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Abstract. The recently demonstrated potential of centrifugal particle receivers to provide hot particle streams of
temperatures above 950°C as heat transfer fluid and solar energy storage material in the form of sensible heat opens new
possibilities in performing endothermic chemical reactions that take place below this temperature in solar tower plants.
Of particular interest among such reactions is the SO; splitting/sulphuric acid decomposition scheme, common to all
sulphur-based thermochemical cycles. This set of reactions, instead of being implemented on a solar receiver/reactor, can
be performed in a reactor/heat exchanger configuration downstream of the solar receiver using the enthalpy of the hot
solid particles stream heated in the receiver. Two alternative concepts of performing this reaction are examined and
analysed, focusing on the different catalytic reactor configurations to be employed and the long-term characterization of
suitable catalytic compositions. Oxide-based catalytic systems in the form of particles, honeycombs and foams have been
tested in a lab-scale reactor demonstrating high SO; conversions at 850°C, 60%, corresponding to 68% of equilibrium
value, with less than 15% loss of performance after more than 1000 h on SO; vapours stream.

INTRODUCTION

Thermochemical cycles of the sulphur family recycle sulphur as the central element that appears in different
compounds at changing oxidation state [1]. Such cycles like the Hybrid Sulphur (HyS) [2] and the Sulphur-Iodine
(SI) cycle [3] were originally proposed for hydrogen production via water-splitting (Table 1). The former is called
hybrid because it combines the thermal decomposition of sulphuric acid (reactions 1a, 1b, Table 1) with electrolysis
of SO, with water to yield sulphuric acid and hydrogen (reaction 2) that requires much less electrical power than
water electrolysis. In the latter, the thermal decomposition of sulphuric acid is followed by the Bunsen reaction (3)
producing sulphuric acid and hydrogen iodine that is subsequently decomposed via reaction (4) to produce
hydrogen. Such cycles can be modified to produce solid sulphur if the sulphuric acid decomposition reactions are
followed by the disproportionation reaction (5) of SO, into elemental sulphur and sulphuric acid. Sulphur can then
be combusted in air to produce heat and SO, via reaction (6) and the SO, from combustion can be converted back
into sulphur and H,SO, via reaction (5). Whereas the net sum of the reactions of the two first cycles is the splitting
of water to hydrogen and oxygen, that of the third is zero, with the valuable outcome being the high-quality sulphur-
combustion heat at temperatures in excess of 1200°C, suitable for electricity generation using a gas turbine [4]. The
HyS, SI and solid sulphur-based thermochemical cycles share the common step of the decomposition reaction of
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sulphuric acid: first to steam and SO and subsequently the SO; dissociation to SO, and oxygen as per the reaction
schemes 1la, 1b in Table 1. The latter is their highest-temperature (650-950°C), endothermic reaction step that can be
aided by heat supplied by concentrated solar energy. Hence the third cycle utilizes solid Sulphur for seasonal solar
energy storage. The two reactions la, 1b are performed in combination: concentrated sulphuric acid from a reservoir
is vaporized and driven first through a medium-temperature zone where it decomposes thermally and stoichio-
metrically to steam and SO;; the vapours mixture is then passed through a catalytic reactor at higher temperatures
where the SOj; dissociation reaction is performed. For this step, transition metal oxides like Fe,O3;, MnO, CuO, Cr,0;,
V,0s and their combinations are lower-cost catalyst alternatives to expensive noble metals [5].

TABLE 1. Chemical reactions of the sulphuric acid decomposition step.

Cycle Reactions Temperature AH’
O (kJ/mol)
Sulphuric acid decomposition la  H,SO4(g) — H,0(g) + SOs(g) 450-500 +98
SO; splitting Ib  SOs(g) — SOx(g) + 20, (2) 650-950 +99
Electrolysis 2 2H,0+ S0, — H,SO, +H, (g)
HyS  Anode SO,+2H,0 - H,SO,+2H +2¢ 50
Cathode 2H" +2¢ > H,
Bunsen reaction 3  2H,0+S0O,+ 1, — H,SO, + 2HI 25-125
ST HI decomposition 4 2HI—-1L(g)+H,(g) 125-725
S Disproportionation 5 2H,0(1) + 3S0,(g) — 2H,S04(aq) + S(s) 50-200 -260
Sulphur Combustion 6  S(I)+ O,(g) — SOx(g) 500-1500 -300

Previous collaborative works of DLR demonstrated that certain metal oxide compositions (e.g. Fe-Cr, Cu-Al)
achieved catalytic activity close to that of Pt/Al,O; benchmark catalysts (~ 58 % vs.~ 61 % respectively) under
identical reaction conditions [6, 7] as well as limited deactivation (2-7 %) in the course of 100 hours exposure to
reaction conditions [8]. Such systems were further studied using stationary, structured, direct absorbing, volumetric
solar receivers from silicon carbide (SiC) foams and honeycombs coated with oxide catalysts. Even though the
concept was operational, drawbacks included high re-radiation losses from the front surface of structured bodies and
capability to maintain the high temperatures achieved only within a limited length along the porous receiver body,
necessitating the implementation of complex heat recovery architectures in the solar receiver [1].

Within this framework, the concept of combining a solar centrifugal particle receiver [9] with sulphur
thermochemical cycles has been set forth (Fig. 1a, 1b). Ceramic proppants, typically consisting of sintered bauxite,
have been identified as good candidates for direct absorbing solar particle receivers [10], and indeed recent tests at
the Solar Tower Juelich demonstrated that such particles could reach a temperature of 950°C upon exiting the
receiver [11]. The fact that this temperature is of the same range with that required for the SOj; splitting reaction
opens an entirely new perspective in concentrated solar irradiation-aided sulphur-based thermochemistry: instead of
being implemented on a solar receiver/reactor, the SO; splitting reaction (together with the H,SO, decomposition
one) can be performed downstream of the solar receiver with the enthalpy of the heat transfer fluid heated in the
receiver — the hot solid particles stream in the particular case. Two concepts to drive this reaction downstream of the
receiver with ceramic proppant particles as the heat transfer media are currently explored and analysed: the first idea
was to introduce catalytic activity into such proppants by incorporating in their composition transition metal oxides
like those mentioned above and bring them in direct contact with SO; vapours, catalysing the dissociation in SO, and
O, (Fig. 1c). The same particles can be used further downstream in a counter-flow cascade-like configuration to
evaporate the sulphuric acid in SO; and steam. The alternative concept is to use the non-modified — and therefore
more cost effective and thermomechanically robust - proppants as heat transfer fluid providing the necessary heat
indirectly to a catalytic reactor downstream of the receiver. This concept can be materialized in a shell-and-tube type
sulphuric acid evaporator/SO; decomposer cascade operating via indirect heat transfer between the (non-catalytic)
particles on the shell-side and fluid (sulphuric acid vapours) on the tube-side which therein will come into contact
with a non-moving catalyst bed (Fig. 1d). In this case the catalytic tubes can contain the catalyst compounds in
various porous structured forms like pellets, honeycombs or foams, coated with or made entirely of catalytically
active transition metal oxides (Fig. 1d). In either case, upon completion of the evaporation step, the particles are
recirculated - through a cold storage tank - to the receiver on the top of the tower for a new cycle.
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Both concepts are currently under investigation. Bauxite-based commercial proppants were modified by
incorporating in their composition Cu-Mn-Fe oxide phases catalytically active with respect to SO; splitting,
screened and tested in laboratory reactors demonstrating high SO; conversions at 850°C, for over 125 h of
continuous operation under SO; vapours stream, combined with satisfactory solar irradiation absorptance and
mechanical strength [12]. The present work concerns on the one hand further work on these systems for even longer
on-stream operation and on the other hand respective comparative catalytic tests with honeycomb and foam
structures based on Fe oxides.
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FIGURE 1. Concept schematics of coupling a centrifugal solar receiver to (a) the HyS cycle, (b) the solid sulphur cycle, for
round-the-clock hydrogen/electricity production, respectively; (c) schematic of direct heating concept of SO; vapours with
catalytic particles and typical Cu-Mn-oxide-doped bauxite proppants tested for this concept; (d) schematic of indirect heating
concept of sulphuric acid decomposer/SO; splitting reactor with non-catalytic particles and honeycomb or foam options for the
catalytic reactor part, coated with or made entirely of Fe,O; tested for this concept, before (red) and after calcination (grey).

EXPERIMENTAL PROCEDURE

Long-term catalytic SO; splitting tests were performed at 1 atm with concentrated sulphuric acid (95 wt%) as
feedstock, in a committed fixed-bed test rig at DLR (Fig. 2a) described in detail previously [9]. Three different
catalytic configurations, containing 8-12 grams of catalyst, were tested: (i) modified bauxite proppants incorporating
various amounts of Cu- and Mn- oxides (Fig. 2b), (ii) catalytic oxide coated SiC honeycombs (Fig. 2¢) and (iii)
foams made in-house entirely of catalytic oxide (Fig. 2d) with the two last configurations employing Fe,O; as the
transition metal oxide catalyst. For the preparation of honeycombs and foams, slurries of Fe,O; powder (hematite, of
red colour — Fig 1d) were employed; after calcination at 900°C for adhering the coating on the SiC honeycomb or at
1350°C for burning the sacrificial template polyurethane foam and form a sintered iron oxide one, Fe,O; becomes
grey in colour (Fig. 1d), without, though, any phase change [13]. The foam pieces used were of 30 ppi (pores per
linear inch) pore density, had solid phase porosity of = 10 % and mean pore diameter of = 36 pm as determined by
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Hg porosimetry (ThermoFisher Scientific™ Porotec Pascal 140-440® porosimeter).Comparative characterisations
before and after exposure to reaction conditions (denoted as “fresh” and “used” states, respectively) were performed.
Microstructural observations by Scanning Electron Microscopy (SEM) were performed with a ZEISS ULTRA 55
FEG (Karl Zeiss, Oberkochen, Germany) instrument coupled with an INCA Pentafet x3 EDS X-ray microanalysis
system from Oxford Instruments. The weight change of the samples was measured via ThermoGravimetric Analysis
(TGA) under air flow in a Netzsch STA 449 F3 Jupiter” instrument. The samples were heated to 1000°C with a
ramp of 5 °C/min and cooled with the maximum possible rate to room temperature; in the case of the “used” sample
a second cycle was run to check whether all weight changes were completed during the first.

Gas Controlvalve Pressure Quartzglass Thermo- Tube Massflow Bunsen
ing for titration | sensor reactor couple furnace controller trap

Connector for L N J
mass spectrometer =
S

©F

Flow Magnetic Power  Sulfuricacid Acid
meter valve controller  container pump

(d)

FIGURE 2. (a) SO; decomposition test rig with peripherals at DLR; (b) typical photographs of the assembly inside the quartz
tube, consisting of two SiC foams as flow distributors upstream and downstream of the catalytic bed which is comprised of either
(b) catalytic particles (darker colour) diluted with inert alumina spheres (white colour), or (¢) Fe,03-coated SiC honeycomb, or
(d) entirely Fe,O;-made foam pieces; photographs are after on-stream exposure.

RESULTS

Indicative comparative results at 850°C for up to ~ 130 h on-stream are shown in Fig. 3a. Between the two
compositions of the modified proppants shown, one could achieve very high initial SO; conversion very close to the
equilibrium value during the first 10 h, which, however, deteriorated significantly beyond 15 h on-stream. The other
proppant composition achieved ~ 60% SO; conversion stabilized after the first 70 h on-stream and corresponding to
68% of equilibrium value. The conversion reached by the Fe,Os-coated honeycombs was lower, reaching ~ 40%
after 7 h on-stream. The Fe,Os—made foams exhibited an initial conversion of ~ 50% which, however, similarly to
the first proppants composition, dropped to ~ of 15 % after 70 hrs on-stream.

Parametric experimental studies were performed to identify the optimal temperature and flow rate conditions for
the particular structures, complemented by very-long on-stream exposure and post-characterisation material studies.
Thermodynamic equilibrium calculations at 1 bar [14] have shown that the dissociation of H,SO, is completed at
about 550°C; thereafter conversion of SO; to SO, increases with increasing temperature and temperatures higher
than 800°C are needed to reduce about 80 % of the SO; to SO,. Operating the decomposer at higher temperature will
yield more SO, but at some upper temperature value is limited by material constraints. On the other hand for a given
reactor volume, decreasing the sulphuric acid volumetric flow rate will increase the steady-state SO; conversion
since the residence time i.e. the time for which the SO; reactant is in contact with the catalyst will increase. Changes
on the sulphuric acid flow rate are reflected in the Weight Hourly Space Velocity (WHSYV), defined as the ratio of
the effective inlet H,SO,4 liquid mass flow rate (gyys04/h) to the mass of catalyst (g) and having the physical meaning
of the inverse of the residence time. Representative results with the foams presented in this work, showed that a
decrease of the sulphuric acid flow rate increased the SO; conversion from ~ 15 % to ~ 45 % at 850°C (Fig. 3b),
whereas the combination of the lowest flow rate (100 ml/min) and highest temperature (950°C) tested resulted in
conversions higher than 70 % (Fig. 3c).
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FIGURE 3. SO; conversion vs. reaction time compared to equilibrium conversion and a “blank” run: (a) comparison among all
tested samples at 850°C, up to 130 hours on-stream; (b) long-term performance of Cu-Mn-doped bauxite catalytic proppants up
to ~ 130 h on-stream; (c) effect of sulphuric acid volumetric flow rate on conversion of Fe,O;-foams, (d) long-term stability
testing of proppants No 2 for more than 1000 h on-stream.
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The long-term performance stability of the catalytic proppants was investigated for more than 1000 h on-stream
(Fig. 3d). Proppants No2 at 850°C and under a low sulphuric acid flow rate, demonstrated conversions exceeding 70
%. The scattering of the values increased at longer exposure times, however the values practically did remain in the
range 60-70%, demonstrating thus less than 15% loss of performance after this extended operation under SO,
vapours stream. The accuracy of the applied iodometry method is estimated based on a detailed analysis assuming
Gaussian distribution of the different influencing factors (e.g. pipette, balance, graduated flask, burette, pump) and
applying the variance formula for propagation of uncertainty. Due to changing concentration of the titration solution
during the measurement, the accuracy is not constant. Therefore, in the diagram only points with an estimated
absolute uncertainty below 3 %, corresponding to less than 5 % of relative uncertainty, are included.

A typical SEM photograph of “used” proppants is shown in Figure 4a. The higher magnification on the surface
and the corresponding elemental microanalysis (EDS) in Fig. 4b show clearly the presence of sulphur, primarily
concentrated on the exterior of the particle, in addition to the particle’s initial constituents Cu and Mn. The TGA
results — weight loss as a function of temperature — for the same proppants are shown in Fig. 4c compared to their
“fresh” state. In exact analogy with previous results [8, 13], the used sample is characterised by a distinct weight
loss, starting at about 650°C, corresponding to the dissociation of CuSO,. The formation of such sulphates is
undoubtedly an intermediate step of the SO; dissociation reaction. The maximum weight loss observed in this study
after 1000 h is identical to that observed on similar particles after only 186 h on-stream [13]; this shows that
probably a threshold exposure time exists beyond which further accumulation of sulphur on the particles ceases.

It should be mentioned that the experiments with foams took place sequentially in the test rig with the same
sample, thus at the end, the particular foam catalysts were exposed cumulatively for over 600 h on-stream. Typical
SEM photographs of the “fresh” and “used” foams are compared in Figs. 5a, 5b. After on-stream exposure the foams
maintained their structural integrity, without any micro-cracks or collapse of the struts being obvious. However, as it
can be seen in Fig. 2d, after the end of the overall 600h experiment, the colour of the Fe,O; foam near the entrance
of the catalytic bed has changed back from grey to red; this colour change has been noticed on all such iron oxide
specimens after long-term exposure under SO; vapours, even on the coated honeycomb (Fig. 2¢) or on pellet
fragments tested in previous studies [7]. It is interesting that in the case of Fe,O;—made foams, these “red” and
“grey” regions look microscopically different as shown in the relevant SEM photographs in Figs. 5c, 5d. The “grey”
ones appear as non-porous, denser structure of iron oxide particles. The “red” ones, in contrast, have the appearance
of a much more porous, loosely bound together ensemble of very finer particles. This morphology is identical to that
observed on the Fe,O3-coated SiC honeycombs tested in one of our earlier studies [8]. Further analysis is under way
to identify differences between these two structures and investigate if and how they affect the reaction mechanism
via the possible formation of sulphates.

FURTHER DEVELOPMENTS

In parallel to these tests, simulations and techno-economic performance analysis concluded to the selection of the
second reactor option — an indirectly heated reactor/heat exchanger downstream of the solar receiver with
chemically inert particles as the heat transfer fluid - as it offers most flexibility for the design and development of
the components. Factors advocating for this concept are on the one hand the very low cost of commercial non-
modified, bauxite proppants which lie in the range of ~1,000-2,000 €/t and on the other hand their proven high
attrition resistance that will minimize any fine “dust” produced during pilot- and large-scale operation. In contrast,
quotations for chemically-modified proppants like the ones tested in this work are more than ten times higher, given
naturally, the much lower quantities that need to be experimentally produced. Another issue has to do with the entire
plant (Fig. 1) operation optimization. In general, full SO; conversion is not achievable under the allowable operating
temperature of the reactor and hence the reaction hot product gas mixture contains SO,, O,, un-reacted SOz and
water vapours. This mixture has to be cooled in order to allow SO, recovery and recycle of unreacted components.
During cooling un-reacted SO; rehydrates and condenses as sulphuric acid which, depending on its concentration
level, may be routed back to either a sulphuric acid concentration section or a storage tank. The residual gas mixture
rich in SO, and O, needs to be separated prior to feeding SO, to the disproportionation reactor. SO, can be easily
separated by condensation as well as by absorption with water as solvent due to its polarity. Both separation routes
are favoured at high pressures. It is therefore conceived that a pressurized sulphuric acid decomposition reactor will
lead to lower compression work requirements for the subsequent oxygen separation stages, in addition to providing
for a more compact system design, with only a small penalty in the SO, conversion achieved. In this context the
indirect contact concept where only the sulphuric acid chambers will be pressurized, seems much more feasible.
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FIGURE 4. (a) SEM photograph of typical Cu-Mn-doped bauxite catalytic proppants No 2 after 1000 h on-stream exposure; (b)
magnification showing the area scanned for elemental EDX microanalysis and respective spectrum showing clearly the existence
of residual sulphur on the particle’s surface; (c) post-reaction TGA under air of spent proppants vs. fresh ones, showing weight
loss of about 4 % for the former, attributed to the dissociation of metal sulphates.
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FIGURE 5. Characteristic SEM photographs of Fe,O3-made foams: (a) “fresh” and (b) “used” foams, respectively;
magnifications on the (c) “grey” and (d) “red” areas, indicating their different micro-morphology.
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The final, 2 kW integrated sulphuric acid decomposer/SO; splitting reactor/heat exchanger will incorporate the
optimal catalytic formulation shaped into the optimal structures with sufficient thermomechanical properties and
will be initially tested in a dedicated test rig, with electrically heated proppants as heat transfer fluid before eventual
simulated solar testing with a pilot-scale solar centrifugal receiver at the large-scale solar simulator Synlight in
Juelich, Germany. The particle reactor test rig equipped with an electrical particle heater providing hot non-solar
heated particles (for initial testing), a particle conveyor (screw feeder), a cyclone collector and a scrubber at the
reactor’s exit (Fig. 6) is currently under construction and scheduled to be tested within the next months. Finite
element method (FEM) analyses in ANSYS" were carried out to qualify the conveying tube structure and its
thermo-mechanical stability. Discrete element method (DEM) simulations were performed to model the hot particles
motion inside the conveying tube.

Decomposer

Evaporator

FIGURE 6. Setup schematic of lab-scale prototype indirectly heated reactor currently under construction.

CONCLUSIONS

Different configurations of oxide-based catalytic systems for the SO; splitting reaction, compatible with the
concept of solar thermal power plants operating via centrifugal particle receivers were investigated with respect to
their SO; conversion and long-term catalytic stability. Shorter-term experiments for several tens of hours quantified
the favourable effects of lower sulphuric acid flow rates and higher reaction temperatures on the SO; conversion.
Longer-term experiments demonstrated that under favourable conditions, suitably modified bauxite proppants could
achieve at 850°C conversions in the range of 70%, corresponding to 68% of equilibrium value with less than 15%
loss of performance after more than 1000 h on SO; vapours stream. The mechanism of reaction, proceeding through
the formation of copper sulphates was corroborated with SEM and TGA post-reaction analysis. The design of a 5
kW indirectly heated reactor/heat exchanger downstream of the solar receiver with chemically inert particles as the
heat transfer fluid and incorporating the catalytic formulation shaped into the optimal structures with sufficient
thermomechanical properties has been completed. A dedicated test-rig setup is under construction to test the proof-
of-concept of driving thermally these reactions with the aid of electrically-heated particles, prior to the eventual test
at a solar simulator facility in conjunction with a 300 kW centrifugal receiver.
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