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Abstract

In order to assess the potential for using copper oxide as the oxygen source in chemical looping com-
bustion with coal, a study was undertaken to characterize the reaction rates of copper oxide with carbon
monoxide, a major coal partial oxidation product. In the study, CO oxidation experiments were performed
in a pressurized thermogravimetric analyzer (TGA) with copper II (CuO) and copper I oxide (Cu2O). In
these experiments, about 25 mg of CuO or Cu2O particles having diameters less than 125 lm were placed
on the balance pan of the TGA and mixtures of 1.6% CO in N2 were admitted into the reaction chamber,
which was maintained at selected temperatures between 473 and 773 K. The measured thermograms were
used to develop a chemical reaction mechanism and associated kinetic parameters to described CO oxida-
tion with copper oxide. The reaction mechanism takes into account CO adsorption at copper sites, CO sur-
face migration, and CO2 desorption. Calculations employing the mechanism indicate that the overall
reaction rate becomes mass transport limited for copper oxide particles larger than 125 lm in diameter,
exposed to 100% CO at temperatures above 873 K. The reaction mechanism reveals a reaction order of
0.7 with respect to the CO mole fraction and an overall activation energy of 20 kJ/mol and 25 kJ/mol,
respectively, for the reduction of CuO and Cu2O to Cu. Calculated results support an earlier hypothesis
that under the conditions examined, there are two pathways for CuO reduction to Cu, one cascading
(CuO ? Cu2O ? Cu) and the other direct (CuO ? Cu). Our results indicate that chemical looping com-
bustion of coal employing CuO as the oxygen carrier will not be limited by chemical reaction rates.
� 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Since coal is the cheapest and most abundant
fuel in the world, it has become the primary energy
source used for electric power generation. In the
United States, 51% of electricity originates from
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coal-fired power plants and in China, 75% of elec-
tricity is produced from burning coal [1]. As such,
it is likely that coal will continue to be utilized in
such a manner until non-fossil-fuel based technol-
ogies for electric power generation are commer-
cially proven and in relatively widespread use.

“Clean coal” technologies have been developed
to the point where the emissions of NOx, SOx, par-
ticulate matter, and mercury from present-day
coal-fired power plants are below regulated levels.
Presently, CO2 emissions are not regulated. Since
ute. Published by Elsevier Inc. All rights reserved.
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CO2 is a greenhouse gas and may be influencing
the climate, it is prudent to remove it from power
plant exhaust streams so as not to release it to the
atmosphere. There are three pathways for enabling
CO2 sequestration: post-combustion, pre-combus-
tion and oxyfuel combustion. Chemical looping
combustion (CLC) is one promising oxyfuel com-
bustion approach to CO2 capture [2–7].

In CLC, an oxygen carrier, typically a metal
oxide such as iron III oxide (Fe2O3) or copper II
oxide (CuO), is circulated between a fuel reactor
and an air reactor to transfer the oxygen necessary
for fuel combustion. In the fuel reactor, the fuel is
oxidized to CO2 and H2O and the metal oxide is
reduced to the pure metal (or to a lower oxidation
state). In the air reactor, the metal (or the lower
oxidation state metal oxide) is oxidized back to
its fully oxidized state.

In our investigation of CLC, we have selected
CuO as the oxygen carrier. Based on literature sur-
veys and thermodynamic analyses of potential
CLC systems, in comparison to several other
potential oxygen carriers (Fe2O3, NiO, BaO2,
Mn2O3, and SrO2), CuO exhibits advantages with
respect to the fuel-to-metal oxide mass ratio
required for complete combustion, bed operating
temperatures, toxicity, availability, handling, and
cost [8]. Our overall efforts are directed at applying
CLC technology to coal-fired and biomass-fired
electric power plants. Consequently, we are con-
cerned with the oxidation rates of these solid fuels
with CuO. However, before solid fuel oxidation
rates can be quantified with respect to tempera-
ture, pressure and reactive gas concentration, the
rates of oxidation of CO, H2 and CH4 with CuO
must be characterized.

Several studies aimed at understanding the oxi-
dation characteristics of CuO have been under-
taken due primarily to the catalytic activity of
copper [9–16]. Experimental results have indicated
that CuO catalytic activity proceeds through a
reduction–oxidation (redox) reaction scheme and
that CO oxidation via CuO proceeds through
one of two dominant reaction pathways: CuO ? -
Cu2O ? Cu or CuO ? Cu [9,13,15–17]. The
actual pathways for reduction are complex and
depend on a number of factors including the (i)
creation of sites for CO adsorption, (ii) migration
of CO on the surface, (iii) removal of oxygen from
the copper oxide surface, (iv) migration of oxygen
from the bulk to the surface, (v) growth or nucle-
ation of suboxides and the reduced metal, and (vi)
formation and removal of CO2 [13]. Over a range
of reaction conditions, the overall CuO reduction
rate cannot be described using a single nth order
kinetic expression [13]. Our objectives herein are
to develop a reaction mechanism and associated
kinetic parameters that can be used to predict
CuO oxidation behaviors over the range of tem-
peratures, pressures and compositions established
in CLC systems.
Please cite this article in press as: E.A. Goldstein
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2. Experimental approach

Copper II oxide of 99.99% purity was pur-
chased from Sigma–Aldrich and copper I oxide
of purity 99.9% was purchased from Alpha Aesar.
To ensure that the thermogravimetric experiments
were chemically controlled, the CuO particles
were sieved to obtain particles in the 75–106 and
106–125 lm size ranges for testing. The Cu2O par-
ticles as received were less then 30 lm. As such no
sieving was performed to further refine the Cu2O
particle size distribution. The distributions for
each size range of CuO particles were measured
using a Coulter Multisizer. Despite the sieving of
the CuO particles, there were still a large number
of particles having diameters less than 30 lm. The
size distribution of the Cu2O particles could not
be measured with the Coulter Multisizer since
the Cu2O particles are hydrophobic, causing them
not to disperse in the instrument’s electrolyte solu-
tion. To estimate an average size distribution, a
scanning electron microscope (SEM, FEI XL30
Sirion SEM) was used to examine the particles.
Measurement software was used to estimate a
mean size (12 lm) and standard deviation (6 lm)
for the Cu2O particles.

The unreacted and reacted CuO and Cu2O par-
ticles were also examined with an SEM and qual-
itatively analyzed via X-ray diffraction
spectroscopy (using a PANalytical X’Pert XRD).
The SEM images shown in Fig. 1 illustrate the
morphological change in the copper oxide parti-
cles as a result of heating to 573 K. The unreacted
CuO particles consist of nodules less than about
10 lm in size fused together. This morphology is
likely a consequence of the manner in which the
particles were manufactured. The nodules are
not as evident in the particles after heat treatment.
They seem to have coalesced, resulting in a parti-
cle with a rough, pitted surface. Measurements of
the surface areas of the as received copper oxide
and elemental copper particles were performed
in our pressurized thermogravimetric analyzer
(TGA), and both resulted in specific surface areas
of about 1 m2/g. Additionally, several surface area
measurements were made after heating the CuO
particles to 773 K and then after subsequent reac-
tion with 1.6% CO in N2 at 773 K. The mass spe-
cific surface area upon heating and then heating
with chemical reaction was 40 m2/g and 90 m2/g
respectively. This indicates that during heat-up
and through reduction, the surface area increases.
Surface area changes have been observed previ-
ously with redox reactions involving copper oxi-
des [18,19]. The Brunauer–Emmett–Teller (BET)
[20] approach was used in the analysis of gas
adsorption weight data to determine the specific
surface areas of CuO particles during reduction.
Carbon dioxide was used as the adsorption gas,
and adsorption tests were performed at 296 K
and 10 atm. A value of 22.2 Å2 was used for the
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Fig. 1. SEM images of unreacted CuO particles (left) and CuO particles heated to 573 K (right) in nitrogen (white bar in
each image represents 5 lm).

E.A. Goldstein, R.E. Mitchell / Proceedings of the Combustion Institute xxx (2010) xxx–xxx 3
molecular cross section of CO2 [21]. A description
of the technique can be found elsewhere [22].

X-ray diffraction tests were used to identify
the copper oxide species present in particles dur-
ing a given experiment. Shown in the left panel
of Fig. 2 are the XRD patterns from the unre-
acted copper oxide sample used in the experi-
ments along with reference XRD patterns for
CuO. Shown in the right panel are the XRD pat-
terns from a partially reduced CuO sample (actu-
ally obtained in some of our experiments with
corn stover as the fuel, under ramped tempera-
ture conditions) along with reference XRD pat-
terns for Cu2O. These data sets suggest the
metal oxide reduction sequence of CuO to
Cu2O to Cu. Such a cascading of the copper
valence during conversion has also been observed
[9,13,15,16].

Based on the volume-to-external surface ratio,
the mean radius of pores inside both the CuO and
Cu2O particles was estimated to be 0.006 lm.
Pores as large as 0.5 lm were noted in some of
our SEM images of the particles (see Fig. 1).
Using a tap density technique [23], the apparent
densities of the CuO and Cu2O particles were
determined to be 3.66 and 5.0 g/cm3, respectively.
Assuming true densities of 6.0 and 6.3 g/cm3,
respectively, for CuO and Cu2O, particle porosi-
ties were estimated to be 0.42 for CuO and 0.17
for Cu2O.
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Fig. 2. XRD spectra of unreacted (left) and
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Carbon monoxide oxidation tests were per-
formed in the TGA in order to determine the
intrinsic chemical reactivity of CuO and Cu2O.
In our experimental procedure, 20–30 mg of
CuO or Cu2O particles were placed in the TGA
balance pan and the particles were exposed to
nitrogen at 298 K for 120 min before the temper-
ature was increased to the specified reaction tem-
perature (473, 573, 673 or 773 K). The particles
experienced a dwell time of 60 min in nitrogen at
the test temperature before the reactive gas was
introduced into the reaction chamber. Weight
change in the specified gaseous environment was
monitored. The measured thermograms (mass
(m) versus time (t) data) were used to derive spe-
cific conversion rate profiles (1/m dm/dt versus
t), which were analyzed in order to determine
the rates of the rate-limiting reactions that control
the overall conversion rate of the copper oxide to
Cu during oxidation of CO.
3. Theoretical approach

Based on the physical characteristics of the par-
ticles used in the experiments, diffusion limited
overall conversion rates (mass conversion rates
per unit external surface area) for selected particle
sizes were calculated for the conditions established
in the reaction chamber of the TGA. The diffusion
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partially reacted (right) CuO particles.
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limited overall conversion rates were used to deter-
mine the maximum specific conversion rates, (1/m
dm/dt)max. The measured specific conversion rates
were smaller than these maximum rates. Based
on the ratio of the actual (measured) and maxi-
mum specific conversion rates, the partial pressure
of CO at the outer surface of the copper oxide par-
ticle was estimated, and the Thiele Modulus was
calculated. In all cases the Thiele Modulus was
of order one. No matter the order of reaction with
respect to the CO partial pressure, the effectiveness
factor was found to be greater than 0.90, indicative
of particles being almost completely penetrated by
CO. Consequently, in our analysis of the TGA
data, we assume that there are no significant mass
transport effects impacting the CuO and Cu2O
conversion rates and that the measured rates are
limited primarily by the effects of chemical reac-
tion. The CO concentration is assumed to be uni-
form inside the particles; reactions occur
throughout the particle volumes.
4. Chemical reaction mechanism

An equilibrium analysis was performed in
order to determine the temperature at which
CuO starts to dissociate. This is relevant in deter-
mining the initiation chemical reaction pathways
for copper oxide conversion. The results of the
analysis indicated that for the gas environment
of the TGA (nitrogen), CuO dissociation does
not begin until about 873 K. The calculations also
indicated that little Cu formation occurs at tem-
peratures less than 1273 K; the CuO is thermally
reduced primarily to Cu2O at these temperatures.
Since reactions between CuO and CO were found
to commence at temperatures below the dissocia-
tion temperature of CuO, it was assumed that
the reacting system was initiated by CO adsorp-
tion at copper sites within the solid CuO matrix.
This was found to be true in a previous study by
Wang et al. [10] in which they showed that CO
adsorption follows a Langmuir–Hinshelwood
type mechanism on Cu sites. In light of these
assumptions, the following chemical reaction
mechanism was developed to describe both the
CuO/CO and Cu2O/CO reacting systems:

CuOþ CO() CuOðCOÞ ðR:1Þ
CuOðCOÞ ! Cuþ CO2 ðR:2Þ
CuOþ CuOðCOÞ ! Cu2Oþ CO2 ðR:3Þ
Cu2Oþ CO! Cu2OðCOÞ ðR:4Þ
Cu2OðCOÞ ! 2Cuþ CO2 ðR:5Þ
Cu2O() CuOþ Cu ðR:6Þ
Cuþ CO() CuðCOÞ ðR:7Þ
Cuþ CuOðCOÞ () CuOþ CuðCOÞ ðR:8Þ
Cuþ Cu2OðCOÞ () Cu2Oþ CuðCOÞ ðR:9Þ
Please cite this article in press as: E.A. Goldstein
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In these reactions, CuO(CO), Cu2O(CO) and
Cu(CO) are adsorbed surface species (copper sites
having adsorbed CO) formed via reactions R.1,
R.4 and R.7 when the copper species are exposed
to CO. Reactions R.8 and R.9 are representative
of migration reactions, where the loosely bound
CO can diffuse on the surface between copper
sites. These reactions are assumed to be reversible,
as is reaction R.6. Reactions R.2, R.3 and R.5
represent desorption reactions, where an oxygen
atom in the copper oxide matrix bonds with ad-
sorbed CO forming CO2, which escapes the parti-
cle surface. At temperatures greater than 873 K, a
thermal decomposition reaction of the form:
2CuOCu2O + 1/2O2 should also be included. Sim-
ilar reaction pathways have been hypothesized by
others [10,13,16] to explain the reduction process.

As a consequence of chemical reactions, the
rate of change in the moles of species i is given by

dNi

dt
¼ dðS � ½X i�Þ

dt
¼ ½X i� �

dS
dt
þ S � d½X i�

dt

¼ S � RbR00i ð1Þ

where S is the total surface area (in m2) available
for adsorption, [Xi] is the surface molar concen-
tration of species i (in mol/m2 for a surface species
and mol/m3 for a gas phase species), and RbR00i is
the overall reaction rate of species i per unit sur-
face area (in mol/m2). The surface molar concen-
trations [Xi] (in mol/m2) are determined as a
function of the species site fractions, hi:

½xi� ¼
h � ðSd=N AV Þ

gi
ð2Þ

where gi is the number of sites that comprises spe-
cies i (e.g., Cu2O comprises two Cu sites), Sd is the
total surface site density (sites/m2) and NAV is
Avogadro’s number.

Equation (1) can be divided by the total sur-
face area and combined with Eq. (2) to yield
expressions for the rates of change in the site frac-
tions during the course of reaction. These equa-
tions can be written in the following form when
the overall reaction rates are written in terms of
the net rates of the individual reactions:

dhi

dt
¼ gi

Sd=N AVð Þ
X9

j¼1

v0i;j � vi;j

� �bR00j � hi

S
dS
dt

ð3Þ

In the above expressions, the net rate of reaction j
is given by

bR00j ¼ kfj

Y
i¼1

X i½ �vi;j � krj

Y
i¼1

X i½ �v
0
i;j ð4Þ

where mi�j and m0i;j are the stoichiometric coefficients
for species i in the forward and reverse directions,
respectively, of reaction j, and kfi and kri are the
forward and reverse rate coefficients, respectively,
of reaction j. For an irreversible reaction, krj = 0.
We have allowed for the impact of surface area
, R.E. Mitchell, Proc. Combust. Inst. (2010),
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change on the site fractions. In Cu oxidation, the
surface area has been observed to decrease [18,19];
it is therefore reasonable to assume that during
CuO reduction the surface area of the CuO and
Cu2O particles will change too.

It is assumed that the total surface area of a
copper oxide particle depends on the relative
amounts of the different species constituting the
particle mass, as follows:

S ¼
X

i

hiSi ¼
X

i

hi �
minitbM init � gi

� bM i � Sg;i;

i ¼ CuO;Cu2O;Cu ð5Þ

Here, minit and bM init are the total mass and molecu-
lar weight, respectively, of the copper oxide species
initially placed on the TGA balance pan (either
CuO or Cu2O) and Sg,i is the specific surface area
(in g/m2) of species i in the particle. Equation (5)
can be differentiated with respect to time to yield
an expression for dS/dt in terms of site fractions.
When this expression is employed in Eq. (3), the
resulting equations can be integrated simulta-
neously to yield the species site fractions as a func-
tion of time, for specified rate coefficients and initial
conditions. For the presented calculations
Sg,CuO = 45 m2/g, Sg,Cu2O = 70 m2/g and
Sg,Cu = 95 m2/g. The mass specific surface area
for Cu2O was estimated by averaging the mass spe-
cific surface area for CuO and Cu as was done by
Mrowec [18]. When the initial mass is composed
of CuO particles, instead of integrating Eq. (3) for
the CuO site fraction, the CuO site fraction
is determined by difference ðhCuO ¼ S0=S�
hCu2O�hCu�hCuOðCOÞ�hCu2OðCOÞ �hCuðCOÞ, where
S0 is the initial total surface area). When the initial
mass is composed of Cu2O particles, instead of inte-
grating Eq. (3) for hCu2O, the Cu2O site fraction is
determined by difference. Having determined the
site fractions, the surface concentrations and
masses of each component in the particle are read-
ily calculable.

Only those reactions that remove an oxygen
atom from the bulk copper oxide matrix (produc-
ing CO2) are considered to contribute to the
intrinsic reactivity of the copper oxide to CO. As
such, on a molar basis, the intrinsic chemical reac-
tivity of CuO (or Cu2O) to CO (the rate of oxida-
tion of CO by the copper oxide) is given by

bR00Copper Oxide ¼ bR002 þ bR003 þ bR005
¼ Sd=N AVð Þ

�
k2hCuO þ k3 Sd=N AVð ÞhCuO

� hCuOðCOÞ þ
1

2
k5hCu2OðCOÞ

�
ð6Þ

This is the reduction rate of the copper oxide,
which is also the overall formation rate of produc-
tion of CO2 (in mol/m2 s).
Please cite this article in press as: E.A. Goldstein
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5. Experimental results and analysis

Thermogravimetric tests were undertaken to
obtain data needed to determine the kinetic
parameters that describe the reduction rates of
CuO and Cu2O when exposed to CO. Twenty to
30 mg of CuO or Cu2O particles were placed in
the TGA balance pan and weight was monitored
in the conditions established in the TGA reaction
chamber. For each experiment, the measured
weight loss always corresponded to the complete
conversion of the initial metal oxide to copper.
Complete conversion was also independently ver-
ified through XRD analysis. After drag and buoy-
ancy corrections, the weight-versus-time data were
analyzed to determine as a function of time the
quantity 1/m dm/dt, a quantity that is propor-
tional to the reaction rate. Based on the reaction
mechanism presented above, this quantity
depends on the rates of the chemical reactions as
follows:

1

m
dm
dt

� �
calc

¼ � bM CO
bR001 þ M̂CO2

bR002 þ bM CO2
bR003�

� bM CO
bR004 þ bM CO2

bR005 � bM CO
bR007�Sg

ð7Þ

In this expression, Sg is the specific surface area of
the particle (Sg = S/mtotal), and the molar reaction
rates are written in terms of rate coefficients ki and
the concentrations of the species involved in the
reaction, as described above. Using a least squares
procedure, ki for each reaction was determined
that minimized the sum of the differences in the
measured and calculated values of 1/m dm/dt at
each measurement time for each test performed.

Shown in Fig. 3 are results obtained when
Cu2O and CuO particles were placed on the
TGA balance pan and the reactive gas consisted
of 1.6% CO in nitrogen at temperatures ranging
from 473 to 773 K. The conversion rate is observed
to vary with time. Additionally, an induction time
is observed that decreases with increasing temper-
ature. An induction period has also been observed
in previous work [9,10,13]. The calculated and
measured conversion rate profiles are in adequate
agreement; the model faithfully reproduces the
trends observed experimentally. Arrhenius param-
eters that fit the reaction rate coefficients are pre-
sented in Table 1. The set is not unique. Other
combinations of rate coefficients yielded nearly
similar results; the values listed are the best in
the least squares sense. The activation energies
are in the range expected for adsorption/desorp-
tion type reactions, although on the low side.
Reaction R.6 was found to be unimportant at tem-
peratures less than 773 K. The Arrhenius parame-
ters presented for reaction R.6 describe k6 at 773 K
for an arbitrarily selected activation energy of
80 kJ/mol.
, R.E. Mitchell, Proc. Combust. Inst. (2010),
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Fig. 3. Measured and calculated conversion rate profiles for (a) CuO and (b) Cu2O particles exposed to 1.6% CO at
selected temperatures (lines are calculations; points are measurements).

Table 1
Reaction mechanism and associated kinetic parameters.

Reaction Forward rate coefficient Reverse rate coefficient

Aa E (kJ/mol) A E (kJ/mol)

R.1 CuO + CO, CuO(CO) 4.01E�02 1.81E+01 3.83E+02 1.76E+01
R.2 CuO(CO) ? Cu + CO2 3.10E+01 7.13E+00 [–] [–]
R.3 CuO + CuO(CO) ? Cu2O + CO2 1.07E+07 6.03E+01 [–] [–]
R.4 Cu2O + CO ? Cu2O(CO) 5.13E�01 3.42E+01 2.91E+02 1.57E+01
R.5 Cu2O(CO) ? 2Cu + CO2 4.27E+04 4.44E+01 [–] [–]
R.6 Cu2O, CuO + Cu 1.47E�10 8.00E+01 b –b

R.7 Cu + CO, Cu(CO) 1.49E+05 4.53E+01 8.49E+04 4.20E+01
R.8 Cu + CuO(CO), CuO + Cu(CO) 3.25E+01 5.58E+00 2.11E+04 8.55E+00
R.9 Cu + Cu2O(CO), Cu2O + Cu(CO) 1.61E+03 2.16E+01 3.10E+05 4.04E+01

a Units consistent with surface concentrations in mol/m2 and time in s.
b Reverse rate calculated from equilibrium constant.
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In order to obtain the agreement between mea-
surements and calculations depicted in Fig. 3, it
was necessary to introduce a scale factor that mul-
tiplies Sd, the copper oxide surface site density.
Based on the crystalline structures, Sd for the cop-
per oxides should be in the range 1019–1020 copper
sites per square meter of projected surface. In our
calculations, a value of 2.81 � 1021 was used, sug-
gesting the involvement of bulk copper sites in
the experiments.

In order to determine the influence of each
reaction in the mechanism, a sensitivity analysis
was performed. Each reaction rate coefficient
was perturbed by ±5%, in turn, and the time for
90% conversion (s) was calculated. Reaction sen-
sitivity was defined as:

SR�i ¼
@s
@ki

ki�0

s

� s1:05ki � s0:95ki

ski

� �
ki

1:05ki � 0:95ki

� �
ð8Þ

Sensitivity values determined at four conditions
(200 �C and 500 �C for pure CuO particles ex-
posed to 1.6% CO in N2 and 5.0% CO in N2)
are shown in Fig. 4. A negative sensitivity implies
Please cite this article in press as: E.A. Goldstein
doi:10.1016/j.proci.2010.06.080
that increasing the rate coefficient decreases the
90% conversion time or that decreasing the rate
coefficient increases the conversion time. The
analysis indicates that in all the cases considered,
the 90% conversion times are most sensitive to
the CO adsorption and migration reactions (reac-
tions R.7 and R.8, respectively). At 200 �C, the
conversion times are relatively insensitive to reac-
tion R.3 but as temperature is increased, the reac-
tion becomes activated, producing Cu2O. As a
result, as temperature is increased, the 90% con-
version times become sensitive to reactions R.4,
R.5 and R.9, providing pathways for Cu2O
reduction to elemental copper. This explains the
cascading pathway for CuO reduction in CO envi-
ronments observed when temperatures are high
[13]. Additionally, a similar sensitivity analysis
indicates that the induction time is most influ-
enced by the migration reactions, R.8 and R.9.
6. Discussion

The kinetic model was used to examine some of
the characteristics of copper oxide reduction in CO
environments. Under atmospheric conditions, the
, R.E. Mitchell, Proc. Combust. Inst. (2010),
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Fig. 4. CuO conversion sensitivity to ±5% changes in reaction rate coefficients. Gas conditions: j 500 �C, 1.6% CO in
N2, 500 �C, 5.0% CO in N2, 200 �C, 1.6% CO in N2, 200 �C, 5.0% CO in N2.
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dependences of the copper oxide reduction rate on
the CO mole fraction and on temperature are
shown in Fig. 5. At fixed temperature, as the CO
mole fraction is increased, the rate of oxygen
release from the copper oxide matrix is increased.
The model supports a reaction order with respect
to the CO partial pressure of 0.7, as indicated by
the slopes of the lines in the figure. At fixed CO
mole fraction, as the temperature is increased,
the oxygen release rate also increases as expected.
Similar observations were made by Wang [13].
Overall activation energies of 20 and 25 kJ/mol
are estimated for CuO and Cu2O reduction,
respectively, to Cu, as indicated by the slopes of
the lines in the left panel of Fig. 5. Other publica-
tions also have reported higher activation energies
for Cu2O reduction when compared to CuO reduc-
tion [15,24]. In similar TGA experiments per-
formed with particles consisting of 10% CuO in
Fig. 5. Calculated conversion rates for a CuO particle expose
(left) and calculated overall conversion rates for a CuO partic

Please cite this article in press as: E.A. Goldstein
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Al2O3 exposed to a range of CO concentrations
at 723–1223 K, an overall activation energy of
14 kJ/mol and a reaction order with respect to
the CO concentration of 0.8 has been reported
for CuO reduction [25,26]. An overall activation
energy of 28 kJ/mol for CuO reduction has been
reported with particles consisting of 82.5% CuO
in Al2O3 exposed to 10% CO (balance N2) at tem-
peratures up to 1223 K [24].

Calculations indicate that as the total pressure
is increased, the copper oxide reduction rate
increases, rather rapidly between zero and 1 atm
but very slowly between 1 and 100 atm. At
400 �C, between 1 and 100 atm, the overall con-
version rate varies with total pressure to the 0.80
power for Cu2O and the 0.3 power for CuO.

Calculations also indicate that when tempera-
tures are greater than about 300 �C, the reduction
sequence is CuO to Cu2O to Cu. At the higher
d to various CO environments at selected temperatures
les exposed to 1.6% CO at selected temperatures (right).
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temperatures, reaction R.3 becomes more impor-
tant, opening a channel for Cu2O formation. At
low temperature, the direct path to Cu formation
is dominant. These findings are consistent with the
results of previous investigators [10,13,16,17].
7. Conclusions

The results of our experimental and modeling
efforts indicate that copper I (Cu2O) and copper
II (CuO) oxides are ideal oxygen carriers for
chemical looping combustion applications. The
experiments support the thermochemical equilib-
rium calculations that indicate that the CuO is rel-
atively stable at temperatures below 873 K in inert
environments, higher temperatures being required
for release of oxygen. With CO in the ambient gas,
CO2 is observed at temperatures as low as 473 K,
indicating that the reactive gas initiates copper
oxide decomposition. At temperature conditions
in excess of 873 K, a thermal decomposition reac-
tion should be included in the mechanism.

A model for a CuO or Cu2O particle undergo-
ing chemical reaction when exposed to a CO envi-
ronment was developed that accounts for the
changes in mass that particles undergo as oxygen
is released from the solid matrix. Reaction is initi-
ated by the adsorption of CO at copper sites
within the solid. Migration of CO on the surface
is important in determining both the initial induc-
tion time as well as the overall reduction time. The
reduction pathway can either cascade through
CuO to Cu2O to Cu or be direct (CuO to Cu),
the direct route being dominant at low
temperatures.

With the kinetic parameters determined, over-
all copper oxide reduction rates are influenced
by mass transport effects at temperatures in excess
of 873 K for particles larger than 125 lm. Conse-
quently, the combined effects of chemical reaction
and mass transport must be considered when pre-
dicting CuO reduction rates in environments
likely to be established in the fuel reactor of a
chemical looping combustion system.
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