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Abstract: Biomass chemical looping pyrolysis (BCLPy), which utilizes either reduced or oxidized oxygen carriers for 
biomass pyrolysis, enables the simultaneous production of high-quality bio-oils and clean syngas. In this study, CLPy 
of corn straws with a Ca-Fe composite oxygen carrier was investigated to produce value-added chemicals by optimizing 
both temperature and the mass ratio of oxygen carrier to biomass (OC/B). It has been demonstrated that the reduced 
Ca-Fe oxygen carrier (Re-OC) promotes hydrocarbon formation and facilitates removal of oxygenated compounds 
from bio-oils. Under optimal conditions (Re-OC/B = 4:3, T = 650 °C), the relative percentage of benzene, toluene and 
xylene (BTX) in the bio-oil reaches 27.0 area%, while that of 2-pentenone accounts for 38.0 area% at 550 °C with a Re-
OC/B mass ratio of 1:3. The maximum yield based on corn straws approaches 4.7 wt.%. Regarding the oxidized Ca-
Fe oxygen carrier (Ox-OC), the relative percentage of 2,3-dihydrobenzofuran (2,3-DHB) reaches a maximum value of 
11.6 area% at 600 °C with an Ox-OC/B mass ratio of 2:3. Under catalytic ketonization of Ca2Fe2O5 oxygen carrier, a 
maximum value of 28.0 area% is achieved with an Ox-OC/B mass ratio of 4:3 at 450 °C. In summary, BCLPy provides 
a completely new strategy for producing biomass-derived chemicals with added value.
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1. Introduction
Biomass is a crucial form of clean and renewable energy, playing a significant role in mitigating the energy crisis 

and addressing environmental pollution issues.1 Given China’s status as an agricultural country, it possesses a substantial 
theoretical resource potential of 977 million tons of straws by 2022. Moreover, corn, being a vital food crop with 
extensive cultivation areas and short growth cycles, results in approximately 340 million tons of corn straw waste due 
to open burning and random dumping. These unsustainable practices not only contribute to increasing greenhouse gas 
emissions but also exacerbate environmental problems while squandering valuable resources.2 Consequently, there has 
been growing attention towards the recycling and utilization of renewable resources derived from corn straw through 
advancements in biochemical technology and energy science.3

The conversion of biomass into biofuels, chemicals, and carbon materials through thermochemical and biochemical 
methods offers a significant resolution to energy and environmental challenges.4-6 Among thermochemical techniques, 
pyrolysis enables the simultaneous production of high-value products such as combustible gas, bio-oil, and bio-char. 
This facilitates the classified and staged utilization of biomass, representing a crucial research direction and hotspot 
for the high-value utilization of biomass.7-9 However, direct pyrolysis-derived bio-oil often faces challenges including 
complex composition, elevated oxygen content, heightened acidity, and limited stability. In order to enhance the quality 
of pyrolysis products, in-situ upgrading methods such as catalytic pyrolysis, hydropyrolysis, and co-pyrolysis are 
proposed along with ex-situ upgrading method, i.e. catalytic deoxygenation of the generated bio-oils.10-12

Catalytic pyrolysis not only enables the generation of biofuel with high calorific value such as clean gas, 
biodiesel, and jet-fuel, but also facilitates the production of value-added chemicals, including L-glucosone, acetone, 
hydroxymethylfurfural, phenols, and aromatic hydrocarbons.13-20 Many of these compounds are challenging to 
synthesize using conventional chemical methods. Reported catalysts for biomass pyrolysis encompass metal oxides 
and molecular sieves, including ZrO2, Al2O3, CaO, CeO2 and ZSM-5.21-25 Chaihad et al. reported that catalytic HZSM-5 
molecular sieve-assisted pyrolysis significantly reduces oxygen-containing compounds (e.g., ketones phenols acids) in 
bio-oil.26 Che et al observed higher benzene, toluene and xylene (BTX) yields in products using Zn-modified zeolite.27 
Li et al. investigated co-catalytic pyrolysis of low-density polyethylene and cellulose and found that when their mass 
ratio was 1:4, actual aromatics yield increased by 39.3% compared to theoretical values.28 However, challenges persist 
regarding carbon loss, hydrogen consumption, and catalyst inactivation which reduce the atom economy of carbon/
hydrogen utilization and limit catalyst recycling.

In order to address the aforementioned issues, Liu et al. proposed a novel biomass pyrolysis method called 
chemical looping pyrolysis (CLPy), which utilizes an oxygen carrier to decouple biomass thermal conversion into a 
two-stage reaction at different temperatures.29-30 Two schemes can be employed to implement this method, i.e. catalytic 
pyrolysis using reduced oxygen carriers and oxidized oxygen carriers, respectively. He et al. synthesized six types of 
iron-based oxygen carriers by incorporating alkaline earth metals (Ca, Sr, Ba) and transition metals (Co, Ni, Cu) as 
secondary components respectively.31 Experimental investigations on corn stalk biomass demonstrated that these six 
reduced oxygen carriers significantly reduce the content of oxygen compounds in bio-oil while promoting the formation 
of hydrocarbons. In the presence of Ca-Fe oxygen carrier, the content of carboxylic acid compounds notably decreases 
from 29.4 area% to 0.3 area%, while CO yield reaches 330 L/kg biomass during the semi-coke gasification stage. 
Furthermore, Ca-Fe oxygen carrier exhibited excellent catalytic activity as well as redox properties after ten cycles. With 
microalgae biomass as feedstock, the mass fraction of oxygen in bio-oil decreases from 37.6% without oxygen carrier to 
12.7% with the reduced Ca-Fe oxygen carrier, while the content of heptadecone and benzene in bio-oil increased to 18.8 
area% and 28.7 area%, respectively with the oxidized Ca-Fe oxygen carrier.32

In this study, value-added chemicals such as BTX, 2-pentanone as well as 2,3-dihydrobenzofuran (2,3-DHB) from 
corn straw biomass were prepared via chemical looping pyrolysis using either reduced or oxidized Ca-Fe composite 
oxygen carrier. The experimental conditions including temperature and the mass ratio of oxygen carrier to biomass (OC/
B) were optimized. Furthermore, the possible mechanisms of Ca2Fe2O5 oxygen carrier in terms of oxygen-carrying and 
catalysis on the production of value-added chemicals were discussed.
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2 Materials and methods
2.1 Preparation and characterization of materials

The Ca2Fe2O5 composite oxygen carrier for CLPy was synthesized using the sol-gel combustion method. The 
flow chart for the preparation of oxygen carriers is shown in Figure 1. Initially, analytically pure Fe(NO3)3∙9H2O and 
Ca(NO3)2∙4H2O (Sinopharm Chemical Reagent Co. LTD), with Fe-Ca molar ratio of 1:1 were dissolved in deionized 
water at room temperature. Subsequently, an appropriate amount of citric acid (Sinopharm Chemical Reagent Co. 
LTD), was added to the solution and stirred until complete dissolution. The resulting mixture was then transferred to a 
thermostatic oil bath and stirred at 90 °C until a viscous gel formed. The gel obtained was subsequently dried in an oven 
at 100 °C, followed by two stages of calcination in a muffle furnace: first at 300 °C for 1 h and then at 900 °C for 5 h. 
Finally, the samples were cooled to room temperature, crushed, sieved, and labeled as Ox-OC to indicate the oxidized 
oxygen carrier. To obtain the reduced oxygen carrier named Re-OC, the Ca2Fe2O5 composite oxygen carrier was 
reduced by hydrogen at 850 °C for half an hour. The oxygen carrier was replaced by quartz sand in the term of control 
experiments.

Figure 1. Flow chart for the preparation of calcium and iron oxygen carriers

The corn straws were sourced from Lianyungang, Jiangsu Province, China. After being dried for 24 hours at 105 °C,  
the samples were subsequently ground to obtain particles with size less than 100 μm. Proximate analysis, ultimate 
analysis, and chemical component analysis results are presented in Table 1. Among them, the ultimate analysis of 
carbon, hydrogen, nitrogen and sulfur was obtained by an elemental analyzer (Elementar UNICUBE), with the content 
of oxygen calculated by subtraction method. Proximate analysis was conducted using a thermogravimetric analyzer 
(NETZSCH STA409 PC). Component analysis was performed according to the Laboratory Analytical Procedure (LAP) 
of National Renewable Energy Laboratory (USA). The high oxygen content of bio-oil can be attributed to its oxygen 
content of 55%. Additionally, corn straws mainly consist of three key components: lignin, cellulose and hemicellulose.

Table 1. Characterization of biomass corn straws

Ultimate analysis wt.%, daf Proximate analysis wt.%, ad Chemical component wt.%

C H O* N S Moisture Volatile Ash Fixed carbon cellulose hemicellulose lignin

38.65 4.51 55.07 1.38 0.39 3.72 66.35 11.73 18.19 31.63 13.90 14.68

     * by difference

Fe(NO3)3·9H2O

Ca(NO3)2·4H2O

weighing stirring at 90 ℃

crushing & sieving

drying at 100 ℃

two-step calcination:
300 °C for 1 h
900 °C for 5 h

forming gel

Citric acid 
monohydrate
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The composition of the fresh, reduced, and reacted oxygen carrier was analyzed using an X-ray diffractometer 
(RigakuD-MAX2500/PC) with a Cu-Kα radiation source at a diffraction angle (2θ) ranging from 10° to 80°. All X-ray 
diffraction patterns were analyzed using Jade7.5 software by MDI. The surface morphology of the oxygen carrier was 
characterized using a scanning electron microscope (ZeissSigma500, Germany), and the elemental distribution on the 
surface was analyzed using an energy scattering spectrometer (Xplore).

2.2 Experimental setup and procedure

The experimental setup primarily consists of a heating furnace, a quartz tube reactor (600 mm × 46 mm), and 
product collection sets, as illustrated in Figure 2. Before carrying out the pyrolysis experiments, argon gas was purged 
at a flow rate of 200 mL/min for 30 min to ensure an inert atmosphere. the quartz tube reactor was heated from room 
temperature to the predetermined temperature (450 °C, 500 °C, 550 °C, 600 °C and 650 °C) using the heating furnace 
under an argon gas protective environment. Once stabilized at each temperature, a mixed sample comprising of corn 
straw (3 g) and oxygen carrier (1-6 g) was rapidly introduced into the heated constant temperature zone at the upper 
end of the reactor. Liquid products were collected by absorption bottles containing quantitative isopropyl alcohol while 
pyrolysis gases were collected by gasbags. Each pyrolysis experiment lasted for thirty minutes. Liquid products were 
dried using anhydrous sodium sulfate and filtered through Polytetrafluoroethylene (PTFE) filters with a pore size of 45 
μm prior to Gas chromatography-mass spectrometry (GC-MS) analysis. Upon completion of the reaction, the reactant 
was transferred away from the heating zone, and subsequently cooled gradually to ambient temperature under protective 
atmospheres provided by argon flows.

Figure 2. Diagram of the experimental setup for CLPy process of corn straws

The liquid products were analyzed using gas chromatography-mass spectrometry (7890A-5975C, Agilent, USA) 
equipped with an HP-5 ms column (60 m × 0.25 mm × 0.25 μm). High purity nitrogen was used as the carrier gas at a 
flow rate of 1 cm3/min. The oven temperature was initially set at 80 °C and then ramped up to 280 °C at a heating rate of 
10 °C/min, followed by a hold time of 15 min. The split ratio was maintained at 1:5.

3. Results and discussions
3.1 Characterization of fresh Ca-Fe oxygen carrier

The X-ray diffraction (XRD) patterns of the fresh Ca-Fe oxygen carriers in their oxidation state and the reduced 
Ca-Fe oxygen carrier by H2 are presented in Figure 3(a) and 3(b), respectively. It is evident that the sol-gel method 
successfully yielded brownmillerite structured Ca2Fe2O5 oxygen carriers, consistent with previous literature.33 Upon 
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reduction at 850 °C using H2, the oxidized Ca-Fe oxygen carrier was transformed into a mixture of CaO and Fe phases 
without any other valence states of iron. Scanning electron microscope and energy dispersive spectrometer (SEM-EDS) 
analysis in Figure 4 reveals an excellent porous structure with a uniform distribution of both calcium and iron elements 
for both oxidized and reduced oxygen carriers, which facilitates subsequent redox catalytic pyrolysis reactions.

Figure 3. XRD pattern of fresh oxygen carriers. (a) Ox-OC; (b) Re-OC

Figure 4. SEM-EDS pattern of fresh oxygen carriers. (a) Ox-OC; (b) Re-OC

3.2 Effect of oxygen carrier on the composition of liquid products

The total ion chromatogram of GC-MS analysis for the pyrolysis bio-oils at 600 °C is presented in Figure 5. It 
is evident that the predominant composition of liquid products undergoes significant changes in the presence of both 
oxidized and reduced Ca-Fe oxygen carriers. In the control experiment, acetic acid and 2-hexanol are identified as 
the main components of pyrolysis bio-oils, accounting for approximately 28.5 area% and 25.3 area%, respectively. 
Furthermore, phenol compounds derived from lignin component of corn straws are identified as primary aromatics. 
When using the reduced oxygen carrier, carboxylic acids decrease significantly with acetic acid reducing to only 11.0 
area% relative percentage. Conversely, hydrocarbons such as benzene and toluene are generated, which aligns with 
previous literature on the deoxygenation effect of Ca-Fe oxygen carriers.29 Additionally, there is a substantial increase 
in the production of 2-pentanone with its relative percentage reaching around 16.5 area%, which can be attributed to 
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ketonization reactions involving carboxylic acids.30 When using the oxidized oxygen carrier, there is a decrease in 
relative percentage for acetic acid while promoting formation of 2-pentanone. Notably, dihydrobenzofuran (2,3-DHB), 
an aromatic compound with a high relative percentage (11.6%), emerges due to catalytic effects exerted by the oxidized 
oxygen carrier. Consequently, it can be concluded that both reduced and oxidized oxygen carriers facilitate generation of 
various value-added chemicals via chemical looping schemes; however further optimization of experimental conditions 
should be conducted.

Figure 5. Total ion chromatogram of GC-MS analysis for the pyrolysis bio-oils at 600 °C. (a) without oxygen carrier; (b) with the reduced oxygen 
carrier; (c) with the oxidized oxygen carrier

3.3 Preparation of BTX and 2-pentanone over the reduced oxygen carrier

According to the pre-experiment results, the main influencing factors of oxygen carrier on the composition 
distribution of liquid products are pyrolysis temperature and the mass ratio of oxygen carrier to biomass, i.e. OC/B 
mass ratio. The impact of these two factors on the composition distribution of hydrocarbons and carboxylic acids is 
depicted in Figure 6. When the Re-OC/B mass ratio equals to 2:3, there is a gradual increase in the relative percentage 
of hydrocarbons with rising temperature, while that of carboxylic acids decreases. At 650 °C, hydrocarbons account for 
up to 40.8 area%, whereas carboxylic acids decrease to 7.29 area%. These findings indicate excellent deoxygenation 
capabilities of reduced Ca-Fe oxygen carrier. Figure 6b demonstrates the effects of Re-OC/B mass ratio on the 
composition distribution of hydrocarbons and carboxylic acids at their optimal temperature. It can be observed that as 
Re-OC/B mass ratio increases from 0 to 2:3, there is an increase in hydrocarbon distribution followed by slight changes. 
Conversely, carboxylic acid distribution decreases to zero as Re-OC/B mass ratio rises from 0 to 6:3. Clearly, reduced 
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oxygen carriers contribute significantly towards biofuel and hydrocarbon chemical production.

Figure 6. Composition distribution of hydrocarbons and carboxylic acids under different conditions. (a) temperature; (b) Re-OC/B mass ratio

Figure 7. Composition distribution of BTX under different conditions. (a) temperature; (b) Re-OC/B mass ratio
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Among hydrocarbons, benzene, toluene, and xylene (BTX) plays a pivotal role as a crucial chemical raw material 
for the production of various chemicals including polyethylene terephthalate (PET), aniline, nylon, and styrene. Biomass 
has been widely recognized as an appealing option alternative renewable feedstock for generating BTX.34 Therefore, the 
generation of BTX via CLPy of corn straw was investigated. The effect of temperature and Re-OC/B mass ratio on the 
composition distribution of pyrolysis liquid product is illustrated in Figure 7. It was observed that at a Re-OC/B mass 
ratio of 2:3, there was an increase in relative percentage of BTX with increasing temperature. The maximum percentage 
of BTX was up to 21.3 area% at 650 °C. Furthermore, the increasing Re-OC/B mass ratio resulted in higher relative 
percentages of BTX with a peak value of 27.0 area% at a Re-OC/B mass ratio of 4:3. On one hand, steam reacts with 
reduced oxygen carrier to provide abundant hydrogen for hydrodeoxygenation during deep deoxygenation process of 
lignin-derived pyrolysis products, leading to substantial production of BTX over reduced oxygen carrier. On the other 
hand, oxidized Ca-Fe oxygen carrier facilitates catalytic aromatization reactions due to its regeneration into Ca2Fe2O5 
during pyrolysis. 

2-pentanone is the other value-added chemical during the CLPy of corn straw with the reduced Ca-Fe oxygen 
carrier consisting of CaO and Fe. Due to its electrophilic and nucleophilic functionalities, as well as its suitable carbon 
chain length, 2-pentanone can be utilized for synthesizing infrastructure-compatible hydrocarbon fuels (e.g., jet fuel and 
diesel), lubricants, and fuel blendstocks.35 Figure 8 illustrates the influence of temperature and Re-OC/B mass ratio on 
the relative percentage of 2-pentanone. It is observed that an optimal pyrolysis temperature of 550 °C leads to maximum 
production of 2-pentanone. Lower temperatures weaken the catalytic activity of the reduced Ca-Fe oxygen carrier, 
while higher temperatures accelerate cracking reactions of 2-pentanone. Regarding the effect of Re-OC/B mass ratio, an 
optimal value is achieved with a ratio of 4:3 when operating below 550 °C; however, this changes to a ratio of 1:3 when 
operating at higher temperatures (550 °C, 600 °C, and 650 °C). The highest relative percentage (38.0 area%) occurs 
at conditions with a temperature of 550 °C and Re-OC/B mass ratio of 1:3, respectively. According to the varying 
percentage of carboxylic acids discussed in the preceding section, the formation of 2-pentanone is likely attributed to the 
ketonization process of acetic acid, this is because both CaO and Ca2Fe2O5 serve as catalysts for ketonization reactions. 
CaO acts as a bulk catalyst through thermal decomposition of calcium acetate formed, while Ca2Fe2O5 catalyzes 
ketonization reactions via a redox mechanism.36-37

Figure 8. Composition distribution of 2-pentanone under different conditions
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external standard method based on GC-MS analysis. As shown in Figure 9, a standard curve of 2-pentanone was 
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reached up to 4.7 wt.% on the basis of corn straws.
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Figure 9. Standard curve of 2-pentanone

3.4 Preparation of 2,3-DHB and 2-pentanone over the oxidized oxygen carrier

Figure 10. Composition distribution of 2,3-DHB under different conditions. (a) temperature; (b) mass ratio of Ox-OC/B
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2,3-DHB natural products from various plant species have attracted the interest of synthetic chemists.38 Optimization 
experiments via a chemical looping scheme were conducted for both dominant compositions under different operating 
conditions. The effect of temperature and Ox-OC/B mass ratio on the relative percentage of 2,3-DHB is demonstrated 
in Figure 10. It was observed that with increasing temperature from 450 °C to 600 °C, there was a subsequent slight 
decrease at 650 °C in the relative percentage of 2,3-DHB. Additionally, Figure 10b illustrates that variations in Ox-OC/
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B mass ratio had minimal impact on the relative percentage of this compound. Consequently, it was determined that 
an optimal condition could be achieved with an Ox-OC/B mass ratio of 2:3 at 600 °C. The maximum value reaches 
11.6 area% at these optimal conditions. The generation of 2,3-DHB occurs through the pyrolysis of lignin component 
in corn straw with catalytic assistance from oxidized Ca-Fe oxygen carriers; however further investigation is required 
to elucidate the underlying catalytic mechanism. Significantly, CLPy introduces an innovative methodology for 
synthesizing 2,3-DHB obtained from corn straw.

Figure 11 illustrates the impact of temperature and Ox-OC/B mass ratio on the relative percentage of 2-pentanone 
in the presence of an oxygen carrier. It is observed that the relative percentage of 2-pentanone increases as the 
temperature decreases and the Ox-OC/B mass ratio increases. The highest relative percentage (28.0 area%) occurs at 
conditions with a Re-OC/B mass ratio of 4:3 at 450 °C. Compared to the reduced oxygen carrier, there is a decrease 
in the relative percentage of 2-pentanone at optimal conditions due to the absence of CaO catalysis on ketonization 
reaction of carboxylic acids. Additionally, hydrocarbon production decreases because there is no hydrogen atmosphere 
generated through reaction between reduced oxygen carrier and steam.

Figure 11. Composition distribution of 2-pentanone under different conditions. (a) temperature; (b) mass ratio of Ox-OC/B

3.5 Oxygen-carrying and catalytic function of Ca2Fe2O5 oxygen carrier

According to the principle of CLPy, the oxygen carrier serves dual functions, i.e. oxygen-carrying and catalyst. In 
the term of oxygen-carrying function, oxygen donors refer to providing lattice oxygen for gasifying biomass or biochar 
in the form of oxidized oxygen carrier, while oxygen acceptor represents either deoxygenation of bio-oil during biomass 
pyrolysis or capturing molecule oxygen from air using reduced oxygen carrier. Regarding its catalytic function, it 
involves facilitating specific chemical composition during biomass pyrolysis or promoting the gasification of bio-char 
into syngas.

The XRD characterization of Ca-Fe oxygen carriers in different oxidation states under various optimization 
conditions is illustrated in Figure 12. It was observed that, after the pyrolysis process, a portion of the reduced oxygen 
carrier underwent re-oxidation to form Ca2Fe2O5. Due to insufficient availability of oxygen during pyrolysis, only a 
fraction of Ca2Fe2O5 was formed. Furthermore, due to the reaction between CO2 produced during pyrolysis and CaO, 
the presence of CaCO3 was also in solid products after pyrolysis. Both Ca2Fe2O5 and CaCO3 indicated its deoxygenation 
function to the pyrolysis of corn straw. Meanwhile, the generated Ca2Fe2O5 could regulate the composition of pyrolysis 
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product as a catalyst. As shown in Figure 12b, with respect to the oxidation state of the oxygen carrier for corn straw 
pyrolysis, there is no change in its crystal structure after the pyrolysis reaction. This suggests that the primary function 
of the oxygen carrier lies in catalytic conversion to 2-pentanone and 2,3-DHB.

Figure 12. XRD pattern of oxygen carriers after pyrolysis. (a) Reduced OC; (b) Oxidized OC

SEM-EDS images of oxygen carriers after pyrolysis under various optimization conditions are shown in Figure 
13. It can be observed that the reacted oxygen carrier maintains excellent surface morphology and spatial structure, 
with even distribution of Ca, Fe and O elements. Clearly, a carbon layer covers the reacted oxygen carrier due to the 
formation of bio-char, which can be eliminated through gasification reaction with inherent oxygen or extrinsic gasifying 
agents.29-31

Figure 13. SEM-EDS images of oxygen carriers after pyrolysis. (a) Re-OC/B = 1:3, T = 550 °C, (b) Re-OC/B = 4:3 650 °C, (c) Ox-OC/B = 2:3, T = 
600 °C, and (d) Ox-OC/B = 4:3, T = 450 °C
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4. Conclusions
In this study, a chemical looping pyrolysis approach was employed to produce value-added chemicals using both 

reduced and oxidized Ca-Fe oxygen carriers. The effect of temperature and the mass ratio of oxygen carrier to biomass 
(OC/B) on the production of value-added chemicals such as BTX, 2-pentanone, and 2,3-dihydrobenzofuran (2,3-DHB) 
from corn straw biomass was investigated. 

It was found that the reduced Ca-Fe oxygen carrier promotes the formation of hydrocarbons and facilitates the 
removal of oxygenated compounds in bio-oil. Under optimal conditions (Re-OC/B = 4:3, T = 650 °C), the relative 
percentage of BTX reaches 27.0 area%. The catalytic ketonization of both CaO and Ca2Fe2O5 leads to a significant 
increase in 2-pentenone, accounting for 38.0 area% or equivalently 4.7 wt.% based on corn straws.

As for the oxidized Ca-Fe oxygen carrier, the relative percentage of 2,3-DHB reached a maximum of 11.6% at   
600 °C with an Ox-OC/B mass ratio of 2:3. Additionally, a lower temperature of 450 °C is conductive to the generation 
of 2-pentenone. Under catalytic ketonization using an oxidized Ca-Fe oxygen carrier, a maximum value of 28.0 area% 
was achieved with an Ox-OC/B mass ratio of 4:3.

This study not only demonstrates the feasibility of chemical looping pyrolysis conversion for lignocellulosic 
biomass but also presents a novel approach for the efficient conversion and utilization of agricultural straws. Further 
research is required for the multiple redox-cycle performance.
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