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A B S T R A C T

Xylitol, one of the top twelve chemical building blocks, is commercially synthesized through the xylose hy-
drogenation reaction using a metal catalyst. Biochar has emerged as an eco-efficient catalyst support material. In
this study, biochar derived from corn stover (BCS) was first used as a metal catalyst support material for xylose
hydrogenation into xylitol. The catalyst was prepared by carbonizing corn stover (CS), impregnating the
resulting biochar with metal, and reducing the metal-impregnated BCS. The catalyst characteristics were
comprehensively explored. The Ru/BCS catalyst was employed in xylose conversion to xylitol at different process
temperatures (100 – 160 ◦C), retention times (3 – 12 h), H2 pressures (2 – 5 MPa), and Ru contents (1 – 5 %). The
highest xylitol yield (87.0 wt.%) and selectivity (91.6 %) were derived at 120 ◦C for 6 h under 4 MPa H2 using 5
% Ru. Interestingly, the Ru/BCS catalyst showed high stability under the promising process condition. Addi-
tionally, xylitol production from hydrolysates enriched with CS xylose was subsequently explored. On the other
hand, the catalyst characterization results revealed that the superior catalytic efficiency of 5Ru/BCS was mainly
due to the metal nanoparticles embedded in the biochar. Additionally, BCS proved to be an outstanding support
material for a bimetallic hydrogenation catalyst (Ru-Ni/BCS). Therefore, these results indicate that BCS can be a
competitive support material for metal hydrogenation catalysts, enhancing environmental friendliness and
potentially being employed in industrial-scale xylitol production.

1. Introduction

The production of valuable chemicals and biofuels from lignocellu-
losic biomass represents a cornerstone of sustainable development and
the transition to a bio-based economy [1-3]. Xylitol, identified as one of
the top twelve dominant chemical building blocks, is produced from
xylose, a monosaccharide found in the hemicellulose component of
biomass [4,5]. Xylitol, a pentitol with extensive applications in the food,
pharmaceutical, nutraceutical, cosmetic, beverage, and dental care in-
dustries, is valued for its high-water solubility, sweetening power,
low-calorie content, low glycemic index, non-interference with food
nutritional value, anticariogenic properties, prevention of ear infections,

near insulin-independent metabolism, and ability to re-harden teeth
[6-8]. Additionally, xylitol can be used as a building block chemical in
various industries, including biofuels, textiles, furniture, and polymers
[4].
Industrial xylitol production is conventionally performed through

the xylose hydrogenation process using a Raney nickel (Ra-Ni) catalyst
[9]. The Ra-Ni catalyst has several major advantages, including its low
cost, ease of use as a suspended slurry in batch processes, and
outstanding catalytic activity [10,11]. However, its principal limitations
are relatively fast deactivation and metal leaching [12-14]. Recently,
various noble metals (Ru, Pt, and Pd) supported on conventional sub-
strates have been demonstrated in xylitol production, with Ru-based
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catalysts showing a low deactivation rate and excellent selectivity [14,
15]. Interestingly, several research works have explored different ma-
terials supporting Ru catalysts with high catalytic activity and selec-
tivity, such as TiO2 [15], NiO-modified TiO2 [16], and zeolite [17].
However, metal- and zeolite- supported Ru catalysts exhibit some limi-
tations, including raw material availability and sustainability, catalyst
production and disposal, and metal-support interaction. Typically, the
metal- supported Ru catalysts use non-renewable materials as supports.
The production and sourcing of these materials have significant envi-
ronmental impacts, including energy-intensive extraction processes,
mining, and refining, which contribute to greenhouse gas emissions and
habitat destruction. Zeolite-supported Ru catalysts are microporous
aluminosilicate materials, synthesized or mined naturally. Natural
zeolite mining has environmental consequences like land degradation
and dust emissions. When metal- and zeolite- supported Ru catalysts
deactivated, these catalysts can generate toxic waste, disposing of spent
metal-supported catalysts poses environmental concerns due to heavy
metal contamination and the difficulty in recovering Ru. Additionally,
the metal-supported Ru catalysts can interact weakly with Ru, leading to
poor dispersion and uneven distribution of Ru nanoparticles, and the
zeolite-supported Ru catalysts provide high surface areas, the small pore
sizes can restrict access to active Ru sites, particularly for larger reactant
molecules. This reduces the overall effectiveness of the catalyst for re-
actions involving bulky molecules. Therefore, to overcome these limi-
tations, developing efficient, cost-effective, and environmentally
friendly materials supporting Ru catalysts remains a significant chal-
lenge. Recent advancements in biochar, a carbon-rich material obtained
from renewable biomass carbonization, have demonstrated its potential
as a sustainable catalyst support due to the richness of functional groups
(-OH, C=O, and -COOH) [18,19]. These functional groups are more
favorable for surface functionalization and anchoring metal nano-
particles [20]. The C=O and -COOH groups on the biochar surface
provide ideal nucleation sites for noble metal nanoparticles, which can
substantially enhance the dispersion and stability of metal nanoparticles
[20]. Biochar from various biomass sources, including fir sawdust [21],
beetroot [22], coconut shell [23,24], microcrystalline cellulose [25],
and cassava dregs [26] was modified and employed as metal catalyst
supporting material in hydrogenation reactions for the producing
4-nitrophenol, aniline, phenol, 2,5-dimethylfuran, and sorbitol, respec-
tively. Interestingly, to the best of our knowledge, the use of conven-
tional biochar (unmodified biochar) as a metal catalyst supporting
material in hydrogenation reactions for xylitol production has never
been explored.
Corn stover (CS), the residual biomass remaining after corn harvest,

is an abundant and underutilized agricultural byproduct [27]. In 2022,
the global corn product reached 1137 million tons, with a residue
product ratio of 2.08 [28,29]. Thus, the estimated quantity of corn
stover (CS) is around 2365 million tons. Typically, after corn is har-
vested, CS is disposed of through field burning, which contributes to
significant environmental pollution, particularly global warming.
Addressing this issue requires the development of effective methods to
repurpose CS for high-value products. Being rich in cellulose, hemicel-
lulose, and lignin, the substantial lignocellulosic compositions of CS
suggest its potential use as a catalyst support via carbonization [26,30,
31]. Interestingly, the application of biochar produced from CS
carbonization as a catalyst support specifically for xylitol production
remains unexplored.
In this study, CS biochar was employed as a support for single- and

bi-metallic hydrogenation catalysts, and CS xylose was extracted for
xylitol production. This research purposed to explore the potential of
xylose conversion into xylitol over the CS-derived metal-supported
biochar catalyst and to observe the properties of this catalyst. Addi-
tionally, the influences of process temperature, retention time, hydrogen
pressure, and metal content on xylitol production were investigated.
Xylitol production from hydrolysate-enriched CS xylose was further
evaluated in separate one-pot catalytic reactions.

2. Materials and methods

2.1. Catalyst preparation and characterization

Corn stover (CS) with 10.25 wt.% moisture content was collected
from a corn plantation in Tha Wang Pha District, Nan Province,
Thailand. It was chopped, cleaned, sun-dried, pulverized, and electri-
cally dried to obtain dried CS powder with a particle size ranging from
150 to 600 µm [18,32]. The obtained CS powder was preserved in a
sealed sample collection bag before subsequent investigation.
RuCl3⋅3H2O and Ru/C was commercially obtained from Sigma-Aldrich,
Canada. Ni(NO3)2⋅6H2O was purchased from Qrec Co. Ltd., New
Zealand.
A metal-supported biochar catalyst was prepared through carbon-

ization, impregnation, drying, and reduction. Carbonization of the CS (3
g) was performed at 500 ◦C for 1 h under 100mL/min CO2 to achieve the
biochar CS (BCS). Impregnation of the BCS was subsequently conducted
at room temperature for 4 h under a continuous stirring rate of 200 rpm.
In each impregnation, 1 g BCS was homogeneously blended with
RuCl3⋅3H2O and Ni(NO3)2⋅6H2O, and 80 mL ultra-pure water to obtain 1
%Ru/BCS (1Ru/BCS), 3 %Ru/BCS (3Ru/BCS), 5 %Ru/BCS (5Ru/BCS), 3
%Ru-1 %Ni/BCS (3Ru-1Ni/BCS), 3 %Ru-2 %Ni/BCS (3Ru-2Ni/BCS), 2
%Ru-3 %Ni/BCS (2Ru-3Ni/BCS), and 5 %Ni/BCS (5Ni/BCS) catalysts.
Afterwards, the impregnated BCS was segregated from the liquid phase,
dried, and reduced through the similar steps demonstrated in the pre-
vious work [31]. Briefly, during the reduction step, the impregnated BCS
was treated at 250 ◦C under a 100 mL/min N2 flow for 3 h, followed by
the same treatment conditions under a H2 atmosphere for the reduction
process. The obtained catalysts were stored in sample collection bottles
under a nitrogen atmosphere for subsequent experiments.
The characteristics of the raw CS were examined in terms of proxi-

mate, ultimate, and lignocellulosic compositions. The lignocellulosic
material, ash, moisture, and volatile matter (VM) contents were assessed
using the methods outlined in NREL/TP-510–42618 [33],
NREL/TP-510–42622 [34], ASTM E1756 [35], and ASTM D7582 [36],
respectively. Fixed carbon (FC) content was calculated by deducting the
combined ash and VM contents from 100 %. The elemental contents of
carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) were determined
using an elemental analyzer (LECO CHNS 628, LECO, USA). Oxygen
content was calculated from the remaining mass fraction, excluding ash.
The catalyst characteristics were explored through various analyses,

including ultimate compositions, Ru and Ni contents, reducibility,
interaction strength between metal and hydrogen, elemental chemical
states, surface chemical functional groups, thermal decomposition
properties, structural characteristics, nitrogen sorption properties, sur-
face morphology, and structural morphology. The detailed methods of
catalyst characterizations were elucidated in the Supplementary Mate-
rials [31].

2.2. Reaction and production analysis

Xylose was commercially supplied by Kemaus Co. Ltd., Australia.
Hydrogenation of xylose to xylitol using the metal-supported biochar
catalyst was performed in a 100 mL high pressure vessel (NK Laboratory
Co., Ltd., Thailand). In each experimental setup, xylose (1 g), catalyst
(0.25 g), and ultra-pure water (20 mL) were uniformly blended in the
vessel, and the vessel was securely closed. H2 gas at a specific pressure (2
– 5 MPa) at ambient temperature was then introduced into the vessel.
Subsequently, the vessel was heated using an electrical furnace (Fig. 1)
at temperatures ranging from 100 – 160 ◦C for 3 – 12 h with a stirring
rate of 600 rpm. After the reaction, the vessel was rapidly cooled to room
temperature. The liquid product was isolated from the spent catalyst by
vacuum filtration. The obtained liquid product was preserved in an
amber vial at 4 ◦C, and the spent catalyst was rinsed with deionized
water, dried at 105 ◦C for 24 h, and preserved in a sample collection
bottle for subsequent investigations. Each experiment was performed in
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duplicate, and if discrepancies occurred (coefficient of variation greater
than 10 %), a third trial was conducted to validate the results.
Xylose and xylitol contents in the liquid product were measured

using high-performance liquid chromatography (HPLC Dionex Ultimate
3000, Thermo Scientific, USA) equipped with a refractive index detector

(ERC RefractoMax 520, Thermo Scientific, USA) and a Shodex sugar
SP0810 column. Degassed ultra-pure water was used as the mobile
phase at a flow rate of 0.6 cm3/min [37,38]. During the measurement,
the column temperature was maintained at 80 ◦C for 20 min. Xylose and
xylitol concentrations were determined using linear equations estab-
lished by external calibration curves of standard solutions at various
concentrations. Yield and selectivity of xylitol, and xylose conversion
were quantified through Equations (1) – (3) [18,39]:

Xylitol yield (wt.%) =
Xylitol weight (mg)

Initial xylose weight (mg)
× 100% (1)

Xylitol selectivity (%) =
xyliitol yield (wt.%)

Xylose conversion (wt.%)
× 100% (2)

3. Results and discussion

3.1. Corn stover characteristics

Table 1 tabulates the pristine CS compositions. Proximate and ulti-
mate components revealed that the pristine CS constituted lower fixed
carbon (FC) and carbon contents than volatile matter (VM) and oxygen
contents, respectively. This suggests that the devolatilization reactions
during the carbonization process could produce CS biochar with

Fig. 1. Schematic diagram of equipment setup for xylitol production (1. Electrical controller, 2. Hot plate stirrer, 3. Electrical furnace, 4. Stainless steel reactor, 5.
Thermocouple probe type K, and 6. Pressure gauge).

Xylose conversion (wt.%) =
Initial xylose weight (g) − existed xylose weight (g)

Initial xylose weight (g)
× 100% (3)
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excellent properties for catalyst support [40,41]. Additionally, the high
hemicellulose content in CS implies that it is feasible to extract CS xylose
for xylitol production.

3.2. Catalyst characteristics

The elemental compositions of BCS, 5Ru/BCS, and 3Ru-2Ni/BCS are
elucidated in Table 2. It can be observed that the BCS primarily consisted
of carbon, with substantially lower oxygen and hydrogen levels
compared to the pristine CS, owing to their removal during the
carbonization process. This enhancement of the catalyst support prop-
erties of pristine CS was due to carbonization. However, some oxygen
content remained in the BCS, identified as -OH, C=O, and -COOH
groups, implying that the BCS surface could be an ideal nucleation site
for noble metal nanoparticles [20]. The carbon proportion of 5Ru/BCS
and 3Ru-2Ni/BCS catalysts was lower than that of the BCS, implying the
appearance of metal elements on the BCS surface. Otherwise, the
5Ru/BCS and 3Ru-2Ni/BCS catalysts contained higher oxygen content
than the BCS, likely due to the adsorption of oxygen on metal catalysts
during elemental analysis [42]. The Ru content of the 5Ru/BCS was 0.06
wt.%, whereas the 3Ru-2Ni/BCS catalyst contained 0.42 wt.% Ru and
1.41 wt.% Ni, which were substantially lower than the theoretical value.
Surprisingly, the Ru content of the 3Ru-2Ni/BCS catalyst was higher
than that of the 5Ru/BCS, even though its addition content in the
impregnation step was lower. This could be due to Ni enhancing the
anchoring of Ru on the BCS. However, both Ru and Ni of 3Ru-2Ni/BCS
reduced to 0.14 and 0.97 wt.%, respectively; and the Ru of the 5Ru/BCS
catalyst diminished to 0.03 wt.% after use in the xylitol production
process. These reductions were principally due to metal leaching during
the xylose conversion process, which agrees with the appearance of Ru
(0.05 mg/L) and Ni (0.24 mg/L) in the liquid product. On the other
hand, the Ru leaching proportion of 3Ru-2Ni/BCS (66.7 %) was higher
than that of 5Ru/BCS (50 %), suggesting that the BCS could be a
promising alternative supporting material for a single metallic catalyst
rather than a bimetallic catalyst.
The textural properties including specific surface area (SSA) and pore

characteristics of BCS, 5Ru/BCS, and 3Ru-2Ni/BCS samples were
determined by nitrogen adsorption isotherms with the BET and BJH
methods. The samples demonstrated a type IV adsorption-desorption
pattern featuring a type H4 hysteresis loop, according to IUPAC classi-
fication, across the range of P/P0. The BCS, 5Ru/BCS, and 3Ru-2Ni/BCS
samples had the SSAs of 27.8, 21.1, and 35.5 m2/g, respectively (Fig. 2).
Interestingly, SSA of the BCS was higher than that of cassava dregs
biochar (10.5 m2/g) [26], indicating that BCS could be a dominant
catalyst supporting mesoporous material. On the other hand, the
introduction of the metallic phases marginally changed the SSA, pore
size, and pore volume of the BCS (Table 2). These changes were more
noticeable with the introduction of Ni phase, implying that Ni

nanoparticles were successfully introduced to the BCS. Similar trends of
textural property changes were reported in carbon supported Ru-Ni
bimetallic catalyst [43].
To understand the H2 consumption behaviors of the catalyst, the

reducibility of 5Ru/BCS and 3Ru-2Ni/BCS catalysts was assessed using
temperature-programmed reduction of hydrogen (H2-TPR), as depicted
in Fig. 3(a). The TPR profiles of the 5Ru/BCS catalyst demonstrate two
ranges of hydrogen consumption at low (100 – 220 ◦C) and high (230 –
460 ◦C) temperatures. The reduction at low temperature is associated
with the electron-deficient ruthenium species converting to metallic

Table 1
The CS components.

Proximate analysis (wt.%) Ultimate analysis (wt.%) Lignocellulosic compositions (wt.%)

Ash VM FC C H N S O Cellulose Hemicellulose Lignin

4.23 74.79 20.98 43.93 5.98 0.92 0.02 42.92 39.50 19.76 22.30

Table 2
Elemental compositions and textural properties of BCS, 5Ru/BCS, and 3Ru-2Ni/BCS.

Sample name Elemental compositions (wt.%) Textural properties

C H N S O Ru Ni SSA (m2/g) Pore size (nm) Pore volume (cm3/g)

BCS 74.99 3.36 2.05 0.00 5.13 0.00 0.00 27.8 3.13 0.02
5Ru/BCS 73.49 3.14 1.52 0.00 12.39 0.06 0.00 21.1 3.13 0.02
3Ru-2Ni/BCS 64.98 2.12 1.45 0.00 13.14 0.42 1.41 35.5 3.51 0.03
Spent 5Ru/BCS 75.87 3.29 1.24 0.00 17.85 0.03 0.00 11.9 2.95 0.01

Fig. 2. (a) N2 adsorption desorption isotherm and (b) pore size distribution of
BCS, 5Ru/BCS, and 3Ru-2Ni/BCS.

K. Karin et al. Resources Chemicals and Materials xxx (xxxx) xxx 

4 



ruthenium, suggesting the presence of RuCl3 and RuO2 species in the
catalyst obtained via wet impregnation of RuCl3 [44]. Furthermore, the
reduction temperature of ruthenium chloride is lower than that of
ruthenium oxide [45,46], and the decrease in chlorine content in
ruthenium catalysts contributes to metal oxide formation, shifting the
reduction to higher temperatures [47]. Therefore, the RuCl3 reduction
corresponds to the H2 consumption peak at low temperature, while the
RuO2 reduction is associated with the high-temperature peak. Similarly,
the TPR profiles of the 3Ru-2Ni/BCS catalyst display two ranges of
hydrogen consumption at low (50 – 175 ◦C) and high (300 – 500 ◦C)
temperatures. The hydrogen consumption at low temperature aligns
with the RuCl3 reduction. The second hydrogen consumption peak at
high temperature is associated with the reduction of NiO species in
interaction with Ru. NiO species are typically reduced at high temper-
atures (600 – 836 ◦C) [48-50]. However, the NiO reduction temperature
can be reduced by Ru addition. This phenomenon, corresponding to the
spillover effect, involves active H2 separating from the reduced Ru,
migrating to the NiO species, and facilitating its reduction process [51].
The interaction strength between metal and hydrogen in the 5Ru/

BCS and 3Ru-2Ni/BCS catalysts was assessed using temperature-
programmed hydrogen desorption (H2-TPD). The TPD profiles in
Fig. 3(b) illustrate that hydrogen desorption from the 5Ru/BCS catalyst
surface began at 30 ◦C, with the highest H2 desorption occurring at 75
◦C. Compared to the BCS supporting dual-functional hydrolysis hydro-
genation (Ru/S-CCS) [31] and Ru/C [52] catalysts, the highest H2
desorption temperature of the 5Ru/BCS catalyst was dramatically lower
than that of Ru/S-CCS (165 ◦C) and Ru/C (419 ◦C). The H2 chemisorp-
tion and spillover are associated with the H2 desorption from the Ru

catalyst surface [53]. The marginal H2 adsorption and substantial H2
mobility on the catalyst surface correspond to lower hydrogen desorp-
tion temperatures. Therefore, the 5Ru/BCS surface possessed greater
hydrogen mobility than the Ru/S-CCS and Ru/C catalysts. On the other
hand, the highest H2 desorption temperature of the 3Ru-2Ni/BCS cata-
lyst was observed at 115 ◦C, which was lower than that of the modified
γ-alumina supported ruthenium-nickel catalyst [54]. These results
indicate that BCS could be an outstanding metallic catalyst supporting
material. Interestingly, when comparing the 5Ru/BCS and 3Ru-2Ni/BCS
catalysts, it was found that the lower maximum H2 desorption temper-
ature and the higher maximum intensity of hydrogen desorption peaks
were constituted by the 5Ru/BCS catalyst. The increase in the maximum
H2 desorption temperature and the decrease in hydrogen desorption
peak intensity in the 3Ru-2Ni/BCS catalyst were primarily caused by the
high H2 desorption temperature of Ni and the low H2 desorption
quantity of the catalyst, respectively.
Surface chemical functional groups of the BCS, 5Ru/BCS, and 3Ru-

2Ni/BCS samples were elucidated through FTIR spectra (Fig. S1). The
BCS spectra presented similar transmission bands to those of the 5Ru/
BCS and 3Ru-2Ni/BCS spectra, but some bands had different relative
intensities. This indicates that the surface chemical functional groups of
the BCS were only marginally changed by the metal impregnation and
reduction processes. The noticeable peaks of the stretching H bonds of
hydroxyl, acid, and alcohol functional groups appear at 3500 – 3400 cm-
1 [55], and the peaks at 2925 and 2850 cm-1 are assigned to -CH2 groups
[56]. The bands at 1600 and 1380 cm-1 represent the C=C stretching
vibration in aromatic rings and the C–H bending of aliphatic hydro-
carbon, respectively, indicating the presence of aromatic and aliphatic
compounds in the BCS, 5Ru/BCS, and 3Ru-2Ni/BCS samples [32].
The elemental compositions of BCS, 5Ru/BCS, and 3Ru-2Ni/BCS

samples, along with the Ru and Ni oxidation states on 5Ru/BCS and
3Ru-2Ni/BCS surfaces, were subsequently demonstrated by XPS spectra
(Fig. 4). The peaks at binding energies of 283.5 eV and 530.5 eV cor-
responded to C1 s and O1 s, respectively. Therefore, the wide scan in
Fig. 4 revealed that the BCS, 5Ru/BCS, and 3Ru-2Ni/BCS samples pri-
marily consisted of carbon and oxygen elements. Additionally, the 3Ru-
2Ni/BCS sample showed the spectrum of Ni2p at the binding energy of
855 eV, verifying the presence of nickel. Both 5Ru/BCS and 3Ru-2Ni/
BCS catalysts illustrate the band of Ru3p at the binding energy of
484.1 eV [26], indicating that the Ru element was successfully intro-
duced to the catalysts. To explore further perception into the state of Ni
and Ru on the 5Ru/BCS and 3Ru-2Ni/BCS surfaces, high-resolution XPS
spectra of Ru3p and Ni2p were analyzed. The high-resolution XPS
spectrum of Ru3p (Fig. 4) showed two prominent spectra at 462 and 484
eV, corresponding to Ru3p3/2 and Ru3p1/2, respectively, and the spec-
trum of Ni2p showed the outstanding peaks of both Ni2p3/2 and Ni2p1/2.
These indicate that the 5Ru/BCS surface contained ruthenium in a
zero-oxidation state, and the 3Ru-2Ni/BCS surface contained the
zero-oxidation state of both ruthenium and nickel [57].
Additionally, the thermal stability analysis of BCS, 5Ru/BCS, and

3Ru-2Ni/BCS is elucidated using the curves of thermogravimetric
analysis (TG) and derivative thermogravimetry (DTG) in Fig. 5(a) and
(b), respectively. It can be observed that there is no substantial differ-
ence in thermal stability among BCS, 5Ru/BCS, and 3Ru-2Ni/BCS. The
major mass loss at 50 – 180 ◦C is primarily due to moisture and volatile
evaporation. A negligible mass loss at 180 – 850 ◦C indicates that the
samples have high thermal stability. However, an in-depth comparison
revealed that BCS has a marginally higher residual mass with a slightly
lower mass loss rate than 5Ru/BCS and 3Ru-2Ni/BCS, implying that the
presence of Ru and Ni could reduce the thermal stability of BCS.
Additionally, the structures of BCS, 5Ru/BCS, and 3Ru-2Ni/BCS

were observed through XRD patterns (Fig. S2 (a)) and Raman spectra
(Fig. S2 (b)). The XRD patterns of BCS, Ru/BCS, and 3Ru-2Ni/BCS show
a similar broad peak at 15 – 27◦, which can be attributed to the carbo-
naceous layer structure of graphitic materials [58]. However, the peak
of Ru nanoparticles at 2θ of 43.8◦ disappeared in the XRD pattern of both

Fig. 3. (a) H2-TPR and (b) H2-TPD profiles of 5Ru/BCS and 3Ru-2Ni/
BCS catalysts.
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Ru/BCS and 3Ru-2Ni/BCS catalysts, probably due to either the amor-
phous nature of the Ru nanoparticles or their low content and small sizes
[59]. On the other hand, the peak at 2θ of 44.5◦, 50.3◦, and 73.8◦

demonstrated in the XRD patterns of 3Ru-2Ni/BCS indicates that
metallic Ni (JCPDS 04–0850) was supported by the BCS [60]. Addi-
tionally, the defect sites in BCS, 5Ru/BCS, and 3Ru-2Ni/BCS were
explored through Raman spectra. The D and G bands at 1357 and 1590
cm-1 are associated with the amount of disorder and graphitic carbon,
respectively [61]. The defect sites and their concentration in the carbon
matrix are typically determined by the ID/IG ratio [62]. In this study, the
ID/IG ratios of BCS, 5Ru/BCS, and 3Ru-2Ni/BCS were 0.63, 0.67, 0.87,
respectively. As can be seen, the ID/IG value of 5Ru/BCS (0.67) was
higher than that of BCS (0.63), elucidating the appearance of defect sites
in the carbon matrix because of the strong interaction of Ru nano-
particles with the carbon matrix [63]. Moreover, the ID/IG value of
3Ru-2Ni/BCS (0.87) was higher than that of both BCS and 5Ru/BCS,
implying that 3Ru-2Ni/BCS contained more defect sites than 5Ru/BCS
resulting from the robust synergistic interaction of Ru and Ni nano-
particles with the carbon matrix.
The surface and structure morphologies of BCS, 5Ru/BCS, and 3Ru-

2Ni/BCS were explored via SEM and TEM images, respectively. The
surface morphology of the pristine CS displays a smooth, plain, and flat
characteristic (Fig. S3). However, after carbonization at 500 ◦C, the
surface underwent significant changes. The BCS surface (Fig. 6(a)) dis-
played fractures with large holes and numerous scraps, primarily due to
the devolatilization and depolymerization of the CS, consistent with the
reduction in oxygen content following carbonization. Compared to the
BCS, the 5Ru/BCS surface (Fig. 6(b)) was flatter and denser, possibly due
to the Ru impregnation and the reduction processes altering the BCS

Fig. 4. XPS spectra of 3Ru-2Ni/BCS, 5Ru/BCS, and BCS.

Fig. 5. (a) TG and (b) DTG curves of BCS, 5Ru/BCS, and 3Ru-2Ni/BCS.
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surface morphology. Additionally, large grooves with pores appeared on
the 3Ru-2Ni/BCS surface, mainly caused by the presence of Ni. The
structure morphologies of BCS, 5Ru/BCS, and 3Ru-2Ni/BCS samples
(Fig. 6(d) – (f)) illustrate that the 5Ru/BCS surface had an extensive
distribution of 1.5 – 3 nm Ru nanoparticles (Fig. S4(a)), attributed to the
crystalline Ru0 metallic nanoparticles [64]. When comparing, size of Ru
nanoparticle on 5Ru/BCS surface was smaller than those on the cassava
dregs biochar surface (4 nm) [26], indicating that BCS could be an
outstanding catalyst supporting material. Interestingly, the 3Ru-2N-
i/BCS surface exhibited a wide dispersion of both Ru and Ni with an
average particle size of 1.5 – 3 nm (Fig. S4(b)), indicating that good
dispersion of both Ru and Ni can be found on the supporting BCS
material.

3.3. Catalytic activity of metal-supported biochar catalyst

To evaluate the catalytic performance of the CS-derived metal-sup-
ported biochar catalyst, the hydrogenation of xylose to xylitol was
conducted under various significant parameters, including process
temperature (100 – 160 ◦C), retention time (3 – 12 h), Ru content (1 – 5
%), and H2 pressure (2 – 5 MPa). As shown in Fig. 7, process tempera-
ture, retention time, Ru content, and H2 pressure constituted a notice-
able impact on xylitol yield, xylitol selectivity, and xylose conversion.
Fig. 7(a) illustrates that increasing the process temperature from 100 –
120 ◦C elevated xylitol yield, xylitol selectivity, and xylose conversion
from 64.0 - 83.9 %, 91.0 - 96.4 %, and 70.4 - 87.0 %, respectively.
However, further increasing the temperature to 160 ◦C diminished the
xylitol yield and selectivity to 49.4 and 50.1 %, respectively, while
raising xylose conversion to 98.7 %. The decreases in xylitol yield and
selectivity were principally due to the subsequent decomposition of

Fig. 6. SEM and TEM images of BCS, 5Ru/BCS, and 3Ru-2Ni/BCS.
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xylitol into other by-products [4,65-67]. Therefore, 120 ◦C was indi-
cated as the optimal temperature for the distinguished catalytic per-
formance of the Ru/BCS catalyst for the conversion of xylose into xylitol.
The influence of retention time on xylose hydrogenation to xylitol,

shown in Fig. 7(b), indicated that increasing the retention time from 3 to
9 h enhanced xylitol yield, xylitol selectivity, and xylose conversion
from 56.9 – 84.8 %, 82.0 – 85.2 %, and 69.6 – 99.5 %, respectively.
When the retention time was subsequently enhanced to 12 h, xylose
conversion improved to 100 %, whereas both xylitol yield and selec-
tivity declined to 35.9 %. Interestingly, a retention time of 6 h for xylose
hydrogenation resulted in a xylose conversion of 96.4 % and a xylitol
yield of 83.9 %, which were only slightly lower than those obtained with
a retention time of 9 h Therefore, to reduce resource expenditures, 6 h
was identified as the optimal retention time for xylose hydrogenation
using the Ru/BCS catalyst.
Subsequently, the influences of Ru content on xylitol yield, xylitol

selectivity, and xylose conversion are elucidated in Fig. 8(c). It can be
noted that increasing Ru content from 1 to 5 % enhanced xylitol yield
and selectivity from 76.8 to 83.9 % and from 77.2 to 87.0 %,

respectively, while xylose conversion remained unchanged.
Similarly, Fig. 7(d) shows the effect of H2 pressure on xylose hy-

drogenation to xylitol. It can be observed that raising the H2 pressure
from 2 to 4 MPa increased xylitol yield, xylitol selectivity, and xylose
conversion from 41.3 – 87.0 %, 66.8 – 91.6, and 61.8 – 94.9 %,
respectively. When the H2 pressure was further increased to 5 MPa,
xylose conversion slightly enhanced to 96.4 %, but the xylitol yield and
selectivity marginally reduced to 83.9 and 87.0 %, respectively. Hence,
the above results identified that the notable catalytic performance of the
Ru/BCS for the conversion of xylose into xylitol was determined at 120
◦C for 6 h with 5 % Ru content under 4 MPa H2.
The durability and reusability of the Ru/BCS catalyst are crucial

factors for efficient xylitol production. In this study, these properties of
the Ru/BCS catalyst were assessed under the optimal reaction condi-
tions. Following the reaction, the spent catalyst was segregated from the
liquid product, washed, and dried. This spent catalyst was mixed with
0.05 g of fresh Ru/BCS and subsequently used for the subsequent reac-
tion of 1 g xylose hydrogenation. The recycling experiment results are
shown in Fig. 8. It was noted that the xylitol yield, selectivity, and xylose
conversion slightly reduced with each consecutive experiment. An
initial xylitol yield of 83.5 % and selectivity of 86.8 % were deemed
acceptable, with a reduction within approximately 5 %. However,
xylitol yield, xylitol selectivity, and xylose conversion were reduced in
the second recycling run and remained nearly stable between the second
and fifth recycling runs. The decrease in xylitol yield, xylitol selectivity,
and xylose conversion in the first recycling experiments could be caused
by the adsorption and accumulation of humins or by-products on the
catalyst’s metal sites [26,31], as indicated by the decrease of SSA, pore
size, and pore volume (Table 2 and Fig. S5) with increasing carbon
content. Moreover, the rapid decrease of Ru content in the spent Ru/BCS
catalyst to 0.03 wt.% and the appearance of Ru in the liquid product
(0.052 mg/L) could significantly contribute to the decline in catalytic
performance. Additionally, the TEM image of the spent Ru/BCS in
Fig. S6 confirms the catalyst agglomeration, further contributing to

Fig. 7. Effect of reaction condition on xylitol production. (a) Effect of process temperatures (6 h retention time, 5 % Ru, 5 MPa H2); (b) Effect of retention times (120
◦C process temperature, 5 % Ru, 5 MPa H2); (c) Effect of Ru contents (120 ◦C process temperature, 6 h retention time, 5 MPa H2); (d) Effect of H2 pressures (120 ◦C
process temperature, 6 h retention time, 5 % Ru).

Fig. 8. Recycling performance of Ru/BCS catalyst.
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deactivation. Nevertheless, char surface modification and catalyst
regeneration strategies could improve the longevity of the Ru/BCS
catalyst. Modifying the char surface with functional groups (e.g.,
carboxyl, hydroxyl, and phosphorous) can improve the anchoring of Ru
particles, enhancing adhesion and preventing leaching [31,68].
Furthermore, thermal and chemical regeneration techniques (e.g., acid,
base, or ethanol treatment) can effectively eliminate the adsorbed spe-
cies and regenerate the catalyst’s active sites without causing sintering
or Ru loss [31,68].

3.4. Effect of ni element on xylitol production

To elevate the efficacy of the single metallic Ru-supported biochar
catalyst in the xylose hydrogenation reaction, the efficacy of a bimetallic
Ru-Ni-supported biochar catalyst in xylitol production was explored. As
shown in Fig. 9, the use of the 3Ru/BCS catalyst achieved 83.3 % xylitol
yield and 98.6 % xylose conversion, which were noticeably higher than
those of the 5Ni/BCS catalyst. On the other hand, 87.4 % xylitol yield
and 99.1 % xylose conversion were derived using the bimetallic catalyst
of 2Ni-3Ru/CCS, which were higher than those of the monometallic
catalysts of 5Ru/BCS and 3Ru/BCS. These results indicate that the
synergistic effect between Ru and Ni nanoparticles in the 2Ni-3Ru/CCS
catalyst had a significant impact on elevating xylitol yield in the xylose
hydrogenation reaction. The synergistic effect between Ru and Ni
nanoparticles was also reported in direct sorbitol production from

cellulose [43]. However, the amount of Ni should be optimized. The
interaction between Ru, Ni, and biochar enhances the overall hydroge-
nation process by improving hydrogen activation, providing better
metal stability, and tuning reaction selectivity. Ru has excellent
hydrogen dissociation abilities [69], and Ni can enhance hydrogen
transfer to the substrate [70]. The strong interaction of Ru and Ni can
improve catalytic activity by increasing hydrogen availability at the
active sites. On the other hand, biochar surfaces often contain
oxygen-containing functional groups that can influence metal-support
interactions. These groups can enhance the anchoring of Ru and Ni
particles, improving their dispersion and possibly enhancing catalytic
activity by modifying the electronic properties of the metals [20].
Additionally, the combination of Ru and Ni on biochar can promote
hydrogen spillover, where hydrogen atoms dissociated on Ru migrate to
Ni and the biochar support. This process increases the effective surface
area for hydrogenation, allowing more substrate molecules to be hy-
drogenated simultaneously.
The efficacy of hydrogenation catalysis of the metallic catalysts is

presented in Table 3. In comparison, the 5 % Ru/BCS catalyst had
similar catalytic activity to the commercial 5 % Ru/C catalyst. Surpris-
ingly, the 3 % Ru-2 % Ni/BCS catalyst demonstrated higher catalytic
performance than both the 5 % Ru/BCS and 5 % Ru/C catalysts.
Therefore, the results of this study indicate that BCS can be a competi-
tive metallic catalyst supporting material for xylose hydrogenation into
xylitol. In addition, the 5% Ru/BCS was employed for xylitol production
from hydrolysates enriched with CS xylose, which were prepared via the
0.5 % HNO3 hydrolysis pretreatment of CS at 140 ◦C for 1 h and
detoxification using the method reported in a relevant study [72]. The
obtained detoxified hydrolysates contained xylose reaching 17.2 g/L,
and the hydrogenation of the hydrolysates at 120 ◦C for 6 h under 5 MPa
H2 using 5 % Ru/BCS and 5 % Ru/C catalysts derived 3.2 % and 24.9 %
xylitol yield, respectively. The low xylitol yield of both the 5 % Ru/BCS
and 5 % Ru/C catalysts could be due to hydrolysate contaminants.

4. Conclusion

A novel utilization strategy for the plentiful corn stover (CS) waste
was proposed, using it as a valuable biomass-based biochar support for a
metallic catalyst in the hydrogenation of xylose into xylitol. The syn-
thesized single- and bi-metallic catalysts, including 5Ru/BCS and 3Ru-
2Ni/BCS, demonstrated dominant efficacy for the hydrogenation of
xylose into xylitol. The 5Ru/BCS catalyst achieved the highest xylitol

Fig. 9. Effect of Ni element on xylitol production (120 ◦C process temperature,
6 h retention time, 5 MPa H2).

Table 3
Comparison of various metal-based catalysts for xylitol production from xylose and hydrolysates enriched xylose.

Catalysts Feedstock Xylitol production Xylitol yield
(%)

Xylitol selectivity
(%)

Reference

Reaction temperature (
◦C)

Reaction time
(h)

H2 pressure
(MPa)

5 %Ru/BCS Xylose 120 6 5 83.9 87.0 This study
3 %Ru-2 %Ni/
BCS

Xylose 120 6 5 87.4 88.2 This study

3 %Ru/BCS Xylose 120 6 5 83.3 84.5 This study
5 %Ru/C Xylose 120 6 5 48.2 48.2 This study
5 %Ru/C Xylose 80 3 5 84.2 87.2 This study
5 %Ru/BCS Hydrolysates enriched CS

xylose
120 6 5 3.2 3.4 This study

5 %Ru/C Hydrolysates enriched CS
xylose

120 6 5 24.9 37.5 This study

1 %Ru/C Xylose 120 2 5.5 97.5 94.0 [16]
1 %Ru/MWCNTa Xylose 130 6 3c 84.0 71.0 [71]
3 %Ru/CFb Xylose 110 1.5 5 98.1 98.2 [66]
1 %Ru-5 %Ni/C Hydrolysates enrich bagasse

xylose
100 1 3.45 NAd 90.0 [72]

a MWCNT: multiwall carbon nanotubes.
b CF: carbon foam.
c Using H2O:2-propanol (1:1) as solvent mixture.
d NA: not available.
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yield and selectivity of 87.0 % and 91.6 %, respectively, at 120 ◦C for 6 h
under 4 MPa H2. Several characterization techniques demonstrated that
the catalyst possessed metal active sites for hydrogenation reaction. A
synergistic effect between Ru and Ni nanoparticles in the 3Ru-2Ni/BCS
catalyst resulted in a xylitol yield of 87.4 wt.%, with xylitol selectivity
and xylose conversion of 88.2 % and 99.1 %, respectively. These results
indicate that biochar CS is efficient for use as a metallic catalyst sup-
porting material for xylose hydrogenation into xylitol.
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