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A two-step solar thermochemical cycle for splitting CO, with Zn/ZnO redox reac-
tions is considered, consisting of: (1) the endothermic dissociation of ZnO with con-
centrated solar radiation as the heat source and (2) the non-solar, exothermic, reduc-
tion of CO, to CO by oxidizing Zn to ZnO; the latter is recycled to the first step. The
second step of the cycle is investigated using a packed-bed reactor where micron-sized
Zn particles were immobilized in mixtures with submicron-sized ZnO particles. Experi-
mental runs were performed for Zn mass fractions in the range 67-100 wt % and CO,
concentration in the range 25-100%, yielding Zn-to-ZnO conversions up to 71%
because of sintering prevention, as corroborated by SEM analysis. © 2010 American
Institute of Chemical Engineers AIChE J, 57: 2529-2534, 2011
Keywords: energy, fuels, reactor analysis, surface chemistry/physics

Introduction

A two-step solar thermochemical cycle to reduce CO, to
CO and O, using Zn/ZnO redox reactions was examined in
a previous work." The first step is the endothermic dissocia-
tion of ZnO to Zn and O, using concentrated solar radiation
as the energy source of process heat, formulated as:

1
Zn0 — Zn + 50, )]

and experimentally demonstrated in solar reactors at ~2000
K.>7 The second non-solar step is the exothermic reaction of
Zn with CO,, formulated as:

Zn + CO,; — ZnO + CO 2)

The resulting ZnO is recycled back to the first step, result-
ing in a net reaction CO,—CO+1/0,. The advantages of
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the two-step cycle vis-a-vis the direct thermolysis of CO,
are the lower upper operating temperatures and the elimina-
tion of the CO—O, separation to avoid their recombination
upon cooling. Similar studies for splitting CO, using fer-
rites®™!” and ceria redox reactions'® and for splitting H,O
with various metal oxide redox reactions'® have been per-
formed. This work focuses on the second, non-solar, exother-
mic step, Eq. 2, which can be decoupled from the solar step
and therefore performed continuously at a convenient site,
independent of the solar energy availability. Thermogravi-
metric analyses (TGA) of pm-sized Zn particles reacting
with CO, and with a mixture of CO, and H,O were per-
formed to ascertain the reaction mechanisms and determine
kinetic parameters.’** Two distinct reaction regimes were
identified: an initial fast interface-controlled regime that tran-
sitioned to a diffusion-controlled regime limited by ion mo-
bility through the ZnO layer. Low Zn conversions to ZnO
were obtained due to particle sintering and slow diffusion
rates. The reaction of CO, with Zn was also studied in an
aerosol flow reactor designed for in situ quench of Zn vapor
below the saturation temperature to form nanoparticles.”
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Figure 1. SEM analysis of um-sized Zn particles immo-
bilized in a packed bed with sub-um-sized
ZnO particles.

This offered high Zn-to-ZnO conversions over short resi-
dence times (e.g., up to 88% over 3 s) due to augmented
reaction kinetics and heat/mass transfer. However, the reac-
tion primarily occurred heterogeneously outside the aerosol
jet flow on surfaces with Zn deposition, making the ZnO
recovery, process control, and scale-up problematic.

Given the aforementioned limitations, a new fixed-bed re-
actor concept was explored with the aim of maximizing both
Zn conversions and ZnO recovery while alleviating some of
the process technology issues associated with control and
scale-up. Various supports were initially examined to immo-
bilize micro-sized Zn particles similar in size to those obtain
from the solar ZnO dissociation step®® and to isolate them
for preventing sintering. Example of supports often used in
catalytic combustion that provide low pressure drops and
high specific surface areas include: honeycomb structures,”
wire-meshes,’*?” and highly porous meshes.”** Interest-
ingly, a packed-bed containing a mixture of Zn and ZnO
particles offers effective inert support for preventing sinter-
ing and—after reaction completion—inherently enables sim-
ple and complete recovery of ZnO particles for recycling to
the first solar step. This study examines the effects of the
mass fraction of Zn in ZnO at different CO, concentrations
on the overall chemical conversion of Zn to ZnO.

Experimental

Experimentation was performed using a packed-bed of
Zn/ZnO particles contained in a 25-mm diameter quartz
tube, which was positioned vertically in an electric furnace
(Heraeus Ref 4/25, 0.95kW). A type-K thermocouple (TC)
located on top of the bed was maintained at 674 K, just
below the Zn melting point (692.68 K). The samples were
held by a quartz porous disk and heated to a constant tem-
perature in Ar (>99.99% purity). The heights of the reactor
bed with 500 mg of Zn for 100, 75, and 67 wt % Zn were
1.0, 1.5, and 2.0 mm, respectively; and with residence times
through the packed-bed, determined assuming plugged flow,
equal to 39.8, 59.7, and 79.6 ms, respectively. Once quasi-
steady conditions were attained, CO, (>99.99% purity) was
introduced in the system. Flow rates and mixtures of Ar-CO,
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were regulated by two electronic flow controllers (Bronk-
horst F-201CV), with a total mass flow rate of 0.3 Ix/min (I
means liters under normal conditions at 273 K and 1 atm) to
prevent particle entrainment. The product gas composition
was monitored temporally by gas chromatography (GC, Var-
ian CP-4900 Micro-GC two-channel system, 100 ppm detec-
tion limit). The surface morphologies of the samples before
and after experimentation were analyzed by scanning elec-
tron microscopy (SEM, SmartSEM, Carl Zeiss Supra 55VP).
BET specific surface area was measured by N, adsorption at
77 K (Micromeritics TriStar 3000).

Zn particles (Sigma-Aldrich, 98+% purity, 7.9-um mean
size) were mixed with ZnO particles (Alpha Aesar, —325
Mesh, 99% purity, 0.22-um mean size). The ZnO particles
were identical to those employed to study ZnO thermolysis
in a solar chemical reactor, while the Zn particles were simi-
lar in size to products collected from the filter resulting from
experimentation to thermolyze ZnO with concentrated solar
irradiation.*®>° The initial amount of Zn was 500 mg at Zn
mass fractions of 67, 75, and 100 wt %. The composition of
reacting flow was 25, 50, and 75% CO,-Ar and 100% CO..
An additional experiment was performed with a Zn mass of
2000 mg at 67 Zn wt % and 100% CO, to evaluate the
impact of increasing the packed-bed thickness. Figure 1
shows the SEM pictures of the reactants, characterized by
the um-sized Zn smooth spherical balls of Zn surrounded by
the sub-um-sized particles of ZnO.

Results and Discussion

A total of 24 experiments were carried out at various Zn
mass fractions in Zn/ZnO mixtures and CO, concentrations
in Ar. Two experiments were performed for each condition
for statistical analysis, and an additional experiment was per-
formed to verify results for solid samples with increasing
mass. Figure 2 shows the temporal variation of the molar
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Figure 2. Temporal variation of the molar flow rates of
CO, and CO in the product gas for a repre-
sentative run with 67 Zn wt % and 100% CO,
at 674 K.

The Zn initial mass was 500 mg (dots) and 2000 mg
(crosses).
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Figure 3. Temporal variation of the conversions of Zn to ZnO for: (a) 67 wt % Zn with 25, 50, and 75% CO2-Ar and
100% CO2 and (b) 100% CO2 with 67, 75, and 100 wt % Zn.

flow rates of CO, and CO in the product gas for a representa-
tive run with 67 Zn wt % and 100% CO, at 674 K and
Mmz,; = 500 and 2000 mg. A rapid increase in nco, was
observed over the first 5 min as Ar was displaced from the sys-
tem and CO, was rapidly converted to CO by Zn oxidation.
nico rapidly increased over the first 4 min and then decreased as
the majority of the available Zn was oxidized. After 20 min, CO
was no longer detected by GC. The CO evolution was higher for
mz,; = 2000 mg, where the instantaneous conversion of CO, to
CO peaked at 0.43 compared to 0.26 for mz, ; = 500 mg.

Zn-to-ZnO conversions
The chemical conversion of Zn to ZnO is defined as:

nzao Y hcolt
N7zni N7zni

3

Xzn—to—zn0 =

where nz,; denotes the initial molar amount of Zn, nz,o
denotes the molar amount of ZnO produced, rco is the molar
flow rate of CO determined from the GC and mass flow rate
measurements assuming ideal gas behavior, and At is the time
increment between GC measurements. Xz, ,.zno Was calcu-
lated over entire experiment until CO was not detectable by
the GC. The integrations were performed with average values
at the beginning and end of each At, resulting in smoothing of
the temporal results. Previous TGA* with 100 mg of initial
Zn have shown that Zn-to-ZnO conversions from thermo-
gravimetry compare well with those determined with lower
temporal resolution gas chromatography, which were slightly
underestimated. Although thermodynamically favorable, no
C is formed." "%}

Figure 3 shows the temporal variation of Xz, o.zno for:
(a) 67 wt % Zn reacting with 25, 50, and 75% CO,-Ar and
100% CO, (Figure 3a) and (b) 100% CO, reacting with 67,
75, and 100 wt % Zn (Figure 3b), including an additional
run with 2000 mg of Zn. The time response of the reactor
was equal to ~3 min, which accounts for varying CO, and
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CO sums over the first few minutes of experimentation. All
curves are characterized by an initial fast interface-controlled
regime followed by a transition to a slower diffusion-con-
trolled regime, as previously observed in thermogravimeter
measurements.’® Reaction rates increase with CO, concentra-
tion (Figure 3a), consistent with the power rate law, and the
overall conversion represents a marked difference between
results obtained from TGA.?° No significant differences were
seen for the reaction rates with100% CO, (Figure 3b), pre-
sumably due to faster kinetics coupled to lower temporal re-
solution of the gas concentration measurements, especially at
the beginning, compared to what is realized in TGA. The
run with 2000 mg of Zn has nearly the same reaction rate as
those with 500 mg and slightly higher Xz, .zno, Which is
indicative of the potential to scale-up the packed-bed. The
slightly higher conversions are believed to be due to longer
residence times within the packed bed that promote Zn subli-
mation and redeposition around ZnO nuclei formed initially,
as CO, is converted to CO and the concentration decreases
across the bed. However, it is expected that when the bed
reaches a critical height, the advantages of longer residence
times and lower initial, outlet CO, concentrations will be
offset by additional mass that compresses the particles to-
gether and limits the available surface towards the inlet of
the packed-bed. Several thin beds in series could bypass this
problem. X7, ,.zno decreased with the Zn wt %, and signifi-
cant differences were seen using 100% Zn as Xzj.0.zn0 =
0.03 for a much slower reaction rate. In the absence of the
ZnO supports, the Zn particles sintered, reducing the specific
surface area and limiting the availability of adsorption sites
and pathways for CO, to pass through the packed-bed. The
reaction rate was significantly slower as gas diffusion within
the bed and ionic diffusion through the ZnO layer became
the limiting reaction mechanisms. For all runs with Zn/ZnO
mixtures, the ZnO particles were effective in immobilizing
the Zn particles and preventing sintering.

Figure 4 shows the X, o.zno With error bars based on
individual 95% confidence intervals®' as a function of %
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Figure 4. Individual Zn-to-ZnO conversion means with
error bars based on individual 95% confi-
dence limits as a function of CO, concentra-
tion for Zn wt % = 67% (circles), 75%
(squares), and 100% (triangles).

CO-Ar for different Zn wt %. The standard error for
the means was 0.0348, indicative of small differences of
Xznto-zno for runs with the same configurations and fairly
reproducible results. Variances are due to heterogeneities in
particle sizes and mixing. For 67 and 75 Zn wt %, Xz, t0-zno
increased with CO, concentration, reaching a maximum of
71%. For the 75 Zn wt %, Xzn10zn0 peaked at with 75%
CO,-Ar, while for 67 Zn wt %, Xzn.10.zn0 peaked at 100%
CO,. With 100 Zn wt %, Xz, 0.zn0 peaked at 25% CO,-Ar
and decreased with increasing CO, concentrations, consistent
with results from the TGAZ® where resublimation from
the gas phase and needle-like structures occurred at lower
CO, concentrations, and increased sintering and the for-
mation of thick dense ZnO layers occurred at higher CO,
concentrations.

10 pm

Table 1. Two-factor Analysis of Variance (Type III) Table
Comparing the Effects and Interaction of CO, Concentration
and Zn wt % on Overall Zn Conversion to ZnO

Source of Variance SS df MS F P>F
Zn wt % 1.102 2 0.551 227.1 0

CO, concentration 0.0246 3 0.0082 3.38 0.0544
Interactions 0.055 6 0.00917 378  0.0239
Error 0.0291 12 0.00243

Total 1.211 23

Statistical analysis

The individual Xz, (.zno Were compared using a two-fac-
tor analysis of variance to identify the effects of Zn wt %,
CO, and associated interactions.”> The overall results are
provided in Table 1. There is strong evidence to support sig-
nificant interactions between CO, concentration and Zn wt
%. However upon closer inspection of the interactions using
a Tukey comparisons,33 only one the individual Xz,0zn0
differences was below a 5% significance level outside of the
main effects: the difference between 25% CO,-Ar at
67 Zn wt % and 75% CO,-Ar at 75 Zn wt % (P = 0.0101),
which is moderately significant. Therefore, the main effects,
Zn wt % and CO, concentration, were then analyzed. There
is little evidence to support differences in Xz, o.zno based on
CO, concentration and very strong evidence to support differ-
ences in Xz, o.zno based on Zn wt %. Tukey mean compari-
sons for Zn wt % showed little or no evidence to support dif-
ferences between 67 and 75 Zn wt % (P = 0.5565) and very
strong evidence supporting differences between 100 Zn wt %
and both 67 (P < 0.0001) and 75 (P < 0.0001) Zn wt %.

Particle characterization

Figures 5a, b show SEM pictures of solid products from
runs with 100 Zn wt % at 25% CO,-Ar and 100% CO,,
respectively. Given the high temperature and resulting sinter-
ing, only a limited amount of the reacted Zn could be
scraped from the top of the bed for 100 wt % Zn as much of
the reacted sample adhered to the porous disc. Evidence of
significant sintering was observed for both samples as the
particles formed large conglomerates that limited access of

Figure 5. SEM pictures of the solid products from 100 Zn wt % reactions with: (a) 25% CO.-Ar and (b) 100% CO..
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Figure 6. SEM pictures of the solid products from 75 Zn wt % reactions with 100% CO, taken from the top (a) and

bottom (b) of the packed-bed.

CO, to the particle surfaces. The particles, for the most part,
remained intact with few holes or cracks forming in the ZnO
layer. For the 25% CO,-Ar case (Figure 5a), the formation
of a rough ZnO layer is observed, presumably through Zn
sublimation and deposition on already formed ZnO crystals,
followed by Zn oxidation with CO,. For the 100% CO, case
(Figure 5b), high sintering inhibited Zn sublimation around
particles and lead to the formation of a dense ZnO layer that
limited CO, diffusion through the packed-bed and ionic dif-
fusion through the dense oxide layer.

Figures 6a, b show SEM pictures of solid products from
runs with 75 Zn wt % at 100% CO, for samples taken from
the top and bottom of the packed-bed, respectively. Signifi-
cantly, less sintering throughout the samples is observed due to
the ZnO supports. The samples taken from the top (Figure 6a)
show evidence of Zn sublimation and redeposited around ZnO
nuclei, as it is apparent from the rough surface ridge-like struc-
tures over the entire surface. The samples taken near the bot-
tom (Figure 6b) exhibit a dense and compact ZnO layer as a
result of the high CO, concentration along with high packing
densities. Initial CO, concentration gradients through the bed—
high at the bottom and low at the top—lead to slower reaction
rates at the top. The specific surface areas of the initial Zn and
ZnO particles, as measured by BET, were 5.94 and 2.10 mz/g,
respectively. The specific surface areas for solid products with
75% CO,-Ar was 3.28 m?/g for 67 Zn wt % and 3.17 m?/g for
75 Zn wt %.

Summary and Conclusions

The second step of a two-step solar thermochemical cycle
for splitting CO, has been demonstrated for a packed-bed re-
actor. The reduction of CO, to CO with Zn occurred in a
packed-bed consisting of micron-sized Zn particles immobi-
lized in mixtures with submicron-sized ZnO particles. This
significantly reduced particle sintering and, consequently,
resulted in high Xz, 0.zno- For Zn mass fractions of 67 and
75 wt %, Xzn-10-z00 Were from 44 to 71% with lower conver-
sions coupled to lower CO, concentrations. For Zn mass frac-
tions of 100%, Xzn-10.zn0 Were below 20% and decreased with
increasing CO, concentrations. The maximum Xz, o.zn0 Of
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71% was obtained at 75 Zn wt % and 75% CO,-Ar. An addi-
tional experiment performed with four times more solid reac-
tants—increasing the bed thickness—garnered similar reaction
rates and Xz, o.zno- TWo-factor analysis of variance showed
that there were no significant statistical differences due to
mass fraction of Zn and CO, concentrations and difference
between 100 Zn wt % and 67 and 75 Zn wt %. Scanning
electron microscopy showed that this was largely due to sin-
tering of Zn particles which limited CO, diffusion through the
bed and reduced the available surface area.

The packed-bed reactor using Zn/ZnO mixtures yields
high Zn-to-ZnO conversions even with 100% CO,, thereby
eliminating inert gas separation. In addition, the use of ZnO
particles as supports significantly simplifies solid product re-
covery for recycling to the first solar step, as both the ZnO
supports and products are used. The reactor configuration can
be easily linked to ongoing efforts to capture atmospheric
CO, using with concentrated solar energy,”* where the cap-
tured CO, exiting the solar reactor at high temperatures could
be fed into the packed-bed reactor to produce CO.
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Notation

Xzn-to-zno = chemical conversion from Zn to ZnO
my = mass fraction
n = molar amount
n; = initial molar amount
7 = molar flow rate
t = time
wt % = weight percent
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