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SUMMARY

With hydrothermal reaction, lignocellulosic biomass can be efficiently converted into furfural (FF) and lev-
ulinic acid (LA), both of which are key platform compounds that can be used for the subsequent prepara-
tion of aviation fuels. In order to reduce the acid concentration in traditional hydrolysis and provide a re-
action system with good catalytic activity, we propose a biomass conversion route as dilute acid
hydrolysis coupled with solid acid catalysis. Firstly, at different temperatures, the hemicellulose and cel-
lulose in corn stover were step-hydrolyzed by sulfuric acid solution with a concentration of 0.9 wt. % to
produce xylose and glucose, with conversion reaching 100% and 97.3%, respectively. Subsequently, a
new resin-derived carbon-based solid acid catalyst was used to catalyze the aforementioned saccharide
solutions to obtain FF with yield of 68.7 mol % and LA of 70.3 mol %, respectively. This work provides
a promising approach for the efficient production of bio-aviation fuel precursors.

INTRODUCTION

With the sharp increase in global consumption of fossil fuels, the price of traditional energy continues to rise, and the pressure of carbon

emission reduction is gradually increasing. The use of renewable resources such as biomass to produce carbon-neutral or low-carbon-emis-

sion fuels is becoming increasingly crucial in replacing traditional fossil fuels. Meanwhile, new directions and novel proposals for cost-effective

and green-like biomass conversion have received extensive attention from researchers.1,2 Corn stover has a large yield and contains more

than 30% carbohydrates, how to use it with high efficiency and low cost has become a research hotspot in the field of biomass utilization.

The general way to use this biomass is to convert cellulose into ethanol. Wu et al.3 performed two green-like pretreatments (20 min liquid

hot water, 15% CaO at 50�C) on corn brittle stalk, and the results showed that the accessibility of cellulose was significantly improved, the

biomass enzymatic saccharification was almost completely realized, and the bioethanol yield reached 19.3%. Recently, it was found that hy-

drothermal conversion can convert biomass into high-purity platform chemicals such as furfural (FF), 5-hydroxymethylfurfural (HMF), and lev-

ulinic acid (LA).4,5 It is an efficient catalytic conversion pathway to achieve target products with high selectivity.

Inorganic acid catalysts are extensively applied in the hydrothermal conversion of biomass. The majority of plants use high-concentration

H2SO4 (10–25 wt. %) as a catalyst to produce FF at a large scale, for instance, in the BIOFINE process.6 However, the use of high-concentration

homogeneous inorganic acids as catalysts may result in the final reaction mixtures containing high concentrations of inorganic acids. This can

cause severe environmental pollution, making it essential to separate the product from these mixtures. Recent studies have shown that ionic

liquid catalysts have garnered increasing attention due to their excellent catalytic performance. Ramli et al.7 utilized an acidic ionic liquid,

[SMIM][FeCl4] to convert oil palm leaves, resulting in a 59 mol % LA yield. Zhou et al.8 utilized [C4MIM][HSO4] ionic liquid as a catalyst to

convert bamboo shoot shell at 145�C and obtained 71 mol % LA yield. Novodárszki et al.9 studied the conversion of sweet sorghum straw

to LA in an ionic liquid catalytic system, where the raw material was first pretreated in 2 mol/L H2SO4 for 20 min. The highest LA yield of

67 mol % was obtained after the reaction with microwave heating at 160�C for 30 min, and this method can also be used to produce

5-HMF. Zhao et al.10–13 systematically investigated various Brønsted/Lewis acidic ionic liquid catalysts for catalyzing the hydrothermal conver-

sion of xylose, xylan, and straw to FF in a water-butanone-mixed solvent system. Their results showed that FeCl3 contributed to the isomer-

ization process of xylose to xylulose and that an appropriate amount of butanone could increase FF yield. When the volume ratio of butanone

to water was 4:1, the FF yield reached 51 mol %. However, despite the high target product yield obtained with ionic liquid catalysis, its prac-

tical use is greatly limited by the high preparation cost and the low recycling performance.

Compared to homogeneous inorganic acid or ionic liquid catalysts, heterogeneous catalysts have better resistance to impurities and a

longer recycling life.14 However, in direct hydrothermal conversion of biomass, separating the heterogeneous catalyst from the depolymer-

ization residue is often difficult. As a result, these catalysts are mainly used to convert the soluble monosaccharides or oligosaccharides
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produced from the primary degradation of biomass. Li et al.15 synthesized a tin-loadedmontmorillonite (Sn-MMT) solid acid catalyst for xylose

and xylan conversion experiments. The conversion of xylose was 76.8 mol %, and the FF yield was 52.5 mol % after 30 min reaction at 180�C in

an H2O/NaCl-dimethyl sulfoxide biphasic system. Gupta et al.16 investigated the preparation of FF from xylose catalyzed by Nb2O5 with

Brønsted/Lewis acid sites. They discovered that using toluene as an extractant can increase FF selectivity from 48 mol % to 72 mol % and

that the Lewis acid activity was reduced by loading humins.

Carbon-based solid acid catalysts are widely used in the hydrothermal conversion of biomass due to their excellent hydrothermal stability

and catalytic activity.17 The preparation of carbon-based catalysts from biomass and its derivedmaterials has become a research hotspot due

to its comprehensive source and environmental friendliness. Wang et al.18 prepared a solid acid catalyst by sulfonating the carbon support

obtained from the pyrolysis of Chinese silvergrass. Using this catalyst, the FF yields in the process of xylose and xylan conversion were 60

mol % and 42 mol %, respectively, after 60 min of reaction at 190�C. Shen et al.19 developed a novel sulfonated commercial charcoal solid

acid catalyst using a one-pot method with p-toluenesulfonic acid sulfonation. The catalyst, rich in acid sites contributed by sulfonic acid, car-

boxylic acid, and phenolic hydroxyl acid, exhibited high catalytic activity in the dehydration of xylose to FF, yielding 72.1mol % FF after 60min

of reaction at 140�C in tetrahydrofuran/dimethyl sulfoxide solvent. No significant reduction in catalyst activity was observed after five catalytic

runs. Gan et al.20 prepared hydrothermal carbon using an alkali lignin pretreated with acrylic acid and then synthesized a catalyst through

sulfuric acid sulfonation. They discovered that more �COOH groups (2.85 mmol/g) contributed to the activity of the �SO3H groups

(1.58 mmol/g) as the primary catalytic active sites.

To enhance the homogeneity and structural stability of carbon-based solid acid catalysts, Zhu et al.21 prepared a resorcinol-formaldehyde

resin carbon catalyst (RFC) with an ordered mesoporous skeleton through a soft template method. They synthesized a sulfonated carbon-

based solid acid catalyst (S-RFC) using p-aminobenzenesulfonic acid as the sulfonating agent at ambient temperature. The catalyst had a

uniform structure, high surface acid concentration, and excellent hydrothermal stability. The concentration of �SO3H in the catalyst was

0.86 mmol/g, and the specific surface area was 530 m2/g. At 170�C after 15 min of xylose dehydration, the FF yield was 80 mol %. Although

resin-based carbon solid acids have higher hydrothermal stability and a more uniform structure than conventional amorphous carbon-based

solid acids, they are sulfonated in the same manner. After synthesizing the skeleton structure, a separate sulfonation step is still required to

obtain acid sites for the solid acid. The strongly acid sites obtained by sulfonation are susceptible to shedding during the hydrothermal con-

version process, leading to decreased catalyst activity.

To achieve good performance in the hydrothermal conversion of lignocellulosic biomass to obtain FF and LA, the research focused not

only on the development of novel catalyst but also on studying the reaction pathway. On one hand, FF and p-hydroxybenzenesulfonic acid

(PHSA) were utilized as substrates for the synthesis of a resin-derived solid acid catalyst, wherein the skeleton itself containing sulfonic acid

groups. On the other hand, to address the issues of high acid concentration in traditional acid hydrolysis processes and difficulties in sepa-

rating the catalyst in hydrothermal conversion of biomass catalyzed by solid acid, a new reaction system combining dilute acid hydrolysis with

solid acid catalytic conversion was proposed. In this reaction system, the concentration of sulfuric acid used for biomass hydrolysis was

reduced to less than 1 wt. %, making it less corrosive to equipment.

RESULTS AND DISCUSSION

TG/DTG

Thermal stability of both fresh and used catalysts was assessed using TG analysis, and the results are shown in Figure 1. The thermal weight-

loss range of the fresh catalyst remains continuous after 447�C, and the corresponding DTG curve represents a narrow weight-loss peak. This

Figure 1. TG/DTG of fresh and used catalysts

(A) Fresh catalyst.

(B) Used catalyst after 28 catalytic runs.
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suggests that the catalyst exhibits high thermal stability under hydrothermal temperatures (150�C–250�C). The superior thermal stability can

be attributed to the catalyst’smain structure, which comprises furan andbenzene rings linked byC-Cbonds. Both ring structures demonstrate

excellent thermal stability and are hardly decomposed under temperatures below 300�C.With increasing temperature, the sulfonic acid func-

tional group gradually dissociates, and this process is accompanied by ring opening and dehydration carbonization of the furan ring, leading

to a continuous weight loss of the catalyst.22

As shown in Figure 1, the maximum weight-loss rate of the fresh catalyst occurs at 469�C, which is higher than that of the carbon-based

solid acids prepared by sulfonation using biomass as the carbon source.23 The thermal weight-loss range of the used catalyst is observed after

390�C, indicating that the used catalyst still possesses good thermal stability. Compared with catalyst-01, the initial temperature of thermal

weight-loss of catalyst-28 decreases slightly from the original 447�C to 392�C, and its corresponding DTG curve shows a broader weight-loss

peak caused by the decomposition of the humins that are enriched on the catalyst surface.Wang et al.24 found that this class of humins has an

unstable branched structure by analyzing the thermodynamic behavior of sugar-derived humins, resulting in its decomposition at lower tem-

peratures. This corroborates the slight reduction in the temperature corresponding to the maximum thermal weight-loss rate of the used

catalyst (459�C) compared to that for the fresh catalyst (469�C).

FTIR

Figure 2 shows the FTIR results of both the fresh and used catalysts. Similar characteristics can be observed in the distribution of functional

groups for both the fresh catalyst and the used catalyst after 28 catalytic runs. The solid acid catalyst is composed of FF and PHSA units

through aldol condensation, resulting in distinctive O-H stretching vibration peaks of phenolic and aliphatic hydroxyl groups (centered at

3,650 cm�1), as well as aromatic/aliphatic C-H peaks contributed by methyl, methylene, and methylate structures (centered at 2,945 cm�1).

The FTIR results also revealed sulfonic acid groups on solid acid catalysts, indicated by the vibrational peaks at 1225, 1170, and

1,035 cm�1, which correspond to the characteristic peaks of sulfonic acid groups (-SO3H).
25–27 Although the intensity of the corresponding

peaks for the used catalyst was slightly weakened compared to the fresh catalyst, the overall distribution of both characteristic peaks re-

mained the same, indicating that the recycling process did not significantly affect the main structure of the catalyst. This, in combination

with the TG/DTG analysis, suggests that the catalyst is highly stable under hydrothermal conversion conditions.

Elemental composition and surface acid concentration

Table 1 shows the element and surface acid concentrations (SACs) of fresh, used, and regenerated catalysts at different stages of the cycling

process. The initial S content for catalyst-01 is 13.10 wt. %, which correlates to a SAC of 2.63 mmol/g, suggesting that the sulfonic acid func-

tional groups are accessible on the catalyst surface during the synthesis—a desirable characteristic for subsequent catalytic reactions. During

the first reaction period, the S content reduces from 13.10 wt. % to 9.73 wt. %, decreasing the corresponding SAC from 2.63 mmol/g to

0.85 mmol/g. This trend remains consistent throughout the three reaction periods that follow. Therefore, it can be deduced that after every

reaction period, there is gradual accumulation of depolymerization residue on the catalyst surface and in the channels and minor loss of sul-

fonic acid functional groups. These factors lead to a gradual increase in carbon content of the catalyst, which coincides with the gradual

decrease in S content, as observed in the change of SACs for the catalysts. Regeneration of the catalysts after a reaction period can restore

the S content and SACs to their initial values.

Figure 2. FTIR of fresh and used catalysts

(A) Fresh catalyst.

(B) Used catalyst after 28 catalytic runs.
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Table 2 listed the pore structure of the fresh, used, and regenerated catalysts. Compared to catalysts with a small-pore structure, this large-

pore structure wasmore favorable for the contact between substances and the acid sites within the catalyst. The larger pore size can facilitate

the separation of solid by-product humins produced during the hydrothermal conversion process, resulting in high catalytic activity and re-

cycling performance for catalyst.28 During the sulfonation process, the humins were adequately decomposed and separated from the catalyst

during the subsequent washing process. The sulfonation process also compensated for the loss of some sulfonic acid functional groups from

the catalyst during recycling, thus restoring the catalytic activity to its initial state. Although the surface area, average pore size, and most

probable pore size of the catalyst decreased to varying degrees during the recycling process, simple regeneration significantly improved

these parameters and brought them close to their initial levels. Therefore, regeneration of the used catalysts was a necessary and reli-

able step.

Surface morphology

As shown in Figure 3, the surface of the used catalysts before regeneration was covered predominantly with insoluble residues, which resulted

in pore blockage, deactivation of surface acidic sites, and decreased catalytic activity. This was further supported by the results of SACs and

BET surface areas. In contrast, regeneration of the catalysts removedmost of the depolymerization residues present on the surface, leading to

an increase in its specific surface areas and SACs.

Figure 4 shows the EDS mapping of C, S, and O in the catalysts before and after recycling. The dispersion of these elements appears rela-

tively homogeneous, with uniform distribution observed in both catalysts. Combined with the results of elemental analysis, it can be inferred

that the main reason for the decrease in S element content is due to the aggregation of humins produced from the catalytic reaction process.

The basic structure of humins produced from hydrothermal conversion of biomass is an insoluble polymer composed of furan and aromatic

rings connected by aliphatic carbon chains, which contain C, H, and O. Therefore, the aggregation of humins results in an increase in the

relative content of C, H, and O in the catalyst and a decrease in S.

First step hydrolysis for the conversion of hemicellulose to xylose

The hemicellulose fraction of lignocellulosic biomass is a heterogeneous polymer composed of xylose and several other monosaccharides

(e.g., arabinose, galactose, etc.). As xylose is the predominant product in hydrolysis, the impact of reaction conditions on xylose yield was

investigated. The xylose yields and hemicellulose conversions in the hydrolysis of corn stover to xylose-rich hydrolysate at varying tempera-

tures are shown in Figure 5. At the same reaction temperature, the yield of xylose initially increased and subsequently decreased with the

progression of the reaction, resulting from the further dehydration of xylose in solution, generating FF and other by-products. Wang

Table 1. Element and SACs of the fresh, used and regenerated catalysts

Catalysts C (wt. %) H (wt. %) O (wt. %) S (wt. %) SAC (mmol/g)

01 59.49 4.66 21.74 13.10 2.63

07 60.57 4.61 25.09 9.73 0.85

08 52.46 4.69 31.44 11.41 2.17

14 61.66 4.85 23.81 9.67 0.29

15 58.26 4.72 25.54 11.46 1.97

21 61.03 4.59 24.37 10.01 0.38

22 55.39 4.68 27.57 12.36 2.87

28 62.37 5.42 21.82 10.38 0.56

Table 2. Pore structure of the fresh, used and regenerated catalysts

Catalysts Pore volume (cm3/g) Surface area (m2/g) Average pore size (nm) Most probable pore size (nm)

01 0.038 13.8 32.0 62.9

07 0.027 3.2 29.8 47.3

08 0.036 11.5 31.5 59.6

14 0.021 2.5 28.4 46.4

15 0.037 12.5 30.3 60.2

21 0.025 3.3 27.4 42.2

22 0.032 11.3 29.9 62.4

28 0.019 2.0 26.3 43.1
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et al.29 investigated the conversion of different xylan-type hemicelluloses to xylose and FF in a two-phase system using SnCl4 as the catalyst

and 2-methyltetrahydrofuran/H2O as solvent. They found that the yield of FF and xylose was related to the content, molecular weight, and

crystallinity of hemicellulose in biomass. The hemicellulose in the corn stover used in this study has a typical xylan-type hemicellulose structure

with low molecular weight and crystallinity, and the corn stover has low lignocellulose recalcitrance.3 Consequently, it is easy to hydrolyze to

xylose and further dehydrate to FF under milder conditions. The highest xylose yield was 91.3 mol %, achieved after 40 min reaction at 130�C

Figure 3. SEM images of fresh, used and regenerated catalysts

(A) Fresh catalyst.

(B) Used catalyst numbered 07.

(C) Regenerated catalyst numbered 08.

(D) Used catalyst numbered 14.

(E) Regenerated catalyst numbered 15.

(F) Used catalyst numbered 21.

(G) Regenerated catalyst numbered 22.

(H) Used catalyst numbered 28.

Figure 4. EDS analysis of fresh and used catalysts

(A) Fresh catalyst.

(B) Used catalyst after 28 catalytic runs.
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(based on hemicellulose). The hemicellulose conversion was 100%, indicating that the dilute acid hydrolysis process could completely release

the xylose units from biomass. However, under these conditions, FF was not detected in the products, indicating that besides xylose, hemi-

cellulose was primarily converted to other soluble sugars, such as arabinose, xylan, glucose, and mannose, along with some FF precursor

compounds.

Second step hydrolysis for the conversion of cellulose to glucose

The cellulose-containing residue obtained after primary hydrolysis was further hydrolyzed at higher temperatures to release the glucose units

from the biomass. The results are shown in Figure 6. Compared with hemicellulose, cellulose has a more closely connected structure, and its

hydrolysis requires higher chemical energy.30 Thus, higher temperatures are necessary for the complete hydrolysis of cellulose. The trend in

the variation of glucose yields was similar to that of xylose yields at the same temperature. Prolonged reaction time is harmful to glucose

retention due to further isomerization anddehydration of the generated glucose toHMF in the acid-catalyzed system, as well as the additional

Figure 5. Hydrolysis of corn stover to xylose-rich hydrolysate

20 g corn stover, 300 mL 0.9 wt. % sulfuric acid solution.

(A) Xylose yield.

(B) Hemicellulose conversion.

Figure 6. Hydrolysis of cellulose-containing residue to glucose-rich hydrolysate

20 g of cellulose-containing residue from primary hydrolysis, 300 mL 0.9 wt. % sulfuric acid solution.

(A) Glucose yield.

(B) Cellulose conversion.
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hydration of HMF to LA. Morales et al.31 conducted a study on acid hydrolysis with a pure aqueous solvent for glucose production from cel-

lulose. It was found that appropriate reaction temperatures and lower acid concentrations resulted in high glucose yields while reducing the

formation of LA. Hydrolysis at 160�C for 40 min yielded up to 79.3 mol % glucose (based on the molar yield of cellulose) and 97.3% cellulose

conversion. The hydrolysis products did not contain HMF and LA, indicating that cellulose was mainly converted to glucose as well as other

soluble saccharides under this condition.

Conversion of hydrolysate to FF and LA

After two-step hydrolysis with dilute acid, the hydrolysate rich in xylose or glucose was obtained. Based on the aforementioned hydrolyzed

sugar solution, the hydrothermal conversion of the hydrolysate was carried out using the prepared resin solid acid as catalyst, and the mass

yields of FF and LA obtained based on the dry biomass are shown in Figure 7. In a pure water system, with 60 min solid acid catalysis of hy-

drolysate at 170�C, themass yield of FFwas up to 12.6 wt. %. This result corresponds to a FFmolar yield of 68.7mol% based on hemicellulose,

which is significantly higher than those obtained in previous studies using single homogeneous or solid acid (generally below 50 mol %). The

results of FTIR and the SACs of catalysts indicate that the solid acid provided abundant strong acid sites (-SO3H). In addition, it promoted the

isomerization of xylose to xylulose through the weak acid site on its phenolic hydroxyl group.

Additionally, the pure water system proved to be more favorable for LA production, resulting in a maximum LA mass yield of up to 14.7

wt. % at 200�C, equivalent to amolar yield of 70.3mol%basedon cellulose. The totalmass yields of FF and LA, based on dry biomass, reached

27.3 wt. %, a significant improvement compared to previous studies.19,32–34 For example, Galletti et al.35 tested LA production from various

biomass (poplar sawdust, paper mill sludge, tobacco chips, wheat straws, and olive branches), where the highest LA yield of 59 mol % was

obtained, corresponding to LA yield of 25 wt. % based on cellulose in the feedstock, in the presence of HCl/H2SO4 catalyst. Notably, this

catalytic system can convert both hemicellulose and cellulose efficiently and directionally, enabling the conversion of various lignocellulosic

biomass into FF and LA in the same catalytic system. The mass yield of FF and LA for barley straw, rice straw, sorghum straw, lauan, and pinus

sylvestris were 29.3%, 25.6%, 25.2%, 28.4%, and 23.6%, respectively.

The comparison between this study and other relevant studies is shown in Table 3. In this study, by integrating H2SO4-assisted hydrother-

mal hydrolysis with solid acid catalytic conversion, corn stover can be efficiently hydrothermal decomposed and converted into FF and LA in a

shorter reaction time.

Recycling performance

To have an insight into the stability of resin-based solid acid catalyst, a recycling performance evaluation was conducted for 28 catalytic runs.

Catalyst regeneration was performed after every 7 catalytic runs, which was defined as a reaction period. As shown in Figure 8, the initial FF

yields for each reaction period were 68.7 mol %, 70.2 mol %, 69.1 mol %, and 65.5 mol %, respectively. Meanwhile, at the end of each reaction

period, the corresponding FF yields were 55.1mol %, 52.4mol %, 54.5mol %, and 51.4mol%. These results indicated that the catalytic activity

of the catalyst can be quickly restored to the initial state by introducing a simple catalyst regeneration step, thus, the catalyst recycling per-

formance can be enhanced effectively.

Figure 7. Hydrolysate to FF and LA catalyzed by solid acid catalyst

300 mL hydrolysate, 3 g catalyst, mass yield based on dry substrate biomass.

(A) Mass yield of FF.

(B) Mass yield of LA.
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A similar change pattern was observed in the systematic characterization of the fresh and used catalysts, including SAC, sulfur content, and

pore structure. With the increase in cycling times, both SAC and sulfur content gradually decreased. Simultaneously, pore size and specific

surface area also decreased continuously due to the enrichment of humins. It can be seen from Figure 8 that compared with the FF yield, the

cycling process had a relatively minor impact on LA yield. In the first reaction period, the yield of LA decreased from 71.5 mol % to 63.1 mol %,

and in the fourth reaction period, it decreased from 68.4 mol % to 59.5 mol %. After four reaction periods, catalyst performance reduced to

83% of the initial catalytic performance in the conversion of glucose to LA. The conversion of xylose and glucose was maintained at the initial

level, exceeding 99%.

In the dilute sulfuric acid/solid acid catalysis system, sulfuric acid and solid acid demonstrated a synergistic catalytic effect. It is known that

xylose in the hydrolysate would be isomerized into xylulose through hydrogen transfers fromO2 toO1 and C2 to C1 separately, and was then

dehydrated to produce FF.42 In this process, the conjugated base provided by diluted sulfuric acid and the weak acid site on the solid acid

facilitated the 1,2-hydrogen transfer, while H+ and the strong acid sites on the solid acid played a dominant role in the subsequent dehydra-

tion process. For the hydrolysate containing glucose, under the synergistic catalysis of dilute acid and solid acid, glucose was isomerized to

Table 3. Comparison of this study with previous reports from other laboratories

Raw materials Catalyst

Reaction

conditions Solvents

Conversion

(mol %)

c X/d G yield

(mol %)

FF/LA yield

(mol %) Reference

Poplar [MIMPS]2H4P2Mo18 150�C-170�C, 12–14 h, Ionic liquid a H 90.4,
b C 100

c X 12.9,
d G 32.9

– Li et al.36

Corn straw (CTA)H2PW 150�C, 12 h, Water – c X 8.3,
d G 19.8

– Song et al.37

Cellobiose [HO3S-(CH2)3-mim]

Cl-FeCl3

180�C, 10 h Water – —,
d G 10.9

LA 67.5 Liu et al.38

Glucose Cation exchange

resin

145�C, 24 h Water 100 – LA 70.7 Pyo et al.39

Xylose LC-1S 175�C, 3 h Water-MIBK 96.7 – FF 64.8 Antonyraj et al.40

Xylose Glu-TsOH-Ti 180�C, 30 min Water-THF – – FF 51 Mazzotta et al.41

Corn stover 0.9 wt. % H2SO4 130�C-160�C, 40 min, Water a H 100,
b C 97.3

c X 91.3,
d G 79.3

– This work

Corn stover hydrolysate Resin solid acid 170�C-200�C, 60 min Water – – FF 68.7, LA 70.3 This work

aH refers to the hemicellulose.
bC refers to the cellulose.
cX refers to the xylose.
dG refers to the glucose.

Figure 8. Recovery performance evaluation of solid acid catalyst during 28 catalytic runs

300 mL hydrolysate, 3 g catalyst, 170�C/45 min for xylose hydrothermal conversion, 200�C/60 min for glucose hydrothermal conversion.

(A) Molar yield of FF.

(B) Molar yield of LA.
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fructose which was similar to the isomerization of xylose. And then fructose was protonated and dehydrated to form fructosyl carbonium ions

(five-membered carbonium ion), which were further deprotonated to form two intermediates, frutofuranosyl and 2,6-anhydro-b-D-fructofur-

anose.43,44 Among them, intermediate of frutofuranosyl could generate HMF through two-step dehydration, while 2,6-anhydro-b-D-fructo-

furanose wasmore likely to promote the formation of humins. Interestingly, the weak acid sites on the solid acid could promote the formation

of the intermediate of frutofuranosyl,45 thereby reducing the probability of the process generating humins. Furthermore, under the catalysis of

strong acid sites of dilute acid and solid acid, water is added to the furan ring C2-C3 bonds of HMF to form LA and formic acid as final

products.46

Conclusions

This study synthesized a novel resin-derived carbon-based solid acid catalyst with large pores and developed a two-stage hydrothermal con-

version process, namely dilute acid hydrolysis coupled with solid acid catalytic conversion process, for the efficient conversion of lignocellu-

lose biomass to the precursors of aviation fuel, FF and LA. The catalyst has a uniform distribution of active functional groups, high catalytic

activity, and high hydrothermal stability. Its SAC is up to 2.63 mmol/g, and there is only slight deactivation during the four reaction periods.

The catalyst demonstrates a typical characteristic peak of sulfonic acid group (-SO3H) as shown by analysis of FTIR. The recycling process has

little impact on themain structure of the catalyst. The decline in catalyst performance wasmainly due to the continuous enrichment of humins

on the catalyst during the recycling process, which was confirmed by SEM, TEM, and pore structure analysis. However, a simple catalytic acti-

vation and regeneration process could effectively remove humins and restore the catalytic activity. After 28 catalytic runs, the catalyst retains

83% of the initial catalytic performance. The conversions of hemicellulose and cellulose in corn stover were 100% and 97.3%, respectively,

under this catalytic conversion process. The FF and LA yields were 68.7 mol % and 70.3 mol %, respectively. Additionally, the total mass yield

of FF and LA was 27.3 wt. %.

Limitations of the study

The limitations of this study include two issues. Firstly, the multi-step hydrothermal conversion process in the current experiment requires

manual separation, and we are conducting continuous automated experimental research; Secondly, the lifetime of the catalyst is relatively

good among similar catalysts, but it is still necessary to carry out research to improve the stability of the catalyst and make it suitable for prac-

tical application.
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METHOD DETAILS

Raw material analysis

The components distribution and element composition of corn stover were analyzed (further details in the supporting information, Table S1).

Among them, the extractsmainly include soluble sugars, phenols, lipids andwaxes.47 The content of soluble sugars in corn straw of 8.13%was

reported by Li et al.48 And some wide type of corn stalk was reported having16.42% of soluble sugars, while for some selected corn stalk the

value can reach to 27.25%, which was much higher than that of other grassy crops.3 The corn stalk with higher soluble sugars were directly

convertible and fermentable, leading to have a high bioethanol yield.

Catalyst preparation

For the research, 1 g of chitosan was added to 50mL of distilled water at a temperature of 60�C andmagnetic stirring was initiated. When the

chitosan was completely dissolved, 6 g of PHSA was added and mixed thoroughly until the solution became clear. Next, 10 mL of FF (99.5

wt. %) and 1 mL of formaldehyde solution (10 wt. %) were added simultaneously. In this mixture, FF reacted with PHSA via a condensation

reaction, with formaldehyde acting as the reaction promoter. Magnetic stirring was continued for another 10min, and an ultrasonic generator

was used to eliminate any air bubbles that may have formed during the reaction. Next, 10 mL of acetic acid (50 wt. %) was dropwise added to

the previously preparedmixture as a curing agent, and the solid was dried in an oven at 105�C for 12 h, yielding the resinous solid acid catalyst.

The catalyst was pelletized into small spherical particles of diameter 1 mm using a granulator for research. The schematic diagram of catalyst

skeleton formation is illustrated in Figure S1.

Hydrothermal conversion of biomass

The biomasswas converted through hydrothermalmethods in two stages. The process schemewas shown in Figure S2. Firstly, xylose/glucose

solutions were obtained by hydrolyzing biomass with a dilute sulfuric acid. Subsequently, sugar solutions were converted to produce FF and

LA using a resinous solid acid as a catalyst. The detailed experimental process is described as follows: 20 g fully dried corn stover powder with

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Chitosan Sinopharm Group Chemical Reagent Co., Ltd. CAS: 9012-76-4

Sulfuric acid Sinopharm Group Chemical Reagent Co., Ltd. CAS: 7664-93-9

p-hydroxybenzenesulfonic acid Shanghai Aladdin Biochemical Technology Co., Ltd. CAS: 98-67-9

Formaldehyde Sinopharm Group Chemical Reagent Co., Ltd. CAS: 50-00-0

Acetic acid Shanghai Aladdin Biochemical Technology Co., Ltd. CAS: 64-19-7

Glucose Shanghai Macklin Biochemical Co., Ltd. CAS: 50-99-7

D-Xylose Shanghai Macklin Biochemical Co., Ltd. CAS: 6763-34-4

Furfural Shanghai Macklin Biochemical Co., Ltd. CAS: 98-01-1

Levulinic acid Shanghai Macklin Biochemical Co., Ltd. CAS: 123-76-2

Corn stover Liaoning Changyuan straw processing plant
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60–80 mesh mixed with 300 mL sulfuric acid solution (0.9 wt. %), and was subjected to primary hydrolysis at 110�C–140�C for 20-50 min to

obtain a xylose-containing solution. Cellulose-containing solid residue was separated and hydrolyzed again in 300 mL sulfuric acid solution

(0.9 wt. %) at 140�C-170�C to obtain a glucose-containing solution. For solid acid catalysis, 300 mL sugar solution was added to a 500 mL tank

reactor, along with 3 g carbon-based solid acid catalyst. The reaction was carried out for 15–120 min at 150�C–210�C. The resulting liquid

phase product was diluted ten times with deionized water and analyzed to determine the product composition. The UltiMate 3000 (Thermo

Scientific) high-performance liquid chromatography equipped with Bio-rad HPX-87H (7.8 mm 3 300 mm) column and RI2000 differential

refractive index detector (Schambeck SFD) was used to quantify the main raw materials and products, such as xylose, glucose, fructose,

FF, and LA. The mobile phase was a 0.005 mol/L sulfuric acid solution with a flow rate of 0.6 mL/min. The hemicellulose and cellulose con-

versions were determined using the so-called SAEMANmethod by subjecting the hydrolysis residue to further hydrolysis under specific con-

ditions. The xylose andglucose obtained after hydrolysis were classified into unconverted hemicellulose and cellulose in biomass.49,50 In order

to improve the cycling performance of the solid acid catalysts, 7 catalytic runs were taken as a reaction period. After each reaction period, the

catalysts were treated for regeneration. The regeneration process involved ultrasonic cleaning of the catalysts at 50�C using deionized water

and acetone as solvents, followed by sulfonation in 70 wt. % concentrated sulfuric acid for 30 min at ambient temperature. The fresh catalyst

and regeneration catalysts were numbered 01, 08, 15 and 22, while the catalysts after each reaction period were numbered 07, 14, 21 and 28,

respectively.

Catalyst characterization

The catalysts used during different reaction periods were systematically characterized. The stability of the catalysts was evaluated through

thermogravimetric (TG) analysis, which was carried out on an STA 409 PC/PG simultaneous thermal analyzer. The test was performed under

a nitrogen flow of 30 mL/min, and the temperature was increased from 30�C to 800�C at a rate of 10�C/min. The functional group information

of the catalysts was analyzed using a Nicolet 5700 FTIR spectrometer. The contents of C, H, O, N, and S elements were determined using a

Vario Macro Elementer. The specific surface area and pore size distribution of the catalysts were investigated on a specific surface and pore

size analyzer (AUTOSORB-IQ2-MP). The surface morphology of the catalysts was analyzed using a field-emission scanning electron micro-

scope (SEM). Energy-dispersive X-ray spectroscopy (EDS) analysis was also carried out to obtain the dispersion of C, O, and S elements

on the catalysts. The surface acid concentration of the catalysts was determined by the acid-base inverse titration method. An excess

NaOH solution (50 mL, 0.004 mol/L) was added to 0.1 g of catalyst in a small beaker at 25�C and allowed to stand for 30 min with sufficient

stirring. The NaOH solution was neutralized with 0.004 mol/L HCl solution, and the solution pH was measured using a pH meter. The con-

centration of surface acid (CH+) was calculated using the following formula:

CH+ = ðVNaOH 3 CNaOH � VHCl 3 CHClÞ = mc

Of which, VNaOH is the volume of NaOH solution added, CNaOH is the concentration of NaOH standard solution, VHCl is the volume of HCl

solution consumed during titration, CHCl is the concentration of HCl standard solution, mcat is the mass of solid acid catalyst.

QUANTIFICATION AND STATISTICAL ANALYSIS

Our study doesn’t include quantification or statistical analysis.
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