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ABSTRACT: The development of a cost-effective process for
biomass conversion into sugar platforms is a cornerstone of
sustainable biorefining. Here, we report a Lewis acid-controlled
catalytic strategy for nonenzymatic sugar production from hemi-
cellulose in biomass using a highly active, magnetically separable
core—shell catalyst. The catalyst comprises a Fe;O, magnetic core,
an acid-resistant silica interlayer, and a phosphorus (P)-doped
porous carbon shell. Under mild hydrothermal conditions, the
optimized catalyst (MCgyqoP;,) achieved a xylose yield of 86.9%
from xylan (100 °C for 2 h) and 60.3—91.0% from diverse biomass
feedstocks (corncob, corn stover, poplar, and bamboo, 160 °C for 2
h), outperforming previously reported systems. Such remarkable
catalytic activity is attributed to the unique structural design of the
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catalyst. The silica interlayer acts as a protective shield of Fe;O, core and bonds with the carbon layer to form a silica—carbon shell
that provides an ideal scaffold. Meanwhile, P doping introduces defects and hydrogen bonds, enhancing the active site accessibility.
The formation of thermally stable PO, species (C—P—O, C;—P=0, and C—O—P) on the carbon support acts as Lewis acid sites.
C—P—O efficiently activates H,O to produce H* for glycosidic bond cleavage and suppresses xylose degradation, ensuring a high
yield. These features result in high catalytic stability and reusability, maintaining high xylose yields after three consecutive cycles.
This work provides new research avenues to produce nonenzymatic sugar based on active, deactivation-resistant, and easily

recoverable heterogeneous catalysts.

KEYWORDS: hemicellulose valorization, nonenzymatic sugar production, phosphorus-doped magnetic solid catalyst,

Lewis acid catalytic strategy, sustainable biorefining

B INTRODUCTION

The increasing severity of environmental issues and dwindling
resources is largely attributed to the heavy dependence of
humans on fossil fuels, highlighting the need for a transition to
renewable resources.’ Lignocellulosic biomass, with a world-
wide annual output of about 200 billion metric tons, stands as
a renewable and abundant source for producing value-added
chemicals.”® The “similarity principle”, taking into account the
inherent chemical structures and functionalities of components
to maintain high atom efficiency, reveals significant promise for
biomass maximum utilization.* This latter is vital for the
sustainable utilization of carbohydrate fractions (hemicellulose
and cellulose), as these account for 60—80% of lignocellulosic
biomass. Following cost-effective strategies allows for the
conversion of carbohydrates into sugar platform molecules,
preserving their native structures and thus avoiding degrada-
tion and subsequent formation pathways that reduce atom
efficiency. Such platform molecules are paramount, as they can
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be used as building blocks to produce chemicals, fuels, and
polymeric materials.”

Enzymatic hydrolysis is widely used for converting biomass
carbohydrates into sugars, owing to its superior product
selectivity and eco-friendly nature.” However, it faces several
challenges, such as the high cost of commercial enzymes,
nonproductive binding of cellulase to lignin, enzyme inhibition,
and slow reaction rates.”® Additionally, pretreatment tech-
nologies are considered an essential step prior to enzymatic
hydrolysis to reduce the recalcitrance of biomass and enhance
enzyme accessibility. These pretreatment processes help
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partially or entirely remove hemicellulose and/or lignin,
thereby enhancing the enzymatic saccharification of cellulose.”’
However, such tandem processes result in inefficient utilization
of hemicellulose (primarily composed of CS sugars such as
xylose), as it is removed as waste or nonspecifically converted
during pretreatment, leading to actual sugar yields that fall
short of theoretical expectations. Therefore, it is essential to
develop novel, cost-effective methods to produce CS sugar
platforms (primarily xylose) from hemicellulose in biomass.

Taking these considerations into account, acid hydrolysis
stands as an effective technique to produce xylose by cleaving
glycosidic bonds from hemicellulose in biomass.'” While
efficient, it suffers from several catalytic issues when
homogeneous liquid catalysts are used, i.e, the corrosive
nature of the mineral acids used as catalysts, and the
challenging separation and recovery of these liquids from the
reaction medium.'' Alternatively, heterogeneous solid acids are
gaining popularity for their effectiveness, environmental
benefits, and easy separation from the liquid reaction
products.'> Notably, sulfonated carbon-based solid acids
stand out as promising and cost-effective catalysts for biomass
saccharification. This is accounted for by their acidic functional
groups, such as —SO;H, —COOH, and —OH, which effectively
attack the f3-1,4-glycosidic bonds, promoting the hydrolysis of
hemicellulose into xylose.'” Despite these catalysts being easily
recovered from the aqueous reaction medium, their separation
from the residual solid biomass remains challenging.

To tackle this issue, magnetic solid acid catalysts offer a
promising solution, enabling easy separation from both liquid
and solid phases. Research in this area has mainly focused on
magnetic Brensted solid acids, such as sulfonated mesoporous
silica and amorphous carbon, which have shown excellent
performance in biomass hydrolysis owing to their abundant
acid sites and uniform channels that allow reactants to access
these sites efficiently.'®"> Qi et al. developed a sulfonated
magnetic carbon-based solid acid (MMCSA) for corncob
saccharification, achieving 74.9% xylose yield in water at 150
°C for 2 h.'"® However, the inevitable leaching of —SO,H
groups from catalysts decreased the catalytic activity, limiting
its industrial applications. Therefore, the development of
effective, deactivation-resistant magnetic solid catalysts could
unlock promising opportunities for hemicellulose saccharifica-
tion.

On this matter, phosphorus (P)-doped carbon materials
have made important progress in the field of catalysis.'”'® This
results from P, with its relatively low electronegativity (2.19)
and large atomic radius (1.06 A), effectively enhancing
electron transfer and increasing defect sites in carbon
materials.'” Notably, P doping alters chemical bonds, leading
to modifications in the charge distribution around neighboring
atoms, thus improving catalytic kinetics on the surface of the
material.”’ Cao et al. demonstrated that P-doped biochar
exhibited outstanding catalytic activity for rice starch
hydrolysis, achieving 86.5% glucose at 150 °C for 20 min."”
This high catalytic activity was primarily due to the formation
of acidic C—O—-PO; and C—PO; groups. Despite these
excellent prospects, no studies have reported the use of P-
doped magnetic solid catalysts for hemicellulose saccharifica-
tion. Furthermore, a deeper understanding of the catalytic
mechanism of the formed P-containing species for hemi-
cellulose saccharification is needed to design more efficient
catalysts to advance this research.

Given this background and research gap, this work reports,
for the first time, the development of a Lewis acid-controlled
catalytic strategy for nonenzymatic sugar production from
biomass hemicellulose using P-doped, magnetic core—shell
solid catalysts. Our novel catalyst included a magnetic Fe;0,
core encapsulated with a P-doped silica—carbon shell,
synthesized through high-temperature carbonization. The
unique design of the catalyst prevented its agglomeration
while preserving good magnetism for easy separation. The
catalyst’s activity, stability, and reusability in the conversion of
hemicellulose from various biomass substrates into xylose were
evaluated. Additionally, an in-depth investigation of the
potential catalytic mechanisms involving P-containing species
on the magnetic solid catalyst for hemicellulose saccharification
was conducted, providing new insights into sustainable sugar
platform production with new engineering applications. As a
result, this work paves the way for the commercial application
of novel, highly recoverable, and deactivation-resistant
phosphorus-doped magnetic carbon-based catalysts for sus-
tainable biorefining.

B EXPERIMENTAL SECTION

Materials. Xylan (RG, >85%, Adamas), tetraethyl orthosilicate
(TEOS, AR, SiO, > 28.4%, Greagent), microcrystalline cellulose
(MC, RG, Adamas), iron chloride (FeCl;, AR, 98%, Adamas), ferrous
sulfate (FeSO,07H,0, AR, >99.0%, Greagent), and phosphoric acid
(HsPO,, AR, >85%, Chengdu Colon Chemical Co., LTD) were
obtained from commercial suppliers and used as received. Corncob
(Yuanping City, Shanxi Province, China), corn stover (Chengdu City,
Sichuan Province, China), poplar (Heze City, Shandong Province,
China), and bamboo (Lishui City, Zhejiang Province, China) were
finely ground and screened to achieve a particle size of 20—40 mesh
before use. The contents of hemicellulose, cellulose, and lignin in
these four types of biomass are provided in Table S1.

Preparation of P-Doped Magnetic Solid Catalysts. Fe;O,
magnetic particles were synthesized using the coprecipitation method
by mixing FeCly and FeSO,-7H,0 in a molar ratio of 2:1 (Fe®* to
Fe?), with NH;eH,0 (25 wt %) being added gradually.
Subsequently, a silica layer was coated onto 4 g of the as-synthesized
Fe;0, particles using the sol—gel method, in which 20 mL of TEOS
was added gradually. The resulting solid product was designated as
Fe;0,@Si0,. To form a carbon layer on Fe;O,@SiO,, 4 g of Fe;O,@
SiO, and 1.6 g of MC, serving as the precursor and carbon source,
respectively, were mixed in 50 mL of ethanol/H,0 (1:1, v/v) solution
and aged at 180 °C for 10 h. The obtained solid was labeled as
Fe;0,@SiC. For P doping, 1 g of Fe;0,@SiC was first immersed in a
certain volume of H;PO, (0.3—1.4 mL) solution for 24 h, then dried
at 105 °C to obtain P-enriched Fe;O,@SiC. They were further
carbonized under different temperatures (300—700 °C) for 2 h and
different times (0.5—4 h) at 600 °C, with a heating rate of 5 °C/min
and an N, flow rate of 60 mL/min. The obtained P-doped magnetic
solid catalysts were denoted as MC,P,. Here, x represents the
activation temperature (°C), and y (mL/g) denotes the volume/mass
ratio of H;PO, (mL) to Fe;0,@SiC (g).

For comparison, P-enriched Fe;O,@SiO, was prepared using a
similar procedure, with a H;PO, dosage of 1 mL/g. The Fe;0,@SiO,,
Fe;0,@SiC, and P-enriched Fe;O,@SiO, samples were then
carbonized at 600 °C for 2 h under a N, atmosphere, producing
solid samples labeled MSi (silica-coated Fe;0,), MC (silica—carbon-
coated Fe;0,), and MSiP (P-doped MSi), respectively. Additional
details of P-doped magnetic solid catalyst preparation are available in
the Supporting Information.

Catalytic Saccharification of Hemicellulose in Biomass.
Xylan, a representative of hemicellulose in biomass, was utilized to
produce xylose via a hydrothermal catalytic method with MC,P,. In
this procedure, 0.1 g of xylan, 0.02—0.14 g of MC,P,, and 20 mL of
H,0 were added into a sealed autoclave (Beijing Century Senlong
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Figure 1. (A) Images of various core—shell magnetic solid catalysts and (B) the corresponding catalytic activities for xylan hydrolysis at 100 °C for
2 h; (C—E) optimization of catalyst preparation conditions, including H;PO, amount (MCyoPg3_,4 2 h), activation temperature (MCs09_700P 15, 2
h), and activation time (MCgooP;,, 600 °C) for xylan hydrolysis at 100 °C; (F—H) optimization of reaction temperature (0.1 g MCyP;,, 2 h),
reaction time (0.1 g MCqygoP;,, 100 °C), and catalyst amount (0.02—0.14 g MCqyP;,, 100 °C, 2 h) for xylan hydrolysis.

Experimental Apparatus Co., Ltd.). Prior to the addition of 1.0 MPa
of N, at the beginning, the inner air of the autoclave was purged with
N, for 2 min. When the reactor attained the target temperature, the
reaction time was measured. Once the reaction was completed and
the reactor cooled, the mixture containing a liquid solution and solid
samples was obtained. Following the reaction, xylan dissolved entirely,
permitting the direct separation of solid MC,P, by using an external
magnet. This catalyst was collected for further study. The liquid

solution was then analyzed to determine various product yields.

Various magnetic solid catalysts were also tested for their catalytic
performance using a similar method.

The catalytic hydrothermal conversion of various biomasses,
including corncob, corn stover, poplar, and bamboo, was carried
out in water using the optimized MC,P, formulation. Typically, 0.5 g
of biomass, 0.5 g of MC,P,, and 50 mL of H,O were added into a
sealed autoclave. The reaction condition was 160 °C for 2 h. When
the reaction finished, the mixture was filtered to separate the solid
products from the liquid. The dried solids were then subjected to
magnetic separation to recover MC,P,.
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Catalyst Reusability. The catalyst reusability was assessed
following the same procedure as described above procedure. Each
catalytic cycle was designated as MC,P,-m (m), where m indicates the
cycle number. To improve the catalytic efficiency of the used MC,P,,
two methods were employed as follows. In the first strategy, MC,P,-m
was washed with water three times and dried at 105 °C, with the
resulting catalyst named MC,P,-W,, (W,,) for future applications. In
the second strategy, MC,P,-m was subjected to carbonization at 600
°C for 2 h under a N, atmosphere, and the regenerated catalyst was
named MC,P-R,, (R,,) for utilization in the subsequent cycle.

Catalyst Characterization. The surface morphologies of the
catalysts were assessed by using scanning electron microscopy (SEM,
ZEISS Sigma 300, Germany) and transmission electron microscopy
(TEM, JEOL JEM F200, Japan). Energy-dispersive X-ray spectrom-
etry (EDX) was used to analyze the elemental distribution of the
catalyst. The magnetic properties of the catalysts were measured with
a vibrating sample magnetometer (VSM 7404, Lake Shore Company,
USA). The degree of carbon order before and after P doping was
analyzed by using a laser confocal Raman spectrometer (Horiba
LabRAM HR Evolution, Japan) with an excitation wavelength of 532
nm. The thermal stabilities of the catalysts were analyzed using a
simultaneous thermal analyzer (HITACHI STA200, Japan), heating
from room temperature to 800 °C at S °C/min under a N,
atmosphere. The crystalline structures of the catalysts were analyzed
through X-ray diffraction (XRD) with a Rigaku Ultima IV
diffractometer (Japan) using Cu Ka radiation of 40 kV. Fourier
transform infrared spectra (FT-IR) to characterize functional groups
of the catalysts were acquired through a Thermo Scientific Nicolet
IsS0 spectrometer (Thermo Fisher, USA). X-ray photoelectron
spectroscopy (XPS) was used to analyze the surface molecular
structure of the catalysts, which was performed on an Axis Ultra DLD
spectrometer (Kratos, UK) using Al-Ka X-ray radiation. NH,
temperature-programmed desorption (NH;-TPD) was conducted
on Auto Chem II 2920 equipment (Micromeritics, USA) to
investigate the acid strength of the catalysts. In situ FTIR spectra of
pyridine (Py-FTIR) were acquired on a Bruker Tensor 27 instrument
(Germany) to analyze acid types (Brensted/Lewis acid) of the
catalysts. An inductively coupled plasma optical emission spectrom-
eter (ICP-OES, Agilent 5110, USA) was used to measure the P
contents of catalysts.

Liquid Product Analysis. The quantitative analysis of liquid
products was carried out using high-performance liquid chromatog-
raphy (HPLC, SHIMADZU LC-20, Japan). This instrument was
equipped with a Bio-Rad Aminex HPX-87H column, an SPD-20 UV-
vis detector, and an RID-10A refractive index detector. The column
oven and detector were maintained at temperatures of 50 and 35 °C,
respectively. The mobile phase used was 0.005 M H,SO,, with a flow
rate of 0.6 mL/min. The liquid product yield, xylose yield (calculated
based on the weight of hemicellulose), and xylose selectivity were
calculated using the relevant eqs 1 to 3.

Liquid product weight (g)

Liquid product yield (%) = X 100%

(1)

Starting material weight (g)

Xl ight
Xylose yield (%) = ylose weight (g)

Hemicellulose weight in Starting material (g)
X 100% @)

Xylose selectivity (%)

Xylose weight (g)
= X 100%
Total weight of small molecular products (g) 3)

DFT Calculation. All density functional theory (DFT) calcu-
lations were performed using the DMol3 package in Materials Studio
2024 at the default 0 K limit. Exchange-correlation effects were
treated with the generalized gradient approximation (GGA)®' via the
Perdew—Burke—Ernzerhof (PBE) functional. Core electrons of Fe
atoms were represented by effective core potentials (ECPs),”* while

all-electron calculations were employed for C, Si, H, P, and O atoms.
The double numerical plus polarization (DNP) basis set was adopted
with strict convergence criteria: energy convergence <2.0 X 107°
hartree and maximum atomic displacement <5.0 X 107> A. The DFT
calculations considered dispersion corrections (DFT-Grimme) and
solvation effects (H,0), with H,O as the reactant molecule, to
construct an explicit solvent model. The total energy represents the
total amount of the calculated structure in the calculations.

B RESULTS AND DISCUSSIONS

Catalytic Performance of Various P-Doped Magnetic
Solid Catalysts. Four types of core—shell magnetic solid
catalysts, including MSi (silica-coated Fe;0,), MC (silica—
carbon-coated Fe;0,), MSiP (P-doped MSi), and MC,P, (P-
doped MC), were synthesized through carbonization at 600 °C
for 2 h, with their respective images shown in Figure 1A. The
hydrothermal catalytic transformation of xylan, simulating
hemicellulose in biomass, to produce xylose at 100 °C for 2 h
was initially conducted by using these core—shell catalysts,
with the results detailed in Figure 1B. In the absence of a
catalyst, the xylose yield was only 2.3%. The addition of MSi
resulted in a similar xylose yield, indicating the limited catalytic
effect of the silica layer on xylose production. Such a negligible
catalytic effect confirms that the silica layer is catalytically inert
for xylan hydrolysis under these conditions. Its surface silanol
(Si—OH) groups possess insufficient Brensted acidity to cleave
the p-1,4-glycosidic bonds in xylan effectively. Conversely,
using MC slightly raised the xylose yield to 9.6%. The creation
of oxygen-containing acidic functional groups (—OH and
—COOH) on the carbon layer through high-temperature
carbonization facilitated xylan hydrolysis into xylose, as these
sites can donate protons to facilitate hydrolysis. However, their
limited density and acid strength constrain the overall
conversion.'”

A dramatic catalytic enhancement was achieved through P
doping. The xylose yields surged to 58.8% for MSiP and 70.5%
for MCgyoP, o, demonstrating that P incorporation was the key
to unlocking the high activity. The treatment with H;PO, and
subsequent thermal activation generated thermally stable P-
containing acid species (e.g, C—O—P or polyphosphoric
acids). These species are significantly more acidic than the
native functional groups on carbon or silica, thus vigorously
accelerating the hydrolysis reaction. Moreover, MCgyyP, o
achieved an 11.7% greater yield compared to MSiP. This
highlights a crucial synergistic effect between the carbon layer
and the P dopant. The carbon layer provides a superior scaffold
for anchoring and dispersing the P species, while H;PO,
simultaneously functions as a chemical activating agent,
altering the structure of the carbon support. This improved
texture enhances accessibility to the acid sites, leading to
superior catalytic performance.

Finally, the structural integrity of the catalysts was assessed.
An analogous catalyst with a carbon shell directly coating the
Fe;0, core (without silica) suffered from severe degradation
during P-doping, consequently losing its magnetism. This
seems to confirm that, despite the silica layer being catalytically
passive, it plays an indispensable role as a protective shield, as
it prevents Fe;O, from being attacked by H;PO, during the
synthesis, thus preserving the catalytic structure and the
essential superparamagnetic properties for magnetic separation.

After establishing the superiority of P-doped MC, a detailed
study was conducted to optimize its synthesis. Different
formulations, designated as MC,P,, were prepared by system-
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atically varying the H;PO, concentration (y), activation
temperature (x), and activation time to maximize the xylose
yield. The amount of H3PO, used in the doping process
demonstrated a distinct saturation effect, as shown in Figure
1C. The xylose yield progressively increased as the acid ratio
was raised from 0.3 mL/g (50.6% yield) to a peak of 86.9% at
1.2 mL/g. This initial increase is due to the greater availability
of P to react with the carbon support, thereby increasing the
density of catalytically active P-containing species.”* Beyond
1.2 mL/g, the yield plateaued, indicating that the carbon
surface had become saturated with active sites. This point
represents the optimal loading, as adding more acid provides
no further catalytic benefit, probably because all reactive sites
on the support have already been functionalized. The
activation temperature exhibited a classic volcano-shaped
trend, with optimal performance achieved at 600 °C (Figure
1D). At a low temperature of 300 °C, the catalyst showed a
surprisingly high yield (77.4%), likely due to residual,
unreacted H;PO, on the surface acting as a liquid acid
catalyst. The subsequent drop in activity at 400 °C (73.6%)
suggests a transition state where the residual acid has been
driven off, but the temperature is still too low for the efficient
formation of stable, covalently bonded P-containing acid sites.
The peak activity at 600 °C marks the ideal temperature for
chemical activation. Here, H;PO, dehydrates to form
polyphosphoric acids, which then react with the carbon to
create a high density of strongly acidic, thermally stable P-
containing species while simultaneously developing the
catalyst’s porous structure.”> Above 600 °C, the yield declined
due to the thermal degradation of these active P-containing
species, reducing the overall acidity and performance of the
catalyst. The activation time at the optimal temperature of 600
°C had a meager influence on the catalytic activity (Figure 1E).
The highest xylose yield was achieved with an activation time
of 1 h. This indicates that the key chemical reactions for
forming the active sites are relatively quick at such a
temperature. From a practical viewpoint, this is a highly
favorable outcome, as a shorter duration enhances process
efficiency and lowers energy consumption. Based on this
comprehensive optimization, the catalyst (MCgooP;,) prepared
at 600 °C with an acid ratio of 1.2 mL/g for 1 h was identified
as the most effective formulation.

With the optimal catalyst, MCgyyoP, ,, the reaction parame-
ters were systematically optimized to maximize the xylose
yield. This involved evaluating the influence of the reaction
temperature, time, and catalyst loading (Figure 1F—H). The
reaction temperature displayed a distinct optimal point. As
shown in Figure 1F, increasing the temperature from 60 to 100
°C boosted the xylose yield from 15.0% to a peak of 86.9%.
This initial rise is expected, as higher temperatures accelerate
the kinetic rate of the desired xylan hydrolysis reaction.
However, further increasing the temperature to 140 °C caused
a sharp drop in yield to 54.6%. This is a classic outcome of the
competing relationship between product formation and
degradation or repolymerization. A similar trend was observed
for the reaction time (Figure 1G). The xylose yield increased
steadily until it reached its maximum at 2 h. Extending the
reaction time to 4 h resulted in a lower yield. In the initial
phase, xylan hydrolysis is the dominant reaction. However,
once a significant concentration of xylose has accumulated, it
becomes the primary reactant for the subsequent degradation
reaction, allowing xylose to be converted into undesirable
byproducts. The amount of catalyst used also showed an

optimal value, peaking at 0.10 g (Figure 1H). Increasing the
catalyst loading initially provides more active sites, accelerating
the conversion of xylan to xylose. However, using an excessive
amount of catalyst (>0.10 g) proves to be counterproductive.
A very high concentration of acid sites makes the hydrolysis
reaction extremely fast, but it also dramatically accelerates the
degradation of the newly formed xylose. Based on this
systematic optimization, the maximum xylose yield of 86.9%
was achieved under the following optimal conditions: a
reaction temperature of 100 °C, a reaction time of 2 h, and
a catalyst amount of 0.10 g.

In the process of xylan acid hydrolysis, xylose was the
dominant CS sugar, and almost no arabinose was detected,
which may be attributed to the specific source and structure of
the commercial xylan used (Figure S1). Xylose isomers, such
as xylulose, are typically considered intermediates in the
dehydration of xylose to furfural. Their formation generally
requires high temperatures (>160°C) and basic condi-
29?7 Under the current acidic environment and low
temperature (100 °C), no furfural was detected, and only trace
amounts of formic acid (<0.5%) were observed as byproducts.
Furthermore, kinetic experiment results showed that the rate
constant k; (0.0377 min~') is much larger than that of k,
(0.000S min~"), indicating that xylan hydrolysis to xylose is the
dominant step, which is consistent with the high xylose yield
and the very low level of byproducts observed in this system
(Figure S3 and Table S2). Therefore, the isomerization of
xylose to xylulose and its further conversion to furfural was
strongly suppressed, indicating the high selectivity of xylose
formation in this catalytic system.

Catalytic Saccharification of Hemicellulose in Bio-
mass. Having proven its efficacy on pure xylan, the optimized
MCgyoP;, catalyst was used for the hydrothermal catalytic
conversion of various hemicellulose-rich biomasses, such as
corncob, corn stover, poplar, and bamboo. The optimization of
the reaction temperature for 2 h using corn stover as the
representative feedstock was first studied, and the results
confirmed that 160 °C with MCg,P,, was the optimal
condition for xylose production (Figure S4). This identical
reaction condition was then applied to other biomass types to
evaluate the general applicability of the catalyst. As shown in
Figure 2A and Table S3, the reaction products obtained
comprised small molecular products such as aldehydes (e.g,,
furfural and S-hydroxymethylfurfural), carboxylic acids (e.g.,
formic acid, acetic acid, and lactic acid), and sugars (e.g,
xylose, glucose, and arabinose). The total yields of these small-
molecule products were predictably low, ranging from just
4.7% for poplar to 12.6% for corncob. This highlights the
inherent recalcitrance of lignocellulosic biomass. The intro-
duction of the MCqyP;, catalyst dramatically enhanced the
conversion. The total yield of small-molecular products
increased across all feedstocks, with corncob achieving the
highest total yield of 42.6%. This powerful performance
confirms that the catalyst is highly effective at deconstructing
the complex hemicellulose matrix within the native plant
structure. Furthermore, the catalyst displayed remarkable
efficiency and selectivity for producing xylose from the
hemicellulose fraction of each biomass (Figure 2B,C). Based
on the weight of hemicellulose in biomass, the xylose yield
reached 85.5%, 60.3%, 91.0%, and 69.2% from corncob, corn
stover, poplar, and bamboo, respectively. The optimal
conditions for xylose production varied across different
biomass feedstocks. Such variations are expected and can be
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Figure 2. Small-molecular product yield (A), xylose yield (B), and
xylose selectivity (C) from various biomass in the absence and
presence of MCgoP;,; (D) the proposed reaction network of major
products from hemicellulose in biomass.

attributed to the inherent differences in the structural
complexity and composition (e.g, lignin content and type,
hemicellulose accessibility, biomass extractives) of each
biomass type.”® The exceptional performance of the
MCgpP, , catalyst on diverse, unprocessed biomass feedstocks
demonstrates its strong potential for practical application in
sustainable biorefineries, paving the way for more efficient
valorization of hemicellulose into valuable platform chemicals.

Actually, hemicellulose depolymerization proceeds via a
highly complex reaction network, as shown in Figure 2D.
Briefly, hemicellulose was first hydrolyzed into soluble
oligomers, which were further cleaved into monomeric sugars,
predominantly xylose, with minor amounts of arabinose
(Figure S2). CS sugars may undergo acid-catalyzed dehy-
dration to form furfural, which was further converted to formic
acid through hydrolytic fission of the aldehyde group. Acetic
acid mainly originated from the cleavage of the acetyl groups in
hemicellulose. Because hemicellulose contains both CS and C6
units, a small amount of glucose (3.4—6.3%) was also detected.
Glucose can be dehydrated to S-HMF, which is subsequently
transformed into levulinic acid and formic acid. Lactic acid
formation may arise from both C5 and C6 sugars via retro-
aldol reactions. In addition, some of these small molecules
(e.g., lactic acid and furfural) may also arise directly from the
transformation of sugar oligomers. During the sugar conversion
process, isomers, such as xylulose, are likely formed but rapidly
converted into downstream products, which explains why no
sugar isomers were detected. Although MCgyP,, exhibited
excellent activity and selectivity for xylose production across
various biomass feedstocks, the formation of these byproducts
from hemicellulose was difficult to completely avoid. Future

work will focus on further optimizing the reaction conditions
and tailoring the catalyst properties to enhance xylose
selectivity. Additionally, in situ sugar protection through
reversible acetal formation with trapping agents (e.g., form-
aldehyde) can effectively prevent subsequent degradation
pathways.”

These results represent a significant advancement in the
field. As illustrated in Table S4, this study adopts pure water as
the solvent with a novel magnetically P-doped solid acid
catalyst, in contrast to other methodologies that rely on
corrosive acids or costly enzymes. Solid acid catalysts capable
of efficiently producing xylose from raw biomass are still rare.
For instance, the xylose yield of 85.5% achieved from corncob
in this study outperforms the 74.9% yield reported by Qi et al.
using a different MMCSA solid catalyst under similar
conditions.'® Unlike conventional solid acid catalysts, they
relied on sulfonation, which suffered from high corrosivity due
to concentrated sulfuric acid and unavoidable leaching. This
work addressed these limitations by developing a robust,
magnetically separable, P-doped core—shell catalyst that
achieved efficient hemicellulose saccharification under mild
conditions, advancing cleaner and more efficient biorefining.

Catalyst Reusability. The stability and reusability of a
heterogeneous catalyst are paramount for its practical and
industrial viability. Therefore, the performance of the optimal
MCgyoP; , catalyst was evaluated over multiple reaction cycles
(Figure 3A and B). After each round of xylan hydrolysis, the
catalyst was separated using an external magnet and directly
dried for subsequent use. During the hydrolysis of pure xylan at
100 °C for 2 h, a notable decrease in xylose yield was observed,
from 86.9% with the fresh catalyst to 62.5% after the first cycle,
whereupon the activity remained stable through the third run.
A similar trend was also observed in the poplar hydrolysis
system. This deactivation behavior suggests a dual mechanism.
The marked initial drop correlates well with a decrease in the P
content of the catalyst, which fell from 24.1% (fresh) to 19.4%
after three runs in the poplar hydrolysis system (Figure 3C),
according to ICP analyses. This suggests that a minor fraction
of loosely bound or less stable P-containing species likely
leaches into the aqueous phase during the initial reaction.

After this initial leaching, the subsequent stable activity (or
the gradual decline seen with poplar hydrolysis) can be
accounted for by the progressive deactivation caused by fouling
due to the deposition of humins, i.e., polymeric by}groducts of
sugar degradation, onto the surface of the catalysts.”’ Two key
findings corroborate this fouling hypothesis. On the one hand,
simple water washing was ineffective for regeneration; the
water-washed catalyst (MCgooP; ,-W5) yielded 62.3% xylose, a
value statistically identical to the unwashed used catalyst,
which is consistent with the hydrophobic and insoluble nature
of humin polymers. These developments suggest that the water
washing step used to synthesize the MCyyP, , catalyst did not
enhance its catalytic activity.

On the other side, the thermal regeneration conducted via
recarbonization at 600 °C for 2 h proved to be remarkably
effective. In particular, the regenerated catalyst (MCgooP;,-R3)
restored the xylose yield from xylan to 81.6%. When applied
after each cycle of poplar hydrolysis, this strategy resulted in
consistently high xylose yields (93.3%, 93.6%, and 92.5%) over
three consecutive cycles (Figure 3B). This indicated that
recarbonization significantly boosted the catalytic activity of
used MCyyP, ,, representing a promising strategy to maintain
high catalytic activity.
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The complete set of ICP-OES data provides a cohesive
explanation for these observations. The thermal treatment
effectively pyrolyzes and removes the deposited organic
humins but cannot restore the P lost to leaching, as the P
content of the regenerated catalyst (22.0%) did not fully return
to its original value (24.1%), as shown in Figure 3C. Taken
together, these results demonstrate that catalyst deactivation is
governed by a minor, irreversible loss of P species, followed by
a dominant, reversible fouling by humins. The preparation of
P-doped catalysts typically employs the impregnation-carbon-
ization method, using P precursors (e.g, (NH,),HPO,,
H,PO,) and carbon sources.”'®*"** In contrast, the P-
doped catalyst developed in this work additionally incorpo-
rated an Fe;O, magnetic core and an acid-resistant silica
interlayer, with a P-doped carbon shell to form a unique core—
shell architecture. Compared with the fresh catalyst, the FT-IR
peaks assigned to P-containing groups at 766—1166 cm™" for
both MCgyoP;,-3 and MCgyP;,-R; remained essentially
unchanged, demonstrating their significant stability as formed
in MCgooP;,*>*" (Figure 3D). MCyoP;,-3 and MCgyoP;,-R,
obtained from the poplar hydrolysis system, both exhibited
similar XRD patterns to that of MCgy,P, ,, further confirming
the stable properties of the catalyst (Figure SS). MCgoP1,
exhibited a saturation magnetization intensity of 6.7 emu/g
(Figure 3E), which was sufficient for its separation and
recovery from the biomass reaction system using an external
magnet (Figure 3F).'® Furthermore, the saturation magnet-
ization intensities of MCgyoP;,-3 and MCgyP;,-R5 were 11.0
and 9.5 emu/g, respectively, which were even slightly higher

than that of fresh MCgyyP,,. This indicated that the catalyst
retained good magnetism after three runs and that its
magnetism was not significantly affected by the regeneration
process. The exceptional core—shell structural stability of the
covalently bound P-containing active species, combined with a
straightforward and highly effective regeneration protocol,
underscores the robust potential of the MCgyyP, , catalyst for
application in sustainable biorefinery processes.

Physical and Chemical Structures of P-Doped
Magnetic Solid Catalysts. To explore the effects of P
doping on the physical and chemical structures of the catalysts,
we first employed SEM to analyze the morphologies of MC
and MCgoP;,. As shown in Figure 4A, many uniform and
regular spherical particles, identified as Fe;O,, were observed
on the smooth surface of MC. After P doping, a rough surface
without Fe;O, spheres was observed (Figure 4B), possibly due
to the thermal expansion of a silica—carbon layer via high-
temperature carbonization that encased the Fe;O, particles.
TEM images reveal that MC displayed particle agglomeration
due to magnetic interactions (Figure 4C).* This silica—carbon
structure not only provided an ideal scaffold to better anchor P
to enhance the stability of the catalyst but also avoided particle
agglomeration and facilitated more uniform dispersion of the
catalyst particles (Figure 4D). These features, in turn,
potentially enhanced the catalyst’s interactions with reactants
and boosted its catalytic activity. For the MC, the measured
lattice fringes corresponded to the (400) plane of Fe;O,
(Figure 4E). By comparison, MCggoP; , showed lattice fringes
matching the (222), (400), (422), and (511) planes of Fe;O,
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(Figure 4F). These observations aligned with the formation of EDX mapping, confirming that the C, O, Fe, Si, and P
a protective layer on Fe;O,, which hindered agglomeration,
thereby exposing more Fe;O, planes. Figure 4G and H shows
the element distribution of MC and MCgP,,, as detected by successfully doped in MCgyoP 5.

elements were uniformly distributed in the catalysts, and P was
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Raman spectra of MC and MCg,P,, shows two peaks
representing disordered carbon (D peak) and spz-hybridized
graphite carbon (G peak) at about 1361 and 1586 cm™’,
respectively.'” Compared to MC, slight shifts of the D peak
from 1361 to 1356 cm™" and the G peak from 1586 to 1590
cm™! were observed for MCqyy,P;, (Table S5). The Ip/Ig of
MCgyyP;, (0.879) was slightly greater than that of MC
(0.782), as shown in Figure SA. Patel et al. reported that the
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Figure 5. Characterization of P-doped magnetic solid catalysts: (A)
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incorporation of P disrupted the hexagonal symmetry of the
graphene plane, increasing the intensity of the D band in
Raman spectra.”” This implied that P doping altered the
carbon layer structure and marginally increased the defects in
the graphitic structure, which could offer potential active sites
for adsorbing biomass materials.*®?” Thermogravimetric
analysis showed that under a N, atmosphere, MCgxy P,
exhibited only a mass loss of 3.10%, while MC displayed a
4.57% reduction at 800 °C (Figure SB). This demonstrated
that both samples had high thermal stabilities, with P doping
further enhancing the catalyst’s resistance to thermal
degradation.

Figure SC,D shows the XRD patterns of various magnetic
solid catalysts. The diffraction peaks at 20 of 18.5°, 30.4°,
35.8°, 37.4°, 43.5°, 53.9°, 57.5°, 63.2°, 71.7°, and 74.8° were
assigned to the (111),(220),(311),(222),(400),(42
2),(511),(440),(620),and (S 3 3) lattice planes of Fe,0,
(PDF#01-075-0449), respectively. There were no obvious
changes in the diffraction peaks assigned to Fe;O, for Fe;O,@
SiO, and MC, while MC had a broad diffraction peak at 26 =
22.4°, corresponding to amorphous carbon, which confirmed
the successful introduction of the carbon layer onto the
catalyst. For MCgoP, ,, the presence of these Fe;O, diffraction
peaks indicated that P doping did not affect the magnetic
structure of the catalyst (Figure SS). Additionally, diffraction
peaks observed at 20 = 12°—35°, associated with Fe,P,O,,
(PDF#01-076-0223) and Fe(PO;); (PDF#01-089-8524), were
formed on MC4yP,, These diffraction peaks were also
observed for MCgyP;5-3 and MCgP,,-R;. By employing
MCgoP;,Fe (P and Fe-doped MC, see Supporting Informa-
tion), the xylose yield from poplar reached 69.1% after being

treated at 160 °C for 2 h, a result significantly inferior to the
91.0% that was achieved with MCyP,,. This indicated that
the elevated catalytic activity of MCgyP;, was not associated
with the formation of phosphoferric compounds.

In the FT-IR spectra of MC presented in Figure 3D, the
peak at 565 cm™! was assigned to the stretching vibration of
Fe—O, indicating the presence of Fe;O, core, which was
consistent with the XRD analysis.15 The peaks at 469, 964,
1076, and 1103 ecm™ represented the stretching vibration of
Si—O-Si, indicating the successful incorporation of a silica
layer.”®™* MCgoP,, showed a reduction and shift in these
characteristic peaks, likely due to structural changes in the
carbon coating after P doping, as also evidenced by the
morphological changes seen in SEM. Notable peaks of P-
containing groups appeared at 1166 (P=0), 1035 (C—O-P),
663—750 (C—P), and 766 cm™' (P—OH),”>** suggesting the
formation of these P-containing species through the interaction
of the carbon shell and H;PO,.

Additionally, the molecular structures of P contained in
MCyoP;, were studied via deconvolution of P,, peaks, as
displayed in Figure 6A. Three peaks assigned to phosphorus
oxides (PO,) at 132.1 eV (C;—P=0), 133.1 eV (C—P-0),
and 134.0 eV (C—O—P) appeared, respectively, corresponding
to percentages of 59.4%, 27.8%, and 12.8% (Table S6). The
C,s XPS spectra showed five peaks at 282.8, 284.5, 286.2,
287.8, and 288.9 eV, corresponding to Si—C, C=C/C—-C
(aromatic rings), C—O (phenolic, alcohol, and ether), C=0
(carbonyl), and C=0—-0 (carboxyl and ester) groups (Figure
6B).*"** Compared with MC, P doping facilitated the
formation of Si—C, as its concentration significantly increased
from 3.4% to 36.3% (Table S7). Conversely, the relative
contents of C=C/C—-C, C-0, C=0, and C=0-0 in
MCgpoP,, decreased by 11.7%, 15.3%, 3.3%, and 2.6%,
respectively. This indicates strong interactions between P
and carbon-containing groups. The O, XPS spectra were fitted
with five peaks at 529.8 (Fe—O), 530.8 (C=O0, carbonyl),
532.1 (C—0, hydroxyl or ether), 532.8 (Si0,), 533.5 (C=0-
O, carboxylic acid, anhydride, or 1::1ctor1e),4l’43 as shown in
Figure 6C. Consistent with the C;; XPS results, the relative
concentration of SiO, decreased from 28.5% in MC to 1.7% in
MCyyoP 5, likely due to the formation of Si—C after P doping.
Compared to MC, the relative concentrations of C—O and
C=0-0 significantly decreased in MCg,P,,, along with a
remarkable increase in the relative concentrations of Fe—O
and C=O0 from 2.3% and 11.5% to 54.7% and 36.6%,
respectively (Table S8).

The binding energy at 530.8 + 0.3 eV was assigned to PO,,
overlapping with Fe—O and C=0, which led to an increase in
their relative concentrations.”’ The linkage of P species to
oxygen functional groups on nanocarbon material surfaces
predominantly appears as PO,, functioning as both electronic
modulators and active sites.”"”** Consequently, the PO, (C—
P-0O, C;—P=0, C—0-P) formed through interactions
between P and carbon/oxygen-containing groups served as
catalytically active sites in MCqyyP, ,, facilitating the saccha-
rification of hemicellulose in biomass.

Catalytic Mechanism of Hemicellulose Saccharifica-
tion over P-Doped Solid Catalyst. The depolymerization of
hemicellulose in biomass to xylose through the cleavage of
glycosidic bonds generally requires an acidic environment.
NH;-TPD and Py-FTIR analyses were conducted to assess the
acid strength and the acid types of catalysts. According to the
NH; desorption temperature, acid sites were classified as weak
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Figure 6. P,, (A), Cis (B), and Oy, (C) XPS spectra of P-doped magnetic solid catalysts; NH;-TPD spectra of MCyoP;, (D); in situ FTIR spectra
of pyridine of MC and MCgyy,P; , at 150 °C (E) and the corresponding acid distributions (F); energy barrier of xylobiose to xylose with PO, (G);
specific surface area (Sppr) and pore volume (Vt) of MC and MCgyy,P;, (H).

(100—250 °C), medium (250—500 °C), and strong acid sites
(above 500 °C).* The MCgyoP; , showed two peaks centered
at 152 and 384 °C, ascribed to the weak and medium acid
sites, respectively (Figure 6D). As shown in Figure 6E, Py-
FTIR spectra of MC showed characteristic peaks at 1445 cm™"
(strong Lewis acid sites), 1580 cm™" (weak Lewis acid sites),
and 1490 cm™' (Lewis and Bronsted acid sites).*® In
MCgyooP;, these characteristic peaks increased markedly,
with the peak at 1445 cm™ slightly shifted to 1447 cm™.
Compared to that in MC, the concentration of Lewis acid sites
in MCgyyP, , significantly increased from 25.9 to 54.4 umol/g,
along with a slight increase in the concentration of Brensted
acid sites from 1.08 to 3.52 pumol/g (Figure 6F). This
suggested that P doping introduced PO, species as new Lewis
acid sites. Moreover, the peak at 1596 cm™' (hydrogen-bonded
pyridine) was notably higher in MCgyoP;, than in MC. This
implied that MCgyP,, might offer more hydrogen-bonding

sites, potentially enhancing its adsorption on biomass and
improving the catalytic activity with the newly formed PO,.
The catalytic mechanisms of PO, as Lewis acids formed on
MCgpoP;, for biomass hemicellulose saccharification were
further investigated. DFT calculations helped construct a
reaction energy diagram using xylobiose as a model compound
for hemicellulose, demonstrating the pathways for hemi-
cellulose saccharification with potential PO, (C—P—0, C,—
P=0, C—O-P) catalytic species on MCgx,P;,, as shown in
Figure 6G and Figure 7 A. It was observed that both H,O and
xylobiose were stably adsorbed on the C—P—-O, C;—P=0,
and C—O—-P of MCyP,,, leading to the formation of
intermediates IM1, IM1a, and IM1b, with adsorption energies
of —323.7, —521.1, and —357.8 kJ mol™, respectively,
suggesting their thermodynamic favorability. As shown in
Figure 6H, MCgoP,, exhibited a limited specific surface area
(Sger = 20.4 m*/g) and pore volume (Vt = 0.025 cm’/g),
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which were comparable to those of MC (Szgr = 15.1 m*/g and
Vt = 0.030 m?/g). HyPO, is indeed a widely used chemical
activator for producing highly porous carbons from lignocellu-
lose biomass, while pore development is extremely sensitive to
the H,PO, dosage.”” When the H;PO, loading exceeded a
certain threshold, its dehydration products, such as phosphate

and polyphosphate species, could incorporate into the carbon
matrix to form compounds, which partially block the porosity
of carbon.¥**** In this work, the P-containing species formed
via H;PO, activation could clog the porosity development of
the catalyst, suggesting that the influence of pore adsorption
was minimal. On the one hand, Raman and Py-FTIR results
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indicated that P-doping introduced defect sites and abundant
hydrogen bonding sites, which enhanced the adsorption. On
the other hand, the adsorption process also involved
chemisorption, as evidenced by the significant changes
observed in the bond lengths of xylobiose and H,O upon
adsorption. For example, the C;—O bond length in xylobiose
changed from 1.507 A to 1.487, 1.508, and 1.455 A upon
adsorption on C—P—0, C—0O-P, and C;—P=0, respectively
(Figure S6 and Table S9). As indicated by Py-FTIR findings,
MCgpoP,, predominantly consisted of Lewis acids, with a
minor proportion of Brensted acids. This indicated that the
contribution of H* from the carbon layer of MCgy,P,, was
minimal. Protons (H*), primarily from the H—OH bond in the
adsorbed H,O, were transferred to the glycosidic oxygen atom
in xylobiose, facilitating the cleavage of glycosidic bonds. This
led to the formation of stable intermediates IM2 (—362.6 kJ
mol™), IM2a (—214.9 kJ] mol™), and IM2b (-509.2 k]
mol™"), each containing a xylose molecule and a xylose moiety
with energy barriers of 268.1, 364.5, and 341.1 kJ mol ™},
respectively. Among the three P-containing species, C—P—O
emerged as the most favorable for H,O activation in kinetics
due to its lowest energy barrier. In the following step, the
migration of OH™ from the cleavage of H,O to the xylose
moiety further formed a xylose with —378.0, —355.5, and
—513.0 k] mol™" for IM3, IM3a, and IM3b, respectively.

Hence, it could be inferred that C—P—0O, C;—P=0, and
C—O—-P acted as Lewis acid sites, collectively enhancing
biomass saccharification. C—P—O was particularly beneficial,
as it enhanced H,O activation to produce H' for glycosidic
bond breaking, thereby facilitating xylose production. In
traditional acid hydrolysis, the glycosidic oxygen atom was
protonated by H* from Brensted acid, forming an oxonium
ion, followed by its decomposition and water attack to produce
sugars (Figure 7B). These sugars were susceptible to
dehydration, resulting in the production of decomposition
products. In contrast, this work developed a Lewis-acid-
catalytic mechanism for hemicellulose saccharification. The
PO, (notably C—P—0) formed on MCg,P,, acted as Lewis
acid sites to facilitate H,O activation to generate H*, which
then targeted the glycosidic oxygen atom, aiding in the
cleavage of glycosidic bonds to produce xylose. Furthermore, a
high yield of xylose was obtained with MCgyP, ,, showcasing
the controlled catalytic ability of PO, that acted as a
“protector” to prevent xylose degradation. In this work, we
developed a robust, magnetically separable, P-doped core—
shell catalyst that achieved eflicient hemicellulose saccharifica-
tion under mild conditions. The catalyst comprised a Fe;O,
magnetic core, an acid-resistant silica interlayer, and a
phosphorus (P)-doped porous carbon shell. This unique
architecture delivers a catalyst that is not only highly active but
also stable and recyclable and aligns with the principles of
green and sustainable catalysis. In future work, a green matrix
analysis will be carried out to further evaluate the potential
environmental impacts of this P-doped magnetic solid catalyst,
thereby better demonstrating the sustainability and practical
relevance of efficient nonenzymatic sugar production from
biomass hemicellulose.*’

B CONCLUSIONS

This work has explored, for the first time, the development of a
Lewis acid-controlled catalytic approach for nonenzymatic
sugar production from biomass hemicellulose. Such a pioneer-
ing approach consisted of a P-doped, magnetic core—shell solid

catalyst (MCgqoP;,), which resulted in impressive xylose yields
from xylan (86.9%, 100 °C for 2 h) and various biomasses
(60.3 to 91.0%, 160 °C for 2 h) under mild hydrothermal
conditions. These outstanding results were accounted for by its
unique structural design, which effectively prevented particle
agglomeration while maintaining good magnetism (6.7 emu/
g), facilitating easy separation and delivering outstanding
catalytic performance, stability, and reusability. Furthermore,
this work provides substantial new insights into the catalytic
roles of PO, (C—P—0, C;—P=0, and C—O-P) formed on
MCgpP,, in the saccharification of hemicellulose. Notably, C—
P—O was the key Lewis acid to promote H,O activation,
ensuring efficient glycosidic bond cleavage. At the same time, it
also acted as a protector to prevent xylose degradation. This
work provides a green and sustainable approach for developing
recyclable solid acid catalysts as effective alternatives to costly
enzymes and homogeneous catalysts (primarily corrosive
mineral acids), offering new insights for nonenzymatic sugar
production from biomass hemicellulose.
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