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Abstract

This doctoral thesis is a cumulative dissertation consisting of five research articles. These articles
are concerned with entrained-flow gasification which is an enabling technology for production
of chemical energy carriers from biogenic and anthropogenic waste streams in the context of a
circular economy. The present work aims to determine gasification kinetics at process conditions
relevant for entrained-flow gasifiers, i.e. elevated pressure, high temperature and high heating
rates. The gasification experiments are conducted using biomass chars that have been produced
under process conditions of technical entrained-flow gasifiers. In the flame zone of the entrained-
flow gasifier, the solid fuel undergoes devolatilization at high temperatures, high heating rates
and short residence times. The pyrolysis conditions during this step determine char properties
and reactivity for the subsequent heterogeneous gasification reaction. In order to design gasifiers
that achieve complete char conversion, kinetic data for the gasification reactions with CO; and

H0 at high pressure is required.

First, the evolution of morphology, concentration of catalytically active ash components and
number of active sites during heterogeneous gasification of a char particle with CO; are analyzed.
Furthermore, the influence of these parameters on char reactivity and the course of conversion
rate as a function of carbon conversion is investigated. As a result, catalytically active ash com-
ponents that are usually found in biomass (e.g. calcium, potassium) affect char reactivity signifi-
cantly and determine the course of the conversion rate. Their influence on the gasification be-
havior with CO; in the microkinetic regime may be regarded as superior as compared to char

morphology.

Second, the influence of pyrolysis conditions on char properties, i.e. micropore surface area,
graphitization of the carbon matrix and ash dispersion, during high-temperature pyrolysis in a
drop-tube reactor is investigated. Moreover, the effect of calcium dispersion and graphitization
degree on the gasification reactivity with CO; is discussed. Results show that thermal deactiva-
tion can be observed for the chars produced up to 1400 °C due to increasing graphitization de-
gree and decreasing calcium dispersion. For the char produced at 1600 °C (P1600), however,
char reactivity increases drastically despite showing the highest graphitization degree and the
lowest micropore surface area. This phenomenon is caused by the formation of a thin CaO layer

during pyrolysis selectively catalyzing the char-CO; gasification reaction.

[11



Based on these experimental results, heterogeneous gasification kinetics are determined for
chars with distinct properties to show the influence of thermal history on the reactivity in the
gasification regime of the reactor. For the determination of gasification kinetics at elevated pres-
sure, a novel single-particle reactor with forced flow-through conditions was designed and built
in the frame of this work reducing diffusional effects at the char particle surface to a minimum.
Gasification experiments at elevated pressure with CO», H,0 and its mixture are carried out using
two high-temperature beech wood chars (P1400 & P1600). Modeling of gasification kinetics is
successfully conducted using a power law approach. However, an observed saturation during
gasification of P1600 applying high CO; partial pressures is better described by a Langmuir-Hin-

shelwood approach.

Concerning the gasification experiments in mixed CO,/H;0 atmospheres, increasing the CO; par-
tial pressure starting from pure steam as feed gas leads to a higher reactivity for both chars. The
reaction rate for mixed gasification can be expressed by addition of the single atmosphere reac-
tion rates suggesting a separate active site mechanism in the low pressure area. For higher H,0
and CO; partial pressures, however, P1600 reactivity stagnates due to lower specific surface area
and higher graphitization degree i.e. lower amount of carbon active sites. Here, a common active

sites mechanism can be assumed.
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Zusammenfassung

Die vorliegende Doktorarbeit ist eine kumulative Dissertation bestehend aus fiinf wissenschaft-
lichen Veroéffentlichungen. Diese Veroffentlichungen befassen sich mit der Flugstromvergasung,
die eine Schliisseltechnologie fiir die Produktion von chemischen Energietragern aus Abfallstro-
men unter dem Aspekt einer Kreislaufwirtschaft ist. Das Ziel dieser Arbeit ist die Bestimmung
der Vergasungskinetik unter technisch relevanten Prozessbedingungen fiir die Flugstromverga-
sung, das heifdt hohe Driicke, hohe Temperaturen und hohe Aufheizraten. Die Vergasungsexperi-
mente werden mit Biomassekoksen durchgefiihrt, die unter typischen Prozessbedingungen tech-
nischer Flugstromvergaser produziert wurden. In der Flammenzone des Flugstromvergasers
durchlauft der Festbrennstoff eine Pyrolyse bei hohen Temperaturen/Aufheizraten und kurzen
Verweilzeiten. Die Pyrolysebedingungen in diesem Prozessschritt bestimmen Kokseigenschaften
und Reaktivitat fiir die folgenden heterogenen Vergasungsreaktionen. Fiir die Auslegung techni-
scher Flugstromvergaser mit dem Ziel eines vollstindigen Feststoffumsatzes ist es entscheidend,

tiber kinetische Daten fiir die Vergasungsreaktionen mit CO, und H»0 zu verfiigen.

Im ersten Teil der vorliegenden Arbeit wird die Entwicklung der Morphologie, die Konzentration
katalytisch aktiver Aschekomponenten sowie die Anzahl aktiver Zentren wahrend der heteroge-
nen Vergasungsreaktion eines Kokspartikels mit CO; analysiert. Des Weiteren wird der Einfluss
dieser Kokseigenschaften auf Reaktivitdt und Verlauf der Vergasungsreaktion als Funktion des
Umsatzes untersucht. Die Ergebnisse deuten darauf hin, dass katalytisch aktive Aschekomponen-
ten, die gewodhnlich in Biomasse vorgefunden werden (z.B. Calcium, Kalium), einen erheblichen
Einfluss auf Reaktivitdt und Umsatzratenverlauf haben. Der Einfluss der Aschekomponenten auf
die Vergasungsreaktion mit CO, im mikrokinetischen Gebiet kann im Vergleich zur Morphologie

als iiberlegen angesehen werden.

Im zweiten Teil wird der Einfluss der Pyrolysebedingungen auf die Kokseigenschaften Mikro-
porenoberfliche, Graphitisierung der Kohlenstoffmatrix und Aschedispersion wahrend der
Hochtemperaturpyrolyse in einem Fallrohrreaktor untersucht. Dariiber hinaus wird die Auswir-
kung der Calcium Dispersion und der Graphitisierung auf die Reaktivitit der Biomassekokse
wahrend der Vergasung mit CO; herausgearbeitet. Die Ergebnisse zeigen, dass eine stetig stei-
gende thermische Desaktivierung jener Kokse beobachtet werden kann, die bis zu einer Pyroly-
setemperatur von 1400 °C hergestellt wurden. Die Desaktivierung ist vorwiegend auf eine Erho-

hung der Graphitisierung und eine Erniedrigung der Calcium Dispersion zuriickzufiihren. Jedoch



ist beim Koks, der bei 1600 °C produziert wurde (P1600), ein sprunghafter Anstieg der Reaktivi-
tat zu beobachten, obwohl dieser den hochsten Grad des Graphitisierung und die niedrigste Mik-
roporenoberflache aufweist. Dieses Phdnomen ist durch die Ausbildung eines diinnen Ca0-Films
wihrend der Pyrolyse bei 1600 °C versursacht, der selektiv die Vergasungsreaktion von P1600

mit CO; katalysiert.

Auf Basis dieser experimentellen Ergebnisse wird die heterogene Vergasungskinetik zweier Bio-
massekokse mit stark unterschiedlichen Eigenschaften bestimmt, um den Einfluss der thermi-
schen Vorbehandlung auf das Vergasungsverhalten darzulegen. Zur experimentellen Bestim-
mung der Vergasungskinetik bei erhdhtem Druck wurde im Rahmen dieser Arbeit ein neuartiger
Einzelpartikel-Reaktor entworfen und gebaut, in dem die Kokspartikel vom Reaktionsgas durch-
stromt werden, um etwaige Diffusionslimitierungen auf ein Minimum zu reduzieren. Vergasungs-
experimente bei erh6htem Druck werden mit CO», H0 und in Gemischen der beiden Reaktions-
gase mit Hochtemperatur-Buchenholzkoksen (P1400 & P1600) durchgefiihrt. Die
Vergasungskinetik wird erfolgreich mithilfe eines Potenzansatzes modelliert. Jedoch wird wah-
rend der Vergasung von P1600 bei hohen CO; Partialdriicken eine Sattigung der Koksoberflache

beobachtet, die besser mittels Langmuir-Hinshelwood-Ansatz beschrieben werden kann.

Hinsichtlich der Vergasungsexperimente in gemischten CO,/H20 Atmosphéren fiihrt eine Zugabe
von COz und damit eine Erhéhung des CO; Partialdrucks beginnend bei der reinen H,0 Vergasung
zu einer hoheren Vergasungsgeschwindigkeit fiir beide Biomassekokse. Im niedrigen Druckbe-
reich kann die Reaktionsgeschwindigkeit der Gemisch-Vergasung mittels Addition der beiden
Einzelatmospharen-Reaktionsgeschwindigkeiten fiir beide Koksproben ausgedriickt werden.
Dies ldsst die Vermutung zu, dass in diesem Druckbereich unterschiedliche aktive Zentren auf
der Koksoberfldche fiir die Vergasungsreaktion mit CO, und H,0 verantwortlich sind. Bei einer
weiteren Erhéhung der Partialdriicke der Reaktionsgase stagniert jedoch die Reaktivitit von
P1600 aufgrund der niedrigeren spezifischen Oberfliche und der hoheren Graphitisierung,
wodurch eine niedrigere Anzahl aktiver Kohlenstoffzentren auf der Koksoberflache vorzufinden
ist. Somit kann hier vermutet werden, dass CO; und H,0 um gemeinsame aktive Zentren auf der

Koksoberflache konkurrieren.
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1 Introduction and scope

Anchored in the European Green Deal, the European Union (EU) proposed an action plan in order
to introduce a new growth strategy that will transform the EU into a modern, resource-efficient,
competitive and sustainable economy [1]. The main objective is to achieve net zero emissions of
greenhouse gases by 2050 while decoupling economic growth from the use of fossil resources.
Reaching this target will require action by all sectors of the economy, including the investment
in environmentally friendly technologies that help to increase the efficient use of resources by

moving to a clean, circular economy.

The bioliq® process, which was developed at Karlsruhe Institute of Technology (KIT), allows for
the sustainable production of synthetic fuels from dry biomass residues [2]. Fig. 1.1 shows a
schematic flow diagram of the bioliq® process chain. This multistage process accounts for a de-
centralized pyrolysis step turning raw biomass into a pumpable and storable bio-slurry (biosyn-
crude®) comprised of pyrolysis-oil and char with high energy density. Furthermore, it requires
a large centralized entrained-flow gasification (EFG) unit (5 MW) coupled with fuel synthesis

that benefits from economies of scale.

0, (Steam)
Gas cleaning and conditioning

ﬁ —_— —_—
= I
@ High pressure @ E :@
S entrained flow
Q gasification
Filter
Sorption Catalyst CO; and water
separation
W Pre-treatment @
l I —— —
% Slag
—
e
= —
' 3=
Fast pyrolysis l ‘
‘ \/ Fuel DME
synthesis synthesis
biosyncrude®
Decentralized | | Centralized

Fig. 1.1. Schematic flow diagram of the KIT bioliq ® process [2].



EFG is one of the key enabling technologies of the Green Deal for the conversion of waste and
biomass to chemical energy carriers to ensure a closed carbon cycle. In the high-pressure en-
trained-flow gasifier of the bioliq® process, the biosyncrude® is converted into a tar-free syn-
thesis gas at pressures of up to 80 bar and temperatures above 1200 °C. In order to identify the
physical and thermo-chemical process steps dominating entrained flow gasification, Fig. 1.2 (left)
shows a typical droplet/particle trajectory pattern as derived from the numerical simulation of
aslurry-fed EFG [3]. The colors of the trajectories represent different physical and thermo-chem-

ical process steps i.e.:

1. Cyan: Atomization, heating-up, evaporation and decomposition of the slurry

2. Orange: Heating-up and (secondary) pyrolysis of the solid fuel particle (primary char)
3. Red: Gasification of the solid fuel particle (secondary char) with CO, and H,0
4.

Blue: Ash / slag-forming particles impinging on the gasifier walls or leaving the gasifier

with the syngas flow

| Gasification agent

Atomization
Mixing of fuel and gasification agent
Fast heating up

. . Gas phase
| Primary char| | Liquid phase |
Secondary Evaporation Gasification agent Syngas
pyrolysis Decomposition H0 O Hz CO CO; H0

l X l l Oxidation reactions

Secondary char Gas phase Recirculation
Volatiles, fuel vapor, syngas

l\\‘l\» l Gasification reactions
Ash/ Slag Hydrocarbons Syngas

Soot H, CO CO; H,O
Tar
Char

Fig. 1.2. Left: Trajectories of bio-slurry droplets in an entrained-flow gasifier. Right: Sub-processes

and species relevant for entrained-flow gasification of slurry; adapted from [3,4].
In Fig. 1.2 (right), a detailed overview of the sequence of sub-processes and intermediate species
relevant for EFG is depicted. The slurry is atomized close to the burner nozzle within the highly

turbulent gas jet which is enveloped by the gas flame burning recirculated synthesis gas with



oxygen at very high temperatures. The liquid fraction of the suspension fuel evaporates and the
vapors react with 0;, CO; and H;0. The solid fuel fraction (primary char) undergoes secondary
pyrolysis at high temperatures and high heating rates. The resulting secondary char penetrates
through the highly reactive zone into the downstream gasification zone where the endothermic

gasification reactions occur that determine syngas quality and fuel conversion efficiency.

The main objective of this work is to determine heterogeneous gasification kinetics in the micro-
kinetic regime at elevated pressure using secondary chars that have been produced under pro-
cess conditions of technical entrained-flow gasifiers i.e. high temperatures, high heating rates
and short residence times. The interpretation of measured gasification rates is based on the an-
alyzed char properties i.e. morphology, graphitization degree of the carbon matrix as well as

composition and dispersion of catalytic ash components.

The present work is a cumulative dissertation consisting of five scientific articles of which three
were written as first author and two were published as co-author. Beyond the published re-
search, chapter 4 .1 contains additional research concerning the evolution of morphology and the
effect of inorganic matter during gasification of biomass char. Furthermore, a brief literature re-
view (see chapter 2) is presented and the most important results of the five scientific articles are
summarized in chapter 4. For a more detailed and comprehensive illustration, the publications

attached to this thesis can be consulted.

In order to achieve the above-mentioned objective, the following research questions will be

answered in the frame of this work:

Question 1: Which biogenic char properties affect heterogeneous gasification reactions predomi-

nantly and how do they change upon char gasification? (Papers III & IV and chapter 4.1)

Question 2: How are biogenic char properties influenced by secondary pyrolysis during entrained -

flow gasification? (Paper II and chapter 4.2)

Question 3: Which experimental set-ups are suitable for the determination of heterogeneous gasi-
fication kinetics and which experimental set-up can be applied for the determination of gasification

kinetics at elevated pressure? (Papers I & V and chapter 4.3)

Question 4: What is the dominating reaction mechanism during mixed gasification of biogenic

solid fuels in a CO;/H>0 atmosphere at elevated pressure? (Paper I and chapter 4.3)



2 Literature review

2.1 Pyrolysis of solid fuels

2.1.1 Fundamentals

Pyrolysis describes the thermal decomposition of chemical compounds at elevated temperatures
in an inert atmosphere. Cracking of large molecules occurs producing permanent gases (CO, CO»,
Hy, etc.), light hydrocarbons (C,H,), tars or heavy hydrocarbons (C,H;0;) and solid char (C) (see
Eq. R1) [5]. Devolatilization is often used as synonym for pyrolysis. However, devolatilization
describes the release of volatile matter from a solid fuel which does not necessarily have to occur
in an inert atmosphere but rather as a first step in a technical gasification process [6]. A general

reaction equation can be presented in a simplified form as follows [7]:

Kpyr
C,H,0, =5 a C,H 0, + B C,H, + ¥y C+ 6 CO+ y CO, + ¢ H,0 + w H, (R1)

The solid feedstock is represented as C,H, O, and undergoes devolatilization with a chemical re-

action rate constant kpyr'

In literature, a great variety of different pyrolysis models with differing degrees of complexity
can be found. Simple expressions estimating volatile yield are e.g. single-first order reaction mod-
els (SFOR), two competing reactions / multi-step models or distributed activation energy models
(DAE) [8]. More phenomenological models i.e. FLASHCHAIN [9], Functional Group - Depolymer-
isation Vaporization Crosslinking model (FG-DVC) [10] and Chemical Percolation Depolymerisa-
tion model (CPD) [11] account for the chemical structure of the solid fuel and have originally
been developed for coal. These models aim for the prediction of pyrolysis rates and yields / com-
position of tars and light gases based on the fuel properties that can be determined by e.g. 13C nu-
clear magnetic resonance (NMR) measurements or proximate and ultimate analysis. Recently,
attempts have been made to extend these models applying additional fuels beside coal. Especially
the CPD model has been successfully adjusted to model pyrolysis of biomass, black liquor, rigid

polyurethane, removable epoxy foams and waste tires [12].

2.1.2 Influence of pyrolysis temperature and residence time on char reactivity
During devolatilization in the flame zone of the entrained-flow gasifier, the char undergoes vari-
ous changes concerning physico-chemical properties i.e. morphology, carbon matrix and inor-

ganic ash components. In this context, high temperatures and long residence times typically lead



to a loss of reactivity in the subsequent gasification process. This effect is called thermal deacti-
vation or “thermal annealing” and is the consequence of thermal stress during pyrolysis and gas-

ification of fossil [13-19] or biomass-based solid fuels [8,19-22].

Te+1 -
1e+0
1.2
v
. 1e-1 1.0 1
8 >
¢ Z 0.8 -
1e-2 ©
3
= 0.6 1
g
le-3 1 B 04 -
o
. lignite and biomass . 0.2 1
0.0 .

500 1000 1500 2000 2500 3000 00 04 08 12 16 20
heat treatment temperature (C) residence time (s)

Fig. 2.1. Left: Effect of heat treatment on combustion reactivity of carbonaceous materials. R1ooo rep-
resents reactivity of corresponding coal char pyrolyzed at 1000 °C for 1 s [23]. Right: Reactivity of
Cerrejon coal chars after pyrolysis in an entrained-flow reactor at various temperatures and resi-
dence times. Relative reactivity based on char pyrolyzed at 700 °C for 1 s. Pyrolysis temperatures are
® 700°C, ©900°C, ¥ 1000 °C, V 1100 °C, B 1200 °C, 0 1300 °C, ¢ 1475 °C [23].

Feng et al. [23] summarize various publications investigating thermal deactivation of coals and
biomass and its effect on the subsequent gasification or combustion process. Fig. 2.1 (left) shows
the effect of heat treatment temperature on the combustion reactivity of different carbonaceous
materials in varying oxygen concentrations. Here, Rioo0 represents the combustion reactivity of
the char produced at a temperature of 1000 °C and 1 s residence time. For the pyrolysis experi-
ments, different experimental set-ups and conditions were applied. A detailed description of the
pyrolysis and combustion experiments can be found in Feng et al. [23]. According to Fig. 2.1 (left),
the reactivity of the fuels investigated decreased several orders of magnitude due to thermal
stress, strongly dependent on the nature of the fuel. Biomass based fuels and low rank coals ex-

hibit a much faster decrease in reactivity with increasing pyrolysis temperature than high rank
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coals. Therefore, a potential thermal deactivation during the devolatilization step in a technical

application has strong influence on the subsequent gasification or combustion reaction rate.

Fig. 2.1 (right) shows the loss of reactivity of Cerrejon coal pyrolyzed in an entrained-flow reactor
as a function of residence time [23]. The relative reactivity of the chars is based on a reference
char that was produced at 700 °C for 1 s. As can be seen, there is a combined effect of temperature
and residence time on thermal deactivation. For pyrolysis temperatures higher than 900 °C, char
reactivity decreases initially fast within the first 400 ms. Subsequently, no significant change in
reactivity with increasing residence time was observed. Feng et al. [23] concluded that after
500 ms of pyrolysis, temperature was more important than residence time concerning thermal

deactivation of the chars investigated.

2.1.3 Influence of heating rate on char reactivity

Not only peak temperature and residence time, but also heating rate during pyrolysis is an im-
portant parameter concerning char reactivity in a subsequent gasification or combustion pro-
cess. In general, char reactivity increases with higher heating rate during pyrolysis [20,24-29].
Cetin et al. [26,28] conducted pyrolysis experiments with different biomass types in a wire-mesh
reactor (WMR) and a tubular reactor at 950 °C. The authors report that chars generated in the
WMR at a high heating rate of 500 K min-! have higher gasification reactivity towards CO; by a
factor of approx. two than chars produced in the tubular reactor at 20 K min-t. They conclude
that chars produced at high heating rates have higher specific surface areas and thus, exhibit
higher reactivity towards heterogeneous gasification reactions. Other authors also state that the
heating rate has influence on the constitution of the carbon matrix [25] and the dispersion of
inorganic ash components on the char surface that can act as a catalyst during gasification reac-
tion [29]. A detailed description of physical and chemical char properties affecting gasification

reactivity will be addressed in chapter 2.3.

For slow heating rates, the volatile pyrolysis products are released through the natural porosity
of the char particle and no major changes in particle morphology are observed [30]. On the other
hand, fast volatile release produces substantial internal overpressure and coalescence of smaller
pores leading to the loss of the original cellular structure, large internal cavities and more open
structure [31-33]. Fig. 2.2 shows scanning electron microscopy (SEM) images of hazelnut shells
with a particle fraction of 100 - 150 pm as received (a), pyrolyzed at low heating rate (0.5 K 's1)
in a TGA (b) and treated at high heating rate (2104 K s-1) in a “Pyroprobe” up to 1000 °C [34]. The



hazelnut particle in Fig. 2.2 (a) shows a lamellar structure with wide fractures and a diffuse su-
perficial microporosity. The hazelnut char in Fig. 2.2 (b) maintains the same size, shape and
traces of lamellar structure as the parent material. At high heating rates (see Fig. 2.2 (c)), how-

ever, the char particle swells, the solid material is molten and the fissures are joined.

Nk
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Fig. 2.2. SEM images of hazelnut shells as received (a), and its chars produced at low heating rate (b)
and high heating rate (c) [34].

2.1.4 Influence of pyrolysis pressure on char reactivity

The influence of pyrolysis pressure on char reactivity was not investigated in the frame of this
work. However, its effect on char reactivity cannot be neglected. Several authors investigated the
influence of pyrolysis pressure on char structure and reactivity. No conclusive statement con-
cerning pressure influence on the pyrolysis process can be found in literature. A short summary
of selected references investigating the effect of pyrolysis pressure on char reactivity can be

found in the appendix A.



2.2 Heterogeneous gasification of solid fuels

2.2.1 Fundamentals

Gasification describes the thermochemical conversion of a carbonaceous solid fuel into a com-
bustible product gas, which is often referred to as synthesis gas. The main components of the
obtained gas are hydrogen (H:) and carbon monoxide (CO), while other components such as car-
bon dioxide (CO:), water (H20), methane (CH4) and other hydrocarbons are also present to a
certain extent depending on the gasification conditions and the reactor type used. Common gas-
ifying agents are steam, oxygen and air [35]. The most relevant heterogeneous gas-solid reactions

during technical gasification processes can be expressed as follows [35]:

K]

C+ 0, > CO, AHS = —3935— (R2)
1 K combustion
= 0=_-1105— R3
C+202—> CO AHR 1105mol (R3)
K] ]
C+COo,=2CO AH = +159.6 — (R4)
mol
K] e
C+H;0+=CO+H; AHY = +118.5— (R5) _ gasification
mo
0 kJ
C+2H, =CH, AHY = —87.5 (R6)
mol

R2 and R3 represent complete and partial oxidation of the carbonaceous solid fuel, respectively.
R4 - R6 show the heterogeneous gasification reactions i.e. Boudouard reaction, heterogeneous
water-gas reaction as well as hydrogasification. In an autothermal gasifier, a small fraction of the
fuel is combusted (R2 & R3) in order to provide the thermal energy for the endothermic gasifi-
cation reactions (R4 & R5). The resulting CO> can act as a gasifying agent further downstream in
the gasifier. On the other hand, allothermal gasification processes rely on heat supply from out-

side the gasification reactor [35].

As a basis for the modeling of gasification kinetics (see chapter 2.2.3), the time dependent carbon
conversion X¢(t) needs to be defined. This can either be achieved by using molar amounts n¢ or

on a mass basis m¢ [36].



co—nc(t) mco—me(t)
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n
Xc(t) = (2-1)
Here, n¢ represents the molar amount of carbon in the char particle at the beginning of the gas-
ification while n¢(t) is the amount at a certain time ¢t. In order to describe the dynamics of the

gasification process, the time dependent specific conversion rate Rn is defined [20].

po__ L dme 1 dX -
™7 me(t) dt . 1—Xc(t) dt (2-2)

As with any chemical gas-solid reaction, the gasification rate of carbonaceous materials depends
on temperature and partial pressure of the reactant gases (see chapter 2.2.2). But contrary to
gas-solid reactions on a catalyst surface, the carbonaceous solid fuel may vary its chemical and
physical properties throughout the conversion process affecting the observed gasification rate
[37]. The variation of char properties during the gasification reaction is considered using a struc-
tural term F(Xc) depending on the carbon conversion degree. Subsequently, the conversion rate
Rx consisting of a rate coefficient R(T,p) (chemical kinetic term [38]) and a structural term F(Xc)

can be written as follows [39].

d
Ry = € = R(T,p) Fx) (2-3)

Depending on the underlying particle conversion model, the structural term is defined differ-
ently. In the frame of this work, the uniform conversion model (UCM) was used due to its sim-
plicity and the application for modeling the gasification reaction in the microkinetic regime. The
UCM treats the solid fuel particle as a homogeneous body where the gasification reactions occur
uniformly [40,41]. A linear decrease in carbon mass throughout the conversion process is con-

sidered resulting in a structural term of F(Xc) = 1 - Xc and the following expression [40].

dx,
Ry = d—c =Ry (1 —X¢) (2-4)
t
_ dXc
e (2-5)
Xc(t) =1—exp(—Roy t) (2-6)

Ro is defined as the initial conversion rate and can be determined experimentally. Eventually, the

reaction rate r; is formulated using the initial conversion rate Ry and the molar mass of carbon



M. Here, i represents an indexed variable representing the corresponding gasification agent

(COz, HzO, mix).

Ro
=g (2-7)
In literature, a vast amount of different particle conversion models is available. By means of one-
equation particle models e.g. shrinking core model (SCM) [42] or random pore model (RPM) [43],
an attempt is made to describe the changes in char morphology throughout the conversion pro-
cess. Discrete particle models such as generalized shrinking core model (GSCM) [42] and the
multi pore model (MPM) [44,45] aim to describe the evolution of specific surface area and pore
structure using spatially resolved data of particle structure as well as conservation and model
equations. Hence, the morphological changes in the particle can be modeled and observed locally.
The last group of particle models can be indicated as kinetic models since their objective is to
describe the changes in microkinetic reaction rate due to changes in chemical properties of the
char i.e. carbon matrix or catalytically active ash components. As an example, the active site/in-

termediate model (ASIM) [46] can be cited where a reaction scheme for a calcium catalyzed gas-

ification reaction is developed and modeled.

2.2.2 Heterogeneous gas-solid reactions

The reaction equations presented in chapter 2.2.1 (R2 - R6) are heterogeneous gas-solid reac-
tions. Thus, the chemical reaction between reactant gas and solid fuel takes place on the surface
of the solid material. The individual steps of a heterogeneous gas-solid reaction on a porous cat-
alyst are depicted Fig. A.8 (see appendix) [47]. These transport processes and reaction steps can
also be applied to heterogeneous conversion of carbonaceous fuels with oxidizing agents [48].

The seven steps can be described as follows:

1. Diffusion of the reactant gases through the boundary layer surrounding the particle (film
diffusion).

2. Intraparticle diffusion of the reactant gases into the pores to the active sites (pore diffu-

sion).

Adsorption of the reactant gases onto active sites.

Surface reactions involving formation or conversion of adsorbed species at active sites.

Desorption of product gases from active sites.

Intraparticle diffusion of the product gases through the pores to the boundary layer.

N ook W

Diffusion of the product gases across the boundary layer surrounding the particle.
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Fig. 2.3. The three regimes representing the dominating mechanisms for heterogeneous reactions
with porous carbonaceous materials as a function of temperature; adapted from [49].

According to these seven steps, different regimes of rate control are existent, including: chemical
reaction kinetics control (regime I, steps 3 - 5, also known as microkinetics [47]), pore diffusion
control (regime II, steps 2 and 6) and film diffusion control (regime III, steps 1 and 7). Fig. 2.3
illustrates an Arrhenius diagram showing the effective (or observed) reaction rate of a porous
carbonaceous material as a function of temperature. The figure is divided into three regimes,

where the reaction is governed by different mechanisms according to Rossberg & Wicke [48].

In regime I, the effective reaction rate is solely affected by the before-mentioned steps 3 - 5 due
to constant reactant gas concentration throughout the particle. Here, an increase in temperature
leads to higher effective reaction rates with a slope that is proportional to the microkinetic acti-
vation energy Eamicro- At a certain temperature, due to the exponential temperature dependency
of chemical reactions (see Eq. 2-8), the effective reaction rate becomes so fast that mass transport
phenomena must be taken into account. In the resulting regime II, the dominant factor limiting
the effective reaction rate is diffusion of the reactant gas through the porous particle. The ob-
served activation energy is approx. Eamicro / 2 in this regime. At even higher temperatures (re-
gime III), the resistance of the external mass transport (film diffusion) is the predominant pro-
cess limiting the reaction rate. Due to the weak temperature dependency of the diffusive mass
transport as compared to the chemical reaction, the effective reaction rate increases only slightly

with temperature [50].
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Temperature dependency of the chemical reaction (regime I) can be modeled using the rate con-
stant k; and an Arrhenius approach [51].
Ep

k(1) = koexp () (2-8)

Here, ko, represents the pre-exponential factor, Ea the activation energy, Ry the universal gas
constant and T the reaction temperature. The rate of the gasification reaction r; can be modeled
using a simple nth-order approach with p; being the partial pressure of the reactant gas and n; the
reaction order [51]. A more detailed description of possibilities to model heterogeneous gasifi-

cation Kkinetics is presented in chapter 2.2.3.
(T, p;) = ki(T) p;" (2-9)

2.2.3 Determination and modeling of heterogeneous gasification Kinetics

“The heterogeneous gasification of char particles is controlled by process parameters, i.e. tem-
perature, partial pressure of the reactant gas and process pressure as well as the chemical and
physical properties of the char. Char properties affecting the conversion rate during gasification
mainly include surface area and porosity, graphitization of the carbon matrix and inorganic ash
components [25,52-55]. Generally, the heterogeneous char gasification reactions with CO; and

H20 can be described by an oxygen exchange mechanism [56].“ [57]

Concerning CO; gasification, the following reaction mechanism is widely accepted [56,58].

k
C;+CO, - C(0) +CO (R7)
k
C(0) +CO = C;+ CO, (R8)
ks
C(0) = €O (R9)

Cr represents an active site on the char surface and C(0O) a carbon oxygen intermediate. ki-3 are
Arrhenius rate constants. The presence of CO exerts an inhibitory effect by lowering the concen-
tration of the C(O) carbon oxygen intermediate (R8). Assuming steady-state conditions and that
the rate of reaction is described by the rate of desorption of the carbon oxygen intermediate (R9),

a Langmuir-Hinshelwood (LH) approach can be applied [56].
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ky Pco,

rco, (T, Pco, Pco) = 2

k (2-10)
1+k_§ Pco +k_; Pco,

For low CO concentrations, the inhibitory effect of CO can be neglected and the CO partial pres-

sure pco is set to null [59]. Moreover, a simplified global kinetic model can be applied:

Eaco,\ n
rco, (T, Pco,) = ko,co, exp (— Ry TZ) PCSZZ (2-11)

“The reaction of carbon with steam proceeds similarly to the Boudouard reaction but has more

possible inhibition steps as summarized by Hiittinger & Merdes [60].

Cs+H,0 & C(0) +H, (R10)
C(0) +H, 5 Ci+ H,0 (R11)
C0) 5 co (R12)

Cs+ H, 5 C(H,) (R13)
C(H,) ks Ce+ H, (R14)
Co+ % Hy S c(H) (R15)
C(H) il Ce+ % H, (R16)

Basically, the reaction steps can be subsumed into two main processes: the oxygen exchange
mechanism (see R10 - R12) and possible hydrogen inhibition reactions (see R13 - R16). Again,
ka-10 are Arrhenius rate constants while C(H) and C(H:) represent carbon hydrogen intermedi-
ates. Hydrogen not only inhibits the reaction by lowering the amount of C(O) carbon oxygen in-
termediates (see R11) but also by direct adsorption on carbon active sites Cr associatively (see

R13) or dissociatively (see R15).

However, the experimental data presented within this work was obtained in a simplified system

containing very low amounts of product gases. Thus, this paper focusses on the oxygen exchange
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mechanism (see R10 - R12) while inhibitory effects via adsorption of H, were not explicitly in-
vestigated leading to a simplified rate expression (see Eq. 2-12). This approach is also consistent
with previous experimental studies where kinetic parameters for the carbon steam reaction is

determined [59,61].

ky PH,0

71,0(T, Pr,0,PH,) = (2-12)

e k
1 +k—6 PH, +k_: PH,0

Again, for low H concentrations, the inhibitory effect of H; is negligible and H; partial pressure

Pu, can be set to zero [59].” [57]

Hence, a simplified global kinetic model can be applied as well:

EA,HZO) nHzo (2_13)

71,0(T, Pu,0) = kon,0 €Xp (‘ R, T ) PH:0

“In literature, a vast amount of kinetic data for the gasification of fossil [62] and biogenic [20]
fuels with both CO; and H-O is available. However, the kinetic parameters may vary several or-
ders of magnitude depending on the fuel, the char particle size, the experimental set-up used and
the pyrolysis conditions applied. Pyrolysis conditions affect graphitization degree of the carbon
matrix [18,63], char morphology [26,27] and dispersion of inorganic ash components

[14,64,65].” [57]
Char properties affecting gasification kinetics will be addressed in detail in chapter 2.3.

Additionally, the experimental set-up may have influence on the reaction kinetic data obtained.
A pie chart illustrating the percentage of frequently used experimental set-ups for the determi-
nation of heterogeneous gasification kinetics can be found in the appendix (see Fig. A.9) [49].
Due to its simple handling, the TGA is most widely used for the determination of gasification
kinetics of fossil and biogenic solid fuels. In thermogravimetric analyzers, however, diffusional
effects may evoke artefacts due to the limited gas flow through the char sample. Diffusion pro-
cesses of the reactant gas through the crucible freeboard and the char bed must be taken into
consideration in order to verify the kinetic data obtained [66,67]. A schematic drawing of a cru-
cible that is normally used in a TGA showing mass transfer processes during the gasification of
biomass char particles with CO; limiting the effective reaction rate can be found in the appendix
(see Fig. A.10). Nowak et al. [67] conclude that regime I conditions (microkinetics, see chapter

2.2.2) during gasification of spruce bark char with CO; in their thermogravimetric device can be
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preserved at higher temperatures by decreasing the sample amount, decreasing the crucible’s
freeboard and increasing the partial pressure of the reactant gas. In brief, the experimental pro-
cess parameters i.e. sample mass, temperature, gas velocity and reactant partial pressure must
be carefully chosen when using TGA in order to determine kinetic data that are truly under chem-
ical control [49]. This is especially the case when investigating biomass chars since they are typ-

ically more reactive than coal chars (see appendix A).

“Other experimental concepts such as vertically blown reactors (e.g. fixed-bed reactors) may be
more suitable for the determination of gasification kinetics allowing for the application of wider
process parameter windows. Here, the reactant gas is forced to flow through the char sample

ameliorating mass transport of educt gas to and removal of product gas from the sample.” [57]

Examples for lab-scale gasification experiments with biogenic and fossil fuels conducted in fixed-

bed reactors can be found in the appendix A.

“In a technical entrained-flow gasifier, CO; and H»0O always coexist in the syngas produced. Thus,
knowledge about the dominating heterogeneous gasification reaction when both gases are pre-
sent is required. According to publications investigating the gasification kinetics of char in mixed
atmospheres of COz and H;0, two possible surface reaction mechanisms were proposed. The first
mechanism accounts for the existence of active sites that are suitable for both char-CO; and char-
H,0 reaction [53,68-72]. Thus, CO; and H20 are competing for the same active sites inhibiting
each other.” [57]

“An alternative reaction mechanism for the gasification of chars in mixtures of CO; and H:O is
based on the assumption that the char-CO; and the char-H;0 reactions occur at separate active

sites [39,73-75].” [57]

Guizani et al. [73] published a short literature review concerning biomass, lignite and coal char
gasification in mixed CO2/H,0 atmospheres including the pyrolysis conditions of the chars inves-
tigated as well as the dominating reaction mechanism during mixed atmosphere gasification. The
review shows that no conclusive statement is possible whether the two reactions are competing

or additive.
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2.3 Char properties affecting gasification Kinetics

2.3.1 Morphology

[t is evident that heterogeneous gas-solid reactions - as it is the case with gasification reactions
- take place on the surface of the solid and therefore, the reaction rate depends on the surface
area available as well as the adsorption of gaseous reactants [42,76]. As carbonaceous solid fuels
are porous particles, the gasification reaction may occur on the outer- and inner surface. In liter-
ature, there are several definitions for surface area that are used in order to characterize char

particles and interpret their reactivity during gasification reactions.

A first quantitative approximation for the surface area which is available for the chemical reac-
tion is the use of the total accessible surface area (TSA) determined by physical adsorption and
applying e.g. the Brunauer-Emmett-Teller (BET) [77] or Dubinin-Radushkevich (DR) [78] mod-
els. However, TSA only quantifies the surface area and does not consider surface chemistry i.e.
carbon active sites Cr or catalytically active ash components. It rather represents the entire sum
of surface area of a solid particle taking into account the internal pore structure but excluding
inaccessible surfaces (closed pores). Pore sizes in porous materials can be classified into three
size ranges, according to the International Union of Pure and Applied Chemistry (IUPAC) [79]:
pores with widths not exceeding 2 nm are micropores, mesopores lie between 2 nm and 50 nm

whereas macropores exceed widths of 50 nm.

Numerous particle conversion models are based on the mathematical modeling of TSA evolution
as a function of particle conversion. The RPM developed by Bhatia and Perlmutter [43] describes
growth and collapse of the pore structure of a char particle during conversion. The RPM and its
modifications have also been successfully used in some cases concerning biomass char gasifica-
tion [80-82]. Furthermore, Fatehi & Bai [45] and Singer & Ghoniem [83] propose models ac-
counting for a multimodal pore structure. Experimental values for the variation of morphological
properties (specific surface area, pore size distribution and porosity) of biomass chars during
gasification can be taken from literature [84-87]. However, the structural parameters needed for

these models are very difficult to be determined experimentally.

The active surface area (ASA), on the other hand, represents a different concept and is based on
the theory that only a small fraction of the TSA, i.e. active sites, take part in the heterogeneous

gasification reaction. ASA considers surface chemistry of the char as edge carbon atoms, defects
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in the carbon matrix, heteroatoms or mineral components where heterogeneous gasification re-
actions occur. The approach was originally presented by Laine et al. [88] in 1963 and further
developed by Radovic et al. [89,90] and Lizzio et al. [91] and is based on the mechanistic concept
of catalytic heterogeneous reactions where the activity of the catalyst is proportional to the ASA.
The gasification reaction proceeds via oxygenated surface complexes, so-called carbon-oxygen
intermediates (C(0), see Eq. R7). Hence, the ASA is defined as the quantity of these C(0) com-
plexes and was directly correlated with the specific conversion rate of a char during gasification
[91]. ASA can be determined by chemisorption experiments using oxygen containing reactive
gases such as COz, H20 and O,. A summary of investigations that followed the approach for the

determination of active sites proposed by Laine et al. [88] can be found in literature [92].

The concept of reactive surface area (RSA) is an extension of the active site mechanism includ-
ing the differentiation between carbon-oxygen intermediates C(0O) that form either stable or re-
active complexes [91]. Reactive complexes are able to chemisorb the reactant gas dissociatively
and desorb as carbon monoxide after the reaction occurred. Furthermore, it is assumed that sta-
ble complexes cannot be desorbed and thus, do not contribute to the gasification reaction. RSA is
usually determined at reaction temperature either using temperature-programmed desorption
(TPD) technique [91,93-95] or a transient kinetics (TK) approach [95-98]. Klose & Wolki [94]
investigated the gasification reaction of beech wood char and oil palm shell char with CO; and
H>0 concerning the evolution of RSA as a function of conversion degree using TPD. Their results

showed that observed reaction rates were proportional to the experimentally determined RSA.

As reaction rates of heterogeneous gas-solid reactions depend on the surface area available for
the reaction, it is generally believed that gasification rates are higher for chars with higher initial
surface areas [99]. Based on the various definitions given for different surface areas, it is evident

that gasification reactivity depends on quantity (TSA) and quality (ASA, RSA) of the char surface.

Yuan et al. [100] investigated the effects of biomass type and pyrolysis temperature on char mor-
phology and carbon matrix as well as CO; gasification kinetics in a TGA. The authors prepared
three biomasses i.e. rice straw char (RS char), chinar leaves char (CL char) and pine sawdust char
(PS char) in a high-frequency furnace under rapid pyrolysis conditions at 800 °C - 1200 °C. Based
on their results, they conclude that gasification rates are affected by surface characteristics and
porosity of the char. During rapid pyrolysis of PS, melting and accumulation processes occur
leading to the destruction of pore structures, low specific surface area and thus, lower gasifica-

tion rates of the PS char. On the other hand, the RS and CL chars were able to preserve their initial
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morphological structures during the pyrolysis process. Due to the higher porosity and specific
surface area of the CL char, higher gasification reactivities were obtained as compared to the RS
char. Gasification reactivity of the three biomass chars with CO; were observed to be in the order
of CL char > RS char > PS char which can be directly correlated with the specific surface areas

determined via N; adsorption using BET method.

In contrast, there are several publications investigating biomass [81,101] and coal chars [102]
that do not observe any tendency between char reactivity and specific surface area or micropore
surface area determined by physical adsorption. The results of Wang et al. [81] and Xu etal. [101]
indicate that specific surface area does not match well with the gasification activity of the bio-
mass chars investigated. The authors suggest to further analyze the carbon matrix and catalytic
activity of the inorganic ash components in order to evaluate gasification reactivity. Jing et al.
[102] conducted CO; chemisorption experiments of eight different coal rank chars in order to
further characterize the quality of the char surface and concluded that this method suits best for
the evaluation of gasification reactivity. The amount of chemisorbed CO; may be affected by in-

organic ash components as well as pore and carbon crystalline structures.

2.3.2 Carbon matrix
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Fig. 2.4. Graphitization process of carbonaceous materials with increasing heat treatment tempera-
ture; adapted from [16,103-105].
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As already mentioned in chapter 2.1.2, high temperatures during devolatilization in the flame
zone of the entrained-flow gasifier evoke structural changes in the char affecting its reactivity.
“One reason for the loss of reactivity is the graphitization of the carbon matrix. Graphitization
describes the process of increase and arrangement of graphene layers in carbonaceous materials
[18]. This process is characterized by formation, growth and order of aromatic clusters and
graphite crystals [15,16,106]. In raw solid fuels such as coal or biomass, most of the carbon is
available as turbostratic. Turbostratic carbon consists of graphene layers, which are disordered
and nonplanar. If these layers are accompanied by other types of carbon bonds (e.g. sp2- or sp3-
bonds) or even heteroatoms (e.g. H, O, N, S), the present structure is titled as amorphous carbon

[106,107].” [108]

In Fig. 2.4, the graphitization process of carbonaceous materials with increasing heat treatment
temperature is schematically depicted. “Below pyrolysis temperatures of 500 °C, ordered and/or
turbostratic carbon is very low while basic structures are present predominantly. Between
800 °C and 1500 °C, nanocrystalline graphite grows and associates face-to-face in distorted col-
umns. From 1600 °C to 2000 °C, these columns coalesce into distorted wrinkled layers. These
layers stiffen and become flat above 2100 °C [15,16,103,109,110]. Many authors have proven
that graphitization progresses at higher residence times at high temperatures resulting in a char
with low reactivity towards combustion and gasification [22,25,26,107,111]. This is due to the
fact, that the number of carbon atoms in an amorphous structure, at defect sites or at the edge of
a graphene layer decreases with increasing graphitization. Carbon atoms located in these areas
are more reactive than those inside an aromatic cluster [15]. Common methods for the experi-
mental determination of a graphitization degree can be found in literature using X-ray diffraction

(XRD) [106,107,111-114] and Raman spectroscopy [63,103,109,112,114,115].” [108]

2.3.3 Catalytically active ash components

Char reactivity is additionally affected by inorganic, ash-forming elements inherent in the fuel
[20,54,62,116-120]. Especially the presence of alkaline [80,82,121-131] and alkaline earth
[80,82,126-133] metals (AAEM) evoke an increase of char reactivity during gasification with CO»
and H,0. Moreover, iron may act as a catalyst accelerating the gasification reactions [128,134].
In contrast, silicon, phosphorous and alumina may inhibit the gasification reactions by binding

catalytically active compounds (e.g. potassium) [121,122,134,135].

19



The most widely accepted theory of catalytic carbon conversion is the oxygen exchange mecha-
nism [120,136]. It consists of a redox cycle involving the carbothermic reduction of a metal car-
bonate to the elemental metal Me. The proposed reaction steps of the oxygen exchange mecha-

nism for the catalytic Boudouard reaction can be described as follows [120]:

Me,CO3; + C— 2Me + CO + CO, (R17)
2Me + CO, — Me,0 + CO (R18)
Me,0 + CO, — Me,CO; (R19)
C+ €0, —>2C0O (R20)

The sum of reactions R17 - R19 is represented in R20 being the Boudouard reaction. A similar

set of steps can be written for H,0 as gaseous reactant:

Me,CO; + C— 2Me + CO + CO, (R21)
2Me + 2H,0 — 2MeOH + H, (R22)
2MeOH + CO, — Me,CO; + H,0 (R23)
C+H,0-CO+H, (R24)

Again, R24 represents the sum of reactions R21 - R23 being the heterogeneous water-gas gasifi-

cation reaction.

A similar theory is proposed by Lobo & Carabineiro [54] accounting for the diffusion of carbon
through the catalytically active material. Fig. 2.5 (a) shows a schematic illustration of the carbon
diffusion process through the catalytically active component (top: solid catalyst particle, bottom:
molten catalyst film) [137]. The authors assume that first, carbon has to diffuse through the cat-
alyst material before being converted into product gas at the outer surface of the catalyst. Con-
sequently, the catalyst particles are oxidized by oxygen containing educt gases at the contact area
to the surrounding gas phase while in turn being reduced by carbon subsequently diffusing to

the outer surface of the catalyst. This process can be described by a redox cycle again.
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The continuous consumption of carbon at the contact area between catalyst and carbon support
leads to mobility of the catalyst particles [54] (see Fig. 2.5 (b)). Motion of the catalytically active
material may change the char morphology by increasing the total and/or active surface area (see
chapter 2.3.1) and thus, increasing the conversion rate during gasification. Furthermore, Lobo &
Carabineiro [54] state that a change in conversion rate during gasification indicates that the cat-

alytically active component might not be in a state of equilibrium.

Catalyst

Gas phase particle

. —
- —

Carbon

Gas phase ‘.\

Catalyst film

Carbon Moving cat. particles
(a) (b)

Fig. 2.5. (a) Schematic illustration of the carbon diffusion process through a catalytically active com-
ponent, top: solid catalyst particle, bottom: molten catalyst film [137]; (b) Movement of catalyst na-
noparticles under reaction conditions forming an overall reaction front while consuming carbon [54].

Various ash components exhibit different catalytic activity during char gasification. Lahijani et
al. [128] investigated the catalytic influence of alkali (Na, K), alkaline earth (Ca, Mg) and transi-
tion (Fe) metal salts on the CO; gasification reactivity of biomass char. Fig. 2.6 shows the carbon
conversion curves during gasification of pistachio nut shell (PNS) chars impregnated using vari-
ous metal nitrates (3 wt.-%) with CO; at 875 °C in a TGA. The experiments showed a significant
increase of char reactivity for the impregnated samples as compared to the raw char that can be

deduced from the decreasing total conversion times. Based on their results, the authors were
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able to formulate the following order of catalytic activity for the inorganic ash components in-
vestigated: Na > Ca > Fe > K> Mg. The authors also investigated the influence of metal salt loading
on the char reactivity by varying the NaNO3 content between 3 wt.-% and 7 wt.-%. Here, the high-
est reactivity was observed during gasification of PNS char impregnated with 5 wt.-% NaNO3

suggesting an optimum for metal salt loading and decreasing char reactivity for higher Na con-

tents.

During gasification with H,0, however, Zhang et al. [82] report that alkaline metals (K and Na)
exhibit much higher catalytic activity than alkaline earth metals (Ca and Mg) and K being the

most active species for char gasification. For their experiments, the authors impregnated acti-

vated carbon (AC) with KCOOH, NaCOOH, Ca(COOH), or Mg(COOH): - 4H-0, respectively.
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Fig. 2.6. Carbon conversion during gasification of pistachio nut shell (PNS) chars impregnated using
various metal nitrates (3 wt.-%) with COz at 875 °Cina TGA [128].

Struis et al. [130] investigated the catalytic activity of different metal elements (Na, K, Ca, Mg, Zn,
Pb, Cu) found in the ashes of waste wood and their influence on the resulting carbon conversion
curve. For the experiments, the authors impregnated fir wood with the corresponding metal ni-
trate solutions and pyrolyzed the samples subsequently in a two-step process. Their results in-
dicate a superposition of structural changes in the micropore domain of the char particle as well
as catalyst-specific effects during gasification of the impregnated samples with CO.. Fig. 2.7 (a)
shows a comparison of conversion rates (reaction rates as denoted by the authors) during gasi-

fication of fir wood chars impregnated with alkaline nitrate salts i.e. NaNO3z and KNOs. Gasifica-
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tion of these samples with CO; resulted in a conversion rate maximum at X¢c = 0.5 - 0.7. The au-
thors explained this maximum with the accumulation of an oxidic alkali type catalyst (Me0y)
which is formed during the early gasification stage. In Fig. 2.7 (b), the conversion rates during
gasification of fir wood chars impregnated with alkaline earth metals is depicted. Results show
that alkaline earth nitrate salts exhibit a high catalytic activity during the early gasification stage
followed by a decreasing conversion rate for the whole carbon conversion range. This phenome-
non may be evoked by sintering processes of the resulting alkaline earth metals, as the authors

presumed.

“An important parameter to evaluate the catalytic activity of ash forming elements is the disper-
sion on the char surface [120,138]. Cazorla-Amoros et al. [29] investigated the dispersion and
sintering of Ca species on carbon samples during pyrolysis and gasification with CO .. They found
a strong link between Ca dispersion and carbon-CO; reactivity and were able to deduce the fol-
lowing findings: first, a high heating rate during pyrolysis resulted in a high calcium dispersion.
Second, Ca dispersion decreased with increasing carbon burn-off during gasification with CO;
suggesting a deactivation mechanism presumably due to sintering processes. Furthermore, re-
sults showed the enormous effect of chemical state of calcium (CaCO3 or Ca0O) on the sintering
rate. It was observed that CaCO3 had a much higher mobility on the carbon surface than CaO

because of the great difference in their Tammann temperatures.” [108]
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Fig. 2.7. Comparison of conversion rates during gasification of fir wood chars impregnated with (a)
alkaline metals and (b) alkaline earth metals with CO: as a function of conversion degree; adapted

from [130].
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3 Materials and methods

3.1 Fuel characterization

3.1.1 Primary chars

In the frame of this work, two different primary chars (both based on beech wood) were used as
precursor for the pyrolysis experiments in the Drop-tube reactor (DTR) (see chapter 3.2). Ac-
cording to the bioliq® process, these chars were generated at moderate temperatures of approx.

500 °C to 600 °C still containing volatiles and heteroatoms i.e. H, O, N to some extent.

The first primary char, called WC500, was produced from bark-less beech wood in a screw py-
rolysis reactor (STYX at Institute for Technical Chemistry (ITC), KIT) at 500 °C and a solid mate-
rial residence time of five minutes. A detailed description of the screw pyrolysis reactor STYX
can be found in literature [139,140]. After pyrolysis in the screw reactor, the primary char was
milled in a blade granulator. Data from proximate and ultimate analysis are illustrated in the
appendix (see table B.1). The primary char contains approx. 26 wt.-% of volatiles, 3 wt.-% of
moisture and 2 wt.-% of ash. Furthermore, the organic components consist of approx. 80 wt.-%
carbon, 3 wt.-% hydrogen and 17 wt.-% oxygen (by difference). WC500 was predominantly used
to produce high temperature secondary chars in the DTR at 1600 °C that consist of almost pure
carbon, have practically no volatiles, a minimum amount of heteroatoms and were therefore con-

sidered as biogenic model fuels (see chapter 3.1.2).

The other primary char used in the present work is a commercially available beech wood char
(Holzkohleverarbeitung Schiitte GmbH & Co. KG) referred to as HK06. This char is utilized as
feedstock in the bioliq® entrained-flow gasifier and fed into the gasifier as a suspension fuel
mixed with pyrolysis oil for research operation. Data from proximate and ultimate analysis can
be found in the appendix (see table B.1). As compared to WC500, HK06 has a lower amount of
volatile matter (approx. 12 wt.-%) and with almost 90 wt.-% a higher amount of carbon. Total
ash content is similar for both chars. In the frame of this work, HK06 was used to study the influ-
ence of pyrolysis conditions on the physico-chemical properties i.e. morphology, carbon matrix

and catalytically active ash components of the resulting secondary chars [108].

The ash elemental analysis of both primary chars was determined by inductively coupled plasma
optical emission spectrometry (ICP-OES) (see table B.2). It can be seen that the inorganic matter
composition is similar for both samples since they both originate from beech wood. According to

the chemical classification system of biomass ash proposed by Vassilev et al. [141], both chars
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can be assigned to type C corresponding to wood and woody biomass with low to medium acid
tendency (see appendix A). The main component of both primary char ashes is by far calcium
with 36.1 wt.-% for WC500 and 38.2 wt.-% for HKO06, respectively. The only major difference
between both chars is found in terms of silica being 8 wt.-% for WC500 and 2 wt.-% for HK06. In
general, HKO06 is slightly depleted in Al and Fe while being enriched in K, Mg and Ca as compared
to WC500.

3.1.2 Secondary chars

Secondary chars were generated in a DTR (see chapter 3.2) imitating the process conditions
found during the devolatilization step in an entrained-flow gasifier i.e. high temperatures, high
heating rates and short residence times. Starting from the primary char WC500 as precursor, two
secondary chars referred to as WC1600 and WC1600n were produced in the DTR at 1600 °C and
200 ms residence time. Data from proximate and ultimate analysis of both secondary chars is
illustrated in the appendix (see table B.3). It can be seen that both secondary chars originating
from WC500 show high amounts of carbon (approx. 97 wt.-%) and a low amount of volatiles
(4.6 wt-% and 2.4 wt. % respectively). A higher discrepancy can be observed for the total ash
content of both chars. This difference can be traced back to the sample selection of the primary
char WC500 prior to the secondary pyrolysis experiments. For the production of WC1600 in the
DTR, the fine material of WC500 was directly taken from the container and subsequently sieved
into the desired particle fraction (50 — 150 um). In the fine material, however, inorganic matter
usually accumulates due to the lower size of the ash particles (nanometer scale). The production
of WC1600 in the DTR was carried out in a previous work [142]. For the generation of WC1600n
in the DTR, in contrast, larger WC500 particles (millimeter scale) were taken and milled using an
ultra centrifugal mill (ZM 100, Fa. Retsch) before sieving into the desired particle fraction (50 -
150 pm).

Due to the low amount of volatiles and the high fraction of carbon, both secondary chars
(WC1600 and WC1600n) were referred to as biogenic model fuels. These chars were primarily
used to assess and validate experimental methods for the determination of gasification kinetics
in various set-ups [49]. Furthermore, these model fuels allowed for a detailed investigation of

char morphology as a function of carbon conversion degree [143].

Two secondary chars referred to as P1400 and P1600 originating from HK06 were used to de-
termine heterogeneous gasification kinetics with CO; and H;0 at elevated pressure [57]. Both

secondary chars were generated in a DTR (see chapter 3.2) at a residence time of 200 ms and
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pyrolysis temperatures of 1400 °C and 1600 °C, respectively. Prior to the pyrolysis experiments,
the primary char HK06 was milled (ultra centrifugal mill) and sieved to a particle size fraction of
50 - 150 um. Data from proximate and ultimate analysis for P1400 and P1600 can be found in
the appendix (see table B.3). Again, the carbon amount of both chars was high with approx.
97 wt.-% for P1400 and 99 wt.-% for P1600 while volatile content was relatively low being
2.5 wt.-% and 1.3 wt.-%, respectively. Ash content of both chars was very similar being approx.
2 wt.-%. The gasification experiments were carried out in a pressurized single-particle reactor

(see chapter 3.3) at elevated pressure using CO2, H,0 and its mixture as reactant gases.

Additionally, both chars were part of a systematic study investigating the influence of pyrolysis
conditions on the physico-chemical char properties i.e. morphology, carbon matrix and catalyti-
cally active ash components [108]. Here, secondary chars were produced from HK06 in a DTR at
200 ms and temperatures varying between 1000 °C and 1600 °C. Furthermore, the effect of cal-
cium dispersion and graphitization degree of the resulting secondary chars on the gasification
reaction with CO; was studied in a TGA. A detailed characterization of all chars utilized in this

experimental campaign can be found in the corresponding reference [108].

The ash elemental analysis of the secondary chars was determined by ICP-OES (see table B.4).
Again, calcium constitutes the main component in the ash of the secondary chars presented. Ma-
jor differences can be observed in the amount of silica being approx. 26 wt.-% for WC1600 and
only 9 wt.-% for WC1600n. Both secondary chars originate from the same parent fuel (WC500).
However, the sample selection and preparation were different prior to the pyrolysis experiments
as explained before in this chapter leading to significant changes in the inorganic matter compo-
sition. Due to the high amount of silica and potassium in the ash of WC1600, these elements pre-
sumably accumulated in the fine material of the parent fuel. On the contrary, WC1600n is en-
riched in calcium by approx. 10 wt.-% as compared to WC1600. Both secondary chars originating
from HK06 (P1400 and P1600) show a similar low amount of silica of 2.5 wt.-% which is corre-
sponding to the parent fuel. Moreover, a depletion of Mg can be observed from P1400 to P1600
indicating a devolatilization of magnesium at the highest pyrolysis temperature of 1600 °C ac-

companied by an enrichment of calcium from 35 wt.-% to 39 wt.-%.

3.1.3 Impregnated activated carbon
Commercially available activated carbon (AC) with an ash content < 1wt.-% (Merck CAS 7440-
44-0, particle diameter < 100 um, BET surface area 740 m? g-') was used to investigate the cata-

lytic behavior of calcium and potassium during gasification with CO,. AC was impregnated with
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calcium nitrate and potassium nitrate in a round bottom flask filled with 5 g of the AC sample and
the corresponding solution of metal salt in demineralized water. Subsequently, the flask was at-
tached to a vacuum rotary evaporator (Heidolph VV 2000) and lowered into a water bath, which
was tempered at 55 °C and rotated with 30 min-t. The pressure was decreased to 170 mbar using
a vacuum pump. The liquid was completely evaporated after approx. 4 hours. Eventually, the
impregnated chars were dried for 12 h at 105 °C. Calcium, potassium and silica mass fractions
were determined by ICP-OES. These values can be found in the appendix (see table B.5) for the

raw activated carbon and three impregnated samples AC1Ca, AC2Ca and AC1K.

3.2 Drop-tube reactor
The drop-tube reactor (DTR) was used to generate high-temperature secondary chars originat-
ing from primary chars WC500 and HK06 under high heating rates and short residence times
(see chapter 3.1). Furthermore, the model fuel WC1600n was partially gasified with CO; in the

DTR in order to investigate char morphology as a function of carbon conversion degree.

The DTR was designed, constructed and commissioned in the frame of a previous work [142]. A
flow sheet of the reactor set-up can be found in the appendix (see Fig. B.1). It consists of an oven
with three heating zones (i1 =200 mm, ly2 =920 mm, /y3 = 200 mm) and a maximum temperature
0f 1700 °C (1650 °C for continuous operation). For the secondary pyrolysis experiments, an alu-
mina oxide reaction tube with a length of 2100 mm and an inner diameter of 20 mm was inserted
vertically into the oven. For the partial gasification experiments, a reaction tube with an inner
diameter of 40 mm was used. Temperature calibration was conducted with a type B thermocou-
ple, which was introduced from top into the reactor under steady state gas flow but without solid
fuel dosing. Axial gas temperature profiles for secondary pyrolysis experiments using HK06 as
precursor can be found in the appendix (see Fig. B.2). The product gas concentration was contin-
uously analyzed by infrared photometry and gas chromatography. Further information concern-
ing the DTR as well as the operating conditions during pyrolysis and gasification experiments

can be found in literature [108,142-144].

3.3 Pressurized single-particle reactor
In the frame of the present work, a novel pressurized single-particle reactor (pSPR) was de-
signed, constructed and commissioned allowing for the determination of gasification kinetics of
biogenic solid fuels with CO2 and H:0 at elevated pressure. A schematic flow diagram of the re-

actor set-up is depicted in Fig. 3.1. The gas dosing system consists of mass flow controllers (MFC)
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for CO2 and Ar. Demineralized water is stored in a vessel (V=1 dm3) and pressurized with 30 bar
of helium and can be dosed using a mini CORI-FLOW. Steam is generated in a Controlled Evapo-
ration and Mixing unit (CEM) and led into the reactor together with a carrier gas. The tubular
reactor (1200 mm height, 19.5 mm inner diameter) is mounted vertically and can be operated at
a pressure of up to 24 bar and a maximum temperature of 1000 °C (900 °C for continuous oper-
ation). The pressure is controlled by two back pressure regulators. Product gases are analyzed
using infrared photometry and gas chromatography. The reactor was operated in a differential
way allowing only for very low changes in the educt gas phase composition during gasification

experiments (Acco, < 3 %).

Detailed information concerning the pSPR, the operating conditions and the modeling methods

during gasification experiments at elevated pressure can be found in the appendix B and in liter-

ature [57,145,146].
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Fig. 3.1. Schematic flow diagram of the single-particle reactor used for pressurized gasification ex-
periments at EBI ceb, KIT [57].
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3.4 Pressurized thermogravimetric analyzer
The pressurized thermogravimetric analyzer (pTGA, Rubotherm GmbH) was used to assess and
validate experimental methods for the determination of gasification kinetics of WC1600 with CO;
in various set-ups at atmospheric pressure [49]. Furthermore, the initial conversion rate Ry of
various secondary chars with CO; was determined in order to investigate the influence of ash
dispersion, graphitization and morphology on the gasification rate [108]. Additionally, kinetic
data from the pTGA during gasification of P1400 with CO; at elevated pressure was used to vali-
date the results obtained in the pSPR [145]. Besides gasification experiments, the dispersion of
CaO particles on the char surface was determined by chemisorption in the TGA [108]. A schematic

flow diagram of the set-up can be found in the appendix (see Fig. B.5).

The pTGA consists of a magnetic suspension balance which allows for a continuous recording of
the sample mass with an accuracy of + 10 pg. In the gasification experiments, the total gas flow
was varied between 100 - 200 ml min-t. The sample mass of approx. 2 + 0.1 mg was placed in the
ceramic crucible with an inner diameter of 16 mm and a wall height of 10 mm. Prior to the gasi-
fication experiment, the reaction chamber was evacuated two times and purged with argon. The
char samples were heated up at a constant heating rate of 20 K min-! to the desired reaction
temperature followed by 20 min holding time to ensure stable conditions. The initial conversion
rate Ro was determined by a least-square fit in the carbon conversion range between 0.2 and 0.5.
This range was chosen in order to minimize the effect of the gas exchange at the start of each
gasification segment. Furthermore, char properties were only characterized prior to gasification

and may have changed significantly throughout the course of reaction (see chapter 2.3).

The quantification of CaO dispersion was conducted in the pTGA using the temperature-pro-
grammed reaction (TPR) technique. In each TPR experiment, a sample mass of 30 £ 0.1 mg and a
CO2 volume flow of 100 ml min-! was used. Prior to the chemisorption segment, the reactor was
evacuated and backfilled with argon two times. Subsequently, the char sample was heated to
850 °C in flowing argon to decompose any CaCO3 if present. After cooling and stabilizing at
300 °C, the chemisorption segment started by switching the gas atmosphere from pure argon to
a mixture of 90 vol.-% argon and 10 vol.-% CO; for 300 min. Detailed information concerning the
pTGA set-up, the operating conditions and the modeling methods during gasification and chemi-

sorption experiments can be found in literature [49,108,143,145].
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3.5 Chemisorption analyzer
The chemisorption analyzer (BELCAT-II, MicrotracBEL) was used for the determination of active
sites during gasification of WC1600 and impregnated activated carbon samples with CO; using
temperature-programmed desorption (TPD) [147,148]. A schematic drawing of the quartz glass

reactor system is presented in the appendix (see Fig. B.6).

The glass reactor consists of two concentric quartz tubes. The reactant gas is introduced through
the outer tube and heated up to reaction temperature. The char sample is located between two
quartz wool layers in the inner reactor tube (inner diameter of 8 mm). The sample temperature
is measured by a type K thermocouple that is in contact in the fixed-bed. Gas species i.e. CO, CO;

and Ar are continuously monitored by a quadrupole mass spectrometer (MS).

RSA was investigated as a function of carbon conversion degree Xc. The biomass char samples
were partially gasified up to carbon conversion degrees of 0.25, 0.50, 0.75 and 0.90. Prior to each
gasification segment, the sample was degassed for 1 h at 900 °C in flowing argon and cooled down
to gasification temperature. Subsequently, partial gasification up to the desired carbon conver-
sion degree was conducted at 820 °C and atmospheric pressure in a mixture of 80 vol.-% CO; and
20 vol.-% argon. A sample mass of 30 mg and a total volume flow of 100 ml min-! were applied
to ensure differential operation of the chemisorption analyzer (Acco, < 3 %). RSA was deter-
mined using a two-step procedure: First, total surface complexes (TSC) during the gasification
reaction were measured by quenching the char sample to 200 °C in reactant gas atmosphere after
reaching the desired carbon conversion degree. After the CO concentration in the off-gas reached
baseline level, the gas atmosphere was switched to pure argon. Subsequently, a TPD was per-
formed in flowing argon with a heating rate of 3 K min-! to a final temperature of 900 °C. The
desorption of CO and CO; was measured in the MS. For the determination of stable surface com-
plexes (SSC), the gas atmosphere was switched to argon at reaction temperature in order to de-
sorb all unstable C(0) complexes. After quenching to 200 °C, the same TPD was performed again.
The RSA was calculated by the difference of TSC and stable surface complexes. A detailed descrip-

tion of the experimental and mathematical methods can be found in literature [147,148].

30



4 Results and discussion

4.1 Evolution of char properties during gasification reaction
In this chapter, evolution of morphology, concentration of catalytically active ash components
and number of active sites during heterogeneous gasification of a char particle with CO; are an-
alyzed. Furthermore, their influence on char reactivity and the course of gasification reaction as
a function of carbon conversion is investigated. The results are presented in detail in two publi-
cations [147,148] (Papers III & IV) as well as one master thesis [143]. Research question 1 is

answered within this chapter:

Question 1: Which biogenic char properties affect heterogeneous gasification reactions predomi-

nantly and how do they change upon char gasification?

4.1.1 Morphology
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Fig. 4.1. (a) Evolution of micropore surface area Awmsa as a function of carbon conversion degree and

(b) differential pore volume as a function of pore diameter during gasification of WC1600n at 1000 °C

and 1,5 s residence time in the DTR; adapted from [143].
The aim was to analyze char morphology i.e. micropore surface area and pore size distribution
during the gasification process in order to characterize the changes as a function of carbon con-
version degree. The approach constitutes the production of the model fuel WC1600n under EFG
conditions in the DTR. The secondary char consists almost solely of carbon and contains nearly
no volatile matter. Subsequently, WC1600n was partially gasified in the DTR at 1000 °C (micro-
kinetic regime I) and a residence time of 1,5 s for several cycles. A final carbon conversion degree
of Xc = 0.78 was achieved after 10 cycles. After each gasification cycle, the samples were analyzed

in terms of micropore surface area Amsa by physisorption of CO; at 0 °C using the DR method. The
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micropore surface area Amsa quantifies the TSA that exclusively accounts for micropores (< 2 nm,
see chapter 2.3.1). Furthermore, two samples at carbon conversion degrees X¢ of 0.56 and 0.78
were analyzed by physisorption of argon at 87 K in order to characterize the pore size distribu-
tion using density functional theory (DFT). The latter analyses were conducted by Quantachrome
(Odelzhausen, Germany). Fig. 4.1 (a) shows the evolution of micropore surface area Awmsa as a
function of carbon conversion degree. In general, Ausa increases for increasing carbon conversion
degrees. Especially between Xc = 0 and X¢ = 0.21, a steep increase of Aumsa from 232 m2 g-1 to 471
m2 g1 can be observed. It can be assumed that the gasification reaction with CO; in the microki-
netic regime predominantly generates micropores. This statement can be verified by the results
from the argon physisorption analyses depicted in Fig. 4.1 (b). Increasing the carbon conversion
degree from Xc = 0.56 to Xc = 0.78, the differential pore volume increases significantly at approx.
0.5 nm. Additionally, the total pore volume between 0.5 nm and 1.5 nm for the sample at a carbon
conversion degree of X¢ = 0.78 is higher as compared to the sample at X¢ = 0.56. In the appendix
(see Fig. C.1), the adsorption isotherms of both samples with argon at 87 K are depicted. It is
obvious that the shape of both isotherms can be assigned to type I according to the [UPAC classi-

fication system (high microporosity, no mesopores).

In conclusion, micropore surface area increases significantly during gasification of WC1600n
with CO; in the DTR at 1000 °C. Based on the results reported, the gasification reaction with CO»
predominantly generates micropores. Here, new surface area is created by the consumption of

solid carbon.

4.1.2 Effect of inorganic matter on the conversion rate Rx

The aim was to investigate the effect of catalytically active ash components that are usually pre-
sent in abundance in biogenic fuels on the char reactivity and the conversion rate as a function
of carbon conversion degree. For this purpose, pure activated carbon (AC) (CAS 7440-44-0,
Merck) was impregnated with calcium and potassium nitrate salts. Subsequently, the impreg-
nated samples (AC1Ca and AC1K) as well as the raw AC were gasified in the pTGA at 800 °C and
atmospheric pressure (80 vol.-% COz and 20 vol. % Ar). Fig. 4.2 shows the raw data as well as the
trend lines (moving averages) of the conversion rate Rx as a function of carbon conversion degree
for all three samples. The conversion rate of the raw AC sample was very low as compared to the
other 2 samples with a mean conversion rate of approx. 4-10-5 s-1 with a total gasification time of
approx. 8 h at the process conditions applied. On the other hand, the addition of calcium or po-

tassium changes the course of the conversion rate upon carbon conversion drastically. During
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gasification of AC1Ca, the conversion rate steadily decreases for increasing carbon conversion
degrees while total gasification time decreases by a factor of 6 (approx. 80 min) as compared to
the raw AC char. The conversion rate of AC1K, on the other hand, shows a maximum at approx.
Xc = 0.6 - 0.7 while total gasification was only 20 min. Struis et al. [130] observed similar gasifi-
cation behavior during gasification experiments of impregnated fir wood samples (see chapter
2.3.3). According to the authors, the high initial conversion rate followed by a decreasing conver-
sion rate for char samples impregnated with calcium salts may be due to sintering processes of
the resulting alkaline earth metal oxide reducing the dispersion of the catalytically active ash
particles. In contrast, the authors assume that the maximum during gasification of chars impreg-
nated with potassium salts is related to an accumulation of an oxidic alkali type catalyst (MexOy)

being formed during the early gasification stage which is predominantly responsible for the cat-

alytic activity.
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Fig. 4.2. Conversion rate Rx as a function of carbon conversion degree Xc during gasification of raw
ACand impregnated AC samples with COz in the pTGA at 800 °C and atmospheric pressure (80 vol.-%
COz, 20 vol.-% Ar); adapted from [143].
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As a result of the impregnation, the surface of the raw AC char has been modified. The influence
of the impregnation process on the resulting specific surface area (SSA) was investigated by phy-
sisorption of N, at 77 K using the BET method. Table 4.1 shows the values obtained for the raw
AC and the sample AC2Ca impregnated with calcium nitrate. The results show that due to im-
pregnation, the specific surface area of AC2Ca halves as compared to the raw AC sample. This
effect was also reported in literature [121]. Despite the lower SSA, total gasification time of
AC2Ca with CO; in the pTGA at 800 °C and atmospheric pressure (80 vol.-% CO3, 20 vol.-% Ar)

was approx. 15 min while being 8 h for the raw AC sample (factor 32).

Table 4.1. Specific surface areas of raw AC and impregnated AC2Ca sample determined by
physisorption of N, at 77 K using BET method [143].

AC AC2Ca

Specific surface area A / m2 g1 740 340

In conclusion, catalytically active ash components that are usually found in biomass (i.e. calcium
and potassium) affect char reactivity and the course of the conversion rate as a function of carbon
conversion degree significantly. Their influence on the gasification behavior with CO, may be
regarded as superior as compared to morphological properties for the process conditions inves-

tigated (regime I conditions).

4.1.3 Determination of active sites

Based on Fig. 4.2 and table 4.1 from the previous chapter, the influence of specific or micropore
surface area may be of minor significance during gasification of bio-chars with CO,. Therefore,
the aim of the following investigation was to quantitatively determine the amount of active sites
and the reactive surface area (RSA) during the gasification of biogenic model fuel (WC1600) us-
ing the TPD technique. Total (TSC) and stable (SSC) surface complexes were determined at dif-
ferent carbon conversion degrees based on a two-step approach. According to the reaction mech-
anism proposed by Lizzio et al. [91], TSC and SSC must originate from oxygenated carbon atoms
on the char surface (also noted as carbon-oxygen intermediates). These carbon-oxygen interme-
diates are bound on the surface of carbonaceous materials in the form of oxygen functional
groups, i.e. lactones, carbonyls, anhydrides, phenols, ethers and quinones. During the desorption
segment of the TPD experiment, the bonds of these functional groups are destroyed leading to a

release of gaseous species such as CO, CO; and H;O0.
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The experimental two-step approach involves the gasification of the char sample in CO; until the
desired conversion degree at first. For the determination of TSC, the sample was subsequently
quenched in CO; followed by a TPD in argon. For the determination of SSC, the sample was
quenched in argon followed by a TPD in argon. Desorption of CO and CO; was continuously mon-
itored. TSC and SSC were calculated via integration of the CO and CO, molar flow rates in the
exhaust gas during TPD. Eventually, the RSA was obtained by calculating the difference between
TSC and SSC. For further details on the methodology, Papers I & Il can be consulted.

Fig. 4.3 shows the TPD spectra for the WC1600 char samples gasified up to Xc = 0.75 in the chem-
isorption analyzer at 820 °C with 80 vol.-% CO; and 20 vol.-% Ar. During TPD, CO; and CO desorb
from total and stable surface complexes. According to the reaction mechanism proposed by Lizzio
et al. [91], TSC should always be higher than SSC. However, this is not the case for CO at approx.
430 °C, since SSC is higher than TSC. Thus, desorbing gases may not only originate from oxygen-

ated surface complexes but also from decomposition of carbonated ash compounds.
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Fig. 4.3. TPD spectra for the WC1600 char samples gasified up to Xc = 0.75; gasification of WC1600 at
820 °C with 80 vol-% CO:z and 20 vol-% Ar at atmospheric pressure in the chemisorption analyzer;
total and stable complexes desorbed as COz and CO; adapted from [147].

In fact, three different types of sites on the char surface can be observed during gasification of
WC1600 with CO;: stable and reactive sites as proposed and defined by Lizzio et al. [91] and

additionally catalytically active sites representing the influence of inorganic ash components.
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The released amounts of CO; and CO can be considered to be a measure of the catalytic influence

of inorganic matter during the gasification reaction.

Fig. 4.4 shows the specific conversion rate Rn as a function of reactive plus catalytically active
sites for the gasification of WC1600 at 820 °C in 80 vol.-% CO>. A linear correlation is derived
from the experimental data. This indicates that the calculated value Xreactive+catalytic iS an appropri-
ate measure of the available sites on the char surface participating in the gasification reaction of
WC1600 with CO. Eq. 4-2 represents an analytical expression for the linear fit of the experi-
mental values reported in Fig. 4.4 implying that the surface concentration of active sites available

for the gasification reaction cc, is proportional to the specific conversion rate during the gasifi-

cation reaction, as the specific conversion rate constant k depends only on temperature.
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Fig. 4.4. Specific conversion rate as a function of Xreactive-+catalytic for the gasification of WC1600 at 820 °C
in 80 vol-% COz in the chemisorption analyzer; adapted from [148].

R =— e, 4-1
T X () dt e (4-1)
R = 0.006616 5™ Xeactivescatalytic + 0.000249 571 (4-2)

4.2 High-temperature pyrolysis of biogenic solid fuel
The following chapter outlines the changes in char properties during high-temperature pyrolysis

in a DTR. Moreover, the effect of calcium dispersion and graphitization degree on the gasification
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reactivity with CO; is discussed. The results are presented in detail in the publication Schneider,

Walker et al. [108] (Paper II). Research question 2 is answered within this chapter:

Question 2: How are biogenic char properties influenced by secondary pyrolysis during entrained -

flow gasification?

4.2.1 Micropore surface area
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Fig. 4.5. Micropore surface area of primary (HK06) and secondary chars generated in the DTR at

200 ms as a function of pyrolysis temperature determined by physisorption of COz at 0 °C using DR

method; adapted from [108].
The aim was to characterize char morphology i.e. micropore surface area of primary and second-
ary chars as a function of pyrolysis temperature and correlate the values with the initial conver-
sion rate Ro during gasification with CO. For this, pyrolysis experiments of the primary char
HKO06 were conducted in the DTR between 1000 °C and 1600 °C under high heating rates and a
residence time of 200 ms imitating the conditions found during EFG. Micropore surface area was
determined by physisorption of CO; at 0 °C using the DR method (ASAP 2000, Micromeritics).
Results indicate a slight increase of micropore surface area starting from primary char HK06
from approx. 400 m2 g-1 up to 660 m? g-! at a pyrolysis temperature of 1400 °C (see Fig. 4.5). Due
to the high heating rates in the DTR, additional surface area is created by rapid devolatilization
(see chapter 2.1). Furthermore, secondary reactions between pyrolysis gases, i.e. COz, and the
resulting char (Boudouard reaction) may occur that possibly lead to an increase in micropore
surface area (see chapter 4.1.1). At 1600 °C, however, the micropore surface area erratically de-

creases to a value of approx. 126 m? g-1. This phenomenon may be explained by the formation of
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a molten ash layer on the char surface clogging micropores which was detected using SEM/TEM
images. A possible correlation between micropore surface area and initial conversion rate Ro

during gasification with CO; in the pTGA could not be established (see chapter 4.2.2).

4.2.2 Initial conversion rate
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Fig. 4.6. Initial conversion rate Ro during gasification of primary (HK06) and secondary chars gener-

ated in the DTR with COz in pTGA (750 °C, 100 vol.-% CO2, atmospheric pressure) as a function of

pyrolysis temperature; adapted from [108].
The objective was to investigate the influence of pyrolysis temperature during devolatilization
of HK06 on the subsequent gasification kinetics with CO». The initial conversion rate R, was de-
termined for gasification of primary char and secondary chars generated in the DTR at different
temperatures. Results show a steady decrease of Ry between 1000 °C and 1400 °C pyrolysis tem-
perature (see Fig. 4.6). This thermal deactivation is caused by an increasing graphitization degree
of the carbon matrix and a decreasing CaO dispersion with increasing pyrolysis temperature due
to sintering processes (see chapter 4.2.3). However, a strong increase in initial conversion rate
Ry is encountered for the char produced at 1600 °C which cannot be explained by thermal deac-
tivation due to graphitization. This phenomenon is caused by the formation of a thin CaO layer

during pyrolysis which catalyzes the char-CO; gasification reaction.

4.2.3 Summary
The aim was to assess the influence of CaO dispersion and graphitization on the gasification re-

activity of the secondary chars with CO3, since the comparison of Ry with the micropore surface
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area was not conclusive. Fig. 4.7 summarizes the evolution of the most important char character-
istics i.e. CaO dispersion Dcao, graphitization defined as L. Lao! and initial conversion rate Ry as a

function of pyrolysis temperature between 1000 °C and 1600 °C.
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Fig. 4.7. Evolution of CaO dispersion Dcao, initial conversion rate Ro, and graphitization (defined as La

Lao1) as a function of pyrolysis temperature between 1000 °C and 1600 °C; adapted from [108].
Graphitization is defined as ratio of the radial expansion of graphene layers L. and the radial
expansion of graphene layers of the primary char L. and was determined by XRD. The CaO dis-
persion Dcap was measured via chemisorption in the pTGA. The findings can be divided into two
regimes: In section 1, the initial conversion rate Ry as well as the CaO dispersion Dcao show a
linear decrease with increasing pyrolysis temperature. The graphitization degree increases line-
arly with increasing pyrolysis temperature up to 1600 °C. In section 2, in contrast, the initial
conversion rate of the secondary char pyrolyzed at 1600 °C increases significantly despite having
the highest graphitization degree. Furthermore, this char exhibits the lowest micropore surface
area of all samples investigated (see chapter 4.2.1). Therefore, a strong correlation between ini-
tial conversion rate Ro and calcium dispersion Dcao can be deduced. Calcium dispersion increases
drastically at 1600 °C presumably due to the formation of a thin CaO layer selectively catalyzing
the gasification reaction with CO;. The formation of the CaO layer was observed via SEM/TEM

images.
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4.3 Determination of gasification Kinetics
This chapter focusses on the determination of heterogeneous gasification kinetics in various ex-
perimental set-ups. First, a valid process window for each system was determined in order to
obtain reliable kinetic data at atmospheric pressure. Based on these data, gasification experi-
ments at elevated pressure were performed in a pTGA resulting in diffusional limitations for in-
creasing system pressures. Thus, a novel pressurized single-particle reactor was designed in or-
der to obtain valid gasification kinetics for a wide process window. The results are presented in
detail in the publications Stoesser, Schneider et al. [49] and Schneider, Zeller et al. [57] (Papers
V & I) as well as one master thesis [145]. Research questions 3 and 4 are answered within this

chapter:

Question 3: Which experimental set-ups are suitable for the determination of heterogeneous gasi-
fication kinetics and which experimental set-up can be applied for the determination of gasification

kinetics at elevated pressure?

Question 4: What is the dominating reaction mechanism during mixed gasification of biogenic

solid fuels in a COz/H20 atmosphere at elevated pressure?

4.3.1 Experimental systems
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Fig. 4.8. Arrhenius diagram of gasification experiments conducted with WC1600 and p¢o, = 0.8 bar
(prot = 1 bar) in four different reaction systems: a thermogravimetric analyzer (TGA), a fluidized-bed
reactor (FBR), a free-fall fixed-bed reactor (FFB) and a drop-tube reactor (DTR); adapted from [49].
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The objective of this study was to investigate the influence of different experimental systems on
the measured gasification rates and identify a valid process window for each of the set-ups. The
approach was to conduct gasification experiments with a biogenic model fuel (WC1600) with CO-
and determine the initial conversion rate Ry in four different reaction systems: a thermogravi-
metric analyzer (TGA, operated by Christoph Schneider at EBI ceb), a fluidized-bed reactor (FBR,
operated by Thobias Kreitzberg at RWTH Aachen), a free-fall fixed-bed reactor and a drop-tube
reactor (FFB & DTR, both operated by Philipp Stoesser at EBI ceb). Temperatures were varied
between 700 °C and 1600 °C while residence times from 200 ms to 8 h were investigated at a

constant CO; partial pressure of 0.8 bar (total pressure of 1 bar).

Four fundamentally different reaction domains were identified of which two were classified as
true particle behavior, while the observed initial conversion rates of the other two domains are
mainly dominated by the characteristics of the experimental set-up applied (see Fig. 4.8). The
domains with true particle behavior were referred to as chemical control (microkinetics) and
particle (pore) diffusion control while bed diffusion and response control were induced by the
corresponding reaction system. All systems were able to operate under chemical control deter-
mining microkinetic initial conversion rates. The obtained activation energy in this reaction do-
main lies between 229-238 k] mol-1. At high gasification temperatures, however, only the DTR
was able to determine effective initial conversion rates accounting for pore diffusion control. The
non-steady systems (FBR, TGA, FFB) showed response control. For the FFB and the TGA, an ad-

ditional reaction domain referred to as bed diffusion control was observed.

4.3.2 Pressurized thermogravimetric analyzer

Using the results presented in chapter 4.3.1, a valid process window for the gasification experi-
ments in the pTGA (TGA in Fig. 4.8) needed to be identified in order to generate reliable micro-
kinetic data. The atmospheric gasification experiments of WC1600 with CO, are depicted in
Fig. 4.9. Temperatures were varied between 700 °C and 1200 °C applying a constant CO, partial
pressure of 0.8 bar (rest Ar). The identification of the microkinetic regime with a corresponding
activation energy of 238 k] mol-! succeeded for temperatures between 700 °C and 850 °C. A sec-
ond domain with an activation energy of approx. 129 k] mol-! was observed and referred to as
bed diffusion control regime. Here, the activation energy decreases due to either alocal depletion
of the reactant CO; or a local accumulation of the product gas CO, causing an inhibition of the

Boudouard reaction. At the highest temperatures between 1150 °C and 1200 °C, the observed
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activation energy drastically decreases to approx. 0 k] mol-1. This domain is referred to as re-
sponse control and is the result of the non-steady nature of an isothermal, batch-wise TGA ex-
periment, in which the gas flow is switched from inert to reactant gas at a fixed time point. Back-
mixing throughout the system and crucible volume causes a steady rise of the CO, concentration
towards the sample rather than a prompt change from pure inert atmosphere to the desired CO;
concentration. Furthermore, the reactant gas is consumed instantaneously as it reaches the par-
ticle bed. Thus, the observed conversion rates at these temperatures rather represent the diffu-

sion rate of CO; into the crucible than the microkinetic fuel reactivity.

In conclusion, it is possible to generate reliable microkinetic data (regime I) for the gasification
reaction of biogenic chars with CO; in the pTGA. However, the valid process window depends on
several process conditions i.e. char reactivity, sample mass, gas velocity, total/partial pressure
as well as crucible and reactor geometry. Using only one reactor system requires special care to

avoid misinterpretation of the data.
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Fig. 4.9. Arrhenius diagram of gasification experiments conducted with WC1600 in the pTGA at
Pco, = 0.8 bar and temperatures between 700 °C and 1200 °C; adapted from [49].

Based on the validated gasification kinetics at atmospheric pressure, high-pressure experiments
were conducted in the pTGA. Gasification of WC1600 was carried out between 750 °C - 850 °C
applying CO2 partial pressures pco, between 0.2 bar and 5 bar. For the experiments with CO;

partial pressures below 1 bar, the feed was mixed with argon in order to obtain a total pressure
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of 1 bar. Fig. 4.10 shows an Arrhenius diagram of all gasification experiments with WC1600 con-
ducted in the pTGA in the microkinetic regime. The reaction rates determined at pco, = 0.8 bar
are validated with three other experimental set-ups (see chapter 4.3.1). For CO; partial pressures
lower than 0.8 bar, the observed activation energy slightly decreases to approx. 190 k] mol-L. In
contrast, increasing the partial pressure above 1 bar leads to slightly higher activation energies
of approx. 260 k] mol-1. The reaction kinetic data for these experiments applying a power law
approach can be found in the appendix (see table C.1). For CO, partial pressures of 5 bar, however,
the pTGA only gives valid results up to 790 °C. Increasing the temperature above 790 °C did not

lead to a significant increase in reaction rate suggesting mass transport limitations in the set-up.

“Especially for highly reactive bio-chars, the process window for the determination of intrinsic
reaction rates during gasification is narrow in a TGA. Additionally, when higher pressures are
applied in a TGA, even more restrictions may occur. Diffusion coefficients are inversely propor-
tional to pressure (Dag ~ 1/p). Furthermore, the maximum gas flow rate of a TGA is usually below
11/min at standard ambient temperature and pressure (rather around 50-200 ml/min). Increas-
ing the pressure in a TGA leads to a proportional decrease of gas velocity towards the crucible as
the volume flow rate at standard ambient temperature and pressure cannot be further increased.
Moreover, high reactant gas volume flows during pressurized TGA experiments lead to a lot of

noise in the mass signal.” [57]
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Fig. 4.10. Arrhenius diagram for gasification of WC1600 with CO2z in pTGA between 750 °C - 850 °C
and COz partial pressures up to 5 bar.
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4.3.3 Comparison between pTGA and pSPR

Due to the observed limitations for gasification experiments in the pTGA at elevated pressure for
biogenic chars, the pressurized single-particle reactor (pSPR) with forced flow-through condi-
tions was designed and built in the frame of this work reducing diffusional effects to a minimum.
“The reactant gases flow convectively through the char particles. It was assured that the reactor
was operated in a differential way meaning that the reactant gas concentration did not decrease
> 3 % along the particle bed. Thus, all char particles were able to get in contact with the desired
gas concentration and no concentration gradient was formed. Furthermore, the gas velocity was
kept constant at a high level. Consequently, no accumulation of product gas near the char parti-
cles occurred as it may happen at the bottom of a TGA crucible. Since the product gas is swept
away by the gas flow convectively, re-adsorption of product gases on the char surface is mini-

mized.” [57]
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Fig. 4.11. Comparison of reaction rates 7o, during gasification of P1400 in pTGA and pSPR at p¢o, =

Drot = 2 bar and temperatures between 800 °C and 870 °C; adapted from [145].
In order to validate the pSPR, gasification experiments were carried out in the pTGA and the pSPR
at elevated pressure. Fig. 4.11 shows a comparison between reaction rates r¢o, determined dur-
ing gasification of P1400 with CO; in the pTGA and the pSPR between 800 °C and 870 °C and a
CO; partial and total pressure of 2 bar. The obtained activation energies in both set-ups are rela-
tively high being approx. 299 k] mol-! in the pSPR and 327 k] mol-! in the pTGA suggesting no

mass transport limitations. Thus, both set-ups allow for the determination of microkinetics
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within the process conditions investigated. The deviations between both activation energies is
below 10 %. However, small differences in reaction rates 7¢o, from both set-ups were observed

which may be traced back to differences in temperature measurement in both setups in the range

of 15K-20K

4.3.4 Determination of gasification Kinetics at elevated pressure in pSPR
In this chapter, gasification experiments of P1400 and P1600 with CO, H,0 and its mixture at

elevated pressure are presented. All experiments have been carried out in the pSPR.
Gasification with CO;

The objective of this study was to determine kinetic data for the microkinetic regime during pres-
surized gasification of biogenic chars, which were produced under technical relevant conditions
found in entrained flow gasification. For this purpose, secondary chars (P1400 & P1600) were
produced in the DTR under high heating rates and short residence times. Subsequently, gasifica-
tion experiments with CO; between p¢p, = 1 bar and 20 bar and temperatures between 830 °C
and 870 °C were carried out in the pSPR. Gasification kinetics were modeled using the power law
and Langmuir-Hinshelwood (LH) approach. The modeling results and the corresponding kinetic
parameters for the power law can be found in Fig. 4.12 and table C.2 while the LH model is illus-

trated in Fig. 4.13 and table C.3.

Results indicate that “P1600 shows higher reactivity as compared to P1400 for all CO, partial
pressures and temperatures applied. However, for the highest CO, partial pressure applied
(20 bar), both chars show similar reactivity. The higher reactivity of P1600 during CO gasifica-
tion may be explained by the CaO film on the char surface catalyzing the char-CO; gasification
reaction. A power law approach is suitable to describe gasification kinetics of both chars with
CO up to pressures of 20 bar. However, the observed saturation during gasification of P1600

applying high CO; partial pressures is better described by a LH approach.” [57]
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Fig. 4.12. Modeling of the gasification reaction with CO2z for P1400 (A) and P1600 (B) using power
law approach [57].
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Fig. 4.13. Modeling of the gasification reaction with CO2 for P1400 (A) and P1600 (B) using an LH
approach [57].

Gasification with H,0

In order to generate kinetic data for the gasification reaction with H,0 at elevated pressure, gas-
ification experiments with P1400 and P1600 were carried out in the pSPR at H,0 partial pres-
sures between 0.2 bar and 5 bar and temperatures between 830 °C and 870 °C. Reaction kinetic
modeling was conducted using the power law and LH approach. Since no saturation effects were

detected with H,0 under the process conditions applied, the LH approach does not give good
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modeling results for both chars (see Fig. C.1 and table C.5 in the appendix). The modeling results
and the corresponding parameters for the power law can be found in Fig. 4.14 and table C.4. In
contrast to the gasification with CO», “P1400 shows higher reactivity towards H,0 as compared
to P1600 which is expected from the char specifications reported above. The dominating char
properties affecting H,O reactivity were considered to be constitution of carbon matrix (i.e.
graphitization degree) and micropore surface area. The catalytically active CaO film is of minor
relevance when gasification is carried out with H,0. Modeling of pressurized char-H;0 gasifica-
tion kinetics of both samples was achieved using a power law approach to full satisfaction within

the process conditions applied.” [57]
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Fig. 4.14. Modeling of the gasification reaction with H20 for P1400 (A) and P1600 (B) using power
law approach [57].

Gasification in mixed CO;/H,0 atmospheres

The aim was to investigate the dominating reaction mechanism during mixed gasification in
CO2/H:0 containing atmospheres at elevated pressure and to state whether both reactions are
additive or inhibitory. For this purpose, gasification experiments were conducted with P1400
and P1600 in mixed CO2/H,0 atmospheres in the pSPR at 830 °C and reactant gas partial pressure

up to pco, = Pu,o0 = 5 bar.

Fig. 4.15 (A) illustrates the reaction rates rmix as a function of CO; partial pressure in the range of
0 bar to 5 bar for H;0 partial pressures of 0.8 and 2 bar, respectively. Total pressure was varied
between 5 and 20 bar. The values for pcg, = 0 bar correspond to the H,0 gasification experiments
reported earlier in this chapter. Additionally, one set of experimental data is reported for pco, =

Pu,0 = 5 bar. As already discussed, “P1400 shows a higher reactivity during gasification with H20

47



(Pco, = 0 bar) as compared to P1600. For a CO; partial pressure of 0.8 bar, an increase in reaction
rate rmix for both chars at both H,0 partial pressure levels (py,o = 0.8 bar and 2 bar) is detected.
However, P1600 exhibits a stronger increase in reaction rate as compared to P1400 and becomes
more reactive than P1400. For py,o = 0.8 bar both chars show a similar slope with increasing CO:
partial pressure i.e. P1600 reactivity remains higher than P1400 reactivity. For py,o = 2 bar,
P1600 reaction rate rmix remains almost constant for pco, > 0.8 bar, whereas P1400 reactivity
increases with CO; partial pressures at the same slope as for py,o = 0.8 bar leading to a slightly
higher reactivity at pco, = 5 bar. At pco, = pu,0 = 5 bar, P1400 exhibits a significantly higher re-
action rate rmix as compared to P1600, which shows only a small increase in reactivity with in-

creasing H»O partial pressure from 2 bar to 5 bar.

Increasing the CO; partial pressure from 0 bar to 0.8 bar during mixed gasification leads to an
increase in reaction rate rmix for both chars which can be expressed by the addition of the single
atmosphere reaction rates 7¢o, and 1y, o. In Fig. 4.15 (B), the reaction rates 7y, and 7¢, for sin-
gle atmosphere gasification experiments at py,o = 0.8 bar, 2 bar and p¢o, =1 bar, 5 bar are shown
together with calculated values for rmix using a simple addition of the single atmosphere reaction
rates ("mix = Tco, + Tu,0)- By this approach, the reaction rates for mixed gasification are reason-
ably modeled for the low pressure range up to pco, = 1 bar and both chars, despite the fact that
the experimental values are slightly overestimated for P1400. Thus, no competition between the
H20 and the CO; gasification reaction is observed in the low pressure range. Here, a separate
active site mechanism might be valid for both chars. The strong increase of P1600 reactivity from
Pco, = 0 bar to pco, = 0.8 bar may be explained by the catalytic activity of the CaO film on the

char surface selectively increasing the reactivity towards CO;” [57] (see chapter 4.2).

“At py,o = 2 bar, however, the reaction rate rmix of P1600 stagnates for CO; partial pressures
above 0.8 bar (see Fig. 4.15(A)). The observed trend may be interpreted as saturation of reactant
gases on the char surface since P1600 has a distinctly lower surface area as P1400 and - due to
a higher graphitization degree - a lower amount of carbon active sites. Thus, morphology and
graphitization might become more relevant for higher reactant gas partial pressures while Ca
catalysis fades into the background. At high reactant gas partial pressures, a common reactive
sites mechanism might be more adequate for P1600. Here, the simple addition of the single at-

mosphere reaction rates might become invalid. This thesis is fortified by the experimental results
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at pco, = Pu,0 = 5 bar, where an inhibition of the P1600 reactivity is clearly visible as compared

to P1400.” [57]

0.00018 - - - 0.00018 -
T=830°C ! ! ! T=830°C ! ! !
—M=P1400 p, = 0.8 bar| | . A =W=P1400 p,, ; = 0 bar ' ' . B
0.00015 4 | B~ P1600 po=08barl L L o 000015 4 | VP800 Pao=0bar |
—A=P1400 py,, = 2 bar 1 1 . —m=P1400 p,, = 0.8 bar ;
- / -
‘n A~P1600 p, =2 bar i H T (%) 0O~ P1600 p, = 0.8 bar 1
E ® PL00 po=5b Pt = 20 b | | % —A—P1400 p, 0 =25 ;
> 0.00012 4 I e e e SRR ARRRERE > 0.00012 4 Pro = 2 e
[s} O P1600 p, =5 bar ! | o A~P1600 p, =2 bar !
g 5 K g 5 A
=~ 0,00009 - = =7 0,00009 4 -~~~ . —— oo R R R
& i i i H o]
[ [ . - n
c c \ g ‘ ! ! !
2 = . : , , )
£ 0.00006 - £ 0.00006 -~ ------- R s e R et EEEEEEEES
g g ' ' ' 1 1
o o | : v
d | | | | | v | | | .
0.00003 4 -~ ------ (AR (R ol e 0.00003 4 -~~~ A L A
0.00000 i i i i i 0.00000 . : : : r
0 1 2 3 4 5 6 0 1 2 3 4 5 6
CO, partial pressure pco, / bar CO, partial pressure pco, / bar

Fig. 4.15. (A) Reaction rates rmix of P1400 and P1600 during mixed gasification at 830 °C for three
H20 partial pressures (py,o = 0.8 bar, 2 bar, 5 bar and py,c = 5 - 20 bar) as a function of p¢q, as well
as ry,o at py,o = 0.8 bar, 2 bar. (B) Reaction rates 1y, and 7¢, for single atmosphere gasification
experiments at py,o = 0.8 bar, 2 bar and p¢o, = 1 bar, 5 bar; rmix calculated as an addition of the single
atmosphere reaction rates (symbols with solid line) [57].

Kinetic modeling for gasification in mixed CO./H.0 atmospheres

“Experimental results from the previous chapter indicate that - for the chars and process condi-
tions investigated — CO, and H,0 gasification occurs rather on separate than on same active sites
except for the high pressure experiments with P1600. Therefore, simple approaches were used
in order to model mixed gasification via addition of the single atmosphere reaction kinetics with

the highest fit quality” [57].

Fig. 4.16 illustrates the measured reaction rates of P1400 (A) and P1600 (B) for CO2, H20 and
mixed atmosphere gasification together with the corresponding modeling approaches. Results
indicate that “the addition of the single atmosphere reaction kinetics gives satisfying results for
P1400. The experimental values are slightly overestimated by the addition of the single atmos-
phere reaction kinetics. However, the conception of a separate carbon active sites reaction mech-

anism is significantly better represented as compared to the approach of competing active sites.

In contrast to P1400, the addition of both single atmosphere kinetics of P1600 for modeling of

mixed gasification gives satisfying results only in the low pressure range. The char with the lower
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specific surface area and the higher graphitization degree (P1600) reaches a saturated state ear-
lier when applying higher reactant gas partial pressures. Therefore, the addition of both single

atmosphere kinetics becomes invalid and a common active site mechanism might be relevant.

Considering the experimental results for mixed gasification presented in this work, the following

conclusions can be drawn:

e Increasing the CO; partial pressure leads to higher reactivity for both chars. The reaction
rate rmix can be expressed by addition of the single atmosphere reaction rates in the low
pressure area suggesting a separate active site mechanism.

e (Catalytic activity of Ca0 increases the reaction rate rmix of P1600 distinctively for lower
H,0 and CO; partial pressures.

e Forhigher H,0 and CO; partial pressures, P1600 reactivity stagnates due to lower specific
surface area and higher graphitization degree i.e. lower amount of carbon active sites.

Here, a common active sites mechanism can be assumed.” [57]
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Fig. 4.16. Modeling approaches for the mixed H20/CO: gasification of P1400 (A) and P1600 (B) using
an addition of the single atmosphere reaction kinetics [57].
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5 Concluding remarks

The main results of this work are recapitulated by answering the research questions posed in

chapter 1.

Question 1: Which biogenic char properties affect heterogeneous gasification reactions predomi-

nantly and how do they change upon char gasification? (Papers III & IV and chapter 4.1)

Gasification experiments with CO; using a biogenic model fuel (WC1600n) were conducted in a
drop-tube reactor (DTR) in order to produce samples for the determination of micropore surface
area Awmsa and pore size distribution as a function of carbon conversion. Results indicate that the
gasification reaction with CO; predominantly takes place in micropores. Furthermore, the influ-
ence of morphology and catalytically active ash components on the conversion rate was investi-
gated using activated carbon (AC) impregnated with calcium and potassium. The presence of cal-
cium and potassium on the carbon surface is found to dominate reactivity and course of
conversion rate during gasification with CO». The determination of active sites during gasification
of a biogenic model fuel (WC1600) with CO, was carried out in a chemisorption analyzer via
temperature-programmed desorption (TPD). A good correlation between reactive surface area
(RSA) and specific conversion rate is obtained if catalytically active sites are taken into account

in the calculations for RSA.

Question 2: How are biogenic char properties influenced by secondary pyrolysis during entrained -

flow gasification? (Paper II and chapter 4.2)

Secondary pyrolysis experiments have been conducted in a drop-tube reactor (DTR) with tem-
peratures varying between 1000 °C and 1600 °C. The effect of pyrolysis conditions on initial con-
version rate Ro, graphitization and ash dispersion was investigated. “A linear decrease in initial
conversion rate Ry was observed between 1000 °C and 1400 °C. However, a strong increase of R
at 1600 °C was encountered. Micropore surface area of the secondary chars showed no correla-
tion with the initial conversion rate Ry during gasification with CO». Graphitization of the carbon
matrix was determined using X-ray diffraction and Raman spectroscopy suggesting the growth
of aromatic clusters and graphite-like structures for increasing pyrolysis temperatures up to

1600 °C. “ [108]
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“CaO0 dispersion Dcao decreases steadily between 1000 °C and 1400 °C whereas a strong increase
can be observed at 1600 °C, which is in good accordance with the development of the initial con-
version rate Ry as a function of pyrolysis temperature. SEM/TEM images indicate the formation
of a thin CaO layer at 1600 °C that is presumably responsible for the strong increase in initial

conversion rate Ry at this temperature.” [108]

Question 3: Which experimental set-ups are suitable for the determination of heterogeneous gasi-
fication kinetics and which experimental set-up can be applied for the determination of gasification

kinetics at elevated pressure? (Papers I & V and chapter 4.3)

First, the influence of different experimental systems on the measured gasification rates at at-
mospheric pressure was investigated in order to identify a valid process window for each of the
set-ups. The approach was to conduct gasification experiments with CO; using a biogenic model
fuel (WC1600) and determine the initial conversion rate Ry in four different reaction systems: a
thermogravimetric analyzer (TGA), a fluidized-bed reactor (FBR), a free-fall fixed-bed reactor
(FFB) and a drop-tube reactor (DTR). All systems were able to operate under chemical control
determining microkinetic initial conversion rates. At high temperatures, however, only the DTR
was able to determine effective initial conversion rates accounting for pore diffusion control
while the non-steady systems (FBR, TGA, FFB) showed response control. For the FFB and the

TGA, an additional reaction domain referred to as bed diffusion control was observed.

In the case of highly reactive biomass chars, the process window for the determination of micro-
kinetic reaction rates during gasification is narrow in a TGA. Applying higher pressures, even
more restrictions may occur as diffusion coefficients are inversely proportional to pressure.
Therefore, a pressurized single-particle reactor (pSPR) with forced flow-through conditions re-
ducing system inherent diffusional effects to a minimum was designed and built in the frame of
this work. Gasification experiments with CO, and H;0 at elevated pressure were carried out in
the pSPR using two secondary chars (P1400 and P1600). Modeling of gasification kinetics was
successfully conducted using a power law approach for CO; and H,0. However, the observed sat-
uration during gasification of P1600 applying high CO; partial pressures is better described by a
Langmuir-Hinshelwood (LH) approach.
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Question 4: What is the dominating reaction mechanism during mixed gasification of biogenic

solid fuels in a COz/H20 atmosphere at elevated pressure? (Paper I and chapter 4.3)

Gasification experiments in mixed CO,/H,0 atmospheres using P1400 and P1600 were con-
ducted in the pSPR. “Increasing the CO; partial pressure leads to higher reactivity for both chars.
The reaction rate rmix can be expressed by addition of the single atmosphere reaction rates in the
low pressure area suggesting a separate active site mechanism. Catalytic activity of CaO increases
the reaction rate rmix of P1600 distinctively for lower H,0 and CO; partial pressures. For higher
H>0 and CO; partial pressures, P1600 reactivity stagnates due to lower specific surface area and
higher graphitization degree i.e. lower amount of carbon active sites. Here, a common active sites

mechanism can be assumed.” [57]
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Appendix

A Literature review

Gas production from solid feedstock

Feedstock for
pyrolysis/gasification

Lignocellulosic biomass Municipal solid wastes
3Ildv (MSW)
Agro residues
Organic waste
[ Peat/Lignite > Woodwaste (ki%chen waste, leaves etc)_’ Secondary fuels
| Bituminous/ — Rice husk/rice straw |, Toxic waste Substitute fuel
sub bituminous coal (Paints, chemicals etc) > substitute Tucls
. . Recyclable
— Anthracite coal — Empty fruit bunch | (paper, plastics etc) — Solid recovered fuels (SRF)
— Pyrolyzed coal chars ~— Prosopis juliflora L Soiled waste Othe
— Is

Fig. A.1. Schematic of feedstock classification for gas production [7].
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Fig. A.2. Van Krevelen diagram [149].
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Fig. A.3. Structure of lignocellulosic biomass [150].
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Fig. A.4. Model structure of a bituminous coal [151].
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Fig. A.5. Main conversion processes and chemical reactions of solid carbonaceous materials [152].

Pyrolysis of solid fuels

Depending on the biomass component, various temperature regimes for pyrolysis can be as-
signed. Hemicellulose decomposes at 200 °C - 260 °C followed by cellulose with decomposition
temperatures of 240 °C - 350 °C. Lignin exhibits the largest temperature range for decomposition
reactions with 280 °C - 500 °C [153,154]. Fig. A.6 shows a differential thermogravimetry (DTG)
curve during pyrolysis of beech wood between 423 K and 723 K [155]. Here, the change of solid
mass fraction is depicted as a function of pyrolysis temperature. Open circles represent the actual
weight loss rate during devolatilization of beech wood while the other curves and symbols are
deconvoluted from the original mass loss signal. The first peak at approx. 573 K corresponds to
the decomposition of hemicellulose, the global maximum can be assigned to the decomposition
of cellulose. Due to the large temperature range for lignin decomposition, no specific peak can be

observed (dashed line).
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Fig. A.6. Comparison between observed (open circles) and simulated (lines) DTG curves during py-
rolysis of beech wood [155].

Influence of pyrolysis pressure on char reactivity

Cetin et al. [28] and Okumura et al. [156] observed a decreasing reactivity of biogenic chars with
increasing pyrolysis pressure. Fig. A.7 shows the CO; gasification reactivity of radiata pine char
generated in a WMR (High HR) as a function of pyrolysis pressure. Results indicate that the char
generated at 20 bar reacts approx. three times slower than the atmospheric pressure char. The
authors conclude that this effect is evoked by changes in the chemical structure i.e. carbon matrix
of the char since the influence of pyrolysis pressure on specific surface area was found to be less
significant [28]. The changes in carbon structure due to increasing pyrolysis pressure were also
verified using X-ray diffraction (XRD) analysis [26]. On the contrary, Roberts etal. [157] observed
an increase in apparent gasification and combustion rates with increasing pyrolysis pressure in-
vestigating coal chars that were produced in a pressurized entrained flow reactor. Furthermore,
the authors indicate that the micropore surface area of the chars generated at high pressure was
higher as compared to the chars produced at atmospheric pressure. It was concluded that the
increase in apparent gasification and combustion rates may originate from the augmented sur-

face area as no significant changes in the carbon matrix were detected using XRD analysis [157].
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Fig. A.7. Apparent COz reactivity (850 °C, 1 bar) of radiata pine chars produced in a WMR (High HR)
and in a tubular reactor (Low HR) as a function of pyrolysis pressure [28].

Heterogeneous gasification of solid fuels
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Fig. A.8. Series of steps during a heterogeneous gas-solid reaction A1 = Az on a porous catalyst [47].
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Pore diffusion modeling

By means of dimensionless numbers, it is possible to determine quantitatively whether the reac-
tion rate is affected by mass transport limitations. The Thiele modulus ¢ describes the ratio be-
tween microkinetic reaction rate and diffusion rate within a porous particle (see Eq. A-1). Its

detailed derivation can be found in literature [158].

n; +1 ki(T)C:i_l
2 Dege

¢ =1l (A-1)

Input parameters are the characteristic length of a particle I, the reaction order n;, the Arrhenius
rate constant k;(T), the reactant gas concentration in the bulk phase c. as well as the effective
diffusion coefficient Desr. In order to calculate the effective diffusion coefficient for heterogeneous
gas-solid reactions, the binary diffusion coefficient Dsp as well as the Knudsen diffusion coeffi-
cient Dk need to be taken into account since the mean free path of the reactant gases may be in
the same order of magnitude as the pore diameter of the solid fuel. Furthermore, porosity £and

tortuosity 7 of the particle have to be considered the calculation of Deg [158].

€ 1
T T (-2
Dpg * Dkn

The effectiveness factor 1 is defined as the ratio of effective reaction rate res to true reaction rate
determined in the microkinetic regime without mass transport limitation (see Eq. A-3). For a
spherical particle and a first order reaction, the following relation between effectiveness factor

and Thiele modulus is obtained [159].

_ e
n= (A-3)
3 1 1
m= 5 (tanh¢ B E) (A-4)

Usage of different experimental set-ups

Fig. A.9 compares the number of publications reporting the use of different experimental set-ups
for the determination of kinetic data in terms of CO; gasification. The chart, which is considering

experiments for coal and biomass gasification, is based on two review papers by Di Blasi [20] and
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Irfan et al. [62]. Here, the majority of experiments were carried out in thermogravimetric systems

(62.0 %), followed by fixed-bed reactors (18.5 %) and drop-tube furnaces (DTF).

TGA/pTGA/DTA / Thermo Balance 62.0 %

Fixed / packed bed 18.5 %

DTF /pDTF 7.6 %

Fluidized bed 5.4 %

Wire Mesh 3.3 %
Others 3.3 %

Fig. A.9. Usage of different experimental set-ups for the determination of heterogeneous gasification
kinetics with CO2 [49].

Mass transport processes during gasification of biomass char in TGA
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Fig. A.10. Crucible used in a thermogravimetric device including mass transfer processes limiting the
effective reaction rate [67].

Nowak et al. [67] aim to model the effective reaction rate that they assume to be kinetically and

diffusion controlled considering the following steps (see Fig. A.10):
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1. Mass transfer from the free flow of CO; through the boundary layer to the surface of the
crucible.

Diffusion through the freeboard of the crucible.

Diffusion through the bed of biomass char particles.

Mass transfer through the char particle’s boundary layer.

oo W

Diffusion through the pores of the biomass char particle and reaction at a carbon active

site Cr at the char surface.
Usage of fixed-bed reactors for the determination of gasification kinetics

Zhou et al. [134] studied the gasification behavior of German Rhenish brown coal and wheat
straw chars with CO; in a quartz glass fixed-bed reactor at atmospheric pressure. The authors
were able to determine reaction kinetic data for both fuels and highlighted the effect of pyrolysis
conditions on the data obtained. Furthermore, Wu & Wang [160] investigated the effect of pres-
sure on the K,CO3-catalyzed steam gasification of ash-free coal in a vertically blown reactor at
elevated pressure. The experimental set-up was operated as a differential reactor applying steam
partial pressures of up to 6 bar and total pressures of 20 bar. The authors state that diffusional
effects can be eliminated thoroughly by this type of reactor. Furthermore, kinetic parameters

using an nth-order as well as a LH approach were determined.
Mixed gasification in CO,/H,0 atmosphere

Chen et al. [71] investigated the effect of pyrolysis conditions on the gasification of lignite chars
in mixtures of COz and H;0 in a TGA and a fluidized-bed reactor. Two different chars were pro-
duced by fast pyrolysis in a drop-tube furnace and by slow pyrolysis using a fixed-bed reactor at
1000 °C. The authors report that the gasification rates in the mixture of CO; and H,0 were lower
than the sum of the rates of the chars reacting independently with CO, and H,0 but higher than
the rate of each independent reaction for both chars. Furthermore, their results from TGA and
fluidized-bed indicate that the char-H,0 reaction was independent of the char-CO; reaction, while

the char-CO; reaction was inhibited by the char-H,0 reaction.

Li et al. [75] conducted gasification experiments with lignite chars in mixtures of CO; and H,0 at
elevated pressure using a fixed-bed reactor. Results indicate that the dominating reaction mech-
anism depends on the total pressure applied. The authors conclude that under low reactant pres-
sures, the reaction mechanism was consistent with the separate reactive site reaction mecha-

nism, while under higher pressure, the common active site reaction mechanism is rather valid.
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Char properties affecting gasification Kinetics

Morphology

Besides characterizing the initial specific surface area and porosity prior to gasification, a lot of
effort is put into describing the evolution of char morphology as a function of conversion degree.
Malekshahian & Hill [99] investigated the effect of pyrolysis and CO» gasification pressure on the
surface area and pore size distribution of petroleum coke using nitrogen and carbon dioxide phy-
sisorption. Nitrogen was used for the determination of total surface area while CO, adsorption
indicated micropore surface area. Fig. A.11 shows the evolution of surface areas measured by N;
(Fig. A.11 (a)) and CO: (Fig. A.11 (b)) as a function of conversion degree during gasification of
petcoke with CO; at 1173 K and CO; pressures between 0.1 - 1.4 MPa. It can be seen that the
surface area measured by both N; and CO; increased with increasing conversion degree, indicat-
ing the enlargement of meso-/macropores as well as micropores during gasification. Further-

more, total and micropore surface area increased significantly during gasification at higher CO;

pressures.
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Fig. A.11. Surface area determined by (a) Nz and (b) COz adsorption as a function of conversion degree
during gasification of petcoke with COz at 1173 K and different pressures: A 0.1 MPa, ¥ 0.5 MPa,

0 1.0 MPa, ® 1.4 MPa [99].

Liu et al. [114] characterized coal char samples in terms of morphology at different conversion
degrees during pressurized gasification with CO;. Fig. A.12 shows BET surface area and pore vol-
ume determined by N; adsorption at 77 K. During gasification with CO., the surface area of the
char samples were significantly increased from 40 to 380 m2 g-! when the carbon conversion

increased from 0 to 0.9. A similar trend was observed concerning the pore volume upon char
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conversion. For conversion degrees above 0.9, pores started to coalesce and collapse, leading to
a disappearance of available surface area for the gasification reaction. The authors conclude that
throughout the entire gasification process, variations of surface area and pore structure deter-

mine the gasification kinetics of the coal char samples investigated.

Guizani et al. [87] investigated the evolution of chemical, textural and structural properties of
biomass chars during atmospheric gasification with CO», H,0 and mixed CO2/H,0 atmospheres.
Their results indicate that gasification with H,0 leads to a higher internal char porosity than CO
at equivalent conversion levels. Furthermore, SEM images and porosity measurements showed
that CO; gasification affects the outer particle surface to a higher extent than the particle core
which may be related to a lower diffusivity of CO, as compared to H,0. Based on their experi-
mental results, the authors conclude that CO; and H;O follow different pathways. In mixed
CO2/H;0 atmospheres, however, these two molecules do not react independently since several

competition and synergy interactions were observed that led to an apparent law of reactivity.
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Fig. A.12. Evolution of surface area and pore volume of coal chars during pressurized gasification
with COz [114].

Comparison between fossil and biogenic solid fuels

The following chapter gives a brief comparison of properties found in fossil and biogenic solid
fuels focusing on their differences and similarities concerning morphology, carbon matrix and

catalytically active ash components affecting the heterogeneous gasification reactions.
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Morphology

Wang et al. [161] studied the CO; gasification kinetics in respect of the physico-chemical proper-
ties of biomass and anthracite chars. In Fig. A.13, SEM images of chars originating from biomass
((a) wheat stalk, (b) rice lemma and (c) pine sawdust) and coal ((d) anthracite) are depicted
[161]. For the wheat stalk char, a vertical texture with a thin skeleton and a porous structure can
be observed. The rice lemma char exhibits an obvious framework structure including large ran-
dom pores. For the pine sawdust char, the authors state that before milling and sieving, the par-
ticles form a honeycomb structure whereas the residual char mainly consists of a slice structure.
On the other hand, the anthracite char particles show a non-uniform surface with no significant
void spaces. The authors conclude that from the SEM images, higher porosity and surface area

for the biomass chars can be deduced. A quantitative analysis of the specific surface areas was

conducted using N physisorption using the BET method confirming this statement.

Fig. A.13. SEM images of chars originating from (a) wheat stalk, (b) rice lemma, (c) pine sawdust and

(c) anthracite [161].
Borrego et al. [162] characterized biomass chars prepared in a drop tube furnace under high
heating rates at 950 °C in atmospheres of nitrogen and carbon dioxide. For their pyrolysis exper-
iments, rice husk, wood chips and forest residues were used as parent fuel. Specific surface area
was determined via N; adsorption at 77 K using BET as well as CO; adsorption at 0 °C using DR.
The authors propose that these two methods can be regarded as complementary since CO; has
difficulties in filling the larger micropores and N exhibits low diffusivity through the small mi-
cropores at 77 K[163]. The results of Borrego et al. [162] show values in terms of specific surface
area determined via BET (N adsorption at 77 K) for the chars prepared in N, atmosphere be-
tween 225 m2 g1 and 277 m? g'1. On the other hand, specific surface area measured using CO
adsorption at 0 °C gave approx. doubled values ranging between 490 m2 g-1 and 552 m2 g-1. These

results indicate that in general, biomass chars pyrolyzed under high heating rates usually have
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high specific surface areas. Additionally, due to the high values for specific surface during ad-
sorption measurements using CO; at 0 °C applying the DR method, it can be deduced that these

chars are highly microporous.

To sum up, the specific surface area of biomass chars is generally higher as compared to fossil-
based solid fuels. However, pyrolysis conditions strongly affect char morphology i.e. specific sur-
face area and pore size distribution. Biomass chars generated under high heating rates usually
have a high specific surface area and are highly microporous. Since the available surface area
might not be a restriction during gasification of highly porous biomass chars, the degree of graph-
itization as well as catalytically active ash components may predominantly determine char reac-
tivity and the course of reaction. However, pore diffusion limitations might become relevant in

case the gasification reaction takes place under regime II conditions (see chapter 2.2.2).
Carbon matrix

Huo et al. [164] characterized the carbon crystalline structure of biomass, coal and petroleum
coke chars using XRD. For the coal and coke chars, the authors obtained narrow and sharp pat-
terns for the diffraction peaks as compared to the biomass chars indicating a higher order of
crystallinity concerning the former chars. Moreover, the graphitization degree was determined
quantitatively by calculating the stacking height of graphene layers L. and the distance between
two graphene layers doo2. The highest values for L. and the lowest values for dooz were found in
the petroleum coke char. Additionally, the higher the coal rank, the higher was the stacking height
of the graphene layers L.. On the other hand, biomass chars were found to have relatively low
stacking heights L. and a larger distance between the graphene layers dooz as compared to the
other samples. The authors correlated higher values for L. (and the smaller the values for do2)
with a higher order of the carbon crystalline structure. This trend was in good accordance with
the observed gasification reactivity. The lowest CO; gasification reactivities were observed for
the chars with the highest values for L. indicating that the chars with the highest graphitization

degree are the least reactive.

Wang et al. [161] compared the carbon crystalline structure of biomass and anthracite chars us-
ing Raman spectroscopy. From the Raman spectra obtained, the authors formed the intensity
ratios of V- and G-Peak (Iv/Ic) and were able to correlate this value with the observed gasification
reactivity towards CO». Again, the sample with the highest graphitization degree (lowest value

for Iy/Ig), i.e. anthracite char, showed the lowest reactivity. Another characterization of biomass
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and coal chars concerning the graphitization degree using Raman spectra is conducted by
Senneca et al. [63]. Walnut shells (WS) and a high-volatile bituminous Colombian coal (CC) were
pyrolyzed in a heated strip reactor (HSR) allowing for high heating rates at temperatures of
1573 K- 2073 K and holding times of 3 s using atmospheres of either N, or CO. The resulting
chars were characterized in terms of reactivity towards oxygen as well as graphitization and
morphology. The authors conclude that the loss of reactivity by “thermal annealing” and struc-
tural reorganization follow similar pathways for coal and biomass. However, the WS chars devel-
oped an even larger degree of structural order upon severe heat treatment as compared to the

coal chars.

Kreitzberg et al. [165] investigated thermally induced changes in the carbon crystalline structure
and CO; gasification reactivity during pyrolysis of biogenic (torrefied poplar wood) and fossil
fuels (Rhenish lignite). Experiments were carried out in a small scale fluidized bed reactor. For
the assessment of thermal deactivation, heat treatment temperatures were varied between
1023 K and 1173 K and holding times between 0 s and 1800 s. The graphitization process was
qualitatively evaluated as a function of heat treatment time at 1073 K using high resolution trans-
mission electron microscopy (HRTEM) and selected area electron diffraction (SAED) patterns.
Based on these patterns, the authors deduce that both fuels undergo a structural conversion from
purely amorphous carbon to a turbostratic structure. For Rhenish lignite, turbostratic carbon
layers with a high degree of ordering were found after 600 s of heat treatment at 1073 K indicat-
ing first fully graphitized regions. On the other hand, the structure of the torrefied poplar char
showed turbostratic arrangements, but no visible carbon layer formations at 600 s were ob-
served. In fact, the carbon structure of the biomass char at 600 s is comparable to the pattern
found for the fossil fuel at 180 s heat treatment time. The authors conclude that the graphitization
process of the Rhenish lignite proceeds more rapidly than the torrefied poplar wood particles.
This effect was also quantitatively validated by the determination of thermal deactivation rates
for both fuels. Despite the higher graphitization degrees of Rhenish lignite chars as compared to
the torrefied biomass for the same heat treatment temperatures and holding times, the fossil fuel
particles show overall higher reaction rates towards CO». Unfortunately, no further information
concerning char morphology (specific surface area, pore structure) and ash elemental analysis is

given by the authors in order to allow for an explanation of this phenomenon.

In conclusion, coal chars usually show a higher order of the carbon crystalline structure often

resulting in a lower reactivity as compared to biomass chars. However, thermal deactivation and
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structural reorganization during pyrolysis follow similar pathways for biomass and coal. For high
pyrolysis temperatures, biomass chars might even develop higher graphitization degrees as com-
pared to coal chars generated at the same pyrolysis conditions. Since chars with high graphitiza-
tion degrees still might be more reactive than those with a lower degree of order, a thorough
examination of the catalytically active ash components inherent in both, biogenic and fossil fuels,

must be considered.
Catalytically active ash components

Due to their different formation processes, biomass and coal may show significantly varying in-
herent ash contents and compositions. Vassilev etal. [166] did an extensive study on the chemical
composition of biomass with special emphasis its ash composition. In order to describe the bio-
mass types investigated, the authors used reference peer-reviewed data for chemical composi-
tions of 86 varieties of biomass. The authors were able to show that the chemical composition of
biomass ash components is highly variable due to extremely high variations in total ash content
and different genetic types of inorganic matter. The following inorganic species were found to be
most abundant in biomass ash (decreasing order of abundance): Ca, K, Si, Mg, Al, S, Fe, P, Cl, Na,
Mn, and Ti. Respective chemical data was found and evaluated for 38 solid fossil fuels. In com-
parison to ash originating from coal, natural biomass ash is highly enriched in Mn > K> P > Cl >
Ca> Mg, Na while being depleted in total ash content, Al, Fe, S, Si, and Ti. Fig. A.14 shows a ternary
diagram based on a chemical classification system of biomass ash including the aforementioned
data of 86 biomass varieties plus algae and 38 solid fossil fuels [141]. Solid points show the mean
ash composition of the fuels investigated. The grey area marks all the reference data concerning
biomass ash emphasizing its large variety in chemical composition (biomass area). With this clas-
sification system, the authors were able to identify four main chemical biomass ash types (S, C, K
and CK type). These can be further specified into seven sub-types with high, medium and low
acid tendencies. Hence, wood and woody biomass ash can be classified as C type with low to
medium acid tendency and a (CaO + MgO + MnO) content above 30 wt. %. For animal biomass
ash, both sums of (CaO + MgO + MnO and K;0 + P05 + SOz + Cl;0) are above 30 wt.-% while (SiO-
+ Al;03 + Fe203 + Na0 + TiO3) is below 40 wt.-% resulting in a CK type with low acid tendency.
Herbaceous and agricultural biomass, grass, straw and residue can be subsumed into K type
ashes with low to medium acid tendency and values for (K;0 + P,0s5 + SO3 + Cl;0) above 30 wt.-
%. Eventually, contaminated biomass ash can be assigned to S type with (SiO, + Al,O3 + Fe;03 +

Na,0 + Ti02) values between 40 and 70 wt.-% being close to solid fossil fuels.
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WWB - Wood and woody biomass SiO,+AlL,O,+Fe,0,+Na,0+TiO,

HAB - Herbaceous and agricultural biomass (mostly glass, silicates and oxyhydroxides)

HAG - Herbaceous and agricultural grass 0y 100
HAS - Herbaceous and agricultural straw :
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Fig. A.14. Ternary diagram including 86 biomass varieties plus algae and 38 solid fossil fuels in the
chemical classification system of biomass ash, wt.-% [141].

The chemical composition of various coal ashes is highlighted with a dashed line (coal area) given
mean values for lignite and (sub-)bituminous coals. It can be noted that ash of solid fossil fuels
would be solely classified as S type with medium or high acid tendencies including high silica and
alumina contents. This phenomenon has strong influence on the gasification behavior of the re-
sulting chars. Since silica and alumina have the tendency to decrease the catalytic activity of po-
tassium [167,168], the catalytic gasification reaction will be less dominating during heterogene-
ous conversion of coal chars. On the other hand, the most abundant inorganic species found in
biomass ashes are calcium and potassium showing strong catalytic activity and increasing the

observed gasification reactivity (see chapter 2.3.3).

To sum up, total ash content and ash composition differ significantly between solid biogenic and
fossil fuels. Among different biomass types, in addition, the encountered inorganic matter com-
position may vary strongly. Vassilev et al. [166] presented an overview concerning the chemical
composition of many biomass varieties and proposed a classification system for biomass ashes
including four major types. The ashes of solid fossil fuels would be assigned to only one type
(type S) of this system. Coals usually have high amounts of silica and alumina that may inhibit
the catalytic gasification reaction. On the other hand, biogenic fuels are generally rich in calcium
and potassium that evidentially catalyze the heterogeneous gasification reaction (see chapter

2.3.3).
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B Materials and methods

Primary chars

Table B.1. Proximate and ultimate analysis of the primary chars.

WC500 HKO06

Proximate analysis / wt.-%, ad

Moisture 2.9 0.9

Ash content 2.0 1.8

Volatiles 26.4 11.8

Ultimate analysis / wt.-%, daf

C 79.7 89.8

H 3.1 2.6

O (diff) 17.2 7.2

N <0.1 0.4
Table B.2. Ash elemental analysis of the primary chars.

Na K Mg Ca Al Si Fe

wt.-%

WC500 0.9 3.2 55 36.1 1.2 8.0 1.4
HKO06 0.8 4.6 6.0 38.2 0.3 2.0 0.7
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Secondary chars

Table B.3. Proximate and ultimate analysis of secondary chars.

WC1600 WC1600n P1400 P1600
Proximate analysis / wt.-%, ad
Moisture 1.1 0.5 0.2 0.0
Ash content 6.6 2.6 1.9 1.6
Volatiles 4.6 2.4 2.5 1.3
Ultimate analysis / wt.-%, daf
C 97.4 97.2 97.2 99.0
H <0.1 <0.1 0.2 0.2
0 (diff) 1.6 2.2 1.9 0.3
N 1.0 0.6 0.7 0.5
Table B.4. Ash elemental analysis of the secondary chars.
Na K Mg Ca Al Si Fe p
wt.-%
WC1600 0.5 9.1 1.6 30.1 3.5 25.8 2.6 n.a.
WC1600n 0.9 4.4 1.1 39.2 1.3 9.0 1.3 n.a.
P1400 1.0 5.5 5.8 35.3 0.3 2.5 0.8 1.7
P1600 0.8 5.1 1.0 39.1 0.3 2.5 0.8 1.5

Impregnated activated carbon

Table B.5. Mass fractions of raw activated carbon (AC) and two impregnated samples AC1Ca

and AC1K determined by ICP-OES.

Ca K Si
mg g¢'
AC 0.8 0.7 2.8
AC1Ca 26.5 0.7 2.8
AC2Ca 57.0 0.7 2.8
AC1K 0.8 25.0 2.8
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Drop-tube reactor

Schematic flow diagram
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Fig. B.1. Flow sheet of the drop tube reactor set-up at EBI ceb, KIT [142].
Detailed description

“The drop-tube reactor (DTR) consists of an oven (HTM Reetz GmbH) with three heating zones
(In1 =200 mm, Iy =917 mm, Iy3 = 200 mm) and a total length of 2000 mm. Each heating zone can
be heated to a maximum temperature of 1700 °C. An alumina oxide reaction tube (Aliaxis
Deutschland GmbH) with a length of 2100 mm and the inner diameter of 20 mm is inserted ver-
tically in the oven. The temperature calibration was conducted with a type B thermocouple,

which was introduced into the reactor from the top under steady-state gas flow. Gas temperature
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profiles for the pyrolysis experiments can be found in the supplementary material section. A co-
axial alumina oxide pipe (length 810 mm, inner diameter 4 mm) was used to feed Argon (tracer
and carrier gas) and the primary char into the reactor. The feeding system consists of a slowly
rotating ceramic disc (Pure Feed DP-4, Schenck Process Europe GmbH) enabling stable solid
mass flow rates of approx. 1 g min-1. The primary char was mixed with the reaction gas at the
beginning of the second heating zone. For the experiments presented in this work, gas velocity
in the reactor was adjusted in order to ensure a gas-phase residence time in the isothermal zone
of 200 ms using N as core flow. N, volume flow was varied between 11.851/min and 17.44 1/min
while Ar flow was varied between 0.52 I/min and 0.76 1/min leading to an N;/Ar ratio of ap-
prox. 23. Ar flow was adjusted in order to ensure similar gas velocities inside the dosing and the
reactor tube. At the outlet of the reactor, the hot reaction gas and secondary char were cooled by
an inert gas quench to temperatures below 400 °C. Subsequently, the char samples were sepa-
rated in a hot gas cyclone and collected in a nitrogen-flushed lock for further analyses. The reac-
tor pressure was controlled by two electrically controlled valves and set to 5 mbar gauge. Product
gas was continuously monitored with infrared photometry (URAS, ABB) and micro gas chroma-

tography (490 Micro GC, Agilent Technologies).” [108]

Gas temperature profiles
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Fig. B.2. Axial gas temperature profiles for the secondary pyrolysis experiments of HK06 between
1000 °C and 1600 °C; steady state gas flow with N2/Ar at 200 ms isothermal residence time [108].
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Pressurized single-particle reactor

Detailed description

“The gas dosing system consists of mass flow controllers (MFC, EL-FLOW, Bronkhorst High-Tech
B.V.) for CO; and argon allowing for volume flows up to 20 1 min-1. Furthermore, one MFC is used
for dosing small amounts of nitrogen that is used as a tracer in the analytic strand. Demineralized
water is stored in a vessel (V= 11) and pressurized with 30 bar helium. Measurement of the liquid
water flow is carried out using a mini CORI-FLOW (Bronkhorst High-Tech B.V.). Steam is gener-
ated in a Controlled Evaporation and Mixing unit (CEM, Bronkhorst High-Tech B.V.) and - together
with a carrier gas - led to the reaction line. A 4-port 2-position valve (V1, VICI) allows the feed
gas mixture which is normally entering the reactor to be switched to the bypass line. With this
arrangement, the reactor line including the reactor can be purged with argon. The tubular reactor
(1200 mm height, 19.5 mm inner diameter) is mounted vertically and can be operated at a pres-
sure of up to 24 bar. The pressure of reaction and bypass line is controlled by back pressure
regulators (EL-PRESS, Bronkhorst High-Tech B.V.). Another 4-port 2-position valve (V2, VICI)
after the back pressure regulators allows the product gases to either be analyzed using infrared
photometry (IR, URAS, ABB) and micro gas chromatography (490 Micro GC, Agilent Technologies)

or directly be sent to the off-gas system.

The char is fed into the reactor batch-wise with a dosing unit that is schematically depicted in
Fig. B.3 (A). The central component of this device is a brass cylinder (a) with a cylindrical bore
where the char is placed prior to the gasification experiment. This brass cylinder can be removed
from the dosing unit in order to fill the bore with char and weigh the sample. When the brass
cylinder (a) is inserted into the dosing unit, it is sealed with PTFE foil. The brass cylinder (a) is
situated beneath a receiver tank (b) that can be flushed with argon in order to remove oxygen
from the dosing unit (valve (d) closed, valves (c) and (e) open). The receiver tank is filled with
quartz wool in order to minimize void space with potential accumulation of oxygen. Prior to each
gasification experiment, the receiver tank (b) was flushed with argon for at least 10 minutes.
Subsequently, the valves (c) and (e) are closed to prevent oxygen from entering the receiver tank
(b) and valve (d) is opened. Argon flows down the conus (f) of the dosing unit and serves as a
carrier gas for the char. Eventually, the brass cylinder (a) is turned by 180 ° and the char falls out

of the dosing unit being carried onto a quartz wool bed inside the reactor by the gas flow.
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Fig. B.3 (B) shows the arrangement inside the single-particle reactor during a gasification exper-
iment. The char sample is placed on a quartz wool bed while the feed gas flows top-down. Be-
neath the quartz wool bed, a quartz glass tube with fused-in quartz frit is located. In order to
measure the temperature of the char sample, a type K thermocouple is inserted via a quartz glass
capillary tube that is fused into the frit. The end of the quartz glass tube is sealed with a stuffing
box packing (not shown in Fig. B.3 (B)), i.e. a ceramic fiber rope that prevents an idle gas flow

past the char sample and the quartz glass tube.” [57]

Dosing unit and inside arrangement

A Ar B ——r -\-
d Pressure vessel
Do
. Feed gas

Char particles
b Quartz wool \
Thermocouple

Quartz frit
a Quartz tube

i Product gas —1

Fig. B.3. Schematic illustration of the dosing unit (A) (a, brass cylinder; b receiver tank; c-e, valves; f
conus) and the arrangement inside the single-particle reactor (B) [57].
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Pressurized thermogravimetric analyzer

Schematic flow diagram
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Fig. B.5. Schematic flow diagram of the pressurized thermogravimetric analyzer set-up at EBI ceb,
KIT.




Chemisorption analyzer

Schematic drawing of the quartz glass reactor system
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Fig. B.6. Schematic drawing of the quartz glass reactor system of the chemisorption analyzer at EBI

ceb, KIT [147].



C Results and discussion

Evolution of char properties during gasification

Adsorption isotherms
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Fig. C.1. Adsorption and desorption isotherms of WC1600n at carbon conversion degrees of (a)
Xc=0.56 and (b) Xc = 0.78; gasification in the DTR at 1000 °C and 1,5 s residence time; adapted from

[143].
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Fig. C.2. Schematic illustration of six adsorption isotherm types [170,171].
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Determination of gasification Kinetics

Gasification kinetics with CO; in pTGA

Table C.1. Kinetic parameters for gasification of WC1600 with CO, using power law ap-

proach.
WC1600
koco, mol(gs barn)t 7.5 105
Epco, k] molt? 248.7
Nco, - 0.35

Gasification kinetics with CO; in pSPR

Table C.2. Kinetic parameters for gasification of P1400 and P1600 with CO2 using power law
approach.

P1400 P1600
koco, mol(gs barn)-1 1.0163 100 5,675 10°

Eaco, Kkl molt 308.7 300.7

nco, - 0.214 0.186

Table C.3. Kinetic parameters for the gasification of P1400 and P1600 with CO; using LH

approach.
P1400 P1600
ko1 mol (g s bar)-! 6.80 108 2.1107
ko3 mol (g s)! 3.0348 1010 2.6775 1010
Eaq k] mol-1 275.9 241.0
Eps k] mol-! 313.7 310.2

Gasification kinetics with H;0 in pSPR

Table C.4. Reaction kinetic parameters for gasification of P1400 and P1600 with H;0 using
power law approach.

P1400 P1600
kou,0 mol(gs barr)1 1.55108 5.7 108
Epn,0 k] molt 263.6 234.8
nH,0 - 0.467 0.445
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Table C.5. Reaction kinetic parameters for gasification of P1400 and P1600 with H,0 using
LH approach.

P1400 P1600
ko4 mol (g s bar)! 6.7 106 1.5 10¢
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Fig. C.1. Modeling of the gasification reaction with H20 for P1400 (A) and P1600 (B) using an LH
approach [57].
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ABSTRACT

This paper presents experimental data and modeling approaches to describe the influence of CO and HO partial
pressure as well as absolute pressure on the gasification kinetics of two different beech wood chars. The chars
were produced at 1400 °C (P1400) and 1600 °C (P1600) at high-heating rates and short residence times in a
drop-tube reactor. The gasification experiments were conducted in a single-particle reactor with forced flow-
through conditions reducing diffusional effects to a minimum. The interpretation of the experimentally deter-
mined reaction rates during gasification with CO,, HoO and its mixture is based on the char properties
(graphitization, ash dispersion and morphology) presented in a previous publication.

During gasification with CO,, P1600 shows higher reactivity as compared to P1400 for all CO, partial pres-
sures and temperatures applied. The higher reactivity of P1600 during CO5 gasification may be explained by a
CaO film on the char surface catalyzing the char-CO, gasification reaction. On the other hand, P1400 shows
higher reactivity towards HoO which may be evoked by the lower graphitization degree and higher specific
surface area. Reaction kinetic modeling for single atmosphere gasification was successfully carried out using a
power law approach. The Langmuir-Hinshelwood model, however, only gave good results where a possible
saturation of the char surface at high pressure was observed.

Increasing the CO, partial pressure during gasification in mixed CO2/H,0O atmospheres leads to higher
reactivity for both chars. The reaction rate ryx can be expressed by addition of the single atmosphere reaction
rates in the low pressure area suggesting a separate active site mechanism. Catalytic activity of CaO increases the
P1600 reactivity distinctively for lower HyO and CO;, partial pressures. For higher HoO and CO,, partial pressures,
P1600 reactivity stagnates due to lower specific surface area and higher graphitization degree. Here, a common
active sites mechanism can be assumed.

1. Introduction

considered as the rate-limiting step for complete fuel conversion, the
knowledge of the gasification kinetics is essential for the design of

The use of low-grade biogenic and fossil fuels in high-pressure
entrained-flow gasification (EFG) allows for the production of high-
quality synthesis gas that can be converted into fuels and chemicals or
used for power generation via integrated gasification combined cycle
(IGCCQ) systems. In the near future, EFG can play an important role in
satisfying the demand for basic chemicals and power [1,2]. In EFG, the
fuel is converted via thermal and thermo-chemical processes i.e. drying,
pyrolysis under high heating rates as well as the subsequent heteroge-
neous gasification reactions of the resulting char in a CO— and HpO-rich
atmosphere. For the achievement of a high cold gas efficiency, a com-
plete char conversion is desired. Since the heterogeneous reactions are

* Corresponding author.
E-mail address: ch.schneider@kit.edu (C. Schneider).

https://doi.org/10.1016/j.fuel.2021.120523

entrained-flow gasifiers [3].

The heterogeneous gasification of char particles is controlled by
process parameters, i.e. temperature, partial pressure of the reactant gas
and process pressure as well as the chemical and physical properties of
the char. Char properties affecting the conversion rate during gasifica-
tion mainly include surface area and porosity, graphitization of the
carbon matrix and inorganic ash components [4-8]. Generally, the
heterogeneous char gasification reactions with CO5 and HO can be
described by an oxygen exchange mechanism [9]. In the case of CO5
gasification, the following reaction mechanism presented in (R1)-(R3) is
widely accepted [9,10].
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G + CO, % c(0) + co (R1)
C(0) +CO S5 ¢ +CO, (R2)
c(0) & co (R3)

Here, Cs represents an active site on the char surface and C(O) a
carbon oxygen intermediate while k;_3 are Arrhenius rate constants. As
can be seen from (R2), the presence of CO exerts an inhibitory effect by
lowering the concentration of the C(O) carbon oxygen intermediate. If a
steady-state assumption is applied and the rate of reaction is described
by the rate of desorption of the carbon oxygen intermediate (R3), the
following Langmuir-Hinshelwood (LH) approach can be used [9].

kipco,
rco, (T Peo, = @
Co, ( Pco, Pco) 1+ %pco n %Pcoz
For low CO concentrations, the inhibitory effect of CO is negligible
and CO partial pressure pco can be set to zero [11]. Furthermore, a
simplified global kinetic model can also be applied (see Eq. (2)).

rco, (Tyl’co:) = ko co, exp( - @>1¢?§3 2
RyT 2

Here, koco, represents the pre-exponential factor, E, co, the activa-
tion energy, Ry the universal gas constant, T the reaction temperature
and nco, the reaction order towards CO,, partial pressure.

The reaction of carbon with steam proceeds similarly to the Bou-
douard reaction but has more possible inhibition steps as summarized by
Hiittinger & Merdes [12].

G + H,05 C(0) + H, (R4)
C(0) +H, 2 C; + H,0 (R5)
c(0) & co (R6)
Cr + H, 2 C(Hy) (R7)
CH)S ¢+ H, (R8)
G + %Hz 5 cH) (R9)

kio

Basically, the reaction steps can be subsumed into two main pro-
cesses: the oxygen exchange mechanism (see (R4)-(R6)) and possible
hydrogen inhibition reactions (see (R7) to (R10)). Again, k4.19 are
Arrhenius rate constants while C(H) and C(H;) represent carbon
hydrogen intermediates. Hydrogen not only inhibits the reaction by
lowering the amount of C(O) carbon oxygen intermediates (see (R5)) but
also by direct adsorption on carbon active sites Cr associatively (see
(R7)) or dissociatively (see (R9)). However, the experimental data pre-
sented within this work was obtained in a simplified system containing
very low amounts of product gases. Thus, this paper focusses on the
oxygen exchange mechanism (see (R4)—(R6)) while inhibitory effects via
adsorption of Hy were not explicitly investigated leading to a simplified
rate expression (see Eq. (3)). This approach is also consistent with pre-
vious experimental studies where kinetic data for the carbon steam re-
action is determined [11,13].

k.
1,0 (T, Pryo, Pu,) = P10 3

I+ ,;_ZPHZ + ,;_ZPHQO

Again, for low Hy concentrations, the inhibitory effect of Hy is
negligible and Hy partial pressure py, can be set to zero [11]. Thus, a
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simplified global kinetic model is applicable as well (see Eq. (4)).

1,0 (T, piy0) = ko,HzoeXP< - EA'HZO)PZ[HZ(? (G
RyT 2

kon,0 represents the pre-exponential factor, E,n,o the activation
energy and ny,o is the reaction order towards H,O partial pressure for
the carbon steam reaction.

In a technical entrained-flow gasifier, CO, and HyO always coexist in
the syngas produced. Thus, knowledge about the dominating hetero-
geneous gasification reaction when both gases are present is required.
According to publications investigating the gasification kinetics of char
in mixed atmospheres of CO, and H50, two possible surface reaction
mechanisms were proposed.

The first mechanism accounts for the existence of active sites that are
suitable for both char-CO, and char-H5O reaction [4,14-18]. Thus, CO,
and H,0 are competing for the same active sites inhibiting each other.
Roberts & Harris [14] investigated the gasification of three Australian
bituminous coal chars in mixtures of CO; and H3O in a thermogravi-
metric analyzer (TGA) at elevated pressure up to 50 bar. Their data
indicate that the gasification rate in a mixture of CO, and H»O did not
add up to the sum of the two pure-gas reaction rates. Thus, they pro-
posed a kinetic equation to interpret their experimental data based on
the assumption that both reactions compete for the same active sites.
Chen et al. [17] investigated the effect of pyrolysis conditions on char
gasification with mixtures of CO2 and H20O in a TGA and a fluidized-bed
reactor using two differently pyrolyzed lignite chars (fast and slow py-
rolysis). The authors report that the char gasification rates in the mixture
of CO, and Hy0 were lower than the sum of the rates of the char reacting
independently with CO, and H0. However, the reaction rates in the
mixed atmospheres were higher than the rate of each independent re-
action for both the fast pyrolysis and slow pyrolysis char gasification.
Furthermore, their results from TGA and fluidized-bed indicate that the
char-H0 reaction was independent of the char-CO; reaction, while the
char-CO; reaction was inhibited by the char-H,0 reaction.

An alternative reaction mechanism for the gasification of chars in
mixtures of CO5 and H,0 is based on the assumption that the char-CO,
and the char-HyO reactions occur at separate active sites [19-23].
Guizani et al. prepared beech wood chars at low [21] and high heating
rate [23] and found that the beech wood char reactivity is fairly rep-
resented by this additive approach for temperatures up to 900 °C and
relatively low reactant partial pressures. Gasification experiments in
mixtures of CO2 and HyO at elevated pressure using a fixed-bed reactor
were carried out by Li et al. [22]. Their results indicate that the domi-
nating reaction mechanism depends on the total pressure applied. They
conclude that under low reactant pressures, the reaction mechanism was
consistent with the separate reactive site reaction mechanism, while
under higher pressure, the common active site reaction mechanism is
rather valid. A short literature review concerning biomass, lignite and
coal char gasification in mixed atmospheres is conducted by Guizani
et al. [21], the quintessence being that no conclusive statement is
possible whether the two reactions are competing or additive.

In literature, a vast amount of kinetic data for the gasification of
fossil [24] and biogenic [25] fuels with both CO, and H50 is available.
However, the kinetic parameters may vary several orders of magnitude
depending on the fuel, the char particle size, the experimental set-up
used and the pyrolysis conditions applied. Pyrolysis conditions affect
graphitization degree of the carbon matrix [26,27], char morphology
[28,29] and dispersion of inorganic ash components [30,31]. In a pre-
vious publication [32], the authors were able to show an effect of both
ash dispersion and graphitization on the gasification rate with CO,. The
investigated beech wood char samples were pyrolyzed in a drop-tube
reactor under high heating rates, short residence times and tempera-
tures between 1000 °C and 1600 °C in order to imitate the process
conditions found in technical entrained-flow gasifiers. Due to thermal
stress during pyrolysis, an increasing graphitization of the carbon matrix
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leads to a decrease in initial conversion rate R, during gasification with
CO4. However, a thin layer of CaO that formed on the char surface at a
pyrolysis temperature of 1600 °C was found to significantly increase the
conversion rate of the char-CO, reaction.

Furthermore, the experimental set-up may have impact on the ki-
netic data obtained. The thermogravimetric analyzer (TGA) is most
widely used for the determination of gasification kinetics of fossil and
biogenic solid fuels [24,25]. However, diffusional effects due to the
limited gas flow through the char sample may evoke artefacts. These
artefacts would lead to observed reaction rates that are not truly
intrinsic but rather a superposition of diffusion processes and the
chemical reaction. Diffusion of the reactant gas through the crucible
freeboard and the char bed must be taken into consideration in order to
verify the kinetic data obtained [33,34]. Therefore, the experimental
process parameters i.e. sample mass, temperature, gas velocity and
reactant partial pressure must be carefully chosen when using TGA in
order to determine kinetic data that are truly intrinsic [35]. It is
important to conduct intrinsic gasification experiments in a TGA at
relatively low temperatures in order to ensure that the diffusion pro-
cesses are always faster than the actual gasification reaction. Especially
for highly reactive bio-chars, the process window for the determination
of intrinsic reaction rates during gasification is narrow in a TGA. Addi-
tionally, when higher pressures are applied in a TGA, even more re-
strictions may occur. Diffusion coefficients are inversely proportional to
pressure (Dag ~ 1/p). Furthermore, the maximum gas flow rate of a TGA
is usually below 1 1/min at standard ambient temperature and pressure
(rather around 50-200 ml/min). Increasing the pressure in a TGA leads
to a proportional decrease of gas velocity towards the crucible as the
volume flow rate at standard ambient temperature and pressure cannot
be further increased. Moreover, high reactant gas volume flows during
pressurized TGA experiments lead to a lot of noise in the mass signal.

Other experimental concepts such as vertically blown reactors (e.g.
fixed-bed reactors) may be more suitable for the determination of
gasification kinetics allowing for the application of wider process
parameter windows. Here, the reactant gas is forced to flow through the
char sample ameliorating mass transport of educt gas to and removal of
product gas from the sample. Wu & Wang [36] investigated the effect of
pressure on the KyCOgs-catalyzed steam gasification of ash-free coal in a
vertically blown reactor. The experimental set-up was operated as a
differential reactor applying steam partial pressures of up to 6 bar and
total pressures of 20 bar. The authors state that diffusional effects can be
eliminated thoroughly by this type of reactor. Furthermore, kinetic pa-
rameters using an nth-order and a LH approach were determined.

From literature review it becomes obvious that kinetic data for
pressurized gasification of biogenic char generated under typical EFG
conditions (high heating rate, short residence time and high tempera-
ture) is rather scarce. For the determination of gasification kinetics at
elevated pressure, a TGA is often used where the elimination of diffu-
sional effects is difficult to be achieved, especially for highly reactive
biogenic chars. Furthermore, gasification kinetics for bio-chars using
CO, Ho0 and its mixture at elevated pressure has not been investigated
extensively to the best of our knowledge. Concerning the dominating
reaction mechanism during gasification of bio-chars in mixtures of COy
and H,0, no conclusive statement about the interdependence of the two
reactions was found in literature.

The aim of this work is to determine the influence of pressure on the
gasification kinetics for two beech wood chars that were produced under
inert conditions at 1400 °C and 1600 °C at high-heating rates and short
residence times in a drop-tube reactor imitating the conditions found
during EFG. These chars exhibited different reactivities towards CO due
to distinct differences in morphology, graphitization and catalytic in-
fluence of ash components arising from their various pyrolysis temper-
atures [32]. The gasification experiments presented in this work are
conducted in a single-particle reactor with forced flow-through condi-
tions reducing diffusional effects to a minimum. The reactant gases flow
convectively through the char particles. It was assured that the reactor
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was operated in a differential way meaning that the reactant gas con-
centration did not decrease >3 vol-% along the particle bed. Thus, all
char particles were able to get in contact with the desired gas concen-
tration and no concentration gradient was formed. Furthermore, the gas
velocity was kept constant at a high level. Consequently, no accumula-
tion of product gas near the char particles occurred as it may happen at
the bottom of a TGA crucible. Since the product gas is swept away by the
gas flow convectively, re-adsorption of product gases on the char surface
is minimized. Product gas re-adsorption could possibly inhibit the
gasification reaction leading to observed reaction rates that are not truly
intrinsic. The interpretation of the experimentally determined reaction
rates during gasification with CO2, H2O and its mixture is based on the
char properties (graphitization, ash dispersion and morphology) pre-
sented in a previous publication [32]. Kinetic parameters for the gasi-
fication of both beech wood chars (P1400 and P1600) with CO5 and H,O
at elevated pressure are derived using an nth-order as well as a LH
approach. Moreover, gasification experiments in a mixture of CO, and
H,0 are carried out in order to further clarify the dominating reaction
mechanism during gasification of biomass chars in CO2/H20 containing
atmospheres. A possible approach for the reaction kinetic modeling in
mixtures of CO5 and H»O is presented for both bio-chars.

2. Materials and methods
2.1. Fuel

Commercially available primary beech wood char (Holzkohlever-
arbeitung Schiitte GmbH & Co. KG) was purchased and used as pre-
cursor for the secondary pyrolysis experiments in the drop-tube reactor
since the same char is utilized in the bioliq® EFG for research operation.
The feedstock which is fed into the entrained flow gasifier of the bioliq®
process is a suspension fuel consisting of bio-char and pyrolysis oil. The
primary char is produced under mild conditions at an estimated pyrol-
ysis temperature of 500-600 °C. Table 1 shows the proximate/ultimate
analysis and the micropore surface area of the primary char. It still
contains approx. 12 wt-% of volatiles and consists of 1.8 wt-% ash and
85.5 wt-% fixed carbon. Furthermore, the organic components consist of
approx. 90 wt-% carbon, 3 wt-% hydrogen and 7 wt-% oxygen (by
difference). The micropore surface area was determined with CO, at 0 °C
and constitutes 394.6 m? g~ . For secondary pyrolysis in the drop-tube
reactor, the primary char was sieved to a particle fraction of 50-150 pm.

The determination of kinetic parameters was carried out using two
secondary chars produced at 1400 °C and 1600 °C in a drop-tube reactor
with a residence time of 200 ms. Prior to the analyses and gasification
experiments, the secondary chars were sieved to a particle fraction of
50-100 um. Table 2 shows proximate/ultimate analysis and the micro-
pore surface area of the secondary chars P1400 and P1600. Both chars
consist almost of pure carbon with values for fixed carbon of 95.4 wt-%
for P1400 and 97.1 wt-% for P1600. Total ash content of both chars is
similar, whereas volatile content of P1400 being 2.5% is almost double
as compared to P1600. Both chars differ significantly in micropore

Table 1
Properties of primary char.

Proximate analysis / wt.-%, ad

Moisture 0.9
Ash content 1.8
Volatiles 11.8
Fixed carbon 85.5

Ultimate analysis / wt.-%, daf

C 89.8
H 2.6

O (diff) 7.2

N 0.4
Micropore surface area / m* g~! 394.6
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Table 2
Properties of secondary chars P1400 and P1600.
P1400 P1600

Proximate analysis / wt.-%, ad
Moisture 0.2 0.0
Ash content 1.9 1.6
Volatiles 2.5 1.3
Fixed carbon 95.4 97.1
Ultimate analysis / wt.-%, daf
C 97.2 99.0
H 0.2 0.2
O (diff) 1.9 0.3
N 0.7 0.5
Micropore surface area / m? g ™! 660.0 126.4

surface area with values of 660.0 m? g~ for P1400 and 126.4 m? g~ ! for
P1600 that can be traced back to a collapse of micropore structure at
1600 °C.

Table 3 shows the ash elemental analysis for both secondary chars
determined by inductively coupled plasma optical emission spectrom-
etry (ICP-OES). The main ash component of these beech wood chars is
calcium with values between 35.30 wt-% and 39.10 wt-%. A decrease of
magnesium content from 1400 °C to 1600 °C can be observed being only
1 wt-% at 1600 °C. For the secondary chars, K/Si ratios are 2.2 and 2.1,
respectively while K/(Si + P) ratios have a value of 1.3 being compar-
atively low (P content of primary char was not determined). Thus, a
deactivation of K by Si and P can be assumed [37,38].

In order to gain a better understanding for the experimental results
presented in this work, a key figure from our previous publication [32] is
shown. In Fig. 1, the most important char characteristics being the initial
conversion rate Ry during gasification with CO2, CaO dispersion D¢ao
and graphitization defined as L, L;}) are summed up in one graph.
Quantification of the CaO dispersion was carried out in a TGA using
temperature-programmed reaction (TPR) and chemisorption of CO5 on
CaO at 300 °C. At 300 °C, CO5, reacts with the CaO atoms on the surface
of ash particles forming CaCOs. Increasing the temperature would lead
to the carbonization of bulk CaO due to diffusion of CO, into the ash
particle [39]. Thus, chemisorption of CO, at 300 °C can be used to
determine the outer surface of CaO particles in the bio-char ash giving a
value for the dispersion of CaO particles in mole surface CaO per gram
char. The radial expansion of graphene layers of the secondary chars L,
as well as the radial expansion of graphene layers of the primary char
L, was determined using X-ray diffraction (XRD) and Scherrer equa-
tion. Further information about the analyses and methods for char
characterization can be found in our previous publication [32]. Con-
cerning the gasification experiments with CO,, Fig. 1 shows a linear
decrease in initial conversion rate Ry for chars produced at pyrolysis
temperatures between 1000 °C and 1400 °C. However, a strong increase
of Ry at a pyrolysis temperature of 1600 °C was encountered. Micropore
surface area of the secondary chars showed no correlation with the
initial conversion rate Ry during gasification with CO,. Graphitization of
the carbon matrix suggested the growth of aromatic clusters and
graphite-like structures for increasing pyrolysis temperatures up to

Table 3
Ash elemental analysis of primary and secondary chars.

Element Primary char P1400C_200ms P1600C_200ms
wt.-%
Ca 38.20 35.30 39.10
K 4.62 5.48 5.05
Mg 6.03 5.80 1.03
Si 2.01 2.51 2.45
P n. a. 1.73 1.52
Na 0.82 0.96 0.84
Fe 0.74 0.84 0.83
Al 0.25 0.28 0.31
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1600 °C. Furthermore, CaO dispersion decreased steadily between 1000
°C and 1400 °C whereas a strong increase can be observed at 1600 °C,
which is in good accordance with the development of the initial con-
version rate Ry as a function of pyrolysis temperature. Furthermore,
SEM/TEM images indicate the formation of a thin CaO layer at 1600 °C
that is presumably responsible for the strong increase in initial conver-
sion rate R during gasification with CO2 (not shown in this work).

2.2. Pressurized single-particle reactor

Gasification experiments were conducted in a pressurized single-
particle reactor that was operated in a differential way allowing only
for very low changes in the educt gas phase composition. A schematic
flow diagram of the reactor system is shown in Fig. 2. The gas dosing
system consists of mass flow controllers (MFC, EL-FLOW, Bronkhorst
High-Tech B.V.) for CO; and argon allowing for volume flows up to
20 1 min~!. Furthermore, one MFC is used for dosing small amounts of
nitrogen that is used as a tracer in the analytic strand. Demineralized
water is stored in a vessel (V = 1 1) and pressurized with 30 bar helium.
Measurement of the liquid water flow is carried out using a mini CORI-
FLOW (Bronkhorst High-Tech B.V.). Steam is generated in a Controlled
Evaporation and Mixing unit (CEM, Bronkhorst High-Tech B.V.) and -
together with a carrier gas - led to the reaction line. A 4-port 2-position
valve (V1, VICI) allows the feed gas mixture which is normally entering
the reactor to be switched to the bypass line. With this arrangement, the
reactor line including the reactor can be purged with argon. The tubular
reactor (1200 mm height, 19.5 mm inner diameter) is mounted verti-
cally and can be operated at a pressure of up to 24 bar. The pressure of
reaction and bypass line is controlled by back pressure regulators (EL-
PRESS, Bronkhorst High-Tech B.V.). Another 4-port 2-position valve
(V2, VICI) after the back pressure regulators allows the product gases to
either be analyzed using infrared photometry (IR, URAS, ABB) and
micro gas chromatography (490 Micro GC, Agilent Technologies) or
directly be sent to the off-gas system.

The char is fed into the reactor batch-wise with a dosing unit that is
schematically depicted in Fig. 3A. The central component of this device
is a brass cylinder (a) with a cylindrical bore where the char is placed
prior to the gasification experiment. This brass cylinder can be removed
from the dosing unit in order to fill the bore with char and weigh the
sample. When the brass cylinder (a) is inserted into the dosing unit, it is
sealed with PTFE foil. The brass cylinder (a) is situated beneath a
receiver tank (b) that can be flushed with argon in order to remove
oxygen from the dosing unit (valve (d) closed, valves (c) and (e) open).
The receiver tank is filled with quartz wool in order to minimize void
space with potential accumulation of oxygen. Prior to each gasification
experiment, the receiver tank (b) was flushed with argon for at least 10
min. Subsequently, the valves (c) and (e) are closed to prevent oxygen
from entering the receiver tank (b) and valve (d) is opened. Argon flows
down the conus (f) of the dosing unit and serves as a carrier gas for the
char. Eventually, the brass cylinder (a) is turned by 180° and the char
falls out of the dosing unit being carried onto a quartz wool bed inside
the reactor by the gas flow.

Fig. 3B shows the arrangement inside the single-particle reactor
during a gasification experiment. The char sample is placed on a quartz
wool bed while the feed gas flows top-down. Beneath the quartz wool
bed, a quartz glass tube with fused-in quartz frit is located. In order to
measure the temperature of the char sample, a type K thermocouple is
inserted via a quartz glass capillary tube that is fused into the frit. The
end of the quartz glass tube is sealed with a stuffing box packing (not
shown in Fig. 3B), i.e. a ceramic fiber rope that prevents an idle gas flow
past the char sample and the quartz glass tube.

Prior to each gasification experiment, the desired reaction temper-
ature was set by means of the type K thermocouple within the quartz
glass capillary in the single-particle reactor under constant argon flow
and atmospheric pressure using the electric furnace. Reaction temper-
atures were varied between 810 °C and 870 °C. During gasification stage
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Fig. 1. Summary of the most important experimental results (CaO dispersion Dc,o, initial conversion rate Ry and graphitization degree L, Ly ) for the secondary
chars pyrolyzed between 1000 °C and 1600 °C [32].

iReaction line Bypass line
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Off-gas
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Filter
Fig. 2. Schematic flow diagram of the single-particle reactor used for pressurized gasification experiments.

of the experiments, the temperature deviations detected where within mixed CO,/H0 atmospheres were carried out using 20 mg. The sample
+ 1 K. Subsequently, the char sample was filled into the bore of the brass mass was determined in preliminary studies in order to eliminate
cylinder and the dosing unit was mounted on top of the reactor after diffusional effects and ensure the differential operation of the reactor
being flushed with argon. For the experiments in COy atmosphere, a maintaining a concentration deviation of the educts below 3 vol-%. After
sample amount of 50 mg was chosen while the experiments in HoO and directing the argon flow through the cone of the dosing unit, the brass
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Fig. 3. Schematic illustration of the dosing unit (A) (a, brass cylinder; b receiver tank; c-e, valves; f conus) and the arrangement inside the single-particle reactor (B).

cylinder was turned by 180° and the char sample fell onto the quartz
wool bed. Immediately after, a slight increase in the CO concentration
was observed via IR in the order of few ppm due to partial combustion of
char with oxygen that was still adsorbed on the char surface. After few
seconds, the CO signal reached baseline level again. The calculated
amount of fixed carbon being combusted in this step was estimated to be
approx. 3.2% for P1400 and 0.6% for P1600 accounting for a worst case
where the whole micropore surface area is occupied with air (21% ox-
ygen and 79% nitrogen). For the calculation, it was assumed that the
edge carbon atoms lie in the (1 0 0) plane and each carbon atom oc-
cupies an area of 8.3.1072° m? [40].

At this stage of the experiment, argon flows through both lines (re-
action and bypass) with 1 1 min~! at atmospheric pressure. Before the
gasification started, valve V1 was set to position B, at which the reactant
gases are led to the bypass line and argon (Ar BY) flows through the
reaction line. Subsequently, the reactant gas composition was adjusted
in the bypass line and the desired system pressure was set in both lines
using the back pressure regulators. The total volumetric flow rate of the
reactant gases was adapted for each experiment in order to maintain a
constant superficial linear gas velocity of 21 cm s~! for the CO, and
10.5 cm s~ ! for the H,0 and mixed atmosphere gasification experiments
at reaction conditions. These values were determined in preliminary
studies and also depend on the chosen sample amounts in order to
eliminate diffusional effects and operate the reactor differentially. The
reactant gas composition was checked using gas phase analytics (IR and
MicroGC) setting valve V2 to position B. Immediately after the gas phase
analysis, valve V2 was switched back to position A. To begin the gasi-
fication experiment, valve V1 was set to position A as well. The change
in product gas concentration was monitored online via IR and the
MicroGC took samples every 3 min. All further data evaluation is based
on the MicroGC measurements. A gasification experiment was termi-
nated when the measured volume fraction of the product gases was in
the range of a low two-digit ppm value and did not change for at least
two MicroGC measurements. An overview of all experiments conducted
for single atmosphere and mixed gasification process conditions can be
found in Tables 4-6.

Table 4
Process conditions during CO, gasification of P1400 and P1600.
Veas Mgample T Pt DPco,
cm st mg °C bar bar
21 50 830 1 1
850 5 5
870 10 10
15 15
20 5
10
15
20
Table 5
Process conditions during H,O gasification of P1400 and P1600.
P1400 P1600
Veas Mgample T Drot DPH,0 DPH,0
cm st mg °C bar bar bar
10.5 20 830 1 0.2 0.2
850 0.4
870 2 0.4 0.4
0.8 0.8
5 0.8
2 2
10 2
5 5

2.3. Determination of carbon conversion X¢

A common definition for carbon conversion X can be written as
follows:

) _ mco — mc(t)

mco

Xel(t %)

Mco = McharXCy;, (6)

Here, mc, represents the initial mass of fixed carbon, mc(t) is the
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Table 6
Process conditions during mixed gasification of P1400 and P1600.
Veas Mgampie T Dot PHz0 Pco,
ems ! mg °C bar bar bar
10.5 20 810 5 0.8 0.8
830
850
830 5 0.8 2
2 0.8
10 0.8 5
2 2
15 2 5
20 5 5

remaining carbon mass at a certain time t, with m,,,, being the char mass
and xc, being the fixed carbon mass fraction of the char sample.
However, the single-particle reactor used in this work does not allow for
the measurement of discrete mass signals. In fact, the carbon conversion
Xc was determined using a carbon balance and gas phase analysis (see
Sections 2.3.1-2.3.3). The carbon mass balance leads to the following
differential equation for a fractional carbon conversion dXc:

Do Me ot @

dt M gasif

e ou(t) is the time dependent molar flow rate of carbon containing
gasification product gases, Mc the carbon molar mass and mc g, the total
mass of gasified carbon. The gasification product gases considered for
fcou(t) differed for each gasification experiment, i.e. CO3, HyO and
mixed CO2/H0 atmospheres. During CO5 gasification, only CO was
taken into account (see Section 2.3.1) while during H»O gasification, CO
and CO; had to be considered due to water-gas shift reaction (see Section
2.3.2). Based on an approach from Chen et al. [17] for mixed CO/H,0
gasification, the volume fraction of hydrogen produced was taken into
account for rc ., (t) during mixed gasification experiments (see Section
2.3.3).

The gasified mass of carbon mc gt can be calculated via integration
of the molar flow rate of carbon containing gasification product gases
Ticou(t) from t = O to the end of the experiment at t.,q and the carbon
molar mass Mc.

Tend
me gasit = Mc / tic ou (7)dt (8)
0

The molar flow rate rn,, of all permanent gases exiting the reactor
and being detected in gas phase analytics was calculated using the ni-
trogen reference flow Vy,, the nitrogen volume fraction yy, (t) and the

molar volume V = 22,414 1 mol . In the frame of this work, molar and
volume fractions were considered to be equal (ideal gas), since gas phase
analytics were operated at atmospheric pressure.

VN2
Ny (t)V

Tou (1) = (C)]

For the subsequent determination of the initial conversion rate Rg
and reaction rate r; (see Section 2.4), the carbon conversion X was al-
ways based on the gasified mass of carbon mc g calculated from gas
phase data as described above. A comparison of mc s with the value of
the initially weighed out carbon mass mco, was conducted for each
experiment allowing for an evaluation of the methodological approach.

2.3.1. Gasification with CO2

During experiments with CO,, the only gasification product gas
considered for ric o, (t) was CO. In this case, the gasified mass of carbon
M gasi,co, is calculated using the CO molar fraction Yo taking into ac-
count the stoichiometry of the Boudouard reaction.
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MC Tend .
MC gasif,CO, = > Yeo () how (2)dt (10)
0

T .
Yeo () riow (t)dt
Xe gasit.co, (1) = M
fO yco(l)nou[(l)dl

Based on this approach, the carbon conversion X¢ always reaches the
value 1 at the end of an experiment as the carbon balance is carried out
for the gas phase. Comparing the initially weighed out amount of carbon
Mc,o With Mc ggifco,, the carbon mass balance was closed between 78%
and 98% for the gasification experiments with COs.

an

2.3.2. Gasification with H,O

The carbon containing product gases during gasification with Hy0
included not only CO but also COs. Since CO can be converted to CO5 via
water-gas shift (WGS) reaction in the presence of H,O, both gases were
considered as a measure for the amount of carbon gasified. Due to the
low amount of methane (two orders of magnitude lower than the other
product gases) found in the product gas, CH4 was neglected in the car-
bon balance. The error in carbon balance was estimated to be approx.
0.5%. The mass balance based on the initially weighed out amount of
carbon mc was closed between 66% and 93% for the gasification ex-
periments with H»O.

lend
Me gasit 1,0 = Mc / (Yo (1) + Yeo, Jriou(t)dt 12)

0

ﬁ; (yco (l) + y(joz )l’inm (l‘)dl
Xc gasit, B = - 13
C,gasif H olt) ﬁ,md (eo(?) +YCoz)ﬂom(t)dl 13)

2.3.3. Gasification in mixed CO/H20 atmospheres

For the gasification in mixed COy/H,O atmospheres, another
approach had to be taken since it is difficult to distinguish between CO,
from the feed gas and CO, formed due to WGS reaction converting CO in
the presence of Hy0. According to Chen et al. [17], the following re-
actions need to be taken into account during mixed gasification
(methane formation being neglected).

a C+CO,=2CO (R11)
b C+H,0=H, +CO (R12)
¢ CO+H,0=CO, +H, (R13)

Introducing global reaction rates a, b and c (in mol s’l) for (R11)—
(R13), the following expressions can be written for the molar flow rates
of the gasification product gases involved. The consumption of carbon is
considered in Eq. (17).

I’ico =2a+b—c (14)
I’i].[: =b+c (15)
fico, = —a+c (16)
—fic=a+b 17)

From Egs. (14), (15) and (17), the carbon consumption ric can be
rewritten as the molar flow rate of carbon containing gasification
product gases fic oumix(t) during mixed COy/H20 atmosphere gasifica-
tion using CO and Hy molar fractions. The mass balance based on the
weighed out amount of carbon mcy was closed between 57% and 75%
for the gasification experiments in mixed CO/H,0O atmospheres. A
possible source of error for the lower balance closures during H,O and
mixed Hy0/CO;, gasification is the absorption of CO5 in the condensing
water after the reactor. The CO, containing water is extracted from the
system in the steam trap that is operated at reaction pressure. Thus, the
higher the reaction pressure, the more CO5 was solved in the water and
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removed from the system. This reduces the total molar flow rate n,, and
the CO; concentration prior to gas phase analysis and therefore worsens
the carbon balance. Another reason is that for balancing purposes, only
permanent gases were taken into account. The steam trap is operated at
5 °C. A complete removal of water from the product gas is technically
hard to achieve without increasing the delay time of the whole plant
dramatically. Thus, the product gas still contains water to a small extent,
which corresponds to the dew point concentration at 5 °C. This amount
of water was neglected in the carbon balance calculations.

Concerning the gasification in mixed HyO/CO5 atmospheres, more
Micro GC calibration points for hydrogen in the low ppm area
(<5000 ppm) could have further minimized errors and ameliorated the
carbon balance.

Tico + fi, ~ Yeo(t) +Vm, (1)

- }’ic =a+ b= = ”iC,om.mix(I) = ) ﬂoul(t) (18)
Tend t t
me gasit,mix = Mc / Mﬂoul(l‘) dr 19)
0
o[ et (1) | e
XCgasif.mix (t) = (20)

f(;end Yco (t);rsz (t)l’ium(t) dt

2.4. Determination of reaction rate r;

Carbon conversion X¢(t) was determined using gas phase analytics
and the equations presented in Section 2.3. The conversion rate Ry can
be calculated via carbon balance as presented in Eq. (21).

_dXc _ Mc
= —C =

i oul 21
dt mC.gam‘nC' (1) (2D
Furthermore, Ry is defined by a rate coefficient R(T,p) and a struc-
tural term F(X) [25]:

dX

Ry ==5=R(T.p)F(Xc) (22)
In the frame of this work, the Uniform Conversion Model (UCM) was

used to model the conversion process resulting in a structural term of F

(Xc) =1 - Xc [41] and the following expression:

X~
t
dt |y
Xc(t) = 1 —exp(—Ryt) (25)

Ry is defined as the initial conversion rate, which was determined by
a least-square fit in the carbon conversion range between 20% and 50%
(see Fig. 4). In the frame of this work, the focus was to determine the
initial conversion rate Ry by fitting the carbon conversion curve between
20% and 50% using the idealized particle conversion model UCM. The
UCM treats the fuel particle as a homogeneous body where the gasifi-
cation reaction occurs uniformly. However, reactivity of the char might
highly change in the course of the reaction due to changes in
morphology, ash dispersion and graphitization throughout carbon
conversion. Therefore, it was decided to use an early stage of gasification
for the determination of a characteristic value of Ry in order to be able to
interpret the results based on the char properties analyzed prior to
gasification. The carbon conversion range between 20% and 50% was
chosen in order to minimize the effects of gas switch at the start of each
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Fig. 4. Carbon conversion X and exponential fit curve for the determination of
the initial conversion rate R, during gasification of P1400 with CO, at 870 °C
and 1 bar in the single-particle reactor.

experiment. Furthermore, the char properties for higher conversion
degrees may have changed and were not characterized. Every gasifica-
tion experiment was repeated two to three times.

Eventually, the reaction rate r; (i = CO3, H20, mix) is calculated using
the initial conversion rate Ry and the molar mass of carbon Mc. All
further reaction kinetic parameters were calculated using the experi-
mentally determined reaction rates r;.

R

= (26)
Mc

i

3. Results and discussion
3.1. Gasification experiments with CO2

3.1.1. Raw data evaluation

Fig. 5 shows the CO volume fractions yco and carbon conversion
curves Xc gif,co, during gasification of P1400 and P1600 with CO, at
830 °C and a total pressure of 1 bar. Carbon conversion Xc gasif,co, Was
calculated using Eq. (11). Both char samples show decreasing CO sig-
nals, however, P1600 starts with a higher volume fraction of approx. 0.8
vol-% and decreases faster than the sample P1400. Therefore, the at-
mospheric gasification experiment with P1600 at 830 °C is already
terminated after 100 min whereas the gasification of P1400 lasts approx.
20 min longer. The high starting value and steep decrease of yco for
P1600 leads to a faster increase of carbon conversion Xc gsir,co, and
thus, to a higher initial conversion rate Ry. Furthermore, the decreasing
course of yco, which was especially pronounced during gasification of
P1600, is an indication for Ca catalyzed gasification reaction. Another
indication for Ca catalysis during CO, gasification may be a decreasing
course of conversion rate Ry which is directly correlated with the CO
volume fraction yco as presented in Eqs. (10) and (21). Struis et al. [42]
investigated the catalytic activity of different metal elements (Na, K, Ca,
Mg, Zn, Pb, Cu) found in waste wood ashes. They observed a high cat-
alytic activity of alkaline earth nitrate salts during the early gasification
stage followed by decreasing reaction rate for the whole carbon con-
version range. The authors presumed that this decrease arises from
sintering of the resulting alkaline earth metal oxides lowering their
dispersion on the char surface. Another correlation between char-CO,
reactivity and CaO dispersion was found by Cazorla-Amoros et al. [43].
The authors investigated the dispersion and sintering of Ca species on
carbon samples during pyrolysis and gasification with CO,. Their results
indicated that Ca dispersion decreased with increasing carbon conver-
sion during gasification with CO5 suggesting a deactivation mechanism
presumably due to sintering processes. As expected from the results of
our previous work [32], the higher initial conversion rate Ry of P1600
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Fig. 5. CO volume fraction yco and carbon conversion X¢ gsir,co, during gasification of P1400 (A) and P1600 (B) in CO, at 830 °C and 1 bar total pressure.

during gasification with CO, was observed for all CO, partial pressures
and temperatures investigated due to the formation of a thin CaO layer
catalyzing the gasification reaction (also see Figs. 7 and 8).

For pco, = 20 bar, however, both chars showed similar reaction rates
(see Fig. 8). Here, the total gasification time of both chars was similar
and amounted to approx. 60 min (see Fig. 6). Furthermore, CO volume
fractions yco were in the range of 0.02 for P1400 and 0.03 for P1600,
respectively. In comparison to the experiments at lower pressure, a CO
volume fraction plateau was obtained for the first 20 min of gasification.
This plateau also effects the shape of the carbon conversion curve X¢
becoming more linear and may be interpreted as some sort of saturation
of the char surface for this CO5 partial pressure and the corresponding
char.

3.1.2. Influence of temperature

Arrhenius plots for the gasification of P1400 and P1600 with CO;
partial pressures between 1 bar and 20 bar and temperatures between
830 °C and 870 °C are depicted in Fig. 7. For P1400, an increase of
temperature and CO; partial pressure leads to an increase in reaction
rate. The slope of the lines for a constant partial pressure are almost
parallel suggesting no diffusion limitations during the kinetic measure-
ments. Furthermore, the mean activation energy of the P1400 gasifica-
tion experiments with CO, was 310.8 kJ mol ! being rather at the upper
limit of the activation energies presented in literature for biogenic char-
CO4 gasification [25]. The high values for the activation energies

obtained may also be an indication for the absence of diffusional effects,
i.e. the determination of true microkinetics. For P1600, small differences
in the Arrhenius plot can be observed compared to P1400. The mean
activation energy of the P1600 gasification experiments with CO2 was
slightly lower and accounted for 301.1 kJ mol~'. The large difference in
reaction rate rco, between the 1 bar and the 5 bar experiments becomes
apparent. During gasification of P1600, a slight increase of pco, in the
low pressure area induces a high increase in char-CO, reaction rate.
Furthermore, a saturation for the high pressure area can be observed. An
increase of pco, from 10 bar to 15 bar only marginally increases the
reaction rate. Additionally, the increase of pco, from 15 bar to 20 bar
does not lead to a further increase in reaction rate. It can be assumed that
a saturation of the char surface is achieved starting at pco, = 15 bar for
the sample P1600. The lower specific surface area (micropores) of
P1600 with 126.4 m? g~! in comparison to the sample P1400 with
660.0 m? g~ may be a reason for the saturation of the char surface at
higher CO» partial pressures.

Fig. 8 shows an Arrhenius plot of P1400 and P1600 for 1 bar, 10 bar
and 20 bar CO4, partial pressure to facilitate a direct comparison between
both char samples. Once again, it is remarkable that the reactions rates
rco, of P1600 are higher than the rates of P1400 for one constant
pressure despite the higher graphitization degree and the lower micro-
pore surface area of P1600. Higher char-CO reaction rates of P1600
compared to P1400 were determined for all reaction conditions inves-
tigated. At the highest pressure of 20 bar, however, both chars showed
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Fig. 6. CO volume fraction yco and carbon conversion X gasir,co, during gasification of P1400 (A) and P1600 (B) in CO, at 830 °C and 20 bar total pressure.
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similar reaction rates towards CO».

3.1.3. Influence of total pressure and CO partial pressure

In Fig. 9, the char-CO, reaction rates are depicted as a function of
CO9, partial pressure. Experiments were conducted either with varying
total pressure (P = Pco,, dark symbols) or with constant total pressure
of 20 bar for varying CO, partial pressures between 5 bar and 15 bar
(open symbols). Results indicate that the influence of total pressure may
be negligible as the experiments with a constant total pressure are
mostly within the standard deviation of the experiments where CO2
partial pressure equals total pressure. Slight differences between both
experimental approaches may have arisen from the rather high dilution
of product gases at a total pressure of 20 bar. Thus, the important
parameter was considered to be CO, partial pressure or CO5 concen-
tration, respectively. Therefore, only the experiments where CO5 partial
pressure equals total pressure were taken for modeling purposes (see
Section 3.1.4). Concerning the comparison between both chars,
following observations can be made: CO3 reaction rate rco, of P1400
increases almost linearly with increasing CO; partial pressure showing
no signs of saturation at high pressures. On the contrary, the CO5 re-
action rate of P1600 increases strongly between 1 bar and 5 bar and
forms a plateau at higher pressures as could also be seen in the Arrhenius
plot (see Fig. 7).
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Fig. 9. Influence of total and CO, partial pressure on reaction rate rco, during gasification of P1400 (A) and P1600 (B) (T = 830-870 °C, diluting gas: argon).
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3.1.4. Reaction kinetic modeling

Power law. Fig. 10 shows the experimentally determined reaction rates
rco, of P1400 and P1600 modeled with a power law approach (see Eq.
(2)). The corresponding model parameters kg co,, Ea co, and nco, can be
taken from Table 7. Results indicate that basically, power law is a
suitable approach for modeling pressurized char-CO. gasification of
both samples. However, the specific characteristics of each char that are
induced by its pre-gasification history and origin are rather poorly
represented i.e. the linear increase of rco, with increasing CO, partial
pressure during gasification of P1400 cannot be adequately described
using a power law approach. In addition, the reaction rates at 20 bar are
rather underestimated. Concerning the sample P1600, a saturation at
CO4, partial pressures of 10 bar and above was determined. Again, the
power law approach is not able to describe this phenomenon for very
high pressures and overestimates the values at pco, = 20 bar. All
experimental values determined during pressurized gasification of
P1400 and P1600 with CO5 can be modeled within a deviation of &+ 20%
using the power law approach.

In order to compare the kinetic parameters determined in this work
with similar studies, a discussion based on the values reported in liter-
ature is conducted for CO2 and H»O gasification, respectively. Fermoso
et al. [44] investigated the gasification reaction of pine wood chars with
CO5, that were pyrolyzed in a drop tube reactor at 1000 °C and 1400 °C.
The gasification experiments were conducted in a TGA at elevated
pressure. During high-pressure experiments, the activation energies
obtained (144 kJ mol1-164 kJ mol™1) were rather low as compared
to the activation energies determined at atmospheric pressure
(184 kJ mol '-246 kJ mol™1). This might be an indication for artefacts
(e.g. diffusional limitations) evoked by the experimental methodology
due to a limited gas flow (75 cm® min~!) in the TGA resulting in a low
gas velocity during high-pressure experiments. Besides, several particle
conversion models were used i.e. the volumetric model, the grain model
and the random pore model. No significant differences in the calculated
activation energies were observed using these three models.

Another work was published by Cetin et al. [45] concerning pyrolysis
and gasification of different biomass types (pine, eucalyptus and
bagasse). Pyrolysis was carried out at 950 °C in a wire-mesh reactor at
high heating rates (500 K s~1) while pressurized gasification experi-
ments were conducted in a TGA. Their results indicate that the kinetic
parameters obtained are strongly dependent on the biomass type
investigated. The determined activation energies range between 198 kJ
mol ! for bagasse chars and 238 kJ mol ! for pine wood chars.

Gasification experiments with COy in a fixed-bed reactor using
different coal chars have been carried out by Li et al. [46]. The coals
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Table 7
Kinetic parameters for gasification of P1400 and P1600 with CO, using power
law approach.

P1400 P1600
ko.co, mol (g s bar®)~! 1.0163-10%° 5.675-10°
Eaco, kJ mol ! 308.7 300.7
nco, - 0.214 0.186

(lignite, sub-bituminous coal, anthracite) were pyrolyzed at 900 °C for
30 min prior to gasification. The shrinking core model was used to
describe the particle conversion during gasification while relatively low
activation energies ranging between 120 kJ mol~! and 209 kJ mol~!
were obtained. Furthermore, the reaction orders n during CO gasifi-
cation (0.264-0.312) were similar to the ones presented in this work.
The authors were able to show an effect of coal rank on the activation
energies determined: the higher the coal rank of the chars, the higher the
activation energy obtained. This effect might be caused due to higher
degrees of graphitization for increasing coal ranks. Since the beech wood
chars investigated in the frame of this work also exhibit a high degree of
graphitization (see Section 2.1) due to pyrolysis at very high tempera-
tures, this might be an explanation for the relatively high activation
obtained during CO; gasification.

Atmospheric gasification experiments with chars originating from
beech wood were conducted by Guizani et al. [23]. Reaction kinetic
parameters were obtained during gasification of beech wood chars that
were pyrolyzed at 850 °C-950 °C with a heating rate of approx.
100 K s~L. The pyrolysis step was carried out in-situ in a TGA directly
before initiating the gasification process. The authors used the char
reactivity at a carbon conversion degree of 50% for their kinetic
modeling approach. The activation energy was determined to be 154 kJ
mol ! being relatively low as compared to the present work. However,
this discrepancy may be again explained by differences in the char
properties i.e. different graphitization degree due to varying pyrolysis
conditions.

Langmuir-Hinshelwood. Fig. 11 shows the CO, reaction rates rco, of
P1400 and P1600 modeled with an LH approach (see Eq. (1)). Model
parameters ko 1, ko 3, Ea 1 and E4 3 can be taken from Table 8. The linear
increase of rco, with increasing CO; partial pressure during gasification
of P1400 is even poorer described with the LH approach than with
power law. The low pressure area up to 10 bar is overestimated while the
high pressure values are underestimated. In terms of parity plot, one
point was out of the 20% interval and 4 points were close to the 20%
deviation. On the other hand, the saturation of P1600 for high CO5
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Fig. 10. Modeling of the gasification reaction with CO, for P1400 (A) and P1600 (B) using power law approach.

11



C. Schneider et al.

Fuel 299 (2021

) 120523

0.00025 0.00025
P1400 A P1600 B
© 0.00020 - A 870°C  0.00020 4 A 870°C
o @ 850°C o @ 850°C A
S m 830°C A 2 m 830°C
: : s 5
— 0.00015 A A — 0.00015 A 870 °C model
Q' e}
AN
2 870 °C model =
2 A 2
© 0.00010 - i © 0.00010 - 4 .- O 1)
4
S ¥ i ® 5 ® 850 °C model
° 850 °C model S
&“3 0.00005 1 © i S 0.00005-4 © — —n
— - © el —— 830 °C model
= 830 °C model
0.00000 . . . . 0.00000 . . . .
0 5 10 15 20 25 0 5 10 15 20 25

CO, partial pressure pgo, / bar
Fig. 11. Modeling of the gasification reaction with CO,
Table 8

Kinetic parameters for the gasification of P1400 and P1600 with CO, using LH
approach.

P1400 P1600
ko1 mol (g s bar) ! 6.80-10° 2.1.107
kos mol (g 5)~! 3.0348-101° 2.6775-10'°
Exq kJ mol ! 275.9 241.0
Eps kJ mol~! 313.7 310.2

partial pressures can be modeled precisely using LH approach. Almost
all values for P1600 lie within 10% parity. The LH approach describes
pressurized gasification of P1600 with CO5 to full satisfaction.

In summary, it can be stated that the power law approach is suitable
to describe gasification kinetics of both chars with CO, up to a total
pressure of 20 bar. However, the saturation during gasification of P1600
applying high pressures (pco, > 10 bar) cannot be modeled adequately.
Here, the LH approach gives good results, whereas the linear increase of
rco, With increasing CO; partial pressure during gasification of P1400 is
described very poorly using the LH approach.

CO, partial pressure pgo, / bar

for P1400 (A) and P1600 (B) using an LH approach.

3.2. Gasification experiments with H,O

3.2.1. Raw data evaluation

Fig. 12 shows the CO and CO volume fractions and carbon con-
version curves during gasification of P1400 and P1600 at 830 °C in a
mixture of HyO and Ar. The total pressure was 2 bar while the partial
pressure of HyO was 0.4 bar (rest Ar). The carbon conversion Xc gusif 1,0
is calculated using Eq. (13). In general, HyO gasification reaction was
much faster compared to CO3 gasification, as can also be seen in liter-
ature [25]. Even at HyO partial pressures of only 0.4 bar and a gasifi-
cation temperature of 830 °C, carbon conversion Xc gusirH,0 reached
approx. 0.8 within the first 60 min for both char samples. Furthermore,
the course of product gas concentrations was rather constant up to a
carbon conversion of 0.8 leading to a more linear conversion curve
compared to gasification with CO,. During HyO gasification of P1400,
CO2 and CO volume fractions were similar at the beginning of the
experiment. Both gas concentrations were diverging from each other up
to 40 min gasification time. Here, namely at approx. 0.7 carbon con-
version, an increase of yco, was observed and followed by a steep
decrease in both yco and yco,. This decrease was always encountered
during gasification with HyO at a certain carbon conversion degree
(mostly between 0.7 and 0.8) depending on the sample and the process
conditions applied. The gasification process with HyO should be
considered as finished at this stage of the experiment. The course of the
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product gas concentration may be caused by fragmentation of the char
particles and back-mixing effects in the exhaust-gas line of the experi-
mental set-up. Since H,O gasification was much faster than CO,, the
volume fractions of the product gases decreased erratically from a
higher level compared to CO, gasification where a steady decrease of CO
concentration was observed. However, for the determination of initial
conversion rates R, the experimental and methodological approach
should deliver reasonable and reliable data.

Concerning gasification of P1600, again, at around 0.8 carbon con-
version, a steep decrease in product gas concentration was observed
suggesting that gasification was mainly terminated. Furthermore, CO5
volume fraction was approx. 4 times the value of yco. Therefore, it was
essential to consider all carbon containing product gases in order to
determine a valid initial conversion rate Ry because of possible changes
in product gas concentration due to water-gas shift equilibrium. The
existing set-up did not allow to measure the temperature profile of the
lower part of the reactor. Therefore, slight differences in product gas
concentration could occur because gas temperature at the exit of the
reactor may have varied. For future experiments, the simple type K
thermocouple recording char temperature will be substituted by a
multipoint thermocouple that allows for the recording of a temperature
profile in the lower part of the reactor including gas exit temperature.

3.2.2. Influence of temperature

Fig. 13 shows Arrhenius plots for the gasification of P1400 and
P1600 with HoO partial pressures between 0.2 bar and 5 bar and tem-
peratures between 830 °C and 870 °C. Argon was used as carrier gas and
H20 volume fraction was set between 0.2 and 0.5 in the feed gas-H20
Arrhenius plots can be subsumed since similar trends were observed for
both char samples. As for gasification with CO,, reactions rates ry,o
increase with increasing temperature and reactant gas partial pressure.
From the Arrhenius plots, no saturation at the highest pressures inves-
tigated can be deduced. The mean activation energy of the P1400
gasification experiments with H,O was 263.6 kJ mol ! being lower than
activation energies for biogenic char-CO, gasification which is consis-
tent with literature data [25]. The mean activation energy of the P1600
gasification experiments was slightly lower compared to P1400 and
amounted to 234.8 kJ mol . Both values for Ea n,0 are also situated in
the upper range of activation energies for biogenic char-H5O gasification
reported in literature [25]. Again, this may be an indication for the
absence of diffusional effects and the determination of true
microkinetics.

Fig. 14 shows an Arrhenius plot of P1400 and P1600 for H,O partial
pressures of 0.2 bar, 0.8 bar and 5 bar to facilitate the direct comparison
between both char samples. It becomes apparent that P1400 shows
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Fig. 14. Arrhenius plot for the gasification of P1400 and P1600 with H,O
(Pu,0 = 0.2 bar, 0.8 bar, 5 bar and T = 830-870 °C, diluting gas: argon).

higher reactivity towards HyO than P1600 which is contrary to the re-
sults of CO, gasification. However, this finding is what would normally
be expected from literature taking into account the higher pyrolysis
temperatures of P1600 inducing thermal deactivation due to higher
degrees of graphitization and lower micropore surface area. Therefore, it
can be stated that the catalytically active CaO film being responsible for
the higher initial conversion rates Ry of P1600 during gasification with
CO», is of minor significance when gasification is carried out with HyO.
Thus, the dominating char properties affecting HoO reactivity were
considered to be constitution of carbon matrix (i.e. graphitization de-
gree) and micropore surface area.

3.2.3. Influence of total pressure and H2O partial pressure

Fig. 15 shows an Arrhenius plot illustrating the influence of total
pressure during HyO gasification experiments. Gasification was con-
ducted with P1400 using three different HoO partial pressures (0.4 bar,
0.8 bar and 2 bar) and varying total pressures (1 bar, 2 bar, 5 bar and 10
bar). Results indicate that very similar reaction rates and activation
energies were obtained using two different total pressures. Experiments
with py,0 = 0.8 bar and total pressures of 2 bar and 5 bar, respectively
deviated slightly more from each other. Generally, two reasons for
possible deviations using different total pressures were identified. First,
errors may arise due to higher dilution of product gases at high pres-
sures. Since superficial linear gas velocity was constant during
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Fig. 13. Arrhenius plots for the gasification of P1400 (A) and P1600 (B) with H,O (pn,0 = 0.2-5 bar, yy,0= 0.2-0.5 and T = 830-870 °C, diluting gas: argon).
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Fig. 15. Influence of total pressure on reaction rate ry,o during gasification of
P1400 with HyO (T = 830-870 °C, diluting gas: argon).

experiments, volumetric flow rates increased with increasing total
pressure. Therefore, product gas concentrations were lower and more
difficult to detect using the MicroGC during high pressure experiments.
Another possible cause for deviations in the reaction rate determined
may originate from absorption of product gases in the condensing water
of the steam trap. The three most abundant product gases identified
during H50 gasification were Hy, CO and COs. Hy and CO have relatively
low solubility in water compared to CO, and may be negligible [47].
Furthermore, CO, volume fractions were found to be higher than CO in
the exhaust gas suggesting that water—gas shift reaction took place to a
certain extent. Increasing the total pressure would lead to significant
absorption of CO, in water [48] resulting in removal of carbon from the
system worsening carbon balance closure. Both phenomena would lead
to a shorter reaction time und thus, higher reaction rates applying higher
total pressures which is exactly what can be seen in Fig. 15. Conse-
quently, reaction kinetic measurements with HyO were conducted using
rather low total pressures while keeping H2O volume fractions ymu,o
between 0.4 and 0.5 during the experiments above atmospheric
pressure.

Fig. 16 shows the reaction rates ry,o of P1400 and P1600 as a
function of H,O partial pressure. It can be concluded that P1400 exhibits
higher reaction rates for all process conditions investigated during H,O
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Fig. 16. Influence of HO partial pressure on reaction rate ry,o during gasifi-
cation of P1400 and P1600 (T = 830-870 °C, diluting gas: argon).
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gasification presumably due to lower specific surface area and higher
graphitization degree of P1600. Furthermore, no saturation at higher
pressures was observed for both chars and the course of experimental
data can be well described using a root function. Reaction kinetic
modeling of HyO gasification is presented in Section 3.2.4.

3.2.4. Reaction kinetic modeling

Power law. Fig. 17 shows the experimentally determined reaction rates
ru,0 of P1400 and P1600 modeled with a power law approach (see Eq.
(4)). The corresponding model parameters ko 11,0, Ea 1,0 and ny,o can be
taken from Table 9. Results indicate that power law is a very suitable
method for modeling pressurized char-H0 gasification of both samples
within the process conditions presented in this work. The quality of the
power law model was again tested in a parity plot giving a very high
goodness of fit. All experimental values determined during pressurized
gasification of P1400 and P1600 with H,O were at least within a devi-
ation of + 10% using the power law approach.

LH approach does not give good modeling results for both chars since
saturation effects were not detected under the process conditions
applied. Therefore, LH diagrams and the corresponding model param-
eters are not shown here but can be found in the supplementary data
section.

Again, a comparison with kinetic parameters found in literature is
conducted. Li et al. [46] investigated different coals (lignite, sub-
bituminous coal, anthracite) in terms of reactivity towards COy and
H50 in a fixed-bed reactor (cf. Section 3.1.4). For gasification with H,O,
the activation energies obtained with the shrinking core model were
relatively low ranging between 114 kJ mol™! and 138 kJ mol~! as
compared to the present work. The trend observed during CO, gasifi-
cation concerning higher activation energies for higher rank coals is still
valid for HyO gasification. Furthermore, the reaction orders n during
H,0 gasification (0.428-0.493) were similar to the ones presented in
this work. The effect of coal rank on activation energy during gasifica-
tion of different coal chars with H5O in a fixed-bed reactor was also
observed by Yan et al. [49].

Guizani et al. [23] obtained a relatively low activation energy of
139 kJ mol~! during atmospheric gasification of beech wood char with
H0 (cf. Section 3.1.4) as compared to the present work. Again, the
rather mild pyrolysis conditions may be an explanation for this
discrepancy.

Roberts & Harris [50] and Matsuoka et al. [51] investigated the
pressurized gasification reaction of various coal chars with H,O and
obtained activation energies in the range of 221 kJ mol™! to
235 kJ mol ! and 250 kJ mol ™}, respectively, both using the uniform
conversion model. These activation energies are very similar to the ones
presented in this work. Roberts & Harris [50] produced coal chars
at 1100 °C with a residence time of 3 h and a low heating rate of
10 K min ! and conducted the subsequent gasification experiments in a
pressurized TGA. Matsuoka et al. [51] generated coal chars at 900 °C in
a bubbling fluidized bed reactor where the gasification experiments with
H50 were conducted as well.

3.3. Gasification experiments in mixed H,O/CO2 atmospheres

3.3.1. Raw data evaluation

Fig. 18 shows the CO and Hy volume fractions and carbon conversion
curves during gasification of P1400 and P1600 at 830 °C in a mixture of
CO2, Ho0 and argon. Total pressure was 5 bar while partial pressures of
CO4 and Hy0 were 0.8 bar, respectively (rest argon). The carbon con-
version Xc gasir,mix Was calculated using Eq. (20). The main characteristics
of the product gas concentrations during mixed gasification appear to be
a superposition of both single atmosphere gasification experiments.
First, Hy and CO volume fractions decrease steadily up to carbon con-
version degrees of approx. 0.8. Especially, the decrease of the product
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Fig. 17. Modeling of the gasification reaction with H,O for P1400 (A) and P1600 (B) using power law approach.
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Reaction kinetic parameters for gasification of P1400 and P1600 with H,O using
power law approach.

P1400 P1600
ko,0 mol (g s bar™) ! 1.55-10° 5.7-10°
Eanyo kJ mol ! 263.6 234.8
Ni1,0 - 0.467 0.445

gas concentration during P1600 gasification with a steep slope reminds
of the course of CO during single CO, gasification (see Fig. 5). This may
be an indication that Ca catalysis is again dominating CO, gasification
during mixed experiments [42,43]. The steady decrease in product gas
concentration up to Xc gasif,mix = 0.8 also leads to a less linear and more
exponential shape of the carbon conversion curve of P1600. Second, the
strong decrease at Xc gasif,mix = 0.8 conversion degree is a characteristic
of HyO gasification experiments and may be caused by particle frag-
mentation and/or back-mixing effects in the experimental set-up.

3.3.2. Influence of temperature and CO; partial pressure

Fig. 19 shows an Arrhenius plot for mixed gasification of P1400 and
P1600 using CO5 and Hp0 partial pressures of 0.8 bar, respectively.
Total pressure was constant at 5 bar while reaction temperatures were
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varied between 810 °C and 850 °C. During mixed gasification at
Pu,0 = Pco, = 0.8 bar and a total pressure of 5 bar, P1600 showed a
higher reactivity than P1400 within the temperature range investigated.
Activation energies for these conditions can be taken from Table 10,
being very similar to the values determined for single HO gasification at
Pu,o = 0.8 bar. According to Ergun [52], the strongly temperature
dependent desorption of the C(O) surface complex (see Egs. (R3) and
(R6)) is the rate limiting step during heterogeneous gasification reac-
tion. Thus, one possible explanation for the similar activation energies
during mixed and pure HyO gasification could be that the desorption
rate of the C(O) complex originating from CO; gasification (see Eq. (R3))
is significantly lower than desorption of the C(O) complex from H,0
reaction (see Eq. (R6)). This would also indicate that CO5 and H50
gasification reaction takes place at different carbon active sites Cs for the
bio-chars and process conditions investigated.

Fig. 20A shows the reaction rates rpix as a function of CO, partial
pressure in the range of 0 bar to 5 bar for HoO partial pressures of 0.8 and
2 bar, respectively. In addition, one set of experimental data is reported
for pco, = pu,0 = 5 bar. Temperature was constant at 830 °C for all
experiments. Total pressure varied between 5 and 20 bar, however, the
effect of total pressure on reactivity can be neglected, as shown in Sec-
tions 3.1.3 and 3.2.3. The values for pco, = 0 bar correspond to the H,0
gasification experiments reported in Section 3.2.

As already shown in Section 3.2, P1400 shows a higher reactivity
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Fig. 18. CO volume fraction yco, Hz volume fraction yy, and carbon conversion Xc yqifmix during mixed gasification of P1400 (A) and P1600 (B) with H,O and CO, at

830 °C (pn,0 = pco, = 0.8 bar, p,x = 5 bar, diluting gas: argon).
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Table 10
Activation energies for mixed as well as pure H,O and CO, gasification (both for
Pu,0 = 0.8 bar) of P1400 and P1600.

P1400 P1600
Eamix kJ mol * 259.1 227.3
Ern,0 kJ mol ™! 263.6 234.8
Exco, kJ mol ! 308.7 300.7

during gasification with H20 (pco, = 0 bar) as compared to P1600. For a
CO4, partial pressure of 0.8 bar, an increase in reaction rate ry;x for both
chars at both Hy0 partial pressure levels (puy,0 = 0.8 bar and 2 bar) is
detected. However, P1600 exhibits a stronger increase in reaction rate as
compared to P1400 and becomes more reactive than P1400. For
Pu,o = 0.8 bar, both chars show a similar slope with increasing CO2
partial pressure i.e. P1600 reactivity remains higher than P1400 reac-
tivity. For py,0 = 2 bar, P1600 reaction rate rpyx remains almost constant
for pco, > 0.8 bar, whereas P1400 reactivity increases with CO5 partial
pressures at the same slope as for py,0 = 0.8 bar leading to a slightly
higher reactivity at pco, = 5 bar. At pco, =pn,0 = 5 bar, P1400 exhibits
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a significantly higher reaction rate rpix as compared to P1600, which
shows only a small increase in reactivity with increasing HyO partial
pressure from 2 bar to 5 bar.

Increasing the CO; partial pressure from O bar to 0.8 bar during
mixed gasification leads to an increase in reaction rate ryx for both chars
which can be expressed by the addition of the single atmosphere reac-
tion rates rco, and ry,o. In Fig. 20B, the reaction rates ry,o and rco, for
single atmosphere gasification experiments at py,o0 = 0.8 bar, 2 bar and
Pco, = 1 bar, 5 bar are shown together with calculated values for rpix
using a simple addition of the single atmosphere reaction rates (ryix =
rco, + M,0)- By this approach, the reaction rates for mixed gasification
are reasonably modeled for the low pressure range up to pco, = 1 bar
and both chars, despite the fact that the experimental values are slightly
overestimated for P1400. Thus, no competition between the H,O and
the CO,, gasification reaction is observed in the low pressure range. Here,
a separate active site mechanism might be valid for both chars. The
strong increase of P1600 reactivity from pco, = 0 bar to pco, = 0.8 bar
may be explained by the catalytic activity of the CaO film on the char
surface selectively increasing the reactivity towards CO2 (see Section
3.1).

At py,0 = 2 bar, however, the reaction rate ryix of P1600 stagnates
for CO, partial pressures above 0.8 bar (see Fig. 20A). The observed
trend may be interpreted as saturation of reactant gases on the char
surface since P1600 has a distinctly lower surface area as P1400 and —
due to a higher graphitization degree — a lower amount of carbon active
sites. Thus, morphology and graphitization might become more relevant
for higher reactant gas partial pressures while Ca catalysis fades into the
background. At high reactant gas partial pressures, a common reactive
sites mechanism might be more adequate for P1600. Here, the simple
addition of the single atmosphere reaction rates might become invalid.
This thesis is fortified by the experimental results at pco, = pu,0 = 5 bar,
where an inhibition of the P1600 reactivity is clearly visible as
compared to P1400.

3.3.3. Reaction kinetic modeling

Experimental results from the previous chapter indicate that — for the
chars and process conditions investigated — CO2 and Hy0 gasification
occurs rather on separate than on same active sites except for the high
pressure experiments with P1600. Therefore, simple approaches were
used in order to model mixed gasification via addition of the single at-
mosphere reaction kinetics with the highest fit quality (see Sections
3.1.4 and 3.2.4). For pressurized CO, gasification, the power law
approach was most suitable for P1400 while LH represented the
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Fig. 20. (A) Reaction rates ryix of P1400 and P1600 during mixed gasification at 830 °C for three HyO partial pressures (py,o = 0.8 bar, 2 bar, 5 bar and
Dot = 5— 20 bar) as a function of pco, as well as ryy,o at py,0 = 0.8 bar, 2 bar. (B) Reaction rates ry,o and rco, for single atmosphere gasification experiments at py,o = 0.8
bar, 2 bar and pco, = 1 bar, 5 bar; ryix plotted as a simple addition of the single atmosphere reaction rates (symbols with solid line).
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characteristics of P1600 very well especially in the high pressure range.
In terms of H,O gasification, both chars could be sufficiently modeled
using the power law approach taking into account the lower reactant gas
partial pressures investigated.

Fig. 21A shows the experimental reaction rates of P1400 for COs,
H»0 and mixed atmosphere gasification together with the corresponding
modeling approaches. Promoting a better understanding of the diagram,
it is necessary to illustrate the reading of the axis of abscissae: Con-
cerning mixed atmosphere gasification (black dots), both reactant gases
had the same partial pressure i.e. py,0 = Pco, = 0.8 bar, 2 bar and 5 bar.
The black line represents the model for mixed atmosphere gasification of
P1400 calculated by an addition of both single atmosphere power laws.
The remaining experimental values (grey boxes and triangles) are the
reaction rates for single atmosphere gasification with the corresponding
H,0 or CO, partial pressures, respectively.

The simple addition of the single atmosphere reaction kinetics gives
a satisfying modeling of the mixed atmosphere gasification reaction for
P1400 (see Fig. 21A). The experimental values are rather overestimated
by the addition of the single atmosphere reaction kinetics. However, the
conception of a separate carbon active sites reaction mechanism is
significantly better represented as compared to the approach of same
active sites, which is calculated according to the following LH based
approach [53]:

kipco, + kspu,o

& 2
wPco, +Pu,0

Fuix (T, Pry0, Pco,) = 27)

T4

These findings correspond well with the results of Chen et al. [17]
who gasified two lignite chars in mixed CO2/H20 atmospheres using
TGA and fluidized bed. They reported that the gasification rate in CO2/
H0 mixtures was lower than the sum of both rates but higher than the
rate of each independent gasification reaction. Furthermore, the authors
stated that char-H,O reaction was independent from char-CO- reaction,
what could also be observed for the experiments in the present work (see
Section 3.3.2).

Fig. 21B shows the corresponding diagram for mixed atmosphere
gasification of P1600. Here, the model approach is conducted using the
addition of COy LH kinetics and H20 power law, since these approaches
gave the best quality of fit for the char sample. In contrast to P1400, the
addition of both single atmosphere kinetics only gives a satisfying
modeling for reactant gas partial pressures up to py,0 = pco, = 2 bar. It
was already depicted in Fig. 20A (see Section 3.3.2) that the char surface
of P1600 reaches a state of saturation applying high pressures resulting
in a stagnation of ryix. This phenomenon can also be seen in Fig. 21B at
Pu,0 = Pco, = 5 bar where the addition of both single atmosphere ki-
netics becomes invalid and a saturation of the char surface can be
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assumed. These results also correspond well with the results of Li et al.
[22] who gasified lignite with HyO, CO2 and its mixtures in a pressurized
fixed bed reactor which is similar to the system used in this work. The
authors reported that the separate active sites mechanism is valid for
relatively low pressures. Moreover, their results indicate that the com-
mon active site mechanism becomes relevant applying higher reactant
gas partial pressures.

Considering the results presented in this work, this thesis can be
expanded in terms of high pressures and specific surface area and
graphitization degree. For bio-chars with a rather low specific surface
area and fewer carbon active sites — as it is the case for P1600 - a
separate active site reaction mechanism is only valid in the low pressure
range (up to pn,0 = Pco, = 2 bar in the present work). In contrast to
P1400, the char surface of P1600 shows a saturation applying high
pressures where a common active site mechanism can be assumed.
However, more mixed atmosphere experiments need to be conducted —
especially in the high reactant gas partial pressure area — in order to
further verify this thesis.

4. Summary and conclusions

The objective of the present work was to investigate the influence of
pressure on the gasification kinetics for two beech wood chars that were
produced at 1400 °C and 1600 °C at high-heating rates and short resi-
dence times in a drop-tube reactor. The gasification experiments pre-
sented in this work were conducted in a single-particle reactor with
forced flow-through conditions reducing diffusional effects to a mini-
mum. The interpretation of the experimentally determined reaction
rates during gasification with CO, H20 and its mixture is based on the
char properties (graphitization, ash dispersion and morphology) pre-
sented in a previous publication [32]. Kinetic parameters for the gasi-
fication of both beech wood chars (P1400 and P1600) with CO5 and H,O
at elevated pressure were derived using an nth-order and a Langmuir-
Hinshelwood (LH) approach. Furthermore, gasification experiments in
a mixture of CO2 and H,0 were carried out in order to further clarify the
dominating reaction mechanism during gasification of biomass chars in
CO2/H0 containing atmospheres. A possible approach for the reaction
kinetic modeling in mixtures of CO, and H5O is presented for both bio-
chars.

Dominating char properties affecting gasification reactivity with CO4
and Hy0 were found to be (i) specific surface area, (ii) graphitization
degree and (iii) dispersion of catalytic ash components. Due to the
higher pyrolysis temperature of P1600, this char showed a higher
graphitization degree (lower amount of carbon active sites) and a lower
specific surface area as compared to P1400. Furthermore, a thin
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Fig. 21. Modeling approaches for the mixed H,0/CO, gasification of P1400 (A) and P1600 (B) using an addition of the single atmosphere reaction kinetics.
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catalytically active CaO layer formed on the surface of P1600 leading to
an increased reactivity towards COy [32].

4.1. Gasification with CO,

P1600 shows higher reactivity as compared to P1400 for all CO,
partial pressures and temperatures applied. However, for the highest
COg, partial pressure applied (20 bar), both chars show similar reactivity.
The higher reactivity of P1600 during CO, gasification may be explained
by the CaO film on the char surface catalyzing the char-CO gasification
reaction [32]. A power law approach is suitable to describe gasification
kinetics of both chars with CO; up to pressures of 20 bar. However, the
observed saturation during gasification of P1600 applying high CO,
partial pressures is better described by a LH approach.

4.2. Gasification with H20

P1400 shows higher reactivity towards HyO as compared to P1600
which is expected from the char specifications reported above. The
dominating char properties affecting HoO reactivity were considered to
be constitution of carbon matrix (i.e. graphitization degree) and
micropore surface area. The catalytically active CaO film is of minor
relevance when gasification is carried out with HoO. Modeling of pres-
surized char-H,O gasification kinetics of both samples was achieved
using a power law approach to full satisfaction within the process con-
ditions applied.

4.3. Gasification in mixed CO2/H20 atmosphere

Increasing the COy partial pressure from O bar to 0.8 bar during
mixed gasification leads to an increase in reaction rate ryy for both chars
which can be expressed by the addition of the single atmosphere reac-
tion rates rco, and ry,o. Thus, no competition between the HyO and the
CO4, gasification reaction is observed in this low pressure range. Here, a
separate active site mechanism might be valid for both chars. The strong
increase of P1600 reactivity from pco, = 0 bar to pco, = 0.8 bar may be
explained by the catalytic activity of the CaO film on the char surface
selectively increasing the reactivity towards COz. At py,0 = 2 bar, the
reaction rate rpy;x of P1600 stagnates for CO, partial pressures above 0.8
bar. The observed trend may be interpreted as saturation of reactant
gases on the char surface since P1600 has a distinctly lower surface area
as P1400 and - due to a higher graphitization degree — a lower amount of
carbon active sites. Thus, morphology and graphitization might become
more relevant for higher reactant gas partial pressures while Ca catalysis
fades into the background. At high reactant gas partial pressures, a
common reactive sites mechanism might be more adequate for P1600.
This thesis is fortified by the experimental results at pco, = pn,0 = 5 bar,
where an inhibition of the P1600 reactivity is clearly visible as
compared to P1400.

Concerning a possible modeling approach for mixed gasification, the
addition of the single atmosphere reaction kinetics gives satisfying re-
sults for P1400. The experimental values are slightly overestimated by
the addition of the single atmosphere reaction kinetics. However, the
conception of a separate carbon active sites reaction mechanism is
significantly better represented as compared to the approach of
competing active sites.

In contrast to P1400, the addition of both single atmosphere kinetics
of P1600 for modeling of mixed gasification gives satisfying results only
in the low pressure range. The char with the lower specific surface area
and the higher graphitization degree (P1600) reaches a saturated state
earlier when applying higher reactant gas partial pressures. Therefore,
the addition of both single atmosphere kinetics becomes invalid and a
common active site mechanism might be relevant.

Considering the experimental results for mixed gasification pre-
sented in this work, the following conclusions can be drawn:
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e Increasing the CO; partial pressure during mixed gasification leads to
higher reactivity for both chars. The reaction rate rpjx can be
expressed by addition of the single atmosphere reaction rates in the
low pressure area suggesting a separate active site mechanism.

e Catalytic activity of CaO increases the reaction rate ryj; of P1600
distinctively for lower HyO and CO» partial pressures.

e For higher H,0 and CO3, partial pressures, P1600 reactivity stagnates
due to lower specific surface area and higher graphitization degree i.
e. lower amount of carbon active sites. Here, a common active sites
mechanism can be assumed.

5. Glossary
Symbol  Description Unit
a, b, c Global reaction rates for mixed CO2/H20 gasification mol s !
Dpp Binary diffusion coefficient m?s!
Dcao Dispersion of superficial calcium oxide mol g~!
dx Conversion rate s
dt
Ea Activation energy kJ mol !
F(X¢) Structural term -
ko Pre-exponential factor s~ bar ™
Lq Radial expansion of graphene layers m
Lao Radial expansion of graphene layers of primary char m
ki Arrhenius rate coefficient Various
Mc Molar mass of carbon g mol !
M gasif Gasified mass of carbon g
Mmco Initial mass of fixed carbon g
me(t) Remaining carbon mass at a certain time t g
Mehar Char mass g
Msample Sample mass g
n Reaction order -
n Molar flow rate mol s~ ?
A out Molar flow rate of carbon containing gasification product  mol st
gases
Mot Molar flow rate of gasification product gases mol s~}
p System pressure bar
Di Partial pressure of component i bar
DProt Total pressure bar
R(T,p) Chemical rate coefficient st
Ry Initial conversion rate st
Ry Universal gas constant Jmol !
K1
Ry Conversion rate st
r* Dummy reaction rate (r* = 1molg ™! s™1) mol g !s™?
ri Reaction rate (i = CO5, H,0, mix) mol g’1 st
T Temperature K
t Time s
Vgas Superficial linear gas velocity ms !
4 Volume m?
74 Volume flow rate m3s7!
v Molar volume m® mol !
Xc Carbon conversion -
XC fix Mass fraction of fixed carbon -
Yi Volume fraction of component i -
Yi Molar fraction of component i -
Subscripts Description
C Carbon
C,fix Fixed Carbon
co Carbon monoxide molecule
CO, Concerning CO, gasification
end End of experiment
f Fixed carbon (in chemical reaction equation)
gasif Gasified
Ho Hydrogen molecule
H20 Concerning HyO gasification
i Control variable
J Control variable
mix Concerning mixed gasification in CO2/H20 atmosphere
Ny Nitrogen molecule

surface-CaO Superficial calcium oxide
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Abbreviations Description

ad Air-dried

BY Bypass

CEM Controlled evaporation and mixing unit
CORI Coriolis flow controller

daf Dry ash free

DFG Deutsche Forschungsgemeinschaft

diff Determined by difference

EMR Energy, materials and resources

EFG Entrained-flow gasification

Eq. Equation

Fig. Figure

GC Gas chromatograph

HGF Helmbholtz-Gemeinschaft Deutscher Forschungszentren
ICP-OES Inductively coupled plasma optical emission spectrometry
1GCC Integrated Gasification Combined Cycle
IR Infrared spectroscopy

KIT Karlsruhe Institute of Technology

LH Langmuir-Hinshelwood

MFC Mass flow controller

P1400, P1600 Chars produced at 1400 °C and 1600 °C
ppm Parts per million

PTFE Polytetrafluoroethylene

SEM Scanning electron microscope

TEM Transmission electron microscope

TGA Thermogravimetric analyzer

TPR Temperature-programmed reaction
UucM Uniform Conversion Model

vol. Volume

WGS Water-gas shift reaction

wt. Weight

XRD X-ray diffraction
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ARTICLE INFO ABSTRACT

Keywords: This paper presents thermal deactivation of beech wood chars during secondary pyrolysis in a drop-tube reactor.
Biomass char Pyrolysis temperature was varied between 1000 °C and 1600 °C at a constant residence time of 200 ms. The
Pyrolysis effect of pyrolysis conditions on initial conversion rate R, during gasification, graphitization of the carbon matrix
g::ﬁ:;z:zon and ash morphology was investigated. Gasification experiments for the determination of Ry were conducted in a

thermogravimetric analyzer using pure CO, at 750 °C and isothermal conditions. A linear decrease in initial
conversion rate Ry was observed between 1000 °C and 1400 °C. However, a strong increase of Ry at 1600 °C was
encountered. Micropore surface area of the secondary chars showed no correlation with the initial conversion
rate R during gasification with CO,. Graphitization of the carbon matrix was determined using X-ray diffraction
and Raman spectroscopy suggesting the growth of aromatic clusters and graphite-like structures for increasing
pyrolysis temperatures up to 1600 °C. Furthermore, CaO dispersion was analyzed quantitatively and qualita-
tively using temperature-programmed reaction at 300 °C as well as SEM/TEM. CaO dispersion D¢,o decreases
steadily between 1000 °C and 1400 °C whereas a strong increase can be observed at 1600 °C, which is in good
accordance with the development of the initial conversion rate R, as a function of pyrolysis temperature. SEM/
TEM images indicate the formation of a thin CaO layer at 1600 °C that is presumably responsible for the strong
increase in initial conversion rate R, at this temperature. When excluding the catalytic activity of CaO via
formation of the ratio Ry Dcao™ 1, increasing graphitization degree has a linear negative influence on char re-
activity at pyrolysis temperatures between 1000 °C and 1400 °C.

Ash dispersion

1. Introduction

The use of low-grade biogenic and fossil fuels in high-pressure en-
trained-flow gasification (EFG) allows for the production of high-quality
synthesis gas, which can be converted into fuels and chemicals or used for
power generation via integrated gasification combined cycle (IGCC) sys-
tems. In the near future, EFG will play an important role in satisfying the
demand for basic chemicals and power [1,2]. In EFG, the fuel is converted
via thermal and thermo-chemical processes i.e. drying and pyrolysis under
high heating rates as well as the subsequent heterogeneous gasification
reactions of the resulting char in a CO,- and HO-rich atmosphere. For the
achievement of high cold gas efficiencies, a complete char conversion is
desired. Since the heterogeneous reactions are considered as the rate-lim-
iting step for complete fuel conversion, the knowledge of the gasification
kinetics is essential for the design of entrained-flow gasifiers [3].

* Corresponding author.
E-mail address: ch.schneider@kit.edu (C. Schneider).
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2. Literature review

During the pyrolysis step in the flame zone of the entrained-flow
gasifier, the char undergoes various changes concerning chemical and
physical properties of both carbon matrix and inorganic ash compo-
nents. In this context, high temperatures and long residence times ty-
pically lead to a loss of reactivity in the subsequent gasification process.
This effect is called thermal deactivation or “thermal annealing” and
can be the consequence of thermal stress during pyrolysis and gasifi-
cation of fossil [4-9] or biomass-based solid fuels [10-12].

One reason for the loss of reactivity is the graphitization of the
carbon matrix. Graphitization describes the process of increase and
arrangement of graphene layers in carbonaceous materials [6]. This
process is characterized by formation, growth and order of aromatic
clusters and graphite crystals [8,9,13]. In raw solid fuels such as coal or
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biomass, most of the carbon is available as turbostratic. Turbostratic
carbon consists of graphene layers, which are disordered and non-
planar. If these layers are accompanied by other types of carbon bonds
(e.g. sp>- or sp>-bonds) or even heteroatoms (e.g. H, O, N, S), the pre-
sent structure is titled as amorphous carbon [13,14].

During pyrolysis of solid biogenic fuels, cracking reactions occur
and lead to condensation, polymerization and the formation of aro-
matic carbon clusters [12,15]. Below pyrolysis temperatures of 500 °C,
ordered and/or turbostratic carbon is very low while basic structures
are present predominantly. Between 800 °C and 1500 °C, nanocrystal-
line graphite grows and associates face-to-face in distorted columns.
From 1600 °C to 2000 °C, these columns coalesce into distorted wrin-
kled layers. These layers stiffen and become flat above 2100 °C
[8,9,16-18]. Many authors have proven that graphitization progresses
at higher residence times at high temperatures resulting in a char with
low reactivity towards combustion and gasification [14,19-22]. This is
due to the fact, that the number of carbon atoms in an amorphous
structure, at defect sites or at the edge of a graphene layer decreases
with increasing graphitization. Carbon atoms located in these areas are
more reactive than those inside an aromatic cluster [9]. Common
methods for the experimental determination of a graphitization degree
can be found in literature using X-ray diffraction (XRD) [13,14,23,24]
and Raman spectroscopy [17,18,23,25,26].

Another aspect affecting char reactivity is the influence of in-
organic, ash-forming elements in the fuel [12,27-33]. Especially alkali
[34-46] and alkaline earth metals [39-49] evoke an increase of char
reactivity during gasification with CO, and H,O. Struis et al. [44] in-
vestigated the catalytic activity of major metal species (Na, K, Ca, Mg,
Zn, Pb, Cu) found with waste wood during the gasification of nitrate
salt impregnated charcoal with CO,. Results indicated a superposition
of structural changes in the charcoal micropore domain and catalyst-
specific effects during gasification of the impregnated char samples.
Gasification of the samples impregnated with alkali nitrate salts re-
sulted in a reaction rate maximum at a carbon conversion degree of
Xc = 0.5 - 0.7. The authors explained this maximum with an accu-
mulation of an oxidic alkali type catalyst (M,O,) being formed during
the early gasification stage. Furthermore, alkaline earth nitrate salts
exhibited a high catalytic activity during the early gasification stage.
However, a decreasing reaction rate for the whole carbon conversion
range was observed, likely due to sintering of the resulting alkaline
earth metal oxide, as the authors presumed. In contrast, silicon and
phosphorous may inhibit the gasification reaction by binding catalyti-
cally active compounds such as potassium [34,35,50].

An important parameter to evaluate the catalytic activity of ash
forming elements is the dispersion on the char surface [31,51]. Cazorla-
Amoros et al. [52] investigated the dispersion and sintering of Ca
species on carbon samples during pyrolysis and gasification with CO,.
They found a strong link between Ca dispersion and carbon-CO, re-
activity and were able to deduce the following findings: first, a high
heating rate during pyrolysis resulted in a high calcium dispersion.
Second, Ca dispersion decreased with increasing carbon burn-off during
gasification with CO, suggesting a deactivation mechanism presumably
due to sintering processes. Furthermore, results showed the enormous
effect of chemical state of calcium (CaCOs3 or CaO) on the sintering rate.
It was observed that CaCO3 had a much higher mobility on the carbon
surface than CaO because of the great difference in their Tammann
temperatures (see Eq. (2)).

The dispersion is normally used for the characterization of a catalyst
in order to either determine the number of catalyst particles on a
support material or the number of active sites in relation to the carrier
mass or available surface area [53]. Depending on the experimental
method, various definitions for the catalyst dispersion may be appro-
priate. Established methods for the determination of dispersion are e.g.
chemisorption, XRD as well as scanning (SEM) and transmission (TEM)
electron microscopes [51,53-56]. If chemisorption is used for the de-
termination of dispersion, it is convenient to define the dispersion as
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the number of active sites (species B) per mass or specific surface area
of the carrier material (species A) in molg g4~ * or molg m, 2 [57,58].

In the frame of the present work, catalytic activity of ash forming
elements is discussed based on an analogy with synthesized catalysts.
Deactivation of synthesized catalysts may occur due to poisoning of
active sites or a decrease in the catalytically active surface area hence a
lower dispersion of catalytically active particles. If this lower dispersion
is thermally driven, the decrease in catalytically active surface area can
be attributed to sintering processes [51,53]. For sintering processes and
particle migration, three temperatures are relevant: melting tempera-
ture T, Hiittig temperature Ty and Tammann temperature Tr,.
Detachment and migration of metal atoms are enabled starting at
Hiittig temperature Tyy. Reaching Tammann temperature Tr,, entire
particle migration over the support surface, accompanied by particle
collision and coalescence may occur [51,59]. Following estimations for
these two temperatures can be found in the literature [51,52]:

T = 0.3Tmert (@)

Tra = 0.5There (2

Recent studies concerning thermal deactivation of biomass chars
during pyrolysis mainly focus on the change of carbonaceous structures.
Guizani et al. [60] investigated the influence of entrained flow pyrolysis
conditions on biomass char properties. Temperatures of 500 °C-1400 °C
were applied. Morphology of the resulting chars was highly modified at
high temperature with loss of the initial wood cell structure, sintering
and macropore formation. Char reactivity determined by oxidation
with O, decreased significantly with increasing pyrolysis temperature.
Furthermore, Raman analyses showed that the carbonaceous structures
ordered with increasing temperature. The authors developed several
correlations between char reactivity and the oxygen-to-carbon-ratio as
well as parameters deduced from Raman spectroscopy i.e. total Raman
area and intensity ratio Iy/Ip. In 2019, Guizani et al. [25] developed the
heat treatment severity index (HTSI) taking into account reactor tem-
perature and residence time of a biomass particle during pyrolysis
under entrained-flow conditions. Again, several correlations between
the HTSI and physicochemical char properties were formed. Senneca
et al. [26] investigated coal and biomass pyrolysis in N, and CO, at-
mosphere. They reported a remarkable degree of structural order being
developed by the biomass chars upon severe heat treatment. This
structural order was determined by Raman spectroscopy.

Other authors also couple the change in ash composition, formation
and sintering of ash particles to thermal deactivation processes of bio-
mass chars during pyrolysis. Trubetskaya et al. [24] pyrolyzed wheat
straw and rice husk in an entrained-flow reactor at high temperatures
and heating rates and investigated the effect of inorganic matter on char
morphology. They reported that the silicon compounds were dispersed
throughout the turbostratic structure of rice husk char in an amorphous
phase with a low melting temperature leading to the formation of a
glassy shell covering the carbonaceous char matrix and preserving the
char particle shape and size. However, the effect of the silicon oxides on
char reactivity with respect to oxidation in O was less pronounced.
Strandberg et al. [61] found that during pyrolysis of wheat straw, which
is rich in Si and K, a molten ash layer is encapsulating the char. During
the subsequent gasification process, this ash layer inhibits the gasifi-
cation reaction and forms a diffusion barrier preventing carbon oxida-
tion.

The objective of this study is to investigate the thermal deactivation
of beech wood char during pyrolysis in a drop-tube reactor under high
heating rates. The vast majority of previous research work focuses on
the increasing graphitization during pyrolysis of solid fuels in order to
explain thermal deactivation of the char produced. Only few publica-
tions investigate the dispersion of catalytically active ash components
of chars at very high pyrolysis temperatures and its influence on the
subsequent gasification reaction. This work aims to estimate the influ-
ence of both graphitization and inorganic dispersion on thermal
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deactivation. Especially, it presents the dispersion of calcium species on
the biomass char surface for pyrolysis temperatures up to 1600 °C
where literature data is very limited. Thermal deactivation was quan-
tified by gasification experiments with CO, in a thermogravimetric
analyzer. Furthermore, graphitization was determined using XRD and
Raman spectroscopy while inorganic dispersion was investigated using
chemisorption, SEM and TEM.

3. Materials and methods
3.1. Fuel

Commercially available primary char (Holzkohleverarbeitung
Schiitte GmbH & Co. KG) was purchased and used as precursor since the
same char is utilized in the bioliq ® EFG for research operation. It is
produced under mild conditions at an estimated pyrolysis temperature
of 500 °C to 600 °C. Table 1 shows the proximate and ultimate analysis
of the primary char. It still contains approx. 12 wt% of volatiles and
consists of 1.8 wt% ash and 85.5 wt% fixed carbon. Furthermore, the
organic components consist of approx. 90 wt% carbon, 3 wt% hydrogen
and 7 wt% oxygen (by difference). For secondary pyrolysis in the drop-
tube reactor, the primary char was sieved to a particle fraction of
50-150 pm.

3.2. Drop-tube reactor

The drop-tube reactor (DTR) consists of an oven (HTM Reetz GmbH)
with three heating zones (lj; = 200 mm, Ly, = 917 mm,
Iz = 200 mm) and a total length of 2000 mm. Each heating zone can
be heated to a maximum temperature of 1700 °C. An alumina oxide
reaction tube (Aliaxis Deutschland GmbH) with a length of 2100 mm
and the inner diameter of 20 mm is inserted vertically in the oven. The
temperature calibration was conducted with a type B thermocouple,
which was introduced into the reactor from the top under steady-state
gas flow. Gas temperature profiles for the pyrolysis experiments can be
found in the supplementary material section. A coaxial alumina oxide
pipe (length 810 mm, inner diameter 4 mm) was used to feed argon
(tracer and carrier gas) and the primary char into the reactor. The
feeding system consists of a slowly rotating ceramic disc (Pure Feed DP-
4, Schenck Process Europe GmbH) enabling stable solid mass flow rates
of approx. 1 ¢ min~'. The primary char was mixed with the reaction
gas at the beginning of the second heating zone. For the experiments
presented in this work, gas velocity in the reactor was adjusted in order
to ensure a gas-phase residence time in the isothermal zone of 200 ms
using N, as core flow. N, volume flow was varied between 11.85 1
min~! and 17.44 1 min~! while Ar flow was varied between 0.52 1
min~! and 0.76 1 min~! leading to an N,/Ar ratio of approx. 23. Ar
flow was adjusted in order to ensure similar gas velocities inside the
dosing and the reactor tube. At the outlet of the reactor, the hot reaction
gas and secondary char were cooled by an inert gas quench to tem-
peratures below 400 °C. Subsequently, the char samples were separated
in a hot gas cyclone and collected in a nitrogen-flushed lock for further
analyses. The reactor pressure was controlled by two electrically

Table 1
Properties of primary char.

Proximate analysis/wt%, ad

Moisture 0.9
Ash content 1.8
Volatiles 11.8
Fixed carbon 85.5
Ultimate analysis/wt%, daf

C 89.8
H 2.6
O (diff) 7.2
N 0.4
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controlled valves and set to 5 mbar gauge. Product gas was con-
tinuously monitored with infrared photometry (URAS, ABB) and micro
gas chromatography (490 Micro GC, Agilent Technologies). Further
information concerning the drop-tube reactor and the operating con-
ditions can be found in literature [62,63]. Before each pyrolysis ex-
periment, the primary char was dried for at least 12 h at 105 °C. In
order to remove oxygen from the char surface, the fuel was set under
vacuum and flushed with nitrogen five times. For secondary pyrolysis
experiments, temperatures in the isothermal zone of the reactor were
varied between 1000 °C and 1600 °C. All experiments and analyses
were carried out at Engler-Bunte-Institute (EBI ceb), Karlsruhe Institute
of Technology (KIT) if not denoted specifically.

3.3. Chemical analyses

Proximate analysis for the determination of moisture, volatiles and
ash was conducted in accordance with DIN 51718, DIN 51719 and DIN
51720. Ultimate analysis for the determination of C/H/N/S was carried
out in a vario Macro Cube (elementar) according to DIN 15104.
Elemental composition of ash was analyzed by inductively coupled
plasma optical emission spectrometry (ICP-OES) at the Institute for
Applied Materials - Applied Materials Physics (IAM-AWP, KIT). Prior to
ICP-OES, the char samples were incinerated at 815 °C followed by acid
pressure digestion in a DAB-2 pressure vessel (Berghof) using a mixture
of HNOs3, HCI and HF at 350 °C for 12 h. The hydrofluoric acid is later
complexed with H3BO5 at 180 °C for 2 h.

3.4. Determination of initial conversion rate Ry

Determination of initial conversion rate Ry of the char samples with
CO, was carried out in a thermogravimetric analyzer (pTGA,
Rubotherm GmbH). The pTGA consists of a magnetic suspension bal-
ance that allows for continuous recording of the sample mass with an
accuracy of = 10 pg. In the gasification experiments, a total gas flow
of 100 ml min~! was set. A sample mass of approx. 2 + 0.1 mg was
placed in a ceramic crucible (inner diameter 16 mm, height of wall
10 mm). After evacuating the pressure vessel to ensure an oxygen-free
atmosphere, the reaction chamber was purged with argon. The fuel
samples were heated up at a constant heating rate of 20 °C min ™" to the
reaction temperature of 750 °C followed by 20 min holding time to
ensure stable conditions. The samples were then gasified in 100% CO,
at atmospheric pressure until the complete conversion of the fuel was
reached.

Char conversion X(t) was determined using the discrete mass signals
m(t), the initial mass my and the remaining mass of ash m,g,:

X(@) = my — m(t)
My — Mgysh 3
- _ 1 dm _ 1 d&X
T om() - Mg dt 1= X(2) dt @

R, is the specific conversion rate and can be calculated as presented
in Eq. (4). Furthermore, Ry is defined as the conversion rate described
by a rate coefficient R(T,p) and a structural term F(X):

ax
Ry = a5 R(T, p)F (X) ()

In the frame of this work, the Uniform Conversion Model (UCM) was
used to model the char conversion process resulting in a structural term
of F(X) = 1 - X. Thus, the following expression is obtained:

Re= X Z Ry - x)

dt (6)
dt |y )]

Ry is defined as the initial conversion rate, which was determined by
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a least-square fit in the char conversion range between 20% and 50%.
This range was chosen in order to minimize the effects of gas exchange
in the pTGA at the start of each experiment. Furthermore, the char
properties for higher conversion degrees may have changed and were
not characterized anymore. Gasification experiments were repeated
three times.

3.5. Micropore surface area

Micropore surface area of the char samples was determined in a
physisorption analyzer (ASAP 2020, Micromeritics) using CO, at 0 °C.
For each adsorption experiment, relative pressure ranges from 110>
to 0.035 were applied. Prior to adsorption, the char samples were he-
ated to 180 °C for 12 h. Data evaluation was carried out based on the
Dubinin-Radushkevich method (DR) for micropores in activated
carbon.

3.6. Graphitization

X-ray diffraction (XRD) was carried out at Luled University of
Technology using an Empyrean (Malvern Panalytical) diffractometer.
Char samples were placed in an alumina sample holder and analyzed in
a range of 10° = 20 =< 90°, a step size of 0.0065652° and a step
duration time of 99.45 s. The chosen step size enables the detection of
graphite, carbon nanocrystals and amorphous carbon. Furthermore,
inorganic species like crystalline calcium carbonate were visible. Cu Ka
radiation (A = 1.542 f\) was used as an X-ray source.

XRD analysis was conducted using the full-width at half maximum
(FWHM) of the characteristic carbon peaks at approx. 260 = 24° and
20 = 44°. The first maximum (23° — 24°) can be attributed to the
(002)-Peak, the second (44°) to the (100)-Peak. The (002)-Peak re-
presents the reflection at stacked graphene layers whereas the (100)-
Peak originates from reflection at aromatic ring structures within the
graphene layers. Furthermore, narrow peaks represent crystalline
structures [19,64,65].

Scherrer equation (Eq. (8)) allows for the quantification of graphi-
tization in terms of growth of nanosized carbon crystals:

L= K—‘A i=a,c

Bicos(6;) )
Here, L; stands for calculated sizes of the nanosized carbon crystals and
can be determined using the ratio of X-ray wavelength A and a struc-
tural constant K; divided by the value for FWHM B; and the cosine of the
reflection angle 6;. The indices a and c indicate two different sizes of the
nanosized carbon crystals: L, describes the radial expansion of the
carbon crystal ((100)-Peak) while L. stands for the stacking height of
the graphene layers ((002)-Peak). Values for the structural constants
K, = 184 and K. = 0.89 are taken from literature
[14,20,22,23,64,65]. As a measure for increasing graphitization, the
ratio L, La)o’1 was formed. Here, L, o describes the radial expansion of
nanosized carbon crystals of the primary char.

The distance between two graphene layers d is calculated using
Bragg equation for n = 1:

2dsin(6.) = nd ()]

Raman spectroscopy was carried out at Luled University of
Technology using a Senterra II (Bruker) microscope. 30 measurements
(co-additions) at 3 s were conducted per char particle with green laser
(ALaser = 532 nm) and low power of 0.2 mW in order to minimize
structural changes in the carbon matrix. Three different particles per
char sample were analyzed using this approach. During Raman mea-
surements, two intensity maxima were encountered at Raman shifts of
approx. 1355 cm ™! and 1575 cm ™~ ! representing the D- and the G-Peak,
respectively. While the G-Peak originates from the vibration within
aromatic clusters of nanosized carbon crystals, the D-Peak can be at-
tributed to defects in the graphite crystal or boundary areas of graphene
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layers [17,18,66]. Furthermore, a valley peak (V-Peak) is located be-
tween D- and G-Peak, which can be traced back to amorphous, sp>
hybridized carbon [13,26,67]. The evaluation of Raman spectra was
carried out using the intensity ratios of D- and G-Peak (Ip/Ig) as well as
V-and D-Peak (Iy/Ip). Beforehand, the intensities were normalized to
the maximum intensity of the G-Peak.

3.7. Ash dispersion

Quantification of ash dispersion was carried out in the pTGA (see
chapter 3.4) using temperature-programmed reaction (TPR). In the
frame of this work, ash dispersion is determined by chemisorption of
CO, on CaO at 300 °C, as the element Ca is most abundant in the ash of
the char samples and known to catalyze the gasification reaction (see
chapter 2). At 300 °C, CO, reacts with CaO atoms at the surface of ash
particles forming CaCOs. Increasing the temperature would lead to a
carbonization of bulk CaO due to diffusion of CO, into the ash particle
[58]. Thus, chemisorption of CO, at 300 °C can be used to determine
the outer surface of CaO particles in the biomass ash giving a value for
the dispersion of CaO particles. This approach is based on the as-
sumption that no other compound in the ash interacts with CO, at this
temperature.

In each TPR experiment, 30 + 0.1 mg of char sample and a CO,
volume flow of 100 ml min~' was used. Prior to the chemisorption
segment, the pTGA was evacuated and backfilled with Argon.
Subsequently, the sample was heated to 850 °C in order desorb gases
and decompose any CaCOs; if present. Melting, Hiittig and Tamman
temperature of CaO are shown in Table 2. In the following segment, the
sample was cooled to 300 °C and stabilized in Argon. Chemisorption
started switching the gas atmosphere from pure Argon to a mixture of
90 vol-% Ar and 10 vol-% CO, and lasted for 300 min.

The chemisorbed mass of CO, was calculated as difference between
the mass signals after and before the chemisorption segment (average
values of the last 30 mass signals of stabilizing segment mgg, and
chemisorption segment Mchem, Eq. (10)). Assuming an equimolar stoi-
chiometry for the reaction of surface CaO with CO,, the molar amount
of surface CaO can be directly calculated (Eq. (11)). The dispersion D¢a0
of surface CaO is then based on the weighed out amount of char mgy,, in
m01surface—CaO gchar_l (Eq (12)).

Mco, = Mchem — Mstab (10)
Rco, = o ncao
2 - al
Mco, [¢8D)
Ncao
Dc.o =
€0 M char (12)

Scanning electron microscope (SEM) images were taken at
Laboratory for Electron Microscopy (LEM, KIT) using a LEO 1530
(Zeiss) with an accelerating voltage of U = 5 keV. Prior to SEM ana-
lysis, the char sample was positioned on a conductive adhesive tape and
coated with a 5 nm layer of platinum (Leica EM ACE600). Four different
magnifications (400x, 4000x, 20 000x and 100 000x) were used for
each char sample.

Transmission electron microscopy (TEM) was also conducted at
LEM (KIT) using a FEI Osiris ChemiSTEM microscope coupled with
Quantax system (Bruker) as energy dispersive X-ray (EDX) detector and
an accelerating voltage of U = 200 keV. The char samples were

Table 2
Melting, Hiittig and Tammann temperature of CaO.
Material Tnelt Thia Trq
°C °C °C
CaOo 2613 [68] 784 1307
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Fig. 1. Chemical composition of primary and secondary chars as a function of pyrolysis temperature. Secondary pyrolysis was carried out in a DTR applying Ny

atmosphere and 200 ms residence time.

dispersed in ethanol and the droplets placed on copper wire with a
mesh size of 400 um.

4. Results and discussion
4.1. Chemical analyses

Fig. 1 shows the chemical composition of primary and secondary
chars as a function of pyrolysis temperature. The primary char contains
approx. 90 wt% carbon. A steady increase of carbon from 90 wt% to
99 wt% and steady decrease of oxygen from 7.2 wt% to almost zero at
1600 °C can be observed. At 1600 °C, the char consists almost of pure
carbon. Nitrogen remains constant at a low level while hydrogen de-
creases from 2.5 wt% to approx. 0 wt% at 1200 °C.

Table 3 shows the ash elemental analysis of primary and secondary
chars determined using ICP-OES. As can be seen from the table, the
main ash component of this beech wood char is calcium. The calcium
content remains almost constant at approx. 39 wt% with increasing
pyrolysis temperature. A slight decrease of approx. 4 wt% at 1400 °C
can be observed. Potassium halves at 1000 °C and 1200 °C and increases
to approx. 5 wt% at 1400 °C and 1600 °C. Magnesium decreases from
1400 °C being only 1 wt% at 1600 °C. Silicon is between 2 and 3 wt%
while phosphorous remains almost constant during secondary pyrolysis

Table 3
Ash elemental analysis of primary and secondary chars.

(P content of primary char was not determined). K/Si ratios range from
0.83 to 2.30 while K/(Si + P) ratios range from 0.51 to 1.29 being very
low in total (not shown in table 3). Thus, deactivation of K by Si and P
can be assumed [34,69].

4.2. Determination of initial conversion rate Ry

Gasification experiments of the char samples with CO, at 750 °C in a
PTGA are discussed in this chapter. Fig. 2 shows the conversion curves
during gasification for the primary beech wood char as well as the
secondary chars with different pyrolysis history. As can be seen from
Fig. 2 A, the primary char was completely gasified within 100 min.
Samples pyrolyzed at 1000 °C and 1600 °C were gasified after approx.
150 min (see Fig. 2 B & D). The longest conversion time with approx.
200 min is observed for the sample pyrolyzed at 1400 °C (see Fig. 2 C).
The different pyrolysis conditions also affect the shape of the conver-
sion curves (see Fig. 2, orange curves are approximated with 6th-degree
polynomial method except Fig. 2 C). In particular, the different shapes
of the conversion curves become striking for the sample
P1400C_200ms. Here, a constant conversion rate between 20% and
80% conversion degree can be observed. Therefore, the conversion rate
% was set constant in order to make the calculated initial conversion
rate Ry comparable to the other samples.

Element Primary char P1000C_200ms P1200C_200ms P1400C_200ms P1600C_200ms
wit%

Ca 38.20 39.00 39.50 35.30 39.10

K 4.62 2.54 2.61 5.48 5.05

Mg 6.03 7.13 7.08 5.8 1.03

Si 2.01 3.05 2.97 2.51 2.45

P n. a. 1.95 1.99 1.73 1.52

Na 0.82 0.76 0.76 0.96 0.84

Fe 0.74 1.05 0.82 0.84 0.83

Al 0.25 0.34 0.29 0.28 0.31
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Fig. 2. Measured and fitted conversion curves during gasification in CO, for beech wood chars with different secondary pyrolysis history (pTGA, 750 °C, atmospheric

pressure, 100% CO»).

From the fitted conversion curves in Fig. 2 (orange), the conversion
rates % were calculated (see Fig. 3). As stated above, the conversion
rate of P1400C_200ms is set to be constant in the conversion range
considered. All other samples show a decreasing conversion rate for
higher conversion degrees which may be an indication of a calcium
catalyzed gasification reaction [44,70].

Fig. 4 shows the initial conversion rate R, during gasification of
different beech wood chars with CO5 as a function of pyrolysis tem-
perature. The primary char has the highest initial conversion rate Rq
among the chars investigated. Due to thermal deactivation during
secondary pyrolysis, the initial conversion rates decrease between
1000 °C and 1400 °C almost linearly. However, a strong increase in the
initial conversion rate at 1600 °C is observed that cannot be explained
by thermal deactivation due to graphitization of the carbon matrix.
Thus, other effects also influence the initial conversation rate of gasi-
fication with CO.,.

4.3. Micropore surface area

Micropore surface area determined via physisorption of CO, at 0 °C
using Dubinin-Radushkevich is depicted in Fig. 5. The primary char
shows a micropore surface area of approx. 395 m? g ~'. A slight increase
at pyrolysis temperatures of 1000 °C and 1200 °C is observed. Due to
devolatilization at high heating rates during pyrolysis, micropore sur-
face area is generated additionally. Increasing the pyrolysis
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Fig. 3. Calculated conversion rates during gasification of different beech wood
chars with CO, in pTGA (750 °C, atmospheric pressure, 100% CO5).
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temperature leads to an even higher micropore surface area at 1400 °C
which may be attributed not only to devolatilization especially at high
heating rates but also secondary reactions of the pyrolysis products
with the char i.e. Boudouard reaction of released CO, with carbon
forming carbon monoxide. This hypothesis was further supported by
complementary gas-phase measurements showing no CO, in the off-gas
starting at pyrolysis temperatures of 1400 °C and higher. At 1600 °C,
micropore surface area collapses to approx. 126 m> g~ ' which may be
explained by ash fusion since melting of mineral matter could change
the micropore structure and lead to a blocking of micropores [71,72].
This hypothesis is also supported by SEM/TEM images that show the
formation of a thin ash layer on the char surface at 1600 °C (see chapter
4.5). Furthermore, no correlation between initial conversion rate and
evolution of micropore surface area can be deduced.

4.4. Graphitization

XRD spectra of primary and secondary chars are depicted in Fig. 6. The
intensity maxima for all samples are encountered at reflection angles 20 of
23°-24° and 44°. The first maximum (23°-24°) can be attributed to the
(002)-Peak, the second (44°) to the (100)-Peak (see chapter 3.6). The
(002)-Peak represents the reflection from stacked graphene layers whereas
the (100)-Peak originates from reflection from aromatic ring structures
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within the graphene layers. Furthermore, narrow peaks represent highly
crystalline structures [19,20,22,23,64,65]. Both peaks grow with increasing
pyrolysis temperature. In particular, the (100)-Peak becomes more pro-
minent for the secondary chars compared to primary char. Thus, the radial
growth of graphene layers with increasing pyrolysis temperature is shown.
From the evolution of the (002)-Peak, it can be concluded that the primary
char already contains structured carbon to a certain degree. However, the
amount of nanocrystals consisting of aromatic ring structures increases with
increasing pyrolysis temperature. Another narrow peak can be observed for
the primary char at approx. 29°. This peak is characteristic for crystalline
calcium carbonate that is still present in the primary char [23]. During
secondary pyrolysis, which is carried out above the decomposition tem-
perature of calcium carbonate (700 — 825 °C), the calcium carbonate is
decomposed.

Quantitative evaluation of the (002)- and (1 00)-Peak is carried out
using Bragg’s Law (n = 1) and Scherrer-Equation in order to calculate
the mean distance between graphene layers d, stacking height L. and
radial expansion L, (see chapter 3.6). Radial expansion L, increases
significantly with increasing pyrolysis temperature while distance d and
stacking height L. remain almost constant (see Fig. 7). By forming the
ratio of L. and d, the number of graphene planes per stack unit can be
calculated. The stack units consist of 4 planes, each plane with a dis-
tance of d = 3.87 * 0,03 A apart. This value is — as expected — higher
than the plane distance for pure graphite (dgraphite = 3.354 A) [731.
Pure graphite is obtained at temperatures higher than 2100 °C [8,9].

To sum up the results of XRD analysis, the radii of parallel arranged
aromatic ring structures increase with increasing secondary pyrolysis
temperature. Furthermore, the order of stacks and stack height were
found to be constant. An increase of both order of stacks and stack
height would only be expected for temperatures higher than 1600 °C
[9].

Raman spectroscopy results are depicted in Fig. 8 and com-
plementary to XRD findings as they indicate the existence of aromatic
clusters. All spectra show peaks at 1355 cm ™! (D-Peak) and 1575 cm ~*
(G-Peak). The intensity of the D-Peak of secondary chars increases with
increasing pyrolysis temperature indicating the growth of aromatic
clusters and graphite crystals [17,66]. Moreover, the D-Peak of the
primary char consists of two shoulders. The first shoulder at approx.
1200 cm™! originates from non-crystallite, sp°-hybridized carbon
structures. The shape of the D-Peak becomes narrower with increasing
pyrolysis temperature. The narrowing suggests a growing order of the
carbon matrix during pyrolysis since non-crystallite carbon is released
as volatiles or condensates/polymerizes into larger molecules such as
aromatic clusters [12,74]. Ratios of intensity maxima Ip/Ig and I/
are shown in Fig. 9 as a function of pyrolysis temperature. Again, an
increase in D-Peak intensity can be observed compared to the G-Peak
and the Valley for temperatures up to 1400 °C. Furthermore, a stag-
nation of both ratios between 1400 °C and 1600 °C can be seen.

In summary, Raman spectra are complementary to the XRD results
indicating the growth of aromatic clusters and graphite crystals in
biomass char due to thermal stress during secondary pyrolysis.

4.5. Ash dispersion

Dispersion of CaO was determined by TPR with CO, in a pTGA at
300 °C (see chapter 3.7). TPR experiments of the primary char were not
carried out since the method applied would have changed the char’s
initial ash morphology and composition. From XRD results, it is known
that the primary char still contains crystalline CaCO3, which would
have been decomposed to CaO in the heating segment prior to TPR.
Concerning the secondary chars, CaO dispersion decreases steadily
from 1000 °C to 1400 °C (see Fig. 10), which is in accordance with the
development of initial conversion rate as a function of pyrolysis tem-
perature. The decrease may be explained by sintering of CaO particles
upon heat treatment. The size distribution of ash nanoparticles is de-
picted in Fig. 14. A strong increase of CaO dispersion at 1600 °C
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correlating with increasing initial conversion rate at 1600 °C can be
observed. This increase may be traced back to the formation of a thin
CaoO film on the char surface, which can be seen from SEM/TEM images
in Figs. 11-13. The film connects catalytically active ash components to
a multitude of carbon atoms on the char surface resulting in an in-
creased initial conversion rate during gasification with CO, at 750 °C.

For qualitative evaluation of ash transformation upon heat treat-
ment, SEM images with 20,000 x and 100,000 x magnification were
taken. Fig. 11 shows SEM images of the primary and secondary chars
with 20,000 X magnification. The visible ash nanoparticles of primary

char and P1000C_200ms are very similar. Larger particles are up to
1 pm and clearly distinguishable from the carbon underground. At
1400 °C, droplet-like nanoparticles have formed. However, the large
ash particles of approx. 1 um are still present. The transition between
char surface and ash nanoparticles becomes more and more fluent with
increasing temperature. For the sample P1600C_200ms, no distinction
between char surface and ash nanoparticles can be made anymore
suggesting the formation of a thin ash film on the carbon surface.
Fig. 12 shows SEM images of two secondary char samples i.e.
P1400C_200 ms and P1600C_200ms with 100,000 X magnification. Ash
nanoparticles of P1600C_200ms are larger than those of
P1400C_200ms. As can be seen from Fig. 14, sintering of ash nano-
particles occurs at higher temperatures. Furthermore, a droplet-like
shape of ash particles becomes apparent for P1400C_200ms while for
P1600C_200ms, a sharp boundary between carbon surface and ash
particles cannot be drawn anymore. SEM images have shown that
pyrolysis temperature has an immense impact on ash particle mor-
phology and dispersion.

Complementary to SEM images, TEM analyses were carried out (see
Fig. 13). TEM analyses were coupled with EDX in order to visualize the
elements calcium (red) potassium (blue) and silicon (yellow) that are
most abundant in the chars investigated. In Fig. 13, the TEM images of
secondary char samples P1400C_200ms and P1600C_200ms are shown.
Ca compounds undergo massive transformation due to heat treatment:
On the one hand, sintering of nanoparticles takes place (see Fig. 14). On
the other hand, Ca is again highly dispersed at a pyrolysis temperature
of 1600 °C forming a catalytically active thin film on the carbon surface.
Furthermore, all samples were found to have highly dispersed po-
tassium and silicon compounds combined with oxygen irrespective of
heat treatment. A fine dispersion of K and Si during pyrolysis supports
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the assumption that due to a low K/Si ratio, K may be deactivated by
bonds to Si.

The average sizes of ash nanoparticles as a function of pyrolysis
temperature is depicted in Fig. 14. For the evaluation of average par-
ticle size, between 650 and 900 particles were analyzed that were larger
than 5 nm. The presence of an ash film was not taken into account for
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this analysis. Average particle size slightly decreases from primary char
to P1000C_200ms. Taking into account the large standard deviation of
the analysis, it can be assumed that the ash nanoparticles on both
samples may have almost the same size. Increasing the pyrolysis tem-
perature from 1000 °C to 1400 °C leads to an increase in average par-
ticle size from approx. 10 nm to 18 nm. This is in good accordance with
the Tammann temperature Ty, = 1307 °C where mobility of CaO
particles increases significantly. The largest ash particles were obtained
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at 1600 °C with an average size of approx. 32 nm. Sintering of ash
particles during pyrolysis was proven quantitatively by the particle size
analysis as well as qualitatively observed via SEM images beforehand.
However, increasing particle sizes do not necessarily have to involve a
decrease in initial conversion rate R, of the gasification reaction with
CO,, as it can be seen for the char sample P1600C_200ms having the
highest value for Ry among the secondary chars.

To sum up, TEM-EDX images allowed for the identification of highly
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Fig. 13. TEM-EDX images of two secondary chars (P1400C_200ms (A) and P1600C_200ms (B)) visualizing the elements Ca (red), K (blue) and Si (yellow).

dispersed Ca compounds at a pyrolysis temperature of 1600 °C. Even
the formation of a CaO film or thin layer can be deduced from SEM and
TEM images. The high initial conversion rate Ry of P1600C_200ms can
be attributed to this thin layer of CaO. Due to the ash layer, a large
contact area between both gas phase and catalyst as well as catalyst and
carbon support is generated. The fact that a uniform thin layer of ash

11

particles on the carbon matrix catalyzes the gasification reaction with
CO, supports the -catalysis mechanisms described by Lobo &
Carabineiro [30] and Cazorla-Amoros et al. [57] where the diffusion of
a gaseous reactant through the catalyst layer plays a significant role.
Furthermore, the shape of the conversion curves and conversion
rates depicted in Figs. 2 and 3 can be explained by the presence of
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catalytic gasification induced by Ca. During calcium catalyzed gasifi-
cation, the conversion rate decreases due to thermal deactivation pro-
cesses of calcium particles which are mainly sintering [52]. This phe-
nomenon can be observed for all samples except P1400C_200ms. From
the constant conversion rate %X of P1400C_200ms can be deduced that
the gasification of this sample is not or only to a small extent influenced
by catalytic reactions. From both, long gasification time and linear
shape of the conversion curve, it can be concluded that the uncatalyzed
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carbon gasification is the dominant reaction for the sample P1400C_ms
[44,70].

4.6. Influence of graphitization and ash dispersion on initial conversion rate
Ro

In order to clarify the influence of graphitization on initial conver-
sion rate R, of gasification with CO,, the ratio of Ry and CaO dispersion
Dcao is formed for pyrolysis temperatures between 1000 °C and
1400 °C. In Fig. 15, the ratio Rg Dcao ™ * is shown as a function of
graphitization degree which is defined as the ratio of L, L, o~ '. In this
temperature range, which is later referred to as regime 1 (see Fig. 16), it
can be seen that graphitization does have an impact on the initial
conversion rate. The ratio Ro Dc.o~ * decreases linearly with increasing
graphitization and consequently, with increasing pyrolysis temperature
up to 1400 °C. Thus, when excluding the catalytic activity of CaO via
formation of the ratio Ro Dcao ', increasing graphitization degree has a
linear negative influence on char reactivity. However, both influences
must be taken into account when investigating thermal deactivation
due to thermal stress during high-temperature pyrolysis.

5. Summary and conclusions

Thermal deactivation of beech wood chars during secondary pyr-
olysis in a drop-tube reactor is presented. The effect of pyrolysis con-
ditions on initial conversion rate Ry during gasification, graphitization
and ash dispersion was investigated. Gasification experiments for the
determination of Ry, were conducted in a thermogravimetric analyzer
using CO5 at 750 °C. A linear decrease in the initial conversion rate
between 1000 °C and 1400 °C was observed. However, a strong increase
of Ry at 1600 °C was encountered. Micropore surface area of the sec-
ondary chars showed no correlation with the initial conversion rate
during gasification with CO,. Graphitization of the carbon matrix was
determined using X-ray diffraction and Raman spectroscopy suggesting
the growth of aromatic clusters and graphite crystals for increasing
pyrolysis temperatures. Furthermore, CaO dispersion was analyzed
quantitatively and qualitatively using TPR at 300 °C as well as SEM/
TEM. CaO dispersion Dc,o decreases steadily between 1000 °C and
1400 °C whereas a strong increase can be observed at 1600 °C which is
in good accordance with the development of the initial conversion rate
Ry as a function of pyrolysis temperature. SEM/TEM images indicate
the formation of a thin CaO layer at 1600 °C which is presumably re-
sponsible for the strong increase in initial conversion rate R, at this
temperature. When excluding the catalytic activity of CaO via forma-
tion of the ratio Ry Dcao™ ), increasing graphitization degree has a
linear negative influence on char reactivity between 1000 °C and
1400 °C pyrolysis temperature.

Fig. 16 shows the most important experimental results of the present
work summed up in one graph being the initial conversion rate Ry, CaO
dispersion D¢, and graphitization defined as L, Ly o~ 1 In regime 1, the
initial conversion rate and CaO dispersion decrease linearly with in-
creasing pyrolysis temperature. Graphitization increases linearly with
increasing pyrolysis temperature up to 1600 °C. However, the initial
conversion rate Ry of the char pyrolyzed at 1600 °C increases sig-
nificantly despite showing the highest degree of graphitization. A
strong correlation between initial conversion rate Ry, and CaO disper-
sion Dc,o is visible. D¢,o increases significantly for P1600C_200ms
presumably due to the formation of a thin ash layer catalyzing the
gasification reaction with CO».
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chars.

In summary, secondary pyrolysis conditions have an influence on
both graphitization of the carbon matrix and ash morphology which in
turn affect the initial conversion rate R, during gasification with CO,.
Further research should investigate the formation of the observed cat-
alyzing thin ash layer at high pyrolysis temperatures and its influence
on the heterogeneous gasification reactions with CO, and H,O.

6. Glossary
Symbol Description Unit
A Specific surface area m? g?!
B, FWHM of the (1 0 0)-Peak em?
B, FWHM of the (0 0 2)-Peak cm’
D Dispersion mol g
d Distance between two lattice planes m
JNP Average particle size m
ax Conversion rate st
dt
I Maximum intensity of the D-Peak a.u.
Is Maximum intensity of the G-Peak a.u.
Iy Maximum intensity of the Valley-Peak a.u.
Ka Structural constant for Scherrer equation -
K. Structural constant for Scherrer equation -
13 Length of the oven heating zones 1-3 m
L, Radial expansion of graphene layers m
Lao Radial expansion of graphene layers of the primary char m
L. Stacking height of graphene layers m
m Mass g
Mco, Molar mass of CO, g mol”
n Integer multiple -
Nco, Chemisorbed molar amount of CO, mol
Ry Initial conversion rate st
R, Specific conversion rate st
Ry Conversion rate st
t Time s
T Temperature °C
U Accelerating voltage A
X Conversion -
A Wave length m
0, Position of the (100)-Peak °
6. Position of the (002)-Peak °
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Subscripts Description

CO, Carbon dioxide

surface-CaO Superficial calcium oxide

Chem Chemisorbed amount

Hii Hiittig

melt Melting point

MSA Micropore surface area

Pyr Pyrolysis

Stab Stabilizing segment

Ta Tamman

Abbreviations Description

DR Dubinin-Radushkevich

EDX Energy-dispersive X-ray spectroscopy
EFG Entrained-flow gasification

Eq. Equation

Fig. Figure

FWHM Full-width at half maximum

HTSI Heat treatment severity index

IAM-AWP Institute for Applied Materials - Applied Materials Physics
ICP-OES Inductively coupled plasma optical emission spectrometry
KIT Karlsruhe Institute of Technology

LEM Laboratory for Electron Microscopy
pTGA Pressurized Thermogravimetric Analyzer
SEM Scanning electron microscopy

TEM Transmission electron microscopy

TPR Temperature-programmed reaction

wt. Weight

XRD X-ray diffractometry
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ARTICLE INFO ABSTRACT

The present work is the second part of a study conducted with the aim to determine the amount of active sites
present on the surface of a biomass char participating in the gasification reaction with CO, using the temperature
programmed desorption (TPD) technique. In part 1, the methodology and experimental results during TPD of
partially gasified samples of beech wood char (WC1600) using CO, as gasification agent are presented. This
work focusses on the influence of the main inorganic ash components of WC1600 on the CO, and CO signals
obtained during TPD of partially gasified char samples. Furthermore, an activated carbon with ash content lower
than 1 wt-% is impregnated with Ca and K and partially gasified followed by a TPD analysis. CO5 and CO signals
obtained during TPD result from decomposition of oxygenated surface complexes and decomposition reactions
of ash components. During gasification, three different kinds of sites are present on the surface of the char:
stable, reactive and catalytically active sites. The latter are a measure of the catalytic influence of inorganic
matter during char gasification. From the analysis of the TPD spectra, it can be concluded that gasification of
WC1600 is dominated by the catalytic influence exerted by Ca and K. Formation of oxygenated surface com-
plexes on WC1600 is limited, possibly due to the high temperature at which the sample was pyrolyzed (1600 °C).
However, a direct correlation between specific conversion rate and the amount of reactive and catalytically
active sites is developed from the experimental results, corrected by the contribution of ash decomposition.
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1. Introduction same raw materials difficult to compare. Studies on the intrinsic reac-

tion rate and the derivation of kinetic expressions that lie on the fun-

The knowledge of biomass char gasification kinetics is necessary for
process and reactor design. It is the slowest reaction taking place inside
the gasifier determining its size and the process conditions in the ga-
sification plant. As char gasification is a heterogeneous gas—solid re-
action, it is dependent not only on temperature and on concentration of
gasifying agent but also on the origin and the physical and chemical
characteristics of the solid char. Most of the studies concentrate on the
determination of global formal kinetic parameters that are restricted to
the raw material and the processing conditions and that do not take into
account the change in specific conversion rate as the reaction proceeds
[1-3]. Variation in specific conversion rate is considered by a structural
term describing the change of physical char properties, i.e. the char
surface [4]. Moreover, the great variety of experimental set-ups and
conditions implemented during experimentation make the results on
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damental mechanism of the char gasification reaction are limited. The
most widely accepted mechanism for the gasification of char with CO,
or H,0 is the oxygen exchange mechanism in which gasification takes
place via formation and decomposition of carbon-oxygen intermediates
[1,2]. From a fundamental point of view in a kinetic expression of
carbon (or char) gasification, the specific conversion rate should be
proportional to the surface concentration of the reactant gas (at con-
stant temperature). Assuming constant partial pressure of the reactant
gas (pseudo-zero-order reaction), the surface concentration of the gas-
eous reactant is described by the chemisorption isotherm which is
proportional to the surface concentration of carbon atoms participating
in the gasification reaction. The determination of these carbon atoms is
still one of the current challenges in the study of the char gasification
kinetics. Lizzio et al. [5] introduced the concept of reactive surface area
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as a measure of the amount of carbon atoms participating in the gasi-
fication reaction. They stated that during gasification the char surface
contains stable C-O and unstable C(O) complexes formed on stable and
reactive sites. The reactive surface area (RSA) is the number of carbon
atoms which are able to form carbon oxygen intermediates (unstable
C(O) complexes) and are decomposed subsequently to desorb as gas-
eous product.

The present work is the second part of a study aiming for a better
understanding concerning the role of chemical properties of the char
surface in the mechanism of biomass char gasification with CO,. A
methodology for measurement of stable C-O and unstable C(O) com-
plexes based on the temperature-programmed desorption (TPD) tech-
nique proposed by Lizzio et al. [5] is applied using a beech wood bio-
mass char. An analysis of the obtained CO and CO, spectra presented in
part 1 [6] shows that the TPD signals are not only a result of decom-
position of oxygenated surface complexes followed by desorption of
gaseous products but also of decomposition of ash constituents, as both
processes yield in oxygenated gases (CO and CO-) during the desorption
phase of TPD experiments [5,7].

Only little work concerning the analysis of released gases during
TPD of coal or biomass char after gasification that considers the effect
of ash components can be found in literature. In their work, Lizzio et al.
[5] measured total and stable complexes using TPD experiments for
partially gasified chars with different ash contents (bituminous coal
char, polyvinylidene chloride (Saran) char and a Ca-loaded and demi-
neralized lignite). For the quantification of the complexes, they only
used the CO signal as they assumed that the CO, signal arises from
decomposition reactions of ash, especially the decomposition of CaCOs.
Kyotani et al. [7] proposed in their study on the catalytic influence of
mineral matter during gasification with H,O of brown coal that H,O,
CO, and CO released during TPD, after partial gasification of the
samples, is the consequence of the presence of Ca, Mg, Na and Fe. In
another work, the same group [8] concludes that the mechanism re-
sponsible for the release of gas species detected in the TPD spectra is
closely related to the catalytic activity of mineral matter during gasi-
fication. They state that the amount of oxygen contained in inorganic
species and in carbon-oxygen complexes after gasification is a measure
of carbon specific conversion rate. In the more recent works of Klose
and Wolki [2] and Guizani et al. [9], who made TPD analysis of par-
tially gasified biomass char samples using CO, or HO as gasifying
agent, there is no mention of the possibility of ash decomposition re-
actions resulting in the release of CO, and CO during TPD.

Based on the conclusions presented in part 1 of this study [6] this
paper concentrates on the analysis of TPD spectra of partially gasified
beech wood char samples from the point of view of the influence of its
ash components. First, a summary of relevant results presented in
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literature concerning desorption of oxygenated surface complexes and
decomposition of ash components from biomass char and coal char that
influence TPD spectra is presented. Then, experimental results of TPD
of partially gasified samples of a low ash content commercial activated
carbon impregnated with the main ash components of the beech wood
char under study (Ca and K) is given. The findings are finally applied to
the results of TPD spectra obtained for partially gasified samples pre-
sented in the first part of this study [6] and conclusions about the in-
fluence of decomposition of ash components in the TPD spectra and its
relationship to the gasification process are drawn.

2. Literature review on TPD behavior of oxygen surface complexes
and biomass ash components

2.1. Carbon oxygen surface complexes and their decomposition behavior
during TPD

Carbon oxygen surface complexes are present in the form of oxy-
genated groups on the surface of carbon materials. They act not only as
surface intermediates in gasification reactions (and other) but also de-
termine the surface chemistry of the material, influencing its applica-
tion as catalyst or as adsorbent, among others [10,11]. They form on
the edges of the basal plane of the graphite layer of carbon materials
where unsaturated carbon atoms are present and on defects, disloca-
tions and discontinuities present on these basal planes [12]. Oxygen
surface groups form acidic, basic or neutral structures that decompose
during TPD at different temperature ranges yielding CO, CO, and H,0.
Fig. 1 shows the most common oxygenated groups found in carbon
materials with their typical decomposition temperatures and the re-
leased gases during decomposition. Groups not shown in the figure like
lactols, aldehydes, ketones and chromenes can also be present in low
amounts [13,14]. Decomposition temperatures of oxygenated surface
complexes are influenced by the structure of the carbon material, the
heating rate and the experimental system [15]. Therefore, they appear
in a wide interval during TPD. General trends show that the CO, re-
leasing oxygen groups desorb in the lower temperature range (between
100 °C and 700 °C). Carboxylic anhydrides desorb yielding equimolar
amounts of CO, and CO at intermediate temperatures (350 °C to
620 °C). Complexes releasing CO desorb at higher temperatures (550 °C
to 1000 °C) [11]. According to Calo and Hall [16], oxygenated groups
yielding CO, (e.g. carboxylic acid, anhydrides and lactones) are formed
preferably in the mesopores of the carbon structure because of their
large size. At the same time, smaller structures that yield CO during
desorption (e.g. carbonyl, ketone and ethers) are formed in the micro-
pores.

During TPD, CO and CO, signals appear overlapped. Thus, TPD
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Fig. 1. Decomposition temperatures of different functional groups present as oxygenated surface complexes on carbon materials. Summarized from data compiled by

Ishii and Kyotani [20] and Tremblay et al. [14].
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peaks can be assigned to different functional groups. The assignment is
often accompanied by other techniques like acid-base titration, infrared
spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS)
[17-19]. Moreover, the desorption behavior of complexes adsorbed in
the micropores can be influenced by its location within the pore and the
neighboring complexes. As pointed out by Calo and Hall [16], CO,
which is the primary desorption product of the complexes in micro-
pores, has a high probability of interacting with other complexes and
free sites on the surface undergoing a secondary oxidation reaction to
form CO,. The reaction takes place at intermediate temperatures. At
low temperatures (lower than 400 °C), C(O) complexes are inactive
whereas at very high temperatures, the equilibrium of the oxidation
reaction is shifted to the CO side. The authors state that CO, formation
from secondary oxidation of CO can be either minimized by using low
heating rates during TPD (in their work lower than 20 K/min) as the
concentration of evolved CO within the pores remains low. On the other
hand, very high heating rates should be used (higher than 500 K/min)
in order to minimize the residence time of released CO within the mi-
cropores.

Figueiredo et al. [10] studied the formation of oxygenated surface
complexes based on the CO and CO, evolution during TPD of activated
carbon from coconut shell char partially oxidized in 5% O, in N, at
425 °C. TPD experiments were performed using a heating rate of 5 K/
min in He atmosphere. They concluded that the evolving CO, originates
from desorption of carboxylic anhydrides and lactones with maxima at
603 °C and 631 °C respectively. No evolution of CO, is observed at
lower temperatures. The evolution of CO is attributed to desorption of
carboxylic anhydrides (accompanied by CO, evolution), phenols and
carbonyl/quinones with maxima at 603 °C, 674 °C and 821 °C respec-
tively. Szymanski et al. [13] conducted deconvolution of the CO5 and
CO signals of TPD profiles of demineralized commercial activated
carbon oxidized with nitric acid. The obtained CO, profile is composed
of five peaks, although two of them with maxima at 290 °C and 430 °C
show the higher contributions. This signal is attributed to the decom-
position of carboxylic compounds at lower temperatures and to anhy-
drides, lactones or lactols at higher temperatures followed by deso-
rption of CO,. The CO profile shows the presence of four peaks in the
temperature range between 250 °C and 700 °C which are attributed to
the decomposition of carbonyl and carboxylic groups at lower tem-
peratures and phenol and quinone groups at higher temperatures. Zhou
et al. [18] studied the formation of oxygenated surface groups on a
carbon nanofiber submitted to different heat treatments including
oxidation in air and O, at temperatures between 400 °C and 600 °C.
They characterized the surface oxygen complexes by deconvolution of
TPD spectra together with FT-IR and XPS measurements. TPD was
performed under Ar atmosphere at 10 K/min until 1000 °C. Ad-
ditionally to the surface complexes already determined by other authors
they attribute CO peaks obtained at low temperatures (lower than
300 °C) to adsorbed CO. Samples that were submitted to high tem-
peratures under Ar atmosphere (900 °C and 1700 °C) before oxidation
showed a CO, peak at high temperatures (above 800 °C) that could not
be identified and is referred to as desorbed unknown group. They also
conclude that high temperature treatment (oxidation at 600 °C and
heating in Ar at 1700 °C) causes a higher degree of graphitization of the
carbon nanofibers and consequently, a decrease in number of surface
oxygenated groups.

2.2. Decomposition behavior of biomass ash components during TPD

Biomass ash is composed of high concentrations of alkali and al-
kaline earth metallic species (AAEM), mainly K and Ca together with
small fractions of Na and Mg. Si, Al and Fe are also present in ash
whereas the highest contribution is exerted by Si [21-23]. Studies on
decomposition of ash components are based on TPD, differential scan-
ning calorimetry (DSC), thermogravimetric analysis (TGA) and in some
cases X-ray diffraction measurements. Experimental work is made on

Fuel 267 (2020) 117179

the more representative components of char and/or biomass char ashes
and their mixtures. Following a summary of the main findings about the
decomposition behavior during TPD of individual ash components and
biomass char ash is presented.

2.2.1. Decomposition of individual components

After gasification, AAEM are generally present as carbonates
[23,24]. During TPD in inert atmosphere, CaCO3 decomposes according
to the decarboxylation reaction in solid state (R6), yielding CO, in the
temperature interval between 600 and 800 °C [25-28]. Formation of
CO according to (R7) takes place to a very small extent at slightly lower
temperatures [29].

Regarding K,COj its decomposition according to reaction (R8) takes
place at temperatures above 900 °C-1150 °C [30,31]. Arvelakis et al.
[31] state that this reaction occurs after melting of K,CO3 at tempera-
tures near 900 °C. However, contrary to the findings about the reaction
of CaCOs; in presence of C, Kopyscinski et al. [32] found that reaction of
K>CO3 according to reaction (R9) predominates as only CO was de-
tected in their experiments in TGA in N, atmosphere. This reaction
takes place at temperatures above 700 °C [32]. CaCO3 and K,COj3 de-
composition (according to reactions (R6) and (R8)) is inhibited by the
presence of CO, [27,29,33,34].

CaCO; s Ca0 + CO, (R6)
CaCO; + C — CaO + 2CO (R7)
K,CO; 5 K,0 + CO, (R8)
K,CO, +2C- 2K + 3CO (R9)

During heat treatment, gaseous K formed after decomposition of
K,0 (generated according to R8) can escape the sample [35]. Zhao et al.
[35] observed in samples of K,CO3 submitted to heating in a fixed bed
reactor at 900 °C during 120 min under N, atmosphere a loss of 20% of
the original K. Nzihou et al. [23] indicate that alkali compounds tend to
suffer evaporative losses during pyrolysis and gasification conditions
due to their high vapor pressures.

Decomposition reactions of silicon take place in presence of C with
CO evolution by different reactions yielding SiO, SiC and/or Si.
According to Biernacki and Wotzak [36] and Henderson and Tant [37],
these reactions take place above 1300 °C. Hiittinger and Nill [38] in-
dicate that the reaction of silica with C begins at 800 °C. This affir-
mation is however not supported on experimental evidence or a lit-
erature reference. Interactions between SiO, and AAEM to form
silicates can also influence TPD spectra as these reactions take place
with CO, release [28,31,39]. Calcium silicates form after CaCO3 de-
composition to CaO at temperatures above 650 °C [28]. Potassium si-
licate formation takes place via reaction of K,CO5; with SiO, at tem-
peratures as low as 600 °C [31,40]. Thermodynamic calculations made
by Anicic et al. [39] indicate that at molar ratios Si05:K>CO3 below 1:1
the presence of CO, exerts a high inhibiting influence, so that almost
50% of the original K,CO3 remains in equilibrium without decom-
position.

Mg- and Na- compounds are present in much smaller quantities as
Ca- and K-compounds in biomass ash so it is expected that their influ-
ence in TPD signals is of minor importance. Their decomposition should
follow similar pathways as for Ca (Group IA) and K (Group IIA), re-
spectively. MgCO3; undergoes thermal decomposition at low tempera-
tures between 113 °C and 550 °C [41]; Na,CO3; decomposes above
1000 °C. In presence of SiO, sodium silicate is formed (with CO, evo-
lution) at temperatures as low as 800 °C [42]. The reaction of Na,CO5
with carbon resulting in CO evolution takes place at temperatures
above 800 °C [43].

The presence of Fe can also influence TPD spectra. After gasifica-
tion, due to reaction of Fe with CO,, it is present as FeO in the char ash.
During TPD in presence of C the oxide is reduced with CO evolution at
temperatures over 700 °C [44]. Kyotani et al. [8] identified Fe304 as the
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predominant Fe compound in coal char during gasification with H,O.
They conclude that during TPD it is reduced to FeO in the presence of C
producing CO. This reaction takes place at temperatures higher than
750 °C. Al,O5 is stable a temperatures lower than 1000 °C so it is ex-
pected that this component do not exert any influence in the TPD sig-
nals [45].

2.2.2. Decomposition of biomass char ash

Few studies deal with the decomposition behavior of biomass char
ash. Li et al. [46] studied the thermal decomposition of raw biomass ash
and artificial mixtures representative for biomass ashes by TGA under
air atmosphere. They divided the mass loss in three temperature stages:
low temperature between 70 °C and 250 °C, moderate temperature
between 350 °C and 450 °C and high temperature between 600 °C and
1100 °C. Mass loss of artificial mixtures at low and high temperature
stages are attributed to the presence of K,O, whereas mass loss in the
low temperature range is attributed to dehydration of the alkali oxide.
Mass loss at the moderate temperature stage is attributed to the pre-
sence of CaO. Raw biomass ash did not show mass loss at moderate
temperatures, which they ascribe to the combination of CaO to other Ca
compounds having different decomposition temperatures. According to
Arvelakis et al. [31] below 800 °C, weight loss of biomass ash during
heating in nitrogen is due to CaCO5; decomposition according to (R6).
Between 850 °C and 1150 °C, K,COj reacts with SiO, yielding CO, and
above 1150 °C, mass loss is attributed to decomposition of K,CO5 ac-
cording to (R8).

3. Materials and methods
3.1. Characterization of raw material

3.1.1. Biomass char

In the present work a high temperature char (WC1600) produced
from a bark-less beech wood is used. The biomass was milled and
pyrolyzed in two steps up to 500 °C and 1600 °C, respectively.
Thereafter, the char obtained was sieved to a 50-100 pum fraction.
Carbon content of the char amounts to 97.4 wt-% daf and ash content to
6.68 wt-% d. Ash composition analysis of WC1600 determined by in-
ductively coupled plasma optical emission spectrometry (ICP-OES) is
presented in Table 1. Cl and S were below detection limits. A detailed
description of the production procedure and its characterization is
presented in part 1 of the present study [6].

3.1.2. Impregnated activated carbon

The behavior of the main ash components of WC1600 (K and Ca) is
investigated with a commercially available activated carbon (AC1)
having ash content lower than 1 wt-% (Merck CAS 7440-44-0, particle
diameter < 100 um, BET specific surface area 740 m?/g). AC1 was
impregnated with calcium nitrate (AC1Ca) and potassium nitrate
(AC1K), the ash concentration was determined by ICP-OES. For im-
pregnation, a round bottom flask was filled with 5 g of AC1 and the
correspondent solution of metal salt in demineralized water.
Subsequently, the flask was attached to a vacuum rotary evaporator
(Heidolph VV 2000). The flask was lowered into a water bath, which
was tempered at 55 °C, and rotated with 30 min~'. Using a vacuum

Table 1
Ca, K and Si mass fractions of WC1600, raw activated carbon (AC1) and the two
impregnated samples AC1Ca and AC1K measured by ICP-OES.

Sample Ca K Si
mg/gc mg/gc mg/gc
WC1600 26.19 2.94 6.01
AC1 0.80 0.69 2.81
AClCa 26.45 0.69 2.81
ACIK 0.80 25.02 2.81
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pump, the pressure was decreased to 170 mbar. After approx. four
hours, the liquid was completely evaporated. Finally, the impregnated
char was dried for 12 h at 105 °C. Values for Ca, K and Si concentration
for the raw activated carbon material and the two impregnated samples
are given in Table 1.

3.2. Experimental

The detailed experimental set-up and procedure, as well as the ap-
proach used for the correction of the TPD signals are presented in detail
in section 3 of part 1 of the present study [6]. Summarizing, WC1600 is
partially gasified in 80 vol-% CO, in Ar at 820 °C up to carbon con-
version degrees of 0.25, 0.50, 0.75, 0.90 and 1. After gasification, the
samples were cooled to 200 °C either in reaction atmosphere or in Ar
atmosphere. Subsequently, a TPD under Ar at 3 K/min until 900 °C is
performed. As proposed by Lizzio et al. [5] by cooling in Ar atmosphere
the amount of stable surface complexes formed in the gasification re-
action can be determined from the released CO, and CO during the TPD
step. The obtained volume fractions using this procedure are noted as
Yoo, stable and Y. - If the cooling step is performed in CO, atmo-
sphere, the amount of total complexes (stable and unstable) is mea-
sured. Volume fractions obtained using this procedure are called
Yooy total A9 Yoo otal”

The impregnated activated carbon samples AC1Ca and AC1K were
gasified to a conversion degree of 20% using 80 vol-% CO, in Ar at
800 °C. The samples were then cooled to 200 °C in a CO, atmosphere
followed by TPD until a final temperature of 900 °C, with a heating rate
of 3 K/min and flow of Ar 100 ml/min (same parameters used by the
WC1600 samples). As cooling is performed under reaction atmosphere
evolved CO, and CO are assigned as Yoo, sotal and Yeo.total*

3.3. Data analysis

3.3.1. Determination of released CO and CO, amounts and calculation of
the quantity of reactive sites

The determination of the CO and CO, amounts released during the
TPD experiments and the calculation of the quantity of reactive sites is
performed according to the procedure described in section 3.4 of Part 1
of the present study [6] (Eq. numbers refer to Part 1). Volume fractions
of Ar (y,,(t)), CO. (ycoz(t)) and CO (y, (1)) are calculated from the ion
current signals of the mass spectrometer using Eq. (3) to (6). With these
values, the molar flows of CO, and CO are calculated using Eq. (11).
The amount of desorbed gas species nqq and ngg, is determined by
integration of the molar flows using Eq. (12) and the determination of
the total quantity of reactive sites is performed by applying Eq. (13).

3.3.2. Determination of the maximal theoretical amounts of released CO,
and CO from the initial ash content

Theoretical maximum amounts of released CO, and CO originated
from ash decomposition reactions can be deduced from the initial
content of the corresponding inorganic element in ash presented in
Table 1, and the stoichiometry of the reactions presented in Section 2.2.
As an example, maximal theoretical CO, evolution of sample AC1Ca
due to the thermal decomposition of CaCO3 (R6) is calculated as fol-
lows: First, the maximal available amount of calcium carbonate is de-
termined from the Ca content of the sample assuming that all Ca forms
the carbonate. Then, the corresponding amount of CO, that evolves
according to (R6) is determined. The same procedure is used for each
reaction considered in chapter 4.

4. Results and discussion
4.1. CO and CO, release during TPD of AC1Ca and ACIK

CO, and CO signals during TPD of AC1Ca and AC1K are depicted in
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Fig. 2. TPD spectra during determination of total surface complexes for the
impregnated activated carbon samples AC1Ca and ACIK submitted to gasifi-
cation at 800 °C and 80 vol-% CO, until 20% carbon conversion. The cooling
step before TPD is performed under CO, atmosphere. (a) CO5 and (b) CO re-
lease.

Fig. 2. Table 2 presents a comparison between experimental amounts of
released CO, and CO and the maximal theoretical values that can be
calculated from the samples according to their initial ash composition
and to selected decomposition reactions using the methodology pre-
sented in Section 3.3.2.

The CO, spectrum of sample AC1Ca, presented in Fig. 2(a), shows a
pronounced peak at 630 °C that does not appear in the sample AC1K.
Thus, its formation can be attributed in part to the decomposition of
CaCO; according to (R6). As presented in Section 2.2.1 under TPD

Table 2
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conditions this reaction is favored over reaction (R7) and takes place in
the temperature interval at which this peak appears. The presence of
CaCOs in the sample after cooling can be explained as follows: During
gasification, CaCO3 undergoes continuous decomposition, according to
(R7), and formation, according to reverse reaction of (R6). The latter is
favoured due to the presence of CO,. This sequence is proposed to be
the mechanism responsible of the catalytic effect exerted by the pre-
sence of Ca during gasification [29]. By cooling in CO,, all CaO forms
the carbonate and due to the lower temperatures, its decomposition is
stopped. Therefore, Ca is present as its carbonate CaCOs in the sample
at 200 °C. During the following TPD, the carbonate decomposes ac-
cording to (R6) yielding CO, in the gas phase. Row A.1 of Table 2 shows
the calculated amount of CO, that might be released from the sample as
a result of CaCO3; decomposition according to (R6) using the initial Ca
content in the ash. In row A.2 of the same table the experimentally
released CO, during TPD, indicated with diagonal hatch pattern on
Fig. 2a, is presented. The higher value of the experimental CO, amount
indicates the presence of oxygenated surface complexes, such as car-
boxylic anhydride and lactone groups, that are formed during gasifi-
cation and desorb in this temperature interval [10,13]. In the present
case, the desorbed oxygenated surface complexes correspond to the sum
of stable and unstable complexes as cooling was performed under CO,
atmosphere (for a detailed explanation of the experimental procedure
refer to section 3.3 of part 1 of the present study [6]). The calculated
amount of desorbed CO,, following the procedure of section 3.3.2,
constitutes the maximum CO, evolution from CaCOs; decomposition
that can arise from the sample as it is assumed that all Ca is available
for the formation of the carbonate. The true CO, amount will however
be lower as it depends on the availability of Ca on the surface to un-
dergo CaCO; formation and decomposition during TPD. Moreover, Ca
availability is directly related to the amount that is catalytically active
during gasification since the amount of carbonate that undergoes the
decomposition-formation mechanism during gasification is the one that
decomposes during subsequent TPD [8]. Availability of Ca depends on
Ca dispersion in the sample and the occurrence of sintering during
gasification [8,24,47].

As can be seen from the CO, release of sample AC1K presented in
Fig. 2(a), the presence of potassium exerts an influence on this signal in
the whole temperature range. No evidence on decomposition of K-
compounds on ash yielding CO, or CO at temperatures lower than
600 °C was found in literature. Thermal decomposition of K,CO3 ac-
cording to (R8) takes place at temperatures higher than 900 °C so the
occurrence of this reaction is improbable at the conditions used in the
present work. A source of CO, from the K containing sample at tem-
peratures above 600 °C can arise from the formation of potassium si-
licate. However, the released CO, would be negligible due to the low Si
content of the sample. This can be supported by calculating the max-
imal CO, amount that evolves from the initial Si content in the sample
(see Table 1) and reaction of SiO, with K,CO3 to form K,0(SiO,) and
CO,. Applying the procedure depicted in Section 3.3.2, the calculated
value corresponds to only 0.89% of the total experimentally released

Calculated and experimental CO, and CO amounts according to proposed decomposition reactions during TPD of samples AC1Ca and AC1K.

Released mass of gas species during TPD per initial
carbon mass

mgi/gc,0
A CO,, evolution attributed to CaCO3 = CaO + CO,
Al Calculated from the initial Ca content of sample AC1Ca and the stoichiometry of the reaction. 29.04
A2 Experimental value from TPD of sample AC1Ca (area identified with diagonal hatch pattern of Fig. 2a). 39.35
B CO evolution according to K,CO3 + 2C = 2K + 3 CO
B.1 Calculated from initial K content of sample AC1K and the stoichiometry of the reaction. 26.88

B.2 Experimental value from TPD of sample AC1K (calculated as the sum of the areas marked with cross hatch pattern 63.72

and diagonal hatch pattern on Fig. 2b).

B.3 Experimental value from TPD of sample AC1K minus common CO evolution (area identified with diagonal hatch 30.32

pattern on Fig. 2b).
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CO, determined from the cross hatched area of Fig. 2. A similar beha-
vior in the CO, signal is observed in the WC1600 samples analyzed in
part 1 of the present study (as presented in Fig. 3 and Fig. 4 of part 1
[6]). There, it is concluded that this CO, release cannot be the result of
desorption of oxygenated surface complexes as preheated and un-
converted char samples of WC1600 show a similar CO, spectrum.
Desorption of oxygenated surface complexes yielding CO, from sample
ACIK is rather unlikely. The considerable amount of CO, that desorbs
from oxygenated surface complexes from sample AC1Ca shows a pos-
sible influence of the presence of Ca in the formation of oxygen surface
complexes yielding CO, during TPD. Finally, at approx. 590 °C the CO,
signal of sample AC1K shows a small peak that can be the result of
decomposition of CaCO3; formed from the original Ca content of the
sample presented in Table 1.

Fig. 2(b) shows the CO signals during TPD for both samples AC1K
and AC1Ca. As expected, CO release takes place at higher temperatures
than CO,. Excluding the peak at 650 °C from sample AC1Ca, both sig-
nals seem to have the same course up to approx. 730 °C. Afterwards, the
signal of the sample AC1K exhibits a faster increase until reaching a
maximum at 850 °C. Enhanced CO evolution of sample ACIK after
730 °C can be attributed to decomposition of K,CO3 according to (R9)
which predominates over the thermal decomposition following (R8)
[32]. During gasification, K undergoes reactions that include a con-
tinuous decomposition and formation of the carbonate by means of (R9)
and the reverse reaction of (R8). K,O needed for the formation of the
carbonate arises from reaction of elemental K with CO, in an inter-
mediate step [48,49]. By stopping the gasification reaction, K is present
in the sample mainly as K,CO3; and during cooling in CO, remaining
K50 reacts to K>CO3 according to the reverse reaction of (R8). At
200 °C, catalytically active K, or the one that undergoes K>COj3 for-
mation and decomposition, is present in the sample as K,CO3. During
subsequent heating at TPD conditions, the carbonate decomposes fol-
lowing (R9). Table 2 section B shows the calculated CO amount that
arises from (R9) using the initial K content of the impregnated sample
(row B.1) and the CO released during the experiment using two ap-
proaches (row B.2 and row B.3). Row B.2 includes the whole CO
amount released from sample AC1K (sum of areas indicated with cross
and diagonal hatched patterns on Fig. 2(b)). In Row B.3 the value of the
additional CO evolution of sample AC1K over sample AC1Ca is shown
(area of the cross-hatched pattern on Fig. 2(b)). The obtained experi-
mental value presented in row 3 is close to the calculated value from
the initial K content of the sample. Consequently, it can be stated that
the CO curve of the sample AC1K results from two contributions: One
that is common for both samples, and therefore independent of im-
pregnation, and other that originates from the decomposition of K,CO3
present in the sample. CO evolution due to decomposition of K,CO3
amounts to 42% of the total evolved CO of sample ACIK.

Regarding the common CO evolution, as the original ash content of
the samples is very small (<1 wt-%), decomposition reactions of
common ash components should not have a relevant influence on the
CO signal. Si present in both samples (see Table 2) which is typically
present as silicon oxide, decomposes in presence of C at high tem-
peratures (1300 °C) [36,37]. Moreover, it would rather tend to form
calcium or potassium silicates with CO, evolution at lower tempera-
tures [28,31]. K present in the sample AC1Ca could also be a source of
CO through K,CO3; decomposition. However, the calculated amount of
CO that would evolve using the initial K content of the sample and (R9)
amounts to only 1,26% of the total area marked with diagonal hatch
pattern of Fig. 2(b). The common CO release should then be the result
of desorption of oxygenated complexes yielding CO like phenols, car-
bonyl/quinones and ether groups that are formed on the samples during
gasification. The presence of a high amount of oxygenated complexes
yielding CO is related to a sample having a high amount of micropores
[16] which should be the case of the activated carbon samples used in
the present work.

Finally, the origin of the CO peak at 650 °C of the sample AC1Ca
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(identified with horizontal hatch pattern in Fig. 2(b)) can be associated
with the decomposition of CaCOj3 in presence of C according to (R7).
This reaction takes place to a smaller extent than thermal decomposi-
tion of CaCO3 [29]. The mass of CO released calculated by this peak
area amounts to 2,11 gco/gc,0- Based on the stoichiometry of reaction
(R7) it is calculated that this amount would be released from an initial
Ca content of 1,51 mg/gc o which represents 5,7% of the Ca present in
the sample. Another possible origin is the desorption of carboxylic
anhydride that, as shown in Fig. 1, decomposes yielding CO and CO, in
the temperature interval in which this peak appears (shifted to the
higher temperatures). However, as the occurrence of this peak depends
on the presence of Ca in the sample the most likely cause of its ap-
pearance is the decomposition according to (R7).

From the previous analysis, it can be concluded that the presence of
Ca and K in samples of partially gasified activated carbon exerts a big
influence on the CO, and CO spectra obtained during subsequent TPD.
CO, and CO release is the result of a combination of desorption of
oxygenated surface complexes and decomposition reactions of carbo-
nates of Ca and K. Both are formed during gasification under CO, at-
mosphere and participate in the gasification reaction. TPD spectra can
be interpreted as follows:

- The peak of the CO, signal of the sample impregnated with Ca
(AC1Ca) is in its major fraction the result of decomposition of CaCO3
according to (R6). Extra CO, evolution can be attributed to de-
composition of oxygen surface complexes followed by desorption of
COs.

CO evolution at temperatures higher than 700 °C for sample AC1K
results from decomposition of K,CO3 (according to (R9)) and de-
composition of oxygen surface complexes followed by desorption of
CO.

Regardless of impregnation, CO release shows for both samples
(ACIK and AC1Ca) a common course. This release is attributed to
decomposition of oxygenated surface complexes formed during ga-
sification followed by desorption of CO.

- CO, release does not exhibit a common course comparing both
samples. Moreover, sample AC1K does not show a CO,, signal arising
from decomposition of oxygenated surface complexes.
Consequently, formation of oxygenated surface complexes yielding
CO,, seems to be promoted by the presence of Ca in the sample.
Decomposition of CaCO3 in presence of C according to (R7) takes
place to a smaller extent than thermal decomposition (R6) giving a
peak in the CO spectrum of the sample AC1Ca at 650 °C.

The presence of K exerts an influence on the CO, signal that could
not be explained from evidence found in the literature available.
The same influence was detected in samples of partially gasified
WC1600 as presented in part 1 of the present study [6].

4.2. CO and CO; release during TPD of completely gasified WC1600

TPD profiles of ash of samples of WC1600 completely gasified
(Xc = 1) using the procedures for determination of total and stable
complexes (described in section 3.3 of part 1 of the present study [6])
are presented in Fig. 3.

CO,, signals show the characteristic peaks at 610 °C (ycozymm) and
430 °C (yCOZ,stable) that also appear in the WC1600 samples partially
gasified as presented in Figs. 3 and 4 of part 1 of the present study [6].
From the analysis of the preceding section, the origin of the peak at
610 °C can be attributed to the decomposition of CaCOj5 that is present
in the sample after cooling in CO,. Both CO, peaks of samples AC1Ca
and WC1600 appear in the same temperature interval, with a small
difference of 20 K. The experimental amount of CO, that is released
from this peak amounts to 0,0092 gco2/8co While the maximal CO,
amount that would evolve from the initial Ca content in the sample of
WC1600 (reported in Table 1) following the decomposition reaction of
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(R6) increases to 0,033 gco2/8co. This result indicates that only a
fraction of Ca in ash of WC1600 is capable to undergo CaCO3; decom-
position. As stated above, this fraction corresponds to the quantity of Ca
that is catalytically active during the gasification process as it is able to
undergo formation and decomposition of CaCOs at gasification condi-
tions. As reported by Radovic et al. [47] and Cazorla-Amoros et al. [24]
the catalytic activity of the metal during gasification is dependent on
Ca-dispersion in the sample. Non-active Ca may be sintered in the
matrix of the ash sample [24].

When the procedure for determination of stable complexes is ap-
plied, the CO, atmosphere is changed to Ar at gasification temperature
after reaching the desired carbon conversion degree. Consequently,
recombination of CaO (originated from decomposition of CaCO5 fol-
lowing the decomposition and formation mechanism responsible for the
catalytic influence exerted by Ca on the gasification reaction with CO,)
to form CaCOj3; does not take place. Moreover, remaining CaCO3 de-
composes to CaO and CO, at gasification temperature. After cooling,
the amount of Ca that participates in the gasification reaction is present
as CaO and consequently, during the subsequent TPD, the peak at
600 °C does not appear. The CO, peak at 430 °C observed in Fig. 3 must
originate from a compound whose formation is inhibited by the pre-
sence of CO, during cooling, as this peak does not appear in the signal
of Yoo, total+ FTOM the literature review, only Mg compounds decompose
at temperatures lower than 500 °C but yield CO, instead of CO [41].
Hall and Calo [16] obtained a similar CO, peak centered at 427 °C in
their TPD studies of oxidized coal char. However, no indication about
the origin of this peak is given. A possibility arises from desorption of
chemisorbed CO, on CaO. Linares-Solano et al. [50] pointed out that, at
temperatures lower than 300 °C, CO. chemisorption on CaO pre-
dominates over the carbonation reaction (reverse reaction of (R6)).
Considering the experimental conditions used in the present work, as
the atmosphere is changed at gasification temperature from CO, to Ar,
all CaCO3 should decompose to CaO with CO, release. It is possible that
during the rapid cooling a small amount of CO, remains chemisorbed
on the sample and is later desorbed during the subsequent TPD. This
aspect should be further investigated.

Another possible source of CO, during TPD is the formation of po-
tassium silicate. However, no CO, is detected in the temperature range
at which this reaction takes place (above 650 °C) so its occurrence is
unlikely. Finally none of the CO, signals show the continuous evolution
in the whole temperature interval that appears in the partially gasified
samples of WC1600 (see Fig. 3 and Fig. 4 of part 1 of the present study
[6]) and the sample AC1K (see Fig. 3). Thus, the presence of C in the
sample must have an influence on the event that causes the appearance
of this signal.
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Fig. 3. CO, and CO release during TPD for determination of surface complexes
for ash of WC1600 submitted to total gasification at 820 °C and 80 vol-% COs.
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CO signals of both y., ) and Y g0, Show the same course as the
one obtained from blank experiments indicating that no decomposition
of ash components yielding CO takes place. The present results confirm
that K,CO3; decomposition in the studied temperature range takes only
place in presence of C according to (R9). Moreover, no thermal de-
composition of K,CO3 according to (R8) occurs as no CO, is detected in
the high temperature region. As reported in the literature this reaction
takes place at temperatures higher than 900 °C [30].

From the above presented results on TPD of ash remaining after
gasification of WC1600 with CO, it can be stated that:

- Only a fraction of Ca present in ash of WC1600 undergoes CaCO3
decomposition. This fraction is related to the quantity of Ca that is
catalytically active during CO, gasification.

- After cooling in Ar atmosphere Ca in ash of WC1600 is present as
CaO. Consequently during TPD the pronounced peak at approx.
600 °C, attributed to CaCO3 decomposition, does not appear.

- Chemisorbed CO, on CaO can be the source of the small peak at
approx. 430 °C of the signal of stable complexes Yoo, stable”

- Contrary to the results on the partially gasified samples, a release of
CO,, at low temperatures does not take place. Consequently, release
of CO, at low temperatures depends on the presence of C in the
sample.

- Decomposition of ash components yielding CO does not take place
during TPD of ash obtained after total gasification of WC1600.

4.3. Comparison of spectra from ash and partially gasified samples of
WC1600

Based on the conclusions about the course of the CO, and CO signals
during TPD obtained so far an attempt is made to identify the con-
tributions of both ash decomposition reactions and desorption of
oxygen surface complexes during TPD of WC1600 samples partially
gasified in CO, atmosphere. The results for these samples obtained for
0.25, 0.50, 0.75 and 0.90 carbon conversion degrees are presented in
detail in part 1 of the present study [6].

Regarding Figs. 3 and 4 of part 1 of the present study [6], CO,
signals of total surface complexes are dominated by the pronounced
peak at 600 °C that is characteristic for CaCO3 decomposition. The peak
shows small variations in height and maximum peak temperature. The
CO,, signal of stable complexes is characterized by the peak at 430 °C
possibly due to chemisorbed CO,. Additionally to these characteristic
peaks the course of the CO, signals of both total ko total) and stable
(yCOZ,stable) complexes show a common behavior that extends over the
whole temperature range studied. It can be identified by overlapping
the signals of Yoo, otal and Yoo, stable a5 shown in Fig. 3 of part 1 of the
present study [6]. As the signal is common for both stable and total
complexes it should evolve from a compound that remains stable at
gasification conditions and consequently does not participate in the
gasification reaction. As shown in Fig. 4(a), it corresponds to the signal
of ycoz,stablewithout the peak at 430 °C. Latter is taken from the signal of
stable CO, (yCOZ,stable) of the sample completely gasified (X = 1) pre-
sented in Fig. 3. It has been shown that the common CO, release is not
caused by desorption of oxygen surface complexes as it appears on
degassed samples that have not been submitted to partial gasification.
From the analysis presented in sections 4.1 and 4.2, it is also concluded
that it emerges during TPD when C and K are present in the sample.

A detailed analysis of the CO, signals of the samples gasified up to
Xc = 0.90 carbon conversion degree (both stable and total CO,) show a
deviation to higher values starting from approx. 650 °C onwards com-
pared to the common CO, course. This can be seen in detail in Fig. 4(b)
where the area corresponding to the additional CO, (hatched area) and
the course of this additional release (dashed line) show a peak at ap-
prox. 820 °C. At the same time, the CO signals show a steep increase
(see X, = 0.90 in Fig. 4(a) and (b) of part 1 of the present study [6]),
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compared to the signals obtained at X, = 75%. At X, = 0.90, released
CO values are the highest of all conversion degrees. This behavior is
contrary to that observed from 25% to 75% conversion where the CO
signal is shifted towards lower values. The enhanced CO, and CO
evolution at 90% conversion may be explained by the initial structure
of WC1600 and its development during gasification. Due to the high
temperature at which the sample was pyrolyzed (1600 °C), the graphitic
structure of WC1600 became highly ordered so that places for the
formation of oxygenated surface complexes are limited [12]. Thus, the
gasification reaction is predominantly caused by the catalytic influence
exerted by the main ash components Ca and K. At high conversion
degrees (X. = 0.90) collapsing of the carbon structure gives rise to the
formation of edges and imperfections on the basal planes of the gra-
phite layers were formation of oxygenated surface complexes is fa-
vored. It would be expected that in some point at a conversion degree
higher than X. = 0.90 further collapsing of the char matrix occurs and
the amount of surface complexes declines rapidly until reaching total
conversion. Based on the decomposition temperatures of oxygenated
surface complexes presented in Fig. 1, the origin of these newly formed
complexes that are released as CO, cannot be fully explained as CO,
evolution usually does not take place at temperatures higher than
700 °C. A possible source of this CO, evolution is the occurrence of a
secondary reaction within the pores of the sample between released CO
and the surface of the carbon [16], as presented in the literature review.

CO release of the samples of WC1600 obtained using the procedure
for determination of total complexes (yco,mml) (Fig. 4(b) of part 1 of the
present study [6]), show a similar course as the CO signal of sample
ACI1K (Fig. 3(b)). These samples were cooled under CO, atmosphere.
Consequently, as presented in section 4.1, the CO signal is the result of
decomposition of K;COsz according to (R9) and desorption of
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oxygenated surface complexes (stable and unstable). The tendency of
the CO signal towards lower values as the conversion is increased from
X. = 0.25to X, = 0.75 can be ascribed to the tendency of K to volatize
during gasification, as reported by several authors [22,23,32]. Another
possible explanation for this behavior is a reduction in the amount of C
that is available for K,CO3; decomposition with an increment in the
carbon conversion. The steep increase in CO evolution at X, = 0.90 is
due to an enhanced formation of active sites in the structure of the
carbon matrix at high conversion degrees. When CO, is changed to Ar
at gasification temperature, (R9) takes place until all K;CO3 has de-
composed to K and CO and new formation of the carbonate does not
occur. Consequently, CO evolution is not affected by K,CO3; decom-
position and should be then the product of the sole decomposition of
oxygenated surface complexes followed by desorption of CO. Ad-
ditionally, as shown in Fig. 4(a) of part 1 of the present study [6], the
CO signals of these samples (yCO,stable) show a similar behavior as the
one obtained for y., ., in which the curves are shifted to lower values
of CO as the conversion degree increases from X. = 0.25 to X, = 0.75.
Therefore, although the CO signal of . . is not affected by de-
composition of K,COj its presence during gasification exerts an influ-
ence on the formation of active sites that remain stable during gasifi-
cation.

4.4. Quantification of catalytically active and reactive sites during
gasification of WC1600

Following the procedure for the determination of reactive sites
proposed by Lizzio et al. [5], Yoo, stable and yq g are subtracted from
Yoo, otal and Yeoutora@t each conversion degree (for ycozmblethe peak at
430 °C is excluded from the calculation as shown in Fig. 5(a)). As the
results are influenced by the presence of ash in the samples, they are not
only representative for the amount of reactive sites participating in the
gasification reaction. Moreover, Yoo, otal and Yeo,total include the
amounts of CO, and CO that evolve when Ca and K undergo the con-
version mechanisms that are responsible for their catalytic influence
during gasification. Consequently, the CO, and CO spectra obtained
following the procedure proposed by Lizzio et al. [5] in the present
work are a measure for reactive sites and catalytically active sites re-
presenting the amount of K and Ca in ash that exerts a catalytic influ-
ence during gasification with CO,.

The course of the obtained CO, signal for each conversion degree is
presented in Fig. 5(a) together with the CO, signal of ash of the com-
pletely gasified sample (X. = 1). In this figure, the strong influence of
the presence of Ca in the TPD signal, and consequently during gasifi-
cation, is noticeable as the peaks are very similar to that of the sample
at X. = 1. Moreover, as conversion increases the course of the signals
tends to be similar to the one at X. = 1. Contrary to the tendency of K to
volatilize, Ca remains in the char during gasification [32]. Assuming
that the catalytically active Ca remains constant during gasification it
can be quantified by the amount of desorbed CO, of the sample com-
pletely gasified (X. = 1) when cooling is performed in CO,. Fig. 6(a)
shows the calculated CO, amounts released from reactive plus cataly-
tically active sites (bars marked with diagonal hatch pattern) obtained
from the curves presented in Fig. 5(a). The calculated amounts for all
conversion degrees (X, = 0.25 to X. = 0.90) are higher than the CO,
amount released at X, = 1. Extra CO, in samples partially gasified
indicates that reactive sites participate in the gasification reaction.
These reactive sites form oxygenated surface complexes, such as, lac-
tone, peroxide or carboxylic anhydride that decompose and desorb as
CO, in a similar temperature interval at which CaCO3; decomposition
takes place (as can be seen in Fig. 1). As shown in Fig. 6(a), the cal-
culated extra CO, evolution is more pronounced in the early stages of
gasification up to X. = 0.5. From this conversion degree onwards, the
amount of evolved CO, remains almost constant. Bars marked with
crossed hatch pattern show the CO, amounts corresponding to stable
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sites. These are calculated from the CO, signals of Fig. 4(a) of part 1 of
the present study [6] without the peak at 430 °C. The bars show a small
decrease up to X. = 0.75 followed by the increase at X. = 0.90 at-
tributed to the formation of oxygenated surface complexes. The slight
decrease can be related to loss of K during gasification that, as stated in
section 4.1, is responsible for the CO, evolution of the common course
of the CO, signal.
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Regarding CO, the curves presented in Fig. 5(b) show a similar
course as the one obtained for total and stable complexes having a
slight tendency to lower values as the conversion degree increases from
X. = 0.25 to X. = 0.75 followed by the steep increase for the sample
obtained until X, = 0.90. In this case, it is not possible to set a baseline
or to separate the contributions related to catalytically active sites due
to the presence of K and reactive sites. K;CO3 decomposition takes place
only in presence of C (according to (R9)). Consequently, oxygenated
surface complexes must be present in the sample. The maximal CO
amount that would evolve from K,CO3 decomposition using the initial
K content of WC1600 presented in Table 1 and the stoichiometry of
reaction of (R9) amounts to 0,0036 gco2/8c,0- As it is the case for Ca,
not all K is located on the char surface but rather in the carbon bulk of
the char particle. Thus, not all K is available for carbonate formation
and decomposition under gasification conditions. Moreover, the
amount of K that is active during gasification can change continuously
due to volatilization. However, for both CO and CO,, the sum of the two
contributions is a measure for the amount of sites on the surface of the
char available for the gasification reaction. Released CO amounts cor-
responding to the sum of reactive sites plus catalytically active sites are
calculated from the curves presented in Fig. 5(b) and presented in
Fig. 6(b) (bars marked with diagonal hatch pattern). Crossed hatched
bars of the same figure show the CO amounts released from stable
complexes calculated from the curves presented in Fig. 4(a) of part 1 of
the present study [6]. The results indicate that the ratio of reactive sites
plus catalytically active sites vs. stable sites remains constant over the
conversion degrees studied (see Fig. 4(b)). In the present work, the
amount of reactive plus catalytically active sites for all conversion de-
grees studied amounts to 54% of the CO released in total. It seems
reasonable to state that the presence of K has an influence in the for-
mation of both stable and reactive surface complexes.

The amount of reactive plus catalytically active sites was calculated
using Eq. 13 of part 1 of the present study [6]. The CO and CO, molar
amounts in the bars marked with diagonal hatch pattern of Fig. 6 re-
present the differences of (Mo total — Mco,stable) and
(Nco, total — Mco,stable)s Tespectively. This equation was originally de-
fined assuming that desorbed CO and CO, were a measure of reactive
sites only. However, as the obtained CO and CO, signals include the
effect of decomposition and desorption of unstable surface complexes
together with decomposition of catalytically active ash components, the
calculated amount includes both contributions and is therefore desig-
nated as Xyeoctivercatalytic 111 the present work.

The relation between the specific conversion rate R,, (see Eq. 1 of
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Table 3

Specific conversion rate constants k reported Lizzio et al. [5] and determined in
present work. Calculated values of reactive sites using the TPD method and Eq.
1 of part 1 of the present work.

Fuel Gasification temperature k

oc s~ 1
Bituminous coal char [5] 820 0.003373
Saran char [5] 860 0.005947
Demineralized lignite char [5] 700 0.001366
Beech wood char (present work) 820 0.006616

part 1 [6]) and Xyeactive+catalytic (S€€ EQ. 13 of part 1 [6]) is presented in
Fig. 7. A linear correlation between Ry, and X,eactive +catatytic €an be ob-
served which is in accordance with Eq. 1 of part 1 of the present study
[6]. As stated by Lizzio et al. [5], this equation implies that the surface
concentration of active sites available for the gasification reaction (Ccf)
should be proportional to the specific conversion rate during the gasi-
fication reaction, as the specific conversion rate constant k depends
only on temperature. The calculated values of X e,ctive+catayic S€€M to be
a quantitative measure for C... Moreover, this approach is able to in-
clude the effect of the catalytic influence exerted during gasification by
the presence of K and Ca in ash of the sample.

Eq. (4) is an analytical expression for the linear fit of the experi-
mental values presented in Fig. 7.

R,, = 0.006616s 'x + 0.000249s ™

4

reactive+catalytic

In conformity with Eq. 1 of part 1 of the present work [6], the slope
of the linear fit (0.006616 s~ ') is a measure of the specific conversion
rate constant k at T = 820 °C between X = 0.25 and X = 0.90. Mean
values obtained by Lizzio et al. [5] using the same approach for the
gasification of coal chars of different origins are presented in Table 3.
As indicated in the literature review, they attempted to eliminate the
influence of ash decomposition by only using the CO signal in their
calculations. As shown in the table, despite the different materials the
obtained values are of the same order of magnitude. However, it should
be taken into account that the specific conversion rate constant k is
exponentially dependent on temperature. Thus, a comparison of the
values should be made with caution. For specific conversion rates lower
than 0.0003 s~ ! (or X¢ < 0.25), the correlation is not proven, as the
linear fit does not reach the zero value (y-intercept is 0.000249 s™h.

5. Summary

During gasification of WC1600 with CO,, three different kinds of
sites on the char surface can be observed: stable and reactive sites as
proposed and defined by Lizzio et al. [5] and additionally catalytically
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active sites which represent the influence of catalytically active com-
ponents of ash. Release of CO, and CO during TPD of partially gasified
samples of WC1600 using CO, as gasification agent is the result of
decomposition of oxygenated surface complexes followed by desorption
of the gaseous products as well as decomposition of carbonates of Ca
and K. Decomposition of CaCOs is identified as the main source of CO,
and that of K,CO5 as the main source of CO. The released amounts of
CO,, and CO are a measure of the catalytic influence of each metal in the
gasification reaction. Moreover, the presence of Ca and K promote the
creation of stable sites as well as reactive sites where oxygenated sur-
face complexes are formed.

Due to the high pyrolysis temperature of the char investigated
(WC1600), the char presumably exhibits a high grade of graphitization
limiting the availability of active sites for the formation of oxygenated
surface complexes. Hence, the catalytic gasification induced by Ca and
K is the dominating process. Only at higher carbon conversion degrees
(Xc = 0.90), an enhanced formation of both stable and reactive sites is
observed.

A linear correlation between specific conversion rate R, and the
amount of reactive plus catalytically active sites is derived from the
experimental data. This indicates that the calculated value is an ap-
propriate measure of the available sites (reactive and catalytically ac-
tive) on the char surface participating in the gasification reaction of
WC1600 with CO,.

Future experiments will focus on a wider range of experimental
conditions in order to investigate the applicability of the correlation for
the conversion rate in entrained-flow gasification. For now, the pre-
sented correlation for the conversion rate is only valid for one para-
meter set. Varying gasification temperature and CO, partial pressure is
essential in order to further validate this model and extend the previous
data set.
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ARTICLE INFO ABSTRACT

Based on a carbon conversion mechanism for the gasification of carbon with CO,, a method for the determi-
nation of active sites during gasification of biomass char is presented. Beech wood char was partially gasified in
CO,, followed by a temperature-programmed desorption (TPD) in order to determine total and stable surface
complexes as a function of carbon conversion degree. The experiments were conducted in a temperature con-
trolled quartz glass reactor coupled with a mass spectrometer for the detection of desorbed gas species (CO and
CO,). Similar CO,, signals for total and stable surface complexes are observed for all carbon conversion degrees.
Increased release of CO during the determination of total and stable surface complexes is detected for X = 0.9
carbon conversion degree. The desorption spectra of CO and CO, during TPD cannot completely be explained by
the underlying mechanistic model. The measured concentration profiles indicate that the gas species released
during TPD may originate from decomposition of surface complexes but also from decomposition of ash com-
ponents. CO and CO,, arising from of ash components or surface complexes must be differentiated in order to
determine reactive surface area (RSA) as a function of carbon conversion degree which is then transferred into a
kinetic rate expression for the specific conversion rate R,,. This paper describes the methodology applied for the
determination of RSA and discusses the raw data obtained during TPD. In part 2, a detailed analysis concerning
the origin of the released gases during TPD is conducted.

Keywords:

Biomass char

Gasification kinetics

Surface chemistry
Temperature-programmed desorption
Active sites

1. Introduction slurry droplets evaporates rapidly. Subsequently, the char is heated up

and undergoes a secondary pyrolysis process characterized by high

The biomass gasification process has gained wide attention fol-
lowing the discussion on utilization of renewable sources for production
of chemicals and the supply of power and heat. The syngas from en-
trained flow gasification of biogenic residues is suitable for the pro-
duction of a wide variety of liquid fuels (gasoline, diesel), gaseous fuels
(synthetic natural gas) and chemicals (methanol, dimethyl-ether —
DME, ethanol, ammonia), as well as electric power (gas turbines and
integrated gasification combined cycle plants) [1]. The present work is
part of the research activities of the BtL bioliq® project which includes a
gasification step in a 5 MWy, input high-pressure oxygen-blown en-
trained flow gasifier (EFG). As feedstock for the gasifier, a suspension
fuel (slurry) based on pyrolysis oil and char, produced from biogenic
residues (e.g. straw) in a fast pyrolysis process is used. [2]. The slurry is
fed to the gasifier via a burner, inside the reactor the liquid phase of the

* Corresponding author.

heating rates. Downstream of the gasifier flame zone the secondary char
reacts with H,O and CO, to the final syngas. As the heterogeneous
secondary char gasification is the rate-determining step of the gasifi-
cation process, understanding the complex physical and chemical pro-
cesses that take place during the gasification reactions has been iden-
tified as one of the knowledge gaps that restrict mathematical
modelling and design of technical entrained flow gasifiers.

2. Literature review

The heterogeneous gasification of char particles is controlled by
process parameters, i.e. temperature, partial pressure of the reactant
gas and process pressure as well as the chemical and physical properties
of the char. Char properties change as char conversion proceeds, which
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in turn causes changes in char conversion rate with progressing con-
version degree. Although the properties of biomass chars have been
studied extensively [3], less attention has been paid to the fundamental
understanding of the reaction mechanisms and the role of the variable
chemical and physical properties of the char during the gasification
process. The relevant physical properties are total internal surface area,
porosity, pore size distribution and char carbonaceous structure and
ordering [4]. Chemical properties of char affecting conversion rate are
related to active sites and functional groups available at the char sur-
face as well as to the presence of catalytic minerals embedded as ash in
the char particle.

The oxygen exchange mechanism presented in R1 to R3 [5] is
widely accepted as reaction mechanism describing the carbon/char
gasification with CO,.

k
C; +CO, = C(0) + CO (R1)
k:
C(0) + CO = C; + CO, (R2)
k3
C(0) = CO (R3)

C¢ represents an active site on the char surface and C(O) a carbon-
oxygen intermediate, respectively. Assuming first-order dependency on
carbon concentration and pseudo zero-order dependency on gas con-
centration, the specific conversion rate R, can be written according to
the fundamental kinetic expression [6]

1 dmc 1 dXC

=- = ¢ - ke

(€Y

where Cg; is the surface concentration of active sites available for the
reaction, Xc the carbon conversion degree and % the carbon conver-
sion rate. For modeling of the char gasification process, the con-
centration of carbon active sites has to be determined as a function of
carbon conversion degree. The carbon conversion degree can be ex-
pressed by a mass balance with mc () as the time dependent and mc as
the initial carbon mass:

Xc(t) = 7’"“; me (1) -
C,0

Wolki [7] presented a detailed summary of kinetic expressions for
biomass char gasification with H,O and CO, under atmospheric pres-
sure. These expressions do not take into account the evolution of che-
mical or physical properties of chars during gasification reaction. Thus,
they are only valid for a certain carbon conversion degree range [3,8].
Other authors have included a term that accounts for changes in phy-
sical properties in the kinetic equations. In a review on combustion and
gasification rates of ligno cellulosic chars, Di Blasi [3] presented ex-
pressions that include a structural term which depends exclusively on
char conversion degree. More complex particle models account for the
variation of physical properties of the char during gasification in terms
of porosity, pore diameter and length as well as total surface area.
Lizzio et al. [9] give a summary of five coal gasification models that
include general expressions for the variation of structural parameters
e.g. the random pore model (RPM) of Bathia and Perlmutter [10] de-
scribing growth and collapse of the pore structure of a char particle
during conversion. Regarding biomass char gasification, Gémez-Barea
and Leckner [11] present a summary of existing structural models. The
RPM and its modifications (MRPM) have been successfully used in some
cases concerning biomass char gasification [12-16]. Moreover, Fatehi
and Bai [17] as well as Singer and Ghoniem [18] propose models de-
scribing the evolution of a multimodal pore structure. Experimental
values for the variation of structural properties i.e. specific surface area,
pore size distribution and porosity of biomass char during gasification
can be found in literature [4,19-21]. Although these structural models
describe the evolution of carbon conversion and conversion rate, their
application is restricted as the model parameters are very difficult to be
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determined experimentally.

Studies on the reaction kinetics of biomass char gasification ad-
dressing the influence of chemical properties use the theory of active
sites developed in the working group of Walker. The approach was
presented originally by Laine et al. [22] in 1963 and further developed
until the early nineties [6,9,23]. The theory is based on the mechanistic
understanding of catalytic heterogeneous reactions where the catalytic
activity is proportional to the active surface area (ASA) of the catalyst.
As presented in reactions R1 to R3, gasification proceeds via oxyge-
nated surface complexes, so-called carbon-oxygen intermediates (C(0)).
Thus, the quantity of these complexes available for the reaction is a
direct measure of the specific conversion rate. A first approximation of
the quantification of the surface area available for the reaction is the
utilization of the total accessible surface area (TSA) determined by
physical adsorption and applying the Brunauer-Emmett-Teller (BET)
[24] or Dubinin-Radushkevich (DR) [25] models. The evolution of TSA
during char gasification can be predicted by the models mentioned
above. These approaches assume either that the gasification reactions
occur everywhere on the char surface (TSA) or that there is a linear
relationship between ASA and TSA. However, this model concept is not
able to explain the correlation between char surface and conversion
rate, since chars of similar TSA can show significantly different con-
version rates and a linear relationship between conversion rate and TSA
has not been reported [4,6,20,22].

The quantification of the surface area available for the reaction can
be accomplished by measurement of the amount of oxygenated surface
complexes formed during gasification by the temperature-programmed
desorption technique. Oxygenated surface complexes are bound on the
surface of carbonaceous materials in the form of oxygen functional
groups, such as lactones, carbonyls, anhydrides, phenols, ethers and
quinones. During desorption, the bonds of these functional groups are
destroyed resulting in the release of the gaseous species such as CO, CO5
and H,0 [26-30].

Laine et al. [22] proposed an approach based on their research on
the carbon - oxygen reaction of highly purified graphitized carbon
black. They determined the active surface area from the quantity of
surface complexes formed on in situ partially oxidized samples through
chemisorption experiments with oxygen at 300 °C followed by a deso-
rption in vacuo up to 950 °C. They define the unoccupied active surface
area (UASA), which corresponds to the term reactive surface area used
later in the present work, as the quantity of active sites at which the
reaction occurs and no formation of stable complexes takes place.
Stable complexes are defined as being formed during reaction re-
maining on the surface at reaction conditions i.e. blocking active sites
for further reaction. Wolki [7] presents a summary of numerous in-
vestigations that followed the procedure proposed by Laine et al. [22]
for the measurement of ASA on chars using O,, CO, and H,O as reactive
gases. Although in these investigations no linear relationship between
specific conversion rate and experimentally determined ASA was found,
it could be concluded that ASA depends on temperature and partial
pressure of the reactive gas. The value of ASA is only a small fraction of
the total surface area (TSA). These findings reveal that a suitable ap-
proach for the experimental determination of available active sites
during char conversion is the UASA and not the ASA from low tem-
perature chemisorption [9,31]. 23 years after Laine et al. [10], Lizzio
et al. [9] introduced the concept of reactive surface area (RSA) as a
measure for active sites that are capable to chemisorb the reactant gas
dissociatively but do not form a stable complex (C-O). These authors
add an extra step (R4 and R5) to the oxygen exchange mechanism
presented before accounting for the formation of a stable C-O complex
from a carbon-oxygen intermediate during gasification.

1

ki
Ct +CO, = C(0) +CO (R1)

ky

C(0)+CO = C;+CO, (R2)
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coco (R4)
c-05¢(0) (R5)

c-C(0) % co + ¢ (R3%)

The carbon-oxygen intermediate C(O) desorbs either as CO (R3%),
leaving a new active carbon site Cs or forms a stable complex C-O (R4).
This mechanism is based on the assumption that reactions R4 and R5
are in equilibrium at constant temperature. Furthermore, it is assumed
that stable complexes C-O cannot be desorbed. Accounting for a closed
carbon balance, the reaction R3* has been slightly modified as com-
pared to literature. R3* produces a new carbon active site as long as
excess carbon is available [9].

The determination of RSA requires experiments at reaction tem-
perature either using temperature programmed desorption (TPD) or
transient kinetics (TK) [7,9]. The method of transient kinetics proposed
by Freund [32] for the study of desorption of oxygen surface complexes
allows a direct determination of RSA. After gasification to a desired
carbon conversion degree, the flow of reacting gas is changed to inert
gas and the desorption of oxygen containing gases is continuously re-
corded. The quantity of desorbed gases corresponds to the number of
reactive sites available at the experimental conditions chosen. The
suitability of the method was intensively studied and proven by Ra-
dovic et al. [9,33,34]. The method was also applied by other authors
concerning the study of gasification reactions of coal chars [35,36]. The
TPD method was successfully used by several authors for the determi-
nation of surface complexes of partially gasified char samples
[8,9,37-39]. RSA is determined indirectly based on a two-step proce-
dure proposed by Lizzio et al. [9]. In a first experiment (procedure 1), a
partially gasified sample is quenched in reactant gas. As the activation
energies for adsorption and migration of oxygen species are lower than
the activation energy for desorption, the desorbed unstable C(O) com-
plexes are quickly replaced by new C(O) complexes in the presence of
excess CO, during the quench procedure [40]. Thus, all carbon oxygen
intermediates (stable C-O and unstable C(O) complexes) are preserved.
In a second experiment (procedure 2) using the same gasification
conditions, the flow of reactant gas is switched to inert gas at reaction
temperature. In this case, unstable C(O) complexes desorb while stable
C-O complexes remain on the char surface. The quantification of total
surface complexes (TSC) (procedure 1) and stable complexes (proce-
dure 2) is accomplished by submitting the samples to temperature-
programmed desorption, measuring the amount of released oxygen-
containing gases. RSA is calculated as the difference between total and
stable surface complexes. A detailed description of the experimental
procedure is given in chapter 3.

Research that concentrates on the measurement of the formation of
active sites during gasification of biomass char is rare. Klose & Wolki
[8] presented experimental results in 2005 on the quantification of RSA
using the TPD procedure for the gasification of beech wood char and oil
palm shell char with CO, and H,O. They determined kinetic parameters
for the intrinsic reaction rate using a Langmuir-Hinshelwood type rate
expression and found a linear relationship between the measured RSA
and the reaction rate. Zoulalian et al. [41] developed a mathematical
model that accounts for the evolution of RSA with increasing carbon
conversion degree. The theoretical results are in good agreement with
the experimental work presented by Lizzio et al. [9] and Klose & Wolki
[8]. Guizani et al. [4] studied variations in chemical and physical
properties of beech wood char during gasification with CO,, HO and
its mixtures. They conducted TPD experiments of partially gasified
samples, where the flow of reactive gas was switched to nitrogen and
quickly cooled down after reaching the desired conversion degree. In-
terpreting the concentration over temperature profiles of the released
gas species, they qualitatively determined possible oxygenated func-
tional groups present in the samples based on literature data.

In order to further improve the fundamental understanding of
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phenomenological changes during char gasification, in this work, an
experimental method for quantification of total, stable and unstable
complexes during gasification of a biomass char based on the method
proposed by Lizzio et al. [9] and Klose & Wolki [8] is applied. However,
special focus is put on the interpretation of the gas species profiles in
order to determine the contributions of desorption of oxygenated sur-
face complexes and possible influence of ash decomposition reactions
during TPD. The validity of the mechanism based on Lizzio et al. [9] is
applied to describe the gasification process of a biomass char pyrolyzed
in a drop-tube reactor. The experimental determination of total surface
complexes (TSC), stable complexes (C-O in equilibrium with C(O) in R4
and 5) and unstable complexes (C(O) leading to the formation and
desorption of gaseous CO in R3*) is presented.

k
Cr +CO, & C(0) +CO (R1-R2)
ka,s
c)&co (R4-R5)
k,
C-C(0) =3 CO + C; (R3%)

3. Materials and methods
3.1. Biomass char characterization

The biomass char used in this study was produced from a bark-less
beech wood. Wood chips were chopped and fed to a screw-pyrolysis
reactor which is described elsewhere [42,43]. The primary pyrolysis
was conducted at 500 °C at a residence time of five minutes for the solid
material. The resulting char was milled and sieved to particle sizes in
the range of 50 to 150 um. The char underwent a secondary pyrolysis in
a drop-tube reactor at 1600 °C in order to produce a char with low
volatile content under high heating rates and short residence time
(200 ms), i.e. the char was produced under typical conditions of en-
trained-flow gasification (EFG). The char (WC1600) [44] was sieved to
a 50-100 pm fraction. Physical and chemical data of the biomass char
can be found in Table 1.

3.2. Experimental set-up

Experiments in terms of partial gasification and temperature-pro-
grammed desorption (TPD) at atmospheric pressure were carried out in

Table 1
Properties of WC1600.

Proximate analysis/wt.-%, ad

Moisture 1.1
Ash content 6.6
Volatiles 4.6
Fixed carbon 87.7
Ultimate analysis/wt.-%, daf

C 97.4
H < 0.1
O (diff) 1.6
N 1.0
Ash composition analysis/wt.-%

Na,O 0.5
K,0 9.1
MgO 1.6
CaO 30.1
Fe,03 2.6
Al,03 3.5
SiO, 25.8
Structural parameters

Specific Surface Area/m? g~ ! 62.1
Skeletal density/g cm ™3 2.0
Hg intrusion porosity/% 83.4
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a chemisorption analyzer (MicrotracBEL, BELCAT-II). A schematic
drawing of the reactor system is given in the supplementary material
section. The reactor consists of two concentric quartz glass tubes. The
reactant gas is introduced through the outer tube to be heated up to
reaction temperature. The char sample is positioned between two
quartz wool layers in the inner tube of the reactor (inner diameter
d = 8 mm). The sample temperature is monitored by a type K ther-
mocouple. Gas species (CO, CO,, Ar) are continuously analyzed by a
quadrupole mass spectrometer (MS) (IPI, GAM 400). The char sample is
quenched by cooling the external surface of the outer reactor tube with
air at ambient temperature.

3.3. Experimental procedure

Raw biomass char was gasified up to conversion degrees Xc of 0.25,
0.50, 0.75 and 0.90. Prior to each gasification procedure, the char
sample was degassed for 1 h at 900 °C in flowing Ar and cooled down to
gasification temperature. In the next step, partial gasification up to the
desired carbon conversion degree at 820 °C and atmospheric pressure in
80 vol-% CO, and 20 vol-% Ar was conducted. A sample mass of 30 mg
and a total volume gas flow of Vi, srp = 100 ml min~! were applied in
order to avoid transport limitations. With these process parameters, a
maximum reduction of CO, concentration due to reaction below 3 vol-
% was assured, i.e. the chemisorption analyzer was operated as dif-
ferential reactor.

For the determination of total surface complexes (TSC), the sample
was quenched to 200 °C in reactant gas atmosphere. After the CO
concentration detected in the off-gas reached baseline level, i.e. no
more gasification took place, the gas atmosphere was switched to Ar.
Subsequently, a TPD was performed in flowing Ar (Vsrp= 50 ml min 1)
with a heating rate of 3 K/min to a final temperature of 900 °C. This
temperature was kept constant for 1 h to achieve complete desorption
of surface complexes. Volume fractions of CO and CO2 (o o and
Yco,toral) Were measured in the off-gas and plotted over time (see
Fig. 3).

For the determination of stable C-O complexes, the experimental
procedure was modified. After gasifying the char to the desired carbon
conversion degree, the gas atmosphere was switched to Ar at reaction
temperature in order to desorb all unstable C(O) complexes. After the
CO and CO, concentrations reached zero level, the char sample was
quenched in flowing Argon to 200 °C. Again, a TPD was performed as
described previously and volume fractions of CO and CO2 (Jg gapie and
Yco,.stable) Were measured (see Fig. 3).

In both experimental procedures, quenching from 820 °C to 400 °C
was achieved within 5 min. The time required for the additional cooling
to 200 °C was 7 min. In order to set a base line for the CO and CO,
signals, blank experiments without char sample using only Ar as carrier
gas were performed following the same heating program as the one for
the determination of total surface complexes. Here, no CO, signal was
observed, the CO signal, however, showed a continuous increase be-
ginning at approx. 450 °C up to 0,003 vol-% at 900 °C. This baseline
signal was subtracted from all CO signals obtained.

3.4. Data analysis

3.4.1. Gas phase analysis

Calibration of the MS was carried out for CO, CO, and Ar before and
after each experiment. Mass flow controllers of the chemisorption
analyzer were also checked versus a volumetric flowmeter (Ellutia,
7000 GC Flowmeter). The following equations were used to assign ion
currents of a certain mass-to-charge ratio to the corresponding gas
volume fractions of Ar and CO, [45]:

Ly (t) = SarProtal Yar ®) 3)

Lu(t) = Scozptomlycoz ® (€))
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Here, I, is the ion current of a certain mass-to-charge ratio (m/z),
S; is the sensitivity of the gas species i, protar is the total pressure (1 bar)
and y; is the volume fraction of the gas species i. Difficulties in the
determination of the CO concentration arise from fragmentation of CO,.
This effect needs to be taken into account by a relative intensity a,g at a
mass-to-charge ratio of 28:

bs

g = 22
2 I )
Lg(t) = Sco, 28 Protal Yo, @)+ ScoPioraYco ®) 6)

Experimental values for asg in the range of 0.090-0.095 are in good
agreement with literature [46]. Sensitivities S; and relative intensity ag
were determined for each experiment. Calibrations were carried out
with 3 vol-% CO, 5 vol-% CO, and 80 vol-% CO, in Argon.

3.4.2. Calculation of carbon conversion degree

Considering only the Boudouard Reaction, the carbon conversion
degree X¢ can be calculated by a carbon balance according to following
equations (Egs. 7-10):

dXc _ Yeo () Mc .
zac &Jnom([)
de 2 mc @]

1

fou (1) = (arin + Acogin) T
~ 71 = 05900 0u () ®

M represents the molar mass of carbon, m¢ the converted mass of
carbon which was calculated from the CO signal in the exhaust gas by a
carbon balance (Eq. 7) and n,, the molar gas flow of the exhaust gas
which can be calculated from the inlet gas flows of Ar and CO, and the
measured CO concentration in the off-gas. The converted mass of
carbon m¢ can be calculated as:

- Mc

m
€T

tend .
./0‘ Yeo () (H)dt o

Finally, the time dependent carbon conversion degree X¢(t) is cal-
culated by:

./(;[ yCO (t)nout (t)dt

Xo(t) = Q7O
L o e (D 10)

Specific conversion rate R,, as a function of carbon conversion de-
gree is calculated according to Eq. 1.

3.4.3. Analysis of released CO and CO; signals during TPD

Molar flows of CO5 and CO during TPD are determined according to
Eq. 11 with i being either CO or CO,. This equation takes into account
the increment in the gas flow due to the released gas during TPD. The
amount of desorbed gas species nco and nco,is determined by integra-
tion of Eq. 11 (see Eq. 12).

Yco, ®)
Iar(®

() =y <t>(1 ‘ ycom)pSTP Vi

Iar(®) ) RTsre 11

= nd () de (12)

The total quantity of active sites where surface complexes are
formed is calculated assuming that one surface complex contains one
oxygen atom. The number of complexes is determined by summing up
the amount of oxygen atoms released in CO and CO, during TPD. This
approach is valid for total, stable and unstable complexes using the
corresponding CO and CO, signals. In the present work, the mass spe-
cific quantity of reactive sites Xyeactive iS €xpressed as the mass fraction
of carbon atoms on which surface complexes participating in the gasi-
fication reaction are formed (Cy) divided by the actual mass of carbon
according to the following expression [22].



C. Schneider, et al.

1.0 - - - - - 25
. ] ! ! ! : ! S
= 08 -~ A Ay LA e —2.0§
X ! ! : ! ! -z
o ! ! ! ! !
O 06 4-N\---- - s s R R : -15 8
® ! ‘ ! ! —Xc =
g 1 | | | | r g
& 044 i S [ A N Yool 0%
[&] ' ' ' ' S
c ‘ : ‘ ! ! L=
_8 | | ) | | ()
£ 02/ T L os
O | | | | | ©°
1 ! ! ! ! ‘ Fo>
0.0 —— > 0.0
0 20 40 60 80 100 120

Time t / min

Fig. 1. Carbon conversion and CO volume fraction as a function of time; ga-
sification of WC1600 at 820 °C with 80 vol-% CO, and 20 vol-% Ar at atmo-
spheric pressure in the chemisorption analyzer.

Mc
mco(1 = Xc) (13)

Xreactive = [(nCO,totaJ - nCO,stablc) + 2(nC02,total - nCOz,stablc)]

mc, corresponds to the initial mass of unconverted carbon and Xc
to the carbon conversion degree defined in Eq. 10. Mc is the molar mass
of carbon.

4. Results and discussion
4.1. Gasification experiment

Fig. 1 shows an example of the experimentally obtained volume
fraction of CO in the exhaust gas of the chemisorption analyzer and the
calculated carbon conversion degree (Eq. 10) during complete gasifi-
cation of WC1600 at 820 °C in a mixture of 80 vol-% CO, and 20 vol-%
Ar. The CO concentration has a maximum value of 2 vol-% at the be-
ginning of the gasification process and decreases steadily. At 90%
conversion degree, a steep decrease in CO concentration is observed.

Fig. 2 shows the char conversion rate and the specific conversion
rate (calculated according to Egs. 7 and 1, respectively) as a function of
carbon conversion degree for the experiment shown in Fig. 1. The
conversion rate decreases steadily over the whole conversion process; in
the range Xc = 0.15-0.9 the char conversion rate shows an almost
linear decrease. For Xc = 0-0.15 and even more pronounced for
Xc > 0.9, a steeper decrease is observed. Specific conversion rate R,
increases slowly until Xc = 0.6 carbon conversion degree is reached.
From this point, R, increases significantly as the remaining carbon
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Fig. 2. Conversion rate and specific conversion rate as a function of carbon
conversion; gasification of WC1600 at 820 °C with 80 vol-% CO, and 20 vol-%
Ar at atmospheric pressure in the chemisorption analyzer.
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Fig. 3. TPD spectra for the WC1600 char samples gasified up to Xc = 0.75;
gasification of WC1600 at 820 °C with 80 vol-% CO, and 20 vol-% Ar at at-
mospheric pressure in the chemisorption analyzer; total and stable complexes
desorbed as CO, and CO.

mass approaches zero. Reported values for R, and conversion rate are
in the range of literature data [8].

4.2. Temperature-programmed desorption spectra

Fig. 3 shows the desorption spectra of CO and CO, for the detection
of total and stable surface complexes exemplarily for Xc = 0.75 carbon
conversion degree. Similar spectra are obtained for all experiments with
different carbon conversion degrees.

As it is assumed by the reaction mechanism proposed by Lizzio et al.
[9], total and stable surface complexes must originate from oxygenated
carbon atoms on the char surface (also noted as carbon-oxygen inter-
mediates). The release of CO, during TPD may arise from the decom-
position of lactones between 190 °C and 650 °C [26]. During the TPD
experiments carried out, CO, desorption starts at 200 °C and is observed
over almost the whole temperature range investigated. At 850 °C,
complete desorption of CO, is achieved. CO, shows a similar trend up to
380 °C for both TPD-procedures i.e. total and stable complexes. Above
380 °C, differences in total and stable CO, can be observed. Between
380 and 500 °C, the CO, signal of the stable complex curve is above the
signal of the total complexes, showing a reproducible maximum at
430 °C. Regarding the mechanisms considered, total CO, has to be
higher than stable CO,. Extra CO, evolution must arise from other re-
actions where CO, is released during the desorption step in the ex-
periments for determination of stable complexes.

Concerning the analysis of total surface complexes, a dominant CO,
peak between 550 °C and 650 °C is observed. At higher temperatures,
the CO, signal of the total complexes remains slightly higher than the
one of the stable complexes. The difference in the signals may be at-
tributed to the formation of oxygenated complexes on the char surface
during gasification, which are released as CO,.

Regarding the release of CO arising from oxygenated carbon com-
plexes on the char surface, it may originate from the decomposition of
carbonyls, ethers and quinones within a temperature range of 700 °C to
980 °C [26]. During the TPD experiments, the CO signal begins to in-
crease at 600 °C with a maximum near 900 °C. CO signals of total and
stable complexes show a similar course but with a higher value for the
total surface complexes. In the isothermal part of the TPD at 900 °C the
CO does not reach baseline level.

The experimental data reported in Fig. 3 some features that do not
correspond to the underlying mechanistic model by Lizzio et al. [9]:

(i) CO, release around T = 430 °C implies higher amount of stable
complexes than total complexes.

(ii) CO signal does not reach baseline line level in the isothermal part of
the TPD at 900 °C.
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Fig. 4. TPD spectra of CO, and CO for the gasification of WC1600 as function of
temperature with increasing carbon conversion for (a) stable surface complexes
(b) total surface complexes. Gasification of WC1600 at 820 °C with 80 vol-%
CO, and 20 vol-% Ar at atmospheric pressure in the chemisorption analyzer.

As all our experiments were reproduced, there is no evidence for
experimental error. The deviations observed need considerations be-
yond the mechanistic models for the uncatalyzed heterogeneous char
gasification reaction. Part 2 of our research report is focused on the
explanation of these effects, which are due to:

(i) Decomposition processes of inherent ash components [47-50].
(ii) Desorption of chemisorbed CO, at low temperatures [51].
(iii) CO forming reactions from silica with carbon above 800 °C
[52,53].

Basic experiments to show the influence of ash decomposition are
given in Section 4.3 of this paper.

4.3. Effect of X on desorption spectra

Fig. 4 shows desorption spectra of CO and CO, during the de-
termination of total and stable surface complexes for the four carbon
conversion levels studied (Xc = 0.25, 0.50, 0.75 and 0.90) as a function
of temperature.

The release of CO, from stable surface complexes (see Fig. 4 (a))
shows exactly the same profile for all conversion degrees. Only for 90%
conversion degree, the high temperature section (650-900 °C) is
slightly more pronounced.

The consistency in the profiles may be explained either by:

(i) The same amount of stable C-O complexes during gasification for
all carbon conversion degrees observed.
(i) No formation of stable complexes, CO, is released only by ash
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decomposed during TPD then the same COs-release profile irre-
spective of conversion degree would be expected. If the amount of
ash remained constant during gasification, the same quantity must
decompose during TPD.

The CO, signal of total complexes also shows a similar profile with a
peak between 550 °C and 600 °C for all carbon conversion degrees
(Fig. 4(b)). A difference can be observed for the sample with Xc = 0.9,
where a slightly higher CO, signal is detected at T > 700 °C.

Regarding CO, the signals for both stable and total surface com-
plexes decrease slightly from Xc = 0.25 to 0.75 followed by a steep
increase for the Xc = 0.9 case. For both stable and total complexes, the
signals of the chars at Xc = 0.25, 0.50 and 0.75 conversion have the
same form while the signal of the sample for Xc = 0.90 shows an in-
creased release of CO between 500 °C and 850 °C. Possible interpreta-
tions for the increased CO signal are:

(i) Enhanced formation of oxygenated surface complexes at Xc = 0.9.
(ii) Decomposition of potassium carbonates at temperatures higher
than 700 °C mainly yielding CO [54,55].

In conclusion, CO and CO, released during TPD may arise from
either desorption of oxygenated surface complexes or ash decomposi-
tion reactions. Total and stable complexes released as CO, follow the
same trend for each conversion degree. Stable complexes show a re-
producible peak at approx. 430 °C, which is higher than the CO, signal
of the total surface complexes. Assuming that this peak cannot arise
from desorption of surface complexes, it has to be the result of ash
decomposition reactions favored by the experimental procedure applied
for the determination of stable complexes. In order to clarify the ob-
served effects, the influence of ash decomposition reactions on the
detected signals was investigated by TPD experiments of samples,
which were not subjected to gasification and with ash samples resulting
from complete gasification of the char.

4.4. Desorption spectra of unconverted and completely gasified char sample

In order to evaluate the influence of ash decomposition reactions on
the obtained desorption spectra blank experiments were performed
where no surface complexes should have been formed. Here, the pro-
cedure for the determination of stable surface complexes was applied.
The first experiment was conducted with WC1600 using the same
heating program as for the determination of stable complexes but using
Ar rather than CO, in the gasification segment i.e. there was no pro-
duction or conversion of carbon-oxygen intermediates. In the second
experiment, a complete conversion of the char sample was first carried
out in a CO, atmosphere. Both sample underwent the standard TPD
procedure for stable complex detection, i.e. Ar quench and desorption.
The obtained desorption spectra are shown in Fig. 5. For comparison,
the desorption spectra of the determination of stable complexes at
Xc = 0.25 conversion degree is included in Fig. 5.

The CO, signal (see Fig. 5(a)) shows the highest intensity for the
unconverted char and decreases with conversion degree. As the un-
converted char was not subjected to CO, and potential surface com-
plexes must have been desorbed in the heating pretreatment under Ar
atmosphere prior to TPD, the CO, release cannot arise from the deso-
rption of stable complexes. This result indicates that part of the CO,
release of the samples submitted to gasification originates from de-
composition reactions of ash components inherent in the char. The
decrease of the CO, signals for increasing carbon conversions may be
the result of sintering processes of Ca particles leading to a lower Ca
dispersion [56]. Thus, a lower amount of carbon in the immediate vi-
cinity of the Ca particles can react to form CaCOs;, which then de-
composes during TPD releasing CO..

Furthermore, the CO, signal of the unconverted char (X = 0)
shows a different course as compared to the samples gasified up to
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Fig. 5. TPD spectra for the determination of stable complexes of WC1600 for
carbon conversion degrees of (a) Xc = 0/0.25/1 for CO, and (b) Xc = 0/0.25
CO release.

Xc = 0.25 and Xc = 1 conversion degree. This implies that gaseous CO5
during gasification exerts an instantaneous effect over the configuration
of the sample surface that causes a change either in the configuration,
volatilization or inactivation of ash components immediately after
changing the atmosphere from Ar to CO,.

Fig. 5(b) shows the CO release during the determination of stable
complexes for the unconverted char (Xc = 0) as well as X¢ = 0.25 and
Xc = 1 conversion degree. Similar to the CO, signal (see Fig. 5(a)), the
intensity of CO decreases with increasing carbon conversion degree.
However, the course of the CO signal is similar to the signals during
determination of total and stable surface complexes (see Fig. 4). The
high intensity at Xc = 0 conversion degree may be the result from CO
forming reactions of carbon and silica which is present in the quartz
wool layers surrounding the sample [52]. The CO signal at Xc = 1
conversion degree was the same one as used as base line and subtracted
from the CO signals obtained in all the other TPD experiments, as it was
assumed to be a systematic error for the determination of RSA. Thus, no
CO signal for Xc = 1 is depicted.

For the calculation of RSA by difference of total and stable surface
complexes, the effects of ash decomposition and silica-carbon reactions
need to be taken into account. Part 2 of the paper will address this issue
in detail.

5. Summary

Based on the carbon conversion mechanism proposed by Lizzio et al.
[9] for the gasification of carbon with CO,, a method for the determi-
nation of active sites during gasification of biomass char is presented.
The investigations were conducted with beech wood char that
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underwent secondary pyrolysis in a drop-tube reactor at 1600 °C in
order to imitate entrained-flow gasification conditions. This secondary
char was partially gasified in CO, followed by a temperature-pro-
grammed desorption in order to determine total and stable surface
complexes as a function of carbon conversion degree. The experiments
were conducted in a temperature controlled quartz glass reactor at at-
mospheric pressure coupled with a mass spectrometer for the detection
of desorbed gas species spectra.

The observed desorption spectra of CO and CO, during TPD cannot
completely be explained by the underlying mechanistic model.
Discrepancies arise from the following findings:

® CO, release around T = 430 °C implies higher amount of stable
complexes than total complexes.

® CO signals of total and stable complexes do not reach baseline line
level in the isothermal part of the TPD at T = 900 °C.

The interpretation of the obtained TPD spectra as function of carbon
conversion degree are summarized as follows:

e Similar CO, signals for total and stable surface complexes are ob-
served for all carbon conversion degrees. This may be explained by
either:

o the amount of stable C-O does not depend on gasification pro-
gress, i.e. is similar for all carbon conversion degrees.
o observed CO, is released only by ash decomposed during TPD.

o Increased release of CO during the determination of total and stable
surface complexes at Xc = 0.9 may originate from:

o Enhanced formation of oxygenated surface complexes at
Xc = 0.9.

o Decomposition of potassium carbonates at temperatures higher
than T = 700 °C mainly yielding CO.

The measured CO, and CO concentration spectra indicate that the
gas species released during TPD may originate from desorption of
surface complexes as well as from decomposition of ash components.
Both signals must be differentiated in order to determine reactive sur-
face area (RSA) as a function of carbon conversion degree to be im-
plemented in Eq. 1 describing the specific char conversion rate Ry,,.

Part 2 of the paper addresses the influence of inorganic matter on
CO, and CO signals obtained from TPD. An activated carbon is im-
pregnated with Ca and K being the main components of beech wood
char. A direct relationship between specific conversion rate and the
amount of reactive sites is presented.
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d: Diameter (m)

—~: Conversion rate (1/s)

Fm /z: Ton current of a mass-to-charge ratio (A)
k: Specific conversion rate constant (g/(mol s))
M: Molar mass (g/mol)

m: Mass (g)

n: Molar flow (mol/s)

Drotar: Total system pressure (bar)

R Specific conversion rate. 1/s

S: Calibration sensitivity (A/bar)

T: Temperature (K)

t: Time (S)

X: Conversion degree (-)

y: Volume fraction (vol.-%)

Subscripts

28: Mass-to-charge ratio 28
C: Carbon

f: Fixed carbon

i Gas species

in: Inlet gas flow

m/z: Mass-to-charge ratio

out: Outlet gas flow

Abbreviations

ad: Air dried

Ar: Argon

ASA: Active surface area

BET: Brunauer-Emmett-Teller

Ca: Calcium

daf: Dry ash free

DR: Dubinin-Radushkevich

EFG: Entrained-flow gasification
MRPM: Modified random pore model
RPM: Random pore model

RSA: Reactive surface area

TK: Transient kinetics

TPD: Temperature-programmed desorption
TSA: Total surface area

TSC: Total surface complexes

UASA: Unoccupied active surface area
vol.: Volume

wt.: Weight
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HIGHLIGHTS

® Investigation of the influence of experimental systems on observed reactivity.

® Comparison of the four most used experimental systems in literature.

® Identification of four fundamentally different reaction domains.

o All setups give valid results if operated in a specific range of process parameters.
® The relevant process conditions for each system are reported.

ARTICLE INFO ABSTRACT

The objective of this study was to gain further insight into the characteristic behavior of reaction systems for
establishment of intrinsic and effective particle gasification kinetics. A wood-derived char was subjected to the
carbon dioxide-containing atmospheres of four different reaction systems: a thermogravimetric analyzer (TGA),
a fluidized-bed reactor (FBR), a fixed-bed reactor (FFB) and a drop-tube reactor (DTR). All systems contained the

Keywords:

Boudouard reaction
Reaction regimes
Thermogravimetric analyzer

E‘;;lﬁibﬂ same CO, partial pressure of 800 mbar at atmospheric pressure. A temperature span from 700 to 1600 °C and
Drop-tube residence times from 200 ms to over 8 h were investigated. Reactivities spanning five orders of magnitude were

observed. The gasification experiments resulted in the identification of four fundamentally different reaction
domains; two were classified as true particle behavior, while the observed reaction rates of the other two do-
mains are mainly dominated by the characteristics of the reaction system applied. The domains were referred to
as: chemical control, particle diffusion control, bed diffusion control, and system response control. Within the
present work, the occurrence of these reaction domains is discussed in regard to the physical nature of the
experiments, and implications towards the measurement of reliable particle kinetics are formulated.

1. Introduction high cold gas efficiencies, complete char conversion is essential. In this

context, the heterogeneous reactions are considered as the rate-limiting

Utilization of low-grade biogenic and fossil fuels in enhanced gasi-
fication processes (e.g. high-pressure entrained-flow gasification, EFG)
allows for the production of high-quality synthesis gas which can be
converted into liquid fuels and chemicals or used for power and heat
generation via Integrated Gasification Combined Cycle (IGCC) systems.
In the future, EFG will play an increasingly important role in satisfying
the demand for basic chemicals and power [1,2]. In entrained-flow
gasification, the fuel is converted via thermal and thermochemical
processes such as heat-up, drying and pyrolysis of the solid phase, and
the subsequent heterogeneous gasification reactions of the resulting
char in a CO,- and H,O-rich atmosphere [3]. For the achievement of

step for complete fuel conversion under technical gasification condi-
tions. This motivates the determination of kinetic data for char gasifi-
cation in diverse laboratory-scale experiments.

A tremendous amount of kinetic data for solid-fuel conversion is
available in the literature; most of them established by thermogravi-
metric analyzers, fixed-bed-, drop-tube- or fluidized-bed reactors. Fig. 1
compares the number of papers reporting the use of different systems
for measurements of kinetic data in terms of CO, gasification. The
chart, summarizing experiments for coal and biomass gasification, is
based on two review papers by Irfan et al. [4] and Di Blasi [5]. The
majority of experiments which were considered in this study (100 in
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TGA /pTGA/DTA / Thermo Balance 62.0 %

Fixed / packed bed 18.5 %

DTF / pDTF 7.6 %

Fluidized bed 5.4 %

Wire Mesh 3.3 %
Others 3.3 %

Fig. 1. Use of different reaction systems for determination of gasification kinetics with
CO,, (based on [4,5]).

total), have been carried out in thermogravimetric systems (62.0%),
followed by fixed-bed reactors (18.5%), and drop-tube furnaces (7.6%).
Recent publications with contributions to the field of reaction kinetics
of gasification reinforce this trend. Numerous research groups use
thermogravimetric analyzers to determine reaction kinetic [6-12]
while some favor fixed-bed reactors [13-15]. Furthermore, kinetic data
is also determined with drop-tube furnaces [11,16] and fluidized-bed
reactors [17]. However, the latter two reaction systems are still less
frequent. Combined, these four systems claim well over 90 % of the
results generated to date in terms of heterogeneous gasification ki-
netics.

The heterogeneous gasification kinetics derived in literature are
commonly the reactions of solid carbon with CO, and H>O, referred to
as Boudouard- and heterogeneous water-gas reaction. Heterogeneous
reactions are characterized by the occurrence of reactant fluxes through
interface surfaces. In the case of the Boudouard reaction, the reaction
takes place at the solid surface. The steps in heterogeneous conversion
of porous solid carbon with CO, are: (1) reactant film diffusion, (2)
reactant pore diffusion, (3) reactant adsorption, (4) chemical reaction,
(5) product desorption, (6) product pore diffusion, (7) product film
diffusion. Since most of these steps depend on partial pressures and
temperature, applying considerably different reaction conditions can
result in different reaction behaviors. The observed reaction rate of a
porous carbon particle can be depicted in an Arrhenius plot (Fig. 2). It
describes the temperature dependency of the reaction rate and was
divided into three regimes where the reaction is governed by different
mechanisms by Rossberg and Wicke [18].

In regime I, the reaction rate is solely affected by the before-men-
tioned reaction steps 3-5 because of constant reactant gas concentra-
tions throughout the particle. This regime is often referred to as che-
mically controlled or quasi-homogeneous regime. Here, increasing the
temperature leads to higher reaction rates with a slope proportional to

regime Il regime Il ‘ regime | ‘
__________ \ \
"""""""""" [ \
[ T \
T \
\ external ‘ N
= mass [ pore diffusion | intrinsic
= . . . .
QED transport ‘ limitation | reaction rate
E limitation ‘ | ™,
\ \
\ \ .
EA,obs =0 } EA,obs = EA/2 } EA,obs ‘_A‘E‘A
\ ! A
\ \ N
T K

Fig. 2. The three reaction regimes representing the change in reaction rate of porous
carbon with temperature according to Rossberg and Wicke [18].
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the intrinsic activation energy Ea. At a certain temperature, due to the
exponential nature of the reaction rate, mass transport becomes no-
ticeable. In the resulting regime II, the dominant factor limiting the
reaction rate is diffusion of the reactant gas through the porous particle.
Here, the observed activation energy is approximately E,/2 [18]. At
even higher temperatures (regime III), the resistance of the external
mass transport (film diffusion) is the predominant process affecting the
reaction rate. Due to the weak temperature dependency of the diffusive
mass transport in contrast to the chemical reaction, the observed re-
action rate increases only slightly with temperature [19].

A transition to lower observed activation energies at high tem-
perature is reported by authors applying all different kinds of reactors
[6,13,14,20-24]. In most cases, there are explanations or suggestions
given by the authors. While some authors conclude that in their case,
this is caused by a transition to another regime according to Rossberg
and Wicke [18], others suspect fuel-specific effects, such as ash trans-
formation, thermal annealing and structural effects, causing the ob-
served reactivity to deviate from the intrinsic trend at high tempera-
ture.

Since the majority of experiments reported in the literature use ei-
ther different reaction systems or different fuels and are hence not di-
rectly comparable, our goal was to conduct a systematic investigation of
the influence of the four most used reaction systems on observed re-
activity. Special care had to be taken to guarantee, that the fuel did not
undergo changes in composition, structure or reactivity on its way from
feeding to the gasification segments of the different reaction systems. In
a previous study [25], it was shown that a differing change of fuel
properties in different systems prior to the gasification segment can be
largely suppressed by an appropriate thermal pre-treatment of the fuel.
If the resulting chars contain low amounts of volatiles, their physical
and chemical properties will most likely not be changed significantly
during in-situ pyrolysis in the reaction system used for kinetic studies
and therefore should result in similar reactivity values. Consequently, at
first a wood char was produced at high temperature and low residence
time. This char was then conditioned and characterized. Subsequently,
the Boudouard reactivity was determined in four different reaction
systems: a thermogravimetric analyzer (TGA), representing a non-flow
through fixed-bed, a fluidized-bed reactor (FBR), representing a stirred-
tank, a free-fall fixed bed reactor (FFB), representing a flow-through
fixed-bed, and a drop-tube reactor (DTR), representing an entrained-
flow reactor. All systems used the same CO, partial pressure at atmo-
spheric conditions (80% CO,, 1bar). A total temperature span of
700-1600 °C and residence times from 200ms to over 8 h were in-
vestigated. Reactivities spanning five orders of magnitude were ob-
served. Detailed results and conclusions concerning the importance of
interpreting results from the reaction systems applied are discussed in
the course of this work.

2. Materials and methods

A systematic investigation was performed using the same high-
temperature wood char, four different reaction systems, and the equal
CO,, partial pressure of 800 mbar in N,/Ar at atmospheric pressure.
Following the generation of char, the setup of the reaction systems as
well as the corresponding data analysis are explained.

2.1. Fuel characterization

The char used in this study was derived from a bark-less soft wood.
Wood chips were chopped to sizes of approximately 1 mm and fed to a
screw-pyrolysis reactor, described in the literature [26,27]. A tem-
perature of 500 °C was chosen. The solids had a residence time of 5 min
and were cooled in an inert, tar-free atmosphere. The produced char
was further milled and sieved to particle sizes between 50 and 150 pm.
To produce a high-temperature char with low volatile content as the
one inside the hot flame zone of an entrained-flow gasifier, the char was
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Table 1
Proximate analysis data of WC1600.

Water-content Ash-content Volatile-content HHV
wt.% wt.%, wf wt.%, wf MJ/kg, wf
2.6 6.4 1.1 31.7
Table 2
Ultimate analysis data of WC1600.
C H O (diff.) N S Cl
m%, waf m%, wf
98.7 <0.1 <0.1 0.86 0.34 0.30
Table 3
Ash composition analysis data of WC1600.
Na,O K,O MgO CaO Fe,05 ALO, Si0,
m%
0.5 9.1 1.6 30.1 2.6 3.5 25.8
Table 4

Morphological data of WC1600.

Specific surface area
mz/ g

Skeletal density
g/ cm®

Hg-intrusion porosity
vol.%

62.1 2.03 55.3

then subjected to the hot inert atmosphere of the drop-tube furnace
which was one of the reactors further used to study kinetics and is
described below. The temperature was 1600 °C, the residence time
200 ms. The produced char was cooled in an inert, tar-free atmosphere.
It was then sieved to a 50-100 pm and a 100-150 um fraction. Both
char fractions were dried for 24 h at 105 °C in air. Both chemical and
physical data of the resulting high-temperature char, further referred to
as WC1600, can be found in Tables 1-4.

The high temperature char WC1600 consisted of almost pure carbon
with a very low content of volatiles and an ash content of around 6 wt.
%. The minor amounts of catalytically active metals such as Ca and K
can be regarded as inert within this study. The literature reports strong
deactivation of both metals at high temperatures by either evaporation
or sintering [5,28]. In the case of potassium it is also known that re-
maining amounts are only detectable since K is bound by silicates,
which protects them from volatilization but also renders them inert in
terms of catalysis [28].

To prove the important assumption that the chemical and physical
structure of the high-temperature char is not changed during in-
troduction into the applied reaction systems, WC1600 was once again
pyrolyzed, collected, and characterized. Two char samples were
therefore pyrolyzed one more time in a) the drop-tube reactor, applying
the same pyrolysis conditions (1600 °C, 200 ms), and b) the TGA used in
this study, applying longer residence times (1200 °C, 30 min). In both
cases, no notable change in fuel properties was observed, except a de-
crease in specific surface area of less than 10% in the case of the drop-
tube pyrolysis. It can therefore be concluded, that the WC1600 char was
highly unlikely to behave differently in the reaction systems studies and
that the effects observed can be to a great extent attributed to the
systems themselves.

2.2. Fluidized bed reactor (FBR)

The experimental setup of the fluidized bed reactor consists of three
major components: A gas feeding system with thermal mass flow
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controllers, a small-scale fluidized bed reactor, and a Fourier transform
infrared (FTIR) spectrometer for product gas analysis. Small batches
(~5mg) of pulverized solid fuel are supplied to a fluidized bed con-
sisting of alumina (Al,O3) particles while simultaneously analyzing the
exhaust gas.

The fluidized bed reactor consists of two coaxial ceramic pipes
mounted in a stainless-steel reactor head. The fluidizing gas is fed in
through the reactor head and flows downwards through the annular
gap between the two pipes to the bottom of the reactor. The reactant
gas (in this case CO, in N,) enters the inner reactor pipe (d = 55 mm)
through a porous distributor plate made from sintered silica glass and
fluidizes the bed. The distributor plate creates a homogeneous inflow
and is impermeable to the Al,O3; bed particles. Further details on
homogeneity, mixing and fluidization conditions of the bed can be
found in [29,17]. The feed gas flow for the present experiments has
been approximately 100 1(STP)/h. The bed temperature is measured
separately by an S-type thermocouple placed in a ceramic shielding
inside the fluidized bed. Gaseous reaction products are fed into the
FTIR-gas analyzer sampling at 0.56 Hz. A system schematic can be
found in the supplementary material section.

The establishment of kinetic parameters is based on the di-
mensionless carbon conversion X, which represents the mass fraction of
reacted solid carbon. This analysis procedure has been described in
detail by the authors in [29,17] and is briefly described in the fol-
lowing:

The carbon conversion curve can be derived experimentally (Xexp)
from the temporal concentrations of the reactor exhaust gas species
discharging the reacted carbon from the reactor - namely CO. It can also
be computed by a model approach (X;,0q4), which can be interpreted
using the characteristic reaction rate rp as an adjustable fit-parameter.
In this case, the uniform reaction model (Eq. (2)) has been adopted for
the calculation of X;;,,4. The calculated conversion X, of solid carbon
C; into gaseous products is based on a carbon-species balance of the
feed gas stream and the stream leaving the reactor, yielding the fol-

lowing expressions:
co
+ 2
Mco,

In Eq. (1), m indicates the feed gas mass flow, divided into the in-
dividual species N, and CO.. The variable y.,(t) denotes the time de-
pendent gas concentration of the reaction product CO, measured by
FTIR. The experimental carbon conversion curves X, are calculated by
numerical integration over time of Eq. (1). The characteristic reaction
rate is then determined by iteratively fitting the model prediction X;,0aq
to the experimental data X.,,. A conversion-over-time graph including
the fit can be found in the supplementary material section.

X exp
ot

Yco ®)
105900 ()

_ 1 Mc [y,
2 mc MN2

®

2.3. Thermogravimetric analyzer (TGA)

A high-pressure thermogravimetric analyzer (Rubotherm GmbH,
Germany) is used to perform reaction kinetic measurements at low
temperatures. The apparatus allows for a total pressure of up to 40 bar.
The reactor and the balance system are coupled by a magnetic sus-
pension and are mechanically not connected to each other. It allows for
a wide range of different gas atmospheres (CO,, CO, H,0, H,, O,, Ar
and N»). The heating elements which are located in the pressure vessel
are protected by a constant purge flow of Argon. Maximum tempera-
tures of 1200 °C are applicable. The balance has a resolution of 10 ug. A
system schematic can be found in the supplementary material section.

In the following experiments, a total gas flow of 200 ml(STP)/min
was set. A sample mass of approx. 2 * 0.1 mg was placed in a ceramic
crucible (inner diameter 16 mm; height of wall 10 mm). After evacu-
ating the pressure vessel to ensure an oxygen free atmosphere, the re-
action chamber was purged with argon. The fuel samples were heated
up at a constant heating rate of 20 K/min to reaction temperature
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followed by 20 min holding time to ensure stable conditions. The
samples were then gasified in CO,/Ar atmosphere until complete con-
version of the fuel was reached. Reaction temperatures between 700
and 1200 °C were set. Temperature and mass loss of the sample due to
gasification were measured continuously.

m(t)—mg

X(@) = = 1—exp{—Rt}

(2)

The conversion was derived by a mass balance (Eq. (2)), where my is
the initial sample mass before reaction and m.. the final sample mass
after reaction. Reactivity values were derived using the TGA signal in
the rage of 20 and 50 % carbon conversion. In this range, the measured
carbon conversion was fitted with the uniform conversion model ap-
plying a least-squares approach to derive a characteristic value for R. A
conversion-over-time graph including the fit can be found in the sup-
plementary material section.

moy—Me

2.4. Free-fall fixed bed reactor (FFB)

The free-fall fixed-bed reactor consists of a heated alumina pipe
with a length of 1 m and an inner diameter of 20 mm which is heated by
3 separate external electrical heaters, each 200 mm in length. The pipe
is filled with multiple layers of inert material up to the middle of the
heated length of the reactor. Coarse alumina beads are used in com-
bination with small layers of increasingly finer broken alumina bits. At
the top, a small layer of coarse alumina beads follows, in which sample
fuel can settle and still be widely distributed. This design also avoids a
drastic increase in pressure drop from ash built-up, although total de-
posited ash amounts are usually very low, the amount of runs not high
and the influence of ash deposition therefore negligible. This was also
confirmed by reproduction measurements at the end of each measure-
ment campaign which always yielded identical results compared to
measurements conducted at the beginning of the campaigns. Fuel is
entered from a feeder inside an inert housing at the top of the reaction
tube. The feeder allows fuel amounts of approximately 1.5-200 mg per
run. Dosed fuel is then transported to the top of the fixed bed via inert
gas-flow (approximately 1/4 of the total gas flow) inside a coaxial
alumina pipe which ends approximately 30 mm above the top of the
fixed-bed material. The rest of the gas which also contains a fraction of
reactant was introduced inside the annular gap between reaction pipe
and dosing pipe. At the end of the reaction tube, the gas is cooled,
filtered, and analysed by standard analytics. CO and CO, are recorded
over time. The pressure inside the reaction zone is controlled with a
vacuum pump to be at atmospheric level. Deviations were less
than = 5mbar. A system schematic can be found in the supplementary
material section.

In the experiments conducted, a total gas-flow of 11(STP)/min of a
80 vol.% CO, in N, mixture was used. Nitrogen was introduced through
the fuel dosing pipe. Carbon dioxide was introduced through the an-
nular gap. The dried fuel was purged with nitrogen inside the dosing-
chamber. It was then fed in amounts of 1.8-14.4 mg, depending on the
reaction time and hence the resulting CO concentration peaks. For each
reactor setting validation runs were made to ensure that the amount of
fuel was not influencing the results. Reaction temperatures between
800 and 1200 °C were applied. Measurements at each temperature were
repeated at least 3 times; deviations were negligible.

Conversion and reactivity values were derived identically to Section
2.2. A conversion-over-time graph including the fit can be found in the
supplementary material section.

2.5. Method: Drop-tube reactor (DTR)

The drop-tube reactor consists of a heated alumina pipe with a
length of 2.1 m and an inner diameter of 20 mm which is heated by 3
separate external electrical heaters (top and bottom 200 mm, middle
900 mm in length). An isothermal zone of close to 900 mm is achieved
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for all practical conditions. A Schenck Process Pure Feed DP-4 inside a
closed housing is used to continuously feed the fuel to the reactor. The
dosed mass over time curve is recorded. Due to very low fuel mass flow
rates of 1 g/min and below, deviations of approximately 10% have to be
accepted with this setup. This, however, has no effect on the reaction
since all experiments are conducted with a high CO, stoichiometric
factor of at least 10. Similar to Section 2.4, a coaxial alumina dosing
pipe is used to feed inert gas and fuel to the reactor. It ends at the
beginning of the isothermal zone. There, the gas is mixed with the re-
action gas from the annular gap between dosing pipe and reaction pipe.
At the outlet, the hot reaction gas is cooled by an inert gas quench to
temperatures below 400 °C. The gas then passes through a gas cyclone
in which the particles are collected at temperatures between 300 and
350 °C. The gas is then cooled and filtered by a candle filter to collect
fines to protect the downstream pressure valves. Gas samples are con-
tinuously taken from the hot exit of the reaction tube prior to the gas
quench. Sample gases are filtered, cooled, and analyzed by standard
analytics and a Varian micro-GC cp-4900. Stationary CO,- and CO-
concentrations are recorded. Two electrically controlled valves regulate
the reactor pressure to be at 5mbar above atmospheric pressure; de-
viations were less than + 1 mbar. A system schematic can be found in
the supplementary material section.

The dried and flushed fuel was introduced to the reactor with mass
flow rates between 0.5 and 1.0 g/min. The total gas-flow rate was
12-201(STP)/min, depending on the reaction temperature. It was ad-
justed to achieve uniform reaction times of 200 ms inside the iso-
thermal zone. A constant flow of 2.0 1(STP)/min Ar was used as tracer
for the analytics. The rest of the inert gas consisted of N,. The heating
zones were adjusted to result in isothermal zones of 900-1600 °C. Both
analytics (standard and micro-GC) recorded comparable values. For
data analysis, the micro-GC data was chosen.

Reactivity values were gained by fitting Eq. (3), similarly to the data
analysis of the free-fall fixed- bed- and fluidized-bed reactors.

~STP
_ O-Syco Vgas,in MC
(1-0.5)00) VST Hinyxc

= 1—exp{—Rt}
3)
However, unlike the in-stationary Eq. (2), here, the carbon balance
of feed and product gas results in a steady-state carbon conversion.

3. Results and discussion

In this chapter the results of the systematic investigation are shown
and discussed. First, Sections 3.1-3.4 discuss the results of the four
studied reaction systems individually. Subsequently, in Section 3.5, a
discussion follows, comparing the reaction systems applied in regard to
their ability to generate data for reliable reaction kinetics and in regard
to their limitations.

3.1. Fluidized bed reactor (FBR)

The observed reactivities in the range of 1 %1073 to 4.7 10~ 25!
established in the fluidized-bed reactor (Fig. 3) suggest a reaction do-
main under chemical control, referred to as regime I by Rossberg and
Wicke [18]. The resulting activation energy is 232 kJ/mol. At around
4.7 %107 257! the observed reactivity approaches constant values and
yields an activation energy of approximately 0 kJ/mol. In this system,
the rate is determined by the recorded concentration of product gas
(CO) over time. On its way from the reaction zone to the analytical
device CO is unavoidably backmixed in pipes, bends and other volumes
such as filters and coolers, resulting in a broader signal distribution
with reduced peak height. Even if an infinitely fast change of conditions
occurs, any technical system, such as a chemical reactor, will show a
finite response signal according to the pulse response theory. Since
nothing faster than the pulse response can be observed in a system, the
observed reactivity is approaching constant values even when the



P. Stoesser et al.

10
~0 kd/mol

10" N3
K%
~ 1074 232 kJ/mol
g

10—4 " { " { " { i

0.6 0.7 0.8 0.9 1.0

1000/T, 1/K

Fig. 3. Arrhenius plot of the fluidized-bed reactor (FBR) results, WC1600, d,
100-150 pm, 80 vol.% CO, in N,.

reaction temperature increases and the reaction rate in the reaction
zone increases further. This is also demonstrated by the reciprocal value
of R which roughly corresponded to the system pulse response. In this
case 1/R was 21 s — fitting the system response time.

We refer to this reaction domain as response control. It does not
represent true particle behavior and is not a regime according to
Rossberg and Wicke [18] but is solely a characteristic of the reaction
system applied. It is inherent to any type of non-steady system with
external gas analytics operating at high reaction rates.

3.2. Thermogravimetric analyzer (TGA)

The TGA measurements resulted in reactivities under chemical
control from 3.5% 107> to 3.0%10~ 2 s~ ! (Fig. 4). The activation en-
ergy was derived as 238kJ/mol. In the range of 3.0%107> to
2.0x10 2571, a second domain established. Here, the observed acti-
vation energy dropped to 129 kJ/mol. While in TGA up to the top of the
crucible, convection and diffusion are responsible for mass transfer,
inside the free space of the crucible and inside the particle bed, diffu-
sion is the only mechanism of mass transport [21]. Due to increasing
reaction rates at elevated temperature, either a local depletion of the
reactant CO, or a local accumulation of the product gas CO, causing

10" E
129kJ/mol
1074
~0 kJ/mol
Q
100
@ 238 kJimol
1075 " { " { " { i { i
06 0.7 08 0.9 1.0 1.1
1000/T, 1/K

Fig. 4. Arrhenius plot of the thermogravimetric analyzer (TGA) results, WC1600, d,
50-100 pm, 80 vol.% CO, in Ar.
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inhibition of the Boudouard reaction are likely. Own numeric simula-
tions and experimental studies varying the crucible geometry showed
that the height of the crucible had no influence on the observed re-
activity. Solely the change of crucible bottom surface area, changing the
bed height, had a major impact on the observed reactivity. Ad-
ditionally, increasing the sample mass with unchanged geometry
drastically decreases the observed reactivity, clearly showing, that the
reaction is influenced by non-ideal system behavior. In return, a particle
monolayer can greatly reduce the non-ideality of TG measurements at
high reactivities [30]. Nonetheless, the measurements of the present
work were conducted with a monolayer and still show signs of mass
transfer limitations at elevated temperatures. Possible explanations
might be that on one hand, an ideal distribution of particles resulting in
a true monolayer is usually not trivial to achieve. On the other hand,
the influence of the particle-wall contact can become considerate at
high reactivity. Since this cannot be prevented in a crucible, even a
monolayer will show signs of limitation caused by non-ideal diffusion of
reactant- and product gases.

We refer to this reaction domain as bed diffusion control. It does not
represent true particle behavior and is not a regime according to
Rossberg and Wicke [18] but is solely a characteristic of the reaction
system and experimental method applied. It is inherent to any type of
system applying particle beds operating at high reaction rates.

At even higher temperatures, with reactivities of 2.0 * 1025~ !, the
observed activation energy drastically decreases to around O kJ/mol.
We attribute this behavior to response control. This reaction domain is
not a regime according to Rossberg and Wicke [18]. It is caused by the
non-steady nature of an isothermal TG experiment, in which the gas
flow is switched from inert to reactant at a certain point in time [30].
Backmixing throughout the system volume causes a steady rise of the
CO, concentration at the sample rather than a spontaneous change from
inert to set-point. This is usually indicated by a slow increase of the
carbon conversion rate at the beginning of the reaction, in contrast to
the ideal conversion over time curve, which has its highest gradient at
the beginning. When the fuel reactivity reaches a critical level, reactant
gas is rapidly consumed as it reaches the particle bed. Here, the ob-
served conversion rates represent the rate of CO, built-up inside the
crucible, rather than the intrinsic fuel reactivity. In this case, the re-
ciprocal value of the response controlled reactivity yielded around 50 s.
This duration can be seen as the system-specific response time.

3.3. Free-fall fixed bed reactor (FFB)

Fig. 5 shows the results of the free-fall fixed-bed reactor. In the
range of 6.6 10 % to 3.0+10 257!, a reaction domain under che-
mical control is observed. The activation energy in this domain is
236 kJ/mol. In the reactivity range of 3.0%10 2 to 7.5%x10 %s" !, a
decrease in activation energy occurs. Even though the experimental
data does not fit very well in this range, an activation energy of ap-
proximately 125 kJ/mol can be derived. As in other fixed bed reactors,
in the FFB a particle bed can develop during fuel injection. Although
the aim was to distribute the fuel as widely as possible, the possibility of
local regions in which particles are stacked or deposited in small
pockets where the gas flow was minimal cannot be excluded. Also, as
discussed in Section 3.2, the particle-wall influence cannot be excluded
in this system. As a result, a local depletion of reactant gas (CO.) or
local accumulation of inhibiting product (CO) reduces the observed
reactivity. Similar to Section 3.2, we refer to this reaction domain as
bed diffusion control.

At reactivities of approximately 7.5% 10”2 s~ 1, the activation en-
ergy drops to 0 kJ/mol. Similar to Section 3.1, this can be explained by
response control caused by backmixing of product gas (CO) while it is
transported from the reaction zone to the analytic device. Here, the
reciprocal value of the highest observable reactivity equaled 13s,
which was also the response time of the system applied.
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Fig. 5. Arrhenius plot of the free-fall fixed-bed reactor (FFB) results, WC1600, d,
50-100 pm, 80 vol.% CO, in No.

3.4. Drop-tube reactor (DTR)

Similar to the other systems, the DTR was also able to operate in the
reaction domain under chemical control, representing regime I ac-
cording to Rossberg and Wicke [18]. The domain was found in the
reactivity range of 7.3 %107 % to 7.2 %10~ %s ™! (Fig. 6). Here, an acti-
vation energy of 229 kJ/mol was observed. However, the drop-tube
reactor was operated at its lowest conversion limit in this case. Since
lower temperatures demand for exponentially higher residence time,
conversion levels obtained in a stationary system with given low re-
sidence time quickly drop to marginal levels. In return, a stationary
operation is not limited by response control. Here, carbon conversion is
stationary over time while the time characteristic of a system only
applies to changes over time. This was the main reason for the DTR to
be able to observe the Boudouard reaction under particle diffusion
control in the reactivity range of 7.2+ 102 to 4.5s ', Particle diffu-
sion control is the regime in which the internal mass transfer of reactant
gas inside the porous fuel is limiting the overall reaction rate, as de-
scribed in Section 1. It is referred to by Rossberg and Wicke [18] as
regime II and represents true particle behavior. The observed activation
energy in this domain was around 147 kJ/mol.
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Fig. 6. Arrhenius plot of the drop-tube reactor (DTR) results, WC1600, d, 50-100 um,
80 vol.% CO, in Ny/Ar.

Applied Energy 211 (2018) 582-589

10" ¢
: particle
1001 X diffusion
F control
10" 4---response
control .
K% chemical
107 control
g
10° + v FBR
® TGA bed
Ll A FFB diffusion
10" +
E O DTR control
10° — | : : : : :
04 05 06 0.7 038 0.9 1.0 1.1

1000/T, 1K

Fig. 7. Arrhenius plot of all experiments conducted.

3.5. System comparison

A complete overview of all experiments conducted is given by
Fig. 7. From the individual results of the four systems studied, a total of
ten reaction domains were identified. These belong to four principal
domains referred to as chemical-, particle diffusion-, bed diffusion- and
response control. Only two of these four domains (chemical- and par-
ticle diffusion control) can be considered valid for intrinsic or effective
kinetics since they represent true particle behavior according to regimes
I and II, defined by Rossberg and Wicke [18]. The other two (bed dif-
fusion- and response control) do not represent true particle behavior.
These reaction domains can be seen as system characteristics, caused by
the operational method rather than by true particle behavior. It is im-
portant to note that the absolute values obtained in this study are only
valid for the fuel, conditions, and systems applied. The positions of the
reaction domains are likely to change when using different settings, but
the principle will remain the same. This should be kept in mind when
comparing the four systems as follows.

First, all methods were able to determine intrinsic reaction data
under chemical control. This is quite astounding, considering different
gas-solid contacts, different in-situ temperature histories, different
analytic devices and mathematical models for data processing, steady
and non-steady operation, vastly different temperatures and reaction
timescales and different particle size in the case of the FBR.
Nonetheless, the activation energies obtained all fall into a narrow band
of 229-238 kJ/mol.

Despite the fact that the DTR was able to establish kinetics under
chemical control, due to its inherent low residence time it was limited
towards low temperatures due to decreasing conversion levels. On the
other hand, it was not restricted by response control due to its sta-
tionary operation and was therefore capable of generating data for
determining effective kinetics under particle diffusion control at high
temperatures. Here, all other methods were limited by response control,
due to their non-steady operation. In both, FBR and FFB, the fuel dosing
leads to a rapid change in gas concentrations over time, while in TGA,
the switch from inert to reactant gas represents a significant pulse.
These two experimental methods result in the same effect: Response
control by backmixing of either product gas (CO) on its way to the
analytics or reactant gas (CO,) on its way to the reaction zone. These
phenomena should not be confused with the reaction regime III ac-
cording to Rossberg and Wicke [18] (Section 2) which is likely to occur
only at extreme temperatures in the case of heterogeneous gasification
reactions [31].

Besides response control, the fixed-bed reactors (TGA and FFB)
additionally showed bed diffusion control, in which either a depletion
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of reactant gas (CO,) or accumulation of product gas (CO) inhibits the
reaction. The FFB with its flow-through particle bed was able to reach
intrinsic reactivities 10 times higher than the TGA before being limited
by bed diffusion control. This suggests that a forced flow through the
particle bed greatly enhances gas transport. In the reactor with close-to-
ideal mass transfer (FBR), the domain under chemical control could be
further extended to higher temperatures resulting in approximately
50 % higher achievable reactivities before system limitations occurred.

The system limitations, which result in the occurrence of bed dif-
fusion- and response control, can be greatly reduced by appropriate
measures. However, despite shifting and changing the extent of the
reaction domains, the occurrence of the mentioned limitations cannot
be completely excluded. Regardless, all types of systems studied in this
publication contributed to valuable information. Each system possesses
a range of validity in which it should be operated, depending on the
system setup, fuel, and conditions applied.

4. Summary and conclusions

A systematic investigation comparing four different reaction sys-
tems for the determination of heterogeneous gasification kinetics was
conducted. The reactors chosen were a fluidized-bed reactor (FBR), a
thermogravimetric analyzer (TGA), a free-fall fixed-bed reactor (FFB),
and a drop-tube reactor (DTR). These four reactor types represent over
90% of applied reaction systems for heterogeneous gasification studies
in literature. A wood char pyrolysed at high temperature was produced
as fuel for the investigation. Numerous pre-studies showed that this
high-temperature fuel was not changed by the reaction systems prior to
reaching the point in time where the gasification reaction takes place.
The Boudouard reaction was selected as heterogeneous reaction. The
same CO, partial pressure of 800 mbar at a total pressure of 1 bar was
chosen for all systems. Temperatures and residence times correlated to
the specific capabilities of the reaction systems. Individual experi-
mental methods and mathematical interpretation of results of each
system were used. Observed reactivities, determined by all four reac-
tion systems, were plotted in an Arrhenius diagram, and discussed.

A total of four different principal reaction domains were identified:
Chemical control, particle diffusion control, bed diffusion control, and
system response control. While the former two represent true particle
behavior, the latter two can be seen as system characteristics. All sys-
tems were able to operate under chemical control determining intrinsic
reactivities. The derived activation energy in this reaction domain lies
within a narrow band of 229-238 kJ/mol. At high temperature, the
stationary DTR was able to determine effective reactivities under par-
ticle diffusion control while the non-steady systems (FBR, TGA, FFB)
showed response control. The fixed-bed reactors (TGA and FFB) showed
additional reaction domains under bed diffusion control.

The positions and extent of the four reaction domains observed can
vary, depending on the system setup, fuel specification, and operating
conditions applied. However, their occurrence in principle cannot be
prevented.

Based on the findings of this work, further conclusions concerning
the measurement of reliable kinetics are:

o Reaction systems for the measurement of kinetic data of hetero-
geneous gasification reactions may show true particle behavior as
well as system characteristics.

o Applying different systems may give new insights into the true
particle reaction behavior over a wide range of conditions.

o Relying on a single method requires special care to avoid mis-
interpretations of the results.
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Glossary

Symbol: Description (Unit)

Ea: Activation energy (kJ/mol)
M: Molar weight (g/mol)

m: Mass (g)
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3.

: Mass flow (g/s)

: Molar volume (1/mol)

: Volumetric flow (1/s)

: Reactivity (1/s)

: Temperature (K)

t: Time (s)

X: Conversion degree (-)

y: Molar fraction (-)

x: Mass fraction (-)

7: Residence time (s)

Subscripts: Description

eff: Effective

exp: Experimental

mod: Model

obs: Observed

0: Initial

oo Final

Abbreviations: Description

DTR: Drop-tube reactor

EFG: Entrained-flow gasification

FBR: Fluidized-bed reactor

FFB: Free-fall fixed-bed reactor

KIT: Karlsruhe Institute of Technology
RWTH: Rheinisch-Westfélische Technische Hochschule
STP: Standard temperature and pressure
TGA: Thermogravimetric analyzer
vol.: Volume

waf: Water and ash free

wf: Water free

wt.: Weight
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