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a b s t r a c t

Conventional steam reforming for hydrogen production is limited by the thermodynamic equilibrium.
To address this limitation, in this study, a cost-effective catalyst-sorbent hybrid material was synthe-
sized from waste steel slag and limestone. A 30-cycle CO2 sorption experiment and a sorption-enhanced
biomass reforming for hydrogen production experiment were conducted. The results indicate that for
the A4L3S2 (4 mol·L− 1 acid, limestone: slag = 3:2) composite, it attains a total CO2 sorption capacity of
4.14 g·g− 1 under mild conditions, with only a 23.5% reduction after 30 cycles. Moreover, under severe
conditions, it manages to retain 3.81 g·g− 1 in total 30 cycle. When applied to sorption-enhanced
biomass gasification using pine wood shavings, the material significantly boosts hydrogen production,
achieving a hydrogen purity of 74.57% and a yield of 0.818 mmol·g·g− 1

·min− 1, while reducing the CO2

concentration in the syngas to 10.89%. These findings highlight the dual functionality and robustness of
the steel slag-derived material, offering a cost-efficient and environmentally sustainable pathway for
industrial hydrogen production and valorization of solid waste resources.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Since the Industrial Revolution, fossil energy has been widely
used as fuel, which, although created immense wealth for hu-
manity during certain periods, has also led to increasingly severe
environmental issue. The demand for energy in human society
continues to rise [1—4]. However, the formation of traditional
fossil fuels is an extremely lengthy process, which undoubtedly
brings potential energy crises. If this situation persists for an
extended period, environmental pollution and energy crises will
severely hinder the sustainable development of human society. In
light of this, finding clean, efficient, and renewable energy to
replace traditional fossil fuels has become key to addressing

environmental pollution and energy crisis issues. Hydrogen, being
widely available in elemental form in nature and featuring clean
and pollution-free combustion characteristics, is regarded as an
ideal energy source. It has emerged as one of the candidates most
promising for replacing fossil fuels [5,6]. Moreover, hydrogen has
been widely applied in many industrial production areas, such as
fuel upgrading, ammonia synthesis, power generation, and fuel
cells [7—11]. It occupies a crucial position in the energy sector and
offers numerous advantages for future sustainable development.
Currently, global demand for hydrogen is increasing year by year. It
is estimated that by 2040, the annual demand for hydrogen will
reach 150 million tons, equivalent to replacing the use of
approximately 18 million barrels of oil [12—14]. Furthermore, the
development and utilization of hydrogen energy are vital for the
advancement of a low-carbon economy. For this reason, hydrogen
production technology has received widespread attention in
research and industry.* Corresponding author.

E-mail address: guozhaoji@dlut.edu.cn (G. Ji).

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

journal homepage: www.elsevier .com/locate/CJChE

https://doi.org/10.1016/j.cjche.2025.05.041
1004-9541/© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All rights are reserved, including those for text and data
mining, AI training, and similar technologies.

Chinese Journal of Chemical Engineering 88 (2025) 108—123



Currently, the methods for producing hydrogen mainly include
electrolysis of saltwater, microbial fermentation, solar water
splitting, biomass hydrogen production, and hydrogen production
from fossil fuels [15—19]. Among these hydrogen production
methods, the technology which is used to produce hydrogen from
fossil fuels is the most mature one, with various processes devel-
oped, such as coal gasification, natural gas steam reforming, and
thermal cracking of oil [11,20—24]. Notably, over 50% of hydrogen
globally is obtained through natural gas steam reforming [24,25];
however, this industrial hydrogen production process has not
eliminated dependence on traditional fossil fuels. Moreover, in the
conventional steam reforming process, it is typically possible to
obtain only about 70% (vol) H2 from the reaction products, while
the CO2 concentration can exceed 20% (vol) [26]. This significantly
limits the use of H2 and leads to a series of issues, such as the
greenhouse effect. Additionally, this hydrogen production process
faces challenges such as high energy consumption, catalyst sin-
tering at high temperatures, and a complex and costly separation
process [27]. Therefore, it is essential to seek a new hydrogen
production pathway that is clean, efficient, and economical.
Biomass is considered to have broad application prospects in
steam reforming for hydrogen production due to its wide avail-
ability and renewability [28,29]. Compared with traditional fossil
fuels, biomass exhibits carbon neutrality during its use. Although
biomass does emit CO2 into the atmosphere during utilization, the
carbon present in biomass originates entirely from atmospheric
CO2 via photosynthesis [30]. Besides, considering the char pro-
duction after biomass gasification which fixed carbon as a stable
solid, the net carbon emissions during this process could be
negative.

However, the hydrogen production process through biomass
steam reforming still faces the challenges inherent in conventional
steam reforming technologies, leading to low hydrogen concen-
tration and yield in the product, high separation costs, and sig-
nificant energy consumption. To address these issues, researchers
have explored a more economically efficient hydrogen production
pathway known as ‘sorption-enhanced biomass steam reforming’
[31—35]. In this process, high-temperature hybrid materials are
added during steam reforming [34,36,37], which in situ removes
CO2 produced in the reforming reaction. This disrupts the original
thermochemical equilibrium, pushing the reaction toward
hydrogen production, significantly increasing hydrogen concen-
tration and yield, while also reducing the required reforming
temperature. Moreover, this technology couples the reforming
reaction with separation together, effectively lowering treatment
costs. In sorption-enhanced biomass steam reforming, the CO2
sorption capacity of the sorbent is closely related to the effec-
tiveness of the reforming reaction, thereby impacting the final
hydrogen concentration and output. As a result, selecting an
appropriate high-temperature CO2 sorbent is a critical factor in
producing hydrogen with a high concentration. Given their high
sorption capacity, Ca-based sorbents are frequently paired with
transition metal catalysts like Ni and Fe to form composite func-
tional materials. Sun et al. [38] studied the dual-functional cata-
lytic performance of nickel-loaded cerium-modified CaO-based
materials (Ce-CaO-Ni) and proposed an integrated method for
achieving CO2 capture and conversion in a single reactor. By adding
cerium oxide (CeO2), this material exhibited excellent cyclic sta-
bility and could maintain good performance after 20 cycles. Sau-
psor et al. [39] investigated the sorption-enhanced reforming of
ethanol for hydrogen production using Fe2O3 as the oxygen
transporter and modified CaO-Al2O3 as the CO2 sorbent. The re-
sults showed that the catalyst with 5% (mass) Fe loading, prepared
by the impregnation procedure, exhibited the best sorption
capability at 600 ◦C, achieving 70% hydrogen purity in the pre-

breakthrough stage and maintaining stable performance for at
least five cycles. Quan et al. [40] studied the catalytic activity and
CO2 sorption performance of a new type of composite catalyst
(Ni—Ce—Ca-ceramic membrane) in the gasification reforming of
biomass (pine sawdust). Its optimal performance is as follows: the
lowest CO2 content in the gasification gas production is 8.18% (vol),
the CO2 production rate is 2.1 mmol·g− 1, and the hydrogen pro-
duction rate reaches up to 14.19 mmol·g− 1. After deactivation, a
new batch of fresh functional material must be fed to replace the
old batch, and this process requires a large amount of material.
Most of the existing research about catalyst-sorbent hybrid ma-
terial used commercial chemicals as material sources, making the
material cost unfavorable economically. If the hybrid functional
material is from abundant solid wastes, the expense of the mate-
rial would be substantially reduced.

Steel slag is a by-product or waste of the steel production
process, and it contains all the necessary components for a
catalyst-sorbent hybrid functional material such as CaO (20% to
50%) for sorption, Fe2O3 (15% to 35%) and MnO (1% to 5%) for
reforming catalysis, and Al2O3 (2% to 8%), SiO2 (8% to 20%), MgO
(4% to 13%) for stabilization. In the steel production process,
approximately 130 kg of steel slag are produced for every ton of
crude steel produced. According to data from the China Associa-
tion for Recycling and Utilization of Steel Slag, China's steel slag
production reached 121 million tons in 2018. From the early 1990s
to the end of 2018, China's cumulative storage volume of steel slag
exceeded 1.8 billion tons, occupying an area of over 200000 Chi-
nese mu (1 mu ≈ 666.67 m2). In 2018, China's crude steel output
was 9.28 billion tons, accounting for about half of global crude
steel output. Wang et al. [41] synthesized a CaO-based CO2 sorbent
using steel slag. The sorbent shows good sorption performance
and maintains remarkable stability over multiple cycles. The re-
sults showed that the sorption capacity can reach 81% of the
theoretical sorption capacity of CaO. After 30 cycles, it still main-
tained a stability that was higher than that of commercial Ca(OH)2.
Tian et al. [42] converted steel slag as the only raw material into a
superior CaO-based self-stabilizing CO2 sorbent. The CO2 capture
capacity of the sorbent after acetic acid treatment is over 10 times
than original steel slag. After 30 carbonation-calcination cycles,
the decay rate was only 12%, and the maximum uptake of CO2
reached 0.50 g·g− 1. Zhang et al. [43] prepared steel slag-derived
CaO. After 35 sorption/desorption cycles, this CaO exhibits a good
CO2 capture performance with stability of approximately
0.48 g·g− 1. It is analyzed that the main reasons for this are the
mesoporous structure as well as the presence of Fe2O3. Modifying
steel slag to prepare Ca-based sorbents as substitutes for sorbents
can reduce the consumption of natural resources and enhance the
resource utilization efficiency of steel slag. In addition, the deac-
tivated sorbents after the reaction can be directly recycled as raw
materials into blast furnaces or converters for steelmaking [44],
thus achieving the goal of the coordinated development of waste
resource utilization and waste recycling.

Existing research had demonstrated the feasibility of steel slag-
derived material as high-temperature CO2 sorbent. Since it also
contains transition metal oxides, it also has great catalytic po-
tential to be used as hybrid functional material for biomass gasi-
fication [45]. Moreover, the inherent elements such as Al2O3 and
SiO2 might form rigid stabilizer to enhance the anti-sintering ef-
fect of the functional material, this could reduce the frequency of
refreshing the deactivated functional material, further reducing
the material cost. This study would utilize steel slag as the source
material to synthesize catalyst-sorbent hybrid functional material,
test its CO2 sorption performance at gasification temperatures and
assess its capability in enhancing hydrogen production from
biomass waste gasification in a tube reactor. This study could pave
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the road of using slag solid waste to promote valuable hydrogen
production from biomass wastes.

2. Experimental

2.1. Steel slag-derived hybrid material preparation

The steel slag and limestone used in this experiment were
sourced from Anshan Iron and Steel Group Corporation, China. The
elemental composition of the steel slag and limestone, was
determined by using X-ray fluorescence spectroscopy (XRF, Axios,
PANalytical, USA) and expressed in the form of oxides, shown in
Table 1. Other component includes titanium oxide (TiO2), sul-
fides (such as CaS, MnS), phosphides (such as P2O5), and dicalcium
silicate (2CaO·SiO2, C2S), etc.

Table 2 shows the synthesis parameters of nine steel slag-based
composite materials. The predetermined amounts of steel slag and
limestone were mixed with a certain concentration of acetic acid
solution at a solid (g)-liquid (l) ratio of 1:30. After that, the mixture
underwent mechanical treatment and was stirred at room tem-
perature at a rotation speed of 500 r·min− 1. After 45 min, the
stirring was stopped, and the mixture was centrifuged to obtain
the steel slag leachate and the centrifugal precipitation phase (i.e.,
the acid-leaching residue). The leachate from steel slag which was
obtained was dried at 105 ◦C for 12 h to obtain the fresh steel slag-
derived hybrid material. Then, the dried sample was calcined in an
air at 900 ◦C for 2 h to finally obtain the stabilized steel slag-
derived hybrid materials as shown in Fig. 1. The hybrid material
was named as AXLYSZ, where X represents the initial acid concen-
tration, and Y and Z represent the mass ratio of limestone to steel
slag. Taking A2L4S1 as an example, A2 indicates that the initial acid
concentration for the preparation of this hybrid material is 2
mol·L− 1, and L4S1 indicates that this hybrid material was fabri-
cated through the combination of limestone and steel slag at a
ratio of 4:1. The CO2 sorption and hydrogen production perfor-
mance of the newly synthesized sorbents was evaluated by taking
commercially available calcium oxide (CaO) as a benchmark.

2.2. Characterization of steel slag-derived hybrid material

The main elemental composition of steel slag-derived hybrid
material was determined by X-ray fluorescence spectrometer
(XRF, Axios, PANalytical, USA). This is to determine the elemental
compositions of various steel slag-based composite materials so as
to facilitate the subsequent analysis of the relationship between
performance and elemental proportions.

The phase composition and crystal phase structure were tested
by X-ray diffractometer (XRD, D8 Advance, Bruker Corporation,
Germany) using Cu Kα (40 kA, 100 mA) radiation, scanning rate of 8
(◦)·min− 1 and sample scanning range (2θ) from 10◦ to 90◦. The
grain size of CaO at 37◦ (200) crystal plane was calculated by the
Scherrer equation (results in Table 3). The XRD test is used to
determine the phases formed in the composite materials, calculate
the grain size of CaO. These information could ascertain whether

the steel slag has effectively participated in the reaction, and
determine how different preparation methods affect the com-
posite materials.

The NOVA NanoSEM 450 field emission scanning electron mi-
croscope by FEI Company (USA) was used to observe the micro-
scopic surface morphologies of fresh and used steel slag-derived
hybrid material. Meanwhile, an X-ray energy dispersive
spectrometer-Mapping (EDS-Mapping) was used to analyze ma-
terial elements simultaneously to explore the relationship be-
tween microscopic surface morphologies and hybrid material
performance. As the electrical conductivity is poor, the samples
were coated with gold by sputtering before observation. This step
involves analyzing the relationship between the performance of
the composite materials, the differences in their microscopic
morphologies and the uniformity of element distribution.

The AS-1-MP-11 fully automatic physical sorption instrument
by Quantachrome Instruments (USA) was used to conduct N2
physical sorption tests on steel slag-derived hybrid material. The
specific surface area, pore size and pore volume arrangement of
synthesized materials were determined by BET surface area anal-
ysis and BJH pore size distribution. Before the N2 sorption test,
samples were degassed at 300 ◦C for at least 3 h to remove water
and other gaseous impurities sorbed during preparation and
storage. The BET test is mainly aimed at quantifying the textual
property, such as surface area, pore volume, pore size and size
distribution.

2.3. Cycle CO2 capture experiment

The thermogravimetric analyzer (TGA, Netzsch STA449F5,
Germany) was employed to evaluate the CO2 sorption capacity
and cyclic stability of steel slag-derived hybrid material under
mild and severe conditions. To facilitate the comparison and
evaluation of the performance of different sorbents, a commonly
used standard test condition was selected: For the mild test
condition, a sample weighing (5 ± 1) mg was positioned in a
quartz crucible. Subsequently, the sample was heated to the
calcination temperature of 850 ◦C in a pure nitrogen atmosphere
and held for 10 min to remove impurities formed during storage.
After calcination, the temperature was chilled to the carbonation
temperature of 650 ◦C in a pure nitrogen atmosphere. Once the
temperature reached 650 ◦C, the gas was switched to 15% (vol)
CO2 (balanced with N2) and maintained for 30 min. After the
carbonation reaction, the sample was heated back to the calci-
nation temperature of 850 ◦C in pure nitrogen and held for 30 s.
Then, the next cycle commenced. The total gas flow rate was fixed
at 100 ml·min− 1, with heating and cooling rates controlled at 20
◦C·min− 1 during the experiment.

Under the severe conditions, after the first calcination process,
the sample was cooled to the carbonation temperature of 650 ◦C at
a speed of 20 ◦C·min− 1 in a pure nitrogen atmosphere. As soon as
the temperature reached 650 ◦C, the atmosphere was changed to
15% (vol) CO2 (balanced with N2) and maintained for 5 min. After
the carbonation reaction, the sample was heated to 950 ◦C at 30
◦C·min− 1 in an atmosphere of 90% (vol) CO2 (balanced with N2)
and calcined for 30 s before starting the next cycle. In the course of
the experiment, the total gas flow rate was also kept at 100
ml·min− 1.

The CO2 sorption performance of steel slag-derived hybrid
material is assessed by the following five defined indicators: (1)
CO2 sorption capacity (the mass of CO2 sorbed per unit mass of
hybrid material, denoted as Ci, in units of g·g− 1); (2) CaO conver-
sion rate (the percentage of the CaO active component in the
hybrid material that is carbonated, represented as Xi, %); (3) total
CO2 sorption amount in 30 cycles (the total amount of CO2 sorbed

Table 1
The elemental composition of steel slag and limestone raw materials (%, mass).

Sample Composition

CaO Fe2O3 SiO2 Al2O3 MgO MnO Others

Steel 14.38 38.16 24.18 4.52 3.16 2.84 12.76
Limits of error ±8.31 ±3.73 ±7.36 ±3.16 ±1.82 ±0.52 ±2.37
Limestone 87.54 0.71 4.21 0.41 6.39 0.16 0.58
Limits of error ±4.32 ±0.17 ±1.36 ±0.28 ±1.03 ±0.27 ±0.16
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by unit mass of hybrid material within 30 cycles, designated as CT,
in units of g·g− 1); (4) average deactivation rate per cycle (κDR, in
units of g·g− 1); (5) theoretical cycle number (Nthr, in cycles).

Ci =
mmax;i − mmin;i

m0
(1)

Xi=
Ci ×MCaO
η ×MCO2

× 100% (2)

CT =
∑30

i=1

Ci (3)

κDR =
Cmax;n′ − C30

30 − n′ (4)

Nthr =
Cmax;n′

DR
(5)

In Eqs. (1)—(5), mmax,i denotes the mass of the hybrid material
subsequent to the ith cyclic carbonation reaction, and mmin,i de-
notes the mass of the hybrid material prior to the ith cyclic
carbonation reaction. m0 is the initial mass of the hybrid material.
The molar masses of CaO and CO2 are denoted by MCaO and MCO2
respectively. η indicates the mass fraction of CaO in the hybrid
material. Shows the maximum sorption capacity of CO2 within 30
cycles, with n' being the corresponding cycle number. A lower κDR

value combined with a higher Nthr value implies superior anti-
sintering performance of the hybrid material

2.4. Hydrogen production experiment

Sorption-enhanced hydrogen production experiments were
carried out in a downstream quartz tube fixed-bed reactor (24 mm
inner diameter, 1000 mm long), which is shown schematically in
Fig. 2. The setup can be divided into six main parts: gas feeding
system, the steam feed system, reaction system, cooling device
and product collection system. The gas feeding system is made up
of a high-pressure cylinder and a gas mass flow controller; the
steam feed system consists of a single-channel micro syringe
pump and a preheater; the reaction system includes a two-end
high-temperature resistance furnace, a temperature controller
and a quartz tube with a pusher at the top and a mesh in the
middle; the cooling device consists of a condensation tube and a
low-temperature coolant circulating pump; the product collection
system collects the syngas through a gas bag, and gas products
were analyzed using gas chromatography (GC). In order to further
analyze the roles of various components, a blank group, a steel slag
group, a commercial CaO group, and an Fe2O3 group were set up as
controls. The gasification temperature and the reaction tempera-
ture are selected to be 600 ◦C [46]. The specific operation steps of
the experiment are as follows:

(a) Firstly, place 0.5 g of pine wood shaving in the iron mesh at
the bottom of the push rod and position the push rod at the

Table 2
Synthesis parameters of nine steel slag-derived hybrid material.

Sample Factor

Limestone/g Steel slag/g Concentration of acetic acid/mol·L− 1 Ratio of solid to liquid/ml·g− 1 Temperature/◦C Time of acid leaching/min

A2L4S1 4 1 2 1:30 45 45
A2L3S2 3 2 2 1:30 45 45
A2L1S4 1 4 2 1:30 45 45
A4L4S1 4 1 4 1:30 45 45
A4L3S2 3 2 4 1:30 45 45
A4L1S4 1 4 4 1:30 45 45
A6L4S1 4 1 6 1:30 45 45
A6L3S2 3 2 6 1:30 45 45
A6L1S4 1 4 6 1:30 45 45

Fig. 1. Flowchart of sample preparation.
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uppermost end. Place 0.5 g hybrid material on the quartz
wool at the bottom. Then, lay a layer of quartz wool on top of
the catalyst.

(b) Secondly, introduce nitrogen (N2) at a flow rate of 100
ml·min− 1. The lower portion of the reactor is heated from
room temperature up to 850 ◦C at a rate of 20 ◦C per minute,
and maintain this temperature for 30 min to remove the
impurities generated during the preparation and storage of
the integrated material. After the calcination was completed,
the type of gas was switched to 5% H2/95% N2, flowing at a
rate of 100 ml·min− 1. Then, the catalyst was reduced at 700
◦C for 30 min to ensure that all catalytic components were
reduced to metal states. Then, cool it down to 600 ◦C.

(c) Start heating the upper part of the reactor until it reaches 600
◦C. Then, turn on the micro-injection pump to vaporize pure
water witha1:1 steam-to-biomass (S/B,ml·g− 1) ratio through
a preheater at 180 ◦C and introduce it into the reactor at a
certain feed rate. Push the push rod to the center position of
the upper furnace. The reaction time is 10 min. After passing
through the condensation system and drying system at the
outlet of the reactor, the products are collected in gas bags.

(d) After the gas collection is completed, use a gas chromato-
graph (8860GC, Agilent, USA) to analyze the products in the
gas bags.

The gaseous products from sorption-enhanced biomass steam
reforming for hydrogen production were detected by gas chro-
matography, and the products were sufficiently dominated by CH4,
CO2, CO, and H2, and the various gaseous components in the
products were quantitatively analyzed by the volume concentra-
tion normalization method. In the biomass steam reforming pro-
cess enhanced by sorption, the concentration of each component
and the H2 yield were calculated by the following formula. The
concentration which pertains to each gas component (Pi):

Pi =
Ci

CH2
+ CCO2

+ CCO + CCH4

× 100% (6)

where i represents the four gas components CH4, CO2, CO and H2
and Ci denotes the volume concentration of each gas component in
the gas product.

In pine wood shaving gasification, following chemical reactions
take place.

Boudouard reaction:

C + CO2 ⇌ 2CO (7)

Water—gas reaction:

C + H2O ⇌ CO + H2 (8)

Methanation:

C+2H2⇌ CH4 (9)

Water-gas shift reaction (WGS):

CO + H2O ⇌ CO2+H2 (10)

Steam-methane-reforming reaction:

CH4+H2O ⇌ CO+3H2 (11)

Sorption reaction:

CaO + CO2 ⇌ CaCO3 (12)

3. Results and Discussion

3.1. Characteristics of main elements in the steel slag-derived
hybrid material

Table 4 shows the composition of the nine prepared steel slag-
derived hybrid material. Since calcium oxide is the main compo-
nent of CO2 sorption, the fraction of CaO has an important

Fig. 2. Experimental device for enhancing hydrogen production from biomass steam reforming.
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influence on the capability of hybrid materials. The effect of mixing
ratio on the CaO fraction is extremely obvious, with the increase of
steel slag, the CaO fraction decreases significantly, and the fraction
of Fe2O3, Al2O3 and SiO2 increased significantly. There are some
inert metal oxides (such as Al2O3) in hybrid material. Following
calcination, they can supply a supporting structure to stop the
deactivation of active component CaO and significantly improve
the cycle stability of the sorbent [47]. The CaO content of the six
samples with doping ratios of 4:1 and 3:2 in the prepared hybrid
materials is higher than 50%, and the highest content of the three
hybrid materials of L1S4 series is only 35.67%. The initial acid
concentration has little effect on the hybrid material composition.
High concentration of acid can leach more Ca, but the other metal
elements in steel slag will also be leached, which leads to the
insignificant change of overall percentage of Ca. In addition to the
Ca element, the elements that are significantly affected by the
initial acid concentration are Fe and Si. The content of Fe element
in the samples of A4 series and A6 series is not very different, but
both are much higher than the samples of A2 series.

As the concentration of acetic acid solution increases, the H+

concentration also increases accordingly, which simultaneously
increased the limestone and steel slag solubility in the liquid
phase. Despite the increase in calcium leaching, the simultaneous
increase in the leaching of other elements from the steel slag
resulted in an insignificant increase in the calcium content of the
hybrid material. In conclusion, a high acid concentration has a
relatively limited influence on the sorption capacity and will
additionally increase costs. On the other hand, an excessively low
acid concentration will lead to a decrease in production yield.
Therefore, it is of great significance to further explore how to
control the acid concentration and doping ratio properly to ensure
that the composite material can maintain a high calcium content
while also possessing a sufficiently high proportion of inert
components.

3.2. The CO2 sorption performance of steel slag-derived hybrid
materials

Under mild testing circumstances, the influences of various
doping ratios on the cyclic CO2 sorption capability and the conver-
sion rate of CaO in steel slag-derived hybrid materials were explored.
The outcomes are presented in Fig. 3. The CO2 sorption capacity of
commercially available CaO rapidly dropped from 0.293 g·g− 1 in the
initial cycle to 0.078 g·g− 1 after the 30th cycle. This corresponds to a
reduction in CaO conversion from 66.65% to 17.62%. The agglomer-
ation and sintering of CaO particles during high-temperature calci-
nation lead to this decline, resulting in substantial pore collapse and
a loss of specific surface area. Compared to commercial calcium

oxide, the CO2 sorption capacity of the steel slag-based composite
(mixed) material did not show a significant advantage during the
initial cycle phase. However, the hybrid materials maintained a
relatively high sorption capacity over multiple cycles, demonstrating
improved cyclic stability. With an increase in steel slag content, the
stability of the hybrid material exhibited an increasing trend,
following the order of L4S1 series > L3S2 series > L1S4 series. Among
these, A2L4S1 demonstrated the highest total sorption capacity over
30 cycles. Nevertheless, it experienced rapid deactivation within the
first 10 cycles, with the CaO conversion rate declining from 58.91% in
the initial cycle to 43% after the 10th cycle. This behavior was
attributed to the insufficient steel slag content to stabilize the skel-
etal structure of CaO. After 30 cycles, the L1S4 series sorbent
exhibited the best anti-sintering performance but the lowest CO2
sorption capacity. For example, A6L1S4 retained approximately
0.020 g·g− 1 loss in capacity after 30 cycles and achieved a 72.78%
CaO conversion rate. This enhanced performance was attributed to
the higher steel slag content, which improved sintering resistance
and suppressed the agglomeration of CaO particles. The addition of
higher steel slag contents provided structural stability, thereby
inhibiting CaO sintering. The insets in Fig. 3 illustrate the total CO2
sorption capacity per gram of steel slag-derived hybrid material over
30 cycles. The hybrid materials followed the descending order:
A2L4S1 > A4L3S2 > A4L4S1 > A6L4S1 > A2L3S2 > A6L3S2 > CaO > A2L1S4
> A4L1S4 > A6L1S4. Notably, blending with a high content of steel slag
significantly enhanced the cyclic durability of the hybrid material.
However, this improvement was accompanied by a reduction in CaO
content, which limited the theoretical CO2 sorption capacity of the
material. Conversely, in the absence of or with minimal incorpora-
tion of steel slag, while the theoretical CO2 sorption capacity is
retained, the resistance to sintering of the CaO-based hybrid material
is attenuated. Consequently, the CO2 sorption capacity undergoes a
swift decline as the cycles progress. This trade-off explains why
materials like A4L4S1, A6L4S1, and commercial CaO, which have a
higher CaO content, fail to achieve the desired cumulative CO2
sorption capacity over multiple cycles. In contrast, A2L4S1, with its
highest theoretical CO2 sorption capacity (0.639 g·g− 1) among the
nine hybrid materials, sorbed the largest amount of CO2 (4.43 g·g− 1)
over 30 cycles. Additionally, A4L3S2 achieved the second-highest total
CO2 sorption capacity (4.14 g·g− 1), attributed to its balanced
elemental distribution, which conferred both high sorption capacity
and stability.

For a more comprehensive evaluation of the cyclic CO2 sorption
performance exhibited by the steel slag-derived hybrid materials,
the average deactivation rate (κDR) and the theoretical number of
cycles (Nthr) were computed. The corresponding results are
depicted in Fig. 4. Commercial CaO demonstrated the highest κDR
(0.0072) and the lowest Nthr (40.78), mainly due to sintering ef-
fects. The average deactivation rate of the hybrid materials
decreased with increasing steel slag content, which was attributed
to enhanced physical segregation that effectively inhibited sin-
tering [48]. Among the hybrid materials, those synthesized with an
initial acid concentration of A6 demonstrated lower κDR and higher
Nthr values compared to the A2 and A4 series, indicating superior
stability over 30 cycles. Notably, A4L3S2 displayed significant ad-
vantages in both κDR and Nthr values among the hybrid materials
with the same doping ratios, further confirming its excellent
sorption performance. In conclusion, higher doping ratios and acid
concentrations significantly increased the inert metal fraction in
the hybrid materials. Among these factors, the influence of doping
ratios was particularly pronounced, contributing to the improved
stability of the steel slag-derived hybrid materials. This conclusion
aligns with the compositional analysis of the steel slag-derived
materials. As shown in Fig. 4, A2L4S1 and A4L3S2 were identified
as the preferred hybrid materials for subsequent tests under

Table 3
The BET surface area, BJH pore volume and CaO grain size of steel slag derived
hybrid material.

Sample Fresh Used

BET
surface
area
/m2·g− 1

Pore
volume
/cm3·g− 1

Crystalline
size of CaO
/nm

BET
surface
area
/m2·g− 1

Pore
volume
/cm3·g− 1

Crystalline
size of CaO
/nm

A2L4S1 9.1 0.054 47.3 3.2 0.019 >100
A2L3S2 6.3 0.039 63.1 3.4 0.021 >100
A2L1S4 3.8 0.031 75.8 2.4 0.020 >100
A4L4S1 9.8 0.058 53.8 3.7 0.022 >100
A4L3S2 9.2 0.050 65.3 5.2 0.036 >100
A4L1S4 4.2 0.038 83.1 2.7 0.024 >100
A6L4S1 11.5 0.105 59.6 5.5 0.050 >100
A6L3S2 10.1 0.093 75.0 4.9 0.045 >100
A6L1S4 4.8 0.051 90.7 3.3 0.035 >100

Z. Zhang et al. / Chinese Journal of Chemical Engineering 88 (2025) 108—123 113



severe sorption conditions and biomass reforming experiments,
due to their outstanding behavior in the 30-cycle tests.

The 30-cycle CO2 capture behavior of the high-performance
hybrid materials (A2L4S1 and A4L3S2), along with the hybrid
material exhibiting the best stability (A6L1S4), was studied under
stringent test conditions. These test conditions involved regen-
erating the used materials through calcination at high temper-
atures under CO2-rich conditions. As illustrated in Fig. 5, given
that the carbonation and initial calcination conditions under
severe circumstances were equivalent to those in mild settings,
the hybrid materials exhibited nearly the same CO2 sorption
capacity during the first cycle as that witnessed under milder
conditions.

However, the first carbonation reaction CO2 sorption capacity
of the selected preferred hybrid materials declined rapidly from
the second cycle due to the harsh calcination conditions, char-
acterized by a higher CO2 concentration of 90 vol% and elevated
temperature (950 ◦C). As depicted in Fig. 5(a), the sorption ca-
pacity of CO2 for commercial CaO dropped significantly from
0.264 g·g− 1 in the first cycle to 0.0683 g·g− 1 by the 30th cycle. In
comparison with milder conditions, the accelerated deactivation
witnessed under severe conditions was predominantly ascribed
to the intensified sintering and agglomeration of CaO particles. In
contrast, the hybrid materials, doped with steel slag, exhibited a
marked improvement in their resistance to deactivation under
the severe conditions. Among them, A4L3S2 demonstrated the
best resistance to sintering, retaining the highest CO2 sorption
capacity (0.114 g·g− 1) during the 30th cycle, which was attributed
to its superior stability. The materials’ total CO2 capture amount
over 30 cycles exhibited a descending order.:
A4L3S2 > A2L4S1 > CaO > A6L1S4. Notably, A4L3S2 demonstrated
the most superior overall sorption capacity and durability under
severe conditions over 30 cycles (3.81 g·g− 1), which was likely
due to its optimized CaO content and material composition.

Considering both the total amount of CO2 captured and cyclic
stability, among the materials examined over 30 cycles under
severe conditions, A4L3S2 showed the optimal CO2 capture
performance.

3.3. The sorption kinetic analysis of steel slag-derived hybrid
materials

An optimal CaO-based sorbent should own a fast CO2 sorption
rate in addition to having a good CO2 sorption performance and
outstanding stability during cycling. Since the CaO's CO2 sorption
capacity is mainly attained during the quick reaction stage, it is
more appropriate to concentrate on the rate of CO2 sorption at this
stage. Figs. 6 and 7 present the CO2 uptake and sorption rate versus
time for both commercial CaO and steel slag-derived hybrid ma-
terials, comparing the results from the first and final cycles under
mild conditions. The sorption rate was determined by monitoring
the mass change of the sorbent using thermogravimetric analysis
(TGA). The mass variation of the sorbent was recorded as a func-
tion of time (t), and the sorption rate was calculated by taking the
first derivative of the mass change with respect to time (dm/dt).
This approach provides a direct and quantitative measure of the
sorption kinetics, allowing for the evaluation of the sorbent's
performance under specific conditions.

The carbonation of CaO occurs in two clearly distinguishable
stages: a rapid reaction phase occurring in the first minute. The
reaction is characterized in such a way that there is a high reaction
rate first, and Then a slower phase with a much lower rate follows,
which is governed by the diffusion of CO2 through the layer of
calcium carbonate product. The nine steel slag-derived hybrid
materials all exhibited higher sorption rates than that of the
commercial CaO. The peak sorption rate of the CO2 hybrid mate-
rials appeared significantly earlier (~0.75 min) than that of the
commercial CaO (~1.0 min), and this rapid sorption capability is

Fig. 3. CO2 capture capability of commercial CaO and prepared nine steel slag-derived hybrid materials over 30 cycles under mild conditions: 15% CO2/85% N2 at a temperature of
650 ◦C lasting for 5 min; calcination: 100% N2 with 850 ◦C for 30 s). A2 Series (a) and (d), A4 Series (b) and (e) and A6 Series (c) and (f).
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Fig. 4. Comparison of deactivation rates and theoretical cycle numbers between commercial CaO and steel slag-derived hybrid materials: (a) deactivation rates and theoretical
cycle numbers of commercial CaO and steel slag-derived hybrid materials; (b), (c), and (d) CO2 sorption performance over 30 cycles for three types of hybrid materials: CaO,
A2L4S1, and A4L3S2, respectively.

Fig. 5. The selected hybrid materials under severe conditions, the CO2 uptake (a) and the total CO2 uptake within 30 cycles (b).
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more favorable for its use in fluidized bed reactors with reduced
residence times. Meanwhile, after acid leaching, more pores and
CO2 sorption sites appeared in the hybrid material, both of which
were more favorable for the rapid reaction between CaO and CO2.
In the first cycle, CO2 sorption rate showed the following trends:
under the condition of constant initial acid concentration: L4S1
Series > L3S2 Series > L1S4 Series; under the condition of constant
doping ratio: A6 Series > A4 Series > A2 Series. The influence of
doping ratio on the sorption rate was more pronounced.

The sorption rate of commercial CaO dropped markedly in the
final cycle, showing a 17.5% decrease in the peak sorption rate after
30 cycles. The severe agglomeration of CaO particles in commercial
CaO after multiple cycles can be the reason for this (Fig. 7), and the
nine steel slag-derived hybrid materials showed more obvious ad-
vantages, with excellent anti-sintering properties to ensure their
sorption rates. Among them, the peak sorption rate of A6L1S4 hybrid
material only decreased by 13% between the first and the last cycle,
which was attributed to the excellent sintering inhibition ability.

3.4. Analysis on the properties and structure-activity relationship
of hybrid materials

3.4.1. XRD analysis
Fig. 8 is the XRD analysis of the nine fresh steel slag-derived

hybrid materials. The main physical phase is CaO. The presence
of calcium hydroxide components is mainly because the moisture
in the air converted CaO to calcium hydroxide during storage. The
main factor affecting the physical phase was the acid concentra-
tion. The main inert components of the six hybrid materials pre-
pared under the conditions of A2 and A4 were Fe2O3 and to a lesser
extent Ca2Fe2O5, and the Tammann temperatures (the tempera-
ture at which atoms move) of these two components (Fe2O3-
919 ◦C [49], Ca2Fe2O5-912 ◦C [39]), were higher than those of
CaCO3 and the carbonation/calcination temperature. Ca2Fe2O5 has
been extensively reported in the literature as an effective stabilizer

[50,51]. Its structure, characterized by a high concentration of
oxygen vacancies, significantly reduces the diffusion resistance of
O2− ions [39]. This property facilitates the diffusion of O2− both on
the surface and within the bulk of the material. During the CO2
absorption process, O2− ions react with CO2 to form an interme-
diate product, CO3

2− . The existence of oxygen vacancies promotes
this reaction, thereby promoting the absorption of CO2. Notably,
under typical reaction temperatures used for enhanced biomass
reforming to produce hydrogen (e.g., 600 ◦C), Ca2Fe2O5 remains
stable and continues to play a catalytic role in promoting the
conversion of CO.

The three catalysts with an initial acid concentration of
6 mol·L− 1 were different. The main inert components became
CaSi2O5 (929 ◦C) and Ca2FeAlO5 (~900 ◦C) [52]. It has been
demonstrated that those (which refer to certain materials or
substances in context) with higher Tammann temperature
enhance the sintering resistance of calcium-cycled materials at
high temperatures. As shown in Table 3, the grain sizes of CaO at
the (2 0 0) phase was determined using Scherrer's equation. After
doping steel slag and acid treatment, the grain size of CaO de-
creases rapidly and shows a tendency to decrease with the in-
crease of the initial acid concentration, and increase with the
increase of the proportion of steel slag doping. This is because the
inert component, with a high Tammann temperature, introduced
by doping is uniformly dispersed within the CaO particles, forming
a physical barrier to effectively prevent their growth between the
CaO grains. The smaller CaO grain size enhances the exposure of
active sites, thereby improving the carbonation conversion.
Although other elements (e.g., Al, Mg, Mn, etc.) were present in the
XRF analysis, the samples contained more iron and less other el-
ements, which were not obviously detected in the XRD analysis.

3.4.2. BET analysis
The nine steel slag-derived hybrid materials were tested for N2

physical sorption and desorption. As for the specific surface area

Fig. 6. Under mild conditions, carbonation kinetics of commercial CaO and nine steel slag-derived hybrid materials during the first cycle: (a), (b), and (c) CO2 sorption rate of the
nine hybrid materials in the first 2 min, respectively; (d), (e), and (f) CO2 sorption capacities of the nine hybrid materials in the first 2 min, respectively.
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and pore volume, their results are displayed in Table 3. As the
initial acid concentration rises, the BET specific surface area and
BJH cumulative pore volume of the hybrid materials exhibit a
gradual increment. Additionally, their average pore size generally
shows an upward tendency along with the increase in the initial
acid concentration. In the study of Tian et al. [53], it was shown
that the amount and concentration of the added acetic acid
affected the characteristics of the pore structure of the materials,
and the pores of the materials are filled with a large number of
acetic acid molecules and water molecules under the high con-
centration of acetic acid addition. It can be known that in the case
of higher initial acid concentration, the steel slag derived hybrid
material precursor contains higher acetic acid molecules and wa-
ter molecules. After the hybrid material precursor has been
calcined at 850 ◦C, the pore-forming ability of the calcium-based
hybrid material is improved because more acetic acid and water
molecules would be volatilized by the heat. This process improved
the pore-forming ability of the hybrid material, so that the pore
structure of hybrid material can be improved.

The effect of slag doping ratio on porosity is opposite. With
more steel slag doping, metal elements are leached out in large
quantities and easily form compounds with Ca, such as Ca2Fe2O5,
which was proved to be an important bonding phase in sintered
ores of ironmaking. Ca2Fe2O5 can improve the strength and
reducibility of sintered ores, covering the surface of the hybrid
material, which enhances the stability but leads to the clogging of
some of the pore sizes [54]. The specific surface area and average
pore size of sample A2L1S4 were the lowest among the nine sam-
ples, which may be due to the low acid concentration and exces-
sive steel slag components in the preparation of sample A2L1S4. It
is worth mentioning that A4L3S2 has the specific BET surface area
(9.8 m2·g− 1) and pore volume (0.058 cm3·g− 1) that rank third
among the nine composites and CaO grain size of this material also
has obvious advantages (69.3 nm being the second smallest).
These data demonstrate that the material has abundant and high-

density surface-active sites, which endow it with excellent sorp-
tion capacity and sorption rate [55,56].

Their sorption and desorption isothermal curves were all
characterized by typical type IV isotherms (IUPAC classification)
and H3 hysteresis loops, indicating the presence of mesopores
in the hybrid material. As shown in Fig. 9(d)—(f), it is evident
that the pore sizes of the samples are mostly within the mes-
opore range. Only a small number of pores are in the macropore
region. Mesopores in greater quantity are beneficial for
capturing carbon dioxide. Additionally, an appropriate quantity
of macropores can effectively stabilize the structure of the
hybrid material by preventing pore blockage during the cyclic
tests. The coexistence of mesopores and macropores in the
hybrid material is of crucial significance for enhancing the ef-
ficiency of hydrogen production during the biomass steam
reforming process. Hence, this coexistence plays a vital role. The
mesopores facilitate the sorption and diffusion of reactants,
while the macropores help maintain structural integrity and
prevent pore blockage, ensuring sustained catalytic activity
throughout the process. This dual-porosity structure thus en-
hances the overall performance of the hybrid material in
hydrogen production. It is noteworthy that with the increase in
initial acid concentration, the sample is inclined to form larger
pore sizes. In particular, A2 and A4 generate more mesopores,
thereby widening their pore channels. This not only alleviates
the adverse impacts caused by the volume changes resulting
from calcium carbonate produced during the carbonation re-
action (for instance, pore blockage and covering of catalytic
active sites) but also is beneficial for the diffusion of CO2. The
pore size distribution of the A4L3S2 material is significantly
different from that of the other two materials synthesized with
4 mol·L− 1 acid. It has a richer mesoporous structure and the
pore sizes are generally larger. This further proves that it has a
larger specific surface area, which is also conducive to gas
diffusion and improves the sorption rate.

Fig. 7. Under mild conditions, Carbonation kinetics of commercial CaO and nine steel slag-derived hybrid materials during the final cycle: (a), (b), and (c) CO2 sorption rate of the
nine hybrid materials in the first 2 min, respectively; (d), (e), and (f) CO2 sorption capacities of the nine hybrid materials in the first 2 min, respectively.
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3.4.3. SEM analysis
As can be seen from the electron microscope images, the sur-

face of the hybrid material is rough and porous, which is very
different from commercial calcium oxide (Fig. 10(a)—(d)). After
testing under mild conditions, Fig. 10((e)—(h)) original small par-
ticles in the hybrid material were all agglomerated into one larger
particle due to sintering. Among them, commercial CaO had the
most severe particle agglomeration, leading to the loss of a large
number of pore channels. The steel slag doping significantly

mitigated the effect of sintering and kept most of the pore chan-
nels open. A4L3S2 performed well in terms of total sorption, partly
due to the fact that it possessed enough steel slag doping to form
more inert components with high Tammann temperatures, which
were able to prevent the growth of the CaO particles and restrain
their agglomeration, forming rigid barriers between the CaO
grains. High initial acid concentration, which tended to form the
inert components was also partially responsible for the improved
stability [57]. The agglomeration phenomenon of A2L4S1 and

Table 4
Composition of nine steel slag-derived hybrid materials (%, mass).

Sample Composition

CaO Fe2O3 SiO2 Al2O3 MgO MnO Others

A2L4S1 81.44 7.80 5.78 1.21 0.82 0.30 2.66
A2L3S2 75.14 11.53 6.65 1.21 1.08 0.48 3.91
A2L1S4 28.63 27.80 26.56 4.65 1.85 1.12 9.39
A4L4S1 77.42 9.60 6.81 1.35 1.00 0.41 3.41
A4L3S2 60.24 29.27 1.03 0.84 0.76 1.13 6.73
A4L1S4 33.28 33.05 16.64 3.31 2.18 1.31 10.23
A6L4S1 77.57 10.77 6.19 1.32 0.51 0.40 3.24
A6L3S2 54.06 31.92 4.91 1.01 0.63 1.08 6.38
A6L1S4 35.67 34.88 11.67 2.83 2.27 1.41 11.28

Fig. 8. X-ray diffraction patterns of steel slag-derived hybrid materials. (a) A2 series; (b) A4 series; (c) A6 series.
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A4L3S2 after sorption was significantly improved compared to that
of CaO, and A2L4S1 and A4L3S2 still have better fluffy structure and
pores, which further affirms the stability of them. After the sorbent
was tested under harsh conditions (Fig. 10(i)—(l)), the

agglomeration of particles was significantly more severe than that
after the test under mild conditions, resulting in the loss of a large
number of pores. This also explains the reason for the rapid
deactivation of the sorbent under harsh conditions.

Fig. 10. SEM images of steel slag-derived hybrid materials: before use (a—d); after 30 cycles under mild testing conditions (e—h); after 30 cycles under severe testing conditions
(i—l): (a), (e) and (i) for CaO; (b), (f) and (j) for A2L4S1; (c), (g) and (k) for A4L3S2; (d), (h) and(l) for A6L1S4.

Fig. 9. N2 physis-sorption isotherms (a—c) and pore size distributions (d—f) of steel slag-derived hybrid materials.
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Fig. 11. SEM-EDS Mapping of calcium (b and f), iron (c and g) and oxygen (d and h)composition in fresh and used A4L3S2 hybrid materials: (a)—(d) for fresh A4L3S2 hybrid
materials; (e)—(h) for A4L3S2 hybrid materials after 30 cycles under mild testing conditions.

Table 5
Outcomes of the proximate and ultimate analysis on pine wood shaving (%, mass).

Proximate analysis① Ultimate analysis②

Volatile matter 83.62 ±2.28 C 48.53 ±0.17
Moisture 4.61 ±1.13 H 7.66 ±0.56
Fixed carbon 10.83 ±2.98 O 43.67 ±1.24
Ash 0.94 ±0.36 N 0.14 ±0.03

① As received condition.
② Dry and ash-free condition.

Fig. 12. The effect of hydrogen production by sorption-enhanced biomass steam reforming: Gas concentration (a—c) and yield (d—f) for control group and fresh preferred steel
slag-derived hybrid materials; (a) and (d) the control group: S0, without adding any materials; CaO, commercial CaO; SS, steel slag; Fe2O3, commercial AR Fe2O3.; (b) and (e) fresh
hybrid materials; (c) and (f) used hybrid materials.
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EDS mapping (Fig. 11) shows that Ca, Fe and O elements are
uniformly distributed on the surface of A4L3S2 samples. This in-
dicates that the hybrid materials, catalysts, stabilizers and other
components in the material form a good mixing state at the
nanoscale, which is conducive to the synergistic effect between
the components and jointly promote the performance of the ma-
terial. It is clearly observable from the figure that after 30 cycles,
most of the aggregated Ca forms small particles, which further
proves that the doping of steel slag is effective in preventing the
aggregation of calcium oxide particles.

3.5. Analysis of hydrogen production results

The biomass used in the experiment is pine wood shaving. The
results of proximate and ultimate analysis of pine sawdust are
shown in Table 5.

Fig. 12 illustrates the effects of the fresh steel slag-derived
hybrid materials and the steel slag-derived hybrid materials af-
ter 30-cycles of CO2 sorption on sorption-enhanced pine wood
shaving steam reforming. As can be seen, the hydrogen purity in
the production of the blank group of S0 is the lowest. This is
mainly because the reforming reaction is difficult to proceed
completely without the presence of a catalyst. The hydrogen
purity of the group with CaO is significantly higher than that of
the blank group. However, without the assistance of a catalyst, it
doesn't have an obvious advantage in terms of hydrogen purity.
Steel slag has a little sorption ability and catalytic ability, so it
performs relatively well in hydrogen production. But the sorption
ability of the raw steel slag without treatment is weak, and it
cannot sorb a sufficient amount of CO2 quickly during the pro-
cess, resulting in a relatively high concentration of CO2 (21.07%)
remaining in the syngas. Therefore, it is unable to push the WGS
reaction thoroughly in the forward direction. Fe2O3 is one of the
typical catalysts for the reforming reaction. Therefore, it can
significantly increase the hydrogen concentration in the re-
actants and has a remarkable catalytic effect. In addition, it can be
observed that the methane content in the CaO group is relatively
high. This is because the sorption of CO2 by CaO promotes the
WGS reaction, resulting in the production of more hydrogen.
However, it also promotes the methanation reaction, which is
why the increase in the content of H2 is not significant. In
contrast, the methane content in both the SS group and the Fe2O3
group is relatively low. This is due to the fact that they act as
catalysts, facilitating the breaking of the chemical bonds in CH4.
This explanation accounts for the obvious improvement in the
purity of H2 in these two groups. It can be clearly seen that the
addition of the hybrid materials has led to a significant
improvement in both the purity and yield of hydrogen. Fresh
A2L4S1 showed the most excellent CO2 sorption performance in
the hydrogen production part, significantly and reducing the CO2
content in the syngas to only 7.2% and the CO2 yield is
0.12 mmol·g− 1·g− 1·min− 1, which is consistent with the results of
the previous CO2 sorption experiments. Fresh A4L3S2 showed a
slightly lower CO2 sorption performance but achieved approxi-
mately 74.57% hydrogen purity and the highest hydrogen yield
(0.818 mmol g− 1·g− 1·min− 1), making it the best among the three

hybrid materials. Additionally, the CO content in the syngas was
observed to be relatively low, attributed to its good catalytic and
CO2 sorption capacities, with only 10.89% CO2 content. This
facilitated the WGS reaction, achieving a high CO conversion rate
[58]. These results further confirm the optimal combination of
active component CaO and catalytic component Fe in A4L3S2.
Although fresh A6S1L4 performed poorly in the CO2 sorption ex-
periments, the presence of a substantial amount of Fe as a cata-
lytic component still enabled the syngas to achieve a hydrogen
purity of 70.12%.

As shown in Fig. 12(c) and (d), the hydrogen production
enhancing effect of the three hybrid materials declined to some
extent after 30 cycles of CO2 sorption. However, the hydrogen
purity and yield of hydrogen in the syngas remained at a relatively
high level. An increase in CO and CO2 content in the syngas was
observed for all three hybrid materials. This can be attributed to
sintering of the hybrid materials, which led to a reduction in active
sorption sites and catalytic sites within the materials. Conse-
quently, the CO2 sorption capacity of the materials decreased,
hindering the timely removal of CO2 from the reaction gases and
weakening the enhancement effect of the reaction [59]. Moreover,
it can be seen from Fig. 11(g) that the Fe element shows relatively
concentrated aggregation, which indicates that its sintering is
rather serious. This will lead to the reduction of catalytic perfor-
mance and also explains the decline in the hydrogen production
purity and hydrogen yield of the materials after 30 cycles.

Table 6 shows the properties of three hybrid materials. Due to
the extremely obvious attenuation of its maximum sorption ca-
pacity during 30 cycles, CaO has insufficient sorption capacity for
long-term cycling. Moreover, because it has no catalytic ability for
the reforming reaction, the purity and yield of the obtained
hydrogen are both low. The A2L4S1 material has the best CO2
sorption capacity. And since it contains only a small amount of
Fe2O3 as a catalyst, the hydrogen production effect is significantly
improved compared with CaO. The A4L3S2 material performs well
in both CO2 sorption capacity and hydrogen production, and its
cycling stability is significantly higher than that of A2L4S1. By
observing the data of the A6L1S4 material, it can be seen that
although its total sorption capacity is 2.78 g·g− 1, which is rela-
tively low among the four materials, the maximum capacity
attenuation rate after 30 cycles is only 8.68%, showing a significant
advantage in cyclic stability.

In comparison, CaO is at a disadvantage in terms of cyclic sta-
bility and hydrogen production ability; A2L4S1 has the core
advantage of sorption capacity, and its hydrogen production effect
has showed a breakthrough compared with CaO; A4L3S2 achieved a
better balance among sorption, hydrogen production, and cyclic
stability; A6L1S4 relies on outstanding cyclic stability. Therefore, it
can be concluded that when synthesizing the sample, retaining at
least more than 60% of the CaO component is the key to ensuring
the sorption capacity. Meanwhile, a certain amount (20% to 30%) of
Fe2O3 should be doped to act as an inert component and a catalytic
component.

In addition, the initial acid concentration for preparing the
material should not be too high (≥6 mol·L− 1 for acetic acid). On
the one hand, it will cause excessive dissolution of irrelevant

Table 6
Performance summary and comparison of three hybrid materials.

Sample Total adsorption capacity in 30 cycles/g·g− 1 Maximum capacity attenuation after 30 cycles/% Hydrogen purity/% Hydrogen yield/mmol· g− 1·g− 1·min− 1

CaO 3.67 72.41 45.58 0.26
A2L4S1 4.44 37.09 73.42 0.71
A4L3S2 4.14 21.87 74.57 0.82
A6L1S4 2.78 8.68 70.12 0.75
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components from the steel slag. On the other hand, it would leach
out more CaO to combine with metal components, resulting in
poor CO2 sorption capacity.

4. Conclusions

This study successfully synthesized a catalyst-sorbent hybrid
functional material using steel slag and limestone and demon-
strated its excellent performance in multi-cycle CO2 sorption ex-
periments and the enhancement of pine wood shaving gasification
for hydrogen production. The experiments showed that the hybrid
material exhibited outstanding calcium conversion and anti-
sintering properties, significantly outperforming commercial
CaO. Among them, A4L3S2 achieved a total CO2 sorption capacity of
4.14 g·g− 1 under mild conditions across 30 cycles, with CO2
sorption capacity only decreasing to 3.81 g·g− 1 after 30 cycles. In
hydrogen production experiments, the steel slag-based materials
significantly increased H2 purity. For instance, A4L3S2 achieved an
H2 purity of 74.57% and yield of 0.818 mmol·g− 1·g− 1·min− 1 while
reducing CO2 concentration to 10.89% in first 10 min. The mate-
rial's porous structure and anti-sintering properties ensured long-
term stability. Microscopic analysis revealed that inert compo-
nents (Fe2O3/Ca2Fe2O5, etc.) effectively prevented particle aggre-
gation and pore collapse at high temperatures. This study not only
provides a new pathway for the resource utilization of steel slag
but also reduces the cost of catalyst-sorbent materials, paving the
way for industrial applications of biomass gasification hydrogen
production. Relying on the low-cost steel slag, this material has
both high sorption stability and anti-sintering properties. After
being applied in the process of enhanced sorption biomass
reforming to produce hydrogen, the sorbent that has lost its ac-
tivity after multi-cycles, can be directly recycled as a raw material
back to the blast furnace or converter for steelmaking, forming a
closed loop of “solid waste resource utilization - enhanced sorp-
tion biomass reforming — waste recycling”. This provides an
industrial-grade “low-cost, easy-to-promote, zero-waste” scalable
path for CO2 capture and hydrogen production.
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