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Summary

Energy demand and economic development are intrinsically linked. Earlier economic devel-
opment came at the price of serious environmental pollution, posing a risk to life on earth.
Thus, a transition from fossil to renewable energy is needed. Among the renewable energy
technologies, gasification of biomass promises high process efficiency and flexibility concern-
ing the feedstock and products.

In such a process, gas contaminants have to be removed to protect downstream equipment
and the environment. Finding an optimal configuration of process steps in gas cleanup chains,
offering reliability, availability and high efficiency at low operating and capital costs is still a
challenge and one of the major hurdles for commercial deployment of biomass gasification
processes.

This thesis aimed to investigate the gas cleanup chain as part of gasification processes.
Two aspects, the analysis of gas contaminants and their elimination, were examined. At first,
three analytical methods, aimed at the detection of sulphur containing hydrocarbons, tars
and trace elements, were developed. In the next step, these analytical tools were employed
to investigate the performance of gas cleanup units, intended for the removal of the sulphur
containing hydrocarbon thiophene, tars and the trace element Se.

The removal of thiophene by activated carbons (AC) was explored experimentally and
theoretically. Experiments were performed in a packed bed column between 100-200 °C. The
adsorption process was described by a 1D approach, including mass transfer phenomena and
axial dispersion. Experimental validation showed good agreement between measured and pre-
dicted breakthrough times and capacities. A global sensitivity analysis (GSA) was performed to
rank the importance of model input factors and gain further process insight. The work showed
that ACs are a promising option for thiophene removal and provided a generic approach for the
application of GSA to adsorption models. In this context, the analysis demonstrated that the
selection of common model assumptions deserves as much attention as the model parameters.

Further work chapter aimed at understanding the effect of H, 0O, H, and H,S on the de-
composition of thiophene over CaO. Experiments were performed in a fixed bed reactor at
810 °C. The factors were varied as part of a full factorial design at two levels. Results were fitted
to a linear model with interactions. Analysis showed that H,0 and H, S had a major effect on
thiophene conversion, while that of H, was less pronounced. Interactions between varied
factors were found to be negligible.

A UV-Vis method was developed to obtain online information on tar compound concen-
trations in real process gases in the low ppmv region. Spectra were analysed for their tar
composition by two chemometric approaches. Applied to two case studies, the developed
method proved to be a rapid, sensitive tool, applicable to qualitative process monitoring with
the added benefit of quantification in gases with a limited number of tar compounds.



vi Summary

An ICP-MS was employed as a tool for the online detection of trace elements. The low
detection limits (< 2 ppbv for H,Se, PH,; <0.1 ppbv for AsH,; <0.01 ppbv for Hg) and the high
temporal resolution render this method a quick and robust tool for the performance evaluation
of sorbent materials. A case study investigated the capture of H,Se by a Zn/Al,O, sorbent
between 150-350 °C. While the support could retain H,Se at dry reaction conditions, a Zn
phase was needed for its capture in steam laden gas.

Keywords: Gasification; Producer gas; Renewable energy; Biomass; Coal; Contaminant;
Sulphur; Thiophene; Tar; Trace element; Selenium; Online; UV-Vis; Classical least squares;
Partial least squares; ICP-MS; Gas cleanup; Activated carbon; Catalyst; Limestone; Zinc;
Sorption; Global sensitivity analysis; Adsorption model; Breakthrough curve; Fixed bed



Zusammenfassung

Energieverbrauch und wirtschaftliche Entwicklung sind eng miteinander verkntipft. Die bis-
herige wirtschaftliche Entwicklung basierte vorwiegend auf fossile Energien, deren Nutzung
nachteilige Auswirkungen auf unsere Umwelt heute hat. Um diese Auswirkungen zukiinftig zu
minimieren, ist ein Umstieg auf erneuerbare Ressourcen notig. Die Vergasung von Biomasse
ist eine Technologie, welche einen hohen Wirkungsgrad bei gleichzeitig vielfiltigen Einsatz-
moglichkeiten bietet.

Die Verunreinigungen, die in diesem Vergasungsprozess im Produktgas auftreten, erfordern
eine Gasreinigung um nachgeschaltete Anlagen und die Umwelt zu schonen. Eine optimale
Kombination von Prozesseinheiten zu einer Reinigungsstufe, die zuverldssig und energieeffizi-
ent ist, aber gleichzeitig niedrige Investitions- und Betriebskosten aufweist, bleibt allerdings
weiterhin eine Hiirde fiir die Verbreitung von Biomassevergasungsprozessen.

Ziel dieser Arbeit war die Untersuchung der Gasreinigungskette in Vergasungsprozessen.
Als Teil davon wurde einerseits die Analyse von Gasverunreinigungen und andererseits deren
Abtrennung betrachtet. Dafiir wurden drei analytische Methoden zur Detektion von schwefel-
haltigen Kohlenwasserstoffen, Teeren und Spurenelementen entwickelt. Basierend auf diesen
Methoden wurde die Reinigung von Thiophen als einem Représentanten von schwefelhal-
tigen Kohlenwasserstoffen sowie die Reinigung von Teeren und dem Spurenelement Selen
analysiert.

Die Adsorption von Thiophen auf Aktivkohle wurde experimentell und mit Hilfe eines
Modells untersucht. Experimente wurden in einem Festbettreaktor bei Temperaturen von
100-200 °C durchgefiihrt. Darauffolgend wurde die Thiophenabscheidung durch ein eindi-
mensionales Modell unter Beriicksichtigung von Stofftransport- und Dispersionseffekten
beschrieben. Eine Validierung des Modells zeigte eine gute Ubereinstimmung mit den experi-
mentellen Ergebnissen. Ausgehend von diesem Modell wurde eine globale Sensitivitdtsanalyse
durchgefiihrt, um den Einfluss diverser Eingangsparameter auf die Durchbruchskurve zu
evaluieren und ein besseres Modellverstdndnis zu erlangen.

Nachfolgend wurde der Einfluss von H, O, H, und H, S auf den Abbau von Thiophen tiber
CaO bei 810°C in einem Festbettreaktor ermittelt. Die Einflussparameter wurden entspre-
chend eines vollfaktoriellen Versuchsplans variiert und der resultierende Thiophenumsatz
durch ein lineares Modell mit Interaktionen beschrieben. Eine Analyse des Models zeigt, dass
H,0 und H,S einen bedeutenden und H, einen kleineren negativen Einfluss auf den Thio-
phenabbau haben. Eine Interaktion der Eingangsparameter konnte dabei nicht nachgewiesen
werden.

Die online Detektion von Teerkomponenten im niedrigen Konzentrationsbereich in Pro-
zessgasen wurde durch eine neu entwickelte UV-Vis Methode ermoglicht. Die bei der Messung

erfassten Spektren wurden auf den Gehalt einzelner Teerspezies hin mit Hilfe von zwei che-

vii



viii Zusammenfassung

mometrischen Methoden tiberpriift. Die anschlieBende Uberpriifung der Fihigkeiten der
entwickelten Methode in zwei Fallstudien zeigte, dass sie ein wertvolles Hilfsmittel zur Pro-
zesstiberwachung ist und im Fall von Gasen mit einer geringen Anzahl von Teerkomponenten
auch deren Quantifizierung ermdglicht.

Basierend auf einem Massenspektrometer mit induktiv gekoppeltem Plasma (ICP-MS)
wurde anschlieBend eine Methode zur Detektion von Spurenelementen in Prozessgasen
entwickelt und angewendet. Niedrige Nachweisgrenzen (<2 ppbv fiir H,Se, PH;; <0.1 ppbv
fiir AsH,; <0.01 ppbv fiir Hg) und eine hohe zeitliche Auflésung ermdglichen eine effiziente
Uberpriifung der Materialien hinsichtlich ihrer Sorptionseigenschaften . In einem Fallbeispiel
wurde dabei die Sorption von H,Se auf Zn/Al,O, zwischen 150-350 °C analysiert. Wiahrend
das Tragermaterial H,Se in trockenen Bedingungen zuriickhalten konnte, war eine Zinkphase
notig, um dies auch in wasserdampfbeladenem Gas zu ermoglichen.

Stichworter: Vergasung; Produktgas; Erneuerbare Energie; Biomasse; Kohle; Verunreini-
gung; Schwefel; Thiophen; Teer, Spurenelement; Selen; Online; UV-Vis; Classical least squares;
Partial least squares; ICP-MS; Gasreinigung; Aktivkohle; Katalysator; Kalkstein; Zink; Sorption;
Globale Sensitivitdtsanalyse; Adsorptionsmodell; Durchbruchskurve; Festbett



Résumé

La demande d’énergie et le développement économique sont intrinsequement liés. En effet,
I'impact du développement économique sur ’environnement est si grave qu'’il représente au-
jourd’hui un risque pour la vie sur terre. Ceci a donc nécessité la transition de 1'énergie fossile
al'énergie renouvelable. Figurant parmi la liste des technologies d’énergie renouvelable, la
gazéification de la biomasse est une technologie qui promet une grande efficacité et flexibilité,
et ceci par la possibilité d’utiliser divers types de matiére premiere ainsi que d’obtenir une
large gamme de produits.

Cependant, les contaminants gazeux produits moyennant ce procédé doivent étre élimi-
nés pour protéger les équipements de l'installation ainsi que I’environnement. Trouver une
configuration optimale des chaines de nettoyage de gaz, qui soit a la fois fiable, efficace mais
aussi disponible a des cofits de fonctionnement et d’investissement relativement faibles, est
I'un des principaux obstacles a la réalisation commerciale de cette technologie.

Cette these présente ainsi a étudier la chaine de nettoyage des gaz dans les processus
de gazéification, et en particulier deux aspects : I’analyse des contaminants gazeux et leur
élimination. En un premier temps, trois méthodes analytiques visant a détecter le soufre dans
les hydrocarbures, les goudrons et les éléments traces ont été développées. Par la suite, ces
outils analytiques ont été utilisés pour étudier la performance des unités de nettoyage de
gaz, destinées a |’élimination du soufre sous forme de thiophéne dans les hydrocarbures, des
goudrons et de I'éléments-trace Se.

Lélimination du thiophene par les charbons activés (AC) a été explorée expérimentalement
et théoriquement. Les expériences ont été effectuées a une température comprise entre 100-
200°C dans une colonne garnie de AC. L'adsorption a été décrite par I'approche 1D, incluant
les phénomenes de transfert de masse et de dispersion axiale. La validation expérimentale
a démontré un bon accord entre les valeurs mesurées et les valeurs prédites du temps de
percage et des capacités. Une analyse de sensibilité globale (GSA) a été performée pour classer
I'importance des facteurs d’entrée du modele et obtenir ainsi de plus amples informations sur
le processus. Ce travail a démontré que les AC représentent une option prometteuse pour I'éli-
mination du thiophéne et a fourni également une approche pour I'application de la GSA aux
modeles d’adsorption. Dans ce contexte, I'analyse a démontré que la sélection des hypotheses
communes du modele mérite autant d’attention que les parametres du modele.

Un chapitre de travail supplémentaire visant a comprendre l'effet des molécules H,0,
H, et H,S sur la décomposition du thiophéne en présence de I'oxyde de calcium CaO est
présenté dans cette these. Les expériences ont été effectuées dans un réacteur a lit fixe a 810 °C.
Les facteurs ont été modifiés dans le cadre d'un plan factoriel complet a deux niveaux. Les
résultats ont été adaptés a un modele linéaire avec interactions. L'analyse a dé montré que
H,0 et H,S ont un effet majeur sur la conversion du thiophéne, tandis que I'effect du H, était
moins prononcé. Les interactions entre les facteurs ont été jugées négligeables.
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Une méthode UV-Vis a été développée pour obtenir des informations en temps réel sur les
concentrations de composés goudronnés (a des faibles concentrations en ppmv) qui sont dé-
tectés dans le gaz. Les spectres obtenus ont été analysés par deux approches chimiométriques.
Appliqués aux deux études de cas, les outils développés au cours de ce travail étaient rapides
et sensibles et sont donc applicables a la surveillance qualitative des processus avec comme
avantage, la possibilité de quantifier un nombre limité de composés goudronnés présents
dans le gaz.

La méthode ICP-MS est utilisée pour la détection en ligne d’éléments traces. La basse
limite de détection (<2 ppbv pour le H,Se et le PH; ; <0.1 ppbv pour le AsH, ; <0.01 ppbv pour
le Hg) et la haute résolution temporelle font de cette technique un outil rapide et robuste pour
I'évaluation de la performance d'un matériau adsorbant. Une étude des cas a été effectuée
pour la capture du H,Se par un adsorbent a base de Zn/Al, O, entre 150-350 °C. Tandis que
le support retenait le H,Se sous conditions seches, une phase de Zn était nécessaire pour
I’adsorption a partir d'un gaz chargé de vapeur d’eau.

Mots-clés : Gazéification; Gaz de synthese; Energie renouvelable ; Biomasse; Charbon;
Impureté; Soufre ; Thiophéne; Goudron; Trace; Sélénium ; En ligne ; UV-Vis; Classical least
squares ; Partial least squares; ICP-MS; Epuration des émissions gazeuses ; Charbon actif;
Catalyseur; Calcaire; Zinc; Sorption; Analyse de sensibilité globale; Courbe de percage;
Colonne d’absorption
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a
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Meyi

cyl

NSe,cap
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Nomenclature

specific surface area (m?2 kg‘l)

effect

specific surface area (m™')

Langmuir equilibrium constant, its pre-exponential factor (m®mol™!)
Bodenstein number (Lggquts/Dgx)

Carberry number (-)

thiophene gas phase concentration (molm™2)

heat capacity of AC (kJkg ' K1)

heat capacity of gas Jmol ' K1)

cylinder diameter (m)

particle diameter (m)

volume surface mean diameter (m)

reactor diameter (m)

axial dispersion coefficient (m?s~!)

Knudsen diffusivity (m?s~)

molecular diffusivity of C,H,S in Ar (m?s™1)
effective molecular diffusivity (m2s™1)

particle diffusivity (m2s1

elementary effect

fitting parameter

molar flow (mols™!)

cylinder height (m)

intensity

mass transfer coefficient (s7!)

number of input factors (-)

film mass transfer coefficient (ms™')

Henry constant, its pre-exponential factor (m®kg™1)
reaction rate constant

Té6th isotherm parameter, its pre-exponential factor (m3kg™!)
reaction order (-)

bed length (m)

bed mass (kg)

mass of cylinder content (kg)

molecular weight (gmol™!)

molar amount Se captured (mol)

Téth isotherm heterogeneity parameter, its pre-exponential factor (-)
molar amount of ZnO (mol)

total pressure (Pa)

particle Péclet number (dj, u;/Dgx)
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Pey, parameter in axial dispersion correlation (-)
q average solid phase concentration of C,H,S (molkg™!)
q* particle surface equilibrium concentration (molkg™})
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dmrL saturation value of Langmuir isotherm (molkg™?)

TEE
T'CyHyS
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saturation value of T6th isotherm, its pre-exponential factor (mol kg’l)
Se sorption capacity (gkg™!)

dimensionless solid phase concentration (-)
dimensionless particle surface equilibrium concentration (-)
lower quartile (Q;) and upper quartile (Q3) (-)
adjusted coefficient of determination (-)

pore radius (m)

number of EE (-)

thiophene reaction rate (mol st kg‘l)

Reynolds number (usdy /v ar)

gas constant (Jmol ' K1)

slope of breakthrough curve at 59 (min™hH

slope of breakthrough curve sqg,19 = 0.8/ (fgo — t19) (min~')
slope of calibration curve

Schmidt number (v 4,/ Dy,)

Sherwood number (kfdp/Dm)

standard deviation of EE

reactor temperature (K)

reference temperature (273 K)

time (s)
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superficial velocity (ms™!)
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mass fraction of water (-)
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core matrix of EE method

ray matrix of EE method

thiophene conversion (-)

Zn0O conversion (-)

thiophene gas phase molar fraction (ppmv)

model output

steam content (vol%)

distance from bed inlet (m)
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Ttor

D= 69
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b
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J
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p

Superscripts

0
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parameter defining the temperature dependency of nr (-)
parameters in axial dispersion correlation

heat of adsorption (Jmol ™)

enthalpy of reaction (Jmol™!)

pressure drop (Pa)

temperature difference (K)

voidage (-)

dimensionless concentration (-)

dimensionless axial distance (-)
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density (kgrn_3)

skeletal density (kg m~3)
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Wheeler-Weisz modulus (-)

inlet condition
bulk

breakthrough
blank

Henry isotherm
sequence number
sequence number
liquid

Langmuir isotherm
particle
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surface
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reference temperature
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concentration limit

inlet condition
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BET

BJH

CCS

CLS

cps

CST
DME

EE

EI

EPA
ETV

FID

FT
GC/IT-MS
GC-FID
GC-MS
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GHG
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LDF
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Acronyms

activated carbon

Brunauer-Emmett-Teller
Barrett-Joyner-Halenda

carbon capture and storage

classical least squares

counts per second

cold solvent trapping

dimethyl ether

elementary effect

electron impact

environmental protection agency
electro-thermal vaporisation

flame ionization detector

Fischer Tropsch

gas chromatography/ion trap mass spectrometry
gas chromatography - flame ionization detection
gas chromatography - mass spectrometry

gross domestic product

greenhouse gas

global sensitivity analysis

hydrodesulphurization

hot gas cleanup

internal combustion

inductively coupled plasma mass spectrometer
inductively coupled plasma atomic emission spectroscopy
integrated gasification combined cycle

ion molecule reaction

Karlsruhe institute of technology

laser ablation inductively coupled mass spectrometer
linear driving force
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laser-induced fluorescence

limit of detection

molecular-beam

multivariate curve resolution-alternating least squares
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mass flow controller

method of lines

mass spectrometer

methyl tert-butyl ether



XX Acronyms
NTUA national technical university of Athens
OAT one-factor-at-a-time
OECD organisation for economic co-operation and development
ORS octopole reaction system
PDE partial differential equation
PEEK polyetheretherketon
PID photo ionization detection
PLS partial least squares
ppbv parts per billion by volume
ppmv parts per million by volume
PSI Paul Scherrer institute
PTFE polytetrafluorethylen
RDD rotary disk diluter
REMPI resonance-enhanced multiphoton ionization
REP relative error of prediction
RF radio frequency
RME rapeseed methyl ester
RMSE root mean squared error
RMSE-CV root mean squared error of cross-validation
RMSE-P root mean squared error of prediction
RSD relative standard deviation
SA sensitivity analysis
SEM scanning electron microscope
SNG synthetic natural gas
SOFC solid oxide fuel cell
SPA solid phase adsorption
SPI single photon ionization
SSA specific surface area
STD standard deviation
SV switch valve
TDA tar dew point analyser
THT tetrahydrothiophene
TRA time resolved analysis
VIF variance inflation factor
XRD X-ray diffraction
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1.1. Motivation
1.1.1. A global perspective

OR centuries, energy has been a driving force for our civilization. Its easy availability
helped to progress industry, transport and other sectors. A measure of this intrinsic link
between economic growth and energy consumption is the energy intensity, defined as energy
consumption per unit of GDP . This measure takes a seemingly unbreakable pattern over time
in form of a skewed bell curve. As an economy evolves its energy intensity first rises, peaks
and then slowly declines again, thereby tracking the different steps of economic development.

If this function is applied to current developing countries and the hunger for energy is
satisfied by fossil fuels, the projected CO, emissions will be immense. This trend has therefore
the potential to far outweigh efforts already undertaken by some OECD countries to lower their
energy intensity for a variety of reasons including energy security, local air quality and global
warming. If so, the goal to limit global warming to 2 °C will be a very distant one?. The aim is
therefore to balance the perceived right of developing countries to gain prosperity on the one
hand and the justifiable cause of wealthier countries to preserve and protect the environment,
something that should be in interest of mankind.
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Figure 1.1 - Worldwide primary energy consumption by fuel (plot created with data from )

The outlined dilemma can be further illustrated by a projection of the worldwide energy
mix until the year 2035, given in Fig. 1.1°. Though the validity of such forecasts may be
challenged, two important implications can nevertheless be derived: The overall primary
energy consumption in future is likely to increase rather than stagnate or even recede. And at
the same time, fossil fuels will remain an important part of the global energy mix as emerging
countries strive for affordable, reliable energy.




4 1. Introduction

1.1.2. Emission mitigation

An approach to solve this problem is to take different measures at different time scales. In
the short-term, one will have to deal with the negative impacts of fossil fuel utilization on
the environment. Measures will not only have to include the reduction in CO, emissions (e.g.
by CCS) but also the emission control of trace elements such as Hg, Se or As*. In the mid-
to long-term future, however, one has to try to break the above described pattern as well as
shift the energy supply from fossil fuels to renewable alternatives which include solar, wind,
biomass and hydro-power.

Several features of biomass make it stand out from the other candidates. Because it already
is an important energy source, a basic supply infrastructure exists. Especially in African
and Asian countries it is used for heating and cooking and accounts, as a consequence, for
more than one third of the total energy consumption. Compared to fossil fuels, biomass is
more uniformly distributed over the world which can be advantageous when energy security
and logistics are considered. Moreover, it is easily storable (e.g. wood), thereby making its
availability less dependent on weather, the time of day or season.

While combustion is the prevailing method for biomass use today®, other processes
promise distinct advantages. As such, the gasification of biomass offers higher process effi-
ciencies and overall system flexibility®. The process allows, on one hand, to utilize different
types of biomass as feedstock. On the other, it can provide a range of useful products in
form of electricity, heat and chemicals”. The latter include synthetic natural gas (SNG), H,,
Fischer-Tropsch (FT) liquids, methanol and its derivatives (methyl fert-butyl ether (MTBE)
and dimethyl ether (DME))®.

1.1.3. Biomass gasification

The basic concept of a classic gasification process chain is given in Fig. 1.2. Initial conversion
of the feedstock takes place in a reactor called gasifier. Several reactor configurations with in-
dividual sets of disadvantages and advantages exist. An extensive overview has been compiled
by Sikarwar et al. .

Feedstock Raw producer gas Producer gas

Fixed bed Gas cleaning Electricity

e Updraft « Cold (<100°C) * Gas engine

* Downdraft » Warm (150-250°C) « Gas turbine

¢ Cross-flow « Hot (> 300°C) « Steam turbine
Fluidized bed * Fuel cell

¢ Bubbling Chemicals

¢ Circulating *SNG

e Dual « Hydrogen
Entrained flow * DME

« Top-fed * Methanol

« Side-fed « Fischer-Tropsch

Figure 1.2 — Generic representation of classic gasification processes
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Though the geometry may alter, the reaction principle of gasification itself remains. It
consists of a series of steps which take place between 600 to 1000 °C and include drying of the
feedstock, pyrolysis to give pyrolysis gas, tars and solid char residue and then further reaction
of the pyrolysis products '>'!. The gasifying medium driving these reactions consists of air, O,,
steam, CO, or a mixture thereof. The composition of the resulting so called raw producer gas
depends on the feedstock, type of gasifier, operating conditions and the presence of a catalyst
or sorbent!2. Tt mainly contains CH,, CO, CO,, H,, H,0 and N,, if air is used as gasifying
medium.

Contaminants

Besides the mentioned main constituents, the gas also includes minor but significant quanti-
ties of undesired by-products in form of particulates, tars, sulphur and nitrogen compounds,
alkali metals, halides and other trace elements which are present in the feedstock 13 Their
concentration and speciation depend, similarly to the main gasification products, on the
feedstock and gasification parameters. The following paragraphs provide a brief overview
of their characteristics, gas concentrations and effects on downstream equipment and the
environment.

Particulate matter is emitted in particle sizes ranging from the sub-micron level to several
pum. The particles are typically made up from inorganic and residual carbon compounds
including coke. If not sufficiently removed, particulates can cause blockage, corrosion and
erosion of pipelines and equipment '415,

Tars can be defined as hydrocarbons with a molecular weight greater than benzene '°. They
are formed during gasification in a series of complex reactions '”. Typical concentrations in
the raw gas range from 0.01 to 150 g Nm™3 '8, When cooled down, tars can condense while
increased temperatures can result in the formation of more complex compounds with higher
boiling points. This can cause clogging and fouling of pipes, heat exchangers, particulate filters
or other potential downstream units, such as fuel cells or catalysts '°.

Sulphur concentrations in biomass such as wood are usually significantly lower compared
to coal. The sulphur contained in the biomass feedstock is converted to H, S, COS, thiophenic
compounds and mercaptanes®’. The resulting total sulphur content in the raw producer gas
ranges from 20 to 200 ppmv with typical concentrations of around 100 ppmv for woody and
herbaceous biomass?"??. While H,S makes up most of the gas phase sulphur species, organic
sulphur compounds, including thiophene (C,H,S), benzothiophene (CgHgS) and dibenzoth-
iophene (C,,H,S), can make up a significant fraction. They can add-up to 30 to 45 ppmv in
grass gasification?’ and 2 to 10 ppmv in wood gasification processes, respectively?%23-25_ If
not retained, these sulphur compounds can cause corrosion of downstream piping® and
poisoning of catalysts?” used for methanation?®, FT synthesis>%*? and fuel cells®"*2.

Nitrogen contaminants are mostly present in form of NH, and to a lesser extent (~ factor 10)
in form of HCN and heterocyclic compounds such as pyridine (C;H;N). The gas concentration
of nitrogen compounds ranges from several hundred to a few thousand ppmv>3. Though
these nitrogen species might harm downstream equipment such as FT catalysts and SOFCs,
regulatory emission limitations are the major cause for their control®*.
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Alkali metals melt and evaporate at gasification conditions, leaving the gasifier as aerosols
and vapours in form of chlorides, hydroxides and sulfates®>~’. The most abundant alkali
metals are K and Na. Their total gas phase concentrations range from the sub-ppmv level
to a few ppmv>%39. If cooled down they start to condensate on surfaces, causing fouling
and corrosion in gas turbines and heat-exchangers*’. In addition there is some evidence of
detrimental effects on the performance of catalysts ',

Halide gases primarily contain chlorides in form of HCl while other hydrogen halides such
as HF and HBr are present in lower concentrations. Their concentrations range from a few
ppmv up to 200 ppmv*"#2. At such concentrations halides can not only cause substantial
corrosion to system components including catalysts ** but also increase the volatility of other
contaminants, including metals ***°.

Trace elements are volatilized to different extent during gasification. Thermodynamic stud-
ies show that elements which are most volatile and predominantly remain in the gas phase
are Hg, Br, C, E B, Se,  and As*%~*%, Of these elements As, B, Hg and Se were categorized by
the Environmental Protection Agency (EPA) as elements of major concern due to their high
toxicity to biological systems®”°!. And of these elements of major concern in turn, As and
Se can also negatively affect downstream equipment®. Both As and Se are known poisons
for SOFC catalysts®">%3 and As is known as a poison for catalysts employed in methanol

production®® and other synthesis reactions*°.

Gas cleaning concepts

Because of their detrimental effect on downstream equipment and the environment, gas
contaminants have to be removed from the raw producer gas. The level of cleaning required in
this gas cleaning step depends on the type of application and/or environmental legislation
(see Table 1.1).

Table 1.1 - Maximum permissible contaminant concentrations in producer gas for various applications 8,17,32,56-58

Ranges in permissible contaminant concentrations result from different data sources.

Applications
Contaminants  Unit Gas turbine IC engine SOFC SNG FT
Particulates (mgNm?3) <0.1-120 <30-50 <10 <0.02-0.2
Tars (mgNm3) <1-5 <100 <0.1 <0.1-1
Sulphur (ppmv) <1-20 <0.06-1 <0.02-0.1 <0.01
Nitrogen (ppmv) <50 <0.02
Alkali (ppmv) <0.02-0.1 <0.1 <0.1 <0.01
Halides (ppmv) <1 <10 <0.01

In order to comply with these limits, numerous gas cleaning concepts have been proposed
with comprehensive overviews being given by Woolcock and Brown °7, Asadullah °® and Ab-
doulmoumine et al. '*. The concepts can essentially be classified according to their operating
temperature into cold, warm and hot gas cleanup processes. Cold refers in this context to
temperatures which allow steam to condense, warm to temperatures above the boiling point
of water and hot to a temperature greater than 300 °C.
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The following paragraphs look more closely at two proposed cold and hot gas cleanup
process configurations presented in Fig. 1.3a.

Processes
Cold gas cleanup

|
|
|
|
|
|
|
|
|
|

Hot gas cleanup Limestone

Contaminants Analytical tool

Particulate matter ~ )

| |
| |
| |
| |
: Tars [ ®Z> UV-Vis :
| |
| |
| |
| |
| |

~
Sulphur [ (4) ®:> MS
Trace elements [ ©:> ICP-MS

Figure 1.3 — (a) Schematic representation of two gas cleaning concepts in gasification processes; (b) schematic
representation of the fate of gas contaminants in gas cleanup processes and analytical tools developed in this work
for their online detection. In this coordinate system, the inscribed circles define the topics covered by the respective
chapters of this thesis (ICP-MS: inductively coupled plasma mass spectrometer; MS: mass spectrometer). Colour-

coded temperature of unit operations: - _ 300-450°C _

Cold gas cleanup is performed in a series of steps starting with the removal of particulates
to avoid deterioration of further cleanup equipment. The proposed process employs bag
filters to barricade the flow of particles while allowing the remaining gas constituents to pass.
Typical materials for bag filters are woven synthetic fibers which tolerate temperatures up to
250°C 14,59 .

Tars are removed by means of gas scrubbing at temperatures below the boiling point of water.
At such temperatures, both the majority of gas contained water and tar condense. Typical
scrubbing liquids include water and oil based solvents, where the latter exhibit superior ab-
sorption efficiencies %6,

Sulphur capture is performed by gas scrubbing with regenerable physical or chemical sol-
vents®. Two processes, based on physical solvents, are the Selexol (polyethylene glycol, 0
to 40 °C) and the Rectisol (methanol, -30 to -60 °C) process. They allow sulphur removal to
<10 ppmv (Selexol) and < 0.1 ppmv in case of the Rectisol process®. An alternative are amine
based washers that operate at 30 to 60 °C and have lower investment costs compared to the
described physical solvent processes. Sulphur capture in these amine processes is based on
the formation of a weak chemical bond between H,S and an amine component such as the
recently favoured methyldiethanolamine (MDEA) %°. Using this solvent, H,S exit gas concen-
trations between 10 to 20 ppmv can be achieved ®*. Organic sulphur species are not efficiently
captured, therefore requiring prior hydrogenation or dedicated capture (e.g. by activated
carbon beds). All three processes have in common that guard beds are needed to further
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reduce the sulphur content to parts per billion (ppbv) levels, depending on downstream appli-
cations %°. These beds typically employ ZnO as a solid sorbent that, however, again is incapable
of removing organic sulphur species such as thiophene (C,H,S) ****%. Trace element species,
able to pass the low temperature gas cleaning steps, may be captured by activated carbon
beds57%.

Hot gas cleanup consists of a series of four steps. The initial step involves the addition of
limestone (CaCO,), either directly into the gasifier (in-situ) or to the gas flow downstream
before the gas filter, to serve as a bifunctional material. As such, it acts as a catalyst for the
decomposition of tars and sulphur containing hydrocarbons on the one hand and as a sorbent
for the capture of sulphur®°~", trace elements (As, Se) “° and HCI®! on the other. Being a
natural material with relatively low cost, the limestone is applied as a once-through material,
captured after use by the gas filter and subsequently disposed of together with the particulate
matter. Reactions of limestone with the raw producer gas can take place in the gasifier, during
the flight of the particles to the gas filter and in the filter cake. The catalytic properties for
tar decomposition of limestone have been investigated in several studies with various tar
model compounds (heptane, benzene, toluene, naphthalene) and in different gasification
atmospheres®”. Operating above the calcination temperature (typically > 750 °C) proved to be
essential as only the calcite CaO exhibits sufficient catalytic performance®. Similarly, sorption
should take place above the calcination temperature because CaO shows superior sulphidation
characteristics compared to CaCO, with its limited conversion and slow reaction rates "*"1:84,
The minimum mole fraction of H,S at equilibrium is found close to the calcination tempera-
ture and typically lies above 50 ppmv, depending on pressure, CO, concentration and steam
content®#". Lower H, S concentrations have been reported in experimental studies but were
ascribed to the presence of further metal species in the natural material®®. Limestone can
therefore act as a bulk H, S sorbent, especially useful in processes with feedstocks that contain
large amounts of sulphur, including black liquor and several grasses >89,

The spent sorbent and particulates entrained in the gas flow are then separated by a filter.
Employed filters are constructed from ceramic or metallic materials, allowing them to exceed
operating temperatures of 400 °C'>% . They usually form porous, hollow tubes, called filter
candles, which allow the gas to pass while particles are deposited on the outside surface,
forming a filter cake which is periodically re-cleaned by pressure pulses®!.

The particulate-free gas still contains various sulphur species and, depending on the operating
parameters, residual amounts of tars. These operating parameters include the amount of
limestone fed and its residence time in the process. Both have to be optimized with regard to
the costs for limestone, filtration intensity and the presence and size of a downstream catalytic
reformer unit for the decomposition of remaining tars and sulphur containing hydrocarbons.
Several catalytic materials, including naturally occurring and synthetic catalysts, have been
investigated for this purpose in the past!%%>9294 They are typically employed in fixed bed
reactors, monoliths and as of late in catalytic filters *>“®. If necessary, the process chain may
also include a separate hydrodesulphurization (HDS) catalyst bed, dedicated for the conver-
sion of sulphur containing hydrocarbons. Able to pass several sorbent materials (e.g. ZnO?*),
intended for sulphur capture, these sulphur compounds can cause harm to downstream equip-
ment?3, In the petroleum industry, conversion of such species is traditionally achieved by
HDS catalysts. These typically comprise of Mo or W sulphide, promoted by Ni or Co (CoMoS,
NiMoS, CoWs, NiWS) ?”. Even though operating conditions in oil refining are vastly different
(liquid phase, 300 to 400 °C, H,, partial pressure of 10 to 200 bar), their applicability to biomass
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conversion processes has been shown recently?>999,

H,S, escaping the bulk desulphurization step or produced by the conversion of sulphur con-
taining hydrocarbons is retained in a sorption bed. Sorption of H,S at high temperatures is
typically performed by single/mixed (supported) metal oxides '°°. The basis for much of the
research in this field was laid by Westmoreland and Harrison '°! who performed a thermody-
namic screening of the high temperature desulphurization potential of 28 solids with most
of them being metal oxides. Of the remaining eleven, feasible candidates (based upon the
metals Fe, Zn, Mo, Mn, V, Ca, Si, Ba, Co, Cu, and W) the oxide ZnO exhibits one of the most
favourable H,S sulphidation thermodynamics, making it a widely used H,S sorbent in the oil
and gas industry !°2. Operation above 600 °C, however, causes substantial sorbent loss by ZnO
reduction and subsequent evaporation of elemental Zn '3, Research therefore focused on
stabilizing Zn in mixed metal oxides and found two promising candidates in zinc ferrite '
and zinc titanate '°°. Further research included Cu, Mn, Fe and Ce based sorbents. While
each metal oxide features their specific disadvantages and advantages, much of the current
research uses mixed metal oxides and promoters to combine their individual properties '°°.
The research on high temperature trace element removal from producer gas focuses primarily
on Hg and to a lesser extent on Se and As®. High removal rates of Hg, Se and As have been
shown for Pd/Al,O, in the temperature range from 200 to 370°C 107-109 " Selenium may be
captured by zinc titanate, similarly to H,S”. Further work by Riess and Muller ' indicated
that copper containing sorbents have good As sorption characteristics, even at temperatures
reaching up to 800 °C.

In comparison, cold gas cleanup processes often use commercially available, rather mature

technologies. Whilst economically sensible in large scale fossil fuel applications ®, high capital
cost and laborious regeneration of waste solvent streams can make them unattractive at
the small scale, often found in biomass gasification processes. The process economics are
further impaired by the cool-down of the raw producer gas below the steam dew point and
the intended application operating temperature, as the required reheating and addition of
steam cause a reduction in the overall process efficiency. Warm and hot cleanup processes,
on the other hand, avoid the cool-down, condensation, heat-up and steam addition, thereby
promising an increase in process efficiencies of 3 to 5 %-points !''!12, Omitting the auxiliary
equipment needed in cold gas cleanup for heat integration, the regeneration of scrubbing
solvents and cooling allow at the same time for lower capital and operating costs. However,
these processes are, today, mostly at development stage, plagued by issues caused by the
extreme conditions the system components are employed in.
Finding an optimal configuration of process steps in the gas cleanup chain that offers reliability,
availability and high process efficiency at low operating and capital costs is therefore still
a challenge and seen as one of the major hurdles for commercial deployment of biomass
gasification processes 13114,




10 1. Introduction

1.2. Objectives

This thesis investigated the gas cleanup chain as part of gasification processes. Two aspects,
the analysis of gas contaminants and subsequently their retention, were examined as visual-
ized in Fig. 1.3b.

At first, the development of three analytical methods for the online detection of gas con-
taminants was addressed. These included sulphur containing hydrocarbons, tars and trace
elements. While the measurement of thiophene as a representative of sulphur containing
hydrocarbons was based on a basic method implemented with a process mass spectrometer
(MS), tar compounds and trace elements were investigated by advanced, novel methods. Par-
ticularly, UV-Vis spectroscopy, coupled with a liquid quench sampling system, was used for tar
characterisation. Trace elements, including Se (in form of H,Se), Hg and As (in form of AsH,,)
were detected at ppbv levels by means of the direct introduction of the gas to an inductively
coupled plasma mass spectrometer (ICP-MS).

These established analytical tools were then employed to investigate the performance of
gas cleanup units, intended for the removal of sulphur containing hydrocarbons, tars and
the trace element Se. Herein, the removal of thiophene was explored by means of two units.
These included the warm cleanup by an activated carbon bed and the hot gas cleanup over
CaO particles. Similarly, the retention of tars was investigated on the basis of two units which
included a cold pilot-scale gas scrubber and a hot laboratory-scale catalytic reformer. Finally,
the removal of H,Se was investigated by means of an ZnO bed at warm temperatures.

1.3. Thesis outline
This thesis is divided into seven chapters and five appendices. Herein, Chapter 1 embeds the
work into a broader social, technical and scientific context.

Chapter 2: Experimental setups

This chapter provides a general explanation of the two experimental setups used throughout
the thesis. Detailed descriptions, including the analytical methods and experimental proce-
dures can be found in the respective chapters.

Chapter 3: Adsorption of thiophene by activated carbon

This chapter investigates the removal of the sulphur containing hydrocarbon representative
thiophene (C,H,S) by a commercial activated carbon at temperatures up to 200 °C. The pro-
cess was rigorously modelled and evaluated by means of a global sensitivity analysis.

Chapter 4: High temperature conversion of thiophene over CaO

This chapter is concerned with the catalytic conversion of the sulphur containing hydrocarbon
representative thiophene (C,H,S) over calcined limestone (CaO). The effects of different gas
constituents on the overall catalytic performance were investigated by means of a design of
experiments approach.

Chapter 5: Online tar measurement by UV-Vis spectroscopy

This chapter is dedicated to the online measurement of tar compounds by UV-Vis spectroscopy.
Different regression techniques were applied to evaluate spectra, obtained from a lab-scale tar
reformer and a pilot-scale gas scrubber.



1.4. Author’s contributions 11

Chapter 6: Detection and retention of selenium

This chapter develops an online analytical method for the measurement of trace elements.
The method was successfully implemented and applied to a case study that investigated the
sorption performance of a supported Zn sorbent towards H,Se.

The last chapter (Chapter 7) provides a summary and conclusions of this thesis and
presents an outlook and recommendations for future research.

1.4. Author’s contributions

Chapters 3 to 6 form the basis for four publications. Of these, Chapters 5 and 6 have been
published, Chapter 3 has been submitted and Chapter 4 is in preparation. The author’s contri-
butions to these chapters are:

Chapter 3: Adsorption of thiophene by activated carbon

The author defined the research plan. Experimental work was performed at Paul Scherrer Insti-
tute (PSI) in collaboration with the National Technical University of Athens (NTUA). As part of
this collaboration, the author supervised an external PhD student for several experiments and
conducted the remaining himself. Further, the author performed the calculations/modelling,
interpreted the results and wrote the manuscript.

Chapter 4: High temperature conversion of thiophene over CaO

The author defined the research plan. Experimental work was performed at Paul Scherrer
Institute (PSI) in collaboration with the Karlsruhe Institute of Technology (KIT). As part of this
collaboration, the author supervised an external diploma student for few experiments and
conducted the remaining himself. Further, the author performed the calculations/modelling,
interpreted the results and wrote the manuscript.

Chapter 5: Online tar measurement by UV-Vis spectroscopy

The author defined much of the research plan and carried out most of the experiments. The
case study experiments were carried out by J. Regler and J. Schneebeli. The author performed
the calculations/modelling, interpreted the results and wrote the manuscript.

Chapter 6: Detection and retention of selenium
The author defined the research plan, carried out the experiments, performed the calcula-
tions/modelling, interpreted the results and wrote the manuscript.
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2.1. Gasmix setup 23

This chapter describes the two experimental setups used in the present work. Detailed expla-
nations, including the analytical methods and experimental procedures can be found in the
respective chapters.

* Gasmix setup: This setup allows to feed gas contaminants (H,S, C,H,S) in a complex
gas matrix to a small-sized reactor. The reactor outlet or bypass gas composition can be
analysed by a process mass spectrometer. The setup has been used in Chapters 3 and 4.

* Trace element setup: This setup allows to continuously feed trace elements (Se, Hg, As,
P) in a multi-component gas matrix to a sorbent bed. The resulting response at the bed
exit is analysed by an appropiate analytical method (e.g. ICP-MS). The setup has been
used in two configurations in Chapter 6.

2.1. Gasmix setup

The apparatus can be divided into four sections, consisting of a gas mixing, gas distribution,
reactor and gas analysis section. A schema and photograph of the experimental setup are
presented in Figs. 2.1 and 2.2.
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Figure 2.1 — Schematic representation of the Gasmix setup
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The gas mixing section uses a set of mass flow controllers (MFC, Bronkhorst, EL-FLOW) to
deliver defined amounts of gases. H,, CH,, CO, CO, and Ar were taken from gas cylinders and
house-supply in pure form (quality > 4.5). H,S (0.5vol% in Ar) and C,H,S (0.5vol% in He) on
the other hand from premixed gas cylinders. Steam was supplied by pumping (syringe pump,
PHD 2000, Harvard Apparatus) deionized water through a fused silica capillary into a heated
cross-piece where its vapour was mixed with the bulk gas stream. All metal tubing in contact
with sulphur species (indicated red in Fig. 2.1) was SiO, coated (SilcoNert 2000, SilcoTek) and
heated above 70 °C to minimise adsorption effects.

Figure 2.2 — Photograph of the Gasmix setup

The temperature of the gas distribution section (indicated by grey shaded area in Fig. 2.1)
was kept above 100 °C for the same reason. This section consists of two four-port switch valves
(SV, VICI) which were used to send the gas mixture either to the column or bypass line while
the respective other line was flushed by Ar. The system pressure was maintained at 0.5 barg by
means of two backpressure regulators (EL-Press, Bronkhorst). The packed bed column was
placed in a vertical cylindrical oven (Carbolite Furnaces, MTF 12/25A) operated in down-flow
mode. The temperature of the sample was determined from a previously recorded temperature
profile, assuming isothermal conditions.

Online gas analysis was performed by extracting a fraction (= 1 Nmlmin!) of the gas
exiting the outlet of valve SV2 (see Fig. 2.1) through a fused silica capillary (inner diameter
180 um) to a process mass spectrometer (MAX 300-LG, Extrel,inlet temperature at 120 °C).
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2.2. Trace element setup

Two setups were used to perform calibration and sorption experiments. Schematic representa-
tions are given in Figs. 2.3a and 2.3b, respectively.

G @;EQ »}E Scrubber

H,Se / H, \
H,0 reactor

Scrubber,

=i o s

ICP-MS ICP-MS
(a) (b)

Figure 2.3 — Schematic representations of the Trace element setup. (a) Experimental setup (setup 1) used for experi-
ments concerning the analytical performance and sorption experiments; (b) experimental setup (setup 2) used for
verification of the calculated detection limit. (ICP-MS: Inductively coupled plasma mass spectrometer; RDD: rotary
disk diluter)

The first experimental setup (Fig. 2.3a) was used for all sorption experiments. This ex-
perimental setup can be divided into four sections consisting of gas mixing, the reactor, gas
analysis and gas scrubbing.

The gas mixing section uses two sets of MFCs (EL-Flow, Bronkhorst, Netherland; red-y,
Vogtlin, Switzerland) to deliver defined amounts of gases. Ar (quality 6.0), H, (4.6) and O,
(4.8) were taken in pure form from gas cylinders. H,Se on the other hand was obtained from a
gas mixture (106.1 + 5 ppmv H,Se, balance H,, Linde Specialty Gases, Germany). Tubing in
contact with H,Se (indicated in orange colour in Fig. 2.3) was quartz coated (SilcoNert 2000,
SilcoTek, USA) and heated to 160 °C (HT 60, Horst, Germany) in order to minimize adsorption
effects. In contrast to the SiO, coated tubing, different tubing materials (PTFE and PEEK)
showed significant washout times and loss of analyte at low H,Se concentrations. The H,Se
gas flow was directed either to the gas mixture of Ar, H, and H, O flowing towards the quartz
reactor, or to the gas scrubbing section, consisting of two impinger bottles filled with 0.7 M
HNO, for H,Se removal before venting the cleaned gas to the lab fume hood. This allowed for
conditioning of the reactor and defined start/stop times of experiments.

Pulsation-free supply of steam was achieved by a controlled reaction of H, and O, over
a catalyst at 250°C'. For this purpose, a stream of Ar and H, were brought into contact
with O, (H,/0, > 6) in a tubular reactor (inner diameter 10 mm), consisting of two 20 mm
long platinum-covered (Pt-loading: 90 g ft3, OM-group, USA) ceramic cordierite monoliths
(400 cpsi, NGK, Japan) held in place by quartz wool plugs.
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The total gas flow, entering the reactor, was kept at 100 Nml min"! and subsequently diluted
with an Ar stream before introducing it into the ICP-MS to give a total carrier gas flowrate
of 1100 Nmlmin™. The analyte concentration, on a molar basis, can therefore be given in
terms of a concentration measured at the ICP-MS inlet (denoted by the term ICP) and a reactor
concentration (denoted by the term rx).

The second experimental setup (Fig. 2.3b) was used for the verification of detection limits.
Itis based on the same modular components utilized in setup 1, but in a different arrangement.
In order to deliver H,Se gas concentrations three orders of magnitude below what is achievable
by setup 1, a rotary disk diluter (RDD, MD19-2E, Matter Aerosol, Switzerland) was employed.
The RDD consists of a heatable steel block equipped with two channels and a disk with
several cavities, allowing for a wide dilution range (up to 1:1500) . A gas stream of 1 NImin,
containing H,Se, Ar and H, is fed to the RDD inlet. Depending on the rotating speed and the
number of cavities of the disk, different amounts of the concentrated gas are transported to
the heated dilution gas stream (1 NImin™'). The diluted gas is further diluted by a gas (with
a flow of 100 Nmlmin1), consisting of H,, H,0 and Ar in order to achieve comparable gas
compositions to experiments performed with setup 1.
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/l

(a)

(b)

Figure 2.4 - Photographs of the Trace element setup. (a) Experimental setup (setup 1) used for experiments concerning
the analytical performance and sorption experiments; (b) experimental setup (setup 2) used for verification of the
calculated detection limit.
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Abstract

The removal of sulphur compounds in biomass gasification processes is crucial to protect down-
stream equipment. While conventional sorbent materials can retain H,S, many fail to capture
heterocyclic sulphur compounds such as thiophene (C,H,S). This work explored activated car-
bons (AC) for the removal of thiophene from the gas phase both experimentally and by employing
different models. Experiments were performed in a laboratory packed bed column between
100-200°C at various gas flow-rates and inlet concentrations. The transient adsorption process
was described by a 1D approach, including mass transfer phenomena and axial dispersion. Ex-
perimental validation showed good agreement between measured and predicted breakthrough
times and capacities. A global sensitivity analysis (GSA) was performed to obtain a ranking
of importance of model input factors and gain further process insight. The GSA included 12
model parameters and a selection of axial dispersion correlations and isotherm models. Based
on the chosen range of input factors, the GSA indicated that the type of isotherm model, axial
dispersion correlation, and temperature have a major effect on the predicted breakthrough time.
The calculated slope of the curve is strongly affected by the isotherm model and axial dispersion
correlation. Overall, this work showed that ACs are a promising option for thiophene removal
and provided a generic approach for the application of GSA to adsorption models. In the given
context the analysis demonstrated that the selection of common model assumptions deserves as
much attention as the model parameters.
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3.1. Introduction

HE USE of biomass as a feedstock in energy conversion processes provides a viable mean

to reduce future greenhouse gas (GHG) emissions'. One promising technology is the
thermochemical conversion through gasification into a syngas that can be used for electricity,
heat, fuel and chemicals production>. The raw syngas exiting the gasifier contains, depending
on gasification parameters, different amounts of H,, CO, CO,, CH,, H,O and a variety of gas
contaminants.

These contaminants include particulates, tars, sulphur and nitrogen compounds, HCI and
alkali metals?. The feedstock contained sulphur is converted to various species (H,S, COS,
thiophenic compounds, mercaptanes®) with a total concentration of several hundreds parts
per million (ppmv). These sulphur compounds can cause corrosion of downstream piping®
and poisoning of catalysts’ used for methanation®, Fischer Tropsch (FT) synthesis”!? and
fuel cells '"'2. As a consequence, all sulphur species should be adequately removed from the
gas.

State of the art sulphur capture is performed in cold gas cleaning processes (7 < 100°C)
by gas scrubbing with regenerable physical or chemical solvents '®. Two processes, based on
physical solvents, are the Selexol (polyethylene glycol, 0 to 40 °C) and the Rectisol (methanol,
-30 to -60 °C) process '“. Their high associated capital costs can make them unattractive, espe-
cially at the small scale, predominantly encountered in biomass gasification processes. An
alternative are amine based washers that operate at 30 to 60 °C and have comparably lower
investment but higher operating costs. All three processes have in common that guard beds
are needed to further reduce the sulphur content to parts per billion (ppbv) levels '°. These
beds typically employ ZnO as a solid sorbent that, however, is incapable of removing thio-
phene (C,H,S) '®"'®. Researchers therefore proposed the use of hydrodesulphurization (HDS)
catalysts, embedded in hot gas cleaning processes (HGC, 300 to 850 °C), to convert thiophene
to H,S'%%. Aside from the fact that most HGC processes still face technical obstacles*!, low
temperature alternatives should be investigated for economical comparison.

Activated carbons (AC) are widely used for emission control at low concentrations because
of their high cost effectiveness, capture efficiency and regenerability?>. While adsorption of
thiophene on AC has been studied for deep desulphurisation of transportation fuels in the
liquid phase?*~?%, literature concerning gas phase adsorption is more scarce. As such, the
retention of the saturated thiophene analogue tetrahydrothiophene (THT) by commercial
ACs has been investigated experimentally?®~2%. Its presence in pipeline gases, where it serves
as an odorant, can cause catalyst poisoning in downstream equipment (e.g. fuel cells").
Though reported sorption capacities are promising, experiments were performed at ambient
conditions while the envisaged application of AC in gasification processes demands elevated
ones.

Mathematical models of the transient adsorption process can serve as a tool to assess the
performance of AC as sorption material in a process chain and optimize the corresponding
operating parameters. In subsequent up-scaling considerations they can further help to lower
costs by reducing the number of required experiments. Such models typically involve a set
of coupled partial differential equations (PDE) derived from the conservation of mass and
energy, accompanied by auxiliary equations describing adsorption equilibrium, transport and
empirical correlations>!. A common approach to simplify this stiff problem is to model the
rate of mass transfer in the sorbent particles using a linear driving force (LDF) assumption 2.

The obtained models are typically evaluated by means of a sensitivity analysis (SA) that
aims to link the variation in model output to a variation of the input factors. These SA are,
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however, often not extensive in the regard that only selected parameters are varied locally,
often one-factor-at-a-time (OAT), in ranges that not necessarily have a representative back-
ground **-%8, Performing SA on such basis may result in misleading results when the model is
non-linear and/or interaction between input factors occur. Global sensitivity analysis (GSA)
methods, in comparison, explore the entire input space, thus allowing more robust predic-
tions®?. Several GSA methods have been developed in the past®>“?. Of these, a variance based
approach has been used by Fasso et al.*! to investigate the bio-sorption of heavy metals in
packed bed columns. Apart from taking place in the liquid phase, the study focused only on
few model parameters. Another GSA tool is the elementary effects (EE) method *>*3, a popular
ranking/screening method with low computational cost. It overcomes the disadvantages of
the OAT approach by applying it at different points in the input factor hyperspace.

The aim of this work is therefore twofold. At first, the applicability of an AC as a sorbent for
thiophene retention is investigated experimentally. In the second step, a mathematical model
is developed and validated. Based on this model, the work then aims to explore the effect of
input factors on the predicted thiophene breakthrough behaviour by means of a GSA. Herein,
the input factors not only include model parameters but also model assumptions concerning
the chosen isotherm and axial dispersion correlation.
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3.2. Theoretical section
3.2.1. Model description

In the following, a model (see Fig. B.1 for model flow chart) is presented which was developed
in order to describe the dynamics of adsorption of thiophene onto AC in a packed bed column.
The model is based on the following assumptions:
(i) adsorption of one component which is present in trace amounts
(ii) equilibrium between solid- and fluid-phase concentrations can be explained by an
isotherm with exponential temperature dependence
(iii) mass transfer rate is described by the LDF model
(iv) flow pattern described by axially dispersed plug flow
(v) isothermal conditions
(vi) radial effects are negligible
(vii) removal of adsorbate doesn't affect superficial velocity
(viii) negligible pressure drop across bed
(ix) ideal gas behaviour

Gas phase material balance

The gas phase material balance can be derived from a differential element of the packed bed
given in Fig. 3.1. In this schematic representation, z is the axial coordinate, c the thiophene
gas concentration, u, the superficial velocity and j,, the axial dispersion flux.

Figure 3.1 — Element of packed bed

The resulting balance includes terms for accumulation, convection, axial dispersion and
adsorption.

ot

~ ~
accumulation convection axial dispersion adsorption

N J

f) _ _ 0
5; (B2Aene) = (Aus0) |z = (AusC) lzvaz + (Aepjax) |z = (A€pjax) lz+az — pppzad
” —_—

In this equation, ¢ is the time, A the cross-sectional area of the column, p, the bulk density, €,
the bulk porosity and g the average concentration inside the particle. After rearranging and
taking the limit Az — 0 one obtains

0c 0 0jax 0q
—+— — =0 3.2
6h6t+az(us0)+€b oz Pry; 3.2)
The axial dispersion flux can be described by Fick’s first law
. dc
Jax=—Dax— (3.3)

0z
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where D,y is the axial dispersion coefficient. Including this definition and after applying
assumption (vii), Eq. (3.2) becomes

2% 412 ey D Z6 4,29 (3.4)
bor ez hTaxg2 TP T '
After further rearrangement one obtains
ac ac %c ppoq
— +Ujy— —Dgy——m+ =2 —=0 3.5
ot Mer T2 T e, ot (8-5)
where u;, is the interstitial velocity.
The thiophene gas phase concentration ¢ can be related to its molar fraction y by
c=22 3.6)
RgT

where p refers to the total pressure, R, the universal gas constant and T the column tempera-
ture.

Axial dispersion coefficients

Axial dispersion of fluid flow in packed beds is the result of molecular diffusion, turbulent
mixing by flow splitting and recombination around particles and flow non-uniformities as a
consequence of irregular packing **. Its effect on the breakthrough behaviour is often negligible
in industrial applications while this is not necessarily the case in lab-scale experiments %45
Ideally, the combined effects of mixing are determined experimentally using tracer techniques
in the actual column“. If deemed infeasible, one may revert to correlations that describe both
molecular diffusion and turbulent mixing (neglecting flow non-uniformities) by relating the
particle Péclet number Pe to the product of the Reynolds number Re, and Schmidt number
Sc

Var
Rep = Sc=

—_— (3.7)
VAr Dp,

where d), is the particle diameter and v 4, the kinematic viscosity of Ar based on the DIPPR
801 Database*’. The molecular diffusivity D,, of thiophene in Ar is calculated according to
Fuller et al. %8,

The axial dispersion correlations typically take the form of

1 D €
_—i—u+(})eoo(l+

-1
= = W)) 3.8)
Pe dyu;, RepSc

Rey Sc

where parameters Y1, Y2 and Pey, are correlation specific and summarized for six frequently
used correlations in Table 3.1.
Another approach to describe D, is taken by Koch and Brady
1 € 3 7T2€b(1—€b)l

— = €p+
Pe Re,Sc 4 6

n(Rey, Sc) 3.9

Figure 3.2 illustrates the variation of the Pe number as a function of the product Re, Sc for
the seven presented axial dispersion correlations. The curves show a considerable amount
of scatter, especially as Re,, Sc increases, that, can in part be related to the particle size>’*,
porosity and adsorption effects !>,



3.2. Theoretical section

37

Table 3.1 — Correlations to describe axial dispersion

No. Author Ref. Y1 Pey, Y2

1 Edwards (1986) *° 0.73 2 13

2 Hsu (1981) (i) 50 0.76 0.3 1.8

3 Hsu (1981) (i)  *° 0.9 0.28 0.7

4 Wen (1975) 51 0.3 2 12.67 ¢,
5  Wakao (1978)  ** 20 €' 2 0

6 Ruthven (1984) 3! 0.7 2 0

—+Edwards (1968) -« Wen (1975)

-©-Hsu (1981)(i) Wakao (1978)
s Hsu (1981)(ii) <-Ruthven (1984)

Koch (1985)

10"

o 10
o
1072
SA <>
10-3 | |
102 107 10°

Res Sc (-)

Figure 3.2 — Variation of Pe number with the product Rep, Sc for different axial dispersion correlations. The gray bands

indicate the range of Re pScin this work (Exp.: Experiments; SA: Sensitivity analysis).
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Mass transfer rate
Thiophene uptake by the particles is described by means of a LDF approach °¢

9q

—=k(q" - 3.10

5 = kla -a) (3.10)
It relates the mass transfer rate between gas- and solid-phase to the linear difference between
a particle surface equilibrium concentration g*, obtained from an isotherm, and the average
solid phase concentration g. The mass transfer coefficient k in this equation can be described
by the lumped sum of both extra- and intra-particle mass transfer resistances®’

1 dpqopp  d5400p

— = + 3.11

k 6krco 60€e,coDp ( )
—_—— N —
film macro—pore

resistance resistance

In this equation, cp is the inlet concentration, gy = g*(cp) at bed temperature T, p,, the particle
density, €, the particle porosity and D,, the particle diffusivity. For the range 1.4 < Re;, <2.5
found in this work, the film mass transfer coefficient k £ can be calculated by a Sherwood (Sh)
correlation®®

krd Re,\!/?
Sh = % = 1.15(—”) e’ (3.12)
€p

The particle diffusivity D), is obtained from

L_1, 1
D, Dx Dpess

(3.13)

where Dy refers to the Knudsen diffusivity and D,y .7 to the effective molecular diffusivity.
Dy is calculated using

T 1/2
DK=97re(~ ) (3.14)

Thio

where r, is the mean pore radius and Mr},;, the molecular weight of thiophene. Dy, ¢rr is
taken from

€pDm

Dy = (3.15)

Ttor

where 7,4, is the tortuosity factor.

Equilibrium models

Arange of isotherm equations have been proposed to relate the quantity of molecules adsorbed
onto the sorbent to their gas concentration®’. In the current work, three models incorporating
one to three parameters were selected to fit the measured equilibrium data. Each of them was
chosen as a representative of their parameter class.

The one-parametric Henry isotherm

q" =Kuc (3.16)
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was selected as a basic model, usually employed at very low contaminant concentrations.
Though this condition is often not satisfied °, the model has been used frequently in the past
to provide simplified, analytical solutions of breakthrough curve models°:%?. It is included
in this work to investigate the effect that such a simplifying assumption on the prediction
capabilities of a model has.

The two-parametric Langmuir model

* qubC
1+ bc

(3.17)

assumes that adsorption occurs on a homogeneous surface in one layer without interaction
between sorbed molecules. It is one of the most frequently employed models in literature,
often providing good agreement with experimental data although the underlying assumptions
are not necessarily fulfilled.

The T6th isotherm

. qmrKrc

" W tepa o

was chosen as a representative of three-parameter models ®. It is an empirical model, devel-
oped for heterogeneous materials such as activated carbon.

In the introduced isotherm equations K is the Henry constant, ¢,,;, the saturation value
of the Langmuir isotherm, b the Langmuir equilibrium constant and g,,r, Kr, nt are T6th
isotherm parameters. The temperature dependence of the three isotherms was described by
means of an exponential approach %

AHpy Tref))

Ky =K 1-— 3.19
H=KHrref EXP(RTref ( T (3.19)

AH], Tref))
b=>b 1——— 3.20
Trefexp(RTref ( T ( )

AHT Tref
Kr=K 1-—— 3.21
T TTrefeXp(RTref( T )) (3.21)

In these equations, Kyrref, brrer and Krrrep are pre-exponential factors, AH the heats of
adsorption and T}, a reference temperature (273 K). Both parameters g, and ny in the Téth
isotherm are dependent upon temperature as described by Do %°.

T, T
AT = AmTTref XD (x (1 - Tf)) nr = e +all- ’ef) (3.22)
Initial and boundary conditions
The initial conditions for a bed of length L are
c=0 O<z=<L r<0 (3.23)
q=0 0<z<L r<0 (3.24)
The boundary conditions according to Danckwerts °® are
dc
—Daxeba— = Us(cp—c) z=0 r=0 (3.25)
z
dc
=0 z=1L t=0 (3.26)

Pyl
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Non-dimensionalisation
Upon defining the dimensionless variables

_ Wit _Z. _c. _ 4. * _
T=— cf—L, (—CO, Q_qo' Q" =
One can calculate the following partial derivatives
0c  uiciy 00 0c  ¢ip 0C 0%c _ Cin 62(‘ 0q uiqo0Q
or L ot oz L o 0z2  I? 0&%’ or

Implementing these definitions into Eq. (3.5) one obtains

%4_%_ Dax ﬁ+9b_67()0_Q_0

0t 0& ujyL 082 epcy OT
——

Pej;}

The Henry isotherm in Eq. (3.16) combined with Eq. (3.10) becomes

2. (s
T Uy qo
Similarly the Langmuir isotherm in Eq. (3.17) can be rewritten as
9Q _ kL (qubCO) (.
ot ujy qo 1+beol
And the Téth isotherm in Eq. (3.18) becomes
0Q _ kL (CImTKTCO) ¢ —Q]
ot Uiy qo (1+(KTCOC«)nT)l/n'1‘
The initial conditions transform to
(=0 0=<é{=<1 <0
Q=0 0<é=<1 7<0
And the boundary conditions become
0
a_gzpem(c—l) £=0 720
a¢
— =0 =1 >0
a¢ ¢ ’

3.2.2. Sensitivity analysis

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)
(3.34)

(3.35)

(3.36)

Sampling points for the EE method were generated by a Latin hypercube (LH) approach®’
that has proven to be more efficient than the initially suggested trajectory method %®%°. The
rgg (kgg + 1) points are located in (kgp + 1) matrices, where rgg is the number of calculated
elementary effects and kgg is the number of input factors. Matrix X represents the 'core’

matrix of this design

a e a a
X1 Xy X kg
a _ a
X" = X
xd a a

repl xVEE,j o x"EEvkEE

(3.37)
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whereas the krr matrices X]?’b , that alter from X“ only by one column consisting of coordinates

b . .
X j» can be interpreted as its rays.

a ... a b a .. a
X1 X1, G-1) XL Mg+ X1 ke
ab _ | ... a a
X = Yy T Sige (3:38)
a .o a a ) u
Xrgp,1 erE,(j—l) erE,j erE,(j+1) erEvkEE

The elementary effects EE; ; of the individual rays are calculated according to Eq. (3.39) as the
ratio of finite differences of the model outputs Y and the perturbed input factors.

v (xab) - v xa) L, .

EE; =
xab — xa
J

i
Herein, Ax; is the range of the individual input factors. The mean elementary effect EE; and
the corresponding standard deviation ST D EE of each factor j are calculated using
Y'EE EE; ; Y/t (EE; ; — EE;)°
EE; === STDEE; = iz1 (EEi ~ EE)) (3.40)
TEE TEE

Input factor ranges

The input factor space of this SA (see Table 3.2) encompasses 12 model parameters and two
non-numerical inputs (no. 13, 14) that describe model assumptions concerning the chosen
isotherm model and axial dispersion correlation. Three types of probability distributions were
assigned to these inputs according to available data and knowledge. Normal distributions
were assigned to parameters with a priori knowledge of mean and standard deviation. Without
such information available, uniform distributions were assigned to the parameters. Discrete
uniform distributions were assigned to non-numerical input factors.

VtotN (volume flow rate) Two MFCs control the flow with associated uncertainty of thio-
phene in He (Vi + o) and Ar (V5 + 0y) to the column. Upon mixing, the uncertainty o3 of
the resulting flow V3 can be calculated according to

ov3=4\/0%, +0%, (3.41)

ov1 =0.06 Nml min ™!
1

where

oy2 =0.93Nml min~

yInPpmv (feed mole fraction) The uncertainty of the thiophene mole fraction o3 in 1
before the column can be calculated by

o o 2 2 2
72 () (o) G2
V3 i1 Vl V?,

where gy is the uncertainty of the thiophene mole fraction y; in the gas cylinder

y1£0y=(5.0+0.1)x107*
Vi =1.27Nml min~*
V3 =42.5Nml min~!
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Table 3.2 — List of input factors for sensitivity analysis

No. Input factor Notation Unit Mean value Distribution STD/bounds Comment

1 volume flow rate VtotN  Nml min-! 42.5 normal 0.9 Calculated from uncertainty of individual MFCs

2 feed mole fraction yInPpmv ppmv 15 normal 0.9 Calculated from uncertainty of individual MFCs
and thiophene concentration in gas cylinder

3 column temperature TO K - uniform [396, 400] Based on axial temperature measurements and
an approximation concerning the temperature
rise for adsorption in an adiabatic column

4 column pressure po Pa - uniform [1.48,1.52]x10° Based on estimated pressure drop in the packed
bed”° and the variation of ambient pressure dur-
ing experiments

5 column diameter di m 20x107%  normal 0.1x1073 Measured by caliper

6 particle diameter dp m 1.38x10™* normal 0.05x 1074 Measured by imaging particle analysis (Image])

7 poreradius re m 13x1071°  normal 1x10710 Measured (see Section 3.3.1)

8  bulk voidage epsBulk - - uniform [0.390, 0.400] Based on literature ’*

9 bulk density rhoBulk kgm™3 497 normal 12 Calculated from measurement uncertainties (see
3.2.2)

10  skeletal density rhoS me& 2450 normal 51 Measured (see Section 3.3.1)

11  tortuosity tortuosity - - uniform [2,6] Based on literature !

12 bed mass mBed kg 2.00x10™°  normal 0.01x107° Based on measurement accuracy of scale and
transfer process of sorbent to column.

13 isotherm model Isotherm - - uniform discrete (1, 3] -

14 axial dispersion model =~ DaxModel - - uniform discrete  [1, 8] -




3.2. Theoretical section 43

TO (column temperature) Two sources of error concerning the bed temperature were iden-

tified:

1. Figure 3.3 depicts the axial temperature profile of the oven at 150 °C. The temperature
drops with increasing distance from the axial center (0 mm). Considering a bed length of

ca. 1 cm and positioning errors during column installation, results in an approximated
column temperature error of 2 to 3 °C.
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Figure 3.3 — Temperature error of oven. Zero axial position refers to the center of the oven.

2. An additional error may be caused by a temperature rise due to the exothermic nature
of adsorption which is not accounted for in the developed model in Section 3.2.1. The
temperature increase may be approximated by the limiting case of an adiabatic column "2
With values for AH and g* as determined in Section 3.4.1 and a heat capacity cp, ¢ of the AC
taken from literature "> one can calculate the temperature rise AT according to

_ AHpg* _ 0.1molkg '49kJmol™!
- Cp,c B 1.3k]kg71K71

AT

=3.8K (3.43)

rhoBulk (bulk density) The bulk density was estimated by weighing an amount m,,; of AC
into a cylinder with diameter d,,; with a bed height of ., as depicted in Fig. 3.4.

d

cyl

cyl

Figure 3.4 — Schematic representation of cylinder used to determine the bulk density of the activated carbon
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_ Meyr Amey

Pp= =—>
Veyt ﬂdcylhcyl

(3.44)

Based on Eq. (3.44) the uncertainty o, can be estimated by

o Om, 2 Oh, 2 04, 2
Tew _ ( my’) +( y’) +( y’) (3.45)
Pb Meyl hcyl dcyl

where

Moyl 0, = (5.71£0.03) x 10 kg
Reyi£0p,, = (6.5£0.1) x 107" m

deyi +04,, =(1.50£0.01) x 107> m

3.2.3. Key figures

Solving the system of PDEs yields a breakthrough curve in form of a matrix rather than a scalar
that could easily be implemented into a SA. Different key figures that describe the shape and
position of the curve were therefore defined and compared in correlation plots. Based on this
analysis, two key figures were chosen for further investigation.

Quantiles of the breakthrough curve in form of breakthrough times (here t;, t19, t50, 90, f99)
are convenient measures to describe the curve’s position/shape. The width of the breakthrough
curve can be characterized by #99 — #1¢9. The slope of the curve was evaluated by means of two
key figures s50 and sg9,10. Here ssq is the derivative of the breakthrough curve at 50 while sg99,10
is calculated according to

0.9-0.1
890,10 = T — (3.46)
' foo — f10

The breakthrough capacity ggp until time f99 is a more inclusive key figure.

The defined key figures were calculated for all model evaluations of the SA and the results
are visualized in form of a correlation matrix in Fig. 3.5.

Based on this plot, the variation between the resulting breakthrough curves was decom-
posed into two key figures with little correlation: A measure of the slope and one of the shift
of the breakthrough curve. The slope sg0,10 was chosen as a more robust measure of slope
compared to ss5g that is evaluated at just one point. The value 59 was chosen as a measure of
the shift of the breakthrough curve.

3.2.4. Implementation

The non-dimensionalised system of PDEs was solved numerically by the method of lines
(MOL) using Mathematica 10.4 (Wolfram Research). The Mathematica kernel was called by
MATLAB 2015a (The MathWorks) which was used for data handling and SA with an adapted
version of the SAFE 1.1 toolbox *. The SA was performed with 2000 samples resulting in a total
of 3 x 10* model evaluations (see Appendix B.3 for convergence analysis).
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3.3. Experimental section

3.3.1. Material

A commercial activated carbon (ACM40-4WA, CECA) was used in this study. The material
was crushed, sieved and the sieve fraction 125 to 160 um used for experiments. The specific
surface area (SSA, BET method) and pore size distribution (BJH method) of the sorbent were
measured by N, physisorption using a Tristar II (Micromeritics) after degassing at 150 °C for
3h. The skeletal density of the material was determined by an AccuPyc II 1340 pycnometer
(Micromeritics). An overview of the sorbent properties is given in Table 3.3.

Table 3.3 — Sorbent properties

Adsorbent CECA ACM40-4WA

dp, (m) 138 x 1076
Te (M) 13x 10710
pp (kgm=3) 497

ps (kgm=3) 2450

SSA (m?g1) 991

3.3.2. Experimental procedure

For experiments, ca. 20 mg (corrected for moisture content) of fresh sorbent were transferred
to a glass column (2mm i.d., 6 mm o.d.) and held in place by quartz wool. The column was
connected to the experimental setup and a gas leak test was performed. The column was
subsequently heated to 150 °C for 30 min in Ar atmosphere for moisture removal. Next, the
operating conditions were adjusted according to Table 3.4. After 30 min, experiments were
started by switching valves SV1 and SV2. The resulting change in gas composition at the
column inlet (98 % signal in <1 min) was considered to be a step change.

Table 3.4 — List of experimental conditions

Run T (°C) Viprn Nmlmin!) o (ppmv)

1 150 30.0 15.0
2 100 30.0 15.0
3 150 55.0 15.0
4 150 42.5 15.0
5 150 30.0 8.5
6 150 30.0 30.0
7 100 30.0 8.5
8 100 30.0 30.0
9 200 30.0 15.0
10 200 30.0 30.0
3.3.3. Analytical method

A mass spectrometer (MS, Extrel MAX 300-LG, inlet temperature at 120 °C) was used to charac-
terize the gas composition. Calibration of thiophene was performed by measuring the inlet
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gas mixture, fed over the bypass to the MS. After switching to the reactor path, the gas molar
fraction y of thiophene was calculated according to Eq. (3.47) where He served as an internal
standard.

Iga,coHy s
Iu He Yref
V= (184,C4H4s

(3.47)
Ia,1e )ref

In this equation, I refers to the measured intensities (averaged over 15 min) at the correspond-
ing m/z. The limit of detection (LOD) and quantification (LOQ) of thiophene for the applied
method were calculated to be 0.14 ppmv and 0.47 ppmv, respectively.
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3.4. Results and discussion

3.4.1. Adsorption isotherm modeling

The three isotherm models introduced in Section 3.2.1 were fitted to the experimental data set
using a non-linear least squares approach (Levenberg-Marquardt algorithm). A summary of
estimated adsorption isotherm parameters is given in Table 3.5.

Table 3.5 — Isotherm fitting results

Isotherm R(zl dj Parameter Unit Estimate
Henry
0.9150  Kurref m3kg! 6.35 x 10°
AHy Jmol™! -3.48 x 10*
Langmuir
GmL molkg™! 0.24
994
0-9946 brref m3 mol ™! 3.08 x 10°
AHf Jmol™! —-4.94 x 10*
Té6th
Krrref m3mol~! 2.43 x 102
AHr Jmol ™! -3.14x10*
0.9939  GmTTref molkg™! 3.48x 103
X - -2
nTTref - 0.11
(11 - -0.1

Figure 3.6a presents the experimentally determined sorption capacities and corresponding
model fits at three temperatures 100, 150 and 200 °C. The associated residuals are plotted in
Fig. 3.6b.

As temperatures rise, adsorption capacities generally decrease. At the same time, the multi-
parameter isotherms become less favourable, thereby successively approaching the linear
Henry isotherm. The latter model fits data at all investigated temperatures with average relative
errors in the range of 16 to 30 % and an adjusted coefficient of determination Rzadj 0f 0.9150.
Both the Langmuir and Té6th model have superior Rzadj of 0.9945 and 0.9939, respectively.
Especially at low temperatures they fit experimental data better with relative errors of 0.2 to
2.3% at 100 °C which gradually increase to 17 to 23 % as temperatures rise.

3.4.2. Breakthrough curve results
This section compares experimental with modelling results and discusses the effects of gas
flow rate, temperature and thiophene inlet concentration on the breakthrough behaviour.

In order to predict the output response of the model to a step input, the input factors listed
in Table 3.2 have to be fixed appropriately. They can be classified into three groups:

1. The experimental settings encompass VtotN, yInPpmv and T0 whose values were taken
from Table 3.4 as well as the system pressure p0 and inner column diameter di.

2. The sorbent properties. These can be further subdivided into:

(a) Measured properties, including dp, re, rhoBulk, rhoS and mBed.
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Figure 3.6 — Adsorption isotherm fitting results. (a) Adsorption isotherms. Crosses represent experimental data and
lines fits by the Henry, Langmuir and Téth isotherm models. The gray band indicates the parameter range of the inlet
concentration ¢ used in the SA with an average temperature of 125 °C; (b) residuals plot for three equilibrium models
at three temperatures.

(b) Properties estimated from available literature data®""'. These include the bulk
voidage (0.4) and the tortuosity (2).

3. Model assumptions which include:

(@) The choice of isotherm model. Here, the Langmuir isotherm was chosen based on
its superior Rzadj.

(b) The choice of axial dispersion correlation. Here, axial dispersion coefficients were
estimated from the correlation given by Edwards and Richardson * as it fitted
the breakthrough curves best compared to other correlations discussed in Sec-
tion 3.2.1.

Parity plots for breakthrough time #99 and the corresponding sorption capacity ggg in
Fig. 3.7, respectively give a summary of the predictive abilities of the developed model. Both
the predicted t9y and gqg lie well within the +15 % error lines, with the exception of run 9
whose 199 and ggo are under-predicted by 24 to 27 %.

Among the varying conditions studied, the highest thiophene capacity of 138 mmolkg™~!
was observed at a temperature of 100 °C, 30 Nml min'! total gas flow rate and 30 ppmv C 4H,S
in the feed stream. On the other hand, the lowest capacity of 7mmolkg~! was measured at
200°C, 30 Nml min™! total gas flow rate and 30 ppmv C ,H,S in the feed stream.

Effect of gas flow rate
The effect of gas flow rate on breakthrough behaviour was investigated in the range 30 to
55Nml min'! at 150 °C with a thiophene inlet concentration of 15 ppmv. Experimental and
modeling results in Fig. 3.8b agree well for flow rates up to 42.5 Nml min!. In case of a flow
rate of 55 Nml min ™!, the experimentally determined curve is steeper with a later onset of the
breakthrough curve.

The flow rate affects the breakthrough capacity only to a small extent with a variation
<3 % within the flow range studied. Breakthrough times 99, on the other hand, decreased
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Figure 3.7 — Parity plots with +15% error lines. Numbers attached to the markers indicate the experimental run as
listed in Table 3.4. (a) Predicted versus measured breakthrough time tg9q; (b) predicted versus measured breakthrough
time ggp.

significantly from 26 to 14 min when increasing the flow rate from 30 to 55 Nml min™! because
more thiophene molecules entered the column per unit time, causing the concentration front
to move faster through the bed.

At the same time a steepening of the breakthrough curve is observed. An enhanced film
transfer coefficient, that increases with the square root of the gas velocity, can be excluded as
areason for the observed phenomenon. Its contribution to the mass transfer resistance 1/k
in Eq. (3.11) is minor (= 6%) compared to the macro-pore resistance and will therefore have
little effect on the overall value of k. The observed curve steepening is rather a consequence
of the increased number of thiophene molecules entering each slab of bed per time, while
the corresponding adsorption rate doesn’t increase proportionally. To further investigate the
effect of flow rate, the eluent concentration is plotted in Fig. 3.9 versus a normalized time
T = tug/ Lpeq that can also be interpreted as the number of bed volumes.

The adjusted breakthrough curves now exhibit a flattening as the flow rate increases that
can be related to an internal mass transfer limitation. As the flow rate rises, the residence
time in each slab of bed decreases while the time required for a thiophene molecule to diffuse
into a particle remains constant. The adsorption rate decreases and as a consequence the
breakthrough curves flatten.

Effect of temperature
Temperature greatly affects the adsorption of thiophene onto activated carbon having both an
effect on the breakthrough capacity ggo and the breakthrough curve shape. These phenomena
are visualized in Fig. 3.8a where modelling and experimental results agree well. At 100 °C,
an inlet concentration of 15 ppmv C,H,S and a flow rate of 30 Nml min', the sample had
a capacity of 97 mmolkg™!. An increase in temperature to 150 °C results in a 80 % drop in
capacity. The trend continues at 200 °C, where the sorbent loses another 65 % of its sorption
capacity. This observed decrease is a consequence of the exothermic nature of the adsorption
process.

The shape of the breakthrough curve is affected by several factors. Their steepening with
increasing temperature can, in part (see also Fig. B.5), be related to the associated increase
in flow rate under operating conditions (a temperature rise from 100 to 200 °C causes a 27 %
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concentration: 15 ppmv, total flow rate: 30 Nml min™!) versus normalized time 7 = tus/Ljeq
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flow rate increase). Besides, the shape of the concentration front is affected by the counter-
acting forces of the favourable Langmuir isotherm, having a sharpening effect on one hand
and the dispersive effects of mass transfer resistance and axial dispersion on the other. The
dependence of axial dispersion on temperature is small compared to other factors (see also
Fig. B.6k). As temperatures rise, the isotherm becomes less favourable. This effect is, however,
outweighed by the increase in pore diffusion, thereby reducing the mass transfer resistance,
causing an overall steepening of the breakthrough curve.

Effect of thiophene inlet concentration

The effect of varying thiophene concentration in the range of 8.5 to 30 ppmv was evaluated
at 100 and 150 °C for a total flow rate of 30 Nml min™!. Both the experimental and modeling
results are depicted in Figs. 3.8c and 3.8d. The model predicts the experimental curves well
at 100 °C though a steeper breakthrough curve is predicted at 8.5 ppmv. At 150 °C model and
experimental results match though the slope at 30 ppmv is underestimated by the model.

An increase in temperature from 100 to 150 °C significantly decreases breakthrough capaci-
ties and times at all considered thiophene concentrations as already discussed in Section 3.4.2.
Raising the inlet concentration generally increased the sorption capacity as a result of the
isotherm shape. At the same time #99 decrease by 50 to 52 % as more thiophene molecules en-
ter the bed per unit time. The slope of the breakthrough curves increases at both investigated
temperatures as the thiophene inlet concentration is raised because the mass transfer rate
increases caused by the higher driving force.

3.4.3. Sensitivity analysis

The previous section investigated the effect of three operating parameters and the validity of
the proposed model. This model is now employed to perform a more comprehensive SA to
elucidate the effect of a multitude of input factors and their ranking of importance.

The ranking of effects of input factors on the model outputs Yy, and Yy, , is visualized by
plotting the absolute means of EE (|EE|) versus their standard deviation (Fig. 3.10, see Table B.2
for numerical results). In these plots, |EE|, as a relative measure of sensitivity, assesses the
overall importance of a factor. The standard deviation (STD EE) determines whether a factor
has a non-linear effect on the model output and/or interacts with other input factors.

Three input factors dominate the effect on breakthrough time 59 in Fig. 3.10a: The type of
isotherm and axial dispersion correlation as well as the column temperature. While the former
show a high standard deviation, indicating non-linearity and/or interaction effects, the latter
does not. The slope sg0,10 in Fig. 3.10b is strongly affected by both the type of isotherm model
and axial dispersion correlation.

The effect of these two input factors is investigated more closely by means of a scatter plot
of s90,10 versus tsg, given in Fig. 3.11.

Three distinct point clouds corresponding to the color-coded isotherm models can be iden-
tified. The kernel density plots show two groups with regard to #5¢. Distributions for Langmuir
and T6th isotherms with a mean f50 of 29 min overlap. The distribution corresponding to the
Henry isotherm is shifted towards shorter breakthrough times (average 23 min) as a result of
underestimated breakthrough capacities presented in Fig. 3.6a. The calculated strong effect of
the isotherm model on 5 in Fig. 3.10a is therefore attributed to the disparity in the ability to
describe experimental capacities between the Henry isotherm on one hand and the Langmuir,
Téth isotherms on the other. Neglecting the Henry isotherm, the effect of isotherm model on
I50 is therefore significantly smaller when more accurate isotherm models are employed (see
Fig. B.3a).
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The slope sg0,10 of breakthrough curves is similar for Henry and Langmuir isotherms while
the distribution for the Téth isotherm is wider. All three distributions have a bimodal character
that can be related to the axial dispersion correlation. The box plot indicates that the axial
dispersion correlations can be divided into two groups with regard to their effect on isotherm
slope. The first group with flatter curves is represented by the Hsu(i), Hsu(ii) and Wakao
correlations (see also parallel coordinate plots in Fig. B.4). Their lower slopes correspond
to lower Pe numbers in Fig. 3.2, indicating a higher degree of axial dispersion. The second
group with steeper slopes is represented by the remaining correlations. Results for the model
neglecting axial dispersion fit into the latter group, albeit a slightly higher slope is observed.
The effect of axial dispersion correlations on 5 is less pronounced. Medians group around a
breakthrough time of 28.6 min with the notable exception of the Wakao correlation that shows
earlier breakthrough times.

Plotting the mean EE instead of |[EE| can help to further investigate the underlying mech-
anisms of the model by inspecting the signs of the individual effects. This definition of EE
involves the risk that effects cancel out if the model response is non-monotonous, thus un-
derestimating the importance of a factor **. Bearing in mind that the ranking of importance
might be compromised, the mean EE are plotted in Fig. 3.12 and the effects of important input
factors are discussed.
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Figure 3.12 - Plots of the mean EE for key figures 759 and sg9,10. Non-numerical input factors are excluded from the
plot. Numerical values are given for input factors with small effect.

The breakthrough time 75 is negatively affected by three input factors (VtotN, yInPpmv,
T0) that have already been discussed in Section 3.4.2. Further important factors are p0 and
mBed, both of which affect the breakthrough time positively. An increase in system pressure
increases the sorption capacity g* due to an increase in thiophene concentration while the
bed mass has an immediate effect on f50 as more sorbent material is present.

The slope sq9,10 is positively affected by the three factors (VtotN, yInPpmv, T0) discussed in
Section 3.4.2. Further factors having a significant effect are dp, re, rhoBulk and the tortuosity.
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An increase in particle diameter has a dispersive effect as both the axial dispersion coefficient
and the mass transfer resistance k~! are increased. The latter increases as a result of the
increased diffusion path lengths molecules have to travel inside the particles. An increase
in pore radius positively affects the slope sg9,10 as molecules in the Knudsen regime collide
less frequently with pore walls, thereby increasing the particle diffusivity and mass transfer
coefficient k. The bulk density and tortuosity both decrease the slope as they cause an increase
in mass transfer resistance k.
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High temperature conversion of
thiophene over CaO

This chapter is adapted from P. Edinger et al., High temperature conversion of thiophene over CaO, In preparation.
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Abstract

Sulphur contained in the gas of biomass gasification processes can cause damage to downstream
equipment. While H,S can be removed by current warm gas cleanup processes employing metal
oxides such as ZnO, this is not the case for heterocyclic sulphur compounds. An option for
decomposing these compounds to H,S is the use of catalytically active materials, such as CaO.
This work is aimed to understand the factors that influence the decomposition of the heterocyclic
sulphur model compound thiophene at a fixed temperature of 810 °C. These factors, H,0, H,
and H,S were varied as part of a full factorial design at two levels. The results were fitted to a
linear model. Analysis showed that H,O and H,S had a major effect on thiophene conversion,
while that of H, was less pronounced. Interactions between factors were found to be negligible.
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4.1. Introduction

REENHOUSE gas (GHG) emissions from anthropogenic sources are a major driver of cli-

mate change. In order to prevent the adverse effects of climate change on mankind, fossil
energy has to be replaced by renewable alternatives. Among them, the gasification of biomass
is a promising option . The gas exiting such gasifiers is, depending on feedstock, gasifier type
and operating parameters, mainly composed of CH,, CO, CO,, H, and H,O. Besides, several
undesired by-products in form of particulates, tars, sulphur and nitrogen compounds, HCI
and alkali metals are present?.

The entrained sulphur species have typically total gas phase concentrations ranging from
20 to 200 ppmv>*, although higher concentrations have been reported for black liquor and
grass feedstocks®®. While H,S makes up most of the gas phase sulphur species, sulphur
containing hydrocarbons such as thiophene (C,H,S) can represent a significant fraction®.
If not adequately removed, these species can cause corrosion of downstream piping’ and
poisoning of catalysts used for methanation®, Fischer Tropsch (FT) synthesis” and fuel cells '°.

State-of-the-art removal of sulphur compounds is achieved by low temperature processes
(e.g. RME scrubber at 20 to 50 °C) which allow the majority of water and organic impurities
to condense ''. The need for repeated cool down and subsequent heat up for downstream
processes (methanation 300 to 400 °C, FT 150 to 300 °C) as well as the need for steam addition
for steam reforming and/or prevention of coke deposition result in an efficiency penalty '%'3.

Warm and cold gas cleanup processes avoid the repeated cool down and heat up, promising
better process efficiencies as well as lower capital and operating costs. Sulphur capture in these
processes is typically achieved by metal oxides such as ZnO which, however, are incapable
of retaining sulphur containing hydrocarbons'#~'®. Recent research therefore focused on
dedicated hydrodesulphurization (HDS) catalysts for their conversion to H,S'""1%.

This current work proposes limestone, employed either directly in the gasifier (in-situ)
or downstream, to serve as a bi-functional material. As such, it may act as a sorbent for bulk
sulphur removal >, trace elements®>?? and HC1**? on one hand and as a catalyst for the
decomposition of tars and sulphur containing hydrocarbons on the other. Being a natural
resource with relatively low cost, the limestone is applied as a disposable material. While
the desulphurization by limestone has been investigated intensively, literature concerning
the conversion of sulphur containing hydrocarbons is more scarce. Johannes and Hamrin %
investigated the HDS of thiophene over CaCOs, finding some catalytic activity, although signif-
icantly less compared to commercial CoMo catalysts. The conversion of hydrocarbons over
CaO based materials has been studied in more detail using various tar model compounds (hep-
tane, benzene, toluene, naphthalene) ***°. These studies indicated dry and steam reforming
as predominant decomposition reactions and postulated the Ca**-0?" ion pair as the active
site. Steam, H, and CO were found to have an inhibitive effect while the presence of H,S on
the catalyst performance was not studied %7,

Knowledge about the decomposition kinetics of sulphur containing hydrocarbons can be
incorporated into techno-economic models. Their evaluation can indicate whether the use
of disposable materials as sorbent and catalyst at high temperature are superior to current
technology.

The aim of this work is therefore to evaluate CaO as a catalyst for the decomposition of
thiophene in gasification atmosphere at first. In the next step the effect of H,, H,O and H,S
on the catalyst performance are studied by means of a design of experiments approach.
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4.2. Experimental section

4.2.1. Material

Limestone (Mikrosohl Reasorb TAV, VKD) from the quarry S6hlde (Germany) was used in
this study. The material was crushed, sieved and the 125 to 160 um size fraction separated
for experiments. The elemental composition of the material was analysed by an ICP-MS
(7700x, Agilent, USA) after microwave aided 2-step digestion with an aqueous solution of
HCI, HNO, and HE The specific surface area (SSA, 7-point BET method) of the samples was
measured by nitrogen physisorption using an Autosorb-1 (Quantachrome Instruments, USA).
The samples were degassed for at least 2h at 200 °C (criterion: p < 0.0l mmHgmin™!) and
subsequently measured at 77.4 K. The morphology of the uncalcined and calcined limestone
was investigated by scanning electron microscopy (SEM, Ultra 55, Zeiss, Germany).

4.2.2. Experimental procedure

For each experiment 55.0mg of CaCO, were weighed into the quartz reactor (2mm i.d.,
6 mm o.d.) and held in place by quartz wool plugs. Because alkali and alkaline earth metals,
present in the carbonate rocks, can react with quartz to form silicates and thereby erode the
reactor walls, reactors were replaced after each run. The reactor was then connected to the
experimental setup and flushed with Ar (65 Nmlmin'!). Calcination of the sample was per-
formed in-situ by heating the reactor up to 870 °C (30 °Cmin ') at a pressure of 0.5 barg. The
temperature was held constant for 30 min while the CO, signal (m/z 44) at the reactor outlet
was monitored. Afterwards, the reactor was cooled down to 810 °C, the operating conditions
adjusted according to Table 4.2 and the gas sent to the reactor. The signal was then allowed to
stabilize. After the experiment, the reactor was cooled down in Ar atmosphere and the sample
transferred to a glass vial. Later kinetic analysis was based on the calcined sample weight. In
order to exclude thermal decomposition as cause of observed thiophene conversion, a blank
experiment with an SiC bed was carried out. Detected thiophene conversion in this case was
smaller than 2 %. Though quantification of the main gas constituents was not performed,
recorded ion currents suggest that no significant change in their composition occurred when
fed over the CaO bed.

4.2.3. Design of experiments
Factors

The reaction temperature is expected to have a significant effect on thiophene conversion
but is limited to a small range due to certain constraints. These encompass the operating
temperature of the gasifier on one hand and considerations concerning the catalyst activity
and sorption capability of limestone on the other.

Thermal decomposition of limestone occurs according to
CaCOy — Ca0+CO,  AHg o =167kmol ™ (4.1)

and is dependent on temperature and CO,, partial pressure as plotted in Fig. 4.1b.

Experimental studies have shown that CaO exhibits a significantly better catalytic activity
and superior sulphidation rates and conversion compared to CaCO, ?'*#%%. The lower oper-
ating temperature limit is therefore given by the calcination temperature. The upper limit is
given both by the operating temperature of the gasifier (600 to 1000 °C) and considerations



4.2. Experimental section 69

0.2

CaCo;,

o
e
o

©
o

CO, concentration (-)

CaO

0.05
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 740 760 780 800

H,O concentration (-) Temperature (°C)

(a) (b)

Figure 4.1 — Calculations were performed with the HSC Chemistry 7 software package at a total pressure of 1.5 bar.
(a) Minimum mole fraction of H, S at equilibrium in ppmv plotted as a function of CO, and H, O concentration.
The temperature at each point is given by the calcination temperature. White circles indicate operating conditions
employed in this study as listed in Table 4.2; (b) CO, gas concentration as a function of calcination temperature.

concerning the minimum mole fraction of H, S at equilibrium. The underlying reactions are

CaO +H,S — CaS+H,0 AHgyoc = —62Kmol™"  (4.2)
CaCOj; +H,S — CaS+H,0+CO, AHg poc =105kjmol™"  (4.3)

While Eq. (4.2) is exothermic, Eq. (4.3) is endothermic. The minimum H, S mole fraction at
equilibrium is therefore found at the calcination temperature and dependant on the partial
pressure of H,O and CO,. The relation is illustrated in Fig. 4.1a for a total pressure of 1.5 bar.
Depending on the H, O and CO, concentration, different minimum H,S fractions at equilib-
rium can be achieved when the temperature is adjusted accordingly. Based on a representative
CO, concentration of 10vol%, a temperature of 810 °C was chosen in this study to ensure a
CaO phase.

Table 4.1 — Possible reactions of thiophene. Reaction enthalpies were calculated in the HSC Chemistry 7 software
package.

Reaction Equation AHg, o (kI mol™)
Hydrodesulphurization C,H,S+4H, — H,S+C,H,, -287
Hydrocracking C,H,S+7H, — H,S+4CH, -489
Steam reforming C,H,S+4H,0 — H,S +4CO +5H, 412

C,H,S+8H,0 — H,S+4CO, +9H, 276
Dry reforming C,H,S+4CO, — H,S+8CO +H, 549

c,H,S+5C0, — H,S5+9CO +H,0 583
Thermal cracking C,H,S — products’ -
Carbon deposition C,H,S — 4C+2H, +S 176

Iproducts including various hydrocarbons and sulphur compounds
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The impact of further gas components on the conversion of thiophene over CaO has to be
considered on different levels. Firstly, they can act as reactants. Several reactions of thiophene
where a change in reactant concentration may affect the reaction rate can be thought of (see
Table 4.1).

Secondly, present gas species might adsorb competitively on the active site for thiophene
decomposition, thereby slowing the reaction rate. Such effects have been reported for the
decomposition of toluene over CaO based materials where H, and H, O inhibited the reac-
tion%37, Thirdly, the constituents might react with the catalyst itself. Depending on the
H,S inlet concentration (see Fig. 4.1a) CaO will react with H, S to form CaS, with presumably
different catalytic activity.

Based on this consideration, three factors were chosen for an experimental design, includ-
ing H,, H,S and H, O (each at two levels). The factors were varied in ranges summarized in
Table 4.2.

Table 4.2 — Experimental factors

Factor Unit Variables Min Max

H, vol% X1 5 30
H,S ppmv X2 0 200
H,0 vol% X3 5 15

The gas concentrations of the remaining gas constituents are held constant, their values
being listed in Table 4.3.

Table 4.3 — Concentrations of fixed gas components in Ar

Co co, C,H,S He
(vol%) (vol%) (ppmv) (vol%)
10 10 100 20

Response
Assuming a constant gas flow rate across the packed bed reactor, the thiophene conversion
can be calculated according to

Yo=Y
Yo

XeyHy s = (4.4
where yj is the reactor inlet concentration. Based on the calculated LOD of thiophene,
discussed in Section 3.3.3, the maximum detectable conversion is 99.53 %.

Model

The objective of this work was to find the main factors influencing the conversion of thiophene
over Ca0. The underlying rate law can, in a first approximation, be described by an empirical
power law

3
I
re;as = ke [ ¢ (4.5)

i=1
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where cf" represent the concentrations of the three factors and the order of reaction and k;
a temperature dependent reaction rate constant. The rate of reaction r¢, g, s is proportional to
the conversion of thiophene Xc, i, s over the CaO bed of mass mp,g

-1 fmbed -
rC4H4S mb d
Fec,mys0 Jo ¢

X I'C H,S (4.6)

Xc,Hys =

Herein, Fc,n,s,0 is the molar inlet flow of thiophene. Taking the logarithm of Eq. (4.5)
results in the linearised form, represented by

3
In(re,m,s) = In(k,) + Y In(c)l; 4.7
i=1
The observations can therefore be described by a linearised model with interactions, where

the latter describe observations not accounted for by the power law model. This linear model
with interactions has the form of

3 3
XC4H4S= ao+Zaixi+Zaijx,-xj (4.8)
i=1 i#j

where qy is the constant effect, a; are the main half effects, a;; the first order half effects
and x the coded factors.
Two designs were considered to determine the model coefficients:

* Factorial design at two levels with 23 = 8 experiments.
* Fractional factorial design at two levels with 2?;} =4 experiments and resolution III.

In this work, a full factorial design was chosen. Even though it uses twice as many runs
compared to the fractional factorial design, the absolute number of runs is still low. Another
reasoning is the fact that the fractional factorial design with resolution III confounds main
effects with first order interaction effects which could be of importance. The matrix of experi-
ments of the full factorial design is shown in Table 4.4. Herein, columns 2 to 4 represent the
coded factors, with -1 describing the lower and +1 the upper level.

Table 4.4 — Matrix of experiments

No. x1 X2 X3 H, H,S H,0
(vol%) (ppmv) (vol%)

1 -1 -1 -1 5 0 5

2 1 -1 -1 30 0 5

3 -1 1 -1 5 200 5

4 1 1 -1 30 200 5

5 -1 -1 1 5 0 15

6 -1 1 30 0 15

7 -1 1 1 5 200 15

8 1 30 200 15

The model matrix is calculated as gievn in Table 4.5.
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Table 4.5 - Model matrix

Z
o
=
K2

&
&

X1X2  X1X3  X2X3  X]1X2X3

1 -1 -1 -1 1 1 1 -1
2 1 -1 -1 -1 -1 1 1
3 -1 1 -1 -1 1 -1 1
4 1 1 -1 1 -1 -1 -1
5 -1 -1 1 1 -1 -1 1
6 1 -1 1 -1 1 -1 -1
7 -1 1 1 -1 -1 1 -1
8 1 1 1 1 1 1 1

4.3. Results and discussion

4.3.1. Material characterization
The elemental composition of the employed limestone is provided in Table 4.6.

Table 4.6 — Elemental composition of limestone (wt%)

Ca Mg Fe Al Si Na K Ni Ti Mn Cr
Limestone (CaCO4) 20.33 0.19 041 0.65 2.81 0.00 0.00 0.01 0.05 0.03 0.02

The SSA of the CaCO, particles and the calcined sample were measured to be 6.6 m?g~!
and 18.0m?g~!. The increased SSA upon claclination is in accordance with literature and
explained by an increase in porosity due to the escaping CO, 4041

4.3.2. Testing criteria

The evaluation of the catalyst performance can be impaired by the presence of external and
internal mass transport limitations and to a lesser degree non-ideal reactor behaviour. Moulijn
et al. * and Perez-Ramirez et al. *> have therefore compiled a list of criteria to ensure the
correct measurement of the intrinsic catalyst activity.

Extra-particle mass transfer

The extent of external mass transfer limitation over the gas film surrounding the particles can
be assessed by the Carberry (Ca) number**. It relates the catalyst surface concentration of
thiophene cc, i, s,s to observable quantities.

robs
Ca= v,C4 Hy S _ CC4H4S,b - CC4H4S,S
kraycc,m,s,b CCyH,S,b

<0.05 (4.9)

In this equation, r,‘j’bcs s 18 the observed volumetric reaction rate per unit of particle
y4 114

volume and cc, i, s, the bulk concentration of thiophene. The specific surface area can be
approximated by

ay = (4.10)

6
dp
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under the assumption of spherical particles of diameter d,, (143 um). The film transfer
coefficient kf is obtained from a Sherwood (Sh) correlation by Wakao and Funazkri 45

krd
Sh=-LL -2+ 11ReDESC @411

m

The dimensionless Reynolds number Re, and Schmidt number Sc in this equation are
defined as
Us dp Vmix

Re, = Sc=—— 4.12
P Vmix Dy, ( )

where u; is the superficial velocity and v,,;, the kinematic viscosity, calculated according
to Wilke “. The molecular diffusivity D,, of thiophene in the gas mixture is obtained from the
individual binary diffusivities*” according to the Wilke-equation *®.

The calculated Carberry numbers for all eight experiments are presented in Fig. 4.2a. All

experiments lie below the threshold of 0.05, indicating that external mass transfer is negligible.
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Figure 4.2 — (a) External mass transfer limitation; (b) internal mass transfer limitation.

Intra-particle mass transport
The criterion for intra-particle mass transport limitation is given by the Wheeler-Weisz modu-

lus® as
robs d 2
_ _TuGiHis (_”) <0.08 (4.13)
DpCC4H4S,S 6

The effective diffusivity of thiophene inside the particles D), is obtained from the Bosanquet
equation under the assumption of equimolar counter-diffusion

1 1 1

- =4

Dy, Dk Dmeff

(4.14)




74 4. High temperature conversion of thiophene over CaO

Here, D refers to the Knudsen diffusivity and Dy ¢ ¢ ¢ to the effective molecular diffusivity.
The Knudsen diffusivity is calculated by

1/2
DK:97re(~ ) (4.15)
Mrthio

where Myy,;, is the molecular weight of thiophene and r, the mean pore radius. While
typical values of pore radii for calcined limestone (calcination at 850 °C) range from 60 to
200 nm°*°!, this work takes a conservative estimate of 100 nm. Djy,eff is calculated according
to

€pDm

Dperr = (4.16)

Ttor
where 7, is the tortuosity factor and €, the particle porosity. Reported values for calcined
limestone range from 1.7 to 2 for 7., and from 0.46 to 0.51 for €,°*°". This work assumes a
tortuosity of 2 and a particle porosity of 0.5.
The calculated Wheeler-Weisz moduli for all eight experiments are presented in Fig. 4.2b.
All experiments lie below the threshold of 0.08, indicating that internal mass transfer is negligi-
ble.

Axial and radial dispersion
The assumption of plug flow in the reactor can be made by meeting the criterion for axial
dispersion (here Bo = 161)°?

_ Lpeats

Bo >100 (4.17)

ax

In this equation, L., refers to the bed height. The axial dispersion coefficient D, is
calculated according to a correlation provided by Wakao and Funazkri *>

Dgyx = (—b +0 5) d (4.18)
= . U .
ax Re. S pUiv

Herein, €}, (assumed 0.4) is the bulk porosity and u;, the interstitial velocity. Radial con-
centration gradients and wall effects were minimized by choosing a sufficiently high ratio
between reactor diameter d; and particle diameters d, >

d;

—>8 (4.19)
dp

Relative pressure drop

Experiments were performed at total pressures p of 1.5 bara with calculated pressure drops

Ap across the catalyst bed of approximately 0.2 bar®*, resulting in relative pressure drops
concurrent with

A
— <0.2 (4.20)
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Temperature rise
Isothermal conditions were assumed for the experiments as the reactant thiophene is present
at trace concentrations only. The assumption is readily verified by calculating the adiabatic

temperature change for the reaction with the highest absolute enthalpy of reaction |AH;OOOC

given in Table 4.1

AHgyocYo| 583000 mol 11074
AT:’ 200°C =‘ Jmol 10| _28x 4.21)
Cp.g 20.8Jmol™" K

In this equation, yy is the molar gas inlet fraction of thiophene and ¢y, ¢ the heat capacity
of the gas mixture.

4.3.3. Effects of factors on thiophene conversion

The results of the eight performed experiments are plotted in Fig. 4.3. Thiophene conversion
in the experiments ranged from 22 to 72 %. High conversion between 52 to 72 % was obtained
for low H,O content while low thiophene conversion was predominantly obtained in gas
atmosphere with high steam loading and in presence of H,S.

T T
1 2 3 4 5 6 7 8

Experiment no. (-)

o
®

o
o

Thiophene conversion (-)
o o
IS ~

Figure 4.3 — Experimental results of conversion of thiophene

A more rigorously data evaluation was performed by fitting the results to the model de-
scribed in Eq. (4.8) (least squares approach) >°. The obtained effects a;, a; ;j were normalized
by the constant effect a to obtain the so called relative half effects.

In Fig. 4.4, all main effects are negative, implying that an increase in H,, H,S and H, O con-
centration cause a decrease in thiophene conversion. Both H,S and H, O have similar effects
while that of H, is smaller. Interaction effects were found to be negligible in comparison to
the main effects. Both the negative effect of H,S and H, O on toluene and benzene conversion
over CaO based materials have been observed before*®*” and may, in this case, be attributed
to competitive adsorption as well. The negative effect of H,S on thiophene conversion can
be attributed to different causes. H,S may adsorb competitively on active sites, responsible
for thiophene decomposition. Furthermore, the sulphided material CaS can have inferior
catalytic performance. Another aspect that could decrease the reaction rate is related to the
molar volume of CaO (16.8 cm®mol™!) on one hand and Ca$ (27.9 cm®mol™!) on the other.
If sulphidation occurs, a product layer with high molar volume compared to the educt is
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Figure 4.4 — Relative half-effects of the factors

formed thereby causing a pore narrowing or even blocking that increases the internal diffusion
resistance and ultimately the reaction rate.
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UV-Vis spectroscopy as a tool for
online tar measurements in
biomass gasification processes

This chapter is adapted from P. Edinger et al., Online liquid quench sampling and UV-Vis spectroscopy for tar
measurements in wood gasification process gases, Fuel 184, 59 (2016).
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Abstract

In biomass gasification processes, the formation and handling of tars are of major concern.
Robust and versatile analytical tools are needed to online monitor tar compound concentra-
tions in process gases from lab- to industrial scale. This study addresses the development and
application of an online UV-Vis method, based on a liquid quench sampling system. The high
sensitivity of this method allows to detect UV-Vis active tar compounds in the low ppmv region.
Recorded spectra from the liquid phase were analysed for their tar composition by means of a
classical least squares (CLS) and partial least squares (PLS) approach. The developed method
was applied to two case studies, involving a laboratory-scale tar reformer and a pilot-scale gas
scrubber. Quantification results in gases with limited complexity in tar composition showed
good agreement with offline reference methods (GC-FID). The case studies show that the devel-
oped method is a rapid, sensitive tool that can be applied for qualitative process monitoring
with the added benefit of quantification in gases with a limited number of tar compounds.
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5.1. Introduction

Gasification is one promising technology to convert woody biomass to a range of products,
including electricity, heat and chemicals'. The composition of the gas exiting the gasifier
depends on the gasification technology, feedstock quality and operation parameters. The raw
producer gas is mainly composed of H,, CO, CO,, CH, and H,O. Besides, it contains several
undesired by-products in form of particulate matter, sulphur compounds, HCI, trace elements
and tars which can cause severe problems in down-stream equipment?.

Tars can be defined as hydrocarbons with a molecular weight greater than benzene®. They
are formed during gasification in a series of complex reactions*. Typical concentrations in the
raw gas range from 0.01 to 150 g Nm™3°. When cooled down, tars can condense while increased
temperatures can result in the formation of more complex compounds with higher boiling
points. This can cause clogging and fouling of pipes, heat exchangers, particulate filters or
other potential down-stream processes, such as fuel cells or catalysts®. As a result, tar forma-
tion and its control are still considered as one of the major challenges in the implementation
of biomass gasification technology’. The impact of tars on down-stream equipment is less
caused by the lumped sum of tar compounds but rather the tar composition. It is therefore
convenient to classify tar compounds based on their condensation behaviour into five classes
as presented in Fig. 5.1%.

Primary tar Secondary tar Tertiary tar
(e.g. furfural, levoglucosan) (e.g. phenol, cresol, xylene) (e.g. benzene, naphthalene, pyrene)

Class 1
GC undetectable
(7+ rings)

Class 2
Heterocyclic compounds
(e.g. phenol, pyridine)

Class 3
Light aromatic compounds
(e.g. toluene, styrene, and xylene)

Class 4

Light polyaromatic hydrocarbons
(2-3 rings)

(e.g. naphthalene, phenanthrene)

Class 5
Heavy polyaromatic hydrocarbons
(4-6 rings)

(e.g. pyrene, fluoranthene)

< Water solubility
Condensability- g
Process Temperature
450°C 1000°C

Figure 5.1 — Classification of biomass tar (adapted from 8’9)

Research focuses on the reduction of tar content by a combination or individual use of
primary and secondary measures. Primary measures encompass the use of bed materials
and catalysts in the gasifier and the optimization of biomass fuel properties, gasifier design
as well as operating conditions®!?. Secondary measures are methods to remove tars in a
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separate step after gasification. The latter can be further divided into physical and chemical
tar removal methods. Physical methods include liquid scrubbers, which require the gas to
be cooled down (typically 20 to 60 °C), causing efficiency losses. Chemical methods offer a
promising alternative to decrease tar concentrations by thermal cracking (typical temperature
range of 1000 to 1300 °C) or the use of catalysts to enhance steam reforming and cracking
reactions (typical temperature range of 500 to 900 °C) >! 112,

Regardless of the measure, robust online analytical tools are needed in order to correctly
assess gasifier performance and tar treatment. Offline measurement of tar compounds is
typically performed by cold solvent trapping (CST) according to the tar protocol '® or solid
phase adsorption (SPA) 1*'!°, In the CST method, the producer gas is passed through a series
of cooled solvent scrubbers, whose content is analysed afterwards. In the SPA method, tar is
adsorbed onto a column with a small amount of amino-phase sorbent and later desorbed by
a solvent for the analysis of tar compounds. Compared to CST, SPA offers shorter sampling
times (ca. 1 min versus ca. 20 min), a less complicated sampling procedure and more complete
results for most cases '°. This has led to the wide usage of SPA for determining concentrations
of tar compounds. Both methods share the disadvantage of being offline where the solvent is
later analysed by GC techniques (typically GC-MS, GC-FID). The development of online ana-
lytical tools for the determination of tar compounds in biomass gasification atmosphere has
therefore gained considerable attention in recent years. Various measurement systems, based
on laser spectroscopy (laser-induced fluorescence (LIF), Raman), have been described "',
Mass spectrometers (MS) in combination with electron impact (EI) ionization as "hard’ ioniza-
tion method (GC-MS, molecular-beam (MB)) 2°-2? as well as 'soft’ ionization techniques (ion
molecule reaction (IMR), single photon ionization (SPI), resonance-enhanced multiphoton
ionization (REMPI)) ?>~25, to reduce spectral overlap, were used for tar compound detection.
While all above mentioned methods are, in principle, able to obtain quantitative information
about the tar composition, they rely on relatively expensive equipment. More cost-effective tar
analysers have been developed in form of a tar dew point analyser (TDA) >’ and using methods
based on flame ionization detection (FID)%® and photo ionization detection (PID) 29,30, They
do not, however, provide an indication on the tar composition.

UV-Vis spectroscopy promises to be a quick and robust, yet economical tool to online
monitor tar compound concentrations in gases. Most tar compounds have conjugated 7t-
electron systems and absorb light in the UV-Vis range>!. Non-aromatic tar compounds, on
the other hand, typically adsorb light at wavelengths (<200 nm) which are instrumentally
not easily accessible. The fact that most tar compounds are UV-Vis active has been exploited
by previous authors. Patuzzi et al. > used an optical cell, fitted with four LEDs, for online
UV-Vis measurements of tars in pyrolysis off-gas, but resulting only in four point spectra.
Based on a calibration with naphthalene, the measured spectra were then analysed in terms
of a normalized naphthalene content, neglecting the possible presence of tar compounds
with widely different extinction coefficients. Di Marcello et al. ** collected gas samples from
different types of gasifiers according to the aforementioned tar protocol. Absorbance spectra
of these samples were subsequently measured offline by an UV-Vis spectrometer. A univariate
calibration, involving the total tar content of the samples, measured by HPLC analysis, and the
absorbance at selected wavelengths was successfully performed. Correctness of the predictions
will, however, depend on the premise that the tar composition does not change. Qualitative
or quantitative information on the individual tar compounds could not be obtained. Using
advanced chemometrics (MCR-ALS), Weide et al. 3* were able to obtain qualitative, online
information on the composition of a changing tar mixture of five compounds.

The objective of this work is to establish an online UV-Vis method to monitor tar com-
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pounds in gases encountered in biomass gasification processes. In the first step, a liquid
quench sampling system was adapted for online UV-Vis measurements. The employed liquid
quench sampling system transfers condensable gas species, including tars, into an organic
solvent flow whose absorbance is detected. Measurement in the liquid phase allows for easy
calibration, compared to gas phase calibration, where complex instrumentation is needed.
Multivariate calibrations, based on classical least squares (CLS) and partial least squares (PLS)
regression were applied to enable the quantification of tar compounds in different applications.
In the second step, the established method was used in two case studies. The first involved a
lab-scale reactor for investigating the decomposition of a defined number of tar compounds
across a catalyst. The second case study concerned the effectiveness of a gas scrubber in a
pilot-scale wood gasification plant.
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5.2. Experimental section
5.2.1. Chemicals

Pure tar compounds of benzene, toluene (Merck), styrene (Fluka), indene (Sigma-Aldrich) and
naphthalene (Riedel-de Haen) for calibration were acquired with a purity > 97 %. The solvent
2-propanol was obtained with analytical grade from VWR chemicals.

5.2.2. Sampling system

Online measurements of tar compounds were conducted with a liquid quench sampling
system, whose basic characteristics have previously been described **%6. A schematic repre-
sentation of the adapted sampling system is given in Fig. 5.2 and photographs are given in
Figs. D.1 and D.2.

Gas
: : 0/
Quench lance : Separator : Gas g X
Cooling : Backpressure
© coil regulator
/
/
/
Liquid
Cooling box (-10°C)
Fresh solvent Sample / solvent waste

Figure 5.2 — Schema of liquid quench sampling system and online analytical instruments. FR refers to flow rate-
recording.

The sample gas flow is drawn into the quench lance by a pump where it is brought into
contact with an organic solvent (2-propanol) fed by a rotary piston pump (Reglo-CPF Analog,
Ismatec). The resulting two-phase flow is compressed (N86KN, KNF) to 1 barg, cooled down
to approximately —10 °C and fed to a separator where gas and liquid phases are separated.
Previous experiments have shown that compression and solvation of specific tar compounds
of classes 3 to 5 have negligible effect on the tar composition”3%, It cannot be excluded,
however. After a back-pressure regulator, the gas is sent to a custom-made flow-meter and
then optionally sent to a uGC (CP 4900, Varian) for analysis of the permanent gas species
composition. The liquid stream from the separator is pumped (Ismatec, Reglo-CPF Analog)
through a density meter (DMA 35, Anton Paar), a UV-Vis flow-through cell and a custom-made
flow meter. The liquid stream can then either be automatically sampled into vials for later
offline analysis or directed to a solvent waste containment. Typical collection times for liquid
samples were 20 min.

Measured concentrations c; ;;4 of condensable species i in the liquid sample phase are
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related to their corresponding gas phase concentrations c; g5 by means of

7(S)
i,gas
Ci,gas = J . 6.1)
, (S) + V(S)
permanent,gas HyO0,gas
_ Ci,ligVsampleligVm 5.2)
TS . :
p{armunent,gas V . Wngmsumple V.
( Vsample,liq ) sample,liq Mu,0
Cili
= q (5.3)

v
permanent,gas 1 WHy 0P sample
. : 7t =
Vsumple,lzq m MHZO
It is assumed that the concentration ¢; g5 can be represented by the ratio of the gaseous
volume flow V)
i,ga

. e 17(8) 7(S) i
consists of the permanent gas species Vo, yanent,gas a0 steam Vo o, while other com-

pounds, such as tars, are being neglected. As a result, the gas phase concentration ¢; g, will

, of species i to a total gas volume flow in the denominator which exclusively

depend on the liquid phase concentration ¢; j;4, the ratio Vlgi)rmanent,gas/VSdeleyliq of gas
and liquid flows exiting the separator, the mass fraction of water, w0, in the liquid flow and
the liquid sample density psqmpie- In this equation, the term (S) refers to standard conditions,
Vin the molar volume, My, o the molecular weight of water and 7541 to the mass flow of

the liquid sample.

Solvent density as a measure of steam content

The density psqmpie of the liquid sample stream in the liquid quench sampling system depends
both on its composition and temperature. Measurement of density and temperature can
therefore provide information on the sample composition. In the following, a model, to
describe this relation, is developed and its underlying assumptions are subsequently checked.

Modelling the water content as a function of sample temperature and density Assuming
that only 2-propanol and water contribute to the sample density, a model, describing the mass
fraction wpy, o of water as a function of sample temperature Tgq;,p1e and density psqmpie can
be defined as

2
wHZO:fl+f2Tsumple+f3psample+f4pmmple (5.4)

The parameters f; to f4 were obtained from fitting the model to experimental data provided by
Egorov et al. 3°, who investigated the density of the 2-propanol-water system at atmospheric
pressure. For the current work, data at temperatures of 15, 25 and 35 °C in the compositional
range 0 < wpy,0 < 0.54 were used. The determined fitting parameters are summarized in
Table 5.1.

Table 5.1 - Fitting parameters for the model to predict the water content w, o as a function of density and temperature

h  fx10° fy fa R?
-2.267 3.517 1.629 1.483 0.9999

The obtained response surface and residuals are presented in Fig. 5.3. The coefficient
of determination of 0.9999 indicates that the experimental data are well represented by the
model.
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Figure 5.3 — (a) Experimental data and response surface of the water content of the binary mixture 2-propanol-water
as a function of density and temperature; (b) residuals of the fit.

Effect of tar compounds The presence of tar compounds in the sample solution can have an
effect on the measured density, depending on their concentration and properties. In order to
evaluate the proposed model and investigate the effect of the presence of tar compounds in the
solution, a full factorial design (2%) with two factors, w 1,0 and the tar content was developed.
The mass fraction of water was varied between 0 and 10 wt% and the tar content was varied
between a low and high case. Gas and corresponding liquid concentrations of tar compounds,
typically encountered in gasification processes?, are listed for both cases in Table 5.2.

Table 5.2 — Concentration in gas and liquid phase (of liquid quench sampling system) of tar compounds typically
encountered in gasification processes 3%

low case high case
) Gas Liquid Gas Liquid

Species concentration concentration  concentration concentration
(ppmv) (moll!) x1074 (ppmv) (moll1) x1073

Benzene 800 286 8000 286

Naphthalene 80 28.6 800 28.6

Phenanthrene 8 2.86 80 2.86

Pyrene 4 1.43 40 1.43

After preparing the four solutions, densities were measured (DMA 35, Anton Paar) and,
based on Eq. (5.4), the water content predicted. The results of this experimental design are
plotted in Fig. 5.4, where measured densities and predicted water contents are inscribed to the
four circles.

Both, the water and tar content have an effect on the prediction error of the water content.
An increase in water content causes an average error of 0.34 wt% points, which is close to
values of residuals, observed in the parameter fitting process (see Fig. 5.3b). The increase in
tar content is more significant with an error increase of 1.21 wt% points. The overestimation
of density and thereby water content is caused by the presence of high molecular weight tar
compounds in the solution. This screening experiment therefore indicates that the presence
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0.813 gcm™ 0.811 gcm™
11.5 wt.% 10.4 wt.%

10

Wi,0,liq (Wt%)

low high
Tar content (-)

Figure 5.4 — Graphical representation, illustrating the dependence of the measured density (inside circles) on the two
factors wy, o and tar content. Based on the measured density, the water content is predicted according to Eq. (5.4)
(inside circles).

of tar compounds at high concentrations can affect the water determination by measurement
of the liquid sample density. However, even under such conditions, the method can be used to
provide an estimate of water content in the liquid sample (and thereby of steam content in the
analysed process).

Response behaviour of the liquid quench sampling system

The response time characteristics of an analytical method can be of importance when tran-
sient processes are to be observed. In order to investigate the step response behaviour of
the sampling system, it was connected to a pipe, constantly flushed by 1 NLh"! of Ar. For
comparison, a MS (MAX 300-LG, Extrel) was connected to the same pipe. At time t =0, 10 ppmv
of the sulphur containing heterocyclic compound thiophene were added to the gas stream by
means of a mass flow controller (MFC, EL-FLOW, Bronkhorst). The resulting signal responses
of the UV-Vis, for wavelength 241 nm, and the MS (im/z=84) are plotted in Fig. 5.5.

The MS showed a signal increase 1 min after thiophene addition, reaching a stable signal
after 4.5 min. The liquid quench sampling system connected UV-Vis on the other hand, had
an increase in signal intensity after 7 min and reached a stable signal only after 17 min. Based
on the step response signal A,4; (absorbance at A =241 nm) of the sampling system, the mean
residence time #,;,¢4n,res an be calculated according to Eq. (5.5) 40,

1 A241,max
Z'mean,res = _f Z'5114241 (5.5)
A241,max Jo

In this equation, A241,max refers to the maximum measured absorbance. Assuming a Dirac

input to the system, the majority (90.4 %) of thiophene molecules will pass the UV-Vis detector
within +4 min of the calculated mean residence time of 11.5 min.

5.2.3. UV-Vis apparatus
Online UV-Vis spectra were taken in a custom-made flow-through cell (path length 2 mm)
connected to a deuterium, tungsten-halogen light source (DT-MINI-2-GS, Ocean Optics) and
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Figure 5.5 — Dynamic response of liquid quench sampling system (blue) and a mass spectrometer (red). The vertical
line represents the mean residence time of the sampling system.

a single beam spectrometer (USB2000+XR1, Ocean Optics) by optical fibers. Spectra were
recorded in the range 188 to 1032 nm at 0.4 nm intervals. Typical spectral detection rates were
about 0.02 to 0.03 Hz. Offline measurements of UV-Vis spectra from collected samples were
carried out in a standalone split-beam UV-Vis analyser (Carry 4000, Agilent) fitted with a quartz
cell of 10 mm path length. With this analyser, spectra were acquired in the range 225 to 400 nm
at 0.2 nm resolution. Dilution of samples for offline analysis was performed with 2-propanol
to achieve absorbances below two.

5.2.4. Case studies

Two case studies were defined to evaluate the described analytical method. A simplified
scheme of the experimental setups including sampling positions is provided in Fig. 5.6. The
first case study (see Fig. 5.6a), called model gas case study, is a laboratory application with a
defined gas and mixture of tar compounds. The second case study (see Fig. 5.6b), called real
producer gas case study, represents an industrial application.

H,, CH, | [H,S| |Tar|
NZ

— Reformer l—»;

i Line A ¢ Line B

Steam saturator

(a)

Wood

pell ets_’| Gasifier |—>| Gas filter |-v->| RME scrubber

;Line A , Line B

(b)

Figure 5.6 — Schematic overview of case studies. (a) Model gas; (b) real producer gas.
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Model gas

Experiments in the model gas study were performed in collaboration with KIT (Karlsruhe,
Germany) which extended tar reforming experiments previously conducted at PSI*®*!, The
setup comprised a gas mixing section where a set of mass flow controllers (MFC) was used to
create a model gas containing H,, CH, and N,. The steam content was adjusted by passing
the gas through a steam saturator with a controlled outlet temperature. Afterwards, H,S was
added for selected experiments to investigate its effect on catalyst performance regarding
tar compound conversion. A defined model tar mixture was fed to the pre-heated inlet gas
stream by means of a syringe pump (PHD 2000, Harvard Apparatus). The mixture consisted of
naphthalene dissolved in toluene. Naphthalene is typically present at high concentrations (60
to 1200 ppmv) in producer gas>®. It was chosen as a representative for class 4 tar compounds.
Toluene, replacing benzene for reasons of safer handling, was chosen as a representative of
class 3 tar compounds *?. The resulting gas mixture was sent to a catalyst coated monolith, in
the following called reformer, at a temperature of 750 °C. Sampling of the gas was performed
by two liquid quench sampling systems before (line A) and after (line B) the reformer, allowing
for online observation of tar compound decomposition. Tubing before/after the reactor
and the sampling ports were heated to 120 °C to prevent loss of analytes. A summary of the
experimental conditions of three experiments presented in this work is provided in Table 5.3.

Table 5.3 — Experimental conditions of model gas case study

Gas inlet composition
(vol.%) (ppmv)

Exp. Start (hhomm) T(C) H, CH, H,0 N, H,S Toluene Naphthalene

M1 14:15 3800

M2 14:55 750 37 4 15 42 0 100 20

M3 15:50 0 0 0
Real producer gas

Measurements were taken at a pilot-plant (Pfaffenhofen, Germany) for gasification of wood
pellets*3. The plant features a heatpipe-reformer, designed for 500 kW thermal input. The
pressurized raw gas, exiting the gasifier is cooled down to 60 to 75°C, passed through a
particulate filter and a rapeseed methyl ester (RME) scrubber for gas cleaning, before it is
sent to a gas engine for electricity production. Liquid quench samples were taken using one
liquid quench sampling system, connected to either line A or B. The sampling point A was
located before the RME scrubber. Samples taken after the scrubber (gas temperature 40 °C) at
sampling point B allowed to qualitatively evaluate its effectiveness.

5.2.5. Tar quantification

Analysis of UV-Vis spectra

In this work, UV-Vis spectra of samples taken on lines A and B of the model gas and line B

of the real producer gas case study were analysed quantitatively. Absorbance spectra of five

identified tar compounds in these streams are plotted at different concentrations in Fig. 5.7.
Since spectra of the tar compounds overlap, it is problematic to perform an univariate

calibration. Therefore, two multivariate regression approaches were followed in both case

studies. CLS, a as well-known calibration method, was chosen for the model gas case study44.

Two possible limitations of this approach have to be considered. It is assumed that all tar
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Figure 5.7 - Absorbance spectra (path length 2 mm) of five tar compounds in 2-propanol (concentrations for benzene
and toluene: 10 mmol 1!, for styrene, indene and naphthalene: 0.1 mmoll-!)

compounds in the liquid sample are known. The presence of not considered UV-Vis active
compounds can result in biased results as their contribution to the absorbance is assigned
to the calibrated tar compounds. An additional limitation can result from collinearity of the
analysed tar compound spectra. A high degree of collinearity will result in an unstable system
of equations, causing large variations in the solution for only small changes in the measured
spectrum *°. In case of the model gas case study, previous experiments > have shown that the
qualitative composition of tar compounds, represented by benzene, toluene and naphthalene,
is not subject to change (i.e. possible reaction products such as xylene and styrene can be
neglected). UV-Vis spectra of these three compounds show spectral overlaps, but the degree of
collinearity is low. The CLS approach can therefore be used in this case study. When applied to
another system, these assumptions have to be verified again.

In the real producer gas case study, liquid samples taken at line B contain at least those
five compounds depicted in Fig. 5.7. Especially styrene and indene show a high degree of
collinearity (see Fig. 5.8).

The CLS approach is therefore not a viable option for this application and a different
calibration method was chosen. Because of its ability to overcome problems like collinearity
and interactions, PLS regression has been widely used for such cases of first-order multivariate
calibration*”*® and was therefore chosen for this application. A good overview of the method
is given by Martens and Naes*°.

Handling of data and implementation of spectra decomposition by CLS and PLS in this
work was performed in MATLAB 2015a (The MathWorks).

Partial least squares regression
Five tar compounds (benzene, toluene, styrene, indene and naphthalene) are expected to
play a major role when evaluating spectra of gas, exiting the gas scrubber. A calibration set,
containing these five compounds as factors at three levels, was calculated according to a full
factorial design (3°)°°. The levels were varied between zero and upper liquid concentrations
expected in later applications (see Table 5.4).

In the resulting set, each calibration spectrum represents the sum of absorbance spectra

LUpper level refers to highest liquid concentration expected in the real producer gas case study
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Figure 5.8 - Collinearity diagnostics for tar species analysed in this work. (a) Variance inflation factor (VIF). Values
above the horizontal line can indicate a high degree of correlation between the variables “%; (b) Belsley collinearity
diagnostics. Variables exceeding the tolerance indicated by the horizontal line show multicollinearity *°.

Table 5.4 — Settings and validation results of PLS method !

Benzene Toluene Styrene Indene Naphthalene

Concentration, 25 5 0.25 0.25 0.25
upper level (mmoll!)

# PLS components 4 5 5 5 4
RMSEP (mmoll!) 0.1 0.02 0.002 0.003 0.001
REP (%) 1 1 1.5 2.5 0.6

of the individual tar compounds according to Beer’s law including the addition of Gaussian
random noise (0.5 %). The spectral range was limited to 245 to 300 nm to exclude the noisier
signal at high wavelengths, as it contains no useful information, and the non-linear range of
the instrument at lower wavelengths.

The root mean squared error (RMSE) was used as a measure of the differences between
measured and predicted concentrations as defined in

N 2
Zj:l (Cmeas,j - Cpred,j)
N

RMSE = (5.6)

Herein, the variables cyeqs,j and ¢j;eq, j refer to the measured and predicted concentration of
the jth of a total of N test samples. Based on this definition, both the later introduced RMSE
of cross-validation (RMSE-CV) and RMSE of prediction (RMSE-P) can be calculated.

In order to find the optimum PLS model, the number of PLS components for each tar
compound was individually selected by means of a 10-fold cross-validation. For each number
of PLS components and a given tar compound, the RMSE-CV was calculated. From the
resulting plots, the optimum number of PLS components (ranging from 4 to 5, see Table 5.4)
was chosen as a trade-off between prediction bias and variance by visual inspection (see
also Figs. D.3 and D.4)°!. Validation of the PLS method was performed, using samples of an
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independent validation set. This set was created similarly to the calibration set, featuring a
6° full factorial design. The prediction ability of the method was measured by means of the
RMSE-P and the relative error of prediction (REP) in percent, defined as

RMSE-P
Ceal

where ., refers to the mean concentration of each tar compound included in the validation
set. Calculated RMSE-P’s and REP’s are listed in Table 5.4. For the evaluated method, the
calculated REP vary between 0.6 to 2.5 % depending on the tar species. Obtained parity plots
of the validation can be found in Fig. D.5.

Reference methods

Qualitative analysis of liquid samples obtained from the liquid quench sampling system, was
performed by a GC (6890, Hewlett-Packard) coupled with a MS (5973, Hewlett-Packard). A
Supelco SLB-IL59 column (30 m x 250 pm x 0.20 um) was used for separation of tar compounds.
Injection of 1l samples was performed at a 10:1 split ratio with a He carrier gas flow of
1 ml/ min. The oven temperature was varied as follows: 55 °C (hold 3 min) then 15 °C/ min to
300 °C (hold 15 min). The MS was operated in scan mode (m/z 20 to 250) with an ionization
energy of 70 eV.

Quantitative analysis of selected tar species was performed by a GC (7890A, Agilent)
equipped with an FID. Separation of tar compounds was done with an Agilent HP-5 column
(30m x 320 um x 0.25 um). 1l of sample was injected with a 25:1 split ratio and a He carrier
gas flow of 1 ml/ min. The oven was operated as follows: 40 °C (hold 6 min) then 10 °C/ min to
200°C (5min). The FID was operated at 275 °C with H, (30 ml/ min), air (300 ml/ min) and a
make-up gas flow of 25 ml/ min He. Calibration was performed at five concentration levels
with solutions of known tar compound concentrations and 8 replicates each. An exemplary
chromatogram is given in Fig. 5.9. Relative standard deviations for quantification were below
10 %.

x10

Intensity (a.u.)
o

2 4 6 8 10 12 14 16 18 20
Retention time (min)

Figure 5.9 — GC-FID chromatogram of calibration for tar compound quantification for model gas case study. Legend
of peak numbers: 1. 2-propanol (solvent), 2. 1-propanol, 3. benzene, 4. toluene, 5. naphthalene
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5.3. Results and discussion

In the following the developed UV-Vis method is applied to two case studies as defined in
section Section 5.2.4.

5.3.1. Model gas

Figure 5.10a and Fig. 5.10b plot the absorbance as a function of wavelength and time before
and after the reformer, respectively. The areas, separated by the dotted lines, represent time
periods where liquid samples for GC-FID reference analysis were taken.
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Figure 5.10 — Plots of absorbance as a function of wavelength and time for the model gas case study. Time interval
between dotted lines represents periods where different liquid samples for later GC-FID analysis were collected. (a)
Before reformer (line A); (b) after reformer (line B).

Already at this point, the plots can provide some qualitative information. Both show
absorbance features in the range 250 to 290 nm, indicating the presence of light aromatic
compounds (class 3). They also show a synchronous timely variation in absorbance, which
can be related to the change in experimental conditions given in Table 5.3. The absorbance
in Fig. 5.10a is generally higher than in Fig. 5.10b. Assuming similar liquid quench sampling
system operating conditions, this indicates a change in tar composition and/or a decrease in
tar compound concentration caused by the reformer. The actual reason can only be elucidated
after determining the individual tar compound contributions to the spectra. To achieve this,
the individual tar compound concentrations in the liquid phase were determined by CLS.
Using Eq. (5.3), these can be related to their actual gas phase concentrations. The resulting tar
compound gas concentrations versus time are presented by lines in Fig. 5.11a and Fig. 5.11b.

Vertical lines in these plots represent the boundaries between different experimental
settings (see Table 5.3) whereas grey shaded areas represent time windows used to take liquid
samples. Diamond shaped markers indicate tar compound gas concentrations obtained from
GC-FID analysis.

In the following, some general remarks on the concentration plots are made first and the
results obtained by the UV-Vis and GC-FID method will be compared thereafter. Finally, the
performance of the catalyst is briefly discussed.

The concentration profiles show a response delay to changes in experimental conditions
caused by the liquid quench sampling system’s residence time characteristics, as discussed
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Figure 5.11 — Vertical lines indicate boundaries between different experimental settings. The grey shaded areas
represent time periods used to take liquid samples for later analysis. Diamond shaped markers represent GC-FID
measurements. (a) Gas concentration at reformer inlet (line A); (b) gas concentration at reformer outlet (line B).

in Section 5.2.2. Pulsations in predicted gas concentrations are caused by fluctuations in the
gas flow entering the reformer, also indicated by MFC flow readings varying with a similar
frequency. The peak at time 15:07 is caused by a momentary decrease in total gas flow as
the H, S addition was stopped. The observed behaviour illustrates the advantages of online
UV-Vis detection compared to offline analytical tools. It allows to examine transient processes
whereas offline methods will only provide an average of such temporal fluctuation over several
minutes.

In order to evaluate the UV-Vis method, predicted concentrations were averaged for time
periods for which liquid samples had been taken. This allowed for a direct comparison of
UV-Vis and GC-FID derived concentrations (see Fig. 5.11 and Table 5.5).

Table 5.5 — Results of model gas case study 2. Concentrations refer to the liquid sample phase.

GC-FID (mmoll!) UV-Vis (mmoll!)

Exp. Benzene Toluene Naphthalene Benzene Toluene Naphthalene
M1.A 0.22+0.02 32 +£03 0.59+0.05 (0.3+1.3)x1073 34 +£0.2 0.61+0.02
M1.B 3.5 +03 0.10+£0.01 0.25+0.02 4.7+04 0.01+0.03 0.30+£0.01
M2.A 0.24+0.02 29 +£03 0.37+£0.03 0.14 £ 0.06 34 +£0.2 0.38+£0.02
M2.B b.d.L b.d.l. b.d.L 0 0 0

In experiment M1, at the reformer inlet (M1.A), both toluene and naphthalene concentra-
tions were well estimated by the UV-Vis method with prediction errors within the measure-
ment uncertainty of the GC-FID method. The low concentration (5 ppmv) of benzene was
not detected, however. At the reformer outlet (M1.B), benzene (33 % prediction error) and
naphthalene (22 %) were predicted reasonably well, while the low concentration of toluene
(2 ppmv) was not detected. In experiment M2, all three tar compounds were detected at the
reformer inlet (M2.A). Toluene was overestimated (19 %) while benzene was underestimated
(—41 %) at low concentration levels. The predicted concentration of naphthalene is good (4 %
error). The non-existence of tar compounds at the reformer outlet (M2.B) was predicted by
both methods.

2b.d.1.: below detection limit
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From the above results it is apparent that prediction errors for toluene and benzene at
low concentrations are higher than in the case of naphthalene. This can be attributed to the
extinction coefficients of naphthalene which are two orders of magnitude higher than those of
the class 3 tar compounds. Consequently, a smaller concentration of naphthalene will suffice
to achieve comparable absorbances and measurement errors.

The presented UV-Vis method can be a valuable tool when immediate information for
assessing the performance of catalysts is needed. In experiment M1, inlet gas phase concentra-
tions of toluene and naphthalene are close to the set ones, while that of benzene is almost zero.
Thermal cracking of tar compounds before the reformer inlet can therefore be neglected under
the given experimental conditions. Based on their concentration profiles, the conversion of
the reaction educts, toluene and naphthalene, was calculated and plotted in Fig. 5.12a.
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Figure 5.12 — Vertical lines indicate boundaries between different experimental settings. The grey shaded areas
represent time periods used to take liquid samples for later analysis. Diamond shaped markers represent GC-FID
measurements. (a) Calculated conversion of toluene and naphthalene; (b) calculated overall fractional yields towards
benzene as defined in Egs. (5.8) and (5.9).

Across the reformer, almost all toluene (> 97 %) and 61 % of naphthalene are converted.
High exit gas concentrations of benzene indicate that dealkylation of toluene might be a major
reaction path. In fact, the overall fractional yield ® g,/ 701, defined in Eq. (5.8) and plotted in
Fig. 5.12b, indicates that the majority of toluene is converted to benzene .

FBenz,out - FBenz,in

DBenziTol = (5.8)

FTol,in - FTol,out
In this equation, F; refer to the inlet or outlet molar flows of the individual tar compounds.
Results, obtained by the UV-Vis method, overestimate the fractional yield due to an overesti-
mated outlet concentration of benzene. Assuming that the decomposition of naphthalene can
form benzene as well>?, an overall fractional yield ®g,,,2/ To1+ Na pn of benzene from toluene
and naphthalene can be defined as

FBenz,out - FBenz,in

DBenziTol+Naph = ( (5.9

FTol,in - FTol,out) + (FNaph,in - FNaph,out)
Based on GC-FID results, it was found that 78 % of the toluene and naphthalene measured
at the reactor inlet have been converted to benzene. Further reaction products from toluene
and naphthalene decomposition were not accessible to GC-FID and UV-Vis measurements.
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Because no experiments, containing the individual tar compounds, were performed, the actual
contribution of naphthalene to the exiting benzene cannot be estimated.

As the supply of H,S is ceased in experiment M2, a slight decrease in toluene and naph-
thalene inlet concentration is accompanied by an increase in benzene concentration. At the
reformer outlet, no tars could be detected, resulting in full conversion. When the tar supply is
stopped too, (experiment M3), the tar compound inlet concentrations decline as well, with the
exception of benzene. Its concentration increases, only to fall off after approximately 15 min.

Experiments M1 and M2 show that H,S, which is in part reversibly bound to active sites of
the catalyst®®, has a major effect on tar conversion. When H,S is present, naphthalene is only
partially converted, while the majority of toluene is converted to benzene. As soon as the H, S
supply is stopped, all tar compounds are decomposed °°.

5.3.2. Real producer gas

Next to catalytic reforming, absorption of tars by a solvent at low temperature (< 100 °C)
presents an alternative secondary method for tar removal. Different scrubber designs and
solvents have been investigated. Among them, RME scrubbers have proven to be a viable
option®%. GC-MS chromatograms of liquid samples (see Fig. 5.13), taken before and after an
RME scrubber, show complex mixtures of hydrocarbons.
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Figure 5.13 — GC-MS chromatograms of samples taken in the real producer gas case. (a) Before RME scrubber (R1.A);
(b) after RME scrubber (R1.B). Legend of peak numbers: 1. 2-propanol (solvent), 2. toluene, 3. ethylbenzene, 4.
m/p-xylene, 5. o-xylene, 6. styrene, 7. benzofuran, 8. indene, 9. 2-methylindene, 10.naphthalene, 11. phenol, 12. 2-
methylnaphthalene, 13. 1-methylnaphthalene, 14. biphenyl, 15. acenaphthene, 16. dibenzofuran, 17. acenaphthylene,
18.fluorene, 19. phenanthrene, 20. artifact, 21. fluoranthene. Benzene is masked by the solvent peak.

At the scrubber inlet, more than 20 tar compounds were detected, ranging from class
3 tar compounds such as benzene to heavy polycyclic aromatic hydrocarbon (class 5) like
fluoranthene. The scrubber removes tar compounds with molecular weights typically larger
than naphthalene from the gas stream. This is in agreement with previous studies which report
increased removal performances for increasing molecular weight of tar compounds *>°7%%, An
exemplary offline UV-Vis spectrum of a diluted liquid sample (R1.A), taken before the RME
scrubber, is presented in Fig. 5.14.

While features at 276 and 287 nm can suggest the presence of naphthalene at high con-
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Figure 5.14 — Absorbance spectra of samples taken before (R1.A, diluted 10 pl sample + 1000 pl solvent) and after (R1.B,
diluted 250 pl sample + 1000 pl solvent) the RME scrubber

centrations, the high spectral overlap at lower wavelengths complicates quantification of
further compounds significantly. Online UV-Vis spectra, taken at the RME scrubber outlet are
plotted in Fig. 5.15a. Visual inspection of the plot allows for a qualitative analysis of the tar
composition as a function of time. As such, it displays the ability of the developed method to
online monitor the stability of pilot-scale processes. The dotted lines represent the time span
between which a liquid sample was taken. The figure shows a slight decrease in absorbance
with time. Absorption features below 270 nm indicate the presence of aromatic compounds.
Between 250 to 255 nm, the observed absorbance is high (> 2.5) and pixels marked black
represent areas where the maximum absorbance of the instrument was exceeded.
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Figure 5.15 — (a) Plot of absorbance versus wavelength and time at RME scrubber outlet. The area enclosed by the
dotted lines represents the time window where a liquid sample for later GC-FID analysis was taken. Black colours
indicate regions where the maximum absorbance of the instrument was exceeded; (b) parity plot of tar concentrations,
measured in sample R1.B by GC-FID and UV-Vis (PLS). The dashed lines represent the +50 % deviation lines.

Aliquid sample (R1.B) was additionally analysed offline by an UV-Vis spectrometer (after
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dilution) and GC-FID (Figs. 5.14 and 5.15b). Quantification of its tar compounds was per-
formed by the PLS method described in Section 5.2.5. The results of obtained liquid phase
concentrations are plotted as a parity plot in Fig. 5.15b. Benzene, toluene, styrene and naph-
thalene were estimated well with prediction errors below 27 %. Indene, with its few distinctive
features and rather low concentration, was predicted with large error of 59 %. However, it can
still serve as a valuable estimate. Based on Eq. (5.3), gas phase concentrations obtained with
the PLS method were calculated to range from 0.9 ppmv for naphthalene to 113 ppmv in case
of benzene.
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Abstract

The emission of selenium (Se) from coal gasification processes can cause harm to the environ-
ment and downstream equipment. With upcoming legislation, reliable detection as well as
control of such gas species become crucial. This study therefore addresses the development and
successful employment of an online analytical method, based on the direct introduction of a
simplified flue gas (H,, H,0, H,Se, Ar) into an ICP-MS. In combination with matrix matched
calibration, the calculated and verified detection limits of H,Se lie below 1 ppbv, thus being com-
parable to current offline methods. These low detection limits and the high temporal resolution
(>1Hz) enable the use of this method as a quick and robust tool for the lab- and bench-scale
performance evaluation of sorbent materials. As a case study, Zn/Al,O, was tested towards H,Se
capturing at warm temperatures (150 to 350 °C). The results show that both, the support and
the active phase, interact with the contaminant. Whiley—Al,O, can retain H,Se at dry reaction
conditions, a Zn phase is needed for its capture in steam laden gas.

""’f% (=

H,Se 7Zn/Al,O4 ICP-MS Time

c(Se)
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6.1. Introduction

ELENIUM (Se) is an element of major environmental concern '. Its anthropogenic discharge
S can cause harm to human health due to its very narrow margin between dietary deficiency
and toxic levels?. On the other hand, it can accumulate in the aquatic food chain to cause
reduced reproduction and growth in fish®?. The United States Environmental Protection
Agency (US EPA) has therefore recently published a final rule that strives to limit the emission of
Se amongst other elements for different types of power plants, including integrated gasification
combined cycle (IGCC) plants which are typically coal-fed°. These plants offer the advantage
of increased process efficiencies compared to conventional electricity generation technologies,
thereby producing electricity cleaner and potentially cheaper®.

The raw producer gas, exiting the gasifier of such plants, is mainly composed of H,, CO, CO,,
and H, O depending on the gasification technology, the feedstock and operating conditions .
Besides other undesired by-products, Se is found predominantly in form of H,Se 89 in the
vapour phase due to its high volatility and therefore might escape particulate control devices '°.
Aside from environmental pollution, the passing Se can also poison downstream equipment in
case the gas is used for the production of chemicals or fuels '"'?. This makes further emission

control a necessity.

In IGCC processes, two options for Se emission control can be identified. One option
is the capture of Se (predominant species Se°, SeO, ®'%) after the gas turbine in oxidizing
gas atmosphere. However, the involved gas expansion in the turbine and the addition of an
oxidizer for combustion result in increased gas volume flows. The higher gas volume flow
and decreased SeO, partial pressure necessitate increased equipment sizes, which again raise
investment costs. A second option is therefore the removal of H,Se before the gas turbine in
reducing gas conditions. This can proceed either under cold (typically 20 to 100 °C), warm
(150 to 300 °C) or hot (> 300 °C) gas clean-up conditions. Compared to the cold gas clean-up,
the warm/hot gas clean-up avoids dropping the gas temperature below the dew point of
steam, allowing for further efficiency gains of the process'*. An added benefit is that the
appearance of Se species in water streams from gas scrubbing can be circumvented '°. There
is therefore a strong incentive to perform the gas clean-up at elevated temperatures. Other
contaminant control strategies, applied at this point, might serve as a co-benefit for H,Se
retention '®. Because Se and S are similar in most of their chemistry, measures for H,S removal
have shown to be effective for H,Se capture as well 7. A polishing step to remove residual
H,Se may be required, however.

With expected gas concentrations of H,Se before gas clean-up being below 1 ppmv (parts
per million by volume) '® and regulated, maximum concentrations (see Appendix E.1 for
derivation)® at the gas turbine inlet in the range of 50 ppbv (parts per billion by volume),
reliable analytical tools with high sensitivity and temporal resolution are required to evaluate
the performance of sorbent material candidates. Traditional offline measurement of trace
elements is based on sampling trains, where the flue gas is passed through a series of impinger
bottles whose content is analysed afterwards '®'. With sampling times in the range of 1h,
these methods are merely useful to provide average concentration measurements, not infor-
mation on the breakthrough behaviour of a sorbent. Until recently, most Se sorption studies
performed multiple experiments where the sorbent is exposed to H,Se for different periods of
time after which the sorbent is digested and the solution analysed for its Se content. Based on
the resulting capacity versus time plots, a maximum retention capacity is defined. Besides the
effort for performing multiple experiments, the method is destructive and suffers the drawback
that the dynamics of the breakthrough curve cannot be observed. The need for an online




112 6. Detection and retention of selenium

method has been acknowledged by Rupp et al.?*?!, who developed and applied a tool based
on a GC/IT-MS. However, the method has some constraints. The calculated detection limit for
H,Se is restricted to 0.207 to 5.335 ppmv depending on the gas matrix. Steam concentrations
are restricted to 0.5 vol%?2! while in coal gasification steam content ranges from 0.4 to 18 vol%,
depending on gasification technology, feedstock and operating parameters '“. A number of
methods for the online detection of metal species in industrial processes have been reported
in the past decades with a comprehensive overview being given by Monkhouse??. The online
detection of metal species in gasification atmosphere has been measured by ICP-OES?® but
not ICP-MS which offers superior detection capabilities.

The removal of Se at elevated temperatures has been investigated by several groups. Vari-
ous sorbent materials have been used, including fly ash?#?°, limestone 253, kaolinite®® as
well as supported metals represented by Pd/Al,0, *'*!* and Zn, TiO, **. Supported sorbent
materials have the advantage of improved specific surface area (SSA) and mechanical prop-
erties. While several supports have been investigated®*, recent work showed encouraging
results using Zn/Al, O, for the capture of HZSSS. Y—Al, O, as a support can interact with both
H,Se and steam present in the gas. Watanabe et al. 36 investigated the adsorption of H,Se onto
Y—Al, O, in dry N, atmosphere at room temperature. In their experiments, H,Se is adsorbed
by both physisorption and chemisorption to significant extents. In case of chemisorption, the
H,Se was found to react with oxygen atoms on the Al,O, to form elemental Se. Competitive
adsorption with gas phase H,O was not investigated. However, heating the Al, O, at various
temperatures up to a maximum of 200 °C before sorption experiments to remove surface
bound H, 0 did not have a significant effect on sorption capacity. The adsorption of H,O on
y—Al, 0, has been investigated by several authors®’~**. Chemisorbed water on the surface can
be present as water molecules bound to surface oxygen by strong hydrogen bonds (investi-
gated at 120 °C*®) and by OH groups, whereas the latter type dominates as temperatures are
further increased®’.

This study aims at establishing and applying an experimental setup that allows for the
online detection of Se in reducing gas atmosphere. An ICP-MS was chosen as measurement
device. In combination with matrix matched calibration, this allows for a highly time resolved
study of sorbent materials even at concentrations in the low ppbv range. Zn/Al,O, was chosen
as sorbent, based on the favourable thermodynamics of the reaction of ZnO with H,Se (see
Fig. 6.7). The aim of this study is therefore twofold. The first step is to evaluate the ICP-MS
with direct gas introduction as a tool for quantification of Se in reducing gas atmosphere. In
the second step, this method is applied to investigate the Se capture performance of Zn/Al,O,
as a sorbent at warm gas clean-up conditions.

6.1.1. Gas matrix

For calibration and later H,Se sorption experiments, a gas matrix representative of IGCC
processes has to be defined. If such a synthetic mixture is send to a laboratory reactor, the
individual gas concentrations are subject to change due to a coupling of the concentrations
(mainly) by water-gas-shift and methanation reactions listed in Eqs. (6.1) and (6.2), respectivly.

CO+H,0 == CO, +H, ©.1)
CO+3H, == CH, + H,0 6.2)

Their actual concentration of CO, H, O, CO,, H, and CH, will therefore depend on temperature,
residence time and the presence of a catalyst.



6.1. Introduction 113

Establishing a setup allowing for online measurement of H,Se is challenging, because
the direct introduction of such a gas mixture into an ICP-MS for Se determination can lead
to substantial material loss on the tubing walls and severe matrix effects thereby hindering
quantification*’. Indeed, both H, *'~**, H,0*>% as well as carbon species*"™*? can change
the plasma conditions and hence affect the Se sensitivity and polyatomic interferences.

To tackle these problems, several combinations of gas sampling and calibration strategies
were considered. The use of a liquid quench in combination with external, offline calibration
minimizes effects of the gas matrix on the plasma, but also results in an increased analyte
residence time as well as a convolution of the transient process signal with that of the sampling
system®’. The gas dilution up to a point where gas matrix effects are negligible increases the
detection limits and was therefore not considered. Gas sampling with online standard addition
as calibration strategy can only be used when the time interval of calibration is comparably
small to that of the variation in the gas matrix and analyte which might not be the case for
the determination of breakthrough curves on a laboratory scale. The use of gas sampling
in combination with an internal standard, is a potential option, only complicated by the
availability of an appropriate internal, gaseous standard. A further option is the simplification
of the gas matrix to avoid its modification due to (catalysed) gas phase reactions.

For this work, it has therefore been decided to perform experiments with direct gas injec-
tion to the ICP-MS and quantification of Se by matrix-matched external calibration. In this
case, the gas matrix is represented only by H,, H,O and Ar. H, simulates the reductive proper-
ties of the syngas®!. H, 0 can impede the reaction of H,Se with ZnO as H, O is competing with
H,Se for the same active sites. Concentrations of H, and H,O at the reactor inlet were set to
40vol% and 5vol%, respectively, with the remaining fraction being Ar and H, Se.

6.1.2. Matrix effects

Already small amounts of H, and H, O are known to change the plasma conditions and thereby
the analytical performance of an ICP-MS. An overview of their effects is provided in Tables E.1
and E.2.

The addition of H, to ICP-MS plasmas has been studied by several authors. Guillong and
Heinrich * added small amounts of H,, (0 to 14 mlmin™') to the helium carrier gas flow of a
LA-ICP-MS dry plasma. Under optimized ICP-MS operating parameters and H, flow rates,
a general increase in sensitivity (for 7’ Se by a factor 3) was observed. The limit of detection
could generally be decreased, however, in case of //Se, a two-fold increase due to polyatomic
interferences was observed. In the work of Ebdon et al.*3, the addition of 5vol% H, to the
nebulizer gas of a wet plasma caused a significant increase in polyatomic interferences based
on Ar but decreased interferences from metal oxides. Louie and Soo * found a slight increase
in ®Se signal when adding small amounts of H,, (< 10 mImin™") to a wet plasma, to be followed
by a continuous decline in signal when adding higher amounts of H,, resulting in a 50 %
signal decrease when 50 mlmin! H, were added. Under optimum conditions (H, flow of
20mlmin!), the authors qualitatively reported a minor increase in the signal to background
(S/B) ratio for most elements. Hutton et al. *! observed an increase of the 271 signal by 70 %
when adding 7.5 mlmin™" H, to the central channel of a dry plasma. The increase was ascribed
to an increased energy transfer between bulk plasma and the central channel due to the high
thermal conductivity of H,. A noted side effect of H, addition was the increase in reflected
power (30 W for 7.5 ml min! H,).

Liu et al. *® investigated the effect of small additions of water vapour (5.1 Nmlmin™!) to
the central gas flow in LA-ICP-MS. For a shielded torch (as used in the current work), they
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found an increase in sensitivity for most investigated elements (for #2Se by a factor 2.5) and
a change in plasma shape upon addition of H,O. Alary and Salin 6 added small amounts of
water (4.1 Nmlmin™') to the carrier gas flow between an ETV and an ICP-MS and observed a
general enhancement of the signals of the measured elements (Zn, Pb, Cu, As, Sb).
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6.2. Experimental section
6.2.1. Analytical method

Se calibration and sorption experiments were performed using an Agilent 7700x ICP-MS
instrument. Gas sample introduction was achieved by means of an in-house constructed
quartz adapter (see Fig. 6.1), directly connected to the plasma torch.

Option gas inlet
(not used)
Sample introduction

ICP entrance
Figure 6.1 — Quartz adapter (similar to the connector tube of the used ICP instrument), directly connected to the
plasma torch

All experiments were carried out in time resolved analysis (TRA) mode using peak hopping.
Helium was used as collision gas in the octopole reaction system (ORS) to lower polyatomic
interferences. At the beginning of the experimental series, different parameters were adjusted
in tuning mode for the Se concentration range of interest and then being held constant. The
He flow rate was modified in such a way that the signal to background ratio was maximized
while the signal for the maximum concentration of Se was kept at about 107 counts per second
(cps). The ICP-MS main operating conditions including gas flows are listed in Table 6.1.

Table 6.1 — ICP-MS operating conditions

ICP operating conditions

RF power (W) 1350
Reflected RF power (W) <3
Sample Depth (mm) 10
Interface cones (skimmer & sampler) Ni
Plasma gas flow rate (Nl min™) 15
Carrier Gas (Nmlmin™!) 1100
He flow (Nmlmin!) 2

Mass spectrometer acquisition settings

Detector pulse mode, analog mode
Scan mode time resolved, peak hopping
Settling + scan time (ms) 10

Integration time per m/z (s) 0.2

Recorded isotopes

ISC, 6GZH, GBZH, 7686, 7786, 7888, SZSe
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6.2.2. Sorbent material

Experimental tests were performed with two materials, prepared in-house, consisting of Zn
supported on y—Al,O, with different Zn loading. It is well-known that ZnO is reduced to
elemental Zn in reductive gas at high temperatures (> 600 °C) °>°3, However, as experiments in
our work are performed at medium temperatures, the term Zn/Al,O, is used to encompass
both the forms ZnO/Al, 0, ZnAl,0, and possible mixtures thereof*.

Preparation

The sorbent materials were prepared by wet impregnation method. y—Al,O, support (Puralox
Nwa-155, Sasol Germany GmbH) was sieved (sieve 125 to 160 pm) and subsequently degassed
in Ar atmosphere at 300 °C for 3 h. The support impregnation was performed using an aqueous
solution of Zn(NO,), (analytical grade, Sigma Aldrich, Switzerland) at room temperature for
3h. The impregnated support was then dried at 80 °C, 25 mbar for 1 h and calcined in air flow
at 500 °C for 7 h.

Characterization

The Zn content of the sorbents was analysed by digestion and subsequent ICP-MS (7700x,
Agilent, USA) analysis. The skeletal density of the support was determined by an AccuPyc
11 1340 pycnometer (Micromeritics, USA). The SSA (BET method) and pore size distribution
(BJH method) of the samples were measured by nitrogen physisorption using an Autosorb-1
(Quantachrome Instruments, USA) after degassing at 200 °C for 2h. Volume based particle
size distributions of agglomerates were measured with a laser diffraction particle size analyser
(LA-950V2, Horiba, Japan). The crystalline structure of the sorbents was determined by X-
ray diffraction (XRD, D8, Bruker, USA) using Cu Ka radiation (A = 1.5419A). The diffraction
patterns were recorded between 20 to 80° (26) with an angular step interval of 0.0298° (step
time: 9.5s). The morphology and ZnO dispersion of the prepared sorbents were investigated
by scanning electron microscopy (SEM, Ultra 55, Zeiss, Germany) after Cr sputtering.

6.2.3. Experimental procedures

Matrix effects

Even though a change of the gas composition in the current case is not expected during single
experiments, as previously discussed, an understanding of their qualitative influence on the
plasma is of interest. The investigation of these effects will reveal whether performing a 100 %
matrix-matched calibration is necessary and at the same time evaluate the accuracy/reliability
of the used setup and the calibration procedure.

In order to evaluate effects and possible interactions of the two factors H, and H,O on
the measurement of the “®Se isotope, a two-level full factorial design (2%) was performed .
The factors were varied within boundaries, representative for gasification processes, with
H, concentrations ranging from 20 to 40 vol%(rx) and the steam content ranging from 0 to
5vol%(rx). A geometric representation of the experimental design with the corresponding gas
flows and ICP inlet concentrations is presented in Fig. 6.2.

Each factor combination, noted by numbers 1 to 4, in this plot consists of both a blank

run and a run containing 250 ppbv(ICP) of H,Se. For each run, replicates with more than 100
data points were acquired on isotope “®Se after signal stabilisation. Based on the performed
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Figure 6.2 — 22 factorial design with the gas concentrations of H, and H, O as factors. The run numbers are indicated
in the corners.

experiments, the main effects ap, and ap,o of H, and steam were calculated according to

_ (Ko +x4) — (K1 +K3)

ap, = 6.3
H, 2 (6.3)
(k3 +x4) — (K1 +K2)
am,0= . (6.4)
2
The interaction Ep, m,0 of these two compounds is calculated according to
K1 +kg) — (Ko +K
Wiy 0 = (k1 +x4) — (K2 +K3) 6.5)

2

In these equations the response x can represent the blank signal or the sensitivity obtained
from a 2-point calibration. For calculation of the variance, runs were not genuinely repeated
but rather a pooled estimate of error averaged from the data points acquired in each run was
calculated. The computed error therefore represents the analytical rather than the experimen-
tal run-to-run variance and is likely to be smaller than the latter.

Sorption experiments
Before sorption experiments, a three-point calibration (0, 1.2 ppmv(rx), 4.8 ppmv(rx) H,Se)
was performed with a gas matrix representing that of the following experiment (see Table 6.4
on Page 126 for an overview of experimental conditions). Afterwards, the empty reactor
tube in the vertical cylindrical oven (MTF 12/25A, Carbolite Limited, UK) was replaced by a
quartz reactor (d; = 2 mm) containing the sorbent. The reactor bed consisted of ca. 20.5 mg
of Zn/Al, O, sorbent material, held in place by quartz wool. Then the reactor was heated
up to reaction temperature and flushed for 30 min with the experimental gas matrix (H,Se
free). Before the sorption experiment, a further reference run was performed. The sorption
experiment was started by feeding 4.77 ppmv(rx) H,Se in the experimental gas matrix to the
reactor and acquiring the selenium ICP-MS signal.

To accelerate breakthrough evaluation, increased H,Se concentrations compared to those
expected in flue gases were used '°. After the experiment, the reactor content was emptied
into vials at ambient conditions for later BET and XRD analysis.
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Capacity calculation
The molar amount nse c4p retained by the sorbent can be calculated according to

Y t
nSe,cap(tBt,X) = Vtot,n f o (ySe,in(t) - J/Se,out(t)) dx (6.6)
Vin 0

In this equation, V;,;,, represents the volume flow entering the reactor and V,,, the molar
volume. The gas concentrations of selenium at the reactor inlet and outlet are defined as yse,in
and yse,our, respectively. The concentration yse o, (f) represents the actual breakthrough
curve of the sorbent. The concentration yse, i, on the other hand, was the average of the mea-
sured concentration using the empty reactor during 15 min prior to each sorbent experiment.
The breakthrough time 75,y is defined as the point in time when the outlet concentration
Vseour €xceeds a given concentration y (in this work y = 500 ppbv(rx), representing 90 % Se
removal). The capacity of the sorbent on a mass basis gs. (f5¢,y) can be calculated using

qse(lpry) = Dsecap(t51,)Mse 6.7)
Mped
where Mg, refers to the molecular weight of Se and my,.; to the mass of the dry sorbent bed
before the experiment. Under the assumption that all captured H,Se reacts to form ZnSe
according to Eqg. (6.15), we can define the conversion Xz, of the active compound (ZnO) of
the sorbent according to

nzno(try)  Nsecap(tBi,y)

Xzno(tpry) =1- (6.8)

nzno(0) nZnO(tBt,X)
Herein nz,0(0) refers to the amount of ZnO in the sorbent bed at the start of the experiment,
calculated from mp,q4, assuming the bed is formed of ZnO/AlL,O,. Assuming ideal sorption
behaviour (i.e. a step response in concentration at the reactor outlet), the stoichiometric
breakthrough time 73, s; can be defined as the time required to feed a molar amount of H,Se
that is similar to that of the active compound Zn in the sorbent bed

n 0
55 = 200 6.9)
' F,$e,in
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6.3. Results and discussion

6.3.1. Analytical performance

Calibration

For calibration, five equally spaced H,Se concentrations in the range 0 to 4.77 ppmv(rx) were
measured in an empty quartz reactor at 250 °C. The gas matrix consisted of 40 vol%(rx) H,,
5vol%(rx) H,O and the remainder being Ar. At each concentration level, 190 data points were
recorded. For blank samples, the relative standard deviation (RSD) was below 20 %, while at
higher concentrations, RSD values dropped below 1.2 %, indicating a good repeatability.

Table 6.2 — Calibration results

76ge Se 78ge 82ge
R? 0.9992 0.999 0.999 0.9992
LOD (ppbv(ICP)) 0.12 0.1 0.07 0.09
LOD (ppbv(rx)) 1.36 1.15 0.74 1.03
Abundance 9.37 7.63 23.77 8.73
(mol/mol %)
Interferences®® OAreArt, ArfAr'HY,  YOAr38Art Y0Ar?THY

38Ar38Ar+ 38Ar2 1H+

Calibration results are documented in Table 6.2 and an exemplary calibration curve for
isotope "8Se is given in Fig. 6.3a. The coefficient of determination (R?) for all calibrations

is greater than 0.9990, indicating a good linear response. The detection limits (y;op) were
calculated on basis of

YLobp = (6.10)

where o, is the standard deviation of the blank measurement, assuming a normal distribu-
tion, and s.; is the slope of the calibration curve (i.e. the sensitivity).
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Figure 6.3 — (a) Calibration curve for isotope 78Se, performed with experimental setup 1; (b) calibration curve for
isotope "8Se, performed with experimental setup 2.
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The calculated detection limits in the reactor lie between 0.74 to 1.36 ppbv(rx), depending
on the Se isotope. These values lie below concentration limits of about 50 ppbv, depending
on coal and power plant type, that can be derived from proposed EPA regulations (see Ap-
pendix E.1 for calculation) °. At the same time they are comparable to detection limits of offline
methods (0.34 ppbv for ISO/DIS 17211 with ICP-MS ).

The variation of the LOD between Se isotopes correlates with their natural abundance,
indicated by lower LOD values for isotopes with higher abundance. The observed differences in
backgrounds from isotope ratios can be attributed to spectroscopic interferences and different
transmission of ions through the ICP-MS®”%8, Kr, present in the Ar plasma can cause isobaric
interferences on #2Se and "Se. However, the ionization energy is high (14 eV), resulting in
an ionization efficiency smaller than 5 %°. For this reason and the fact that the absolute gas
concentration of Kr in Ar (< 24 ppbv) as well as the abundance of the isotopes ("®Kr 0.35 %,
82Kr 11.59 %) of interest are small, this might be considered a minor interference. The sorbent
material (ZnO) used in this work can also cause isobaric interferences on 82Se if particles reach
the plasma. Even though polyatomic interferences were minimized by adjusting the flow of
He to the collision cell to maximize the signal/blank ratio, background levels were still not
completely suppressed. An overview of formed polyatomic interferences is given in Table 6.2.
In the observed system, Ar dimers interfere with all recorded Se isotopes, while the formation
of Ar hydrides interferes only with Se isotopes “’Se and 82Se®’.

Based on the lower LOD and comparable R?, isotope “®Se was chosen for Se quantification.
The calculated detection limits lie three orders of magnitude below the range of the calibration
curve. In order to verify these results, further investigations with experimental setup 2 were
performed. In this experiment, the gas mixture, containing H,Se and Ar, was fed to a RDD
and the exiting diluted gas flow was mixed with a stream composed of H,, H,O and Ar and
then fed to the ICP-MS. This made it possible to achieve H,Se concentrations ranging from 0
to 3.2 ppbv(rx) in a gas matrix identical to that found in setup 1. Based on these data points,
shown in Fig. 6.3b, a calibration curve can be calculated, which serves as a basis for the
definition of another LOD concentration. The obtained concentration of 0.54 ppbv(rx) is
close to the one based on data in Fig. 6.3a, indicating that the calculated LOD concentrations
provided in Table 6.2 are valid. Fig. 6.4a shows the measured intensities of the 78Se isotope for
the blank experiment and a feed of 0.6 ppbv(rx) H,Se as well as the corresponding averages of
these experiments marked by dashed lines.

In this plot the dashed line, representing the intensity I;op of the detection limit is, calcu-
lated according to

Irop =3spik + Ipik (6.11)

where I}, refers to the measured background intensity of “®Se. The intensity for an H,Se
inlet concentration of 0.6 ppbv(rx) lies clearly above the LOD intensity. It has to be noted,
however, that signals recorded at these low (i.e. slow disk rotation speed) Se concentrations
show periodicities while the blank signal, when the RDD is stopped, can be described as white
noise (see Appendix E.3 for detailed explanation).

Dynamic effects

The response time characteristics of an analytical technique are of importance when tran-
sient processes (e.g. sorption of trace elements in an IGCC process) are to be monitored.
The response of the experimental setup with an empty reactor to a step increase in H,Se
concentration from 0 to 2750 ppbv(rx), added at time 0 min, is shown in Fig. 6.5.
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Figure 6.4 - (a) Measured intensities (setup 2) for blank measurement and a H, Se concentration of 0.6 ppbv(rx); (b)
periodogram of recorded intensities for a H, Se concentration of 0.6 ppbv(rx).
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Figure 6.5 — Step response and washout behaviour of system. The inset shows amplified concentration versus time
data for the time-frame 8 min to 14 min.
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Arise of the signal is observed after 2 s, with 98 % of the stable signal being reached after
13s. The calculated theoretical residence time, assuming plug flow behaviour, is 1.5s and
thereby close to the time resolving capabilities of the ICP-MS. Based on this observation, one
can conclude that non-idealities in the flow pattern in form of stagnant regions and fluid
recycling as well as the adsorption of H,Se to the tubing can be neglected.

In order to evaluate the washout behaviour, the H,Se feed was stopped after 7 min. The
resulting curve can be divided into two sections. The first section features a strong signal de-
crease after 3 s by about 96 %. The following section is marked by significant tailing. The latter
results in a limited temporal resolution when measuring online transient processes. While the
observed tailing does not impede the measurement of breakthrough curves, it can increase the
time interval between sorption experiments when low LODs are of importance. Based on the
increased background levels, the detectable LOD increases as well. In case of this experiment,
for example, this leads to an increased LOD of 6.5 ppbv(rx) compared to 0.74 ppbv(rx) (on
isotope "®Se), 5min after H,Se was stopped, based on the recorded background level. The
main reason for the observed tailing is the tubing (Iength 1 cm) between the three way valve
and the H, O addition which is not flushed when the addition of H,Se is stopped. This causes a
constant diffusion flux of H,Se (and H,) from this stagnant region into the gas flow towards the
reactor. Adsorption effects of H,Se onto the tubing could be another source for the observed
behaviour but were minimized by appropriate choice of materials, gas dilution and uniform
heating of the tubing.

Matrix effects

Already small amounts of H, and H, O are known to change the plasma conditions and thereby
the analytical performance of an ICP-MS as discussed in Section 6.1.2. The calculated absolute
values of the effects on the sensitivity and blank signal are plotted as Pareto charts of effects in
Figs. 6.6a and 6.6b, respectively, in order to find the most influential factors.

6.5 x 10° -783
H,0 [l -0.6x10°
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0 2 4 6 8 0 200 400 600 800
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Figure 6.6 — Calculated absolute values of the effects on the: (a) Sensitivity; (b) blank signal. The inscribed numerical
values give an indication of the direction of the effect (+/-).

The red lines in these plot represent the 95 % confidence interval, giving an estimate of
the significance of the individual effects. In Fig. 6.6a, all bars show a negative effect on the
sensitivity. However, only the main effect ay, caused by a change in H, concentration, is
significant in the varied range, showing a decrease of 32 % in sensitivity compared to the
constant effect. Increase of the H, concentration also resulted in a significant increase of
reflected power up to 60 W but no plasma instabilities were observed. An optimization of the
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matching network was not performed. The effect of the factors on the blank signal is shown
in Fig. 6.6b. Again, only the change in H, concentration has a significant, negative, effect on
the signal, decreasing it by 17 %, compared to the constant effect. The effect of water or the
interaction thereof are negligible.

While in literature, the use of mixed-gas plasmas tends to improve figures of merit concern-
ing Se analysis, this work cannot confirm these observations. Two aspects might contribute to
these findings. Previous studies investigated mixed-gas plasmas with the intention of improv-
ing figures of merit. This typically involved optimization of the plasma parameters that can
deviate significantly from all-Ar plasmas. However, measuring a transient process, where the
gas composition is subject to change, does not allow for continuous parameter optimization
and calibration. Performing no optimization, therefore can, as observed in the current study;,
lead to adverse effects concerning the analysis of Se. Another difference lies in the introduced
sample. Studies typically feature aerosol introduction where the evaporation of droplets and
the decomposition of particles plays a central role. In this case however, the introduced sample
is a gas.

Keeping in mind that the curvature of the response might not be linear, the obtained results
imply that changes in steam content between 0 to 0.56 vol% do not affect the quantification
of selenium on "8Se. The effect of H, content on the other hand is significant, resulting in
increased detection limits. Variation of H, concentration in such ranges should therefore be
followed by a new calibration. Sorption experiments, performed in this work, were not affected
by this issue as the H, content was kept constant.

6.3.2. H,Se capture by Zn/Al,0,

When breakthrough curves are investigated, some criteria concerning hydrodynamics and
mass transfer in the fixed bed should be verified to ensure validity of the obtained results.
External mass transfer effects were minimized by ensuring gas hourly space velocities (GHSV)
above 200000 h~!. Experiments were performed at total pressure p with calculated pressure
drops Ap across the sorption bed of approximately 0.1 bar, resulting in relative pressure drops
concurrent with Eq. (6.12) %,

A
2P o2 6.12)
p

The assumption of plug flow in the reactor can be made by meeting the criterion for axial
(Bo = 95) dispersion shown in Eq. (6.13) 5!,

Lug
Bo = > 100 (6.13)

ax

In this equation, L refers to the bed height, u; the superficial velocity in the empty reactor and
D, to the axial dispersion coefficient (see Appendix E.4 for detailed explanation). The ratio
between reactor diameter d, and particle diameters dp, is chosen sufficiently high (d;/dy, = 12)

to neglect wall effects (Eq. (6.14)) %2
d;
—>8 (6.14)
dp

Thermodynamic equilibrium considerations can give an indication on the sorbent bed exit gas
concentrations of H,Se as a function of Zn phase, steam content as well as temperature. Two
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reactions that might describe the decrease in H,Se gas concentration are given in Egs. (6.15)
and (6.16).

Zn0O +H,Se = ZnSe + H,0 (6.15)
ZnAl, 0, + H,Se = ZnSe +Al, 05 + H,0 (6.16)

Assuming a batch reactor with an excessive amount of solid material, the equilibrium constants
of these reactions can be expressed as a ratio of the activities of the gas phase species H,Se
and H,O0. Calculations were performed with the software package HSC Chemistry 7.193
(Outotec, Finland) using a Gibbs free energy minimization approach. In the calculations,
different crystallographic structures of the same species were neglected. Also the previously
proposed introduction of surface sites into the equilibrium constant was not included *>. Both
simplifications and the fact that a steady-state rather than a transient process was assumed,
can result in deviations of these calculations from reality ®*%°.

The calculations show that both reactions are thermodynamically favourable over the
examined temperature range between 100 to 500 °C (AG, < —55kJmol™'). Based on the equi-
librium constants (see Fig. E.2), an H,Se equilibrium concentration in dependence of temper-
ature and steam content can be calculated. The resulting H,Se equilibrium concentrations
for both the reaction of ZnO (upper plot) and ZnAl,O, (lower plot) with H,Se are plotted in
Fig. 6.7.
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Figure 6.7 — Calculated H,Se equilibrium concentration versus temperature for three steam contents of 2vol%,
5vol% and 10 vol%; for the system ZnO + H, Se < ZnSe + H, O (upper plot) and for the system ZnAl, O, + H,Se —
ZnSe +Al, 04 + H, O (lower plot).

Both solid phases react with H,Se in the studied range of process parameters, showing
increasing equilibrium concentrations as the temperature increases. An increase in steam
content also increases the H,Se concentration for both reactions as the equilibrium is shifted
towards the left hand side. The sulfidation reaction is possible for both phases in the observed
temperature range. However, it is more favourable for ZnO than for ZnAl,0,. For a gas with a
steam content of 10 vol% at 250 °C, this results in an achievable H,Se concentration of 10 pptv
(parts per trillion by volume), for ZnO compared to 242 ppbv for ZnAl,O,. Based on these
calculations, it appears that ZnO is better suited than ZnAl, O, for a significant reduction in
H,Se concentration in a wet gas at medium temperatures.
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Sorbent characterization
An overview of the prepared sorbents and their properties is given in Table 6.3.

Table 6.3 — Sorbent properties !

Description Mean Size (mm)  wt% Zn (gzn gSOIbem'l) SSA (m? gSOIbem’l)
y—A1203 (Sasol) 163+ 2 n.d. 141 +£2
0.89 wt% Zn/Al,O, 169 + 1 0.89 £ 0.01 134+ 2
0.89wt% Zn/Al,O4 n.d. n.d. 136 + 2
(after experiment)

8.21 wt% Zn/Al,04 171+ 2 8.21 +£0.17 122 £ 2

The support and the Zn/Al,O, sorbents have mean secondary particle (agglomerate of
primary particles) sizes ranging from 163 to 171 um, which is in agreement with the SEM
micrographs (see Fig. E.3). Adsorption isotherms of the investigated sorbents are of Type 1V,
indicating a mesoporous material with hysteresis loops of Type H1 (see Fig. E.4a)%. The
measured SSA ranges from 122 to 141 m? gsorpent ', With decreasing SSA as the Zn loading
increases. Assuming equi-axed primary particles, their volume-surface mean diameter dss
can be calculated from the SSA measurement Ags4 according to

- 6
dssp = ——— (6.17)
PsAssa

where p; represents the measured skeletal density ( 3.287 gcm™!) of the support . From this
follows a dgs4 of 13 nm. The average pore size diameter (see Fig. E.4b) is about 8.8 nm, which
is compatible with open pores among primary particles of 13 nm.
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Figure 6.8 — XRD patterns of (a) y—Al,O support, (b) 0.89wt% Zn/Al,O4 () 8.21wt% Zn/Al,O4. (d) 8.21wt%
Zn/Al, O, sorbent after H,Se contact. The vertical lines represent the position and intensity of ZnO, ZnSe and
ZnAl, O, reflections.

After calcining, Zn?* ions can end up in two different forms on the y—Al, O, support. They
might form a bulk-like phase of ZnO or an aluminate phase®*%”. The XRD patterns of the

1n.d.: not determined
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fresh y—Al,O4 support and Zn/Al,O, with two different Zn loadings are shown in Fig. 6.8.
The y-Al, O, support shows broad, diffuse diffraction lines, indicating poor crystallinity. The
sorbent with 0.89 wt% Zn loading shows no significant difference from the support, which
can be attributed to the high dispersion of ZnO on the support, to the poor crystallinity of
the Zn phase and to instrumental detection limits. For an increased Zn loading of 8.21 wt%,
further peaks in the XRD spectrum appear. The increase in intensity at lines specific for ZnO
(ICSD 34477) indicates the build up of a ZnO phase. Because diffraction lines of the ZnAl, O,
phase (ICSD 94166) overlap with major ones of the support and ZnO, the formation of a
ZnAl,O, phase cannot be excluded. The change in diffraction pattern for a 8.21 wt% Zn/Al,O,
sorbent where breakthrough of H,Se was observed, is depicted in spectrum (d) of Fig. 6.8. The
appearance of a diffraction peak at 27.3° (2 0) indicates the formation of a ZnSe phase (ICSD
77091) which is concurrent with previous experiments performed at room temperature °¢. The
decrease in integrated peak area of ZnO is comparably small to the area increase of the peak
attributed to a ZnSe phase. This suggests that also an amorphous ZnO or a ZnAl,O, phase
exist on the pristine sorbent.

Effect of steam content

The investigation of the effect of steam content on the sorption process is of importance
because of its presence in most gasification processes. A list of experimental parameters and
results of all performed sorption experiments is provided in Table 6.4.

Table 6.4 — Overview of experimental conditions of sorption experiments and resulting measures of sorbent perfor-
mance

wt% Zn H,0  Treactor tBt500  tBest gse(tBt,500)  $7n0 (tBt,500)

(82n Esorbent™)  (VOI% (X)) (°C)  (min) (min)  (Mgse gsorbent ') )
0.89 2 250 8.5 130 0.673 0.063

0.89 5 250 8.3 130 0.673 0.063

0.89 10 250 6.3 130 0.494 0.046

0.89 5 150 14.2 130 1.132 0.105

0.89 5 350 7.1 130 0.559 0.052

8.21 5 250 85.6 1451 5.745 0.058

Both H,Se and H, O are species known to adsorb onto the surface of y—AlL,0O, 3638 In
order to evaluate their interaction under the chosen reaction conditions (250 °C; reactor
inlet: 40 vol%(rx) H,, 4770 ppbv(rx) H,Se, balance Ar), blank experiments involving only the
Al, O, support were performed. These experiments show the formation of a Se phase in dry
gas atmosphere as revealed by post-experimental analysis of the sorbent by ICP-MS (7700x,
Agilent; about 1.3 mgge gSmbem'l, measured from solution of the digested support). This
finding is concurrent with earlier studies performed at lower temperatures>®. However, as
steam (5 vol%(rx)) was added to the gas mixture, no Se (below detection limit of 2 pise Esorbent >
measured by ICP-MS from solution of the digested support) on the Al,O, support could
be detected. These findings indicate that steam has a major, negative effect on sorbent
capacity of Al,O,. An estimation of the chemisorbed H, 0O, based on literature data®®, show
that stoichiometric breakthrough times of H, O in our work can be expected to be in the range
of seconds. It is here proposed that H,O and H,Se adsorb onto similar sites of the Al,O,, while
H, O appears to adsorb stronger. That implies that the Al, O, first dries the gas passing through
the bed, allowing downstream adsorption of H,Se. As the H,O front progresses through the
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bed, H,Se is replaced by H,O. At these reaction conditions, the sorption of H,Se onto the
support might therefore play a minor role. The result of a sorption experiment that involves
0.89 wt% Zn/Al, O, in a gas atmosphere without steam is shown in Fig. 6.9a.
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Figure 6.9 — (a) Breakthrough curve for steam content of 0 vol% (0.89 wt% Zn/Al2 03, 250 °C; reactor inlet: 40 vol%(rx)
H2, 4770 ppbv(rx) H2 Se, balance Ar); (b) breakthrough curves for three different steam contents of 2, 5 and 10 vol%(rx)
(0.89 wt% Zn/AlZOS, 250 °C; reactor inlet: 40 vol%(rx) H2, 4770 ppbv(rx) HZSe, balance Ar). The inset depicts the
outlet concentration for the timeframe 0 to 5 min. The dashed green line marks the breakthrough concentration (y =
500 ppbv(rx)).

The depicted curve has a characteristic that can be divided into two sections. In the first
20 min, the outlet concentration of the reactor is close to the detection limit of the analytical
system. Based on the inlet concentration of 4770 ppbv(rx) this translates into a H,Se removal
efficiency of at least 99.98 %. Then an increase in H,Se outlet concentration to approximately
100 ppbv(rx) is observed. This concentration remains constant until the end of the experiment,
for which, in the given time-frame, no breakthrough was observed. The fact that the stoichio-
metric breakthrough time of 130 min is surpassed, indicates that next to the sorption of H,Se
by the Zn phases, also a significant contribution by the support has to be considered under
dry conditions.
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Because the raw gas of IGCC processes contains steam to significant amounts, in the follow-
ing the focus of this work will lie on experiments containing steam. Breakthrough curves for
three different steam contents of 2,5 and 10vol%(rx) in a reducing gas atmosphere (40 vol%(rx)
H,) with a 0.89 wt% Zn/Al,O, sorbent at a temperature of 250 °C are given in Fig. 6.9b. All
observed breakthrough curves, involving steam in the gas phase, have a similar characteristic
which can be divided into three sections. In the first few minutes before breakthrough, similar
to experiments without steam content, the outlet concentration of the reactor is close to the
detection limit of the analytical system. A difference in H,Se outlet concentration for the
varying steam contents cannot be detected at this stage, which is concurrent with thermo-
dynamic calculations that indicate equilibrium concentrations below 10 pptv (assuming a
7ZnO phase), thus being below the detection capabilities of the employed analytical method.
In the following, second section, at breakthrough, the H,Se outlet concentration increases
strongly to about 70 % of the inlet concentration. This is followed by a much slower, asymp-
totic increase in outlet concentration in the third section. In this figure, breakthrough curves
for steam contents of 2 and 5vol%(rx) are virtually identical, considering the measurement
error. The breakthrough curve for 10 vol%(rx) steam content, on the other hand, has a shorter
breakthrough time (approximately 6 versus 8 min) and shows a slower increase in outlet con-
centration in the third section. The observed Zn conversion of about 5 to 6 % as well as the
actual breakthrough time compared to the stoichiometric one (where the ratio ¢ 500/ t5s,s¢
can equal ¢zno (tgt,500) only if a step increase in H,Se outlet concentration is assumed) are low
which is concurrent with previous work on the sorption of H,Se by supported Zn (Zn,TiO,) **.
The influence of steam on the sorption capacity of H,Se is strongest in the dilute region as
indicated by experiments with 2 vol%(rx) and no steam content. The difference in shape for
experiments with increasing steam content can be explained by the less favourable equilib-
rium H,Se to ZnSe and/or competitive adsorption of H,Se and H,O on Zn. Due to the fact
that both equilibrium constants for ZnO as well as ZnAl, O, are much larger than unity, no
inferences from the observed responses to a change in steam content on the actually present
Zn phase can be drawn.

The shape of the breakthrough curves with an initial strong increase in H, Se outlet con-
centration, followed by a much slower increase, can be interpreted in different ways. While
H,Se interactions with the support might still play a role, this is assumed to be minor at this
temperature and steam content. Therefore, two interpretations are possible. Firstly, the reac-
tion of H,Se with only one kind of exchange site on the active phase. This reaction proceeds
fast initially and slows down considerably afterwards. This interpretation could be explained
by an initial fast reaction of H,Se with the surface ZnO. Assuming similarity to the sulfidation
of ZnO, this could be followed by a slower solid state diffusion process where Zn?** and 0?~
ions diffuse through the ZnSe layer to the ZnSe/gas interface where they react to form ZnSe
and H,0%"7. The second interpretation is the parallel reaction of H,Se with two different
exchange sites that proceed at different rates. This could be explained by the presence of a
ZnO as well as ZnAl, O, phase on the support. Previous work shows that the reaction of H, S
with ZnO proceeds much faster than that with ZnAl,O, 54, Again, assuming that sulfidation
studies can act as an indication, the initial, steep increase in the observed breakthrough curve
would mainly be caused by the rapid reaction of H,Se with ZnO while the subsequent flatter
section would be mainly represented by the slow reaction of H,Se with ZnAl,0,.
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Effect of temperature
Breakthrough curves for three different temperatures 150, 250 and 350 °C with a 0.89 wt%
Zn/Al,O, sorbent a steam content of 5 and 40 vol%(rx) H, are given in Fig. 6.10.
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Figure 6.10 - Breakthrough curves for three different reactor temperatures of 150, 250 and 350 °C (0.89 wt% Zn/Al, Oy;
reactor inlet: 40 vol%(rx) H,, 5vol%(rx) H, 0, 4770 ppbv(rx) H, Se, balance Ar). The inset depicts the outlet concentra-
tion for the time frame 0 to 10 min. The dashed green line marks the breakthrough concentration (y = 500 ppbv(rx)).

While at 150 and 250 °C initially very low H,Se outlet concentrations close to the detection
limit are observed, at 350 °C, an almost immediate increase in concentration is observed.
Decreasing the reaction temperature from 350 to 150 °C doubles the sorbent capacity from
0.56 to 1.13 mgge gs()rbem'1 while the effect between 350 and 250 °C is much less pronounced.
The breakthrough curve at 150 °C shows a much slower increase in the second section than
seen at higher temperatures. Assuming a reaction of H,Se with Zn, expected effects can
be based on thermodynamic equilibrium as well as kinetic considerations. For both ZnO
and ZnAl,O,, the equilibrium constants decrease when moving from 150 to 350 °C (ZnO:
10'2 - 108; ZnAl,0, 107 — 10°), making the reaction to form ZnSe less favourable. However,
the equilibrium remains on the right side of the reactions. On the other hand, with increasing
temperature, both reaction rates and the mass transfer of H, Se to the active sites on the sorbent
increase, suggesting an increase in Zn conversion. However, the contrary is observed. This
indicates that at decreased temperatures, physisorption of H,Se and the equilibrium of the
underlying reactions have to be considered as well.

Effect of Zn loading

The loading of the active phase is one of the key factors that influence the breakthrough
behaviour of the sorbent. The effects of the Zn loading on the breakthrough curves are
depicted in Fig. 6.11. In these experiments, two Zn/Al,O, sorbents with 0.89 and 8.21 wt% Zn
content were evaluated at 250 °C in a gas atmosphere containing 40 vol%(rx) H,, 5 vol% (rx)
H,0 and the balance Ar. Both sorbents show low H,Se outlet concentrations in the first section
of the breakthrough curve. Based on thermodynamic considerations, outlet concentrations of
121 ppbv and 5 pptv are expected in case of pure ZnAl, O, and ZnO phases, respectively. This
suggests that already at a low Zn loading of 0.89 wt%, a ZnO phase exists while no statement
on the existence of a ZnAl,O, phase can be made. An increase in Zn loading results in an
increased breakthrough time as well as capacity.
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Figure 6.11 - Breakthrough curves for two Zn/Al, O, sorbents with different Zn loadings of 0.89 wt% and 8.21 wt%
(250 °C; reactor inlet: 40 vol%(rx) H2, 5vol%/(rx) HZO, 4770 ppbv(rx) H2 Se, balance Ar). The inset depicts the outlet
concentration for the time-frame 0 to 75 min. The dashed green line marks the breakthrough concentration (y =
500 ppbv(rx)).

The conversion of ZnO {zno (tgi500), at the same time, remains almost constant with a
slight decrease in conversion for the higher Zn loading, that, in part, can be related to the
decreased BET surface area of the sorbent. This implies that the retention of Se, for the
given experimental parameters, is mainly dependent on the Zn loading of the sorbent. Other
parameters such as physisorption appear to play a minor role compared to the removal of Se
by Zn.
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7.1. Conclusions

T HE PRESENT study addressed two aspects of the gas cleanup chain in gasification pro-
cesses: The analysis of gas contaminants and subsequently their retention. The following

paragraphs provide detailed conclusions of Chapters 3 to 6 which formed the main body of

this thesis.

Adsorption of thiophene by activated carbon

This study investigated the adsorption of thiophene from a C,H,S/Ar gas mixture onto acti-
vated carbon experimentally and by means of a model. Experiments were performed in the
temperature range from 100 to 200 °C with different thiophene inlet concentrations (8.5 to
30 ppmv) and gas flow rates (30 to 55 Nml min™!). Variation of temperature had the strongest
effect in these experiments with breakthrough capacities ranging from 7 to 138 mmolkg ™! at
200 and 100 °C, respectively.

In order to describe the dynamics of adsorption, a 1D mathematical model (LDF approach,
including axial dispersion, isothermal) was developed. The effect of all model parameters,
including assumptions concerning the type of isotherm model and axial dispersion correlation
on breakthrough behaviour were investigated using a global sensitivity analysis (GSA). Based
on the chosen range of input factors, the analysis indicated that the type of isotherm model,
axial dispersion correlation and temperature have a major effect on the breakthrough time.
The slope of the breakthrough curve, on the other hand, is strongly affected by both the
isotherm model and axial dispersion correlation. When employing an optimal set of model
input factors, experimental and modelling results showed good agreement with deviations
between measured and predicted breakthrough times and capacities being well below 15 %.

The work shows that activated carbons are a valid option for thiophene removal from the
gas phase. When modeling such process units, performing a sensitivity analysis has several
benefits. It aids to gain further process insight by understanding the linkage between input
factors, model outputs and their importance on them. At the same time, it can help to increase
the model quality by unveiling possible model errors and giving guidance where an improved
parameter uncertainty has most effect on overall quality.

High temperature conversion of thiophene over CaO
The effect of H,, H,O and H,S on the conversion of thiophene over a fixed bed reactor with
CaO as bed material was investigated. The performed experiments were planed on the basis
of a full factorial design with a total of eight experiments (without repetition experiments).
The obtained experimental results were fitted to a linear model with interactions and then
analysed for their statistical significance by means of a normal plot.

The results show that H,O and H,S have a major negative effect on thiophene conversion
while that of H, is less pronounced. The screening helped to show a direction for future
experiments which will involve a detailed modelling of the thiophene reaction.

Online tar measurement by UV-Vis spectroscopy
In this study, a new online UV-Vis method was developed and proved to be a readily applicable
measurement method for the detection of tar compounds in process gases obtained from
wood gasification. Two cases of application for the method were tested.

In situations where the tar composition is diverse (e.g. before tar treatment), quantitative
analysis is impeded by several factors. A high number and spectral overlap (collinearity) of
tar compounds will cause an increased variance of the predicted concentrations. Because
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the product of concentration and extinction coefficient of tar compounds can span over
orders of magnitude, tar compounds with high absorbance might mask the presence of tar
compounds with smaller ones. In such situations the method cannot replace more expensive
online analytical tools, but still provide qualitative information for process monitoring. Strip
charts, plotting the absorbance of selected wavelengths versus time, can give an indication
on the process stability. The absence of high molecular tar compounds, which are known to
cause condensation issues, can easily be monitored because they tend to absorb light at higher
wavelengths .

Quantitative analysis becomes feasible when the number of tar compounds is limited
(e.g. after tar treatment). Tar compound concentration profiles across a lab-scale reformer
were obtained by means of a classical least squares (CLS) approach for spectra decomposition.
Concentration predictions for the three involved tar compounds benzene, toluene and naph-
thalene were comparable to those obtained by GC-FID as a reference method. More complex
spectra, collected after a pilot-scale gas scrubber, were analysed by a partial least squares (PLS)
calibration and showed good results for five tar compounds.

Detection and retention of selenium

In this study, a new analytical method for the online detection of H,Se in reducing gas atmo-
sphere has been developed and been employed as a tool for the performance evaluation of a
Zn/Al,O, sorbent.

Using a direct gas inlet on an ICP-MS in combination with matrix matched calibration,
H,Se can reliably be detected with high temporal resolution (> 1Hz). The calculated and
verified detection limit lies below 1 ppbv(rx), thus being comparable to current offline methods.

The case study which evaluated a Zn/Ale3 sorbent, shows that the material can act as
a sorbent for H,Se capture in a simplified, reducing gas atmosphere, containing H,, H,O
and Ar. Observed Zn conversions were generally low (4.6 to 10.5%). The Al,O, support
itself captures H,Se under dry reaction conditions. However, already the addition of small
amounts of steam drastically reduce the observed sorption capacity, indicating competitive
adsorption of H,O and H,Se on the support. In case of Zn/Al,O,, a further increase in steam
content from 2 to 5vol% (rx) shows little influence on the breakthrough behaviour while an
increase to 10vol%(rx), again, results in a decrease in Se sorption capacity. A decrease in
reaction temperature from 350 to 250 °C results in a minor increase in sorption capacity.
Decreasing the temperature further to 150 °C, however, significantly increases the sorption
capacity, indicating that under low temperature operating conditions, further adsorption
mechanisms (physisorption) might have to be considered as well. Increasing the loading of
the active phase (Zn) results in an according increase in sorption capacity.
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7.2. Outlook

The work performed in the course of this thesis can serve as a nucleus for further research
beyond the set scopes. The following paragraphs provide suggestions, organized by the
respective topics.

Adsorption of thiophene by activated carbon

* The sensitivity analysis was able to provide information regarding the effect of the individual
input factors on the outputs. However, the exact propagation of the variance inside the model
remains opaque to the modeller. Performing a network analysis might help to elucidate
which model paths have a strong effect on the sensitivity if multiple paths can act on the
output at the same time.

e The presented model describes and investigates the removal of thiophene from an inert
carrier gas stream (Ar) by activated carbon. However, the gas atmosphere in gasification
processes is expected to contain more gas species which could interact with the sorbent
as well as sorbate, thereby causing a change in the breakthrough behaviour. Further work
should therefore include:

(i) Use an experimental design of experiments to evaluate the effect of gas components
on the breakthrough behaviour. These species should not only include the major gas
components (H,, CO, CO,, CH,, H,0)*® but also gas contaminants, including H,S°
and tar compounds "%,

(ii) Having determined gas components with significant effect on the breakthrough curve,
more extensive measurements have to be performed to describe the multicomponent
adsorption isotherms. A common model to describe the isotherms is the extended
Langmuir isotherm model®.

(iii) Describe the resulting multiple transition system by means of a mathematical model '°.

* The obtained, extended model may then be implemented into different gas cleanup chains
to find optimal operating conditions of the unit and evaluate the economic potential of using
activated carbons as a sorbent in gasification processes.

High temperature conversion of thiophene over CaO
The present preliminary study demonstrated that CaO can be used to convert thiophene at
high temperatures. On this basis, additional work should include:

* Development of mechanistic models of the Langmuir-Hinshelwood type to describe the
decomposition of thiophene.

— An extended screening design should evaluate the effect of further gas species such
as CO'! and gas contaminants, including tars and HCl'? that could affect the catalyst
performance. The outcome is a set of gas species, having a major effect on thiophene
conversion.

— Based on the determined set, further experiments should be performed to allow pa-
rameter estimation of several proposed models and subsequent model discrimination.

* Thiophene conversions in this study were determined after signal stabilization for more
than 1 h. This approach is valid when an application of CaO in the gasifier or in a packed bed
reactor is envisaged. When applied as an entrained flow sorbent with subsequent separation
at the hot gas filter, shorter time spans should be investigated (3 to 12min '3'%).
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* The obtained kinetic model may then be implemented into an techno-economic model to
help evaluate the operating and capital costs associated with plants that feature gas cleaning
units based on either disposable or regenerable sorbents or a mixture thereof.

Online tar measurement by UV-Vis spectroscopy

e The liquid quench sampling system was substantially improved over its predecessor, em-
ployed in previous studies '>'5. These improvements include the incorporation of automated
flow meters for liquid and gas streams exiting the separator (see Fig. 5.2), a densimeter to
determine the water content, an automated sampling unit as well as a process control system.
Further steps should include:

— The measurement of the liquid phase tar compound concentration is subject to several
sources of uncertainty, as partly studied and discussed by Kaufman Rechulski'”. A
rigorous variation of these factors can help indicate major sources of uncertainty and
reveal opportunities for optimization.

— The possible slip of tar compounds through the gas stream, thereby escaping the liquid
phase measurement has to be accounted for. Preliminary experiments by Rechulski
et al. ' focused on the tar model compound toluene. However, additional experiments,
including sulphur and nitrogen containing hydrocarbons as well as tar compounds
with high vapour pressure (e.g. thiophene, phenol, benzene, styrene, xylene) should be
conducted.

— Gas sampling is currently restricted to particulate free gas in order to avoid clogging
of the sampling lance, downstream tubing as well as equipment. The analysis of
particulate-laden gas (e.g. directly after the gasifier) therefore involves a filtration step,
typically performed by an inertial filter. Both the filter cake '® and the filter material
itself can catalyse the decomposition of tar compounds, in that altering the initial
gas composition. Future work should therefore focus on the development of novel
sampling techniques to help solve this dilemma.

e Applying a liquid quench sampling system to the gas phase analysis of tar compounds offers
several advantages as discussed in Chapter 5. The system’s residence time of =10 min doesn’t
allow for real-time monitoring, however. Shortening the tubing or increasing the flow rates
cause a decrease in capture efficiency '° and are therefore not and option. An alternative is to
perform the UV-Vis analysis in-situin the gas phase. Patuzzi et al. '° made a step towards this
direction by using a LED based UV-Vis measurement cell. The obtained four point spectra
obstruct quantification, however. Thus, the current work performed a proof-of-concept
experiment for UV-Vis gas phase measurement (Appendix D.4). Based on these promising
results, upcoming work should include the integration of a heated, inert (SilcoNert 2000,
SilcoTek) measurement cell and the extension of the component spectra database.

The employed liquid quench sampling system exhibits a residence time distribution (RTD)
that deviates from plug flow (see Section 5.2). Analysing a transient process could therefore
lead to erroneous conclusions as the measured response comprises in fact a convolution
of the process’s signal and the RTD of the sampling system. Further work should therefore
develop a RTD model of the sampling system in the first step and then use it to deconvolute
the measured signal >*?!.

The described RTD characteristics of the sampling system might as well be used to the
experimenter’s benefit. Preliminary experiments should investigate whether tar classes differ



7.2. Outlook 143

in their RTD characteristics. This 'chromatograpic effect’ could help to analyse complex tar
mixtures by means of UV-Vis spectroscopy.

Detection and retention of selenium

* The gas matrix is currently limited to H,, H,O and Ar. Future H,Se sorption experiments
should also include other gaseous species which could affect the Se sorption capacity such as
H,S, CO and CO,. Associated matrix effects in the ICP-MS may be circumvented by applying
more advanced calibration strategies (e.g. internal standard) as discussed in Section 6.2.3.

¢ In the current work, ZnO was chosen as an H,Se sorbent. This choice was based on the
similarity of Se and S (same group in periodic table) in the first step and the fact that ZnO
is an established sorbent for H, S retention in the second 22 Further work should employ a
more rational approach to the selection of sorbent materials which may include:

(i) Athermodynamic screening of single metal oxides?>?* to identify potential materials
that are suited for H, Se capture in gasification atmosphere at warm to hot temperatures.
(ii) Perform validation experiments of these selected materials.
(iii) Investigate composite materials that may combine the properties of individual metal
oxides.

This work focused on the detection of H,Se. The developed method can, however, also be
applied to the measurement of further trace contaminants, including Hg®, AsH, and PHj.
Preliminary work and the successful calibration of these three contaminants in gasification
atmosphere is presented in Appendix E.8. Applying matrix-matched calibration, the individ-
ually calculated detection limits were <0.01 ppbv for Hg?, <0.1 ppbv for AsH, and <2 ppbv
for PH;, thus being comparable to current offline methods. The method therefore provides
a quick and robust tool for the lab-scale investigation of further trace contaminants and
sorbent materials.




144

References

References

(10]

(11]

[12]

(13]

(14]

Heinz-Helmut Perkampus. UV-VIS Atlas of Organic Compounds. VCH, Weinheim, 2"
edition, 1992.

Harry Marsh. Activated Carbon. Elsevier, Amsterdam, 2006.

A. M. Mastral, T. Garcia, R. Murillo, M. S. Callen, J. M. Lopez, and M. V. Navarro. Moisture
effects on the phenanthrene adsorption capacity by carbonaceous materials. Energy &
Fuels, 16(1):205-210, 2002.

Nan Qi and M. Douglas LeVan. Coadsorption of organic compounds and water vapor
on BPIl activated carbon. 5. methyl ethyl ketone, methyl isobutyl ketone, toluene, and
modeling. Industrial & Engineering Chemistry Research, 44(10):3733-3741, 2005.

Nathalie Casas, Johanna Schell, Ronny Pini, and Marco Mazzotti. Fixed bed adsorption
of CO2/h2 mixtures on activated carbon: experiments and modeling. Adsorption, 18(2):
143-161, 2012.

EJ. Gutiérrez Ortiz, P. G. Aguilera, and P. Ollero. Modeling and simulation of the adsorption
of biogas hydrogen sulfide on treated sewage—sludge. Chemical Engineering Journal, 253:
305-315, 2014.

Romain Chauveau, Georges Grévillot, Stéphanie Marsteau, and Cécile Vallieres. Values
of the mass transfer coefficient of the linear driving force model for voc adsorption on
activated carbons. Chemical Engineering Research and Design, 91(5):955-962, 2013.

Kaushal Naresh Gupta, Nandagiri Jagannatha Rao, and Govind Kumar Agarwal. Gaseous
phase adsorption of volatile organic compounds on granular activated carbon. Chemical
Engineering Communications, 202(3):384-401, 2015.

R. T. Yang. Gas separation by adsorption processes. Series on chemical engineering.
Butterworths, Boston, 1987.

Douglas M. Ruthven. Principles of adsorption and adsorption processes. Wiley, New York,
1984.

Pekka A. Simell, Nina A. K. Hakala, Heikki E. Haario, and A. Outi I. Krause. Catalytic
decomposition of gasification gas tar with benzene as the model compound. Industrial &
Engineering Chemistry Research, 36(1):42-51, 1997.

José Corella, José M. Toledo, and Gregorio Molina. Performance of cao and mgo for the
hot gas clean up in gasification of a chlorine-containing (rdf) feedstock. Bioresource
Technology, 99(16):7539-7544, 2008.

M. Lupion, B. Navarrete, B. Alonso-Farifas, and M. Rodriguez-Galan. Hot gas filters for
coal-based power generation systems: Operating experiences. Fuel, 108:24-30, 2013.

U. Rhyner, R. Mai, H. Leibold, and S. M. A. Biollaz. Dynamic pressure measurements of a
hot gas filter as a diagnostic tool to assess the time dependent performance. Biomass &
Bioenergy, 53:72-80, 2013.



References 145

[15]

[16]

(17]

(18]

[19]

[20]

[21]

(22]

(23]

[24]

M. D. K. Rechulski, J. Schneebeli, S. Geiger, T. J. Schildhauer, S. M. A. Biollaz, and C. Ludwig.
Liquid-quench sampling system for the analysis of gas streams from biomass gasification
processes. part 1: Sampling noncondensable compounds. Energy & Fuels, 26(12):7308—
7315, 2012.

M. D. K. Rechulski, J. Schneebeli, S. Geiger, T.J. Schildhauer, S. M. A. Biollaz, and C. Ludwig.
Liquid-quench sampling system for the analysis of gas streams from biomass gasification
processes. part 2: Sampling condensable compounds. Energy & Fuels, 26(10):6358-6365,
2012.

Marcelo Daniel Kaufman Rechulski. Catalysts for High Temperature Gas Cleaning in the
Production of Synthetic Natural Gas from Biomass. Thesis, 2012.

R. S. Blissett and N. A. Rowson. A review of the multi-component utilisation of coal fly
ash. Fuel, 97:1-23, 2012.

Francesco Patuzzi, Davide Roveda, Tanja Mimmo, Jiirgen Karl, and Marco Baratieri. A
comparison between on-line and off-line tar analysis methods applied to common reed
pyrolysis. Fuel, 111:689-695, 2013.

Octave Levenspiel. Chemical reaction engineering. Wiley, New York, 3" edition, 1999.

Christian H. Hornung and Malcolm R. Mackley. The measurement and characterisation
of residence time distributions for laminar liquid flow in plastic microcapillary arrays.
Chemical Engineering Science, 64(17):3889-3902, 2009.

Amir Moezzi, Andrew M. McDonagh, and Michael B. Cortie. Zinc oxide particles: Synthe-
sis, properties and applications. Chemical Engineering Journal, 185:1-22, 2012.

Phillip R. Westmoreland, James B. Gibson, and Douglas P. Harrison. Comparative kinet-
ics of high-temperature reaction between hydrogen sulfide and selected metal oxides.
Environmental Science & Technology, 11(5):488-491, 1977.

Vincent Girard, Arnaud Baudot, David Chiche, Delphine Bazer-Bachi, Christine Bounie,
and Christophe Geantet. Rational selection of single oxide sorbents for syngas desulfuriza-
tion regenerable at reduced temperature: Thermochemical calculations and experimental
study. Fuel, 128:220-230, 2014.







A

Co-Authorships

147






149

Applied kinetics for modeling of reactive hot gas filters

First order kinetics were developed based on experimental results of a noble metal catalyst.
Activation energies and pre-exponential factors were determined by parameter estimation for
steam reforming of tars, sulphur tars and ethene. The formation of ethane and benzene was as-
sumed to be at constant rate depending on the decomposition of ethene and toluene respectively.
Further, for steam reforming of methane and water gas shift reaction, the kinetic parameters of
Langmuir-Hinshelwood-Hougen-Watson (LHHW) type rate laws including equilibrium term
and adsorption of sulphur could be determined. With the applied kinetics, catalytic tar conver-
sion of producer gas from biomass gasification was simulated. Simulation results at operating
temperatures of 850 °C showed significantly higher conversions rates for sulphur free tars, ethene
and methane than at 600 °C or 750 °C while the conversion of sulphur tars was less temperature
dependent and high at all temperatures. The simulation results were used to evaluate different
possibilities regarding the integration of catalytic material into hot gas filter units with vertical
and horizontal filter design. The option of catalytic active filter elements, additional catalytic
foam type packing at the inside of the filter element and a monolith at the exit of the filter vessel
are feasible assuming the same catalyst material as applied in the reforming catalyst used in
this study. These three options can be applied independently of the horizontal or vertical filter
design. Placing a catalytic monolith or foam structure at the filter candle exit of a horizontal
filter design was found to be unrealistic because the monolith or foam structure would be too
long to reach sulfur tar concentrations below 1 ppmu.

Author’s contributions to this publication:
(i) Planned/performed > 90 % of experiments
(i) Implemented/validated methods for tar quantification (GC-FID/GC-SCD)
(iii) Programmed code for data treatment/evaluation of experiments
(iv) Performed analysis of mass transfer limitations
(v) Implemented/validated kinetic model
(vi) Substantial contribution to interpretation of the results

The contents of this section have been published in Appl. Energy 113, 766 (2014), 1. A comprehensive overview of the
original work can be found in?.
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« Applied first order kinetics could be
developed for a noble metal catalyst.

« Activation energies were determined
for steam reforming of tars and sulfur
tars.

« Catalytic tar conversion of producer
gas from biomass gasification was
simulated.

« Possibilities regarding catalyst
integration into hot gas filter units
were evaluated.
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First order kinetics were developed based on experimental results of a noble metal catalyst. Activation
energies and pre-exponential factors were determined by parameter estimation for steam reforming of
tars, sulfur tars and ethene. The formation of ethane and benzene was assumed to be at constant rate
depending on the decomposition of ethene and toluene respectively. Further, for steam reforming of
methane and water gas shift reaction, the kinetic parameters of Langmuir-Hinshelwood-Hougen-Wat-
son (LHHW) type rate laws including equilibrium term and adsorption of sulfur could be determined.

With the applied kinetics, catalytic tar conversion of producer gas from biomass gasification was sim-
ulated. Simulation results at operating temperatures of 850 °C showed significantly higher conversions
rates for sulfur free tars, ethene and methane than at 600 °C or 750 °C while the conversion of sulfur tars
was less temperature dependent and high at all temperatures.

The simulation results were used to evaluate different possibilities regarding the integration of cata-
Iytic material into hot gas filter units with vertical and horizontal filter design. The option of catalytic
active filter elements, additional catalytic foam type packing at the inside of the filter element and a
monolith at the exit of the filter vessel are feasible assuming the same catalyst material as applied in
the reforming catalyst used in this study. These three options can be applied independently of the hor-
izontal or vertical filter design. Placing a catalytic monolith or foam structure at the filter candle exit
of a horizontal filter design was found to be unrealistic because the monolith or foam structure would
be too long to reach sulfur tar concentrations below 1 ppm V.

© 2013 Elsevier Ltd. All rights reserved.
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Experimental study on high temperature catalytic conversion
of tars and organic sulfur compounds

A 400 cpsi noble metal catalyst was used to test the conversion of tars and sulphur containing
hydrocarbons in the presence of steam, hydrogen sulphide and ethene. In order to reproduce
producer gas from biomass gasification, higher molecular hydrocarbons (toluene, naphthalene,
phenanthrene, pyrene) and sulphur containing hydrocarbons (thiophene, benzothiophene,
dibenzothiophene) were added to a syngas. The syngas consisted of H, , CH, , H,0, CO, CO,
and N, . The catalyst was operated at temperatures between 620 and 750 °C and at gas hourly
space velocity (GHSV) of 9000 h'! and 18'000 ™! . Conversions of sulphur containing hydrocar-
bons (41-99.6 %) were on average higher than conversions of sulphur free tars (0-47 %). High
temperature, low GHSV, low steam and sulphur content favoured high conversions of tars and
sulphur tars. As the catalyst was able to decompose sulphur tars under operating conditions
close to a real wood gasification plant, it is possible to use it for hot gas cleaning in any process
that includes sulphur sensitive catalysts such as fuel cells, liquid fuel synthesis or methanation
processes. In such processes, H,S produced by the reforming catalyst from sulphur tars can be
captured downstream of the reformer in a metal oxide bed such as ZnO.

Author’s contributions to this publication:
(i) Planned/performed >90 % of experiments
(ii) Implemented/validated methods for tar quantification (GC-FID/GC-SCD)
(iii) Programmed code for data treatment/evaluation of experiments
(iv) Performed analysis of mass transfer limitations
(v) Substantial contribution to interpretation of the results

The contents of this section have been published in the Int. J. Hydrogen Energy 39, 4926 (2014) 3. A comprehensive
overview of the original work can be found in?.
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A 400 cpsi noble metal catalyst was used to test the conversion of tars and sulfur con-
taining hydrocarbons in the presence of steam, hydrogen sulfide and ethene. In order to
reproduce producer gas from biomass gasification, higher molecular hydrocarbons
(toluene, naphthalene, phenanthrene, pyrene) and sulfur containing hydrocarbons (thio-
phene, benzothiophene, dibenzothiophene) were added to a syngas. The syngas consisted
of H,, CHy, H,0, CO, CO, and N,. The catalyst was operated at temperatures between 620 °C
and 750 °C and at gas hourly space velocity (GHSV) of 9000 h~* and 18,000 h™*.
Conversions of sulfur containing hydrocarbons (41-99.6%) were on average higher than
conversions of sulfur free tars (0—47%). High temperature, low GHSV, low steam and sulfur
content favored high conversions of tars and sulfur tars. As the catalyst was able to
decompose sulfur tars under operating conditions close to a real wood gasification plant, it
is possible to use it for hot gas cleaning in any process that includes sulfur sensitive cat-

Biomass alysts such as fuel cells, liquid fuel synthesis or methanation processes. In such processes,
H,S produced by the reforming catalyst from sulfur tars can be captured downstream of
the reformer in a metal oxide bed such as ZnO.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.
- State of the art gas cleaning requires cooling of the pro-
1. Introduction

ducer gas below 400 °C in order to fulfill the temperature limits
of the filtration system. Tars and steam will condensate in

An efficient and effective gas cleaning of producer gas from
thermo-chemical conversion of biomass is needed to protect
downstream equipment. Particulate matter, tars and con-
taminants reduce the performance of downstream equipment
such as catalysts, internal combustion engines or turbines.
Sulfur is known as poison for catalysts containing Ni, Cu, Co or
Fe. The removal of sulfur species is therefore crucial for any
process applying catalysts such as methanation, liquid fuel
synthesis or fuel cells.

* Corresponding author. Tel.: +41 56 310 27 06.
E-mail address: tilman.schildhauer@psi.ch (T.J. Schildhauer).

quenching columns operated at temperatures as low as 10 °C.
Sulfur species will be captured in cold absorbers such as
scrubbers (e.g. Selexol, Rectisol) or fixed beds (active carbon,
metal oxide).

Depending on the technology, exit temperatures of
biomass gasifiers can be as high as 850 °C supporting the
application of hot gas cleaning (HGC). It has been shown by
process modeling, that HGC allows significant efficiency im-
provements by avoiding cooling and reheating of the producer

0360-3199/$ — see front matter Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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B.1. Model flow chart
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Figure B.1 — Model flow chart of the adsorption model developed in Section 3.2. The chart visualizes how input factors
affect the model output through different layers of equations.
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B.2. Experimental results

Table B.1 - Experimental conditions and corresponding results for thiophene sorption experiments onto activated
carbon. A detailed discussion is provided in Section 3.4.2.

Run T (°C) Vo, Nmlmin?)  yo (ppmv) fgo (min)  ggo (mmolkg™") _

1 150 30.0 15.0 26 20
2 100 30.0 15.0 108 97
3 150 55.0 15.0 14 21
4 150 42.5 15.0 20 20
5 150 30.0 8.5 39 13
6 150 30.0 30.0 19 34
7 100 30.0 8.5 152 66
8 100 30.0 30.0 73 138
9 200 30.0 15.0 10 7
10 200 30.0 30.0 7 8
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B.3. Convergence plots
The employed elementary effects (EE) method is a sampling based approach to perform the
sensitivity analysis (SA) . While a too small sample may not yield robust results, an excessively
large one may not provide a significant improvement in precision. It is therefore important to
investigate how robust the obtained SA results are with respect to changes in sample size.

For this purpose, the normalized sensitivity measure S; is defined by taking the ratio
between EE; (see Eq. (3.40) on Page 41) and the maximum EEs across all input factors

EE;

=— (B.1)
maxEE;
1

Sj
Convergence was then investigated by taking sub-samples of the original sample and calculat-
ing the sensitivity indices and their uncertainty via the bootstrap technique?. Based on the
width of the 95 % confidence intervals of the individual sensitivity indices, a summary statistic
is calculated as

Stat= max (s’.‘”—s’.") (B.2)
j=lokeg V) J

where S;‘h and S jb define the upper and lower bounds of the sensitivity index S; and kgg the

number of input factors®.

Figure B.2 presents the computed statistic for the two model outputs #5p and sg9p,10 as a
function of the number of model evaluations. Herein, convergence is assumed to have been
reached below a threshold of 0.05°. The sensitivity indices for both model outputs converge
after 1.5 x 10% to 2.3 x 10* model evaluations.

—1t50 —Soo10
10° T T

Stat (-)

no of model evaluations (-) X 10*

Figure B.2 — Convergence statistics versus number of model evaluations for 50 and sgq,19. Convergence is assumed to
have been reached below a threshold of 0.05°.
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B.4. Numerical results of sensitivity analysis

Table B.2 — Numerical results of sensitivity analysis performed in Section 3.4.3 (EE: Elementary effect; STD: Standard

deviation of elementary effect)

0.03

I50 $90,10
Input factor Notation |EE| STD |EE]| STD
volume flow rate VtotN 1.20 0.21 0.0009 0.0008
feed mole fraction yInPpmv  0.60 0.53 0.0019 0.0019
column temperature TO 3.30 0.68 0.0039 0.0013
column pressure poO 0.63 042 0.0005 0.0006
column diameter di 0.22 0.37 0.0008 0.0009
particle diameter dp 0.13 0.08 0.0030 0.0015
pore radius re 0.08 0.07 0.0025 0.0014
bulk voidage epsBulk 0.03 0.08 0.0007 0.0018
bulk density rhoBulk 0.09 0.14 0.0020 0.0052
skeletal density rhoS 0.03 0.14 0.0007 0.0044
tortuosity tortuosity  0.09 0.09 0.0026 0.0015
bed mass mBed 0.29 0.17 0.0002 0.0007
isotherm model Isotherm  6.45 4.67 0.0113 0.0093
axial dispersion model DaxModel 4.03 5.28 0.0215 0.0272
B.5. EE plots without Henry isotherm
© DaxModel @ ViotN @ Isotherm © DaxModel @ TO @ tortuosity
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Figure B.3 - Plots of the standard deviation of elementary effects EE versus mean |EE| when omitting the Henry
isotherm as input factor. The six most important parameters in the legend are listed in decreasing order of importance.

(a) Key figure f50; (b) key figure sgp,10-
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B.6. Parallel coordinate plots

4.55e+01 1.85e+01 4.00e+02 1.52e+05 2.31e-03 1.53e-04 1.62e-09 4.00e-01 5.35e+02 2.64e+03 6.00e+00 2.03e-05 2.00e+00 8.00e+00 4.64e-0:
I I I T I I T I I I I I I I I

| | | |

3.96e+01 1.21e+01 3.96e+02 1.48e+05 1.67e-03 1.21e-04 9.76e-10 3.90e-01 4.59e+02 2.26e+03 2.00e+00 1.97e-05 1.00e+00 1.00e+00 2.20e-0x
N\ K
S IR R R e N N P o & o
N Q Q & o <@ © o
& & S SR IV
h) B < N & &
(@

4.55e+01 1.85e+01 4.00e+02 1.52e+05 2.31e-03 1.53e-04 1.62e-09 4.00e-01 5.35e+02 2.64e+03 6.00e+00 2.03e-05 2.00e+00 8.00e+00 4.64e-0:
o n N — T T T — T T

| | | |
3.96e+01 1.21e+01 3.96e+02 1.48e+05 1.67e-03 1.21e-04 9.76e-10 3.90e-01 4.59e+02 2.26e+03 2.00e+00 1.97e-05 1.00e+00 1.00e+00 2.20e-02
Q N N & R @ N\ \ R @
< & < N & & & ° S & & S S
& &8 & o e
N © < ) & o

Figure B.4 — Representation of sensitivity analysis results in parallel coordinate plots 4 The graphs aim to visualize
the grouping of axial dispersion correlations with respect to their effect on the breakthrough curve slope sqg,10 as
discussed in Section 3.4.3 by means of Fig. 3.11. In the given plots, grey lines comprise all data points while black lines
are brushed. Plots (a) and (b) contain results involving Henry and Langmuir isotherms. (a) Brushed for breakthrough
curve slopes sgp,10 < 0.028. These slopes correspond to DaxModels 2,3 and 5 (Hsu(i-ii), Wakao); (b) brushed for
breakthrough curve slopes sgg,19 > 0.037. These higher slopes correspond to DaxModels 1,4,6,7 and 8 (Edwards, Wen,
Ruthven, Koch, none).
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Figure B.4 — Cont. Plots (c) and (d) contain results involving the Téth isotherm. (c) Brushed for breakthrough curve
slopes sg0,10 < 0.034. These slopes correspond to DaxModels 2,3 and 5 (Hsu(i-ii), Wakao); (d) brushed for breakthrough
curve slopes sgg,10 > 0.047. These higher slopes correspond to DaxModels 1,4,6,7 and 8 (Edwards, Wen, Ruthven,

Koch, none).
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B.7. Effect of temperature on breakthrough behaviour

Figure B.5 — Predicted breakthrough curves for three reactor temperatures 100, 150 and 200 °C versus normalized time
T = tus/Lpeq (C4H,S inlet concentration: 15 ppmv, total flow rate: 30 Nml min’!)
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Figure B.6 — Evaluation of the effect of model parameters on internal model variables. For this purpose, a sensitivity
analysis, similarly to that described in Section 3.2.2 was performed. In this case, however, the respective model
variables are treated as the model output. The results are visualized for each model variable by plotting the standard
deviation of elementary effects EE versus the mean EE. The six most important parameters in the legend are listed in
decreasing order of importance.
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Figure B.6 — Calculated EE for model variables (cont.)
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High temperature conversion of
thiophene over CaO

C.1. SEM pictures

(a)

Figure C.1 - Scanning electron microscope pictures taken at 20’000x magnification. (a) Uncalcined limestone (CaCOSJ;
(b) calcined limestone (CaO) after calcination procedure described in Section 4.2.2.
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Online tar measurement by UV-Vis
spectroscopy

D.1. Experimental equipment

UV-Vis cell

Figure D.1 — Photograph of online UV-Vis measurement unit as described in Section 5.2.3. The depicted unit includes
a UV-Vis flow-through cell, light source and detector.
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Liquid flow
measurement

Control box

T s /\,—/\_/\/\/\2‘5—\7 Sampllng

/

Gas flow
measurement

Cooling box

Figure D.2 — Photograph of sampling system described in Section 5.2.2
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D.2. Partial least squares calibration
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Figure D.3 — Variation of the root mean squared error of cross-validation (RMSE-CV) as a function of number of PLS
components for different tar species: (a) Benzene; (b) toluene; (c) styrene; (d) indene; (e) naphthalene. Vertical lines
indicate the chosen number of PLS components as discussed in Section 5.2.5.
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Figure D.4 - Parity plots of the predicted versus observed tar species concentration, calculated for the calibration
set (see also Section 5.2.5). This set contains five tar compounds as factors at three levels, sampled by means of a
full factorial design (35 ). Semi-transparent data points allow visual estimation of the point density. (a) Benzene; (b)
toluene; (c) styrene; (d) indene; (e) naphthalene.
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Figure D.5 — Parity plots of the predicted versus observed tar species concentration, calculated for the validation set
(see also Section 5.2.5). This set contains five tar compounds as factors at six levels, sampled by means of a full factorial
design (6°). Semi-transparent data points allow visual estimation of the point density. (a) Benzene; (b) toluene; (c)
styrene; (d) indene; (e) naphthalene.
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D.3. Results of model gas case study

M1.A M1.B M2.A M2.B
B GC-FID 357 B GC-FID 1
= B UV-Vis = B UV-Vis
S 4t 3 S
= £
£ E25¢
637 3
5 5 2]
[&] (&)
g2 157
ke i)
5 S 1t
- -
0.5

(@) (b)

Figure D.6 — Comparison of tar concentrations in the liquid sample, measured by the UV-Vis and the GC-FID reference
method (see also Section 5.3.1). A total of four samples from two experiments (M1, M2) with two sampling positions
(A/B) each were analysed. (a) Experiment M1; (b) experiment M2.
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Figure D.7 — Plots containing UV-Vis spectra of the measured sample and predicted spectra of the individual tar
compounds. Spectra decomposition was performed by the classical least squares approach (CLS) as discussed in
Sections 5.2.5 and 5.3.1. A total of four samples from two experiments (M1, M2) with two sampling positions (A/B)
each were analysed. (a) Experiment M1, line A (M1.A); (b) experiment M1, line B (M1.B); (c) Experiment M2, line A
(M2.A); (d) experiment M2, line A (M2.B)
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D.4. Online gas phase tar measurement by UV-Vis spectroscopy

D.4.1. Experimental

The applicability of UV-Vis spectroscopy for gas phase measurement of UV-Vis active hydro-
carbons was demonstrated by means of a simple experimental setup, presented in Figs. D.8
and D.9. Thiophene (C,H,S) was chosen as a representative of (sulphur containing) hydro-
carbons. Its gas concentration was adjusted by pumping (syringe pump, PHD 2000, Harvard
Apparatus) saturated thiophene vapour into an Ar carrier gas flow. The obtained thiophene
concentration is hence a function of flow rates, temperature and pressure.

UV-Vis analysis was performed by sending this defined C,H,S/Ar mixture to a UV-Vis gas
cell (path length 2000 mm). The cell was connected to a deuterium, tungsten-halogen light
source (DH-2000-BAL, Ocean Optics) and a single beam spectrometer (USB2000+XR1, Ocean
Optics) by optical fibers. Spectra were recorded in the range 188 to 1032 nm at 0.4 nm intervals.
Typical spectral detection rates were about 0.27 Hz.

Light source

UV-Vis cell

Thiophene

Figure D.8 — Schematic representations of experimental setup for gas phase UV-Vis detection of thiophene

D.4.2. Results
In order to obtain a calibration curve, thiophene concentrations were varied in the range of 36
to 154 ppmv. Figure D.10a presents the recorded absorbance at 241.6 nm as a function of time.
The signal changes within seconds upon changing the inlet gas composition, an advantage
compared to response times in the order of several minutes when a sampling system coupled
with an UV-Vis is used.

The calculated calibration curve is given in Fig. D.10b. The calculated R? is good with
0.9919.
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Figure D.9 — (a) Photograph of experimental setup for gas phase UV-Vis detection of thiophene; (b) detailed view of
gas inlet of UV-Vis cell.
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Figure D.10 — Results of preliminary gas phase UV-Vis detection experiments. (a) Measured absorbance at 241.6 nm at
different thiophene concentrations versus time; (b) calibration curve for thiophene.



Detection and retention of
selenium

E.1. Estimation of expected Se emission limitation

Based on the final US EPA rule' concerning the emission of hazardous air pollutants (HAP)
an estimation of allowable H,Se concentrations in the producer gas of integrated gasification
combined cycle (IGCC) processes can be made. Because the control of Se concentration is
assumed to take place before the gas turbine (see Section 6.1) of the IGCC process, these
conditions lay the basis for the following calculations. The given Se emission limitation is
expressed by the parameter appa, defined as

Ib(Se) 0.4536kg(Se) h

=0. E.1
GEPATCSGWh ~ Ib(Se)  3600s ED
Based on this value, the allowable gas concentration ys. rp4 can be approximated as
V, LHYV,
Vse.spa = QEPA VimT]el coal P = 50 ppbv (E.2)

MSe
where V,,, represents the molar volume, 7,; the electric efficiency of the power plant (,; = 0.4),
LHV,,,; the lower heating value of coal (LHV,,,; = 24 MJkg™!) and Ms, the molecular weight

of Se. The parameter f describes the relation between the coal feed to the gasifier and the
exiting volumetric raw gas flow? as defined in

kg(coal)
3

B=0.48 (E.3)

Nm
E.2. Literature overview of matrix effects

The following two tables present a literature overview of effects of H, (Table E.1) and H,O
(Table E.2) encountered in ICP spectroscopy.
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Table E.1 - Literature overview regarding the effects of H, in ICP spectroscopy

Ref. Instrument Feed H, Other gases Plasma temperature Electron temperature Note
* Dry plasma
* Auto lens after each H, gas flow change (lens voltage decreases with increasing H,)
* General sensitivity increase (for 7’ Se factor 3), but dependent on elements. Decreasing sensitivity
above certain H, flow
. . . )
No evidence mow increased . » LOD generally decreased. For 7’ Se increase two fold due to increased H, polyatomic interfer-
3 . . plasma T (explained by un- ¢ Increased (because of higher A
LA-ICP-MS  Aerosol  (from 0-14 ml/min Ar 1.8 1/min . . ences in blank measurement
. . changed slope of lens calibra- doubly charged ratios) .
laser ablation) (central channel) He 11/min tion) * Maybe change in plasma geometry
fon * Difference in results to previous papers where negligible H, effects were observed explained by
different laser system (wavelength in specific)
* LA leads to complex aerosol with different particle sized and compositions (-> comparable to
measurement of gas molecules?)
* H, could be increased up to 15 vol% (120 ml/min). Higher flows (20 vol%, 160 ml/min) resulted
in pl: tincti
4 ICP-AES Aerosol  (from  0-150 ml/min Ar 0.651/min E.v asma m% Gn ton
| buli (central ch " » With H, addition plasma volume decreases
WM_“% nebuliza- —(central channe * More efficient slurry evaporation in H,~Ar plasma
* H, has higher thermal conduc-
tivity than Ar, so an increase in T
5 . . is expected when H, is increased * When H, is added the plasma changes (plasma pulls away from torch injector tube, plasma
1cp Aerosol wnwmmutﬂh: in- Ar2.21/min * 2000K increase when H, added * Increase of ~1500K volume decreases)
termediate as to central channel, for intermedi-
channel) 8 ate channel even higher
* H, addition caused significant increase of interferences from Ar based polyatomic ions. Interfer-
6 ICP-MS Aerosol 5vol% in nebu- Ar1.741/min ences from metal oxides were reduced, however
lizer gas * Wet plasma
* Wet plasma
« Slight signal increase for "*Se when H, added, then signal decrease of about 50% when reaching
50 ml/min H
7 _ _ ;i i 2
ICP-MS Aerosol 0-50 ml/min Ar1.641/min » Background signal on “3Se increases slightly (3.6%) when adding 20 ml/min H,
 Cautious, qualitative statement that S/B ratio increases slightly for most elements when adding
20 ml/min of H,
* Increase in excitation temperature (1000 K) when adding H,
8 ICP-AES Aerosol 0-50 ml/min Ar 0.651/min * Addition of 50 ml/min of H, to central channel improves energy transfer between ring plasma
and the injected species
¢ Dry plasma
* Assumed that H, addition would be beneficial to energy transfer processes between bulk plasma
d thi tral ch: 1
9 ICP-MS Gas 1-75ml/min~ Ar1-21/min ey o Canne

Signal of I in dependence of H, flow plotted. Results show that the signal increased by over
70% when adding 7.5 ml/min H,
Increased reflected power observed when H, added (30 W at 7.5 ml/min H,)
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E.3. Spectral analysis of signals measured with setup 2
Experiments with setup 2 were performed as described in Sections 2.2 and 6.3.1. Recorded
signals for the blank and 0.6 ppbv(rx) H,Se concentration experiments are given in Figs. E.1a
and E.1b, respectively. In order to find possible dominant frequencies in these time series,
periodograms were calculated for each case and are presented in Figs. E.1c and E.1d 2.

No dominant frequency can be observed for the experiment with 0 ppbv(rx) H,Se concen-
tration. This is coherent with the fact that the RDD was not rotating. However, at 0.6 ppbv(rx)
H,Se concentration, a feature at 18.8 min! is observed, a frequency that can be related to the
rotating disk speed of the RDD.
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Figure E.1 — Spectral analysis of signals measured with setup 2. (a) Time series for blank experiment (0 ppbv(rx)
H, Se); (b) time series for 0.6 ppbv(rx) H, Se experiment; (c) periodogram for blank experiment; (d) periodogram for
0.6 ppbv(rx) experiment.
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E.4. Calculation of physical properties of flow through sorbent
bed

Calculation of the physical properties of the fluid phase in the packed sorbent bed is based
on several assumptions. The viscosity of the fluid is calculated, assuming a binary H,-Ar
gas mixture '®. The gas density is calculated assuming ideal gases. Measured values of the
diffusivity of H,Se were not readily available. The diffusivity is therefore calculated from the
known, chemically similar, species H,S, based on the relationship of diffusivities to molecular
weight '

(E.4)

— ~1/2
MHzSe
Dpy,se =Dp,s | —=
Mp,s

In this equation, the D, refer to the diffusivities and M, to the molecular weights. Based on
the obtained diffusivity Dy, se, the diffusion coefficient Dy, se ar of H,Se in Ar is calculated
according to the Fuller equation '°.

The axial dispersion coefficient D is calculated according to

Dyx = DHZSe,Ar (1 -1 _eB) +

ugd
P (E.5)

where €3 refers to the bed porosity '°.

E.5. Equilibrium constants

15
ZnO
___ZnAI204

o 10}
€ L
9 ~
o) ~— _
o 5 -

O 1 1 1

100 200 300 400 500

Temperature (°C)

Figure E.2 — Equilibrium constants for the system ZnO + H,Se < ZnSe + H, O (blue) and for the system ZnAl, O, +
HZSe «—— 7ZnSe +A1203 + HZO (red - dashed)



E.6. Sorbent characterization 189

E.6. Sorbent characterization
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(b)

Figure E.3 - Scanning electron microscope pictures (a) of 0.89 wt% Zn/Al, O, sorbent before H, Se sorption experiment;
(b) of 0.89 wt% Zn/Al2 O3 sorbent after H, Se exposure.
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Figure E.4 - (a) N,y adsorption-desorption isotherms of Al, O, support and Zn/Al,O4 sorbent materials at 77 K; (b)
pore size distributions (as calculated by BJH method) of Al, O, support and Zn/Al, O, sorbent materials.
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E.7. Influence of operating conditions on sorbent capacity
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Table E.3 - Expected effects of temperature and steam content on H, Se capacities of Zn/Al, O sorbents

Reaction Temperature (1)

Steam content (1)

Notes

Physisorption !
Support

| (competitive adsorption)

* Both chemisorption and physisorption (capacity same OM) for H,Se
on alumina at room temperature (in N,, dry) have been reported 17

Chemisorption 1

| (competitive adsorption)

¢ 1 (reaction rate, eV j

Zn0O * 1 (mass transfer, T3/2)

Active Phase * \\ (equilibrium constant)

¢ \\ (equilibrium constant)
¢ \\ (competitive adsorption)

Reportedly more reactive than ZnAl, O, for sulfidation '®

Low H,Se equilibrium concentration (~10 pptv @ 10 vol% H,0,
250°C)

XRD analysis shows no indication that ZnO or ZnAl,O, phase exis-
tent on 0.89 wt% Zn/Al, O, sorbent (too high dispersion)
Sulfidation of ZnO involves two processes: Fast surface reaction.
Slow outward growth of remaining Zn to form Zns %2

o 1 (reaction rate, e 1/T)

ZnAl,O, e 1 (mass transfer, T3/2)
* \\ (equilibrium constant)

¢ \\ (equilibrium constant)
* \\ (competitive adsorption)

High H,Se equilibrium concentration (=242 ppbv @ 10 vol% H, 0,
250°C)

Phase maybe existent at low Zn loadings (indications by literature
but not measurable

Hmv
’
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E.8. Online detection of trace contaminants (Hg°, PH;, AsH,)
in reducing gasification atmosphere
E.8.1. Experimental

Two experimental setups, based on the Trace element setup described in Section 2.2, have
been employed in this work. The first one is based on setup 1, where the H,Se/H,, gas cylinder
was replaced for a gas cylinder containing a mixture of AsH, and PH, (48 ppmv AsH,, 55 ppmv
in H,).

Experiments involving the trace element Hg were performed in setup 3. A schematic of
which is given in Fig. E.5.

Hg permeation Scrubber

Ar

==

Waterbath

Reactor ICP-MS

H,

Xe/Ar

Al al

Figure E.5 — Schematic representation of the Trace element setup (setup 3) used for Hg calibration experiments

The setup shares many of the features of setup 1, but has been modified to include a
Hg® generation device. Steam generation was omitted in this setup. A constant Ar flow of
37.5 Nmlmin~! was passed along an Hg permeation tube (Vici). The Hg? permeation rate is
temperature dependent and controlled by means of a water bath. The Hg® containing gas flow
was either directed to a gas scrubber or towards an empty quartz reactor. The latter stream
was diluted by H,, Ar and an Xe/Ar mixture, where the Xe acted as an internal standard.

E.8.2. Results
Calibration
Calibration curves for all three analytes are shown in Fig. E.6.

The calibration results are summarized in Table E.4. The coefficients of determination for
all species are >0.998, indicating a good linear response. The detection limits for P is below
2 ppbv, while those of As (0.1 ppbv) and Hg (0.002 ppbv) are significantly lower.

Dynamic effects

The response time characteristics of an analytical method become of importance when tran-
sient processes such as sorption processes are studied. In order to investigate these character-
istics, step response and wash-out experiments involving AsH,, Hg and PH, were performed.
A signal increase of species AsH; and PH, is detected 2 to 8 s after analyte (2.4 to 2.7 ppmv)
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Figure E.6 — Calibration curves for (a) AsH3 measured on isotope 75As; (b) PH3 measured on isotope 31P; (c) Hg

measured on isotope 202Hg.

Table E.4 — Calibration results

199Hg ZOOHg ZOIHg 202Hg 75AS 31P

R2 0.9992 0.9992 0.9991 0.9990 0.9978 0.9982

LOD (ppbv(rx)) 0.003 0.003 0.004 0.002 0.1 1.6

Abundance 16.9 23.1 13.2 29.9 100 100

(mol/mol %)

Interferences?! 36Ar38ArHY  NT'6QTH*,
15N15N1H+,
15N160+,
14N17O+,
13C 180+,

IZC 1801H+
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addition to the inlet gas stream. 98 % of the stable signal was reached after 13 to 20s, de-
pending on analyte. The washout behaviour was analysed by stopping the analyte feed at a
certain point in time and observe the signal response. Both species show an initially steep
decrease in signal, followed by significant tailing. While this is of no direct consequence when
measuring breakthrough curves it can affect the time in-between measurements as detection
limits are increased due to the increased background levels. In case of the performed experi-
ments, detection limits of 4 to 7 ppbv were measured, 5 min after the contaminant addition
was stopped.

Experiments involving Hg® were performed at different concentration (8 ppbv) levels in
setup 3. The response time is similar to those of the other analytes, with a stable signal being
reached after 40 s. When Hg” addition is stopped, a 99 % decrease is observed after 1 min, and
the limit of detection after 5 min is 0.07 ppbv.
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