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To investigate the redox performance and kinetic characteristics of iron-based oxygen carriers when
mixed with iron-rich sludge ash during the sludge chemical looping gasification or combustion, the
impregnation method was used to prepare Fe/Al composite oxygen carriers (Fe/Al-OC), and the iron-
rich sludge ash (IRSA) was produced by high-moisture sludge burning in Muffle stove. The two types
powder were then mixed in a 1:1 mass ratio to obtain another OC of FelAsh1. Using a thermogravi-
metric analyzer, the deep redox processes of the three oxygen carriers were carried out, and their
reduction under variable temperature or constant temperature and oxidation processes were analyzed
using 13 kinetic models to investigate their kinetic parameters. The results showed that the blending of
Fe/AI-OC and IRSA exhibited a synergistic effect, in which the actual oxygen release and oxygen gain
amount of Fe1Ash1 both exceed the theoretical values, indicating enhanced oxygen transport capacity.
During the reduction process, under non-isothermal conditions, the oxygen release in Fe/Al-OC was
controlled by two-dimensional diffusion, while the oxygen release in IRSA and FelAsh1 followed a
first-order reaction model, with Fe1Ash1 having a slightly lower activation energy (34.81 kJ-mol~1)
than the individual OCs. During isothermal reduction, the reaction of Fe/Al-OC transitions to
contraction model control as temperature increases, IRSA maintains first-order reaction characteristics,
while Fe1Ash1 reaction is more compatible with the F3/2 model, with synergistic effects weakening.
During the oxidation process, Fe/Al-OC follows a first-order reaction model, while IRSA and FelAsh1
both follow two-dimensional diffusion models, but the activation energy of Fe1Ash1 (34.60 k]-mol™!) is
significantly lower than that of the other two, resulting in superior oxidation performance. Thus the Fe/
Al OC might achieve complementary performance and kinetic characteristics in redox with more
sludge ash blending. The highest ash blending proportion that can promote oxygen carrying capacity
would be studied in next works.
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All rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

[2]. Unlike traditional combustion methods, CLC achieves indirect
contact between fuel and air through the circulation of oxygen

As China advances toward the dual carbon goals, the develop-
ment of efficient and clean energy conversion technologies has
become an urgent priority [1]. Chemical looping combustion (CLC),
a novel low-carbon combustion technology, has emerged as a
research hotspot since its inception due to its ability to achieve
efficient energy conversion while enabling low-cost CO, capture

This article is part of a special issue entitled: Green Energy and CO, Efficient
Resource Utilization published in Chinese Journal of Chemical Engineering.
* Corresponding authors.
E-mail addresses: zhengzhihao@sdust.edu.cn (Z. Zheng), wangcuiping21@
sdust.edu.cn (C. Wang).

https://doi.org/10.1016/j.cjche.2026.01.003

carriers (OC), thereby avoiding the mixing of N, and CO, at the
firing process, which significantly reduces the energy consump-
tion of CO, capture and effectively suppresses the formation of
thermal NOy [3], making it one of the most promising carbon
capture technologies [4].

Oxygen carriers are the key to CLC technology, and their per-
formance directly determines the feasibility of the technology. An
ideal oxygen carrier should have high oxygen transfer capacity,
high cycle stability, high mechanical strength, low cost, and
environmental friendliness [5]. Among numerous candidate OCs,
iron-based oxygen carriers are recognized as a distinguished one
due to their abundant resource reserves, excellent environmental
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compatibility, moderate redox capacity, and low cost, making
them one of the most promising options for industrialization [6].
However, single-iron-based OCs have obvious shortcomings, pure
Fe,03 tends to sinter and agglomerate at high temperatures,
leading to a significant decline in oxygen transport capacity.
Additionally, its reduction reaction kinetics are relatively slow,
limiting the operational efficiency of CLC systems. To address this
issue, researchers have introduced inert carriers (such as Al,03
[7], SiO3 [8], ZrO2 [9], etc.) to construct composite OCs, leveraging
the skeletal support function of the carriers to inhibit the
agglomeration of active components. For example, Wang et al.
[10] studied the effects of three inert carriers (ZrO,, MgAl,04, and
Al,03) on the performance of iron-based OCs. The three OCs
exhibited stable reactivity for ten cycles, and the Fe/Al OCs per-
formed to be the best one. Ma et al. [11] also demonstrated that
the addition of Al,03 can enhance the redox activity and oxygen-
carrying capacity of iron-based OCs. Through studying the initial
cycling activation behavior of Fe/Al OCs, they concluded that the
activation process is caused by the migration of Fe ions to the
surface. Additionally, there is a large amount of industrial waste
containing Fe;03 in industry, such as sulfuric acid slag produced
during sulfuric acid production, red mud generated by the Bayer
process in aluminum production [12], and some iron-rich
municipal sludge [13,14]. These can all serve as inexpensive
iron-based OCs. Using these industrial wastes as iron-based OCs
or modified OCs enables low-cost, large-scale production and
achieves the resource utilization of waste [15]. Doping and
modifying iron-based OCs to address their existing issues is an
important approach to enhancing their reactivity and cycling
stability. Feng et al. [16] conducted DFT calculations to investigate
the effects of 27 dopants on the H, reduction process of iron-
based OCs, finding that these dopants regulate the formation
energy of surface oxygen vacancies by influencing the charge
distribution and surface structure of surface oxygen, thereby
affecting the performance of OCs. Wang et al. [17] investigated the
interaction between sludge ash and CaMngsFes503.5 perovskite
oxygen carriers, finding that the two exhibit positive synergy. The
addition of sludge ash enhances the oxygen-carrying capacity and
reactivity of the perovskite oxygen carrier, playing a crucial role in
oxygen-carrying performance.

During the chemical looping gasification or combustion of
iron-rich sludge, the accumulated ash in reactor is growing and
mixed with OC particles. Like the effect of biomass ash on OC
performance [18], the iron-rich sludge ash also should be
focused on the synergistic effects or antagonistic effects of OCs
to control the circulation amount of Fe/Al OC. Systematic and in-
depth exploration in this area is still lacking. Kinetic analysis is
often utilizing data from thermogravimetric analysis (TGA) and
model fitting to obtain kinetic parameters. Moed et al. [19]
determined the kinetic model of the Fe;03-CuO/Al,03 OCs
reduction in TGA under H,/CO conditions, accurately describing
the characteristics of the reduction process. The mechanisms for
the reduction of prepared OCs by hydrogen and carbon mon-
oxide are proposed based on kinetic analysis. Liang et al. [20]
employed reaction kinetics methods to analyze the reduction
and oxidation processes of perovskite oxygen carriers. The final
reaction model accurately predicted the conversion curves for all
reaction types.

In previous studies of our research group, the synergistic effects
of iron-rich sludge ash and Fe/Al oxygen carriers in terms of
oxygen-carrying capacity and cycling stability were demonstrated
[21]. To descript the underlying mechanisms, an in-depth analysis
was conducted using reaction kinetics, with 13 kinetic models as
references. The kinetic mechanisms of Fe/Al oxygen carriers when
iron-rich sludge ash blending were systematically investigated for

non-isothermal reduction, isothermal reduction, and oxidation
processes, thereby elucidating the synergistic effects and mecha-
nisms of the blended system.

2. Experimental
2.1. Experimental materials

2.1.1. Preparation of Fe/Al OC

The iron-based oxygen carrier was prepared using the
impregnation method (as shown in Fig. 1). Al,03 spherical parti-
cles with a particle size of 0.5—0.85 mm were used as the inert
carrier, and Fe(NOs)3-9H,O was the precursor of the active
component. First, depending on the ambient temperature, an
appropriate amount of Fe(NOs3)3-9H,0 was dissolved in deionized
water (100 ml) and thoroughly stirred in a magnetic stirrer until
completely dissolved to form a saturated solution. Then, 80 g of
Al,03 spherical particles are immersed in the saturated solution
for 6 h, during which vacuum impregnation treatment is per-
formed. The particles are then placed in an isothermal drying oven
at 105 °C for complete drying, resulting in spherical particles
loaded with the active component precursor. Finally, they are
calcined at 850 °C in a muffle furnace for 4 h, yielding the Fe/Al
composite oxygen carrier (denoted as Fe/Al-OC). The loading
amount of Fe;Os is influenced by ambient temperature and
impregnation time, with the Fe,03 content in Fe/Al-OC being
approximately 20%.

2.1.2. Preparation of iron-rich sludge ash

The high-moisture sludge used in this paper was obtained from
a municipal sewage treatment plant in Qingdao. Industrial analysis
was performed in accordance with GB/T 212-2008 Industrial
Analysis Methods for Coal, and elemental analysis was conducted
using an elemental analyzer. The results are shown in Table 1.

The sludge is mechanically squeezed into strips firstly, and then
a disc granulator is used to prepare sludge particles with a diam-
eter of 1-2 mm. These particles are then incinerated in a muffle

iFe(NO}),@HZ(} I

“saturated solution

- |
Vacuum . l

»
impregnation —_
N

Thermostatic
water bath

o,

B e

Fe/Al-OC

Muffle furnace Air-drying oven

Fig. 1. Preparation process of Fe/Al-OC.

Table 1
Industrial and elemental analysis of sludge.

Industrial analysis/%(mass)(ar)
M \Y FC A C H N S o®
79.82 10.03 2.33 8.82 4,61 0.71 069 046 489

Elemental analysis/%(mass)(ar)

Note: M: moisture content; V: Volatile content; FC: fixed carbon content; A: ash
content; ar: as-received basis.
@ (Calculated by difference.
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Table 2

Elemental analysis of IRSA.
Element Content/ Element Content/ Element Content/

%(mass) %(mass) %(mass)

SiOy 29.516 Fe,03 20.096 P05 16.726
Ca0 12.664 SO3 7.246 Al,03 6.379
MgO 4.000 K0 1.698 TiO, 1.001
MnO 0.262 Zn0O 0.249 Sro 0.101

furnace at 850 °C to obtain iron-rich sludge ash (IRSA). A labora-
tory standard sieve is used to select IRSA particles with a diameter
of 0.6—0.9 mm. Elemental content was tested using an X-ray
fluorescence spectrometer (XRF, Shimadzu EDX-7200, Japan), with
results shown in Table 2.

2.2. Experimental methods

2.2.1. Thermogravimetric analysis

To investigate the influence of iron-rich sludge ash on iron-
based OCs, IRSA and Fe/Al-OC were mixed in a mass ratio of 1:1
and designated as Fe1Ash1. Performance testing was conducted in
the thermogravimetric analyzer shown in Fig. 2 under the same
conditions as for IRSA and Fe/Al-OC reacting separately. The
experimental data obtained from the individual samples were
weighted (averaged) to obtain theoretical weighted values, which
were then compared with the data obtained from the mixed sam-
ples. If differences were observed, this indicated that an interaction
existed between the sludge ash and the oxygen carrier [22].

First, deep oxidation-reduction was employed to determine the
total oxygen transferring capacity of the three OCs. During the
oxygen release test, OCs were heated from room temperature to
1173 K at a rate of 5 K-min~! under a 36%(vol) H/N, atmosphere,
and maintained at this temperature for 30 min to ensure OCs fully
reduced state. The reduced OCs were then subjected to the same
heating program in air environment, maintained for 10 min to
ensure complete oxidation. During the cycle process, 50 ml-min~"
of N, was introduced as a protective gas, and the additional
reduction/oxidation gas flow rate was 100 ml-min~".

When performing the isothermal kinetic parameters experi-
ments, OCs are placed in a 250 pl Al,Os3 crucible. To eliminate the
influence of layer diffusion, the sample height is kept below two-
thirds of the crucible’s height. Under these conditions, the tem-
perature is increased at a rate of 20 K-min~! from room

Mass flow Pressure
meter reducing
valve
Thermogravimetricj
analyzer i
1
v
. Thermal analysis
36%H,/64%N, Air N,

control system

Fig. 2. Schematic diagram of thermal gravimetric analysis system.

temperature to 800, 825, 850, 875, and 900 °C. Then OCs are then
held at 900 °C with a H; flow rate of 100 ml-min~! for 50 min.

2.2.2. Method for calculating dynamic parameters

To determine the kinetic mechanism functions of different
OCs in redox processes, 13 common kinetic mechanism functions
were selected as candidate models to fit the conversion rates of
OCs. Based on the degree of fit with different mechanism
functions, the optimal mechanism function was selected, and
finally, the activation energy and pre-exponential factor were
calculated. The selection of these 13 kinetic models is based on
their representation of the main solid-state reaction mechanism
categories (reaction order, nucleation-growth, geometrical
contraction, and diffusion-controlled models) commonly applied
in thermogravimetric analysis. The optimal kinetic model for
each redox process was determined by comparing the linear
regression goodness-of-fit (R%) between experimental conversion
data and theoretical model fits, and selecting the model with the
highest R? value.

Define the conversion rate of oxygen carriers as:

o= Mo =Mt (1)
mp — Mg
where myg is the initial mass of the oxygen carrier before the re-
action; m; is the instantaneous mass of the oxygen carrier at time
t; my is the final mass of the oxygen carrier after complete
oxidation/reduction.
The general form of the kinetic equation is:

ks @

k is the rate constant of a chemical reaction that follows the
Arrhenius equation, as shown in Eq. (3):

E,
k=A-eRT (3)
& Ae o )

where E, is the activation energy, kJ-mol™!; A is the pre-
exponential factor, s='; R is the ideal gas constant, 0.00831
kJ-mol~1-K~!: T is the absolute temperature, K. Using the Coats-
Redfern integration rule, this can be converted to:
¢ da E;

a)=| —=A-eRT-t=k-t 5
RN (5)

Taking the logarithm of both sides of Egs. (4) and (5), the
activation energy E; and the pre-exponential factor A can be ob-
tained from the slope and intercept of the straight-line relation-
ship Ink - (1/T).

da E;
lnazlnAfﬁJrln(f(a) (6)
E,
Ink — ln<A~e_RT> . lnA—% )

3. Results and Discussion

Different kinetic models represent distinct physical reaction
pathways: reaction order describing intrinsic chemical rate control,
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nucleation-growth reflecting site formation and expansion,
geometrical contraction capturing interface advancement limita-
tions, and diffusion-controlled models indicating mass transport
limitation through product layers. Based on the material micro-
structure differences between Fe/Al-OC and IRSA, and under
different experimental temperature conditions, the dominant rate-
controlling mechanism may shift, which is reflected in the model
selection.

3.1. In-depth oxidation-reduction analysis

The TG results for the deep oxidation-reduction of the three
OCs are shown in Fig. 3. Fe/Al-OC begins to lose mass from the
start, primarily due to the desorption of surface and internal
adsorbed water (mainly occurring between 50 °C and 200 °C) and
the decomposition of undecomposed nitrate Fe(NO3)s. Subse-
quently, it can be clearly observed that around 380 °C, Fe/Al-OC
begins to lose mass due to reduction, with a noticeable increase
in reaction rate. The reduction process of Fe/Al-OC exhibits two
distinct reduction peaks, located in the temperature ranges of
380—450 °C and 520—600 °C, respectively. The low-temperature
reduction peak corresponds to the conversion of Fe;03 to Fe3Oq,
while the high-temperature reduction peak is attributed to the
further reduction of Fe304 to FeO. The overall reduction process is
relatively slow compared to IRSA, with a lower oxygen release of
approximately 6.5%. In contrast, IRSA exhibits a higher oxygen
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release capacity of approximately 14.3%, with oxygen release
beginning around 400 °C. Combined with its phase analysis [21],
the high oxygen release capacity of IRSA stems from the syner-
gistic effects of multiple components. The reduction of Fe;03
contributes the majority of the oxygen release, while the active
components in IRSA, such as CaO, MgO, and sulfides, also undergo
reduction reactions. The onset temperature for oxygen release in
IRSA is delayed by approximately 20 °C compared to Fe/Al-OC,
which may be attributed to the rigid framework formed by SiO;
potentially restricting the migration of some Fe. The theoretical
oxygen release value of FelAshl was calculated based on the
blending ratio, denoted as Fe1lAsh1(Th), for comparison with the
actual oxygen release value. Fe1Ash1 exhibits a peak similar to Fe/
Al-OC at 380—450 °C, with an overall curve resembling that of
IRSA, yet showing a higher oxygen release of approximately 10.5%.
The actual oxygen release is slightly higher than the theoretical
value. This indicates that the mixed Fe/Al-OC and IRSA exhibit a
synergistic effect. The alkaline components in IRSA may promote
the reduction of Fe ions in Fe/Al-OC, while the stable structure of
Fe/Al-OC significantly slows down the agglomeration of species in
IRSA, allowing more active oxygen to participate in the reduction
reaction.

The results of deep oxidation are shown in Fig. 3(b). All three
OCs can be regenerated by oxidation at relatively low tempera-
tures. Fe/Al-OC exhibits an oxygen release of approximately 4.6%,
demonstrating excellent oxidation-regeneration capability. The
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Fig. 3. Mass changes and DTG of three different OCs undergoing deep oxidation-reduction (a) deep reduction with oxygen release, (b) deep oxidation with oxygen gain, (c) DTG of

deep reduction, (d) DTG of deep oxidation.
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Fig. 4. Fitting curves of g («)-t for three OCs at different temperatures.

rate of change during the oxidation process is significantly steeper
than that during the reduction process, indicating that the acti-
vation energy required for the oxidation reaction is lower than that
for the reduction reaction. In contrast, the oxidation process of
IRSA is relatively gentle, especially after 650 °C. This may be due to
the complex composition of IRSA, which forms various low-valent
species during reduction, which are gradually oxidized during
oxidation, and there are differences in the oxidation rates of
different species. The oxidation process of FelAsh1l is clearly
divided into three stages: the first stage, from the onset of oxida-
tion to 350 °C, is dominated by Fe/Al-OC; the second stage, the
main oxidation phase, occurs between 350 °C and 650 °C and is
dominated by IRSA; the third stage, after 650 °C, is essentially

complete oxidation. Furthermore, the actual oxygen yield of
FelAsh1l is significantly higher than the theoretical value,
approximately 7.2%. This further demonstrates the synergistic ef-
fect of their blending, indicating superior oxygen transport per-
formance and cycle stability in redox cycles. This synergistic effect
may be the key to enhancing the oxygen transport capability of
FelAshl, providing favorable conditions for its application in
chemical looping reactions.

3.2. Kinetic analysis of OCs reduction process

The OCs cycle can be divided into initial and subsequent cycles.
Generally, the reduction stage in the initial cycle is equivalent to a
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non-isothermal reduction process, while the subsequent cycles are
conducted at an isothermal process, and temperature fluctuations
are not significant. The reduction process of OCs at different
temperatures present varies effects [23], and the blending of IRSA
and Fe/Al-OC may also have another impacts. Therefore, the ki-
netic analysis of the reduction process is studied from two aspects:
non-isothermal reduction and isothermal reduction at high
temperatures.

3.2.1. Non-isothermal reduction

To ensure that all three different OCs are in the reduction phase,
kinetic parameters for the reduction process within the temper-
ature range of 450—900 °C were calculated using the 13 kinetic
models [24] revealed in Table 3, and the R? values for the three OCs
during the non-isothermal reduction process were calculated. The
results indicate that the non-isothermal reduction process of Fe/
Al-OC is controlled by two-dimensional diffusion (D2), meaning
that the reaction rate depends on the migration rate of oxygen ions
from the Fe,O3 crystal lattice to the particle surface, rather than
surface chemical reactions with Ha. In previous studies [21], SEM
analysis revealed that the Fe/Al-OC structure is compact, with
uniform distribution of Al and Fe elements and continuous
composition. Fe;03, as the active component, is highly dispersed in
the inert carrier Al;0Os, thereby shortening the diffusion path of
lattice oxygen. The activation energy E, was calculated using Eq.
(6) to be 49.36 kJ-mol~, slightly lower than the reduction acti-
vation energy of pure Fe;Os. This result is attributed to the mes-
oporous structure of Al,03, forming diffusion channels, shortening
the diffusion path, and reducing the energy barrier for oxygen
migration. As the reduction depth increases, the reaction rate
gradually decreases, and the product layer formed by Fe;03
gradually thickens, thereby blocking diffusion within the gas
phase.

The non-isothermal reduction processes of both IRSA and
FelAsh1l OCs conform to a first-order reaction model (F1)
controlled by interfacial chemical reactions, indicating that the
non-isothermal reduction process is dominated by surface chem-
ical reactions rather than diffusion-controlled lattice oxygen. The
non-isothermal reduction processes of IRSA and Fe/Al-OC mixed
reduction are more similar to those of IRSA, consistent with the
results in Fig. 3, indicating that the non-isothermal reduction
process of the two mixed OCs is primarily dominated by IRSA. The

Table 4
Parameters and results of kinetic fitting equations for the non-isothermal reduction
processes of three OCs.

Parameters ~ Model  Fitting equations EJJkj-mol™'  A/s!
0OCs

Fe/Al-OC D2 y = —5939.54x + 0.018 49.36 0.049
IRSA F1 y = —4204.73x +0.013 34.94 0.0371
FelAsh1 F1 y = —4188.87x +0.013 34.81 0.0367

Note: x is 1/T in Eq. (6); y is Ink in Eq. (6).

activation energies (Table 4) of IRSA and Fe1Ash1 are lower than
those of Fe/Al-OC, suggesting that the reduction in the reaction
energy barrier is attributed to the enhancement of surface-active
sites.

In addition to Fe, IRSA contains various impurity elements, such
as approximately 19% Ca and 8% P, among others. These impurities
in IRSA play a catalytic role in its reduction process. At higher
temperatures, P,Os5 readily forms amorphous FePO4, which un-
dergoes a reduction reaction at 650 °C with an activation energy of
approximately 35 kJ-mol~ L. Research has shown that the doping of
Ca ions can induce the formation of oxygen vacancies, thereby
accelerating the progress of surface redox reactions [25]. The ki-
netic behavior of Fe1Ash1 is consistent with that of IRSA, which is
attributed to the fact that during the reaction, partially fragmented
IRSA deposits on the surface of Fe/Al-OC, and the impurity phases
of IRSA cover the surface, shielding part of the mesoporous
structure of the Al;O3 carrier and eliminating diffusion
restrictions.

3.2.2. Isothermal reduction

The isothermal reduction process was also fitted to 13 different
reaction models. First, the K values and R?> were calculated at
different temperatures using Eq. (5). The models with the best fit
at five temperatures were selected, and then the pre-exponential
factor A of the activation energy E, was calculated according to
Eq. (7). The results indicate that Fe/Al-OC exhibits good fitting
performance for the contraction models, seen in Fig. 4, with an
average fitting degree above 0.98. Among these, model
R2 > R3 > R1.IRSA shows the highest fitting performance for the F1
model, with an average fitting degree above 0.99 at all five tem-
peratures. Fe1Ash1 exhibits the highest fitting performance for the
F3/2 model, with an average value above 0.99.

Table 3
R? values for three different OCs during non-isothermal reduction at 450 °C—900 °C fitted to different reaction models.
Reaction mechanism Model f(a) g(a) Fe/Al-OC IRSA FelAsh1
Nucleation model A3[2 (3a> (1—a[-In(— a)]1ﬁ [—In(1- a>]2/3 0.80 0.57 0.73
A2 201 o)~ In(1 -y [~In(1-a) "2 0.64 0.03 029
A3 301 — )~ In(1 - )73 [~In(1-w)"? 027 030 011
Diffusion model D1 1/2 a2 0.89 0.73 0.73
o
D2 1 - - 0.96 0.87 0.90
/[71[1(17“)] 1-a)n(1 —a) +a
1,372 0.88
D3 (30)(]—11)25[1 7(]7{1)15] [17(170‘) /j} 0.87 0.87
Dynamic model F1 1-a —In(1 —a) 0.92 0.92 0.93
F3/2 32 0.90 0.92
(1-a)
20102 -1
F2 - a)z - a)*l 1 ggé 0.89 0.91
E3 1-a)? 1, [(1 —w? - 1] - 0.87 0.89
Shrink model R1 1 a 0.23 0.04 0.06
R2 201 - a)'2 [M-(-a" 0.83 0.77 074
R3 301 - 023 - (- 0.88 0.87 0.87
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Table 5
Reaction rates and activation energies of the isothermal reduction process of three
OCs at 800—900 °C.

0Cs Fe/Al-OC IRSA FelAshl
Model R2 R3 R1 F1 F3/2
k/s7! 900 °C 2.0329 1.4290 3.5078 73.5219 13.7532
875°C 1.8234 1.2754 3.1858 71.4263 12.1152
850°C 1.6275 1.1325 2.8811 69.3011 10.1868
825°C 1.4452 1.0002 2.5936 67.1468 7.8756
800 °C 1.2762 0.8783 2.3234 64.9637 6.3648
R? 0.9 297 0.9363 0.9043 0.9612 0.9900
E, [kJ-mol~! 48.71 50.93 43.10 12.95 82.71

The activation energy for the above models is shown in Table 5.
The results indicate that the isothermal reduction process of Fe/Al-
OC at 800—900 °C conforms to the contraction reaction model,
which is synergistically controlled by interfacial reactions and
product layer diffusion. This differs from the diffusion-controlled
behavior observed in the non-isothermal reduction process. The
reason lies in the accelerated reduction rate of Fe,0O3 at higher
temperatures, which leads to thickening of the product layer and
increased gas diffusion resistance, shifting the reaction from bulk
diffusion to interface-dominated reactions. Additionally, at high
temperatures, the mesoporous structure of Fe/Al-OC undergoes
sintering, reducing diffusion pathways and increasing mass
transfer resistance in the product layer. Fe/Al-OC exhibits high
fitting accuracy for all three contraction models, and the activation
energies are similar, ranging from 43 to 50 kJ-mol~. To determine
the reaction order, model validation was performed using the
three models and experimental data at 850 °C, as shown in Fig. 5.
Although the agreement between the three models and experi-
mental data is similar, the contraction model with a reaction order
of 1 (R1) is more suitable.

The oxygen release of IRSA also conforms to the first-order
reaction model (F1) controlled by interfacial chemical reactions
during the isothermal reduction process at 800—900 °C, but the
activation energy is reduced, indicating that the catalytic effect on
the IRSA surface is enhanced under higher temperatures, and the
active impurities in IRSA have a catalytic effect on it. However, the
model for Fe1Ash1 changes at high temperatures, shifting to the
higher-order F3/2 model (F3/2). This model maintains a goodness-
of-fit above 0.99 at all temperatures, with an increase in activation
energy. In deep reduction experiments, higher temperatures result
in the theoretical and actual values of Fe1Ash1 being closer, with a
weakened promotional effect and a slower reaction rate compared
to previous conditions. The high degree of agreement further
confirms the reliability of this transformation. At higher temper-
atures, more IRSA components may migrate deeply to the surface
of Fe/Al-OC. On one hand, this blocks part of the mesoporous
diffusion channels of the Al,03 carrier; on the other hand, it
competes with the active sites of Fe/Al-OC for adsorption, reducing
the effective pathways for reactive oxygen species to participate in
the reaction. Ultimately, this narrows the deviation between the
theoretical oxygen release and the actual value, weakening the
synergistic promotion effect.

3.3. Kinetic analysis of OCs oxidation process

Using the data from the deep oxidation process in Fig. 3(b),
kinetic parameters were calculated, with the results shown in
Fig. 6 and Table 6. The results indicate that the oxidation process
of Fe/Al-OC is controlled by surface chemical reactions. The lower
activation energy compared to the reduction reaction suggests
that the oxidation reaction is easier to occur than the reduction
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Fig. 5. Validation of the best-fit models for the three OCs.

reaction. The lower activation energy is consistent with the steep
trend of the oxidation curve. This is attributed to the fact that the
oxidation reaction is an exothermic process, with a lower O,
adsorption energy barrier, the Al,03 pore structure facilitating gas
penetration, and the stable structure reducing the agglomeration
of active components, thereby ensuring a high oxidation rate.
The oxygen gain of IRSA follows the two-dimensional diffusion
model (D2), with an activation energy of 59.17 kJ-mol~'. The high
activation energy and slow reaction rate are attributed to the
stepwise oxidation of its complex components and the restriction
of oxygen diffusion by the SiO, framework structure. Fe1Ash1 also
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Fig. 6. Fitting curves of the best-fit models for the three OCs.

Table 6
Parameters and results of kinetic fitting equations for the oxidation processes of
three OCs.

Parameters  Model  Fitting equations EikJ-mol~!  A/s~!
0OCs

Fe/Al-OC F1 y = —5123.49x + 0.098 42.58 5.862
IRSA D2 y = — 7119.94x + 0.054 59.17 0.4349
FelAshl D2 y = — 4163.26x + 0.002 34.60 0.01845

Note: x is 1/T in Eq. (7); y is Ink in Eq. (7).

fits the D2 model, but with a significantly reduced activation en-
ergy. Fe1Ash1 exhibits a more pronounced synergistic advantage
during the oxidation stage, retaining the rapid oxidation charac-
teristics of Fe/Al-OC while improving diffusion performance by
inhibiting the agglomeration of IRSA. This results in overall
oxidation performance superior to that of either single OC,
providing theoretical support for its long-term operation in
chemical looping systems.

4. Conclusions

This paper prepared Fe/Al OC particles and produced iron-rich
sludge ash from high-moisture sludge. Through thermogravi-
metric analysis combined with kinetic analysis, the redox perfor-
mance and interaction mechanisms of Fe/Al-OC, IRSA, and their
1:1 mixed system FelAsh1 were investigated. The main conclu-
sions are as follows:

(1) When Fe/Al-OC and IRSA were blended at a mass ratio of 1:1,
their actual amount of oxygen release and oxygen gain were
both higher than the theoretical mass change values, con-
firming the existence of a synergistic effect between them.
The active components in IRSA promoted the reduction of Fe
ions in Fe/Al-OC, while the stable structure of Fe/Al-OC
inhibited the agglomeration of IRSA’s active components,
jointly enhancing oxygen transport capacity.

(2) The kinetic mechanism of the OCs reduction process varies
with reaction conditions. During non-isothermal reduction,
the oxygen release in Fe/Al-OC is governed by two-
dimensional diffusion, while the oxygen release in IRSA
and FelAsh1 follow a first-order reaction model. The acti-
vation energy of FelAsh1 is slightly lower than that of the
single OC, indicating that the reaction energy barrier is
further reduced after mixing; During high-temperature
isothermal reduction, the oxygen release in Fe/Al-OC tran-
sitions to contraction model control, reaction in IRSA
maintains first-order reaction characteristics, while
Fe1Ash1 better aligns with the F3/2 model, with synergistic
promotion effects weakening at high temperatures.

(3) The advantages of the mixture of Fe1Ash1 are prominent
during the oxidation process. All three OCs can be oxidized
and regenerated at relatively low temperatures. Fe/Al-OC
follows a first-order reaction model with an activation en-
ergy E, of 42.58 k]-mol~!, and the oxidation rate is faster
than the reduction process. IRSA and Fe1Ash1 both follow a
two-dimensional diffusion model, but the activation energy
of FelAsh1 is significantly lower than that of IRSA, indi-
cating that the mixed OC improves diffusion limitations
during the oxidation process through structural
optimization.

The mixed OC of Fe/Al-OC and IRSA achieve complementary
advantages in redox performance and Kkinetic characteristics,
providing a theoretical basis and experimental support for its
application in chemical looping systems.
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