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Abstract
Because of the high O2 looping capacity per unit mass of Zn, the
thermochemical Zn/ZnO redox cycle has been considered as a promising
path to produce solar fuels. This cycle is initiated by the highly
endothermic dissociation of ZnO into a gaseous mixture of Zn and O2
using concentrated solar radiation as source of heat. Quenching of the
product gases yields a solid product known as “solar Zn”, a mixture of Zn
and ZnO. The solar Zn is oxidized in H2O and/or CO2 to produce H2
and/or CO. While the product ZnO is recycled to the solar dissociation
step to continue the cycle, the product gases are either directly used as fuel
or further processed into liquid fuels.
The solar-to-fuel energy conversion efficiency, the key parameter
determining the economic viability of the technology, increases as the
conversion of Zn to ZnO in the oxidation step increases. Since the
formation of an impervious ZnO scale on the Zn surface prevents pure
solid Zn from attaining high conversions in either CO2 or H2O, past
research focused on hard-to-operate reactor concepts utilizing gaseous or
liquid Zn as reactant. However, thermogravimetric studies of the
oxidation of solar Zn and its surrogate Zn-ZnO blends have revealed a
beneficial effect of the presence of ZnO on the reaction, allowing for the
complete conversion of Zn at temperatures below the Zn melting point
(420°C) within minutes. The oxidation of solid solar Zn to produce fuels
is thus considered an attractive alternative to concepts using Zn vapor or
liquid Zn as feedstock that allows to perform the reaction in a
conventional and scalable gas-solid reactor.
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To identify the reaction mechanism that explains the beneficial effect
of ZnO the oxidation of blends made of Zn particles diluted with either
ZnO or Al2O3 particles was studied thermogravimetrically in CO2 or H2O
atmospheres at 350-400°C. The solid products were analyzed using
scanning-electron microscopy, transmission electron microscopy, and
energy-dispersive X-ray spectroscopy. It was found that ZnO acts as the
site for the oxidation of Zn originating from the vapor phase, thereby
serving as a sink for Zn vapor and maintaining the driving force for
sustainable Zn sublimation. As this Zn sublimation competes with the
growth of an impervious ZnO scale over the surface of the remaining solid
Zn, the presence of the ZnO increases the reaction extent according to the
magnitude of its surface area. The Zn conversion rate decreased in
atmospheres containing CO while the CO2 concentration had no
significant effect on the Zn conversion. A higher oxidation temperature
resulted in an increased conversion rate and an increased the maximally
attainable Zn conversion.
The kinetics of the reaction of Zn and CO2 in presence of ZnO were
analyzed in detail. Four reaction steps were considered: 1) the direct
oxidation of the Zn surface forming the ZnO scale, 2) the sublimation of
Zn from the Zn surface, 3) the Zn(g) transfer from the Zn surface to the
ZnO surface, and 4) the heterogeneous reaction of Zn(g) and CO2(g) on the
ZnO surface. The overall reaction rate was found to be controlled by both
reaction steps (3) and (4). The rate-controlling step of the multi-step
reaction (4) was identified as the reaction of adsorbed CO2 and adsorbed
Zn (Langmuir-Hinshelwood mechanism) or adsorbed CO2 and gaseous
Zn (Eley-Rideal mechanism). The corresponding reaction rate laws reflect
the experimentally observed effects of the CO2 and CO concentration on
the Zn conversion rate well.
Various conventional gas-solid reactor designs were assessed with
regard to their applicability for the oxidation of solar Zn in CO2 and H2O
to produce CO and H2. The main assessment criteria included the ability
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to handle and uniformly react fine particles, the suitability for solid
residence times on the order of minutes, and heat exchange characteristics
that allow to dissipate the heat released by the exothermic oxidation
reaction. A horizontal mixer reactor design that disperses the particles in
the gas phase by means of a mixer and thus creates an intimate gas-solid
contact was appraised to meet the criteria best. To evaluate this concept
experimentally a lab-scale horizontal mixer reactor was designed,
constructed and tested by reacting batches of either solar Zn particles or
surrogate Zn-ZnO particle blends in a continuous CO2 flow at 360-390°C.
The concept of reacting solar Zn particles in a mixer reactor was
successfully demonstrated. The temporal Zn conversion agreed well with
the rates observed in thermogravimetric experiments, indicating the
absence of significant mass or heat transfer limitations. A maximum CO
production rate per reactor volume of 7.0 kg/m3min was attained for a
75 g blend comprising 40 wt% ZnO reacted in 1.3 lN/min CO2 at 390°C.
The energy required to power the mixer amounted to 4.4% of the energy
content of the product CO. This energy penalty is lower with faster
reacting solar Zn and can be further reduced by optimizing the mixer drive
system. The particulate nature of the solid product allows for its simple
recovery and recycling, in contrast to previously proposed reactor
concepts that exploited liquid or gaseous Zn as feedstocks.

Zusammenfassung
Auf Grund der hohen O2-Aufnahmekapazität pro Masseneinheit Zn gilt
der thermochemische Zn/ZnO-Redoxzyklus als vielversprechender
Prozess für die Herstellung von solaren Treibstoffen. Zuerst wird ZnO in
eine Zn-O2-Gasmischung dissoziiert wobei konzentrierte Solarstrahlung
die nötige Prozesswärme für die endotherme Reaktion liefert. Durch das
thermische Abschrecken der Gasmischung entsteht „solares Zn“, eine
Feststoffmischung bestehend aus Zn und ZnO. Dieses wird mit CO2
und/oder H2O oxidiert um CO und/oder H2 herzustellen. Durch das
Zurückführen des Reaktionsprodukts ZnO in den solaren Prozess wird der
Zyklus geschlossen. Die Produktgase entweder direkt als Treibstoffe
verwendet oder zu Flüssigtreibstoffen weiterverarbeitet.
Der Wirkungsgrad des Zn/ZnO-Redoxzyklus, der Schlüsselparameter
für dessen Wirtschaftlichkeit, steigt mit steigendem Umsatz des Zn zu
ZnO im Oxidationsschritt. Weil die Entstehung einer undurchdringbaren
ZnO-Passivierungsschicht auf der Zn-Oberfläche einen hohen Umsatz des
festen reinen Zn in CO2 und H2O verhindert, wurden bisher schwer
realisierbare Reaktorkonzepte für die Oxidation von flüssigem oder
gasförmigen Zn erforscht. Thermogravimetrische Untersuchungen der
Oxidation von solarem Zn und Zn-ZnO Mischungen offenbarten
allerdings einen positiven Effekt des ZnO auf die Reaktion, der es
ermöglicht, Zn Partikel bei Temperaturen unterhalb dessen Schmelzpunktes (420°C) innerhalb von Minuten vollständig umzusetzen. Die
Oxidation von festem solaren Zn ist somit eine interessante Alternative zu
den Reaktorkonzepten für flüssiges oder gasförmiges Zn. Im Gegensatz
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zu diesen Konzepten ist die Oxidation von festem Zn in einem
konventionellen, skalierbaren Reaktor durchführbar.
Um den Reaktionsmechanismus zu ermitteln, welcher für den
positiven Effekt des ZnO verantwortlich ist, wurde die Oxidation von
Partikelmischungen aus Zn durchsetzt mit ZnO oder Al2O3 mittels
Thermogravimetrie bei 350-400°C in CO2- und H2O-haltigen
Gasatmosphären untersucht. Die festen Reaktionsprodukte wurden mit
Hilfe von Rasterelektronenmikroskopie, Transmissionselektronenmikroskopie, und energiedispersiver Röntgenspektroskopie charakterisiert. Die
ZnO-Oberfläche erwies sich als Reaktionsstelle für die Oxidation von
gasförmigem Zn, dadurch verstärkt der ZnO-Zusatz die Sublimation des
Zn. Da die Sublimation des Zn die Entstehung der ZnOPassivierungsschicht auf der Zn-Oberfläche konkurriert, werden so
höhere Zn-Umsätze erreicht. Die Reaktionsgeschwindigkeit nimmt in
Gasatmosphären mit erhöhter CO-Konzentration ab während die CO2Konzentration die Reaktion nicht nennenswert beeinflusst. Eine höhere
Oxidationstemperatur führte zu einer erhöhten Reaktionsgeschwindigkeit
und steigerte den maximal erreichbaren Zn-Umsatz.
Die Kinetik der Reaktion von Zn und CO2 in Anwesenheit von ZnO
wurde vertieft untersucht. Dabei wurden vier Reaktionsschritte
berücksichtigt: (1) die direkte Oxidation der Zn-Oberfläche durch CO2
unter Ausbildung einer ZnO-Passivierungsschicht, (2) die Sublimierung
des Zn von der Zn-Oberfläche, (3) der Zn(g)-Transport von der Zn- zur
ZnO-Oberfläche und (4) die heterogene Reaktion von Zn(g) und CO2(g) auf
der ZnO-Oberfläche. Die Geschwindigkeit der Gesamtreaktion wird
durch die beiden Reaktionsschritte (3) und (4) bestimmt. Als
geschwindigkeitsbestimmenden Schritt der mehrstufigen Reaktion (4)
wurde die Oberflächenreaktion bestimmt, entweder von adsorbiertem Zn
und adsorbiertem CO2 (Langmuir-Hinshelwood-Mechanismus) oder von
adsorbiertem CO2 mit Zn(g) (Eley-Rideal-Mechanismus). Die zugehörigen
Reaktionsgeschwindigkeitsgesetze stimmen mit den experimentell
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beobachteten Effekten der CO2- und CO-Konzentrationen auf die
Reaktionsgeschwindigkeit überein.
Verschiedene Typen von Gas-Feststoff-Reaktoren wurden auf ihre
Eignung für die Oxidation von solarem Zn in CO2 und H2O zur
Herstellung von CO und H2 beurteilt. Die Hauptbeurteilungskriterien
umfassten die Fähigkeit feine Partikel uniform zu reagieren, die
Erreichbarkeit von Reaktionszeiten von mehreren Minuten und Wärmetransporteigenschaften welche die rasche Ableitung der entstehenden
Reaktionswärme von den Reaktanten ermöglichen. Ein horizontaler
Mischreaktor welcher die solaren Zn-Partikel in der Gasphase dispergiert
und so eine gute Durchmischung zwischen den beiden Phasen erreicht
wurde als geeignet befunden. Um dieses Reaktorkonzept experimentell zu
prüfen, wurde ein Labormischreaktor entworfen, gebaut und anhand der
Reaktion von Chargen von solaren Zn-Partikeln und Zn-ZnOPartikelmischungen in einem kontinuierlichem CO2-Durchfluss bei 360390°C getestet. Das Konzept der Oxidation von solaren Zn in einem
Mischreaktor wurde erfolgreich demonstriert. Die gute Übereinstimmung
des gemessenen zeitlichen Zn-Umsatzes mit den thermogravimetrisch
bestimmten Reaktionsgeschwindigkeiten weist darauf hin, dass im
Reaktor die Reaktionsrate nicht durch Massen- oder Wärmetransfer
limitiert ist. Eine maximale CO-Produktionsrate pro Reaktorvolumen von
7.0 kg/m3min wurde während der Reaktion einer 75 g schweren Zn-ZnOMischung, die 40 wt% ZnO enthielt, in 1.3 lN/min CO2 bei 390°C
gemessen. Der Energieverbrauch des Mischerantriebs entsprach 4.4% des
Energiegehalts des hergestellten CO. Das produzierte ZnO kann
problemlos zurückgewonnen und rezykliert werden.
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Introduction
Today’s economy and society are highly dependent on fossil fuels such as
coal, oil, and natural gas, which cover 82% of the global annual primary
energy demand of 155,000 TWh. Whereas the global energy demand is
projected to rise to a level of 190,000-230,000 TWh in 2040,1 mainly due
to the growth in global population and the growing prosperity in emerging
countries such as China or India, global fossil fuel resources are limited
and their extraction will eventually decay.2 Furthermore, policymakers
around the world strive to reduce the consumption of fossil fuels, the main
source of global greenhouse gas emissions, to confine global warming to
a socially and economically acceptable level.1 Therefore, renewable and
clean alternative energy sources are required to cover future energy
demands.
The most abundant renewable energy source is solar energy. The solar
radiative power reaching the Earth’s surface is estimated at 94,000 TW,
which exceeds today’s global energy demand by a factor of 5000.3
Neglecting life-cycle emissions for materials and construction, the
conversion of solar power into secondary energy is free of greenhouse gas
emissions.
Mature technologies exist for the conversion of sunlight into
electricity. State-of-the-art commercial photovoltaic modules attain solarto-electricity efficiencies up to 24%.4 They are on the verge of being
financially competitive with non-solar electricity generation
technologies.5 Concentrated solar power (CSP) systems driving
conventional thermoelectric cycles attain solar-to-electricity efficiencies
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of 7-25% and produce electricity at 1.1-1.5 times the levelized cost of
electricity of photovoltaics.5 The substitution of fossil fuels by solar
energy in the electric power sector is rather governed by economic and
political considerations than by technological progress.
A greater technological challenge is the substitution of fossil fuels in
the transportation sector, which accounts for 19% of today’s global energy
consumption.1 Disregarding transport systems connected to the electric
grid such as trains, transport vehicles (cars, trucks, planes, etc.) need to
carry driving energy along their journey, stored either electrochemically
in batteries or chemically as a fuel. Regarding high specific energy
(energy per unit mass), a crucial parameter for energy storage systems for
vehicles, conventional hydrocarbon fuels outperform batteries by two
orders of magnitude,6,7 which motivates the research on converting
sunlight into fuels.
The photosynthetic route, i.e. the harvesting of solar radiation to grow
biomass that is biochemically converted into standardized fuels such as
bioethanol or biodiesel,8 is the most mature technology to produce fuels
from sunlight. However, photosynthesis uses only about 1-2% of the
incident solar irradiation9 and biomass cultivation competes with food
industry for fertile grounds, which imposes limitations for photosynthetic
fuel production.10 Novel solar fuel production concepts, including
photoelectric, solarthermal, and hydrolytic routes, overcome the
limitations of photosynthesis. All these concepts are based on the
endothermic splitting of H2O and/or CO2 into H2 and/or CO.11
1
O2
2
1
CO2  CO + O2
2
H 2O  H 2 +

h = 286 kJ/mol

(1.1)

h = 283 kJ/mol

(1.2)

The produced H2 and CO is either directly used to power fuel cells or
further processed into liquid hydrocarbon fuels via industrially proven
processes such as the Fischer-Tropsch synthesis. The advantages of liquid
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hydrocarbons vis-à-vis H2 and CO are their high energy density (energy
per unit volume) and their compliance with today’s infrastructure.
However, some of the initial energy stored in H2 and CO is lost during
chemical processing.

1.1 Fundamentals of solar thermochemical fuel production
Solar thermochemical cycles couple the concentrating optics of a CSP
system with chemical processes to convert solar energy into chemical
energy stored in H2 and CO. This concept has been considered a
promising path to efficiently produce clean and renewable fuels.12,13

1.1.1 Benefits of concentrating solar power
Thermal splitting of H2O and CO2 becomes thermodynamically more
favorable with increasing temperature as the Gibb’s free energy of
reactions (1.1) and (1.2) decreases.14 On the other hand, the maximally
attainable temperature in processes heated by radiation is determined by
the incoming radiative flux which is only ~1 kW/m2 for the terrestrial
solar irradiation (I).12 Thus, concentrating optics is applied to collect the
dilute solar radiation and focus it onto a central receiver, creating a high
radiative flux which enables high process temperatures. The concept is
schematically shown in Figure 1.1. For a collector area AC and a focal spot
area AF the geometric concentration factor is defined as

C

AC
.
AF

(1.3)

If optical losses are neglected, the mean radiative flux (qsolar) reaching the
receiver in the focal spot is given by
qsolar  I  C .

(1.4)

Tower- (see Figure 1.2) and dish-type concentrating systems, attaining
concentration factors of 500-5000 and 1000-10,000, respectively,15
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provide radiative fluxes high enough to run chemical reactions at
temperatures of 1500-2500 K.12
In order to approach the radiative properties of a blackbody, a solar
receiver is typically designed as a well-insulated cavity with a small
aperture that allows the concentrated radiation to enter.15 The solar power
available as process heat is determined by the mean radiative flux
intercepting the aperture area Aap

Qsolar  Aap  qsolar .

(1.5)

The hot surfaces of the cavity emit thermal radiation that leaves the
aperture (Qrerad) and consequently diminishes the available process heat
(Qabs). For a perfectly insulated blackbody cavity receiver operating at the
temperature Tr, the absorption efficiency is defined as

Qabs Qsolar  Qrerad
 Tr 4
a 

1
Qsolar
Qsolar
IC

(1.6)

where  denotes the Stefan-Boltzmann constant. The absorption
efficiency increases with increasing concentration factor and with
decreasing operating temperature of the solar receiver.

1.1.2 Energy efficiency of solar thermochemical processes
Through thermochemical processes, the solar energy is converted into
chemical energy stored in the product fuel. These processes are typically
associated with energy losses or require additional energy inputs Epenalty.
A measure to assess and compare thermochemical cycles is the solar-tofuel energy conversion efficiency s-f which relates the energy content of
the product fuel, determined by the fuel production rate (ṅf) and the higher
heating value of the fuel HHVf, to the overall energy input

s f 

n f  HHV f
Qsolar  E penalty

.

(1.7)
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I

solar receiver
Tr
AF
qsolar

AC
collector
Figure 1.1. Schematic of a concentrating solar power system driving a thermochemical
process. The collector (blue) focuses the incident solar radiation (orange) onto the receiver
aperture (green).

Figure 1.2. Tower-type solar concentrating system at Plataforma Solar de Almeria,
Spain.16 Heliostats focus the incoming solar radiation to the top of the tower.
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An alternative measure for the energy conversion efficiency of the
thermochemical cycle frequently encountered is the exergy efficiency
(ex) which is by definition smaller than s-f. It relates the reversible work
(Wfc) that can be extracted from the product fuels in an ideal fuel cell to
the overall energy inputs. Wfc is determined by the fuel production rate
and the change in molar Gibb’s free energy of formation (gf) during the
conversion of H2, CO, and O2 into H2O and CO2:

ex 

W fc
Qsolar  E penalty



 n f  g f
Qsolar  E penalty

.

(1.8)

When comparing literature data of s-f or ex, care has to be taken whether
the operating schemes of the analyzed systems are comparable.
The higher s-f and ex, the smaller is the solar concentrating system
required to produce a given amount of fuel. Since the investment in the
concentrating system is a major cost component of solar thermochemical
cycles, higher s-f and ex directly convert into lower fuel costs.17,18 Hence,
these parameters are key indicators for the economic viability of solar
thermochemical fuel production. A techno-economic analysis of solar
thermochemical fuel production system has shown that a s-f of 20% may
allow for a competitive fuel price.18

1.1.3 Solar H2O and CO2 thermolysis
The direct splitting of H2O into H2 and O2 (or CO2 into CO and O2) by
solar heat has been experimentally and theoretically studied.14,19-21 This
one-step process is conceptually simple but it requires a process
temperature of ~2500 K, which imposes hard-to-overcome problems in
solar reactor material selection.22 Moreover, high temperature gas
separation or quenching is necessary to avoid the recombination of the
product gases.20,22
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1.2 Solar thermochemical redox cycles
To lower the temperature of the solar process and ease the engineering
challenges, thermochemical two-step cycles using redox materials as
intermediates have been proposed as alternative to the direct H2O or CO2
thermolysis.23 The schematic of a generic cycle is depicted in Figure 1.3.
The concentrated solar radiation provides the heat for the endothermic
reduction of the redox material to a lower oxidation state at temperatures
in the range of 1500-2000 K

MO x  MO x  y 

y
O2 .
2

(1.9)

The reduced redox material is reoxidized in an exothermic reaction with
H2O and/or CO2 to produce H2 and/or CO:

MO x  y  yH 2 O  MO x  yH 2

(1.10)

MO x  y  yCO 2  MO x  yCO .

(1.11)

The reoxidized redox material is recycled to the solar step to continue the
cycle. Since the fuel gases and O2 are produced in different steps, no
process for their separation is necessary.

MO x → MO x- y +

y
O
2 2

O2

MO x- y
H2 O
CO2

MO x- y + yH 2O → MO x + yH 2
MO x- y + yCO2 → MO x + yCO
MO x

H2
CO
Liquid
Fuels

Figure 1.3. Schematic of a generic solar thermochemical redox cycle for the production
of H2 and CO.
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A number of criteria that need to be considered for the selection of a
suitable redox material are summarized in the following










Thermodynamics: the Gibbs free energy of the thermal reduction
reaction should be negative at temperatures below 2300 K, as
higher process temperatures are hard to achieve by solar radiation
and impose substantial engineering challenges.24 The oxidation of
the reduced material by H2O and CO2 needs to be
thermodynamically favorable at practicable temperatures.
Material thermodynamics determine the maximum attainable
solar-to-fuel energy conversion efficiency of the cycle, a key
parameter for the economic viability of the technology (see
section 1.1.1).
High O2 capacity: the more O2 per mass of redox material evolves
in the reduction step, the less redox material is required for a
certain fuel output.
Reaction kinetics: the fuel production rate per mole redox
material increases with increasing reduction (Eq. (1.9)) and
oxidation (Eqs. (1.10), (1.11)) rate of the redox material.
Material stability: cycling of the redox material requires longterm morphological and compositional stability.
Toxicity and corrosiveness: toxic or corrosive materials
complicate the process and increase the risk of hazards.
Abundancy: more abundant materials are typically cheaper and
allow for more cost-effective processes.

Several metal oxides have been identified as promising redox materials
including iron oxides (Fe3O4/FeO), zinc oxide (ZnO/Zn), ceria
(CeO2/CeO2-), and perovskites (ABO3/ABO3-). These materials have
been investigated both experimentally and theoretically regarding their
applicability in solar thermochemical cycles.
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1.2.1 The iron-oxide cycle
Iron oxide was the first material proposed as redox material in a solar
thermochemical cycle.23 Magnetite (Fe3O4) is reduced to wüstite (FeO) by
means of solar radiation

1
Fe3O 4(s)  3FeO(s)  O 2(g)
2

h = 320 kJ/mol .

(1.12)

The reaction runs at comparatively high temperatures, as the Gibbs free
energy of the reaction at the oxygen partial pressure of ambient air is
negative only above 2500 K.23,25 The reduction temperature can be
lowered by decreasing the oxygen partial pressure. The oxidation
reactions
3FeO (s)  H 2 O (g)  Fe3O 4(s)  H 2(g)

h =  547 kJ/mol

(1.13)

3FeO (s)  CO 2(g)  Fe3O 4(s)  CO (g)

h =  505 kJ/mol

(1.14)

are thermodynamically favorable at temperatures below ~900 K.25 In a
second-law analysis of a Fe3O4/FeO cycle for the production of CO from
CO2 the theoretical maximum ex was calculated to be 29% (for C = 5000,
Tr = 2000 K) without considering heat recuperation.26
The practical implementation of the Fe3O4/FeO cycle was impaired by
the high operation temperature required in the solar reduction step.
Besides the engineering challenges in reactor design, limited cyclability
of the redox material due to melting and volatility were identified as major
issues.25,27-29 Experimental studies of Fe3O4 supported by inert materials
such as ZrO2 or yttrium-stabilized zirconia (YSZ) showed improved
material stability but reduced oxygen cycling capacity per unit mass of
material.25,30 Mixed iron oxides, where Fe ions in the magnetite lattice are
partially substituted by Ni or Co (CoxFe3-xO4 or NixFe3-xO4), permitted
decreasing the reduction temperature at the expense of less favorable
thermodynamics for the re-oxidation.25,31 The reduction temperature was
further reduced by depositing CoxFe3-xO4 on an Al2O3 support.32 Despite
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these efforts to stabilize the redox material, its cyclability remains a
challenge for thermochemical cycles based on iron oxide.

1.2.2 Cycles based on nonstoichiometric oxides
The stoichiometric reduction of iron oxides is inherently afflicted by a
change in crystal structure. In contrast, oxygen-deficient
nonstoichiometric materials sustain their crystal lattice and instead
substitute lattice oxygen ions by vacancy defects upon reduction.33
Because no change in crystal structure occurs, the material stability is less
critical. However, the mass specific oxygen capacity is typically
significantly lower than for materials undergoing stoichiometric redox
reactions.
The first nonstoichiometric material tested for its application in
thermochemical cycles was ceria (CeO2),34 which is reduced and reoxidized according to



CeO2(s)  CeO2- (s)  O2(g)
2
CeO 2- (s)   H 2 O(g)  CeO 2(s)   H 2(g)

(1.15)

CeO 2- (s)   CO 2(g)  CeO 2(s)   CO(g) .

(1.17)

(1.16)

The equilibrium reduction extent  attained in reaction (1.15) increases
with increasing reduction temperature (Tr) and with decreasing oxygen
partial pressure (pO2), corresponding thermodynamic data is readily
available in literature.35 For reasonable solar reactor operating conditions
of pO2 = 10-5 atm and Tr = 1800 K a  of ~0.1 is attained and the partial
molar enthalpy of reaction (1.15) amounts to 43.1 kJ/mol.36 Complete
reoxidation of CeO2- in H2O according to Eq. (1.16) is
thermodynamically favorable at temperatures below ~900 K.36
The CeO2 cycle has been demonstrated in a cavity-type batch reactor
using a solar simulator as source of concentrated radiation.37 By using
porous ceria as redox material a record-high average s-f of 1.7% was
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attained.38 The theoretical limit of s-f in absence of heat recuperation was
calculated as ~20% (for C = 5000, Tr = 1805 K).36 This relatively small
s-f compared to stoichiometric compounds is mainly a consequence of
the low oxygen cycling capacity of ceria. Doping of CeO2 by Zr and Hf
increases the reduction extent of the mixed oxide for given conditions.39,40
However, these dopants impair the oxidation thermodynamics of the
reduced oxide. In fact, s-f was found to be lower for Zr-doped CeO2 than
for pure CeO2.40
As an alternative to CeO2 perovskite-type materials were proposed as
nonstoichiometric redox intermediates. This broad class of materials,
defined by their common perovskite lattice structure and the general
chemical composition ABO3, with A and B metal ions, offers a great
variety in composition allowing for material tuning. The reduction
reaction is described by

ABO3(s)  ABO3- (s) 


2

O 2(g) .

(1.18)

Several compounds such as lanthanum-strontium-manganese oxides
(LaxSr1-xMnO3, LSM) and lanthanum-strontium-manganese-aluminum
oxides (LaxSr1-xMnyAly-1O3, LSMA) were found to release more oxygen
per mole of material than ceria.41-45 However, the potential of these
materials in reduced state to split H2O and CO2 is inferior to CeO2.41
Consequently, the reduced material has to be cooled to lower temperatures
for the reoxidation to become thermodynamically favorable or it needs to
be reacted with excess amounts of H2O and CO2. Both solutions come
along with energy penalties that lower s-f.41
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1.2.3 Cycles based on volatile metals
Among the metal oxides that have so far been considered as redox
intermediates, zinc oxide (ZnO) offers the greatest mass specific oxygen
capacity. In the solar reduction step the ZnO thermally dissociates in the
vicinity of 2000 K into gaseous products:

1
ZnO(s)  Zn (g)  O 2(g)
2

 h  = 351 kJ/mol .

(1.19)

By rapid quenching of the product Zn-O2 gas mixture, Zn solidifies and is
separated from oxygen. Since during quenching some of the Zn
recombines with O2 to ZnO, the solid product is a mixture of Zn and ZnO
known as ‘solar Zn’.46-50 The solar Zn is reoxidized with H2O and CO2 to
produce H2 and CO according to
Zn (s)  H 2 O (g)  ZnO(s)  H 2(g)

 h  =  107 kJ/mol

(1.20)

Zn (s)  CO2(g)  ZnO(s)  CO(g)

 h  =  67.5 kJ/mol

(1.21)

Alternatively, above reactions could be performed with liquid or gaseous
Zn reactant. Comparison of Eq. (1.20) with Eqs. (1.13) and (1.16) reveals
a significantly higher molar H2 yield per mole of redox material than
previously discussed materials that results in a high theoretical limit of ex
of 29 %17 (for C = 5000, Tr = 2300 K) to 39 %26 (for C = 5000,
Tr = 2000 K) without heat recuperation. Recombination of Zn(g) and O2
during quenching reduces the Zn available for fuel production and thus
reduces ex.50
ZnO is one of the earliest materials considered for solar
thermochemical cycles.14 The solar ZnO dissociation process has been
experimentally demonstrated in lab-scale packed bed configuration,14,51 in
lab-scale rotary reactors47,49 (see Figure 1.4) and in a pilot-scale rotary
reactor operating at 100 kWth.46,52 The composition of the solar Zn product
varied significantly with reactor design and operating conditions. The
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Figure 1.4. Schematic of a lab-scale rotary reactor developed at PSI Switzerland for the
dissociation of ZnO by concentrated solar radiation.53

maximum reported Zn mass fraction of 85 wt% was achieved in a labscale rotary reactor but for a Zn vapor recovery factor of only 21%.49 In
the pilot-scale rotary reactor a Zn mass fraction of up to 49 wt% was
attained.46 The fuel production is performed in a separate reactor operating
at temperatures of 600-1300 K. H2 and/or CO production via the oxidation
of either gaseous,54-59 liquid,60 or solid61-63 Zn in H2O and/or CO2 has been
demonstrated.
As an alternative to ZnO, tin dioxide (SnO2) has been considered as
volatile redox intermediate, which reduces according to

1
SnO 2(s)  SnO(g)  O 2(g)
2

 h  = 307 kJ/mol .

(1.22)

Product gas quenching is afflicted with similar recombination issues as in
the Zn/ZnO cycle. A lab-scale packed-bed configuration for solar SnO2
dissociation yielded product particles containing 86 wt% SnO.64
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The main engineering challenge of thermochemical cycles based on
volatile redox materials is the quenching process. Besides the Zn (SnO)
losses due to recombination, an energy penalty is inhered from the large
amounts of inert gases used in current quenching apparatus to cool and
dilute the gaseous products of the solar reactor.

1.3 Thesis outline
The scope of this doctoral thesis is the oxidation of solid solar Zn in CO2
or H2O to produce CO or H2. The work discussed in this doctoral thesis
has been sponsored by the BFE – Swiss Federal Office of Energy
(Contract SI/500660-01) and the European Research Council under the
European Union’s ERC Advanced Grant (SUNFUELS, Grant No.
320541).
Chapter 2 provides the background for the conducted work by
reviewing previous research on the reaction mechanism and kinetics of
Zn oxidation and discussing earlier concepts for oxidizing solar Zn to
produce H2 and CO. Furthermore, the characteristics of the solar Zn
reactant are briefly described. Chapter 3 analyzes the thermodynamics of
the Zn/ZnO thermochemical cycle, specifically its exergy efficiency, with
a focus on identifying optimum oxidation conditions. The experimental
investigation of the reaction of solar Zn in CO2 or H2O and the identified
reaction mechanism are presented in chapter 4. Based on the identified
reaction mechanism, the reaction kinetics were analyzed. In chapter 5
reaction engineering aspects regarding the oxidation of solar Zn particles
to produce H2 and CO are discussed. The design of a lab-scale horizontal
mixer reactor for the oxidation of fine solar Zn particles in CO2 and the
results from the experimental testing of the reactor are presented in
chapter 6. Chapter 7 gives an outlook for future research in the area of
solar Zn oxidation to produce solar fuels.

Chapter 2
Formel-Kapitel (nächstes) Abschnitt 1

Background
This chapter gives a review of the literature relevant for the oxidation of
solar Zn to produce H2 and CO. The nature of solar Zn, the reaction
mechanism and kinetics of Zn oxidation, and previous reactor concepts
for the oxidation of solar Zn to produce fuels are discussed.

2.1 Properties of solar Zn
The term ‘solar Zn’ refers to a Zn-ZnO mixture obtained by solar
dissociation of ZnO as described in Eq. (1.19) and subsequent quenching
of the product Zn/O2 gas mixture. The ZnO forms inevitably during
quenching due to the recombination of Zn(g) and O2(g). A low ZnO content
is preferred from an energy conversion efficiency perspective, as the solar
energy used for the dissociation of ZnO is lost upon recombination.50
Since the ZnO mass fraction (wZnO) of solar Zn increases with increasing
Zn(g) partial pressure in the quenching unit,46,65 the Zn/O2 gas mixture
leaving the solar reactor is typically quenched by mixing it with a cold
inert gas that simultaneously cools and dilutes the product gases.65
The solar ZnO dissociation reactors tested so far produced solar Zn in
the form of fine particles.49,52,66 As an example, the solar Zn particles
obtained in the 100 kWth ZnO dissociation reactor of PSI46,52 is described
in more detail. A scanning electron microscopy (SEM) image of the
particles is shown in Figure 2.1. The particles consist of submicron sized
agglomerated primary particles providing a BET specific surface area (a)
of 19-46 2m/g (depending on the reaction conditions).46 A representative
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size distribution of the agglomerates, measured as explained in section
4.1.1, is shown in Figure 2.2. The distribution is broad; the particle size
ranges from the submicrometer scale up to hundreds of micrometers. The
solar Zn belongs to the particle class C according to Geldart’s
classification, known as cohesive, hard-to-fluidize particles.67
The energy efficiency of existing quenching units is compromised by
the need for large amounts of inert gas, which is produced in energyintensive processes.46,68 An energy efficient Zn/ZnO cycle either requires
efficient recycling of the inert gas or an alternative quenching concept.
The latter may alter the characteristics of the solar Zn product. Hence, the
size, morphology, composition, etc. of solar Zn produced in an energy
efficient large-scale ZnO dissociation and quenching process are yet
unknown. These properties may also undergo temporal variations because
of the fluctuating solar power input to the ZnO dissociation reactor.

2.2 Reaction mechanism and kinetics of Zn oxidation
2.2.1 Passivation of Zn in O2
The oxidation of solid Zn by O2 is characterized by the formation of a
ZnO passivation layer on the Zn surface. A transmission electron
microscopy (TEM) image of Zn particles covered by a ZnO layer is shown
in Figure 2.3. The ZnO layer creates a barrier between the solid Zn and
the gaseous O2 oxidant that limits the Zn oxidation rate.69 With increasing
thickness of the passivation layer the reaction rate reduces and eventually
the reaction of Zn virtually ceases.
Metal oxide layers grow on many metal surfaces and numerous
physical models for the growth of such layers have been developed. These
are discerned by their layer thickness versus time relations (e.g.
logarithmic, parabolic).70-73 The applying mechanism may depend on the
oxide layer thickness and the reaction conditions, i.e. the oxidation
temperature and the oxygen partial pressure. Studies on the growth of a

Background

17

Figure 2.1. SEM image of the solar Zn particles produced in the 100 kWth ZnO
dissociation reactor of PSI Switzerland.46
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Figure 2.2. Volumetric particle size distribution of solar Zn produced in the 100 kWth ZnO
dissociation reactor of PSI Switzerland.46
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metal oxide passivation layer typically focus on identifying the detailed
reaction mechanism, an applicable layer growth model, the rate limiting
reaction step, and the migrating species. Generally, the following reaction
steps have to be considered for the growth of a ZnO layer on Zn:70,74







Chemisorption of O2 on the surface of the ZnO layer and
dissociation into O.
Reduction of O by free electrons.
Oxidation of Zn releasing free electrons.
Migration of either oxygen species (i.e. O2-, O-, O0), Zn species
(Zn2+, Zn+, Zn0), or lattice vacancy defects (VÖ, VZn) across the
ZnO layer to the reaction site (either the Zn/ZnO or ZnO/O2
interface).
Charge carrier (electrons e- or electron holes h+) transport
between the oxidation and reduction site.

In one of the first systematic Zn oxidation studies Vernon et al.
investigated the growth of a ZnO layer on a Zn sheet at temperatures of
323-673 K.69 They identified a change in the growth mechanism at 498 K.
Below 498 K virtually no effect of temperature on the oxidation rate was
observed, above the growth rate increased with increasing temperature.
The proposed logarithmic rate law described the experimental data well
above 498 K but was less accurate at lower temperatures. The growth rate
of the ZnO layer was said to be controlled by the inward diffusion of
lattice oxygen ions. Moore and Lee later found that the logarithmic rate
law only applies up to 643 K, above the reaction follows a parabolic rate
law.75 The rate dependence on the O2 partial pressure was explained by a
reaction rate limited by O2 adsorption on the ZnO surface. They suggested
that Zn2+ migrates from the Zn/ZnO interface to the ZnO/O2 interface
where it combines with O2- to ZnO. The change in logarithmic to parabolic
rate law at 643 K was later confirmed by Tuck et al.76 The parabolic rate
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law was also applicable for the formation of a ZnO layer on liquid Zn at
temperatures ranging from 718 to 958 K.77
Today consensus seems to exist that the reaction proceeds at the
ZnO/O2 interface such that the ZnO passivation layer expands towards the
gas phase.78,79 The reaction mechanism is schematically shown in Figure
2.4. Zn is reduced at the Zn/ZnO interface and migrates as interstitial ion
+
Zn2+
i or Zni through the ZnO lattice to the ZnO/O2 interface where it
combines with O2-. Electrons migrate in the same direction to the oxygen
reduction site at the ZnO/O2 interface. The reaction rate is controlled by
the diffusion rate of interstitial Zn ions.

Figure 2.3. TEM image of partially oxidized Zn nanoparticles. The light grey film
surrounding the dark Zn particles represents the ZnO passivation layer.80

Gas phase

O2,(g)
O2

ZnO
Zn

Zn

O O
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Figure 2.4. Growth mechanism of a ZnO passivation layer on a Zn surface exposed to O2.
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2.2.2 Oxidation of Zn particles in O2
In comparison to other metals, Zn has a low melting point of 693 K and a
high equilibrium partial vapor pressure.81 Thus, the oxidation of Zn is
influenced by evaporation already at moderate temperatures, especially
under vacuum conditions. Several authors have taken advantage of this
characteristic to fabricate micron-sized hollow ZnO shells from Zn
particles with potential applications such as catalysts, filters, coatings, and
capsule agents for drug delivery.82-86 The surface of the Zn particles are
rapidly oxidized upon exposure to O2. Subsequently, at elevated
temperatures, the Zn particle core evaporates and escapes the ZnO shell
through cracks and openings, leaving a hollow ZnO shell.83,84 A SEM
image of typical ZnO shells is shown in Figure 2.5.

2.2.3 Oxidation of Zn in CO2 and H2O
The oxidation of Zn in CO2 has become of interest in the context of the
Imperial Smelting Process87 for the production of Zn through the
carbothermal reduction of Zn ores. This process operates in the vicinity
of the Zn evaporation point (1180 K), and the Zn product is obtained as a
vapor diluted with CO, CO2 and N2. Upon cooling, Zn is partially
deposited on the reactor walls and reoxidizes according to Eq. (1.21),
which leads to undesired Zn losses. Clarke and Fray investigated the
reaction kinetics for the heterogeneous oxidation of Zn vapor in CO-CO2Ar mixtures at temperatures from 973 to 1173 K in a tubular flow
reactor.88 Setup constraints demanded a gas mixture that consisted of
stoichiometric molar fractions of Zn and CO2 (xZn and xCO2). The CO molar
fraction (xCO) was one order of magnitude higher than xCO2. Two different
reaction regimes were identified, one forming coarser ZnO deposits
attributed to a reaction controlled by Zn adsorption on the walls or Zn
incorporation into the ZnO crystal lattice, and one forming finer deposits
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Figure 2.5. SEM image of ZnO shells produced by surface oxidation and subsequent
evaporation of Zn particles.86

attributed to a reaction controlled by CO desorption. For both regimes an
empirical rate law was derived.
Clarke and Fray later performed similar experiments with Zn-H2-H2OAr gas mixtures.89 The reaction rate was found to be limited by Zn
adsorption on the solid surface. Again two different regimes were
observed. At temperatures below 1073 K the rate increased with H2
concentration, which was attributed to a catalytic effect of H2 adsorbed on
the ZnO surface. The effect of the H2 was no longer observed at
temperatures above 1073 K. Again, the experimental results were used to
derive empirical rate laws. For Zn-CO-CO2-H2-H2O-Ar mixtures the
formation of ZnO was found to accelerate with increasing H2O + H2 to
CO2 + CO ratio.90
The empirical rate laws derived by Clarke and Fray were not able to
explain the results of Lewis and Cameron who investigated the oxidation
of Zn vapor in wider xCO2 and xCO ranges.91,92 Therefore, an alternative rate
law based on a heterogeneous reaction mechanism was proposed,
suggesting that both CO and CO2 oxidize Zn and that the CO/CO2 ratio is
crucial to determine the formation rate and the morphology of the
deposits.
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Interest in the topic rose again as the thermochemical Zn/ZnO cycle
was considered for the production of solar fuels. In this context, the
reaction is typically studied in environments with xCO2/xCO ≫ 1 (or
xH2O/xH2 ≫ 1), which is different from previous studies. Furthermore,
identifying reaction conditions which allow for a high Zn to ZnO
conversion

X

nZnO
,
nZn,0

(2.1)

with nZnO the molar amount of ZnO produced in the reaction and nZn,0 the
initial molar amount of Zn, is of major interest as a high X corresponds to
a high fuel yield that enables high solar-to-fuel energy conversion
efficiencies.50
The reaction kinetics of Zn vapor oxidation in CO2 was studied by
Venstrom and Davidson in a tubular reactor at 800-1150 K.59 By
analyzing the experimental data using a numerical mass and heat transfer
model they found a similar reaction rate law as Lewis and Cameron, but
higher reaction rate constants. They neglected the oxidation of Zn by CO
because xCO2/xCO ≫ 1.
Solid Zn oxidation for the production of CO and H2 was typically
investigated using small particles in the nano- or micrometer size range
that resemble the size of solar Zn particles. Due to their large surface area
to volume ratio these Zn particles are less susceptible to surface
passivation and allow for higher reaction rates. Ernst et al. investigated
the reaction of submicron Zn particles in H2O-Ar mixtures in the
temperature range 603-633 K.93 After an initial fast oxidation stage of few
seconds, the reaction slowed down and it took about 180 min to attain Zn
conversions close to 1. The reaction rate of this second stage was best
described by a parabolic law that is characteristic for a reaction limited by
the slow diffusion of ions through the surface passivation layer (compare
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section 2.2.2). The reaction rate was independent of xH2O in the
investigated range (10-50%).
Funke et al. were able to react nano-sized Zn particles completely
when heating them at 12 K/min to 800 K in 1.5% H2O-Ar. They observed
no effect of a change in xH2O on the reaction rate as long as xH2O > 0.7%.
Loutzenhiser et al. reacted micron-sized Zn particles in CO2-Ar
mixtures.94 Due to Zn surface passivation the maximally attainable Zn
conversion at temperatures of 673 K was below 0.5, which exemplifies
the difficulties of attaining high Zn to ZnO conversions with pure
micrometer sized Zn particles. When heating passivated Zn above 860 K
it continued to react, which was attributed to the cracking of the ZnO
passivation layer. In the solid product of these experiments hollow ZnO
shells similar to those shown in Figure 2.5 were observed. By increasing
xCO2 the reaction rate increased whereas the maximally attainable Zn
conversion decreased.

2.2.4 Oxidation of solar Zn in CO2 and H2O
The first thermogravimetric studies on the oxidation of solar Zn in H2O
revealed that solar Zn reacts significantly faster and attains higher Zn
conversions than pure Zn, which was attributed to its finer morphology
and to the presence of finely dispersed ZnO.95,96
A more systematic thermogravimetric study was performed by
Abanades who found that solar Zn containing 52 wt% ZnO achieves Zn
conversions above 0.9 within ~5 min when reacted isothermally in 50%
CO2-Ar at 633 or 673 K.61 On the other hand, solar Zn particles containing
only 13 wt% ZnO attained a conversion of only 0.65 at 643 K, which
indicates a positive effect of ZnO on the Zn conversion. The CO2 molar
fraction was found to have little influence on the Zn conversion rate. In
7% H2O-Ar solar Zn containing 52 wt% ZnO attained conversions above
0.9 within ~5 min when reacted at 633 or 673 K.
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Stamatiou et al. compared the oxidation of solar Zn particles and
surrogate blends made of commercial Zn and ZnO particles.62 Both the
surrogates and the solar Zn (containing 85 wt% and 82 wt% ZnO,
respectively) attained conversions above 0.9 at 623 K in 15% CO2-Ar but
the solar Zn reacted at a higher rate. In contrast, the pure commercial Zn
and Zn blended with Al2O3 instead of ZnO converted only marginally
under the same conditions. The higher the ZnO content of the surrogates,
the higher was the conversion rate and the asymptotic conversion limit,
which gave proof for an enhancing effect of ZnO on the oxidation of Zn
in CO2. A multi-path reaction mechanism was proposed to explain this
effect.

2.3 Reactor concepts for the oxidation of solar Zn
The research on solar Zn oxidation reactor concepts for the production of
H2 and CO has long been governed by the belief that solar Zn and pure
Zn behave alike, implying that passivation of the Zn surface by an
impermeable ZnO layer precludes attaining high reaction rates and Zn to
ZnO conversions with micron-sized solar Zn particles at temperatures
below the Zn melting point (693 K). The first alternative reaction concept
considered was bubbling gaseous H2O through a bath of liquid Zn.60 A
ZnO film formed at the reaction interface, the bubble surface, which
stabilized the bubble and limited the reaction rate similarly to the ZnO
passivation layer that forms on solid Zn. As the bubbles reached the
surface of the bath, the product gas was released and the ZnO film floated
on top of the Zn bath, hard to recover and recycle to the solar ZnO
dissociation process. At 773K H2O conversions of 0.43-0.77 were
attained, while no Zn conversion was reported. In principle, the concept
should allow for Zn conversions close to 1, as each bubble generated at
the gas inlet renews the reaction interface. The main shortcomings of this
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concept are the difficulty to recover the product ZnO, the slow reaction
rate, and the large pressure drop across the liquid Zn bath.
First concepts using Zn vapor as feedstock were presented by Weiss
and Wegener et al.57,58 Inert gas streamed over a liquid Zn bath such that
it was saturated by Zn vapor. The gas was mixed with H2O and quenched
in a horizontal tubular reaction zone for in-situ formation and oxidation
of Zn nanoparticles. Average Zn conversions in the range of 0.6 were
attained. However, ZnO was mostly formed from Zn condensed on the
tube walls, whereas the Zn particles that were formed in the gas stream
and collected at the end of the tube remained unreacted. This operation
mode is undesired, as deposited ZnO can hardly be recovered and
recycled. Modified setups56,97 or performing the oxidation in CO2 instead
of H2O98 did not mitigate the problem of wall deposition and low Zn
conversions in the particles collected at the end of the tube. A similar
tubular reactor was also designed by Venstrom and Davidson. At
temperatures ranging from 800 to 1150 K they attained remarkable Zn
conversions of 0.85-0.97 in CO2. However, the ZnO product again
deposited on the reactor walls.
Funke et al. fed Zn nanoparticles into a vertical tubular reactor and
contacted it with a 1.5% H2O-Ar flow in co-current configuration.55 At
temperatures between 630 and 820 K they attained Zn conversions of
0.05-0.2. The conversion was limited by the residence time of the particles
in the tube and might be higher in a longer reactor tube. As with the
reactors using Zn vapor as feedstock, significant wall deposition of
product ZnO was an issue.
The oxidation of micron-sized Zn particles diluted by ZnO in a packedbed arrangement was investigated in H2O-CO2 gas mixtures.63 The
reaction was started at 680 K, but the exothermic reaction rapidly heated
the bed up to above 900 K due to insufficient heat transfer and caused the
particles to sinter. Zn conversions of 0.72-0.91 were measured.

26

Chapter 2

2.4 Benefits of solid solar Zn oxidation
Previous solar Zn oxidation concepts that were developed under the belief
that solid solar Zn cannot be used efficiently as feedstock and thus used
Zn vapor or liquid Zn instead all suffer from troublesome reactor
operation and limited scalability. Furthermore, an energy-efficient
operation of the oxidation reactor is more challenging at the elevated
reactor temperatures necessary to utilize liquid or gaseous Zn.
However, solid solar Zn attains significantly higher reaction rates and
Zn conversions than pure solid Zn (see section 2.2.4). This finding was
attributed to its foam-like morphology that provides a large specific
surface area and to its ZnO content that facilitates the Zn oxidation
reaction. Zn conversions of ~1 at temperatures around 673 K have
repeatedly been demonstrated,61,62 which puts the previously claimed
necessity of reacting Zn at elevated temperatures into question. Though
the reaction time for attaining conversions ~1 with solid solar Zn (~180s)
is two-orders of magnitude longer than the residence time reported for the
equivalent conversion of Zn vapor (~1 s),59 the reactor volumes required
for oxidizing solar Zn and Zn-vapor at the equivalent fuel productivity are
about the same due to the difference between the feedstock densities (~0.7
kg/m3 for Zn-vapor at 1000°C versus ~440 kg/m3 for solar Zn containing
only 25 wt.% Zn63). The use of solar Zn particles as feedstock permits to
perform the reaction in a conventional and scalable gas-solid reactor that
overcomes the encountered difficulties in the operation and scaling of
previous reactor concepts. Moreover, the lower reaction temperature
potentially facilitates the energy-efficient operation of the oxidation
reactor. For these reasons, the oxidation of solid solar Zn in the vicinity
of 673 K is considered an attractive alternative to previous reaction
concepts.
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Thermodynamic analysis of the Zn/ZnO cycle*
A key parameter for the economic viability of the Zn/ZnO
thermochemical cycle is its solar to fuel energy conversion efficiency,
which can be assessed based on a thermodynamic analysis of the cycle
that yields the exergy efficiency ex defined by Eq. (1.8). The
thermodynamics of the Zn/ZnO cycle have been investigated repeatedly.
In an ideal system, the ZnO fed to the solar reduction and quenching step
is converted completely into Zn and the product Zn is completely
reoxidized to ZnO by a stoichiometric amount of H2O or CO2. Such a
system was analyzed by Steinfeld17 for the production of H2 and Gàlvez
et al.26 for the production of CO who calculated a ex of 29% (for
C = 5000, Tr = 2300 K) and 39 % (for C = 5000, Tr = 2000 K),
respectively. Venstrom and Davidson50 analyzed an extended model (in
the following labelled ‘Venstrom model’) that accounted for incomplete
conversions in the quencher and the oxidizer. Under the assumption that
gaseous Zn converts completely to ZnO in the oxidizer whereas solid Zn
attains conversions of only ~0.2, they concluded that the Zn has to be
oxidized in the vicinity of the Zn evaporation point (1181 K at 1 bar) to
attain a ex that allows for an economically viable process. The
assumption on the low conversion of solid Zn was estimated based on
studies on the oxidation of pure solid Zn (compare section 2.2.1).
However, in the reaction of solid solar Zn conversions considerably above
*
Material in this chapter has been extracted from M. Kolman, “Effect of the Oxidation Conditions on
the Zn/ZnO Redox Cycle Performance,” Semester Project, ETH Zürich, 2014, conducted under the
supervision of D. Weibel.
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0.2 were measured at ~673 K,61,62 which puts their conclusion into
question. Therefore, the thermodynamic analysis is revisited under
consideration of reported conversion data at ~673 K. The focus lies solely
on the comparison of the two Zn oxidation concepts, for a general
discussion of the system thermodynamics the reader is referred to the
aforementioned references. The cycle is analyzed for CO2 splitting but the
thermodynamics of splitting H2O are qualitatively similar and therefore
give similar insights into the performance of the two oxidation concepts.

3.1 Thermodynamic model of the Zn/ZnO cycle
The Zn/ZnO thermochemical cycle is analyzed based on the
thermodynamic model depicted in Figure 3.1, which largely coincides
with the Venstrom model. The Venstrom model is adapted for a better
representation of a real system: the ZnO formed by recombination of Zn(g)
and O2(g) in the quencher is fed to the oxidizer and not directly recycled to
the solar reactor and the unreacted Zn leaving the oxidizer is not
reoxidized by O2 before it enters the solar reactor.

3.1.1 Mass flows and reaction conversions
The cycle is scaled for an output of 1 mol/s CO. ZnO is assumed to
dissociate completely into Zn(g) and O2(g) in the solar reactor. The Zn(g) to
Zn(s) conversion (Z) in the quencher and the Zn to ZnO conversion (X) and
CO2 to CO conversion (Y) in the oxidizer are defined according to
Z

n Zn (s) ,out
n Zn (g) ,in

1

n ZnO s  ,out
n Zn  g  ,in

(3.1)

X

nZnO ,out  nZnO ,in
nZn ,in

(3.2)

Y

nCO ,out
nCO2 ,in

(3.3)
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Figure 3.1. Energy (grey arrows) and mass flows (black arrows) in the analyzed
thermodynamic model of the Zn/ZnO thermochemical cycle. The molar flows are in mol/s.

where ṅi,in and ṅi,out denote the molar flow rate of species i entering and
exiting the process, respectively, and are calculated from X, Y, and Z as
indicated in Figure 3.1.

3.1.2 Energy flows
The considered energy flows of the system are shown as grey arrows in
Figure 3.1. The work required for moving the material is neglected. The
processes taking place in the solar reactor, heating the reactants from
ambient temperature Tc = 300 K to the reduction temperature (Tr) and
dissociating the ZnO, require the heat input Qabs that is provided by solar
radiation. It corresponds to the difference between the total solar heat
input Qsolar and the reradiation losses Qrerad (see Eq. (1.6)). In absence of
heat recuperation, which is neglected in this thermodynamic analysis
apart from a short discussion in section 3.2.3, an additional heat input Qh
is required to heat the CO2 and the solar Zn exiting the quencher from
ambient temperature Tc = 300 K to the oxidation temperature Tox. Heat is
released in several processes: the quenching of the solar reactor products
from the reduction temperature Tr to Tc (Qq), the exothermic Zn oxidation
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(Qox), the cooling of the oxidation products from Tox to Tc (Qc), and the
exothermic conversion of CO and O2 into CO2 in the fuel cell (Qfc).
Besides Qsolar and Qrerad the heat flows are determined from the change of
enthalpy of the reactants in the process

Qk    ni hi out    ni hi in

(3.4)

with hi the molar enthalpy a of species i.
From Eq. (1.6) it follows that Qsolar is determined by Qabs and the
absorption efficiency of the solar reactor (ηa). Hence,
Qsolar  Qabs  Qrerad 

Qabs

a



  n h 

i i r ,out

   ni hi r ,in

a

(3.5)

and the calculation of Qrerad is then straightforward. The absorption
efficiency was calculated for a blackbody receiver using Eq. (1.6) and
assuming a solar irradiation of I = 1 kW and a concentration factor
C = 10,000. This choice of C, although considerably higher than values
typically achieved in large-scale concentrating systems,99 allows for
comparison of the obtained results with those derived by Venstrom and
Davidson.50
The exergy efficiency introduced in Eq. (1.8) is determined by the
work generated from converting the product CO in an ideal fuel cell
operating at Tc = 300 K and the sum of the heat inputs

ex 

W fc
Qsolar  E penalty



K
nCO g 300
f ,CO

Qsolar  Qh

(3.6)

All thermodynamic data was obtained from the FACT pure substances
database.100

3.1.3 Definition of the standard operation scenario
A standard operation scenario is defined as follows: the solar reduction
takes place at Tr = 2300 K and the system is analyzed for two oxidation
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temperatures Tox of 663 K and 1185 K that represent the temperature for
low temperature oxidation of solid solar Zn (‘LT oxidation’) and high
temperature oxidation of gaseous Zn (‘HT oxidation’), respectively.
These temperatures lie below the Zn melting temperature (693 K) and
above the Zn evaporation temperature (1181 K), respectively. The CO2
conversion Y is assumed to be 1.

3.2 Exergy efficiency of the Zn/ZnO cycle
3.2.1 Exergy efficiency for the standard operation scenario
Figure 3.2 depicts ex for the standard operation scenario as a function of
the oxidizer conversion X for three different quencher conversions Z of
0.2, 0.6, and 1. The solid lines correspond to LT oxidation and the dashed
lines to HT oxidation. ex is a concave function in X, whereas the
Venstrom model predicts a linear relation.50 The discrepancies arise from
the alternative assumptions on the Zn leaving the oxidizer explained in
section 3.1. The efficiencies at X = 1 agree within 1% to the values of the
Venstrom model.
Generally LT oxidation attains a higher ex than HT oxidation for
specific X and Z because less heat Qh is required for heating the reactants
to Tox. As Z decreases, the difference between ex for LT and HT oxidation
reduces, which is a consequence of an increase in Qsolar that reduces the
relevance of the larger Qh required for HT oxidation (see Eq. (3.6)).
However, as pointed out by Venstrom and Davidson, comparison of LT
and HT oxidation at the same X is not necessarily meaningful,50 because
HT oxidation commonly attains Zn conversions XHT of approximately 1,59
whereas the Zn conversion in LT oxidation XLT is often below 1 and
depends on the composition of the solar Zn (described by Z), particle
properties, and reaction conditions in the oxidizer.61,62 Nevertheless, if XLT
exceeds a certain lower limit XLT,lim, LT oxidation is more efficient than
HT oxidation with XHT = 1. For instance, for Z = 1 LT oxidation is more
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efficient than HT oxidation (XHT = 1) if XLT  0.56 (indicated by the circle
in Figure 3.2). XLT,lim can be determined as function of Z by equating the
corresponding ex for LT and HT oxidation

 ex ,lim   ex Tox  663 K, X LT ,lim ,Z    ex Tox  1185 K, X HT  1,Z  (3.7)
and solving for XLT,lim. The XLT,lim and ex,lim are indicated for Z = 0.2, 0.6,
and 1 by the symbols in Figure 3.2 and plotted as a function of Z by the
solid and dashed line, respectively, in Figure 3.3.
For a solar Zn reactant of a given Zn/ZnO ratio (determined by Z), LT
oxidation is more efficient than HT oxidation if XLT(Z) > XLT,lim(Z). Since
the maximally attainable conversion in LT oxidation is experimentally
accessible by methods such as thermogravimetry, XLT,lim offers a simple
criterion to probe whether LT or HT oxidation is more efficient for a
specific solar Zn reactant. Several studies have experimentally
investigated the LT oxidation of solar Zn and surrogate Zn-ZnO blends.
The reported conversion data listed in Table 3.1 is analyzed with regard
to the optimum oxidation conditions. The solar Zn composition is
typically described by either the Zn or the ZnO mass fraction (wZn or wZnO)
which is convertible to Z:
1

1


 1  wZn M Zn 
wZnO M Zn 
Z  1 
  1 
 .
wZn M ZnO 
 1  wZnO M ZnO 


(3.8)

The Zn conversion rate in LT oxidation typically slows down significantly
towards as X approaches the asymptotic conversion limit Xmax,62 which
compromises the fuel output rate of a reactor. Therefore, in a real process
the reaction might be terminated before Xmax is reached. To account for
that operation scenario, the reported experimental asymptotic conversion
limits (Xmax,exp) are corrected by a factor of 0.95, as the conversion rate at
0.95Xmax is typically still relatively high,62 such that the conversions used
for the analysis are given by
X LT ,exp  0.95  X max,exp .

(3.9)
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X, Figure 3.2. Exergy efficiency ex as function of the Zn oxidation conversion X for two
oxidation temperatures and three quenching conversions Z. Symbols indicate the points at
which ex for LT oxidation corresponds to ex for HT oxidation at XHT = 1.
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Z, Figure 3.3. Reported conversions for the LT oxidation of solar Zn and Zn-ZnO blends
(filled symbols) and corresponding nex (open symbols), compare Table 3.1. The solid line
indicates the calculated XLT,lim and the dashed line the corresponding nex,lim. The shaded
area highlights the region for XLT where LT oxidation is more efficient than HT oxidation.
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Table 3.1. List of experimental Zn to ZnO conversion data for LT oxidation of Zn-ZnO
blends (W1, W2, S1, S2) and solar Zn (A).

Tox
K

xCO2

643

88

663

88

648

0.55
0.57

S1

wZnO
wt%
20
30
40
50
60
20
30
40
50
50

Z
0.83
0.74
0.65
0.55
0.45
0.83
0.74
0.65
0.55
0.55

S2

50

A

48

ID

W1

W2

15

Xmax,exp
0.85
0.94
0.99
0.98
0.99
0.89
0.96
0.97
0.98
0.88

XLT,exp
0.80
0.89
0.94
0.93
0.94
0.84
0.91
0.92
0.93
0.84

673

15

0.93

0.88

62

673

50

0.93

0.88

61

%

Ref.

Ch. 4

Ch. 4
62

Although the experimental data was collected in the range Tox = 643673 K, all data is compared to XLT,lim for Tox = 663 K, as a change in Tox of
20 K affects XLT,lim by negligible 0.003. The XLT,exp listed in Table 3.1 are
plotted as filled symbols in Figure 3.3. All of them lie in the grey area
above the curve for XLT,lim, which specifies the region where ex is higher
for LT oxidation than for HT oxidation. Consequently, the open symbols
indicating the corresponding ex calculated using the tabulated Z and
XLT,exp lie above the dashed curve for ex,lim. The ex for the experimental
data increases from 16% to 29% with increasing Z. Variations in XLT,exp at
a given Z has a comparatively small effect on ex.
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3.2.2 Effect of incomplete CO2 conversion
The standard scenario discussed above assumed complete conversion of
CO2 to CO (Y = 1) in the oxidizer. In a real reactor mass transfer and
kinetic limitations will result in Y < 1, implying that more CO2 than
predicted by the stoichiometry of the reaction needs to be preheated.
The standard case described in section 3.1.3 was recalculated for
Y = 0.5. Figure 3.4 shows that the region in which LT oxidation attains a
higher nex slightly extends by the area highlighted in grey by decreasing Y
from 1 to 0.5, because the extra energy required to heat the additional CO2
increases with Tox and thus has a more detrimental effect for HT oxidation.
Heating the additional CO2 reduces nex,lim, which by definition in Eq. (3.7)
corresponds to nex for HT oxidation and XHT = 1, by up to 2%.
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Z, Figure 3.4. Effect of the CO2 to CO conversion Y on XLT,lim and the corresponding nex,lim.
The grey area highlights the extension of the region in which LT oxidation is more
favorable induced by the decrease of Y from 1 to 0.5.
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3.2.3 Effect of heat recuperation
The recuperation of heat released in the cycle to preheat the oxidation
reactants (lower Qh) mitigates the energetic disadvantage of a higher Tox.
In principle four heat flows are accessible for heat recuperation: Qq, Qox,
Qc, and Qfc. Since attaining a high Z requires rapid quenching and thus
heat transfer to a low temperature reservoir, Qq is of low quality and
irrelevant for heat recuperation. The same is true for Qfc which is released
at 300 K.
The heat outputs of an oxidizer operating at Tox =1185 K, assuming X = 1
and Z = 0.8, are Qox = -189 kW and Qc = -82 kW, which is sufficient to
cover the required heat input Qh = 203 kW. Hence, HT oxidation is
theoretically feasible without external heat inputs, the open question
remains to what extent heat recuperation is practical, particularly because
the largest share of Qh, the enthalpy of Zn evaporation of 115 kW, has to
be provided at 1181 K. If HT oxidation is performed without external heat
inputs, it is in any case at least as efficient as LT oxidation and thus
advantageous from a purely thermodynamic point of view.

3.3 Summary and conclusions
Based on the model developed by Venstrom and Davidson50 the
thermodynamics of the Zn/ZnO thermochemical cycle have been
revisited. Their model has been adapted to get a better representation of a
real system. In the adapted model ZnO produced by recombination in the
quencher enters the oxidizer and the solid feedstock fed to the solar reactor
is not necessarily pure ZnO but may contain some Zn. The analysis
focused on comparing two alternative oxidation concepts, oxidation of
solid solar Zn at temperatures below the Zn melting temperature (LT
oxidation) and gaseous Zn oxidation above the Zn evaporation
temperature (HT oxidation) with regard to the cycle exergy efficiency ex.
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The results confirm that the concept of LT oxidation of solar Zn is
competitive with HT oxidation from a thermodynamic point of view.
If the conversion of solar Zn in LT oxidation exceeds a certain
minimum limit, LT oxidation was found to attain a higher exergy
efficiency than HT oxidation. This conversion limit was calculated as a
function of the Zn/ZnO ratio of the solar Zn. It provides a simple criterion
to estimate whether LT oxidation or HT oxidation is more efficient for a
specific solar Zn reactant directly from experimental Zn conversion data.
The criterion was applied for reported experimental data on the
conversion of solar Zn and surrogate Zn-ZnO blends. For all these solid
reactants LT oxidation was found to allow for a higher exergy efficiency
than HT oxidation. As the fraction of heat recuperation in the oxidizer
increases, HT oxidation becomes more attractive. On the other hand, with
decreasing CO2 to CO conversion in the reaction with Zn the range in
which LT oxidation is preferable to HT oxidation extends.
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Reaction mechanism and kinetics of solar Zn
oxidation
Proper choice and design of a solar Zn oxidation reactor should be guided
by a reliable kinetic model that is based on a plausible reaction
mechanism. In particular, such a mechanism must be able to account for
the pivotal role of ZnO in enhancing Zn oxidation (see section 2.2.4). This
enhancement has been attributed to a rather general multi-reaction scheme
postulated by Stamatiou et al.62 To further refine this scheme and
discriminate pertinent reaction pathways the oxidation of solar Zn was
investigated experimentally by reacting Zn in blends with ZnO or Al2O3
diluents prepared from well characterized commercial particles with CO2
or H2O in a thermogravimetric analyzer. Further thermogravimetric
experiments were performed to investigate the reaction kinetics based on
the identified reaction mechanism.

4.1 Experimental section
4.1.1 Materials and methods
The solar Zn surrogates were prepared by blending commercially
available Zn (Sigma Aldrich, product # 209988) and ZnO particles (Strem
Chemicals, product # 30-1400, or Grillo, red seal). The Zn particles
followed log-normal distribution with standard deviation  = 0.43. In
some experiments Al2O3 particles (Strem Chemicals, product # 1344-281)
was used as an alternative to ZnO to assess the specific role of the

40

Chapter 4

chemical nature of the diluent surface. To further investigate the effect of
the diluent surface some blends were prepared from ingredients that were
immersed in water or ethanol and then dried at room temperature. These
materials are referred in further text as water- or ethanol-pretreated.
Furthermore, few blends were prepared from the Zn particles that were
pre-oxidized for 6, 9, and 12 minutes in 45% CO2-Ar mixtures at 370°C.
All blends were prepared by shaking equivalent 8-9 mg aliquots of the Zn
and a diluent in a covered petri dish for 3 minutes with occasional stirring
and breaking agglomerates with a spatula. No segregation of the
ingredients was observed.
The raw materials were analyzed for particle size distribution
(HORIBA LA-950 laser scattering analyzer), Brunauer-Emmett-Teller
(BET) equivalent specific surface area (Micrometrics TriStar 3000 N2
absorption analyzer), and particle morphology (scanning electron
microscopy (SEM), Zeiss Supra 55VP and Hitachi TM-1000). The
‒
volume-based mean particle sizes (d ) and the BET-equivalent surface
areas (a) of the materials are listed in Table 4.1. The SEM pictures of ZnO
(Strem) (Figure 4.1c-d) and Al2O3 particles (Figure 4.1e-f) reveal the
origin of their large BET areas in spite of the relatively large mean particle
sizes: both materials comprised porous micron-sized agglomerates of
finer nano-sized grains. The Al2O3 BET area is additionally enlarged by a
porous structure of the grains (average pore diameter of 2.8 nm as reported
by the manufacturer). The BET areas of the round, smooth Zn particles
(Figure 4.2) and the needle-like ZnO (Grillo) agglomerates (Figure 4.1ab) were about two orders of magnitude smaller. Figure 4.3 indicates broad
size distributions of Al2O3 and ZnO (Strem) particles and narrower, rather
similar distributions of the Zn and ZnO (Grillo) particles.
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Figure 4.1. SEM images of the materials used as Zn diluents: ZnO (Grillo) (a, b), ZnO
(Strem) (c, d) and Al2O3 (Strem) (e, f).

Figure 4.2. SEM image of the Zn particles used in the experiments.
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Table 4.1. Properties of the solid reactants.
‒

a
m2/g

ZnO Strem

d
m
34

ZnO Grillo

6.5

2.9

Al2O3

4.9

305*

Zn

6.7

1.5

Material

95*

*as reported by manufacturer
15
Zn

ZnO Grillo

10
q, %

ZnO Strem
Al2O3
5

0
1

10
d, μm

100

Figure 4.3. Volume-based size distributions of the used Zn, ZnO and Al2O3 particles.

Reacted samples were examined by transmission electron microscopy
(TEM), scanning TEM (STEM) and electron dispersive X-ray
spectrometry (EDX) performed with a FEI Tecnai F30ST instrument. The
TEM sample was prepared by dispersing the investigated particles on a
carbon-sputtered Cu mesh holder.

Reaction mechanism and kinetics of solar Zn oxidation

43

4.1.2 TG analysis
The oxidation of solar Zn surrogates in gas mixtures prepared from CO2
(Messer 4.8), H2O (generated by aDROP DV2 steam generator), Ar
(Messer 5.0), or CO (Messer 4.8) was studied isothermally at
temperatures between 350 and 400°C (below the melting point of Zn) in
two thermogravimetric (TG) analyzers: a Netzsch 409 STA (experiments
discussed in section 4.2 and experiments in section 4.3 with CO-CO2-Ar
mixtures) and a Setaram Setsys Evolution (experiments with CO2-Ar
mixtures discussed in section 4.3). The composition of the product gas of
the Netzsch device was analyzed by a gas chromatograph (GC Varian
cp4900 with Molsieve-5A/Poraplot-U columns). Both analyzers were
validated for measuring the reaction kinetics free of mass and/or heat
transfer limitations according to the methodology described elsewhere.62
For the investigation of the reaction kinetics in section 4.3 the data
acquired during the first ~30 sec of the experiments were excluded from
the analysis due to suspected transients in gas composition after switching
the TG atmosphere from Ar to a reacting gas mixture having a prescribed
CO2 molar fraction xCO2.
The Zn-ZnO blends were placed into a cylindrical alumina crucible
and heated under Ar flow to a designated oxidation temperature at a rate
of 10 K/min. After the sample temperature reached steady-state the
oxidizing gas flow was started at the balance reading designated as the
initial sample mass m0. Once asymptotic conversion (Xmax) was attained
under isothermal conditions, the sample was heated up to 800°C at 10
K/min and kept at this temperature until all the remaining Zn (if any) was
oxidized as reflected by a constant final sample mass mf.
The total mass of reactive Zn available for the oxidation (mZn,r) and
temporal Zn conversion (X) were calculated as

mZn ,r 

m f  m0
MO

M Zn

(4.1)
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and
X t  

m  t   m0
m f  m0

(4.2)

where Mi and m(t) designate molecular mass of species i and temporal
sample mass, respectively. This method for determining mZn,tot and X
eliminates errors potentially brought in by the loss of Zn during sample
handling and desorption of impurities during the heat-up to the reaction
temperature. The implementation of the method was reflected by
remarkable repeatability of the results and good agreement with previous
work.62
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4.2 Mechanism of Zn oxidation in the presence of ZnO*
4.2.1 Effect of the ZnO diluent on Zn oxidation with CO2
The work by Stamatiou et al.62 has reported the facilitating effect of ZnO
diluents on the Zn oxidation with CO2 as function of the mass fraction of
different ZnO sources that, however, had similar specific surface areas
and mean particle sizes. As the mass fraction of a ZnO diluent (wZnO) in a
homogeneous blend with Zn particles increases so do both the surface area
of the ZnO per amount of Zn and the degree of the dispersion of the Zn
particles. Therefore, the reported facilitating effect of an increase in wZnO
on both oxidation rate and asymptotic conversion of Zn62 could be
attributed to either a more pronounced reaction path taking place on the
ZnO surface or suppressed sintering of the Zn particles. In order to
distinguish between these two effects, the previously reported CO2
oxidation kinetics obtained with ZnO (Grillo) diluent particles
‒
(d = 6.5 m, a = 2.9 m2/g)62 was compared to the oxidation kinetics of Zn
blended with larger but higher specific surface area ZnO (Strem) particles
‒
(d = 33.9 m, a = 95 m2/g) at the same wZnO = 0.5. The results shown in
Figure 4.4 indicate that at the same reaction conditions (375°C, 15% CO2Ar) Zn-ZnO (Strem) blends attained almost complete Zn conversion after
10 minutes, whereas Zn in a blend with ZnO (Grillo) reached the
asymptotic conversion of only ~0.9 after 25 minutes. Moreover, at 350°C
the Zn-ZnO (Strem) blend performed similarly to the Zn-ZnO (Grillo)
blend but at the temperature 25°C higher, demonstrating also remarkable
repeatability, not attainable at such a low temperature with the Zn-ZnO
(Grillo) blend.62 As smaller ZnO (Grillo) particles should favor better
dispersion of the Zn particles, the improvements brought in by larger but
higher specific surface area ZnO (Strem) particles imply that higher Zn
oxidation rates and asymptotic conversions both stem from the direct
*

Material from this section was published in: Weibel, D., Z.R. Jovanovic, E. Gálvez, and A. Steinfeld,
“Mechanism of Zn Particle Oxidation by H2O and CO2 in the Presence of ZnO,” Chemistry of Materials,
2014. 26(22): p. 6486-6495.
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involvement of the ZnO surface in a reaction path parallel to the one
leading to the passivation of the Zn surface.

4.2.2 Effect of the ZnO diluent on Zn oxidation with H2O
When using H2O as an oxidant instead of CO2 the repeatability of
experiments was poor. Additionally, overall conversion levelled off at
lower values. This can be seen in Figure 4.5 showing Zn conversion
curves for three repeated reactions of a 50 wt% Zn-ZnO (Grillo) blend in
8% H2O-Ar at 400°C. The repeatability of the results could not be
improved by switching the ZnO source from Grillo to Strem or changing
reaction conditions (sample mass, H2O concentration, temperature). In
contrast to the homogeneous appearance of products obtained by
oxidation with CO2, the samples reacted with H2O exhibited a compacted
brittle white/yellow top crust covering the grey reminder of the material
underneath. As indicated by the SEM pictures of a 50 wt% Zn-ZnO
(Strem) sample reacted at 400°C in 8% H2O-Ar shown in Figure 4.6, the
top crust (Figure 4.6a) consisted of larger agglomerates and the hollow
shells that are typical for reacted Zn particles94 while the particles
collected from the bottom of the crucible (Figure 4.6b) consisted of
smaller particles and spherical Zn particles that appeared barely reacted.
In order to investigate if the Zn remaining in the bottom layer of the
samples that had been exposed to steam was passivated, a reacted 50 wt%
Zn-ZnO (Strem) sample that had reached asymptotic conversion of ~0.3
at 375°C in 30% H2O-Ar was homogenized with a spatula and subjected
again to the same conditions. The second run demonstrated additional
conversion of ~0.05 calculated based on the Zn content at the beginning
of the first run (Figure 4.7). Conversely, Zn that reached asymptotic
conversion in CO2-Ar atmospheres could further react only when heated
above 400°C.62 The limited Zn conversion in H2O atmospheres is thus
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Figure 4.4. Zn conversion during reaction in 15% CO2-Ar of 50 wt% Zn-ZnO blends
prepared with ZnO (Strem) (open symbols) and ZnO (Grillo)62 (filled squares). The dashed
line designates a repeated experiment.
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Figure 4.5. Zn conversion during reaction of a 50 wt% Zn-ZnO (Grillo) blend in 8% H2OAr at 400°C.
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Figure 4.6. SEM image of particles from a 50 wt% Zn-ZnO (Strem) blend reacted at
400°C in 8% H2O-Ar collected, (a) from the top crust of the sample and (b) from the
crucible bottom.
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Figure 4.7. Zn conversion during reaction of a 50wt% Zn-ZnO (Strem) blend in 30% H2OAr at 375°C. The 2nd run was performed with the product collected after the 1st run that
was crashed and homogenized with a spatula.
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attributed to the top crust formed during the experiments that restricted
the access of H2O to the Zn in the bottom layer of the sample. The crust
was likely formed by sintering of Zn and/or ZnO particles induced by the
presence of H2O in the atmosphere.101 A similar problem has been
encountered while carrying the same reaction in a packed bed reactor.63
However, the TG oxidation of a real solar Zn in a H2O atmosphere
demonstrated the complete conversion of Zn61 indicating that the sintering
of the material may be specific to the investigated Zn-ZnO blends.
Although scrutinizing the ZnO diluent effect on the Zn oxidation with
H2O was precluded by a poor repeatability of the results, the Zn
asymptotic conversions of 0.5-0.7 obtained with Zn-ZnO (Grillo) at
400°C in 8% H2O-Ar (Figure 4.5) are considerably higher than those
reported for pure Zn having a similar particle size and reacting at the same
temperature.95,102 Therefore, the well documented favorable effect of the
ZnO diluent on the Zn oxidation with CO2 pertains to reactions with H2O
as well. It is therefore reasonable to assume that both oxidation reactions
follow similar mechanisms involving the ZnO surface.

4.2.3 Effect of the chemical nature of the diluent surface
The next step in elucidating the mechanism of Zn oxidation in the
presence of a diluent was to identify the type of reactions occurring on the
diluent surface. The effect of the diluent surface chemistry was therefore
examined by switching diluent from ZnO to Al2O3 as well as by surface
modifications of the ingredients in Zn-diluent blends by ethanol- or waterpretreatment.
The temporal conversions of Zn blended with Al2O3 or ZnO (Strem)
are compared in Figure 4.8 for oxidations with CO2 or H2O at 375°C. In
contrast to the Zn blended with ZnO, the Zn blended with Al2O3 exhibited
no measurable conversion in CO2. This finding is in agreement with
previously reported results obtained with larger, segregating Al2O3 diluent
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particles (d = 81 m).62 At the same time, however, the Al2O3 diluent
facilitates the oxidation of Zn with H2O performing similarly to ZnO.
The diluent effect shown in Figure 4.8 implies that the ZnO diluent
facilitates Zn oxidation with either H2O or CO2 while the Al2O3
contributes to the reaction only in the presence of H2O. To clarify the
origin of this difference, the effects of the diluent surface modifications
was explored through the influence of particle pretreatments on the Zn
oxidation with CO2. Figure 4.9 compares the oxidation performance of a
standard 50 wt% Zn-ZnO (Strem) blend in 15% CO2-Ar at 375°C with the
performance of the same composition blends prepared with ZnO (Strem)
particles that were prior to reaction subjected to water-wash, ethanolwash, or a 4h drying step at 450°C under Ar flow. As seen in this figure,
almost complete conversion could be attained with all these blends.
Compared to the standard blend, ethanol-pretreated ZnO contributed to a
slightly faster oxidation rate; the water-pretreated ZnO demonstrated the
fastest decay in the oxidation rate underperforming even the dried out
ZnO at Zn conversions greater than ~0.4. Conversely, as illustrated in
Figure 4.10 the performance of Zn-Al2O3 blends was substantially
affected by either water- or ethanol-pretreatment of Al2O3 contributing to
the asymptotic conversions as high as ~0.9 and 0.75, respectively. As the
Zn particles pretreated with ethanol, dried at room temperature, and then
blended with the standard Al2O3 particles did not show any reactivity
under the same reaction conditions (run not shown), the enhancements by
the water- and ethanol-pretreatments demonstrated in Figure 4.10 have
been attributed solely to the surface modifications of Al2O3.
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Figure 4.8. ZnO (Strem) versus Al2O3 (Strem) diluent effect on Zn oxidation with CO2 or
H2O at 375°C.
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Figure 4.9. Effect of ZnO (Strem) pretreatment on the Zn conversion during reaction of
50 wt% Zn-ZnO blends at 375°C in 15% CO2-Ar.
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4.2.4 Activating the Al2O3 diluent for Zn oxidation with CO2
Understanding why untreated Al2O3 does not promote Zn oxidation with
CO2 and how it is activated by the ethanol- or water-pretreatment is
essential to elucidating reaction steps involving the diluent surface. To
test if the lack of its chemical affinity towards CO2 was the reason, TG
chemisorption experiments were performed at 375°C using 15% CO2-Ar.
Results shown in Figure 4.11 indicate that both ethanol-treated and
untreated Al2O3 demonstrated essentially the same CO2 chemisorption
kinetics and equilibrium capacity as the ZnO (Strem); ZnO (Grillo)
sample showed no measurable CO2 chemisorption. This implies that the
amount of CO2 chemisorbed on a diluent surface is not affecting the Zn
oxidation performance.
A clue to the reaction mechanism responsible for enhanced oxidation
in the presence of pretreated Al2O3 is revealed by the temporal H2
concentrations in the effluent gas acquired during preheating of the
sample to the reaction temperature in Ar. Figure 4.12 compares these
alongside relative sample masses and temperatures for two TG runs
performed with blends containing either untreated (Figure 4.12a) or
ethanol-pretreated Al2O3 as diluent (Figure 4.12b). Both blends were
subjected to the identical standard experimental schedule. In the case of
ethanol-pretreated Al2O3, a significant H2 peak is observed during the
initial heating in Ar and the reaction begins immediately upon exposure
to CO2. In contrast, in the presence of untreated Al2O3 no H2 evolution is
observed during preheating and the reaction does not proceed upon
exposure to CO2. The later H2 peak observed during the onset of the
reaction with CO2 are attributed to trace H2O impurities in the Zn material
used103 as they are common for all experiments regardless of whether or
which diluent was used. H2 evolution was not observed during preheating
blends of untreated Al2O3 with ethanol-pretreated Zn (not shown).
Namely, high Zn conversion after subsequent exposure to CO2 was found
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Figure 4.10. The effect of Al2O3 pretreatment on conversion of Zn during reaction of
50 wt% Zn-Al2O3 blends at 375°C in 15% CO2-Ar.
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on ZnO (Strem), ZnO (Grillo), ethanol-treated Al2O3, and untreated Al2O3 materials at
375°C.
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to be related solely to the modifications of the Al2O3 surface induced by
the ethanol pretreatment. Moreover, a 50 min thermal treatment of
ethanol-pretreated Al2O3 at 375°C under Ar purge reversed the effect of
the pretreatment; the Zn subsequently blended with the equal mass of this
thermally treated ethanol-washed Al2O3 showed no reactivity with CO2.
The above findings imply that the H2 evolution from pretreated
samples during preheating could be related to the oxidation of Zn on the
ethanol pretreated Al2O3 surface. A plausible explanation is that ethanol
pretreatment hydroxylates the Al2O3 surface. The surface hydroxyl groups
then react with Zn(g) sublimated from the Zn particles at elevated
temperatures producing H2 and ZnO:
Zn (g)  2AlO(OH)(s)  Al2 O3(s)  ZnO(s)  H 2(g)

(4.3)

This reaction has also been used to explain the facilitating effect of
hydroxylated Al2O3 on deposition of various other metals from vapor
phase.104-106 Once the ZnO seeds are formed on the Al2O3 surface they
facilitate the subsequent reaction of Zn with CO2 in the same way the ZnO
diluent particles in Zn-ZnO blends do. It is believed that the activation of
Al2O3 by the water pretreatment demonstrated in Figure 4.10 is caused by
the very same effect. If, however, hydroxylated Al2O3 is heated to 375°C
in the absence of Zn(g), the hydroxyl groups are desorbed. Therefore, the
formation of the ZnO seeds during subsequent heating up in the presence
of Zn(g) is precluded.
The effect of the ZnO surface area on the Zn conversion and the
sensitivity of the reaction on the diluent surface chemistry both imply the
growth of ZnO on the diluent surface as a reaction path parallel to the
formation of the impervious ZnO scale over the surface of the Zn
particles. In order to provide a conclusive evidence for this reaction path,
a sample of Zn blended with equal weight of ethanol-treated Al2O3 was
reacted for 3 min in 15% CO2-Ar at 375°C to conversion of X ≈ 0.5. The
reaction product is then cooled in Ar to room temperature and analyzed by
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Figure 4.12. Temporal H2 concentration in effluent gas (red squares), sample mass (blue
circles), and temperature (green dashed line) during temperature-programmed TG heat-up
in Ar (shaded area) followed by oxidation in 15% CO2-Ar of 50 wt% Zn-Al2O3 blends
prepared with (a) untreated and (b) ethanol-pretreated Al2O3.
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SEM, TEM, and STEM-EDX. As the same reaction mechanism is
assumed to govern the oxidation of both Zn-ZnO (i.e. solar Zn) and Zn(ethanol-treated Al2O3) blends, the ethanol-treated Al2O3 was chosen as
diluent from two reasons: (a) it is chemically distinguishable from the
reaction product (ZnO) in EDX and (b) due to a small size and polyhedral
shape of its particles it can be visually differentiated from the larger and
round Zn particles in SEM and TEM.
The SEM image enclosed as Figure 4.13 reveals two types of particles
in the post-reaction product: the spherical, hollow, ruptured scales that are
reminiscent of the original Zn particles and agglomerates of smaller
polyhedral particles resembling the Al2O3 material shown in Figure 4.1ef. The scales are believed to represent ZnO; their appearance is
substantially different from the thick, homogeneous, non-ruptured scales
completely covering the Zn particles that were observed by Loutzenhiser
et al94 after reaction of undiluted Zn at 400°C in 15% CO2-Ar. As the
sample represented by Figure 4.13 reacted only partially (X ≈ 0.5) a
certain amount of Zn was expected to still remain within the scales.
The region of the sample outlined by the white square in Figure 4.15
was further analyzed with STEM-EDX. This particular particle
agglomerate was targeted for these analyses because it resembled the
alumina particles (Figure 2e-f). Moreover, it was reasonably isolated from
the surrounding particles resembling the original Zn particles that were
thus likely to contain both the Zn and ZnO phases. The latter was of a
particular interest as the detection of spurious X-rays generated outside
the investigated area due to electron scattering or X-ray fluorescence has
been a known shortcoming of EDX analysis.107
The acquired high resolution TEM images of several Al2O3 particle
agglomerates did not reveal the presence of the distinctive ZnO and Al2O3
phases. Although they did indicate some variability in the contrast across
the investigated region (Figure 4.14), this variability was rather gradual
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Figure 4.13. SEM image of a 50 wt% Zn-(ethanol-treated Al2O3) blend converted to
X ≈ 0.5 in 15% CO2-Ar at 375°C.

Figure 4.14. High resolution TEM image of Al2O3 particles from a 50 wt% Zn-(ethanoltreated Al2O3) blend reacted to X ≈ 0.5.
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Figure 4.15. TEM image of an Al2O3 agglomerate from a 50 wt% Zn-(ethanol-treated
Al2O3) blend reacted to X ≈ 0.5 (left) and the results of the EDX elemental analysis over
the segment outlined by the white square (right).

thus implying the spatial distribution of the sample thickness rather than
the differences in the atomic numbers.107 On the other hand, the STEMEDX analysis (Figure 4.15, right) did reveal peaks of O, Al, and Zn
together with those of C and Cu. The latter two peaks are the artifacts
caused by the sample-supporting film and the Cu-grid over which the
sample was suspended. The strong Al peak confirmed that the visual
resemblance to an Al2O3 agglomerate had merit in choosing the sample
region to be analyzed. The O peak was thus at least partly caused by the
Al2O3 agglomerate. Whether it also reflected the ZnO deposited over the
Al2O3 surface depended merely on ruling out that the Zn peak originated
from spurious reflections by the Zn and/or ZnO phases located outside the
scanned region. The latter was achieved by comparing the intensities of
the Cu and Zn peaks while considering that substantially more Cu than Zn
was present by mass in the surroundings of the scanned sample region. As
the Cu-Zn Cliff-Lorimer factor is of the order of 1,107 if the analysis were
falsified by spurious radiation from the surrounding Zn particles the
intensity of the Zn peak would not be as strong compared to the intensity
of the Cu peak. Therefore, it has been concluded that the acquired Zn peak
reflected the presence of the ZnO layer uniformly distributed over the
Al2O3 diluent surface by the growth from the seed ZnO sites formed per
Eq. (4.3).

Reaction mechanism and kinetics of solar Zn oxidation

59

4.2.5 The mechanism of oxidation of Zn diluted with ZnO.
The experimental findings and the analytical evidence presented in the
previous sections provide a basis for refining the mechanism of Zn
oxidation by H2O and CO2 in the presence of ZnO stipulated by Stamatiou
et al.62 Namely, a gas-phase reaction of Zn(g) with either of the oxidants
producing ZnO nano-clusters is ruled out as pertinent reaction path
because it would lead to high conversions irrespective of the diluent
employed in the experiments. Instead, as illustrated by Figure 4.16a for
the case of CO2 as oxidant, the ZnO product is formed by parallel
reactions around the Zn particles (solid lines) and on the ZnO seed sites
at the surface of the diluent particles (dashed lines). In the early stage of
the reaction (t1) a thin ZnO scale quickly develops over the surface of the
Zn particles leaving openings for the passage of the sublimated Zn(g)
towards the ZnO diluent and oxidants towards the reminder of the Zn
particles (t2 > t1). The lateral scale growth eventually blocks the Zn
surface, thereby inhibiting further Zn sublimation (t3 > t2). In the absence
of a ZnO diluent (Figure 4.16b), the Zn sublimation is substantially
slower, thus less Zn escapes through the openings before they close. The
enclosed Zn may further react only via a rather slow solid-state diffusion
through the ZnO scale.75 Therefore, the proposed mechanism stipulates
that the maximum conversion of Zn is governed by the ratio of the ZnO
scale growth and the Zn sublimation rates and that the presence of a ZnO
diluent facilitates the latter.
For a given temperature, pressure, and coverage of the Zn surface, the
only remaining parameter controlling the Zn sublimation rate is the
difference between the equilibrium vapor pressure of Zn at the Zn surface
and the vapor pressure of Zn in the surrounding gas. In spite of low
equilibrium Zn vapor pressures for the investigated temperature range, it
has been shown that the sublimation rate of Zn can be rather fast in high
vacuum (~30 s for a ~2 m particle).85 Therefore, the Zn sublimation may
be sustained by an effective sink of Zn(g) outside the Zn particles that is
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provided by a fast reaction at the ZnO sites on the diluent particles.
Although the information available at present is not sufficient to
discriminate among potential surface reactions involving adsorbed Zn
and/or oxidants, the following scenarios are consistent with both
experimental findings of this work and the literature.




The metallic Zn is deposited on the ZnO sites from sublimated Zn(g)
and then oxidized by the fast reaction with either H2O or CO2.
The observed difference in the effects of ZnO (facilitating) and Al2O3
(no effect) as diluents in the Zn oxidation with CO2 may be supported
by the difference in the interaction of Zn(g) with ZnO and Al2O3
surfaces. The crystal structure of the ZnO surface inherently provides
sites for Zn(g) deposition. Furthermore, ZnO shows
nonstoichiometric behavior permitting the presence of excess Zn in
the crystal which may facilitate incorporation of metallic Zn from
Zn(g) on its surface.108 On the other hand, it has been reported that
Zn(g) does not interact with Al2O3 at temperatures within the
investigated range.109
The diluent surface activates oxidants for a fast reaction with Zn(g)
Because an Al2O3 diluent does not facilitate the Zn oxidation with
CO2, this hypothesis implies that the CO2 chemisorbs differently on
the ZnO and Al2O3 surfaces, yielding the active oxygen on the ZnO
only. On the other hand, H2O may hydroxylate either of the diluents.
The surface hydroxyls may then react with Zn(g) to provide the initial
ZnO sites on the Al2O3. Once these sites are formed, they participate
in the further Zn oxidation in the same way the ZnO diluent does.
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Figure 4.16. Schematic of the mechanism proposed for the oxidation of metallic Zn with
CO2 in the presence (a) and the absence (b) of ZnO diluent. A similar reaction mechanism
is expected for the oxidation with H2O.

4.2.6 Summary and conclusions
This work investigates the mechanism of oxidation of metallic Zn in
blends with ZnO or Al2O3 diluents prepared from well characterized
commercial particles. The effects of diluent surface area and ethanol- or
water-pretreatment of the starting particles were explored within 350400°C by thermogravimetry using CO2 or H2O in mixtures with Ar as
oxidants.
The presence of a ZnO diluent facilitates oxidation by either CO2 or
H2O. Due to substantial sintering of samples the repeatability of
experiments performed in 8-30% H2O-Ar was poor. Unless pretreated
with ethanol or water, Al2O3 facilitates oxidation by H2O only. The
participation of the pretreated Al2O3 in the oxidation by CO2 has been
attributed to the formation of the ZnO seed sites on its surface. It is
believed that these sites were formed in situ during heat-up to the reaction
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temperature in Ar by the reaction of Zn vapor with hydroxilated Al2O3
surface. Electron microscopy and EDX spectroscopy have supported this
hypothesis by revealing substantial deposition of produced ZnO on the
surface of pretreated Al2O3.
The refined Zn oxidation mechanism stipulates that the maximum
achievable conversion of Zn is governed by the ratio of the ZnO scale
growth over the Zn surface and the Zn sublimation rates. The presence of
a ZnO diluent facilitates the latter by serving as an effective sink for Zn(g),
thereby increasing the driving force for the diffusion of sublimated Zn
from the surface of the solid Zn. It is not clear whether the ZnO surface
provides the sink for Zn(g) by its affinity for Zn atoms or by its interaction
with oxidants that activates them for a fast reaction with Zn(g).
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4.3 Kinetics of Zn oxidation in the presence of ZnO*
The facilitating role of ZnO in the Zn oxidation has been attributed to a
complex multi-step reaction mechanism described in section 4.2.5.
Although this general mechanism has been conclusively proven, either of
the pathways may comprise a myriad of individual steps that have not
been reconciled yet. The goal of the work discussed in this section was to
identify and discriminate these steps by probing different kinetic models
on a broad set of isothermal Zn obtained via thermogravimetry at 350400°C and CO2 concentration and the initial Zn/ZnO ratio ranges of 2588% and 1-4, respectively. The experimental procedure and the
characteristics of the Zn-ZnO (Strem) blends are explained in section 4.1.

4.3.1 Experimental results and discussion
Direct Oxidation of Zn particles
To assess the rate of the direct oxidation of the Zn surface, Zn particles
were oxidized by 45% CO2 in Ar at 370°C in the absence of a ZnO diluent.
As shown in Figure 4.17, the conversion increased slowly during the first
~50 min and then approached an asymptotic conversion of only 0.08. The
initial reaction is believed to proceed via two parallel paths: 1) the lateral
growth of a ZnO scale through direct oxidation of the exposed Zn surface
and 2) the reaction of Zn sublimated from the exposed Zn at the surface
of the growing ZnO scale. The extremely slow conversion rate after
~50 min of reaction is attributed to the complete coverage of the Zn
surface by an impervious ZnO scale that hinders both further sublimation
of Zn and diffusion of CO2 to the surface of the remaining Zn. As a result,
further oxidation of the Zn is limited by slow solid state diffusion of Zn
ions through the ZnO scale.110
*

Material in this section is published in: D. Weibel, Z.R. Jovanovic, A. Steinfeld, “Exploiting Kinetics to
Unravel the Role of a ZnO Diluent in the Production of CO via Oxidizing Zn Particles with CO2,” submitted.
Material in this section has been extracted from: D.-A. Tian, “Investigation of the kinetics of solar Zn
oxidation,” Master’s thesis, ETH Zürich, 2014, conducted under the supervision of D. Weibel.
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Figure 4.17. Conversion of pure Zn in 45% CO2-Ar at 370°C. The dashed lines indicate
the conversions after 6, 9, and 12 minutes.

Effect of the ZnO mass fraction
Figure 4.18 illustrates the effect of wZnO on (a) the temporal Zn conversion
and (b) the corresponding conversion rates as a function of conversion for
a set of experiments performed at 370°C in an 88% CO2-Ar mixture. The
rates determined from the first 30 s of the experiments are designated by
dashed lines as they are likely affected by the transients in CO2
concentration. As shown by this figure, both the conversion rate and the
asymptotic conversion increase with increasing wZnO which is in
agreement with previous studies.62 The conversion rate obtained with the
highest ZnO mass fraction (50 wt%) decreases almost linearly with
conversion. It is interesting to note that based on the standard deviation of
the log-normal size distribution of the Zn particles ( = 0.43) this linear
trend would be expected if the Zn particles reacted according the
shrinking core model with reaction control.111 Therefore, one may
speculate that during this particular experiment the kinetics were
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governed mainly by the contracting volume of the Zn particles without
much of intrusion by the ZnO scale. As the ZnO mass fraction decreases
the conversion rate versus conversion trend deviates more and more from
linearity; this may imply that the effect of the ZnO scale on the overall
reaction rate becomes more pronounced at lower ZnO mass fractions. The
same trends were observed at all other investigated temperatures (350,
390°C) and CO2 molar fractions (25%, 45%).
The nature and the effect of the ZnO scale
The physical evidence about the nature of the ZnO scale and the way this
scale develops over Zn particles is provided by the SEM images shown in
Figure 4.19. Figure 4.19a refers to the sample from a Zn-50 wt% ZnO
blend after reaching the complete Zn conversion in 45% CO2-Ar at 370°C.
The perforated ZnO scales that can be seen in this figure follow the shape
and the size of the starting Zn particles shown in Figure 4.2. This
observation implies that the ZnO scale formed in the early stage of the
oxidation before the Zn particles substantially shrunk due to sublimation.
Figure 4.19b provides a close view of the ZnO scale over a Zn particle
originating from a Zn-40 wt% ZnO blend that attained the overall Zn
conversion of X ≈ 0.3 after one minute exposure to 45% CO2-Ar at 370°C.
This figure evidences that the ZnO scale containing crevices and holes
develops over the Zn particles in the early stage of reaction. Therefore, it
is likely that the further oxidation is sustained by the presence of the
openings in the ZnO scale that serve as passages for supplying the
sublimated Zn from within the ZnO scale to the outside diluent ZnO
surface where it subsequently reacts. If these openings close due to
deposition and oxidation of Zn(g) around the edges of the crevices (see
Figure 4.20a) or if the surface of the Zn oxidizes (see Figure 4.20b) the
reaction stops before all the Zn is consumed. Otherwise, the reaction of
the particle terminates only once the entire Zn core has sublimated (see
Figure 4.20c).
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Figure 4.19. SEM of the sample from (a) a Zn-50 wt% ZnO blend after reaching complete
Zn conversion in 45% CO2-Ar at 370°C and (b) a Zn-40 wt% ZnO blend reacted for
1 minute (X ≈ 0.3) under the same conditions.

The effect of the ZnO scale developing on the Zn particles on the
conversion of Zn blended with ZnO was explored using Zn particles that
were pre-oxidized in the absence of ZnO. The pre-oxidation was carried
out for 6, 9, and 12 min according to the experiment shown by Figure 4.17
(370°C, 45% CO2-Ar mixture). The pre-oxidized Zn particles were then
blended with the equal mass of ZnO (wZnO = 50 wt%) and reacted under
the same conditions employed for pre-oxidation. As shown in the inset of
Figure 4.17, the Zn conversion during the pre-oxidation was negligible
(X < 0.04). Yet, as shown in Figure 4.21a, after being blended with ZnO
the remaining Zn oxidized to substantially higher extents (X = 0.73, 0.47,
and 0.35 for a 6, 9 and 12 min pre-oxidized Zn respectively). The initial
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Figure 4.20. Speculated reaction-terminating mechanisms: (a) deposition of ZnO on the
edges of the openings in the ZnO scale, (b) complete oxidation of the surface of the Zn
core, and (c) complete sublimation of the Zn core.

rapid conversion seen in Figure 4.21a implies that the pre-oxidized Zn
was not completely passivated by the ZnO scale, and therefore Zn vapor
was able to reach the ZnO diluent surface and oxidize there. Remarkably,
normalizing the temporal conversions (X) by their asymptotic conversions
(Xmax) collapses all the data sets obtained with pre-oxidized Zn onto the
same curve (Figure 4.21b). This indicates that pre-oxidation results in a
fraction of the Zn particles that are completely blocked by the ZnO scale
and are thus excluded from further reaction. This fraction of inactive
particles increases with the pre-oxidation time and has no effect on the
conversion of the remaining Zn. The latter further implies that the nature
of the ZnO scale does not depend on the pre-oxidation time.
At the same time, pristine Zn (tpreox = 0) blended with ZnO to the same
ratio and subjected to the same reaction conditions attained the complete
conversion indicating that none of the particles get completely blocked by
the ZnO scale. Moreover, the conversion rate of pristine Zn is higher than
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Figure 4.21. Conversion of Zn pre-oxidized for 0 (pristine material), 6, 9, and 12 min in
45% CO2-Ar at 370°C and then reacted under the same conditions after being blended
with equal mass of ZnO (wZnO = 50 wt%): (a) as measured and (b) normalized with respect
to the final conversion.
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the common normalized conversion rate of the pre-oxidized Zn (Figure
4.21b). This effect may be attributed to the difference in the nature of the
ZnO scale formed during the early stage of exposure to CO2 with and
without ZnO diluent present. One therefore may speculate that the nature
of the ZnO scale is set by the local Zn sublimation rates in the early stage
of the reaction through an interplay of the initial reaction conditions:
temperature, atmosphere, and ZnO weight fraction, i.e. surface area.
Because ZnO diluent serves as an effective sink for sublimated Zn, its
presence may maintain a low partial pressure of Zn(g) in the reaction
atmosphere, thereby promoting further sublimation of Zn. In the absence
of ZnO, however, the sublimation of Zn can be sustained only by
sweeping the Zn vapor from the TG crucible that would provide Zn(g)
partial pressures lower than the equilibrium Zn partial pressure of
3.7x10-5 bar.81 Such a high sweep efficiency would be reflected by a loss
in sample mass during heat-up in Ar which, however, was not observed.
Therefore, during pre-oxidation in the absence of ZnO the Zn experienced
a lower sublimation rate than the pristine Zn blended with ZnO which may
have resulted in a less permeable ZnO scale over the pre-oxidized Zn.
Effect of the CO concentration in gas phase
The experiments summarized in Figure 4.22 demonstrate the effects of
CO (the gaseous reaction product) on the reaction. Namely, the Zn
conversion in a blend containing 50 wt% ZnO was investigated at 375°C
and 400°C in Ar-balanced gas mixtures containing the same xCO2 (15%)
but either 0% or 8% CO. As shown by this figure, the presence of CO
decreased both the conversion rate and the asymptotic conversion.
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Figure 4.22. The effect of the presence of CO on the conversion of Zn in a blend
containing 50 wt% ZnO: the reactions at 375°C (triangles) and 400°C (circles) were
carried out with 15% CO2-Ar (filled symbols) and 15% CO2-8% CO-Ar (open symbols).

Effect of the CO2 concentration
Figure 4.23 illustrates the effect of xCO2 (25%, 45%, and 88%) on Zn
conversion as function of wZnO (20% versus 40%) and temperature
(350°C, 370°C, and 390°C). This set of conversion-versus-time data
appears to imply that the CO2 molar fraction has virtually no effect on the
reaction. However, as shown by Figure 4.24, plotting the corresponding
conversion rates versus conversion reveals that the conversion rate during
the early stage of reaction varies with xCO2. This effect is more pronounced
at high ZnO mass fractions and high reaction temperatures. As these
conditions lead to high CO production rates, the observed effects are
suspected to reflect the CO effect on the kinetics as a consequence of
insufficient sweeping of the product gas from the reaction site.
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Figure 4.23. Effect of xCO2 and T on the conversion in blends containing (a) 20 wt% and
(b) 40 wt% ZnO.
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X, Figure 4.24. Effect of xCO2 and T on the Zn conversion rate as function of the Zn
conversion in blends containing (a) 20 wt% and (b) 40 wt% ZnO.
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4.3.2 Reaction steps constituting the oxidation of solar Zn
According to the mechanism proposed in section 4.2 a kinetic model
describing the oxidation of Zn blended with a ZnO diluent needs to
account for the overall steps summarized in Table 4.2. The experiments
indicate that the maximum conversion rate of pure Zn (0.004 1/min) is 10100 times lower than the maximum conversion rates of Zn in blends
containing 20-50 wt% ZnO when oxidized under identical conditions
(Figure 4.17 and Figure 4.18). This implies that the direct oxidation of the
Zn surface only negligibly contributes to the overall Zn conversion and
thus justifies the exclusion of step 1 from further analysis. The remaining
steps (2-4) are schematically illustrated in Figure 4.25 together with a
hypothetical qualitative Zn(g) concentration profile.
Under quasi steady state conditions, the molar rates of Zn(g)
sublimation (n·sub), Zn(g) transport from the Zn surface to the ZnO surface
(n·mt), and Zn(g) consumption by the heterogeneous oxidation at the ZnO
surface (n·r) are all equal, i.e.
n sub  nmt  nr .

(4.4)

The Zn(g) that is transported away from the Zn surface is replenished
through sublimation from the Zn surface such that the Zn(g) concentration
directly at the Zn surface is constantly at
*
cZn


*
pZn
RT

(4.5)

where p*Zn and R designate the equilibrium partial pressure of Zn(g) and
the universal gas constant, respectively.81 It is assumed that the Zn(g)
rapidly disperses into the bulk gas thus its concentration at the ZnO diluent
surface c̄Zn is considered uniform.
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Table 4.2. The overall steps constituting the mechanism of Zn oxidation with CO2 in the
presence of ZnO diluent according to the mechanism identified in section 4.2.5.

Step
(1)
(2)

(3)

(4)

Description
Direct oxidation of the Zn
surface
Sublimation of Zn from the
Zn surface to the gas phase
within the ZnO scale
Transport of sublimated Zn(g)
from the surface of the
unreacted Zn to the ZnO
surface.
Reaction of Zn and CO2 at the
ZnO surface

Zn core

Symbolic interpretation

Zn (s)  CO 2(g)  ZnO(s)  CO(g)
Zn (s)  Zn (g)

Zn (g)

Zn

 Zn (g)

ZnO

Zn (g) +CO 2 (g)  ZnO (s)  CO (g)

ZnO scale
·
n· nr
mt

Zn

ZnO

n· sub

cZn
*
cZn

n· sub

n· mt

c‾Zn

n· r
y

Figure 4.25. Schematic interpretation of the reaction path comprising the sublimation of
Zn from the Zn core (n·sub), Zn(g) transport to the ZnO surface (n·mt), and reaction of Zn(g)
on the ZnO diluent surface (n·r).

4.3.3 Zn(g) transport to the ZnO surface
The driving force for n·mt is the Zn(g) concentration gradient between the
surface of the unreacted Zn and the surface of the ZnO diluent. The overall
transport of Zn(g) to the ZnO diluent surface may therefore be
approximated as
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nmt  k SZn  c*Zn  cZn 

(4.6)

where k is the apparent Zn(g) mass transfer coefficient defined per surface
area of Zn, SZn.
As illustrated in Figure 4.25, the sublimated Zn(g) leaving the Zn
surface can pass only through the openings in the ZnO scale, which is thus
considered to be the main mass transfer resistance determining k. The
openings in the scale may close with time due to the deposition of
produced ZnO on the edges of the scales (see Figure 4.20a-b) which
would be reflected by a decrease in k with the progress of reaction, i.e.,
increase in X. The comparison of the normalized Zn conversion rates in
the blends made of pristine and pre-oxidized Zn particles (Figure 4.21b)
implies that the ZnO scale may be more permeable, i.e. that k is larger,
when the initial conversion rate, and thus the initial Zn(g) transport from
the Zn surface, is higher. Therefore, the rate of the Zn(g) transport to the
ZnO surface decreases with conversion not only due to a decrease in SZn
but also because of a simultaneous decrease in k. Both of these effects are
governed by different mechanisms that may interfere with each other.
Their product, however, may be lumped into a single parameter
representing the apparent mass transfer coefficient per the initial number
of moles of Zn in the blend (n0)

  k sZn

(4.7)

where
sZn 

S Zn
n0

(4.8)

designates the temporal Zn surface area normalized to n0. Accordingly,
Eq. (4.6) may be rewritten as
*
nmt   n0  cZn
 cZn  .

(4.9)

Reaction mechanism and kinetics of solar Zn oxidation

77

4.3.4 Heterogeneous reaction at the ZnO surface
The molar rate of Zn(g) consumption by the heterogeneous reaction with
CO2 at the ZnO surface can be expressed as
nr  S ZnO rr

(4.10)

where SZnO and r̄r represent the ZnO diluent surface area participating in
the reaction and the overall reaction rate per that area, respectively.
Therefore, if  designates the fraction of the total surface area of the ZnO
diluent participating in the reaction, SZnO may be expressed as
S ZnO   aZnO wZnO m0 .

(4.11)

The overall reaction rate depends on the morphology of the ZnO particles,
i.e. the accessibility of the reaction sites for the gaseous reactants. Due to
gradients in the concentrations of the gaseous reactants brought in by the
resistance to pore diffusion, the overall reaction rate may be expressed as
r r   rr

(4.12)

where rr and ϕ represent the heterogeneous reaction rate in the absence of
pore diffusion (i.e., the reaction rate at the bulk concentrations of the
gaseous reactants) and the effectiveness factor,112 respectively.
To derive an expression for rr, one needs to consider the detailed
mechanism of the oxidation of sublimated Zn(g) at the ZnO surface. This
mechanism may comprise several steps that are outlined in Table 4.3 as
constituents of a single Langmuir-Hinshelwood (LH) and two EleyRideal (ER1 and ER2) reaction schemes. The LH scheme considers the
oxidation to occur between Zn atoms and CO2 molecules that are both
adsorbed on the ZnO surface; the ER1 and ER2 schemes consider only
one of the gaseous reactants to be adsorbed and that this species reacts
with the other that remains in the gas phase. All three schemes treat the
oxidation step as irreversible because within the investigated temperature
range the backward reaction of ZnO is not thermodynamically
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Table 4.3. Considered reaction schemes with kinetic expressions for constituent steps.

Langmuir Hinshelwood mechanism (LH)
Zn (g)  #  Zn #

a
d
#
rr ,1  k Zn
c Zn  # N #  k Zn
 Zn
N#

CO 2 (g)  *  CO *2

rr ,2  k

a
CO2 CO 2

c

 N k
*

*



*
CO 2

(4.13)
N

*

(4.14)

Zn  CO  CO  ZnO (s)  #

rr ,3  k 

CO *  CO (g)  *

d
*
a
rr ,4  k CO
 CO
N *  k CO
 * N * cCO

(4.16)

 

(4.17)

#

*
2

*

Zn adsorption site balance

ox
LH

#

CO2 and CO adsorption site balance   
*

*
CO 2

#
Zn

1

*
CO



N N

d
CO2

*

*
CO 2

#
Zn

#

1

(4.15)

(4.18)

Eley-Rideal mechanism (ER1) for adsorbed Zn reacting with CO2(g)
Zn (g)  #  Zn #

a
d
#
rr ,1  k Zn
c Zn  # N #  k Zn
 Zn
N # #

Zn +CO 2(g)  CO (g)  ZnO (s)  #

rr ,2  k

#

Zn adsorption site balance

ox
ER1 CO2

c

 N
#
Zn

#

#
 #   Zn
1

(4.19)
(4.20)
(4.21)

Eley-Rideal mechanism (ER2) for adsorbed CO2 reacting with Zn(g)
a
d
rr ,1  kCO
c  * N *  kCO
 * N*
2 CO 2
2 CO 2

CO 2 (g)  *  CO *2
Zn (g)  CO

*
2(g)

 CO  ZnO (s)

CO *  CO (g)  *

*

rr ,2  k

c 

ox
*
ER 2 Zn CO2

N

*

d
*
a
rr ,3  k CO
 CO
N *  k CO
 * N * cCO

CO2 and CO adsorption site balance   
*

*
CO



*
CO 2

1

(4.22)
(4.23)
(4.24)
(4.25)

favorable.26 The formulation of the adsorption steps is based on the
assumption that CO2 and CO compete for the same adsorption sites ‘*’ on
the ZnO diluent surface, but that neither of these species competes for the
adsorption with Zn(g) which adsorbs on separate sites ‘#’. This assumption
is supported by the findings reported in the literature. Specifically,113 have
provided the experimental evidence for the competitive adsorption of CO2
and CO on the ZnO surface that is predicted to occur through bonding to
the surface lattice Zn-ions.114,115 Conversely, it has been suggested that
Zn(g) either deposits at vacant surface Zn lattice sites and then bonds to the
surrounding lattice O2-,108 or that it incorporates into the ZnO lattice in
interstitial positions.116,117 Therefore, in the kinetic expressions listed in
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Table 4.3 the total number of either of the adsorption sites per unit surface
area of ZnO is denoted by N while θ and θi represent the site-specific
fraction of vacant and the adsorption sites occupied by reactant i,
respectively. Since the formation of the product replenishes the adsorption
sites, the total number of either of the adsorption sites is considered
constant.
For quasi steady-state conditions the rates of the individual reaction
steps rr,j are identical and equal to the overall rate of the reaction rr.118
Assuming that one of the reaction steps within a scheme is ratecontrolling, the remaining steps may be considered to be in equilibrium.
By implementing this assumption and invoking the quasi steady-state
approximation rr = rr,j, the fractional surface coverages may be related to
the concentrations of the gaseous reactants and products. The solutions
for four possible rate-controlling steps within the three considered
reaction schemes are listed in Table 4.4, where
Kia 

kia
kid

(4.26)

designates the equilibrium adsorption constant for species i. Detailed
derivations of the equations tabulated in Table 4.4 are available in
Appendix A.

4.3.5 Qualitative model discrimination and evaluation
The candidates for the kinetic expression listed in Table 4.4 may be
evaluated based on the qualitative agreement of their predictions with
experimental findings. In particular, a proper expression for rr must
predict (i) a weak dependence of the conversion rate on the CO2
concentration (Figure 4.23 and Figure 4.24), (ii) a decrease in the
conversion rate with an increase in the CO concentration (Figure 4.22),
and (iii) a decrease in the conversion rate with increasing conversion.
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Table 4.4. Rate laws based on different reaction steps controlling the rate rr.

Rate controlling
Overall rate law
step
Zn adsorption
CO2 adsorption

Eq.

a
rr  k Zn
N # cZn

(4.27)



1
a
rr  kCO
N * cCO2 

a
2
1  K CO cCO 




(4.28)

*
a
a

K CO
c
 K Zn
cZn  
2 CO 2
k N N 


a
a
a
1  K Zn cZn  1  K CO2 cCO2  K CO cCO  (4.29)


 
ox
LH

rr ,LH

*

#

#
 Zn

rr ,ER1

Oxidation

*
CO
2

a
 K Zn
cZn 
ox
#
N
c
 k ER

1
CO 2 
a
1  K Zn cZn 




(4.30)

#
 Zn

rr ,ER 2

a


K CO
c
ox
*
2 CO2
 k ER
N
c


2
Zn
a
a
1  K CO2 cCO2  K CO cCO 



(4.31)

*
CO
2

CO desorption

rr 

d
k CO
N*

(4.32)

The first two conditions could be satisfied only by Eqs. (4.29) and
(4.31) which can be concluded after analysis of the expression for the
surface coverage of CO2



*
CO2



a
K CO
c
2 CO 2
a
a
1  K CO
c
 K CO
cCO
2 CO 2

(4.33)

Namely, Yasumoto119 has reported that within the investigated
temperatures and CO2 concentrations and in the absence of CO (c̄CO= 0)
the ZnO surface is saturated with CO2 (θ*CO2 = 1). This implies that
a
K CO2 c̄CO2 >> 1 hence Eq. (4.33) can be approximated by
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*
CO

2
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a
K CO
a
K CO
2
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cCO2

Therefore, for c̄CO ≈ 0 the reaction rates predicted by rr,LH (Eq. (4.29)) or
rr,ER2 (Eq. (4.31)) are independent of c̄CO2. If, however, c̄CO increases at a
constant c̄CO2, Eq. predicts a decrease in the conversion rate in agreement
with the results presented in Figure 4.22. An increase in conversion rate
with an increase in xCO2 (seen in Figure 4.24 for the experiments with a
high CO production rates) may thus be explained by the experimental
inability to effectively sweep off the CO.
The decrease in Zn(g) supply to the ZnO surface as the reaction
progresses reduces c̄Zn. Since rr,ER2 (Eq. (4.31)) decreases linearly in c̄Zn,
it fulfills condition (iii). The expression for rr,LH fulfills condition (iii) only
a
for K ZncZn << 1 when a change in c̄Zn has a significant effect on rr,LH. Since
a
at present K Zn c̄Zn cannot be evaluated, the discrimination between LH and
ER2 mechanisms is not possible. Further analysis was thus conducted
using rr,ER2 as an example due to its simple, linear dependency on c̄Zn. This
simplification is justified by only slight difference in the rate laws for the
a
ER2 and LH mechanisms at small K Zn c̄Zn (compare Eqs. (4.29) and
(4.31)) that is irrelevant for a qualitative analysis of the model.

cZn 

c*Zn
*
 aZnOCO
k ox wZnO
2
1

 M Zn
1  wZnO


(4.35)

where kox and β represent
ox
*
k ox  k ER
2N

(4.36)

   .

(4.37)

and

The conversion rate law is then obtained by inserting Eq. (4.38) into Eq.
(4.9) as
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n
dX
1
*
1 
 mt   cZn
ox
*
a


dt
n0

ZnO CO2 k
 WZnO  M Zn
 1










(4.39)

where WZnO represents the initial ZnO/Zn mass ratio in a blend:
WZnO 

wZnO
.
1  wZnO

(4.40)

Fitting the conversion rate law described by Eq. (4.39) to the
experimental data requires explicit expressions β = β(X) and κ = κ(X).
However, the analytical derivation of either of these expressions is not
possible as (i) β must account for the complex and changing morphology
of the ZnO particles and (ii) κ must capture the decrease in the Zn surface
area due to sublimation and the simultaneous closure of the ZnO scales
according to the processes shown in Figure 4.20a-b. These processes may
interfere with each other and, moreover, vary with the ZnO mass fraction
of the blend, the reaction conditions, and the Zn and ZnO particle
morphology and size distribution. As an alternative to formulating
analytical models, empirical models for β and κ could have been derived.
However, it is very unlikely that the particle size distribution and
morphology of solar Zn are adequately represented by the Zn-ZnO blends
exploited in this study. Thus, instead of deriving an empirical model that
would pertain only to the investigated materials, the appropriateness of
the derived mathematical model is assessed only qualitatively.
The detailed evaluation of the expression for the conversion rate law
given by Eq. (4.39) is available in Appendix A. Although the bracketed
term increases with a decrease in κ = κ(X) (reflecting an increase in the
effective mass transport resistance), the overall expression still decreases.
This decrease in the conversion rate may be accelerated even further by
the simultaneous decrease in the diluent ZnO surface area which is
accounted for by a decrease in β = β(X). Furthermore, the conversion rate
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increases with an increase in wZnO, in agreement with the experimental
observations shown in Figure 4.18.
The effect of increase in wZnO may be sought in decreasing c̄Zn (see Eq.
(4.35)) thus increasing the driving force for the sublimation of Zn (see Eq.
(4.9)). However, in addition to its direct effect on the conversion rate
given by Eq. (4.39) WZnO may also affect both κ and β. This possibility
may be assessed by exploring if Eq. (4.39) predicts the experimentally
observed increase in conversion rate with an increase in WZnO assuming
that κ and γ are functions of X and T but not of WZnO. To do so it is
convenient to first estimate the limits of dX/dt sensitivity to WZnO.
By introducing a lumped parameter γ as
*
  a ZnO  CO
k ox M Zn  .

(4.41)

2

Eq. (4.39) may be rearranged as



dX
1
*
  cZn 1 

dt
 1   WZnO




 

   WZnO
*
   cZn 

 1    WZnO

 



.



(4.42)

Assuming that κ and γ are functions of X and T but not of WZnO, the bounds
for the rate of change in dX/dt with WZnO may now be evaluated as follows.
This rate of change is the lowest for γ → ∞ at a finite, non-zero κ, i.e.,
lim

 

dX
*
  cZn
dt

(4.43)

when the overall oxidation rate is mass transport controlled, thus for any
WZnO the Zn concentration at the ZnO diluent surface is c̄Zn = 0.
Consequently, an increase in WZnO has no effect on the conversion rate
unless κ additionally depends on WZnO. On the other hand, the highest
possible rate of change in dX/dt with WZnO corresponds to the case when
κ → ∞ at a finite, non-zero γ, i.e.,
lim

 

dX
*
  cZn
 WZnO
dt

(4.44)

84

Chapter 4

when the resistance for the Zn mass transport is negligible compared to
the resistance for the chemical reaction thus the Zn concentration at the
ZnO diluent surface is the highest possible, i.e. c̄Zn = c*Zn (see Eq. (4.35)).
Furthermore, as due to unlimited supply of the Zn vapor to the diluent
surface the heterogeneous reaction proceeds at the highest possible rate,
the conversion rate limit given by Eq. (4.44) scales directly with WZnO.
Therefore, if assuming that γ = γ(X, T) but γ ≠ γ(WZnO) (i.e. β ≠ β(WZnO))
Eq. (4.44) underestimates the facilitating effect of WZnO on dX/dt then it
must be that either γ = γ(X, T, WZnO) and/or κ = κ(X, T, WZnO).
Since the relationship β = β(X) is not known, γ could not be calculated
by Eq. (4.41) directly. Instead, γ may be estimated from Eq. (4.44) using
a dX/dt value observed experimentally at a specific conversion,
temperature, and WZnO. The isothermal conversion rates can then be
plotted versus WZnO as straight lines of slopes γc*Zn where c*Zn is estimated
from the c*Zn = c*Zn(T) dependence reported by Nesmeyanov81 and
compared with their counterparts observed experimentally at the same
conversion, temperature, and CO2 partial pressure. This approach is
illustrated in Figure 4.26a for a set of the oxidation experiments performed
with 20, 30, 40, and 50wt% Zn-ZnO blends in 88% CO2-Ar at 350, 370,
and 390°C. The symbols in this figure indicate the conversion rates
observed experimentally at X = 0.2 while the lines plot Eq. (4.44) utilizing
γ’s that were determined for each temperature by forcing Eq. (4.44) to fit
the experimental results at WZnO = 0.25 (wZnO = 20 wt%). Because Eq.
(4.44), the steepest possible rate of change in dX/dt with WZnO,
underestimates the increase in dX/dt with an increase in WZnO while
assuming that β ≠ β(WZnO) and κ ≠ κ(WZnO) therefore implies that indeed
β = β(X, T, WZnO) and/or κ = κ(X, T, WZnO). The same conclusion can be
drawn from the similar comparisons at other conversions (see Figure
4.26b for X = 0.4).
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Figure 4.26. Effect of WZnO on the conversion rate at (a) X = 0.2 (b) X = 0.4. The symbols
represent the experimental data for the reaction in 88% CO2-Ar at 350, 370, and 390°C.
The straight lines correspond to the predictions by Eq. (4.44) utilizing γ’s that were
determined for each temperature by forcing Eq. (4.44) to fit the corresponding
experimental results at WZnO = 0.25 (wZnO = 20 wt%).
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4.3.6 Summary and Conclusions
The oxidation of Zn-ZnO blends with an initial ZnO mass fraction ranging
from 20 to 50 wt% was studied thermogravimetrically at 350-400°C in
25-88% CO2-Ar and in CO-CO2-Ar gas mixtures. Both the Zn conversion
rate and the maximum Zn conversion increase with increasing
temperature and increasing initial ZnO/Zn ratios. However, the presence
of CO in the reaction atmosphere lowers the conversion rate. High initial
ZnO/Zn ratio blends exhibit a slight increase in conversion rate with
increasing CO2 gas phase compositions at 370°C and 390°C. As these
conditions lead to higher CO production rates, the observed effect of CO2
may be a consequence of insufficient sweeping of the CO product gas
from the reaction site and thus demonstrate the effects of CO on the
kinetics.
Based on the previously reaction mechanism postulated in section 4.2
the reaction kinetics were investigated to elucidate the facilitating role of
the ZnO diluent. The conversion rate was found to be controlled by both
the rate of Zn(g) transport to the ZnO surface and the rate of the Zn(g)
consumption by the heterogeneous oxidation of Zn(g) on the ZnO surface.
The Zn(g) supply to the ZnO surface is restricted by the presence of a ZnO
scale that forms on the initial Zn surface in the early stages of the reaction
and restricts Zn(g) to pass only through openings in the scale. With
increasing conversion the Zn (g) supply rate decreases because the Zn
surface area shrinks upon sublimation and because the openings in the
ZnO scale close, restricting Zn(g) egress from the particles. This reduction
in the supply of Zn(g) results in a decrease in conversion rate. The
conversion rate increases substantially with increasing initial ZnO/Zn
ratios in the blend because (i) the effectiveness of the heterogeneous
reaction of Zn(g) and CO2 on the ZnO surface increases and/or (ii) the ZnO
scale developing on the Zn surface becomes more permeable for Zn(g)
transport from the Zn surface to the ZnO diluent surface. The latter is
attributed to the following:

Reaction mechanism and kinetics of solar Zn oxidation
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A faster Zn sublimation rate in the early stages of the reaction may
interfere with the development of the ZnO scale over the Zn surface.
Since at a higher wZnO the Zn in the investigated blends sublimates
and reacts relatively fast at the ZnO diluent surface, the closure of the
ZnO scales with the progress of reaction may become less relevant.

The reaction rate of the heterogeneous reaction of Zn(g) and CO2 on the
ZnO surface was found to be controlled by the reaction of adsorbed CO2
with Zn that is either adsorbed (Langmuir Hinshelwood mechanism) or in
gas phase (Eley-Rideal mechanism). Both mechanisms explain the
observed effects of the CO2 and CO concentrations on the conversion rate.
At low CO concentrations the ZnO surface is saturated by adsorbed CO2
and thus altering the CO2 concentration has no effect on the conversion
rate. At higher CO concentrations, CO competes with CO2 for the same
adsorption sites such that the ZnO surface is no longer saturated by
adsorbed CO2, thereby leading to lower conversion rates.
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Reaction engineering aspects of solar Zn oxidation
The reaction of Zn in blends with ZnO at temperatures below the Zn
melting temperature has been investigated in thermogravimetric analyses,
which operate with small solid samples and excess oxidant gas to avoid
mass and heat transfer effects. The experiments have demonstrated the
ability to completely react the Zn at reasonable rates. The next step in
assessing the viability of the concept of solid solar Zn oxidation for the
production of H2 and CO is its demonstration in a scalable gas-solid
reactor, where heat and mass transfer limitations are more significant. To
identify a suitable reactor design common gas-solid reactor concepts were
reviewed with regard to their applicability for the oxidation of solar Zn
particles.

5.1 Selecting a gas-solid reactor configuration
A number of ways to contact solids and gas streams are industrially
applied. A selection of contacting patterns is depicted in Figure 5.1.112,120122
The choice of contacting pattern is governed by reaction kinetics, heat
transfer, particle properties, and gas flow rates.123 Some contacting
patterns can only be realized for specific combinations of particle
properties and gas flow velocities. The operation range of these
configurations are depicted in Figure 5.2 as function of the nondimensionalized particle diameter (d*) and gas flow velocity (u*)
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Figure 5.1. Contacting pattern of common gas-solid reactors. Adapted from ref. 122.
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Figure 5.2. Operation regime of gas-solid reactors as function of normalized gas velocity
u* and normalized particle size d*. umf indicates the region of minimum fluidization
velocity and ut the terminal velocity. Adapted from ref. 120.
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where g and s denote the density of the solid and gas phase, respectively,
d the particle diameter, u the gas flow velocity,  the dynamic viscosity
of the gas, and g the standard gravity. At gas flow velocities below the
minimum fluidization velocity umf the particles form a packed bed. With
increasing gas flow velocity the particles first attain a fluidized state above
umf and then, as the velocity surpasses the terminal velocity ut, they are
entrained by the gas flow.
The gas-solid contacting mode should be chosen based on (i) the size
distribution and density of the solids and (ii) the viscosity, density, and
velocity of the gas.120,123 As a full-scale reduction process for production
of solar Zn has not yet been developed, the properties of solar Zn produced
in lab- and pilot-scale reactors, as described in section 2.1 have to serve
as the only reference. These solar Zn particles typically range in size from
less than one to a few hundred micrometers and consist of agglomerated
nano-sized grains resulting in a low bulk density (b = 250-460 kg/m3)
and a large specific surface area (24-38 m2/g).46,52,61-63
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5.2 Characteristics of gas-solid reactors
This section gives a brief description of common reactor configurations
with an emphasis on their relevance to the oxidation of solar Zn particles.
To identify promising reactor concepts for the considered application, the
various reactor types were assessed with regard to the following criteria:












Suitable for a particle residence time of minutes: allows for complete
reaction of the Zn according to thermogravimetric measurements
(see chapter 4) and thus for a high solar-to-fuel energy conversion
efficiency (see chapter 3).
High H2O to H2 and CO2 to CO conversion: minimizes the need to
preheat excess oxidant gas and separate unreacted gases in the offstream.
Intimate gas-solid contact with fine Geldart C classified particles:
allows for a uniform reaction at high rates and high gas-solid heat
transfer rates.
Energy-efficient operation: enables high solar-to-fuel energy
conversion efficiencies.
Controlled release of exothermic reaction heat: prevents the reactor
from overheating and melting or excessive sublimation of the Zn.
Demonstrated in large-scale continuous processes: simplifies upscaling for the implementation of the reactor in a full-scale
thermochemical fuel plant.
Applicable for variable particle sizes and compositions: provides the
robustness required for the coupling with a solar ZnO dissociation
process operating under fluctuating conditions.
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5.2.1 Packed bed reactor and moving bed reactor
Packed-bed reactors operate in batch mode and are e.g. used for reactions
between gases on solid catalysts that deactivate slowly and rarely need to
be replaced.120 The gas percolates at velocities below umf through the pores
of the bed without moving the particles significantly. For fine particles the
pressure drop across the bed is large, which typically results in channeling
and significant gas bypassing and thus a poor gas-solid contacting.112
Furthermore, the heat transfer of packed beds is poor, which can result in
local hotspots and reactor runaway.112 Heat transfer limitations become
more critical as the reactor size increases.120
If the packed bed moves continuously downwards counter-current to
the gas flow, the contacting mode is referred to as vertical moving bed. In
the horizontal moving bed reactor, a packed bed of solids is conveyed
while being reacted with a gas traversing in cross flow. Both types of
moving beds have similar characteristics as a stationary packed bed, but
the solid phase is in continuous flow.120 The residence time is adjustable
by the feeding rate or the conveying speed. Moving bed reactors typically
operate with large particles in the mm and cm range.120,122

5.2.2 Fluidized bed reactor
If the reacting gas penetrates upwards through the solid bed at a flow
velocity above umf, it creates a drag-force acting on the particles that is
large enough to overcome the counteracting gravitational force. The bed
behaves liquid-like and therefore this contacting pattern is referred to as
fluidized bed. It provides intimate gas-solid contact and appreciable heat
transfer characteristics.120 The particles are well mixed, consequently,
their residence time in continuous reactor operation is distributed.120
Generally scaling of fluidized beds is challenging and relies on design
experience, as the underlying physics are still not fully understood.120
Nevertheless, fluidized beds are applied in many large-scale industrial
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processes such as fluid catalytic cracking of oil. They are operated both
in batch and continuous mode.
For fine cohesive particles the inter-particle forces are greater than the
drag-force acting on the particles and inhibit homogenous fluidization of
the particle bed.120 Instead, the formation of channels and gas bypassing
is typically observed, leading to the same issues as with packed beds. On
a lab-scale level stimulation of the fluidized bed by mechanical agitation,
acoustic waves, or a magnetic field, has been successfully applied to
overcome channeling and bypassing issues.124 However, to the knowledge
of the author these methods have not been proven yet in large scale
applications.

5.2.3 Free-fall and entrained-flow reactor
Falling-particle and entrained-particle reactors operating in countercurrent and co-current mode, respectively, provide an intimate contact of
dilute fine particles and the gas phase. Since the particle residence time is
on the order of seconds,120 these reactor types are only applicable for rapid
reactions.

5.2.4 Rotary cylinder
The rotary cylinder (or rotary kiln) is a slightly inclined rotating tube often
applied for continuous non-catalytic processes such as calcination of
limestone or clinkering of cement.122 Rotary cylinders are capable of
handling a broad range of particles, including fines.122 The gas phase and
solid phase typically move in counter-current plug-flow. The residence
time of the solids is of the order of minutes to hours and depends on the
inclination angle, the rotational velocity and the length of the tube.122
Since the tube rotates typically only at a few rpm, the required driving
power is small.
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In the common operation mode the gas-solid contact is confined to the
boundary layer on the top surface of the bed of solids.122 Therefore, the
gas-solid heat transfer characteristics are poor and the reaction rates are
slow. A more intimate gas-solid contact is attainable by adding baffles to
the walls, placing gas inlets within the bed, and increasing the rotational
speed of the reactor vessel.122,125

5.2.5 Screw-driven reactor and mixer reactor
Screw-driven (or auger) reactors convey the solid in plug-flow from one
to the other end of the reactor by means of a rotating screw. Similar to the
rotary reactor, gas-solid contacting is confined to the top surface of the
bed of solids and heat exchange with the solid reactant mainly occurs
through gas advection at the top surface and through conduction at the
reactor walls. The screw-driven reactor is capable of reacting all kinds of
feedstocks including fine particles.126 The solids residence time is
adjustable from seconds to minutes through parameters such as the
rotational speed of the screw, screw diameter, and the inclination of the
reactor.127 However, the required driving power is comparatively high, as
the screw typically rotates faster than a rotary cylinder and shear forces
are more relevant.128 The screw-driven reactor is rather exotic, but has
been applied in the fast pyrolysis of biomass.127
By replacing the screw by a paddle-mixer (see Figure 5.3) or a similar
agitator design (e.g. ploughshare mixer), the solid can be dispersed in
circumferential direction, allowing for improved gas-solid contacting and
higher heat transfer rates within the reactor.126 However, the residence
time of the solid is more distributed than in the screw-driven reactor
because substantial back-mixing occurs.126 At high rotational speeds, the
reactant particles attain a fluidized state.128 This fluidized state is, in
contrast to the conventional fluidized bed reactor, decoupled from the gas
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Figure 5.3. Example of a paddle-agitator used for particle mixing.129

flow velocity. Thus, it provides flexibility in the choice of the gas flow
rate. Horizontal mixers are industrially used for large-scale powder
mixing and drying, but they are not as common in chemical reactors.
Energy penalty imposed by screw-driven and mixer reactors
The benefit of mechanical mixing and dispersion of solids is accompanied
with the associated energy penalty for the driving power (Pm) of the mixer.
The relevance of this energy penalty to the overall energy efficiency of
the production of CO via solar Zn oxidation is assessed by comparing the
typical value reported for driving power per unit reactor volume (Pm/V)
with the rate of fuel energy output per unit reactor volume (Pf/V),
estimated via
Pf
V



X  b .1  wZnO 

 LHVCO ,
tr
M Zn

(5.3)

where X is the Zn conversion, ξ is the reactor fill degree, MZn is the molar
mass of Zn, and LHVCO is the lower heating value of CO. The reported
Pm/V = 10-20 kW/m3 126,130 corresponds to only ~1% of the estimated
Pf/V = 1.5 MW/m3 that is calculated by inserting the solar Zn conversion
data reported for 400°C (wZnO = 52 wt%, X = 0.95, tr = 5 min),61 its bulk
density (b = 440 kg/m3),63 and assuming ξ = 0.5. Therefore, the impact
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of the mixing energy on the energy efficiency of the process may be
considered negligible.

5.3 Conclusions
Neither of the two most widespread gas-solid reactor configurations,
packed bed and fluidized bed, are suited for oxidizing cohesive Geldart C
solar Zn particles having a size of few micrometers. Applying external
forces may improve the fluidization behavior of such particles but this
option has not been demonstrated on industrial scale yet. The
implementation of free-fall and entrained-flow reactors is also ruled out
due to insufficient Solar Zn residence time.
The rotary kiln, the screw-driven, and the mixer reactors are relatively
robust with respect to the particle size and capable of providing sufficient
solar Zn residence time for completely reacting the Zn. Among these three
reactor types, the mixer-reactor is expected to provide the best gas-solid
contacting, enabling high Zn and CO2/H2O conversions at high reaction
and heat exchange rates. The solids residence time is adjustable to the
needs of continuous solar Zn oxidation through the proper selection of (i)
geometry and the rotational speed of the mixer and (ii) the aspect ratio of
the reactor vessel. Since the dispersion of the particles in the gas phase is
decoupled from the gas flow rate, it may conveniently be set to maximize
the conversion of the gaseous reactant. Finally, adjustable mechanical
mixing provides an extra degree of freedom for mitigating the effect of
variability in the particle properties; this variability is expected due to
inherently variable conditions in the solar ZnO reduction step.
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Lab-scale mixer reactor design and testing*
To evaluate the horizontal mixer reactor concept, a lab-scale reactor was
designed, built, and tested using two types of solids: (1) fine solar Zn
particles produced in a 100 kWth ZnO dissociation reactor of PSI
Switzerland46 and (2) surrogate Zn-ZnO particle blends. The reactor
operated in continuous gas-batch solids mode. The reaction was
investigated at temperatures of 360-390°C in 0.17-1.7 lN/min CO2. The
heat exchange and energy efficiency of the reactor as well as the Zn and
CO2 conversions attained in the reaction were analyzed.

6.1 Design of the lab-scale mixer reactor
Schematics of the lab-scale mixer reactor are shown in Figures 6.1 and
6.2 and photographs are shown in Appendix B. The reaction takes place
in a tube made of sintered porous steel (GKN Sintermetals, 1.4404, 15 m
pore size, porosity ε = 0.36) that has an inner diameter Din =50 mm, an
outer diameter Dout =56 mm, and a length l = 98 mm. The tube was
contained in a stainless steel (1.4301) housing equipped with ports for
sensors and gas inlets/outlets. The feed gas enters the reactor through the
inlet in the bottom part (inlet 1), flows through the bottom of

*

Material in this chapter in this section is published in: D. Weibel, Z.R. Jovanovic, S. Tschumi, A. Steinfeld,
“A Horizontal Mixer Reactor for the Production of Renewable CO by Oxidation of Solar Zn particles with
CO2,” submitted.
Material in this chapter has been extracted from: S. Tschumi, “Design, Testing and Demonstration of a GasSolid Reactor for the Oxidation of Solar Zn to Produce CO,” Master’s thesis, ETH Zürich, 2015, conducted
under the supervision of D. Weibel.
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Figure 6.1. Cross section of the lab scale reactor, front view.

the porous steel tube into the reaction chamber, and leaves through the top
to the gas outlet. The gas inlet towards the reaction chamber has an area
of approximately Ain = 30x88 mm2, thereby providing high gas flow rates
at low superficial velocities (< 4cm/s for the investigated operation
conditions) as well as a uniform gas flow distribution within the reactor.
To prevent the gas from bypassing the reaction chamber, the tube was cut
along its axis into two halves which were separated by graphite gaskets
and a steel separation plate (see Figure 6.1 and Figure B.2 in Appendix
B). The front and the back of the reactor are closed by two stainless steel
(1.4301) lids screwed to the housing and sealed by graphite gaskets. The
front lid serves as an access port to the reaction chamber and the back lid
mounts the shaft of the mixer. The mixer radius (rm, shaft center to blade
tip) is 24 mm; it comprises 7 triangular blades welded in equal distance
on an 8 mm diameter shaft that was supported by two bush bearings
located in the duct connecting to the back lid (see Figure 6.1). The duct
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Figure 6.2. Cross section of the lab-scale reactor, side view.
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was purged from particles and product gases by feeding Ar through inlet
2. Heating tape (Isopad IS-SP, not shown in the drawing) providing a
power of 380 W was wrapped around the housing and the gas inlet. The
front and back lid were insulated by PROMATECT plates while the other
surfaces were jacketed with insulating glass wool.

6.2 Experimental section
6.2.1 Materials
The solar Zn feedstock used was the product of the 100 kWth solar ZnO
dissociation reactor developed at the Paul Scherrer Institute (PSI),
Switzerland.46,52 Its composition was determined just before use in the
experiments by dispersing a known mass of its sample in a 5 M aqueous
HCl solution and measuring the amount of evolved H2, which corresponds
to the molar amount of Zn. The result indicated a high ZnO content of
83±1 wt%, which is attributed to partial oxidation during quenching of
high surface area Zn that is typically produced via solar dissociation of
ZnO.62 As this solar Zn material was scarce, most of the reactor evaluation
experiments were completed with surrogates prepared by blending
abundant and well-characterized commercially available Zn (Sigma
Aldrich, product # 209988) and ZnO particles (Grillo, red seal, air-dried
for 4 h at 300°C). The blends were stirred in a beaker using a spatula while
repeatedly crushing particle agglomerates. Unless stated differently, the
experiments were performed with a ‘standard Zn-ZnO blend’ that had an
initial mass m0 = 50 g, containing 40 wt% ZnO, and with a bulk volume
of approximately 44 cm3.
As seen from the volume-based particle size distributions (HORIBA
LA-950 laser scattering analyzer) depicted in Figure 6.3, the commercial
Zn and ZnO particles and the majority of the solar Zn particles have sizes
in the 1-30 µm range with some fractions of the solar Zn particles as large
as d > 100 µm. The SEM pictures of the particles (Zeiss Supra 55VP) are
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shown in Figure 6.4 while SEM pictures and properties of the commercial
particles are found in section 4.1. Because of their foam-like structure, the
solar Zn particles have an approximately ten times larger specific surface
area than the commercial particles (~30 m2/g 52 versus 1-3 m2/g, see
section 4.1). For this reason, they react faster and approach a higher
asymptotic conversion than the surrogate blends with the same Zn/ZnO
mass ratio.62
15

ZnO
10

q, %

Zn

5

0
0.1

solar Zn

1

10
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Figure 6.3. Volume-based particle size distribution of the reactant particles.

Figure 6.4. SEM image of solar Zn particles showing their foam-like morphology.
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6.2.2 Experimental setup
Flow rates of CO2 (99.998% purity, Messer) and Ar (99.996% purity,
Messer) were controlled by Bronkhorst mass flow controllers (MFC) and
are reported with respect to standard conditions (T0 = 0°C, p0 = 1 bar). The
average CO2 superficial velocity at the bottom of the reaction chamber (u)
and the CO2 space time (τ) are calculated for a given reaction temperature
(Tr) according to

u Tr  

Tr VCO2

T0 Ain

(6.1)

 Tr  

T0 V

Tr VCO2

(6.2)

where Tr and T0 are in Kelvin. Figure 6.5 shows τ and u as function of V̇CO2
at the typical reaction temperature of 364°C.
The CO and CO2 molar fractions in the product gas (xCO and xCO2) from
the slower reactions with solar Zn surrogates were measured with a gas
chromatograph (GC, Agilent M200) every 70 s. For the faster reactions
with solar Zn particles the product gas composition was measured with
infrared-based detectors for CO and CO2 (Siemens Ultramat 23) at a
sampling rate of 1 Hz. The CO2 conversion (Y) and the volumetric CO
production rate (V̇CO) were determined according to

Y t  

xCO  t 

xCO2  t   xCO  t 

VCO  t   Y  t VCO 2  t  .

(6.3)
(6.4)

The molar CO production rate (ṅ CO), the Zn conversion (X), and the fuel
energy output rate (Pf) were then calculated as
nCO  t  

p0VCO  t 
RT0

(6.5)
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(6.6)
(6.7)

where m0 is the initial mass of solids, R is the universal gas constant, and
nZn,0 is the initial molar amount of Zn

nZn,0 

M Zn
.
1  wZnO  m0

(6.8)

The mixer was powered by a 12 V electric motor (Micromotors
E192.12.5) and its rotational speed (ω) was controlled with the applied
voltage. The electric power consumption of the motor (Pm) was
determined from the product of the set voltage and measured current
Pm  t   U m  t  I m  t  .

(6.9)

A relative energy loss factor φ is defined that relates the energy consumed
by the motor to the energy stored in the produced CO:

 t  

 P  t  dt
m

tr

 Pf  t  dt

.

(6.10)

tr

The rotational speed of the mixer was chosen such that the centripetal
accelaration acting on the particles dominates the gravitational
acceleration (g) to ensure that Froude numbers exceed unity126

Fr 

rm 2
1
g

(6.11)

Good dispersion of the particles into the freeboard was visually confirmed
by mixing a standard Zn-ZnO blend at ω = 310 rpm (Fr = 2.6) at room
temperature in the reactor while it was closed with an acrylic glass front
lid for observation.
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Figure 6.5. Effect of the CO2 flow rate on the CO2 space time (left axis) and the average
CO2 superficial velocity at the bottom of the reaction chamber (right axis) at 364°C.

Type K thermocouples measured the temperatures T1-4 at positions
indicated in Figures 6.1 and 6.2. The thermocouples measuring T1, T2, and
T4 were in contact with the outer surface of the porous tube, whereas the
one measuring T3 was not. The rotation of the mixer precluded placing a
thermocouple directly within the reaction chamber. The reference
temperature for the analog temperature controller (Isopad Icon-T700) of
the heat tape is indicated in Figure 6.1.
A typical experiment started with pouring the solid reactant into the
reaction chamber through the front opening using a spoon and then
attaching the front lid. The mixer duct was purged with V̇Ar,2 = 0.1 lN/min
during the entire experiment. The reactor was heated up under Ar flow of
V̇Ar,1 = 0.86 lN/min until T1 attained its designated temperature (360390°C). Henceforth, T1 was maintained at a constant temperature by
manually adjusting the power input to the heat tape. The mixer was started
at 310 rpm once T1 had stabilized and then the reaction was initiated by
switching the gas flow through inlet 1 from Ar to CO2 at 0.17-1.72 lN/min.
When outlet V̇CO fell below 0.012 lN/min the reaction was stopped by
switching inlet 1 gas flow back to Ar and turning off the mixer and the
heating tape.
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A 200 mg sample of the product collected after an experiment was
dispersed in a 5 M aqueous HCl solution to determine its final Zn content
(nZn,HCl) from the amount of evolved H2 (nH2,HCl = nZn,HCl) and used to
estimate the final conversion according to
X f 1

nZn,HCl
nZn,0

(6.12)

The conversion estimate by Eq. (6.12) is then compared with the
corresponding value obtained from integration of the GC gas composition
data combined with mass flow rates as described by Eq. (6.6).

6.3 Results and discussion
6.3.1 Assessment of heat and mass transfer limitations
The reactor operation was analyzed for heat and mass transfer limitations
by comparing the reaction of a standard Zn-ZnO blend at T1 ≈ 364°C in
0.86 lN/min CO2 to a reference Zn conversion TG experiment completed
at the same temperature in 90% CO2-Ar following the procedure
described in section 4.1.2. Although the CO2 concentrations in these two
experiments were not the same, the previous investigation has shown that
the oxidation kinetics is essentially insensitive to CO2 concentration (see
section 4.3). The Zn conversions and the conversion rates obtained in the
reactor and in the TG experiments, the reactor temperatures T1 and T2, and
the TG temperature Tr,TG are all plotted as a function of reaction time in
Figure 6.6. As shown by this figure, T1 fluctuates only within a few
degrees around the set-point of 364°C and was essentially equal to T2,
thereby implying uniform temperature and gas distributions within the
reactor. However, the temperature reading T3 (not shown), expected to
indicate the actual reaction temperature (Tr), measured only ~300°C.
Since the oxidation of Zn in CO2 takes place only above ~350°C,94 it was
concluded that T3 was significantly below Tr due to insufficient heat
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transfer from the bed to the thermocouple and conductive heat losses
through the thermocouple and its coupling.
To estimate Tr based on measured T1, the heat transfer from the bed to
the measuring point of T1 on the outer surface of the porous steel tube was
investigated as follows. For porous steel a correlation for the effective
thermal conductivity λeff and the thermal conductivity of bulk stainless
steel λss has been derived131 which proposes a value of λeff/λss ≈ 0.25 for
ε = 0.36. Therefore, as for the utilized stainless steel (1.4404)
λss = 16 W/m2K,132 and λeff ≈ 4 W/m2K. The bed-to-wall heat transfer
coefficient is assumed to be h = 200 W/m2K, which is a typical value for
rotary cylinder particle mixers133 and a low value for fluidized beds.120
Hence, the overall heat transfer coefficient across the porous tube based
on its inner surface is given by134
1

 1 D ln  Dout Din  
W
 175 2 .
U in    in

h

2eff
mK



(6.13)

Assuming that the heat of reaction dissipates from the reaction chamber
uniformly through all walls (tube, front lid, back lid), the heat flux at the
inner wall surfaces is calculated as
qin 

nCO hr
.
 Din l  0 .5 Din2

(6.14)

Based on these assumptions, for the maximum heat release that is attained
at the peak reaction rate V̇CO,max = 0.3 lN/min, Tr exceeds T1 by only ~4°C,
i.e.134
Tr  T1  

qin

nco ,max

U in

 4°C

(6.15)

As also seen in Figure 6.6, the Zn conversion rate was initially lower
in the reactor than in the TG analyzer. It increased to reach a peak after
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Figure 6.6. Comparison of the temporal Zn conversion (filled symbols) and Zn conversion
rate (open symbols) in blends containing 40 wt% ZnO oxidized in CO2 either in the mixer
reactor (circles) or in the TG analyzer (squares). The temperatures measured on top of the
reaction chamber (T1 and T2) and the set-point reaction temperature in the TG experiment
(Tr,TG) are shown in the top plot.

10 minutes and decreased thereafter. Conversely, the conversion rate in
the TG experiment decreased continuously after an initial short transition
stage, which is attributed to the switch in gas atmosphere from pure Ar to
90% CO2-Ar. This difference in the early-stage Zn conversion rates may
be explained by the imprecise control of Tr and the temperature
dependence of the reaction rate (see section 4.3). Namely, during the heatup phase heat was transferred from the heat tape through the reactor walls
to the moving particles, which implies that at the onset of the reaction
Tr < T1 ≈ 364°C. Therefore, the initial Zn conversion rate in the reactor
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was lower than that in the TG analyzer where Tr,TG is kept at 364°C
throughout the experiment. The heat released by the reaction then raised
Tr and thus the Zn conversion rate increased. Once Tr surpassed the wall
temperature the heat released by the reaction was conducted out of the
reaction chamber, leading to a stable Tr and a peak in the conversion rate.
Apart from this temperature control issue in the early stage of the reaction
the conversion rates attained in the mixer reactor and in the TG agree well,
thereby implying no significant heat or mass transfer limitations intruding
the mixer reactor operation. The difference in the reaction temperatures
discussed above may also account for a higher final conversion achieved
in the reactor as compared to the TG (see section 4.3).

6.3.2 Temperature and CO2 flow rate effects
The effects of temperature and inlet CO2 flow rate on the reactor
performance was explored through four experiments utilizing the standard
Zn-ZnO blend as feedstock: three at T1 ≈ 364°C with 0.17, 0.86, and
1.72 lN/min CO2 and one at 390°C with 0.86 lN/min CO2. The temporal Zn
conversions, volumetric CO production rates, and corresponding
temperatures T1 are shown in Figure 6.7.
The effect of temperature is seen by comparing the experiments at
364°C and 390°C in 0.86 lN/min CO2. By increasing the temperature the
peak CO production rate increased from 0.30 to 0.70 lN/min and the
asymptotic Zn conversion increased from 0.74 to 0.84, which is in
agreement with the trends observed in TG experiments (see section 4.3).
The effect of the CO2 flow rate is seen from comparing the three
experiments at T1 ≈ 364°C. The similar T1 values imply that the reaction
temperatures Tr could be considered equal. At this temperature, there is
virtually no difference in the Zn conversions and the CO production rates
observed during the experiments with 0.86 and 1.72 lN/min CO2.
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Figure 6.7. Effect of CO2 flow rate and temperature on the temporal Zn conversion (filled
symbols) and volumetric CO production rate (open symbols) for a 40 wt% ZnO-Zn blend.
The corresponding reference temperatures are shown in the top plot.

The lower CO production rate in the experiment conducted in 0.17 lN/min
CO2 can be attributed to insufficient supply of CO2, as the CO2 flow rate
was lower than the CO production rate observed in 0.86 and 1.72 lN/min
CO2. However, by decreasing the flow rate from 0.86 to 0.17 lN/min, the
peak and average CO2 conversion increased from 0.35 to 0.78 and from
0.13 to 0.43, respectively.
The experiments discussed above indicate for maximizing the CO2
conversion, i.e., minimizing the loss of valuable feedstock and mitigating
the product gas separation, the inlet CO2 flow rate should be controlled
such that it closely matches the CO production rate. The benefit of such
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an operation scheme was illustrated by oxidizing a standard Zn-ZnO
blend at T1 ≈ 364°C while decreasing the inlet CO2 flow rate from the
initial 0.30 lN/min, according to the schedule shown in Figure 6.8. As
shown by this figure, after an initial increase in the reaction rate attributed
to the earlier discussed initial reaction temperature rise, the inlet CO2 flow
rate was being decreased step-wise to maintain CO2 conversion in the
narrow range of 0.65-0.75 for ~50 min while the MFC limitations
prevented further decrease in the flow rate, therefore the CO2 conversion
dropped. At the same time, the final Zn conversion after 75 min was close
to that attained with constant CO2 flow rate of 0.86 lN/min (0.70 versus
0.74).

6.3.3 Oxidation of solar Zn particles
The temporal Zn conversion and CO production rate during oxidation of
40 g of real solar Zn at T1 ≈ 380°C in 1.25 lN/min CO2 are shown in Figure
6.9. The solar Zn attained an asymptotic conversion of 0.8 within only
~2 min. The fast reaction rate is attributed to the high ZnO content and
the high specific surface area of the particles, which has been reported to
facilitate the reaction.62 The mean CO2 conversion during the initial 2
minutes of the reaction amounted to a notable 0.79.

6.3.4 Properties of the solid product
After cooling and opening of the reactor, the majority of the solid product
was contained within a uniformly reacted bed. In addition, a thin (<1 mm)
slightly compressed layer of particles was found on the ceiling of the
reaction chamber. The product was easily recovered from the reactor
using a spoon, allowing closure of the material balance within a 2% error
margin, which is attributed to unrecoverable particles located in gaps at
the gaskets that were later removed by wet cleaning. The volume-based
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Figure 6.9. Temporal Zn conversion (filled circles) and CO production rate (open circles)
in the oxidation of 40 g solar Zn particles containing 83 wt% ZnO at T1 ≈ 380°C in
1.25 lN/min CO2.
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size distributions of the reactant particles and particles reacted at
T1 ≈ 364°C in V̇CO2 = 0.86 lN/min are compared in Figure 6.10. The
bimodal size distribution and larger mean size of the reacted particles
implies that reaction induced various extents of agglomeration of the
particles. A similar increase in mean particle size was also observed in the
experiment that exploited solar Zn.
Spillage of unreacted particles into the mixer duct was a minor issue
in the experiments exploiting Zn-ZnO blends (less than 200 mg were
recovered from this area), however it was substantial in the experiments
with solar Zn (estimated 1-3 g). This is attributed to better flowability of
the solar Zn compared to the Zn-ZnO blends. To avoid these losses, the
design of the mixer port should be adapted to protect against deposition.
The loss of solar Zn particles to the duct is also reflected by higher
final Zn conversions determined via dissolving the product recovered
from the reactor vessel in HCl (~0.92) than that calculated based on the
gas analysis and the overall solar Zn fed to the reactor (~ 0.8) (see Figure
6.9). At the same time, the HCl analysis of reacted Zn-ZnO blends yielded
final conversions that exceeded the value calculated from the GC
measurement by 0.02-0.05. This deviation is attributed to post-process
oxidation of the product, errors introduced by the low temporal resolution
of the GC measurement, and traces of Zn in the analyzed samples that
may not have dissolved in HCl.

6.4 Fuel energy output and energy penalty due to mixing
The estimated relative energy losses from mixing of φ ≈ 1% (see section
5.2.5) was experimentally checked by evaluating Pm, Pf, and the resulting
φ (see Eqs. (6.7), (6.9), and (6.10)) for the reaction of a 75g Zn-40 wt%
ZnO blend at T1 ≈ 390°C in 1.29 lN/min CO2. The top plot in Figure 6.11
shows Pm, Pf, and φ, while the temporal Zn conversion and CO production
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Figure 6.10. Volume-based particle size distribution of a Zn-40 wt% ZnO blend before
and after its reaction in 0.86 lN/min CO2 at T1 ≈ 364°C. The dashed lines indicate the mean
particle size.

rate are shown in the bottom plot. The peak CO production rate was
1.1 lN/min, which corresponds to a CO production rate per unit reactor
volume of 7.0 kg/m3min. Pf is proportional to V̇CO (see Eqs. (6.5) and (6.7))
and peaks to 210 W while Pm is constantly around 3 W. As seen from the
final value of φ, the total energy consumption of the motor amounted to
4.4% of the total energy that was stored in the produced CO, which is
considerably higher than the ~1% estimated for solar Zn based on Eq.
(5.3).This discrepancy can be attributed to the lower reaction rate of the
Zn-ZnO blends compared to real solar Zn,62 which results in a larger φ
(see Eqs. (6.7) and (6.10)).62 Indeed, despite the high ZnO content of the
solar Zn reacted in the experiment shown in Figure 6.9, the corresponding
φ at the end of the reaction was ~2% (the difficulties in accurately
determining solar Zn conversion discussed above also affect φ).
Furthermore, the 2 W that were already consumed by the empty mixer
indicate a considerable potential for optimizing the drive system.
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Figure 6.11. Temporal Zn conversion (filled squares) and volumetric CO production rate
(open circles) of a 75 g Zn-40 wt% ZnO blend oxidized at T1 ≈ 390°C in 1.29 lN/min CO2.
The top plot shows the rate of fuel energy output (filled squares), the electric power
consumed by the motor (filled circles), and the relative loss factor as defined by Eq. (6.10)
(open triangles).

6.5 Conclusions
The horizontal mixer reactor has been considered as a suitable reactor
configuration for the oxidation of particulate solar Zn with CO2 to produce
CO. To evaluate this concept, a lab-scale mixer-reactor was developed
and experimentally tested by reacting batches of solar Zn and surrogate
Zn-ZnO blends at temperatures of 360-390°C in a continuous CO2 flow
of 0.17-1.7 lN/min. At 364°C reaction rates similar to those in the
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thermogravimetric analyzer were attained, which is indicative of an
intimate gas-solid contact free from significant mass transfer limitations.
The CO production rate was mainly determined by the reaction
temperature and the amount of reactive Zn available, while the CO2 flow
rate had virtually no effect as long as the reaction was not limited by the
CO2 supply. The particulate nature of the solid product allows for its
simple recovery and recycling, in contrast to previously proposed reactor
concepts that exploited liquid or gaseous Zn as feedstocks, or considered
reacting Zn particles in packed bed configurations.56-60,63
In the reaction of 75 g of a Zn- 40wt% ZnO blend at ~390°C in
1.29 lN/min CO2, a maximum CO production rate per unit reactor volume
of 7.0 kg/m3min was attained. In this specific experiment, the energy
required to drive the mixer amounted to 4.4% of the energy stored in the
product CO. This energy penalty is lower with faster reacting solar Zn and
can be further reduced by optimizing the mixer drive system.
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Outlook
This work examines the oxidation of solar Zn particles and surrogate ZnZnO blends in CO2 and H2O at temperatures in the vicinity of 400°C to
produce CO and H2. The thermodynamic analysis of the thermochemical
Zn/ZnO cycle shows that this reaction concept allows for an energy
conversion efficiency that is competitive with previous reaction concepts
operating with gaseous Zn at elevated temperatures.
The reaction mechanism of the oxidation of Zn in presence of ZnO
was identified and the underlying reaction kinetics were investigated. The
attainable fuel production rates per unit reactor volume are comparable to
the rates observed in the oxidation of gaseous Zn. After evaluation of
conventional gas-solid reactor types a mixer reactor design was proposed
as the most suitable because it provides an intimate gas-solid contact for
fine solar Zn particles, allows for high heat exchange rates, yields a
recoverable particulate product, and is scalable. A lab-scale prototype was
designed, fabricated, and successfully demonstrated. The findings of this
work offer a number of potential future research topics.

7.1 Reaction mechanism and kinetics
The experimental studies in CO2 atmospheres have shown that Zn
sublimates from the Zn particles for minutes to hours because the ZnO
passivation layer on the Zn particle surface allows Zn(g) to pass through.
It remains an open question why the Zn surface is not completely
passivated more rapidly in the CO2 atmosphere. Moreover, the
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experiments performed in H2O atmospheres have indicated that the Zn
passivates faster in H2O, which is relevant for producing H2 by reacting
solar Zn with H2O. Further investigations of the Zn particle passivation
process in CO2 and H2O atmospheres would thus be of interest to clarify
the passivation mechanism. A better understanding of this mechanism
may eventually allow to formulate a model that describes the decrease in
available Zn surface with increasing Zn conversion as function of the
reaction conditions, the particle morphology and size distribution, and the
Zn/ZnO ratio, that allows to derive a more accurate kinetic model.
The reaction rate law for the heterogeneous reaction of Zn(g) and CO2(g)
on a ZnO surface has been derived qualitatively but for a quantitative
description values for the adsorption constants of CO(g), CO2(g), and Zn(g)
on the ZnO surface as well as the reaction rate constant need to be
identified. Numerical values could be determined by performing
experiments measuring the reaction rate in gas mixtures with varying
concentrations of Zn(g), CO(g), and CO2(g) on a well-defined ZnO surface.
An approach for modeling the reaction kinetics has been presented that
is able to qualitatively describe the effects of the various reaction
parameters on the reaction rate. The complexity of the reaction, especially
the influence of particle morphology and the Zn/ZnO ratio on the reaction
rate, create obstacles for deriving a complete and universally applicable
numerical model. It may thus be more reasonable to derive an empirical
reaction model that accounts for the relevant parameters identified in this
work once an efficient and scalable process for the production of solar Zn
has been developed.

7.2 Lab-scale mixer reactor
The possibility to react fine solar Zn particles dispersed in a CO2 gas
atmosphere at temperatures in the vicinity of 400°C has been
demonstrated in a lab-scale mixer reactor and the effects of various
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reaction parameters such as temperature, gas flow rate, and reactor fill
degree, have been studied. The main issue encountered was the exact
measurement and control of the reaction temperature. Adapting the
reactor such that the temperature within the reaction chamber is precisely
measurable, preferably in several locations, would allow to study the
reaction rates and the heat transfer within the reactor more accurately.
Moreover, the study of alternative mixer designs, e.g. flat paddles or
ploughshares, with regard to their effect on the reaction rates, heat
transfer, and energy consumption of the reactor is of interest.
Based on further experimental data a mass and heat transfer model of
the reactor could be developed for the optimization of the reactor design,
reactor scaling, and to simulate a reactor operating with continuous
particle feeding and discharging. The modelling of particles dispersed in
the gas phase is considered as the major challenge in building such a
model. A compromise between the computational costs of particleresolved simulations and the reduced accuracy of simplified models needs
to be made.

7.3 Reactor scale-up
The scale-up of a solar Zn particle oxidation reactor for the production of
CO and H2 needs to be motivated by a thorough analysis of the economic
viability of the Zn/ZnO thermochemical cycle which largely depends on
its overall energy conversion efficiency. It has been shown in this work
that in presence of ZnO Zn can be reacted completely to ZnO at ~400°C,
allowing for a high energy conversion efficiency. Under this condition the
energy conversion efficiency of the cycle largely depends on the efficient
ZnO to Zn conversion in the solar ZnO dissociation and quenching
processes.50 So far, the solar Zn produced in lab- and pilot-scale Zn
dissociation reactors has contained too little Zn for attaining a competitive
energy conversion efficiency due to the large Zn losses upon
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recombination with O2 in the quenching unit.46,52 Furthermore, the slow
ZnO dissociation rates in the solar reactor and the large amounts of inert
gas required for quenching impose substantial energy penalties. The
economic viability of the Zn/ZnO thermochemical cycle is thus
considered to mainly depend on the progress made in the areas of solar
ZnO dissociation and quenching, rather than further progress in the
oxidation of solar Zn.
The development of a large-scale Zn oxidation reactor is not only
interlinked with the progress in ZnO dissociation and quenching due to
the economic aspects, but also because these processes determine the
particle properties of the solar Zn, a key parameter for the design of the
solar Zn oxidation reactor. A mixer-type reactor is considered promising
for oxidizing the fine solar Zn particles produced in existing lab- and pilotscale solar ZnO dissociation reactors. However, if the nature of the solar
Zn produced in novel ZnO dissociation and quenching processes differs
substantially from the investigated particles, the criteria for a solar Zn
oxidation reactor may change significantly. I.e. if the quenching yields
larger fluidizable particles, a fluidized bed configuration may be
advantageous to the investigated mixer-type reactor as it is able to
disperse the particles into the gas phase similarly to the mixer-type
reactor, allowing for comparable heat transfer and reaction rates, without
requiring driving power for the agitator. Therefore, the selection of the
reactor design should be reviewed once an efficient and scalable process
for the production of solar Zn has established. Afterwards a scaled-up
reactor matched to the characteristics of this specific solar Zn product can
be developed.
The main challenges in transferring the proposed mixer-type reactor
into a scaled-up continuous reactor are considered to be heat management
and gas feeding. For attaining high Zn conversion rates and Zn
conversions close to 1, allowing for a high energy conversion efficiency
and a high fuel production rate per reactor volume, it is necessary to
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maintain the reaction temperature in the vicinity of 400°C. On the other
hand, exceeding the Zn melting temperature of 420°C is expected to have
a detrimental effect on the reactor operation. Hence, the heat management
has to ensure that the temperature in the entire reactor is controlled within
that narrow band. Moreover, recuperating the heat of reaction and using
it to preheat the reactants is desirable as it increases the energy efficiency
of the process.
Regarding gas feeding the challenges arise from the huge gas volume
that is necessary for oxidizing the Zn. For reacting only 65 g of Zn, 24 l
of oxidizing gases (at 25°C, 1bar) have to be fed to the reactor. The gas
flow velocity is confined by the terminal velocity of the particles, which
was on the order of few cm/s for the investigated solar Zn particles. At
higher gas flow velocities the particles are entrained by the gas which is
expected to complicate the operation of the reactor. On the other hand, a
low gas flow rate starves the reaction from the oxidant gas, imposing a
longer residence time of the solids for their complete reaction and thus a
larger reactor volume for the same fuel output. In the lab-scale reactor the
gas was fed through the porous bottom of the reaction chamber. This
design allowed for high gas flow rates at low superficial gas flow
velocities. However, this design may not be suitable for an industrial longterm application, because it is costly and the pores may eventually clog.
Hence, a different concept for feeding the oxidizing gases may have to be
developed for a scaled-up reactor.
Another interesting aspect is the beneficial effect of the ZnO contained
in the solar Zn on the Zn oxidation. Maximizing the solar-to-fuel
efficiency of the Zn/ZnO cycle requires both minimizing the
recombination of Zn and O2 to ZnO in the quenching unit and maximizing
the Zn to ZnO conversions in the oxidation unit.50 However, these
objectives are conflicting because the more ZnO forms during quenching
the higher is the attainable maximum Zn to ZnO conversion in the
oxidation of solid solar Zn. A potential solution for attaining high Zn to
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ZnO conversions in the oxidation of solar Zn particles containing little
ZnO is the recycling of a fraction of the ZnO product to the solar Zn
feedstock. The practicability of this concept and its impact on the overall
energy conversion efficiency as well as the operation of both the oxidation
and the ZnO dissociation reactor need to be further analyzed.
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Supplemental information on the kinetic analysis
A.1 Derivation of reaction rate laws
As discussed in section 4.3.4 three reaction mechanisms were examined
for the heterogeneous reaction of Zn(g) and CO2(g) on the ZnO surface,
namely the Langmuir-Hinshelwood mechanism and two alternative EleyRideal mechanisms, one that considers the reaction of adsorbed Zn with
CO2(g) (ER1) and one that considers the reaction of adsorbed CO2 and
Zn(g). In the following the corresponding reaction rate laws are derived.

A.1.1 Langmuir-Hinshelwood mechanism
The reaction steps considered for the LH mechanism, the corresponding
rate laws, and the adsorption site balance for the Zn(g) and CO2(g) are listed
in Table A.1. For the assumption of any of these reaction steps to be rate
controlling a corresponding reaction rate law for the heterogeneous
reaction of Zn(g) and CO2(g) on the ZnO is derived.
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Table A.1. Constituting reaction steps of the ZnO surface reaction, corresponding
reaction rates, and adsorption site balances according to the LH mechanism.

Zn (g)  #  Zn #

a
d
#
rr ,1  kZn
cZn # N #  kZn
 Zn
N#

CO 2( g )  *  CO*2

a
d
rr ,2  kCO
c  * N *  kCO
 * N * (A.2)
2 CO 2
2 CO 2

Zn #  CO*2  CO*  ZnO( s )  #

ox *
#
rr ,3  k LH
 CO2 N * Zn
N#

(A.3)
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Zn adsorption site balance

  1
*
*
 *   CO
  CO
1

(A.5)

*

CO/CO2 adsorption site balance

#

#
Zn

2

(A.1)

(A.6)

Zn adsorption step rate controlling
The quasi steady state assumption is applied for rr,1 and rr,3 (rr,1 ≈ rr,3), the
rate laws (A.1), (A.3) are inserted, the Zn adsorption site balance (A.5) is
used, and the obtained equation is solved for the Zn fractional coverage
a
#
kZn
cZn 1   Zn
 N #  kZnd Zn# N #  kLHox CO2 N *Zn# N #

#
 Zn


a
k Zn
cZn
ox
k LH
d
a
k Zn
k Zn
cZn   CO2 N *

ox
ox
k LH
k LH

.

(A.7)

(A.8)

The assumption of a rate controlling Zn adsorption step implies that the
ox
a
oxidation step is intrinsically much faster (k LH ≫ kZn). Thus, Eq. (A.8) is
approximated and inserted into the Zn adsorption site balance (A.5)
#
 Zn
0

(A.9)

 1.

(A.10)

#

Inserting Eqs. (A.9) and (A.10) into the rate law for the Zn adsorption step
(A.1) yields
a
rr  k Zn
N # cZn .

(A.11)
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CO2 adsorption step rate controlling
Since CO2 adsorption is assumed to be rate controlling, the CO desorption
step is considered to be in quasi-equilibrium (rr,4 ≈ 0). Thus, (A.4) is set
equal to 0 and solved for the CO fractional coverage. The obtained value
is inserted into the CO/CO2 adsorption site balance (A.6) to find an
expression for the fraction of unoccupied CO/CO2 adsorption sites
*
a
 CO
 K CO
cCO *

* 

1   
*
CO 2

a
1  K CO
cCO

(A.12)
.

(A.13)

The quasi steady state assumption for rr,2 and rr,3 is applied (rr,2 ≈ rr,3),
Eqs. (A.2), (A.3), and (A.13) are inserted, and the obtained equation is
solved for the CO2 fractional coverage
a
kCO
c
2 CO 2

1   
*
CO 2

1 K c

a
CO CO

d
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 * N *  kLH
 CO2 N * Zn
2 CO 2

a
kCO
2



*
CO2



ox
k LH
a
kCO
2
ox
k LH
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(A.14)

cCO2
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CO

 kd

  kCOox 2   Zn# N # 
 LH


.

(A.15)

The assumption of a rate controlling CO2 adsorption step implies that the
ox
a
oxidation step is intrinsically much faster (k LH ≫ kCO2). Thus, Eq. (A.8)
is approximated and inserted into the CO/CO2 adsorption site balance
(A.13)
*
 CO
0
2

* 

1
.
a
cCO
1  K CO

(A.16)
(A.17)

Inserting Eqs. (A.16) and (A.17) into the rate law for the CO2 adsorption
step (A.2) yields
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*

Oxidation reaction step rate controlling
Since the oxidation step is assumed to be rate controlling, all adsorption
and desorption steps are considered to be in quasi equilibrium
(rr,1 ≈ rr,2 ≈ rr,3 ≈ 0). Thus, Eqs. (A.1), (A.2), and (A.4) are set equal to 0
and solved for the fractional coverages of Zn, CO2, and CO
#
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cZn #
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Inserting Eqs. (A.19), (A.20), and (A.21) into the adsorption site balances
(A.5), and (A.6), and solving for the Zn and CO2 fractional coverages
gives
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Inserting Eqs. (A.22) and (A.23) into the rate law for the oxidation step
(A.3) yields
a

K CO2 cCO2
 K Zn
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2

CO desorption step rate-limiting
Since CO desorption is assumed to be rate controlling, the CO2 adsorption
step is considered to be in quasi-equilibrium (rr,2 ≈ 0). Thus, Eq. (A.2) is
set equal to 0 and solved for the CO2 fractional coverage. The obtained
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value is inserted into the CO/CO2 adsorption site balance (A.6) to find the
fraction of unoccupied CO/CO2 adsorption sites
*
a
CO
 KCO
cCO *
2

2

* 

(A.25)
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2 CO 2

.

(A.26)

By combining Eqs. (A.25) and (A.26) the CO2 fractional coverage is
expressed as a function of CO fractional coverage
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The quasi steady state assumption for rr,3 and rr,4 is applied (rr,3 ≈ rr,4),
Eqs. (A.3), (A.4), (A.26), and (A.27) are inserted, and the obtained
equation is solved for the CO fractional coverage
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The assumption of a rate controlling CO desorption step implies that the
ox
d
oxidation step is intrinsically much faster (k LH ≫ kCO). Thus, Eq. (A.29)
is approximated and inserted into Eq. (A.26)
 C* O  1

(A.30)

*  0 .

(A.31)

Inserting Eqs. (A.30) and (A.31) into the rate law for the CO desorption
step (A.4) yields
rr  k Cd O N * .

(A.32)
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A.1.2 Eley-Rideal mechanism for Zn* reacting with CO2(g)
The reaction steps considered for the ER1 mechanism, the corresponding
rate laws, and the Zn(g) adsorption site balance are listed in Table A.2. For
the assumption of any of these reaction steps to be rate controlling a
corresponding reaction rate law for the heterogeneous reaction of Zn(g)
and CO2(g) on the ZnO is derived.
Table A.2. Constituting reaction steps of the ZnO surface reaction, corresponding
reaction rates, and adsorption site balance according to the ER1 mechanism.

Zn(g)  #  Zn#

a
d #
rr,1  kZn
cZn # N#  kZn
Zn N#

(A.33)

ox
#
#
Zn#  CO2(g)  CO(g)  ZnO(s)  # rr,2  kER
1cCO2Zn N

(A.34)

#-type adsorption site balance

(A.35)

#
 #   Zn
1

Zn adsorption step rate controlling
The quasi steady state assumption, is applied for rr,1 and rr,2 (rr,1 ≈ rr,2), the
rate laws (A.33) and (A.34) are inserted, and the Zn adsorption site
balance (A.35) is used, and the obtained equation is solved for the Zn
fractional coverage
a
#
kZn
cZn 1   Zn
 N #  kZnd Zn# N #  kLHox CO2 N *Zn# N #

#
 Zn


a
kZn
cZn
ox
kLH
d
a
kZn
kZn
cZn  CO2 N *

ox
ox
kLH kLH

.

(A.36)

(A.37)

The assumption of a rate controlling Zn adsorption step implies that the
ox
a
oxidation step is intrinsically much faster (k Zn ≫ kZn). Thus, Eq. (A.37)
is approximated and inserted into the Zn adsorption site balance (A.35)
 Z# n  0

(A.38)
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(A.39)

Inserting Eqs. (A.38) and (A.39) into the rate law for the Zn adsorption
step (A.33) yields
rr  k Za n N # c Z n .

(A.40)

Oxidation reaction step rate controlling
Since the oxidation step is assumed to be rate controlling, the Zn
adsorption step is considered to be in quasi equilibrium (rr,1 ≈ 0). Thus,
Eq. (A.33) is set equal to 0 and solved for the fractional coverages of Zn
using the Zn adsorption site balance (A.35)

Zn# 

a
KZn
cZn
.
a
1  KZn cZn

(A.41)

Inserting Eq. (A.41) into the rate law for the oxidation step (A.34) yields
ox
#
rr  kER
1cCO2 N

a
KZn
cZn
.
a
1  KZn cZn

(A.42)

A.1.3 Eley-Rideal mechanism for CO2* reacting with Zn(g)
The reaction steps considered for the ER2 mechanism, the corresponding
rate laws, and the CO/CO2 adsorption site balance are listed in Table A.3.
For the assumption of any of these reaction steps to be rate controlling a
corresponding reaction rate law for the heterogeneous reaction of Zn(g)
and CO2(g) on the ZnO is derived.
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Table A.3. Constituting reaction steps of the ZnO surface reaction, corresponding
reaction rates, and adsorption site balance according to the ER2 mechanism.

CO2(g) * CO*2

a
d
rr,1  kCO
c  * N*  kCO
* N* (A.43)
2 CO2
2 CO2

Zn(g)  CO*2(g)  CO*  ZnO(s)

ox
*
*
rr,2  kER
2cZnCO2 N

(A.44)

CO*  CO(g) *

d *
a * *
rr,3  kCO
CON*  kCO
 N cCO

(A.45)

*-type adsorption site balance

*
*
* CO
CO
1

(A.46)

2

CO2 adsorption step rate controlling
Since CO2 adsorption is assumed to be rate controlling the CO desorption
step is considered to be in quasi-equilibrium (rr,3 ≈ 0). Thus, Eq. (A.45) is
set equal to 0 and solved for the CO fractional coverage. The obtained
value is inserted into the CO/CO2 adsorption site balance (A.46) to find
an expression for the fraction of unoccupied CO/CO2 adsorption sites
(A.47)

 C* O  K Ca O c C O  *

1   
*

 
*

CO 2

a
1  K CO
cCO

.

(A.48)

The quasi steady state assumption for rr,1 and rr,2 is applied (rr,1 ≈ rr,2),
Eqs. (A.43), (A.44), and (A.48) are inserted, and the obtained equation is
solved for the CO2 fractional coverage

1   
*

a
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2 CO 2
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a
1  K CO
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d
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 CO 2 N * c Zn
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(A.49)
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 kLH



a
CO

.

(A.50)
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The assumption of a rate controlling CO2 adsorption step implies that the
ox
a
oxidation step is intrinsically much faster (k Zn ≫ kCO2) Thus, Eq. (A.50)
is approximated and inserted into the CO/CO2 adsorption site balance
(A.46)
*
CO
0

(A.51)

2

* 

1
.
a
1  K CO
cCO

(A.52)

Inserting Eqs. (A.51) and (A.52) into the rate law for the CO2 adsorption
step (A.43) yields
a
rr  k CO
N * c CO 2
2

1
a
1  K CO
cCO

(A.53)

Oxidation reaction step rate controlling
Since the oxidation step is assumed to be rate controlling, all adsorption
and desorption steps are considered to be in quasi equilibrium
(rr,1 ≈ rr,3 ≈ 0). Thus, Eqs. (A.43) and (A.45) are set equal to 0 and solved
for the fractional coverages of CO2, and CO
*
a
CO
 KCO
cCO *

(A.54)

 C* O  K Ca O c C O  *

(A.55)

2

2

2

By inserting Eqs. (A.54) and (A.55) into the CO/CO2 adsorption site
balance (A.46) the CO2 fractional coverage is obtained which yields the
rate law for the oxidation step according to Eq. (A.44)
*
 CO
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rr  k

a
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(A.56)

(A.57)
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CO desorption step rate-limiting
Since CO desorption is assumed to be rate controlling, the CO2 adsorption
step is considered to be in quasi-equilibrium (rr,1 ≈ 0). Thus, Eq. (A.43) is
set equal to 0 and solved for the CO2 fractional coverage. The obtained
value is inserted into the CO/CO2 adsorption site balance (A.46) to find
the fraction of unoccupied CO/CO2 adsorption sites
*
a
CO
 KCO
cCO *
2

2

* 

(A.58)

2

1   
*
CO 2

a
c
1  K CO
2 CO 2

.

(A.59)

By combining Eqs. (A.58) and (A.59) the CO2 fractional coverage is
expressed as a function of CO fractional coverage
*
 CO




a
K CO
c
1   *CO
2 CO 2



(A.60)

a
1  K CO
c
2 CO 2

2

The quasi steady state assumption for rr,2 and rr,3 is applied (rr,2 ≈ rr,3),
Eqs. (A.44), (A.45), (A.59), and (A.60) are inserted, and the obtained
equation is solved for the CO fractional coverage
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(A.62)

The assumption of a rate controlling CO desorption step implies that the
ox
d
oxidation step is intrinsically much faster (k Zn ≫ kCO). Thus, Eq. (A.62)
is approximated and inserted into Eq. (A.59)
 C* O  1

(A.63)

  0.

(A.64)

*
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Inserting Eqs. (A.63) and (A.64) into the rate law for the CO desorption
step (A.45) yields
rr  k Cd O N * .

(A.65)

A.2 Change in conversion rate with increasing conversion
The two parameters κ and γ, defined by Eqs. (4.7), and (4.41), are both
functions of the conversion. These parameters thus change with
increasing conversion, which according to Eq. (4.42) affects the
conversion rate. To analyze the change in conversion rate due to the
increase in conversion, Eq. (4.42)) is first rewritten as
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1
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 1  1W 
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(A.66)

This function is then differentiated with respect to X and the obtained
expression is rearranged:
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where

' 

d
dX

(A.70)

d
.
dX

(A.71)

and

' 

The term A in Eq. (A.69) is positive in any physically meaningful case.
The term B in Eq. (A.69) is negative for any functions κ(X) and γ(X) that
decrease as X increases. Hence, for such functions the conversion rate
decreases as X increases.

A.3 Effect of WZnO on the conversion rate
In this section it is examined how the reaction mechanism of the
heterogeneous reaction of Zn(g) and CO2(g) on the ZnO surface affects the
sensitivity of the conversion rate towards WZnO, assuming that β and κ are
both not functions of X. For the ER2 reaction mechanism the maximum
limit for the change in conversion rate with WZnO has been derived in
section 4.3.5. The same limit for the LH mechanism, the other mechanism
that is considered plausible, remains to be identified and compared to the
limit for the ER2 mechanism.
Extending the lumped parameter γ in Eq. (4.44) yields an expression
for the conversion rate as a function of the reaction rate:

dX
*
  c*ZnWZnO  k ox c*ZnCO
 aZnO M ZnWZnO
  dt

2
lim

rr ,ER 2

(A.72)

 rr ,ER 2  aZnO M ZnWZnO
Replacing the ER2 reaction rate by the LH reaction rate and inserting Eq.
(4.29) yields
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dX
 rr ,LH 2  aZnO M ZnWZnO
  dt
a *
K Zn
cZn *
ox
 k LH
CO2  aZnO M ZnWZnO
N* N #
a *
1  K Zn cZn

(A.73)

lim

Introducing a similar lumped reaction rate constant as in Eq. (4.36)
ox * #
kox  kLH
NN

(A.74)

and defining a similar lumped parameter as in Eq. (4.41)
*
  aZnO CO
k ox M Zn 
2

(A.75)

leads to a limiting case described by
a *
K Zn
cZn *
dX
ox
 k LH
 CO2  aZnO M ZnWZnO
N* N #
a *
1  K Zn cZn
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a *
K Zn
cZn
a *
1  K Zn
cZn

(A.76)

WZnO

Although the dependence of the conversion rate on the Zn(g) concentration
changes, the equation is linear in WZnO, which is identical to the equation
corresponding to the ER2 reaction rate law described by Eq. (4.44).
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Photographs of the lab-scale mixer reactor

Figure B.1. Perspective view of the lab-scale horizontal mixer reactor.
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Figure B.2. View into the reaction chamber of the lab-scale mixer reactor showing the
two halves of the porous tube and the separation plates and gaskets in between (compare
Figure 6.1).

Figure B.3. Reaction chamber after filling in the reactant particles.
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