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Abstract Chemical looping with oxygen uncoupling
(CLOU) is a promising technology due to its potential to
reduce energy efficiency penalty and cost associated with
CO; capture. In this work, a CuO/CuAl,O, oxygen carrier
(OC) prepared by sol-gel was investigated in its oxygen
release kinetics (4CuO — 2Cu,0 + O,). Based on several
well-organized temperature-programmed reduction exper-
iments which were conducted in a thermogravimetric
analyzer, the activation energy E (343.7 kJ mol™') and
pre-exponential factor A (3.78 x 10'*s™') were deter-
mined and the Avrami-Erofeev random nucleation and
subsequence growth model fitted well with the reduction
experimental data. The enhancement of OC reduction rate
in real fluidized bed CLOU reactor using different types of
solid fuels (petroleum coke, anthracite, bituminous, and
lignite) was identified in terms of the chemical kinetics and
thermodynamics for the first time. It was found that the
CuO reduction rate is more sensitive to the local temper-
ature change than the oxygen concentration driving force.
The results could contribute to the design, operation, and
performance prediction of real CLOU reactors.
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Introduction

Chemical looping with oxygen uncoupling (CLOU) is a
novel and attractive technology that allows the combustion
of fossil fuels with inherent CO, separation [1, 2]. It uti-
lizes a special oxygen carrier (OC) which is able to
decompose to a reduced metal oxide and gas-phase oxygen
in the fuel reactor (FR) and regenerate in the air reactor
(AR). As a variant of chemical looping combustion (CLC),
CLOU provides a possibility to accelerate fuel conversion
by gaseous O, released from OC [3] and then attain lower
solid circulation rate, smaller FR sizes, higher carbon
conversion of solid fuels, higher CO, capture efficiency
and higher combustion efficiency, especially for the com-
bustion of solid fuels [4—7]. As shown in Fig. 1, a CLOU
system typically involves two interconnected fluidized bed
reactors with OC particles circulating between them. One
of the reactors serves as the FR, in which the fuel is
combusted with the help of gaseous oxygen supplied by the
circulating OC. Then the reduced OC is regenerated by
reaction with atmospheric oxygen in the AR.

A key requirement for the CLOU technology is that the
OC can react reversibly with gas-phase O, at suitable
temperatures and oxygen partial pressures. In principle, the
capability of a certain material to release/uptake O,
cyclically is first determined by its thermodynamic prop-
erties. Imtiaz et al. [8] summarized the thermodynamics
and experimental studies concerning the development of
the materials that are commonly used as OCs for CLOU,
i.e., CuO/Cu,0, Mn,05/Mn3;0, and Co3;04/CoO. Among
the monometallic oxides, the CuO/Cu,O system has
received considerable attention since it has some advan-
tageous characteristics such as high oxygen transport
capacity, stable recyclability of oxygen release and uptake,
moderate price, being exothermic for fuel combustion in
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Fig. 1 Schematic of CLOU system

the FR, and being environmental friendly [9]. Usually, the
active component CuO is supported by different inert
supports of e.g., ZrO,, MgAl,04, Al,03, Si0,, MgO, TiO,,
and sepiolite [10], to withstand a higher temperature (such
as 900-1000 °C). Zhao et al. [11] used both wet and dry
impregnation methods to synthesize Cu-based OCs
supported on Al,O;5. They claimed that the OCs produced
in this manner are suitable for multi-cycle tests. Later,
Cui et al. [12] applied mechanic mixing, sol-gel, and wet
impregnation methods to prepare Cu-based OCs supported
on TiO,. Test results indicated all prepared OCs functioned
properly in the multi-cycles of reduction and oxidation
(redox) in thermogravimetric under 800 °C. Moreover,
they found that nucleation and diffusion models could
better describe kinetics of prepared OC based on the
sol-gel method. Mei et al. [13] have examined the
CLOU reactivity of sol-gel-derived CuO/CuAl,04 OCs
(60 mass% CuO:40 mass% CuAl,Q,) with different coals.
It was found that using CuO/CuAl,04 OC, which was able
to release and absorb gaseous O, repeatedly at combustion
temperatures (800-1000 °C) without agglomeration and
sintering, could attain nearly complete conversion of coals
in the FR. On the other side, a lot of CLOU work has
recently been done on combined metal oxide as CLOU
OCs. Ksepko et al. [14, 15] prepared bi-metallic Fe—Cu
OCs and evaluated the performance of these carriers with
hard coal/air. The effects of the OC chemical composition,
particle size, and steam addition on the reaction rates were
determined. Wu et al. [16] synthesized nanocrystalline
CuFe,0, and studied the kinetics of the thermal process
using TG/DSC technique. Ryden et al. [9] provided an
overview of the possibility to design feasible OC materials
from combined oxides, i.e., oxides with crystal structures

@ Springer

that include several different cations. They claimed that the
combined oxides OC such as (MnyFe;_,)O, can release
very substantial amounts of oxygen. When using this kind
of OC, the overall reaction in the FR will be exothermic
and the temperature of O, release can be controlled in some
materials by altering the proportions between different
components.

The knowledge of the kinetics of the reduction and
oxidation reactions is essential for the design and process
simulation of CLOU systems [17, 18]. It has been observed
that the rate of CuO decomposition is slower than that of
Cu,0 oxidation in the temperature range of interest to
copper looping systems. Therefore, it is especially critical
to well understand the decomposition rate for predicting
the FR performance. The basic reaction and kinetic equa-
tions for CuO reduction (or decomposition here) process
[19] are:

4CuO — 2Cu,0 + O, (1)
dXx E Po,. — PO, "

—=A - X)[——— 2
o =00~ o0 (57 @

where A is the pre-exponential factor, R is the gas constant
(R=28.3141] mol ™! K_l), E is the activation energy, and
X is the conversion ratio. The term f(X) is the reaction
kinetics function. po,. is the oxygen equilibrium partial
pressure, po, is the local oxygen partial pressure, and
exponent x is the reaction order on po,. The thermo-
gravimetric analysis (TG), which provides a well-condi-
tioned reaction environment, was usually used for reaction
kinetics analysis [17]. Because the reduction of cupric
oxide is a thermal decomposition process and the external
diffusion is ruled out by suitable gas flow rate in the TG,
the value of k becomes zero, generally. Eyring et al. [20]
simulated the conditions of CLOU in TG, using pure CuO
powder. The analysis showed the advantages of CLOU in
providing rapid combustion of the carbon with carbon
burnout times lower than the decomposition times of the
OC. Song et al. [21] investigated the redox behavior of
CuO/SiO, for the temperature range of 800-975 °C in a
TG reactor. The reduction rate was found to increase
gradually with temperature, while in contrast, a drop in the
oxidation rate was observed. Wang et al. [22] determined
the kinetics of Cu-based OCs by using distributed activa-
tion energy model by TG. The mechanism function is the
nucleation and nuclei growth, and it is shown as
fX) =31 — X)[—In(1 — X)]ZB. However, the reduction
kinetics of CuO/CuAl,O4 OC is still not reported. One
objective of this study is to determine the reduction kinetics
using TG.

Since the reaction environment in TG is far from the
practical CLOU processes, the kinetic model obtained
should be examined that whether it is suitable for the
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reduction reaction in a fluidized bed reactor. It is well
understood that the rates of reversible reactions such as the
CuO-Cu,0O system [23] are affected by the difference
between the actual and equilibrium concentrations of
reacting species, the so-called oxygen concentration driv-
ing force. This has also been observed to occur in the
CLOU regime with copper-based OCs.

Adanez-Rubio et al. [10] observed that an increase in the
supplied partial pressure of oxygen can cause a decrease in
the decomposition rate of CuO. They suggested that the
decrease in the decomposition rate is ascribed to a decrease
in the oxygen concentration driving force. On the other
hand, due to the effect of temperature on the equilibrium
partial pressure of oxygen as well as the reaction rate con-
stant k of CuO decomposition (k = Aexp(— 1)), possible
local temperature increase surrounding the OC particles, as a
result of fuel combustion, also contributes to an increase in
reduction rate. Sahir et al. [19] suggested that the apparent
activation energy for CuO decomposition in the CLOU of
Mexican Petcoke is contributed by the effects of both
chemical kinetics and thermodynamics (partial pressure
difference or oxygen concentration driving force). Clayton
and Whitty [24] investigated decomposition of two different
copper-based OCs to develop a universal kinetic expression
to describe the observed rate of reaction as a function of
temperature, conversion, and gas environment. These inter-
acting factors make identification of kinetics of the CuO/
CuAl,0O, reduction in the FR of CLOU challenging.

Another objective of this study is therefore to gain a
better understanding of the reaction mechanisms associated
with the reduction of CuO/CuAl,O, in the fluidized bed
FR. A series of CLOU experiments using petroleum coke
(PC), GP coal (anthracite), FG coal (bituminous), and SL
coal (lignite) as fuel were conducted at different tempera-
tures in a batch fluidized bed reactor. Taking the effects of
temperature and oxygen concentration into consideration, a
new method (or idea) with the introduction of the reaction
rate constant strengthen factor S, and the oxygen concen-
tration driving force strengthen factor S, was developed to
identify the kinetics of the CuO/CuAl,O,4 reduction. The
results could contribute to the analysis of kinetics for CuO-
Cu,0 system as well as the design, operation, and perfor-
mance prediction of real CLOU reactors.

Experimental
Oxygen carrier particles
The sol-gel process is used to prepare the Cu-based OC

because it performs homogenous, controllable microstructure,
high-purity, and accurate stoichiometry. Generally, there are

four steps in the sol-gel procedure, i.e., the preparation of
boehmite y-AIOOH sol, the preparation of the y-AIOOH wet
gel, the drying of the wet gel, and the heat treatment (calci-
nations, 500 °C for 5 h and then 1050 °C for 10 h). The
reagents used in the preparation of the CuO/CuAl,O, OC are
aluminum isopropoxide [Al(C;H;0);, KESHI Co., 99.9 %
purity], copper nitrate [Cu(NOj3),-3H,O, Sinopharm Co.,
99.9 % purity], and nitric acid (1 mol L™"), where the copper
nitrate and the aluminum isopropoxide are precursors for Cu
and Al elements in the OC, and nitric acid is the catalyst for
homogenization. A higher CuO content may lead to sintering
while a lower CuO content will result in a lower active
oxygen capacity. The designed mass ratio in the OC is
60 mass% CuO and 40 mass% CuAl,O,4. The comprehensive
performance of CuO/CuAl,O, with the ratio 60/40 mass%
has been identified the best before [13]. The target OC par-
ticles are those in the diameter of 0.10-0.30 mm.

Fuel particles

Petroleum coke, GP coal (anthracite), FG coal (bitumi-
nous), and SL coal (lignite) were used in the CLOU
experiments in a batch-operated fluidized bed reactor. The
coals were first dried under 105 °C for 10 h in an oven and
then ground and sieved to produce particles with a diameter
range of 0.20-0.30 mm. The final particles were then
stored in a drying basin ready for use. The proximate and
elemental analysis of the fuels was determined by an ulti-
mate analyzer (Vario, EL-2) and a proximate analyzer (Las
Navas, TG2000). The results are displayed in Table 1.

TG experiments

Kinetic experiments were performed in a TG (WCT-1D).
To evaluate reaction kinetics, it was important to ensure
that all transport limitations (heat and mass) were absent. A
series of experiments were carried out first to obtain suit-
able mass sample, particle size, and gas flow rate. As a
result, the gas flow rate, loading mass, and particle size
were optimized as approximately 60 mL min~', 28 mg,
and 0.10-0.30 mm, respectively. The Cu-based OC parti-
cles were then heated from room temperature to 1000 °C
with heating rates of 3, 5, 10, and 20 °C min~! to analyze
the reduction kinetics. Nitrogen was used as carrier gas
during the reduction period. In the oxidation periods, air
was introduced to re-oxidize the OC.

The reduction—oxidation continuous cyclic operation of
10 mg OC was conducted at atmospheric pressure to
determine the stability of OC in TG. The cyclic tempera-
ture for reduction and oxidation was selected as 950 °C.
Nitrogen with a flow rate of 60 mL min~' was used as
carrier gas during the 20-min reduction period. In the
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Table 1 Proximate and ultimate analysis of the fuels

Proximate/mass%, ad

Ultimate/mass%, ad

Low heating value/MJ kg™'

Moisture Volatiles Ash FC C H N S H;
PC 0.58 9.11 0.20 90.11 86.59 3.81 1.27 6.26 34.97
GP 2.25 10.69 20.62 66.44 70.04 3.54 1.90 1.24 26.17
FG 1.65 27.19 19.62 51.54 65.54 3.34 1.24 0.80 28.85
SL 8.62 41.59 35.47 14.32 48.33 4.11 0.85 0.48 12.82

oxidation periods, air was introduced to re-oxidize the OC
for 16 min.

Fluidized bed experiments

The CLOU experiments were carried out in a batch fluidized
bed reactor. As shown in Fig. 2, the reactor mainly consists
of the gas control unit, the reaction unit, and the gas detection
unit. The gas control unit provides air or N, as the fluidization
gas to simulate the AR or FR atmosphere in the CLOU. The
fluidization gas is introduced into the reactor from the bot-
tom. The reaction unit includes a stainless reaction tube with
a length of 892 mm and a diameter of 26 mm placed into an
electrical furnace. A porous plate is placed in the tube at
400 mm from the bottom. The reactor temperature is mea-
sured by a type K thermocouple at about 10 mm above the
porous plate. OC particles and fuel particles were introduced
into the reactor through the hopper on the top of the reactor.
All gaseous products exiting the reactor were first led to an
electric cooler to remove the steam. The gas was then led to
an on-line gas analyzer (Gasboard Analyzer 3100) to mea-
sure the concentrations of CO,, CO, CHy, H,, and O,.

The simulated CLOU processes using four different solid
fuels and CuO/CuAl,O4 as OC were investigated in the
fluidized bed reactor under cyclic air atmosphere (simulating

Fig. 2 Overview of the
fluidized bed reaction system

the AR) and N, atmosphere (simulating the FR). Before
each test, 40 g OCs were exposed to air atmosphere at a set-
point temperature for 30 min, ensuring its full oxidation.
Following that, the fluidization gas with a flow rate of
800 mL min~' (the inlet gas velocities were 4-9 times the
minimum fluidization velocity) was fast switched to N,
resulting in a sharp decrease in the O, partial pressure. When
the O, partial pressure decreases to be lower than the cor-
responding equilibrium partial pressure of the OC at the set-
point temperature, the OCs decompose and produce gaseous
O, continuously. Once a stable oxygen concentration was
achieved, 0.3 g fuel particles with diameters of
0.20-0.30 mm were added into the hopper and pushed into
the reactor by a pressurized purging nitrogen gas. The fuel
was assumed to be completely burnt out until no CO, was
detected in the exhaust gas. Afterward, the fluidization gas
was switched to air to regenerate the reduced OCs.

Data evaluation

Oxygen carrier conversion

In the TG experiments, reactivity data were obtained
through analyzing the mass variations of reduction
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reactions. The OC conversion (Xpc) can be calculated
according to Eq. (3):
Xoo = —Hox 7 (3)
Mox — Myed

where m is the mass of the sample at each time, m,, is the
mass of the sample fully oxidized, and m,.q is the mass of
reduced sample.

In the CLOU of PC and coals, the rate of oxygen gen-
eration of OC, xp,, was calculated through the oxygen
balance in the reactor [25]:

X0, = F02 + F(jo2 =+ O.S(FCO + FHzo) — 0~5F0,coal (4)

where F; is the molar gas flow of each component exiting
the FR, which is calculated as

F; = Fpys - yi (5)

where y; is the molar fraction of the component i (include
0,, CO,, CO, CHy, or Hy) in the product gas. Fp,s is the
molar flow rate of the gas in the outlet, determined by N,
balance between the inlet and the outlet of the reactor. The
water concentration was not measured in the experiment.
Therefore, in order to consider the oxygen exiting with
H,O coming from oxidation of hydrogen in the solid fuels,
it was assumed that that the hydrogen evolution was pro-
portional to the carbon evolution, maintaining the same C/
H ratio in the gases than in the solid fuels. However,
because a little of methane and hydrogen were detected in
the experiment, the H,O flow was calculated as

Fu,0 = 0.5fu/c(Fco, + Fco + Fen,) — (Fu, + 2Fcw,)
(6)

where fyc is the hydrogen-to-carbon molar ratio in the
solid fuels (0.607 for GP coal, 0.612 for FG coal, 1.020 for
SL coal, and 0.528 for PC). Similarly, the evolution of
oxygen from fuel was assumed to be proportional to fuel
evolution. Thus, the flow of oxygen coming from fuel was
calculated as

Focoa = foc(Fco, + Fco + Fcw,) (7)

where fo,c is the oxygen-to-carbon molar ratio in the fuels
(0.004 for GP coal, 0.089 for FG coal, 0.033 for SL coal,
and 0.018 for PC).

Therefore, the OC conversion in the fluidized bed for
reduction reaction, X,.q, can be calculated from the inte-
gration of xp, with time.

1 t
Xied = —/ szdl (8)
no, Ji,

where np, (mol) is the moles of gaseous O, which can be
released from fully oxidized CuO/CuAl,O, OC. For the
reaction kinetics analysis, the OC conversion was normal-
ized within 0-1 based on the actual total oxygen amounts.

Kinetic analysis based on TG experiments

The isoconversional (model-free) method, which uses the
principle that the reaction rate at a constant extent of
conversion is only a function of temperature, is one of the
most common methods used to determine the activation
energy without assuming the reaction kinetics function in
advance. As mentioned in the introduction, k becomes zero
since the oxygen driving force is ruled out for a thermal
decomposition process in TG. Thus, Eq. (2) can be con-
verted to Eq. (9) for a constant heating rate/non-isothermal
conditions:

X A E

= _= I, 5 ¢

a7 eXP( RT)f (X) ©)
where f is the heating rate. G(X) is the integral expression

of fiX):

| AT E AE
o= [, 7=, o) =G
(10)

P(u)=/mwdu (11)

P(p) is the Arrhenius temperature integral, where
u = E/(RT). However, the analytical value of P(u) cannot
be integrated. The MKN, Tang, and Starink approximation
formulas are the best-known, most cited, and most accurate
approximations for temperature integral. Moreover, the
Starink approximation has been approbated by the ICTAC
kinetics committee [26]. In this paper, the Starink
approximation is used to calculate the activation energies.
It is based on a two-term approximate formula, which has
the following general form [27]:

B E
Inrg = —1.0070( o) + C (12)

where C is a constant. The trends of ln(ﬂrl'g) and T~
must be linear according to Eq. (12).

The reduction reaction of OC can be described using a
single mechanism function. Some normally used f(X)
expressions are summarized in Table 2. The Satava method
[28] is adopted to infer the most probable mechanism
function. Equation (13) can be obtained by Doyle
approximation [29]:

AE E
Ig|G(X)] =1g(—= ] — 2.315 — 0.4567 — 13
#l600] = (57 = (13)

Under a constant heating rate (in an non-isothermal
experiment), 1g[G(X)] has a linear relation with 1/7. The
G(X) functions with good linear relation with 1/T can be
screened out.
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Table 2 [22, 30] Usually used mechanism functions: integral expression G(X) and differential expression f{X)

fX)

Number Reaction model G(X)

1-2 Jander function H-—a-=X"1"0n=122)

3 Z-L-T function [a+x""-1p?

4-14 Avrami-Erofeev

15 P-T function In[(1 — X)/X]

16-21 Mampel X" (n=1/4, 1/3, 172, 1, 3/2, 2)

22-27 1—(1—=X)"(n=1/41/3,1/2,2, 3,4
28-29 A=X"m=11/72)

30-31 Index law InX" (n =1, 2)

[—In(1 — X)]" (n = 1/4, 1/3, 2/5, 1/2, 2/3, 3/4, 1, 3/2, 2, 3, 4)

Depending on [1 — (1 — X)"2]"
321 — )™ — )7 — 11!
Depending on [—In(1 — X)]"
X(1 — X

Depending on X"

Depending on 1 — (1 — X)"
Depending on (1 — X)™"
Depending on InX"

Results and discussion
Effect of heating rate and cyclic experiments

TG experiments with the heating rates of 3, 5, 10, and
20 °C min~' were carried out. Figure 3 shows the mass
loss and reaction rate curves of the OC under different
heating rates. It was observed that the start and end points
of oxygen releasing and absorbing regions move forward to
high temperature with an increasing heating rate. The
reason is that the OC particles can reach the minimum
reaction temperature more easily at a low heating rate. In
addition, the peak reaction rate also increases as the heating
rate, which illustrates that high temperature is helpful for
the reduction reaction. Because of the thermal lag, the
peaks of DTG also move forward to high temperature. The
heating rate has little effect on the final mass loss and mass

gain. The durability and thermal stability of OC were also
investigated through a 20-cycle redox operation at 900 °C.
The times for reduction and oxidation reactions were both
20 min. It was found that the relativities of oxygen
releasing and adsorbing are stable during the cycles. The
degradation of CuO/CuAl,O, particle is negligible.

Reaction mechanism description

Based on the experimental data obtained and the approxi-
mation, trends of In(f7T— ! ‘8) and T~ ! under different X values
(0.1-0.4) are shown in Fig. 4. It should be noted that the OC
conversion of 0.1-0.4 is from the decomposition of CuO.
The decomposition of CuAl,Oy4, which is much slower than
that of CuO [31], has a negligible oxygen contribution and it
does not affect the kinetics mechanism. This is confirmed by
the fact that the mass loss results in Fig. 3 are below the

Fig. 3 Mass loss and reaction 4400
rate curves of the OC under 1
different heating rates for 00 =y o = RIS ~N . 0.0
reduction : \ I 7”:.;
1/ PN
NN [
/ .
/ ’ 8 -1-0.2
4‘_, ;o
| \ Do
© \ . ! T
5 a I : E
© t J '
o o 3 -1-04 o
12 VDT
= S ; : =
S ' [ a
] ]
1y ' —--0.6
— — 3°Cmin-1 ' '
] ]
= « = 5°C min-1 ' 1
— - - =10 °C min~1 A 108
- === 20°C min-1 L
—— T
0 40 80 120 160 800 850 900 950 1000
Time/min Temperature/°C
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theoretical value for an OC with 60 % CuO. The values of
E shown in Table 3 could be obtained by applying linear
regression of the slopes. The distributed average activation
energy of CuO/CuAl,O, for reduction obtained is
343.7 kJ mol ™. The value is close to the reported activation
energy values of 322 kJ mol ' and 327 kJ mol ™' obtained
from TG experiments for pure CuO particles of the size
range 10-20 and 1-10 pm, respectively [22].

As known, by fitting linearly the set (Ig[G(X)], T~ "), the
linear correlation coefficient, r, is obtained as shown in
Table 4. The Avrami-Erofeev model (AEM) which has
been used in several works [22, 32] to develop the rate
equation is confirmed to be the most probable G(X). The
SfIX) function is then expressed as a function of conversion:
fX) = n(1 — X)[—In(1 — X)]""V" where n (n = 2/3) is
the Avrami exponent indicative of the reaction mechanism
and crystal growth dimension.

Once the activation energy E and mechanism function
G(X) are determined, the pre-exponential factor (A) can be
calculated through linear fitting G(X) and EP(u) (,8R)7l as
shown in Eq. (10). Figure 5 shows the trends of G(X) and
EP(u) (ﬁR)fl under different heating rates. The linear
relationships of G(X) and EP(u) (BR)™" under different
heating rates are high especially for higher heating rates,
meaning a reasonable estimation to A. Table 5 shows the
calculated values of A, and the average value of A is
3.78 x 107 57",

Using the activation energy, the mechanism function
and pre-exponential factor obtained, the kinetic model of
CuO/CuAl,Oy4 could be established, as follows:

dx 4.1 % 10*
&2 =567 x 1012exp(—A) (1-X)

dt T (14)
[—In(1 — X))'/?
-95
. Reduction
R .‘~.
-10.0 A N\
&
~ 1054 w010
_ e 0.15
£ 4 0.20
v 0.25
-11.01 4030
< 0.35
> 0.40
-11.5 1 \»';"\‘" A e m
T LI T o T Lt T LI T
0.00082 0.00084 0.00086 0.00088 0.00090

T-1(K-1)

Fig. 4 Trends of In(fT*) and T~ ! under different conversions(X) of
oxygen carrier

Analysis of oxygen release in fluidized bed reactors

The oxygen release mechanism determined by TG is suit-
able in wide temperature range at the ideal condition.
However, in the fluidized bed reactor of real CLOU sys-
tem, the mechanism may be not suitable for the actual
reduction reaction since the change in the temperature and
oxygen concentration driving force. Obviously, the reac-
tion order x in Eq. (2) is no longer zero during the oxygen
release in the fluidized bed reactor. Assuming a first-order
[28] dependence on po, [32], the OC reduction rate has
been analyzed by the following general form:

dx b 4.1 % 10
5 =567x10 exp(—T (1-X)

[~In(1 — X)]I/S (Poz,e P02>

p02,e

(15)

Taking the variation of po, along the bed height into
consideration, the arithmetic mean of the O, partial pres-
sure driving forces at the inlet and outlet is used. The inlet
oxygen partial pressure po, iy is zero for the FR stage of the
experiments, and the outlet partial pressure po,ou 1S
obtained from the experimental data. Then, the oxygen
driving force can be expressed as [19]:

f(po,) = <p702,e _p02>
avg

pOz,e
(pOZ,e _pOQ,in) + (pOz,e _pOZ.out)

ZPOZ,B
_ 2[702‘,6 — PO, out

2p02 ,€

(16)

Do, 1s determined by the Gibbs free energy as [21]:

AG
pOZ,e = exp _RTan

In this work, the Gibbs free energy, AG, is derived on
the basis of the empirical equation developed by Kuba-
schewski et al. [33] for cupric oxide decomposition:

AG =292 + 0.051T,yg X 1gT0ye
— 0.37Tavg (298 < Ty < 1323K)

(17)

(18)

In the CLOU experiments, fuel particles were added into
the fluidized bed reactor through the hopper on the top of
the reaction tube. As an example, Fig. 6 presents the dry
outlet gas concentrations as a function of time for a
reduction and oxidation period using PC as fuel at 950 °C.
The oxygen concentration kept stable until the coke was
added into the reactor and combusts with the gaseous O,.
There was an obvious decrease in O, concentration and a
sharp increase in CO, concentration. The CO, concentra-
tion reached its maximum about 50 s later, then decreased
sharply to zero within 55 s because the PC particles were
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Table 3 Values of E at different conversions Xoc
Xoc 0.10 0.15 0.20 0.25 0.30 0.35 0.40 Average
E/kJ mol ™! 435.27 395.24 366.27 337.94 312.14 289.48 269.59 343.71
r 0.9969 0.9999 0.9996 0.9987 0.9980 0.9969 0.9950
Table 4 Relation coefficients (r) for the most probable mechanism functions G(X)
G(X) rat3 °C min~! rat5°C min! rat 10 °C min~! rat 20 °C min~! Average r
[—In(1 — X)]*" 0.9986 0.9896 0.9988 0.9916 0.9947
1—(1-x" 0.9982 0.9886 0.9985 0.9906 0.9940
1-1-x" 0.9981 0.9882 0.9983 0.9903 0.9938
- -x"” 0.9978 0.9875 0.9981 0.9896 0.9933
0.7 ] —CO
. 40 4 l - - CO
= 3°C min- L . . 2
064 o 5°Cmin-t I|| lCEtjangmg N, to air —H,
A 10°C min-! o ! . =k O
05 v 20 °C min-1 % 30 Red\lction ; 2
. -1 = I 1
§ '% | II E Oxidation_
= - h ‘ 5
@ 201 °7% ‘ st T
Q . ] . ;-
Q ! 1 ‘ &
o < Fuel injected 1 4
8 104 ! o F
0} L ———
Rk N TSIt
17
' ' ' ' ' O * T > T T T T
4.00E-014 8.00E—é)"134 (ﬂ;Z_C:E—m 3 1.60E-013 0 200 400 600 800 1000 1200
W) ) Time/min

Fig. 5 Trends of G(X) and EP(u) ([ZR)_1 under different heating rates

Table 5 Calculated values of A (x 10'? s7h

1

Heating rate/°C min~— Average
3 5 10 20

A 3.61 3.78 3.75 3.99 3.78

r 0.9941 0.9899 0.9997 0.9993 -

burnt out. Small amounts of CO and H, were detected in
the beginning of the reduction period, which was due to the
devolatilization of the coke. The volatiles released from the
coke did not have enough time to react with the gaseous O,
before leaving the reactor. In the following oxidation per-
iod, no carbon-containing gases were observed in the
reactor outlet, indicating that all of the PC was converted
and no carbon deposits on the surface of OC particle in the
reduction period.

The OC conversion X,.q can be calculated by Eq. (8)
using the experimental data. The dots of different shapes in
Fig. 7 represent the OC conversions as a function of time at

@ Springer

Fig. 6 Gas concentration profiles in a reduction and oxidation at
950 °C using petroleum coke as fuel

different temperatures. Taking the experimental data of
using PC as fuel for example, Fig. 7a includes three time
periods: the first phase (0 ~ ca. 65 s) when OC patrticles are
introduced in N, represented by an initial slope of a lower
magnitude, and the second phase (ca. 65 s ~ ca. 120 s)
where fuels are introduced in the reactor, represented by a
slope of higher magnitude, and the last phase (>ca. 120 s)
when fuels are burnt out and the slope of OC conversion
curve returns to that of the first phase. It is found that
Eq. (14) could roughly predict the experimental OC con-
version curves in the first time period and the last time
period (when no fuel is available). However, the difference
in the magnitudes of slopes occurs once fuel is introduced,
because the rate of OC reduction reaction is enhanced due
to the increase in temperature and the removal of O, by
combustion. The changing trends of OC conversion with
time for the reduction by GP, FG, and SL coal are similar
to that of PC.



Reduction kinetics analysis of sol-gel-derived CuO/CuAl,O4 oxygen carrier for chemical looping...

753

(a)
1.0 4 ,I1. Reduction by petroleumhioge, Loo
' gaﬁéfe-"lnmuﬂuuimf‘*—
! atTpo8 o T T
0.8 - : f i
ZN : / 4.’ I:I/
—~ 064 € 1+ Ao
N s !\ 1./
k3 g ,-.:( — — AT=75°C
X 04 | Bl e / . AT=60°C
oo A',D’ —.—AT=50°C
0.2 | E ,/,'/ o Experimental data at 900 °C
.A/A'»,D Experimental data at 925 °C
KQ{%.;;‘,«: & Experimental data at 950 °C
0.0 \Aﬂl D‘D T L) T T T T T
0 50 100 150 200 250 300 350
Time/s
(c)
1.0 I1. Reduction by F
E -
0.8 .
o~ L}
=t B 4
—~ 064 ¢ ¢ § 5
I S [ 4
3 ERE I
j B . I
<04 & | - = AT=130°C
= : - AT=110°C
—-=AT=80°C
0.2 4 o Experimental data at 850 °C
2 Experimental data at 900 °C
_ o Experimental data at 950 °C
0.0 s T T T T T T T
0 20 40 60 80 100
Time/s

(b)
1.0
084 i
3
£
™~ 0.6 -é :
B 18
X o4l 8 J N — — AT=90°C
_t & o - AT=70°C
id oA Dgudﬂog' —.=AT=55°C
0.2 e dgi“;"j o Experimental data at 850 °C
P ~ Experimental data at 900 °C
oA i o
Ly o Experimental data at 950 °C
0.0 = . ]
0 40 80 120 160 200
Time/s
(d)
1.0 4
.
]
0.8 H
)
1
-~ 0.6 :
@ . j~ 0
X 044 e D;“’ - —AT=170°C
' o ?-.4 9 -+ - AT=145°C
I.Reduction in N,! o DL_":' —-=AT=90°C
[t AN
0.2 4 : f!; 93’ o Experimental data at 850 °C
:cﬂ‘wﬂ A Experimental data at 900 °C
‘ Eﬁ‘f"@eﬁf o Experimental data at 950 °C
O-O = 1 ' T T T T T T T
0 10 20 30 40 50 60
Time/s

Fig. 7 Comparison of experimental data and fitting by Eq. (15) with temperature amending during the period reduction by PC, GP, FG, and SL

coal

Accounting for the temperature increase due to the
combustion, Eq. (15) can be amended by temperature
AT to fit the second phase of experimental data as the dash
lines shown in Fig. 7. At first, an amending temperature is
assumed, and the change in the oxygen equilibrium partial
pressure is calculated by Eq. (17). Then the Newton’s
iteration method is used to determine the actual amending
temperature through matching the experimental results
well, in which the reduction rate Eq. (15) is solved by the
finite-difference method. It can be seen that the amending
temperatures decrease with the reactor temperature
increases. With respect to different solid fuels, the OC
conversion rates become from slow to fast in the order of
PC, GP, FG, and SL coal which correspond to the order of
the volatile content in the four kinds of solid fuels. One
reason may be that oxygen consumption is much faster for
high-volatile-content fuel, resulting in the stronger oxygen
driving force. Another reason may be a higher volatile in
solid fuel contributes to a higher local temperature increase
(due to the exothermic combustion), which leads to a

higher reaction rate constant k£ and a higher oxygen equi-
librium partial pressure.

Usually, temperature plays two roles in the determina-
tion of reaction rates: First, it shows up in the exponential
function (k = Aexp(—+)); second, it affects the oxygen
concentration driving force, which is a function of tem-
perature due to the equilibrium partial pressure of oxygen.
The interacting factors make identification of kinetics of the
CuO/CuAl,0O, reduction in the FR of CLOU challenging.
To describe the reaction mechanism better, the reaction rate
constant strengthen factor Sy and the oxygen concentration
driving force strengthen factor S, are defined:

g _krear  HE(L 1
KT ke PIR\T T AT
g :T+AT(P02)

" fr(Po,)

where T is the set temperature of experiment, AT is the
amending temperature. The values of Sy and S, are

(19)

(20)
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Table 6 Reaction rate constant strengthen factor Sy and the oxygen concentration driving force strengthen factor S,
Experiment temperature/°C Factor Sy Factor S,

PC GP FG SL PC GP FG SL
850 - 15.00 44.12 121.38 - 1.79 1.99 2.00
900 8.17 7.16 20.01 46.73 1.66 1.60 1.99 1.99
925 5.11 - - - 1.54 - - -
950 3.73 4.23 7.83 9.95 1.70 1.86 1.95 1.99

PC, GP, FG, and SL denote petroleum coke, anthracite, bituminous, and lignite, respectively

4000
1-CuO —— After oxygen release
2 - CuAl,O4 Fresh CuO/CuAl,0O,
3-Cu,0
3000 1 4 - CuAIO, 1
5 - Al,O4
3
o
= 2000 31
L b
o 1.1
1000 7
2 b
1 , 2 (b)
1 2 121) b pl g,
O T T T T T T T

10 20 30 40 50 60 70 80 90
20/°

Fig. 8 XRD analysis of fresh and oxygen released oxygen carriers

displayed in Table 6. It can be seen that Sy is always larger
than S,, especially for low temperatures (Sy is 8—60 times
larger than S,) and high-volatile fuels (Sy is 5-60 times
larger than S,). It means that the OC conversion rate in the

Fig. 9 Microstructure of OCs
a fresh OC, b OC reacted with
GP coal at 950 °C, ¢ OC reacted
with FG coal at 950 °C, d OC
reacted with SL coal at 950 °C

@ Springer

FR is mainly attributed to the local temperature increase,
i.e., the reaction kinetics barrier is easier to overcome than
the thermodynamics barrier, which agrees well with the
results of Sahir et al. [19]. Thus, it can be concluded that
the reduction rate is more sensitive to the local temperature
change than the oxygen concentration driving force.

Characterization of OCs

The composition of the OC prepared is determined by
Shimazu Cu target X-ray diffraction type XRD-7000, using
maximum voltage 40 kV, maximum current 30 mA,
scanned area 10°-90°. Fresh OC XRD diffraction pattern is
shown in Fig. 8b. The main phases are CuO and CuAl,Oy4
without Al,O; phase appearing, which indicates that the
Al,O3 phase has combined with CuO into spinel CuAl,O4
compounds. As shown in Fig. 8a, the composition of the
decomposed OC under N, atmosphere is composed of
Cu,0, CuAl,O4, CuAlO,, and Al,O3 (minor phase).
Obviously, CuO is fully decomposed to Cu,0. CuAlO, and
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Al,O5 are from the decomposition of CuAl,O4. However,
the CuAl,O, decomposition is incomplete.

The surface morphology of the OC particles was examined
in an environment scanning electron microscope (ESEM, FEI
Quanta 200). Figure 9 shows the SEM images of OC particles
both fresh and after used. Obvious sintering was observed for
the used OC with lignite. It can be inferred that a fuel with
higher volatile leads to a higher local temperature increase
(and then more serious sintering). Therefore, the temperature
in the FR should be relatively lower for high-volatile fuels and
relatively higher for low-volatile fuels.

Conclusions

In this paper, the kinetics and mechanism of the reduction
reaction of a new CuO/CuAl,O4 OC (60 mass% active CuO)
in CLOU were reported. Based on several well-organized
temperature-programmed reduction experiments conducted in
a TG, the distributed activation energy model was utilized to
determine the activation energy E and pre-exponential factor
A (E =3437 kI mol™ !, A = 3.78 x 10'? s7!). The suitable
mechanism function was identified to be the Avrami—Erofeev
random nucleation and subsequence growth model (fX) = 3/
2(1 — X)[—In(1 — X)]"?). Additionally, the enhancement of
OC reduction rate in a fluidized bed CLOU reactor using
different types of solid fuels was identified in terms of the
chemical kinetics and thermodynamics for the first time. It
was found that the rate of CuO/CuAl,O, reduction was
enhanced in the CLOU of solid fuels due to the removal of O,
and the increase in local temperature surrounding the OC
particles by the exothermic combustion of solid fuels with
released O,. The reaction rate constant strengthen factor S
and the oxygen concentration driving force strengthen factor
S, were introduced to identify the intrinsic kinetics of the
CuO/CuAl,O4 reduction. S; is always larger than S, espe-
cially for low temperatures and high-volatile fuels. It means
that the reaction kinetics barrier is easier to overcome than the
thermodynamics barrier.
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