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The two-step H>O-splitting thermochemical cycle based on the Zn/ZnO redox reac-
tions is considered for solar H, production, comprising the endothermal dissociation
of ZnO followed by the exothermal hydrolysis of Zn. A solar-driven thermogravimeter,
in which a packed-bed of ZnO particles is directly exposed to concentrated solar radi-
ation at a peak solar concentration ratio of 2400 suns while its weight loss is continu-
ously monitored, was applied to measure the thermal dissociation rate in a set-up
closely approximating the heat and mass transfer characteristics of solar reactors. Iso-
thermal thermogravimetric runs were performed in the range 1834-2109 K and fitted
to a zero-order Arrhenius rate law with apparent activation energy 361 + 53 kJ
mol™! K™! and frequency factor 14.03 x 10° + 2.73 x 10° kg m™* s~'. Application
of L'vov’'s kinetic expression for solid decomposition along with a convective mass
transport correlation yielded kinetic parameters in close agreement with those derived
from experimental data. © 2009 American Institute of Chemical Engineers AIChE J, 55:
1497-1504, 2009
Keywords: zinc, zinc oxide, decomposition, dissociation, kinetics, thermogravimeter,
thermochemical cycle, hydrogen, solar, energy, radiation, ablation

Introduction

Solar thermochemical processes for hydrogen production
make use of concentrated solar radiation as the energy
source of high-temperature process heat.! Several 2-step
H,O-splitting thermochemical cycles based on metal oxides
redox reactions are being considered.>™ Of special interest is
the one based on the ZnO/Zn redox pair, comprising: (1) the
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solar endothermal dissociation of ZnO(s) into its elements;
and (2) the nonsolar exothermal steam-hydrolysis of Zn into
H, and ZnO(s), and represented by

First step (solar ZnO-decomposition): ZnO — Zn + 0.50,
()
Second step (nonsolar Zn-hydrolysis) :
Zn+H,O0 —-7ZnO+H, (?2)

H, and O, are derived in different steps, thereby eliminating
the need for high-temperature gas separation. This cycle has
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Figure 1. Solar TG experimental set-up at the solar furnace.

The ZnO sample is directly exposed to concentrated solar radiation, while its weight loss during the thermal decomposition is continuously

monitored.

been identified as a promising path for solar H, production
from H,O because of its potential of reaching high energy
conversion efficiencies and consequently economic competi-
tiveness.®’ Assuming a solar reactor operating at 2000 K,
subjected to a solar concentration ratio of 5000 suns* and with
50% sensible/latent heat recovery, the theoretical solar-to-
chemical energy conversion efficiency can exceed 40%. A life
cycle assessment indicates a 90% reduction of greenhouse gas
emissions derived from fuel cell cars driven by solar hydrogen
compared to those derived from advanced fossil fuel power-
trains.® The second step of the cycle, Eq. 2, has been
experimentally demonstrated using an aerosol-flow reactor
that features in situ formation and hydrolysis of Zn
nanoparticles.” The focus of this study is to establish the
kinetics of the first step of the cycle when ZnO is directly
exposed to concentrated solar radiation.

Several chemical aspects of the thermal dissociation of
7ZnO, Eq. 1, have been previously investigated.10 At 2340 K,
AG® = 0 kJ mol™" and AH°= 395 kJ mol™'. ZnO decom-
poses into its constituents rather than subliming into
ZnO(g)."'™'* Values of the apparent activation energy deter-
mined by thermogravimetry in vacuum ranged from 311 to
327 kJ mol " for sintered ZnO tubes, 50-100 um layers, and
single-crystals at 1136 to 1385°K,'? 356 kJ mol ™' for ZnO
spinel at 1608 to 1773 K,'* and 373 + 6 kJ mol~! for ZnO
particles at 1255 to 1258 K.'® Reported values for the acti-
vation energy of dissociation in a buffer gas atmosphere
were 312-376 kJ mol ' for ZnO particles (I um mean parti-
cle size) in N, at 1273 to 1823 K,'” 353 + 26 kJ mol ™' for
ZnO particles (50 nm and 1 um) in Ar at 1713 to 2023 K,
and 329 kJ mol " for directly irradiated presintered ZnO pel-
lets."? Nonstoichiometry and lattice defects were found to
affect the kinetics under vacuum at 1013 and 1053 K."* Ex-
ploratory tests were carried out in solar furnaces with batch
reactors.”>* Recently, a 10 kW solar chemical reactor pro-
totype featuring a rotating cavity-receiver lined with ZnO
particles has been experimentally demonstrated in a solar

*The solar flux concentration ratio C is defined as th% solar radiative flux
achieved after concentration, normalized to 1 sun = 1 kW/m".
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furnace.”* This reactor uses a multilayer cylindrical cavity-
receiver made of sintered ZnO tiles placed on top of a
porous 80% Al,03-20% SiO, insulation and reinforced by a
95% Al,03—5% Y,05 ceramic matrix composite, providing
mechanical, chemical, and thermal stability and a diffusion
barrier for product gases. An important property of this reac-
tor concept is that the ZnO particles are directly exposed to
concentrated solar radiation and serve the functions of radi-
ant absorbers, thermal insulators, and chemical reactants.
The accurate determination of the reaction kinetics of partic-
ulate ZnO under extreme solar reactor conditions (tempera-
tures > 2000 K and heating rates > 100 K/s) required the
development of a novel solar-driven thermogravimeter that
approaches the heat and mass transfer characteristics existing
in the solar reactor and enables on-line monitoring of the
weight loss as a function of time and temperature. This pa-
per describes the design and fabrication of this unique appa-
ratus and presents its application for measuring the ZnO
dissociation rate at up to 2100 K in a solar furnace.

The solar thermogravimeter (TG)

The solar thermogravimeter (solar TG) is shown schemati-
cally in Figure 1. It consists of a solar cavity-receiver, i.e. a
well-insulated cylindrical enclosure of id. 152 mm and
length 150 mm, lined with 50 mm-thick CaO-stabilized
ZrO, bricks over two layers of 36 mm-thick porous Al,O;.
It has a 60 mm-diameter circular opening—the aperture—for
the access of concentrated solar energy through a transparent
3 mm-thick quartz window. Inside the cavity, the ZnO sam-
ple is mounted on an Al,O5 rod that is suspended on a bal-
ance (Mettler Toledo; accuracy 0.01 g). With this arrange-
ment, the ZnO sample is directly exposed to concentrated
solar radiation, while its weight loss during decomposition is
continuously monitored on-line.

An Ar flow, injected tangentially and radially at the aper-
ture plane, creates an aerodynamic curtain that protects the
window from condensable products and carries the gaseous
products Zn(g) and O, to the outlet port at the rear of the
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Figure 2. Schematic of sample used in the solar TG.

Indicated is the location of the temperature measurements:
T, of the ZnO tile is measured by a type-B thermocouple,
and T of the irradiated front surface of the ZnO packed-bed
powder is measured by a solar-blind pyrometer.

cavity. Ar gas is also introduced into the box containing the
balance to prevent back-flow of hot gases. Downstream, the
Zn(g) is condensed and filtered (glass microfibre filter with
pore size of 2.7 um), and the gas composition is analyzed.
Experimentation was carried out at PSI’s solar furnace™: a
sun-tracking flat heliostat on-axis with a stationary primary
paraboloidal concentrator. Peak solar flux concentration ratios
exceeding 5000 suns can be achieved at the focal plane, ena-
bling the sample in the solar TG to attain stagnation temper-
atures’ above 2500 K at ultra-high heating rates faster than
1000 K/s. Solar flux intensities, regulated with a Venetian-
type shutter located between the heliostat and the solar con-
centrator, are measured optically with a calibrated CCD cam-
era on a water-cooled Al,O3-plasma coated Lambertian tar-
get. The camera also allows for sample visualization during
the experimental runs. Sample surface temperatures are meas-
ured with a solar-blind pyrometer that is not affected by the
reflected solar irradiation because it measures in a narrow
wavelength interval around 1.39 um where solar irradiation is
mostly absorbed by the atmosphere.26 The composition of the
product gases is monitored by gas chromatography (Agilent
High Speed Micro GC G2890A, equipped with molecular
sieve SA and HaySep A capillary columns, detection limit =
10 ppm; sampling rate = 0.33 min~ "), by IR-based detectors
for CO and CO, (Siemens Ultramat 23, detection limits =
0.2%; sampling rate = 1 s~ '), and by thermal conductivity-
based detectors for H, and O, (Siemens Calomat 6 and Oxy-
mat 6, accuracy = 50 ppm, sampling rate = 1 s~ "). The mea-
surement of CO and CO, is carried out to verify that no car-
bothermic reduction occurs. Particle size distribution is meas-
ured by laser scattering (HORIBA LA-950 analyzer). BET
specific surface area (SSA) is measured by N, adsorption at
77 K (Micromeritics 3000).

The sample investigated is depicted in Figure 2. It consists
of 20 mm-i.d. 40 mm-length Al,O5 tube containing the same
multilayer arrangement of the solar reactor”: a 12 mm-thick
packed-bed of ZnO powder (Alpha Aesar No. 11558, mean

The stagnation temperature is the highest temperature an ideal blackbody solar
cavity-receiver is capable of achieving when solar energy is being reradiated as
fast as it is absorbed. It is given by (IC/a)**, where I is normal beam insolation,
C is the solar flux concentration ratio, and ¢ is the Stefan-Boltzmann constant.
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particle size = 0.96 um, SSA = 6.23 m* g~ '), followed by a
3.7 mm-thick sintered ZnO tile and a 24 mm-thick 80%
Al,03-20% SiO, porous insulation. The total mass of ZnO
powder was 6.2 g, with an average porosity of 70.3% =+
0.4%. The temperature of the ZnO tile, T}, is measured with
a type-B thermocouple. The temperature of the irradiated
front surface of the ZnO packed-bed powder, T, is measured
with the solar-blind pyrometer.

Experimental Procedures

The cavity was first purged with Ar gas until the O, con-
centration was less than 100 ppm. With this residual O,, the
dissociation of ZnO in Ar at 1 bar total pressure is thermo-
dynamically favorable at above 1470 K, according to the
equilibrium composition calculated with the HSC code.”’
The Ar flow was maintained at 12 ly min~" at the aperture
and at 3 Iy min~" at the balance box.* During a typical solar
experimental run, the solar furnace’s shutter was opened to
achieve the desired solar flux intensity, while the irradiated
front surface of ZnO packed-bed powder was heated to the
desired temperature in less than 50 s and maintained isother-
mally during dissociation for at least 150 s. The front surface
of the ZnO packed-bed powder was exposed to a peak and a
mean solar flux concentration ratio of 2400 and 2200 suns,
respectively. The duration of a single run never exceeded
720 s to avoid variations of the solar irradiation or condensa-
tion of products on the quartz window, which affect the
desired isothermal conditions. No CO and CO, were
detected during all runs, ensuring that ZnO was not reduced
carbothermally. Zn reoxidation occurred downstream but no
effort was undertaken to quench the products and avoid their
recombination. Figure 3 shows SEMs of (a) initial ZnO pow-
der sample; and (b) recombined gaseous products collected
in the filter, downstream of the solar TG. The ZnO reacting
particles exhibited a wurtzite-type crystal structure with no
visible microporosity, indicating that their average porosity
was due mainly to interparticle void space. The product par-
ticles collected in the filter exhibit a tetrapod-like structure
formed by growth of ZnO crystal with wurtzite structure as
a result of nucleation, condensation, and reoxidation of
Zn(g) under supersaturation.28_30

Results and Discussion

Seven isothermal solar experimental runs, performed in
the range 1834-2109 K, are summarized in Table 1. Listed
are the mean effective surface temperature T, the mass loss
of the ZnO batch Am during the period of evaluation of
length At, associated mass loss rate dmj/dt per unit of effec-
tive (irradiated) surface area, total fractional conversion
omaxs and normalized linear regression coefficient of the fit-
ted mass loss curve. The ZnO packed-bed’s front surface
temperature T was determined from the measured pyrometer
temperature Tpyrometer DYT1

T = (TW'SZnO)O'25 Tpyrometer 3)

where 1, is the window transmissivity and éz,0 is the
emissivity of ZnO at the pyrometer’s operational wavelength,

#ly means liters at normal conditions; mass flow rates are calculated at 273 K
and 1 bar.
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Table 1. Summary of the Solar Experimental Runs: Mean

Effective Surface Temperature T, Mass Loss of the ZnO
Batch Am During the Period of Evaluation of Length Az,
Associated Mass Loss Rate dm/dt Per Unit of Effective
Surface Area, Total Fractional Conversion a,,,,, and
Normalized Linear Regression Coefficient of the

Fitted Mass Loss curve

T, Am At dm/dt Oimax
un#  (K)  (mg) () (kg 'm s ) R
1 2109.1 380 140 0.0176 0.125 0.997
2 1977.8 90 170 0.0034 0.024  0.968
3 1889.8 80 250 0.0021 0.016 0.982
4 1902.1 70 250 0.0018 0.027 0.977
5 1833.6 30 300 0.0006 0.010 0.832
6 2038.6 330 300 0.0071 0.061 0.998
7 1945.6 110 280 0.0025 0.021 0.988

1.39 um. twézno = 0.69 was determined using flash-assisted
multiwavelength pyrometry.*'** Surface temperature fluctua-
tions of about £10 K were observed in several runs and
ascribed to fluctuations in the solar irradiation.

S04 nm
i ==

(b)

Figure 3. SEM of (a) initial ZnO powder placed in the
solar TG; and (b) recombined gaseous prod-
ucts collected in the filter.
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The packed-bed sample of ZnO powder underwent up to
50% shrinkage during the initial 30 s due to sintering, as
observed with the CCD camera. This resulted in an overall
porosity change from 70% to up to 40% before the onset of
decomposition, creating a thin and dense topmost layer. The
initial relative weight loss was less than 1% and may be
attributed to nonstoichiometry, contraction, and lattice
defects."* Am was evaluated after 75 s to bypass initiation
effects by sintering and to ensure negligible surface area
change and stationary surface temperature T,. Am resulted
from the weight loss of the batch of ZnO packed-bed powder
exclusively; no reaction between ZnO and Al,O; was
detected. Furthermore, the ZnO tile did not contribute to Am
since its measured temperature T}, was at least 250 K lower
than 7§, and its surface showed no sign of dissociation after
each experimental run.

The ZnO packed-bed surface temperature and sample
weight loss as a function of time are shown in Figure 4 during
a representative solar TG run (No. 6). The ZnO packed-bed
surface was heated to 1300 K at a rate of 150 K/s once
exposed to a mean solar concentration of 1400 suns, and fur-
ther heated to 2038 K at a rate of 20 K/s. Color change from
white to black was recorded by the CCD camera due presum-
ably to nonstoichiometry at the surface® (formed by either
preferential removal of O from the surface'>** or outward dif-
fusion of interstitial Zn), which in turn resulted in a dramatic
increase of the total effective absorptivity from 0.05 to 0.15 at
room temperature36 to about 0.9 at 2000 K.'" Measurable
weight loss was detected at above about 1825 K (¢ = 30 s)
and continued at a constant rate until the shutter was closed
and the run terminated. The packed bed of ZnO powder was
subjected to a transient ablation regime, characterized by a
rate of heat transfe—predominantly by radiation—to the top
layer of the packed bed undergoing endothermic dissociation
that proceeded faster than the rate of heat transfer—predomi-
nantly by conduction—to the depth of the packed bed.

T, and dm/dt listed in Table 1 were used in the Arrhenius
plot of Figure 5. Applying a zero-order rate equation for lin-
ear advance of the interface in a single direction,37 the rate
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Figure 4. Irradiated surface temperature and weight
loss of the ZnO packed-bed powder as a
function of time during a representative solar
TG run (No. 6).
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Figure 5. Arrhenius plot for the rate law, Eq. 4.

The dissociation rate is given per unit effective surface area.

law is given in terms of the mass loss per unit of effective
(irradiated) surface area as:

‘;l; = Akge™/RT: @)
The corresponding apparent activation energy E, = 361 +
53 kJ mol™! K~! and frequency factor ky = 14.03 x 10° +
273 x 10° kg m~2 s7! each at 95% confidence, were
extracted by linear regression. The uncertainty bounds are
mainly due to the emissivity value and the balance resolution.
Note that, in contrast to conventional thermogravimetric runs,
only the irradiated front surface shrinks in the solar TG, as a
result of the ablative heat transfer characteristics in which the
sample is subjected. A shrinking core model was not able to
describe the reaction rate properly. Instead, an effective sur-
face area A—the actual area of the ZnO sample that is
exposed to the concentrated solar irradiation—was introduced
in Eq. 4. For the dm/dt values calculated in Table 1, A was a
circle of diameter d = 14.0 + 0.5 mm (determined after sin-
tering), as the CCD camera showed that A did not change dur-
ing the thermal dissociation. The sample’s density, measured
by pyknometer after the run, was 5.6 & 0.056 g cm °.
Previous studies have identified surface diffusion as the
rate-controlling step during the early stages of sintering with
activation energies in the range 12.5-106 kJ mol ', and lat-
tice diffusion during the intermediate and final stages of sin-
tering at above the Tammann temperature (~1124 K), with
activation energies in the range 223-276 kJ mol '.***" For
all runs listed in Table 1, the high heating rates achieved
with concentrated solar radiation resulted in rapid sintering
of the ZnO sample before any dissociation recorded by the
weight loss, as expected from the higher activation energy of
dissociation as compared to that of sintering. A SEM of a
cross section, 3 mm behind the irradiated surface of a ZnO
sample that underwent sintering and dissociation at Ty =
1960 K for 290 s is shown in Figure 6. The temperature dif-
ference T,—T, across the sample exceeded 300 K. Noninter-
connected pores of 0.3-0.8 pum diameter are predominantly
located at the grain boundaries, as previously observed dur-
ing final stages of sintering at about 1650 K.** The dissocia-
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Figure 6. SEM of cross section of a ZnO sample taken
3 mm behind the irradiated surface that
underwent sintering and dissociation at Ty =
1960 K for 290 s.

tion of ZnO occurred mainly at the external surface exposed
to concentrated solar radiation, supporting the ablation re-
gime. Note that thermal dissociation reactions conducted
under concentrated solar energy at 2000 K and above have
been shown to be primarily limited by the rate at which the
gaseous products diffuse from sample surface.'**'=*3 The
diffusion of gaseous products from the ZnO surface into the
surrounding gas was found to be rate-controlling mechanism
also at lower temperatures (1013 K).'? Thus, k, may strongly
depend on the purge gas conditions, and can be appropriately
determined as a function of the purge gas flow rate by apply-
ing L’vov theory,44 shown in the next section. In the range
1800-2100 K, the equilibrium pressure of the product gases
varies by more than one order of magnitude, while k, varies

10
10°% :
T
o —
L10% - ]
3
5
107} - ¢ experimental data  |]
— this study
— — — Méller and Palumbo
o — — Perkins et al.
10 1 I I I I I
1800 1850 1900 1950 2000 2050 2100 2150

Temperature T . (K)

Figure 7. ZnO dissociation rate vs. temperature for the
rate law derived in the present study Eq. 4,
and for those derived by Moller and Pal-
umbo'® and by Perkins et al.’®

The data points correspond to the values obtained experi-
mentally.
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by only 13% in that range and is practically insensitive to
the change in the thermodynamic equilibrium conditions.

The value of E, is in good agreement with those found
previously.“’”_19 Figure 7 shows the rate of ZnO dissocia-
tion as a function of temperature, in terms of mass loss per
unit time of the experimental data listed in Table 1 (data
points), and by applying the rate law, Eq. 4, derived in the
present study (solid curve). Also included are the ZnO disso-
ciation rates calculated using the rate laws derived by Moller
and Palumbo'® and by Perkins et al.'® Note that the former
authors applied a zero-order kinetic model to presintered
ZnO pellets, while the latter authors applied a shrinking core
model to particulate ZnO,

d ;E‘d(l_i>
W e T (1 =23 (5)

with Ty = 1895 K, E, = 353 4 25.9 kJ/mol, and k¥ = 3.58 x
107 + 630 x 107> s7! determined by conventional
(nonsolar) thermogravimetry, i.e. without direct solar irradia-
tion. Reasonable good agreement is found between the curve
of this study, obtained by on-line measurements, and that
predicted by Moller and Palumbo,' calculated from the
weight loss measured after the reaction. In contrast, Perkins et
al.’® predict a reaction rate that is about one order of
magnitude higher because of the fundamental differences in
heat and mass transfer mechanisms and surface area per unit
mass between their experimental setup (extrapolated to an
aerosol flow reactor) and the ZnO packed bed of the present
study. Exposing the sample to high-flux solar irradiation
provides an efficient means of radiative heat transfer directly
to the reaction site. The UV portion of the incident radiation
may photochemical enhance the reaction kinetics.*> However,
the high heating rates applied to the packed bed significantly
alter the reacting surface by sintering. Similar ZnO sintering
was observed with microwave heating at densification rates
which are up to four times faster compared to low heating rates
typical for laboratory thermogravimetric runs.*¢47

It is possible to estimate the frequency factor from the
thermodynamic properties of the materials and from the con-
vective flow conditions by applying L‘vov’s kinetic expres-
sions™ based on the Hertz-Knudsen-Langmuir theory for a
condensing substance in an inert gas environment and in
thermodynamic equilibrium. The following expressions for
the Arrhenius kinetic parameters are employed:

AH,
2 = +Tb inJ mol™! 6)
a
a b B
a+b [ya+b AS,
ko — MMDII:ITDO < aah : )grafh) inkgm2s~! (D
z qa+bphatb

where D is the binary diffusion coefficient of oxygen (O) or
metal (M) in the buffer gas, My, the molecular mass of the
solid, @ and b are the stoichiometric coefficients of metal and
oxygen in the starting oxide, respectively, T is the temperature of
decomposition, AH°t and AS°t are the standard entropy and
enthalpy of reaction, respectively, and R is the ideal gas constant.
z is the diffusion distance to the buffer gas location where the
concentration of the substance drops to zero. For ZnO
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decomposition in an Ar buffer gas atmosphere, the convective
mass transport coefficient is introduced,48 k = D/Z, and
calculated using a correlation for a flow normal to a disk*’:

kd 8 [ds\'?[ReSe d\'?* . L
Sh=—=—%—|—2 - thn=— 8
D \/Zn(d) 4n ds withn ds ()

where the Sherwood (S/4), Reynolds (Re), Schmidt (Sc)
numbers are based on the disk diameter d, the jet tube
diameter dg (flow source), and the distance between the disk
and the jet tube L. At 2000 K and for L = 0.05 m, ds = 0.06 m
(aperture diameter), d = 0.0072 m, Re = 22.1, Dz A, =
535.7-10°° m? s~ '. (L’vov®’), and Sc = 0.63, Eq. 8 yields Sh
= 18.56, k = 0.70, and z = 771 x 10~ m. Further applying
Eq. 7 for Do.ar = 9624 x 10°° m? s~! (Fuller’"), AHS =
712.3 kI mol ™', and AS§ = 272.4 I mol ' K" at 2000 K, it
yields ko = 5.99 x 10° kg m s~ ', which is of the same order
of magnitude as the experimentally determined value.
Discrepancies between calculated and experimentally deter-
mined ky may be attributed to turbulences in the Ar flow from
its injection position at the quartz window across the aperture
to the ZnO sample surface, and buoyancy effects at the hot
ZnO sample surface. Eqs. 7 and 8 may be used to evaluate k
at buffer gas flow conditions different to those observed in the
present study. Since Sh scales with the square root of the flow
velocity, the reaction kinetics can be enhanced by increasing
the flow velocity across the ZnO surface. Using Eq. 6, E, =
356 kJ mol ', which compares well with the value
experimentally determined.

Operating conditions in the solar TG were typical of an
ablation regime controlled by the rate of radiative heat trans-
fer to the first layers of ZnO undergoing endothermic disso-
ciation.>* The ZnO dissociation reaction occurred in the top-
most layers at the highest temperatures, as radiative transfer
to the exposed (effective) surface A proceeded at a faster
rate than heat conduction across the packed-bed.

Summary and Conclusions

We have carried out an experimental investigation using a
novel solar-driven thermogravimeter for the determination of
the ZnO dissociation kinetics under direct high-flux solar
irradiation in a solar furnace. Experimental data was fitted to
a zero-order Arrhenius rate law, yielding an apparent activa-
tion energy that is in close agreement with the theoretical
value obtained by applying L‘vov’s kinetic expressions along
with a correlation for convective mass transport across the
7ZnO packed-bed surface. Sintering was observed before ZnO
dissociation. The packed bed of ZnO powder was subjected
to an ablation regime characterized by a rate of radiative
heat transfer to the top layer of ZnO packed bed undergoing
endothermic dissociation that proceeded faster than the rate
of conductive heat transfer to the depth of the packed bed.
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