. With this agent, most of the studies so far
have focused on the influence of the concentration of the impregnation solution and the soaking

temperature on the porous structure [71].

There are two possible activation mechanisms for cellulose precursors in the presence of phosphoric
acid. This compound as an acid catalyst accelerates dehydrogenation and dehydration reactions that lead
to the formation of crosslinks in the carbon skeleton and the creation of pores. Furthermore, H;PO4
reacts with organic species and converts phosphate and polyphosphate esters whose function is to

produce pores on the surface of activated carbon [72].

As also happened with a zinc chloride, the most used precursors are lignocellulosic materials. The
phosphoric acid activation of lignocellulosic materials requires two consecutive heat treatments, the first
one with a temperature between 150-200 °C and the second one at around 400-500 °C. After these two
treatments, the production of an activated carbon can be achieved with an active surface of 1500 m?/g

with a wide-open porosity.

One of the most important advantages of this agent compared to others is that its toxicity is low and it
also does not present great harm to the environment. The industries where H3POj is most used for the

production of activated carbon are food and pharmaceuticals [73].

e Potassium hydroxide (KOH)

Another possible chemical agent used as an activating agent for AC is potassium hydroxide. Despite the

fact that KOH produces activated carbon with a large specific surface area and good pore development,
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its yield is usually lower compared to other activators such as zinc chloride or phosphoric acid (around
10-40 %). This is possibly due to the development of the pores, which accelerates the loss of carbon as
a result of the intercalation of potassium metal ions in the carbon network [74]. The activation with this
agent is different from that explained with H3PO4 and ZnCL; above. The difference is in the participation
of gasification mechanisms during the development of the pore. Due to the gasification reactions in
KOH activation, this method requires higher temperatures than those used with other agents like H3PO4
or ZnCl,. The chemical reaction that is involved between the potassium hydroxide and the precursor is

shown below in Equation 3.8 [57].
6KOH+2C—->2K+3H, + 2K,C04 Eq.3.8

There are experimental evidences that show that metallic potassium and hydrogen gas are formed during
the reaction, as well as carbon monoxide and dioxide. In addition, potassium carbonate is also formed

which decomposes to form K>O and CO..

Generally, the higher the KOH/precursor ratio, the greater the adsorption capacity. KOH activation
produces carbons of extremely narrow micropores and with no mesopores at all. With medium
KOH/precursor ratio, specific areas of more than 1500 m?/g are achieved, while if we increase the ratio,
the porosity develops and the specific areas up to 3000 m?/g. However, the pore size is expanded with a
spectrum of micropores and mesopores.
To conclude this section, below are some advantages of using chemical activation instead of physical
activation [75].
1. Preparation of AC using chemical activation usually is done in one stage (carbonization and
activation are done simultaneously).
2. Normally, preparation of AC with chemical activation requires lower temperatures than
physical activation process.
3. In chemical activation there are more activating agents than in physical activation, which are
limited to agents such as CO,, steam or oxygen, but different types of alkali hydroxides,

inorganic acids and other chemicals are applied in chemical activation.

3.4 Applications of AC

Activated carbon is predominantly used for adsorption related applications due to its high surface area
and porosity making it an effective technique for removing a wide spectrum of chemical compounds.
AC have applications in different industries such as food processing, chemistry, pharmaceuticals,
nuclear, petroleum, automobile, vacuum manufacturing, etc. Typically, applications for activated carbon

can be divided into two different categories:

e Adsorption of gases and vapors

e Purification of liquids
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Depending on the physical form of the adsorbent and the size of the carbon pore diameter, AC will be
used for different applications. As discussed in section 5.4, activated carbon is commercially available
in different forms. Although granular activated carbon (GAC) was formerly used exclusively for gas
phase adsorption applications, GAC is now more widely used in liquid phase applications. In a similar
way to GAC, powder active carbon (PAC) was previously used for liquid purification and nowadays it
is used for many gas phase applications. It should be noted that approximately 80% of all AC
applications are related to applications in the liquid phase. In addition, the most widely used activated

carbons have a specific surface area of 800 to 1500 m*g [59].

Although the adsorption capacity of AC is determined by their physical or porous structure, it is strongly
influenced by their chemical structure of their surface [56]. Normally, activated carbons with acidic
surface chemical properties are suitable for gas adsorption such as ammonia while AC with basic surface

chemical properties are favorable for acidic gas adsorption, such as sulphur dioxide.

Table 13 shows a summary of the industrial practical applications of activated carbon.

Table 13. Industrial applications of activated carbons as filtering material [57].

Application

Typical Use

Potable water

Food industry

Alcoholic beverages

Petrochemical

Pharmaceutical

Semi-conductors

Industrial waste water

Removal of dissolved organics, control of taste
and odor, chlorine, color

Decolorization of liquid sugars

Removal of chlorine and dissolved organic
contaminants

Removal of oil and hydrocarbon contaminations
from recycled steam condensate for boiler feed
water

Purification and separation of antibiotics,
vitamins, hormones, etc.

Production of ultra-high purity water

Process effluent treatment to comply the
environmental legislation

Solvent recovery

Carbon dioxide

Cigarettes

Air conditioning

Industrial respirators

Semi-conductors

Recovery of organic solvents and control of
vapor emissions

Purification of CO; after fermentation processes

Removal of hazardous substances such as
nicotine or tar

Removal of contaminants from air ventilation

Adsorption of inorganic gases and organic
vapors

Production of ultra-high purity water
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Industrial wastewater Process effluent treatment to comply the
environmental legislation

Toxic gas removal (SOx and NOy) Purification of industrial off-gases

e Application in phase gas adsorption
Activated carbon is a fundamental technique for gas phase adsorption when the objective is to eliminate
trace amounts (ppm concentrations) of organic components. A wide variety of applications have already
been summarized in Table 13. One of the most important applications of AC as adsorbents in this phase
is for pollution control since the standards related to air pollution are becoming more and more rigorous.
In addition, this type of gases apart from being harmful to the environment, is also harmful to the human
body. Some gases or vapors have a serious impact on the human body. Some examples are ammonia,

hydrogen sulfide or benzene.

Another of the main applications of activated carbons through gas phase adsorption is the removal of
organic volatile compounds (VOC) from industrial waste gases. The common examples of VOCs are
BTX (benzene, toluene, xylene), dichloromethane and trichloroethylene. The use of AC technology for
this application has been shown to be effective and the efficiencies achieved are up to 99% of VOCs
removal at very short contact. Normally, the activated carbon can be used optimally for the elimination

of VOC:s for a period between 12 and 18 months and then they have to be replaced [76], [77].

Purification of flue gases is one of the main applications using activated carbon fibers (ACF) as well as
using it for the environment of busy traffic crossings, parking places and for exhaust gases. Typical
gases from flue gases are SOx and NOx. Generally, the typical surface area of the AC available for these
applications is 400 m?/g. The typical process for removing SO, is to promote its oxidation. The product
that forms from its reaction with water is sulfuric acid (H,SOs), which is a chemical compound that can
be easily removed. In the case of nitrogen oxides, they are catalytically reduced by the addition of small

amounts of ammonia, forming N» [78].
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4 Activated Carbon for H2S removal

4.1 Introduction and Removal of Hydrogen Sulfide (H>S)

Biomass feedstock typically contains impurities such as Chloride and Sulfur compounds. In the reducing
atmosphere of the gasification reactor of a DFB gasification system, the formation of H,S is likely,

whereas the oxidizing atmosphere in the combustion reactor produces SO».

Hydrogen sulfide (H»S), also known as hydrosulfuric acid or dihydrogen sulfide, is a colorless and a
flammable gas under normal conditions. This gas has a characteristic odor, it smells like rotten eggs. It
is also poisonous and the intensity of its odor is not related to concentration. Other properties of this
compound are that it is corrosive, explosive and reacts with most metals, and it may explode when it is
between 4.3 to 45% to volume in air. Hydrogen sulfide can be found naturally and can also be produced
by human in different processes. Naturally, it can be produced by some plants and by sulfate-reducing
bacteria through the anaerobic digestion of organic compounds. It is also found in different places where
the breakdown or organic matter coupled with a lack of oxygen occurs such as volcanoes, sulfur springs
or crude petroleum. Another possible way to find this compound is in sewage treatment facilities. It can
also be produced by animal or human waste. Many industrial processes generate significant quantities
of hydrogen sulfide. It is important to eliminate this gas from gas streams in order to improve product
purity requirements, prevent environmental contamination causing damage to human health and to avoid
catalyst poisoning and corrosion in gas processing units. Industrially, it can be found in oil refineries,

petrochemical plants, natural gas plants, food processing plants and coke oven plants, among others.

One of the main concerns for HS is its high toxicity and how harmful it can be for the environment and
for human health. This compound can attack the neurological system and important organs such as the
kidney and liver. Depending on the exposure to the concentration (in ppm) and the time to which one is
exposed to H,S, the general symptoms of an individual can vary at different levels especially in the
nervous and respiratory systems. On the other hand, it is also known that this compound if it is applied
in relatively low doses (H»S is a concentration-dependent compound) has beneficial therapeutic

properties for different cases like brain or cardiovascular diseases [79], [80].

Even at low concentrations, sulfur can cause catalyst deactivation due to the formation of S-metal bonds.
Sulfur reacts with the active sites of the catalyst, preventing access of the reactant and causing
modification of the surface chemistry. Thus, the syngas for SNG production needs to be free of sulfur

compounds.

The most common methods of desulfurization of this pollutant can be divided into wet processes, dry
processes and membrane processes. Different policies from the government organizations require the
desulfurization of industrial gases before they are released into the atmosphere. Currently in industry,

the Clauss process is one of the best-known processes for the removal of H,S. This process is usually
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used to control gas streams with high concentrations of H>S. However, this process usually recovers
approximately 95 to 97% of H,S and as a consequence, Claus units are now becoming a source of H»S
pollution. Normally, a typical gas from a Claus plant is found at a temperature between 100 and 315 °C
and contains about 0.8 to 1.5 % H,S with other gases such as carbon disulfide (CS»), carbon dioxide
(CO») and carbonyl sulfide (COS) at different concentrations [81]. Furthermore, depending on the
concentrations in which Claus processes are carried out, this is not economical. For the mentioned
reasons, many alternative methods have been investigated for the removal of H»S. Alternatives include

biological, chemical and thermal oxidation and adsorption processes.

Chemical H,S removal processes are often expensive due to high chemical, energy, and investment cost
requirements. For these reasons, biological treatments, which have the potential to overcome some of
the disadvantages of chemical processes, are recently being investigated as an alternative to chemical
methods for H,S removal [82].

To remove H,S at low concentrations, oxidation to sulfide oxides is used and mixed oxides are used as
adsorbents and could also be used for the catalysis for the oxidation of H»S. One of the most used and
investigated methods is also the adsorption, where silica gel, molecular sieves and activated carbon have
been used. Molecular sieves have the greatest capacity to remove H>S under completely dry conditions,
but their efficiency decreases significantly as the gas stream is humidified. Regarding carbon adsorbents,
they showed a good adsorption capacity for both dry and wet conditions [83].

AC are porous materials used to remove impurities from gases and liquids including gas separation,
purification and environmental technology. One of the most widely used applications of AC is the
adsorption of hydrogen sulfide. Advantages of this material are high activity and long-lasting. Other
alternatives used as adsorbents are zeolites or carbon nanotubes [84]. One of the important properties of
carbon is that it can be used as a catalyst support for the H>S removal. Examples of this property have
been used by both activated carbon and carbon nanotubes as supports for catalysts such as ZnO or NiS,
for the catalytic oxidation of H>S. However, activated carbons are very interesting because of their lower
cost compared to other inorganic adsorbents such as alumina, metal oxides and zeolites even if their
performance needs to be improved to achieve a specific adsorption and catalytic processes [85]. In
addition, control of pore size distribution is essential in order to compete with the inorganic materials
mentioned. Other advantages of AC over these materials is its high chemical stability, high temperature

resistance and low weight [57].

4.2 Adsorption mechanism and parameters of Hydrogen Sulfide (H2S)

4.2.1 Unmodified AC mechanism

An adsorption/oxidation mechanism for unmodified carbons on H>S was proposed by Hedden et al [57].

In their investigation, a dissociation of H»S occurred in the film of water adsorbed on the carbon surface
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and subsequently HS™ ions are oxidized by oxygen radicals to elemental sulfur [57].
This mechanism was represented by Bandosz et al. [57] in a scheme, which shows the different
dissociation routes of H»S in relation to the pH level of the carbon surface or the pH resulting from the
local environment. These pathways of H,S oxidation can be seen in Figure 16 [57].
H,S + H,O == HS" + H,O"
C+050, = C(0)
(Medium strength) Acidic <—— pH ——  Strong Basic

HS" (¢4s) * C(0) — C(s*)+ H,0 2 HS (445 y* C(0O) —* C(SSH)+ H,0
C(S‘) + OZ > SOZ (m)’ C; C(SSH) + ZHS— > C($3SH) + Hzo
SOZ(MS) +050,— SO,(w,) |

50;3(0ds) * H20 (aas) —» H2504(0as) v

H,50,+H,S —* S _+xH,0 c(s,)

|
Strong Acidic pH
H,S *—% H,;S4 C¢- free active sites

Figure 16. Proposed pathways of H,S oxidation on unmodified AC by Bandosz [57].

Depending on the pH of the medium, H»S will follow one pathway. In slightly basic environment, the
concentration of HS™ ions increases. If the pH continues to rise (which means the environment will be
more alkaline), the concentration of the HS™ ions will be higher, resulting in the sulfur atoms that have
been created being close to each other. As a consequence, they can form polysulfides. On the other hand,
if the pH is acidic, the concentration of HS™ ions is very low and when they are adsorbed on small pores,
they are oxidized and converted to sulfur, which is susceptible to being oxidized to SO, and SO:s.
However, actually the mechanism of H.S adsorption on unmodified carbon surface is still unclear.
Authors like Kochermann et al. [86] reported that the H»>S adsorption mechanism on original carbons
belonged to pure physisorption phenomena under dry and oxygen-free conditions. On the other hand,
another investigation carried out by Feng et al. [87], reported that hydrogen sulfide mechanism onto AC
fibers could imply the chemisorption phenomena due to the strong bonds between the H,S to the
unsaturated active sites on the carbon surface, which are formed by the desorption of the oxygen
functionalities on the surface.

One of the most recent investigations, carried out in 2018 by Shen et al. [88], used functional density
theory (DFT), which has been a method used to investigate the adsorption mechanisms for gaseous
molecules in solid materials, such as SO,. The results of this study concluded that the adsorption of
hydrogen sulfide on carbon surface is a dissociative process that belongs to the chemisorption
phenomena. Furthermore, activated carbon plays two roles, first as a catalyst for the dissociation of the

H»S molecule and also as a sorbent offering active sites for H,S adsorption [88].
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4.2.2 Mechanism of AC impregnated with metals

Kochermann et al. [86] in 2015 reported the behavior of the H»S adsorption mechanism in activated
carbons impregnated with bases such as NaOH or with metal oxides like CuO. In their study, they
associated the adsorption mechanism of H,S in impregnated activated carbons to chemisorption
phenomena. In reaching this conclusion, they relied on that the impregnated carbons protected the
catalysts for a longer time compared to the activated carbons without impregnation. This is due to the
fact that H,S chemisorbs on the impregnating materials, which increases the loading capacity compared
to the pure physisorption of non-impregnated activated carbons. Figure 17 shows the previous
explanation, where CuO-AC is the impregnated AC that protects the catalyst the longest, while the least

is the non-impregnated AC.

T y. 1

® NaOH-AC
Cu0-AC
KI-AC
K,CO.-AC
AC-15
AC-45
no AC il

=0))

a
e > O

0.6

0.4 -

Normalized activity N, (rmbm"(t)/rmvm(t

Time on stream (h)

Figure 17. Breakthrough curves of different AC with 50 ppm H>S at dry, oxygen-free conditions
[86].

Furthermore, another argument that the author reported why the adsorption mechanism belongs to a
chemisorption, is that the impregnated AC have smaller surface areas than AC but their breakthroughs
occur later. This indicates that in addition to the phenomenon of physisorption, the chemisorption also

occurs.

Fang et al. [89] in their investigation studying the selective oxidation of H.S to sulfur agreed with
Kochermann et al. [86] that the mechanism of adsorption of H»S in AC impregnated with metals was

based on chemisorption. The steps of the proposed mechanism are listed below [89]:

1. On the surface of AC, oxide metals form active sites.

MO+C—->C—-—M-0
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2. Chemisorption of both Oz and H»S occurs on the sorbent surface.
3. The reaction between the C-M-O and the adsorbed H,S takes place.
C—-M-0+H,S>C—-—M-S+ H,0
4. The adsorbed oxygen is consumed to oxidize the sulfur contained in H,S in S° that will later be
incorporated into polysulfide chain. This chain will act as an intermediate towards the formation
of sulfur Sx.
5. When the polysulfide chain is too long, the desorption of S« occurs. The Sy is removed from the

site and desorbed from the sorbent’s surface.

The carbon adsorption can be improved by impregnation of carbon materials with some chemical
compounds. The impregnating agent reacts with H,S to form a product that is strongly bonded to the
internal sorbent surface achieving a high desulfurization efficiency. The advantage of these impregnated
sorbents is that they show high adsorption capacities after having been used for a long period of time
regardless of the degree of saturation of products of the desulfurization process such as sulfur or other
compounds. Some of these impregnating agents added to activated carbon are normally caustic
compounds such as potassium hydroxide (KOH) or sodium hydroxide (NaOH) which act as strong bases
and immobilize the H,S. Other chemicals used as an impregnation agent for the activated carbons are
the potassium carbonate (K>CrO3), potassium iodide (KI) and potassium permanganate (KMnOQOs). The
adsorption capacity of H,S of impregnated sorbents depends on the content of the impregnating agent

in the porous structure and on its oxidizing ability [90].

One of the main applications for which activated carbons impregnated with caustic materials such as
NaOH or KOH have been used is to eliminate the maximum possible concentration of H,S in sewage
treatment plants [91], [92]. In a 2002 study to investigate the role that NaOH had in the H»S adsorption
process, it was found that at least three moles of NaOH are adsorbed per mole of H>S, which shows the
catalytic effect of the impregnating agent [93]. The main disadvantages of the activated carbon
impregnated with caustic materials is that they modify some of the properties of the carbon. One of them
is the carbon ignition temperature, which decreases and there is a danger of self-ignition. In addition,

oxidation of H»S to elemental sulfur may occur, making it difficult to remove.

4.2.3 Parameters of unmodified AC

- Role of porosity

This section will describe the behavior of the H>S adsorption performance of unmodified AC of different
surface areas and pore size distributions as investigated by different researchers.
Bandosz et al. in their article in 1998 investigated three virgin activated carbons from different origins

to be examinated as H,S adsorbents [94]. The results showed that the three distributions calculated using
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density functional theory (DFT) have similar shapes before and after H>S adsorption followed by
washing. These pore size distributions before and after washing can be seen in Figure 18. One possible
explanation for the parallel changes that occur in larger pore sizes is due to the addition of nonporous
sulfur species to porous carbon. The H>S molecule is small, suggesting that small pores are favorable
for physical adsorption. However, it is known that chemical processes play an important role in the
immobilization process of this contaminant, leading to the oxidation of sulfur. In mesopores size
distribution, creation of water film may be improved, provided the surface is hydrophilic enough,
deriving in the catalytic oxidation of H,S. For these reasons, a heterogeneous carbon (with both micro-
and mesopores) performs better than carbon with predominantly microporous materials with high

surface areas.
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Figure 18. Pore size distributions for AC using DFT [94].

Another author who also investigated the effect of porosity on unmodified AC was Dalai et al. in an
article in 2008 [95]. Seven commercial AC from different sources with a wide range of surface area
were used in this study. The tested AC had a wide surface area ranging from 100 to 1170 m?/g, a pore
size volume from 0.22 to 0.59 cm?/g and pore diameter between 1.4 and 8.4 nm. Figure 19 shows the
effect of the micropore area on the performance of the ACs. As can be seen in Figure 19, as the
percentage of micropore surface area decreases, the ability of carbon to produce and contain sulfur
without deactivation increases. This means that for the carbon to maintain the activity in the process, it
is better to have the less microporous size. The activated carbons with the best pore volumes performing
were 0.57 and 0.48 cm?®/g and an average pore diameter of 1.9 and 2.7 nm. In addition, it was reported
that mesoporosity contributes to a high diffusion rate for H»S to the active sites and also improves the
deposition of sulfur product [95]. For this reason, it was observed that carbons with a majority of

mesopores as opposed to micropores and macropores are best suited for application [95] .
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Figure 19. The sulfur produced per gram of AC until 80% H,S conversion versus percent of
total surface area in micropores [95].

- Role of relative humidity

Although the H>S adsorption mechanism is not clearly established, some researchers such as Bandosz
and Primavera et al. reported that water plays a significant role in the process improving the performance
of AC. In the article by Bouzaza et al. in 2004, it was reported that as relative humidity increases, the

H,S removal rate also increases [96]. This fact can be seen in Figure 20:
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Figure 20. Effect of relative humidity on the kinetic oxidation for unmodified AC: (¢) 0% RH;
(0) 20% RH; (A)50% RH; (o) 100% RH [96].

This beneficial effect provided by water has been observed by Primavera et al., who described two

different mechanisms that could affect the reaction path in the presence of water [96] :
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1. The catalytic reaction following the Langmuir-Hinshelwood model could take place in the
aqueous phase, which is faster than on the catalyst surface, within the pores of the catalyst by
dissolving oxygen and hydrogen sulfide in the water film formed.

2. The presence of water slows down the deactivation process because it promotes adsorption and

deposition of sulfur by mechanically removing sulfur from the active sites.

In another article studying the effect that relative humidity has on unmodified ACs, Bagreev et al.
reported the following observation [97]. The results observed were that the worst carbon in adsorptive
terms of HoS was the one with the highest pH, which was a surprise because the basic character was
expected to improve the dissociation of H>S. The same experiments were performed humidifying the
carbons. The results showed that the adsorption capacity of humidified carbons was between 2 to 6 times
greater than obtained with dry carbons [97]. The best carbon performance was obtained at a pH of 6.83.
It was also observed that the breakthrough time was delayed with increased relative humidity.

Other interesting results obtained under conditions in humid atmosphere for the adsorption of H,S in
activated carbon fibers, were that when nitrogen is used as an ambient gas for the oxidation reaction, it
occurs more slowly than when air, carbon dioxide or oxygen are used [96]. These data were contrary to
those obtained under dry atmosphere conditions, where the oxidation kinetics of H,S is faster under a
nitrogen atmosphere. This fact can be due to the carbon dioxide and oxygen lead to an acidification. As
previously mentioned during the description of the adsorption mechanism depending on the pH, when
the environment is acidic, the acidity limits the dissociation of H>S and consequently its elimination

from the gas phase.

- Role of temperature

Apart from porosity and relative humidity, the temperature could also be an important factor, which can
influence the adsorption process. For this reason, in 1998 Yang et al. studied the effect that temperature
had over an “Hydrocarco granular” AC, a commercial unmodified carbon [98].

To evaluate this parameter, the average conversion of H»S and the conversion of H,S to SO as a function
of temperature were obtained by varying the operating pressures to 230, 500 and 780 kPa respectively.
The results can be seen graphed in Figure 21. It can be seen that there is a critical temperature that is
approximately 175 °C, which below this temperature the H,S conversion rate varies abruptly with
temperature compared to the rate of change that occurs above this point. In addition, it can also be
observed that SO, production increases rapidly above the critical temperature of 175 °C. For this reason,
to achieve a high conversion of H»S and a low production of SO,, the optimum temperature for the

oxidation process of H,S over the AC has been selected to be 175 °C.
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Figure 21. Average percentage of H>S conversion and average percentage of H,S fed converted
to SO, as a function of temperature [98].

- Role of pressure

This parameter is closely linked to the operating temperature of the H»S adsorption process and for this
reason, besides studying the effect of temperature Yang et al. also observed the behavior of varying the
pressure on unmodified AC in their article in 1998 [98].

The average conversion of H,S to sulfur and SO, at pressures ranging from 230 to 780 kPa and
temperatures from 125 to 200 °C are shown in Figure 22. By increasing the pressure, the conversion of
H>S to sulfur is improved and the production of SO- stopped, which is favorable. This can be explained
because at high pressures, residence times of H,S are longer and this causes an increase in HoS
conversion. H,S molecules are compressed into small pores of the catalyst making more active sites
accessible at high pressures. As a consequence, there is a less sulfur for SO, production. Another
observation is that at low temperatures, increasing pressure results in a H,S increased conversion. This
is because H>S molecules adsorb more strongly on the catalyst surface at low temperatures and high

pressures.
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Figure 22. Average percentage of H>S conversion and average percentage of H,S fed converted
to SO; as a function of pressure [98].

- Role of gas composition

Bouzaza et al. investigated the effect of gas composition on the adsorption of H,S over unmodified AC
[96]. To carry out the experiments, the gases studied were CO,, O, and N, at different humidity
conditions. One of the conditions was completely dry and the other was at 100% relative humidity.
Under dry conditions, H,S was observed to be oxidized even if oxygen is not present (Figure 23). This
indicates the intrinsic ability of carbonaceous tissue to oxidize sulfur compounds. This may be due to
the function of the oxygen-surface formed complex of the adsorbent. Another interesting observation
under these conditions is that nitrogen exhibits faster oxidation kinetics of H»S than O, or CO». This
may be due to the fact that these latter compounds can lead to an acidification, which limits the
dissociation of H»S and consequently its elimination from the gas phase.

Under humid conditions, when nitrogen is used as an ambient gas, the oxidation reaction occurs more
slowly than when using air, oxygen or carbon dioxide (Figure 24). With this observation, it can be
concluded that under nitrogen atmosphere the effect of humidity is negligible. On the contrary, this
happens the other way under a CO, atmosphere, where water plays an important role in the second

kinetic phase dissolving the by-products [96].
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Figure 23. Influence of the nature of the ambient gas on the adsorption-oxidation of H,S at 0%

RH: (4) COz; (O) air; (A) Oz; (O) N2[96].
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Figure 24. Influence of the nature of the ambient gas on the adsorption-oxidation of H,S at
100% RH: (¢) CO2; (O) air; (A) Oz; (0) N2[96].
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4.2.4 Parameters of impregnated AC with metals

- Role of different metals

Bandosz et al. in their 2004 article, investigated the porosity of wood-based activated carbon by adding
metals such as Iron, Copper or Zinc [99]. Figure 25 shows the pore size distributions after the samples
are impregnated.

The results obtained are that the surface area decreases about 10% and also the volume of the micropores
about 20% after impregnation. Of the three metals used for the impregnation of the AC, in Figure 25 it
is observed that Copper is the one that presents the best performance for the removal of H»>S while Zinc
seems the least active of all. In the article, it was reported that for impregnated carbons, the efficiency
of copper (based on the ratio of the number of moles of H,S adsorbed to the number of metal ions) was

30 times higher compared to Zinc and 10 times higher than Iron.
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Figure 25. Pore size distributions for impregnated ACs [99].

- Role of relative humidity

Xiao et al. studied the effect of impregnation of AC with sodium carbonate varying the relative humidity
[100]. For the study, a comparison was made of the relative humidity on the performance of H»S
adsorption on AC and impregnated AC. The effects of water on H»S adsorption can be seen in Figure
26. Relative humidity was varied between 0% and 80%. In water-free conditions, a rapid breakthrough
was observed and the outlet concentration increased. In addition, as the relative humidity increased, the
time for breakthrough was delayed. In Figure 26, it can be clearly observed that as relative humidity
increases, the adsorption capacity of H>S increases in both AC and impregnated AC. Another conclusion
that can be drawn from the graph is that the impregnated AC shows superior efficiency than AC under

different relative humidity. This may be due to the fact that when using Na,CO; as an impregnating
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material, there is a basic environment and this promotes the concentration of the HS ion to increase.
Furthermore, Na,COs is known to be a good moisture adsorbent when it is in the pores and surface of
AC and therefore the water film can be easily produced on the surface of impregnated AC to adsorb

H.S.
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Figure 26. Effect of relative humidity on H>S adsorption capacities on AC and impregnated AC
(temperature: 30 °C)[100].

- Role of temperature

Regarding temperature parameter, different authors have reported remarkable conclusions from their
research. Some of the most interesting observations from different works are mentioned below.

Cal et al. studied in their research in 2000 the effect that temperature variation had on H,S adsorption.
The carbon used was impregnated with Zinc, and five experiments were carried out varying the
temperature between 400 and 600 °C [101]. The main advantage of using metals as impregnating
materials is that they can withstand high temperatures, around 500 °C. On the other hand, the main
disadvantage of metal-based sorbents is their high price, being between 15 and 30 $/kg [102]. The results
obtained showed that despite the temperature variation, there was no effect on the breakthrough time.
As seen in Figure 27, all breakthrough times are around 80 minutes. A possible explanation for the
constant breakthrough times at different operating temperatures may be due to the principles of chemical
adsorption. This is consistent with the adsorption mechanism for the metal impregnated AC observed
by Kochermann and Fang, who reported that chemisorption phenomena took place [86], [89]. An
example would be the activation energy, which once reached for the chemical adsorption the reaction
proceeds. Adsorption performance of H»S remains constant at low temperatures, while as the

temperature decreases the performance of metal-based sorbents for H>S decreases.
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Figure 27. Effect of temperature on breakthrough time of zinc-impregnated AC [102].

Another author who also studied the temperature parameter on the performance of H,S adsorption on
impregnated AC was Xiao et al [100]. In their article, they used Na,COs on AC as an impregnating
material in order to optimize the effect of temperature. The results obtained at two different temperatures
can be observed in the Figure 28 under dry conditions. From the Figure 28, it can be seen that with
increasing temperature, the breakthrough time is obtained faster and the equilibrium adsorption capacity
decreased slightly. This may be due to the fact that the adsorption process is exothermic and therefore,
by increasing the temperature, chemisorption is favored but has disadvantage on physical adsorption.
As a consequence, by increasing the operating temperature, lower values of the maximum capacity of

the adsorbent are obtained.
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Figure 28. Effect of temperature on the breakthrough curves of H,S adsorption on IAC [100].

- Role of pressure

Regarding the effect that pressure has on the behavior of H,S during its adsorption on impregnated AC,
Cal et al. studied this parameter in an article in 2000 [102]. Pressure was evaluated for the removal of
H,S at high temperature in an IGCC process. Although commercial plants IGCC plants can operate at
total pressures up to 20 atm, in experiments carried out, activated carbon samples were run at pressures
from 1 to 10 atm. The reason by which the experiments were evaluated up to 10 atm instead of 15-20
atm, which is the pressure that most sorbents operate in IGCC plants, is that the most notable effect of
the pressure increase in the first 10 atm interval. The results were promising, since it was observed that
in general, AC samples adsorbed more H»S at high pressures before breakthrough. All the sorbents used
in his investigation showed a better performance at 10 atm than 1 atm.

In a comparison between Copper and Zinc as metals impregnated in AC samples for H,S adsorption at
different pressures, it was observed that Zinc impregnated samples performed better than Cu-
impregnated AC. Figure 29 shows the effect of pressure on H»S breakthrough time of Copper and Zinc-

impregnated activated carbons at high temperature (550 °C).
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Figure 29. Effect of pressure on H;S breakthrough time of copper -and zinc-impregnated ACs
[102].
From Figure 29 , it can be seen that the H»S breakthrough time for the AC impregnated with zinc sample
is 150 min at a pressure of 10 atm, while if the same sample reducing the pressure to 1 atm the
breakthrough time is 90 min. The copper-treated carbon sample showed a similar breakthrough time

results, being of 80 min at 1 atm and with an increase to 125 min at 10 atm.

- Role of gas composition

Depending on the composition of the inlet gases, the effects of the individual gases on the adsorption of
H,S by impregnated activated carbon can be determined. In the article by Cal et al., it is noted that the
experiments of their study at the beginning consisted of inlet gases formed by H,S, N> and CO, [102].
However, since gasification streams contains other compounds such as CO, H,O and CO, it is important
to investigate the effects of these gases.

The addition of CO; to inlet gas stream showed that as the carbon dioxide concentration decreased, the
breakthrough time of zinc-impregnated AC was also decreasing. With a CO; concentration of 0% the
breakthrough time was 160 min, while if the CO, concentration increased to 7.5% the breakthrough time

increased to 200 min. This effect can be shown in Figure 30.
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Figure 30. Effect of CO: on H,S breakthrough time of zinc impregnated ACs [102].

Contrary to carbon dioxide, adding CO to the inlet gas stream has the opposite effect on H,S
breakthrough time. When the CO concentration was 0%, the breakthrough time was 160 min, while
increasing the concentration to 20%, the breakthrough time decreased to 100 min. A hypothesis to
explain the negative effects due to the addition of CO could be because this gas reduces oxidized sites
on the carbon surface and this causes the formation of CO,. There are also experiments adding both
carbon dioxide (at 20%) and carbon monoxide (at a concentration of 7.5 %) mixture, but the
breakthrough time continued to be 100 min.

H; and H,O were also added to the inlet gases stream. Regarding the first compound, the addition of this
gas to the inlet stream concluded in the worst results regarding the breakthrough time. As the
concentration of 0% hydrogen increased to 13%, the breakthrough time decreased from 160 min to
approximately one hour. In order to improve this parameter, other gases such as CO,and CO were added
in the composition of the inlet gases, but there was no improvement in the breakthrough time and
therefore it was concluded that H» predominated over the other gases mentioned. Another interesting
observation when H, was added was that there was an initial increase in the H»S outlet concentration.
In the same way as Ha, water also turned out to have negative effects on the breakthrough time of H,S
adsorption but not so abruptly. When the inlet stream concentration contained 0% H,O, the breakthrough
time was 400 min, while if the H>O concentration increased to 7.5%, the time was 200 min.

Finally, the adsorption of H,S was also investigated with the addition of all the mentioned gases mixed
into the inlet stream: 0.5% H,S, 13% H,, 21% CO, 7.5% CO,, 8.5% H>0O and 49.5% of nitrogen by

volume. In Figure 31, it can be seen how the breakthrough time decreased from 400 min for the
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Figure 31. Effect of HS breakthrough time for zinc impregnated AC with different inlet gas
composition [102].

Table 14 and Table 15 show a summary with the main conclusions of the mechanisms of adsorption of
H»S on unmodified AC and AC with impregnated materials, as well as the main observations on the

most relevant parameters.

Table 14. Conclusions on the mechanism of adsorption of unmodified ACs and ACs modified
with impregnating materials by different researchers.

Author Unmodified AC Impregnated AC
The mechanism of AC in H»S depends on the
Hedden et al. pH level of the carbon surface or the pH of the
environment.

H,S adsorption mechanism in

ACs impregnated with bases

Physisorption under dry and oxygen-free
Kochermann et al. - such as NaOH or with metal
conditions
oxides like CuO belongs to
chemisorption
Chemisorption due to the strong bonds
Feng et al. between the H,S to the unsaturated active sites

on the carbon surface
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Table 15. Conclusions on the parameters of adsorption of unmodified ACs and ACs modified with impregnating materials by different researchers.

Parameter Author Unmodified AC Impregnated AC
A heterogeneous carbon (with both micro- and
mesopores) performs better than carbon with
Bandosz et al. ) ) ) o
predominantly microporous materials with high surface
Porosity areas
Carbons with a majority of mesopores as opposed to
Dalai et al. micropores and macropores are best suited for
application.
As relative humidity increases, the H»S removal rate also
Bouzaza et al. ]
increases

The adsorption capacity of humidified carbons was

Bagreev et al. between 2 to 6 times greater than obtained with dry
) o carbons.
Relative Humidity
As relative humidity increases, the adsorption
capacity of HS increases in impregnated AC. In
Xiao et al. addition, impregnated AC shows superior
efficiency than AC under different relative
humidity
The optimum temperature for the oxidation process of
Temperature Yang et al.

H,S over the AC has been selected to be 175 °C
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The main advantage of using metals as

Cal et al. impregnating materials is that they can withstand
high temperatures, around 500 °C
With increasing temperature, the breakthrough
Xiao et al. time is obtained faster and the equilibrium
adsorption capacity decreased slightly
By increasing the pressure, the conversion of H»S to
Yang et al. sulfur is improved and the production of SO, stopped,
Pressure which is favorable
Cal et al. Zinc impregnated samples performed better than

Cu-impregnated carbon at 10 atm.

Gas composition

Bouzaza et al.

Under dry conditions, H»>S was observed to be oxidized
even if O, is not present. Under humid conditions, when
nitrogen is used as an ambient gas, the oxidation reaction

occurs more slowly than when using air, O, or CO2

Cal et al.

The effect of the breakthrough time of H»S for
zinc impregnated AC with different inlet gas
composition was that it decreased from 400 min

to 80 min

Different metals

Bandosz et al.

ACs impregnated with metals such as Iron,
Copper and Zinc decreases their surface area and

also the volume of the micropores
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4.3 Regeneration of AC and IAC

Since AC with or without impregnation are used as adsorbents for the removal of H»S, methods for their
regeneration have to be investigated. H»S oxidizes to sulfur or sulfur oxides on the surface of activated
carbons, causing a decrease in capacity that can result in depletion of the carbons as adsorbents.
Normally, spent carbons are removed from the reactors and replaced with new ones. This causes
additional costs to the overall process both for the transport of new carbons and for the disposal of spent
carbons, which can be incinerated or landfilled. For the aforementioned reasons, the regeneration of
spent carbons has become an alternative solution that represents a low cost and environmentally friendly
solution.

The best-known method for the regeneration of carbon and the simplest is the thermal process, used for
three decades. One of the advantages of this method is that it can be performed under different conditions
(air, steam, inert atmosphere and CO,) [85].

In the same way as with the mechanism and parameters in the previous sections, in this work the

regeneration of AC without and with impregnation with metals with be differentiated.

4.3.1 Regeneration of unmodified AC

Bagreev et al. investigated in their article the feasibility of the thermal regeneration of a spent AC
previously used as H»S adsorbent [103].

Figure Figure 32 shows the breakthrough curves for the samples after three thermal regeneration cycles.
The exhausted sample after four regeneration runs (SWE) after a thermal regeneration cycle only reflects
a 30% of the initial adsorption capacity (81 mg/g), but its magnitude almost unchanged after two

regenerations with HoS breakthrough capacities of 28 and 22 mg/g respectively.
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Figure 32. H>S breakthrough curves for the exhausted sample after four adsorption runs (SWE)
and after a heat-treatment at 250 °C (SH) [103].
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Regarding the pH, the SWE sample is very acidic (pH=2.37) due to the presence of adsorbed sulfuric
acid. After its first regeneration, the pH of the sample hardly changed, suggesting that acidic species are
not removed from the surface. However, with the second regeneration the pH increased to a value of
6.35 and with the third regeneration to a value of 6.11 due to the removal of acidic species.

Another interesting observation from this study was shown in Figure 33, which reflects the changes in
the content of the sulfur-containing species after successive adsorption/regeneration cycles.

As can be seen from Figure 33, the first regeneration abruptly decreases the amount of sulfur species.

Thereafter, the SO, and elemental sulfur fluctuates due to successive oxidation/reduction cycles.
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Figure 33. Changes in the content of sulfur species after successive adsorption/regeneration
cycles [103].
As conclusions of the study it was reported that with the thermal treatment the carbon can be regenerated

up to 30% of adsorption capacity. SOz and H>SO, are found in the exhaust gases, which can be reduced
to SO, and easily removed. Furthermore, all the sulfur was removed and the physical structure was 100%

regenerated.

4.3.2 Regeneration of impregnated AC

Cal et al. in their article studying different parameters such as pressure or temperature that affected the
adsorption of HoS on impregnated AC, they also studied how to regenerate the sorbent [102]. As
mentioned, different methods such as heat treatment, air, steam, H, or KOH are possible for the
regeneration of spent carbons. Possible products that can be useful of regeneration are SO», elemental
sulfur and H,S.

One of the advantages of regeneration of metal-based sorbents compared to carbon-based sorbents is
that most metals can easily react with O, to produce a high concentration of SO,. By producing SO> or
H»S during regeneration, they can be converted to elemental sulfur or H>SOs.

Table 16 shows the results of the regeneration experiments attempted with gases such as N and in
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aqueous solutions containing HNOs, KOH or H>O». Regeneration in nitrogen only removed around 25%
of the adsorbed sulfur and then it was released as SO,, COS and H>S. Regarding aqueous solutions,
regeneration with KOH and HNO3 showed low sulfur removal, with values of 0% and 26.8% by weight
respectively. Although H>O» regeneration seemed promising, with this treatment the pelletized carbon

could break into a particle size similar to a powdered AC.

Table 16. Summary of sorbent regeneration experiments [102].

Sulfur
Sulfur
added by Sulfur
Regeneration @ Phase  Maximum removed by Regeneration
H,S removed
method (wt.%) temp (°C) regeneration time (min)
adsorption (%)
(wt. %)
(wt.%)
3% O 1in N Gas 275 6.1 0.39 6.4 140
N> Gas 925 10.5 2.6 24.8 190
30% H>0, Liquid 60 10.8 4.6 42.2 60
1.3 M KOH Liquid 25 10.8 0.0 0.0 60
70% HNO; Liquid 70 10.8 2.9 26.8 90
30% H»0, Liquid 70 6.5 4.6 71.7 90
100% H, Gas 800 5.3 4.1 77.2 180
100% H, Gas 850 19.4 17.6 90.7 180
100% H, Gas 850 10.7 12.3 100 260
100% H, Gas 800 10.5 7.6 72.5 200

Of the regeneration methods studied, the most promising was with gaseous H». In Table 16, it can be
seen that with this method between 72% and 100% of sulfur was removed. A profile of H,S released
during the regeneration of sulfided ZnCL, chemically activated carbon is shown in Figure 34 . Initially,
the sulfur is released in a high concentration of H»S during regeneration, but after adsorbing 0.5% of
H,S by volume from a coal gas stream only the 10% by volume of H,S is produced with regeneration

using Ho.
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5 Activated Carbon for the removal of Tar

5.1 Introduction

As explained previously in the biomass gasification chapter, with this technology the conversion of a
solid fuel (biomass) to a gaseous fuel, known as a product gas is carried out. This product gas contains
gases such as H,, CO, CO,, CHs, H,O, C,-Cs hydrocarbons, tars, nitrogen and suspended particulate
matter. The presence of impurities such as tars, compounds such as ammonia, hydrogen sulfide or sulfur
dioxide or the particulate matter is inevitable to be produced during the gasification process. These
impurities are maintained when the “product gas” is obtained and cause different problems for
downstream applications. Furthermore, the presence of these contaminants can cause both operational
and technical problems such as equipment corrosion (H»S), fouling (tar), environmental pollution (NH3,
SO,, H»S) and catalyst deactivation (tar, H,S, NH3, HCI and trace metals). Due to the problems that this
series of compounds can cause, it is necessary that these contaminants must be eliminated before the
gas is used for different applications such as SNG production. Compared to other pollutants, tar is the
most abundant per unit mass of biomass gasification, and its removal has been under investigation by
different researchers for some time. Its concentration in the product gas depends on different parameters

such as process conditions, feedstock, and the type of gasifier used.

Tar can be defined as a majority mixture of aromatic hydrocarbons that are condensable at ambient
temperature which include single-ring to multiple-ring aromatic compounds along with other oxygen-
containing hydrocarbons [50]. There are five different kinds of tar: (1) undetectable, (2) light aromatic

hydrocarbons, (3) heterocyclic, (4) light polyaromatic hydrocarbons and (5) heavy polyaromatic

hydrocarbons.
Onering Naphtalene;
0,
aromatic 15%
hydrocarbon;

22% Other; 2%

Two ring
aromatic:.
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Figure 35. Typical composition of biomass tars [104].
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Figure 35 shows the typical composition of the biomass tars. Depending on the application, the tar has
a defined tolerance limit. Some of the typical tolerances are on the order of approximately 500 mg/Nm?,
100 mg/Nm? and 5 mg/Nm?, which are recommended for compressors, internal combustion systems and
direct-fired industrial gas turbines [50]. In addition, despite the fact that the concentration of impurities
depends on various factors, two of the most important are the types of reactor and the gasification
conditions used. Reported tar yields can go up to 6 g/Nm? for air blown fixed co-current reactor and
from 10 to 150 g/Nm? for counter-current reactor. Regarding to fluidized bed gasifiers, they have more
accumulated tar than fixed the fixed bed gasifier. This is because they need a high air speed, and due to
having a short residence time the tar molecules in the reactor, they remain in the reactor unconverted,
especially in the case of the circulating fluidized bed reactor. On the other hand, compared to the counter-
current fixed bed reactor, the tar content in the product gas is lower in both fluidized bed gasifiers.
Typically, the representative range of tar in fluidized bed reactors is between 0.9 and 1.5 g/Nm?. The
standards for the cleaning gas required for different applications involving gasification technology are
recommended from 10 mg/Nm? to less than 1 mg/Nm?®. However, even the lowest-tar gasifier producer
(downdraft gasifier) exceeds about 50 times the desired concentration. For these reasons, different

technologies for tar removal have been used in recent decades [104].

5.2 Techniques for tar removal

A typical classification for dividing tar removal is based on primary and secondary treatments. The
difference between the two types of treatments is that in the primary treatments the tar content is reduced
by the gasifier used in the process and without the need for a secondary reactor, as occurs in the case
with secondary treatments. Some examples of primary treatments are the optimization of process
parameters (residence time, temperature, gasifying agent, etc.), a gasifier modification or the use of a
bed/additive. One of the operational parameters studied was the effect of fuel staging with the resulting
tar product, investigated by Zhao et al [105]. However, their study concluded that the influence of fuel
staging on the decrease of the tar is still unclear. The use of bed additives/catalysts refers to the use of
products such as activated carbon, iron or dolomites to reduce the tar content. The following paragraphs
will provide a more detailed explanation of recent research that has been carried out using AC for tar
removal. The other commented case of possible primary treatments, the gasifier modification, which
can be carried out by adding a second air just above the biomass feed, reducing the concentration of tar

by 87% [104].

Regarding secondary tar cleaning techniques, these could be classified as wet and hot gas cleaning. The
wet gas tar cleanup is carried out with a liquid adsorbent. The most used liquid at the beginning for
scrubbing tars from producer gas has been water due to its low cost. Water scrubbing is useful for
removing light and oxygenated tar compounds owing to their inherent polarity. However, if it is

necessary to eliminate non-polar heavy and heterocyclic tar compounds, the water has a low removal
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efficiency (49% for heavy tars and 79% for heterocyclic tars) [106]. For this reason, it was necessary to
carry out investigations with other adsorbents in order to improve the removal efficiency of the tar. One
of the pioneering plants to use the oil-based tar scrubber was the Energy Research Centre of the
Netherlands (ECN). The technology used was known as “OLGA”, which consists of multiple stage
scrubbers and the oil is the solvent used for the scrubbing and can be regenerated by hot air stripping.
Some of the advantages of using oil-based scrubbing technologies is that it is possible to operate with
them at high temperatures and consequently the overall efficiency of the process is improved, in addition
to having the possibility of regenerating the adsorbents by hot gas stripping generating a stream of
concentrated tar. Below, it can be shown the Table 17 with different absorption efficiencies for tar

removal components by different liquid scrubbers solvents [106].

Table 17. Absorption efficiencies of tar components by different liquid scrubbing solvents [106].

Absorbents Water Diesel Biodiesel Vegetable Engine
Oil Oil
Benzene 241 77 86.1 77.6 61.7
Toluene 22.5 63.2 94.7 91.1 82.3
Xylene 22.1 n/a 97.8 96.4 90.7
Styrene 235 57.7 98.1 97.1 91.1
Phenol 92.8 n/a 99.9 99.7 97.7
Indene 28.2 97.9 97.2 97.6 88.7
Naphtalene 38.9 97.4 90.3 93.5 76.2

As can be seen from Table 17, the absorbents based on fatty acid esters and hydrocarbons showed an
efficiency for the removal of tars much higher than water. The disadvantages of working with scrubbers
based in oil systems is that the complexity of the process increases and the cost of the absorbents is more

expensive than using water as an absorbent, which increases the final cost of the process.

The other type of secondary treatment is based on hot gas cleaning. The objective of hot gas cleaning is
to crack the tar by applying high temperatures. In a study by Pattatonai et al., the effect of intraparticle
secondary reactions of tar during the pyrolysis of woody biomass was studied [107]. The yields of
pyrolysis products between the wood cylinder and sawdust, which represent fine and large biomass,
were compared. The results found were that below 380 °C both the biomass woody release the same
amount of volatile matter. However, above this temperature, around 400-500 °C the decomposition of
intraparticle tar to form secondary gas which will act as a catalyst and it helps in reducing the tar content

of product gas generated from large woody particle [107]. On the other hand, it has been observed that
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using the hot gas cleaning technique at high temperatures (between 500-900 °C), the tar content can be
reduced by up to 98%. However, the use of high temperatures abruptly increases the overall cost of the

process.

One of the most promising techniques for removing tars is activated carbon. This method is still under
investigation, but it is actually a viable alternative that in addition to removing tars at high temperatures,
can also remove other impurities contained in the product gas such as H,S or ammonia. The main
advantages of this technique are its ability to withstand high temperatures and the low cost of the

material.

5.3 Activated carbons for tar removal

Regarding the title of this chapter, the removal of tar by activated carbons, a review of the most important

studies carried out with this technique to date will be made below.

In 2015 a method was studied by Gregorio et al. for the removal of tar based on combination of
thermal/catalytic cracking and adsorption on AC, which are very interesting because they can operate at
temperatures higher than the dew points of the main tar compounds and up to 900 °C [108]. Three
different AC have been chosen and characterized, and used in tests for tar removal, being the
naphthalene the reference compound of tars. Shown below in Figure 36, is the experimental apparatus

designed for the adsorption of tar using activated carbons.

o T=200C o
% A D\ A 1 N
\ ‘ e = D\ Gas sample
5 Heating module [C F_J
T=800°C [7| § |1 ‘
2 |
gt \ A
[ ) ( \Flowmeter o1 |
LY, T |
c J 21 | o
@ 2|
) \C | 57, Purge line
[ Gas sample Ay
2 { o T=200C ol | :
= D NATS T :
A | | B
’ GC -FID

<

e ]

\ \CHe /' JT-150°C A T=20%6 OO

Figure 36. Experimental apparatus for filtration tests by tar adsorption and cracking on the
selected AC [108].

In Figure 36, it can be seen how the naphthalene is deposited in a glass flask, which is submerged in a
thermostatic bath containing silicone oil. When the temperature reaches 60 °C in the glass flask, the
naphthalene begins to vaporize and by means of the nitrogen as a gas carrier, the gas is transported to a
calibration system consists of a condenser and a gas chromatography analyzer. After that, the gas is

diverted towards a tubular furnace containing a fixed bed with the AC. The temperature is kept from
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750 to 900 °C.

Figure 37 shows the results in efficiencies for both removal and cracking contributions. Sample AC_1
shows a stable 100% removal efficiency over time, while cracking efficiency decreases from
approximately 11% to 3% [108]. Samples AC_2 and AC_3 are opposite since in one the efficiency of
elimination decreases and in the other it increases. Regarding cracking efficiency, in both samples it
remains stable. The main advantages of using a system with these characteristics is being able to work
at the high temperatures typical of fluidized bed gasifiers, the low cost of AC and the complete
elimination of tar. The main disadvantage may be the presence of fine particles that can mask the

activated carbon reducing its removal efficiency.
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Figure 37. Adsorption and cracking efficiencies for the 4h-tests carried out with the selected AC
[108].

Another interesting article was the one investigated by Acharya et al., in which they studied the
elimination of tar and CO from simulated product gas with AC and charcoal [109]. The two tar
compounds studied were ethylene and toluene. Activated carbon was able to adsorb toluene at low
temperatures between 200 and 300 °C), but was saturated after sometime. As toluene is not adsorbed at
high temperatures, this results in a steady toluene composition in the product stream as a function of
time. In contrast, the adsorption of ethylene on activated carbons was not observed at low temperatures.
The most relevant aspect of this study is that it showed that AC can only be used as a tar adsorbent for

a limited period of time [109].

Another recent study was conducted in 2015 by Choi et al., in which they investigated the oxygen/steam
gasification of dried sewage sludge using a two-stage gasifier to achieve a tar-free product gas [110].
The active carbon used for the experiments was of the pellet type with a surface area of 959 m*/g and

was applied as an additive base for the cracking of tar.

Results showed that with the use of AC an increase in hydrogen production was detected (from 28% to

45% approximately) and a decrease in hydrocarbons [110]. The activated carbon in the upper reactor
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adsorbs the tar that flows from the lower reactor onto the surface of AC. When the tar has been adsorbed,
at high temperatures it can form coke, and consequently may occur the thermal cracking or catalytic
cracking of tar with help of AC. This series of reactions carried out can produce light hydrocarbons and

the production of H,. Figure 38 shows the proposed mechanisms of tar over AC.

a) Activated carbon

o),
,_:_Tal:__, CJarD
A: coke formation M: metal components
b) Activated carbon

iy f v * € 4
N\ @
A: reactions with gases

B: thermal cracking of tar H2 CO2 O2
C: catalytic cracking of tar

SM: small molecules

Figure 38. Proposed tar mechanisms over AC: (a) tar adsorption and coke formation, (b)
thermal and catalytic tar cracking and tar cracking via reactions with gas components [110].
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6 Conclusion and outlook

Biomass gasification is a technology that has proven to be a valid alternative to fossil fuels for the
production of electricity and heat, but also, synthetics products like biofuels and SNG. The main
advantage of this technology over other renewable energies is that it is not fluctuating, can be stored and
is the only carbon containing renewable energy source. However, at the moment, biomass gasification
is not yet economically competitive directly with fossil fuels. This can be remedied and improved in the
medium term if governments make an investment in the development of this technology and in the
seeking of improvements with this technology such as using cheaper feedstock materials or improving

the efficiency and lowering costs of the extensive gas cleaning.

With regard to gas cleaning, there are impurities that must be removed from the product gas. Some of

the most harmful compounds in product gas are sulphur-containing compounds such as H,S and tars.

Sulphur compounds are critical as they are catalyst poisoners. In addition, H»S in particular is very
hazardous due to its high toxicity and contamination of both the environment and humans. Industrially,
H,S can cause corrosion in gas processing units. For these reasons, it is important to eliminate this
compound. There are various methods for the desulphurization of this pollutant, but one of the most
recently investigated is adsorption with activated carbons. Some of the advantages of this material with
respect to its competitors are its high activity, low cost, high chemical stability and resistance to high

temperatures.

Some of the most important questions regarding the adsorption of H»S by activated carbons is to know
what phenomenon acts on the adsorption mechanism and how the different parameters influence the

process. After an extensive literature review, the following conclusions could be drawn:

e The H,S adsorption mechanisms on AC strongly depends on the type of used AC (unmodified
AC and AC modified with impregnating materials such as metals).

e The mechanism of adsorption of H>S on unmodified AC is still unclear, as some authors
associate it with physisorption phenomena and others with chemisorption.

e The mechanism of adsorption of H,S in AC modified with impregnated materials such as metals
is associated with the phenomenon of chemisorption.

e With regard to porosity, in unmodified AC a size distribution within the mesoporosity is
preferred.

e Withregard to the relative humidity, in unmodified AC when it increases, the rate of elimination
of HoS also increases. Regarding metal-impregnated AC, they have shown higher efficiency
than unmodified ACs under different relative humidity.

e Regarding temperature, in unmodified ACs the optimum temperature for the adsorption process
is 175 °C. On the other hand, with metal-impregnated carbons, as the temperature increases, the

breakthrough time is obtained faster and they are able to withstand high temperatures (500 °C).
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e Regarding pressure, in unmodified AC if the pressure is increased the conversion of H»S to
sulphur is improved and the production of SO» is stopped. In metal-impregnated carbons, it has

been observed that the metal that has given the best results is Zinc at a pressure of 10 atm.

Another important issue was to address the regeneration of activated carbon with the aim of lowering

the price of the overall process. The conclusions drawn are shown below:

e By heat treatment, the unmodified AC can be regenerated up to 30% of its adsorption capacity,
removing all sulphur compounds. Regarding the regeneration of metal-impregnated ACs, the
most promising regeneration method proved to be with gaseous H», removing between 72% and

100% of the sulphur depending on the process conditions.

Finally, the last chapter deals with the removal of tars by AC. These pollutants are the most abundant
per unit mass of biomass gasification. For this reason, it is necessary to remove these pollutants because
they can cause problems such as fouling or deactivation of catalysts. The most used techniques according
to the state of the art for the tars have been the primary treatments (optimization of the process
parameters) and the secondary ones (classified in wet and hot gas cleaning). At the beginning the most
used absorbent liquid was water because of its low cost, but it was quickly replaced by oil-based

absorbents because of their high removal efficiencies.

The main advantage of AC tar removal is that this material can operate at higher temperatures than the
dew points of the main tar compounds. The conclusions drawn from the research by different authors

are shown below:

e For one of the major tar compounds, naphthalene, AC showed 100% removal efficiencies.

e The study of tar removal from simulated product gas with AC, based on toluene and ethylene
showed contrary results. While toluene could only be adsorbed at low temperatures (between
200 and 300 °C), the adsorption of ethylene on AC was not observed at low temperatures. This
study revealed that AC can only be used as a tar adsorbent for a limited period of time.

e In a study using a two-stage gasifier, with the use of AC, an increase in H> production and less

hydrocarbons (tars) were obtained.
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Notation

Symbols

CH,4
Cco
COs
COS
Co

Fe

H,
H,O
H-S
H>SO4
H3PO4
HCl
KOH
K>CRO3
KI

KMNO,

N>
Pd
Pt

Rh

Methane

Carbon monoxide
Carbon dioxide
Carbonyl sulfide
Cobalt

Iron

Hydrogen

Water

Hydrogen sulfide
Sulfuric acid
Phosphoric acid
Hydrochloric acid
Potassium hydroxide
Potassium carbonate
Potassium iodide
Potassium permanganate
Molybdenum
Sodium hydroxide
Nickel

Nitrogen

Palladium

Platinum

Rhodium

Ruthenium
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SO, Sulfur dioxide mol

W Wolfram mol
Abbreviations

AC Activated carbon

ACF Activated carbon fibers

BFB Bubbling fluidized bed

CFB Circulating fluidized bed

CCGT Combined cycle gas turbine

CHP Combined heat and power

CR Combustion reactor

DFB Dual fluidized bed gasifier

GAC Granular activated carbon

GR Gasification reactor

GWP Global warming potential

HHV Higher heating value

IGCC Integrated gasification combined cycle

LHV Lower heating value

Nm3 Gas cubic meter according to standard conditions (0 °C, 1.013 baraps)
PAC Powdered activated carbon

SN Stoichiometric number

SNG Synthethic natural gas

SER Sorption enhanced reforming

TREMP Topsoe recycle energy-efficient methanation process
VOC Organic volatile compound

vol-% Percentage by volume

wt-% Percentage by weight
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